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The packing number of a graph G is the maximum number of closed neighborhoods of vertices in G with pairwise
empty intersections. Similarly, the open packing number of G is the maximum number of open neighborhoods in
G with pairwise empty intersections. We consider the packing and open packing numbers on graph products. In
particular we give a complete solution with respect to some properties of factors in the case of lexicographic and
rooted products. For Cartesian, strong and direct products, we present several lower and upper bounds on these
parameters.
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1 Introduction

The packing number p(G) and the open packing number p,(G) of a graph G are natural lower bounds of
the domination number (G) and the total domination number :(G) of G, respectively. One of the first
results of that type is from Meir and Moon [22], where it was shown that p(T') = ~v(T') for every tree T'
(in a different notation). It is easy to see that, while the numbers are the same, the sets that yield both p(T")
and ~(7T) are often different. See also [3, 12] for some results of that type where they “unfortunately”
only lie in a shadow of domination and total domination.

In the last decade the packing number became more interesting for itself, and not only in connection
with the domination number. Some interesting examples are as follows. The relationship between the
packing number and the maximal packings of minimum cardinality, called also the lower packing number,
is investigated in [26]. In [24], a connection between the packing number and the double domination in the
form of an upper bound is presented. Graphs for which their packing number equals the packing number
of their complement are described in [6]. In [14], it was shown that the domination number can also be
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bounded from above by the packing number multiplied by the maximum degree of a graph. Asymptotic
bounds for the maximum and the minimum number of packings in graphs of fixed order are established
in [16]. A different approach was taken in [2], where graphs with unique maximum packing are treated.

A generalization of packings presented in [9] is called k-limited packing, where the closed neighbor-
hood of every vertex can have at most k vertices in a k-limited packing set S. They exhibited some
real-world applications of it to network security, market saturation, NIMBY and codes. A probabilistic
approach to some bounds of the k-limited packings can be found in [8]. More results on this topic can
be found in [23]. A further generalization, that is, generalized limited packing of the k-limited packing
(see [5]) brings a dynamic approach with respect to the vertices of G, where every v € V(&) can have
a different number of neighbors k, in a generalized limited packing. The problem is NP-complete, but
solvable in polynomial time for P4-tidy graphs as shown in [5].

The open packing number was introduced by Henning and Slater in [13]. They presented theoretical
and computational results concerning this parameter of graphs. In [25], the open packing and the total
domination equality p,(T") = ~(T") was proved for all trees T of order at least two. Some applications
of this equality for trees can be found in [25] and [28]. As a generalization of the open packing, and a
total version of the limited packing, the concept of total limited packing was introduced in [15]. A subset
S of the vertices is called a k-total limited packing if the open neighborhood of each vertex has at most k
neighbors in S.

The class of graphs with p(G) = v(G), where both maximum packing sets and minimum dominating
sets coincide, is called efficient closed domination graphs. In such a case we also call a minimum dom-
inating set a 1-perfect code. Similarly, we call a graph G an efficient open domination graph, whenever
00(G) = v(Q@). Efficient open domination graphs are well known among graph products, see [20, 21]. In
particular, in [20], a method was established concerning how to approach to the efficient open domination
graphs among Cartesian products where one factor is fixed. The study of perfect codes in graphs was
initiated by Biggs [1]. It was later intensively studied, and for instance, graphs that are both efficient open
and efficient closed domination graphs at the same time are discussed in [18].

We twist the roles usually played by (open) packings in investigations, and bring in this work, packing
and open packing on the front line and present several upper and lower bounds for the packing and open
packing numbers of graph products. In the next section we fix the notation. Then we start with the
investigation of packing and open packing numbers of the Cartesian product of graphs. A section that
covers the lexicographic, the strong and the direct product follows. We end with a section on the rooted
product of graphs.

2 Preliminaries

Throughout this paper, let G be a finite simple graph with vertex set V(G) and edge set E(G). The open
neighborhood {u € V(G) : uv € E(G)} of a vertex v is denoted by N¢ (v), and the closed neighborhood
of vis Ng[v] = Ng(v)U{v}. The degree of a vertex v is | N (v)| and is denoted by d¢ (v). The minimum
and maximum degree of G are denoted by 6(G) and A(G), respectively. A subgraph of a graph G induced
by S C V(G) is denoted by G[S].

A set S C V(G) is a dominating set if each vertex in V(G)\S has at least one neighbor in .S. The
domination number v(G) is the minimum cardinality of a dominating set of G. We call a dominating set
S of a graph G with cardinality v(G) a v(G)-set. Similarly, a set D C V(@) is a total dominating set if
each vertex in V' (G) has at least one neighbor in D. The total domination number ~,(G) is the minimum
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cardinality of a total dominating set of G. We call a total dominating set D of a graph G with cardinality
7 (G) ay:(G)-set.

A subset P C V(Q) is a packing in G, if for every pair of distinct vertices u,v € P, Nu] N N[v] = 0.
The packing number p(G) is the maximum cardinality of a packing in G. The open packing, as it is
defined in [13], is a subset P C V(@) for which the open neighborhoods of the vertices of P are pairwise
disjoint in G (clearly, P is an open packing if and only if |N(v) N P| < 1, for every v € V(G)). The
open packing number, denoted p,(G), is the maximum cardinality among all open packings in G.

Aset S C V(G) is k-independent set of a graph G, if A(G[S]) < k. The k-independence number of G
is the maximum cardinality of a k-independent set of G. We denote the k-independence number by o (G)
and call a k-independent set of cardinality «(G) as an ay, (G)-set. This is clearly a generalization of the
independence number «(G), which may be considered as the 1-independence number. We are mainly
interested in this work in a3 (G). If S is a 2-independent set of a graph G, then G[S] contains isolated
edges and isolated vertices. This invariant was first introduced in [7]. For more references we recommend
the survey [4].

