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Abstract: A (legal) knight’s move is the result of moving the knight two squares horizontally or
vertically on the board and then turning and moving one square in the perpendicular direction.
A closed knight’s tour is a knight’s move that visits every square on a given chessboard exactly once
and returns to its start square. A closed knight’s tour and its variations are studied widely over the
rectangular chessboard or a three-dimensional rectangular box. For m,n > 2r, an (m, n,r)-ringboard
or (m,n,r)-annulus-board is defined to be an m x n chessboard with the middle part missing and the
rim contains ¥ rows and r columns. In this paper, we obtain that a (m,n, r)—ringboard withm,n >3
and m,n > 2r has a closed knight’s tour if and only if (a) m = n =3 andr = 1 or (b) m,n > 7
and r > 3. If a closed knight’s tour on an (m, n,7)-ringboard exists, then it has symmetries along
two diagonals.

Keywords: legal knight’s move; closed knight’s tour; open knight’s tour; Hamiltonian cycle;
ringboard; annulus-board
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1. Introduction

The m x n chessboard or CB(m x n) is the generalization of the regular CB(8 x 8). It consists
of m rows of n arrays of squares. Suppose the squares of the CB(m x n) are labeled by (i, ) in the
matrix fashion. A legal knight’s move is the result of a moving the knight two squares horizontally or
vertically on the CB(m x n) and then turning and moving one square in the perpendicular direction.
That is, if we start at (i, j), then the knight can move to one of eight squares: (i £2,j+1)or (i£1,j+2)
(if exists).

A closed knight’s tour (CKT) is a legal knight’s move that visits every square on a given chessboard
exactly once and returns to its start square. While, an open knight’s tour (OKT) is a legal knight’s move
that visits every square on a given chessboard exactly once and the starting and terminating squares
are different. Both CKT and OKT problems on a two-dimensional or three-dimensional chessboard are
one of the interesting mathematical problems as you can see some of them listed in [1-6]. Not only
the legal knight’s move, but some researchers also extended it to be an (g, b)-knight’s move which
is the result of a moving the knight a squares horizontally or vertically on the CB(m x n) and then
turning and moving b squares in the perpendicular direction. Several mathematical problems along
this direction were considered, see for examples [7-9] and references therein for details.

In 1991, Schwenk [10] obtained necessary and sufficient conditions for the existence of a CKT for
the CB (m x n) as follows.

Theorem 1. ([10]) A CB(m x n) with m < n admits a CKT unless one or more of the following conditions

holds: (i) mn is odd or (ii) m € {1,2,4} or (iii) m = 3and n € {4,6,8}. Furthermore, this CKT contains a
knight’s move from square (1,n — 1) to square (3,n) and square (m,2) to square (m —1,4).
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For the CB(m X n) that contains no CKTs, DeMaio and Hippchen [11] and Bullington et al. [12]
can provide the minimal number of squares to be removed or to be added in order for the obtained
new board to have a CKT. In particular, for m = 3 or m and n are odd, Miller and Farnsworth [13]
and Bi el al. [14] provided the exact position of a square to be removed from CB(m x n) so that the
remaining board admits a CKT. However, for the case m = 4, the exact positions for two squares to be
removed still open for researchers to explore.

In 2005, Chia and Ong [9] obtained necessary and sufficient conditions for the existence of an
OKT for the CB(m x n) as follows.

Theorem 2. ([9]) A CB(m x n) with m < n admits an OKT unless one or more of the following conditions
holds: (i) m € {1,2} or (ii) m = 3and n € {3,5,6} or (iii) m = 4and n = 4.

In this article, we consider one of the variations of the CKT problem by considering the chessboard
that the middle part is missing which is called (m, n, r)-ringboard or (m, n, r)-annulus board and we
denote it by RB(m, n,r).

Definition 1. Let m, n and r be integers such that m,n > 2r. An RB(m, n,r) is defined to be a CB(m x n)
with the middle part missing and the rim containing exactly r rows and r columns.

In 1996, Wiitala [15] showed that the RB(m, m, 2) contains no CKT. However, the characterization
of the general RB(m, 1, r) has not been given. Thus, we try to establish the characterization like the one
given by Schwenk [10]. Actually, the CKT problem on the RB(m, 1, 7) can be converted to a certain
graph problem. If we regard each square of the RB(m, n, ) as a vertex, then a knight graph G(m, n, r)
represented all legal knight’s moves on RB(m, n,r) is a graph with 2r(m + n — 2r) vertices and two
vertices (a,b) and (¢, d) are joined by an edge whenever the knight can be moved from one square to
another by a legal knight’s move and this edge is denoted by (a,b) — (c,d). Then, a CKT (respectively,
OKT) on the RB(m, n,r) is a Hamiltonian cycle (respectively, Hamiltonian path) in G(m, n,r). The
following theorem is a necessary condition for the existence of a Hamiltonian path in a graph that we
often use in this article.

Theorem 3. ([9]) Let S be a proper subset of the vertex set of a graph G. If G contains a Hamiltonian path, then
w(G —S) < |S| 4+ 1, where w(G — S) is the number of components in G — S.

The goal of this article is to prove that for m,n > 3 and m, n > 2r, the RB(m, n,r) admits a closed
knight’s tour if and only if (@) m = n =3 andr = 1 or (b) m,n > 7 and r > 3. In order to reach
our goal, we need to divide our RB(m, n,r) into small pieces depending on r. If r > 5 is even, then
RB(m, n,r) is divided into four smaller rectangular chessboard and we can use Theorem 1 to construct
the CKT for RB(m, n,r) which will be elaborated in Case 3.1 of Theorem 8 in Section 4. However,
if r > 5is odd and RB(m, n,r) is divided into four smaller rectangular chessboards, then there is a
case that Theorem 1 cannot be used (Case 3.2 of Theroem 8). Thus, we need to construct our own
CKT base on the existence of an OKT on some rectangular chessboards which will be constructed in
Theorem 6 in Section 3. For small r, namely r € {3,4}, we need to divide RB(m, n,7) into two parts,
namely an L-board and a 7-board of widths 3 or 4 which we denote by LB(r,c,3), LB(r, c,4), 7B(r,c,3)
and 7B(r, c,4) depending on the numbers of row r and columns c (See Cases 1 and 2 of Theorem 8).
For example, Figure 1 illustrates that RB(10,11, 3) is divided into LB(10,8,3) and 7B(10,8,3) and
RB(11,13,4) is divided into LB(11,9,4) and 7B(11,9,4).
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@) (b)
Figure 1. LB(10,8,3), 7B(10,8,3), LB(11,9,4) and 7B(11,9,4).
Therefore, to construct the CKT on the ringboard for this case, we prove the existence of a CKT on
LB(m,n,4) and 7B(m, n,4) and the existence of some OKTs on LB(m,1,3) and 7B(m, n,3) are given in
Theorems 4 and 5 in Section 2. For v = 2, we prove the extension of Wiitala’s result in [15] which is

the non-existence of the CKT on the RB(, 1,2) in Theorem 7 in Section 4. Finally, the conclusion and
discussion about our future research are in Section 5.

2. CKTs and OKTs on Some LBs and 7Bs

First, let us construct the CKT on LB(m, n,4), where m,n > 5.
Theorem 4. An LB(m,n,4) has a CKT containing an edge (1,4) — (3,3) for all m,n > 5.

Proof. First, let us construct CKTs on some small size LBs of the same and different parity of m and n
as in Figures 2—4.
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(a) (b) () (d) (e)
Figure 2. Closed knight’s tours (CKTs) for LB(5,5,4), LB(7,5,4), LB(5,7,4) and LB(7,7,4).
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Figure 3. CKTs for LB(6,6,4), LB(8,6,4), LB(6,8,4) and LB(8,8,4).
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Figure 4. CKTs for LB(6,5,4), LB(5,6,4), LB(7,6,4), LB(6,7,4), LB(8,5,4), LB(5,8,4), LB(8,7,4) and
LB(7,8,4).

Next, for the larger LBs, we start by constructing two paths P; (dash line) and P, (solid line) on
the CB(4 x 4) as shown in Figures 5.
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Figure 5. Two paths P; and P, on the CB(4 x 4).

Then, we construct two paths Pl’ and P} on the CB(4 x 4t) where t > 2. Let us connect t CB(4 x 4)’s
in Figure 5 to the right of each other and do the following.

(i) Forl<i<t—1,delete(2,3)— (4,4) from P; and (1,4) — (3,3) from P, of the ith CB(4 x 4).
(i) Forl <i<t—1,join (2,3) and (4,4) of the ith CB(4 x 4) to (1,1) and (2,1) of the (i + 1)th
CB(4 x 4), respectively
(i) For1l <i < t—1,join (1,4) and (3,3) of the ith CB(4 x 4) to (3,1) and (4,1) of the (i + 1)th
CB(4 x 4), respectively.

Notice that (1,1), (2,1), (3,1) and (4, 1) are four end-points of two paths of the CB(4 x 4t) for
t > 1. By rotating Figures 5 and 6 counter-clockwise by 90 degrees, we also obtain two paths P’ and P}/
on the CB(4s x 4) where s > 1 as shown in Figure 7. Notice also that (4s,1), (4s,2), (4s,3) and (4s,4)
are four end-points of two paths and the edge (1,4) — (3,3) contained in one path of the CB(4s x 4) for
s> 1.
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Figure 6. Two paths P| and P} on the CB(4 x 4t).
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Figure 7. Two paths P;’ and P§ on the CB(4s x 4).

