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Abstract

We prove several new closure properties of the classes of languages recognized by 1.5-way and 2-
way quantum finite state automata (1.5QFA and 2QFA) and 2-way finite automata with quantum
and classical states (2QCFA). We show that none of these classes of languages is closed under
homomorphism, the classes of languages recognized by 1.5QFA and by simple 2QFA are closed
under inverse non-erasing homomorphism and the class of languages recognized by simple 1.5QFA
is closed under general inverse homomorphism. We also show that the homomorphic closures of the
classes of languages recognized by 1.5QFA, 2QFA and 2QCFA are equal to the class of recursively
enumerable languages and the homomorphic closure of the class of languages recognized by 1-way
quantum finite state automata (1QFA) is equal to the class of regular languages.

Keywords: Quantum computation, Quantum finite automata, 1.5QFA, 2QFA, 2QCFA.
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Chapter 1

Introduction

The phenomena of quantum mechanics give us a new kind of computational power over the
classical mechanics. Very remarkable successes in the theory of quantum computing are Peter
Shor’s algorithms for factoring and discrete logarithm in polynomial time for quantum computers
[Sho94, Sho97] and Grover’s quantum algorithm for searching an unordered list of size n with only
O(+y/n) accesses to the list [Gro96, Gro98].

However, these algorithms use the power of universal quantum machines, such as quantum
Turing machines [Deu85, BV93|, quantum circuits [Deu89, Ya093] or quantum cellular automata
[Mar86, Wat95]. Recent experimental quantum computers are much less powerful, as the most
successful realizations of quantum computers have so far only up to 7 quantum bits [VSBT01].

In this thesis we consider quantum finite automata — a simpler model of quantum computation
which may be easier to implement than universal quantum machines. Different models of quantum
finite automata have been studied. The simplest ones are one-way quantum finite state automata
(1QFA) introduced by Kondacs and Watrous [KW97]. This very simple model of quantum auto-
mata is not very powerful and the class of languages recognized by it is a proper subset of the class
of regular languages. In the same paper, Kondacs and Watrous introduced also a more powerful
model — two-way quantum finite state automata (2QFA). These automata can simulate any de-
terministic finite automaton and even recognize some non-regular languages. Therefore, 2QFA are
strictly more powerful than 1QFA. More recently, Amano and Iwama [AI99] introduced a varia-
tion of 2QFA — 1.5-way quantum finite state automata (1.5QFA) — which cannot move their head
to the left. A limitation of 1.5QFA and 2QFA is that they allow superpositions of different head
positions on the tape and hence the number of their quantum states grows with the growing length
of the input word. This probably could make the models more difficult to implement. Ambainis
and Watrous [AW02] introduced two-way finite automata with quantum and classical states — a
model where the size of the quantum part does not depend on the input word length and still is
strictly more powerful than finite state automata. 2QCFA can be seen as an intermediate model
between 1QFA and 2QFA.

Many properties of quantum finite automata have been studied so far. Every 1QFA can be
simulated by a classical finite automaton, and there is no 1QFA recognizing the regular language
{a,b}*a [KW97]. The class of languages recognized by 1QFA is closed under complement and
inverse homomorphism [BP02] and is not closed under homomorphism [BP02] nor any binary
Boolean operation with both arguments significant [AKV01]. Although 1QFA can recognize the
language a*b* with probability approximately 0.68 [AF98], which cannot be recognized by any
reversible finite automaton, every language recognized by 1QFA with probability greater than
roughly 0.78 is recognized by some reversible finite automaton [AK03]. Sometimes, 1QFA can be
much more space-efficient than deterministic and even probabilistic finite automata. There is an
1QFA checking divisibility by a prime number p with only O(logp) states, what is equivalent to
O(loglogp) quantum bits of memory [AF98].

On the contrary to 1QFA, 2QFA and 2QCFA are strictly more powerful than classical finite
automata. Beyond the regular languages they can recognize the language {a*b* | k > 0} [KW97,
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14 CHAPTER 1. INTRODUCTION

AWO02]. 2QCFA can also recognize the language of all palindromes {w € {a,b}* | w = w*} [AW02],
which cannot be recognized even by any two-way probabilistic finite automaton [DS90, KF91].
1.5QFA can also recognize some non-regular languages, however, it is not known whether they
recognize all regular languages or not. The classes of languages recognized by these three models
are trivially closed under complement and the class of languages recognized by 2QCFA is also
closed under inverse homomorphism [Ko$05]. All these three classes are rather complicated, as
even the emptiness problem is undecidable for all these three models [A199, Fre81].

In this thesis we prove several new closure properties of different models of quantum finite
automata. We show that the classes of languages recognized by 1.5QFA and simple 2QFA are
closed under inverse non-erasing homomorphism and the class of languages recognized by simple
1.5QFA is closed under general inverse homomorphism. Further we show that none of the classes
of languages recognized by 1.5QFA, 2QFA nor 2QCFA is closed under homomorphism.

As neither 1QFA, 1.5QFA, 2QFA nor 2QCFA recognize a class of languages closed under ho-
momorphism, a natural question is, what are the smallest classes closed under homomorphism
containing these classes as subsets. We show that the homomorphic closures of the classes of lan-
guages recognized by 1.5QFA, 2QFA and 2QCFA, respectively, are equal to the class of recursively
enumerated languages, and the homomorphic closure of the class of languages recognized by 1QFA
is equal to the class of regular languages. This shows a significant gap between the homomorphic
closures of 1.5QFA, 2QFA and 2QCFA on one hand, and the homomorphic closure of 1QFA on
the other hand.

The remainder of this thesis has the following organization. In chapter 2, we shortly present
preliminaries of quantum computating theory. In chapter 3, we provide formal definitions of the
four models of quantum finite automata. In chapter 4, we discuss closure properties of 1.5QFA,
simple 1.5QFA and simple 2QFA under inverse homomorphism. chapter 5 deals with the homo-
morphic closure of the class of languages recognized by 1.5QFA and chapter 6 shortly generalizes
this result for the case of 2QFA and 2QCFA and discusses the homomorphic closure of 1QFA.
Finally, in chapter 7, we conclude with mention of some open problems.



Chapter 2

Preliminaries

In this chapter we shortly present preliminaries of the quantum computing theory we use in the
rest of this thesis. To fully understand details of the quantum computing theory, we encourage
the reader to read the books [Gru99, NCO00], which provide a detailed overview of a wide range of
quantum computing topics.

2.1 Hilbert spaces

Closed quantum systems are well modeled by Hilbert spaces. We use them as a basic mathematical
framework to formally describe the principles of quantum mechanics. Hilbert spaces are complex
vector spaces with inner products (¢|¢).

Definition 2.1 An inner-product space H over a field F' is a vector space over the field F' with
an inner product (-|-): H X H — C satisfying

1. (lg) = (ol¥)", (conjugate symmetry)
2. (YY) >0 and (YY) =0 if and only if v = 0, and (positive definiteness)
3. (Ylergr + cada) = c1(P[¢1) + ca(Y|h2), (right linearity)

for each i, ¢, 1,2 € H and c1,c0 € F.

The inner product (1|¢) of the inner-product space H introduces on the space H for every

¢ € 'H the norm
¢l = v {dl9),
and for every ¢, € H the metric
disty(¢,9) = [|¢ — |-

If there is no ambiguity we usually write just ||¢|| and dist(¢, ¢) instead of ||| and disty (¢, 1),
respectively. The notion of metric allows us to introduce a metric topology and concepts such as
continuity on H. Vectors of the inner-product space H with unit norm are called (pure) states of
the space H.

Definition 2.2 An inner-product space H is complete if for any sequence {¢; G2 with all¢; € H
such that lim; .o ||¢; — &kl = 0 there is a unique element ¢ € H, for which we have

lim [l — 61| = 0.
j—oo

Definition 2.3 Hilbert space is a complete inner-product space over the field C of complex num-
bers.

15



16 CHAPTER 2. PRELIMINARIES

There are many different kinds of Hilbert spaces in the quantum theory. To model the quantum
systems used in this thesis, we use the so-called ¢5(D) Hilbert spaces. We define them as follows.

Definition 2.4 Let D be a countable set. We say, that ¢2(D) is the vector space of all complex
valued functions on D bounded by the so-called £5-norm, i.e.

l(D) =S @D —C | > 2(j)(2(j))" < o0

jED

For any countable set D, the vector space ¢5(D) is a Hilbert space with respect to the inner
product {-|-): £2(D) x £3(D) — C, defined by

(@1]a) =D (21(4)) 22(4)-

jeb

The concept of orthogonality is very important in the inner-product space theory. The main
role of orthogonality in quantum computing is that only mutually orthogonal quantum states are
well distinguishable by quantum measurements.

Definition 2.5 Vectors ¢ and v of an inner-product space H are orthogonal, denoted by ¢ L 1,
if (d|) = 0. A subset S of H is orthogonal if every two elements of S are orthogonal. The set S
is orthonormal if it is orthogonal and all its elements have norm 1.

Definition 2.6 An orthonormal subset © of an inner-product space is its orthonormal basis if
none of its proper supersets is orthonormal.

We can show that all bases of an inner-product space H have the same cardinality. This
cardinality is called the dimension of the space H. If the cardinality is finite, we say that the
inner-product space is finite-dimensional. Otherwise, we say that the space is infinite-dimensional.

Definition 2.7 A subspace £ of an inner-product space H is a subset of H closed under addition
and scalar multiplication.

By a simple verification of the conditions from definition 2.1 we can show that a subspace of
an inner-product space is itself an inner-product space.

Lemma 2.8 For every complete subspace £ of a complete inner-product space H there is a unique
subspace E+ such that (¢1|p2) = 0 for each ¢1 € € and ¢ € E*, and each 1 € H can be uniquely
written is the form 1 = ¢, + ¢a, where ¢y € € and ¢y € E+. We write H = £ © EL and say that
£ and E* form an orthogonal decomposition of the inner-product space H.

We can generalize the concept of orthogonal decomposition of a complete inner-product space
‘H to an orthogonal decomposition
H=®...0&

of H into k mutually orthogonal subspaces &1, ..., &, such that each ¢ € H has a unique repre-
sentation ¢ = ¢1 + ... + ¢y, where ¢; € £; for all j with 1 < j < k.

2.2 Dirac’s notation

For any Hilbert space H and any its state ¢ a linear mapping fs: H — C can be defined by assigning
fo(¥) = (¢]1). Moreover, we can show that for any continuous linear mapping f: H — C there
is a unique state ¢y € H, such that f(¢) = (¢s|1) for all yp € H. The space of all such linear
mappings of the Hilbert space forms a Hilbert space again. We call this space a dual Hilbert space
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or a conjugate Hilbert space and denote it as H*. The inner product of the conjugate Hilbert
space is defined for all f,g € H* by

(£lg) = (Drldy)-

Thanks to the duality between the Hilbert space H and its conjugate Hilbert space H* the
Dirac’s bra-ket notation can be introduced. A vector ¢ of the Hilbert space H is denoted by a
ket-vector |¢). The corresponding mapping fs of the conjugate Hilbert space is denoted by a
bra-vector (¢|. For every ¢, 1) € H we have

(@1 (19)) = fo(¥) = (2l¥).

In the case of an n-dimensional Hilbert space, we can indetify the ket-vector [¢)) with an
n-dimensional column vector and a bra-vector (¢| with an n-dimensional row vector. The inner
product (4|} is then a complex number, while the outer product |¢) (¢| is an n x n matrix. For
the outer product we have

1) (¢ (|lw)) = [¥)((dlw)) = (Blw)|v)
for all ¥, ¢p,w € H.

2.3 Linear operators

A linear operator of a Hilbert space H is a linear mapping A:’H — H. An application of the
linear operator A of the Hilbert space to a vector |¢) from that space is denoted by |A¢) or simply
by A|¢). Any linear operator A of the Hilbert space H is also a linear operator of the conjugate
Hilbert space H*. It maps every linear mapping (1| of the conjugate space to a linear mapping
denoted by (¢] A.

We can represent any linear operator A of an n-dimensional Hilbert space H with the basis
© = {|0;)}}_; by an n-dimensional matrix with the number (6;| A|f) in its j-th row and k-th
column. In this case the j-th row of the matrix is the vector (¢;| A and the k-th column of the
matrix is the vector A|6y).

Projection operators are of special importance among linear operators. If H = £, ®...0E& is an
orthogonal decomposition of a Hilbert space H, then every vector ¢ from the space H has a unique
representation ¢ = ¢1 + ...+ ¢, with ¢; € &; for all j, where 1 < j < k. The mappings defined by
the identities Pg, (¢) = ¢, for all j are called projection operators onto the corresponding subspaces
&;.

A special role among linear operators have adjoint and self-adjoint operators. We define them
in the following two definitions.

Definition 2.9 The norm of a linear operator A of a Hilbert space 'H is defined as

1Al = sup {[Alp)]| | ¢ € H A [lg]l = 1}.
If ||A|| is finite, then the operator A is called bounded.

Definition 2.10 The adjoint operator to a bounded linear operator A of a Hilbert space H is an
operator A* such that

(V|Ag) = (A"Y|¢)
for ally, ¢ € H. If A = A*, then the operator A is called self-adjoint.

The self-adjoint operators correspond to Hermitian matrices, i.e., the matrices A with A = A*.
A bounded linear operator A is unitary, if AA* = A*A = |, where | is an identity operator.

A self-adjoint operator A of a finite dimensional Hilbert space H has a so-called spectral re-
presentation. If Ay, ..., \; are its distinct eigenvalues, then we can express the operator A in the
form A = A\ Pg, +... 4+ A;Pg,, where &; is the subspace of the Hilbert space H spanned by the
eigenvectors corresponding to A;.
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2.4 Evolution of quantum systems

In the evolution of a quantum system some transformation of the initial state is performed. In
the formal representation of the quantum system, some operator A is used to map one state
into another. An evolution of an isolated quantum system corresponds to a transformation by a
unitary operator in its Hilbert space. As unitary operators preserve the norm, they can be seen
as performing rotations on quantum states.

For a finite dimensional quantum system, we can show that any linear operator representing
quantum evolution in that system has to be unitary as follows: A quantum evolution operator A
has to map quantum states into quantum states. Therefore, for any state = of the quantum system
the identity (Az|Az) = (x|z) = 1 holds. As a consequence we have (z|z) = (A*Az|z) and hence

A*A = 1.
Therefore, the operator A is unitary.
Note, that the equality A*A = | corresponds to the condition that row vectors of A are ort-
honormal and the equality AA* = | corresponds to the assertion that column vectors of A are

orthonormal. If A is a finite dimensional, then AA* = | if and only if A*A = 1.
In the general case, the evolution of a quantum system is described by the linear Schrodinger

equation
Olp(t))

i = H(b[w(),

where & is the Planck constant, H(t) is an observable of the system called Hamiltonian of the
system in time ¢, and [i(¢)) is the state of the system in time ¢. If the Hamiltonian is time
independent, the formal solution of the Schrodinger equation has the form

(1)) = U(0)[4(0)),

where U(t) = e~ H/ is an evolution operator that can be represented by a unitary matrix.

2.5 Observables and measurements

In order to extract information from a quantum system we have to observe the system — to perform
a measurement of the system. In this thesis we consider only so-called sharp observables, which
correspond to projection measurements.

The numerical outcome of a measurement of a pure state |¢) of a Hilbert space H with respect
to an observable specified by a self-adjoint operator A is one of the eigenvalues A; of A. As the side
effect of the measurement the state |¢)) collapses into a state |¢). The eigenvalue X; is obtained
with probability

P(A) = [Pe, [9) 17 = (] Pe, [8),

where &; is the subspace of ‘H spanned by the eigenvectors corresponding to A;. The new state
|¢), into which |9} collapses, has the form

~ Pgly)
191 = W]Pe, [0}

The measurement of [1)) with respect to A irreversibly destroys ¢, unless 1 is an eigenvector of A.

An equivalent approach to model the observation through a special orthogonal decomposition,
called observable, of the Hilbert space can be done.
Definition 2.11 An observable of a Hilbert space H is a pair O = ({Ej}?zl, 1), where E1® ...
&, =M is an orthogonal decomposition of the Hilbert space H and p: {&; }?:1 — R is an injective
mapping.
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Let be a state and O = ({£;}*_,, 1) be an observable of a Hilbert space . We can express
Jrj=1H

|¢) uniquely as a linear superposition of its projections with respect to corresponding subspaces

of the orthogonal decomposition of the Hilbert space

k
|6) =D ajloe,),
j=1

where [¢g;) is a projection of |¢) into £;. A measurement of |¢) by the observable O has the
following consequences:

1. One of the subspaces &1, ..., &, say &;, is selected, and the value p(&;) is acquired. The
probability of selecting the subspace &; is |2
2. After the measurement, the state |¢) collapses into the state T |Z£j ;” .
E;

3. The only classical information obtained by the measurement is the value 1(€;) of the function
. Any information not in |¢¢,) is irreversibly lost.

A measurement with respect to the observable O = ({&; }é?:l, 1) causes the quantum system
to behave randomly and to destroy its original state ¢ unless the state belongs entirely into one
of the subspaces of the orthogonal decomposition of the Hilbert space.
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Chapter 3

Models of quantum finite
automata

In this chapter, we formally define the models of quantum automata discussed in this thesis. In
section 3.1, we define two-way quantum finite state automata introduced in [KW97], which are the
quantum analogue of classical two-way finite state automata. The following two sections define two
special cases of 2QFA. In section 3.2 we define 1.5-way quantum finite state automata introduced
in [AI99], which are forbidden to move their head to the left, but still may let their head stationary
on the currently read tape symbol. In section 3.3 we define the last variant of 2QFA, namely one-
way quantum finite state automata introduced in [KW97], which are forced to move their head
to the right in every evolution step. Only the last one of these three models is purely finite, since
evolution of 2QFA and 1.5QFA may lead into a large superposition of many heads on different
tape symbols and so the size of their quantum memory may be proportional to the input word
length.

