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Abstract. An (n X n) matrix A = (a;;) is called a Toeplitz matrix
if it has constant values along all diagonals parallel to the main
diagonal. A directed Toeplitz graph is a digraph with Toeplitz ad-
jacency matrix. In this paper we discuss conditions for the existence
of hamiltonian cycles in directed Toeplitz graphs.
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1 Introduction

A directed or undirected Toeplitz graph is, by definition, a graph with a
Toeplitz adjacency matrix. A Toeplitz matrir, named so after Otto Toeplitz
(1881-1940), is a square matrix which has constant values along all diago-
nals parallel to the main diagonal, i.e., a matrix of the form

ag a) as vee QGpn_2 Qp-1
a-i Qo ay ... Gp-3 Gn-2
a a. a ... Qpn—q Qn-3
Gopntl CGen42 Gupy3 ... Q) Qqp
Thus, Toeplitz matrices are defined by 2n — 1 numbers a;, where i =
-n+1,...,-1,0,1,...,n—-1.
A Toeplitz matrix is called a circulant matriz ifa; = a;_, (i=1,...,n—

1).

A directed or undirected graph whose adjacency matrix is circulant is
called circulant.

Circulant graphs and their properties such as connectivity, hamiltonic-
ity, bipartiteness, planarity and colourability have been studied by several
authors (see [1], (2], [4], [9], [11], [12], [13] and [8]). In particular, the con-
jecture of Boesch and Tindell [1], that all undirected connected circulant
graphs are hamiltonian, was proved by Burkard and Sandholzer [2].
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Properties of Toeplitz graphs, such as bipartiteness, planarity and coloura-
bility, have been studied in [5], [6], [7]. Hamiltonian properties of undirected
Toeplitz graphs have been investigated in (3] and [10]. We intend here to
extend this study to the directed case. The main purpose of this paper is to
offer sufficient conditions for the existence of hamiltonian cycles in directed
Toeplitz graphs. Since all graphs from now on will be directed, we shall
omit mentioning it. We shall consider here just graphs without multiple
edges and without loops, because multiple edges and loops play no role in
hamiltonicity investigations.

For a graph G, as usual, V(G) will denote its vertex set and E(G) its
edge set. A graph C with V(C) = {vy,...,vn} and E(C) = {(v1, v2), (v2,v3),
«++s(Un=1,7n), (vn,v1)} is called a cycle. (Of course, v; # v; for all distinct
i, j.) A cycle minus one edge is called a path. A graph G’ is called a subgraph
of G if V(G') € V(G) and E(G’) C E(G). If moreover V(G') = V(G), ¢’
is said to span G. If G’ spans G and is a cycle or a path, it is also called
hamiltonian. Any graph possessing a hamiltonian cycle is itself called hamil-
tonian, too.

The main diagonal of an (n x n) Toeplitz adjacency matrix will be la-
beled 0 and it contains only zeros. The n — 1 distinct diagonals above the
main diagonal will be labeled 1, 2,...,7 — 1 and those under the main di-
agonal will also be labeled 1, 2,...,n—1. Let s;, 8,...,8 be the upper
diagonals containing ones and ¢;, ¢2,...,% be the lower diagonals contain-
ing ones, such that 0 < s < s < .- < sp <nand 0 <t <t <
-+- < #; < n. Then, the corresponding Toeplitz graph will be denoted by
Tr{s1,82, .-+ Skit1,yt2y ..., t). That is, T,(s1,82,...,8k;t1,82,...,4) is the
graph with vertices 1, 2,

...,n, in which the edge (%, j) occurs if and only if j —i = s, or i—j = t, for
somepandq (1 <p<k,1<q<!). Theedgesof T;,{s1, S2,...,8k;t1,%2,..., 1)
are of two types: increasing edges (u, v), for which « < v, and decreasing
edges (u, v), where u > v. We define the length of an edge (u,v) to be
|u—v|. Moreover, we define [u, v] = {u, u+1,...,v—1, v}, where u,v € Z*.
Clearly, any increasing edge has length s, for some p, and any decreasing
edge has length ¢, for some g.

