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Abstract

A path in a vertex-coloured graph is called conflict-free if there is a colour
used on exactly one of its vertices. A vertex-coloured graph is said to be
conflict-free verter-connected if any two distinct vertices of the graph are
connected by a conflict-free vertex-path. The conflict-free vertex-connection
number, denoted by vefc(G), is the smallest number of colours needed in
order to make G conflict-free vertex-connected. Clearly, vefe(G) > 2 for
every connected graph on n > 2 vertices.

Our main result of this paper is the following. Let G be a connected
graph of order n. If [E(G)| > (";°) + 7, then vefe(G) < 3. We also show
that vefe(G) < k + 3 —t for every connected graph G with k cut-vertices
and t being the maximum number of cut-vertices belonging to a block of G.
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1. INTRODUCTION

We use [23] for terminology and notation not defined here and consider
simple, finite and undirected graphs only. Let G be a graph, we denote by
V(G), E(G),n,m the vertex set, the edge set, the number of vertices, and the
number of edges, respectively. A block is an end-block if it has only one cut-
vertex. We abbreviate the set {1,...,k} by [k].

A path P in an edge-coloured graph G is called a rainbow path if its edges
have distinct colours. An edge-coloured graph G is rainbow connected if every
two vertices are connected by at least one rainbow path in G. For a connected
graph G, the rainbow connection number of G, denoted by rc(G), is defined
as the smallest number of colours required to make it rainbow connected. The
concept of rainbow connection number was first introduced by Chartrand et al.
[6]. Readers who are interested in this topic are referred to [20, 21].

Motivated by the proper colouring and rainbow connection, Borozan et al.
[3] and Andrews et al. [2], independently introduced the concept of proper con-
nection. A path P in an edge-coloured graph G is a proper path if any two
consecutive edges receive distinct colours. An edge-coloured graph G is properly
connected if every two vertices are connected by at least one proper path in G.
For a connected graph G, the proper connection number of G, denoted by pc(G),
is defined as the smallest number of colours required to make it properly con-
nected. Since then, a lot of results on this concept have been obtained; see [17]
for a survey.

Recently, Czap et al. [10] introduced the concept of conflict-free connection.
A path in an edge-coloured graph G is called conflict-free if there is a colour used
on exactly one of its edges. An edge-coloured graph G is said to be conflict-free
connected if any two vertices are connected by at least one conflict-free path.
The conflict-free connection number of a connected graph G, denoted by cfc(G),
is defined as the smallest number of colours in order to make it conflict-free
connected. For more results, the readers are referred to [4, 5, 7, 10].

As a natural counterpart of the concepts of rainbow connection, proper con-
nection and conflict-free connection, the concepts of rainbow vertex-connection,
proper vertex-connection, and conflict-free vertex-connection were introduced, re-
spectively.

The concept of rainbow vertex-connection was first introduced by Krivelevich
et al. [15]. A path in a vertex-coloured graph G is called a vertex rainbow path if
its internal vertices have distinct colours. A vertex-coloured graph G is rainbow
vertex-connected if any two vertices are connected by at least one vertex rainbow
path. For a connected graph G, the rainbow vertex-connection number, denoted
by rvc(G), is the smallest number of colours that are needed in order to make
G rainbow vertex-connected. Recently, a lot of results on this topic have been
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obtained, see [8, 16, 18, 19].

Similarly, Jiang et al. [13] and Chizmar et al. [9], independently introduced
the concept of proper vertex-connection. A path P in a vertex-coloured graph G
is a proper vertex-path if any two internal adjacent vertices differ in colour. A
vertex-coloured graph G is called properly vertex-connected if any two vertices
are connected by at least one proper vertex-path. For a connected graph G, the
proper vertez-connection number, denoted by pve(G), is the smallest number of
colours that are needed in order to make G properly vertex-connected.

Motivated by the above mentioned concepts, Li et al. [11] introduced the
concept of conflict-free vertex-connection. A path P in a vertex-coloured graph
G is said to be a conflict-free vertex-path if there is a colour used on exactly one of
its vertices. A vertex-coloured graph G is said to be conflict-free vertex-connected
if any two vertices of the graph are connected by a conflict-free vertex-path.
The conflict-free vertex-connection number of a connected graph G, denoted by
vefe(@G), is defined as the smallest number of colours in order to make G conflict-
free vertex-connected. Recently, some results on this topic have been shown in
[12, 22].

Our research was motivated by the following results for the proper connection
number and the rainbow connection number of graphs depending on their size.