Finally, in section 3.4 we define two-way finite automata with quantum and classical states, an
intermediate model between 1QFA and 2QFA, introduced in [AWO02]. This model is a generalized
classical or probabilistic two-way finite state automaton, which is extended by additional finite
quantum memory.

3.1 Two-way quantum finite state automaton

The model of two-way quantum finite state automata introduced by Kondacs and Watrous in
[KW97] is a quantum analogue to the classical two-way finite automata. In this section we provide
a formal definition of this model.

Definition 3.1 A two-way quantum finite state automaton (2QFA) we define as a sextuple M =
(Q,%,9,40, Qace, Qrej), where Q is a finite set of states, ¥ is a finite input alphabet, 6: Q xT'x Q) x
D — C is a transition function, go € Q is an initial state, and Qqucc C @ and Qre; C Q are sets of

accepting and rejecting states, respectively. It is assumed that Quce N Qrej =0, o & Qace U Qrejs
symbols ¢,$ ¢ X, T =X U{¢,$} and D ={-1,0,1}.

Elements of Qqcc and Q¢; are called halting states and elements of Qnon = Q \ (Qace U Qre;j)
non-halting states. Symbols ¢ and $ are used to mark the left and the right end of an input word,
respectively. These symbols together with the input alphabet form tape alphabet T'.

The 2QFA M ran on an input word w € ¥* can be seen as it were operating on a circular
tape. This tape is circular in the sense that moving to the right from the last tape square the
automaton head jumps to the first tape square. Reversely, moving to the left from the first tape
square the automaton head jumps to the last tape square. For the non-empty input word w, the
corresponding tape x has length |w| + 2 and takes the form x = ¢w$. For technical reasons, if
w = ¢ the corresponding tape is z = ¢$$.

21



22 CHAPTER 3. MODELS OF QUANTUM FINITE AUTOMATA

Definition 3.2 The set of configurations of 2QFA M on a tape x of length n is CM = Q x Z,.
A superposition of M on this tape is any norm 1 element of the finite-dimensional Hilbert space
HM = (,(CM). For clarity, we write any base element |(q,k)) of HM with ¢ € Q and k € Z,, as
lg, k) only.

By C’,{facc (C’é\/{rej, Con) we mean the set of accepting (rejecting, non-halting) configurations
of 2QFA M on tape z of length n (i.e. C%acc = QM x7,, C%Tej = Q%j X L, and C’%non =
non X L)

We use the Dirac notation to express superpositions. For every ¢ € CM | |c) denotes the unit
vector with value 1 at ¢ and 0 elsewhere. Any other element of H2 may be expressed as a linear
combination of its basis vectors. For a superposition |¢) = Zcecy aclc), the number . is the
amplitude associated with ¢ in the superposition |¢). We have defined Hilbert spaces in chapter
2. For a detailed overview of Hilbert spaces theory, see [NCO00] or [Gru99].

Notation 3.3 For a word w by notation (w);, where 0 < 7 < |w|, we mean the i-th symbol
of the word w counting from zero (i.e. (abcd)1 = b). By notation (w); . ; we mean the subword
(w); ... (w); of the word w, and by notation #,(w) we mean the number of symbols « in the word
w.

The transition function § of the 2QFA M is to be interpreted, such that for each ¢,p € @,
a € T and d € D, the number §(q, a, p, d) represents the amplitude with which the automaton
in state ¢ currently scanning symbol « changes its state to p and moves its head in direction d.

For a tape z the transition function induces a time-evolution operator of M for the tape x on the
Hilbert space Hljf‘.

Definition 3.4 For a 2QFA M on a tape x of length n we define a time-evolution operator UM
on the Hilbert space HM as follows:

UMq. k) = > (g, (), p, d)|p, (k + d) mod n), where (q,k) € C1', (3.1)
pPeEQ
deD

and extend to all vectors of HM by linearity.

Definition 3.5 A 2QFA M is well-formed if for every tape x € I'3T'* the corresponding operator
UM defined by definition 3.4 is unitary.

The time-evolution operator UM specifies how the automaton M evolves on the tape z, assu-
ming that the automaton superposition is not observed by any outside observer. To yield informa-
tion about automaton evolution it uses an observable which correspond to determining whether
the automaton is in an accepting, rejecting or non-halting state.

Definition 3.6 For a 2QFA M on a tape x of length n let OM be an observable corresponding
to the decomposition EM, & EM. & M of HM, where EM. = Span({|c) | c € CM .. }), EM. =

acc rej non n ’ acc n,acc rej

Span({|c) | ¢ € CM...}) and EM . = Span({|c) | ¢ € C}),.}). Outcome of this observation is

n,rej non n
“accept”, “reject” or “non-halting” accordingly.

Definition 3.7 Evolution of a well-formed 2QFA M on a tape x of length n begins in the super-
position equal to |qo,0). In every step of the evolution the unitary transformation UM is applied on
the superposition, followed by a measurement using the observable OM. The evolution continues
until the result of the measurement is “accept” or “reject”, when the evolution halts.

Notation 3.8 For a given well-formed 2QFA M we write the probability that the evolution of
M on the input word w halts with result “accept” (“reject”) as Pr.(w) (P (w)).

If there is no ambiguity we omit M in the symbols defined in previous paragraphs and write
only Cp, Hp, Uz, O, and P,..(w) instead of CM, HM UM OM and PM (w), respectively.

acc
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Definition 3.9 A well-formed 2QFA M recognizes a language L C X* with bounded error if for
every word w € X* we have P} (w) + P} (w) = 1, and there is ¢ > 0, such that for every word
w e L is Ppl.(w) > 1/2+ ¢ and for every word w € ¥*\ L is P)L(w) > 1/2 +¢.

Notation 3.10 If there is a language a well-formed 2QFA M recognizes, we denote this language
by L(M). Note, that for every well-formed 2QFA there is at most one language recognized by it.

Kondacs and Watrous [KW97] introduced an effective criterion for well-formedness of 2QFA.
This criterion is analogous to Bernstein and Vazirani’s criterion for well-formedness of quantum

Turing machines [BV93].

Lemma 3.11 [KW97, Proposition 1] A 2QFA M = (Q, X, 0, ¢, Qace; Qre;) is well-formed if and
only if for every a, 1,2 € I' and q1,q2 € Q the following hold:

. 1 ifq =
Z ) (QIaa7p7 d)é(q25a7p7 d) = { 0 1f Zl ?é 32 (32)
pEQ, deED ! 2
Z 6*<(I1, i, D, 1)6(Q2a 2, D, 0) + 6*<q17 «aq, D, 0>6(QQa a2, D, _1) =0 (33)
peEQ
25*((]17@17177 1)5(6]27012,]?7—1) =0. (34)
peQ

The condition (3.2) of the previous lemma is the local probability and orthogonality condition
of the automaton evolution unitarity. The other two conditions (3.3) and (3.4) are the separability
conditions. These three conditions together are equivalent to the requirement that the evolution
of M is unitary on every tape.

Verification of the well-formedness conditions from the previous lemma may be in general a
relatively tedious task. Kondacs and Watrous introduced a method, by which some well-formed
automata can be specified more easily. We call them simple. However, it is still an open question,
whether the class of languages recognized by simple 2QFA is equal to the class of languages
recognized by all 2QFA.

Definition 3.12 A 2QFA M = (Q,%,0, 90, Qace, @rej) is simple, if for each oo € T' there is a
linear operator V., on the Hilbert space {2(Q) and a function D:Q — {—1,0,4+1} such that for
eachp,qe Q, a €l andd € D

(p|Valg) if D(p) =d

(g, a, p, d) :{ 0 if D(p) % d. (3.5)

Informally, the method decomposes the transition function of the automaton into two parts,
one transforming the states and the other moving the tape head.
It is easy to see, from lemma 3.11, that for a simple 2QFA the following holds.

Lemma 3.13 A simple 2QFA M is well-formed if and only if for every q1,q2 € Q and a € T is

. _J 1 ifai=q
5 lVala GiVala) = { o §0 5%

PEQ

This holds if and only if every operator V,, is unitary.

Notation 3.14 We write the class of languages recognized by 2QFA as Loqra and the class of
languages recognized by simple 2QFA as Lgimple—2qQFa -
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3.2 1.5-way quantum finite state automaton

Amano and Iwama [AI99] defined 1.5QFA as a special case of 2QFA which cannot move its head
to the left. However, they did not restrict 1.5QFA to move its head to the right from the right
end-marker and, due to the tape circularity, allowed the head to return back to the left end-marker
and read the input word once again.

As 1.5QFA is meant to be a model of quantum automata which head should read the input word
just once, we narrow the Amano’s and Iwama’s definition of 1.5QFA, such that the automaton
may not move its head beyond the right end-marker symbol. Nevertheless, the results showed in
[AI99] hold for the narrowed definition of 1.5QFA, too.

Definition 3.15 An 1.5-way quantum finite state automaton (1.5QFA) we define as a 2QFA
M =(Q,%,0,90, Qacc; Qrej), such that for every ¢,p € Q and o €T is 6(¢q, ¢, p, —1) = 0 and for
every ¢ € Qnon and p € Q 1s §(q,$,p,1) = 0.

Note, that we allow 6(g,$,p,1) # 0 for ¢ € Quec U Qrej, as the amplitude of the automaton
being in any halting state is zero at the beginning of every evolution step. This allows us to extend
the definition 3.12 of simple 2QFA to the 1.5QFA case. If we asked 6(q,$,p,1) be zero for all
q € @, it would be impossible to construct the unitary operator Vg satisfying the condition from
the following definition.

Definition 3.16 An 1.5QFA is simple, if it is a simple 2QFA and (p|Vs|qg) = 0 for all ¢ € Qnon
and p € Q with D(p) = 1.

As a special case of lemma 3.11 we can formulate a criterion for well-formedness of 1.5QFA.

Lemma 3.17 An 1.5QFA M = (Q,%,9, g0, Qace, Qrej) is well-formed if and only if for every
a,a1,00 €I and ¢1,q2 € Q the following hold:

* 1 if g1 =
Z 4 (Q17a7pa d)a(q%aapa d) = { 0 if 31 ;é Cq]z (36)
peQ, de{0,1}
Z 5" (Q15 a1, P, 1)5(‘]27 2, P, 0) =0. (37)
PeEQ

Notation 3.18 We write the class of languages recognized by 1.5QFA as £ 5qra and the class
of languages recognized by simple 1.5QFA as Lgimple—1.5QFA -

3.3 One-way quantum finite state automaton

One-way quantum finite state automaton is a special case of 2QFA which may move its head
only to the right. Moreover, the evolution of 1QFA may not continue after reading the right end-
marker. Therefore, its superposition after reading this end-marker must be fully halting and so it
must belong to the subspace Eqcc @ Erej. We achieve this by zeroing the amplitude with which the
automaton in a non-halting state reading the right end-marker symbol changes its state to any
non-halting state.

Definition 3.19 An one-way quantum finite state automaton (1QFA) we define as a 2QFA M =

(Qa 2767 q07Qacc>Q'r€j); SUCh' tha't fO’I’ Every q,p S Q and (OAS F 18 5(Q7aap7 _1) = §(q7a7pa 0) =0
and for every q¢,p € Qnon 5 6(¢,8,p,1) = 0.

It is not difficult to show that for any well-formed 1QFA, the following lemma holds.
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Lemma 3.20 Let M = (Q, 3,9, g0, Qacc, Qrej) be a well-formed 1QFA. For every a € T there is
a unitary operator V, on the Hilbert space {2(Q), such that

0(q, o, p,d) = { éplva@ ZZ; 1

for allp,q e @ and d € D.

As 1QFA are allowed to move their heads only to the right, they never get into a superposition
of two or more heads reading different tape symbols.

Evolution of a well-formed 1QFA M = (Q, %, 6, g0, Qacc, @re;) On a tape x, may be seen as an
evolution performed in the Hilbert space ¢2(Q). This evolution starts in the superposition equal
to |go). In its k-th step, where 0 < k < |z|, the operator V(z),, as defined in the previous lemma,
is applied on the current superposition. This transformation is followed by a measurement by
the observable corresponding to the orthogonal decomposition Egce & Erej @ Enon of €2(Q), where
Eace = Span({]g) | 4 € Quec)): Eves = Span({la) | 4 € Qrey}) and Enon = Span({la) | 4 € Quon’}).
If the result of the measurement is in the subspace 4. or &re; the automaton accepts or rejects,
respectively. Otherwise it continues in the next evolution step by applying the next V, operator.
Note, that after applying the operator Vg the evolution halts, as Vg|q) € Eqcc ® Erej for any
|Q> S gnon~

On the contrary to 2QFA and 1.5QFA, every 1QFA uses only a constant size of quantum
memory. The 2QFA and 1.5QFA can be in large superpositions of many heads on different tape
symbols and so their quantum memory can be proportional to the input word length.

Notation 3.21 We write the class of languages recognized by 1QFA as Ligra.

3.4 Two-way finite automaton with quantum and classical
states

A two-way finite automaton with quantum and classical states is a classical two-way finite state
automaton which has an additional quantum memory of a constant size. The size of this memory
is independent of the input word. The automaton may perform quantum transformations and
measurements on its quantum memory. The transformations and the measurements performed by
the automaton are determined by the classical states of the automaton and the read symbols. The
results of the measurements determine how the classical part of the automaton evolves.

Notation 3.22 For a finite set A we denote by Operators(A) the set of all unitary operators acting
on the Hilbert space ¢2(A), and by Decompositions(A) the set of all orthogonal decompositions of
3(A) into |A| (not necessarily proper) subspaces represented by |Al-tuples (€1,...,& ), where
&; are the particular subspaces.

Definition 3.23 A 2-way finite automaton with quantum and classical states (2QCFA) is an
octuple M = (Q, S, %, 0,90, 50, Sace, Srej), where Q and S are finite sets of quantum and classical
states, respectively, 3 is a finite input alphabet, §: S x T' — Operators(Q) x Decompositions(Q) X
SIQl % DIRl s 4 transition function, qo € Q and sy € S are initial quantum and classical states,
respectively, and Sqcc C S and Sye; € S are sets of accepting and rejecting classical states,
respectively. It is assumed that SqccNSre; = 0, symbols ¢, $ ¢ X, T’ = XU{¢,$} and D = {—1,0,1}.

Elements of Sqc. and S,¢; are called halting states and elements of Syon = S\ (Sace U Srej)
non-halting states. Symbols ¢ and $ are used to mark the left and the right end of an input
word, respectively. These symbols together with the input alphabet form the tape alphabet I'. The
automaton operates on a tape. For the input word w, the corresponding tape has the form c¢wS$.
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Definition 3.24 Let M be a 2QCFA. A configuration of M on an input word w is a quadruple
(s,|¢), cw$, k), where s € S is the current classical state, |¢) € €2(Q) is the current superposition
of the quantum memory, cw$ is the automaton tape content, and k with 0 < k < |w| is the current
position of the automaton head on the tape.

A configuration containing accepting classical state is an accepting configuration. Similarly, a
configuration with rejecting classical state is a rejecting configuration. All other configurations are
non-halting configurations.

Definition 3.25 Let (s,|¢),x,k) be a non-halting configuration of a 2QCFA M. If §(s, (x)x) =
(V, (&1, &q))s (515, 8101), (d1, . .., d|q))), then one evolution step of the automaton M in this
configuration consists of applying the operator V on the superposition |¢) followed by a measure-
ment by the observable corresponding to the orthogonal decomposition £1 @ ... ® & q| of £2(Q). If
the result of the measurement is in the subspace &£;, where 1 < j <|Q)|, the automaton changes its
classical state to the state s; and moves its head in direction d;. The resulting configuration of the
automaton is (sj,P;V|¢), x, k + d;), where P; is a normalized projection operator to subspace E;.

Remark 3.26 We assume that the transition function of any 2QCFA is defined such that the
automaton head never moves to the left when reading the left end-marker symbol ¢, and similarly
never moves to the right when reading the right end-marker symbol $. Formally, for every s € S
we assume that §(s,¢) € Operators(Q) x Decompositions(Q) x SI9I x {0,1}/9 and §(s,$) €
Operators(Q) x Decompositions(Q) x S9! x {—1,0}1<l.,

Definition 3.27 A 2QCFA M on an input word w begins its evolution with the configuration
(s0, |q0), cw$,0). It performs evolution steps, as defined in the previous definition, until it reaches
any accepting or rejecting configuration, when it halts and accepts or rejects, respectively.

Notation 3.28 For a given 2QCFA M we write the probability that M accepts (rejects) on the

input word w as PM (w) (PTZ\S/IJ (w)). If there is no ambiguity we omit the symbol M in the notation.

Definition 3.29 A 2QCFA M recognizes a language L C X* with bounded error if for every word
w € ¥* we have PM (w) + ngj(w) =1, and there is € > 0, such that for every word w € L is
PM (w) > 1/2 + ¢ and for every word w € ¥* \ L is PM (w) > 1/2 + €.

rej

Notation 3.30 If there is a language a 2QCFA M recognizes, we denote this language by L(M).
Note, that for every 2QCFA there is at most one language recognized by it.

Notation 3.31 We write the class of languages recognized by 2QCFA as Laqcra.-



Chapter 4

Closure under inverse
homomorphism

Brodsky and Pippenger [BP02] showed that the class of languages recognized by one-way quan-
tum finite state automata is closed under general inverse homomorphism. The class of languages
recognized by two-way finite automata with quantum and classical states is closed under general
inverse homomorphism [Ko$05], too. In this chapter, we investigate this closure property for the
case of 1.5-way and 2-way quantum finite state automata.

4.1 1.5QFA and inverse non-erasing homomorphism

We prove that the class of languages recognized by 1.5QFA is closed under inverse non-erasing
homomorphism. Take a well-formed 1.5QFA M = (Q, X, d, g0, Qace, @rej) recognizing the language
L(M), and a homomorphism h: ¥'* — X*, such that |h(a)| > 1 for all « € 3'. We construct a new
1.5QFA M’ recognizing the language h=1(L(M)).

