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‘We propose the concept of finite stop quantum automata (ftqa) based on Hilbert space
and compare it with the finite state quantum automata (fsqa) proposed by Moore and
Crutchfield (Theoretical Computer Science 237(1-2), 2000, 275-306). The languages
accepted by fsqa form a proper subset of the languages accepted by ftqa. In addition, the
fsqa form an infinite hierarchy of language inclusion with respect to the dimensionality
of unitary matrices. We introduce complex-valued acceptance degrees and two types of
finite stop quantum automata based on them: the invariant ftqa (icftq) and the variant
ftqa (vcftq). The languages accepted by icftq form a proper subset of the languages
accepted by vcftq. In addition, the icftq form an infinite hierarchy of language inclusion
with respect to the dimensionality of unitary matrices. In this way, we establish two
proper inclusion relations £ (fsqa) C £ (ftqa) and £ (icftq) C £ (veftq), where the
symbol £ means languages, and two infinite language hierarchies £, (fsqa) C L, +1
(fsqa), L, (icftq) C L1 (icftq).

KEY WORDS: finite state quantum automata; finite stop quantum automata; complex
valued quantum automata; quantum languages.

1. INTRODUCTION

Research on quantum computation not only stimulated people to find efficient
quantum algorithms, but also to do some research on basic theories of quantum
computation. It is well known that automata are simple theoretical models of
computers. So quantum automata have become an active research area gradually.
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Moore and Crutchfield (2000) introduced several types of Quantum automata
based on Hilbert space in their recent paper, in which the authors defined quantum
finite state and quantum push-down automata (QFAs and QPDAs) as special cases
of a more general object, a real-time quantum automaton. In this paper, first,
we proposed a new type of finite state quantum automata (we call them finite
stop quantum automata) based on Hilbert space and compared it with the QFAs
proposed by Moore and Crutchfield (2000). Then we investigated the relations
between the languages accepted by their automata and the languages accepted by
ours. Later, the relations between the languages accepted by n-dimensional finite
state quantum automata and n 4 1-dimensional finite state quantum automata have
been studied. In this way, we gave a hierarchy of all finite state quantum automata.
Finally, two new types of quantum automata with complex acceptance degrees
have been defined and the relations between the languages accepted by them have
been discussed.

2. FINITE STATE QUANTUM AUTOMATA

Definition 2.1. (Moore and Crutchfield, 2000). A real-time quantum automaton
‘R can be represented with a six tuple R = (H, Haccepts Sinit» Paccept> 2, A), with

1. A Hilbert space H;

2. An initial vector Siyi € H, where |Sinic|> = 1;

3. A sub-space Hyccepe C H and an operator Puccept projecting elements of H
into Haceepts

4. A finite alphabet ¥ of input symbols;

5. A finite set of unitary matrices A = {U,| for each x € X};

The quantum language L£(R) recognized by R is defined as the

following function:

FRW) = [SinitUsy Paccept (1

where w = x1x2, ..., X, is an input string, U,, = Uy, Uy,, ..., U,,is the
matrix product of the input symbols. This function maps each string w in
the interval [0, 1].

In this paper, we also use the notation

Accept(R, w) = |SinitUw Paccept|2 (2)
to replace (1).

We make the following remarks to the previous definition. First, a Hilbert
space has in general infinitely many dimensions. Second, there is actually no
definition of states. Third, the unitary matrix corresponding to each input symbol
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is unique and the application of it is thus history insensitive. Fourth, the item
Hiccept in the previous definition is determined by other factors, since if we let:

P’ = closure {v|v = SiniUy Piceept, Where Uy, is a finite product of matrices

from A}

where closure means the smallest linear sub-space of H containing all v, then
there will be no problem to use P’ as the sub-space Hyccepi. Due to this reason, the
item Hyccepr Will not appear in the definitions later.

Moore and Crutchfield (2000) have paid attention to the first point and have
given a second definition about quantum automata:

Definition 2.2. (Moore and Crutchfield, 2000). A real-time quantum automaton
‘R is called a finite state automaton if H, Sj,;; and all U, are finite dimensional and
have the same dimension n.

To be of practical meaning, we consider the operator Pyecepr as an n x m
matrix of complex numbers, where 1 < m < n.

There is a significant difference between the notion “finite state automaton”
used in this context and that in the classical sense. The notion “finite state” refers
only to the finite number of basic states of a Hilbert Space. It is questionable if
we count the number of all mixed states, of which each is a linear combination of
the basic states. In general, there may be infinitely many mixed states produces by
such an automaton. We try to make the concept of a mixed state explicit with the
following definition.

Definition 2.3. A mixed state of a real-time quantum automaton R based on a fi-
nite (n)-dimensional Hilbert space, where H, Sip;; and all U, are finite dimensional
and have the same dimension 7, is defined as follows:

Sinit 18 @ mixed state, called the initial mixed state;
. If a is a mixed state, and U, is an n-dimensional unitary matrix corre-
sponding to the input symbol x, then aU, is also a mixed state, which is
reachable from a by accepting the input symbol x.

N =

Theorem 2.1.

1. All mixed states are normalized, i.e, if a is a mixed state, then |a|2 =1.
2. There are real-time quantum automata based on finite-dimensional Hilbert
space, which have infinitely many mixed states.
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Proof: Let a be a mixed state, then a is produced by a product of the initial
mixed state Sini; with finitely many unitary matrices, i.e. a = Sipi;U,,, where Uy, is
the matrix product. Thus, O

(1; = Sinit UwU_{UTm't - Sinilm =1 (3)

This shows that a is normalized.
Construct a real-time automaton R based on n-dimensional Hilbert space H
as follows:

(1) Sinie = \/%(11, 1...,1)
(2) Paccept - \/—2(1, 1, ey 1)/
3) ¥ ={x}

icimw
elc

iC27r
@ U, = ¢ o ,where all ¢c;, 1 < j < n, are real numbers.

eic,,n

After receiving the input string x™, the automaton enters in the mixed state:
S(XM) — L(eimclrr eimczrr L eimc,lrr) (4)
n

We will check the condition when it is possible for the automaton to produce
two identical mixed states, i.e. when it is possible that

s(x™) = s(x*) form # k

For that, it must be

imeyw __ Likeimw
elmcl — el (5] ,
eimc,,:'r — eikC,,JT'
That means

mcy = kCl + 2]1
mcy, = ke, + 2,
where for all g, j, are integers. Therefore, for m # k we have the equation:
2je

= , 1<eo< 5
=k =g=n )

This shows that in order to produce identical mixed states, all ¢, must be rational
numbers. Therefore, we need only to choose irrational numbers for the ¢, to let
the automaton always produce new mixed states. This proves that the automaton
will produce infinitely many mixed states. O
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Due to this fact, we will introduce a new concept of automata which can serve
as a bridge between the classical finite state automata and the quantum finite state
automata as they are defined in (Moore and Crutchfield, 2000). This new type of
finite automata will be introduced and discussed in detail in the next section.

3. FINITE STOP QUANTUM AUTOMATA

Parallel to the finite state quantum automata discussed in previous section,
we propose a definition of finite stop quantum automata as follows.