Suppose H is a hamiltonian cycle in T,{s1, s2,. .., 8k; t1,%2,...,t). Then
the vertices 1 and n determine in H two paths: H;_,, from 1 ton and H,,_,;
from n to 1. The hamiltonian cycle H is of course determined by the paths
H 1—n and Hn-—vl-

Remark that Ty (si,...,si;t1,...,t;) and Tp(t,...,tj;81,...,8;) are
obtained from each other by reversing the orientation of all edges.

Connectivity and hamiltonicity results obtained in the undirected case
for a Toeplitz graph have a direct impact on the directed case. So connected-
ness of T, (s1, - - - Skjt1, .- ., 1) means precisely connectedness of T, (s, . . . , Sk,
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t1,...,%) (with duplicates dropped). Hamiltonicity of T, (¢, s, . . ., ¢;) means
hamiltonicity of Tn(tl, AN 71 T ,ti).

2 Toeplitz graphs with s = 2

Toeplitz graphs with s; = 1 (or ¢; = 1) obviously have a hamiltonian
path. The Toeplitz graph T,,(1;n — 1) is itself a cycle for all n > 1. In this
section we ask moreover that s; = 2.

We characterize here the hamiltonian Toeplitz graphs T,(1,2;¢,) with
even t; or t; = 3. For ¢; = 5 we establish that, with finitely many excep-
tions, all T},(1, 2; 5) are hamiltonian. Similar results are obtained for all odd

t, =17

Theorem 1. T,(1,2;¢;) is hamiltonian if n = +1 (mod t;) and t; > 4.
Proof. Suppose n = gt; + 1, where ¢ € Z*. Then a hamiltonian cycle in
Ta(1,2;t) is

(1, 2,...,8, t1+2, t;+3,...,2t;, 26142, 2¢1+3,..., (g—Dt1, (g—1)t1+2,
(q_]-)tl +3’ R (31 qtl+1a (q—l)tl"'l! (q_2)t1+1: ey 2tl+1, t1+1a 1)

(see Figure 1 for the case t; = 5 and ¢ = 3).

Fig. 1. A hamiltonian cycle in T35(1, 2; 5).

Next let n = r¢t; — 1 , where » € Z*. Then a hamiltonian cycle in
Ta(1,2;¢4) is

(1,2,...,t1 =2, 8, t1+2, 81 +3,...,2t1 -2, 2t;, 2t +1,...,3t1 -2, 3¢,
3t1+1,...,(1‘—1)t1—2, (T—l)tl, (r—l)t1+1,...,rt1—1, (r—1)t, -1,
a2t —1,4 -1, 4 +1,1)

(see Figure 2 for the case t; =5 and r = 4). O
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Fig. 2. T19(1,2;5).

Theorem 2. For event;, T.{1,2;t1) is hamiltonian if and only if n is odd.

Proof. Let t; = 2m; m € Z*. Suppose n is odd and let n = no (mod 2m)
where 2m < ng < 4m. Then ng — 2m is odd.

First assume that n = ng. If ng — 2m = 1, then T,,(1,2;2m) has a
hamiltonian cycle by Theorem 1, the proof of which shows that the cycle
contains the edge (ng — 1, ng).

For ng — 2m > 1, a hamiltonian cycle in T;,,(1,2;2m) is

1,2,...,n0—2m—-1,np—-2m +1,...,2m, 2m +2, 2m + 3,
eeoyno—1,n0,n90—2m, np —-2m+2,...,2m—-1,2m+1,1)

(see Figure 3).

l‘-ln-!

Fig. 3. T,,,(1,2; 1), for even t;.

We have underlined the vertices ng — 1, ng to emphasize that (no —1,7ng) is
an edge in the hamiltonian cycle. For nn = ng + 2m, we have 4m < n < 6m.
We transform the hamiltonian cycle in T;,,(1,2; 2m) to a hamiltonian cycle
in T,(1,2; 2m) by removing the edge (no — 1,710) and introducing the path

(no—1,n0+1,n0+2,...,n—1, n, ng)

(see Figure 4).
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Fig. 4. Thopno+2m(1,2; 1), for even ¢;.

