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Introduction

Given a graph G with vertex set V(G) = {v1,v2,v3,...,v,}. The distance de-
noted, d(v;, v;), is the length of the shortest path between the two vertices v; and
vj. The diameter, denoted by diam(G), is the greatest distance between any
two vertices in a graph. A radio-labeling is a function f : V(G) — {0,1,2,3, ...}
satisfying the condition:

| f(vi) = f(v) [Z diam(G) — d(vi, v;) + 1 (1)

Each vertex can be considered a radio station in the vicinity of a city G and we
assign each station a channel number that satisfies the inequality (1). Therefore,
f(v;) is sometimes referred to as the channel for v;. In addition, the span of f
is defined as max, ,ev(c) {| f(u) — f(v) [}. In other words, it is the difference
between the highest and the lowest channel assignment. The radio number of
a graph G, denoted by rn(G), is defined as the minimum span of all possible
radio labeling of the graph.

Finding the pattern for P, when n is even

We want to develop a pattern to determine the order in which we assign channels
to the vertices in a path graph P,, so that we can obtain a radio labeling for
P,.

Figure 1: A labeling of the vertices for Py.

Let V(P,)= { v1, va, v3, V4,..., v, } oriented as in the figure above, so that we
number the vertices form left to right. Now we are going to rewrite V(P,) =
{z;] i€ {1,2,3,...,n}}, so that ¢ will represent the order in which we assign the
channel number to the given vertex. Therefore, for our labeling f : V(G) —
{0,1,2,...} we have the following: Vi € N, f(z;) < f(x;+1). In addition, the
lowest channel number will always be 0 in order to find the minimum span, by
just looking at f(z,), and we will always add to the channel number the lowest
possible amount (i.e., f(z;+1) = f(z;) + diam(G) — d(z;, z;) + 1) to satisfy
the inequality, (1), for radio-labeling. For the even path graphs we start with
f(z1) = 0. Thus, for all even paths, we found a pattern. First, we start with the
center vertex, vn (i.e., let z; = vz ). Then we move to the right most vertex in
the path, v, (i.e., let ©9 = v,,). Next we label the vertex right before the middle
vertex (vn), vn_;. Afterwards, we move to the vertex right before the right
most vertex, vn,—1. The order continues as the following: vz _s, vy—2, vz _3,
Un_3,..., until all the vertices are labeled.



So we came up with the formulas:

Vo _ [, le:2k+].
Tr; = 2
'Un—(k—l)a if i = 2k

Vn_ i1, if 7 is odd
- {v —(i-1) if ¢ is even
QEESRRFR if 7 1s odd
{ i if 7 is even
When assigning the channel we always start with f(z;) = 0 and we add the

smallest amount possible to satisfy the inequality (1). We came up with the
following formulas to find the channel number and the span of our labeling f:

niZly _ (o1 if7is o
f@-)z{i o) BTk dfiodd

n '2—1)) _ (g —1), ifiiseven

_ (2i) —n+(3), ifiisodd
(5i) —n+1, ifiiseven

Therefore, the span is:

Figures 2-6 are examples of the pattern we found for even paths Ps, Py, ..., Pig-

21 14 7 0 25 18 1" 4

Figure 5: A radio-labeling of Pg

Xg  Xg Xy X
% 27 18 9 0 41 3 23 14 5

Figure 6: A radio-labeling of Piq



Proof that the pattern for even paths is a radio-
labeling
Now we will need to show that the labeling pattern we found for even paths is

a radio-labeling.
Recall that the pattern we found is:

[
f) L

Uni1_ s, if 4 is odd
2 2
a
2

i) —n+(3), ifiisodd

) —n+1, if 7 is even

IMERNSE

where

Vpyq_i, ifiiseven

Using these formulas we can prove that the pattern is in-fact a radio labeling
< Proof >