Definition 3.1.  An n-dimensional finite stop quantum automaton R can be rep-
resented with an eight-tuple R = (H, Sinit, Sterm»> %, 95 qo, T, A), with:

1. An n-dimensional Hilbert space H;

2. An initial vector Sini; € H, where |Sinie|*> = 1;

3. An operator Si;, projecting elements of H into an m-dimensional sub-
space, | < m < n. In practice, we consider it to be an n x m dimensional
matrix of complex numbers with | p|> < 1, where p is a column vector of
Sterm;

4. A finite set ¥ of input symbols;

5. A finite set Q of stops, an initial stop gp € Q andaset T C Q of terminal
stops;

6. A (partial) mapping: A : 0 x £ x Q — UN,
where UN is a set of unitary matrices. We write it as

A = {8(q1, x, q2)| if 8(q1, x, q2) is defined and equals to U (g, x, q2),
which is unitary}

For each input string w = x1x2, ..., X, Accept (R, w) = a if and only if
there is a chain of stops in R : qo, q1, - ., qm, such that g,, € T, and for all
J,0<j<m—1,84gj,x qj+1)=U(g;, x,qj+1) € A, and |SiyjtUp Sierm|* = a,
where

m—1
U, = 1_[ U(gj,x,qj+1)
j=0
The quantum language £(R) recognized by R is defined as the following set of
pairs:

L(R)={(s € T, Accept (R, s))|s is accepted by R}

Compare this definition of finite stop quantum automata with those given in
literature, e.g. those given in (Ambainis et al., 1999) or (Kondacs and Watrous,
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1997), we see there is a difference that in our definition the stops are not classified
as accepting, rejecting and non-halting. Our definition of stops is more close to
that in traditional finite state automata.

4. RELATIONS BETWEEN THE LANGUAGES ACCEPTED
BY FINITE STATE QUANTUM AUTOMATA
AND FINITE STOP QUANTUM AUTOMATA

Theorem 4.1. For each finite state quantum automaton R, there is a finite stop
quantum automaton R, which accepts the same language accepted by R.

Proof: In fact, we can construct a “universal” finite stop quantum automaton R/,
which can simulate any finite state quantum automaton by modifying the partial
mapping § appropriately.

Assume a finite state quantum automaton R = (H, Sinit, Paccept> 2, A =
{U(|Vx € £}) as described in Definitions 2.1 and 2.2 is given. Construct
the finite stop quantum automaton R’ = (H, S, Sterm» &> Q', g0, T', A') as
follows: S = Sinit, Sierm = Paceepts 2’ =%, Q' ={q0.q1}, T' ={q1}, A" =
(8'(q0, x, q1) = Uy, 8(q1, x, q1) = Us|Vx € Z}. The structure of R’ is shown in
Figure 1.

It is easy to see that for any input string w, which is accepted by R with
| Sinit Uw Paccepl|2, the automaton R’ accepts the same w with |S/ , U, St,ermlz , and
vice versa. O

Now we pose a question in another direction: Does there exist an equivalent
finite state quantum automaton to any given finite stop quantum automaton? Let
us first consider the case n = 1.

Lemma 4.1. For one-dimensional Hilbert space, there is a finite stop quantum
automaton R, for which there does not exist any equivalent finite state quantum

automaton R’.

Proof: In case of one-dimensional Hilbert space Hj, the initial state (or
stop) Sinit, the projecting state (or stop) Sirm, and the unitary matrices

@ YV xeX, Uy
O

Qo VxeX, U, q1

Fig. 1. “Universal” finite stop quantum automaton.
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are all reduced to some complex number. Consider the one-dimensional
finite stop quantum automaton R = (Hi, 1,1, {x}, {q0, 91, ¢2}, g0, {q2}, A =
{6(qo, x, q1) = 1, 8(q1, x, g2) = 1}). It is easy to see that

Accept(R, x) =0, Accept (R, xx) =1 (6)

If there exists a finite state quantum automaton R’, then R’ should take the
following form:

R/ = (Hla S/ Paccepta {X}, A,)’

init?

Accept(R/» x) = |S/ U, Pacceptlz = |Paccept|2 (N

init

ACCGpt(R/, xXx) = |S-/ U, U, Paccept|2 = |Paccept|2

init

since S}, and the unitary matrix U, must be complex numbers with the absolute
value 1. It is impossible to choose the value of Pyccep such that both equations of

(6) are satisfied. O

Now we will generalize the result obtained above to n-dimensional Hilbert
spaces for arbitrary n.

Theorem 4.2. For an n-dimensional Hilbert space of arbitrary positive integer
n, there exists at least one finite stop quantum automaton, for which there is no
equivalent n-dimensional finite state quantum automaton.

We will not prove this theorem directly. Rather, we will prove a more general
and more powerful theorem stated later.

Theorem 4.3. For any n-dimensional Hilbert space of arbitrary positive integer
n, there exists at least one n-dimensional finite stop quantum automaton R, such
that for any positive integer m and m-dimensional Hilbert space, there is no
m-dimensional finite state quantum automaton R’ equivalent to R.

Proof: Givenn > 0, construct an n-dimensional finite stop quantum automaton
R as follows: Spe= J=(1. 1., 1), Serm = J=(1L L., 1), B ={x}, 0 =

{90, 91, ---,97-1,9r}, qo is the initial stop, T = {gs}, f > 0,Vj,0=<j < f —
1,68(qj, x,qj+1) = Uy, where Uj is the identity matrix of degree n, which is also
unitary. The structure of this automaton is shown in Figure 2. O

@ X,LJ a X,Ul @ @ X,L] a

Fig. 2. An n-dimensional finite stop automaton.
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It is easy to see that R does not accept any string other than x/, which means
N =ls..uf 2 (S 2 _
Accept(R, x7) = |SiwicU} Seerm|” = |Sinit Sierm!” = 1
Accept(R, x/) = 0, J#f

If there is an equivalent m-dimensional finite state quantum automaton R’ for
m > 0, then it should have the following form:

Si/nit = (Slv 82,00y sm)3
pu - Pl
Paccﬁptz s mZk>0’
Pm1 - Pmk
Y= {x}
A= {Ux}v

2
’S{nitUjPaccept| = 1,
|04U7 Paccepr|” = 0, forall j # f.

init

According to the matrix theory, there must be a unitary matrix V, such that
U, can be represented in

U, =Vev,

where © is a diagonal matrix:

eivm

where i is the unit imaginary number.
O is the eigenvalue matrix of U,. Thus,

Ul =vev-'vev...vev!
=ve'vl j>0
S; U){Paccept =S V®jV71Paccept = Sl®jt1

init init

where

—1
§1 = StV h=yV Pacceptv

init *
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Let
§1 = (sllv S$125 -+ Slm)s
I I Tk
Iy In 1513
tl - E)
Il ) S
then
m m
010/t = | > sitme™ . Y sute ) ®)
h=1 h=1