Now, we are ready to construct a CKT on a larger LB by placing the CB(4 x 4t) to the right and the
CB(4s x 4) above each smaller LB that we have considered before, respectively. WLOG, let m > n > 5.

o If mand n are odd integers, then m =1 or 3 (mod 4) and #n = 1 or 3 (mod 4).

e If mand n are even integers, then m = 0 or 2 (mod 4) and n = 0 or 2 (mod 4).

o If m and n are different parity, then m = 1 or 3 (mod 4) and n = 0 or 2 (mod 4); and m = 0 or 2
(mod 4) and n = 1 or 3 (mod 4).

Recall that the LB(a,b,4) has a CKT for alla,b € {5,6,7,8}. In addition, from Figures 2b—e, 3 and
4, each CKT of the LB(a, b,4) contains edges (1,1) — (2,3), (1,4) — (2,2), (a —3,b) —(a—1,b —1) and
(a—2,b—1) — (a,b). Furthermore, from Figures 2a,c—e, 3 and 4, each CKT of the LB(a,b,4) contains
the edge (1,4) — (3,3).

Thus, it is enough to show that the LB(a + 4s,b + 4t,4) has a CKT for any nonnegative s, t and
a,b € {5,6,7,8} such that s > t and s # 0. First, if t = 0, then let us divide the LB(a + 4s,b,4) into
two subboards, CB(4s x 4) and LB(a,b,4). Otherwise, we divide into three subboards, CB(4s x 4),
LB(a,b,4) and CB(4 x 4t). Then, we construct the required CKT by the followings.

(i) ift =0, thendelete (1,1) —(2,3) and (1,4) — (2,2) from the CKT of the LB(a, b,4). If t > 0, then
further delete (2 —3,b) — (a —1,b—1) and (a —2,b — 1) — (a,b) from the CKT of the LB(a, b, 4).

(i) Ift=0,thenjoin (4s,1), (4s,2), (4s,3) and (4s,4) which are four end-points of two paths of the
CB(4s x 4) to (2,2), (1,4), (1,1) and (2,3) of the LB(a, b,4), respectively. If t > 0, then further
join (1,1), (2,1), (3,1) and (4, 1) which are four end-points of two paths of the CB(4 x 4t) to
(a—2,b—1),(a,b),(a—3,b)and (a —1,b —1) of the LB(a, b,4), respectively .

Figure 8 illustrates the constructed CKT on the LB(a + 4s, b + 4t,4). This completes the proof. [
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Figure 8. A CKT on the LB(a +4s,b + 4t,4).

By properly rotating and flipping the LB(m, n,4), where m,n > 5, we obtain the following
result immediately.

Corollary 1. A 7B(m,n,4) has a CKT containing an edge (4,1) — (2,2) for all m,n > 5.

We note that Theorem 4 and Corollary 1 will be used in Case 2 of Theorem 8 in Section 4. Next,
we construct two OKTs for the LB(m, 1, 3) and two OKTs for the 7B(m, n,3) for m,n > 4.

Theorem 5. Let m,n > 4.

(@)  The LB(m,n,3) contains an OKT from (1,2) to (1,3) if and only if (i) m + n is odd and m +n > 11 or
(ii)m=5andn = 4.

(b)  The LB(m,n,3) contains an OKT from (1,3) to (2,2) if and only if (i) m + n is even and m +n > 12
or (i) m = 6and n = 4.

Proof. Letm,n > 4.
(a) We assume that the LB(m, 1, 3) contains an OKT from (1,2) to (1,3) and let m + n is even; or m # 5
andm+n <1l;orn #4and m+n < 11.

If m + n is even, then the numbers of white squares and black squares are not the same. Thus, the
two end-points of this OKT must have the same color. However, (1,2) and (1, 3) are next to each other
and have different colors, which is a contradiction.

Letm # 5orn # 4 and m 4+ n < 11. By the above argument m + n must be odd and since
m,n > 4, we have m 4+ n = 9 which implies that m = 4and n = 5.

For m = 4 and n = 5, let G be a knight graph of the LB(4,5,3). Consider G’ = G — {(1,2),(1,3)}.
Since the LB(4,5,3) contains an OKT from (1,2) to (1,3), G’ has a Hamiltonian path. Let S =
{(2,3),(3,2),(3,3),(3,4),(4,3)}. Then, w(G'—S) = 7 > 6 = |S|+1 as shown in Figure 9.
By Theorem 3, we obtain a contradiction.
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Figure 9. Components of G’ — S.

On the other hand, let us assume that m +nisoddand m +n > 11;orm = 5and n = 4.
If m = 5 and n = 4, then the required OKT presented in Figure 10.
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Figure 10. Required open knight’s tour (OKT) on the LB(5,4, 3).

If m +nis odd and m + n > 11, we construct OKTs on some small LB(m, 1, 3) according to the
remainders of m and # after divided by 4 as the following Figures 11-14.

\[ b N
N
S
VI

AN v g

AL AN AT
iz salat: I 2

.
<
S
N
/\
ke
7

~NAL7 \
< e
RN Ay

@) (b)
Figure 11. OKTs on the LB(4,7,3) and LB(7, 4, 3).
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Figure 12. OKTs on the LB(6, 5,3) and LB(5, 6, 3).
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Figure 13. OKTs on the LB(4,9,3) and LB(8,5,3).

N
N Ak
XAl Ay
DS I
A1) L ldadr QKA A Lslals
NOTATD S ROGED S
ZPERATERAS AR

(a) (b)
Figure 14. OKTs on the LB(6,7,3) and LB(7, 6,3).

Next, for the larger LB, we start by constructing an OKT on CB(3 x 4) from (1,1) to (2,1) that
contains an edge (1,3) — (3,4) as shown in Figure 15.

NNAT

DS

LRI

Figure 15. An OKT on CB(3 x 4).

Then, we construct an OKT on the CB(3 x 4t), where t > 2. Let us connect t CB(3 x 4)’s in
Figure 15 to the right of each other and do the following.

(i) Forl<i<t—1,delete(1,3)— (3,4) from the OKT of the ith CB(3 x 4);
(i) Forl <i<t—1,join (1,3) and (3,4) of the ith CB(3 x 4) to (2,1) and (1,1) of the (i + 1)th
CB(3 x 4), respectively.

By rotating Figure 16 clockwise for 90 degrees, we also obtain an OKT on CB(4s x 3) from (1,2) to
(1,3) as shown in Figures 17.
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Figure 16. An OKT on CB(3 x 4t).
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Figure 17. An OKT on CB(4s x 3).

Now, we are ready to construct an OKT on a larger LB by placing the CB(3 X 4t) to the right and
the CB(4s x 3) above each smaller LB that we have considered before, respectively.

Case 1: there exist nonnegative integers s, t such that m = 4 +4s and n = 7 4 4t. We divided the
LB(m,n,3) into subboards, CB(4s x 3) (Figure 17) and LB(4, 7, 3) (Figure 11a) ifs > 0 and t = 0 and
LB(4,7,3) (Figure 11a) and CB(3 x 4t) (Figure 16) if s = 0 and t > 0. Otherwise, we divide into three
subboards, CB(4s x 3) (Figure 17), LB(4,7, 3) (Figure 11a) and CB(3 x 4t) (Figure 16). Then, we construct
the required OKT by the following two steps.

(i) Ifs>0andt =0, then delete (4s,1) — (4s — 1,3) of the OKT on the CB(4s x 3) in Figure 17.
If s = 0and t > 0, then delete (2,6) — (4,7) of the OKT on the LB(4,7,3) in Figure 11a.
Otherwise, delete both edges.

(i) Ifs>O0andt =0, thenjoin (4s,1) and (4s —1,3) of the CB(4s x 3) to (1,3) and (1,2) of the
LB(4,7,3), respectively. If s = 0 and t > 0, then join (2,6) and (4,7) of the LB(4,7,3) to (2,1) and
(1,1) of the CB(3 x 4t) chessboard, respectively. Otherwise, join four pairs of vertices together.

Case 2: there exist nonnegative integers s, f such that m = 7 + 4s and n = 4 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(7,4, 3) (Figure 11b), (5,3) and (7,4), respectively.
Case 3: there exist nonnegative integers s, t such that m = 6 + 4s and n = 5 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(6,5,3) (Figure 12a), (4,4) and (6,5), respectively.
Case 4: there exist nonnegative integers s, t such that m = 5 + 4s and n = 6 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(5, 6,3) (Figure 12b), (3,5) and (5, 6), respectively.
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Case 5: there exist nonnegative integers s, t such that m = 4 + 4s and n = 9 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(4,9, 3) (Figure 13a), (2,8) and (4,9), respectively.

Case 6: there exist nonnegative integers s, f such that m = 8 + 4s and n = 5 4 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(8, 5, 3) (Figure 13b), (6,4) and (8, 5), respectively.

Case 7: there exist nonnegative integers s, f such that m = 5 + 4s and n = 4 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(5,4, 3) (Figure 10), (3,3) and (5, 4), respectively.

Case 8: there exist nonnegative integers s, t such that m = 6 + 4s and n = 7 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(6,7,3) (Figure 14a), (4,6) and (6,7), respectively.

Case 9: there exist nonnegative integers s, t such that m = 7 + 4s and n = 6 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(4,7,3), (2,6) and (4,7) are
replaced by LB(7, 6,3) (Figure 14b), (5,5) and (7, 6), respectively.