NTS: Vi,j € {1,2,3,on, i # J, | f(@:) — ;) |> diam(Py) — d(ws, ;) + 1
Note 1: diam(P,) — d(z;,zj) + 1= (n—1) —d(z;, z;) + 1 =n — d(z;, ;)

Since V n € N, diam(P,) =n—1

Case 1: i and j are both even
= dk,qeN>i=2kand j=2q, k,ge N

| f) = flag) |=] (S22 - 252] = [ — 232
_| in=n—n+2 + —jntntn— 2|
2 o 2

because | i —j|> 1= |i—j| > 2 (since i,j are both even)
=1 =50 2 (5)@) =n>n—12n - dapz)
(since d(x;,x;) > 1= —d(z;,zj) < —1=>n—d(x;,z;) <n—1)
| f) = flag) |=] 52 2 0= d(a, )

Case 2: i and j are both odd
= Jdk,qeNst. i=2k+1and j=2¢+1

1—1)n n— —1)n n—
| flw) = flay) =] [E520 —2gh] - (G50 — 25 |
— z‘n77'7,27n+1 _|_ —'jn+721+n |
=| gt =] LI > 0 — d(w;, )

= —j |> 2(since i,j are both odd)

=| nl J =2i—Jj>(5)2)=n>n—-1>n—d(z;,z;)
(smce d(xz,wj) > 1= —d(z;,z;) < —1—=n—d(z;,z;) <n-—1)
| fi) = fla) 1= 252 > 0= d(w, o)



Case 3: i and j are of different parity
Without loss of generality say i is even and j is odd.

Note 2: i =2k = ;= v, -1y and j =2¢+ 1= xz; =v2_,

= n = d(zi,25) =1 — d(V,_(4)41,Vngrs) = 0 — (0 = (5) +1) = ("))
=n—(n—-Gk-1]-[5—-q)=n—-n+k-1+5-qg=5+k—q—1

i—1)n n— j—1)n n—
| Fl@i) — flay) |=] [S22 — n52] - [U5n — n51)
:‘ in—n—n+2 + —jn+n+n—1 |
in— 721 1 (i— )n2+1 . .
=| Bl |=| SR > (i - )
Case3.1:i>j

Sli—jl=i-i>1

Case3.1.1: i—j=1
n(1)+1 n
| == 1= %

(Since g +k—q—-1=5+14+qg—q—1=5 (Sincei—j=1
=2k—(2¢+1)=1=2k-2¢-1=1=2k-2¢=2=k—q=1=k=1+q))
=| 2L > n — d(z;,z))

Case3.1.2: i—j5#1
=i—j>1l=|i—j|>2
n(i—7)+1 n(2)+1 n
=| (QJ)JF |>| (2)+ |=| 22 |=|n+ % |[>n—1>n—d(z,z;)

Case 3.2: i< j
=i—j<0=|i—j|>1

Case 3.2.1: i —j=—1
—1)+1 — _ _
| B = = 2 12 2R = d( )

(Since 2 +k—q—1=%4+k—k—1="232 (Sincei—j=—1
=2k—(2q+1)=-1=>2k—2¢—1=-1=2k—2q=0=>k—q=0=k =q))
=| 25t > n —d(zi, 7;)

Case 3.2.2 17— j # —1
li—j|>2=i—j<-2=j—i>2

i—5)+1 —n(j—i)+1 j—i)—1 2)—1
| 2O || SR || 2L o) 2O (= — 5 |
|>n —d(x;, x;)

=n—1i>n—-1>n—d(z,z;)=|n—3



Finding the pattern for P, when n is odd
V V V. V V Vv V
Figure 7: A labeling of the vertices for P;.