Note that i is the unit imaginary number.
In order to satisfy the condition |s;®/¢;|> = 0 for j # £, it should be:

m
A2 =< 8 = k’ Zslhthgeji(ph = 0 (9)
h=1

On the other hand, in order to satisfy the condition |s;0/#|> = 1 for j = f,
there should be:

m
g l<g<k D sulge™ #0. (10)

h=1

Take this g (if there are more than one g, take any of them), for j = 1,2, 3, ...
write down the linear equations as follows:

Sllllgel(pl + Slztzgel¢2+ ce +slmtmg6’l(p’" =0

2i 2i 2iQm __
Siitige™? + siphee” P+ o FSiptyge” " =0

Stitige TV 4 st eV g e DO = an
s“tlgef‘i(pl + slztzgef,i(ﬂz+ . +s1mtmgefi(pm —r 75 0

SIHDIO gy IV g DI —

S11t1g

slltlge(f-s-p)i(m +S12t2ge(f~+p)iwz+ +slmtmge(f'+p)i<pm -0

To simplify the notation, let s1,¢,, = c;, for all . Then we can consider the
equation system (11) as one with the set of variables (cy, ¢z, . .., ¢;;). SO what we
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get is a system with infinitely many linear equations, where only one equation has
a non-zero right side, all other equations have a zero right side.

Furthermore, we let €% = a;,, then the coefficient matrix of the equation
system (11) is a matrix with infinitely many rows. It has the following form:

ai a2 e am
2 2 2
ay a4 ay,
3
cC=|a a al (12)
Construct the determinate of a finite sub-matrix C; of C:
al az PR am
2 2 2 n
detCy =det | 4 4+ | =]]a,detC; (13)
e e e P
a' ay ay
where
1 1 1
a a a
=1L 2 o (14)
a’l,”_l agq—] e a;:;il

We are familiar with this matrix. Its determinate is the so-called Van de
Monde determinate. According to a classical result:

detCi =[] (au—ay (15)
m>u>v>1

detCr =[Ja; [] (@u—a (16)
j=1 m>u>v>1

Therefore, det C; = 0 if and only if a, = a, for at least one pair of (a,, a,)
(We know already that a, # 0 for all u). That means, the rank of C; is less than
m if and only if a, = a, for at least one pair of (a,, a,). It follows that the infinite
matrix C has a rank less than m if and only if a, = a, for at least one pair of
(au, ay).

In order to study the case where a, = a, for more than one pair of (a,, a,),
and to determine the exact rank of C in this case, we assume that the m numbers
ai, a, ..., a, aredivided in g groups such that the members in the same group are
equal to each other, and the elements in different groups are mutually different.
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Then we take only one element from each group as a representative. Without
loss of generality we may assume these representatives are the first g elements:
ai, as, ..., a,, otherwise we can achieve this by rearranging the columns of C,
since such a rearrangement would not modify its rank. Thus, we have:

the-first-q- the-last-(m — q)-
C = mutual-different- columns-which-are- = (C5Cy) 17
columns copies-of-the-first-g

Based on the result about Van de Monde determinate mentioned earlier and on the
basic theory of matrices, it follows then

rank of C = rank of C3 = ¢ (18)

That means, the rank of C is equal to the maximal number of its mutual different
columns. And each sub-matrix of C with degree ¢’ x m, where m > ¢’ > ¢, has
also a rank of g.

With these preparations we are now ready for further discussing the equation
system (11). Starting from the f + 1th equation, we construct a finite system of
m equations as follows:

1TV i e DG ()

110 o UHDie o (i — ()

(19)
e Mo 4 o omies Ly Fmion —

Then we can consider (19) as one linear equation system with the set of

variables (cy, ¢, . . ., ¢ ) and the coefficient matrix of the equation system (19) is
as follows:
oF+Dion (f+Digs . o(f+Dign
c" — U Digr o(f+Diga ... (f+D)ign

eftmior o(fAm)igy . o(f+m)ign

m
detC" = [T eV - detC”
j=1

where

eiv PUZ) e oiom

c" = (20)

em=Dig1 pm=Dligs ___ m=Dig,
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Let ¢'% be a j» itis easy to see that the determinate of (20) is a Van de Monde
determinate. We differentiate two cases.

Case 1. The rank of C is m, then the rank of the coefficient matrix of (19) is
also m. It follows then that (19) has only trivial solutions (all variables have the
value zero). That means, for all &, ¢, = 0. Then we must have:

Clefi(pl + Czefi(pZ + . + Cmefi(pm — O

which contradicts (11).
Case 2. The rank of C is ¢ < m. Consider the equation system consisting of
m equations starting from the fth one until the (f 4+ m — 1)th one:

Clé‘fi(pl + C2€fi(p2+ .. +Cm€fi(’0’” —r 7& 0
C]e(erl)i(ﬁl + C2€(f+1)i¢2+ L. _I_Cme(erl)l'%z =0 (1)

Cle(f+m—1)i<ﬂ1 4 Cze(,f+l71—1)i<p2+ . +C,ne(f+m—1)i¢;,l =0

From discussions made earlier we can conclude that the rank g of C is less
than m, if and only if the maximal number of different columns in C is g < m.
Furthermore, itis equal to ¢ if and only if the maximal number of different columns
of the coefficient matrix of (21) is equal to ¢. Furthermore, it is equal to ¢ if and
only if the rank of this coefficient matrix (which is of type of C” discussed earlier)
isq.

On the other hand, we consider the sub-matrix C”” formed by deleting the
first row from the coefficient matrix. (Obviously, C”” is of type of C;. Note also
m — 1 > q.) Since r # 0 we know that the extended matrix of (21), obtained by
adding the right side constants of (21) to the coefficient matrix, has the rank g + 1.
From the theory of linear equation systems we know that it is impossible that the
system (21) has a solution.

In summary, we have proved that the m-dimensional unitary matrices needed
for constructing an equivalent finite state quantum automaton do not exist. The
theorem is thus proved. O

Note that what we have proved is actually more than it was said in the
statement of Theorem 4.2. We have actually proved the following theorem.

Theorem 4.4. [f it is additionally prescribed that to each input symbol x there
corresponds only one unitary matrix U, (independent of the stop the automaton
is in), then the conclusion of Theorem 4.2 is still valid.
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5. THE HIERARCHY OF FINITE STATE QUANTUM LANGUAGES

Definition 5.1. The class of languages accepted by finite state quantum automata
is called finite state quantum languages. The class of languages accepted by n-
dimensional finite state quantum automata is called n-dimensional finite state
quantum languages.