Suppose T,(1,2;2m) is hamiltonian for n = ng + ¢(2m) and for some
positive integer q. We shall prove by induction on ¢ that T, (1,2;2m) has
a hamiltonian cycle containing the edge (n — 1,n). For ¢ = 1, the claim
was verified above. Assume it is true for g, so (n — 1,n) is an edge in
a hamiltonian cycle of T,(1, 2; 2m). Then we transform this cycle to a
hamiltonian cycle in Ty 42m (1, 2; 2m), by replacing the edge (n — 1,n) by
the path

(n—-1,n+1,n+2,...,n+2m—1,n+2m,n).

Conversely, suppose H is a hamiltonian cycle in T},(1,2;2m). Then H
is of course determined by the paths H;—,, and H,,_,;.

Since Hj—.n cannot use an increasing edge of length greater than 2,
H,, _,) cannot use any increasing edge of the type (v,v +1). Hence H, .,
uses only edges of even length, and therefore vertices of the same parity,
and this implies that n is odd. O

Theorem 3. T,(1,2;3) is hamiltonian if and only ifn = 5 orn = 1 (mod 3).
Proof. It is easily seen that T5(1,2;3) has the (unique) hamiltonian cycle
@,3,5,24,1).

Suppose now n = 1+ 3¢, ¢ > 1. Then a hamiltonian cycle in T,,(1,2; 3)
is

(1,2,3,5,6,8,9,...,3¢ - 1,3¢,3¢+ 1,3(¢g — 1) + 1,3(g— 2) + 1,...,7,4,1)

(see Figure 5 for the case n = 25).
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Fig. 5. T2s(1,2;3).

Conversely, suppose n # 5 and T,,(1,2;3) has a hamiltonian cycle H.
Then H,,_,; uses edges of length 3 only, because no edge of H;_,,, has length
larger than 2. This implies that n — 1 is a multiple of 3. m|

Theorem 4. T,(1,2;5) is hamiltonian for all n > 29.
Proof. We take representatives 6, 9, 17, 25, 33 in the rest classes modulo
> For n € {6, 9, 17, 25, 33}, Tr(1,2;5) has the following hamiltonian cy-
cle containing the edge (n — 1, n).
n=6 (1,2,3,4,5,6,1),
n=9 (1,2,3578,9,46,1),
n=1T7:
(1,2,8,5,7,8,10,11, 13, 15, 16, 17, 12, 14, 9, 4, 6, 1),
n = 25:

1,2,3,5,7, 8,10, 11, 13, 15, 16, 18, 19, 21, 23, 24, 25, 20, 22,
17,12, 14, 9, 4, 6, 1),

n=33:

1,2,3,5,7, 8,10, 11, 13, 15, 16, 18, 19, 21, 23, 24, 26, 27, 29,
31, 32, 33, 28, 30, 25, 20, 22, 17, 12, 14, 9, 4, 6, 1)

(for n € {17, 25, 33} see Figures 6-8).
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Fig. 7. T25(1,2;5).

12 3:4555' 52 8 26 2;233530';1 2 33

Fig. 8. Ts3(1,2; 5).

Starting from the above values of n, we can extend a hamiltonian cy-
cle in T,(1,2;5) containing the edge (n — 1, n) to a hamiltonian cycle in
Tn45(1,2;5) with the same property by replacing the edge (n — 1, n) with
the path

(n-1,n+1,n+2,.,n+4, n+5,n).

Since 6,17, 33,9, 25 are representatives in each of the various rest classes
modulo 5, it follows that T,,(1,2; 5) is hamiltonian for all n > 29. a

We need the following technical lemmas for the proof of Theorem 5.

Lemma 1. Let m be a positive odd integer, and n an integer larger than
m. Then there exist non-negative integers q, v such that n =1+ qm — 2r,
g and n have opposite parity, andr < m —1.

Proof. By the division algorithm,
n=gqm+r; 0<ry <m-1.

Two cases arise:
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Ifry=1,wewriten=1+qm.
If ry > 1, we write n = 1 4+ (g1 + 2)m — 2(m — (ry — 1)/2).