For all four standard products of graphs G and H the vertex set of the productis V(G) x V(H). Their
edge sets are defined as follows. In the Cartesian product GOH two vertices are adjacent if they are
adjacent in one coordinate and equal in the other. In the direct product G x H two vertices are adjacent if
they are adjacent in both coordinates. The edge set E(G X H) of the strong product G X H is the union
of E(GOH) and E(G x H). Finally, two vertices (g, h) and (¢’, ') are adjacent in the lexicographic
product G o H (also G[H)) if either g¢' € E(G) or (g = ¢’ and hh/ € E(H)). Forh € V(H), g € V(G)
and x € {0,X, x, 0}, wecall G" = {(g,h) € V(G*H) | g € V(G)} a G-layer through h in G * H, and
9H ={(g,h) e V(GxH) | h € V(H)} an H-layer through g in G * H. Note that the subgraph of G x H
induced by G" is isomorphic to G, and the subgraph of G * H induced by 9 H is isomorphic to H for
% € {0, ¥, o}. On the other hand, there are no edges between vertices of G" and between vertices of I H
in G x H. Note also that all four products are associative and only the first three are commutative, while
the lexicographic product is not, cf. [11]. The map ps : V(G x H) — V(G) defined by ps((g,h)) = ¢
is called a projection map onto G for x € {0, X, X, o}. Similarly, we can define the projection map onto
H.

3 Cartesian product of graphs

In 1968, Vizing [29] posed the following conjecture, which is still widely open, concerning the domination
number of Cartesian product of two graphs G and H:

V(GUH) = ~(G)y(H). (M

One of the tools which have been used while trying to prove, or making a contribution to the knowledge
on the conjecture, is precisely the packing number. This could probably be one of reasons that the packing
number has been very rarely considered by itself in an investigation regarding products of graphs.

One of the most common contributions to the study on Vizing’s conjecture concerns finding some
Vizing-like results for other domination related parameters in the Cartesian product of graphs, or even
in other products. In this sense, similar inequalities concerning many domination parameters have been
extensively obtained in the literature (for more information the reader can consult [3]).

We first remark the following Vizing-like inequality for the packing number proved by Kazemi et al.
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[17]. That is, for all graphs GG and H,
p(GOH) > p(G)p(H). @)

Although the bound above satisfies the style of a Vizing-like result, in general this bound is not too
accurate. That is, the real value for p(GOH) is frequently much larger than p(G)p(H ). For instance, we
next show that the difference between p(GOH) and p(G)p(H) can be arbitrary large. To this end, we
first recall that the distance formula in Cartesian product of two graphs G and H is given by

deon((g.h), (9", ') = da(g,9") + du (b, B). (See [11].) G

Proposition 3.1. For any integer b > 2, there exist two graphs G and H for which p(GOH)—p(G)p(H) =
b.

Proof: Let b = r(t — 1), in which r,¢ > 2 are two integers. We consider the graph G, ; constructed as
follows. We begin with a graph G, of order . We next add ¢ pendant vertices to each vertex of G.. In
what follows we claim that

p(Gﬂt) =T (4)

Let S be a packing set of cardinality p(G.,.;). For any vertex v of G, at most one vertex of N [v] can
belong to S. Thus, p(G,:) < r. By taking exactly one of the added pendant vertices to each vertex of
G-, we construct a packing set of G, ;. This also means that p(G,.;) > r and we have the equality (4).

We next give the exact value of the packing number of the Cartesian product of the graph G, ; and a
complete graph K, on n > t vertices. In fact, we claim that

p(Gr,tDKn) =rt. (5)

Let V(K,) = {h1,...,hn} and let V(Grt) = {910,911, > 91,5+ 9r.05Gr15- - - » Gt }» Where
V(G,y) ={91.0,---,9r0t and N(g;0) \V(G;) = {gi1, ..., i1} foreveryi € {1,...,r}. To prove our
result, we consider the set

T = {(glyla hl)a CER) (97217 hl)v (91,23 hQ)a CR) (97227 h2)7 RS (gl-,tv ht)v RS (gT-,ta ht)}

It can be noticed, by (3), that the distance between any two vertices of 7" is at least three. Thus, 7" is a
packing set of G, ;,[0K,, and so, p(G,:0K,) > |T| = rt.

Let B be a packing set of cardinality p(G, ;JK,). Consider the set of vertices of G, [JK,, in the
matrix form M = {(g; ;. hx) | 1 <i <7, 0<j <tand 1 <k < n}. Hence, we can partition the set of
rows of M into the sets M o, - - - , M, o, in which M; ¢ contains ¢ + 1 rows

(96,0, h1), -+, (96,0, b))y ((gi1, ha)s -+ 5 (Gis hn)) - oo ((Giges Ra)y - 5 (Gagts ).

Since the subgraph induced by the vertices in ((gi j, h1),- -, (gij, hn)) for 0 < j < t, is a copy of the
complete graph K, every row in M; ¢ has at most one vertex in B. Therefore, |M,; o N B| < ¢t + 1 for
each 1 <4 < r. Suppose to the contrary that, |Mi,0 NB|=t+1forsomel <i<r. Let (gi.t, h;) be the
unique vertex of ((gi ¢, h1), -+, (¢i,, hn)) which belongs to B. This implies that | N[(g;.0, h;)]NB| = 2,
which is a contradiction. Thus, |M; o N B| < t foreach 1 < i < r, and so, p(G,:0K,) = |B| < rt.
Therefore, we have the equality (5).
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Since p(K,,) = 1 and p(G,,,) = r, we have p(G,OK,,) — p(G,)p(K,) =r(t —1)=b. O

For the open version of packings, we observe that the analogous inequality to that in (2) does not hold
in general. To see this we consider for instance G = H = P». The definition of the packing number of
graphs (based on a maximum value) is more feasible to find lower bounds than to find upper bounds for it.
The main part of results known for the Cartesian product is an example of it. In contrast, in what follows
we center our attention into giving an upper bound on p(GOH).

Proposition 3.2. For any graphs G and H,
p(GOH) < min{p(G)|V(H)], p(H)|V(G)|}.
This bound is sharp.

