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Abstract

A radio labeling of a graph is function f : V(G) — {0,1,...,{} such
that |f(u) — f(v)| > diam(G) +1—dg(u,v) for all u,v € V(G). The radio
number of a graph G, denoted as rn(G), is the minimum span of any radio
labeling of G. We provide background on some graphs with known radio
numbers. We define a class of trees called biregularized paths which are
formed by taking a path P and adding leaves to the vertices of P until
each has the same degree m. We give bounds for the radio numbers of
both the even and odd biregularized paths and give algorithms that attain
each of these bounds respectively. We then discuss extending our results
to a more general class of trees.



Executive Summary

The Frequency Assignment Problem, introduced by Hale in 1980 [4], motivates
several graph labeling problems. The general idea of the Frequency Assignment
Problem is: given the locations of radio transmitters, assign frequencies (labels
or colors) to the transmitters that satisfy certain constraints and minimize a
certain objective function. In this paper, we study one of the graph labeling
problems motivated by the Frequency Assignment Problem called radio labeling.

A radio labeling of a graph is function f : V(G) — {0,1,...,{} such that
[f(u) — f(v)] > diam(G) + 1 — dg(u,v) for all u,v € V(G). The radio number
of a graph G, denoted by rn(G), is the minimum span of any distance labeling
of G.

We provide the radio numbers for the few families of graphs for which they
are known, including paths, which are of particular interest to our project. The
radio number of a path of order n is provided below and was first determined
by Liu and Zhu in 2005 [12].

rn(P,) = B
o(k—1)+1 n=2k k>1

{2k2+2 n=2k+1 k>2

We move on to study the radio numbers of trees which have not yet been
completely determined. We make use of several results on measures of centrality,
as they are important in bounding the radio number of trees. In particular, we
use the status, s(v), of a vertex which is the sum of the distances between v and
every other vertex in G. The median of a graph, M (G), consists of the vertices
with the minimum status in GG. Note that the status of the median of graph G
is simply denoted by s(G).

As shown in [9], the radio number of a tree T' of order n and diameter d is
given by
rn(T) > (n—1)(d+1)+1—2s(T)

Moreover, equality holds if and only if for every median vertex w*, there exists a
radio labeling f with f(uo) =0 < f(u1) < --- < f(un—1), where all the following
hold (for all 0 <i <mn —2):

(1) u; and w; 41 belong to different branches (unless one of them is w*);

(2) {ug,un—1} = {w*, v}, where v is some vertex with d(v, w*) = 1;

(3) fluivr) = fui) +d+ 1= d(ui, w”) = d(uirs,w”).

We present the idea of a tightness path, which we use to interpret these con-
straints.
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The main focus of our project is with a family of graphs that we call biregu-
lar trees. Biregular trees are formed by taking a tree T' and adding leaves to the
vertices of T until each has the same degree m > A where A is the maximum
degree of T'. This results in a biregular tree with degrees 1 and m. We will call
the resulting tree m-bireqular and the process m-bireqularization. This paper
is concerned with trees created from biregularizing the path P, of order n. We
will call these trees biregular paths with degrees 1 and m. In general, these
are denoted by H), ,,, where p is the order of the original path and the resulting
graph has degrees 1 and m.

We prove that
rn(Hog m) = 2k*m — 2k + 2k + 1

We begin with the base case of Hy 3, where £ = 2, and induct on m. Then we
take Hay » and induct on k.

We also prove that
rn(Hokq1,m) = 2k%m — 2k% + 2mk +m + 1

First we prove the radio number is bounded below by this value. Then we
provide an algorithm, defined inductively, that attains this lower bound.

We then discuss extending our results to a more general class of trees and
discuss other questions and conjectures we have regarding radio labeling in
general.
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1 Introduction

Finding the radio number of a graph can be regarded as an optimization problem
in radio networks where the goal is to assign frequencies to locations so that
they do not interfere with each other while minimizing the span of frequencies.
In order to ensure there is no interference, we impose a constraint based on the
distance between locations because frequencies assigned to closer locations have
stronger interference.

We discuss the radio numbers of several types of graphs including a class of
trees which we refer to as biregularized paths. Biregularized paths are created
by taking a path P and adding leaves to the vertices of P until each has the same
degree. We can think of this process as taking a central network, represented by
the original path, and adding on remote locations, represented by leaf vertices,
connected to each central location. We give bounds for the radio numbers of
both the even and odd biregularized paths and give algorithms that attain each
of these bounds respectively.

We start off by introducing notation and terminology that we use through-
out the paper. We use d to denote the distance metric for graphs. The diameter
diam(G) is the maximum distance between any two vertices in G. A geodesic
is a path from u to v of length d(u,v). If d(u,v) = diam(G) then u and v are
said to be antipodal vertices.



2 Background

2.1 The Frequency Assignment Problem
2.1.1 The General Case

The formalization of the Frequency Assignment Problem is introduced by Hale
in [4]. The general idea of the Frequency Assignment Problem is: given the loca-
tions of radio transmitters, assign frequencies (labels or colors) to the transmit-
ters that satisfy certain constraints and minimize a certain objective function.
To denote the frequency assignment we use f(v) € Z* to indicate the frequency
assigned to transmitter v, where Z* denotes the nonnegative integers. For the
purpose of this paper we are only concerned with one type of constraint that is
an instance of a Frequency-Distance constraint (F*D), and one type of objective
function, the span. An F*D constraint is a constraint on the difference between
frequencies that depends only on the physical distance between transmitters.
The span of the assignment is the difference between the largest and smallest
frequency. The span is used to identify the needed range of radio frequencies
for a given configuration. For more information about other constraints and
objective functions consult [4].

Frequency Assignment problems that only involve F*D constraints are called
Frequency-Distance Constrained Assignment Problem (F*D-CAP). The simplest
type of F*D-CAP is the Frequency-Distance Cochannel Assignment Problem
(F*D-CCAP), where there is one radius » > 0. For any distinct transmitters
w and v, if d(u,v) < r then f(v) # f(u). In other words, if a transmitter v is
within a certain radius, r, of another transmitter u, then they cannot have the
same frequency. Given this constraint, the goal is to minimize the span of the
frequency assignment. When the transmitter configuration is represented by a
graph and r = 1 we get a famous problem called the Coloring Problem, where
two vertices are given different colors when they are adjacent and the goal is
to minimize the number of colors used. The optimal number of colors, and so
frequencies, for a graph is called the chromatic number x(G).

Another version of this problem has two positive radii, 7(0) and r(1). This
problem is called the Frequency-Distance Constrained Adjacent Channel As-
signment Problem (F*D-ACAP). This assignment requires that d(u,v) < r(4)
implies | f(u)— f(v)| # i for i € {0,1}. Note that this is equivalent to saying that
d(u,v) =i implies |f(u) — f(v)| > a(é). An important instance of this problem
occurs in graph theory when 7(0) = 2 and r(1) = 1, called the L(2,1)-problem
or distance 2 labeling problem. This requires adjacent vertices have frequencies
at least two apart and vertices at distance two to have different frequencies.
Figure 1 shows and example of a distance 2 labeling.



Figure 1: Example of an L(2, 1)-labeling

These problems generalize to the General Minimum Span Channel Assign-
ment Problem (F*D-CAP) for which we offer a simplification. We first start
with b € Z*, positive radii r(0) > r(1) > --- > r(b) > 0, and finite sets
{0} = A(0) c A(1) C --- C A(b) C Z*". The constraints of the problem are: for
distinct transmitters v and v, d(u,v) < r(¢) implies |f(u) — f(v)| ¢ A(¢). Here
it is important to note that the contents of the sets may not be consecutive. For
example, the problem could be b =2, r(0) =4, (1) =2, r(2) =1, A(0) = {0},
A(1) = {0,1,4} and A(2) = {0,1,2,3,4}. This would mean if d(u,v) = 2 then
|f(u) — f(v)] ¢ {0,1,4}, and so their difference could be 2 or 3.

In [4] the Frequency Assignment problems are concerned with instances of
a finite set of points from a plane which yield a metric with the possibility
of non-integer distances. Since we approach this subject from graph theory,
the instances that we are concerned with are finite graphs, G, along with the
normal integer graph distance metric d : V(G) x V(G) — Z™. For this paper, we
consider only the F*D-CAPs where the transmitter configuration is represented
by a graph.

2.1.2 Radio Labelings

Definition [5] For a graph G, an I-labeling is a function f : V(G) — {0,1,...,1}.
We call [ the span of the labeling.

Definition [7] A radio r-labeling is an [-labeling, f, where
|f(w) = f(0)] =7+ 1—dg(u,v) Yu,veV(G)

There are many radio r-labelings of interest. We have already seen an
example, the L(2,1) problem, which is equivalent to finding a minimum span



radio 2 —labeling. When r = diameter —1 it is called an radio antipodal labeling
because this allows antipodal vertices of have the same label. [8] A multilevel
distance labeling, or distance labeling, is a radio r-labeling with r = diam/(G).

The results of this paper only concern distance labelings, therefore we use
radio labeling and distance labeling interchangeably.

Definition [12] The radio number of a graph G, denoted as rn(G), is the
minimum span of any distance labeling of G.

Definition When a distance labeling has a span of rn(G) it is called an optimal.

There are some authors who use labels from the positive integers and refer to the
maximum label as the radio number. Note that our definition of radio number is
always one less than the radio number obtained using this alternate definition.

The diameter of a disconnected graph is infinity, so the constraint on the
labeling cannnot be satisfied. To fix this issue we define the radio number of a
disconnected graph as the maximum radio number of the connected components.
As an example, if G is the union of two connected graphs A and B, then
rn(G) = maz{rn(A),rn(B)}. Therefore it is only important to determine the
radio number of connected graphs.

The Computational Complexity of Determining the Radio Number
It is known that solving for the radio number of a graph with diameter 2 is
NP-hard. In general, for [ > 2diam(G) — 2 solving for the radio [ number is
NP-hard. However, the complexity for [ < 2diam(G) — 2 is unknown. [6]

2.2 Measures of Centrality

Later in this paper it is important to determine the vertices that are most
central to a certain graph. There are many different measures of centrality,
each having their importance. For this paper the most important measure of
centrality is called status by Buckley and Harary in [1], which Liu calls weight
in [9]. Although we make many references to Liu’s work, we use the terminology
presented by Buckley and Harary, as weight has meaning to a different measure
of centrality that we use.

Definition [1] The status of a vertex v in graph G, denoted sg(v), (s(v) when
the graph is understood) is the sum of the distances between v and every other
vertex in G. Specifically, since d(u,u) = 0, then

s(v) = Z d(u,v)

ueV(Q)



The status is useful to determine locations of buildings, such as post offices,
where there is a desire to minimize the average travel distance from a central
location. Therefore, the most central vertices from this respect are those with
minimum status.

Definition [1] For a graph G, the median, M(G), is the set of vertices with
minimum status. A vertex v with minimum status is said to be a median vertex.
The minimum status of a graph is denoted s(G) = min{s(v)|v € V(G)}.

Although this paper is only concerned with the median, we make use of
another measure of centrality to help determine the median. Before we introduce
this measure we need more terminology.