Let V(P,)= { v1, va, v3, vg4,..., v, } oriented as in the figure above, so that we
number the vertices from left to right. Now we are going to rewrite V(G) = {x; |
i € {1,2,...,n}}, so that ¢ will represent the order in which we assign the channel
number to the given vertex. Therefore, for our labeling f : V(G) — {0, 1,2, ...}
we have the following: Vi € N f(x;) < f(zi+1). In addition the lowest channel
number will always be 0 and we will always add to the channel number to lowest
possible amount (i.e., f(zi41) = f(x;) + diam(G) — d(z;, x;) + 1) to satisfy the
inequality (1), for radio labeling. For the path graph of odd path, we start with
f(z1) = 0. Thus, we found a pattern for all odd paths. First, we start with
the center vertex, Ungi (i.e., let 21 = UnTH). Then we move to the right most
vertex in the path, v, (i.e., let o = v,). Next, we label the first vertex v;.
Afterwards, we move to the vertex after the center one, v nl g Then the order
continues as follows: vs, Ungi s U3, Ungl g0 until all the vertices are labeled.
We came up with the formulas:

1 = Un+1
2
T2 = Up
fori>2:
{vk, ifi =2k +1
Ti = o
Unit g (po1ys if 1 = 2k

{UH, if i is odd

Uni g (iqy, if 7 is even

{’Uizl, if 7 is odd

Unti—1, if 718 even
2

Now we noticed when assigning the channel numbers we had to jump f(z4)
by one every time (Since | f(x2)- f(xq) | > diam(P,) - d(z2,24) + 1 = |
ol (n4+1) | = | =2 |=| 2H |> 23 thus we arrive at a contradiction and
we must add 1 to the channel number to satisfy the inequality).




Because of this, we have the following formulas for finding the channel

numbers for odd paths P, and the span of our labeling:

f(@1) =0
flea) = "2
f($3):n;r3

for i > 4,

Fan) = (ME=2%8) i s odd
v (771(1'_22)"’4)7 if 4 is even

Therefore, the span is:

n(n—2)+5

flzn) = f( since n is odd.)
_ n?—2n+5
B 2
(n—1)
= 2
5 +

Figures 8-11 are examples of the pattern we found for odd paths Ps, P,

Xa Xy X5
3 0 2

Figure 8: A radio-labeling of Ps

Xa KXo Xy Xg Xy
4 10 o0 7 3

Figure 9: A radio-labeling of Ps5

Figure 10: A radio-labeling of P;

X3 Xg X7 Xg X4 X4 Xg Xg Xy
6 16 25 34 0 11 20 29 5

Figure 11: A radio-labeling of Py

oy Py.



Proof That the Pattern for an Odd Path is a
Radio-Labeling

Now we need to show that the labeling pattern we found for odd paths is a radio
labeling. The formulas we found are as follows:

0 ifi=1
o4l if i =2
ntd if i =3
fla) =14 2 .
n+2 ifi=4
w if is odd and ¢ > 4
w if i is even and 7 > 4
where
Un ifi=2
Ti = P .
Vi if 4 is odd and 7 > 2
”;rl—s—%—l if 4 is even and 7 > 2
Proof :

Note: diam(P,) —d(z;,z;) +1=(n—1) —d(z;,z;) + 1 =n — d(z;, z;)
(since diam(P,) =n —1)
NTS: Vi,j € {1,2,...,n}, i—j, | f(x:) — f(z;) |[> n—d(z;, z;)

Case 14,5 € {1,2,3,4}
Case 1.1 {i,j} = {1,2}
[ f(a) ~ flao) =0 242 || 234 |

|5 2 25 =n—(n—250) =n—d(vap,vn) =n = d(w1,72)

=| f(21) = f(22) [= n—d(z1,22)

Case 1.2 {4,j} = {1,3}

| F(@1) = f(ws) [=] 0 — 232 |=| 252 |

| 243 |2"Tﬂzn—(%“—1):n—d(v%,vl):n—d(xl,xg)

=| f(x1) — f(x3) > n —d(z1,23)

Case 1.3 {i,j} = {1,4}



| f@1) = f(za) [=] 0= (n+2) [=[ n+ 2]
|n+2|2n—1:n—("7+1+1—"7+1):n—d(vnTﬂmnTﬂH):n—d(ml,x4)

