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Abstract

Given a graph and a single watchman, the objective of the Watchman’s
Walk Problem is to find a closed dominating walk of minimum length
which the watchman can traverse to efficiently guard the graph. When
multiple guards are available, one natural variation is to assume fixed
time constraints on the monitoring of vertices and attempt to minimize
the number of guards required. We find upper bounds on the number of
guards required to monitor trees when no vertex is unobserved for more
than t units of time.

1 Introduction

In graph theory, a dominating set of a graph G is a set of vertices D C V(G) with
the property that every vertex of G is either in D or adjacent to a vertex of D.
The concept of graph domination is widely researched (see [6]), and many results
are known about the domination number of a graph: that is, the size of a smallest
dominating set, denoted (G).
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A common application of domination is to model some sort of network with a
graph and then use dominating sets to efficiently monitor the network. For example,
given a museum whose rooms must be monitored, we could represent each room as
a vertex and connect two vertices with an edge if there is a hallway between the
corresponding rooms. If we assume a guard can see from one room to an adjacent
room by looking down the hallway, then the museum can be constantly monitored
with guards stationed at the vertices of a dominating set in the constructed graph.

A variation on this method of network monitoring was introduced by Hartnell,
Rall, and Whitehead in [4]. Rather than placing one guard in each room of a dom-
inating set, they considered having a single guard (or ‘watchman’) walk around the
museum, beginning and ending in the same room, in such a way that the visited
rooms form a dominating set. Thus after one complete walk every room has been
either visited by the guard or seen by the guard from an adjacent room. In a graph,
such a walk (that is, an alternating sequence of vertices and edges) is said to be dom-
inating, and the stipulation that the walk begin and end on the same vertex means
that it is closed. The goal is to minimize either the amount of time that vertices
(rooms) are left unobserved or the length of the watchman’s walk. The latter has
been called the Watchman’s Walk Problem: given a graph G, find a minimum
closed dominating walk (MCDW) in G. The length of a MCDW in a graph G is
denoted by w;(G) (where the 1 refers to the number of watchmen on the graph.)

Results for the original watchman’s walk problem can be found in [4] and [5]. In
the present paper we consider the variant of the problem dealing with the maximum
time any vertex is left unguarded, first explored in detail in [2]. Here we have more
than one guard available, but we wish to ensure that no vertex remains unobserved
for more than some fixed time t. Our goal becomes to respect this time constraint
while using as few guards as possible.

2 Preliminaries

We consider only simple graphs with no loops and no multiple edges. Recall that a
spanning tree of a graph G is a tree containing all vertices of G and a subset of the
edges of G. We refer to vertices of degree 1 in a tree as leaves and to a leaf’s single
neighbouring vertex as a stem. If T' is a tree then L(T') denotes the set of leaves of
T, and we use Tp to denote the leaf-deleted subtree T'\ L(T).

We denote the closed neighbourhood of a vertex v € V(G) by N[v]. We say a
vertex u is unobserved if no vertex in Nu] is occupied by a guard. Hence for a given
graph G and length of time ¢, we are interested in finding the minimum number of
guards needed to dominate the graph such that no vertex is unobserved for more
than ¢ consecutive units of time. More formally, for fixed time ¢t € N, a graph G can
be t-monitored by a set S of guards if there exists a function f : S x N — V(G) such
that

(i) for every guard g € S and at every time 7 € N, f(g,7 + 1) € N[f(g,7)], and
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(ii) for every vertex v € V(G) and every interval I C N of length ¢+ 1, there exists
a guard g € S and a time 7 € I such that f(g,7) € N[v].

Note that f(g,7) is the vertex occupied by the guard g at time 7. Essentially,
condition (i) ensures that in one unit of time, guards may move from a vertex to one
of its neighbours (i.e., no ‘jumping’ is allowed), and condition (ii) ensures that every
vertex has a guard within its closed neighbourhood at least once every ¢+ 1 units of
time.

Although there is no such stipulation in the definition of #-monitoring, we may
assume that each guard traverses a closed walk. To see this, let G be a graph
t-monitored by guards and suppose one or more of these guards traverse a walk
W that is not closed. At any fixed point in time, label a vertex 0* if it is currently
occupied by a guard, label a vertex 0 if it is unoccupied but adjacent to a vertex with
a guard, and label every other vertex with a positive integer (at most t) according
to the length of time that has elapsed since the vertex was last observed. Since both
t and |V (G)| are finite, there are only finitely many such labellings, and so at some
point a vertex labelling will be repeated. When this happens, we can truncate W and
have it repeat the sequence of vertices and edges that followed the first occurrence
of that labelling. The new walk is closed and does not disrupt the ¢-monitoring of
G. This proves the following theorem.