Definition [1] In a tree T, a branch at a vertex v is a maximal subtree that
has v as an endpoint.

It is important to remember that we consider only maximal subtrees. There-
fore, a leaf has only one branch.

Definition [1] The weight of a vertex v, denoted w(v), is the maximum number
of edges in a branch at v.

Figure 2 is an example of a tree in which each vertex is labeled with its
weight. Each end vertex has weight |E| := |V| — 1 as the only branch is the
entire tree.

Figure 2: Weights



Definition [1] The centroid of a tree is the set of vertices of minimum weight
The following theorem unites the idea of median and centroid.

Theorem 1 [1] In a tree, a vertex is a median vertex if and only if it is a
centroid vertex.

Theorem 1 allows us to use another theorem about the centroid and apply
it to the median.

Theorem 2 [1] The centroid of a tree consists of either one vertex or a pair of
adjacent vertices.

There are some useful tools to determine the median vertices. One obser-
vation concerns the comparison of the statuses of adjacent vertices.

Observation 3 [1] For adjacent vertices u and v, define c(u,v) to be the num-
ber of vertices closer to u than to v. Then, s(u) — s(v) = c(v,u) — c(u,v).

A simple example to illustrate this point is Ps as shown in Figure 3. Here we
see that 0 = s(u) — s(v) = ¢(v,u) — c(u,v) =2—2=0. Also 2 = s(w) — s(v) =
c(v,w) —c(w,v) =3—-1=2.

15 11 9 9 11 15
O O O O O O
U v w

Figure 3: Statuses Py

Furthermore, status is a vertex property that is constant under isomorphism
because the distance between two vertices remains the same under isomorphism.
A consequence of this is, if there is an isomorphism that maps a vertex u to
a non-adjacent vertex v, then s(u) = s(v). Since the median can only contain
adjacent vertices, neither u nor v is a median vertex.

Another interesting observation is worthy of a lemma.
Lemma 4 Let v be a median vertex of a tree T and let

W = (v = ug,uy,us,...,u, = u) be a geodesic from v to u where uy is not a
median vertex. Then s(v) = s(ug) < s(uy) < -+ < s(up)



Proof Obviously s(v) < s(u1). Thus s(v) — s(u1) = e(u,v) — c(v,u1) < 0.
Thus v is closer to more vertices than w; is. The image below shows that
c(v,u1) = Q and c(u1,v) = Ny + 1+ My, thus Ny + 1+ M; — Q < 0.

Figure 4: Vertices closer to u; than to us

This shows that

s(u1) — s(uz) = c(uz, u1) — c(ur, us)
=M —(Ni+1+Q)=M —N,—1-Q
<M —Q<0 (2.1)

and so s(u1) < s(uz)

The image below is a generalization of Figure 4.

Figure 5: Vertices closer to u; than to w4

We generalize this result to
s(ui) = s(uir1) = (i1, ui) — c(ui, Uis1)
=M; — Q+1+(N1+1)+(N2+1)+---+(Ni_1+1)+Nz}
<M -Q<0 (2.2)

and so s(u;) < s(uip1). O



Corollary 5 The median vertices are the only vertices having statuses less than
or equal to the statuses of their neighbors. More formally, if s(v) < s(u) for all
u adjacent to v, then v is a median vertez.

Proof If a vertex u is not a median vertex than there exists a geodesic from
u to a median v. Thus the vertex of this geodesic that is adjacent to u has a
status smaller than the status of w. O

2.3 Known Results on Radio Numbers
2.3.1 Paths

We begin our survey by discussing the paths, P,, on n vertices. Liu and Zhu
determine the radio number for both even and odd vertex paths by proving a
lower bound and then providing an algorithm that attains this bound.

Theorem 6 [12/

2k2 42 n=2k+1 k>2

™ (P,) = {Qk(k‘ -D)+1 n=2k k>2 (2

We examine the algorithm that gives a labeling which attains the radio
number. In each case, the algorithm has two steps. The first step orders the
vertices and the second assigns labels from smallest to largest based on that
ordering. To give meaning to the ordering we must first give a reference to
the vertices of the path. For this we define P, as the graph with vertex set

{vo,v1,...,0p—1} and edge set {{vg,v1},{v1,v2},...,{vn_2,0n_1}}, as shown
in Figure 6.
Vo U1 Un—2 Un—1
o0——O0--———- o—o0

Figure 6: Original ordering of vertices of P,

For both odd and even paths, we generate the ordering xg,...,x,_1, as-
sociating each x; with a vertex v; of the path. The sequence is divided into
three parts: beginning, iteration, and ending. The beginning and ending are
constant, with the iteration depending on the order of the path. For the even
case the sequence is:

UVk—1,V2k—1, (V1, V14k; V2, Vot - - -, Vk—2, Uk—2+k ), V0, Uk



For the odd case the sequence is:

Vi—1,V2k—1, 0, Vk, U2k, ('U27'U2+k7'U37’U3+k;,'U47U4+]{;7 .

Notice that for the odd case the fixed components of the sequence give 7
vertices, which means the sequence must be modified slightly for £ = 2. The
ordering we use for n = 5 is (vs, vg, v2, v4, v1 ), which can be obtained by deleting

the first vertex of the beginning and the last vertex of the ending.

We illustrate some examples of sequences for both cases where the black
circular nodes represent the beginning of the sequence, the white circular nodes
represent the end of the sequence and the square nodes represent the iteration

of the sequence.

cy Vk—2, ’Uk72+k>7 V1, U1+k

i) Zo I3 X1
(0] @ O L ]
T2 To Ts T3 Ty
L O L]
Te T4 xo X7 X3 Ts5 Z1
O L] O @
T Ty T2 Zo xs3
[ O L L] @
) x5 X0 T3 Te X1 Ty
[ O @ L O L L ]
o X7 T5 Zo I3 xs Te X1 Ty
[ O @ @ O L ] L]
T2 Z9 Zs Z7 Zo zs3 Z10 Ze Zs Z1 Ty
[ 4 O L] L ] O @ L

Figure 7: Orderings for Py, Ps, Ps; Ps, P7, Py, P11

After the vertices have been ordered we define the labeling f by f(zo) =0
and f(x;) = f(xiz1) +n —d(zi_1, ;).

10



We offer an example of this labeling for both an even and an odd path. We
include computations used to implement the algorithm as well as figures of the
resulting labelings.

Example P,
rm(Py) =2(2)2-1)+1=5
To = V1 f(xo) =0
Tr1 = Us f(Il):0+4—2:
To = Vg f($2)22+4—3_3
T3 = U9 f($3):3+4—2:5 (24)
XTo X0 &3 T
® © ® ©,
Figure 8: Radio labeling of P,
Example P;

To = V2 f(x0) =0

T1 =g flx1)=04+7-3=4

To = Vg flze) =44+7-5=6

T3 = U3 flzs) =64+7-3=10

T4 = Vg flzy) =104+7—-3=14

T = U1 flzs)=1447-5=16

T = V4 flzg) =164+7—-3=20 (2.5)

T2 Ts Zo xs3 Te Tyq

z

Figure 9: Radio labeling of P;

We finish the section with Figure 10, which displays the labelings that
correspond to the orderings in Figure 7.

11



10 5) 13 8
O @ O L]
21 6 15 0 25 10 19
O L O @
10
[ 4 O L @ L]
16 10 20 4 14
[ O @ L O L L ]
7 29 20 12 34 25 ) 17
[ O @ @ O L ] @
46 23 36 14 52 29 42 6 20
@ O ® @ O L L

Figure 10: Labelings for Py, Ps, Ps; Ps, Pz, Py, P1

2.3.2 Cycles

Liu and Zhu also present an algorithm for cycles in [12] that attains the lower
bound they prove in the same text.

Theorem 7 [12]

where

rn(Chy)

-

2226(n)+1 n=0,2 (mod 4) (2.6)
) m=13 (mod) |
k+1 n=4k+1 (2.7)

k+2 n=4k+r forr=20,2,3

12



We have translated the formulas from Theorem 7 to appear explicitly as

n246n8 5 =0 (mod 4)
n2m=3 =1 (mod 4)
o 2 = 2.8
rn(Cyp) % n=2 (mod 4) 29
% n=3 (mod 4)

The process of finding the radio labeling is the same as for paths: order

the vertices then determine the labels based on that ordering. To generate an
ordering and subsequently a labeling of the vertices of C,,, we require the use of

four functions: d;, f;, 7, and f.

Liu and Zhu define d; and f; for 0 < i < n — 2, which they call the distance
gap sequence and the color gap sequence respectively. They use d; and f; to
define 7 and f which are used to order and label the vertices. The definitions
for these functions are separated into four cases:

Case 1: n=4k
2k i=0,2 (mod 4)
di= <k 1=1 (mod 4) (2.9)
k+1 ¢=3 (mod4)
1 if 1 is even
— 2.10
Ji {k+1 if i is odd (2.10)
Case 2: n=4k+2
d, = 2k +1 1f1 %s even (2.11)
k+1 ifiisodd
1 1
fie 1 1 ?s even (2.12)
k+1 ifiisodd
Case 3: n=4k+1
d4i = d4i+2 =2k —1 (2.13)
dgjv1 =dgirs=k+1+1 (214)
fi=2k—di+1 (2.15)

13



Case 4: n=4k+3
d4l‘ :d4i+2 =2k+1—14
dyjp1=k+1+1
deivs=k+2+1 (2.16)
We now define 7 by 7(0) = 0 and
7(i+1)=7()+d; (modn) (2.17)

Let z; = v,(;) where the graph is already labeled by v; for ¢ =0,...,n —1
s.t. v; ~ v;41 and vy ~ v,_1 as shown in Figure 11.

Vo U1

Un—1 Un—2

Figure 11: Original ordering of C,,

Now we use a function f which is the labeling defined by f(xzo) = 0 and
f@iz1) = f(@i) + fi.

We provide example of each of these 4 cases.

Example C4
rn(Cy) = %(3) +1=4
7(0) =0 f(zo) =0
7(1)=0+2 (mod4)=2 flz1)=0+1=1
7(2) =241 (mod4)= flza)=1+2=3
7(3) =3+2 (mod4)= flzz)=3+1= (2.18)
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T2 Mo

Lo T3

Figure 12: Radio labeling of C4

Example Cj
rn(Cs) = %(2) =4
7(0)=0
(1) =0+2
T(2)=2+2
T(3)=4+2
4)=1

+2 (2.19)

)

T4 T

Figure 13: Radio labeling of Cj5

Example Cg
6—2
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(2.20)

o~ o~ o~ o~ o~ o~

D D D D

Y~ N N N

— — — ~— ~—

~ o~ o~ o~ o~ o~

T — o D

-
-
.
-
-
-

Figure 14: Radio labeling of Cg

Example C7

1
3
4
6
8
9

A~ N N N N

— — — ~— ~— ~—

e e e I

N N

~ o~ o~ o~ o~ o~

— — — ~— ~— ~—

A~ N N N N~

M~ ~— Y ~— ~— ~—

-
-
-
-
-
-
-
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Figure 15: Radio labeling of C

2.3.3 Trees
Before we begin this section, we introduce some terminology for trees.

Definition For a tree T rooted at vertex w, if a and b are distinct vertices, we
say a is an ancestor of b if every path from w to b includes a.