Theorem 1 (Kemnitz et al. [14]). Let G be a connected graph of order n and
sizem. If (";") +1<m < (3) — 1, then re(G) = 2.

Theorem 2 (Aardt et al. [1]). Let k > 3 be an integer and G be a connected
graph of order n. If |[E(G)| > ("7571) + k+ 2, then pc(G) < k.

In [1], the authors also considered the case k = 2. Let G; = K1V (2K + K»)
and Go = K1 V (K1 4 2K3), where G + H = (Vg UV, Eg U Eyy) is the disjoint
union and GV H = (Vg U Vg, Eqg U Eg U{uv : u € Vg,v € Vi}) is the join of
the graphs G = (Vg, Eg) and H = (V, Ex).

Theorem 3 (Aardt et al. [1]). Let G be a connected graph of order n. If |E(G)|
> (ngg) + 4, then pc(G) < 2 unless G € {G1,Ga}.

2. AUXILIARY RESULTS

In this section, we state some fundamental results, which will be used through-
out later in the proofs of our results. First note that for a connected graph G of
order n > 2 we can easily observe that vefc(G) > 2.

The conflict-free vertex-connection number of a path has been computed by
Li et al. [11].
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Theorem 4 (Li et al. [11]). If P, is a path of order n, then vefc(P,) = [loga(n
+1)].

The proof of Theorem 4 is similar to that of Theorem 3 in [10]. The following
result, which is very important to determine the existence of a conflict-free path
of a subgraph or a 2-connected graph, was proved by the authors in [11].

Theorem 5 (Li et al. [11]). If G is a 2-connected graph and w is a vertex of
G, then for any two vertices u and v in G, there is a u — v path containing the
verter w.

Next, Li et al. [11] used the result of Theorem 5, as a basic tool, to determine
the necessary and the sufficient conditions of connected graphs having conflict-
free connection number 2.

Theorem 6 (Li et al. [11]). Let G be a connected graph of order at least 3, then
vefe(G) =2 if and only if G is 2-connected or G has only one cut-vertez.

Since vefe(G) = 2 if and only if G is 2-connected or G has only one cut-vertex,
it is natural to determine the conflict-free vertex-connection number of a graph
having at least two cut-vertices. Hence, the following corollary is immediately
obtained by the authors in [11].

Corollary 7 (Li et al. [11]). Let G be a connected graph. Then vefe(G) > 3 if
and only if G has at least two cut-vertices.

The next lemma provides a combinatorial equality and an inequality, which
will be used several times in our later proofs.

Lemma 8. (i) For every positive integer a it holds
a+1\ fa n
5 =5 a.
(ii) For every three positive integers n,t,a such thatt > a + 1 it holds
n—t . n—a fatl
—n+a-+1.
2 - 2

Proof. Case (i) is immediately obtained after some manipulations.
Using case (i) and note that t > a + 1, we obtain case (ii) as follows

<n2—t> B (n—(;+1)> _ (n;a) (@t 1)

n—a
:( >—n+a—|—1.
2 [
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Lemma 9. Let k > 2 be an integer. If ayi,...,ax are integers and all of them
are greater than one, then

£ <(F)

Proof. We prove this lemma by induction on k. Let k = 2. Clearly, (a; —1)(ag —
1) > 0 since a; > 2 for every i € [k]. After some manipulations we get

ai a a1 +az —1
< .
We may assume that the inequality is true for some k = ¢ > 2. Hence,
t
Z a; < Zﬁ:lai_(t_l)
. 2 2 '
=1

By the induction hypothesis, we deduce that

B0+ ()< () ()< ()

The result is obtained. [ ]

Lemma 10. Let k > 2 be an integer. If ay,...,ax are integers and all of them
are greater than one, then

Zk: (C;) < (Zf:l " 2k = 1)> + (k- 1).

i=1

Proof. We prove this lemma by induction on k. Let k = 2. Clearly, (a1 —2)(az —
2) > 0 since a; > 2 for every i € [k]. After some manipulations we get

() (5= )

Using the induction on k, in the same way as in the proof of Lemma 9, the
result is obtained. u

By Lemma 10, an upper bound for the size of a graph G having exactly k
blocks is attained by the following corollary.

Corollary 11. Let G be a graph and k > 2 be an integer. If G has ezxactly k
blocks B; of order n;, then

k L _
B < (Zi=1 A ”) o),
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Now we consider some results on the number of cut-vertices of a connected
graph. By using Lemma 9 and Lemma 10, one can readily obtain the next result,
which is the vertex version of the result in [1]. Moreover, this result is very
important in the proof of our main result.