Proof: Let V(H) = {h1, -, hjy(m) }. Clearly, GOH contains [V (H)| disjoint G-layers. Now let
P be a maximum packing in GOOH. Hence, P, = P N G" is a packing in (GOH)[G"¢], for each
1 <i < |V(H)|. Therefore, | P;| < p(G), and it follows that

V()
p(GOH) =|P|= Y |P| < p(G)|V(H)|.
i=1

We have p(GOH) < p(H)|V(G)], by a similar fashion. This shows the upper bound. That the bound
is sharp can be seen by considering p(P0K,, ,,) = 2 whenm +n > 3. O

Similarly to the inequality in Proposition 3.2, we have
po(GUH) < min{po(G)|V (H)|, po(H)|V (G)]}-

In what follows we always assume that |V (G)|, |V (H)| > 2, for otherwise GOH = G or GOH =
H. If G4,...,G, and Hy,..., H, are the components of G and H, respectively, then po(GOH) =
i Po(Gi1H;). So, we can assume that both G and H are connected.

We start with a lower bound on p,(GUOH). To this end, we let ¢ = [(diam(G) + 1)/3] and

- 1, if G # K3 and diam(H) = 2 (mod 3),
e = (6)

0, otherwise.
Theorem 3.3. For any graphs G and H,

po(GLH) > max{p(G)po(H), p(H)po(G), npo(G) + 1, nepo(H) + 15 }.

Proof: Let V(H) = {v1,...,vy(m) } and let P’ be a maximum open packing in G and P{ = P’ x {v;}.
Consider a diametral path P = v1v2 - - Ugjam(#)+1 in H, by renaming vertices if necessary. If G = K>
or diam(H) = 0 or 1 (mod 3), then

P = U}iifm(H)/BJHP&{FQ
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is an open packing in GOOH. Therefore, p,(GOH) > |Pi| = nupo(G). So, in what follows we suppose
that G # K5 and diam(H) = 2 (mod 3). Let u; € V(G) \ P’ (note that such a vertex exists because
G # Kp). Observe that P = Pi U {(uy, Vdiam(#)+1)} i an open packing in GOH of cardinality
n# po(G) + 1. The above discussion results in p,(GOH) > nmpo(G) + n&. Interchanging the roles of
G and H we have p,(GOH) > ngpo(H) + n%.

Now, let Pg be a maximum open packing in G and let Py be a maximum packing in H. Let P =
P¢ x Pp. Suppose that there exists a vertex (u,v) € V(GOH) with two neighbors (u’, v) and (u”,v")
in P. Since Py is a packing of H, we have either v/ = v” or dgy(v',v") > 2. Because (u,v) is a
common neighbor of (u/,v") and (u”,v"), we have dg (v',v"”) < 2. Therefore, v/ = v” follows. By
the same reason, because Pg is an open packing of G, we have that either v/ = u”, or w'u” € E(G),
or dg(u',u”) > 2. The first option cannot occur because (u/,v") # (u”,v”) and the last option is not
possible since (u’,v") and (u”,v") have a common neighbor (u,v). Therefore, v'u” € E(G). By the
properties of the Cartesian product, the common neighbor (u,v), of (u/,v") and (u”,v"”), must be also
in the G-layer GY' because v/ = v”, which is a contradiction with P¢ being an open packing of G as
different vertices u’, u” € Pg have a common neighbor . This shows that P is an open packing in GO H.
So,

po(GUH) > |P| = po(G)p(H).

Interchanging the roles of G and H we have p,(GOH) > p,(H)p(G), and this completes the proof.
O

Since

2, ifm=2orn=2,
po(KmDKn) = { . (7
1, otherwise,
we may assume that max{diam(G), diam(H)} > 2, where diam(G) and diam(H ) stand for the diame-
ters of GG and H, respectively.

From now on, we fix one factor, say H, to be a complete graph and try to bound the open packing
number of GOK,.. In the next results, we follow a similar approach as for efficient open domination
Cartesian products from [20]. Clearly, as GOK; = G, we only consider » > 2. For this we need to
distinguish the cases when = 2 and when r > 2. The reason for this is that for » = 2, both vertices of a
K,-layer can be in an open packing, while this cannot occur when r > 2, where at most one vertex from
a K.-layer can be in any open packing of GO K.

As an immediate consequence of Theorem 3.3, we have p,(GOK>) > 2p(G), for any graph G. So, we
next consider p,(GOK,) for r > 2. In this case, it is easy to see that every K .-layer contains at most one
vertex of any open packing of GOK,.

Let G be a graph and let S be a 2-independent set of G. We define a graph G/S as follows. The
vertex set V(G/S) consists of components of G[S]. Two components C' and C’ of G[S] are adjacent in
G/S whenever dg(C,C") = 2. We recall that d(H1, Hy) = min{dg(vi,v2) | v1 € V(H;) and vo €
V(H3)} for any subgraphs H; and Hs of G, and also x(G) is the chromatic number of G.

Theorem 3.4. Let G be a graph and r > 2 an integer. Then,
Po(G) < po(GOK;) < az(G).

If G is triangle-free and x(G/S) < r, where S is an a2(G)-set, then p,(GOK,) = a2 (G).
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Proof: The lower bound follows from Theorem 3.3 because p(K,,) = 1.

Suppose now that p,(GOK,) > a2(G), let V(K,) = {1,...,r} and let P be an p,(GOK,)-set.
Clearly, every K .-layer contains at most one vertex from P, because r > 2. So, the projection S’ =
pe(P) contains p,(GOK,) vertices of G. Notice that S’ is not a 2-independent set because p,(GOK,.) >
az(G). Therefore there exists a vertex « € S’ such that its degree is at least two in G[S’]. Let v and v
be neighbors of = in G[S’] and let (z, £), (u,i) and (v, j) be the vertices of P that project to x, u and v,
respectively. If ¢ = j, then (z,i) € Ngok, ((v,4)) N Neok, ((u,4)), which is a contradiction with P
being an open packing of GOK,.. Thus, we may assume that 7 # j. But then we have ¢ # i or { # j.
Suppose without loss of generality that £ # 4. This implies that (u, ) € Ngok, ((u,7)) N Neok, ((x,£)),
which is a final contradiction. Hence p,(GOK,.) < a2(G) and the upper bound follows.

