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DISCRETIZED ROTATION HAS INFINITELY MANY
PERIODIC ORBITS

SHIGEKI AKIYAMA AND ATTILA PETHO

ABSTRACT. For a fixed A € (—2,2), we study a family of discretized
rotation on Z? defined by

(@,y) = (y, =z + My)).
We prove that this reversible dynamics has infinitely many periodic or-
bits.

1. INTRODUCTION

Space discretization of dynamical systems attracted considerable interests
among researchers [9, 27, 24, 18, 6]. One motivation is to understand the
distance between original dynamics and its computer simulation through
discretized model. In this paper, we are interested in a discretized planar
rotation. It is very simple but we know surprisingly little on this discretized
system. We start with a conjecture studied by many authors, for e.g., in
[20, 25, 11] and from a point of view of shift radix system in [1].

Conjecture . For all fired =2 < \ < 2, all integer sequences (ay,) defined
by

(1) 0<api2+Aapi1+a, <1

with initial value (ag,a1) € Z* are periodic.

For (x,y) = (an, ant1), we have

(an+17 an+2) = (y7 - D: + )‘yJ )7

and it defines a map F : (x,y) — (y, — |2 + A\y|) on Z2. In other words, we
are interested in the dynamics F on Z?:

2) G) = (5 26+ (o)

where (x) = x — |z|. Since the eigenvalues of the matrix are two conju-
gate complex numbers of modulus one, this dynamics can be regarded as a
rotation having invariant confocal ellipses, acting on the lattice Z2. After
the rotation of angle § with A = —2cos 6, we translate by a small vector to
make the image lie in Z2. An affine equivalent formulation using Euclidean
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rotation is found in the next section. From the shape of the inequality in (1),
the dynamics (2) is reversible, i.e., F'(z,y) = (y, 2) implies F(z,y) = (y, z).
Thus we have ¢F~! = F¢ with ¢(x,y) = (y,z) and F is a bijection on Z2.
In other words, F' is a composition of the two involutions F'¢ and ¢.

The conjecture is supported by numerical experiments [24, 1]. It is
also expected from a heuristic ground: cumulation of errors of F™ from
the exact nf rotation is expected to be small and seemingly impossible
to avoid hitting the same lattice points. The cumulative error bound is
discussed in [18, 26]. However this problem is notorious, and our knowl-
edge is limited. We only know that Conjecture 1 holds for 11 values A =
0,41, (£1+/5)/2, £v/2,+/3, see [2, 20, 1]. Apart from three trivial cases
0,+1, the proof is highly non trivial and uses the self-inducing structure
found in the associated planar piecewise isometry when /7 is rational and
A is quadratic. If /7 is rational, then we can embed the problem into piece-
wise isometry acting on a certain higher dimensional torus (see [20, 17], and
also [4, 5] for connection to digital filters). Piecewise isometries have zero
entropy [12], but we know little on their periodic orbits [14]. It is noteworthy
that a certain piecewise isometry generated by 7-fold rotation in the plane
is governed by several self-inducing structures [19, 15, 3], but it is irrelevant
to the map F'. If A is a rational number whose denominator is the power of
a prime, then the dynamics is understood as the composition of p-adic rota-
tion and symbolic shift in [10], but it seems difficult to extract information
on periodic orbits through this embedding. At this stage, we are interested
in giving a non trivial general statement for this dynamics. In this note, we
will show

Theorem 1. For all firzed X € (—2,2) there are infinitely many periodic
orbits of the dynamics (2) on Z2.

More precisely, we prove that there are infinitely many symmetric periodic
orbits (see §3 for the definition). See Corollary 3 in §6, for a qualitative
statement. Theorem 1 is new for all A except the above 11 values, and gives
another support of the conjecture. Note that the idea of observing sym-
metric periodic orbits dates back to G. Birkhoff, who showed the existence
of infinitely many symmetric periodic orbits for the restricted three body
problem [7, 8], whose dynamics is composed of two involutions.

Adding a counting technique of lattice points in number theory, we can
generalize Theorem 1 to the sequences generated by:

N < Gpg2+ Aapr1 +a, <1—n

for a fixed n € R, as in §6, Theorem 2. It covers a significant class of
discretized rotations, but we do not know how large is this two parame-
ter family within the set of all invertible discretized rotations in Z2, up to
conjugacy.