The new automaton ran on an input word w will simulate the original automaton on the input
word h(w). For each symbol « of its input word, it will keep the superposition of the original
automaton heads reading any symbol of the subword h(«) in a superposition of heads reading the
symbol a.. The different positions of the simulated heads within the word h(«) will be distinguished
by different states of the heads reading the symbol « of the new automaton input word.

Figure 4.1: 1.5QFA M’ on the input word abcaa, with h(a) = 011, h(b) = 10 and h(c) = 0.
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Let I = ¥ U {¢, $}, extend the non-erasing homomorphism h to I''* — T'* such that h(c¢) = ¢
and h($) = §, and let s = max{|h(a)| | @ € I'}. We define the new automaton M’ as the sextuple
Q5,8 Qeer Q) where Q' = Q % Zo, g = (40, 0), Qoo = {(6:5) | 4 € Quec AK € Zo} and

rei =1(a,k) | ¢ € Qrej Nk € Zs}. The transition function of M’ for every p,q € Q and o € I

rej

27
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we define as follows:

' ((p, k)., (¢,%),0) = d(p, (())r,q,0); 0 <k < [h(a)], (4.1)
3'((p, k), e, (¢, k +1),0) = d(p, (h(@))r: q:1); 0 <k < [h(a)] -1, (4.2)
'((p, k), ,(4,0),1) = 0(p, (W())k, ¢, 1); k = [h(c)] = 1, (4.3)
3'((p k), 0 (p,k),0) = L; [h(a)| <k <, (4.4)

¢’ (anything else) = 0. (4.5)

As the automaton M is an 1.5QFA, §(¢,$,p,1) = 0 for all ¢ € Qnon and p € Q. There-
fore, by definition of M’, §'((¢,k),$, (p,7),1) = 0 for all (¢,k) € Q.,, and (p,j) € Q. Also,
8'((g, k), a, (p,j),—1) = 0 for all (¢, k), (p,7) € Q" and a € T”. Hence, the constructed automaton
M’ meets all conditions of definition 3.15 and so M’ is an 1.5QFA.

To prove the closure property of the class of languages recognized by 1.5QFA we need to show
that the constructed 1.5QFA M’ is well-formed and recognizes the language L(M’') = h='(L(M)).
We show it in the following two lemmas.

Lemma 4.1 The 1.5QFA M' is well-formed.

Proof. As the automaton M is a well-formed 1.5QFA the identities (3.6) and (3.7) of lemma 3.17
holds for it. We prove these identities for the constructed automaton M’, too.

As the first one we prove the equality (3.6) of lemma 3.17. Let o € T and (g1, k1), (¢2, k2) € Q'.
Without loss of generality, we can assume that k; is not greater then k,. To cover all instances of
the identity it is sufficient to consider only tree cases. Namely if |h(a)| < ko, if k1 = ko = |h(a)|—
and if k1 < |h(a)] =1 A ko < |h(a)| — 1.

o If |h()] < ka2, then

(3.6)

E 5,*((q15 kl)a a, (p7])70)5l((q25 k2)a a, (p7])70) +
(p.4)€Q’
(4.5)

+ Z 0" ((q1, k1), @, (9, 5), 1)8" (g2, k2), @, (p, 5), 1) =

(p,J)€Q’

6" ((q1, k1), @, (g2, k2),0)8" (g2, k2), o, (g2, k2),0) + 0
_ {11—|—0—1 ifqlz(J2/\k1:k2

(4.4),(4.5)

o If ky = ko = |h(a)| — 1, then

(36) = Z 5/*((611,/61),04,(p,j),0)5'((q2,k1),a,(p,j),O) +
(p.J)€EQ’
(4.5)

+ Z 6" ((q1, k1), o, (9, ), D' (g2, k1), @, (p, 5),1) =

(p,J)€Q’

= Z 6/*((QI; k1)7 a, (p> k1)70>6l((q2a ]{1)7017 (pa kl)’ 0) +

PER

38 (), o (.0), )8 (g2, K)o, (p,0),1) T
PEQ

(36)for M [ 1 if gg =¢q
= Z 5 qla klvpv d)é(q% (h(a))kupa d) = { 0 if qi 7& qz

de{o 1}
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e Finally, if k1 < |h(a)| — 1 and k3 < |h()| — 1, then

(36) = Z 6/*((q17k1)7a7(p7j)70)5/((q27k2)5a7(p7j)70) +
(p.d)eQ’
/* . (4.5)

+ Z d Q17k1 ( ) )5 ((QkaQ) 7(p7])71) =
(p.4)€Q’

= Z 6/*((q1a kl)v «, (p7 kl + 1)7 0)5,(((]21 k?)a «, (p7 kl + 1)a 0) +
PEQ

+ Z 5/*((q1a k1)7 «, (p7 k1)7 0)5l((CI27 k2)7 «, (pa kl)a 0) = @
PeEQ

To state the value of the previous expression, we need to consider the following three relations
between k; and ks:

- If kl = kg, then

Z 6 q17 k17p7 1)6(q27 (h(a»kl s Py 1) +
peQ
(4 1) (3.6) for M [ 1 if g1 = g2
5 ) 19 70 5 9 h 19 ’0 = 1
Z;? (1 Jk1s P 0)6(q2, (h())k, P, 0) { 0 if q1 # qo.

— If ky + 1 = ko, then
(4:2),(4.1)( 3.7) for M
v ST 8 (@1 ()i, )82 ()i +1.9.0) ="M 0
PEQ

—And1fk1—|—2<k2,then@ 0+0—O

So far, we have proved the equality (3.6) of the lemma 3.17. We prove the other equality of
the lemma. For a1, s € TV and (q1, k1), (g2, k2) € Q' we have

37 = 3 (a1 k1) ar, (9.), D (42, ka), oz, (p,§),0) =
(p,3)€Q’
= Z6/*((qlakl)aal7(pao)a1)6/((q25k2)7a27(p70)a0) = <>
pPEQ

If k1 # |h(a1)|—1 or ko # 0, then by (4.5) is ¢ = 0. In the following we assume that k1 = |h(ay)|—1
and ko = 0:

. 4.3),(4.1
O = 36 ((qr. [h(an)] - 1), a1, (p,0),1)8((42,0), s, (p,0),0) LY
PER
3.7) for M
= 25 Q17 |h((x1)| 17p31)§(Q27(h(a2))07p70) ( ):
PEQR

By proving the equalities of lemma 3.17 we have showed that the constructed automaton M’
is well-formed. ([

Lemma 4.2 The 1.5QFA M’ recognizes the language L(M') = h=1(L(M)).

Proof: Let w € X' be an input word of 1.5QFA M’ and z the corresponding tape of length n.
We show that the evolution of the automaton M’ on the tape x mimics the evolution of M on the
tape h(x).
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Denote m = |h(x)| and f; = |h((2)o...j—1)], for all j with 0 < j < n. It is easy to see that

(h((@);)h = (M) f;41, for 0<j <nA0<1<|h((x);)], and (4.6)

f(j 1) mod n + ‘h((‘r)(]—l) mod n)| -1= (fj - 1) mod m, for 0 <j<n. (47)

Write Pt . (P! ., P! the probability that the result of the measurement using the observable
acc rej non

OM in the t-th step of the evolution of M is “accept” (“reject”, “non-halting”). Similarly, for the
automaton M’ and the observable OM' | write such probability R! .. (R!_;, R!,,). Now, assume

rejr ~'non

6y = > djla.g) (4.8)

q€Q, JELm

n acc (

is the superposition of M after ¢ steps of its evolution on the tape h(z). We prove by induction
on t that

if k < |h((z);)|
if k> |h((2);)]

DDA

(¢,K)€Q’
JE€Ln

t
q,k),j), where b, . = { gq,fj+k (4.9)

is the superposition of M’ after ¢ steps of its evolution on the tape x. As a consequence we show
that Pt = R, for every t > 1 and © € {acc, rej, non}.
By definition 3.7, the superposition of the automaton M at the beginning of its evolution is

|#°) = |qo,0). Similarly, by the same definition, the superposition of M’ at the beginning of its

evolution is %) = |g{, 0) def. of M’ (0,0),0). As a) ; # 0 only for ¢ = go and j = 0 and b, ; # 0

only for ¢ = go, k =0 and j =0, (4.9) holds for t = 0

In the inductive case, we assume (4. 9) holds for ¢ and show it for ¢+ 1. In the ¢+ 1-st step of the
evolution of M the unitary transition UM h(z) is applied on the superposition |¢!). This application
leads to the superposition

48) 31 .
UM leh ST al UM ) B a Z 3 (g, (M(x));,p,d) p, (j + d) mod m) =

a€Q 9€eQ

JE€EZm FEZm, de{o 1}
t S\ t
E E 5 Qa j d) mod my P d) aq,(j—d) mod 7n|p7.]> - E Cp,j (410)
PEQ a€EQ PeEQ
j€ZLm de{0,1} JELm

Analogically, the superposition after applying the unitary transition U} "in the ¢ + 1-st step
of the evolution of M’ is

V0N = Y T 0 ((08), (2)G-d) mod ns (1), d) B 4 (5 ay moa n| (221):5) =

(p,DEQ’ (a.k)€Q’
J€Zn  de{0,1}

Z l]|p7 >

(r,HEQ’
J€Ln

Amplitudes dp 1; of particular configurations in the superposition UM’ |4*) may be expressed

by means of the amplitudes c;j of U%z)|¢t>. We have three cases to consider:

o If 0 < < |A((z),)], then

dhry Y (s (@D @), (00),0) + by 8 (0,1 = 1), (@), (9,0),0)) =
qeQ
S (b00a, (@), 0) by 8l ((@))irp 1)) =
qeQ
IH,(4.6) (1o c

= Z (az,fj+l6<Q7 (h(x))fj+l7p7 O) +a’<t],fj+l715(Q7 (h(‘r))fjﬁLl*lapa 1)) - q,fJ+l'
qcQ
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e Assume, that [ = 0. To simplify the expressions let j = (j —1) mod n and I’ = |h((x); )| — 1.
In this case, we have

dhiy E Y (B0 (0,0), (@), (9,0),0) + by o8 (0, ), (2), (0, 0),1) ) =

q€Q
(4.1) (4.3)
= 3 (bt, 36(q, (h((2)))0:p:0) + bl 56(q, (R((x);7))v, P, 1)) -
q€Q
IH,(4.6) / ,
=" ) (aé,fﬁ(q, (A(@))s;,p,0) + ab 5 ,+0:6(; (h(2)) 5,100, P, 1)) -
q€Q
(4.7)
= Z (af]’fjfs(qa (h(-T))fJ » Ps 0) + Cl ¢,(f;—1) mod m&(q, (h(.’lﬁ))(f]il) mod ms Ps 1)) =
q€Q
(4.10)
- q,f;°
e Finally, if | > |h((z);)|, then d’ , ; (48 b8 (0, 1), (@);, (1), 0) w0
Therefore, the superposition in '|z/;t> we can write as
+ .
u j ¢ _f G HE<|R((@))]
U |¢ ( ZE)G:Q/ dpl] pa >a where dp,l»j { 0 if 1 > |h((1’)])| (411)
3€Ln

Now, let © € {acc, rej,non} and compare the probabilities of particular results of the measu-
rements in the ¢-th step of the evolutions of M and M’ on the respective tapes:

(4.11)
Ro = 3 il =7 Y > gl = Y Nl = Ph (412)

(¢.k)€QY, 1€Qy 0<k<|h((x);)] aE€EQQ
J€Ln JE€ZLn, JE€Lm
. . . . . . ’
Let PM (PM' Y be a normalized projection operator projecting the Hilbert space HM (HM
non non m n

to its subspace &M (5,%”) This operator represents a transformation done by a measurement
using the observable OM (OM") with the result “non-halting”. For the superposition of M after

t + 1 steps of its evolution on the tape h(x) we have:

(4.10
6! = PMLUML ") P culad) = D

qEQ 9€Qnon non
JE€ELm JE€ELm

g, 7)-

In sequel to previous and (4.8) the amplitudes of the configurations in the superposition |¢**1)
for j € Z,, are

i § .
altl = { N (4.13)
0 for ¢ & Quon-

Similarly, the superposition of the automaton M’ after ¢t + 1 steps of its evolution on the tape
z is:

. (4.11),
/ / (4.11) / . dy, (4.12)
‘¢t+1> = P'rl\z/(ljnui/[ |¢t> PnMon Z dé,k,j'(q7k)a]> = Z \/tK k) > -

Sy St TS il

1€Qpon 0<k<[h((2);)] 4€Q 0<k<|h((2)))]
JEZLn, JE€Ln
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Therefore, the amplitudes of the configurations in the superposition |¢‘*!) correspond to (4.9)
and the inductive case is proved. For (¢, k) € Q" and j € Z,, we have:

e [t k< (@),
a,k.j 0 if k> |h((x);)].

Thus, it is proved that for any given input word w the probabilities P%, and R, are equal for
every t > 1 and Q € {acc, rej,non}. Let © € {acc, rej}. Since for any input word w the probability
P3T (w) that the evolution of M’ halts with the result © is

P (w) = S TT Ao )RS 2 SO IT Pl )25 = PG00

E>1 M<t<k k>1 M<t<k
the language L(M') recognized by M’ is equal to the language h=1(L(M)). O

Theorem 4.3 The class of languages recognized by 1.5QFA is closed under inverse non-erasing
homomorphism.

Proof. According to the previous two lemmas, for every well-formed 1.5QFA recognizing the lan-
guage L over the alphabet ¥ and every non-erasing homomorphism h: X" — X*, there is a
well-formed 1.5QFA recognizing the language h=1(L). d

4.2 Simple 2QFA and inverse non-erasing homomorphism

In this section, we deal with the class of languages recognized by simple 2QFA. We prove that
this class is closed under inverse non-erasing homomorphism. Take a well-formed simple 2QFA
M = (Q,%,8,q0, Qace, Qre;) recognizing the language L(M) and a homomorphism h: X" — X%
such that |h(a)| > 1 for all @ € X'. We construct a new simple 2QFA M’ recognizing the language
h=1(L(M)).

The new simple 2QFA works similarly to the 1.5QFA constructed in the previous section. On
an input word w it simulates the original automaton on the input word h(w). For each symbol « of
the input word, it keeps the superposition of the original automaton heads reading any symbol of
the subword h(«) in a superposition of heads reading the symbol «. The different positions of the
simulated heads within the word h(«) are distinguished by different states of the heads reading
the symbol a.

To implement left head moves correctly, the automaton head must recognize which state it
should change to when moving to the left. As homomorphic images of different symbols may have
different lengths, the automaton cannot determine the length of the homomorphic image of the
symbol, say -y, one square to the left from the currently read symbol. Thus it may not know which
states represent the last symbol of h(y). To allow left head moves, the new automaton uses a
special set of states representing last symbols of homomorphic images. We distinguish these states
by e. All other symbols of homomorphic images are represented as previously.

Let I" = %' U {¢, $}, extend the non-erasing homomorphism h to I'’* — I'* such that h(¢c) = ¢
and h($) = $§, and let s = max{|h(a)| | & € I''}. Furthermore, for every o € I’ define function g,
as follows:

o ifk=-1
ga(k) = E if0<k<|h(a)
0 if k= |h(a)l.

According to definition 3.12 of simple 2QFA and lemma 3.13, there is for every @ € ' a uni-
tary linear operator V, on the Hilbert space ¢2(Q) and a function D:Q — {—1,0,1} such
that (3.5) holds for the transformation function § of M. We define the new simple 2QFA as
M = (Q',E',é/,q& izcc? ;"ej)7 where Q' = @ x (Zs U {e}), izcc = Quce X (Zs U {o}) and

rei = Qrej X (ZsU{e}). If D(qo) = —1, we declare g = (qo, ), otherwise g5 = (go,0). We define

rej
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Figure 4.2: States of the new simple 2QFA distinguished by the function D.

D(q) =0

D(g)=-1| D(q)=1
) h(a) h W) h(s) OO =@
IIIQII ol B 5
q71 T —(q,1)
(q,0) — — (4,0)
I T 1T 1
\ \ | b \ als

¢ a ‘ ¢ ‘ a ‘ b ‘ c ‘ a ‘ ‘
Figure 4.3: Transitions of the constructed simple 2QFA M'.

Vi, lq,0) Vilg, 1) Valg,2), Vilg,e)  Vilg,0), Vilg,e)

the transition function ¢’ of M’ with help of operators V/,, where a € I, and function D’ as
in definition 3.12. For clarity, we omit the parentheses in vectors |(g, k)) € ¢2(Q’) and write just
lq, k), instead.

For every a € T” define the operator V/, on the Hilbert space ¢2(Q’) as follows: for each k € Zj
and ¢ € @, such that 0 <k < |h(a)] =1 or k = |h(a)| — 1A D(q) # — 1, let

Vilg, k) = Y (0l V(e @) P, ga(k + D(p))), (4.14)
PEQR

for each ¢ € @, such that D(q) = —1, let

Vilg, o) = > (0l Vin),[2)Ip, 9a(k + D(p))), where k = [h(a)| — 1, (4.15)
PEQ

and for all other ¢ € @ and k € Z; U {e} let

Vila, k) = la. k). (4.16)

Furthermore, define function D’: Q" — {—1,0, 1}, such that for each (¢, k) € Q" we have

D'(¢,k) = —1,ifD(q)=-1Nk=,
D'(¢,k) = 1,if D(g)=1Ak=0, and
D'(q,k) = 0, otherwise.

Lemma 4.4 The simple 2QFA M’ is well-formed.
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Proof: According to lemma 3.13, the simple 2QFA M’ is well-formed if and only if all V/, are uni-
tary. Take a symbol « from I'V. We show that vectors V., |q, k), where (g, k) € Q', are orthonormal.