Theorem 1. If a graph G can be t-monitored by m guards then G can be t-monitored
by m guards whose walks are closed.

For a given graph G and length of time ¢, denote by W,(G) the minimum value
of |S|, the number of guards needed to t-monitor a graph. Note that Wy(G) =
(@), since if vertices cannot be unobserved for even a single unit of time then the
guards must dominate all vertices while remaining stationary. When ¢t > 0, efficient
strategies for multiple guards are not clear for graphs in general, or even for an
arbitrary tree. For trees that are paths, however, the strategy is simple. First, place
one guard at an end of the path, beginning at a stem. If this guard is to ensure that
the adjacent leaf is observed at least once every ¢t + 1 units of time then his walk
must have length at most ¢ + 1 (or at most ¢, when ¢ is even, since closed walks are
necessarily of even length). Such a walk includes “4 (or %) edges and “% +1 (or
% + 1) vertices, and additionally the guard can monitor the two vertices adjacent
to the ends of his walk. A second guard can in the same way monitor the next
% +3 (% + 3) vertices on the path. If we divide the total number of vertices n by
the number of vertices monitored by each guard, taking the ceiling of this value if
necessary, then we find that the minimum number of guards required to t-monitor a

path is as presented in Theorem 2 below.
Theorem 2. If T is a path on n vertices then

[ti—"?] when t is odd,

Wt(T) =

{ﬁr—"ﬁ] when t is even.
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For any graph G, if m guards can (minimally) monitor G such that no vertex
is unobserved for more than t units of time, then with those m guards no vertex is
being unobserved for more than ¢ 4 1 units of time; that is, W;(G) > Wi;1(G), and
we have the following lemma.

Lemma 3. For any graph G, Wo(G) > Wi(G) > Wy (G) > .. ..

It was shown in [4] that cut vertices in a graph must be visited by any MCDW
and that vertices of degree 1 are never visited in such a walk. Theorem 4 follows
immediately. For a given tree T', we denote by 2Tj the multigraph formed by doubling
every edge of Ty; note that such a multigraph is necessarily Eulerian.

Theorem 4. [4] If T is a tree then wi(T') = 2|E(Ty)|, and an Eulerian circuit in the
tree 2Ty is a MCDW for T.

This extends to the following result for multiple guards.

Corollary 5. For any tree T,

ey < [2E0)

Proof. From Theorem 4 we know a MCDW in T is obtained by doubling every edge
of Ty and walking an Eulerian circuit W in the multigraph 275. Place guards at most
distance t + 1 apart on W and have them follow one another around the Eulerian
circuit; this ensures no vertex is unobserved for more than ¢ consecutive units of
time. Since the total length of the circuit is 2| E(Tp)], the number of guards required
to place one at least at every (¢ + 1)th position is

[T,

t+1

Since T' can be t-monitored by [%_‘ guards, the minimum number of guards

required is at most this number. O

It will be useful to know when a single guard is enough to t-monitor an arbitrary
tree. Since every tree has at least two leaves, |E(Tp)] < (n — 1) — 2 for any tree

- 2|E(Ty)] 2037 _ 1 : L
T. Using Corollary 5, [ e —‘ < [ T —‘ =1if 2n — 6 < t+ 1. This gives the

following corollary.

Corollary 6. If T is a tree on % or fewer vertices then T can be t-monitored with

one guard.

In these last two corollaries, our strategy is to first find a single minimum closed
dominating walk and then have our guards ‘share’ this walk by spacing them along
it as equally as possibly. Contrast this with our strategy for t-monitoring paths; in
some sense paths form the opposite extreme, as each guard has his own closed walk
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which is disjoint from all others. For a general tree the problem of determining a
strategy for multiple guards really amounts to determining which parts of the tree
should be monitored by shared walks and which should be ‘split’ into disjoint walks.
We must deal with this question repeatedly in the proof of our main result.

In [2], the authors prove the following bounds on W;(T'), which we generalize in
the next section.

—1 2
Theorem 7. [2] For any tree T with n > 3, W1(T) < {nTJ, Wo(T) < {?nJ,

and Wy(T) < L%J

In each case there exist trees or families of trees attaining the upper bounds listed

above. Those trees for which Wi(T) = |25 ] are completely characterized in [2].