We say p = p(x,y) > 0 is the period of (F"(z,y))nez, if it is the smallest
positive integer p with FP(z,y) = (x,y). If there is no such p, then p(z,y)
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is not defined. It is remarkable that the distribution of periodic orbits dras-
tically changes by whether 6/ is irrational or rational. We have

Lemma 1. Let 0/ be irrational and p is a positive integer. Then there are
only finitely many periodic orbits of period p.

This fact follows from Theorem 2.1 of [24] but we give a quick proof in §5.
On the other hand, if /7 is rational, in view of the above torus embedding,
it is natural to obtain infinitely many periodic orbits of period p, which fall
into the same period cell. Theorem 4.3 in [1] gives a concrete example of
infinite periodic orbits of period p for § = (1 — 1/p)7 with an odd prime p.

By Theorem 1 and Lemma 1, we know that there exist arbitrary large
periods, if /7 is irrational. We expect the same to hold for all A # 0, +1,
but there are proofs only for the above eight quadratic cases.

2. SETTING AND STRATEGY

Let A\ = —2cos 6 where 6 is a real number in (0, 7) and let Q = <_ san@ cols 9) .
Our transformation on Z2 : (x,y) = (X,Y) is written as
X 0 1 x 0

)= ) 6)+6)
with g € [0,1). Since

cos —sinf\ 1 (0 1

Q <sin0 cos @ ) @ = <—1 —)\> ’
we view this algorithm as
1 (X\ [cos® —sinf\ 4 [z 1 (0

(3) Q (Y ~ \sinf  cos# @ Y +@ W)
Thus it is the dynamics acting on the lattice £ = <_ cg ¢ 9) 7 + colt o Z

written as the composition of the Euclidean rotation of angle 6 followed by

a small translation
<cot 9)
Vi VE U 1

with p € [0,1). Let R be a positive real number and B(R) be a ball of
radius R centered at the origin. Define a trap region T(R) by

T(R) = {m+y (Colt0>

The situation is demonstrated in Figure 1.

Now we explain the strategy of the proof. It is clear from the description of
the dynamics, that every unbounded orbit starting from a point in £LN B(R)
must visit at least once the trap region T'(R). Assume that there are only
finitely many periodic orbits of (3). Since we are dealing with dynamics on
the lattice L, periodicity of an orbit is equivalent to its boundedness. We

z € B(R),y € [0, 1)} \ B(R).
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FIGURE 1. Trap Region

argue by contradiction: the assumption that there are just a finite number
of periodic orbits would imply that, for R > 1, the number of lattice points
in T(R) are strictly less than the number of symmetric unbounded orbits
starting from B(R), which is impossible.

3. LOWER BOUND OF UNBOUNDED ORBITS

Symmetric periodic orbits of time-reversal dynamics had been studied for
a long time. We shall make use of a well-known property which may belong
to a folklore. Let (a,) be a bi-infinite integer sequence and b be an integer.
We say that (a,) is periodic, if a,1p = a, hold for all n. The sequence (a,,)
is symmetric at b/2, if ap_,, = a, holds for all n, and it is doubly symmetric
if it is symmetric at b1 /2 and be/2 with by # bs.

Lemma 2. If a sequence is doubly symmetric then it is periodic. Moreover
symmetric and periodic sequences are doubly symmetric.

Proof. Assume that (a,) is symmetric at by and be with by # ba. Then
Aptby—b, = Aby—n = An. Let (a,) be periodic of period b and symmetric at
c. Then a.—p—p = apip = ap. [l

In fact, this lemma is a restatement of Theorems 1 and 2 in [13], where
symmetric periodic orbits of time reversal dynamics composed of two invo-
lutions are studied. The reader finds precise description on such periodic
orbits there.

