College of Saint Benedict and Saint John's University

Digital Commons@CSB/SJU

Honors Theses, 1963-2015 Honors Program

2014

Colored Independence of Cycle Graphs and Finite Grids

Michael Terhaar
College of Saint Benedict/Saint John's University

Follow this and additional works at: https://digitalcommons.csbsju.edu/honors_theses

6‘ Part of the Mathematics Commons

Recommended Citation

Terhaar, Michael, "Colored Independence of Cycle Graphs and Finite Grids" (2014). Honors Theses,
1963-2015. 54.

https://digitalcommons.csbsju.edu/honors_theses/54

This Thesis is brought to you for free and open access by DigitalCommons@CSB/SJU. It has been accepted for
inclusion in Honors Theses, 1963-2015 by an authorized administrator of DigitalCommons@CSB/SJU. For more
information, please contact digitalcommons@csbsju.edu.


https://digitalcommons.csbsju.edu/
https://digitalcommons.csbsju.edu/honors_theses
https://digitalcommons.csbsju.edu/honors
https://digitalcommons.csbsju.edu/honors_theses?utm_source=digitalcommons.csbsju.edu%2Fhonors_theses%2F54&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/174?utm_source=digitalcommons.csbsju.edu%2Fhonors_theses%2F54&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.csbsju.edu/honors_theses/54?utm_source=digitalcommons.csbsju.edu%2Fhonors_theses%2F54&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@csbsju.edu

COLORED INDEPENDENCE ON CYCLE GRAPHS AND FINITE GRIDS
AN HONORS THESIS
In Partial Fulfillment of the Requirements
for Distinction in the Department of Mathematics
by
Michael Terhaar
April 2014



Section 1: Introduction

The earliest problem in graph theory is the Konigsberg Bridge Problem. The city of
Konigsberg had seven bridges connecting four landmasses. As a game, the people in this city
tried to walk around the city crossing each bridge exactly once. None of the residents seemed
to be able to do this, but they could not prove that it was impossible. The Konigsberg Bridge
Problem was solved by Leonard Euler who utilized what Gottfried Wilhelm Leibniz “referred
to as geometria situs, or geometry of position. This so-called geometry of position is what is
now called graph theory” [4]. Euler showed that it was impossible to walk around the city
crossing each bridge exactly once. His reasoning in solving the Konigsberg Bridge Problem
set the foundation for the concept of Eulerian circuits (to be defined in the next section)

which is an integral part of much that has been proven in this paper.

Before delving too deeply into this subject, it is important to know just what is meant
by a graph in the context of graph theory. When most people hear the word graph, they
immediately think of a graph as it would be on a Cartesian coordinate system with the x
and y axes and ordered pairs. Although this is certainly a graph in certain fields of math,
this is not the type of graph we study in graph theory. In this paper, we will define a graph

in the following way:

Definition 1: A graph is a set of vertices V' = {wvy,vq,v3,...} with a set of edges F =
{e1, ea,€3,...} on those vertices. An edge is constructed by connecting two distinct vertices
v; and v;. We say v;v; € E. The set of vertices of a graph G will be denoted V(G) and the

set of edges E(G). If two vertices form an edge, they are said to be adjacent.

Independence is a crucial topic within the scope of graph theory. We define indepen-

dence in the following way:



Definition 2: Let I be a set of vertices on a graph G. I is said to be independent if

for every u,v € I, uv is not an edge in G.

For an example of independent sets, consider the following scenario. There are nine
computers connected on a network and three printers (printer 1, printer 2, and printer 3)
that service this network. Three computers print to printer 1, three to printer 2, and three
to printer 3. We say the three computers that print to printer 1 are independent of printer
2 and printer 3, the three computers that print to printer 2 are independent of printer 1
and printer 3, and the three computers that print to printer 3 are independent of printer
1 and printer 2. This example can be seen in Figure 1 below. The blue vertices represent

computers, and the green vertices represent the three printers.

Figure 1: Graphical model of computer and printer network

This example illustrates that independence has to do with connections and lack thereof.
Since the three computers that print to printer 1 have no connection to printer 2 and printer
3, they are independent of printer 2 and printer 3. In graph theory, independence works the

same way. To describe events, we use vertices, and to describe connections, we use edges



between vertices. If two vertices are connected by an edge, they are not independent, but if

they are not connected by an edge, they are independent.

Vertex coloring is another concept used when looking into problems in graph theory.

Definition 3: We color a vertex v by assigning it a color 7. A set of vertices 5; is a

color class if every vertex in S; is colored 4.

To gain a deeper understanding of vertex coloring, consider the following scheduling
problem. Suppose a school is attempting to schedule times for the final test of each class
the school provides. They have a total of 6 classes offered. Figure 2 below represents classes
that cannot be scheduled at the same time as each other. The classes are represented by

vertices and the conflicts are represented by edges.

Figure 2: Graphical model of six classes and their conflicts

We can color the vertices of this graph in order to see how many testing times we will
need to schedule all the final exams. Figure 3 below shows that we will need two time slots
since all vertices can be colored with two color classes. All the classes colored red can be
given during the same time slot and all the classes colored green can be given during a second

time slot.



Figure 3: Test time scenario for six classes with conflicts modeled by vertex coloring

This example shows how vertex coloring can be a useful tool in solving scheduling

problems.