(b) We assume that the LB(m, n,3) contains an OKT from (1, 3) to (2,2) and let m + n is odd; or m # 6
andm+n <12;orn #4and m+n < 12.

If m + n is odd, then the numbers of white squares and black squares are the same. Thus, the two
end-points of this OKT must have the different color. However, (1,3) and (2,2) have the same color, a
contradiction. Next, we consider the cases thatm = 4andn =4;orm =4 andn = 6; or m = 5 and
n=>5.

For m = 4and n = 4, let G; be a knight graph of the LB(4, 4, 3). Consider G| = G; —{(1,3),(2,2)}.
Since the LB(4,4,3) contains an OKT from (1,3) to (2,2), G| has a Hamiltonian path. Let S =
{(2,3),(3,2),(3,3)}. Then, w(G] —S) =5 > 4 = [S| 4 1 as shown in Figure 18. By Theorem 3, we
obtain a contradiction.

Figure 18. Components of G| — S.

For m = 4 and n = 6, let G, be a knight graph of the LB(4, 6, 3). Consider G} = G, — {(1,3), (2,2)}.
Since the LB(4,6,3) contains an OKT from (1,3) to (2,2), G, has a Hamiltonian path. Let S =
{(2,3),(2,4),(3,3),(3,4),(4,3),(4,4)}. Then, w(G) — S) = 8 > 7 = |S| + 1 as shown in Figure 19. By
Theorem 3, we obtain a contradiction.

Nk

NG \|/
AN V-
\ VAN

Figure 19. Components of G} — S.

For m = 5and n = 5, let G3 be a knight graph of the LB(5, 5, 3). Consider G} = G3 — {(1,3), (2,2)}.
Since the LB(5,5,3) contains an OKT from (1,3) to (2,2), G; has a Hamiltonian path. Let S =
{(2,3),(3,2),(3,3),(4,2),(4,3),(5,3)}. Then, w(G}, — S) = 8 > 7 = |S| + 1 as shown in Figure 20. By
Theorem 3, we obtain a contradiction.
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Figure 20. Components of G} — S.

On the other hand, let us assume that m +nisevenand m +n > 12; orm = 6 and n = 4.
If m = 6 and n = 4, then the required OKT is presented in Figure 21.

ol
<Xz %>
25
Y rdpls
L <
2PN

Figure 21. Required OKT on the LB(6, 4, 3).

If m 4 n is even and m + n > 12, we construct OKTs on some small LB(m, n,3) according to the
remainders of m and n after divided by 4 as the following Figures 22-27.

NE
=AY,
WAL 0
AN, AT
OO I lkals Y rddaly
NURNGEED2 A<
ZRSE7 RN ZRSESRAN

(@) (b)
Figure 22. OKTs on the LB(5,7,3) and LB(7,5,3).

e
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2020
I
ANV
RURGEDS
P2 ava SRS Ny

Figure 23. An OKT on the LB(7,7,3).
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Figure 24. OKTs on the LB(5,9,3) and LB(9, 5, 3).
NI E
=AY,
W
AT
QO] <> X
RPN
Figure 25. An OKT on the LB(6, 6,3).
Al
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0 1)
VI
{{/F N E
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(@) (b)
Figure 26. OKTs on the LB(8, 6,3) and LB(4, 10, 3).
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(a)
Figure 27. OKTs on the LB(4, 8,3) and CB(8,4,3).

=

Next, for the larger LB, we start by constructing an OKT on CB(4 x 3) from (1,3) to (4,1) and
contains an edge (2,2) — (4,3) as shown in Figure 28.
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Figure 28. An OKT on CB(4 x 3).

Then, we construct two paths on CB(4s x 3), where s > 2. Let us connect s CB(4 x 3)’s in Figure 28
on the top of each other and do the following.

(i) Forl<i<s, delete (2,2) — (4,3) from the OKT of the ith CB(4 x 3);
(i) Forl <i<s—1,join (4,1) and (4,3) of the ith CB(4 x 3) to (1,3) and (2,2) of the (i 4+ 1)th
CB(4 x 3), respectively.

We can see from Figure 29 that either s is odd or s is even, there is one path that has (1, 3) as its
end-point and another path that has (2, 2) as its end-point.

Vo, %4

PN IS

ol
PR

ta@%@% -

T

=
-~
-

4s

K

L7
7

L2
(<
5

Ny it
LI
"HRE

n...'.‘

Figure 29. Two paths on 4s x 3 chessboard.

Now, we are ready to construct an OKT on a larger LB by placing the CB(3 x 4t) in Figure 16 to
right and the CB(4s x 3) above each smaller LB that we have considered before, respectively.
Case 1: there exist nonnegative integers s, t such that m = 54 4s and n = 7 + 4t. We divide the
LB(m, n,3) into subboards, CB(4s x 3) (Figure 29) and LB(5,7,3) (Figure 22a) if s > 0 and t = 0 and
LB(5,7,3) (Figure 22a) and CB(3 x 4t) (Figure 16) if s = 0 and t > 0. Otherwise, we divide into
three subboards, CB(4s x 3) (Figure 29), LB(5,7,3) (Figure 22a) and CB(3 x 4t) (Figure 16). Then, we
construct the required OKT by the followings.

(i) Ifs>0andt > 0,then delete (3,6) — (5,7) of the OKT on the LB(5,7,3) in Figure 22a.
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(i) Ifs>0andt=0,thenjoin (4s,1) and (4s,3) of the CB(4s x 3) in Figure 29 to (1,3) and (2,2)
of the LB(5,7,3), respectively. If s = 0 and t > 0, then join (3,6) and (5,7) of the LB(5,7,3)
to (2,1) and (1,1) of the CB(3 x 4t) in Figure 16, respectively. Otherwise, join four pairs of
vertices together.

Case 2: there exist nonnegative integers s, t such that m = 7 + 4s and n = 5 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(7,5,3) (Figure 22b), (5,4) and (7,5), respectively.
Case 3: there exist nonnegative integers s, t such that m = 7 +4s and n = 7 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(7,7,3) (Figure 23), (5,6) and (7,7), respectively.
Case 4: there exist nonnegative integers s, t such that m = 5 +4s and n = 9 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(5,9, 3) (Figure 24a), (3,8) and (5,9), respectively.
Case 5: there exist nonnegative integers s, t such that m = 9 +4s and n = 5 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(9, 5, 3) (Figure 24b), (7,4) and (9, 5), respectively.
Case 6: there exist nonnegative integers s, f such that m = 6 + 4s and n = 6 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(6, 6, 3) (Figure 25), (4,5) and (6, 6), respectively.
Case 7: there exist nonnegative integers s, f such that m = 8 + 4s and n = 6 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(8, 6, 3) (Figure 26a), (6,5) and (8, 6), respectively.
Case 8: there exist nonnegative integers s, t such that m = 4 + 4s and n = 10 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(4, 10, 3) (Figure 26b), (2,9) and (4, 10), respectively.
Case 9: there exist nonnegative integers s, t such that m = 6 + 4s and n = 4 + 4¢. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(6, 4, 3) (Figure 21), (4,3) and (6, 4), respectively.
Case 10: there exist nonnegative integers s, t such that m = 4 + 4s and n = 8 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(4, 8,3) (Figure 27a), (2,7) and (4, 8), respectively.
Case 11: there exist nonnegative integers s, t such that m = 8 + 4s and n = 4 + 4t. Then, we construct
the required OKT by using the same procedure as we did in Case 1 but LB(5,7,3), (3,6) and (5,7) are
replaced by LB(8,4, 3) (Figure 27b), (6,3) and (8, 4), respectively.

This completes the proof. [

Next, we get the following Corollary by flipping and rotating 90 degrees clockwise the LB in the
above Theorem.

Corollary 2. Let m,n > 4.

(a)  The 7B(m,n,3) contains an OKT from (2,1) to (3,1) if and only if (i) m + n is odd and m +n > 11 or
(ii)m=4andn = 5.

(b)  The 7B(m,n,3) contains an OKT from (3,1) to (2,2) if and only if (i) m + n is even and m +n > 12
or(ii)m=4andn = 6.

We note that Theorem 5(b) and Corollary 2(b) will be used in Case 1.1 of Theorem 8 in Section 4.
While, Theorem 5(a) and Corollary 2(a) will be used in Case 1.2 of Theorem 8 in Section 4.



Symmetry 2020, 12,1217 15 of 34

3. Existence of a Special OKT on CB(m X n)

The following theorem gives necessary and sufficient conditions on the existence of a special OKT
on CB(m x n) from (m, 1) to (2,n — 1). This OKT will be used to prove our main result for r > 5 when
r is odd (Case 3.2 of Theorem 8 in Section 4).

Theorem 6.

(@) Letm < 4andn > m. Then, a CB(m x n) contains an OKT from (m,1) to (2,n — 1) if and only if
m=3andn > 7.

(b)  Letn >m > 5. Then, a CB(m x n) contains an OKT from (m,1) to (2,n — 1) if and only if m and n
are not both even.

Proof. (a) Let m < 4. We assume that a CB(m x n) contains an OKT from (m,1) to (2,n — 1) and let
m # 3; or n < 6. Then, we consider 4 cases as follows.

Casel:m=1landn >1lorm=2andn >2orm=3and n € {3,5,6}. A CB(m X n) contains no
OKT by using Theorem 2, contradiction.