Case 2 (n and q; have same parity)
In this case 7, is even and we write

n=14+(q +1)m-2((m+1-m7)/2).
0

Lemma 2. Lett) > 5 be an odd integer. Then T,(1,2;t;) is hamiltonian
if n can be written as
n=14qt; — 2,

t1—3
for some non-negative integers q and r, where r £ 1 5 [gj
t1 —3

7 This is

Proof. First, write r = r1 + 712 + ... +1g/2) with r; <
£t —
possible, because r < 1 3 3 [%J.
Claim: If M C [1, n] includes {1, n} and contains no pair of succes-
sive numbers, then there is a path H;_,, hamiltonian in the subgraph of
Ta(1,2;t1), spanned by

(11, ]\ M)U {1, n}.

This claim is rather obvious, as we have at our disposal increasing edges of
both lengths 1 and 2.

We concentrate now on the proof of the existence of a path H,—,; C
T.(1,2;t,) such that the set M = V(H,_,;) verifies the hypotheses of the
claim (see Figure 9 for the case t; =9 and n = 25).

Fig. 9. T»5(1,2;9), M = {1,4,6,8,10,13,16,18,20,22,25}, r = 6, ¢ = 4.
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With the claim in mind, it is clear that H,_,; cannot use any increasing
edge of length 1. So, it will use r increasing edges of length 2 and q decreas-
ing edges of length ¢, in the following way. Between the first decreasing
edge (of length ¢;) and the second decreasing edge we insert r; < (t; —3)/2
increasing edges of length 2. Between the third and the fourth decreasing
edges we again insert r < (t; —3)/2 increasing edges of length 2. In general,
between the (2 —1)-th and 2i-th decreasing edges we insert r; < (¢; —3)/2
increasing edges of length 2. Altogether H,_,; uses g decreasing edges and
T =r1+r2+... + 7|42 increasing edges (of length 2).

This construction leads, after the use of all ¢ decreasing edges and the
intermediate ) r; increasing edges to the final vertex 1, because

n—l=gt; —2(ri+r2+... +rl0/21)'

Since V(H,—1) contains no pair of consecutive numbers, the claim yields
a hamiltonian cycle Hy_,, U H,,; in Tr(1,2;¢;). o

Theorem 5. Lett, > 7 be an odd integer. Then T,,(1,2;t,) is hamiltonian
for alln > 3ty + 5. ‘

Proof. Asn > t;, we can apply Lemma 1 and write n = 14qt; —2r, where
q and n have opposite parity. Also, by Lemma 2, T,,(1,2;¢,) is hamiltonian
ifogr< EIT—- [g_l We now verify these inequalities. Two cases arise as
per parity of n.

Case 1. n > 3t; + 5 is even.
Indeed, for n € [3t; + 7, 5¢; + 1], if we write

n=1+05¢t —2r,
h
we have 1+5t—n
r=——7p — 20
145t —
andr= 217" 4 3 because n > 3ty +7;

SO,T<t1—3='1—2§I_§J.
Now for n € [5¢; + 3, 7t; + 1), if we write
n=14T7H - 2r,
we have

r=1+7;1—n20
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mdr:-l—ik—<t1—l becausen 5ty + 3;

2
so, r < 6 — 1< (tl - 3)( ) = LEJ.
Similarly for all n > 7¢; + 3, we can write n = 1 + gt; — 2r, for some

odd integer ¢ > 9 and 0 € r<t1—1<t12—3|.%_|-

Case 2. n > 3t; +5 is odd.
Indeed, for n € [3t; + 6, 4¢; + 1), if we write

n=1+4t; —2r,
h
we have 144t —n
=—2—>0
andr=1+4;l_n<t12— because n > 3t + 6;
t1—5
so, 7 < = <t — 3———[]

Now, for n € [4t, + 3, 6t; + 1], if we write

n=1+6t —2r,
we have 146t —n
=—— 20
mdr:l-igl_-— t1—1 beca.usen 5t1 + 3;
so, 7 <t —1< (t1— 3)()— lJ
Similarly fora.lln>6t1+3 we can wnten—l+qt1—2r, for some

eveninteger g 28 and 0K r <t - 1< |_ _|
Thus the conditions of Lemma 2 are venﬁed in both subcases. This
finishes the proof. o
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3 Toeplitz graphs with s3 = 3

In the previous section we saw that the hamiltonicity behaviour of
T.(1,2;t,) strongly depends upon the parity of ¢; and n. In this section
we require s3 = 3. This strong requirement allows us to obtain the hamil-
tonicity of T, (1,2, 3;¢;) for all ¢; > 3 and for all n (Theorem 7).