Let A={(q,k) € Q" |0 <k < |h(e)| -1}, B={(q;k) € Q" [ k= |h(e)| =1AD(q) # — 1},
C={(¢g0) €Q | D(¢g) = -1}, and E = Q' \ (AU BUC(C). For each (¢,k) € AU B we have
V. 1g, k)||? = > peoll (I Vin(aye @) I* = 1 by (4.14) and unitarity of V(j()), . Similarly, we have
IV lg, )| =1 for each (g,®) € C. For all (¢,k) € E we have ||V, |q, k)| = 1 directly from (4.16).
Hence, all vectors V!, |g, k) have norm 1.

Let (¢, k) € AUBUC and (p,j) € E. We see that (p, j| V/,|q, k) = 0, by inspection. Therefore,
the vector V/ |p,j) is orthogonal to the vector V/ |q, k). So are vectors V/ |q, k), where (¢, k) € E,
to each other. Now, let (p, k), (¢, k) € A with p and ¢ different. By unitarity of V(4(a)), we have

k

> re0 ((r| V(h(a))k|q>)* ((r|V(n(a))|P)) = 0, and hence V/|p,k) L V,|q,k). Similarly, V/|p, j) L
V! g, k) for (p,j),(q,k) € BUC with p and q different. For every (p,j),(q,k) € AU BUC with
j and k different, there is no base vector |r,l) with (r,1) € @, such that both (r,1|V/ |p,j) and
(r,1| V! |q, k) are non-zero. Therefore, the vectors V., |p, j) and V. |q, k) are orthogonal.

We have showed that all vectors V/ |q, k), where (¢, k) € @', are orthogonal and have norm 1.
Hence, all V/, are unitary and M’ is well-formed. O

Lemma 4.5 The simple 2QFA M’ recognizes the language h=(L(M)).

Proof: Let w € ¥'" be an input word of 2QFA M’ and x the corresponding tape of length n. By a
similar argument as in the proof of lemma 4.2, we can show that the evolution of the automaton
M’ on the tape x mimics the evolution of M on the tape h(x).

Denote m = |h(z)| and f; = |h((x)o...;—1)|, for all j with 0 < j <n, and let sets A, B, C and
E be defined as in the proof of the previous lemma. Now, assume that

|¢t> = Z af;,j|qaj>

9€Q, JE€Lm

is the superposition of M (on the Hilbert space H% ) after t steps of its evolution on the tape
h(z). Similarly as in lemma 4.2, we can prove by induction on ¢ that

at if (¢,k) € AUB
[y = Y Bhul(ak),5), where bl ;= e if (¢.k) € C
= kgl (@), 5), where by 5 =9 @y pnayy 1 (G
(a,k)€Q’ 0 if (¢,k) € E

JE€Ln

is the superposition of M’ (on the Hilbert space HM /) after t steps of its evolution on the tape x.

As a consequence, the probability that the result of the measurement using the observable
OM in the t-th step of the evolution of M is “accept” (“reject”, “non-halting”) is equal to the
probability that the result of the measurement using the observable OM " in the t-th step of the
evolution of M’ is “accept” (“reject”, “non-halting”). Therefore, the probabilities of accepting
(rejecting) the word w by M’ and the word h(w) by M are equal and the language recognized by
M’ is equal to the language h=!(L(M)). O

Theorem 4.6 The class of languages recognized by simple 2QFA is closed under inverse non-
erasing homomorphism.

Proof. According to the previous two lemmas, for every well-formed simple 2QFA recognizing the
language L over the alphabet ¥ and every non-erasing homomorphism h: ¥'* — 3*, there is a
well-formed simple 2QFA recognizing the language h~1(L). O

Note that if the automaton M is simple 1.5QFA, so is the automaton M’. Therefore, the class
of languages recognized by simple 1.5QFA is closed under inverse non-erasing homomorphism, too.
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4.3 Simple 1.5QFA and general inverse homomorphism

In the previous section we have shown that the class of languages recognized by simple 2QFA
is closed under inverse non-erasing homomorphism. Now, we prove a stronger result for simple
1.5QFA, namely we prove that the class of languages recognized by simple 1.5QFA is closed under
general inverse homomorphism.

Definition 4.7 We call a homomorphism h: X5 — X3 length-nonincreasing if |h(c«)| < 1 for all
a € Y.

Foremost, we show that the class of languages recognized by simple 1.5QFA is closed under
inverse length-nonincreasing homomorphism, and then we generalize the result for any inverse
homomorphism. Take a well-formed simple 1.5QFA M = (Q, X, 6, g0, Qacc, Qre;) recognizing the
language L(M) and a homomorphism h: %" — ¥* such that |h(a)] < 1 for all @ € ¥'. We
construct a new simple 2QFA M’ recognizing the language h~1(L(M)).

The new automaton ran on the input word w simulates the automaton M on the word h(w).
Its evolution on symbols with non-empty homomorphic image is the same as the evolution of M.
On symbols with homomorphic image equal to €, the automaton moves all its heads immediately
to the right. If « is an input symbol with k preceding symbols mapped onto &, the evolution on
this symbol is delayed by k evolution steps.

Let I" = ¥ U {¢,$} and extend the homomorphism & to I'"* — I'* such that h(¢) = ¢ and
h($) = 8. For every a € T there is a unitary linear operator V, on the Hilbert space ¢5(Q) and
a function D:Q — {—1,0,1}, such that (3.5) holds for 6. We define the new simple 2QFA as
M =(Q,%,d', 490, Quce;s Qre;), where ¢’ is the transition function defined bellow. For each o € T
with |h(a)| = 1 let operator V{, = Vj(4), and for each o € I'" with |h(a)| = 0 let operator V, = I,
where | is the identity operator. With help of the operators V/, and the function D let ¢’ be defined
as in (3.5). As all Vj,(,) are unitary, the operators V/, are unitary, too, and the automaton M’ is
well-formed.

Lemma 4.8 The simple 1.5QFA M’ recognizes the language h™'(L(M)).

Proof: Let w € ¥'" be an input word of 2QFA M’ and x the corresponding tape of length n. By a
similar argument as in the proof of lemma 4.2, we can show that the evolution of the automaton
M’ on the tape x mimics the evolution of M on the tape h(x).

Denote m = |h(z)|, and e; = j — |h(()o...j—1)|, for all j with 0 < j < n. The number e; is
the number of symbols from the prefix (z)o.. j—1 mapped onto € by the homomorphism h. Assume

that
|¢t> = Z a’f],j|qaj>
q€Q, J€Lm

is the superposition of M (on the Hilbert space H) after ¢ steps of its evolution on the tape

h(zx). Similarly as in lemma 4.2, we can prove by induction on ¢ that

a, 2. ife; StAR((2);) #£e
¥t = Z by, ;la, ), where b ; = a:ﬁej ife; <tAh((x);) =eAD(q) =1
9€Q, JELn 0 ife; >torh((z);) =eAND(q) #1

is the superposition of M’ (on the Hilbert space HM /) after ¢ steps of its evolution on the tape x.

As a consequence, we can prove that the probabilities of accepting (rejecting) the word w by
M’ and the word h(w) by M are equal and the language recognized by M’ is equal to the language
h=Y(L(M)). O

Lemma 4.9 The class of languages recognized by simple 1.5QFA is closed under inverse length-
nonincreasing homomorphism.
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Proof. According to lemma 4.8, for every well-formed simple 1.5QFA recognizing the language
L over the alphabet ¥ and every length-nonincreasing homomorphism h: X" — X*, there is a
well-formed simple 1.5QFA recognizing the language h~1(L). ]

Having proved the closure under inverse non-erasing and inverse length-nonincreasing homo-
morphism, we can prove the closure under general inverse homomorphism.

Lemma 4.10 For every general homomorphism h:¥] — X35 there is a non-erasing homomorp-
hism hy and a length-nonincreasing homomorphism ha, such that h=(L) = hy*(hy ' (L)) for every
language L C X5.

Proof. Without loss of generality, assume that the symbol e does not belong to ¥5. The lemma
holds for non-erasing homomorphism h;: ¥ — (32 U {e})* and length-nonincreasing homomorp-
hism hs: (X2 U {e})* — X5 defined as follows:

hi(a) = h(a), if h(a) # ¢,

ha(a) = «, for a # e,
hi(a) = e, if h(a) = ¢, €

O

Theorem 4.11 The class of languages recognized by simple 1.5QFA is closed under general in-
verse homomorphism.

Proof. According to the previous lemma, for every homomorphism A there is a non-erasing homo-
morphism ; and a length-nonincreasing homomorphism hs, such that A~ (L) = hy*(hy *(L)) for
every language L.

For every well-formed simple 1.5QFA recognizing the language L there is, according to lemma
4.9, a well-formed simple 1.5QFA recognizing the language ho 1(L). For this 1.5QFA there is, ac-
corldinglto the paragraph after theorem 4.6, a well-formed simple 1.5QFA recognizing the language
B (hy (D). O



Chapter 5

Homomorphic closure of 1.5QFA

In this chapter we investigate the class of languages defined by homomorphic closure of the class
of languages recognized by 1.5QFA. We prove that H(L1.50r4) is equal to the class of recursively
enumerated languages Lrg. As a consequence of the proof we show that the class of languages
recognized by 1.5QFA is not closed under homomorphism. As 1.5QFA are a special case of 2QFA,
the same also holds for the class of languages recognized by 2QFA.

The class of recursively enumerated languages is defined as a class of languages accepted by
Turing machines, see [HU90]. In the proof we construct for every Turing machine an 1.5QFA and a
homomorphism, such that the homomorphic image of the language recognized by the constructed
1.5QFA is equal to the language accepted by the Turing machine. We construct the 1.5QFA such
that it recognizes the set of somehow encoded accepting computations of the Turing machine.

Before we proceed on construction of the 1.5QFA we introduce the encoding we use to encode
computations of the Turing machine.

5.1 Encoding input words

Turing machines work with infinite tapes of symbols. For a particular Turing machine the tape
contains symbols from a finite set of tape symbols, say I'. We call this set a tape alphabet. The
tape alphabet contains one special symbol to mark untouched squares of the tape. We call this
symbol blank and write it as B.

At the beginning of the computation of the Turing machine, its tape contains a finite input
word written on it. All other squares of the tape are blank. The input word may be empty or
may contain any symbols from the input alphabet, say ¥. The input alphabet is limited to the
tape alphabet and may not contain the blank symbol (i.e., B ¢ X). In any moment during the
computation, only finitely many symbols of the tape are non-blank. Therefore, in every step of
the computation, the tape may be represented by a finite word over the tape alphabet.

In this and the following sections we encode automata tapes extensively. To encode a tape, we
encode the word written on the tape. To define the encoding of words over the tape alphabet I we
take an enumeration function *:T" — Zp| of symbols from I' with B = 0 and extend it to = T"* — N
such that the code of a word w € I'* is the number w, where

e =0

va = |[|-v+a

for v € I'* and a € T'. Note that Bw = w for every word w and the code of a word w is equal to
the code of the word w with trimmed all left blanks. This property of the encoding function lines
up words representing the same tape together.

Having defined the encoding function of words over I" we are prepared to introduce the encoding
of input words of the Turing machine. We use this encoding in construction of the desired 1.5QFA.
We design the encoding such that

37
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1. it is possible for an 1.5QFA to check if a given word is a valid code of an input word,

2. it is possible for an 1.5QFA to recognize for a word and a (unary encoded) number, if the
word is a code of the same input word as the word written on a tape encoded by the number,

3. the input word may be picked up from its code by a homomorphism.

To accomplish the third requirement we design the encoding such that the code of a word contains
the encoded word as a subsequence. Further, to accomplish the second requirement, the code of
an input word contains a code of the tape with the input word written on as a subword. Together
with the code of this tape, the code of the input word contains for every prefix of the input word
a code of the tape with this prefix written on as a subword. The codes (numbers) of these tapes
are unary encoded and concatenated one by one separated from each other by last symbols of the
corresponding prefixes.

To make the encoding clear in detail we provide its formal definition. For an input alphabet
¥ CT, with I ¢ X, we say that the code of a word w € ¥* is the word I(w), where

I(e) = ¢ B (5.1)
I(va) = I(v)al®®
for v € £* and a € X. For instance the code of the word abc is al®bl®®cl*%.
It is easy to see that for homomorphism h: ({I} UX)* — £*, where h(l) = ¢ and h(a) = «, for
a € 3, we have h(I(w)) = w, for every word w € X*. Also, as we prove in section 5.3.2 the other
two requirements on the encoding are fulfilled, too.

5.2 Encoding configurations

A computation of a Turing machine is a finite sequence of its configurations. Every such configu-
ration is represented by a state of the Turing machine, value of the machine tape and position of
the machine head on the tape. The tape symbol on the tape square just under the machine head
is called currently read symbol. This symbol splits the tape into two parts — the left tape part of
symbols to the left and the right tape part of symbols to the right from the currently read symbol.
As the tape contains only finitely many non-blank symbols, we may look on both its parts as on
finite words over the tape alphabet. The first symbols of these two words are the symbols one
square next to the currently read symbol.

A configuration of the Turing machine we encode as a word containing information about the
machine state and the currently read symbol and the codes of both parts of the tape. The first
symbol of this word encodes the state and the currently read symbol. We call this symbol a head
of the configuration code. The rest of the configuration code encodes its tape. For practical reasons
in construction of the desired 1.5QFA we actually encode in a configuration code head besides the
actual state and the read symbol also the states and the read symbols of the last two configurations
of the computation prior to the encoded configuration. If there are no prior configurations to the
encoded configuration we mark this fact in the code of this configuration, too.

Formally, for a Turing machine (K,%,T,0,qo, F) we define a code of its configuration as a
word of the form C{l,r}*, where C is a set of all possible code heads. There are three kinds
of code heads we need to consider, 1) code heads of initial configurations with no preceding
configurations, 2) code heads of configurations with only one preceding configuration, and 3) code
heads of remaining configurations. We denote the sets of these three kinds of heads by C;, Cy and
(s, respectively. Obviously the set of all possible code heads C' is a union of these three sets. We
define these sets as follows:

Clz{[ . }}, ng{[q().u} ‘ q1GK/\aleI‘/\él(qo,B)qu},and

q0 B q1 a1
O = q1 aj
3 — a2 a2
93 a3

q1,92 € K\ FAgq3 € KANai,az,a3 €T Adi(qr,a1) = g2 Nd1(qe,a2) = q:s},
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where the function 61: K x I' — K projects the respective part of the transition function of the
Turing machine 6: K x I' = K x I x {—1,0,1}. Note, that the state go in the previous definition
is the initial state of the Turing machine, while the other three states are arbitrary states of
the Turing machine. The heads of configurations codes obey the state part (1) of the transition
function because they represent real computation steps which obey the transition function.

Also note, that we assume that a computation of the Turing machine starts in the initial state
reading a blank symbol from the square one square to the right from the rightmost symbol of
the input word and continues until it reaches an accepting state. We assume the computation
halts upon reaching an accepting state for the first time and thus, there are no accepting states
during the computation prior to the last computation configuration. Classical definitions of Turing
machines, as in [HU90], define the initial configuration of the Turing machine slightly differently.
They assume the computation starts with the machine head reading the first symbol of an input
word. However, it is easy to see that this difference is not significant and the class of languages
accepted by the machines of these two definitions are the same.

Finally, take a configuration reached during a computation of the Turing machine. If the
configuration has state ¢ € ), currently read symbol a € I" and left and right parts of the machine
tape equal to words w; € I'* and w, € I'*, respectively, its code is the word

[ ] with w e {Lry A gaw) =0 A #o(w) =7,

where ‘7’ represents the first two lines of the code head which depend on the two preceding
configurations during the computation as described in definition of the set C.

5.3 Constructing the automaton

For a Turing machine we construct an 1.5QFA recognizing the set of all encoded accepting com-
putations of the Turing machine. The computations we encode using the encoding of input words
defined in section 5.1 and the encoding of machine configurations defined in section 5.2.

We encode the computation of the Turing machine on an input word as the code of the input
word followed by codes of all computation configurations. In the code of the last (accepting)
configuration we omit the tape code as its value is irrelevant to the computation. The resulting
code is a concatenation of these codes.

Take a Turing machine 7' = (K7, X7 TT 67 ¢f' FT), such that ¢l ¢ FT, T implements only
move-left and move-right steps (i.e. 67 (q, ) # (p, 3,0), for all p,q € KT and «, 3 € T'T), and the
computation of T begins on the right side of the input word. We can make this assumption on the
Turing machine without loss of generality, because it is easy to see that for every Turing machine
there is an equivalent Turing machine meeting these conditions.

Before formally defining the encoding we use to encode computations of the Turing machine
we introduce few auxiliary definitions that help us hereinafter to simplify our notations. For
the transition function of the Turing machine we define three functions §7: K7 x I'l — KT,
T KT xTT — I'T and 67: KT x T'T — {-1,0,1} projecting respective parts of the transition
function. We call them the state part of the transition function, the writing part of the transition
function and the motion part of the transition function, respectively. Furthermore, let B = |T'T|
be the number of the tape symbols, define an enumeration function - of these symbols meeting
the conditions from section 5.1 and extend it to all words over the tape alphabet in sense of that
section, and define the encoding function I as is defined in that section. Finally, let C, C7, Cy and
Cs5 be defined as in section 5.2 for the Turing machine 7T'.

The set of codes of all accepting computations of the Turing machine 7' is the following language
over the alphabet {l,7} UXT U C:
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Y0€C1 71€C2 75 €Cs
e N k —
. ) q45—2 @52
L = {I(v)[ : ]wo [ ] (ijl [q;,l D (5.2)
90 @0 q1 a1 j=2 a; @4

i) kE>0Aq@geFT AveXTrA
(Vj<]€2’w]' E{l,’f’}* AN Cj :Jg(qj,aj) AN lj :#l(wj) A T :#r(w])) AN
(ii) lo=7 AN rg=0A

(111) (Vj<]€—1: (53T(qj,aj):1 —>B'lj —|—C_j=lj+1 AN T]'ZB"/’J'+1—|—CL]‘+1> A

<5§(qj,aj)=—1 — ;=B -l +aj1 A By +C_j:”“>)}

Note, that according to the definitions of Cy, Cy and Cs, for every word in L we have qo = ¢,
ap =B and for every j < k is ¢; ¢ FT and q;41 = 67 (g, a;5).