Lemma 12. If a connected graph G on n vertices has t cut-vertices, then

1B(Q)] < (”;t> +t.

Proof. We prove the lemma by induction on ¢. Clearly, the result immediately
holds if ¢ = 0. We may assume, now, ¢ > 1. Let v be a cut-vertex of G such
that v € V(B;), where all B; are end-blocks of G. Now for every end-block B;
containing v, we delete V(B; — v) and all edges incident to V(B; — v). Call the
resulting graph G'.

By our assumption, it can be readily seen that G’ has exactly t—1 cut-vertices
which are distinct from v. Let np, be the order of B; for every ¢ and ngs be the
order of G'. Hence, by the induction hypothesis, |E(G")| < (nG'_z(t_l)) +t—1.
Let k be the number of end-blocks B; of G incident with v. Since all blocks B;
and the component G’ have the common cut-vertex v,

k k

’fL:Z(TLBZ —1)—|—TLG/ —1+1 :Z’I’LBZ.—FTLGU — k.
=1 i=1

Hence,

k k
ng.
B@) =Y BB+ 1Bl < Y- ("F) +|Eol
=1 =1

Using Lemma 9 for k blocks B; and the induction hypothesis on G’, we deduce

that
IE(G)| < <Z§=1 ”BiQ_ (k= 1)> + (nG' _2(t B 1>> +t—1.

After using Lemma 10 and the order of G, the result is obtained

|E(G)| < <E§:1n3i_<k_1)2+nG'_(t_1)_2> Fltt—1= (n;t) +t.

This completes our proof. [

Lemma 13. Let G be a connected graph and t > 3 be an integer. If G has t
cut-vertices, then there always exists a subset of at least 3 cut-vertices that are
connected by a path.
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Proof. If a block of G has at least three cut-vertices, then the statement follows
from Theorem 5. Now assume that a block contains exactly two cut-vertices u
and v. Let w be a third cut-vertex in G. Let P; be a path connecting v and v
and P, be a path connecting w and w. If P, contains v, then P» contains three
cut-vertices, otherwise the path wPuPyv has the required property. This finishes
our proof. [

The following example shows that there are connected graphs having no path
connecting at least 4 cut-vertices. Let & > 3 be an integer and K j be a star on
k + 1 vertices. Let G be a graph obtained from K j; by subdividing each of its
edges. Clearly, every path in G contains at most 3 cut-vertices.

3. MAIN RESULT

In this section, we study graphs with conflict-free vertex-connection number
at most 3 depending on their size. Before presenting our main result, we prove
several useful results on the conflict-free vertex-connection number of a connected
graph. First of all, we consider the upper bound of the conflict-free vertex-
connection number of graphs.

3.1. The upper bound

By Theorem 6, the conflict-free vertex-connection number equals 2 for every
connected graph having no cut-vertex or only one cut-vertex. Consequently,
the conflict-free vertex-connection number is at least 3, if G has at least two
cut-vertices. Motivated by these results, we consider the upper bound of the
conflict-free vertex-connection number depending on the number of cut-vertices
of a connected graph. Let G be a connected graph having at least 2 cut-vertices.
For every block B; of G, let x; denote the number of cut-vertices of G belonging to
B;. Hence, x; > 1, for 1 <14 <, where [ is the number of (trivial or non-trivial)
blocks in G. Let ¢ = max{x; | 1 <1i <[}. Hence, ¢ is the maximum number of
cut-vertices belonging to a block of G. The following theorem gives a tight upper
bound for the conflict-free vertex-connection number of a connected graph.

Theorem 14. Let G be a connected graph. If k is the number of cut-vertices of
G and t is the mazimum number of cut-vertices belonging to a block of G, then
vefe(G) < k+ 3 —t. Moreover, this bound is sharp.

Proof. Renaming blocks if necessary, assume that By is a block of G having the
maximum number of cut-vertices. Trivially, if ¢t = 1, then k = 1. It follows that
G has only one cut-vertex. By Theorem 6, the result is obtained. Hence, t > 2.
Let S = {v1,v,...,v:} be the set of cut-vertices of G belonging to B;. Now, we
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assign colour 2 to the vertex vy, colour 3 to all the vertices in S\ {v1}. Every cut-
vertex of G that is not in S is assigned a different colour from {4,5,...,k+3—t}.
Next, we colour all the remaining vertices of G by colour 1. In such a way we
obtain a vertex-coloring ¢ of G. For every block B; from G, it can be readily
seen that there always exists at least one cut-vertex having the colour which is
different from the colour of the remaining vertices of B;. It follows that there is
a conflict-free vertex-path between any two arbitrary vertices belonging to the
same block by Theorem 5.