In this paper, we will use coloring to signify vertices that must be placed together into
independent sets. As described in Definition 3, the vertices that are all colored the same
make up what is called a color class. This paper will focus on color classes that are also

independent sets.

Thus far, we have considered independent vertex sets and vertex coloring separately.
The edges of a graph represent connections between vertices of a graph, and these edges
show us vertices which cannot exist together in independent sets. Vertex colorings show
which vertices must exist together in independent sets. Independence and vertex coloring

on graphs are two concepts that together will define colored independence.

Colored independence is a way in which we can understand scheduling/storage problems
where events that cannot occur together are modeled by vertices connected by edges, and
events that must occur together are modeled by vertices that have the same color. The
dimension that is added by looking at colored independence versus just independence alone
allows us to explore a broader set of problems. As an example, consider the graph in Figure

4 below with six different color classes.



Figure 4: Coloring of a 3 by 6 grid

As it turns out, the way in which we partitioned the vertices of this graph into color
classes yields an independent set of no more than three. This is the case because if a vertex
from any color class is chosen, that vertex and the rest of the vertices in its color class are
adjacent to a vertex in each of the other five color classes. So no other vertex could be
chosen. Otherwise our set of vertices chosen would not be independent. Three is the size
of the maximum independent set of vertices on this particular graph with this particular

partition of vertices.

In the remainder of this paper, we will look more deeply into the idea of colored inde-
pendence. In particular, we will apply this idea to cycle graphs as well as 2 by n grids. By
understanding this concept on more types of graphs, we can better model different situations

and use this concept to solve scheduling problems.



Section 2: Useful Definitions and Theorems

In this section, we will define several terms and state several theorems that are impor-
tant to know in order to understand the remainder of this paper. Some of the definitions
and theorems will be accompanied by examples in order to further enlighten the reader on

the term or theorem. Many of the examples will use a type of graph called a path.

Definition 4 [1]: A path P is a graph with vertex set V = {vy,vq,vs,...,v,} and edge
set £ = {v1vq, vov3, ..., V10, }. If the path has n vertices, we denote the path by P, and

say n is the order of P,.

In Section 1, we formally defined a graph and how graphs are made of vertices and

edges. The following definitions and theorem allow us to better understand graphs.

Definition 5: A vertex, v, and an edge, e, on a graph, GG, are said to be incident if v

is one endpoint of e.

Definition 6: Let v be a vertex in a graph G. The degree of v, denoted deg(v), is the

number of edges incident with v.

Theorem 1 [2]: Let G be a graph with vertex set V. = {vy,v9,...,v,} and edge set

E = {ej,eq,...;ep}. Then > _ . deg(v;) = 2|F|. In other words, the sum of the degrees

veV

of vertices in GG equals twice the number of edges.

Although we briefly discussed vertex colorings and independent vertex sets in the in-
troduction, the following definitions will give further explaination of these ideas. First, we
will expand on our knowledge of independent vertex sets by defining maximal and maximum

independent vertex sets.



Definition 7: An independent vertex set M is a maximal independent vertex set if for

any vertex v not in M, M U {v} is not independent.

Definition 8: Let L be a maximal independent vertex set on V(G) where G is any graph.

L is a maximum independent vertex set if for every maximal independent vertex set M on

V(G), | M| < |L|. We denote the size of a maximum independent vertex set on a given graph

G as B5(G).

Figure 5: Maximal and maximum independent vertex sets on P

In Figure 5 above, the vertices colored green form a maximal independent vertex set,

and the vertices colored blue form a maximum independent vertex set.

The next definitions will expand our knowledge of vertex colorings and color classes

which were illustrated in the class scheduling example found in the introductory section.

Definition 9: Let G be any graph. A partition of the vertices of G into disjoint color

classes, S1, 99, 53, ..., Sy, is a proper vertex coloring if each color class S; is an independent

set. Note that these sets need not be maximal.

Definition 10: Two color classes, S; and S;, on the vertices of a graph G are color class

neighbors if there exists some v; € S; and some v; € S; such that v;v; € E(G).

Definition 11: Let S; and S; be color classes. S; and S; are said to be independent color

classes if they are not color class neighbors.



In this paper, we will restrict the way in which we partition the vertices of a graph to
proper vertex colorings. Recall that given a partition ® = {S;,Ss, ..., S,.} of the vertices of

a graph G, U;_, S; = V(G).

Definition 12: Given a graph G and partition ® = {5, 5, ...,S,} of the vertices of G,

D C V(@) is a colored independent set if for each S; € ® either S; N D = S; or S;N D = ().

Note, D is an independent vertex set, but D need not be maximal.

An example of a colored independent set on P; with partition ¢ can be found in Figure
6 below. On this graph with this partition, D = S; U S5 is a colored independent set since
SlﬂD:Sl, SQHDZQ, SgﬂD:»Sg, and S4ﬂD:(Z).

Next we will define the ®-independence number as well as the independence partition

number. The independence partition number is the main focus of this paper.

Definition 13 [3]: Given a partition ® of the vertices of a graph G, the ®-independence

number is defined as the maximum size of a colored independent set. We denote the ®-

independence number of a graph G with partition ® as §(G; ®).

Definition 14  [3]: The  k-independence partition number is  defined as

min{5(G; ®) | ® is a partition of V(G) into r color classes and |S;] < kfor1 < k < r}.