Every code of a computation of the Turing machine from this language begins with code I(v) of
the input word v. The code of the input word is followed by codes of all computation configurations.

The codes of the first two configurations have the forms { T: ]wo and {qg. B ]wl, respectively, as
a9y B q1 ay
they do not have enough preceding configurations, while all others configurations have the form

Fj:f Zj:f w;. Note, that every computation has at least two configurations as the machine initial

j ¥
state does not belong to the set of accepting states. As we already mentioned, we omit the tape

code in the code of the last (accepting) configuration |4 ; ay_.|. The computation begins with the

a

input word written on the tape, hence the code of the tq;pe i;l the first configuration must encode
such a tape. This is ensured by the second condition (5.2-ii) in the definition of the language L.

The third condition (5.2-iii) in the previous definition guarantees that the tape of each compu-
tation whose code belongs to L obeys the writing and the motion parts of the transition function
of the Turing machine. In other words, that the tapes of any two consecutive configurations differ
only in the symbol written by the machine head and the head’s new position. The left part of the
tape is prolonged by the currently written symbol and the first symbol of the right tape part is
taken off if the machine head moves right. Conversely, if the machine head moves left, the first
symbol is taken off the left tape part and the symbol written by the head is pushed to the right
tape part.

After a brief inspection we can see that the language L represents exactly the set of all accepting
computations of the Turing machine 7" and there is a homomorphism A whose image of this
language is equal to the language accepted by the Turing machine, i.e., h(L) = L(T). Namely, the
equality holds for the homomorphism h: ({I,7} UXT U C)* — XT* where

a foraeXT
hla) = { e foragXT. (5-3)

Therefore, the following lemma holds:
Lemma 5.1 For the homomorphism h mentioned in the previous paragraph we have h(L) = L(T).

We construct the 1.5QFA recognizing the language L of the codes of all accepting computations
of the Turing machine by incorporating seven subautomata. Each of these seven subautomata
recognizes a subset of the properties of the codes from the language L. The resulting automaton
recognizes the intersection of the languages recognized by the subautomata in some manner.

The first of these subautomata recognizes codes of computations with a proper structure which
satisfy all local conditions of a correct accepting computation. Every such computation must begin
in the initial and end in an accepting configuration of the Turing machine. Also, every step of the
computation must be performed according to the state part of the machine transition function.
However, this subautomaton does not take care of the machine tape and does not check if tape
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codes change according to the transition function. Furthermore, the subautomaton checks if the
first two lines of configurations codes heads correspond to states and currently read symbols of
the two preceding configurations. The language recognized by this subautomaton is actually the
language L eased to only the first condition (5.2-1) in the definition of L with taking no care of
the input word code.

The next two subautomata check if computations codes begin with a proper input word code.
They check for a computation code if the prefix terminated by the code head of the first configu-
ration is a valid code of an input word as defined in section 5.1. Applying the condition (5.2-ii)
they also ensure that the tape code of the first computation configuration is a code of a tape
containing the input word. The subautomata check these conditions in such a way that the first
of them checks the equality (5.1) for even symbols and the other one for odd symbols of the input
word. We check the equality (5.1) by a method similar to the method to recognize the language
{a’b’ | i > 0} on 2QFA introduced in [KW97].

The remaining subautomata verify that tape codes of all configurations of a computation
change according to the transition function of the Turing machine. These subautomata check for
every computation code from the language recognized by the first subautomaton if the condition
(5.2-iii) holds. Two of these subautomata check behavior of the left tape part while the other two
subautomata behavior of the right tape part. The equalities of (5.2-iii) are tested by a method
similar to the method used in previous two subautomata checking the structure of the input word
code.

In following sections we primarily construct the auxiliary subautomata and then finally in
section 5.4 we construct the desired 1.5QFA.

5.3.1 Subautomaton checking local conditions

As the first component of the desired 1.5QFA we construct an automaton recognizing a language of
codes of all computations of the Turing machine that satisfy local conditions of a correct accepting
computation. This is the language of codes of all accepting computations eased to only the first
condition (5.2-1) with taking no care of the input word code. We can write this language as follows:

Y%€CL  mEC: 7 €Cs
—_—— —_—— k ——
. . dj—2 @52
Ll =<V { . :| wWo [qo a0:| H Wwj—1 |:q]',1 aj,1:|
a0 ag a1 a1 =2 a; aj

Do not forget, as already mentioned, that according to the definitions of C';, Cs and Cs, for every
word in L; we have gy = ¢{, ap = B and for every j < k is ¢; € FT and gj11 = 67 (¢;,a;). Also
note, that each word in L; contains exactly one symbol from C; and exactly one symbol from Cs.

The task of the automaton we are about to construct is to ensure that every word of the
language it recognizes

ve (BTU{) A k>0A
ANar € FT A (Vj < krwj € {I,r}) [

1. begins with prefix vyywoy1, where v € (ET U {l})*7 wg € {l,r}*, 70 € C1 and 1 € Cs,

2. keeps the histories of preceding states and read symbols in heads of configurations codes
consistent, and

3. ends with a code head of an accepting configuration (with no subsequent Is or rs).

There is no need to check if there are any codes of accepting configurations before the last one,
because the consistency of histories in the second condition together with definition of C' guarantees
there are no such configurations.

The first condition says that a computation code starts with something that may be an input
word code followed by codes of the first two configurations. Heads of these two configurations
are from C7 and Cb, respectively. By “something may be an input word code” we mean it is a
word, which is not necessarily an input word code, but is over the alphabet input words codes
are. Checking this condition is quite straightforward. The automaton uses states p and q to check
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it. It starts in a superposition |p), and skims all symbols from the input words codes alphabet
{1} UXT until its head arrives to a symbol from C, where it changes its superposition to |¢). In
this superposition the automaton skims all /s and rs until arriving to a symbol from C5, where it
begins to check the second condition. Whenever the automaton discovers an illegal symbol in the
input word it changes its superposition to |pg) or |gr) and rejects.

To verify the second condition of a computation code we need to compare the code heads of
every two consecutive configurations of the computation. For every two such configurations the
last two lines of the code head must be equal to the first two lines of the following code head. To
compare such pairs of lines of configurations heads the automaton uses a set of states carrying
information about these pairs. On the head of the former of the two consecutive configurations
the automaton state changes to a state representing the last two lines of this configuration head
and moves toward the head of the latter configuration. If the first two lines of this head do not
correspond to the lines carried in the state, the automaton rejects. Otherwise, it continues with
the next two consecutive configurations. For details about making this part of the automaton
transition function reversible see its formal definition in algorithm 5.1.

To carry pairs of lines from configurations codes heads the automaton uses the following set
of states:

H = { [g; Z;] ‘ g € KT\ FT ANge € KT Nay a0 € TT AT (q1,01) = qg}.
In addition to these states the automaton uses their accepting and rejecting versions Hyq =
{aa | a€ H} and Hg = {agr | « € H}, respectively.

If the carried pair of lines comes from an accepting configuration the state in the second line of
the pair belongs to the set of accepting states of the Turing machine. To verify the third condition
it suffices to ensure that the automaton accepts only if such a pair of lines is carried over the right
end-marker $. Also, it must be ensured that no such pair of lines is carried over any other symbol.
To recognize these pairs of lines we define a subset of H representing them:

F={ln
Before defining the automaton recognizing L1 we introduce two auxiliary functions P;: C3 — H

and P,:Cy U C3 — H projecting the appropriate pair of lines of a configuration code head. P;
projects the first two lines and P, the last two lines of the code head. Namely:

A ([as) = al 2o ([]) =B ana pa ([32]) =l

Define 1.5QFA M; as the sextuple (Q,%,d,p, Quce, Qrej), Where ¥ = {,r}UXT UC, Q =
{p,¢,pr,qr} UH U H A UHRg, Quce = Ha and Qr¢; = {pr,qr} U Hr. According to definition 3.1
the tape alphabet of this automaton is equal to I' = ¥ U {¢, $}. For each a € T let V,, take values
as in algorithm 5.1 and arbitrarily extend it to be unitary on the Hilbert space £5(@Q). Also define
D as in algorithm 5.1, and let 6 be defined as in (3.5). Since each V, is unitary, M; is well-formed
by lemma 3.13. Note, that this automaton never goes to a superposition of two or more different
states nor to a superposition of two or more different head positions. We prove that this automaton
recognizes language L.

q1 EKT\FT/\QQEFT/\al,ag EFT/\(SlT(ql,al):qg}.

Lemma 5.2 If w € L(M;) then there are v € (X1 U {I})*, wo € {l,r}*, v € C1 and v1 € Co
such that vyowoy1 s a prefiz of w.

Proof: Take a word w € ¥*, for which there are no v € (LT U {I})*, wo € {l,7}*, 70 € C; and
~v1 € Cy such that vygwgy; is a prefix of w. As the the word w does not have such prefix it may
have only one of the following four forms:

1. w e (XTU{l})*: In this case the automaton’s initial superposition |p) does not change while
reading word w. Upon arriving on the right end-marker $ the superposition changes to |pgr)
and the automaton rejects. Therefore, w ¢ L(M).
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Algorithm 5.1 Subautomaton M; checking local conditions.

ﬂ € Cli
Valp) = la), Vi) = la), ac{p gt UH\F,
Vgla) =|agr), aec{qtUH, Vilo) = |ag), a € F,

Vela) = o), ac{gfUH\F,
B e Cy: V.|a) = |ag), a € {p} UF,

Vslg) = |Ra(B)),

Vsla) =lag), a€{p}UH, ocexT:
Volp) = Ip),
BeCs N Pi(B) = P(f): Vila) = |ag), a € {¢} UH,

Vgla) = |04R§7 a € {p,q},

Vgla) = lagr), a€H\{Pi(3)}, Velp) = Ip),

V5|Oé> = |P2(/6)>’OZZP1(5)3 V$|Oé> - |OZA>,OLGF,

Vslag) = o),  a€ H\{P(B)}, Vsla) = |ar), a € {p,q} UH\ F,
Vglag) = |ar), a=P(B),

6603 A Pl(ﬂ)#P2(ﬂ) D(O[) :07 aEQGC(}UQT'Ejy
Vﬁ|a> = |aR>a o€ {pa Q}a D(Ot) =1, a€qQ \ Qace \ Qrej-
Vola) = lar), aeH\{P(F)},

Vsla) = [P2(B8)), a = Pi(B),
Vslag) = |a), a € H\{P(B), P(B)},
Vglagr) = |ar), o= Pi(B),
Vslagr) = |P1(8)), a = Py(f),

2. w has prefix u € (XTU{1})*({r} UC2UC3): Again, while reading symbols from X7 U {l} the
automaton remains in superposition |p) and upon arriving on a symbol from {r} U Cy U C3
changes to superposition |pr) and rejects. Therefore, w ¢ L(M).

3. we (T U {l})*C1{l,r}*: After reading a prefix of the form (X7 U {I})*C; the automaton
superposition changes to |¢). Then while reading Is and rs the superposition does not change
and upon reading the right end-marker $ it changes to |¢r). Therefore, the automaton rejects
and w ¢ L(M;) again.

4. w has prefix u € (BT U{I})*C1{l,r}*(T UCy UC3): After reading all symbols of the prefix
u except the last one the automaton superposition is |¢). Reading its last symbol (a symbol
from 7 U C; U C3) the automaton changes its superposition to |gr) and rejects. Again, we
have w ¢ L(M).

Hence, every word accepted by the automaton M; has the required prefix. (I

Y0 €ECT 7 E€C 75 €C3

Lemma 5.3 Let w =1v [ . } wo |:q0.a0:| (H wj_1 [Z;:f Z]-:f} ), where k > 1, v € (ST U{l})*, and
j=2

a0 @0 q1 @1 a5 zlj
wj; € {l,r}* for all j < k. After reading prefix w of a word with such prefiz, the automaton My is

in superposition |Py(y)) = “‘“;;1 QIZZID'
Proof. We prove this lemma by induction on k. For k = 1 the word w = vywyy1, where v €
(T U {ih)*, wo € {l,r}, 70 € C1 and y; € Cy. While reading v the automaton does not change
its initial superposition |p). Reading 7o changes its superposition to |¢). This superposition does
not change until reading 7;, when it changes to |P2(71)) = |Pa(y%))-

Now, assume the lemma holds for kK = n > 1, we prove it holds for kK = n + 1, too. For
k = n+1 we have w = vywoyiwi ... YnWnYn+1- We know that the Turing machine state g,
in the third line of =, is equal to the state in the second line of 7, 11. As y,4+1 € Cs the state
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¢n is not an accepting state of the Turing machine 7. By induction hypothesis the automaton
is in superposition |P(7,)) after reading prefix u = vyowoyiws ... Vn- As ¢, & FT, the state
P5(vy) belongs to H \ F and therefore, the automaton does not change its superposition | Pz (7,))
while reading the word w, € {l,r}*. Upon reading symbol =, the superposition changes to

|P2(Yn41)) = [P2(k)) as Pa(vn) = Pr(vn+1)- O

Lemma 5.4 Let w € ¥*. If w € Ly then My accepts w with probability 1 and if w & Ly then M,
rejects w with probability 1.

Proof: If w € L; we know, by lemma 5.3, that the automaton after reading word w is in su-
perposition |Ps(7yx)), where ~y; is the last configuration code head. Since the last configuration
of an accepting computation is accepting, Pa2(vx) € F and reading the right end-marker $ the
superposition changes to |P2(7x)4) and the automaton accepts with probability 1.

Now, assume that w & L; and M; accepts w. By lemma 5.2, the word w has prefix vygwoy1,
where v, wy and ~s are in the sense of L; definition. By lemma 5.3, the superposition of the
automaton after reading this prefix is |Py(71)). If the rest of w contains any symbol from %7 U
C1 U Cy the superposition changes after the first such symbol to |ag) for some o € H and the
automaton rejects for sure. Therefore, we have a contradiction with the assumption that the
automaton accepts. (Note, that the automaton may have rejected earlier because of some other
reason, but may not have accepted.) Hence, the rest of w contains only symbols from {I,r} U Cj3
and w has the form of vygwey1wiY2ws . .. wk_17y,u for some k > 1, where u and all ws are from
{l,r}*, 70 € C1, 11 € Cy and «; € Cs for j > 2. There are only tree kinds of reasons why the word
w does not belong to the language L:

1. There are two consecutive configurations encoded in w with inconsistent states and/or read
symbols information in their codes heads. Take the first such inconsistency. L.e., take the
smallest j with 1 < j < k such that Py(vy;) # Pi(7;j+1). According to lemma 5.3, after reading
prefix vyowoy1 . ..7; of w the automaton is in superposition |P2(y;)). Reading w; does not
change the superposition, however, reading ;41 changes the superposition to |Pz(7;)r) as
P5(7yj) # Pi(7;41). As the result, the automaton rejects for sure and we have a contradiction.

2. All consecutive configurations encoded in w are consistent, but the last configuration is not
an accepting one, i.e., Py(yx) € F. By lemma 5.3, after reading prefix vyowgys ..., the
automaton is in superposition |Pz(7x)). Reading u does not change the superposition, but
reading the right end-marker $ changes the superposition to |Py(vx)r) as Pa(vk) € H\ F
and the automaton rejects for sure. Therefore, we have a contradiction.

3. All consecutive configurations are consistent, the last configuration is accepting, but there are
trailing [s and/or rs after the last configuration code head. In other words u # €. Again, by
lemma 5.3, after reading prefix vyowgy1 ...y, the automaton is in superposition |Ps(7y)).
As Py(yx) € F reading a symbol | or r changes the superposition to |Ps(yx)r) and the
automaton rejects with probability 1. Hence, we have a contradiction again.

We have shown that every evolution of M7 on a word w ¢ L is rejecting. Therefore, M; rejects
every w & L1 with probability 1. O

Lemma 5.5 The automaton M; halts on every word w € X* after O(Jw|) evolution steps.

Proof: As for every non-halting state ¢ is D(q) = 1 the automaton reaches the end of the input
word and halts in |w| 4 1 evolution steps unless it halts sooner. O

5.3.2 Subautomata checking input word code

In this section we construct two components of the final 1.5QFA. These two components recognize
two languages whose intersection is a language of computations codes with properly encoded input
words.
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Algorithm 5.2 1.5QFA recognizing L' = {a*ba¥ | ¢1 + dy - = co + da - y}.
1<Ek<N:

Vel Zk) = e X0, 0 [pjer ) Valpro) = k)
Velpr,j) = |prj-1), 1<j<ci-k, Valpi,j) = [Prj-1), 1< 7 <di-k,
Valgk.0) = |Qk,do-(N—k+1))s
Vslpro) = |Br), Valari) = larj1), 1<j <da- (N —k+1),

N
Vslak,0) = LN Zj:l Wt Z;),
VolPr,0) = |@k,co-(N—k+1))>
D(a) =1, a € {pro,qro | 1 <k < N}, Vilae;) = lgej-1), 1<j<co (N —k+1),
D(a) =0, a € Q\{pr0,qro [ L SESNE Vylgeo) = |Re).

Notation 5.6 In this and the following section we mean by notation wy for a given positive
number N the N-th root of 1, namely wy = e2™/N_ If there is no ambiguity we omit the symbol
N in notation wy.

Before constructing the subautomata checking whether a computation code begins with a
properly encoded input word we describe a routine we extensively use in the subautomata. Let c1,
di, co and ds be natural numbers. By a method similar to the method to recognize the language
{a'd" | i > 0} introduced in [KW97] we construct an 1.5QFA recognizing the language L' =
{a®ba¥ | ¢1 + dy - & = ca + da - y}. Actually, for every € > 0, we construct an 1.5QFA recognizing
the language L’ with error bounded by . The language L’ can be seen as the set of all solutions of
the equation ¢y +d; - = ¢2 + ds - y with unknowns x and y. Inspired by this view of the language
L' we call this routine the equation routine.