Suppose now that two arbitrary vertices, say « and y, belong to two different
blocks, say B, and B,, respectively. Since G is connected, there is a path, say
P, connecting x and y. Let v, € V(P) and v, € V(P) be the cut-vertices of
B, and By, respectively. If v, = v, or ¢(vy) # c(vy), then P is the conflict-
free vertex-path with the unique colour, say c(v;) or c(vy). If ¢(vz) = ¢(vy) and
Uy # Uy, then vy, v, € V(B1). Hence, B; is the nontrivial block. By Theorem
5, there is a v, — vy path in Bj, say P’, containing v;. Now, xPuv,P'v,Py is
a conflict-free vertex-path. Hence, there always exists at least one conflict-free
vertex-path connecting any two arbitrary vertices of G.

The result is obtained. ]

The sharpness examples for Theorem 14 are given as follows. Let G be
a connected graph having at least two cut-vertices and let all the cut-vertices
belong to the same block, i.e., k =t > 2. By Corollary 7, vcfe(G) > 3. On the
other hand, by Theorem 14, vcfe < 3. Hence, vefe(G) =3 =k +3 —t.

Clearly, if G' has exactly two cut-vertices, then they are in the same block.
Hence, the following corollary is immediately obtained.

Corollary 15. Let G be a connected graph. If G has exactly two cut-vertices,
then vefe(G) = 3.

Now, we consider the conflict-free vertex-connection number of a connected
graph having many cut-vertices in the same block.

Lemma 16. Let k > 3 be an integer and G be a connected graph of k cut-vertices.
If at least k — 1 cut-vertices belong to an unique block, then vefc(G) = 3.

Proof. By Corollary 7, vefc(G) > 3 since G has at least 3 cut-vertices. Let
v1, ...,V be the cut-vertices of G. By Theorem 14 it suffices to consider the case
when k — 1 cut-vertices belong to the same block. Hence we may assume that
V1,...,0k—1 € V(B) and v ¢ V(B) for some block B.

Now, we show that we are able to assign three colours to all the vertices of
G in order to make it conflict-free vertex-connected. Since G is connected, there
is a path, say P, connecting vx and V(B). Clearly, the end-vertex of P is a
cut-vertex of G. Otherwise, G contains at least k + 1 cut-vertices since vy does
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not belong to the block B. Renaming vertices if necessary, we may assume, that
the end-vertex of P is v;. Now, let B’ be a block containing v; and vg. Clearly,
V(B)NV(B') = {v1}. If vyyvy is a bridge of G, then B’ is trivial. Otherwise,
B’ is non-trivial. We assign the colour 1 to the vertex vy, the colour 2 to all
the vertices in V(B) UV (B’)\ {v1}, the colour 3 to all the remaining uncoloured
vertices of G. By simple case to case analysis, G is conflict-free vertex-connected.
Hence, vefe(G) < 3. We deduce that vefe(G) = 3.

The proof is obtained. [

Let G be a connected graph. The eccentricity eq(v) of a vertex v € V(G) is
the maximum value among the distance between v and the other vertices in G.
The radius rad(G) of G is the minimum eccentricity among all the vertices of G.
In [11], the authors proved an upper bound for the conflict-free vertex-connection
of a connected graph depending on the radius rad(G) as follows.

Theorem 17 (Li et al. [11]). If T is a tree with radius rad(T), then vefe(T) <
rad(T) + 1. Moreover, the bound is sharp.

Corollary 18 (Li et al. [11]). If G is a connected graph, then vefe(G) < rad(G)
+1.

Let G be a connected graph with k > 2 cut-vertices and let ¢ be the maximum
number of cut-vertices belonging to a block, say B, of G. Clearly, ¢t > 2. Now,
there are k — t cut-vertices of G not belonging to B. Let S = {v1,va,..., v,
Vg41, ..., Uk} be the cut-vertex set of G such that vy,...,v; are in B and vg41,
..., v are not in B. Two blocks are neighbours if they have a common cut-vertex.
We construct the tree T, where i € [t], as follows.

1. Every v; € V(B) is the root of T} .

2. We consider all the neighbour blocks of B containing v;, say Bj, having the
cut-vertices of G. We denote these cut-vertices, say v; € V(Bj), by U]T* and
add them to T3, by adding an edge viv;‘r*. Next, we continue to consider the
neighbour block of B; and repeat these processes to the end-blocks of G.