3 Main result

In this section we present generalized bounds for even and odd time ¢. The bulk of
the work is done in Theorem 9; however, we first require the following lemma.

Lemma 8. Suppose a tree T is dominated by guards sharing a single closed walk
(that is, an Fulerian circuit in 2Ty). If j vertices are attached to T in such a way
that the resulting graph is still a tree then the existing guards can dominate the new
vertices by adding at most 2j edges to their closed walk.

Proof. We prove the result by induction on j. If only one vertex u is to be added
then attach w to T at v. Either v is a non-leaf in T" and must already be included
in the original walk, in which case u is seen without any modification, or v is a leaf
in T and the original walk must include the stem of v; in this case u can be seen by
adding the edge from the stem to v, once in each direction. Here j = 1 vertex was
added and at most 2 - j = 2 additional edges were required.

Assume the lemma holds for all k¥ where 1 < k < j, and suppose we add j
vertices to T. Remove one of these, a leaf ¢; by the induction hypothesis the guards
can observe the j— 1 additional vertices by increasing the length of their shared walk
by at most 2(j — 1). This walk must include either the stem s of ¢ or a neighbour
of s. If s is already on the walk then no extra edges need to be traversed to monitor
Z; if only a neighbour of s is on the walk then one additional edge must be traversed
(twice) to get to s and back, thereby increasing the length of the walk by 2 edges. In
total all j additional vertices can be dominated by adding at most 2(j — 1) +2 = 25
edges to the shared closed walk. O

An upper bound for W(T') with odd ¢ will follow as a consequence of Theorem 9
below. Notice that the induction hypothesis includes two conditions on the structure
of guards’ walks; these conditions allow us to more easily obtain the proposed bound
during the inductive step.
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Theorem 9. Ift is odd then any tree T on n > 3 wertices can be t-monitored by
L%?jr—tgsJ guards such that

(1) the closed walks of any two guards are either identical or edge-disjoint, and
(2) a closed walk shared by p > 1 guards has length at most p(t + 1).

Proof. Let k = 52, so that [222L=8] — |23 | Tt js easy to verify the theorem

when 3 < n < k+ 2; in this case
3+k73<n+k‘73<(k‘+2)+k73 2k —1
k - k - k k

SO L%HJ = 1 and we must show any tree T on n vertices can be t-monitored with
one guard satisfying properties (1) and (2). Since T has at most k +2 = 52 +2
vertices, one guard can t-monitor T' by following an Eulerian circuit through Ty with
doubled edges, by Corollary 6. This also demonstrates property (2), and since only
one guard is involved, property (1) follows trivially.

1=

<2,

Assume inductively that any tree on m vertices, 3 < m < n — 1, can be t-
monitored by |Z=| guards whose walks satisfy properties (1) and (2). Let T
be an arbitrary tree on n vertices. We will find % suitable vertices to remove from

T, forming a subtree 7" that by the induction hypothesis can be ¢-monitored by

L(nfk)ﬂcfs
k

only one additional guard, whose walk preserves properties (1) and (2), then T can
be t-monitored by L J +1= L"*k SJ guards and the theorem will be proved by
induction. We select the k vertices as follows.

J = L" 3J guards. If we can show that including the k vertices requires

Find a non-leaf vertex vy such that 7'\ v has at least one component with more
than k vertices, and let S; be one such component. Let v; be the vertex in S; that
is adjacent to vy in T, and root S at v1. If all branches of vy in S; have less than &
vertices, relabel v, as v; otherwise, choose a branch with k or more vertices and call it
Ss. Root Sy at vq, the vertex adjacent to v;. If all branches of vy in Sy have less than
k vertices, relabel vy as v; otherwise, choose a branch with k or more vertices and call
it S3. We can repeat this procedure until eventually a vertex v = v; is found whose
branches are all of size less than k. Furthermore, the subtree S; (containing v; and
these branches) has at least k vertices, since .S; was chosen from the branches of v;_;
with precisely that property. Select k vertices from S; beginning in one branch of v,
ensuring that after each selection the unselected vertices are connected, and selecting
from a second branch only after the first has been entirely selected, selecting from a
third branch only if the second has been entirely selected, and so on.