For every N > 3, define 1.5QFA My = (Q,%,6, ZN, Qace, Qrej); Where ¥ = {a,b}, Q@ =
{Zi,Ri,pr,jrqrj | 1 <k < NAO < j < max{er,di,ca,da} - N}, Qaee = {Zn} and Qpej =
{Zk |1 <k < N}U{R; |1 <k < N} The tape alphabet of the automaton is I' = X U {¢, $}.
For each a € I let operator V,, take values as in the algorithm 5.2 and extend it arbitrarily to be
unitary on ¢5(Q). Also define function D as in the algorithm 5.2, and let § be defined as in (3.5).
Since V,, is unitary for each a € I', the automaton My is well-formed.

Lemma 5.7 Let N > 3 and w € X*. If w € L' then My accepts w with probability 1, and
otherwise My rejects w with probability at least 1—1/N. The automaton accepts in a superposition
of one head in the state Zn reading the right end-marker.

Proof: At the beginning of the automaton evolution on a word w, its head branches into a super-
position of N heads each with amplitude 1/v/N. The k-th (1 < k < N) of these heads starts in
the state py ¢,.r and deterministically moves along the input word toward the right end-marker.
This head remains c; - k steps of the evolution on the left end-marker ¢ and then moves right. On
each following symbol a the head remains stationary for d; - k steps until reaching the first symbol
b, where it remains stationary for ¢o - (N — k + 1) steps and changes its state from py ; series to
qk,; series. On each latter symbol a the head stays for dy - (N — k + 1) steps. If there are no or
more than one bs in the input word the head rejects in state Ry and the automaton rejects with
probability 1. If there is exactly one b in the input word, the word has the form a”ba? and the
k-th head requires exactly

sp=1+ck)+ (A +dik)z+(1+co(N—-k+1)+(1+dao(N—-k+1))y

steps to move from the left to the right end-marker. Under the assumption that k # k’, we have
sk = sk if and only if ¢; +di -x = ca +ds - y. Therefore any two different heads in the superposition
reach the right end-marker $ in the same step of the evolution if and only if ¢c1 +dy -z = co +da - y.

Upon reaching the right end-marker, the k-th head of the superposition again splits according
to the quantum Fourier transformation. If the input word has the form w = a®ba¥, with ¢;+dy -z =
co + ds -y, all heads of the automaton superposition reach the right end-marker in the same step
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of the evolution. In this case, the superposition of the automaton after performing the quantum

Fourier transformation is
1 N N '
N2 2wz = |2w).
k=1j=1

Hence, the automaton accepts with probability 1.

If the input has the form w = a*ba¥, with ¢; + di - * # co + ds - y, each of the N heads
reaches the right end-marker in a different evolution step and so no quantum cancellation between
the rejecting states happens. In the step, when the k-th head reaches the right end-marker, the
probability that the outcome of the observable OM~ is “accept” is 1/N2. The total probability
that the automaton accepts w is 1/N. |

In this and the next section we use this routine in various modifications as a part of different
algorithms. Generally, we use the routine on subwords of longer and more complex words, where
the tape symbols of My are represented by other symbols. When using the routine, we may fix
its coefficients c1, di, co and do and explicitly specify them in the automaton transition function,
or let the automaton determine the coefficients on the fly from its input word. If the automaton
determines the coefficients on the fly we must ensure it uses the same coefficients in all evolution
steps of one routine instance. Sometimes it is worth to use a slightly modified version of the routine,
in which the k-th head of the superposition stays for ¢; -k and ¢o- (N —k+1) steps of the evolution
on symbols b and $ instead of on symbols ¢ and b, respectively. Such version is useful especially if
the automaton needs to determine the coefficients ¢; and ¢y of the routine on the fly from symbols
representing symbols b and $. As all these modifications are very minor, we usually do not say in
descriptions of algorithms which variant of the routine the described algorithm uses. However, this
should be clear from formal definitions of automata we use these routines in. Similarly, despite we
provided a proof of the previous lemma only for the original version of the routine, it holds for
all mentioned modifications of the routine and we use this lemma in any context of an automaton
using any of the mentioned modifications of the routine.

Now we construct the two subautomata checking whether computations codes begin with a
proper input word code. For every computation code they check if its prefix terminated by the
first configuration code head is a valid code of an input word. We discussed in section 5.1 how
to encode input words. They also verify if the tape code of the first computation configuration is
a code of a tape containing the input word. However, these subautomata do not care of the rest
of computations codes. The intersection of the languages recognized by these subautomata is the
following language:

L,= {I(v)’yoﬁwlu lveXT* Ay eCLAY €CoNu € ({Z,T}UETUC)*}.

According to the definition of I(v) in section 5.1 the subautomata need to verify a number of
equalities to recognize this language. Namely, for a given input word v they need to check if the
input word code equals to

I(v) = 1% (v)ol® (v)11% . .. (V) ]y -1 11,

where eg = 0 and e; 1, = B -¢; + (v); for all j < |v]. (5.4)
In addition to these equalities the subautomata must also check if the number of [s at the end of
the input word code is equal to the number of /s between v and ~1, i.e., if the tape code of the
first configuration equals to (¢l = [7.

We construct these subautomata in such a way that the first one checks the equalities ;11 =
B-ej+ W for j even and the other one for j odd. We name the subautomata Mg¥e® and Modd,
respectively. The odd version also verifies if eg = 0. Which of these subautomata checks if the tape
code of the first configuration equals to [°/*I depends on the parity of the input word length. If the
length of the input word is even, MEV®" checks it, otherwise M4 checks it.
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Algorithm 5.3 Subautomata checking input word code.

even version: V,|Zy) = \/% Z;\;l lpio),
odd version: V,|Zy) = \/Lﬁ Zjvzl lg;.0),

both versions:

cel AN1<k<N: yeC, AN1<EZN:
VolZk) = J< 351 @M pjo0), Vi1Zn) = 14),
Volpro) = |Gksk), V,|pko0) = [rr0), ‘
Volak,i) = qr,j- 1> 1<j<7-k, Vylar0) = \/—%Z;\f:lwquj—),
Volgro) = \/—Z] LWk Z5), V,lreo) = |Ry),
Valrio) = |, yeCy A 1<k<N:
1<k<N: Vy|Zn) = [A),
Vl|pk,0> = |pk,B-k>; V’Y‘pk,0> = |Pk>’
Vilpr,j) = Iprj-1), 1< < B-Fk, Volawo) =19,
Vilak,o) = |ar,N—k+1), Vilreo) = o 250 wM1Z)),
Vilgr,j) = lqkj-1), 1<j<N—k+1,
Vilrko) = [7k,B-(N—k+1))s
Vl|rk,j> |7”k7] 1> 1§]§B(N*k+1), QG{T,$}UC3/\1§]€§N:
Valpr,o) = |Pr),
D(a) =1, @ € {pr,0sqw,0,7k0 | L <k < N}, Valgr,o) = |Qk),
D(a) =0, € Q\ {pr,0,qk,0.7k,0 | 1 <k < N}, Valrko) = [Ry)-

Both subautomata check the equalities by sequentially running the routine to solve equations
presented in the beginning of this section. The coefficients c¢1, di, ¢ and dy of the routine are
chosen according to the equality the automaton is going to check. For instance, checking the
equality ej;1 = B -ej + W the coefficients would be ¢; = (v—)]-, di = B, co =0and dy = 1.
Note, that the automaton can determine the coefficient ¢; from symbol the (v); on the fly, while
checking the particular equality. If the routine rejects while checking an equality the automaton
rejects, too. However, if the routine accepts the automaton synchronizes its superposition to just
one head in state Z and continues on the next equality by running another instance of the routine
instead of just accepting. The automaton accepts after checking all equalities it needs to check.

At the beginning of the evolution the automaton checks equalities considering only the input
word code. It checks only these equalities until it arrives on the first occurrence of a symbol from
C1 in the input word — the symbol ~y. Upon moving over the symbol vy during execution of the
routine the automaton knows it is in the middle of checking the equality considering the first
configuration tape code. The coefficients for this equality are ¢; = 0, d; = B, ¢ = 0, ds = B.
Note, that only one of the automata happens to check this equality.

To provide a formal definition, for each N > 3 we define MW" = (Q, X, 0", Zn, Qace, Qrej)
and ng\(rl = (Q,%,6°, Zx, Quces Qrej), where Q = {A} U {Zy, Py, Qr, Ric, Pk j GhejsThj | 1 <
k< NAO<;j<B-NLE={,r}USTUC, Queec = {A} and Q,e; = {Z; | 1 < k <
N} U{Py,Qr,Qr | 1 <k < N}. The tape alphabets of the defined automata are I' = ¥ U {¢, $}.
For each a € T let V,, take values as in the even version of algorithm 5.3 and arbitrarily extend
it to be unitary on ¢5(Q). Also define D as in algorithm 5.3, and let 6°¥°" be defined as in (3.5).
Now, similarly let values of V,, be as in the odd version of algorithm 5.3 and arbitrarily extend it
to be unitary on £5(Q). Define D the same way as before and let §°4 be defined as in (3.5), again.
Since V,, is unitary for each o € I' in both cases, the constructed automata MJ'%" and M2 are
well-formed. 7

Lemma 5.8 Let N > 3 and w = H;“;é 1°% ag;1%%+1 a1, where k > 0, agp—1 € T UC and
aj € 2T for all j < 2k —1, with €2j+1 = B-egj +ag; for all j < k. Running the automaton MZR"
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on an input word with prefiz w eventually leads to a superposition of one head in state Zy reading
the last symbol of w, or if the word w = ¢ reading the left end-marker ¢.

Proof: We prove the lemma by induction on k. If £ = 0, the word w is empty and the initial
superposition of the automaton leads on one step to a superposition that has the required form.
If £ = 1, the input word has prefix w = [®°agl® a;. The superposition after the first evolution
step of the automaton consists of one head in state Zxy reading the left end-marker ¢. By lemma
5.7, running one instance of the equation routine discussed in the beginning of this section with
symbols a, b and $ exchanged by symbols [, ag and a1, respectively, for coefficients c¢; = ag, d; = B,
co = 0 and dy = 1, leads on the prefix [®©agl® aq of the input word with e; = B -eg + ag to a
superposition with one head in state Z reading the symbol a;.

Now, assume the lemma holds for all prefixes w with £k = n > 1, we prove it for a prefix w
with £ = n + 1, too. The prefix w of an input word has the form w = H?:o %% ag;1%%t1 ag 11
with all a; € X7, where j < 2n + 1. As it also has prefix Hn_l 1°% ag;1%%+1ag;4 1, running the
automaton MZ\" on the input word, by induction hypothesis, eventually leads to a superposition
of one head in state Zy reading the symbol ag,,_1. Again, by lemma 5.7, running an instance of
the equation routine from this superposition with symbols ¢, a, b and $ exchanged by symbols
G2n—1, l, as, and agy,41, respectively, for the same coefficients as previously, leads on the subword
G2n—11%" a2, 1" agy 11 With ea,11 = B - eay, + @2, to a superposition with one head in state Zy
reading the symbol a1, which is the last symbol of w. |

Lemma 5.9 Let N > 3 and w = [®®qg Hf;& 1%+ a9, 111%% 2 a5 9, where k > 0, eg = 0, agy €
>TUC and aj € T for all j < 2k, with ezj12 = B - eaj41 + G541 for all j < k. Running the
automaton Mg"}\‘,i on an input word with prefix w eventually leads to a superposition of one head
in state Zn reading the last symbol of w.

Proof This lemma we prove by induction on k, too. If £ = 0, we have w = ag. The automaton
M ;‘}{,1 on an input word with prefix ay performs a slight variation of the equation routine. It splits
the head to a superposition of /N heads on the left end-marker ¢ and instantly, on the next symbol,
it merges the heads back into a one head in state Zy reading the symbol ag.

The inductive case of this lemma can be proved in the same way as in lemma 5.8. (Il

Lemma 5.10 Let N > 3 and w € ¥*. If w € L. then both MJ'\" and Mgf}\? accept w with
probability 1 and if w & L, then either MER" or Mgf}\‘,i rejects w with probability at least 1 —1/N.

Proof: If w € L., we have w = (H Lcia, ) 1% vol®*y1u, with k > 0. Without loss of generality

we assume that k is even. The proof for k odd is similar. As k is even, by lemma 5.9, running
the automaton Mgﬁ\‘,i on the word w leads to a superposition of one head in state Zy reading
the symbol vy. In the next evolution step the only head of the automaton superposition changes
from state Zy to state A and the automaton accepts with probability 1. Similarly, by lemma 5.8,
running the automaton MZ'X" on the word w leads to a superposition of one head in state Zy
reading the symbol a;_; if £ > 0, or reading the left end-marker ¢ if £ = 0. In either case, by lemma
5.7, running an instance of the equation routine with symbols ¢, a, b and $ exchanged by symbols
ax—1 (or ¢ if kK =0), I, o and 71, respectively, for coefficients ¢; = co = 0 and dy = dy = B, leads
on the subword [°*v(l®*7; to a superposition with one head in state Zy reading the symbol ;. In
the next evolution step the only automaton head state changes from Zy to A and the automaton
accepts for sure.

Now assume the input word w & L.. If the input word does not have the form of ({i} U
YT)*C1{l}*C2%*, both automata reject the input word for sure upon moving their heads over the
first unexpected symbol in w. (Under the assumption the automaton does not reject earlier for
any other reason. Note, that the automaton may not have accepted the input word earlier.) They
reject the word in a superposition of IV heads in one of these three series of states: Py, Q) or Ry. If

the input word has the correct form, we can write w = (Hf;é 1€ aj) 1¢k~9l®*y1u, for some k > 0,
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aj € ©T, 49 € C1, 71 € Cy and u € T*. There are only three reasons that may cause the input
word w not to belong to the language L.:

1. eg > 0: The first instance of the equation routine during the evolution of the automaton
M g"}\‘,i on the input word w verifies if eg = 0. It is a slightly modified version of the routine,
instead of comparing numbers of symbols in two bunches of /s, the modified version compares
the number of symbols in just one such bunch of Is with a constant given explicitly by the
transition function. In this case the constant is 0. By a similar proof as to lemma 5.7, we
can show, that if ey > 0 the automaton M ;‘}\? rejects the input word w with probability at
least 1 — 1/N.

2. ep = 0, but at least one of the equalities ;1 = B-e;+a; does not hold: Take the first of the
equalities that does not hold, i.e., take a minimal j for which e;41 # B -e; +a;. Assume j is
even. By lemma 5.8, running the automaton MZ'\" on the word w leads to a superposition
of one head in state Zy reading the symbol a;_; if j > 0, or reading the left end-marker
if j = 0. By lemma 5.7, running the equation routine on the subword (% a;l%+'«a, where
a=ajp if j<k—1 ora=mif j =k —1, leads to rejecting the input word by MZ%"
with probability at least 1 —1/N. Similarly, if j is odd we can prove with help of lemma 5.9,
that the automaton M g‘}(} rejects the word w with probability at least 1 — 1/N.

3. eg = 0 and all equalities from the previous case hold, but the number of /s between s does
not correspond to the number of Is between ar_; and ~;: By a proof similar to the proof
from the previous case we can show that at least one of the automata rejects the word w with
probability at least 1 — 1/N. Which of the automata happens to reject the word depends on
the parity of k.

Therefore, every word that does not belong to L. is rejected by at least one of the subautomata.
O

Lemma 5.11 Let N > 3. Both automata MZ'R" and Mgf}{,l halt on every word w € X* after
O(|w]|) evolution steps.

Proof: We can easily see from algorithm 5.3 that whole amplitude of a head in any state g with
D(q) = 1 reading any input symbol « accepts, rejects or moves to the next tape square in at
most B - N + 1 evolution steps. Also, whole amplitude of a head in the initial state reading
the left end-marker symbol ¢ moves to the next tape square in one step. To say this formally,
(AV,)BN+1g) = 0 for all ¢ € Q with D(q) = 1 and a € X, and AV|Zy) = 0, where the function
A: l5(Q) — £2(Q) is defined such that:

A w) = X w)

PEQR PEQ\Qacc\Qrej
D(p)=0

Furthermore, any head in a state ¢ with D(q) = 1 reading the right end-marker symbol rejects
in one evolution step. Formally, Vg|q) € Span({p | p € Qyc;}) for every ¢ € Q with D(g) = 1.
As a consequence of these two properties, both automata on an input word w halt in at most
(B-N+1)-|w|+ 2 steps. O

5.3.3 Subautomata checking tape code progress

Finally we construct the remaining four subautomata that verify whether tape codes of computati-
ons configurations change according to the transition function of the Turing machine. Two of these
subautomata check behavior of the left tape part. The other two subautomata check behavior of
the right tape part.

First, we present the former two subautomata. For every two consecutive configurations of a
computation they check whether the left tape part of the latter configuration may be obtained by
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one computation step of the Turing machine from the left tape part of the former configuration.
The computation step is determined by the state and the currently read symbol encoded in the
code head of the former configuration. Every such step rewrites the currently read symbol by a
new symbol and moves the Turing machine head one square right or left. Remember, we chose the
Turing machine such that it always moves its head. Moving the machine head one square right
extends the left tape part by the newly written symbol. Moving the machine head one square left
shortens the the left tape part by the new currently read symbol — the currently read symbol of
the latter configuration.

These two subautomata recognize two languages with the following common intersection with
the language Li:

Yo€C1 11€C2 7;€C3
—~ = k —

L = {v[ : }wo [} (ij_l Fj:f D k>0 A e FT Ave@Tu{l})" A
90 @0 q1 a1 j=2 a5 a;

A (V] < k:wj e {Z,T}* A Cj = 5g(qj,aj) /\lj = #l(’w]‘) A T = #r(wj)) A
A (Vj <k-1 (5§(qj7aj) =1 —B-lj+¢ = ljﬂ) A

(55(%’7%) =-1—=10l;=B-ljn +W>>}.