In [9], Liu finds a lower bound for the radio number of trees using its median.

Definition For a tree T rooted at vertex w and distinct vertices u, v € T, define

O (u,v) = max{d(w,t) : t is a common ancestor of u and v}

By examining the radio labeling constraint on consecutively labeled vertices
u; and u;4+1 in a labeling 0 = f(up) < ... < f(un—1) and considering the tree
rooted at one of it’s median vertices, w*, Liu finds the lower bound for its radio
number

r(T) = f(un_1) > (n — 1)(diam(T) + 1) — id(uiﬂ, u;)
= (n— 1)(diam(T) + 1) — {2 3 d(;, w*) — d(ug, w*) — d(tn_1,w")
weV (T)
- 2§¢w*(ui+1,ui)}
> (n —zzlo)(diam(T) +1)— (2s(T) — 1) (2.22)
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Liu finds that the second inequality of 2.22 has equality if and only if
Gw~(Uir1,u;)} = 0 for all ¢ = 0...n — 2 and {ug,un—2} = {w*,v} for some
v with d(w*,v) = 1. In other words, each pair of consecutive vertices u; and
u;+1 are on different branches and the median w* and a vertex in the neighbor-
hood of (w*) are first and last to be labeled. The first inequality is tight only
when all of the distance one constraints are tight. From this analysis we arrive
at Theorem 8.

Theorem 8 [9] Let T be a an n-vertex tree with diameter diam(T). Then

rn(T) > (n—1)(diam(T) + 1) + 1 — 2s(T")

Moreover, the equality holds if and only if for each median vertex, w*, there
exists a radio labeling f with 0 = f(uo) < f(u1) < --- < f(un—1), where all the
following hold (for all0 <i<n—2):

(1) {ug,un—1} = {w*, v}, where v is some vertex with d(v,w*) =1;
(2) u; and u;41 belong to different branches (unless one of them is w*);
(3) f(uit1) = f(ui) + diam(T) + 1 — d(ui, w*) — d(uiy1,w").
Notice that every optimal radio labeling must follow the properties (1) —(3)
in Theorem 8. Furthermore, for every tree with two median vertices, the optimal

labeling must begin at one median vertex and terminate at the other median
vertex.

As observed in [9], it is interesting to note that even paths achieve this lower
bound, but odd paths do not. We provide an example of each below.

Example r(FP;) = (6—1)(5+1)+1—-2(9) =13

Ty To ) Ts T3 T
A M (12) D
O—C—O—(—CEO—0O

Figure 16: Radio labeling of P

Example r(Ps) > (5—-1)(4+1)+1—-2(6)=9

X1 X4 T2 Zo €3
o) ) )
© (10) ® © ®

Figure 17: Radio labeling of P
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2.3.4 Other Graphs of Interest

There are some other simple graphs that have known radio numbers.

The star graph S, is the tree on n + 1 vertices having one vertex of degree
n and n leaves. As stated in [9], 7n(S,) = n + 1, which is the bound given in
the same document. This can be easily seen in Figure 18. Furthermore, the
labeling follows the three properties in Theorem 8 for which trees attain this
bound.

Figure 18: Radio labeling of Sg

Spiders are trees with only one vertex of degree larger than 2 and can be
viewed as a generalization of stars. Liu determines a lower bound for the radio
number of spiders and characterizes the graphs that reach this bound [9]. A
spider is defined as a tree rooted at vertex vgo and having n > 3 legs, with
leg ¢ having [; vertices, such that I; > Iy > --- > [, > 1. This is denoted by
Shyla sl having |[V| = I3 +l2+- - -+, +1. Furthermore we denote the vertices
of the graph by v; ; with ¢ denoting the it"-leg and j denoting the distance from
vp,0. Figure 19 illustrates this notation.
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00,0

V1,1 Un,1

V1,2

|
|
V1,1, -2 a) V2,151 6 Un,1

vi—1 O V2,1,

1}1711 O

Figure 19: Vertex labeling of Sy, 1,.15.....1,,

Theorem 9 [9] Let G = Sy, 4,....1,,- Then
m(G)>§n:z-(l +1 —z-)+(ll_l2u@J+1
el et 2\l1 2 7 2 2

The next theorem characterizes the spiders whose radio number achieves
the bound in the previous theorem. Here we define /1 as the sum of the vertices
in the legs other than Iy, so iy :=lo+l3+---+ 1, = |V|—(l1 + 1).

Theorem 10 [9] Let G = S, 4,....1, withn > 3. Then

n

- I~y 1y —1
(@) =D L+l =)+ 5 =5 +1
i=1

if and only if I, > ll"'lf?_l

To prove this Liu presents algorithms for several cases based on the value
of I — l3. We do not discuss these, but they are presented in [9].

The square of a graph is created by adding edges {u,v} if u and v are
distance two apart in original graph. Liu and Xie have determined the radio
number for the squares of paths and cycles in [11] and [10] respectively.
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Cartesian Products

Definition [13] The Cartesian Product of two graphs G and H, denoted GO H,
is defined by vertex set

V(GOH) :=V(G) x V(H) :={(g,h)|g e V(G) and h € V(H)},  (2.23)

and by edge set
E(GUH) := {{(gvh), (¢, 1")}g =g and {h,h'} € E(H)

OR b= and {g.g} € EG)}  (224)

A way to see this construction is by making |V (H)| copies of graph G,
indexing the vertices by (g, h), and adding an edge between (g, h) and (¢', h') if
g and ¢’ reference the same vertex of G and h ~ A’ in H. In [13] Morris-Rivera,
Tomova, Wyels, and Yeager compute the radio number for C,,[JC,, to be

2k3 + 4k — k n =2k

2.25
23+ 4k 4+2k+1 n=2k+1 (2.25)

rn(C,0C,) = {

An interesting consequence of this result is that it proves rn(GOH) is not
always equal to rn(G)rn(H). [13]

The Cartesian product of two paths is known as a grid graph. The radio
number for an n X n grid graph has not yet been completely determined, but
there has been work done on upper and lower bounds for this number. We
present an example of the radio labeling for the case where n = 3, which we
obtained using an exhaustive method.
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()—()—O

Figure 20: Radio labeling of 3 x 3 grid graph

The Hypercubes @,, are an instance of Cartesian products where @,, is
created by the product of n copies of Ks. More explicitly, we define @, :=
K,OK,O---OKs.

Theorem 11 /8] For any integer n > 1,

n+3

(@) = (2 -1

T+1 (2.26)

Graphs of diameter 2 have been studied extensively, mainly as instances
of distance two labelings. The complete n-partite graph, Ky, n,.... n,, 1S an
example which has been determined to be

k
(K g m) = (K =2)+ > n; (2.27)
=1

In Figure 21 we offer an optimal labeling for the complete bipartite graph
K5 3, which has a span of (2 —2)+ (5+3) =8.
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Figure 21: Optimal labeling for K5 3

2.3.5 Related Theorems

Theorem 12 [2] If H is a connected subgraph of a connected graph G, such
that diam(H) < diam(G), then rn(H) < rn(G).

Similarly, we have the following lemma.

Lemma 13 If H is a subgraph of G with diam(H) = diam(G) then rn(H) <
rn(QG)

Proof Suppose f is a radio labeling of G with span rn(G). Define the distance
labeling g of H as f(H). This labeling is valid because dgy(u,v) > dg(u,v)
Yu,v € V(H). Thus

dp (u,v) + [f(u) = f(0)] = dg(u,v) + | f(u) = f(v)| = diam(G) + 1
So rn(H) < rn(G).00

The shortest path between two antipodal vertices is a natural candidate to
consider for bounding the radio number of G.

Theorem 14 [2] If G is a connected graph of order n and diameter diam(G),
then

1 (Pgiam(a)+1) < m(G) < r(Pgiam(c)+1) + diam(G)(n — diam(G) — 1).
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and so explicitly

2 : —
n(G) > 2k2 +2, d%am(G) =2k+1
2k* — 2k +1, diam(G) = 2k

and
—9k2 — ; —
n(G) < 2kn +n —2k* — 2k + 2, dz'am(G) 2k +1
2kn — 2k% — 4k + 1, diam(G) = 2k

Definition A radio labeling is called radio graceful if the span of the labeling
ism —1, so every label 0,1,...,n — 1 is used.

If a radio graceful labeling exists for a graph G, then rn(G) = n — 1, so any
optimal labeling of GG is a radio graceful labeling. The simplest example of a
radio graceful labeling is an optimal labeling of K,. A more interesting case is
an optimal labeling for the Petersen graph, which is displayed in Figure 22.

Figure 22: Optimal radio labeling of the Petersen graph
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3 New Results

3.1 The Tightness Digraph

The algorithms presented for paths and for trees that attain the lower bound in
Theorem 8 both require that the constraint between x; and z;; has equality
under the labeling f, meaning

[f(@it1) — f(@:)| = diam(G) + 1 — d(wi, Ti41) (3.1)

We say that z; is tight with ;11 to mean their constraint has equality.
Without an explicit order it is important to know the direction of the equality,
since for a graph G and u,v € V(G)

f) = f(u) + diam(G) + 1 — d(v, u) (3.2)

and
f(u) = f(v) + diam(G) + 1 — d(v,u) (3.3)

may result in a very different labeling. As a convention, saying that vertex u
is tight with vertex v means f(v) — f(u) > 0. Furthermore, a digraph can be
constructed from a graph G and radio labeling f by having an arc directed from
a vertex u to vertex v if u is tight with v. This digraph is referred to as the
Tightness Digraph corresponding to the graph G and labeling f, and is denoted
by TD(G, f). More formally, for graph G = (V, E) and labeling f: V — Z™.

TD(G, f) = { (wv)

u,v € Vand f(v) = f(u) + diam(G) + 1 — d(v,u)} (3.4)

Our main motivation for constructing the tightness digraph is to study the
tightness paths of a graph G with labeling f.

Definition A tightness path of a graph G with n vertices and labeling f is a
directed path in TD(G, f) from zg to T,_1.

Observation 15 Fvery optimal radio labeling must have at least one tightness
path.

Proof Suppose there is a labeling, f, of graph G, such that there is no tightness
path in the tightness digraph. Let A be the maximal connected subdigraph of
TD(G, f) that contains xo. Since there is no directed path from z¢ to x,_1,
Zn—1 is not in A. Let ¢ be the smallest subscript such that z; ¢ A. Then for all
Jj <i, f(x;) > f(z;) + diam(G) + 1 — d(xj, x;), and so we can reduce the label
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of x; until there exists a tightness amongst an earlier vertex of the ordering.
Now z; is in the new maximal connected subdigraph A’. This process can be
repeated until we reach x,_;. Therefore we result in a new labeling with span
less than the span of f and so f is not optimal. [

Note that one graph can have multiple tightness paths for the same labeling.
For a given graph GG and labeling f, we are interested in whether there is a
tightness path that goes through every vertex in G because this occurs if and
only if z; is tight with x;41 for each 0 <i <n —1.