Let G be a triangle-free graph, and let S be an a(G)-set for which x(G/S) < r. Also, let V{, ..., V/,
k < r, be the color classes of G/S. By V;, i € {1,...,k}, we denote the set of vertices from G that
belong to V. Clearly a2 (G) = | S| = Zle |VZ|. We will show that the set

P={(v,i):veV,ie{l,...,k}}

forms an open packing of GOK, (notice that P is well-defined as k < r). Clearly, |P| = ax(G).
Suppose first that Neox, ((v,7)) N Neok, ((u,4)) # 0 for v # u. Therefore, there exists a vertex
which is a common neighbor of « and v in G. On the other hand, uwv ¢ E(G), for otherwise u, v and
x would be on a triangle. By the definition of a 2-independent set, it follows = ¢ S. In consequence,
u and v belong to two different components of G[S], say to C' and C’, respectively. Vertices C' and
(' are adjacent in G/S, which yields a contradiction with a proper coloring of G/S as u,v € V; and
with this C,C" € V/. Thus, Ngog, ((v,4)) N Neok, ((u,i)) = 0 for any pair of different vertices
u,v € V. Suppose next that Ngok, ((v,4)) N Neok,. ((u,j)) # 0 for i # j. Note that also u # v by
the definition of P. By the properties of the Cartesian product, « must be adjacent to v in GG. Therefore,
u,v € S and they belong to one component of G[S], a contradiction with ¢ # j. Moreover, in this
case we have Ngok, ((v,1)) N Ngok,((u,j)) = 0 and P is an open packing of GOK,. Therefore,
po(GOK,) > as(G), because P is an open packing of cardinality a2 (G). O

The assumption which states that the graph G is triangle-free is necessary for the equality p,(GOK,.) =
as(G) in Theorem 3.4. For instance, p,(K;0K,) = 1 while as(K;) = 2 for each integer ¢ > 3.

A direct consequence of the last theorem holds for rp = x(G/S) and a set S being an a2 (G)-set of
graph G.

Corollary 3.5. Let G be a triangle-free graph. There exists a positive integer o such that p,(GOK,.) =
as(G) for every integer r > ry.

With respect to the inequality p,(GOK>) > 2p(G) (previously remarked) and Theorem 3.4, the ques-
tion that remains concerns finding the value p,(GOK,) whether x(G/S) > r > 2 for an as(G)-set
S. One can show, by the same steps as in the proof of Theorem 3.4, that any proper, but partial, -
coloring of G/ S yields a packing of GOK,.. Similarly, every packing of GOK,. yields a set of G that is
2-independent. However, it seems to be challenging to find a 2-independent set that gives the maximum
number of vertices in a partial r-coloring.
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4 Lexicographic, strong and direct products of graphs

This section is divided into three parts. We first completely describe the packing and open packing
numbers of the lexicographic product. We continue with bounds on the packing and open packing numbers
of the strong product. In the last part we present lower bounds for the packing and open packing numbers
of the direct product of graphs.

4.1 Lexicographic product

For two graphs GG and H, where G is a connected graph of order at least two, it is a part of folklore that
the distance between any two vertices (g, h), (¢', 1) € V(G o H) is given by
min{2,dg(h,h")}, ifg=yg,
da(g.9'), if g #g'.
This formula does not hold anymore in the case of a disconnected graph G. In such a case the formula
holds, if both g and ¢’ are in the same component of G, when this component contains at least two vertices.
If there exists a singleton g in G, then we have dgom((g,h), (g, ")) = du(h,h’). This is the reason for

the following notation. By G~ we denote the graph obtained from G by removing all the isolated vertices
of G.

Theorem 4.1. Let G and H be any graphs. If G has i isolated vertices, then

p(Go H) = p(G) +igp(H) —ic-

deorr((g:h), (¢ 1)) = { ®)

Proof: Let P be a p(G~)-set, let Py be a p(H)-set, and let I be the set of all singletons of G. For a
vertex v € V(H), we set P = (Pg x {v}) U (I x Py). According to (8), and the paragraph after it, we
can deduce that for any two vertices (g, h), (¢', h’) € P, it follows that dgor ((g, h), (¢’, ")) > 3. Thus,
P is a packing of G o H and we have p(G o H) > p(G) +igp(H) —ig.

On the other hand, let P be a p(G o H)-set. Suppose first that g € V(@) is a singleton. The subgraph
(G o H)[9H] is isomorphic to H and contains at most p(H ) vertices of P. Hence, in (G o H)[I x V(H)],
there exist at most igp(H ) vertices of P. Since the distance between any distinct vertices (g, k), (g, h') €
V(G~oH) is at most two, it clearly happens that forany g € V(G™), |PN({g} xV(H))| < 1. Moreover,
for any two vertices (g, h), (¢’, h') € P, where g,¢’ € V(G™) (notice that it must be g # ¢’), it follows
de(g9,9') = daon((g,h), (¢’ h')) > 3. Thus, the projection of P — (I x V(H)) onto G is a packing set
in G~. As a consequence, p(Go H) = |P| < |pg(P — (I x V(H)))|+igp(H) < p(G) +igp(H) —ig,
which leads to the equality. |

With respect to the open packing number, we can see that the lexicographic product behaves slightly
different from that of the packing number.

Theorem 4.2. Let G and H be any graphs. If G has ig isolated vertices, then

0o(G) +igpo(H) —ic, if H has an isolated vertex,

po(G o H) =
p(G) +igpo(H) —ig, otherwise.

Proof: Suppose first that h is an isolated vertex of H. Let P be a p,(G™)-set, let Py be a p,(H )-set, and
let I be the set of all isolated vertices of G. We set P = (Pg x {h})U(I x Py). If the open neighborhoods
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centered at distinct vertices (g, h), (¢', h) € Pg x {h} intersect, then we have a contradiction with Pg
being a p,(G~)-set. Similarly, if the open neighborhoods centered at distinct vertices (g, h), (g, h') €
{g} x Py intersect for some g € I, then we have a contradiction with Py being a p, (H )-set. Now, assume
(¢”, h'") belongs to the intersection of the open neighborhoods of (g, h) € Pgx{h}and (¢',h') € I x Py.
We note that ¢"g € E(G) and g” = ¢’ € I. This contradicts the fact that ¢’ is an isolated vertex in G.
Thus, P is an open packing of G o H and we have p,(G o H) > po(G) + igpo(H) —ig.