Case 2: For m = 3 and n = 4, let G; be a knight graph of the CB(3 x 4). We assume that G;
contains a Hamiltonain path from (3,1) to (2,3). Consider G} = G1 — {(2,3)}. By assumption, G| has
a Hamiltonian path. Let S = {(1,2), (3,2)}. Then, w(G} — S) = 4 > 3 = |S| + 1 as shown in Figure 30.
By Theorem 3, we obtain a contradiction.

4

.

Figure 30. Components of G| — S.

Case 3: For m = 4 and n is odd such that n > 5. Let G be a knight graph of the CB(4 x n). We
assume that G, contains a Hamiltonian path from (m,1) to (2,n —1). Consider G} = G, — {(2,n —1)}.
LetS ={(2,7),(3,1) | jiseven,2 < j<n—3,lisodd and 1 <! < n}. Then, we can use mathematical
induction to show that w(G} —S) = n+1 > n = |S| 4+ 1 as shown in Figure 31. By Theorem 3, we
have a contradiction.

“LAALA
K i

= e . ne = [ X
Vo VS A=

Figure 31. Components of Gé — S, wheren = 9.

Case 4: For m = 4 and #n is even such that n > 4. Assume that CB(4 x n) contains an OKT from
(4,1) to (2,n — 1). Since CB(4 x n) contains the same numbers of black and white squares, this OKT
must have end-points at two squares with different color. However,4+1=5and2+n—-1=n+1
are odd. Thus, (m,1) and (2,n — 1) are two squares of the same color, contradiction.

On the other hand, let us assume thatm = 3 and n > 7.

Let us construct OKTs from (3,1) to (2,n — 1) on some small size CB(m x n) where n € {7,8,9,10}
as shown in Figure 32.
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Figure 32. OKTs from (3,1) to (2,1 — 1) on the CB(m x n) where n € {7,8,9,10}.

Before we continue further, let us rotate the CB(4 x 3) shown in Figure 28 for 90 degrees clockwise
and flip it to obtain an OKT from (3,1) to (1,4) on CB(3 x 4). We can place f of these CB(3 x 4) to
the right of each other to extend this OKT into an OKT on CB(3 x 4f) by connecting (1,4) on the ith
CB(3 x4)to (3,1) onthe (i +1)th CB(3 x 4) forall 1 <i <t — 1 as shown in Figure 33. Note that this
extended OKT starts from (3,1) to (1,4t).

NERAAL A \ AN~

SCIACEC AP CC IS

oS TS [TV VSN

Figure 33. An OKT from (3,1) to (1,4t) on CB(3 x 4t).

Next, let n be a positive integer such that n > 11.

If n = 3 (mod 4) (respectively, n = 0 (mod 4), n = 1 (mod 4), n = 2 (mod 4)), then there is a
positive integer ¢ such that n = 7 + 4t (respectively, n = 8 + 4t,n = 9 4 4t,n = 10 + 4t). We divide the
CB(3 x n) into subboards, CB(3 x 4t) (Figure 33) and CB(3 x 7) (Figure 32a) (respectively, CB(3 x 8)
(Figure 32b), CB(3 x 9) (Figure 32c), CB(3 x 10) (Figure 32d)). Then, we construct the required OKT by
connecting (1,4t) of the OKT on the CB(3 x 4t) in Figure 33 to (3,1) of the OKT on the CB(3 x 7) in
Figure 32a (respectively, CB(3 x 8) in Figure 32b, CB(3 x 9) in Figure 32c, CB(3 x 10) in Figure 32d).

(b) Let n > m > 5. We assume that a CB(m x n) contains an OKT from (m, 1) to (2,n — 1) and let m
and 7 are both even. Since CB(m x n) contains the same numbers of black and white squares, this OKT
must have end-points at two squares with different colors. However, m +1and2+n —1=n+1 are
odd. Thus, (m,1) and (2, n — 1) are two squares of the same color, contradiction.

On the other hand, let us assume that m and 7 are not both even such that n > m > 5. Then, we
consider three cases as follows.

Case 1: m and n are both odd such that m, n > 5. Let us construct OKTs from (m,1) to (2,n — 1)
containing the edge (1,n) — (3,n — 1) on some small size CB(m x n) where m,n € {5,7} as shown in
Figure 34.
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Figure 34. OKTs from (m, 1) to (2,n — 1) on the CB(m x n) where m,n € {5,7}.
For the larger CB(m x n), we start by constructing two paths on CB(m x 4). The first path starts

from (1,1) to (2,3) and the second path starts from (2,2) to (4,1) where n € {5,6,7,8} as shown in
Figure 35.

[ plals

ol pinlr HoTa)>

A v CIEYs SRS

olplalr] |eetai=| [ [O0] [ol>ln
Jetelr | [ [ IO0 ] [T
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BN [RSR] [ABARAR| [FRSA

@) (b) (d)
Figure 35. Two paths on CB(im x 4) where m € {5,6,7,8}.

—
g}
~

Next, we construct an OKT from (1,3) to (4,1) containing the edges (1,n) — (3,n — 1) and
(2,n—1) — (4,n) on the CB(4 x n) where n € {5,6,7,8} as shown in Figure 36.

Nedelalz | [Nalekedalz ] [NalRINA a2 ] [Nalsal Al
v iy 72 I YA Ky v2 B (a2 YV L7y vl I EN e A VN (Y K7 o2
Sl | [AL [0  [ARMALE | SO0 VN S0
ISR [V [V [V s

(a) (b) (c) (d)
Figure 36. OKTs on CB(4 x n) where n € {5,6,7,8}.

Let m, n be odd integers such that m > 5and n > 9.

Case 1.1: m,n = 1 (mod 4). There are integers s and f such that 0 <s <t,t # 0, m = 5+4s
and n = 5+ 4t. If s = 0, then we divide the CB(5 x n) into subboards, CB(5 x 5) (Figure 34a) and ¢
CB(5 x 4)’s (Figure 35a). Then, we construct the required OKT by the followings.

(i) Wedelete (1,5) — (3,4) of the OKT on the CB(5 x 5) and connect (2,4), (1,5) and (3,4) of the
CB(5 x 5) to (1,1),(2,2) and (4,1) of the 1st CB(5 X 4), respectively.

(i) We delete (1,4) — (3,3) of the second path of the ith CB(5 x 4) forall 1 < i < t —1. Then,
we connect (2,3), (1,4) and (3,3) of the ith CB(5 x 4) to (1,1), (2,2) and (4,1) of the (i + 1)th
CB(5 x 4).

If s > 0, then we divide the CB(m X n) into subboards, CB(5 x n) (Figure 37) and s CB(4 x n)’s
from the top to the bottom. Then, we construct the required OKT by the followings.
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(i) Foreach1l < i < s, we divide the ith CB(4 x n) into subboards, CB(4 x 5) (Figure 36a) and
CB(4 x 4t) (Figure 6). Delete (1,5) — (3,4) and (2,4) — (4,5) of the OKT on CB(4 x 5). Then, join
(2,4),(4,5),(1,5) and (3,4) of the CB(4 x 5) to (1,1),(2,1),(3,1) and (4,1) of the CB(4 x 4t),
respectively, to obtain an OKT on the CB(4 x n) as shown in Figure 38.

(ii") Join (5,1) of the OKT on CB(5 x n) to (1,3) of the 1st CB(4 x n) shown in Figure 38.

(iti") Foreach1l <i<s—1,wejoin (4,1) of the OKT on the ith CB(4 x n) (Figure 38) to (1,3) of the
OKT on the (i + 1)th CB(4 x n) (Figure 38).

NEZAEA AR | A SR | A -2 R | AR | AL
dalTery | Xefety | Kolaty Oolaty | <Xefary
RN S [ (h> [ SX> [ 1P | K> Q2 [ K> L | <O
QDA DACOD poul i ToXu L
O e d e | o6 Yo | ¢ o e e o[ d o | &0 e
Figure 37. An OKT on CB(5 x 1) in Case 1.1
%»b&"&;&*i\&@"\f\&/&/ X"\L‘\A@"\Z\&//’
v (s AV Lvie v VY Lyiley) X TV L7y LRV
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Figure 38. An OKT on CB(4 x 1) in Case 1.1.

Case 1.2: m = 1 (mod 4) and n = 3 (mod 4). There are integers s and ¢t such that 0 < s < ¢,
t#0,m=5+4sand n =7+ 4t. If s = 0, then we divide the CB(5 x n) into subboards, CB(5 x 7)
(Figure 34b) and t CB(5 x 4)’s (Figure 35a). Then, we construct the required OKT by (i) and (ii) in
Case 1.1 but replace CB(5 x 5) by CB(5 x 7) (Figure 34b) and (1,5), (3,4) and (2,4) by (1,7), (3,6) and
(2,6), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(5 x n) (Figure 39) and s CB(4 x n)’s
(Figure 40) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (i) replace CB(4 x 5) by CB(4 x 7) (Figure 36¢) and (1,5), (3,4), (2,4) and (4,5) by
(1,7), (3,6), (2,6) and (4,7), respectively.

LA L S DA AR | PR AR | A LA AR | SARNEIR | PA P
Al Aoty | Xefaxs | fefats Loty [ XelaXe
HANTANRSEN I KA I EAVIEY €3 Q2 [ S [ [ <X
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O v el e o | o6 ~o | ¢ [~ ol d e | & ¢ e
Figure 39. An OKT on CB(5 x 1) in Case 1.2.
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Figure 40. An OKT on CB(4 x 1) in Case 1.2.