Among the Toeplitz graphs T, (1,2,3;1), only T4(1,2,3;1) is hamilto-
nian. For ¢; = 2, hamiltonicity is characterized in Theorem 6.

Theorem 6. T,(1,2,3;2) is hemiltonian if and only if n = 4 orn =
1(mod2).

Proof. It is easily seen that T(1,2, 3;2) has the (unique) hamiltonian cycle
1,4,2,3,1).
Suppose now n = 1+4-2¢, ¢ > 1. Then a hamiltonian cycle in T, (1, 2, 3; 2)
° (1,2,4,6,...,n—1,n,n—2,n—4,n—86,...,3,1)
(see Figure 10 for the case n =9).

Fig. 10. To(1,2,3;2).

Conversely, suppose n # 4 and T,(1,2, 3;2) has a hamiltonian cycle H.
Then H,,—,; uses edges of length 2 only, because no edge of H;_,, has length
larger than 3. This implies that n — 1 is a multiple of 2. |

Theorem 7. T,(1,2,3;t,) is hamiltonian for allt, > 3 and n.
Proof.

Claim 1. Forn € {t1+1, t1+3, t;+4,..., 2t1-1, 2t;, 2¢;+2}, T{1,2,3; ;)
has a hamiltonian cycle containing the edge (n — 1, n).
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Indeed, T, (1,2, 3; n—1) has the hamiltonian cycle (1, 2, 3,...,n—1, n, 1).
Tn(1,2,3;t,) has, for 1 +3 < n < 2¢, -2, ¢; > 5, and n even, a hamiltonian
cycle

1,2,3,...,n-ti-L,n-tH,,+1,n—-t1+2,n -1 +4,n—-t +6,...,
thh+2,4H+4+3,...,.n=-1,n,n—-ti,n—-t,, +3,n—-t;+5,...,6 +1, 1)

(see Figure 11).

Fig. 11. T, (1,2,3;t1); t1 +3 £ n < 2t; — 2 and n is even.

Ta(1,2,3;ty) has, for t; +3 < n < 2t; —1, ¢; > 4, and n odd, a hamiltonian
cycle

(1, 2, 3,...,n—tl—l,n—t1+1,n—t1+3,n—t1+5,...,t1+2,
t1+3,...,n=1,n,n—-t,n—-4tH1, +2,n—t1 +4,...,t1 +1, 1)

(see Figure 12). .

Fig. 12. T.(1,2,3;t1); t1+3 <n < 2t; — 1 and n is odd.
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T2, (1,2,3;t1) has a hamiltonian cycle
1,2,3,...,n-t1 —1,n—t; +2=4t+2,4+3,...,n—1,n,
n—t;=t, t1+1,1)
(see Figure 13).

Fig. 13. T3:,(1,2,3; t1).

For T, 12(1,2,3;t1), we have the following two subcases as per parity
of 1.

(a) If t; is odd, then a hamiltonian cycle in T;,(1,2, 3;¢;) is

(1, 3,5...,t, 143, t1+4,...,n—1,n,n—-1%,2,4,6,...,t:+1, 1)
(see Figure 14).

Fig. 14. T2,42(1,2,3;t1); 1 is odd.

(b) If t; is even, then a hamiltonian cycle in T,,(1,2, 3;t,) is

(1,3,4,6,8,..., 8,8, +3,t1+4,...,n—1,n,n—1,2,5,7,09,
ey t1+1,1)
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(see Figure 15).

Fig. 15. Ta, +2(1,2,3; t1); t1 is even.

Claim 2. Ti,42(1,2,3;t;) is hamiltonian.

Indeed, we have the following two cases as per parity of ¢;.
(a) If ¢, is odd, then a hamiltonian cycle in T3, +2(1,2, 3;¢1) is

1,3,5,....,t24+2=1,2,4,6,..., 0, +1=n—1,1)
(see Figure 16).

Fig.16. T3, 42(1,2,3; t1); t1 is odd.