Conversely, let P be a p,(G o H)-set. Suppose first that g € V(G) is an isolated vertex. The subgraph
(GoH)[9 H] is isomorphic to H and is a component of H. Therefore, (Go H )[9 H] contains at most p,(H )
vertices of P. Hence, in (G o H)[I x V(H)], there exist at most i p,(H) vertices of P. The distance
between any two distinct vertices (g, k), (g,h') € V(G~ o H) is at most two and, if it is one, then they
are on a common triangle. Hence, for any g € V(G ™), it follows | PN ({g} x V(H))| < 1. Therefore, we
have |pg(P')| = |P’|for P~ = PN(V(G~)x V(H)). If pc(P’) is not an open packing of G, then also
P’ is notan open packing in G~ o H, which is a contradiction. Therefore, we have p,(G~oH) < p,(G™).
Joining both parts we obtain p,(G o H) < po(G™) + igpo(H) = po(G) + icpo(H) — ic and the first
equality holds.

Suppose now that H has no isolated vertices. Let P be an open packing in G~ o H which is not
a packing. Therefore, there exist two adjacent vertices (¢',h') and (¢”,h”) in P. Let ¢'¢” € E(G).
Since ' is not an isolated vertex, there is a vertex h’/ € V(H) adjacent to it. Hence (¢',h"’) €
Nag-ou((¢'s 1)) N Ng-ou((¢”, 1)), which is a contradiction. So, ¢' = ¢ and W’'h" € E(H). In
addition, (¢"",h') € Ng-ou((¢’,h")) " Ng-ou((¢”,h")), in which ¢’ is a neighbor of ¢’ in G—, con-
tradicting the fact that P is an open packing. This shows that every open packing in G~ o H is a packing,
as well. So, po(G~ o H) = p(G~ o H). Thus, po(G~ o H) = p(G~) follows from Theorem 4.1, because
ig- = 0. Itis also clear that F = (G o H)[I x V(H)] 2 i¢H, or equivalently, i copies of H. Clearly
po(F) = igpo(H) and the result for p,(G o H) follows. O

4.2 Strong product

The strong product is a natural environment for the closed neighborhoods

Newi((9,h)] = Nalgl X Nul[h]. ©)
The distance between any two vertices (g, h), (¢', h') € V(G X H) is given by
dGX]H((gv h)a (g/v h/)) = max{dG(ga g/)v dH(ha h/)} (10)

The next result involves the fractional domination number 77 (G) of a graph G. Since this is not influen-
tial in this work, for the interested readers, we recommend [11, p.360] for the definition and terminology
on this issue.

Theorem 4.3. ([11, Theorem 28.16]) If G and H are any graphs, then
p(G)p(H) < p(GW H) < min{p(G)v¢(H), p(H)vs(G)}.

The lower bound from the last theorem follows easily from (9) because Pg x Py is a packing of G H
for any packings Pg and Py of G and H, respectively. The upper bound is achieved by using some linear
programming methods. However, we strongly believe that the lower bound gives always the exact result,
but the proof of it seems to be very illusive. To underline such ideas we show the equality when one factor
has a small diameter.
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Proposition 4.4. Let G and H be graphs. If diam(H) < 2, then

p(GRH) = p(G)p(H) = p(G).

Proof: Since diam(H) < 2, we have p(H) = 1 and the second equality is clear. By Theorem 4.3, we
know that p(GX H) > p(G)p(H). For the converse, let P be a maximum packing of GX H and let (g, h)
be an arbitrary vertex from P. By (10) we have S HN P = {(g, h)}, because diam(H) < 2. Similarly, we
have 9 H N P = {) for any vertex ¢’ with 1 < d(g,¢') < 2, again by (10), and because diam(H) < 2.
Thus, the distance between any two vertices of pg(P) is at least three, and so pe(P) is a packing of G.
Moreover, pi(P) has the same cardinality as P. Therefore, p(G X H) < p(G) = p(G)p(H) and the
proof is completed. O

For the case of open packing sets the strong product behaves similarly as in the case of packings.

Theorem 4.5. For any graphs G and H with i and iy isolated vertices, respectively,
po(G X H) > p(Gi)p(Hi) + iGpo(H) + ino(G) —igin

and
po(G W H) <min{p(G™)ys(H™), p(H )vf(G7)} +icpo(H) + inpo(G) —icin-

Proof: Let P; and Py denote a p(G)-set and a p(H )-set, respectively. Let P& and P§; denote a p,(G)-
set and a p,(H )-set, respectively. Finally, let I; and Iy be the sets of isolated vertices from G and H,
respectively. We set

S = ((PG —Ig) X (PH —IH))U (IG X (PI(-)I —IH)) U ((Pg; —Ig) X IH)U (IG X IH)

The four sets in this union are clearly disjoint and we have |S| = p(G™)p(H™) +ic(po(H) — ipg) +
in(po(G) —iq) +igim = p(G7)p(H™) + icpo(H) + igpo(G) — igim. The set S has the desired
cardinality and, if we show that it is also an open packing of G X H, then we have one inequality.

Every vertex from A = I x Iy is a singleton in G X H, and so, at distance more than two away
to any other vertex of G X H. Let g be an isolated vertex of G. The subgraph of G X H induced
by {g} x (V(H) — Iy) is isomorphic to H~. Moreover, every component of this subgraph is also a
component of G & H. Thus, the set {g} X (Pg — Iz ) is a maximum open packing of these components.
Therefore, also B = I % (Pg—I) is a maximum open packing of the subgraph induced by I <V (H ),
and B is an open packing of G X H. By symmetry, also the set C' = (P& — I¢) x Iy is an open packing
of GX H. Finally, D = (P — Ig) X (Pg — Ig) is an open packing of (G — I) X (H — Iy ), because
it is also a packing of (G — I¢) X (H — Ip) (see the remark after Theorem 4.3). Because all four sets
A, B,C and D belong to different components of G X H, their union S is an open packing of G X H,
and s0 po(GRH) > p(G7)p(H™ )+ igpo(H) + itupo(G) —igin.