Theorem 5.1. For 0 < m < n, the m-dimensional finite state quantum lan-
guages form a subclass of n-dimensional finite state quantum languages.
Proof: Assume a finite state quantum automaton R is given by:

(1) Sini[ = (ala a, ..., am)’

by -+ bk
2) Paccept — ( ......... > 1<k<m

bml "'bmk
Q) T={xll=j=g}
(4) A= (Uslx € X)

Construct a finite state quantum automaton R’ as follows:

Sinie = ([Sinic)[n — m zeros]),

LPacceth
rccept = [(n — m)-rows j|

of-zero-elements

¥ =3,
zero-
U
AN ly = * elements ey
I zero- (n — m)-dimensional-
elements | | identity-matrix

Then for an arbitrary input string w = x1x7 . ..x; we have

Accept (R, w) = |81, U Uy, o, Uy Precend’
U,, 0 U, 0 2
1 0 0 1 00 Paccept
= (Sinilvos Y 0)
0 0 -0 0 0 ---0]\om—m,k
0 0 1 0 0 1
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UyUg, - Uy, 0

P
= |(Sinit, 0, --+, 0) . accept
0(n —m, k)
0 1

= |(SinilUx1 sz ce ka Paccept» 07 ) 0|2

= Accept(R, w)
where O(n — m, k) denotes a matrix of degree (n — m) x k with zero elements
only. a

Lemma 5.1. The one-dimensional finite state quantum languages form a proper
subset of the two-dimensional finite state quantum languages.

Proof: Remember that in case of one-dimensional Hilbert space, the unitary
matrices are unit complex numbers in form of ¢'¢. The initial vector Si;; is also a
unit complex number in form of ¢’¥. Then

n 2 _ 2
Accept(R, w) = [Sinice? e ... e? Paccept| = |Paccept|

This is evidence that the acceptance degree is the same for all input strings. In
another word, these automata do not differentiate between different input strings.
Now we construct a two-dimensional finite state quantum automaton R’ with
S =251, D),
Paccepl = \/Lz(lv 1),
o ={xh

A :{Ux=<(1) ?)ﬂy:(é —Ol>}

Accept(R, x) =1,
Accept(R,y) =0

Obviously, there is no one-dimensional finite state quantum automaton, which can
have this behavior. O

then

We will now generalize this result to the case of arbitrary n-dimensional finite
state quantum automaton.

Definition 5.2. The language L(R) accepted by a finite state quantum automaton
R is said to possess the n-vector property, if

{(x,0), (x%,0),...,x""10), ", 1)} C LR (22)
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holds, where x € X is some input symbol of R. In words, possessing the n-vector
property means that R rejects all strings x/, 1 < j < n — 1, but accepts x".

Theorem 5.2. Foreachn > 0, there exists an n-dimensional finite state quantum
automaton, whose language possesses the n-vector property. On the other hand,
there is no n — 1-dimensional finite state quantum automaton, whose language
possesses the n-vector property.

Proof: We go ahead along the similar idea of the proof of Theorem 4.3. In order
to determine the structure of the n-dimensional automaton R, we list now the
equations, which must be satisfied by R. They are

| Sinic U Paccepl|2 =0,
2
|SinitU§Paccept| =0,
(23)
n—1 2
|SinitUx Paccept\ =0,
2
|SinitU;l Paccept| =1,

where Siyi 1S an n-dimensional normalized vector, U, is n-dimensional unitary
matrix, Paccep 1S @ matrix of degree n x k, 1 <k < n.

With the technique used in the proof of theorem 4.3, we obtain a system of n
linear equations:

Siit1g€' " + s12t2e€ P+ -+ F Sl =0
2i 2i 2i
Stitige”? 4 spptyge” P4 - Fsputyge”? =0
(24)
slltlge(n—l)zqﬂl 4 Slztzge(n—l)ﬂﬂz_;r_ . +slntnge(n—1)i<pn -0
slltlgem(p] + S12t2genl<ﬂ2+ . +slntngemwn —r 75 0

where g is some fixed number between 1 and n. For the meanings of sy;, tj,
and ¢/ 1 < j <n,1 <k <n, please refer to the proof of Theorem 4.3. The
equation system (24) looks somehow similar to equation system (11), but (24) is
a system with only finitely many equations, while (11) is an infinite system.

LetsljlngCj, 1<j<n.

If we can find a solution for the ¢}, then we have also a solution for the s
and the ¢;,, and thus a solution for the wanted n-dimensional automaton R. For
finding the solution, we first have to determine the coefficient matrix. Here we
see that we have some degree of freedom. Namely, we can assign arbitrary values
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to the ¢; in the way that for j # k, ¢; # ¢i. From the theory of Van de Monde
determinate we know that the rank of (24) is equal to n. Therefore, system (24)
has a unique solution for the c;, where the c; are complex numbers. Let:

s1j = % ljg = «/V_ZC]‘ (25)
we get an n-dimensional finite state quantum automaton R with the required
n-vector property.

On the other hand, if there were an n — 1-dimensional finite state quantum
automaton R’, whose language possesses the n-vector property, then R’ must
satisfy the following equations:

/ Y 2
|Sinit Ux Paccept' - 0’

’ 72 pr 2 __
|SinitUx Paccept' - 0’

(26)
IS, UM PL P =0,

init~ x accep

init

/ m p/ 2
|S Ux P‘dccept| :1’

/

where S ; is an n — 1-dimensional vector, U, is an n — 1-dimensional unitary

matrix, Py, is a matrix of degree (n — 1) xk, 1 <k <n — 1.
By making use of the technique of proving Theorem 4.3, we get the following

system of equations:

Siitige' " + s120e€' 4 -+ 51—y ln—1),g€' " =0
Sl]llgezwl + Slzl‘zgezwz + - ~|—Sl,(,,_l)t(,,_l),gEZi‘”"-‘ =0
27
slltlge(n—l)iwl + slzlzge(n—l)irﬂz + ... +Sl,(}’l*l)t(nfl)!ge(n_])i(p'Hl -0

ni ni nig,_ /
sitige™? + s10t2g€™? + - 51 ont-n g€ =1 £ 0

The equation system (27) looks very much like equation system (24). But they
are different. The former has only n — 1 additive elements on the left side of
each of its equations, while the latter has n such elements. For fixed coefficients
el equation system (27) has n — 1 variables in form of sy #;,, whose values are
to be determined, while equation system (24) has n variables. This difference is
important, which leads to completely different results.

Considering the first n — 1 equations of (27), we differentiate two cases.

Case I. The rank of its coefficient matrix is n — 1, then there is only a trivial
solution: Vj, s1t; = 0. This contradicts the nth equation of (27).
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Case 2. The rank of its coefficient matrix is ¢ < n — 1, then consider a new
equation system, which consists of the last n — 1 equations of (27). Based on a
similar idea of reasoning as in the proof of Theorem 4.3, the coefficient matrix of
this equation system is g, and the rank of the extended coefficient matrix (with
the constants on the right sides additionally) is g + 1. Thus, this equation system
is inconsistent and has no solutions.

This proves that an n — 1-dimensional finite state quantum automaton satis-
fying the requirements (26) cannot exist. O

Corollary5.1. Foreachn > 0, the n-dimensional finite state quantum languages
form a proper subset of the n + 1-dimensional finite state quantum languages.

The hierarchy of quantum language inclusion is shown in Figure 3.