Observation 16 Statement (3) from 8 is equivalent to saying a tightness path
goes through every vertex.

We offer several examples of the tightness digraph. In Figures 23, 24 and
25 the tightness digraphs for Cy, Py, and P; are given for the labelings given
in Section 2.3. The tightness digraph maintains the vertices of the original
graph, but deletes the edges. For the tightness digraph we must maintain the
same vertex labeling as in the original graph. By convention the vertices of
the digraph are always displayed in a cycle using the ordering to simplify the
appearance and to easily determine the existence of a tightness path through
every vertex.

The idea of a tightness path helps us interpret property (3) from Theorem
8. This property is equivalent to the existence of a tightness path from xg to
ZTp—1 that goes through every vertex.

Notice that in the labelings for P4, P7 and C4, there is a tightness path
that goes through every vertex, however in Figure 26 we see that not every
optimal labeling has this property.
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T2 To T3 T

To (0 @Il

r3 (5 @M

Figure 23: Tightness digraph for optimal radio labeling of Py

)

rs X

Is @ X2

T4 T3

Figure 24: Tightness digraph for optimal radio labeling of P;
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T3 @<—@ To

Figure 25: Tightness digraph for optimal radio labeling of Cy

Definition [2] For a radio labeling f, the complementary labeling f is defined
by f(u) := span(f) — f(u) for all u € V.

The complementary labeling is a useful concept, but a more useful concept is
the reverse ordering.

Definition For an ordering of the vertices X = (xg,1,...,%n_1), the reverse

ordering is defined by X := (-1, Tp—2,...,T1,Z0).

For both the complementary labeling and the reverse ordering the span is
the same as the original labeling. The importance of these two concepts is seen
by looking at (1) from Theorem 8, which says:

(1) {uo,un—1} = {w*, v}, where v is some vertex with d(v, w*) = 1;

Thus an optimal ordering can occur as either (zg = w*,z1,..., 2,1 = v)
or
(xo = v,21,...,Tn—1 = w*). In the second case we could reverse the ordering
to have w* occur as the first vertex. Thus, without loss of generality we can
assume rg = w*.
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There is one important distinction between the complementary labeling and
reverse ordering, which we illustrate in the following example using the tightness
digraph. Figure 26 displays an alternative ordering, and subsequent labeling, for
Ps. Unlike the labeling presented in [12], this labeling does not have a tightness
path through every vertex. By comparison of the three digraphs in Figures 26
- 28 we see that taking the complementary labeling only reverses the direction
of the edges of the digraph. The digraph of the reverse ordering is created by
taking the digraph of the complementary labeling and adding that each vertex
must be tight with a previous vertex. If a tightness path goes through every
vertex, then the complementary labeling is equivalent to the reverse ordering.

T2

Z3

®

Zo Ty 1

) o) )

O, (1) ®)
Zo

@ off

s ® =

Figure 26: Tightness digraph for P;
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Figure 27: Tightness digraph for complementary labeling
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11 11
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Figure 28: Tightness digraph for reverse ordering



3.2 Biregular Paths
3.2.1 Introduction

Definition A graph is said to be (a,b)-bireqular if its vertex degrees assume
exactly two values, a and b where 1 < a < b. [3]

This paper is mainly concerned with the creation of biregular trees by taking
a tree T and adding leaves to the vertices of T" until each has the same degree
m > A where A is the maximum degree of T'. This results in a 1,m-biregular
tree. We call the resulting tree m-biregular and the process m-biregularization.

Lemma 17 The median vertices of an m-bireqularized tree, T*, are the same
as those of the original tree, T'.

Proof Recall that c¢p(u,v) is the number of vertices in T closer to u than
to v. We first prove that for two adjacent vertices v and v, the number of
vertices in J = ¢p= (v, u) — er(v, u) is dependent only on, and is proportional to,
cr(v,u). This shows that if cr(v,u) > er(u,v) then cp«(v,u) > ¢« (u,v) and
so sp=(u) > sp=(v) by Observation 3.

If we root the tree T at a vertex v, then for a vertex u adjacent to v, let
B, (u) denote the branch of T rooted at v that contains u. The vertices of the
branches other than B, (u) are the vertices counted in ¢r (v, u), noting that v is
not counted. Let m be an integer greater than or equal to the maximum degree
in T, and T* is the m-biregularization of T. Now, let = be a leaf vertex of T
counted in er(v,u), thus z is closer to v than to u. Denote yy as the vertex
adjacent to z. Let us create a new tree T7 from T by moving x to be a leaf
vertex adjacent to a vertex y;, with deg(y1) < m, that is not in B, (u). Notice
that one of yg or y; may be v. This gives that

degr, (yo) = degr(yo) — 1
degr, (y1) = degr(y1) + 1 (3.5)

The degrees of the other vertices remain the same. Therefore, when 17 is
m-biregularized, the vertices other than y and y, are given the same number
of vertices as in the process of biregularizing T'; y; receives one more and yg
receives one less. This means that for both cp(v,u) and eq, (v, u), J vertices
were added. This process can be used inductively to create any set of branches
rooted at v, required that the maximum degree does not exceed m, showing
that J is dependent only on the size of ¢ (v, w). This allows us to use the path
on cr(v,u) + 1 vertices as a means to calculate J. Figure 3.2.1 shows that we
add m — 2 leaves to each of ¢y (v, u) vertices and m — 1 leaves to one vertex.
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Figure 29: Leaves added when m-biregularizing T

This can be used to calculate the number of vertices added to cr(u,v) to
give

e~ (u,v) = er
e (v,u) = er(v,u

s (v) — sps(u) =

s7(v) — sp(u))(m — 2) (3.6)

Which proves that if sp(v) < sp(u) then sp«(v) < sp«(u). Using Corollary
5, the median is the only vertex with status smaller than, or equal to, each
adjacent vertex in T so it is also has the smallest status in 7*. Thus if v is a
median of T it is a median of T™. The last step is to show that if v is the only
median, no new median is created. Since sy (v) < sr(u) for any adjacent u the
equation 3.6 gives for m > 3 that the inequality remains strict. Thus v is the
only median. O

This paper is concerned with trees created from m-biregularizing paths. We
call these trees biregular paths. In general, these are denoted as H,, ,,, where p
is the order of the original path and having degrees 1 and m. We call the case
when p = 2k the even biregular path and the case when p = 2k + 1 the odd
biregular path. Obviously m > 2 and when m = 2 the result is just a path on
p + 2 vertices. An interesting family of graphs occurs when m = 4 which is a
class of hydrocarbons. In this section we present two separate algorithms for
radio labelings of biregular paths, one for the even path and one for the odd
path.
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3.2.2 The Radio Number of Hy

Theorem 18
r(Hogm) = 2k*m — 2k? + 2k + 1

We have divided the proof of Theorem 18 into two sections. In order to
show this is the radio number for all m > 3, we begin with the base case of
H, 3, where k = 2, and induct on m. Then we take Hy4 ,,, and induct on k.

Induction on m In this section, we present the base case for our induction
and induct on m for kK = 4. We begin with H, 3 for the purpose of illustrating
the algorithm, but the algorithm and equation still work for Hy 3. The order-
ing and radio labeling of Hy 3 are presented in Figure 30, where the sequence
Zg,x1,.-.,%9 denotes the ordering and numbers inside of the vertices denote
the labels of the vertices.

Lo

T4 T2 X7 Ts

Figure 30: Radio labeling of Hy 3

It is easy to verify that the labeling is a valid labeling. Simple calculation
using Theorem 8 shows that the labeling of H, 3 in Figure 30 is optimal. Firstly,
note that the vertex zg is a median vertex.

s(Hys) = s(wo) = 3(1) +4(2) +2(3) = 17 (3.7)
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Using this together with Theorem 8 we get

rn(Hys) > (diam(Hys) +1)(n — 1) + 1 — 2s(Hy3)

= (6)(9)+1—-2(17) =21 (3.8)
Yo Y13
Y12 Y1
Y10 Ys Ys Y3
Ye Ya Y2 Y11 Y9 Y7

Figure 31: Ordering of Hy 4

In general, we can calculate the status of the median vertex.

s(Hym)=(m)(1)+(2m—-2)2)+(m—-1)(3) =8m -7 (3.9)

So by Theorem 8

rn(Hym) > (diam(Hym) +1)(n— 1) +1 — 25(Hy,n)
=(B4+1)4m—-3)+1-28m—17)
=24m —18+1—16m + 14
=8m—3

Now we show inductively that equality holds in 3.10 for all m.

Induction on the ordering from Hy ,,—1 to Hy ,y, is done by extending the
order to include the 4 new vertices. We denote the original ordering by X =
(0,21, .-, Tam—g, Tam—7) with the original labeling fo. The new ordering is
denoted by Y = (yo,y1,---,Yam—a,Yam—3) with the new labeling f. As an
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example we show how the ordering is extended from Hy3 to Hs 4 in Figure
31. The black vertices indicate the vertices that remain from Hys and the
white vertices are the new vertices unique to Hy 4. Just as for the algorithm
presented for paths, the induction separates the vertices into three sections: the
beginning, the iteration, and the end. The beginning and the ending sections
remain constant, with the iteration section changing due to the new vertices.
An explanation of the induced order is explained in detail soon.

We have already presented our optimal radio labeling for Hy 3 as our base
case. We show that our radio labeling for Hy ,,,—1 being optimal implies that
our radio labeling for Hy,, is optimal. From the radio labeling of Hy ,,—1
we calculate the new radio labeling by making adjustments based on the new
vertices added. For example, in Figure 31 the first new vertex is assigned to be
ys and so the ordering and therefore labeling for vertices yo, y1, ..., ys are the
same as for Hy 3. In general, the first new vertex in Hy ,, is y2m—3. The full
ordering of Hy ,, from the ordering of Hy ,,_; is presented in Figure 32.
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To2m—4 T4 €2 Lam—9 To2m—-3 T2m—1

Yam—3

Yoam—2 Yom—4 Yo Yam—5 Yom+1 Yoam—1

Figure 32: Induced ordering for Hy p,

As shown in Figure 32, the new ordering is defined with z; = y; for i €
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{0,1,...,2m —4} and x; = y;44 fori € {2m —3,2m —2,...,4m — 7}. The new
vertices are grouped together as yom—3, Yom—2, Y2m—1, Y2m, as shown in Figure
32.