Now applying steps 1 and 2 above, we construct the tree T by identifying all
v; of T;, where i € [t], by a vertex, say v. Hence, |V(T*)| =k —t+1 and v is
the root of T*. An example of T™* is depicted in Figure 1. By Theorem 17, the
following result is obtained.

Theorem 19. If G is a connected graph with at least two cut-vertices, then
vefe(Q) < rad(T™) + 4.

Proof. By Theorem 17, T* is conflict-free vertex-connected with rad(7%) + 1
colours. We assign rad(T*) 4+ 1 colours from {4,5,...,rad(T*) + 4} to make
it conflict-free vertex-connected. Since T™ is a tree, every its two vertices are
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Figure 1. Graph G and T™.

connected by only one path. We colour all the vertices of G as following: c(v;) =
C(’U]T*), for every j € [k]\[t]. We assign colour 2 to the vertex vq, colour 3 to all the
t — 1 remaining cut-vertices in B. Hence, all the cut-vertices of G are coloured.
We colour all the remaining vertices of G by colour 1. It can be readily seen
that there always exists at least one conflict-free vertex-path between any two
cut-vertices of G since T™ is conflict-free vertex-connected and B is conflict-free
vertex-connected with 3 colours from [3]. Moreover, every block has at least one
cut-vertex having different colour to all its remaining vertices. As in the proof
of Theorem 14, there always exists at least one conflict-free vertex-path between

any two arbitrary vertices of G. [

3.2. Conflict-free vertex-connection number at most 3

In this subsection, we consider our main result as follows.

Theorem 20. Let G be a connected graph of order n > 8. If |E(G)| > (n§6) +7,
then vefe(G) < 3.

Before starting to prove Theorem 20, we show that the bound for the size of
the graph is sharp by the following proposition.

nf6)

Proposition 21. There exists a connected graph of order n and |E(G)| = (",

+6 such that vefc(G) > 4.

Proposition 21 can be extended for any integer k > 2 by the following theo-
rem.

Theorem 22. Let k > 2 be an integer. There exists a connected graph of order
k
n and |E(G)| = (”_(22 _2)) +2F — 2 such that vefc(G) >k + 1.

Proof. We construct a connected graph G as follows. Take a complete graph
K, _(o5_9y and a path Popr_y = w1 ---wak_;. Note that [V(Por_q)| is odd. Let
u be an arbitrary vertex of K, (or_5). Now, we identify the vertex u with the
vertex wi. It can be readily observed that the resulting graph G has order n, and

size |E(G)| = (”_(2;_2)) + 2F — 2. Next, we prove that vefe(G) >k + 1.
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Note that, by our construction above, there is an unique path between any
two vertices w;, wj, where w;, w; € V(PQk_l). It follows that Pyr_; is conflict-
free vertex-connected. By Theorem 4, we must use at least k colours in order
to make P,._; conflict-free vertex-connected since ’V(ng_l)‘ = 2F — 1. Hence,
vefe(G) > k. Now, suppose to the contrary, that we are able to use exactly k
colours to colour all the vertices of G in order to make it conflict-free vertex-
connected. By the concept of conflict-free vertex-connection, there must be an
unique colour on Py:_q, say k, that is assigned to a vertex w;. We show that
c(wqu) = k. Otherwise, without loss of generality, we may assume that c(w;) =
k, where i € [2F — 1] \ [2¥7!] since Ppr_; is symmetry by wor—1. By Theorem
4, vcfc(w1P2k_1w2k71) = k. Hence, the colour k appears at least two times
on the path Pyr_;, a contradiction. Thus, c¢(wee-1) = k and all vertices in
V(’l,U1P2k_1?,U2k—1_1) can receive the colours from [k — 1]. On the other hand, by
Theorem 4, ’UCfC(’lUlP2k71'LU2k—171) = k — 1. Similarly, a unique colour, say k—1,
on the path wi Pyr_jwor—1_; must be assigned to wqr-2. We continue these steps
by decreasing k to 2. Hence, by Theorem 4, vcfc(wlek_lwg) = 2. It follows
that we can use two colours from [2] to colour all the vertices of the subgraph
H = G — {wy,ws,...,wor_;} to make it conflict-free vertex-connected. Note
that H has two cut-vertices. By Corollary 15, vefc(H) = 3, a contradiction.
Hence, k is not enough to make G conflict-free vertex-connected. Therefore,
vefe(G) > k4 1. This completes our proof. [

Clearly, when k£ = 3 we immediately obtain Proposition 21.