=] f(x1) — f(x4) [> n —d(21,74)
Case 1.4 {4,j} = {2,3}

| fz2) = flas) =] 25+ =232 = =5 =11
1>21=n—(n—-1)=n—d(vs,v1) =n — d(x2,3)

=| f(z2) — f(x3) > n —d(z2,23)

Case 1.5 {i,j} = {2,4}
| fz2) = f(za) |=] 2 = (n+2) [=| =572 |=| 252 |
288> 28 S (o= (21 +1)) = 1= (v ) = 0= d(aa,a)

= f(z2) = fz4) |2 n — d(x2,24)
Case 1.6 {3,j} = {3,4}

|f(1i3)*f(11174) |=| 2$3 ;(n+2) |=| =2l |=| L
|% |Zn%:ni(%+171):n*d(vl,’l)nTﬂJ’_l):nfd(xg’le)

=| f(x3) — f(24) |[> n — d(x3,24)

Case 2 € {1,2,3,4}, jis odd and j > 4
=725

Case 2.11=1 A ‘
| flar) = flzy) |=] 0 — RU2HED =) =245 |
| n(j—22)+5 |> n+(g—2)

(Since j > 5 and for any positive integer z > 2 nz > n + 2)
| 2USDEE |5 2 B g (8 Ih) - d(vags, )

=n- d(mlaxj)
=| f(z1) = f(x;) [= n —d(z1,25)

Case 2.2 1 =2

| fl@a) — flzy) |=| 2t — RUDES || nizdnid |

|nj73n+4 |>E
2 )
(Since j(n—1) >3n—1sincej>5andn>3= nj—j>3n—-1
= nj—STélej.—11=> n(j—3)421j—1)
=| ni=dntd |2%:nf(nf%):nfd(vn,v%):n*d(iﬂ%%j)

=| f(z2) — f(x)) = n — d(z2,2;5)



Case 2.3i=3

| flas) — flay) |=| 22 — DUE2AD || nignd2 |
| mi=Snd2 || nGZ82 | 2n208) 2ot (Ginge j > 5 = j — 3> 2)
S| MR 2 2 —n - L= = (- 1) = n = d(v )

=n—d(xs,x;)

=| f(zs) — f(x;) [= n —d(xs, 25)

Case24i=4 '
| f(wa) = f(ay) |=| 42— 2O || mimgrtd |
| nj—4n+1 |:‘ n(j—4)+1 ‘> n+(j—4) _ ntj—4
2 2 ) 2
(Since j > 5 and for any positive integer z > 2 nz > n + z)
e e

:nfd(U"T“-klvv%) :nid(xﬁlvxj)
=| f(za) = f(x)) |2 0 — d(z4, 25)

Case 31 € {1,2,3,4}, jis even and j > 4

=526
Case 3.11=1 _ '
| flar) — flzy) |=] 0 — RU2HE =) nl=204

| MU > 212 (Since j > 6)
o 2O | Bl = (24 52) - 24
:n—d(v%ﬂ,v%ﬂ+%) =n—d(z1,x;)

=| f(x1) = f(z) |2 n = d(z1, z5)

Case 3.21=2 _
| f(xg) = f(=;) |= nfl n(J*22)+4 = n.jfgnJrS |
| n]*§n+3 |:‘ n(]—21)+3 ‘2 n+(%—1) _ n75+1 (Since 563> 0)
j—3n+5 i—1 i_9o —
=| 2"+ > n+§ = %—1—37 = n—(n—(%—k%)) — n—d(vn,v%l+%)

=n—d(z2,x;)

=| f(22) = f(z;) |2 n = d(z2, )