Case 1.3: m = 3 (mod 4) and n = 1 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
m =7+4sand n = 5+ 4t. If s = 0, then we divide the CB(7 x 1) into subboards, CB(7 x 5) (Figure 34c)
and t CB(7 x 4)’s (Figure 35c). Then, we construct the required OKT by (i) and (ii) in Case 1.1 but
replace CB(5 x 5) and CB(5 x 4) by CB(7 x 5) (Figure 34c) and CB(7 x 4) (Figure 35c), respectively.

If s > 0, then we divide the CB(m x n) into subboards, CB(7 x n) (Figure 41) and s CB(4 x n)
(Figure 38) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (ii") replace CB(5 x 1) by CB(7 x n) (Figure 41) and (5,1) by (7,1).
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Figure 41. An OKT on CB(7 x n) in Case 1.3.

A
G
4
>
o
>

iy i
wlp o Bl

N
%

<folelelelofs
Py

X
@]
\»
0
(»
(o
%

alpleldlele/®

2y
C
9
O
<
)
R

ARRAFNY

2
o]
>
43
43
S
%

alpleldlele/®

e plalalslels
LY 2AVAFEKAY:
AV L HFN

<t
Ce

o
<)

3
E:\
e

HORFAFNY

2
(o]
)
>
(>
S
15

folelols @fe

v
0
Q)
<
&
¢

Y

Case 1.4: m = 3 (mod 4) and n = 3 (mod 4). There are integers s and ¢t such that 0 < s < ¢,
t#0,m=7+4sand n =7+ 4t. If s = 0, then we divide the CB(7 x n) into subboards, CB(7 x 7)
(Figure 34d) and ¢t CB(7 x 4)’s (Figure 35c). Then, we construct the required OKT by (i) and (ii) in Case
1.1 but replace CB(5 x 5) and CB(5 x 4) by CB(7 x 7) (Figure 34d) and CB(7 x 4) (Figure 35¢)) and (1,5),
(3,4) and (2,4) by (1,7), (3,6) and (2, 6), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(7 x n) (Figure 42) and s CB(4 x n)’s
(Figure 40) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (i’) and (ii") replace CB(4 x 5) and CB(5 x n) by CB(4 x 7) (Figure 36¢) and CB(7 x n)
(Figure 42) and replace (1,5), (3,4), (2,4), (4,5) and (5,1) by (1,7), (3,6), (2,6), (4,7) and (7,1),

respectively.

Figure 42. An OKT on CB(7 x 1) in Case 1.4.
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Case 2: m is odd such that m > 5 and # is even such that n > 6. Let us construct OKTs from (1, 1)
to (2,n — 1) containing the edge (1,1n) — (3,n — 1) on some small size CB(m x n) where m € {5,7} and
n € {6,8} as shown in Figure 43.
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Figure 43. OKTs from (m, 1) to (2,n — 1) on the CB(m x n) where m € {5,7} and n € {6,8}.

Let m be an odd integer such that m > 5 and let n be an even integer such that n > 10.

Case 2.1: m = 1 (mod 4) and n = 0 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
t#0,m=5+4sand n = 8+ 4t. If s = 0, then we divide the CB(5 x n) into subboards, CB(5 x 8)
(Figure 43b) and t CB(5 x 4)’s (Figure 35a). Then, we construct the required OKT by (i) and (ii) in
Case 1.1 but replace CB(5 x 5) by CB(5 x 8) (Figure 43b) and (1,5), (3,4) and (2,4) by (1,8), (3,7) and
(2,7), respectively.

If s > 0, then we divide the CB(m x n) into subboards, CB(5 x n) (Figure 44) and s CB(4 x n)’s
(Figure 45) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
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Case 1.1 but in (i’) replace CB(4 x 5) by CB(4 x 8) (Figure 36d) and (1,5), (3,4), (2,4) and (4,5) by
(1,8), (3,7),(2,7) and (4, 8), respectively.
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Figure 44. An OKT on CB(5 x 1) in Case 2.1.
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Figure 45. An OKT on CB(4 x 1) in Case 2.1.

Case 2.2: m = 1 (mod 4) and n = 2 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
t #0,m =5+4sand n = 6 4+ 4¢t. If s = 0, then we divide the CB(5 x n) into subboards, CB(5 x 6)
(Figure 43a) and t CB(5 x 4)’s (Figure 35a). Then, we construct the required OKT by (i) and (ii) in
Case 1.1 but replace CB(5 x 5) by CB(5 x 6) (Figure 43a) and (1,5), (3,4) and (2,4) by (1,6), (3,5) and
(2,5), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(5 x n) (Figure 46) and s CB(4 x n)’s
(Figure 47) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (i’) replace CB(4 x 5) by CB(4 x 6) (Figure 36b) and (1,5), (3,4), (2,4) and (4,5) by
(1,6), (3,5), (2,5) and (4, 6), respectively.
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ATy | (XeTats [ <XeTaxs bdCevd Bv i)
GRS GIEAVIES (I EAVIE ) VIS (A EAVIEN
N patatany ot J Tev L i
o e ed Mo | 104 o | & o d [ Fofd e | o d e
Figure 46. An OKT on CB(5 x 1) in Case 2.2.
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Figure 47. An OKT on CB(4 x n) in Case 2.2.

Case 2.3: m = 3 (mod 4) and n = 0 (mod 4). There are integers s and f such that0 < s <, ¢ # 0,
m =7+4sand n = 8 4 4t. If s = 0, then we divide CB(7 x n) into subboards, CB(7 x 8) (Figure 43d)
and t CB(7 x 4)’s (Figure 35c). Then, we construct the required OKT by (i) and (ii) in Case 1.1 but
replace CB(5 x 5) and CB(5 x 4) by CB(7 x 8) (Figure 43d) and CB(7 x 4) (Figure 35¢) and (1,5), (3,4)
and (2,4) by (1,8), (3,7) and (2,7), respectively.

If s > 0, then we divide the CB(m x 1) into subboards, CB(7 x n) (Figure 48) and s CB(4 x n)’s
(Figure 45) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 butin (i’) and (ii") replace CB(4 x 5) and CB(5 x n) by CB(4 x 8) (Figure 36d) and CB(7 x n)
(Figure 48) and (1,5), (3,4), (2,4) and (4,5) by (1,8), (3,7), (2,7) and (4, 8), respectively.
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Figure 48. An OKT on CB(7 x n.) in Case 2.3.

Case 2.4: m = 3 (mod 4) and n = 2 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
m =7+4sand n = 6+ 4t. If s = 0, then we divide the CB(7 x n) into subboards, CB(7 x 6) (Figure 43c)
and t CB(7 x 4)’s (Figure 35c). Then, we construct the required OKT by (i) and (ii) in Case 1.1. but
replace CB(5 x 5) and CB(5 x 4) by CB(7 x 6) (Figure 43¢c) and CB(7 x 4) (Figure 35¢) and (1,5), (3,4)
and (2,4) by (1,6), (3,5) and (2,5), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(7 x n) (Figure 49) and s CB(4 x n)’s
(Figure 47) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1. but in (i") and (ii") replace CB(4 x 5) and CB(5 x n) by CB(4 x 6) (Figure 36b) and CB(7 x n)
(Figure 49) and (1,5), (3,4), (2,4), (4,5) and (5,1) by (1,6), (3,5), (2,5), (4,6) and (7,1), respectively.
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Figure 49. An OKTs on CB(7 x n) in Case 2.4.

Case 3: m is even such that m > 6 and n is odd such that n > 5. Let us construct OKTs from (1, 1)
to (2,n — 1) containing the edge (1,1n) — (3,n — 1) on some small size CB(m x n) where m € {6,8} and
n € {5,7} as shown in Figure 50.
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Ft | AR
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(@) (b) () (d)
Figure 50. OKTs from (m, 1) to (2,n — 1) on the CB(m x n) where m € {6,8} and n € {5,7}.

Let m be an even integer such that m > 6 and let n be an odd integer such that n > 9.

Case 3.1: m = 0 (mod 4) and n = 1 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
m = 8+4sand n = 5+ 4t. If s = 0, then we divide the CB(8 x 1) into subboards, CB(8 x 5) (Figure 50c)
and t CB(8 x 4) (Figure 35d). Then, we construct the required OKT by (i) and (ii) in Case 1.1 replace
CB(5 x 5) and CB(5 x 4) by CB(8 x 5) (Figure 50c) and CB(8 x 4) (Figure 35d), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(8 x n) (Figure 51) and s CB(4 x n)’s
(Figure 38) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (ii") replace CB(5 x 1) by CB(8 x n) (Figure 51) and (5,1) by (8,1).
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Figure 51. An OKTs on CB(8 x n) in Case 3.1.

Case 3.2: m = 0 (mod 4) and n = 3 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
t#£0,m=8+4sand n =7+ 4t. If s = 0, then we divide the CB(8 x n) into subboards, CB(8 x 7)
(Figure 50d) and t CB(8 x 4)’s (Figure 35d). Then, we construct the required OKT by (i) and (ii) in Case
1.1 but replace CB(5 x 5) and CB(5 x 4) by CB(8 x 7) (Figure 50d) and CB(8 x 4) (Figure 35d) and (1,5),
(3,4) and (2,4) by (1,7), (3,6) and (2, 6), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(8 x n) (Figure 52) and s CB(4 x n)’s
(Figure 40) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (i) and (ii") replace CB(4 x 5) and CB(5 x n) by CB(4 x 7) (Figure 36¢) and CB(8 x n)
(Figure 52) and (1,5), (3,4), (2,4), (4,5) and (5,1) by (1,7), (3,6), (2,6), (4,7) and (8,1), respectively.
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Figure 52. An OKT on CB(8 x n) in Case 3.2.