If S; has exactly k vertices then we select the entire component, including v, and
let the tree T be T with these k vertices removed. Then S; is a tree with & = %
vertices, so by Corollary 6 it can be t-monitored by one guard. By the induction
hypothesis the tree 77 on n — k vertices can be t-monitored by L - J guards, whose
walks satisfy properties (1) and (2). The one additional guard required for S; gives
a total of |22 : 3 +1 = | 2+=3 | guards, and since the new guard does not enter 7’
and walks at most 2(k — 2) = ¢t — 1 edges, his walk does not violate properties (1)
and (2).
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If S; has more than k vertices then we will not select the vertex v. At least one
branch of S; is entirely selected, since no single branch contains & or more vertices,
and at most one branch is partially selected, since we are choosing the vertices one
branch at a time. Let S be the subtree of T' containing v and all completely selected
branches. There are two cases.

Case 1: There is no partially selected branch; that is, S contains all k selected
vertices. Since v is not selected, S is a subtree with k + 1 vertices, at least two of
which are leaves in T (S cannot have only a single branch because each branch of v
has less than k vertices). Hence by Corollary 6, S can be ¢-monitored by one guard
who traverses at most 2(k — 2) =t — 1 edges. By the same reasoning as used above
when |V(S;)| = k, the theorem holds in this case.

Case 2: There is a partially-selected branch; call this branch B. Let 7" be T with
the k selected vertices removed. Since only some of the vertices of B are selected, part
of this branch will be in the tree T”. By the induction hypothesis, T/ on n— k vertices
can be t-monitored by VT_BJ guards whose walks are identical or edge-disjoint, where
a closed walk shared by p guards has length at most p(t + 1). In the following two
sub-cases, let B’ be the branch B of v contained in 7".

Case 2a: The edges of B’ belong to multiple edge-disjoint walks. At most one
of these walks includes edges outside of B’, because a single edge joins B’ to the
rest of T”. So at least one walk has edges only in B’, and consequently at least one
guard never leaves B in T'. Let one guard remain in B’ and let any other guards
whose walks were entirely in B’ sit stationary at the vertex v. If there was a walk
in B’ involving edges outside of B’ truncate this walk by excluding all edges of B’.
The guard(s) on this walk can remain at v instead of entering B’, and can resume
the remainder of the walk at the appropriate time. These alterations do not affect
the monitoring of any vertex in 7"\ B’, and properties (1) and (2) are clearly not
violated. The single guard remaining in B’ can t-monitor all of the branch B in T,
by Corollary 6, because B has less than k = &3 vertices. This walk is edge-disjoint
from all others and has length at most 2[(k — 2) — 1] = ¢t — 3 (because B has at most
k — 2 edges and at least one vertex which is a leaf in T').

We now need to dominate the remainder of the k selected vertices, which are in
S. Because S has at most k = % vertices, one new guard can t-monitor S with a
walk which is edge-disjoint from all others, because S and T’ have only the vertex
v in common. Thus property (1) is preserved. The walk has one guard and length
at most 2[(k—1) — 1] =¢ —1 (S has at most k — 1 edges and at least one leaf), so
property (2) is also preserved, and we see that the theorem holds in this case.

Case 2b: The edges of B’ belong to a single walk. If this walk does not include
edges outside of B’ then its guard(s) can monitor all of B in T, as in case 2a, so the
result follows as above. Otherwise, we have a single closed walk W which necessarily
visits the vertex v. Suppose p guards share W, so that W has length at most p(t+1),
and suppose |B\ B'| = j (i.e., j vertices of B were selected). By Lemma 8, at most
2j edges must be added to the walk W in order for the guards on W to also dominate
the j vertices of B that are not in T”.
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Now, if 7 of the k selected vertices are in B then S has k—j+ 1 vertices, including
v. At least one of these is a leaf of T, so at most 2(k —j — 1) = t+ 1 — 25 edges must
be traversed to visit all non-leaf vertices of S, including v. If we also add these edges
to the walk W, which visits v, then in total we have a closed walk of length at most
pt+1)+(27)+ (t+1—25) = (p+1)(¢t+1). We can therefore place one additional
guard on the expanded walk, so that p+ 1 guards are now spaced along it as equally
as possible. Every vertex on or adjacent to this walk, including each of the k selected
vertices, is then seen at least once every t units of time. Thus with one new guard
and the described additions to W, the entire tree T' can be t-monitored with LM
guards; since the new guard is joining a walk of length at most (p + 1)(¢ 4 1) shared
by p+ 1 guards, properties (1) and (2) are preserved. Thus the theorem holds in all
cases. O

We now have as an immediate corollary the following upper bound for odd ¢.