We denote the k-independence partition number of a graph G' as Bprrx)(G).

Definition 15 [3]: The independence partition number of a graph G is Sprr(G) =

min{f(G; ®) | ¢ is a partition of V(G)}.

A more informal way to describe the definition of the independence partition number is

as follows: For a graph G, there is a maximum independent vertex set associated with each



partition ® of the vertices of G. We call the size of these sets 5(G; ®) where G is a graph and
® is a partition of V(G). The independence partition number is the smallest 3(G; ®) value
we can get given every possible partition ® of V(G). The independence partition number is

the number we strive to understand for different types of finite graphs.

Consider some partition ®. Two or more color classes in ® can be in a colored indepen-
dent set together as long as the color classes in the colored independent set are independent
from each other. It is worth noting that the colored independent set formed in this way is
not necessarily maximal. When looking for the independence partition number, we assume
that every color class is a neighbor with every other color class. If not, then there exist

independent color classes which could be combined into a single color class.

P 1 2 1 2 3 4 3
r 1 2 3 1 4 3 2
S 1 2 3 1 4 4 2

Figure 6: Three colorings of P;

Figure 6 above shows examples for many of the previous definitions regarding coloring.
First of all, the partitions of the vertices ® and I' are proper vertex colorings, but the

partition © is not a proper vertex coloring because the red color class includes two vertices



which are adjacent. Next, notice there are many instances of color class neighbors. For
example, in the graph with partition ®, the blue color class is a color class neighbor with the
green color class. We also see that the blue color class is independent from the yellow color
class. So, we could say the blue and yellow color class together form a colored independent
set. In fact, this is the maximum independent vertex set that can be found on this graph
with this particular partition. So, we say J(Pr; ®) = 4. Notice that 5(P;;I') = 3. It turns
out that 3 is the minimum size of all the maximum independent sets found for all partitions

of P7. So BPRT(P7) = 3.

In order to prove claims for the independence partition number for different types of
graphs in this paper, we will use the idea of colored independence on paths. The inde-
pendence partition number on paths of order n has already been described in the following

theorem.

Theorem 2 [1]: For t > 3 and a path of order n = 2(¢t — 1)? + b, we have
(

t—1 ifb=0

BPRT(PQ(t71)2+b) =3t H1<b<3t—-2

t+1 if3t-1<b<4t-3
\

Note that Theorem 2 describes the independence partition number on all finite paths.
In the proof of Theorem 2, another type of graph, called a linear forest, is used. We will also
be using linear forests in this paper. In order to define a linear forest, we first need several

other definitions.

Definition 16 [2]: A walk is a sequence of vertices and edges in a graph such that the
sequence alternates between vertices and edges, starting and ending with vertices, and each
edge in the sequence joins the vertices that occur immediately before and after it in the

sequemnce.

10



Definition 17 [2]: Let G be a graph. H is a subgraph of G if V(H) C V(G) and
E(H) C E(G). We say G contains H. A graph is connected if every vertex is joined to

every other vertex by a walk. A disconnected graph is a graph that is not connected.

Definition 18 [2]: Let H be a subgraph of a graph G. The subgraph H is a component
of G if H is connected and H is not contained in any connected subgraph K of G where

[V(H)| < [V(K)| or |E(H)| < [E(K)]

Definition 19 [2]: A graph LF, is a linear forest if each component of LF, is a single
vertex or a walk. We denote the number of vertices in the linear forest with the subscript

n. Note that a path is a linear forest.

Figure 7: LF7

An example of a linear forest and components of a graph can be seen in Figure 7 above.
There are three components in Figure 7. In additon to the definition of a linear forest, we

will use the following theorem concerning linear forests in the next section.

Theorem 3 [1]: Bprre)(LF,) > 5.

In Section 1, we mentioned the name Euler. In order to prove several results in the next
section, we rely on a topic in graph theory attributed to Euler, namely, Eulerian circuits.

We will first define a circuit and then use that definition to define an Eulerian circuit.

Definition 20 [2]: A circuit is a walk that starts and ends at the same vertex.

11



Definition 21 [2]: A circuit on a graph G is an Eulerian circuit if the circuit uses each edge

of G exactly once.

Figure 8: Eulerian circuit on a graph with 6 vertices of degree 4

In addition to the definition of an Eulerian circuit, we need the following theorem.

Theorem 4 [2]: A graph G has an Eulerian circuit if and only if every vertex in G has even

degree.

Figure 8 above illustrates an Eulerian circuit as well as the theorem we have about
Eulerian circuits. The vertices of the graph in Figure 8 all have even degree, and the
Eulerian circuit is made evident by the arrows and numbers associated with each edge. If

we follow the arrows starting at edge one, we will form an Eulerian circuit on this graph.

12



Before moving on to the next section, we need to define two other types of graphs.

Definition 22 [2]: A complete graph is a graph in which each pair of vertices of the graph

is adjacent.

Definition 23: A multigraph is a graph in which multiple edges are allowed between vertices.

As we move into the next sections, we will apply colored independence to different types
of graphs. Section 3 will look at colored independence on cycle graphs and Section 4 will
concentrate on colored independence on finite grids. The definitions in this section will aid in

the understanding of the lemmas, corollaries, and theorems found in the following sections.