For the upper bound we split G X H into four parts: G- X H~, G~ X Iy, I[c X H™ and I¢ X Iy.
Let P be a maximum packing of G X H. Clearly, I x Iy C P, since I X Iy consists of isolated
vertices. The graph I X H ™~ is isomorphic to i copies of H~ and, if P does not contain igp,(H ™)
vertices from I X H ~, then we immediately obtain a contradiction with the maximality of P. Similarly,
P contains exactly iy p,(G ™) vertices from G~ X I. Finally, for G~ XI H~ we observe that every pair
of adjacent vertices is contained in a triangle, because there are no isolated vertices in G~, nor in H .
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Therefore, every open packing of G~ X H ™ is also a packing of the same graph, and by Theorem 4.3,
we have p,(GT R H™) = p(G- KW H™) < min{p(G™)yr(H™), p(H )v;(G~)}. Everything together
yields the desired upper bound which finishes the proof. |

4.3 Direct product

It is an easy observation that the open neighborhoods behave nicely in direct products

Nexu((g,h)) = Na(g) x Nu(h). (11)

For the distance formula in the direct product, see [19], we need first to define even distance dg, (u,v)
and odd distance d,(u, v) between two vertices u and v of G. The even distance df, (u, v) is the minimum
even number of edges on a walk between v and v, and if such a walk does not exist, then we set d¢, (u, v) =
oo. Similarly, the odd distance dZ,(u, v) is the minimum odd number of edges on a walk between v and v
and, if such a walk does not exist, then we set d¢, (u,v) = oo. In a connected bipartite graph G, clearly,
only one of df(u,v) and d(u, v) is finite.

The distance between any two vertices (g, h), (¢', h') € V(G x H) is now given by

deH((Q, h)v (9/7 h/)) = min{max{dé(g, g/)v df‘](hv h/)}v max{d%(ga g/)v d?{(hv h/)}} (12)

Recall that by G~ we denote the graph obtained from G by removing all the isolated vertices.

Theorem 4.6. If G and H are graphs with i and iy isolated vertices, respectively, then

p(G x H) > max{po(G™)p(H ™), po(H™)p(G™)} + iV (H)| + i |V (G)| — icsinr-

Proof: Let P; and Py denote a p(G)-set and a p(H )-set, respectively, let P and Pj§; denote a p,(G)-
set and a p,(H)-set, respectively, and let I and Iy be the sets of isolated vertices from G and H,
respectively. Notice that Ig C Pg,Iy C Py,Ig C Pg and Iy C Pf. Without lost of generality, we
may assume that p, (G~ )p(H ™) < po(H ™ )p(G~). We set

S = ((Pe —Ic) x (P — I)) U (Ig x V(H)) U (V(G) x Ir).

The first set of this union is clearly disjoint with the other two. On the other hand, we have (I x V (H))N
(V(GQ) x Ig) = Ig x Iy and we have |S| = p(G™)po(H™) + ig|V(H)| +ig|V(G)| — igin.

Now, notice that (I x V(H)) U (V(G) x Ip) is the set of all singletons of G x H, and can therefore
be in any packing set. It remains to see that (P — Ig) x (P — Iy) represents a packing of G~ x
H~. Let (g9,h) and (¢’,h’) be any distinct vertices from (Pg — Ig) x (P — Ig). If g # ¢/, then
dc(g,9") > 3, because g and ¢’ belong to a packing of G. If b # 1/, then either dy(h,h') = 1 or
dg(h,h') > 3, because h and h’ belong to an open packing of H. Moreover, if dgy(h,h’) = 1, then
h and K’ do not belong to a common triangle, as Pg is an open packing. Since (g,h) # (¢',h'), we
have g # ¢’ or h # h'. Suppose for instance g # ¢’. Clearly, d%(g,¢’) > 3 and d&(g,9") > 3,
and so, we have max{d%(g,¢’),d% (h,h')} > 3 and max{dg(g,9’),d5 (h,h')} > 3. By (12) we have
daxu((g,h),(¢',h')) > 3. Thus, we may assume that g = ¢’ and h # h'. Clearly, d%(g,¢’) > 3 and
d%(g,9") = 0. As mentioned, either dg(h,h') > 3, or h, h’ are adjacent but not in the same triangle.
Since h,h’ € P§, we have dy(h,h') # 2, and as h and h' are not in a common triangle, we have
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d$;(h,h") > 2. Altogether we have max{d%(g,g'),d% (h,h')} > 3 and max{d%(g,¢’),d% (h,h")} >
2. By (12), we have daxu((g,h),(¢',h')) > 3, and so, (Pg — Ig) x (P§ — Iy) is a packing of
(G —Ig) x (H — Ip). Therefore, S is a packing set of G x H and the proof is completed. O

Corollary 4.7. If G and H are graphs without isolated vertices, then

p(G x H) = max{po(G)p(H), po(H)p(G)}.

The lower bound from last theorem is tight. In particular, it is well known that G x Ky = 2G for every
bipartite graph GG. Therefore,

p(G X K3) = 2p(G) = max{p,(G),2p(G)} = max{p,(G)p(K2), po(K2)p(G)}.

For the case of open packing sets, the direct product behaves nicer due to (11). Similarly to the case
of packing number in the strong product, we expect equality to hold in the following theorem. However,
again the proof for the upper bound seems very challenging, and we only present the lower bound.

Theorem 4.8. If G and H are graphs with i and iy isolated vertices, respectively, then
Po(G X H) = po(G™)po(H ™) +ic|V(H)| +iu|V(G)| —icin.

Proof: Let P; and Py denote a p,(G)-set and a p, (H )-set, respectively, and let I and Iy be the sets of
isolated vertices from G and H, respectively. We set

S = ((PG —Ig) X (PH —IH))U (IG X V(H))U (V(G) X IH)

The first set of this union is clearly disjoint with the other two. On the other hand, we have (I x V(H))N
(V(G) x Ig) = Ig x Iy and we have |S| = po(G™)po(H™) +ig|V(H)| +ig|V(G)| —igig.
Notice that (I x V(H)) U (V(G) x Iy) is the set of all singletons of G x H, and it is therefore
contained in any maximum open packing. On the other hand, (Pg — I;) x (Py — I ) represents an open
packing of (G — I) x (H — Ig), by (11). Thus, S is an open packing set of G x H, and consequently,
po(G X H) > pol G )po(H) + iG]V (H)| + inV(G)| — icin. 0

5 Rooted product graphs

A rooted graph is a graph in which one vertex is labeled in a special way to distinguish it from other
vertices. The special vertex is called the root of the graph. Let G be a labeled graph on n vertices.
Let H be a sequence of n rooted graphs Hy, ..., H,. The rooted product graph G(H) is the graph
obtained by identifying the root of H; with the i*" vertex of G, see [10]. We here consider the particular
case of rooted product graphs where H consists of n isomorphic rooted graphs [27]. More formally,
assuming that V(G) = {¢1,...,gn} and that the root vertex of H is v, we define the rooted product
graph G o, H = (V, E), where V = V(G) x V(H) and

E= U{(gi, h)(gi,h') « hh' € B(H)} U{(g:,v)(g;,v) : gigj € E(G)}.