Now we are able to prove our main result. Recall its statement here.
Theorem 20. Let G be a connected graph of ordern > 8. If |[E(G)| > ("3°) +7,
then vefe(G) < 3.

Proof. We prove our theorem by several claims as follows. Let G be a connected
graph of order n and |E(G)| > (";°) + 7.

Claim 23. G has at most 5 cut-vertices.

Proof. Let t be the number of cut-vertices of G. By Lemma 12, |E(G)| <
(”;t) +t. If t =6, then |E(G)| < (";6) + 6, a contradiction.
If t > 7, then by Lemma 8

[E(G)| < (n;t) +t< (n;6) —n+ T+t

Note that n > t 4 2 since G has order n and t cut-vertices. Hence, |E(G)]
(n56) + 5, a contradiction.
Therefore, we deduce that ¢t < 5. 0O

IN
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Let Bi,..., B; be the blocks of G which contain at least two cut-vertices of
G, and let Qq,...,Q be the other blocks (the end-blocks) of G.

By Theorem 6, Corollary 15 and Lemma 16, now we consider that G has at
least 4 cut-vertices.

Claim 24. If G has 4 cut-vertices, then vefe(G) = 3.

Proof. Let S = {v1,v2,v3,v4} be the set of cut-vertices of G. By Lemma 16, we
can assume that there are at most two vertices of S in the same block. By Lemma
13, there always exist a subset of at least three cut-vertices that are connected
by a path. Hence, two cases are considered as follows. Let B;, where i € [3], be
three blocks containing exactly two cut-vertices of G.

Case 1. At most three cut-vertices are connected by a path. Renaming
vertices if necessary, we may assume that vy, v9 € By, v, v3 € B and vy, v4 € Bs,
see Figure 2. Clearly, G must contain several other blocks. We assign colour
1 to the vertex vo, colour 2 to all three vertices vy, v3,v4 and colour 3 to all
uncoloured vertices of G. By simple case to case analysis, it can be observed that
G is conflict-free vertex-connected with three colours. Hence, vefc(G) < 3.

v

<

U3

X B> 3

<
@e
@e
i

Vg

At most 3 cut-vertices in a path. All 4 cut-vertices in a path.

Figure 2. Graph G has 4 cut-vertices.

Case 2. All four cut-vetices are connected by a path. Renaming vertices if
necessary, we may assume that v;,v;y1 € B;, where i € [3], see Figure 2. Since
v1, v are cut-vertices of G, there are at least two end-blocks @, i.e., £ > 2. Let
v1,v4 belong to @1, Q2, respectively. Hence,

k 3

k 3
n=> (ng,—1)+Y (np,—2)+4=Y ng +» np, —k—2.
i=1 i=1

i=1 =1

Now, |E(G)] = XX |E(Qi)| + 32 |E(B;)]. By Lemma 10, after some
manipulations we get

IB(G)] < ("_U;”)) ket 2.

By Lemma 8 and n > k + 4, we conclude that k£ < 3. By the symmetry of
induced subgraph G[V(G) \ V(Q3)], when k = 3, renaming vertices if necessary,
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there are two following cases: v; € (3 or vo € Q3. Now we assign colour 1 to the
vertex vo, colour 2 to two vertices vy, v4, and colour 3 to all uncoloured vertices
of G. By simple case to case analysis, it can be observed that G is conflict-free
vertex-connected with three colours. Hence, vefe(G) < 3.

On the other hand, by Corollary 7, vefe(G) > 3. Therefore, vefe(G) = 3.
This completes our proof. 0

Claim 25. If G has 5 cut-vertices, then vefe(G) = 3.

Proof. Let S = {v1,v2,v3,v4,v5} be the set of cut-vertices of G. Again by
Lemma 16, we can assume there are at most three vertices of S in the same
block. Now, we consider two following cases.

Case 1. If three vertices of S are in the same block, then there are three
subcases, see Figure 3.

V4
U1 V4 U1 U1
.
U3 1% Us v, 3 2 (/SO 2 3 5 @@
v 2 5

3

(a) Two blOCkS. contain 3 (b)—(d) One block contains 3 cut-vertices.
cut-vertices.

Figure 3. Graph G has 5 cut-vertices, where 3 cut-vertices are in the same block.

For subcase 1(a), 4 < k < n — 5 since vy, v3,v4,v5 are cut-vertices and [ = 2.
Hence, n = Zle ng, +np, +np, —k —1. Now, |[E(G)| < ("7(]2“1)) +k+1. As
in the proof of Claim 24, one can easily see that k < 4. Hence, k = 4 and vy ¢ Q;
for all ¢ € [4]. We assign colour 1 to the vertex va, colour 2 to all uncoloured
vertices of By and Bs, and colour 3 to all uncoloured vertices of G.