Let (z,y) € Z2. To the bi-infinite orbit (F™(x,y))nez We can associate
uniquely the bi-infinite sequence (a,,) consisting of the 1-st coordinates of
the elements of the orbit. It is clear that (F"(x,y)) is periodic if and only if
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(an) is periodic. Hereafter we identify the orbit (F™(z,y)) and the bi-infinite
sequence (a,) and say that an orbit (F"™(z,y)) is symmetric if (a,) is so.
Assume that (ay,) is symmetric at b/2. If b is odd, then ap_1)/2 = a(p41)/2
and the orbit is of the form:

.. '503762)017X3chl)027c37 e

with some X € Z and a sequence (c,) C Z. Clearly (c,) is determined by
X. Such orbits are in Fix(¢), the set of orbits fixed by the involution ¢. If
b is even, then ay/3_1 = ap/p41 and the orbit is of the form

s 7637027017X7Y7X7017027C37 v

for some X,Y € Z and (¢,) C Z. Of course (c,) is determined by X and
Y. These orbits belong to Fix(F¢), the set fixed by the other involution
F¢. By Lemma 2, each periodic orbit of (F™(z,y)) is doubly symmetric. It
belongs to the same fix point set if the period is even, and to the different
fix point sets if the period is odd.

Remark 1. Not all orbits are symmetric. For e.g., if A = (1 + /5)/2 then
we have

<_174) - (47 _6) - (_675) — (57 _3) - (_37 _1) — (_174)
We do not know a way to estimate from below the number of asymmetric
orbits.

By our assumption of reductio ad absurdum, there exist only a finite
number, say C1, of periodic orbits. For any R, the number of points in
L N B(R) whose orbits are periodic is less than Cj.

3.1. Unbounded orbits in Fix(¢). Let (a,) be an unbounded orbit in
Fix(¢). By Lemma 2, (ay,) can not be doubly symmetric, which implies that
two orbits starting from different fixed points in £ never intersect. Apart
from a finite number of exceptions, points of the form

X (_ Cgce> +X (Colt 9> € £ B(R)
generate distinct unbounded orbits. From

X2 (—csch +cot0)® + X2 < R?,

we conclude that there are at least 2R cos(6/2) — C; unbounded orbits in
Fix(¢) starting from £N B(R).

3.2. Unbounded orbits in Fix(F'¢). Similarly, by Lemma 2, (a,) can not
be doubly symmetric. So, by (1), our task is to count the number of the
pairs (X,Y) which satisfy

(4) 0<X+AY+X<1

and

(5) X (‘ o 9) 4y (Colt 9) € B(R).
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For this computation, we substitute the inequality (4) by
(6) -1<X+ANY+X<1

and count the number of pairs (X,Y") satisfying (6) and (5). It is clear that
for a fixed Y, there is a unique X which satisfies (6). Since X =Y cosf+¢
with |e] < 1/2, we have

2
€
< R?
sin?6 —
from (5), and we have at least 2R — Cy such points with a non negative

constant Cs.
If A is irrational, then there is no (X,Y’) # (0,0) which satisfies either

—1=2X+2XY or 0=2X+4)\Y.

Using the symmetry (X,Y) «+» (=X, —Y), we see that the number of (X,Y")
with (5) and

(7) (Ycot — Xesch)? +Y2=v2 4

-1<X+ANY +X <0

is exactly one less than the number of (X,Y") with (4) and (5), which counts
the origin. Thus the number of (X, Y") having (4) and (5) is at least R—C/2.

If X is rational, then we additionally have to take care of the points (X,Y)
on the line —1 =2X + AY and 0 = 2X + \Y. However we can easily show
that the number of (X,Y) with (5) on the line —1 = 2X + AY and the
one on the line 0 = 2X 4+ A\Y differ only by some constant. Thus in any
case, there are at least R — C3 unbounded orbits in Fix(F¢) starting from
L N B(R) with a non negative constant Cj.

4. LATTICE POINTS IN THE TRAP REGION

By construction, if the trap region T'(R) and the line z = ycot § + ¢ has
non empty intersection, then it is a half-open interval of length csc§. Thus
if the line x = ycot 0 + ¢ intersects £ N T(R) then it is a single point. The
lattice L is covered by a family of parallel lines:

E={x=ycotld —kcscl | k € Z}.

We easily see that the distance between adjacent lines of = is 1. Thus there
are exactly 2| R] + 1 points in LNT(R).

Remark 2. If 6 < 27/3, then 2R cos(0/2) — C1 + R — C3 > 2R + 1 holds for
sufficiently large R and we immediately obtain the desired contradiction.