13



Section 3: Colored Independence on Cycle Graphs

With the definitions we covered in the last section, we can move on to describing the
independence partition number for all cycle graphs. We will use the previous definitions and

theorems to help us as we proceed. First of all, let us define a cycle.

Definition 24: A cycle C, is a graph with vertex set V' = {vy,v9,v3,...,v,} and edge
set B = {v1vg, 0903, ..., Up_10Up, V01 }. If the cycle has n vertices, we denote this with sub-

script n and say n is the order of the cycle.

Ultimately, in this section, we will show that the independence partition number for cy-
cles (), can be described with a single formula. In order to prove this, we need to start with
lemmas and theorems that will lead us to this end result. We will start with the following

lemma.

Lemma 1: For a cycle C,, of order n, Bprru(Cy) > "2—’,6’“

Proof. Consider any cycle graph C),, and suppose the vertices of C), have some partition
o = {S54,5,,S5, ..., 5} where max;<;<|S;| < k. We construct an independent set A = S; C
V(C,,) where S; signifies one color class or the union of multiple color classes. The size of A

will then give us a lower bound for C,.

Take any vertex v in C,. The vertex v must be in some color class 5;. Put the elements
of S; in A. Note that by definition of a proper vertex coloring A is an independent set.
Delete from C,, all vertices of the set S; U{S; : u € S;,v € S;, and uv € E(C,)}. In other
words delete every vertex in S; and every vertex in a color class adjacent to S;. So, |S;
elements have been added to A and, at most, |S;| + 2k|S;| total vertices have been deleted

from C,,.

14



Since maxi<;<|S;| < k, assume |S;| = k. So, at most, k+ 2k? vertices are deleted. Note
that deleting any edge or combination of edges in a cycle results in a linear forest. So, we
are left with a linear forest with at least n — k — 2k? vertices. We continue adding vertices to

A and deleting vertices from our original graph in the same way as before. From Theorem

3, we have SBprrp) (LF,_k—ok2) > "”;;2’“2. Adding this to |A|, we have k + %;2’“2 = ”Q—’kk

Therefore, we can conclude Bprr) (Cr) > nQ—_kk

Figure 10: C}5 after removing 57 and all color class neighbors of S}

Figure 9 and Figure 10 above show the idea behind Lemma 1. Figure 9 is a colored cycle
graph with 12 vertices and six color classes partitioning those vertices. Suppose we pick a
vertex v in S7. By putting the vertices of color class S; into A, the resulting graph after

the deletion steps found in Lemma 1 is shown in Figure 10. Thus far, A = 5;. Following

15



Lemma 1, we include the vertices of Sg in A. So, A = S; U Sg. Therefore, |A| = 4 since Sy

has 3 vertices and Sg has 1 vertex. And, indeed, 4 > 22F = 1223 — 3,

This result from Lemma 1 helps us to prove the next two theorems, namely, that

Berr)(Corz4r) = k and Bprr) (Corz) = k.

Theorem 5: ﬁPRT(k)(CQk2+k) = k.

Proof. By Lemma 1, we know Sprre)(Corzir) > ”2—;’“ = 2’“2;% = k. So, we need
to show Bprr@) (Carzyr) < k. Given k, we can use 2k + 1 color classes, each of order k, to
construct a partition ®. We will construct ® so that for 1 < i < 57 < 2k + 1, there exists
elements v; € S; and v; € S; such that v;v; € E(Caz24y). This will ensure there will only be

one color class in any independent set since all color classes will be color class neighbors.

Let V(Corzyr) = {v1,v2, ..., vop24 1 }. Let V(H) = {uq,ug, ..., ugg 41} where H is a com-
plete graph on 2k + 1 vertices. Note that the vertices of H all have degree 2k. So, each
vertex has even degree. This implies an Eulerian circuit exists on H beginning and ending at
u;. The Eulerian circuit contains exactly 2k2 + k vertices. We get this number because there
are 2k* + k edges in H. Since we use each edge of H exactly once in our Eulerian circuit,
we have 2k? + k vertices in the circuit. Note that the circuit formed in this way is not a
subgraph of H. The Eulerian circuit found in H is a tool for constructing a partition of the
vertices of a cycle graph. In particular, this circuit will be used to construct the partition
® on Cyzyy. Each vertex v; on Copayy is placed into the color class S,; where u; is the ith

vertex in the Eulerian circuit on H.

For color classes S; and S; with 1 < i < j < 2k + 1, there are vertices v; € S; and
v; € Sj such that v;v; € E(Cog2yy) since the edge u;u; in H was traversed by the Eulerian

circuit. Therefore, any ®-independent set can contain no more than one color class. So,

BPRT(k)(CQk2+k) S /{7 Wthh means BPRT(k)(CQkQJrk) = k‘

16



An instance of Theorem 5 can be seen in the following example. Consider the case k = 3.
The cycle has the vertex set V(Cy1) = {v1,v2 ,...,v91} and the complete graph H has the
vertex set V(H) = {uy, ug, ..., ur}. Since each vertex of H is even, an Eulerian circuit exists
on H. We will use this Eulerian circuit, uyugusttsugtizty Uty Ur oty Ug Uz uzligUsts (note
that the first vertex u; and the last vertex us connect to form the circuit), to construct the
partition ® on Cy;. In fact, & = {5, Sa, S3, S4, S5, Sg, S7}. Since u; is the first vertex in the
Eulerian circuit, the first vertex in Cyy, vq, is placed into the color class S;. Similarly, since

ug is the second vertex in the Eulerian circuit, vy is placed into the color class Ss.