Assuming that Theorem 18 holds for H4 ,,,—1, we show that it also holds for
Hy . So we must show
rn(Hym) =8m —3
=8m—-1)—-3+8
= TH(H47m_1) +8 (310)

In calculation of the new labeling f we see that for i € {1,...,2m — 4}

f(yo) = fo(xo) =0 (3.11)
fi) = fyi-1) = folxi) = folzi-1) (3.12)

which gives
f(yi) = fo(xi) (3.13)

Similarly for i € {2m —2,2m —1...,4m — 7},

JWira) — f(Wirs) = fo(xs) — fo(zio1) (3.14)

But because we add new vertices the labels are not the same for f as for fy. We
must calculate the labels of the new vertices based upon the labels of the old
vertices.

f(Yam—3) = diam(Hy ) + 1 — d(Yom—3, Y2m—a) + f(Y2m—a)
=6—4+ fo(ram-—a)
=2+ fo(zam—4)

J(Wam—2) = 6 — d(y2m—2, Y2m—3) + [(Y2m—3)
=2+ (24 fo(w2m-4))
=4+ fo(z2m-—1)

f(Wam—1) =6 — d(y2m—1,Y2m—2) + f(Y2m—2)
=1+ 4+ fo(r2m-4))
=5+ fo(ram-4)

f(y2m) = 6 — d(Yam, Yam—1) + f(Y2m—1)

=2+ 5+ fo(ram=-4))
=7+ fo(xam—4)

f(W2m+1) = 6 — d(Y2m+1, y2m) + f(y2m)
=24+ (7 + folr2m-4))
=9+ fo(rom—4a) (3.15)
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Note that since Y241 = Tom,m—3 Wwe compare the label in f to that in fy. From
the labeling of Hy ,,—1, we have

fo(zam—a) = fo(zom—3) — (diam(H4’m,1) +1-— d(x2m7371'2m74))
= fo(zam—3) — 1 (3.16)
Combining 3.15 and 3.16 we have
fyam+1) =9+ fo(zam-4)

=9— 1+ fo(xam—3s)
=8+ fo(r2m—3) (3.17)

Since f(y2m+2) — f(Y2m+1) = fo(r2m—2) — fo(®2m—3), then

f(Wama2) = 8+ fo(wam—3) + fo(r2m—2) — fo(am—3)
=8+ fo(l‘gm_g) (3.18)

Using 3.14, for i € {2m —2,2m — 1... ,4m — 7} we define f(y;+4) by

f(@iva) = [(yirs) + fo(zi) — fo(zio1)
=8+ fo(xi—1) + fo(wi) — fo(wi-1)
=8+ fo(z;)
And so for i € {2m —2,2m — 1...,4m — 7} we add 8 to each label of X to

get the label of the corresponding vertex from Y. Consequently we see that the
highest label in this labeling is

f(Yam—3) =8 + fo(Tam-7) (3.19)

Since fj is a valid labeling for Hy ,,,—1, it is easy to show that f is a valid
labeling for Hy ,, because we need only be concerned with the new vertices.
Clearly all labelings of yo through y2,,—4 are valid in Hy ., because they remain
unchanged from Hs ;1.

By definition, for i € {1,...,4m — 3} the constraint
f(yz) Z f(yz—l) + diam(Hzl,m) +1- d(yi—h yz) (320)

holds. Next we check the constraint between y; and y;_o. In our calculation
of this constraint we use the distances between y; and y;_o for i € {2m —
3,...,2m + 2}. For ease we list these in the table below.

2m -3 | 2m—2 | 2m—1 | 2m | 2m+1 | 2m+ 2
d(yi-1,Y:) 4 4 5 4 4 4
d(yifg,yifl) 4 4 4 5 4 4
L dlyi2y) | 2 | 2 | 3 [3] 2 | 2 |
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We know that equality holds for the constraint in 3.20, so

Fwi) = flyi2) = (Fwi) = Fyiz1)) + (F(yie1) — Fyiz2))
= 2(diam(Hym) + 1) — d(yi—1,vi) — d(yi—2,yi-1)
=12 — d(yi-1,¥i) — d(Yi-2,Yi-1) (3.21)

We want to show that

fyi) = f(yi—2) > diam(Ham) + 1 — d(yi—2, y:)
=6 —d(yi—2,9i) (3.22)

Using 3.21, this constraint is equivalent to

12 — d(yi-1,yi) — d(Yi—2,Yi-1)

6 — d(yi—2,¥:)
6 —d(yi—1,v:) — d(Yi—2,yi—1) + d(yi—2,%i) >0

>
> (3.23)

We refer to the left hand side of this inequality as I5(). So we require that
Ir(3) > 0.

A simple calculation shows that this constraint holds for each of our y; and
Yi—o for i € {2m — 3,...,2m + 2}. In actuality, each of these constraints has
equality. For i > 2m + 3, I5(i) > 0 because the vertices remain at the same
distance in Hy ,, as the equivalent vertices in Hy 1.

Next is to show the constraint between y;_3 and y; holds.

We want to show that

fyi) = f(yi-3)

Z diam(H;Lm) + 1-— d(yi737 yz)
f(i) = f(yiz3) +d(yi—3,y:) > 6

(3.24)

Since we always alternate between branches, y;,_s and y; are always on
different branches. This gives that d(y;—s3,v;) > 3. Also, since f(y;) > 1+
f(yi—1) then clearly f(y;) — f(yi—3) > 3. Putting these two facts together, we
can easily see that we have satisfied the constraint in 3.24.

The case for the constraint between y;_4 and y; shows that all subsequent
constraints also hold because we can remove the use of the distance between
the two vertices. The uniqueness of the labels gives that f(y;) > 4+ f(yi—4).
Examination of the ordering shows that it is always true that d(y;,yi—4) > 2
and so the constraint always holds regardless of 7. Thus this radio labeling is a
valid labeling.

Induction on k In this section, we fix m and induct on k& to show the radio
number from Theorem 18 holds for any k:

rn(Hop,m) = (diam(Hag,m) + 1) (n — 1) + 1 — 25(Hop,m)
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We start with the base case where & = 2.
r(Ham)=0B+1)4dm—-3)+1-28m—-7)=8m—3 (3.25)

Note that in this section, our figures show the case when m = 4 but our calcu-
lations do not assume this.

) T13

0 29

25 X192 4 T @

xs T10 x5 T3
OO ®
X2 Ty Te Z7 T9 T11

Figure 33: Radio labeling of Hy 4
In general, diam(Hag,m) =2k —1, n = (m —1)(2k) + 2 and

k
$(Hapm) =m+»_ 2(m—1)i+ (m —1)(k +1)
=2
=k?m — k? +2km — 2k + 1 (3.26)
so the radio number is

rn(Hakm) = (diam(Hgkm) + 1) (n—1)+1—2s(Hop,m)
= (2k +2)(2km — 2k + 1) + 1 — 2(k*m — k* + 2km — 2k + 1)
= 2k?m — 2k? + 2k + 1 (3.27)

To create an ordering on Hag ., from an ordering on Hyp_1) ., we add
2(m—1) vertices in the manner illustrated in Figure 34, where the black vertices
indicate the vertices in Hy(j_1),, and the white vertices indicated the vertices
in Hgk’m.
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i

Figure 34: Hg(k,_l)A and Hop 4

We order these new vertices from xy to xj; by the process illustrated in
Figure 35, where i = Mp indicates the last ordering in Hyj_1),, and i = M
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indicates the last ordering in Hay, . We can easily see that My = (m —1)(2k —
2)+2—1land M =(m—1)(2k)+2—-1and My —1=M—-1-2(m—1),
My—2=DM—2—2(m—1), etc.

0 M

Figure 35: Ordering of Hyy, 4

First we check that our algorithm produces a labeling that gives the radio
number for Hay ,, given in 3.27; for now we assume that our labeling is a
valid radio labeling. We assume that our labeling achieved the desired bound
for Ha(j,—1),m, producing the radio number in 3.27:

r(Hak—1),m) = 2(k = 1)*m — 2(k = 1)* + 2(k — 1) + 1
= 2k*m — 2k* — 4km + 6k +2m — 3 (3.28)

We wish to show that this implies that 3.27 holds for Hof -
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Thus, we solve for the difference between rn(Hy,—1y,m) and mn(Hag,m)

rn(Hag—1),m) = 2k*m — 2k* — 4km + 6k + 2m — 3
= 2k*m — 2k® + 2k + 1 + (—4km + 4k + 2m — 4)
= rn(Hopm) — (dkm — 4k — 2m + 4) (3.29)

So we wish to show that rn(Hag,m) = rn(Hyg—1),m) + (4km — 4k — 2m + 4).

The difference in the radio numbers between Hay, ., and Hy(j_1),, can be
thought of as the effects of two causes: the difference between new and old
labels of xq ...z, -1, the vertices common to Hay ,n and Hop_1) ,,; and the
difference between each consecutive new vertex, xas_(am—2y,- -, M-

Since Hag,m has a diameter 2 greater than that of Hy_1) ,, if two consecu-
tively labeled vertices, ;1 and z;, from Hy(_1) ., Temain the same distance in
Hjp, m, the difference between their labels increases by 2. So (f(xz) — f(xi,l)) —
(fo(x,») — fo(xi,l)) = 2. Similarly, if two consecutively vertices, ;1 and x;,
from Hy(j,_1),m have a distance of one greater in Hag m, the difference between
their labels only increases by 1. So (f(ml) — f(xi,l)) — (fo(xi) — fo(xi,l)) =1.

Figure 36 shows the changes from rn(Hy(;—1),m) to rn(Hag,m). The circular
vertices are common to Hay m and Hy_1),m, S0 they are labeled in Figure 36
with the difference between their labels from Hyx_1).m to Hagm, (f(xl) -
f(@i—1)) = (fo(xs) = fo(zi—1)) where i = 1,...,M — (2m — 2) — 1. Figure 36
shows the new vertices in Hay ,,, as ovals, labeled with f(z;) — f(z;—1) where
i=M—(2m —2),..., M. For simplicity, in Figure 36, we label the outside of
the vertices with 7 for vertex xz;.
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+0 +2

Figure 36: Changes from H2(k—1),4 to Hop 4

The start of the algorithm has the distance between xy and x; stay constant,
thus, as stated before, 2 is added to fo(z1) and all subsequent labels so f(z1) =
fo(z1) + 2. For 2 < i < My — 1 the distance between x;_; and z; increased
by 1 due to the insertion of vertex M — 1, and so the difference between their
labels increases by 1. Note that the diameter of the graph is 2k + 1 and so the
distance between Mo —1 =M — (2m —2) — 1 and M — (2m — 2) is k + 3 and
so the difference of their labels is

f@ym—@m—2)) = f(@r—@m—2)-1) = 2k + 1) + 1 = (k +3)
— k-1 (3.30)

By similar argument, for M — (2m —2)+1<i< M —1

flxg) = flwi) =2k + 1) +1—(k+2)
—k (3.31)

Lastly, the distance between M and its predecessor stays the same, and so
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adds 2 to its label.

To tally up these increases we see that we add 1 to the radio number for
each of 2(k — 1)(m — 1) — 1 vertices,2 for 2 vertices, (k — 1) for 1 vertex, and &
for 2(m — 1) — 1 vertices; so in total

rn(Hogm) — rn(Hyg—1y,m) = 2(k —1)(m — 1) =1 +2(2) + (k — 1)
+ k(2m — 3)
=4km — 4k —2m + 4 (3.32)

Thus we have shown 3.29 holds so our labeling reaches the desired radio
number. Now we check that given that our labeling of Hy(_1), is valid then
so is the labeling of Hay r,.