Note, that according to the definition of C;, Cy and Cs, for every word in L; we have gy = ¢,
ap = B, and ¢; ¢ FT and ¢j11 = 6{ (gj,a;) for all j < k. The intersected language L; is the

language recognized by the automaton M; defined in section 5.3.1.
To recognize if a word from L, belongs to the above language the automata need only to verify

the following set of equalities:
B-lj+¢ =111 for all j < k — 1 with 67 (gj,a;) = 1, and (5.5)
5.5
lj =B- lj+1 + Aj41 for allj < k —1 with 65((]j,@j) = —1.

They verify the equalities using the equation routine from the previous section with symbols ¢, a,
b and $ exchanged by symbols ~;, I, vj+1 and 7,42, respectively. The coefficients to the routine
are cp ZC_j, d1 = B, Cy = 0 and dg =1 ifég,T(qj,aj) = 1, and c1 = 0, d1 = 1, C2 :Wand d2 =B
if 67 (gj,a;) = —1. The automata can easily determine the coefficients ¢; and ¢, on the fly from
symbols 7; and 7,11, respectively.

We construct the automata such that the first one checks the equalities for j even and the other
one for j odd. We name the automata MVe" and MpPd, respectively. Both automata sequentially
run one instance of the routine for every other two consecutive configurations of the computation
until they reach the end of the input word, where they accept. The even version of the automaton
begins with comparing the configuration vyowg to yiwi. The odd version begins with comparing
y1w1 to yows. If any instance of the routine rejects the automaton running this instance rejects, too.
However, if an instance of the routine accepts, the automaton instead of just accepting proceeds to
another instance of the routine, comparing the next two consecutive configurations. The automaton
accepts on the right end-marker after checking all equalities it needs to check.

We define for each N > 3 the automata MW" = (Q,%, 0", s, Quce, Qrej) and Mﬁ]d\,d =
(Qa Evaodd7SaQacc‘aQrej)a where @ = {5757 Zk,P;;Pk_,Q;Q;;p}:’j,p;j,qzj,q;j | 1<ELSNA
0<j<B-NLZ={,r}USTUC, Quce = {P.P,.Q}.Q; | 1 <k <N} and Qc; =
{S,Z; | 1 < k < N}. The tape alphabets of the defined automata are I' = ¥ U {¢, $}. For each
a € T let V,, take values as in the even version of algorithm 5.4. All these operators are unitary on
05(Q), by inspection. Also define D as in algorithm 5.4, and let §°V*" be defined as in (3.5). Now
similarly let values of V,, as in the odd version of algorithm 5.4. All these operators are unitary
on /5(Q), too. Define D the same way as previously and let §°d¢ be defined as in (3.5), again.
Since V,, is unitary for each o € T' in both cases, the constructed automata MF¥" and M are
well-formed.
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Algorithm 5.4 Subautomata checking progress of the left tape part

We define the following for all k, where 1 < k < N, with operators acting as identities on all
remaining base states. In the following we write m as a shortcut for N — k + 1, ¢ as a shortcut for
6% (g3, a3), d as a shortcut for 51 (g3, a3) and e as a shortcut for 61 (¢1,a1).

even version:

’y:[ :a} eCy Nd=1:
Vils) = 1Zw),

VylZi) = TlﬁZ;V:1 wkj|pj+,aj>v
Vv|p;j> = |pk] 1> I<j<ec-j,
Vw|p;r,o> \/—Zj 1 LWk 1Z;) + |N7

odd version:
v = [qz'ag} eCy Nd=1:

a5 a3
Vyls) = 12n),
VilZe) = \/_%Z;V:I ‘Ukj|pj+,aj>a
lep;ﬁ = |pkj 1> l<j<ec-j,
V7|pkt0> \/—ZJ 1 twkd Z;) + |N,

’7:[:}601/\(1:—12 VZ[QZ.QQ}GCQ/\d:_l:
q3 a3 q3 a3
Vil "= 1Zw) Vols) "= 1),
VylZy) = VN Zj:l wk]|pj_,0>a VolZy) = \ﬁ Z -1 ¥ J|p] 0)s
— N—-1 : s — Nfl s
V’Y|pk,0> = ﬁijl wh1Z;) + \I/>N7 Vw|Pk,o> = ﬁzj‘ﬁ wh|Z;) + \I/>Na
Y= Lilz.az} € Cy:
q3 a3
V“/lpk,0> |‘I1j,o>7
Valaio) = 1P o)
V"/lp_,0> - |qk_,a3 m>7
V"/|Qk_j> - |qkjj71>a 1S]S—3 m,
Valtio) = Pro)s Continued on the next page. ..

Lemma 5.12 Let N > 3 and w = vyowoyiwi - .- we—17k € Ly, with k > 0, v € (I'T U {i})*,
w; € {L,r}* forall j <k, vo € C1, 1 € Cy and y; € C5 for all j with 2 < j < k. For each
m with 0 < 2m < k, running the automaton M;"G" on the input word w eventually leads to a
superposition of one head in the state Zy reading the symbol Yoy, .

Proof: We prove the lemma by induction on m. The automaton starts its evolution in a superpo-
sition of one head in state s. It keeps the head in this state while reading the whole prefix v of the
input word. Upon arriving on the symbol vy the state of the only superposition head changes to
Z . Hence, the lemma proposition holds for m = 0.

In the inductive case we assume the proposition holds for m = n with 0 < n < k — 2, we prove
it holds for m = n + 1, too. By induction hypothesis running the automaton on the input word
w leads to a superposition of one head in the state Zy reading the symbol vs,. The symbol s,
is the head of a configuration code. If n = 0 then 79, € C; and ~o, = [ . ] for g3 € KT and

a3 a3

az € TT, or if n > 0 then vy, € C3 and 73, = [Z; Z;] for qi,q2,q3 € K7 and aq,a9,a3 € I'". In
a3 a3
either case g3 represents the state and ag the currently read symbol of the configuration encoded

by Yonwan.

If 6¥(q3,a3) = 1 the automaton runs an instance of the equation routine with symbols ¢, a, b
and $ exchanged by symbols vap, I, Y2n+1 and 72,42, respectively, for coefficients ¢1 = 62 (g3, as),
dy = B, co = 0 and dy = 1. The states used to perform this instance of the routine have the form
p;y and q;f: v Running such an instance of the routine on the subword o, wanYan+1Won+1v2n+2
with 87 (g3, a3) + B - #1(w2,) = #1(w2,+1) from a superposition with one head in state Zy reading
the symbol 79, eventually leads to a superposition with one head in state Zx reading the symbol

Y2n4+2 = V2m-
Similarly, if 61 (g3, a3) = —1 the automaton runs an instance of the routine with the symbols
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Algorithm 5.4 Continued

both versions:

7=[§§§ﬂ€6‘3/\d=1: fyz[%gé]ecg/\d:—lz
V“/|Zk> = % Z;V 1 whi |pj(' ]> V,|Zy) = Tlﬁ Z;‘Vﬂ whd |pj_,0>7
VleL-) = Ipﬁ,j 1), 1<j<¢-k

V7|p;0> = |q1j,o>v V7|pz,0> |qu,0>’

V’Y|pl;,0> = |qk_,@ ) V7|p,;70> = |qk_,@.m>v

Volay ;) = lap 1), 1<j<az-m, Volae ;) = 4y j—1), 1< <az-m,
Valaio) = Jy DimawM1Z), } . Valalo) = J XilawM1Z), } I
V“/|q1;,0> |p1;,o>a V7|q];0> = Ipzo%

V“/lqu_,()) = |p1;0>a } e 1 V7|Q;:0> = |p;:,o>a _ } =1
Valaro) = v iy wh12;), Vilaro) = v Simawh12)),
Vl|pz’0> |pk,B k:>’ V$\p;0> = |P1:_>7 V$|P1j> = |p‘,§0>,
Vl|p2_7]> Ipp 1), 1<Ji<B-k, Vslpro) = 1Py ) Vs|Pr) = [po)
Vl|p];()> = |pI;k>v V$‘qz_0> = |Q;>v V$|Qz_> = |ql_:,0>a
Vilp) = IPgg0)s 1T <k, Vslaro) = 1Qr), VslQi) = laco)s
Vilgibo) = |G n—ki1)s Vsls)  =15),  VslS) =ls),
Vilgl,) =la; 1), 1<) <

Vl|ql;0> |(11~C B-(N—k+1) >

Vilgi ;) = lgp 1), 1< < B-m,

D(a):1,a€{s,(pk0),(p;0),(qu0) (ko) ‘ 1<k<N}
D(a) =0,a€Q\{s,(p ;o),(pl;,o)a( ]j ), (@) [ 1<k <N}

exchanged in the same way as previously, for coefficients ¢c; = 0, d; = 1, ¢ = @ and d2 = B, where
a4 is the currently read symbol of the configuration encoded by 2, +1w2n4+1 — the bottom right
symbol from its head code v2,+1. For this routine instance the automaton uses the states of the
form Py and Uy Running this instance of the routine on the subword 7y, wWa,Y2n+1Wan+1Y2n+2
with #;(way,) = ag + B - #;(wa,+1) from a superposition with one head in state Zy reading the
symbol 5, eventually leads to a superposition with one head in state Zy reading the symbol
Y2n+2 = V2m-

It is important to note that the third line of 5, is equal to the first line of 72,12, and therefore
the automaton knows if its superposition contains states of the p;y and qj, y or the p, and ¢, ,
form when reading the symbol 7ys,,1 2. This allows the automaton to decide according to the symbol
~Yon+2, Which of these two forms of states map onto the state Zy using the last quantum Fourier
transformation of the equation routine. O

Lemma 5.13 Let N > 3 and w = vyowoyiws - - - wp_17% € L, with k > 0, v € (TT U {I})*,
w; € {l,r}* forallj <k, v9 € Ci, 1 € Cy and v; € Cs for all j with 2 < j < k. For each m
with 1 < 2m + 1 < k, running the automaton Mloj'{,d on the input word w eventually leads to a

superposition of one head in the state Zy reading the symbol Yo +1-

Proof: The proof of this lemma is similar to the proof of the previous lemma. The only difference
worth mentioning is that the odd version of the automaton remains in its initial superposition of
one head in state s until arriving on the symbol ~; unlike the even version which keeps the head
in state s only until reading the symbol . O

Lemma 5.14 Let N > 3 and w € Ly. If w € Ly then both My\¢" and Mﬁ]dvd accept w with
probability 1 and if w ¢ L; then either My G™ or Mﬁfvd rejects w with probability at least 1 —1/N.
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Proof As w € L we can write it as w = vyowoyiwy . .. Wr_17Vk, With &k > 1, v € (TT U {i})*,
w; € {l,r}* for all j <k, y9 € C1, 11 € Cy and 7; € Cs for all j with 2 < j < k.

Assume that w € L;. If k is even then running the even version of the automaton leads to a
superposition of one head in state Zy reading the symbol ~x, by lemma 5.12. This head on the
symbol v splits to N heads, each of which in one of the states pj’y or p,, according to the last
line of the code head 7 of the configuration encoded by yxwy. In the next few evolution steps (at
most B+ N + 1) each of these N heads moves one square right onto the right end-marker symbol,
where it accepts in a state of the form P, or P, . Therefore the automaton Mf}" accepts for
sure.

If k£ is odd then running the automaton MW" leads to a superposition of one head in state
Zn reading the symbol 7;_1. Similarly, as in the previous case, the only head of the superposition
splits on the symbol v;_1 to N heads, each of which is in one of the states pjy or p, . All these
heads after reading the subword wy_17, change their states from a state of the form p;y or p,,
to a corresponding state of the form qj y Or ¢, ,. Upon moving any of the heads over the right
end-marker $ it accepts in one of the states Q+ or Q5 . Therefore the automaton MFPRF" accepts
for sure again.

By lemma 5.13, we can similarly show that the automaton M} Odd accepts each word from [,
for sure, too.

Now, assume that w ¢ L;. Since w € L1, the only reasons why w ¢ L; is that at least one of
the equalities (5.5) does not hold for this word. Take the first such equality — i.e., take the minimal
number j for which (5.5) does not hold. If j is even, then by lemma 5.12, running the even version
of the automaton leads to a superposition of one head in state Zx reading the symbol ;. In the
next instance (as described in the inductive case of lemma 5.12) of the equation routine, according
to lemma 5.7, the automaton My rejects with probability at least 1 —1 /N. Similarly, by lemma
5.13, if j is odd running the odd ver310n of the automaton leads to a superposition of one head in
state Z reading the symbol «;. In the next instance of the routine, according the same lemma as
previously, the automaton M3 rejects w with probability at least 1 —1/N. Therefore every word
from L; \ L; is rejected by at least one of the two automata with probability at least 1 —1/N. O

In lemma 5.14 we proved that the automata recognize for all words from L; whether they
belong to L;. However, we have not yet showed how the automata behave on words not from L.
The next lemma proves that both of the automata eventually halt on every input word, although
we do not care what answer the automata halt with for words not it L.

Lemma 5.15 Let N > 3. Both automata M;"\" and Mﬁfvd halt on every word w € X* after
O(|w]|) evolution steps.

Proof: By the exactly same argument as in the proof of lemma 5.11. O

The automata checking behavior of the right tape part are very similar to the automata
checking behavior of the left tape part. They work in the same manner as the former two, with
the only difference that they check the following equalities instead:

i =B rj1+a51 for all j < k — 1 with 62 (¢j,a;) = 1, and
B-rj+¢ =rjn for all j < k — 1 with 67 (¢j,a;) = —1.

The intersection of the languages recognized by these automata and the language L, is the language
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Yo€ECH 'y1€C 7 €Cs
—_ —_—
. 4j—2 a5-2
L. = v [ . ] [Qo ao} H Wj—1 [‘11 19— 1}
90 ag q1 a1

A\ (V] < k:wj € {l,?"}* A ¢y = 52 (qj,aj) /\lj = #l(wj) AN rj= #T(w])) A

E>0A qgeFl AveETu{l) A

N (Vj<k—1: ((5;(%‘,&]‘):1 —>’I“j:B-’l"j+1 +aj+1) A

(53T(ijaj) =-1- B, +cj:rj+1)>}.

For a given N > 3 we construct the automata M7\" and Meo4d in a similar way we constructed
the automata MY" and MPSd, respectively.

Lemma 5.16 Let N > 3 and w € Ly. If w € L, then both MZ\" and Mff}\? accept w with
probability 1 and if w & L, then either MIR" or Mﬁ‘}\}i rejects w with probability at least 1 —1/N.

Lemma 5.17 Let N > 3. Both automata M7J" and Mﬁ‘]ﬂ\‘,ﬂ halt on every word w € X* after
O(|w|) evolution steps.

5.4 Putting everything together

Having constructed all seven necessary subautomata we can combine them into the final automaton
recognizing the language L. The final automaton randomly chooses which of the seven subautomata
to run and then simulates the chosen one. Each of the subautomata is chosen equally probable.
The evolution of the final automaton halts as soon as the simulated subautomaton halts. It halts
with the same answer as the simulated one. In addition to simulating the new automaton, it may
in its first evolution step decide to reject immediately.

The automaton decides to reject immediately with probability 6/13 and to simulate any of the
subautomata with probability 1/13. Therefore if any of the subautomata rejects an input word
with probability close to 1 the new automaton rejects it with probability close to 7/13. Similarly, if
all the subautomata accept the input word for sure the new automaton accepts it with probability
exactly 7/13.

For a given N, in effort to make notations clearer, number the subautomata My, MZR",
M(?(}\‘,i, MPWN", Mlofvd, MG and MOdd with numbers 1 to 7, respectively. Also let VX, D* and
MF = (Q’€ P 6’“7(107 aCC7Q’]!C‘ej) represent the respective objects of the k-th subautomaton as
defined in previous sections.

For every N > 3 define the automaton My = (Q, X, 9, go, Qace, Qrej), where Q = {qo,¢,} U
{(rp) [1SEST A peQ S = (LI} USTUC, Quee = {(kp) [ 1<K <T A pe Qho)
and Qre; = {¢-}U{(k,p) |1 < k<7 AN p€ Qrej} The tape alphabet of the constructed
automaton is I' = ¥ U {¢, $}. Define functions A¥: (5(Q*) — £5(Q), where 1 < k < 7, such that

Ak (quQk ’yq|q>) = 4cor Val(k,q)), and let V, for |go) as follows:

Velgo) = |q7 +Z—A’“V’f 5);

and arbitrarily extend it to be unitary on the Hilbert space £2(Q). For each a € T'\ {¢} and
(k.q) € Q let Vo|(k,q)) = A*Vilg), Valgo) = |q0) and Valg,) = g-). As all V{; are unitary on
l5(Q"), the defined operators V,, are unitary on /5(Q), too. Further, define function D as follows:

D(g0) = 0, D(g,) =0, and D((k,q)) = D*(q), for all (k,q) € Q,

and let 0 be defined as in (3.5). Since all V,, are unitary, the constructed automaton is well-
formed. We defined the automaton such that if it does not reject immediately, it performs the
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first evolution step of the simulated subautomaton and then passes the evolution control to the
simulated automaton.

Lemma 5.18 Let N > 27 and w € X*. If w € L then My accepts w with probability 7/13 and if
w ¢ L then My rejects w with probability at least 7/13 —1/N. Moreover, PMN (w) + PT]\;[J?V (w)=1
and hence the automaton My recognizes the language L.

Proof: From definitions of the languages from previous sections we know that L = LyNL.NL;NL,.
The automaton My rejects w with probability 6/13 immediately in its first evolution step, or it
starts to simulate one of the seven subautomata by performing its first evolution step. Simulating
any of the automata happens with probability 1/13.

If w € L then w belongs to all of the languages L1, L., L; and L,. By lemmas 5.4, 5.10, 5.14
and 5.16 all of the subautomata accept w with probability 1. Therefore the automaton My accepts
w with probability 7/13. If w ¢ L then w does not belong to at least one of the languages L1, L.,
L;and L,. If w € L, then by lemma 5.4 the automaton M" rejects w for sure. If w € L. then by
lemma 5.10 at least one of M? and M3 rejects w with probability at least 1 — 1/N. Similarly if
w ¢ L; (w ¢ L,) then by lemma 5.14 (5.16) at least one of M* and M?® (M% and M7) rejects w
with probability at least 1 — 1/N. In either case at least one of the seven subautomata rejects w
with probability at least 1 —1/N. As the automaton My happens to simulate this subautomaton
with probability 1/13 it rejects in such a simulation with probability at least 1/13(1 — 1/N) >
1/13 — 1/N. Total probability of rejecting w by My is at least 7/13 — 1/N.