By placing every vertex v; in to the color class defined by the i vertex in the Eulerian
circuit, 51 = {v1,vs,v15}, S2 = {ve,v12,v90}, Sz = {vs,v9,v18}, S4 = {v4,v13,v16}, S5 =
{vs, v10, 021}, S = {ve, V14, v10}, and S; = {v7,v11,v17}. In this example, it is clear that
Bprr@) (Carz4x) = k. This is illustrated in Figure 11 and Figure 12 below. Figure 11 shows
the Eulerian circuit on the complete graph with seven vertices. Figure 12 shows the coloring

of the cycle U5 based on the Eulerian circuit found in Figure 11.

In a similar way, we can show that Sprrp)(Corz) = k.

Theorem 6: ﬁPRT(k)(CQk2> =k.

Proof. From Lemma 1, we know that Sppr)(Coxz2) > "2—;’“ = 2”‘22—];’“ =k —

Bprr(G) has to be a whole number, we can say that Bprp)(Cox2) > k.

Now we need to show Bprru)(Cauz) < k. Given k, we can use 2k color classes each of
order k to construct a partition ®. We will construct the partition ® so that for 1 <7 < 5 <
2k, there exists some element v; € S; and v; € S; such that v;v; € E(Cyez). This again will

ensure there is only one color class in any independent set.

Let V(Cyy2) = {v1, v, ..., Ugg2 } Where v10s, 0903, ..., Uog2_1V9p2, Vo201 € E(Cay2). In order

17
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Figure 11: Eulerian circuit on the complete graph with six vertices

I

5/1\2
o — T3

Figure 12: Coloring of C5; based on the Eulerian circuit in Figure 11

to construct the partition on the cycle, consider a multigraph H with V(H) = {uq, ug, ..., ugk}

where H is constructed by starting with a complete graph on 2k vertices and adding the &

18



edges uyug, Uzly, ..., Ugk_1Usk. Note that each vertex in H has even degree. This implies that
an Fulerian circuit exists on H beginning and ending at w;. The Eulerian circuit contains
exactly 2k? vertices. This circuit will be used to define the partition ® on Cy2. Each vertex

v; on Cy2 will be placed into the color class S, where u; is the i'" vertex in the cycle on H.

For color classes S; and S5, with 1 <i < j < 2k, there are vertices v; € S; and v; € 5
such that v;v; € E(Cy2) since the edge u;u; is traversed by the Eulerian circuit in the

multigraph H. Therefore, any ®-independent set can contain no more than one color class,

80 Bprr(k)(Carz) < k, thus Bprrg)(Carz) = k.

For an example of Theorem 6 for a specific value of k, consider the case £ = 3. The
cycle has the vertex set V(Cig) = {v1, v, ..., v15} and the multigraph H has the vertex set
V(H) = {uy,usg,...,us}. We construct the multigraph by starting with a complete graph
on six vertices and add three additional edges, ujus, usug, and usug. We use the Eulerian
circuit uugtyUstsUgtaUszts gty Uguztqugtsuite (Note that the first vertex u; and the last
vertex us connect to form the cycle.) of H to construct the partition ® on Cig. In fact,
® = {54, 95,53,54,S5,5}. By placing every vertex v; into the color class defined by the
it" vertex in the Eulerian circuit, S; = {vy,v11,v14}, So = {v4,v7,v18}, Sz = {va, 8,013},
Sy = {vs, v10, V16}, S5 = {vs5, V9, v15}, and Sg = {vs, V12, v17}. Tt is clear in this example that
Bprr@)(Ca2) = k. This is illustrated in Figure 13 and Figure 14 below. Figure 13 shows

the Eulerian circuit on the multigraph with six vertices. Figure 14 shows the coloring of the

cycle C1g based on the Eulerian circuit found in Figure 13.
Now that we have shown that Sprpr)(Cax2) = k and Bprr)(Core4x) = k for some

partition on their respective graphs, we need to show this is the case for any partition of the

vertices of Cog2 and Cop2 .

19
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Figure 13: Eulerian circuit on a multigraph with six vertices.

2/1\3
1 Ty

Figure 14: Coloring of C}g based on the Eulerian circuit of Figure 13

Theorem T7: For a cycle of order 2t? or 2t? + t, Bpry(Co2) = t and Bprr(Copyy) = t.
Proof. From the previous two results, we know there are partitions & and I' such

that 5(Copz; ®) = t and [(Copzyy;I') = t. Note that Bprr(Capz) < [(Coye; ®) = t and

Bprr(Cazqs) < B(Copziy;T) = t. So, we need to show Bprr(Cyz) >t and Bprr(Cozqy) > t.

20



First, let us consider Cyz. Let ® = {S1,95,,...,5.} be a partition of V(Cyz). Let
J = maxlSiSASi\. If J > t, then it follows that 6(02152,(1)) > t. If, J < t, B(CQtZ,@) >

Bprr)(Cauz) > Qt;;‘] > Qt;;t = ¢t — 1. Since B(G) must be a whole number, we can

say [(Cyz;®) > t. Since ® was an arbitrary partition of Cyz, Bprr(Caoyz) > t. Thus,

Bprr(Cop) = t.