6. QUANTUM AUTOMATA WITH COMPLEX ACCEPTANCE DEGREES

Many physical quantities are defined or represented in complex values. For
example, in electrodynamics, the phase of an electrical current is represented with
a complex value. In our case, we have to note that the Hilbert space itself is
a complex linear space, on which scalar products can be defined. Therefore, it
should be meaningful to define complex valued acceptance degrees for quantum
automata on Hilbert Space.

finite stop quantum language

------------------------------

------------------------------

2 dimensional finite state quantum language

1 dimensional finite state quantum language

Fig. 3. The hierarchy of quantum language inclusion.
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Definition 6.1. A complex valued finite state quantum automaton defined on
an n-dimensional Hilbert space, called n-dimensional cfsq, or simply cfsq, is
represented with a quintuple R = (H, Sinit, Paccepts %, A), with the following:

1. An n-dimensional Hilbert space H.
2. An initial vector Sini € H, where | Sinit|> = 1.
3. Anoperator Pyecept, Whichis acomplex matrix of ordern x m, 1 <m < n,
projecting elements of H into a sub-space of H.
For any vector a of H,

Paccept ca— aPaccept

Besides, each column p of Pyecep is subject to the limitation | plP<1;
4. A finite input alphabet X.
5. For each symbol x € X, there corresponds an n-dimensional unitary ma-
trix U, € A.
6. LetU, =U, Uy,...Uy,,where w = x1x3...%,,x; € X,1 < j<n
The acceptance degree of w by R is defined as:

Accept(R, w) = SinitUy Paccepts

which is an m-dimensional complex vector.
7. The quantum language recognized by R is defined as the set of pairs
(w, fr(w)), where w € E*, fr(w) = Accept(R, w).

It follows from this definition that almost every thing of the definition of finite
state quantum automata is kept unchanged except the acceptance degree, which
can take the value of a complex vector.

Accordingly, we give the definition of complex valued finite stop quantum
automata on Hilbert spaces.

Definition 6.2. A complex valued finite stop quantum automaton defined on an -
dimensional Hilbert space, called n-dimensional cftq, or simply cftq, is represented
as an eight-tuple R = (H, Sinit, Sterm» %, @, I, T, A), with the following:

1. An n-dimensional Hilbert space H.
2. An initial vector Sini € H, where | Sinie|*> = 1.
3. An operator Sy, which is a complex matrix of ordern x m, 1 <m <n,
projecting elements of H into an m-dimensional sub-space of H.
For any vector a of H,

Sterm ca— aSterm

Besides, each column p of Sy is subject to the limitation | pl><1.
4. A finite input alphabet X.
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5. A finite set Q of stops, with I C Q the set of initial stops, I = {qo},
T C Q the set of terminal stops.
6. A set A of transition functions,

A =1{6(q1,x,q2) = U(q1,x,92)I91,q2 € Q, x €, U is an n-dimensional
unitary matrix},

where 6(q1, x, g2) is a partial mapping from Q x ¥ x Q to the set of
n-dimensional unitary matrices. A triple (g1, x, ¢») is called a transition.

Thus, we have the following definition of the quantum language:

1. A string s =x1,Xx2,...,%,,%; €X,1<j<n, is said to be ac-
cepted by a cftq R if there is a chain of transitions w =
(905 x1,91), (q1, X2, q2), « - - (Gn—1, Xn, qn), Where qo € I, g, € T

2. The acceptance degree of string s by R is defined as:

Accept (R, ) = {SinitUw Sterm|w 18 a chain of transitions (henceforth
called a path accepting s) of R and

Uy = U(qo, x1,9)U(q1, X2, q2) - - - U(qu—1, Xn, @)}

3. The quantum language recognized by R is defined as the set of pairs
{(s, Accept(R, s))|s € =T, s accepted by R}.

Definition 6.3. Let R be a cftq. R is called deterministic if for each stop g
and input symbol x € X, there is at most one stop g, and one unitary matrix
U(qi, x, g2), such that the mapping

3(q1,x,q2) = U(q1, x, q2)

is well defined.

It is easy to see that all theorems (from Theorem 2.1 to Corollary 5.1)
given earlier remain valid for complex valued finite state and finite stop automata
after a slight modification of the proof procedures. Here we limit the projection
operator Pyccep respectively Siem to be an n x 1 complex vector, i.e. we limit the
projection sub-space to be one dimensional, since once the theorem is proved for
one-dimensional sub-space, then its validity is obvious for any m-dimensional
sub-space with 1 <m < n.

Definition 6.4. A deterministic cftq is called invariant if for each input symbol
x € X, there is at most one unitary matrix U, such that for any stops ¢g; and
¢», whenever the transition function 8(q, x, g») is defined, its value is always
U(qi, x, g2). Otherwise, it is called variant (one input symbol may correspond to
several unitary matrices). In the sequel, we denote the former with icftq, and the
latter with vcftq.
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It is obvious that the set of all deterministic cftq forms a subset of the set of
all cftq. But the following result is not obvious.

Theorem 6.1. The set of all icftq forms a proper subset of the set of all vcftq.

Proof: We have only to construct a vcftq R whose language £(R) cannot be
accepted by any icftq. Let

1
St = —=(1, 1,.... 1
‘ ﬁ( )
1
P
lerm—ﬁ i

In case of n =1, every unitary matrix is a complex number of the form
e?. Let Siit = Siem = 1 for R. The other components of R are as fol-

lows: ¥ ={x}, Q=1{q0.q1. 92}, 1 ={q0}, T ={q1. ¢}, A ={d(q0,x,q1) =
e, 8(q1, x, q2) = €92, 8(qn, x, g2) = €'#3}. Therefore,

Accept(R, x) = &'
Accept(R, xx) = /@112
Accept(R, xxx) = e/ 1Tet¢3)

If there is an equivalent icftq R’, then there must be a complex number ¢'¢, such
that the following equations hold:

Accept(R, x) = i€ Sterm = €9
Accept(R. xx) = Sire™” S = ¢4
Accept(R, xxx) = Sinice”'? Sierme’ #1429

According to definition, Sipi; = e'%* for some @4, Sierm = re'? for some ¢s and 0
<r < 1. The case r < 1 is impossible because of the values of the right sides.
That means, the equations are equal to the following:

s+ o+ o5 =9
01 +20+ s =01+
04 +30+ s =1+ 02+ @3

They are valid in the sense of mod(277). We can remove this limitation by making
the @1, @2, @3 small enough. By subtracting the first equation from the second one,
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we get ¢ = ¢;. By subtracting the second equation from the third, we get ¢ = ¢s.
This offers a contradiction if we let ¢, # 3.
That means in case of n = 1 it is impossible that an equivalent icftq R’ exits.
Now we consider the cases n > 1. First we construct a vcftq R as follows:

1
Sinitz (171""71)
n

7

1

P 1
term — ﬁ :
1

Y ={x}

0=A{q0.q1.q2}, 1={q}, T ={q, q2}
A = {8(g0. x. q1) = U1, 8(q1, x. q2) = Uy, 8(q2, x, q1) = Uy}
In case of n = 2:
1
V2

1 [1
Sterm = E 1

e? 0
Uy = |:0 e‘i“’]

Sinie = —=(1, 1)

Let the unitary matrix U; be:

where ¢ = arccos 1/2, thus
1 e’ 0 1 1
ACeept(R, x) = Sy Sem = 5 (1 1) [ ¢ e‘i¢:| M !
Accept(R, xx) =1

For n > 2, let the unitary matrix U; be the following diagonal matrix:

1

1
e2mi/(n=1)
U = emi/m=1)

62(n72)m'/(n71)
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Obviously, R does not accept any input string other than x/ (f is an arbitrary
positive integer). For x/, R accepts it with the acceptance degree:

Accept(R, x7) = SiitUs Siem = 1/n + 1/n(1 4 ¥71/0= 4 g4rifn=D
T PO =DY _ qyf f s odd
Accept(R, xf) = SinitUsSeerm = 1 if f iseven

where U, is the n-dimensional identity matrix.