Note that subgraphs induced by H-layers of GG o, H are isomorphic to H. We next study the (open)
packing number of rooted product graphs.
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Theorem 5.1. Let G be any graph of order n. If H is any graph with root v, then

p(G) +n(p(H) — 1), v € Py forevery p(H)-set Py,

p(G oy H) = {
np(H), v ¢ Py for some p(H)-set Py.

Proof: We distinguish two cases depending on the membership of v to p(H )-sets.

Case 1. Let v belong to every p(H)-set Py. Let P’ be any p(G)-set, and let now P = (P’ x
{v}) U (V(G) x (P \ {v})). We can easily see that P is a packing set in G o, H, which leads to
p(G o, H) > p(G) + n(p(H) — 1). On the other side, let D be a p(G o, H)-set. We note that the
set D, = DN 9H is a packing set in (G o, H)[9H] for every g € V(G). Notice that D, is not
a p((G o, H)[9H])-set for some g € V(G), since v belongs to every p(H )-set (when G contains at
least one edge). Thus, we have that [D N 9H| = |D,| < p(H) — 1if (g,v) ¢ D,, which means
[DNEH\A{(g,v)})] < p(H) — 1. Also, if (g,v) € Dy, then |[DN(IH\ {(g,v)})| < p(H) — 1 as well.
In addition, D N G" is a packing set in (G o, H)[G"] and hence |[D N G¥| < p(G). As a consequence,
we deduce the following

p(Goy H)=|D|=DNG [+ 3 IDAEH {(g,0)})] < p(G) + n(p(H) - 1).
9geV(G)

Therefore, p(G o, H) = p(G) +n(p(H) — 1).

Case 2. Suppose that there exists a p(H)-set Py not containing v. Let P§; = {g} x Py for every
g € V(G), and let P" = {J,cy (g) Py It can be readily seen that P” is a packing set in G o, H,
which means p(G o, H) > np(H). On the other hand, let P be a p(G o, H)-set. It can be again
easily observed that the set P, = P N 9H is a packing set in (G o, H)[9H] for every g € V(G). So,
p(H) = p((G o, H)[?H]) > |P,|. As a consequence,

p(Goy H)=[P|= > [P[< Y p(H)=np(H),
gev (@) geV(G)

which leads to p(G o, H) = np(H). O

In [2] trees with unique maximum packing are described. Every leaf of such a tree must be contained
in the unique maximum packing. If we choose a root to be a leaf in such a tree, then we end up in the first
case of above theorem. Conversely, every neighbor v of a leaf in a tree with unique maximum packing is
not contained in the maximum packing. Therefore, if we choose v to be the root of H in such a tree, we
end up in the second case of Theorem 5.1.

By using similar techniques as in the theorem above, we can prove the following result for the case
of open packing number. However, there are many different situations that must be remarked. For this
we first introduce the following notation. Let H be a graph and v € V (H). We say that the pair (H,v)
belongs to class A if v ¢ Py for some p,(H )-set Prr. On the other hand, (H,v) ¢ A means that v € Py
for every p,(H)-set Pg. We write (H,v) € B if 0gp,)(v) = 0 for some p,(H)-set Pg. Clearly,
(H,v) ¢ Bmeans that 0 p,)(v) = 1 forevery p,(H )-set Pg. We also denote denote H* = H — Ng[v].
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Theorem 5.2. Let G be any graph of order n with i isolated vertices. If H is any rooted graph with root

v, then
npo(fj[)7 (H,’U) e A,
n(po(H) = 1) + po(G), (H,v) ¢ Aand (H,v) € B,
po(G oy H) =
n(po(H) = 1)+ p(G),  (H,v) ¢ Aand (H,v) ¢ B and p,(H") = po(H) — 1,
n(po(H) — 1) +ig, (H,v) ¢ Aand (H,v) ¢ Band p,(H*) # po(H) — 1.

Proof: Since every H-layer in G o,, H is isomorphic to H, it follows that each p,(G o, H)-set intersects
every H-layer in at most p,(H) vertices. Thus, p,(G o, H) < np,(H). On the other hand, let Py be a
po(H)-set. Itis easy to see that P = J ey, ({9} x (P \ {v})) is an open packing in G o,, H. There-
fore, n(po(H) — 1) < |P| < po(G o, H). We now distinguish two cases depending on the membership
of v to p,(H)-sets.

Case 1. (H,v) € A. There exists a p,(H )-set not containing v. Let Py be such a set. We readily
note that the set P = Ugev(c)({g} x Pyr) is an open packing in G o,, H. Therefore, np,(H) = |P| <
po(G o, H), which implies that p,(G o, H) = np,(H) in this case.

Case 2. (H,v) ¢ A. Thus v belongs to every p,(H)-set. In such a situation we must deal with two
possibilities.

Subcase 2.1. (H,v) € B. Hence there exists a p,(H)-set Py for which v is an isolated vertex of
H[Pg], which means that dgp,)(v) = 0. Let Pg be a p,(G)-set. It is easy to observe that P’ =
Ugeviey({g} x (P — {v})) U ({v} x Pg) is an open packing in G o, H. Therefore, p,(G o, H)
P = n(po(H) — 1) + po(G).