Now, we want to show the same thing for Cyz;, namely that Sprr(Copzyy) > t. Let

I' = {51, 5,...,5:} be a partition of V(Cyp2y). Let Z = maxij<;<,|S;|. If Z > ¢, then

B(Copy; ) > t. I, Z < t, B(Corz14;T) > Brrr(z)(Carzye) > ”22*;‘2 > 2t2;rtt_t =t. Since I

was an arbitrary partition of Cyz .y, Sprr(Coy) > t. Thus Bprr(Coyzys) =t

In order to complete our description of the independence partition number on cycle
graphs, we must prove the following lemma.
Lemma 2: For any cycle C, of order n where n > 2(t — 1)2 + (t — 1), Bprr(C,) > t.

Proof. Let ® = {S}, Ss, ..., S} be a partition of V' (C,,) such that 8(C,; ®) = Bprr(C).
Let J = maxj<;<,|S;|. If J > t, then it follows that 5(C,;®) > t. If J < t, B(Cp; P) >

Bprr(n(Cr) > 55 > D 5 A D-0D — 4 Tt follows that Bppr(Cy) > t.

U

Now that we have the framework in place, we can prove the following formula describing

the independence partition number on cycle graphs of order n.
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Theorem 8: For t > 3, t,b € Z, and a cycle C,, of order n = 2(t — 1) + b, we have

(

t—1 ifb=0orb=t—-1

Brrr(Cap—1)24) = 3 ¢ if1<b<t—2o0rt<b<3t—2:

t+1 if3t—-1<b<4t-3
\

Proof.

Case 1. Notice that this has already been proven in Theorem 7 for the cases when

b=0 and when b =t¢ — 1.
Case 2. 1 <b<t—2

First, we must show Spgrr(Cor—1)245) > t. We can assume that for each color class S,
there exist vertices v; € S; and v; € S; such that v;v; € E(Cyy_1)24p) for 1 <i < j <r
where r is the total number of color classes. If not, there exist independent color classes

which can be combined into a single color class.

Suppose there exists a partition @ such that 5(C,;®) =t — 1 where 2t*> —4t +3 <n <
2t> — 3t. Then, there must be at least 2t — 1 color classes. Otherwise, n < (2t —2)(t — 1) =
2t? — 4t + 2 where t — 1 is the maximum size of a color class. If the number of color classes
is greater than 2¢ — 1, then n > (%) = 2t — ¢t > 2¢> — 3. Thus, if such a partition exists,
it must contain exactly 2¢ — 1 color classes. In order to prove Sprp(Coq—1)245) > t, it will

suffice to show that no partition with exactly 2¢ — 1 color classes exists.

Note that only one color class can be in a ®-independent set. In order to construct a
cycle with such a partition, consider a complete graph H on 2t — 1 vertices. There must exist
an Eulerian circuit on H because all the vertices of H have degree 2t — 2 which is even. It
follows that 37,y deg(vi) = (2t — 1)(2t — 2) = 4t — 6t + 2. From this fact and Theorem
1, we conclude that |E(H)| = 2t> — 3t + 1. Moreover, the cycle that is constructed from this
graph will have 2¢? — 3t + 1 edges, but 2t — 3t + 1 > 2t? — 3t which implies b > ¢t — 2. Since

b <t — 2, no such partition ® exists, showing that Sprr(Coi—1)245) > t.
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Now, all that is left to do for this case is to show Bprr(Cor—1)244) < t. From Theorem 2,
we know there exists a path P, of order n = 2(t —1)?+b, 1 < b <t —2 where Sprr(P,) = t.
The way in which we color paths, outlined in the proof of Theorem 2 [1], ensures that the
first and last vertices of the path are in independent color classes. So the same coloring
found on a path yielding an independence partition number ¢ will work for partitioning
the vericies of cycles of the same order. Therefore, we know Bprr(Car—1)244) < t showing

Bprr(Cop—1)24s) = t for this case.
Case 3. t <b<3t—-2

From Theorem 7, we know Sprr(Car—1)245) > t. So all we must show for this case is

that Bprr(Caop—1)246) < L

We know from Theorem 2 there is a path, P, of order n =2(t —1)2+b,t <b < 3t —2
where Bprr(P,) = t. Using the same reasoning as in Case 2, the coloring found on paths of
order n will work for cycles of the same order. Note, we can do this since the way in which
we color the vertices of the path, outlined in the proof of Theorem 2 [1], ensures the first and
last vertices will not be in the same color class. From this we get Sprr(Cou—1)245) < t which

leads to the same conclusion as Case 2, namely, that BPRT(C’2(t_1)2+b) =t for this case.
Case 4. 3t—1<b<4t—-3

As in the previous two cases, we know from paths that there exists a path P, of order
n=2t—172+0b 3t —1<0b<4t— 3 where Sprr(P,) =t + 1. It follows that a cycle C,,
of order n = 2(t — 1)> 4+ b, 3t — 1 < b < 4t — 3 will have Bprr(Cap—1)245) < t + 1. Now, we
must show that Sprr(Cou—1)244) > t + 1. Note that from Lemma 2, Sprr(Cor—1)245) > t.
So, it will suffice to show that it is impossible to have a partition on cycles of this order in

which BPRT(CQ(t—l)Q—&—b) =1.