By lemmas 5.5, 5.11, 5.15 and 5.17 all the automata halt with probability 1 and therefore we
have PM" (w) + pM* (w) =1 for all k£ with 1 <k < 7. Hence:

acc rej
6 1 k k
P (w) + PN () = 2+ 3 o (P (w) + P (w)) = 1.

As 7/13 —1/N > 1/2 for N > 27 the automaton My recognizes L. O

Lemma 5.19 Let N > 3. The automaton My halts on every word w € 3* after O(Jw|) evolution
steps.

Proof: A straightforward consequence of lemmas 5.5, 5.11, 5.15 and 5.17. O

We constructed the automaton recognizing the language L with probability of a correct answer
7/13 — £. As the reader can see, the subautomata ME'*® and M2 stop their work where the
subautomata M;¥°" and M[’dd start their work. Therefore, it is possible for the pairs of the
subautomata to concatenate their work and construct only two subautomata recognizing languages
with the same intersection as the languages recognized by the original four subautomata, with the
same probability of a correct answer. Furthermore we can let the work done by the subautomaton
M be done by any other of the subautomata as this subautomaton is actually just an one-way
reversible finite automaton.

This method allows us to reduce the number of subautomata of the final automaton to just
four. The probability of a correct answer of such final automaton would be 4/7 — . However, to
make the construction more understandable, we decided to present its simplified version.

Theorem 5.20 For every Turing machine T there is an 1.5QFA M and a homomorphism h such
that h(L(M)) = L(T).

Proof: For the machine T, there is an equivalent Turing machine 77 = (KT, %7, TT §7 ¢l FT),
such that qo ¢ FT, T' implements only move-left and move-right steps and the computation
of T” begins on the right side of the input word. For the Turing machine 7/ and N = 47, we
construct all seven subautomata from previous sections and then construct the automaton M,z
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as described above. According to lemma 5.18, the automaton My7 recognizes the language L. For
homomorphism h: ({I,7} UXT UC)* — (£7)* defined as follows:

ha) = ¢, forae{l,r}UC, and
h(a) = a, fora e X7,
we have h(L(My7)) = h(L) = L(T") = L(T), by lemma 5.1. O

Corollary 5.21 Homomorphic closure of the class of languages recognized by 1.5QFA is equal to
the class of recursively enumerated languages.

Corollary 5.22 The class of languages recognized by 1.5QFA is not closed under homomorphism.

Proof: Trivially L1 50ra & Lrr and hence L1 50r4 € H(£1.5QFA)- O



Chapter 6

Homomorphic closure of other
classes

The result from the previous chapter we can generalize for the case of two-way quantum finite
state automata and the case of two-way finite automata with quantum and classical states, too.
Also, we can prove a similar result for the class of languages recognized by one-way quantum finite
state automata. In section 6.3 we show that the homomorphic closure of this class is equal to the
class of regular languages. This property introduces a significant gap between the homomorphic
closures of the classes of languages recognized by 1.5QFA, 2QFA and 2QCFA on one hand, and
the homomorphic closure of the class languages recognized 1QFA on the other hand.

6.1 Homomorphic closure of 2QFA

Although theorem 5.20 from section 5.4 is sufficient to show that the homomorphic closure of the
class of languages recognized by 2QFA is equal to the class of recursively enumerated languages,
and hence is not closed under homomorphism, there is a better 2QFA to recognize the language
L defined in section 5.3 than the 1.5QFA My defined there.

The 1.5QFA My defined in the section 5.4 randomly chooses which of the subautomata to
simulate and recognizes the language L with probability of a correct answer 7/13 — e (or 4/7 — ¢
according to the paragraph before theorem 5.20). A 2QFA, thanks to its ability to move its head
back to the left end-marker symbol, can simulate all seven subautomata sequentially and recognize
the language L with probability of correct answer 1 — ¢.

To construct such a 2QFA we need to patch the subautomata such that each of them accepts
every word from the language it recognizes at one moment (in one evolution step) in a superposition
of just one head in a particular state (independent of the input word) reading the left end-marker
symbol, instead of accepting in many different evolution steps or in a superposition of many
different states on many different tape symbols.

The automaton M; accepts every word from the language L; in a superposition of one head
reading the right end-marker, but the head may be in any of many different states. Fortunately,
the state of this head depends only on the last symbol of the accepted input word and hence the
automaton may synchronize the head state by returning back to this symbol and then moving its
only head back to the left end-marker. The new 2QFA recognizing the language L will simulate
this subautomaton as the first one, so that all the next subautomata may rely on the form of the
input word.

The automata MY and M, ;’_%i accept every word from the language L. in a superposition of
one head in state A reading the first occurrence of a symbol from C; or Cy depending on the parity
of the number of symbols from X7 before. To recognize between the two cases, the automaton can
move its only head over the prefix of the accepted input word terminated by the first occurrence
of a symbol from C; or Oy again, and count the parity of the number of symbols from X7 in this

o7
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prefix. Using this parity the automaton can ensure it halts in a superposition of one head in some
specific state reading the left end-marker.

The remaining four subautomata checking the progress of the tape accept the words from L;
and L,, respectively, in possibly N different evolution steps, such that in each of them several
superposition heads accepts on the right end-marker. Each of the heads accepts in a different
state. However, they always accept during one instance of the equation routine. To synchronize
the superposition to only one head during the equation routine, the automaton can “undo” the
part of the routine already done. Each head of the equation routine superposition upon reaching
the right end-marker changes its state to a symmetric one (i.e., p;‘)y to ph . +1,y) and undoes all
previously done steps. By this approach, all the heads of the superposition meet in one moment
at the symbol where the routine began and synchronize into a superposition of one head in state
Zn. So far, the automaton halts on every accepted word in a superposition of one head in state
Zn reading the last or the last but one input word symbol from C', depending on the parity of the
input word. Similarly as previously, the automaton can ensure it halts in a superposition of one
head in some specific state reading the left end-marker by counting the parity of the number of
symbols from C' in the input word located to the left from the symbol, where the undone instance
of the equation routine started.

Each of the patched subautomata begins and halts its evolution in a superposition of one head
in some particular state reading the left end-marker symbol, hence a 2QFA can easily simulate all
the subautomata sequentially.

Lemma 6.1 For every ¢ > 0 there is a 2QFA such that it accepts every word from L with
probability 1 and rejects every word from X* \ L with probability at least 1 — e. Moreover, it halts
on every word w € ¥* in O(|w|) evolution steps.

Theorem 6.2 For every Turing machine T there is a 2QFA M and a homomorphism h such that
h(L(M)) = L(T).

Corollary 6.3 Homomorphic closure of the class of languages recognized by 2QFA is equal to the
class of recursively enumerated languages.

Corollary 6.4 The class of languages recognized by 2QFA is not closed under homomorphism.

Proof: Trivially Logra € Lrr and hence Logra € H(Lagra). O

6.2 Homomorphic closure of 2QCFA

For the class of languages recognized by 2QCFA, we can also show that its homomorphic closure
is equal to the class of recursively enumerated languages, and hence the class is not closed under
homomorphism. For every Turing machine we can construct a 2QCFA recognizing the language L
(5.2) and a homomorphism (5.3) defined in section 5.3, such that the homomorphic image of the
language L is equal to the language accepted by the Turing machine.

In section 5.4, we constructed the 1.5QFA recognizing the language L. The automaton re-
cognized the language with help of seven subautomata each of which recognized a subset of the
properties of the language L. The first of the subautomata M, defined in section 5.3.1, recogni-
zed the language L; of codes of all Turing machine computations satisfying local conditions of a
correct accepting computation without taking any care of the Turing machine tape codes. This
automaton is actually an one-way reversible finite automaton, and so it may be easily simulated
by a 2QCFA.

The remaining six subautomata, defined in sections 5.3.2 and 5.3.3, recognized the respective
languages by checking the equalities (5.4) of a correct input word code and the equalities (5.5) and
(5.6) guaranteeing a progress of the Turing machine tape that correctly obeys the Turing machine
transition function.

A 2QCFA performing the task of these six subautomata can be constructed, such that it checks
all the equalities checked by these subautomata by a method based on the method to recognize
the language {a*b* | k > 0} introduced in [AW02].
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Lemma 6.5 [AW02, Theorem 5] For every € > 0, there is a 2QCFA M that accepts every w €
{a*v* | k > 0} with probability 1 and rejects every w ¢ {a*b* | k > 0} with probability at least
1 — . The automaton halts in expected time O(|w|?*).

By a slight variation of this method we can construct a 2QCFA recognizing the language
{a®ba¥ | ¢1 +d;y - = ca +ds - y} for any natural numbers ¢y, d, ¢2 and dg, and use it as a routine
of the 2QCFA performing the task of the mentioned subautomata. This routine is a version of the
equation routine from section 5.3.2 for the 2QCFA case.

Lemma 6.6 For every € > 0 there is a 2QCFA that accepts every word from L with probability
1 and rejects every word from X* \ L with probability at least 1 — . Moreover, it halts on every
word w € ¥* in O(|w|*) evolution steps.

Theorem 6.7 For every Turing machine T there is a 2QCFA M and a homomorphism h such
that h(L(M)) = L(T).

Corollary 6.8 Homomorphic closure of the class of languages recognized by 2QCFA is equal to
the class of recursively enumerated languages.

Corollary 6.9 The class of languages recognized by 2QCFA is not closed under homomorphism.

Using the method introduced by Freivalds in [Fre81] to recognize the language {a*b* | k > 0}
and the language {a?*b71a/2b%2 ... a?*b* | k > 0 A (VI < k:j; > 1)} by two-way probabilistic finite
state automata (2PFA) in exponential time, we can generalize our result for 2QCFA to the case
of 2PFA, too. For a definition of 2PFA see [Kuk73].

Lemma 6.10 [Fre81, Lemma 1] For every € > 0 there is a 2PFA that accepts every word from L
with probability at least 1 — e and rejects every word from ¥* \ L with probability at least 1 — €.

Theorem 6.11 For every Turing machine T there is a 2PFA M and a homomorphism h such
that h(L(M)) = L(T).

Corollary 6.12 Homomorphic closure of the class of languages recognized by 2PFA is equal to
the class of recursively enumerated languages.

Corollary 6.13 The class of languages recognized by 2PFA is not closed under homomorphism.

6.3 Homomorphic closure of 1QFA

In [BP02], it is shown that the class of languages recognized by 1QFA is not closed under ho-
momorphism. A natural question is, what is the smallest class of languages containing the class
L1gra as a subset and closed under homomorphism. We show that this class is equal to the class
of regular languages.

The class of regular languages is the class of languages accepted by one-way (deterministic)
finite automata (1FA). For the definition and properties of 1FA see [HU90]. We show that for
every 1FA there is an 1QFA and a non-erasing homomorphism, such that the homomorphic image
of the language recognized by the 1QFA is equal to the language recognized by the 1FA. The
constructed 1QFA will recognize the language of all accepting computations of the 1FA.

Take an one-way deterministic finite automaton A = (K, 3,0, qo, F)) with no e-moves. We
construct an 1QFA recognizing the language

k—1
L= { H(qj7aj7qj+1)

Jj=0

k>0A(Vj<ki(g,aj,q+1) €T) Aa EF}.

Let K4 ={qa|q€ K} and Kgr = {qr | ¢ € K} be two sets of new symbols and define 1QFA M =
(@Q,%Y,¢',q0, Qace, Qrej), where Q = KUK, UKR, ¥ ={(p,o,7) | p,r € KA € EN(p, ) =1},
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Algorithm 6.1 1QFA recognizing computations of a finite automaton.

(p,Oé,T’) eX A P 7é T (paaap) ey

Vipanl®) =lar), e € K\{p},  Veapld) =lar), g€ K\{p}, Velg) =lq), q€K,
V(p,oz,r) |p> = |T>7 V(p,a,p) |p> = |p>? V$|q> = |QA>7 qc F,
V(p,a,r)|TR> = |p), Vslg) = lgr), g € K\ F,

Qace = K4 and Qpc; = Kg. According to definition 3.1 the tape alphabet of this automaton is
equal to IV = ¥’ U {¢,$}. For each a € TV let V,, take values as in algorithm 6.1 and arbitrarily
extend it to be unitary on the Hilbert space ¢5(Q). Also define D(g) =1 for all ¢ € @, and let ¢’
be defined as in (3.5). Since each V,, is unitary, M is well-formed by lemma 3.13.

Lemma 6.14 Let w = H?;é(qj,aj,qj+1), where k >0, (g;,05,q;41) € ¥ for all j < k and qo
is the initial state of the automaton A. The automaton M 1is after reading the prefix w of a word
with such prefiz in the superposition |qi).

Proof: We prove the lemma by induction on k. If & = 0, the word w is empty and the initial
superposition |go) of the automaton has the required form. Now, assume the lemma holds for all
prefixes w with k = n > 0, we prove it for a prefix w with £ = n + 1, too. The prefix w of an
input word has the form w = H?zo(qj, @, qj+1). As it also has prefix w’ = H;:Ol (gj,05,9j+1), the
automaton M is after reading the prefix w’ in the superposition |¢, ), by induction hypothesis. As
the symbol following the prefix w’ — the last symbol of w is equal to the symbol g, the automaton
after reading this symbol changes its superposition to |gn+1) = |qk)- O

Lemma 6.15 Let w € ¥*. If w € L, the automaton M accepts w for sure and if w &€ L, it rejects
w for sure.

Proof: If w € L, by lemma 6.14, the automaton M is after reading the input word w in the
superposition |q), where (p,«,q) is the last symbol of w. Reading the right end-marker $ the
automaton changes its superposition to |g4) and accepts, as ¢ € F.

Now assume the input word w ¢ L. As w does not belong to the language L, there are two
consecutive symbols in w of the form (p, «, q)(r, 8, s) with ¢ # r, or the the last symbol of w has
the form (p, «, q) with ¢ & F.

If there are two consecutive symbols of the form (p, o, q)(r, 3,s) with ¢ # r in the word w,
take the first such pair. By lemma 6.14, the automaton M is after reading the prefix terminated
by the first symbol of this pair in the superposition |g). As g # r, reading the symbol (r, 3, s) the
automaton changes its superposition to |gr) and rejects.

If no two consecutive symbols of w has the mentioned form and w ¢ L, the last symbol of w
has the form (p, o, ¢) with ¢ ¢ F. After reading the input word w the automaton M, by lemma
6.14, is in the superposition |¢). As g € F', reading the right end-marker $ the automaton changes
its superposition to |gr) and rejects. |

Theorem 6.16 For every one-way deterministic finite automaton A with no e-moves there is an
1QFA M and a non-erasing homomorphism h such that h(L(M)) = L(A).

Proof: Construct the automaton M for the 1IFA A as described above. According to lemma 6.15,
the automaton M recognizes the language L. For the non-erasing homomorphism h: ¥/* — 3*
defined, such that h((p,a, 7)) = « for all (p,a,7) € ¥/, we have h(L(M)) = h(L) = L(A). O

Corollary 6.17 Homomorphic closure of the class of languages recognized by 1QFA is equal to
the class of regular languages.

Proof As Ligra € R [KW97] and the class of regular languages is closed under homomorphism,
we have H(L1gra) € R. Therefore, H(L1gra) = R. O
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Conclusion

In this thesis we have proved several new closure properties of different quantum finite automata.
However, a number of questions have been left open.

What other closure properties the discussed models of quantum finite automata have? Is the
class of languages recognized by 1.5QFA closed under general inverse homomorphism? Is the class
of languages recognized by 2QFA closed under inverse non-erasing homomorphism, or even under
general inverse homomorphism? How about the class of languages recognized by simple 2QFA?

We have shown that the classes of languages recognized by 1.5QFA, 2QFA and 2QCFA are
not closed under general homomorphism. Are they closed under non-erasing homomorphism?
Our 1.5QFA in section 5, by which we have shown that the homomorphic closure of the class of
languages recognized by 1.5QFA is equal to the class of recursively enumerable languages, has a
quite large error probability. Is it possible to reduce it, or is the homomorphic closure of the class
of languages recognized by 1.5QFA with small error probability different than the homomorphic
closure of the class of languages recognized by 1.5QFA with large error probability?
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Slovensky abstrakt

V tejto diplomovej praci sme dokazali niekolko novych uzaverovych vlastnosti tried
jazykov rozpoznavanych jeden-a-pol-smernymi a dvojsmernymi konec¢nymi kvan-
tovymi automatmi (1.5QFA a 2QFA) a dvojsmernymi koneénymi automatmi s
kvantovymi a klasickymi stavmi (2QCFA). Ukazali sme, ze Ziadna z tychto tried
jazykov nie je uzavretd na homomorfizmus. Dalej sme dokézali, Ze triedy jazykov
rozpoznavanych pomocou 1.5QFA a zjednodusenych 2QFA (simple 2QFA) st uzav-
reté na inverzny nevymazavajici homomorfizmus a trieda jazykov rozpoznavanych
pomocou zjednodusenych 1.5QFA (simple 1.5QFA) je uzavretd na vSeobecny in-
verzny homomorfizmus. Tiez sme dokazali, Ze homomorfné uzavery tried jazykov
rozpoznavanych pomocou 1.5QFA, 2QFA a 2QCFA st zhodné s triedou rekurzivne
vycislitelnych jazykov a homomorfny uzaver triedy jazykov rozpoznavanych pomo-
cou jednosmernych koneénych kvantovych automatov (1QFA) je zhodny s triedou
regularnych jazykov.

Klacové slova: Kvantové vipocty, Konecné kvantové automaty, 1.5QFA, 2QFA,
2QCFA.
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