Suppose now that p,(G o, H) > n(po(H) — 1) + po(G) and let P be a p,(G o, H)-set. Simi-
larly to the proof of Theorem 5.1, the set P, = P N 9H is an open packing set of (G o, H)[9H]
for every g € V(G). Moreover, |Py;| = po(H), for at least p,(G) + 1 vertices g € V(G) because
|P| > n(po(H) — 1) + po(G). Since v belongs to every p,(H )-set as (H,v) € A, it follows that at least
po(G) + 1 vertices (g,v) € V(G) x {v} belong to P. This contradicts the fact that P is an open packing
in G o, H. Therefore, p,(G o, H) = |P'| = n(po(H) — 1) + po(G).

Y

Subcase 2.2. (H,v) ¢ B. This means that v has degree one in all subgraphs induced by p, (H )-sets Py,
thatis § [ p,,(v) = 1. We first prove that p,(Go, H ) can be bounded from above by n(p,(H)—1)+p(G).
Suppose to the contrary that p,(G o, H) > n(po(H) — 1) 4+ p(G). Again, let P be a p,(G o, H)-set and
let P, = PN 9H forany g € V(G). Note that | Py| = p,(H), for at least p(G) + 1 vertices g € V(G).
Hence, at least p(G) + 1 vertices, say (g1,v),- -, (9p(@)+1,v) € V(G) x {v}, belong to P. Since
{(g91,v),--- . (9p(G)+1,v)} is not a packing in (G o, H)[G"] (note that {(g1,v), -, (gp(c)+1,v)} is an
open packing in (G o, H)[G"]), there exists an edge (g, v)(g;,v) in (G o, H)[G"] for some 1 < i < j <
p(G). This implies that both (g;,v) and (g,, v) have two neighbors in P, a contradiction. Therefore,

po(G Oy H) < n(po(H) - 1) + p(G) (13)
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From now on, we need to divide the reasoning into two more possibilities.

Subcase 2.2.1. There exists an open packing Py;. of cardinality p,(H*) = p,(H) — 1in H*. Let Pg
and P}; be a p(G)-set and a p, (H)-set, respectively. It is easily verified that

Pr={ JUaxPp|ul U (g} xPy)

g€Pa geV(G)\Pa

is an open packing in G o,, H. Therefore, p,(G o, H) > |P"| = p(G)po(H)+ (n— p(G))(po(H) —1) =
n(po(H) — 1) + p(G). We now have p,(G o, H) = n(po(H) — 1) + p(G), by (13).

Subcase 2.2.2. H does not satisfy the statement of Subcase 2.2.1. This means that every p,(H™*)-set
has cardinality p,(H*) # po(H) — 1. In other words, every open packing of cardinality p,(H) — 1 of
H has at least one vertex in Ny [v]. Let P be a p,(G o, H)-set. We have exactly i components of
G o, H isomorphic to H, where every component has exactly p,(H ) vertices in P, and one component
isomorphic to G~ o, H (recall that we obtain G~ from G by deleting all isolated vertices). In this
case let P~ = PN V(G o, H) and let P, = P~ N 9H for any g € V(G™). We claim that
po(G~ oy H) = (n—ig)(po(H)—1). Suppose to the contrary that p,(G~ o, H) > (n—ig)(po(H)—1).
Therefore, at least one subgraph (G~ o, H)[9H], for some g € V(G™), has exactly p,(H) vertices of
P~. Since G~ has no isolated vertices, there exists a vertex g’ such that gg' € E(G™). If |[P/| =
po(H), then both (g,v) and (¢’,v) have two neighbors in P~, which is a contradiction. Therefore,
[P | < po(H) — 1forall ¢ € Ng-(g). Let now g’ be an arbitrary neighbor of g in G~. If |P /| =
po(H) — 1, then N o iy o l(9’,0)] N P/ # (. This implies that [Ng—o, (g, v) N P~ > 2 or that
ING-o,m(g',v)NP~| > 2, whichis a contradiction. Therefore, |P/| < po(H)— 2. The above argument
guarantees that for every vertex g € V(G) such that [P | = p,(H), we have |P/| < p,(H) — 2
for all ¢’ € Ng-(g). This contradicts the assumption p,(G~ o, H) > (n — Zg)(po(H) 1). Thus,
po(G~ oy H) < (n—ig)(po(H) — 1). Therefore, it follows that p,(G~ o, H) = (n —ig)(po(H) — 1)
by using the corresponding inequality obtained at the first steps of the proof. We conclude this proof by
the following computation

Po(Goy H) = po(G~ 0y H) +igpo(H) = (n —ic)(po(H) — 1) +igpo(H) = n(p,(H) — 1) +ig.
O

We end with four different examples that illustrate four cases of Theorem 5.2. First let H be a path
Pyyro = v1...0ap42 and let v € {vgj_1,v4,} for some j € {1,...,k}. It is easy to see that there
exists a unique p,(Py+2)-set of cardinality 2k + 2 not containing v. Hence (Pyj42,v) € A and we have
Po(G oy Pigi2) = npo(Pags2) = n(2k + 2), where n = |V (G)].

For the same reason (unique p, (Pyx2)-set) we get for H = Py 40 and v € {v1, va, Vgk41, Vak2 + that
(H,v) ¢ Aand (H,v) ¢ Band p,(H*) < po(H)— 1. Again by Theorem 5.2 we have p,(G o, Pyj12) =
n(po(Pak+2) — 1) = n(2k + 1), where n = |V(G)|.

Let now H be a path Py and let v = v;. It is easy to see that P = {v1} U {vaj, va541 : 1 < j < k}
is a po(Pyry1)-set of cardinality 2k + 1 and that v € P such that §gpj(v) = 0. Hence ( v) ¢ A,
(H,v) € Band we have p,(G o, Pikt1) = n(po(Pak+1) — 1) + po(G) = 2kn + po(G).
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Finally, let H be isomorphic to the complete graph K}, k > 4, with one additional vertex u adjacent to
one vertex, say v1, from K. Clearly, u and vy form a unique p,(H )-set and p(H —{u,v1}) = 1. Thus, if
we choose v = u, then the conditions (H,v) ¢ Aand (H,v) ¢ Band p,(H*) = po(H) — 1 are fulfilled.
By the third option of Theorem 5.2 we have p,(G o, H) = n(p,(H) — 1) + p(G) = n + po(G), where
n = |V(G)|.
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