Case 3.31=3
—2)+4 j—3n+1
| f(fﬁ?,) - f({L'j) |:| "T"F?’ _ n(j 2) |:| nj 2n+ ‘
| PR =] MU > 2GR gt (Since j > 6 = j — 3> 0)
= | PG > o =yl gl L= (0 R )

= n—d(vl,v%ﬂ+¥) =n—d(zs,z;)



=| f(z3) — f(x;) [= n —d(xs, 2;5)

Case 341 =14

| f(wa) = f(ag) |=| nt 2 - 2O || 2igin

| nj;4n |:‘ n(j;él) |Z 2nf(2j+4) _ 2n—2j—4 (Sincej >6=j—4> 2)
:>| nj—;ln—&-Q |Z 2n—2j—4 :n7%’72:n7(%+1+%7n7+171)

2
:n—d(v%ﬂ+1,v%ﬂ+%) =n—d(z,z;)

=| f(za) = f(2)) |2 0 — d(z4, 25)
Case 41,5 >4

Case 4.1 i and j are both odd
Without loss of generality, let i > j

| o) — ) || 20 taes |y iz
| n(zz—J) > 2n+;]—1) (Since i > j, i—j >2and j —i < 0)

=] ML > I =g il o = - (1 - ) = - d (v, vi)

=n—d(z;, x;)
=| f(z:) — f(xj) = n—d(zi, x5)

Case 4.2 i and j are both even
Without loss of generality, let ¢ > j

n(i—2)+4 n(j—2)+4 n(i—j
| f(@i) = flay) =] 2P - nU2 | n(ed) |
| G52 > 202020 (Sinee i > j, i — j > 2 and j —i < 0)
=| 2D |2 PR = g - R IR o (L 4 2 gl - 1R

:n—d(vnTﬂJr%,vnTH_s_%) =n—d(z;, ;)

= f(@:) = f(x)) |2 n—d(zi, z))

Case 4.3 i and j are of different parity
Without loss of generality, let « be odd and j be even

n(i—2)+5 n(j—2)+4 n(i—j)+1
|f§$i))_f(xj) |(=| )( S nl=2 || nloiH
n(i—j)+1 n+(i—j
R = e » .
(Since if i > j =| 2L | = nU=DHL 5 1+G=D) oo j— j > 0
and if j > =| ROZDEL ) ZnU0FL | G=D=1 > nl2d) inee - j < 0)

10



n(j—i)+1 nt(i—j) _ 2n—n—1—ji24i-1 ntl | j=2 i—1y
T A =n-(+h5 - 5)

2
n—d(v%,v%ﬂ+¥) =n—d(z;,x;)

= f(@i) — f(x)) |2 n—d(zi, z))

Adding a Vertex

Now we turn our attention to another problem. What happens to the radio-
labeling of a path graph when we add one vertex and one edge to the graph?

Claim: Connecting a vertex x,, to any vertex in the graph P, will result in
a new graph, call it A, with a greater span than P,

(Proof)

Case 1, x,, is connected to either end of P, (that is, either of the two vertices
in P, with deg = 1) and we allow relabeling of vertices in A

For simplicity lets consider only the cases with rn(P,), the reason being
that if we can prove our claim for P, with the smallest span then it follows that
our claim will be true for any other radio label of P, with a greater span than
rn(P,). When connecting a vertex to either end of a P,, graph with rn(P,,) (here
we direct our attention to a special case were P, has its minimum span), and
relabeling the vertices to achieve min span of the new graph, note that it turns
into a P,,11 graph (still a path), the difference is that the new path graph will
have a different parity and a higher order. Using the patterns for even paths
and odd paths (week one and week two report) we can relabel the new graph
to give us rn(P,4+1). It is clear that for any integer n rn(P,)<(P,+1). But
for the sake of formality, we show this below (one must reference the equations
presented for P, graphs when n is either even or odd in order to make sense of
the following):

Case 1.1, n is even. n >4

f(xn):%(n) —n+ 1<f($n+1):(n+1)((n;1)—2)+5:n22+4:n72+2

Case 1.2, nis odd. n >4

f(xn):@+2<f(xz+1)=W—n +1=n?+n+1

Case 1.3, n = 3.

fla3) =22 =3<f(x4)=5(4)-4+1=5
Case 1.4, n = 2.

fla2)=3(2) — 2+ 1=1<f(x3)=3
Case 1.5, n = 1.

f(z1)=0<f(22)=1

Case 2, x,, is connected to either end of P,(producing A) and relabeling to
all vertices in P, is restricted.