Case 3.3: m = 2 (mod 4) and n = 1 (mod 4). There are integers s and f such that0 <s < f,¢ #0,
m = 6+4sand n = 5+ 4t. If s = 0, then we divide the CB(6 x n) into subboards, CB(6 x 5) (Figure 50a)
and t CB(6 x 4) (Figure 35b). Then, we construct the required OKT by (i) and (ii) in Case 1.1 but replace
CB(5 x 5) and CB(5 x 4) by CB(6 x 5) (Figure 50a) and CB(6 x 4) (Figure 35b), respectively.

If s > 0, then we divide the CB(m X n) into subboards, CB(6 x n) (Figure 53) and s CB(4 x n)’s
(Figure 38) from the top to the bottom. Then, we construct the required OKT by (i"), (ii") and (iii") in
Case 1.1 but in (ii") replace CB(5 x 1) by CB(6 x n) (Figure 53) and (5,1) by (6,1).
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Figure 53. An OKT on CB(6 x 1) in Case 3.3.

Case 3.4: m = 2 (mod 4) and n = 3 (mod 4). There are integers s and ¢ such that 0 < s < ¢,
t#0,m=6+4sand n = 7 4 4t. If s = 0, then we divide the CB(6 x n) into subboards, CB(6 x 7)
(Figure 50b) and t CB(6 x 4) (Figure 35b). Then, we construct the required OKT by (i) and (ii) in Case
1.1 but replace CB(5 x 5) and CB(5 x 4) by CB(6 x 7) (Figure 50b) and CB(6 x 4) (Figure 35b) and (1,5),
(3,4) and (2,4) by (1,7), (3,6) and (2, 6), respectively.

If s > 0, then we divide the CB(m x n) into subboards, CB(6 x n) (Figure 54) and s CB(4 x n)’s
(Figure 40) from the top to the bottom. Then, we construct the required OKT by (i’), (ii") and (iii") in
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Case 1.1 but in (i") and (ii") replace CB(4 x 5) and CB(5 x n) by CB(4 x 7) (Figure 36¢) and CB(6 x n)
(Figure 54) and (1,5), (3,4), (2,4), (4,5) and (5,1) by (1,7), (3,6), (2,6), (4,7) and (6, 1), respectively.
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Figure 54. An OKT on CB(6 x 1) in Case 3.4.
This completes the proof. [

4. Main Theorem

To characterize the RB(m, n,r) according to the existence of its CKT, let us first consider the case
when r = 2. It is known from Wiitala [15] that RB(m, m,2) admits no CKTs. The following theorem
can be regarded as an extended result of Wiitala [15]. Recall that G(m, n, ) is the knight graph of the
RB(m,n,r).

Theorem 7. There are no CKT on RB(m, n,2) foralln > m > 5.

Proof. Let m and n be integers such that n > m > 5. Then, there exist positive integers k and / and
r,q € {1,2,3,4} such that m = 4k + r and n = 41 + q. Assume that there exists a CKT H on RB(m, 1, 2)
which is a Hamiltonian cycle on G(m, n,2).

Case 1: k < land r = g = 1. Since all vertice in {(1,4i+1),(m,4i+1)[0 < i < I} and
{(4i+1,1),(4i+1,n)|0 < i < k} have only 2 incident edges and we collect all incident edges from
these two sets, it happens to form a cycle (1,1), (2,3), (1,5), (2,7), ... , (2,n—=2), (1,n), (3,n —1),
(5,n),(7n-1),..,(m=2,n-1),(mmn),  m—1,n-2), (mn—4),(m—1,n-6),..,(m—1,3),
(m,1), (m—2,2),(m—4,1),(m—6,2),..,(3,2), (1,1), see Figure 55 for a cycle on G(13,17,2). This is
a contradiction since this cycle does not contain all vertices of G(m, n,2).

e Lo Lo Lo L2

EZ e e e Mo

Figure 55. A cycle on G(13,17,2).

Case 2: k < land r = q = 2. We obtain a contradiction similar to Case 1 by considering
{(1,4i4+1),(m—1,4i+1)|[0<i<I}and {(4i+1,1),(4i+1,n —1)|0 < i < k} instead, see Figure 56a
for a cycle on G(14,18,2).

Case 3: k < l and r = q = 3. We obtain a contradiction similar to Case 1 by considering
{(1,4i+4),(m,4i+4)|0 <i<I—1}and {(4i+4,1), (4i+4,n)|0 <i < k— 1} instead, see Figure 56b
for a cycle on G(15,19, 2).

Case 4: k < land r = q = 4. We obtain a contradiction similar to Case 1 by considering
{(1,4i+1),(m,4i+4)|0 <i<I}and {(4i+1,1),(4i+4,n)|0 <i < k} instead, see Figure 56c¢ for a
cycle on G(16,20,2).
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Case 5: k < I, = 1 and g = 2. We obtain a contradiction similar to Case 1 by considering
{(1,4i4+1),(m,4i+1)[0 <i<lI}and {(4i+1,1),(4i+1,n—1)|0 < i < k} instead, see Figure 56d for
a cycle on G(13,14,2).

Case 6: k < I, r = 1 and g4 = 3. We obtain a contradiction similar to Case 1 by considering
{(1,4i42),(m,4i+2)|0 <i<I}and {(4i+1,2),(4i +1,n—1)|0 < i < k} instead, see Figure 56e for
a cycle on G(13,15,2).
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Figure 56. Cycles on G(14,18,2), G(15,19,2), G(16,20,2), G(13,14,2) and G(13,15,2), respectively.

Case7:k<Il,r=1andgq =4

If k = 1, then there are some vertices (i.e., (2,n — 4) and (4, n — 4) which are indicated by “+” in
Figure 57) that have degree more than the degree of the same vertices in the case when k > 2.

Case 7.1: k = 1. Since (1, 1) and (5, 1) have only 2 incident edges on the G(5,1,2), (1,n) — (3,n —
1) and (3,7 — 1) — (5,n) must be in H and it forces that (1,n —2) — (3,n —1) and (3,n—1) — (5,n — 2)
must not be in H. Then, it also forces that (2,n —4) — (1,n —2), (1, n —2) — (2,n), (4, n—4) — (5,n —2)
and (5,n —2) — (4,n) must be in H. Next, since all vertice in {(1,4i +1),(5,4i +1)|0 < i < I},
{(1,4i+2),(5,4i+2)[0 <i<Il—1}and {(2,n),(4,1)} have only 2 incident edges. Collect (2,n —
4)-(1,n-2),1,n-2)—(2,n), (4,n—4)— (5n—2) and (5,n —2) — (4,n) which must be in H
together with all incident edges from these three sets, it happen to form a cycle (1,1), (2,3), (1,5),
(2,7),...,(L,n=3),(2,n—1),(4,n),(5,n—2), (4,n—4),(5,n—6),..,(44),(5,2),3,1),(1,2),(2,4),
(1,6),..,(1,n—6),(2,n—4),(1,n—-2),(2,n),(4n-1),(5n-3),..,(55),(43),(51),(3,2),(1,1),
see Figure 57 for a cycle on G(5, 12,2). This is a contradiction since this cycle does not contain all
vertices of G(5,1,2).
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Figure 57. A cycle on G(5,12,2).

Case 7.2: k > 2. We obtain a contradiction similar to Case 1 by considering {(1,4i + 1), (1,4i +
2),(m,4i+1),(m4i+2)0<i<I—-1},{(1,n—3),(2,n—4),(m—1,n—4),(m,n—3)} and {(4i +
1,1),(4i4+1,2),(4i+2,n),(4i+4,n)|0 <i < k — 1} instead, see Figure 58 for a cycle on G(13,16,2).
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Figure 58. A cycle on G(13,16,2).

Case 8: k < I, = 2and q = 1. We obtain a contradiction similar to Case 1 by considering
{(1,4i+1),(m—1,4i+1)[0 <i<I}and {(4i+1,1),(4i+1,n)|0 < i < k} instead, see Figure 59%a for
acycle on G(14,17,2).

Case 9: k < I,r = 2 and q = 3. We obtain a contradiction similar to Case 1 by considering
{(1,4i+2),(m—1,4i4+2)|0 <i<I}and {(4i+1,2),(4i+1,n—1)|0 < i < k} instead, see Figure 59b
for a cycle on G(14,15,2).
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Figure 59. Cycles on G(14,17,2) and G(14, 15,2), respectively.

Case10: k <[,r =2and g = 4.

If k =1 and | = 1, then it is similar to Case 7.1. We can see that (m — 1,5) (indicated by “+” in
Figure 60) has degree 3 which is more than the degree of the same vertex in the case when k > 2 and
I1>2.

Case 10.1: k = 1 and I = 1. Since (2,8) and (6, 8) have only 2 incident edges on the G(6,8,2),
(2,8) — (4,7) and (4,7) — (6,8) must be in H and it forces that (5,5) — (4,7) must not be in H.
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Then, it also forces that (6,3) — (5,5) and (5,5) — (6,7) must be in H. Next, since all vertice in
{(1,1),(1,5),(2,7),(6,7),(5,1) } have only 2 incident edges. Collect (6,3) — (5,5) and (5,5) — (6,7)
which must be in H and together with all incident edges from the set {(1,1), (1,5),(2,7),(6,7),(5,1)},
it happens to form a cycle (1,1), (2,3), (1,5), (2,7), (4,8), (6,7), (5,5), (6,3), (5,1), (3,2), (1,1), see
Figure 60. This is a contradiction since this cycle does not contain all vertices of G(6,8,2).