Let us take into account the reversibility of F. Since we are dealing with
unbounded symmetric orbits starting from £ N B(R), if (an,an+1) = (C, D)
then there is an index m such that (ap,, amy1) = (D,C). Let & : L+— L be

defined as follows
—csch cot 8
=Y 0 +x 1 .

—csch cot @
@.x( 0 )—i—y( 1)
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If an orbit visits ®(T(R)) N T(R) then the number of visits is at least two.
In other words, we only have to count the number of lattice points up to
this symmetry by ® in T'(R).

The mapping ® is the reflection with respect to the vector <_ os¢ 01+ cot 9) ,
—csct cot 6
because the two vectors 0 and 1 have the same length. Thus

the reflection ® leaves the vector (_ sin(0/ 2)) =

—cscf + cot 6
cos(0/2)

1 ) cos(6/2)
invariant.

To make computation easy, we rotate T'(R) and £ by —6 and present the
situation in Figure 2. T(R)’, L are the images by this rotation and V¥ is

FIGURE 2. Symmetry of the trap region

the corresponding reflection. Then every line y = k with k£ € Z N [-R, R|
contains a single point in £’ NT(R)" and the reflection ¥ leaves the vector

(oty ) (o)) = (mce/2))
invariant.

So our task is to estimate from above the number of lattice points in
L' NT(R)" which are below the line y = x cot(6/2). The intersection of the
line and the boundary of T'(R)" with the largest y-coordinate is

0 1 1 0 0 0 1 1
2qin2 [ 2 ) = 2 4 = z z 2¢0in2 (2 ) — 2 4L =
<\/R sin <2> 4+2tan2,cot2\/R sin <2> 4+2>
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and we have

0 0 1 1 0 1 1
2 o2 _ .
cotz\/R sSin <2) 4+2—Rcos <2>+2+O( >

We count the number of points whose y-coordinate does not exceed this
value, i.e., the points in the shaded part in Figure 2. Thus the number
of lattice points up to symmetry in £ N T(R) is bounded from above by
R+ Rcos(6/2) + C4 with a non negative constant Cy.

5. PROOF OoF THEOREM 1 AND LEMMA 1

From the assumption that there are only finitely many periodic orbits, we
derived several estimates in the previous sections. By Lemma 2, unbounded
orbits in Fix(¢) and those in Fix(F¢) have no intersection. Thus

2Rcos(0/2) —C1 + R —Cs
distinct unbounded orbits must visit 7'(R) and there are only
R+ Rcos(6/2) + Cy
lattice points in LN T(R) up to symmetry. However
2Rcos(0/2) —C1+ R—C3 < R+ Rcos(0/2) + Cy

does not hold for sufficiently large R. The proof of Theorem 1 is finished.
Let us show Lemma 1. Assume that there are infinitely many (x,y) that
FP(z,y) = (x,y) with p > 2. By induction using (3), we have

. P
u) _ (cospfd —sinpd\ (u ‘
(v) N <sinp0 cos pb ) <v> +z;vl
1=
where (g) € L and ||v;]| < csc6. Here ||-|| is the Euclidean norm. However

if <Z> is sufficiently large, then

w\ [(cospfd —sinpd\ (u
v sinpf  cospb v

Here ¢ is computed as the operator norm:

u
(v) H > pcesch.

1
c= —
H <1 — cos pl sin pd >

—sinpfd 1 — cospb

which is positive since 6/ is irrational. This gives a contradiction.
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6. GENERALIZATION
One can generalize the result to the sequences defined by:
- < apy2+ Aapt1 +ap <1 —n,
with 7 € R. This kind of interval shifts are studied, for e.g., in [17, 21]. In

complete analogy to our main result, we have

Theorem 2. For a fizred A € (—2,2) and n € R, there are infinitely many
periodic orbits of the dynamics

(8) (xay)%(ya_t)‘y'i_x"’_nJ)
on 72.

We can deduce a qualitative statement:

Corollary 3. There is a positive constant C depending on A and n such
that within B(R), there are at least CR periodic orbits of (8).

Hereafter we sketch the proof of Theorem 2 and Corollary 3. Putting
k =mn/(2+ A), the inequality becomes

0 < (ant2 + k) + Aan+1 + k) + (an + K) < 1.