Now consider the case were we connect a vertex to either end of a P, graph
and we forbid relabeling of the set of vertices of the new graph. In other words,

11



we are trying to show that rn(P,41)>rn(P,) with the restriction that all the
labeling’s of the vertices in P, remain static when we connect x,, to one of
the ends of P, (as mentioned earlier, connecting z,, to an end of P, creates
a P,41 graph). Since case 1 shows that the rn(P,+1)>rn(FP,), with rn(P,41)
being the minimum span possible for a P,y1 graph, it suffices to note that
f(@m) >0 (Pyy1)>10(P,) (f(V):The set of integers) since the restrictions placed
on P, in this case can only make f(z,,) greater if not equal to P,

Case 3, x,, is connected to any vertex in the graph P, with exception of its
two end vertices(the two vertices whose distance from either one to the other
gives the diameter), and relabeling of the ne graph A is aloud.

Now lets consider the case were we connect x,, to the graph P, anywhere
in the mid section of the graph and use relabeling of the new graph, call this
graph A to attain its minimum span. rn(A) must be greater than rn(FP,), if the
latter is true then when we restrict relabeling of A we will be restricted to a
new minimum span, namely minf(z,,) which is greater than or equal to the
span of rn(A) in the case were the latter is obtained by allowing relabeling(Same
argument as case two). We need to refer to a theorem from ” The Radio Numbers
Of All Graphs Of Order n And Diameter n — 2 by K.Benson, M.Porter, and
M.Tomava, namely that the min span of a graph that consist of connecting
a vertex x,, to a vertex of P,, (recall that we named such a graph A), is
given by the following equation which is presented posthumous to a necessary
definition.(Note that the following equation is derived from the case were 1 and
not zero is the smallest numerical value that can be assigned to a vertex)

Defenition 1. Let (n,s) €Z where n > 4 and n—2 > s > 2. The spire
graph S, s is the graph with the vertices (v1,...,v,), and edges (v;, vig1—i =
1,2...,n — 2) together with the edge (vs,v,). The vertex v, is called the spire.
Without loss of generality we always assume that | 5] > s

Now follows the theorem.

THEOREM 1.

(Radio Number of S, ). Let S, s be a spire graph, where [5| > s >2.
Then,

2k% — Ak +2s+3, ifn=2k 2<s<k-—2

(o) 2k? — 2k, ifn=2k s=k—1

rm(on.s) =

’ 2%2 — 2k + 1, ifn=2k s=k
2k? — 2k + 2s, ifn=2k+1

The above equation gives the minimum span of any graph that consist of a
vertex x,, connected to a vertex in the mid section of P,,. Therefore all we need
to do is show that rn(P,)<rn(S,41.s)-

Case 3.1, n=2k+1

Case3.11n>4(k>1),andk—22>s>2

rn(Pn)zg—&—Q:QkQ—&—Z, let t = k+1 and p = 2, thus we have rn(S, ;)=2t>—
4t + 2s + 3, note that the minimum value for s is 2, if the inequality we are
trying to prove holds for the case were s is at its minimum then it will hold for

12



all other s. Thus, rn(S, 2)=2k* + 3. Note that 2k? + 3 > 2k? + 2, or in other
words rn(P,) < rn(Sp,s)=rn(Sn+1,s)-