This automaton is illustrated in Figure 4. Summarizing the discussion made
earlier, we are now prepared to treat all cases n > 2 in a unique way.

If there were an icftq R’, which behaves in the same way as R, then there
must be an n-dimensional unitary matrix U,, such that

Accept(R/, x/) = SiU{ Sierm = 1/n if £ is odd
Accept(R/, x1) = iU Siem = 1 if f is even

Transform U, in diagonal form:
U,=vev!

where V is a unitary matrix and © is a diagonal unitary matrix:

eiv
el
@ pr—
ei‘/’n—l
eien

Since

ul =velv!
Let

s = SinicV = (51, 82, ..., 8,)
X’ Ul X, U]-l
Jo ” ) 2

W

Fig. 4. A variant complex valued finite stop quantum automaton.
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vt = Vﬁlsterm =

we have

Accept(R', x7) = SinUJ Seerm = Zs el =1/n, if fisodd  (28)
j=1

Accept(R/, xf) = SinitszSterm = Zsjtjeif‘”f =1, if fiseven 29)
j=1

Consider the s;¢; as variables, and the €'/ as coefficients, j=12,....n, f=
1,2,3, ... then (28) and (29) are two systems with infinitely many linear equations

each.
For all h, let €% = qy,, then the coefficient matrix of (28) is the following

infinite matrix:

al a ap
3 3 3
al (12 a,
€= @ a a
1 2 n
Construct a sub-matrix
al az “ e an
G a,
Ci(n) =
2n—1 2n—1 2n—1
al az e an
let
st = (Sltlv Satp, ..., Sntn)

be a vector. Consider the equation system

Zsjtje"f% =1/n, f=1,3,5....2n—1 (30)
j=1
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and the equation system
D s =1, f=2,4,6,....2n (31)
j=1

Calculate the coefficient determinate of the equation system (30):

a] a2 .« .. an
ai a3 o - :
detCy(n) = det []a; | detCim
o i
2n—1 2n—1 n—1
1 a a,
where
1 1 1
2 2 2
a a a
/ 1 2 n
Ci(n) =
2n—2 2n—2 2n—2
al a2 PR an

Let b; = a?, then C; is a Van de Monde determinate with respect to b;.
Therefore,

detCj(n) = l_[ (af —a?)

n>u>v>1

Thus,

detCl(n):Haj 1_[ (ai—af)
j=1 n>u>v>1
Therefore, det C,(n) = 0 if and only if there is at least one pair (a2, a>) with

a? = a? (we know already that for all a,, a, # 0). That means, the rank of C;(n)

u
is smaller than #, if and only if there exists a pair (af, ag) with ag = a%. It follows
then: the rank of the infinite matrix C is smaller than n, if and only if there is a
pair (a2, a?) with a2 = a2.
Assume there exist several such pairs (a2, a?) with a> = a2. Assume there are
altogether m mutual different a2. Without loss of generality, assume these are the

first m elements: a?, a3, . .., a%. Consider the following system of m equations:
> cjeler =1/n, f=1,3,5....2m—1 (32)
=1

where the numbers c; are the results of merging equal ¢'/%/ items in the equations.
Some of them, but not all of them, may be zero, because none of the right sides is
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equal to zero. Without loss of generality we still denote the number of non-zero
c¢; (of each equation) with m. Note that there must be equally many non-zero c;.
in all equations. In this way, we get a reduced system of linear equations, where
we consider the €'/%/ as coefficients and the c; as variables. Since now all ¢; are
mutually different, the Van de Monde determinate formed by these coefficients
has a non-zero value. Consider the ¢; as solutions of this equation system, we
have the result:

eiv 1 eiom
el 1 e3iom
det che see see e cee
e(2m—3)i(p1 R | . e(2m—3)i¢m
1 e(2m71)up1 | . e(2m71)l¢m 1 det Ci (m’ ])
C;i = — - - - = ——
T el e'vi e'om n e'%i det C|(m)
e3i(p1 e3i<p/ e3i<p,,,
e(2m73)i¢] . e(2m73)i¢, . e(2m73)igo,,,
e(2m—l)i<p1 . e(2m—l)i<p/ . e(2m—l)i<p,,,

where C|(m, j) is the result of replacing all elements of the jth column of C/(m)

with 1.

Now we calculate the coefficient determinate of the equation system (31).
Its coefficient matrix is as follows:

2 2 2
ay 4 a,
4 4 4
c N a,
2(n) =
2n 2n 2n
al 612 an
2 2 2
ay  aj a;
4 4 4 n
a a a
— 1 2 _ 2 /
DetCy(n) = Det | °1 72 o =1]]4; | Detciom
2n 2n 2n J=
a4 a,

Thus, we can repeat the discussion made earlier and get the following equation

system:

> el =1, f=2,46,...,2m
j=1

(33)
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Note that the c} in equation system (33) are just the same as the c; in equation
system (32). But here they are calculated with different rules, namely:

el .. ... Q2igm
e4i‘/’l R e4i¢m
det e e e ca
e(2m72)i¢1| e 1. €(2m72)i(pm
) exmigr L1 ... g2mion det C}(m, j) ne;
€= e .. Q2 .. 2igm - &% det Ci(m) - eivi
et Lo MY L. piem
det
e@m=Dig1 . ,Qm=Dig; . ,Q2m=2D)ipy
eZmi<p| eZmi(pj eZmi(p,,,

This shows that the c/j are not equal to the c¢;, which is a contradiction. Thus, we
have proved that there is no icftq R’ equivalent to the given vcftq R. a

Theorem 6.2. For any n > 0, the n-dimensional icftq languages form a proper
subset of the n 4+ 1-dimensional icftq languages.

Proof: Itisenough to consider the case where Sy, is a one-dimensional complex
vector.

First we study the case of n = 1. We build a two-dimensional icftq R, as
follows. Let

RZ = (H27 Sinit7 Sterm’ E’ Q5 Ia T7 A)9

where
1
Sinit = %(1, 1)
1-2i
1 | 52
Sterm = /2 |: 1il2i ]
4
Y = {x}
0 =1{q0, 91,9}, I=1{q), T =I{q,q)}
ez 0
A ={U,}, where U, = |:0 e"'yzr]
The initial conditions are fulfilled, because
|Sinil* = 1
5
|Slerm|2 =— <l
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NG
[Sinit Sterm | = T <1

Now we calculate the acceptance degrees.