(b) If ¢, is even, then a hamiltonian cycle in T3, 42(1,2, 3;%1) is

(1,3,4,6,8,...,t, 1 +2=1,2,57,..., b+l =n—1,1)
(see Figure 17).
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Fig.17. T, 42(1,2,3;t1); t1 is even.

Suppose Ty(1,2,3;¢1) has, for n # t; + 2 and n = ng + qt;, a hamiltonian
cycle containing the edge (n — 1, n), for some non-negative integer q. We
shall prove that T, (1,2, 3;¢;) has the same property.

Since (n — 1, n) is an edge in a hamiltonian cycle of T}, (1,2,3;t;), we
transform this cycle to a hamiltonian cycle in
Th44,(1,2,3; ;) by replacing the edge (n — 1, n) with the path

(n=-1Ln+l,n+2,...,n+t -1, n+,n).

By Claim 1, T5,(1, 2, 3; t;) enjoys the above property for n € {¢,+1, t1+
3,t1+4,..., 2t — 1, 2t;, 2t; + 2}. It follows that the property holds for
n =t +1 and all n > ¢, + 3. This together with Claim 2 shows that
Tn(1,2,3;t1) is hamiltonian for all n. (u]

4 Concluding Remarks

The investigation of the hamiltonicity of Toeplitz graphs, directed or
not, is far from being achieved. We studied in this paper only the cases of
small numbers %, ! and s;, ¢;. Of course, these cases are most relevant to
this study, but there is still much left to do. For s = 2 and s3 = 3 we may
consider the investigation as complete. The next task is, in our opinion, the
investigation of the case of k,  still small, but larger s;, t;.

Also, other characterizations of hamiltonian graphs inside subfamilies
of Toeplitz graphs would be most welcome.

In this paper we provided no negative results, except for those implied
by the characterizations of hamiltonian graphs inside classes of Toeplitz
graphs. Such results, besides those in [3] yielding disconnectedness, would
also be of interest.

525



Acknowledgement.
Thanks are due to the referee, who helped us to better focus and orga-
nize the paper, and made several other remarks improving its quality.

References

1. F. Boesch and R. Tindell, Circulants and their connectivities, J. Graph Theory
8 (1984) 487-499.

2. R.E. Burkard and W. Sandholzer, Efficiently solvable special cases of bottleneck
travelling salesman problems, Discrete Appl. Math. 32 (1991) 61-67.

3. R. van Dal, G. Tijssen, Z. Tuza, J.A.A. van der Veen, Ch. Zamfirescu, T.
Zamfirescu, Hamiltonian properties of Toeplitz graphs, Discrete Mathematics
159 (1996) 69-81.

4. E.A. van Doorn, Connectivity of circulant digraphs, J. Graph Theory 10 (1986)
9-14.

5. R. Euler, H. LeVerge, T. Zamfirescu, A characterization of infinite, bipartite
Toeplitz graphs, in: Ku Tung-Hsin (Ed.), Combinatorics and Graph Theory ’95,
vol. 1, Academia Sinica, World Scientific, Singapore, 1995, pp. 119-130.

6. R. Euler, Coloring infinite, planar Toeplitz graphs, Tech. Report, Laboratoire
d’Informatique de Brest (LIBr), November 1998.

7. R. Euler, Characterizing bipartite Toeplitz graphs, Theoretical Computer Sci-
ence 268 (2001) 47-58.

8. M.R. Garey, D.S. Johnson, Computer and Intractability: A Guide to the Theory
of NP-Completeness, W. H. Freeman & Co., New York, NY, 1979.

9. R.S. Garfinkel, Minimizing wallpaper waste, part 1: a class of traveling sales-
man problems, Oper. Res. 25 (1977)741-751.

10. C. Heuberger, On hamiltonian Toeplitz graphs. Discrete Mathematics 245
(2002) 107-125.

11. E.A. Medova-Dempster, The circulant traveling salesman problem, Tech. Re-
port, University of Pisa, 1988.

12. J.A.A. van der Veen, R. van Dal, G. Sierksma, The symmetric circulant trav-
eling salesman problem, Tech. Rep. 429, University of Groningen, 1991.

13. Q.F. Yang, R.E. Burkard, G.J. Woeginger, Hamiltonian cycles in circulant
digraphs with two stripes, Tech. Report 20, Technical University Graz, March
1995.

526