We can assume that for each color class, S;, there are vertices v; € S; and v; € §; such
that v;v; € E(Cy—1)24) for 1 <7 < j < r where r is the total number of color classes. If

not, there exist independent color classes which can be combined into a single color class. If
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there exists a partition ® such that 3(C,; ®) =t where 2t* —t +1 < n < 2¢*> — 1, then there
must be at least 2t color classes. Otherwise, n < 2t2 —t < 2t> — ¢t 4+ 1. If the number of
color classes is greater than 2t, then n > (Qt;d) = 2t2 +t > 2t> — 1. Thus, if such a partition

exists, it must have exactly 2¢ color classes.

Note that only one color class can be in a ®-independent set. In order to construct
a cycle with such a partition, consider a multigraph H constructed by adding t edges to
a complete graph with 2¢ vertices. The ¢ edges to be added to the complete graph are
U U, U3y, ..., Ug_1U. By adding t edges in this way, note that all the vertices of H are
of degree 2t which is even. So, an Eulerian circuit must exist on H. We can derive that
|E(H)| = %—i—t = 2t from Theorem 1. Moreover, the cycle that is constructed from this

graph will have 2t edges, but 2t > 2t — 1 which implies that b > 4t —3. Since b < 4t —3, no

such partition ® exists. Thus, Sprr(Co—1)245) = t+1 showing that Sprp(Cop—1)24s) = t+1.

Therefore, the theorem is proven.
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Section 4: Colored Independence on 2 by n grids.

Colored independence can be studied on other types of graphs besides cycle graphs and
paths. In this section, we will look at colored independence on a type of graph called a
grid. More specifically, we will be looking at grids with dimensions 2 by n. Unlike cycles,
the conjecture for a formula that describes the independence partition number on 2 by n
grids has not been proven, but in this section, we will state the conjecture, understand
the reasoning behind the conjecture, and identify reasons why proving the conjecture of the

independence partition number on 2 by n grids has posed problems. Let us first define a grid.

Definition 25: A grid, G,,, is a graph with vertex set V = {vi1,v19,.... 010,021,
'U2,2a"'7v2,n;---7vm,n} and edge set I = {01,101,2,711,21)1,3,«-~701,n—1v1,n,02,102,2,---,112,n—1
Vony ey Um,n—lvm,n} U {U1,1U2,17 V21U315 --+; Um—1,1Um,1, V1,2V2.2, -+, Um—1,2Um 2, .-+, Um—l,nvm,n}-

We denote an m by n grid with subscripts m and n.

Figure 15 below gives an example of a 2 by 6 grid.

Figure 15: Gag

The following is the conjecture that we will be considering in this section.

Conjecture 1. For ¢t > 4, t,b € Z, and a grid G, of order n = :“2_# + b, we have
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t—1 ifb=0orb=t—-1
t iflgbggt—Qandtiseven
Bprr(Gyar i) = { t if 1 <b<3t—3andtisodd

t+1 ifgt—1§b§3t—3andtiseven

t+1 if3t—2<b<3t—3andtisodd

\

Much like the idea of the proof of Theorem 8, the first step in proving this claim is to
determine some type of lower bound for 2 by n grids with varying sizes of n and varying

sizes of color classes k.

Lemma 3: For a grid G, with order n, Bprru) (Gan) > 3—2

Proof. Consider any grid Go,,, and let & = {5, 52,55, ..., S;} be a partition of V(Ga,,)
where max;<;<¢|S;| < k. We construct an independent set A = S; C V(Ga,,) where Sy

signifies one color class or the union of several color classes.

Pick any vertex, v, in G, with the stipulation that deg(v) = 2. The vertex, v, must
be in some color class S;. Put the vertices of S; in A. Next, delete from Gy, all vertices of
the set S; U{S;:u € Sj,v € S;, and wv € E(Gs,)}. In other words delete every vertex in
S; and every vertex in a color class adjacent to S;. So, at this point, we will have deleted,
at most, 3k(|S;| — 1) + 2k + |S;| since deg(v) = 2. The term |S;| accounts for the vertices
in color class S;, 2k accounts for the vertices in color classes adjacent to v, and 3k(|.S;] — 1)

accounts for the vertices of color classes adjacent to the vertices in .S; not including v. So,

|5i] — |5i > L1
|S:|—1)+2k+|S;| 3k|Si|+|Si|—k — 3k~

we have the ratio T

Assuming there are vertices that have not been deleted, pick another vertex ¢ with
deg(q) < 2. The vertex ¢ must be in some color class S,,. Add the vertices of S, to A and

delete vertices from remaining vertices as above. Continue this process until no more ver-
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|Si| 1

SHSITIS—F > 35, at most 3k vertices are

tices are remaining in Gy ,,. Since we have the ratio

deleted from Gy, for every vertex in Gy ,,. So, for the given partition @, Sprr(Gan; ®) > 3_2

This holds for any partition in which max;<;<|S;| < k. Therefore, Bprr@) (Gan) > g—z

Figure 17: Gy after removing S; and all color class neighbors of S,

Figure 16 and Figure 17 above show the idea behind Lemma 3. Figure 16 is a colored
2 by 8 grid with 18 vertices and 6 color classes partitioning those vertices. Suppose we first
pick a vertex v in S;. By putting the color class S; into A, the resulting graph after the
deletion steps found in Lemma 3 is shown in Figure 17. Thus far, A = 5. Following Lemma
3, we include Sg in A. So, A = S; U Sg. Therefore, |A| = 4 since S; has 3 vertices and Sg

has 1 vertex. And, indeed, 4 > 2% = % =1

From Lemma 3, we have the following corollary.