1
Accept(R2, x) = SinitUx Sterm = 7

1
ACCCpt(Rz, X)C) = SinitUx Ux Sterm = 5

Assume there were a one-dimensional icftq R}, which has the same functions as
‘R, does. That means:

1
Accept(R], x) = 2
, 1
Accept(R], xx) = 3
So
, 1
|[Accept(R;, x)| = 7
, 1
|Accept(R, xx)| = 3

Since each one-dimensional unitary matrix is a complex number in form of e’¢,
and since Sipir and Sierm must be also complex numbers in form of ¢'¢! and r ¢'?2,
respectively, where 0 < r < 1. Thus,

Accept(R’, x)| = | e P1e'??| = r

P

Accept(R), xx)| = | e*?1e!?| = r
p 1

It is impossible that » equals to 1/2 and 1/4 at the same time. That means, it
is impossible that an icftq R/ equivalent to R, exists.

Now we consider cases of n > 1. Build an n 4+ 1-dimensional icftq R+ as
follows:

Rn+1 = (Hn+la Sini[v Sterm’ E’ Q5 Ia T7 A)a
where
Y = {x}

0=1{q90,91:92, -, Gn, gnr1}, 1 =1{qo}, T =1{q1,92,--.,9n Gns1},
A= {Ux}»
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where
eiv
PUZ
U, = . where for j # k, €' # &%
£l¥n
el¥n+1

Consider the following system consisting of n 4 1 linear equations:

n+1
Zsjtjek“”’ =a, a>0,1<k<n
j=1
n+1
+Dig;
Zsjtje(" ivi = 2q (34
j=1

We calculate the coefficient determinate of system (34) based on the Van de
Monde rule:

ei‘pl ei(ﬂZ Ce. ei%ﬂrl
e2ion e2iv .. 2ion+1
DetC(n + 1, 1, ¢) = det
e thior  o+Digy o o+ Dignis

n+l1

=[] detCn+1.0.9)
Jj=1
n+1

=[Te" I @ ="
j=I

I<g<h<n

This is not equal to zero because we have assumed that the ¢’ are mutually
different. Therefore, the linear system (34) is uniquely solvable. By solving the
equation system, we get a solution for all ¢; = s,t;.

Note that it is possible that the values of |c; | are not small enough, such that the
initial conditions | Sinit|?> = 1, |Sterm|? < 1 do not necessary hold. But we can let the
constant a small enough, such that the condition |c1|?> + |c2|> + - - - + |c,|? = b is
fulfilled for some b < 1. The constant b does not equal to zero because otherwise all
¢j would be zero and the constant a on the right sides of the equation system would
be also zero, which contradicts the assumption. Now let Siniy = [$1, 52, .+ ., Snl,
Sterm = [t1, 12, ..., ta], .

Forall j,lets; = T/E’tf = \/1_7, then

2 2 2 2 2 2 2
[SinitSterm|” = [s1£1]” + [s202]7 + - - - + 8,8, = [c1]” + |c2|” + - - - + [cal

=b<1, |Sml*=1, |Sterm|* = b* < 1
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Thus, all three conditions are fulfilled.

If there were an n-dimensional icftq, say R, , which is equivalent to R,.41,
then we must have: R, = (H,, S‘init, S’term, 3, Q I, T, A) where £ =%, A =
{U,} such that

ginitl};lgterm =a, 1 = k =n
Sinit0f+1§term = 20’ (35)

where S'inn is an n-dimensional complex vector and S’term is a transposed n-
dimensional complex vector. Both of them should satisfy the initial conditions.
U, is a unitary matrix of order n. Let

U, =vev !,

where V is unitary, ® is unitary and diagonal:

el
el
O = (36)
eitn
Let Sinit = SinieV = (51, 82, ... 50),
Sterm = VﬁlSlerm = (tla I,..., tn)/

We get the following linear system of equations:

n
E sjtjek’¢f =a, l1<k<n
j=1

Zs_,‘tje(”H)""’f =2a (37
j=1

Consider the first n equations of (37). Their coefficient determinate is:

ei¢l “e gi¢“
detC(n, 1, ¢) = det - e
eniqﬁ] .. eniq),,
n
— l_[eltl)j l_[ (elll’h _ el¢g)
j=1 1<g<h=n

Since we are not sure whether there are some e#/ mutual equal. We must assume
a number m of mutually unequal e'?/ with m < n. Merge the equal /% together
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we get a reduced form of system (37):

m
E c}eki¢f:a, 1<k<n
j=1

> et = 2q (38)

j=1

where c} are the new coefficients produced by merging the terms /%"
m = 1 is impossible, because this would lead to

|c/]-| = a by considering the first n equations, and
|c;-| = 2a by considering the n + 1th equation,

This is a contradiction because a # 0.
For m > 1 we consider the system consisting of the last m ones of the first n
equations of the equation system (38):

Zc}eki‘i’f:a, n—m+1<k<n (39)
j=1
The coefficient determinate of the system (39) is:

detC(m,n—m+1,¢) = ]_[ "D et C(m, 0, ¢)

j=1
o G
=l em=Dig1  fm=Dig2 . Jm=Digy

which is not equal to zero. Therefore, we can represent the solutions of this
equation system as follows:
o - detCm,n —m+1, j,a, o)
J detC(m,n —m + 1, ¢)

where the matrix C(m,n —m + 1, j, a, ¢) is obtained by replacing all elements
of the jth column of the matrix C(m,n —m + 1, ¢) with a.

Now consider a new system consisting of the last m — 1 equations of the first
n equations of (38) and the last equation of (38).
j=1
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D e =24 (40)
j=1
The coefficient determinate of (40) is
det Com,n —m +2,¢) = [ [e" "2 det C(m. 0. §)
j=1
Consider the c} as variables and solve the equation system (40). Denote the
solutions with c/j/ , we have

o detCm,n —m+2, j,(a,?2a),d)
J detC(m,n —m+2, ¢)

(41)

where C(m,n —m + 2, j, (a, 2a), ¢) is that matrix we obtain when we replace
all elements of the jth column of the matrix C(m,n — m + 2, ¢) with a in the
first m — 1 rows and 2a in the last row. Then

o detC(m, 0, j, (a,2a), ¢)

_ ' 42
Jj en—m+D)id; Jeot C(m,O0, ¢) “

Consider the following difference:

e(n7m+1)i¢,/ det C(m, 0, ¢)[C;’ - C;]
1
= —5-(detC(m, 0, j,a,¢) +detC(m, 0, j, (0, a), $)) — det C(m, 0, j. a, §)
e’

- ﬁ(dew(m, 0, j, 1,¢) +det C(m, 0, j, (0, 1), ¢)) — det C(m, 0, j, a, ¢)

a . . . . .
_ idn __ Li9, _1)/tm idn __ LiP,
= | T e —emscym T @ - o)
I<g<h<m, I=g<h=m,
$;=0 g#jh#j
—a 1_[ (€' — ¢i?)
I<g<h=m,
¢j=0
a . . . .
=& T @ =] [T —n [Ta-e%
I=g<hzm, j<h=m I<g<j
8#Jh#]

+(=D = [T @ =1 [T (-

Jj<h=m I=g<j
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complex valued variant finite stop quantum language

n dimensional complex valued invariant finite stop quantum
language

2 dimensional complex valued invariant finite stop
quantum language

1 dimensional complex valued invariant finite stop
quantum language

Fig. 5. The hierarchy of complex valued quantum language inclusion.