Corollary 10. If T is a tree of order n and t > 0 is an odd integer then

Wi(T) < VHH_SJ _ VHC_?)J’

t+3 k

fork:%.

Recall from Lemma 3 that W;(G) < W;_1(G) for any time ¢ and any graph G.

If ¢ is even then from this inequality and Corollary 10 we have Wi (G) < W;_1(G) <
2n+(t—1)—3

L (t—1)+3

is notably weaker than the bound for odd t.

J . The resulting upper bound for even ¢, presented below in Corollary 11,

Corollary 11. If G is a connected graph of order n and t > 0 is an even integer
then

2 t—4

Wi(G) < {LJ

142

4 Analysis of the bound

In this section we explore the utility of Corollary 10 and construct a family of trees
for which this upper bound is attained. Note that for ¢t = 1 and ¢ = 3, the upper
bound presented here matches those found by [2].

We compare the bound of Corollary 5 with that of Corollary 10. The former
has the disadvantage of requiring some specific knowledge of the tree, besides its
order: namely, we need to know the number of non-leaf edges in the tree. If we
know nothing of the graph we could assume only that T" has at least two leaves, thus
giving |E(Tp)| < n — 3. With only this assumption, how does the bound of LMJ

t+3
compare to [%—‘ ?
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) , 2n+t—3 2(n-—3) . ,
It is straightforward to check that nt 3 < (tn+ 1 ) if and only if 2 + 4t +

15 < 4n. For n > 10 and t < /n we see that 2 + 4t + 15 < n +4y/n + 15 <
n+37"+37":4n.

Hence with these conditions, and without knowing |L(T")|, the bound of Corollary
10 is strictly better than the bound of Corollary 5. Of course, to assume 7" has only
2 leaves is rather strong. Suppose we allow for T having up to /n leaves. Let
L = |L(T)]; then 25 < 2<";};” if and only if t? + 2tL + 6L + 3 < 4n, which is
true if n > 45 and ¢, L < y/n. Thus for reasonable assumptions on n, |L(T)]|, and ¢,

the bound Wi (T) < L%?jr—tg’sJ is an improvement upon the bound Wy (T") < [%—‘

A final point for the strength of Corollary 10 is that the bound is sharp in its
current form; specifically, if the denominator is kept as k = % then the numerator
cannot be reduced. Theorem 12 partly demonstrates this, by identifying an infinite
family of trees for which the bound of Corollary 10 is attained. To prove the sharpness
claim, however, we have to further demonstrate that there is a tree attaining the
bound for given ¢ which also satisfies {%J < L%HL the tree T in Figure 1
suffices, since as a tree in the family of Theorem 12 we know W3(T') = L%J =3,
but with n =9 and k =t = 3 we have L%J =2.

T

t=3

Figure 1: A tree T with W3(T) = 3 > | 24|,

Theorem 12. Lett be an odd integer, let k = %, and let j be an integer satisfying
2<j<k+1. IfT is formed by identifying one endpoint of any number of (k+ 1)-
vertezr paths and a single (j + 1)-vertezx path, then W(T) = L%J = L%MJ
Proof. Let T be formed as described (see Figure 2), say with m + 1 branches off a
central vertex v. Fix a set of t-monitoring walks on 7. With some interchanging of
guards — but without any alteration in the sequence of guard-occupied vertices — we
show that at least m + 1 guards are involved in any t-monitoring of 7.

Let B be a k-vertex branch with stem s. Note that the length of B (and all
k-vertex branches) is such that it takes exactly ¢ + 1 units of time to get from the
stem s to the central vertex v and back again to s. We claim that (possibly with
some switching of guards) there is a guard who never leaves B U {v}. At some point
in time, a guard g; visits s in order to monitor the neighbouring leaf. If the guard
never leaves BU{v} then we are done; otherwise, let go be the next guard that visits
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s, as there is not enough time for g; to walk from s to v, to a vertex off of B, and
back again to s. For this same reason, the guards g; and g meet at the latest at v,
or else too much time passes between consecutive visits of s.

Now, at the meeting point of the two guards g; and g», have them swap places
with one another: let each turn around and resume the other’s walk from that time
on. We do not change the timing or the sequence of edges traversed; indeed, at
any given time, the set of occupied vertices of T is exactly as it was before, and so
T is still t-monitored with the same number of guards. If we repeat this swapping
strategy again when (if) a third guard enters B to visit s, and continue for each that
follows, then the guard g; never leaves B U {v}. Applying the same argument to all
other k-vertex branches, we find each branch has a unique guard who is restricted to
that single branch (and possibly v). This accounts for at least m guards; but none
of these enters the j-vertex branch, the leaf of which cannot be seen from v because
j > 2. Thus there is at least one additional guard walking the tree.