Therefore by substituting £ with £ = £ + Q™! <':>, our algorithm has

exactly the same shape as (3). Though the error term becomes worse than
the one in §4, we can show that the number of lattice points of £’ up to
symmetry within the trap region is

R+ Rcos(0/2) + O(R/3F¢)

for any positive constant e. Here we used the method of Vinogradov to count
the number of lattice points in the cylindrical region bounded by curves of
positive curvature, for e.g., see p.8-22 of [23] or [22, 16].

Similarly to §3, there are 2R cos(6/2) — Cy unbounded orbits in Fix(¢).
We count unbounded orbits in Fix(F¢), i.e., the number of (X,Y’), which
satisfy:

(9) AY/2 mod 10 [—/2, (1 - n)/2) £ 0
and (7).

If A\ is irrational, then (A/2)Y mod 1 is uniformly distributed and the
number of such Y’s is R+ o(R). When A is rational, put A\/2 = p/q with
(p,q) = 1. Then (A\/2)Y =i/qmod 1 for i € {0,1,...,q— 1} with the same
frequency 1/q.

Let us study the case that ¢ is even. Since

{i/qmod 1} N [-n/2, (1 —n)/2)
has cardinality ¢/2, the number of points with (9) and (7) is again R+o(R).
Once we have this estimate R + o(R) then

2Rcos(0/2) — C1 + R+ o(R) < R+ Rcos(0/2) + o R*/*+)
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does not hold for sufficiently large R. Here C appears only once in the left
side, because it is the number of periodic orbits of the system. We obtain
the contradiction for R > 1.

It remains to show the case when ¢ is odd. Then

{i/gmod 1} N[=n/2, (1 —n)/2)
has cardinality either (¢—1)/2 or (¢+1)/2 depending on 7. Thus the number
of unbounded orbits in Fix(F¢) is bounded from below by R — R/q + o(R).
Thus we have to show that
2Rcos(0/2) — C1 + R — R/q+ o(R) > R+ Rcos(/2) 4+ o( R¥3+¢)
for large R. This is valid because

cos(0/2) > 1/q

holds for g > 2, since cos(6/2) = /(1 + cos(9))/2 = /(1 — p/q) /2.

The validity of statement of Corollary 3 is invariant under affine trans-
formations fixing the origin, up to appropriate changes the constant C. To
prove Corollary 3, note that we may take

Cy=(1—¢)R(cos(0/2) —1/q)

with a small € > 0 in the above proof to get the same contradiction. Here
the term —1/q is necessary only in the last case of the proof.

7. ACKNOWLEDGMENTS

We are grateful to Franco Vivaldi for giving us comments and references
of the earlier version of this article. The first author moved from Niigata
University to the current address in August 2012. The paper was written,
when the second author was visiting Niigata University as a long term re-
search fellow of JSPS. Both of us wish to express our deep gratitude to all the
staffs in Department of Mathematics, Niigata University and the support
from JSPS.

REFERENCES

[1] S. Akiyama, H. Brunotte, A. Pethd, and W. Steiner, Remarks on a conjecture on
certain integer sequences, Periodica Math. Hungarica 52 (2006), 1-17.

2] , Periodicity of certain piecewise affine planar maps, Tsukuba J. Math. 32
(2008), no. 1, 1-55.

[3] S. Akiyama and E. Harriss, Pentagonal domain exchange, submitted.

[4] P. Ashwin, Elliptic behaviour in the sawtooth standard map, Phys. Lett. A 232 (1997),
409-416.

[5] P. Ashwin, W. Chambers, and G. Petrov, Lossless digital filters overflow oscillations:
approxzimations of invariant fractals, Inter. J. Bifur. Chaos 7 (1997), 2603-2610.

[6] V. Berthé and B. Nouvel, Discrete rotations and symbolic dynamics, Theoret. Com-
put. Sci. 380 (2007), no. 3, 276-285.

[7] G.D. Birkhoff, The restricted problem of three bodies, Rendiconti del Circolo Matem-
atico di Palermo, 39 (1915) no. 1, 265-334.