We will prove that the right side is not equal to zero. If it were zero, then we
would have the equation:

l_[ (@ — 1) 1_[ (1 — €'%) = (=1)/+m+! (43)

j<h<m 1<g<j

Denote the left side of (43) with E(j), then
EQ2) (- e'?)

E(l) (eir —1)
That would mean:
(i — it
which contradicts our assumption of m mutually different ¢'%;. O

The hierarchy of quantum language inclusion discussed earlier is shown in
Figure 5.

7. RELATED WORKS

It has been always an interesting problem of studying the relationships be-
tween languages accepted by different kinds of automata. The research on relations
between formal languages dates back at least to Turing (1936), when he published
his fundamental paper on Turing machines. It was an early result that the languages
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accepted by Turing machines, called recursively enumerable languages, with one
or multiple tapes, are identical. Further, Shannon proved that any Turing machine
with m input symbols and » internal states can be simulated by another one with
only two input symbols and 8mn states, or one with two states and 4mn + m input
symbols (Shannon, 1956). Chomsky (1956, 1959) has studied the hierarchy of
formal grammars. Since it was shown that there exists a correspondence between
grammars and automata at different levels of this hierarchy, e.g. (Chomsky, 1959;
Chomsky and Miller, 1958; Kuroda, 1964), the hierarchy of formal grammars
presents also a hierarchy of formal languages accepted by different automata.
Among these researches, the research on regular languages accepted by finite
state automata plays an important role.

The Chomsky hierarchy is not the only hierarchy of formal languages. The
Lindenmayer system, L system for short, is a kind of parallel rewriting system
which is a result of applying the theory of formal languages to the developmental
biology (Lindenmayer and Prusinkiewicz, 1990). Each L system is a quadruple
G = (V, P, g, w), where V is a finite symbol table. w € V7 is called an axiom. g
is an environment symbol, which does not belong to the symbol table. P is a set of
production rules. The parallel rewriting of a string S in a L system means replacing
all symbols a in S with g at the same time by applying some rule «ay — B under
the context condition (&, y).

If we consider the symbols in V as cells, then the axiom is the origin of the
biological object, the productions are the rules of cell division, and the process of
rewriting is the process of cell division. The repeated execution of parallel rewriting
means the development of the biological object. A (sub-)language denotes the
development of biological specie. A language family denotes the development of
different species, which have the same origin.

Many sub families of L systems have been proposed (Rozenberg and
Salomaa, 1980). To list a few examples, they include IL systems (context-
dependent L systems), OL systems (context independent L systems), DOL sys-
tems (deterministic OL systems), PDOL systems (propagating DOL systems),
etc. The formal languages produced by these devices form a hierarchy, which
does not fit into the Chomsky hierarchy. Moreover, Lu and Zhang (2002) have
proposed generalized L systems, where the generation of L languages proceeds
not only in a way of full synchronization, but can also in an asynchronous way.
It was proved in (Lu and Zhang, 2002) that the generalized L systems are more
powerful than traditional L systems. For example, the PDOL languages form a
proper subset of GPDOL (generalized PDOL) languages. Besides, each GPDOL
system 1is characterized by a finite set F of positive integers {fi, f2,..., fau},
which denotes the different numbers of time steps needed for language gener-
ation, called fission periods. It was proved in (Lu and Zhang, 2002) that for
F; C F, the languages produced by system L; form a proper subset of those
produced by system L,. It was also proved that the sufficient and necessary
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condition for GPDOL [m, m,, ..., m;] and GPDOL [n, ns, ..., nt] to be equiv-
alent is (1) j =k, and (2) there exist common divisor & of (m, my, ..., m;)
and common divisor g of (ny,ny,...,n;), such that '"7 = "?l =1,...,J.
This shows that they form a complete hierarchy of languages (Lu and Zhang,
2002).

It is a natural idea to study the relationship between languages accepted by
quantum automata, which are explored from different points of view. Based on the
idea of von Neumann type quantum logic, Ying has studied languages accepted
by lattice valued finite state quantum automata and obtained a series of results
(Ying, 2000a, 2000b). Lu and Zheng have studied properties of lattices built by
quantum automata (Lu and Zheng, 2003), where it was proved that languages
accepted by deterministic and non-deterministic quantum automata are generally
not equivalent.

Quantum automata based on Hilbert space and probability have been stud-
ied extensively in the literature, e.g. (Kondacs and Watrous, 1997; Moore and
Crutchfield, 2000). For such automata, language hierarchies have been studied,
e.g. by Andris Ambainis et al. (1999), where a definition on finite state quantum
automata, following that given in (Kondacs and Watrous, 1997) and other than
that given in (Moore and Crutchfield, 2000) was presented. The following theorem
was proved: there is a hierarchy of regular languages such that each language in
the hierarchy can be accepted by one-way finite state quantum automata with a
probability smaller than the corresponding probability for its preceding language
in the same hierarchy. Thus, the hierarchy is characterized by the gradual increase
of values of probabilities. We have, on the one hand, proved a classification of
all quantum languages (not only a particular hierarchy of languages) accepted by
finite state quantum automata in the sense of (Moore and Crutchfield, 2000), and,
on the other hand, defined a new type of finite state quantum automata, the finite
stop quantum automata. This definition is different from both given in (Kondacs
and Watrous, 1997; Moore and Crutchfield, 2000). It is worth pointing out that in
this paper not only a hierarchy of languages, but also a hierarchical classification
of all finite stop quantum automata with respect to this definition is given. This
was just the motivation of our research.

8. CONCLUSIONS

In this paper, first we proposed a definition of finite stop quantum automata
based on Hilbert space and compared it with the finite state quantum automata
proposed by Moore and Crutchfield (2000). We proved that the languages ac-
cepted by finite state quantum automata form a proper subset of the languages
accepted by finite stop quantum automata. Furthermore, we proved the facts that
the language class accepted by n-dimensional finite state quantum automata is a
proper subclass of the language class accepted by n + 1-dimensional finite state
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quantum automata. In addition, we have introduced complex valued acceptance
degrees for quantum automata. In this way, two new types of quantum automata
have been defined and the relations between the languages accepted by them have
been discussed. It was proved that the language class accepted by invariant finite
stop quantum automata is a proper subclass of the language class accepted by
variant finite stop quantum automata. Furthermore, we have also proved that the
language class accepted by n-dimensional invariant finite stop quantum automata
is a proper subclass of the language class accepted by n 4+ 1-dimensional invariant
finite stop quantum automata. In this way we have established two infinite hierar-
chies of quantum automata: the finite state ones and the invariant finite stop ones.
The third infinite hierarchy, namely the hierarchy of variant finite stop quantum
automata, has not yet been proven and thus remains an open problem.
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