For subcases 1(b) and 1(c), 3 < k < n—5 since vy, v4, v5 are cut-vertices and
[ =3. Hence,n = Yr_ ng, + >0 np, —k—2. Now |[E(GQ)] < ("4 1 k2.
As in the proof of Claim 24, one can easily see that kK < 3. Hence, £ = 3 and
vg,v3 ¢ Q; for all i € [3]. Renaming vertices if necessary, we may assume that
v1 € Q1, v4 € Q2 and v € Q3. We assign colour 1 to the vertex vg, colour 2 to
the vertex vs, all uncoloured vertices in V(Q2) \ {v4} and V(Q1) \ v1, and colour
3 to all remaining uncoloured vertices of G.

For subcase 1(d), 4 < k < n — 5 since vy, vs, v4, V5 are cut-vertices and [ = 3.
Hence, n = . ng, +np, +np, +np, —k—2. Now, |E(G)| < ("_(’§+2)) +E+2.
As in the proof of Claim 24, one can easily see that k£ < 3, a contradiction.

By simple case to case analysis, it can be readily observed that G is conflict-
free vertex-connected. Hence, vefe(G) < 3.
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Case 2. Now we consider the last case that at most two vertices of S are in
the same block. It can be readily observed that there are 4 blocks B; containing
exactly two cut-vertices of G. Hence, n = Z,’f:l Q; + Z?Zl B; — k — 3, where
2<k<n-5 Now |E(G) < (”_(§+3)) + k + 3. As in the proof of Claim 24,
one can easily see that k£ < 2. Hence, k = 2, i.e., there are only two blocks Q;
such that @; contains only one cut-vertex of G, where i € [2]. Therefore, there
always exist a path in G that connects all five cut-vertives of G, see Figure 4. We
assign colour 1 to the vertex wvs, colour 2 to two vertices vy, v5 and colour 3 to all
remaining uncoloured vertices of G.

U1 2 3 4 5

Figure 4. Graph G has 5 cut-vertices, where at most 2 cut-vertices are in the same block.

By simple case to case analysis, it can be readily observed that G is conflict-
free vertex-connected. Hence, vefe(G) < 3.

On the other hand, by Corollary 7, vefc(G) > 3. Therefore, vefe(G) = 3.
This completes our proof. 0O

The proof is obtained. [

By Theorem 22 and Theorem 20, we pose the following conjecture.

Conjecture 26. Let k > 3 be an integer, and G be a connected graph of order n.
If |E(@)| > ("% 2) 28 — 1, then vefe(G) < k.

Clearly, Conjecture 26 is true for kK = 3 by Theorem 20.

REFERENCES

[1] S.A. van Aardt, C. Brause, A.P. Burger, M. Frick, A. Kemnitz and I. Schiermeyer,
Proper connection and size of graphs, Discrete Math. 340 (2017) 2673—-2677.
doi:10.1016/j.disc.2016.09.021

[2] E. Andrews, E. Laforge, C. Lumduanhom and P. Zhang, On proper-path colorings
in graphs, J. Combin. Math. Combin. Comput. 97 (2016) 189-207.

[3] V. Borozan, S. Fujita, A. Gerek, C. Magnant, Y. Manoussakis, L. Montero and Zs.
Tuza, Proper connection of graphs, Discrete Math. 312 (2012) 2550-2560.
doi:10.1016/j.disc.2011.09.003

[4] H. Chang, T.D. Doan, Z. Huang, S. Jendrol’, X. Li and I. Schiermeyer, Graphs with
conflict-free connection number two, Graphs Combin. 34 (2018) 1553-1563.
doi:10.1007/s00373-018-1954-0


http://dx.doi.org/10.1016/j.disc.2016.09.021
http://dx.doi.org/10.1016/j.disc.2011.09.003
http://dx.doi.org/10.1007/s00373-018-1954-0

CONFLICT-FREE VERTEX CONNECTION NUMBER AT MOST 3 AND ... 631

[5]

[14]

[15]

[16]

[17]

[18]

H. Chang, Z. Huang, X. Li, Y. Mao and H. Zhao, Nordhaus-Gaddum-type theorem
for conflict-free connection number of graphs.
arXiv:1705.08316v1[math.CO].