Recall that once we establish the ordering xg, x1,...,x,_1 the labeling is
given by making the constraint tight between consecutively labeled vertices. So
f(zo) =0 and f(x;) = f(w;—1) +2k+2—d(z;—1,7;). In order to show this is a
valid radio labeling, we must show that f(z;) > f(zi—;) + 2k + 2 — d(z;, zi—;)
for 2 < i <mnand 2 <j < diam(Hak,m) where j < i. Since, by our algorithm,
vertices from Hy(y_1),, only get further away in Hag m, we can assume that
f(xi) > fo(zi) > folwi—j) + 2k + 2 — do(z4,z,—;) where dy is the distance
function for Hy(x—1),m-

For each vertex from Hy(,_1),,, we can assume that all labelings fo(z;) are
valid, so we need only show that the the difference in the new labels compensates
for the increase of 2 in the diameter:

f(xi) = f(xizj) > fo(xs) — fo(rimy) +2 (3.33)

For i = 2, we need only check the constraint for j = 2. Since f(z1) — f(zo) =

fo(z1) = fo(zo) + 2, then clearly f(x2) — f(w0) > fo(z2) — fo(zo) + 2. So 3.33
holds for ¢ = 2, j = 2.

Similarly for each i =2,..., My —1

f(xi) = f(wio1) = fo(wi) — folwia) +1
f(@iz1) = f(zi2) = fo(wi1) — fo(wi—2) +1 (3.34)
Therefore we can expand the equation to show for 2 < j < diam(Hzg,m) where
j < that:
J(xi) = f(wimj) > folxs) — folriy) +2 (3.35)
so0 3.33 holds for : =1,..., My — 1.
Now we must check the validity of the labels on z; for i = M — (2m —
2),..., M. Recall that the diameter of Hoj.n, is 2k 4+ 1, so the constraint we

must follow is:
f(xi) = f(zimj) 2 2k + 2 — d(zi, 7 j) (3.36)
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First we check the j = 2 constraint. By assumption,
flxy) — f(ziz1) =2k —d(x;—1,2;) and
flxizy) — f(wi—e) =2k — d(xj—2,2i—1), sO
f(@i) = f(zim2) = 4k — d(zi—1,2:) — d(Ti—2,7-1)

(3.37)
Generalizing the notation from the previous section, we define
IQ(Z) =2k4+2— d(l‘i, 17,'_1) — d(EEi_h l‘i_g) + d(.Ti, .Ti_g). (338)
Thus to satisfy f(x;) > f(xi—2) + 2k — d(x;—2, ;) we need to show
IQ(Z) =2k+2— d(wl, $i,1) - d(sci,h .’1%;2) + d(mi, 31‘1;2) >0 (339)

Similarly, for j=3 we have

13(1) =4k + 4 — d(l‘i_h Ii) — d(dfi_g, SCZ‘_l) — d(l‘i_g, $i_2) + d(l‘i_g, ZEIL') Z 0
(3.40)

M6 | M5 | M4 | M3 | M2 | M-1| M
d(l‘i,Q, xi,1) k+2 k+3 | k+2 k42 k+2 k+2 k+2
d(wi_g,xi9) | k+2 | k+2 | k+2 | k+2 | k+2 | k+2 | k42

d(wi_o9,x;) 3 3 2 2 | 2 | 2 k
d(wi—3,7;) | k+3 | k+2 | k+3 | k+2 | k+2 | k+2 | 2

So for each z; for i = M — (2m — 2),..., M, we can easily verify that 3.39 and
3.40 hold:

M-6 | M5 | M4 | M-3 [ M2 | M-1 | M
L@ | 0 | 0 0 0] 0 | 0 |2k2
Is(i) | 2k | 2k-1 | 2k+1| 2k | 2k | 2k | 2k

For j > 4, we can show that the constraint is satisfied based on the previous
constraints holding.

For j = 4, we need

I4(i) = 6k+6—d(wi—1, ;) —d(xi—2, Ti—1), —d(Ti—3, Ti—2)—d(Ti—4, Ti—3)+d(i—4, ;)
(3.41)

We know from the j = 2 case that
2k +2 —d(zi—1,2;) — d(xi—2,2i-1) + d(x;-2,2;) >0 and
2k +2 —d(wi—3,i—2) — d(xi—4,2—3) + d(Tj—4,Ti—2) >0, s0
4k +4 —d(xim1,25) —d(xi—o,xi-1) — d(xi—3,2i—2) — d(Ti—g, Ti—3)
+d(zi,xi—2) + d(xi—a,25-2) >0 (3.42)
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Since x; and x;_o are always on the same branch,

d(xi—o,z;) <k+1 and
d(l‘i_4, xi_g) <k+4+1, so
d(mi,g, .’1%;4) + d($i,4, .’1?1;2) <2k+2 (343)

So now we have

6k +6 — d(wi—1, ;) — d(xi—2,xi—1) — d(xi—3,Ti—2) — d(@i—4,T;i_3)
+d(zi, xi—2) + d(xi—g,2i—2) 20

and since d(x;_4,x;) > 0, this shows that I4(i) > 0.

For each case j > 4, we have I;_1(i) — d(z;—(j—1),z;) > 0. We know
2k + 2 = diam(Hag,n) + 1 > d(z, y) for any x and y so
2k +2 —d(x;i—j,7;_(j_1))] > 0. We also know d(xz;_j,z;) > 0, so

Ij (Z) = Ij_l(i) + 2k + 2 — d(mi_j, xi*(jfl)) + d(a:,»_j, xz) - d(.l?i,(jfl), 3:1)
= [ijl(l) — d(.’lﬁi,(jfl),l‘i)] + [2]{3 + 2 — d(xi,j,xi,(j,l))} + d(.’l?i,j,l'i) >0
(3.44)

Therefore, we have shown that all of the labels are valid and thus the labeling
is a valid radio labeling.

3.2.3 The Radio Number of Hyri1,m

Theorem 19

rn(Hogt1,m) = 2k%m — 2k% + 2mk +m + 2

We have divided the proof of this theorem into three sections, proof of lower
bound, induction on m and induction on k. First we prove the lower bound

r(Hag1,m) > 2k*m — 2k + 2mk +m + 2

Then we provide an algorithm, defined inductively, that attains this lower
bound. In order to show 0.1 for all m > 3, we begin with the base case of
Hs 3, where k = 2, and induct on m. Then we take Hs ,, and induct on k.

Proof of Lower Bound In this section we seek to prove that the lower bound
given by Theorem 8 for Haj4 1, is unattainable. To show this we prove that the
three requirements for equality in Theorem 8 cannot all be satisfied. Therefore,
we make the assumption that two of the requirements hold and show the third
cannot. We assume that:
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(2) x; and x;41 are on different branches (unless one is the median)

(3) A tightness path goes through every vertex.

Thus we wish to show that (1) does not hold, i.e. if zg is the median
then x,,_; must not be adjacent to zg. For this section we make use of more
terminology. Since we are working with Hogy1,, there is only one median
vertex, so we define M := {w*}. We define C to be the set of vertices adjacent
to the median that have degree 1, and define C* := CUM. We also use the level
function L(v) := d(v, w*) along with the ¢ function from [9] and an observation
that relates them.

Observation 20 [9] For a tree T rooted at vertex w and distinct vertices u,v €
T

)

(1) ¢uw(u,v) =0 if and only if u and v belong to different branches (unless one
is w), and

(2) d(u,v) = L(v) + L(u) = 2¢(u, v)

Observation 21 Assume that (2) and (8) from 8 are true then, for Hopt1 m,
L(z;) = k+ 1 implies either x;—1 or x;y1 is in C*.

Proof Assume that L(z;) = k+ 1 and z;_1 ¢ C*. Without loss of generality,
let z; be on the left branch and x;_1 on the right branch. Since x; and x;_1
are on different branches, by Observation 21 ¢(z;,x;—1) = 0. This yields the
following,

f(@i) = f(zim1) = (2k +3) — L(z;) — L(wi—1) + 2(0)
=k+2-— L(.’I;ifl) (345)
Since z; and x;41 are on different branches we have
f@iv1) = f(@:) = (2k + 3) — L(wis1) — L(;) + 2(0)
=2k +3)— (k+1) — L(zi1)
=k+2— L(.%‘iJrl) (346)

And so

f(@it1) — f(zim1) = — L(ziy1) — L(xzi—1)
—d(xi—1, Tig1)
— (L(wi—1) + L(zig1) — 2¢(zi—1, Tig1))

= (2k+3) — L(xiH) — L(l‘i_l) + 2¢(in_1, 1‘i+1) (347)
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This is equivalent to the following inequality

1 2 2¢($¢,1,{L‘1‘+1) (348)

Therefore since ¢(z;—1,x;+1) must be an integer, ¢p(z;_1,2;+1) = 0. This
means x;—1 and x;41 are on different branches or one of them is w*. Since we
assumed x;_; is on the right branch, and z; is on the left, then z;,; must be
a member of C. The argument is similar to show that if L(z;) = k + 1 and
xip1 & C* then ;1 € C*. The only difference to note is that z;_; may be the
median, while x;41 cannot. [J

Theorem 22

’/’n(Hgk_;_l,m) > (Tl — 1)(diam(H2k+17m) + 1) + 1-— 23(H2k+1,m)

Proof Observation 21 shows us that at best each vertex of C' accounts for
exactly two vertices on level k + 1 through having x; € C* with x;_1 and z;11
on level k + 1. Since |C| = m — 2 this can account for at most 2m — 4 vertices
on level k 4+ 1. Furthermore, using the median as x(, one more vertex on level
k+1 can be used as 1. This accounts for 2m — 3 vertices. There are, however,
2m — 2 vertices on level k + 1. This means that at least one vertex on level
k + 1 is not preceded or followed by a vertex of C* in the ordering. This has
one of two consequences. The first is that the tightness path is violated. The
second is that the final vertex of level k 4 1 is the last vertex of the ordering,
violating (1) of Theorem ?? which states that z¢ ~ x,,—1. Therefore, equality
in Theorem ?? cannot be satisfied. [

We can restate the inequality from Theorem 22 as follows.

n=2km—-2k+m+1
diam(Hog+1,m) =2k +2 and
s(Hopr1,m) = k*m — k* + 3km — 3k +m

rn(Hogy1,m) >(n — 1) (diam(Hap1,m) +1) +1 — 2s(Hopr1,m) + 1
=(2km — 2k +m)(2k +3) + 1
—2(k*m — k* 4+ 3km — 3k +m) + 1
=2k*m — 2k* + 2mk +m + 2 (3.49)

Induction on m We begin our induction on m with the base case of Hs 3.
From Theorem 22, we have a lower bound for the radio number of H3 3.

rn(Hsz) > (5)(7) +1—2(1(3) +2(4)) + 1 =15 (3.50)
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In Figure 37 we present the ordering and labeling for Hs 3 that attains this
bound. It is simple to calculate that this is a valid labeling.