] o]
>
’ >
d] [+ /
~A -4

Figure 60. A cycle on G(6,8,2).

Case 10.2: k > 1 and I > 2. We obtain a contradiction similar to Case 1 by considering {(1,4i +
No<i<i}, {4i+2,n-1),(4i+1,1)0<i<k}, {(m—1,5}and {(m,4i+3)|1 <i <!} instead,
see Figure 61 for a cycle on G(14,16,2).
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Figure 61. A cycle on G(14,16,2).

Case 11: k < I, r = 3 and q = 1. We obtain a contradiction similar to Case 1 by considering
{(2,4i+1),(m—1,4i+1)|0 <i<I}and {(4i+2,1),(4i+2,n)|0 < i < k} instead, see Figure 62a for
a cycle on G(15,17,2).

Case 12: k < I, r = 3 and q = 2. We obtain a contradiction similar to Case 1 by considering
{(2,4i+1),(m—1,4i4+1)|0 <i<I}and {(4i+2,1),(4i +2,n—1)|0 < i < k} instead, see Figure 62b
for a cycle on G(15,18,2).
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(a) A cycle on G(15,17,2) (b) A cycle on G(15,18,2)

Figure 62. Cycles on G(15,17,2) and G(15,18,2), respectively.
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Case13: k< [,r=3and g =4.

Ifk=1and! =1ork=1and! > 2, then it is similar to Case 7.1. For k = 1 and [ = 1, there are
some vertices (i.e., (2,4), (3,1), (5,1) and (6,4) which are indicated by “+” in Figure 63) that have a
higher degree than the degree of the same vertices in the case when k > 2. For k = 1 and [ > 2, there
are some vertices (i.e., (3,1) and (5,1) which are indicated by “+4” in Figure 64) that have degree more
than the degree of the same vertices in the case when k > 2.

Case 13.1: k = 1 and ! = 1. Since (1,1), (1,5), (7,1) and (7,5) have only 2 incident edges on
G(7,8,2),(1,1) — (2,3),(2,3) — (1,5), (7,1) — (6,3) and (6,3) — (7,5) must be in H and it forces that
(3,1) = (2,3) and (5,1) — (6,3) must not be in H. Then, it also forces that (1,2) — (3,1), (3,1) — (5,2),
(3,2) = (5,1) and (5,1) — (7,2) must be in H. Thus, (3,2) and (5,2) already have two incident
edges on H and it forces again that (3,2) — (2,4) and (5,2) — (6,4) must not be in H. Next, since all
vertice in {(1,1), (1,2), (1,5),(2,8), (4,8),(6,8),(7,5),(7,2),(7,1) } have only 2 incident edges. Collect
(2,4) - (1,6), (3,1) — (5,2), (3,2) — (5,1) and (6,4) — (7,6) which must be in H together with all
incident edges from {(1,1),(1,2),(1,5),(2,8),(4,8),(6,8),(7,5),(7,2),(7,1) }, it happens to form a
cycle (1,1), (2,3), (1,5), (2,7), (4,8), (6,7), (7,5), (6,3), (7,1), (5,2), (3,1), (1,2), (2,4), (1,6), (2,8),
4,7),(6,8), (7,6), (6,4),(7,2), (5,1), (3,2), (1,1), see Figure 63. This is a contradiction since this cycle
does not contain all vertices of G(7, 8,2).
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Figure 63. A cycle on G(7,8,2).

Case 13.2: k = 1and ! > 2. Since (1,1), (1,5), (7,1) and (7,5) have only 2 incident edges on
G(7,n,2),(1,1) —(2,3),(2,3) = (1,5), (7,1) — (6,3) and (6,3) — (7,5) must be in H and it forces that
(3,1) — (2,3) and (5,1) — (6,3) must not be in H. Then, it also forces that (1,2) — (3,1), (3,1) — (5,2),
(3,2) = (5,1) and (5,1) — (7,2) must be in H. Next, since all verticein {(1,4i+ 1), (7,4i+1)|0 <i <1},
{(1,4i+2),(7,4i+2)|0<i<I—-1}and {(2,n—4),(6,n—4),(2,n),(4,n),(6,n)} have only 2 incident
edges. Collect (3,1) — (5,2) and (3,2) — (5,1) which must be in H together with all incident edges
from these two sets, it happen to form a cycle (1,1), (2,3), (1,5), ..., (2,n —=5), (1,n = 3), (2,n — 1),
(4,n), (6,n—1),(7,n—-3), .., (7,5), (6,3), (7,1), (5,2), (3,1), (1,2), (2,4), ..., (1,n—6), (2,n —4),
(1,n—2),(2,n), (4,n—-1),(6,n),(7,n-2),(6,n—4),(7,n—6),..(6,4),(7,2),(51),(3,2),(1,1), see
Figure 64 for a cycle on G(7,16,2). This is a contradiction since this cycle does not contain all vertices
of G(7,41 +4,2).
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o I I Tp

Figure 64. A cycle on G(7,16,2).

Case 13.3: k > 2. We obtain a contradiction similar to Case 1 by considering {(1,4i + 1), (m,4i +
DI0<i<I}{(1,4i42),(m4i+2)[0<i<I—-1},{(2,n—4),(m—1,n—4)},{(4i+2,n)|0 <i<k},
{(4i+4,m)|0<i<k—1},{(4i+1,1),(4i+1,2)]0 <i < k—2}and {(4i+3,1), (4i+3,2)[1 < i <k}
instead, see Figure 65 for a cycle on G(15,16,2).
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Figure 65. A cycle on G(15,16,2).

o1 |

:

Caseld: k <Il,r=4andg=1.

If k = 1, then it is similar to Case 7.1. There are some vertices (i.e., (4,2) and (4,n — 1) which are
indicated by “+” in Figure 66) that have degree more than the degree of the same vertices in the case
when k > 2.

Case 14.1: k = 1. Since (1,1), (1,5), (1,n — 4) and (1, n) have only 2 incident edges on G(8, 4! +
1,2), (1,1) = (2,3), (2,3) = (1,5), (1,n —4) — (2,n — 2) and (2,n —2) — (1,n) must be in H and
it forces that (4,2) — (2,3) and (4,n — 1) — (2,n — 2) must not be in H. Then, it also forces that
(4,2) — (6,1) and (4,n — 1) — (6,n) must be in H. Next, since all vertice in {(1,4i + 1), (2,4i +1)]0 <
i<1},{(51),(5n)}and {(8,4i +2),(8,4i +4)|0 < i <[ —1} have only 2 incident edges. Collect
(4,2) — (6,1) and (4,n — 1) — (6, n) which must be in H together with all incident edges from these
three sets, it happens to form a cycle (1,1), (2,3), (1,5), ..., (1, n —4), (2,n —2), (1,n), (3,n — 1), (5,n),
(7,n—1), (8,n—3),..,(7,4), (82),(6,1), (42), (2,1), (1,3), (2,5), ..., (2,n—4), (1,n —2), (2,n),
(4,n—-1),(6,n),(8,n—1),(7,n—3),..,(8,4),(7,2),(51),(3,2), (1,1), see Figure 66 for a cycle on
G(8,13,2). This is a contradiction since this cycle does not contain all vertices of G(8,4] +1,2).
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Figure 66. A cycle on G(8,13,2).

Case 14.2: k > 2. We obtain a contradiction similar to Case 1 by considering {(1,4i + 1), (2,4i +
4,2),(m—4,n—1)} and {(m,4i+2), (m,4i +4)|0 <i < — 1} instead, see Figure 67 for a cycle on
G(16,17,2).
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T o ™1 Tof T~ Tof 1+

Lol T Jelol T Jelol T fale
[T T I [ T

SN T Jolel T Jafal T Tolel
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[ TeT TeT Tof Tof Tef TeT |

Figure 67. A cycle on G(16,17,2).




Symmetry 2020, 12,1217 29 of 34

Case15:k <[, r =4and g = 2.

If k =1and [ > 2, then it is similar to Case 7.1. The vertex (3, 1) (indicated by “+” in Figure 68)
has degree 3 which is more than the degree of the same vertex in the case when k > 2 and | > 2.

Case 15.1: k = 1and ! > 2. Since (1,n —4) and (1, n) have only 2 incident edges on G(8,4l +2,2),
(1,n—4) — (2,n—2) and (2,n —2) — (1,n) must be in H and it forces that (2,n —2) — (3,n) must
not be in H. Then, it also forces that (1,n — 1) — (3,n) and (3,n) — (5,n — 1) must be in H. Next,
since all vertice in {(1,4i + 1), (7,4i+2)|0 <i <1} and {(5,1)} have only 2 incident edges. Collect
(1,n—1) — (3,n) and (3,n) — (5,n — 1) which must be in H together with all incident edges from
these two sets, it happens to form a cycle (1,1), (2,3), (1,5), ..., (1,n —5),(2,n —3), (1,n —1), (3,n),
(5,n—1),(7,n), (8,n—2),(7,n—4),..,(8,4),(7,2),(51),(3,2), (1,1), see Figure 68 for a cycle on
G(8,14,2). This is a contradiction since this cycle does not contain all vertices of G(8,4l + 2, 2).

XN - o -
- T =
)2 ¥
-
g {
o] Lo P i)
— e e

Figure 68. A cycle on G(8,14,2).