We have shown that at least m + 1 guards are required to t-monitor 7. Since
7 < k+1, one guard is enough to monitor the entire j-vertex branch; so m+1 guards
(one on each branch) are in fact sufficient to t-monitor 7. That is, W,(T') = m + 1.

It remains to show that |“5=2| =m + 1 for this tree. We know that [V (T)| =
n =mk+ j+ 1, so we have
VHC_?)J B {mk+k+‘j_2J B {(m—&-l)k j—2

k k R kJ_mH’

since j < k+1 = % < 1. Hence, these trees attain the bound of Corollary 10. O

Q0 O.,

v 1 Vj
Figure 2: An infinite family of trees that attain the upper bound of Corollary 10,
where t is odd, k = %, and 2 <j<k+1.

5 Conclusions and open questions

Although our upper bounds are presented for trees, they are also valid for graphs in
general. This is because the number of guards required for a general graph is always
bounded above by the number of guards required for any spanning tree of the graph.
This bound can be optimized by picking the “best” spanning tree — for our purposes,
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the spanning tree with as many leaves as possible, a problem which is known to be
NP-hard [3].

The following question repeatedly arises when we are monitoring with multiple
guards: if m guards can ¢-monitor a tree, can they do so with closed walks that are
pairwise edge-disjoint or identical? We know the answer is yes for certain families of
graphs (e.g., those described in Theorem 12), and we have never seen this restriction
increase the required number of guards.

Another natural question is whether or not there exists a result analogous to
Theorem 9 for even values of t. We have the following conjecture.

Conjecture 13. If T is a tree of order n and t > 0 is an even integer then

2n+t—2J

Wi(G) < { t+3

This has been shown to hold for ¢ = 2 [2] and ¢ = 4 [7], using induction as in the
proof of Theorem 9. However, when we analyze cases as we did for that theorem,
there are certain instances when a general argument is not apparent; the proofs for
t = 2,4 rely instead on exhaustive checking of subcases. We note two reasons for
the problems that arise when ¢ is even. Firstly, our approach of removing k = %
vertices in the inductive step is no longer possible, since this k is not an integer.
There are various ways to avoid this, but even the most practical —namely, setting
k= % and proceeding as with odd t— has the disadvantage that a relatively larger
number of vertices are removed, making it harder for only one additional guard to
monitor them.

Secondly, and more generally, a subtle problem arises when ¢t is even that is unre-
lated to our method of proof. As mentioned in the discussion leading to Theorem 2,
a guard who is solely responsible for the vertices he dominates must have a walk of
length at most ¢+ 1; but if ¢ is even then this value is odd, and since any closed walk
on a tree has even length, the maximum length is actually only ¢. In certain cases
of our attempted proof, this loss means that a single guard is unable to monitor the
desired number of vertices.

The authors are pleased to hear that as of the writing of this paper, Conjecture
13 has been verified [1].

References
[1] I. Beaton, R. Begin, S. Finbow and C.M. van Bommell, Even time constraints
on the watchman’s walk, Manuscript (2011), St. Francis Xavier University.

[2] C. Davies, S. Finbow, B. Hartnell, Q. Li and K. Schmeisser, The watchman
problem on trees, Bull. ICA 37 (2003), 35-43.

[3] M.R. Garey and D.S. Johnson, Computers and Intractability: A Guide to the
Theory of NP-Completeness, Freeman, San Francisco (1979).



108 DANNY DYER AND REBECCA MILLEY
[4] B.L. Hartnell, D.F. Rall and C.A. Whitehead, The watchman’s walk problem:
An introduction, Congr. Numer. 130 (1998), 149-155.

[5] B.L. Hartnell and C.A Whitehead, Minimum dominating walks in Cartesian prod-
uct graphs, Util. Math. 65 (2004), 73-82.

[6] T.W. Haynes, S.T. Hedetniemi and P.J. Slater, Fundamentals of domination in
graphs, Marcel Dekker, New York (1998).

[7] R. Keeping, The watchman’s walk problem and its variations, M.Sc. Thesis,
Memorial University of Newfoundland (2010). (Written under author’s maiden
name; now R. Milley.)

(Received 16 June 2011; revised 14 Feb 2012)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