Zo

T T4 T2 x5

Figure 37: Radio labeling of Hj 3

In general the lower bound for rn(Hs ,,) is

rn(Hszm) > (5)(3m —2) +1—2(1(m) +2(2(m —1))) + 1
= (15m —10) + 1 — (10m — 8) + 1
=5m (3.51)

Our method for extending the ordering from H3,m — 1 to Hs,, parallels the
method we used for the even case. To begin our analysis of the induction on
m we look at Hj ,,—1. For this we use the sequence xg, 1, ..., T3(m-1)—2, and
the labeling f,. We add three vertices to Hs ,,—1 as seen in Figure 39, with
the white vertices depicting those added in this step. Just as for the the even
case, the induction separates the vertices into three sections: the beginning, the
iteration, and the end. The beginning only consists of the median, zog = w*.
The ending consists of the last three vertices which are always the same.
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Zo

T3(m—1)—3 T3(m—1)—2

r3  Te T3(m—1)—6

Ty T4 L3(m—1)-5 T2 Ts L3(m—1)—4
T3(m—1)-7

Figure 38: Radio labeling of Hs ,,,—1

Yo

Ysm—3 Y3zm—2

Ys  Ys Y3am—6
Ys(m—1)—6

Y Ya Y3m—5 Y2 Ys Yzm—7
Y3(m—-1)-5 Y3(m—-1)-7 Y3m—4

Figure 39: Radio labeling of Hs ,

Assuming that Theorem 19 holds for Hs ,,_1, we wish to show that it also
holds for Hj3 ,,,. So we must show
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rn(Hs,m) = 5m
—5(m—1)+5
= Tn(H37m_1) +5 (352)

We accomplish this by comparing the labels of x3(,,—1)—2 and y3,, 2 because
they are the radio numbers of Hj ,,,—; and Hs ., respectively.

Since y; = x; for ¢ = 0,1,...,3(m — 1) — 7, the labeling for these vertices
are the same for f as for fy. Starting with ys,,_7 we see that

FWam-7) = f(Usm—1)-5) + (5) = d(Y3(m-1)—5,Y3m—7)

= f(Y3(m-1)-5) +5—4
= f(Y3(m-1)-5) +1 (3.53)
f(Wam—6) = f(yam-7) + (5) d(Y3m—7,Y3m—6)
= f(Y3m—7) + (3.54)
f(Wam—s5) = f(ysm—6) + ( ) — d(Y3m—6,Y3m—5)
= f(Ysm—6) + (3.55)

For f(ysm—3) we have that the constraint with ys,,_4 is not tight, but the
constraint with ys3,,_5 is. This results in

f(Wam—3) = f(Yzm—s5) + (5) — d(Y3m—5, Yy3m—3)
= [(Y3m-5) +4 (3.56)

Finally,

f(y3m—2) = f(ySm—S) + (5) - d(y3m—3a y3m—2)
= f(Ysm—3) +3 (3.57)

Combining 3.53-3.57 we find rn(Hs ) to be

fWam—2) = f(Ya(m-1)-5) + 12 (3.58)

By comparison to rn(Hs m—_1)

fo(zam-1)-3) = fo(®3(m-1)-5) + (5) — d(Z3(m—-1)-5; T3(m—-1)-3)

= fo(z3(m-1)-5) + 4 (3.59)
fo(z3(m-1)—2) = fo(@3(m-1)-3) + (5) — d(T3(m—-1)-3; T3(m—1)-2)

= fo(z3(m-1)-3) +3

= fo(z3(m-1)-5) + 7 (3.60)



Since fo(23(m—1)—5) = f(Y3(m—1)—5) we use ?? to get that
F(Wzm—2) = f(Y3(m-1)—5) + 12
= fo(zg(m-1)—5) + 12
= fo(gm-1)—2 — 7) + 12
= fo(®3(m-1)—2) +5

Thus we have shown that

rn(Hsm) = rn(Hsm-1) +5

(3.61)

Now we must show that f is a valid labeling. Since we are assuming that the
labeling fo of Hs -1 is valid, the labeling f of Hs,,) for vertices yo through

Y3(m—1)—5 is still valid because the labels remain the same.
By definition, for ¢ € {1,...,3m — 2} the constraint

f(yi) > f(yi—1) + diam(Hz m) + 1 — d(yi—1,y:)

(3.62)

holds. Next we check the constraint between y; and y;_o and the constraint be-
tween y; and y;_3. In computing these constraints we use the distances between
y; and y;—3 for i € {3m — 7,...,3m — 2}. For ease we list these in the table

below.
3Im—7|3m—-6|3m—-5|3m—4|3m—-3 | 3m—2
d(yi,Q, yifl) 3 4 3 3 4 3
d(yifg, yi,Q) 3 3 4 3 3 4
Cdlyi2y) | 3 3 e 5 o

We know that equality holds for the constraint in 3.62, so
fi) = flyim2) = (f(wi) — fwiz1)) + (f(wiz1) — f(yi2))

= 2(diam(H3,m) + 1) — d(yi—1,v:) — d(yi—2,yi—1)

=10 — d(yi—1,¥i) — d(Yi—2,Yi—1)

For the constraint between y; and y;_2, we want to show that

fi) — f(yi—2) > diam(Ham) + 1 — d(yi—2,s)
=5—d(yi—2,9:)

Using 3.63, this constraint is equivalent to

10 — d(yi—1,y:) — d(Yi—2,yi-1) =
5—d(yi—1,yi) — d(Yi—2,yi-1) + d(yi—2,9i) >
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As in the even case, we refer to the left hand side of this inequality as I (7).
So we require that I5(i) > 0. A simple calculation shows that this constraint
holds for i € {3m —7,...,3m —2}. Now we must check the constraint between
y; and y;_3

fi) — fyizz) = (f(yz) - f(yi—l)) + (f(yi—l) - f(yi—Q)) + (f(yi—2) - f(yi—3))
= 3(diam(Hz m) + 1) = d(yi—1, i) — d(Yi—2,yi—1) — d(Yi—3,yi—2)
=15 — d(yi-1,Yi) — d(Yi—2,Yi-1) (3.66)

We want to show that

F(yi) = f(yizs) > diam(Hs ) + 1 — d(yi—3, yi)
= 5 — d(yi_g, yz) (367)

Using 3.66, this constraint is equivalent to

15 —d(yi—1,¥i) — d(Yi—2, Yi—1) — A(Yi—3,Yi—2) > 5 — d(Yi—3,¥:)
10 — d(yi-1,yi) — d(Yi—2,Yi-1) — d(Yi—3,Yi—2) + d(yi-3,:) > 0 (3.68)

We refer to the left hand side of this inequality as I5(i). So we require
that I3(¢) > 0. A simple calculation shows that this constraint holds for i €
{83m—-17,...,3m —2}.

To verify the constraint between y; and y;_; where j > 4, we only need the
fact that the labels are distinct. So f(y;) — f(yi—;) > 4. Since d(yi—;,v:) > 1,
we see that

Fyi) = flyizj) >4 >4+ 1—d(yi—j,y:)
= diam(Hz 1) + 1 — d(yi—3,9:) (3.69)

Thus our valid labeling of Hj ,,—; extends to a valid labeling of Hj ,,.

Induction on k In this section, we present an algorithm for ordering and
subsequently labeling the vertices of Hapi1,m, so that the labeling is a radio
labeling achieving the lower bound for the radio number in Theorem 22.

We start with the base case where &k = 1.

rn(Hszm) > (5)(3m —2) +1—2(1(m) +2(2(m — 1))) + 1
= 5m (3.70)
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As in the even case, our figures show the case when m = 4 but our calcula-
tions do not assume this.

Figure 40: Radio labeling of Hj 4

To make the algorithm clear, we first show how to extend the ordering of
Hgﬁm to H51m.

T T11 12 T10

Z1 T4 X7 €2 Ts5 T14

Figure 41: Ordering of Hs 4
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In order to create an ordering on Hag 1,4, from an ordering on Ha(j—1)41,m,
we add 2(m — 1) vertices. This is shown in Figures 42 and 43 where the black
vertices indicate the vertices in Ha(j_1)41,,» and the white vertices indicate those
added by the induction. We order these new vertices with M indicating the last
ordering in Hy(;—1)41,m and M indicating the last ordering in Hajy1,,. We can
easily see that My = (2(k—1)+1)(m—1)+2—-1and M = (2k+1)(m—1)+2—1.

0

My—17 I My—5 10 | 12
| |
| |
| |
| |
13
9 11
([
1 4 7

Figure 42: Vertices of Har_1,4
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Figure 43: New and old vertices of Hop 1,4

First we check that our algorithm produces a labeling that gives the correct
radio number. The radio number for the biregularized path on 2(k — 1) + 1
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vertices is

rn(Hogh—1y41.m) = 2(k — 1)?m — 2(k — 1) + 2(k — 1)m + m + 2
= 2k%>m — 2k% — 2km + 4k + m
= 2k*m — 2k* + 2km +m + 2 — dkm + 4k — 2
= rn(Hogt1,m) — (4km — 4k + 2) (3.71)

so we wish to show that rn(Hag,m) = rn(Hag—1),m) + (4km — 4k 4 2).

The difference in the radio numbers in Hagy1,m and Hy—1)41,m can be
thought of as the effects of two causes: the difference between new and old
labels of g ... xn—3, the vertices common to Hagy1,m and Ha(k—1)41,m; and
the difference between each consecutive new vertex, Tys_om,...,Tap-

Since Hagy1,m has a diameter 2 greater than that of Hy(_1)41,m, if two
consecutively labeled vertices from Hy(,_1)41,, remain the same distance in
the new graph, the difference between their labels grows by 2. Similarly, if two
consecutively vertices from Hy,_1)41,m have a distance of one greater in the
new graph, the difference between their labels grows by 1.

Figure 44 shows the changes from rn(Hyz—1)41,m to rn(Hary1,m) that
each vertex accounts for. The black vertices are common to Hapi1,, and
Hy(k—1)41,m, so they are labeled with the difference in the distance between
their labels from Hy(y_1)41,m t0 Hagt1,m- The white vertices are the new ver-
tices in Hag41.m, so each is labeled with the difference between its label and
that of the vertex labeled directly before it. For simplicity, in Figure 44, we
label the outside of the vertices with 7 for vertex x;.
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1

Figure 44: Changes from Hy(;_1)41,4 to Hagi1,4

We add 1 to the radio number for each of 2(k —1)(m — 1) + 1 vertices, 2 for
1 vertex, k for 1 vertex and k + 1 for each of 2(m — 1) — 1 vertices, so in total

rn(Hopt1,m) = rn(Hag—1)11,m) =2(k = 1)(m = 1) + 1+ 2+ k+ (k+1)(2(m — 1) — 1)
= dkm — 4k +2 (3.72)

Now we check that given that our labeling on Hy(;_1)41,m is a valid radio
labeling, so is our labeling on Haj41,m-

First we must check this constraint for ¢ = 2,...,3m — 3. We begin with
the constraint for j = 2.
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Recall that the j = 2 constraint is equivalent to 3.39 Thus to satisfy
we need to show

IQ(Z) =2k+3— d(:vl-,h l’l) — d(l‘i,Q, xi,l) + d(xi,g, (L’l) > 0 (374)

Below we give a table that lists the important distances for ¢ = 2,...,3m—5.
First we give these for i = 2 and 7 = 3 and then we separate the indices by their
equivalence class mod 3. These indices begin with ¢ = 2, and end with the last
index ¢ =m — 2.