Corollary 1: For a grid Gy, with order n = 3t2_27t+4, BPRT(t,l)(GQ’gtz_;tH) >t—1.

Proof. From Lemma 3, we know Sprru(Gan) > g—’,;‘ Using the fact that n = ?”52’#
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and k =t — 1, we have BPRT(t,l)(GQ 32 7i4a) =1t — %. Since the k-independence
2
partition number of a graph G must be a whole number, 5PRT(¢-1)(G2 52 70a) > t— 1 as
T2

desired.

The fact that we have a lower bound for grids of order n = when all color

3t2-Tt+4
2
classes are less than ¢ — 1 is reassuring, but even more reassuring is the fact that we can
construct grids at certain values of ¢ that fit this lower bound. In fact, these graphs fit into
the statement of Conjecture 1. The following graphs depicted below in Figure 18, Figure 19,
and Figure 20 show a partition of vertices in each graph which produces the desired value
for an upper bound of the independence partition number for the specified value of n. We
will be looking at the specific values of n using values t = 4,5, and 6. In other words, we
will be looking at colorings of Go 12, Ga22, and Ga35. In G319, all color classes will be of
size 3 or less; in (5 99, all color classes will be of size 4 or less; and in Gy 35, all color classes
will be of size 5 or less following the rule that all color classes have size no larger than ¢ — 1.
Note, from Lemma 3, we have Bpgrp3)(Gai2) > % = %, s0 Bprr(3)(Ga,i2) > 3. Similarly,
Brrr1)(G222) > 4 and Bprrs)(Gass) > 5. So, if we can show there are graphs that produce
maximum independent vertex sets with sizes that match the lower bound for Spgrk)(Gan)

when n = 12,22, and 35, this will give some credence to our conjecture. For the following

figures, we will denote different color classes using numbers only.
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Figure 19: Coloring of Gy 2o showing Bprp)(Ga22) < 4
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Figure 20: Coloring of G 35 showing Bprr@)(Gass) < 5

The fact that we can construct graphs to show 5PRT(t71)(G2 52 myq) =t — 1 for t =
) 2

4,5, and 6 gives reason to believe that the order chosen for n in the conjecture is correct.
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Although it is a little much to say these graphs give reason to believe the complete conjecture

for 2 by n grids to be true, it is encouraging to see a pattern hold for several examples.

With cycles, we had a way to construct the partition of the vertices of the graphs using
Eulerian circuits. The real challenge in proving the conjecture for 2 by n grids is to find a
method of constructing partitions for the vertices of grids which yield the smallest maximum
independent set. If we can find this construct, we are one step closer to describing the

independence partition number on 2 by n grids.
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Section 5: Conclusion and Further Direction in Research

Ideally, with further research, colored independence can be described on types of graphs
beyond paths, cycles, and grids. Theoretically, we should be able to expand the idea of
colored independence to any type of graph. In order to get to this point, several things have

to be studied.

First and foremost, the conjecture stated in this paper regarding the description of the
independence partition number for 2 by n grids needs to be proven. As was said in Section
4, we need a way to construct the coloring of the vertices in these types of grids. Once the
independence partition number has been established for 2 by n grids, the next logical step
would be to generalize to m by n grids. Once we have a firm grasp on the finite dimensional

grid, one could look at infinite grids, and the implications of colored independence on them.

In the first paragraph of this section, I mentioned that colored independence could
theoretically be studied on all types of graphs. This is not something that can be understood
without first understanding colored independence on many more types of graphs, but there
is a real chance that more research in this subject could reveal a more general idea of colored
independence. Although I have only studied this subject specifically on cycle graphs and 2
by n grids, I believe understanding colored independence on a more general level on any type
of graph must consider the degrees of vertices. Further research on colored independence
and its relation to the degree of vertices of a graph could give further insight into colored

independence on any type of graph.

Colored independence is a relatively new subject to study in the area of graph theory.
In Section 1, we discussed how the Konigsberg Bridge Problem was the tip of the iceberg
in terms of different problems in graph theory. It just took that one result from Euler to
spark the interest we have today in the field of graph theory. It is my hope that this paper
on colored independence on cycle graphs and finite 2 by n grids creates that same sort of

spark in this area of graph theory and prompts researchers to make further strides in this
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relatively new area of mathematics. With continued research and findings, we can better
understand colored independence and recognize how it can be helpful in solving problems in

the future.

33



Section 6: References

[1] A.C. Sinko and P.J Slater, Colored-independence on Paths, JCMCC, 77(2011), pp. 227-

241.

[2] D.A Marcus, Graph Theory: A Problem Oriented Approach, Mathematical Association

of America, Washington D.C., 2008.

[3] P.J. Slater, An Introduction to colored-independence in graphs, Congr. Numer., 174(2005),

pp. 33-40.

[4] T. Paoletti, Leonard Euler’s Solution to the Konigsberg Bridge Problem - Konigsberg,

Loci, 2011.

34



	Colored Independence of Cycle Graphs and Finite Grids
	Recommended Citation

	tmp.1407005606.pdf.EMkOM