DISCRETIZED ROTATION HAS INFINITELY MANY PERIODIC ORBITS 11

[8] G. D. Birkhoff, Dynamical systems, With an addendum by Jurgen Moser. American
Mathematical Society Colloquium Publications, Vol. IX, American Mathematical So-
ciety, Providence, R.I., 1966.

[9] M. Blank, Pathologies generated by round-off in dynamical systems, Phys. D 78
(1994), no. 1-2, 93-114.

[10] D. Bosio and F. Vivaldi, Round-off errors and p—adic numbers, Nonlinearity 13
(2000), 309-322.

[11] H. Bruin, A. Lambert, G. Poggiaspalla, and S. Vaienti, Numerical analysis for a
discontinuous rotation of the torus, Chaos 13 (2003), no. 2, 558-571.

[12] J. Buzzi, Piecewise isometries have zero topological entropy, Ergodic Theory Dynam.
Systems 21 (2001), no. 5, 1371-1377.

[13] R. DeVogelaere, On the structure of symmetric periodic solutions of conservative
systems, with applications, Contributions to the theory of nonlinear oscillations, Vol.
IV, Annals of Mathematics Studies, no 41, Princeton University Press, Princeton,
N.J., 1958, pp. 53-84.

[14] A. Goetz, Piecewise isometries - An emerging area of dynamical systems, Fractals in
Graz 2001 (P. Grabner and W. Woess, eds.), Birkhauser, 2002, pp. 135-144.

[15] A. Goetz and G. Poggiaspalla, Rotations by 7/7, Nonlinearity 17 (2004), no. 5, 1787—
1802.

[16] M. N. Huxley, The area within a curve, Proc. Indian Acad. Sci. Math. Sci. 97 (1987),
no. 1-3, 111-116 (1988).

[17] K. Koupstov, J. H. Lowenstein, and F. Vivaldi, Quadratic rational rotations of the
torus and dual lattice maps, Nonlinearity 15 (2002), 1795-1842.

[18] V. Kozyakin, N. Kuznetsov, A. Pokrovskii, and I. Vladimirov, Some problems in
analysis of discretizations of continuous dynamical systems, Proceedings of the Second
World Congress of Nonlinear Analysts, Part 2 (Athens, 1996), vol. 30, 1997, pp. 767—
778.

[19] J. H. Lowenstein, K. L. Koupstov, and F. Vivaldi, Recursive tiling and geometry of
piecewise rotations by /7, Nonlinearity 17 (2004), 371-395.

[20] J.H. Lowenstein, S. Hatjispyros, and F. Vivaldi, Quasi-periodicity, global stability and
scaling in a model of hamiltonian round-off, Chaos 7 (1997), 49-56.

[21] P. Surer, e-shift radiz systems and radiz representations with shifted digit sets, Publ.
Math. Debrecen 74 (2009), no. 1-2, 19-43.

[22] 1. M. Vinogradov, Elements of number theory, Dover Publications Inc., New York,
1954, Translated by S. Kravetz.

[23] , Selected works, Springer-Verlag, Berlin, 1985.

[24] F. Vivaldi, Periodicity and transport from round-off errors, Experiment. Math. 3
(1994), no. 4, 303-315.

[25] | The arithmetic of discretized rotations, p-adic mathematical physics, AIP
Conf. Proc., vol. 826, Amer. Inst. Phys., Melville, NY, 2006, pp. 162-173.

[26] F. Vivaldi and 1. Vladimirov, Pseudo-randomness of round-off errors in discretized
linear maps on the plane, Int. J. of Bifurcations and Chaos 13 (2003), 3373-3393.

[27] 1. Vladimirov, Quantized linear systems on integer lattice: frequency-based approach,
(1996), 1-37, Centre for Applied Dynamical Systems and Environmental Modeling.

INSTITUTE OF MATHEMATICS, UNIVERSITY OF TSUKUBA, TENNODAI 1-1-1, TSUKUBA,
IBARAKI, 305-8571 JAPAN
E-mail address: akiyama®@math.tsukuba.ac. jp

DEPARTMENT OF COMPUTER SCIENCE, UNIVERSITY OF DEBRECEN, P.O. Box 12,
H-4010 DEBRECEN, HUNGARY
E-mail address: petho.attila@inf.unideb.hu