2 3 1 3q-1 | 3q | 3q+1

d(l‘i_g, xi) k+1 k—|—2 2k+2 k+2 k+2 2k+2

So for each z; for ¢ = 2,...,3m — 5, we can easily verify that 3.39 holds, as
shown in the table below.

213 4 [3¢1]3q]3q+1
LG) |01 [2ksf1| 1 | 1 | 2k+1

For ¢ = 2,...,3m —>5, we can see that the constraints for j > 3 always holds
by looking at the differences between labels of consecutive vertices. First we
note that xg and z; are a distance of k + 1 apart so f(x1) — f(xg) = k+2. For
q=0...m— 2, since x34+1 and T3(q41)—1 = T34+2 are antipodal,

f(x3g+42) = f(@3¢41) =1 (3.75)
The distance between z3441 and x3442 is k + 2, so
f(x3qe3) — flasgea) =k +1 (3.76)
Finally, the distance between x3,13 and x3(441)41 = T34+4 is also k + 2 so
f(w3q44) = f(w3g43) =k +1 (3.77)
Thus the difference between any two vertices x; and z;—; with i =2,...,3m—5

and j > 3 must be at least 2k + 3:

flzi) = f(xiej) > f(xi) — fzi-3)
= (f(zs) = f(zi = 1)) + (f(zim1) — flwi —2)) + (f(wi—2) — f(zi—3))
>1+k+14+k+1
— 2k + 3 (3.78)
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So clearly,

flzi) — fzimj) > 2k + 3
= diam(H2k+1,m) +1
> diam(Hopq1,m) + 1 — d(xi—j, ;) (3.79)
Therefore we have shown that the labeling is valid through vertex zs,,_s.
For i = 3m —4,..., My — 3, the vertex z; is from Hyx_1)11,, SO we can

assume these labelings were valid in the original graph, Hy(;—1)41,m,- Since the
diameter increased by 2 from Hy(j—1)41,m t0 Hagt1,m, we know that

f(x:i) = f(zimj) > diam(Hopq1,m) + 1 — d(zi—j, x;)
=2k +3— d(:ci,j, Cﬂi)
= diam(Hy(k—1)41,m) + 3 — d(xi—j, ;) (3.80)

We also see that
Jo(xi) — fo(zi—j) +2 > diam(Ha(g—1)4+1,m) + 1 — d(xi—j, z;) +2
=2k+3— d(xi_j, Z‘z) (381)

Thus we need only show that

f(xi) — f(wimj) > folxs) — folziy) +2 (3.82)

Recalling Figure 44, we added 1 to fo(z;)— fo(x;—1) fori = 3m—4,..., My—
3. Thus,
f(xi) = f(wio1) = fo(wi) — folwia) +1
f(xi1) = f(ri—2) = fo(xiz1) — fo(wi—2) +1

f@izg) = f(@izj—1) = fo(zi—j) = fo(zi—j—1) +1 (3.83)

And so we see that

f(@i) = f@img) =(f (i) = fwion)) + (F(@ic1) = f(wic2)) + -
+ (fwiog) = f(@imj1))
=(fo(z;) — fo(zi—1) + 1) + (fo(wi—1) — folzi—a) + 1) + -
+ (fo(wizj) = fo(wimj—1) + 1)
=fo(zi) = fo(zi—j) +Jj
> fo(wi) — fo(wij) +2
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Thus we have shown 3.82 to be true and so the labels for ¢ = 3m —
4,..., My — 3 are valid.

Now we need to check the validity of labelings for i = M —2(m —1) =2 =
M —2m,...,M — 2. First we check the j = 2 constraint. By the construction
of the labeling from the ordering, for i = M —2m, ..., M — 2

f(xi) = f(zic1) =2k +3 —d(zi—1,2;) and (3.84)
f(xi_l) — f(l‘i_g) =2k+3— d(%i_g, zz’—l) SO
f(@i) = f(xime) = 4k + 6 — d(zi—1, %) — d(@i—2, Ti-1).

Thus to satisfy f(x;) — f(xi—2) > +2k + 3 — d(zi—2,x;) we need to show that
the inequality I3(z) > 0 holds

IQ(Z) =2k+3— d(mi,l,xi) — d(l'i,%l‘ifl) + d(mi,%mi) > 0 (385)

Similarly, for j=3,
I3(i) =4k + 6 —d(xi—1, ;) — d(@i—2,2i—1) — d(zi—3, i—2) + d(2s-3,2;) >0

(3.86)
M-2m | M-2m+1 | M-2m+2 | M-2g-1 | M-2q
d(rigwioy) | k42 | k3| k2 |kt |kt |
d(CCZ‘_Q 5 Ii) 3 3 2 2 2
I 1 1 1 1 1
[ o) [ K2 [ 12 [ 3 ki [ 2 |
d(zi—3,2;) k+3 k+1 k+3 k+2 k+2
I 2k+2 2k 2k+2 2k 2k

M-5 | M4 | M-3 | M-2
d(xi—1,;) k+2 | k+2 | k+2 | k+3
d(xi_g,a:i_l) k+2 | k+2 | k+2 k+2

d(l’i,%l‘i) 2 2 2 3
I 1 1 1 1

d(.’L’Z‘,g,xi,Q) k+2 | k+2 | k+2 k+2

d(zi_s,x;) | k+2 [ k+2 [ k+2 [ k+3
I 2k | 2k | 2k | 2k+2

Now we must show these labels are valid for the constraints where j > 4.

We notice that for ¢ = 2m, ..., M — 2,
d(l’i_l,lfi) S k + 3 and so
f(xi) = f(zi1) 2 K (3.87)
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Therefore

f(@i) = f(wizy) = jk
>2k+34+(—2)(k) -3

Since k > 2, we have, for j > 4,
f(@i) = f(wizj) 2 2k +3+(2)(2) -3
2 2k +3— d(.’Ei,j, (EZ)
This shows that for i = M — 2m, ..., M — 2 the constraint between x; and
x;—; holds for j > 4.

Lastly, we need to check the constraints for i = M — 1, M. We know that
Tps—1 is tight with z,7_3 so the constraint holds with equality for j = 2

We need to start with checking the j = 1 constraint for i = M — 1.

floar—1) > fleam—2) + 2k +3) —d(zpr—2,Tpr—1)
fem—3) +2k+2 2> f(xm—2) + (2k +3) — (k +2)

This is equivalent to

k+3—(flxm—2) — f(zm-3)) =0
k+3—(2k+3—(k+3)>0
3>0
For j >3
flear—1) = flepr—3) + 2k +3) —d(zpr—3,2p-1)

fog) + (2k‘+3) —1
Tm—1-5) + 2k +3)

f(
f(
f(
fenr—1-5) + 2k +3) — d(xrr—1-j, ar—1)

VoIV

Thus the constraint between xp;—1 and xp;—1—; holds for j > 2. Similarly
fort: =M and j > 2,

fleym) = flzp—1) + 2k +3) —d(zpr—3,20-1)
= flzm—1)+ (2k+3) —2
> flrp—j) + (2k+3) -1
> f(on—g) + (2k+3) — d(zar1—j, Tar-1)

Therefore, the constraint between xp; and xp/—; holds for j > 2, which
concludes the proof that this labeling is valid.
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3.2.4 [Extensions to the Biregularized Path

Extending the Algorithm for Even Biregular Paths The algorithm pre-
sented for the even biregular paths can be used for trees that are not biregular.
Notice that for the induction on k, we could have added a different number of
leaves at each level, instead of keeping a constant m. Any number of vertices
can be added to a level the left branch as long as the same number of vertices
are added on the corresponding level on the right branch. In Figure 45 we give
an example. The only requirement is that the tree is created from Hsy 3 so that
it prevents x; and z;1o from being adjacent.

) T15

L14 x1
12 L1090 T8 Tg €3

) 7\ Ty 7 T9g T11 T13

Figure 45: Extended biregular graph

A Note on Odd Biregular Paths For the proof that Haj 1, cannot reach
the lower bound of Theorem 8 we used Observation 21 to show that only 2m —3
of the 2m —2 vertices of level k41 can be used in an algorithm that would attain
the lower bound. If one more leaf is added to the median to give deg(w*) =
m + 1, then the radio number is equal to the lower bound from Theorem 8.
We illustrate this in Figure 46 with a modification of Hs 3. The lower bound is
rn(T) > (7)(12) + 1 —2(24) = 37.
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Figure 46: Extended Hog11,m

Biregularized Star As stated earlier, the star S,, has a radio number that
attains the lower bound from Theorem 8, and any biregularized star also attains
the bound given in Theorem 8. Since biregularization always increases the
diameter of a tree by 2, the diameter of a biregularized S,, has diameter 4. In
Figure 47 we show the biregularization of S5 and the ordering that produces a
labeling that attains this bound. It is not too difficult to see that the labeling
is valid, and since it abides by the three conditions of Theorem 8, it attains the
bound given in the same theorem. This ordering can easily be expanded to any
star S,.
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L3m+1 L3m+2 Tam—3

w_(0)

T3m—2 T3m—1 T3m

x1 T4 x2 Ts5 x3 Ze
T3m—5 T3m—4 T3m—3

Figure 47: Radio labeling of the general biregularization of S3

3.3 Open Questions

Question 23 For what number of vertices, n, and what choice of diameter,
diam(G), or the the pair (n,diam(Q)), is there a radio graceful labeling?

Notice that the only graph of diameter 1 is K,, so for the pair (n,1) there
is always a graceful labeling. The Petersen graph, on 10 vertices with diameter
2, has a graceful labeling so it corresponds to the pair (10,2).

Lemma 24 For every integer n > 5 there is a graph on n vertices with diameter
2 that has a radio graceful labeling.
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Proof Let G be the graph of K, with a cycle C,, removed. Thus for vertices
v, U1, - .-, Un_1, the vertex v; is adjacent to every vertex except for x;_; and
Zi+1, With vertex vg is not adjacent to v,,—1. This gives diameter 2. Furthermore,
a radio graceful labeling of G has the ordering z; = v;. Notice that n > 4 is
required to have G be connected.

We now present another lemma without proof.

Lemma 25 Forn > 16 and even there exists a graph on n vertices with diam-
eter 3 that has a radio graceful labeling.

To show this we only present a radio graceful labeling for the case when n =
16, which is shown in Figure 48. To generalize this graph we create a graph Gy
from K}, where for each ¢ we remove the edges {x;—2, x; }, {xi—1, x; }, {xi, Tiv1}, {zi, Tiva},
with the understanding that the addition and subtraction is performed (mod k).
Then we label the graph Gx[OK,. If we were to draw the tightness digraph cor-
responding to the labeling in Figure 48 it would have an interesting property.
Each vertex would be tight with the three preceding vertices.

Question 26 For what graphs does there exist an optimal radio labeling with a
tightness path that passes through every vertex?

From Section 3.1, we have labelings for P,, P; and C4; which have this
property. In fact,the labelings provided in Sections 2.3.1 and 2.3.2 give such
labelings for all paths and cycles respectively. We have now shown that we can
find such a labeling for even biregular paths, but we do not know whether such
a path exists for every odd biregular path.
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0 14

2 12
4 10
6 8
9 11
7 13
5 15
3 1

Figure 48: Radio graceful labeling of GOK>
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