Case 15.2: k > 2. We obtain a contradiction similar to Case 1 by considering {(1,4i + 1), (m —
1,4i+2)[0 <i<I}, {(4i+1,1)|0 <i <k}, {(m—5mn)}and {(4i+1,1n—1)|1 <i<k— 1} instead,
see Figure 69 for a cycle on G(16,18,2).
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Figure 69. A cycle on G(16,18,2).

Case 16: k < I, r = 4 and q = 3. We obtain a contradiction similar to Case 1 by considering
{(1,4i4+1),(2,4i+1)|0 <i <I1-1},{(1,n—4),2n—-4)} {4i+11),4i+1,n)0 < i < k},
{(4i+2,1),(4i+2,n)|0 < i < k—1}, {(m—42),(m—4,n—-1)}, {(m4i+2)[0 < i < I} and
{(m,4i)|1 < i <} instead, see Figure 70 for a cycle on G(16,19,2).
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Figure 70. A cycle on G(16,19,2).

This completes the proof. [

Now, we are ready to prove our main theorem about the existence of a CKT on RB(m, n,r).

Theorem 8. An RB(m,n,r) withm,n > 3 and m,n > 2r has a CKT if and only if (a) m =n =3andr =1
or(b)m,n>7andr > 3.

Proof. First, form,n > 3,r =1and (m,n,r) # (3,3,1), the degree of four conner vertices of G(m,n,1)
is at most one. Thus, RB(m, 1,1) cannot have CKT. For m,n > 5 and r = 2, By the result of Wiitala[15]
and Theorem 7, an RB(m, n,2) has no CKT.

Conversely, for m = n = 3 and r = 1, it is well-known that an RB(3, 3, 1) has a CKT. Next, we
assume that m,n > 7,r > 3 and m,n > 2r.

Case1: r = 3.

Case 1.1: m is odd and n is even, or m is even and n is odd. We partition the RB(m, n,3) into
LB(m,n — 3,3) and 7B(m,n — 3,3), see Figure 71a for RB(10,11,3). Since m + n — 3 is even and
m+mn —3 > 12, by Theorem 5(b), the LB(m,n — 3,3) contains an OKT from (1,3) to (2,2) and by
Corollary 2(b), the 7B(m, n — 3,3) contains an OKT from (3,1) to (2,2). By joining (1,3) and (2,2) of
LB(m,n —3,3) to (2,2) and (3,1) of 7B(m, n — 3,3), respectively, we obtain a CKT on RB(m, n,3) as
shown in Figure 71b for the RB(10,11,3).
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> LA | <0V

SRR SN T2

(a) (b)
Figure 71. Two parts of RB(10, 11, 3) and a CKT on RB(10,11, 3).

Case 1.2: m and n are odd or even. We partition the RB(m, n,3) into LB(m, n — 3,3) and 7B(m, n —
3,3), see Figure 72a for RB(11,13,3). Since m + n — 3 is odd and m + n — 3 > 11, by Theorem 5(a),
the LB(m,n — 3,3) contains an OKT from (1,2) to (1,3) and by Corollary 2(a), the 7B(m,n — 3,3)
contains an OKT from (2,1) to (3,1). By joining (1,2) and (1,3) of LB(m,n —3,3) to (2,1) and
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(3,1) of 7B(m, n — 3,3), respectively, we obtain a CKT on RB(m, 1,3) as shown in Figure 72b for the
RB(11,13,3).

e A vk adsl I
WAL W< S A ST
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@) (b)
Figure 72. Two parts of RB(11,13,3) and a CKT on RB(11,13, 3).

Case 2: for r = 4. We partition the RB(m, n,4) into LB(m,n — 4,4) and 7B(m,n — 4,4), see
Figure 73a for RB(11,13,4). By Theorem 4 and Corollary 1, the LB(m, n — 4,4) has a CKT that contains
an edge (1,4) — (3,3) and 7B(m, n — 4,4) has a CKT that contains an edge (4,1) — (2,2). By deleting
(1,4) — (3,3) of LB(m,n — 4,4) and (4,1) — (2,2) of 7B(m,n — 4,4) and joining (1,4) and (3,3) of
LB(m,n —4,4) to (2,2) and (4,1) of 7B(m,n — 4,4), respectively, we obtain a CKT on RB(m, n,4), as
show in Figure 73b for RB(11,13,4).
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(a) (b)
Figure 73. Two parts of RB(11,13,3) and a CKT on RB(11,13, 3).

Case 3: v > 5.

Case 3.1: r is even. We partition the RB(m, n,7) into two CB(r x (n —r)) and two CB((m —r) x 1),
see Figure 74a for RB(13,14, 6). There are three steps to obtain a CKT which has some edges on each
partitioned board. First, we consider a CB(r x (m — r)). By Theorem 1, it contains a CKT having edges
(IL,m—r—1)—(3,n—r)and (r,2) — (r — 1,4). Rotate CB(r x (m —r)) 90 degrees clockwise, we obtain
a CKT on CB((m — r) x r) of the upper right-hand side having edges (m —r —1,r) — (m —r,r — 2)
and (2,1) — (4,2). Next, rotate CB(r x (m —r)) 90 degrees counterclockwise, we obtain a CKT on
CB((m — r) x r) of the lower left-hand side having edge (m —r —3,r —1) — (m —r — 1,r). Finally,
we consider a CB(r x (n — r)) on the upper left-hand side. By Theorem 1, it contains a CKT having
edges (1,n —r—1) — (3,n —r) and (r,2) — (r — 1,4). Rotate CB(r x (n — r)) 180 degrees clockwise,
we obtain a CKT on CB(r x (n — r)) of the lower right-hand side having edges (r —2,1) — (r,2) and
(I,n—r—1)—B,n—r—3).

Thus, if we use the position on the RB(m, n,r), there are 4 CKT on each partition having six
edges, namely (1,n —r—1)— 3,n—r), 2n—r+1)—(4n—r+2),(m—r—1,n)— (m—r,n—2),
m—r+1l,n—1)—(m—-—r+2,n-3),(mr+2)—(m—2,r+1)and (m—1,r) — (m—3,r—1).
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Next, to construct a CKT on RB(m, n,r), we delete these six edges and join these six edges:
Ln—-r—-1)—2n—-r+1),B38n—r)—(4n—r+2),in—r—1,n)—(m—-r+1,n—-1),(m—rn—
2)—(m—r+2,n-3),(m—1,r) — (m,r+2)and (m —3,r —1) — (m — 2,r + 1) instead, as shown in
Figure 74b for RB(13, 14, 6).
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Figure 74. Four parts of RB(13,14,6) and a CKT on RB(13,14,6).

Case 3.2: r is odd. We partition the RB(m, n, ) into two CB(r x (n —r)) and two CB((m —r) x r),
see Figure 75a for RB(12,13,5). There are three steps to obtain an OKT having two end-points on each
partitioned board. First, we consider a CB(r x (m — r)). By Theorem 6(b), it contains an OKT from
(r,1) to (2,m —r —1). Rotate CB(r x (m — r)) 90 degrees clockwise, we obtain an OKT from (1,1) to
(m—r—1,r—1) on CB((m —r) x r) of the upper right-hand side. Next, rotate CB(r x (m —r)) 90
degrees counterclockwise, we obtain an OKT from (m —r,r) to (2,2) on CB((m — r) x r) of the lower
left-hand side. Finally, we consider a CB(r x (n —r)) on the upper left-hand side. By Theorem 6, it
contains an OKT from (7,1) to (2,n —r — 1). Rotate CB(r x (n —r)) 180 degrees clockwise, we obtain
an OKT from (1,n —r) and (r — 1,2) on CB(r x (n —r)) of the lower right-hand side.

Thus, if we use the position on the RB(m, n,r), there are 4 OKTs on each partition having eight
end vertices, namely (r,1), 2,n—r—1), (Ln—r+1),(im—r—1,n—-1),(m—r+1,n), (m—1,r+2),
(m,r) and (r +2,2).

Next, to construct a CKT on the RB(m, n,r), we join four edges: (2,n —r—1) — (1, n —r+1),
(m—r—1,n—-1)—(m—-r+1,n),(m—1,r+2)— (m,r)and (r,1) — (r +2,2), as shown in Figure 75b
for RB(12,13,5).
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Figure 75. Four parts of RB(12,13,5) and a CKT on RB(12,13,5).

This completes the proof. [
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5. Conclusions and Discussion

In this paper, we have obtained necessary and sufficient conditions for the existence of a CKT for
the RB(m, n,r). In every case of Theorem 8, it can be seen that the CKTs are constructed by smaller
board-pieces that have diagonal or horizontal or vertical symmetries. As a consequence, to obtain
our main result, we have to study the existence of a CKT on LB(m, 1,3) and LB(m, n,4). In the future,
an interesting study is to find necessary and sufficient conditions for the existence of a CKT for the
general L-board, namely LB(m, n,1,u), which is the L-board consisting of m rows n with the lower leg
of width I and the upper leg of width u, see Figure 76.

u columns

m TOWS

I rows

n columns

Figure 76. LB(m, n,u,1).
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Abbreviations

The following abbreviations are used in this manuscript:

CKT Closed Knight's Tour
OKT Open Knight's Tour
CB(m xn) m x n chessboard

(
LB(m,n,r) L-board of size (m,n,r)
7B(m,n,r)  7-board of size (m,n,r)
RB(m,n,r)  (m,n,r)-ringboard
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