G. Chartrand, G.L. Johns, K.A. McKeon and P. Zhang, Rainbow connection in
graphs, Math. Bohem. 133 (2008) 85-98.

P. Cheilaris, B. Keszegh and D. Pélvolgyi, Unique-mazimum and conflict-free color-
ing for hypergraphs and tree graphs, SIAM J. Discrete Math. 27 (2013) 1775-1787.
doi:10.1137/120880471

L. Chen, X. Li and Y. Shi, The complexity of determining the rainbow vertex-
connection of a graph, Theoret. Comput. Sci. 412 (2011) 4531-4535.
doi:10.1016/j.tcs.2011.04.032

E. Chizmar, C. Magnant and P.S. Nowbandegani, Note on vertex and total proper
connection numbers, AKCE Int. J. Graphs Comb. 13 (2016) 103-106.
doi:10.1016/j.akeej.2016.06.003

J. Czap, S. Jendrol’ and J. Valiska, Conflict-free connections of graphs, Discuss.
Math. Graph Theory 38 (2018) 911-920.
doi:10.7151/dmgt.2036

S. Jendrol’;, X. Li, Y. Mao, Y. Zhang, H. Zhao and X. Zhu, Conflict-free vertez-
connections of graphs, Discuss. Math. Graph Theory 40 (2020) 51-65.
doi:10.7151/dmgt.2116

M. Ji, X. Li and X. Zhu, Conflict-free connections: algorithm and complezity,
arXiv:1805.08072 (2018).

H. Jiang, X. Li, Y. Zhang and Y. Zhao, On (strong) proper vertex-connection of
graphs, Bull. Malays. Math. Sci. Soc. 41 (2018) 415-425.
doi:10.1007/s40840-015-0271-5

A. Kemnitz and 1. Schiermeyer, Graphs with rainbow connection number two, Dis-
cuss. Math. Graph Theory 31 (2011) 313-320.
doi:10.7151/dmgt.1547

M. Krivelevich and R. Yuster, The rainbow connection of a graph is (at most) re-
ciprocal to its minimum degree, J. Graph Theory 63 (2010) 185-191.
doi:10.1002/jgt.20418

X. Li and S. Liu, Tight upper bound of the rainbow vertex-connection number for
2-connected graphs, Discrete Appl. Math. 173 (2014) 62-69.
doi:10.1016/j.dam.2014.04.002

X. Li and C. Magnant, Properly colored notions of connectivity—a dynamic survey,
Theory Appl. Graphs 0(1) (2015) Art. 2.
doi:10.20429/tag.2015.000102

X. Li, Y. Mao and Y. Shi, The strong rainbow vertex-connection of graphs, Util.
Math. 93 (2014) 213-223.


http://dx.doi.org/10.1137/120880471
http://dx.doi.org/10.1016/j.tcs.2011.04.032
http://dx.doi.org/10.1016/j.akcej.2016.06.003
http://dx.doi.org/10.7151/dmgt.2036
http://dx.doi.org/10.7151/dmgt.2116
http://dx.doi.org/10.1007/s40840-015-0271-5
http://dx.doi.org/10.7151/dmgt.1547
http://dx.doi.org/10.1002/jgt.20418
http://dx.doi.org/10.1016/j.dam.2014.04.002
http://dx.doi.org/10.20429/tag.2015.000102

632 T. Duy DoaN AND I. SCHIERMEYER

[19] X. Li and Y. Shi, On the rainbow vertex-connection, Discuss. Math. Graph Theory
33 (2013) 307-313.
doi:10.7151/dmgt.1664

[20] X. Li, Y. Shiand Y. Sun, Rainbow connections of graphs: A survey, Graphs Combin.
29 (2013) 1-38.
doi:10.1007/s00373-012-1243-2

[21] X. Li and Y. Sun, Rainbow Connections of Graphs ( Springer-Verlag, New York,
2012).
doi:10.1007/978-1-4614-3119-0

[22] Z.Liand B. Wu, Mazimum value of conflict-free vertez-connection number of graphs,
Discrete Math. Algorithms Appl. 10 (2018) 1850059.
doi:10.1142/51793830918500593

[23] D.B. West, Introduction to Graph Theory (Prentice Hall, Upper Saddle River, 2001).

Received 18 September 2018
Revised 27 February 2019
Accepted 27 March 2019


http://dx.doi.org/10.7151/dmgt.1664
http://dx.doi.org/10.1007/s00373-012-1243-2
http://dx.doi.org/10.1007/978-1-4614-3119-0
http://dx.doi.org/10.1142/S1793830918500593
http://www.tcpdf.org