Case 3.1.2 n>4(k > 1),and s =k — 1

rn(Pn):#+2:2k2 +2,let t = k+ 1 and p = 2¢t, thus we have rn(S, ;)=
2k? 4 2k. It is easy to see that 2k% + 2<2k? = 2k since k > 1, therefore
rn(Py)<rn(Sp.s)=rn(Spt1.s)-

Case 3.1.3, n > 4(k > 1), and s = k

rn(Pn):%+2:2k2+2, let ¢ = k+1 and p = 2¢, thus we have rn(S, s)=2(k?+
2k +1) — 2(k + 1) + 1=2k? + 2k + 1. Once again it is easy to see that
2k? + 2<2k? 4 2k + 1 since k > 1, therefore rn(P,)<rn(Sp,s)=rn(Sn+1,s)

Case 3.14, n=3,andk—2> s> 2

rn(Py,) = 3, rn(Sy,s)=2s+ 3. since the minimum value of s is 2 it suffices to
prove that the inequality holds for such case. Indeed 3 < 5, therefore rn(P,) =
3<5=rn(S4,s)=rn(Snt1,s)-

Case 3.1.5,n=3,and s=k—1

rn(Py,) = 3, rn(S4,s)=4. Obviously rn(P,) = 3<4=rn(Sys)=rn(Snt1,s)

Case 3.1.6,n =3, and s = k

rn(P,) = 3, rn(S4,s)=5. Obviously rn(P,) = 3<5=rn(Sy,s)=rn(Sn+1,s).

Case 3.1.7,n=1,and k—2> s> 2

rn(Py,) = 0,rn(S2,s)=2s + 1. since the minimum value of s is 2 it suffices to
prove that the inequality holds for such case. Indeed 0 < 3, therefore rn(P,) =
0<3=rn(Sa,s)=rn(Sn+1,s)-

Case 3.1.8, n=1,and s=k—1

rn(P,) = 0,rn(S2,5)=0. Here both radio numbers are equal but remember
that the theorem we presented earlier uses 1 instead of zero as the smallest
numerical value that can be assigned to a vertex, so in reality rn(S2 s)=1. Thus
rn(S2,s)=rn(Sn+1,s)>rn(P,). Concourse the latter revelation implies that there
should be a 1 added to all the rn(S, s)’s in the earlier cases, but we obviously
proved the inequality that we are interested in without it and therefore the
bringing this curiosity to our attention now only strengthens our hypothesis.

Case 3.1.9,n=1,and s =k

rn(P,) = 0,rn(S2,s)=1. Of course 1>0, thus rn(P,) = 0<1=rn(S2,s)=rn(Sn+1,s)-

Case 3.2, n=2k (even)

rn(Pn)=%2—n+1:2k2 —2k+1, rn(Snt1,s)=rn(S2k+1,s), now let 2k +1 = h.
rn(Sh,s)=2k* — 2k + 2s. By theorem 1, 5] > s >2. Since the minimum value
for s is 2 it suffices to show that the inequality of interest holds for such case.
Thus rn(Sy, s)=2k? — 2k + 2s=2k? — 2k + 4>2k? — 2k + 1=rn(P,), or in other
words rn(Sp+1,s)>rn(Py).

Thus, rnP, <rn.Sy+1,s and therefore any other labeling to graphs of the form
A will be greater than or equal to rnS,, .

We now conclude that adding a new vertex to a graph of the form P, by
connecting the new vertex to an arbitrary vertex in P, will result in a graph
with a greater span.
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Fifth Power Paths

Now we want to look at the radio-number for fifth power path graphs.

We denote a path with n vertices by P,, where V(P,) = {v1,v2,...,v,} and
E(P,) = {vvit1 1 i = 1,2,...,n — 1}. The r* power of a path graph P,,
denoted by P/, is the path graph constructed from P,, by adding edges between
vertices of distance r or less apart in P,. Hence, V(P3) = V(P,) and E(P3) =
E(P)U{vviqe:i=1,2,...,n—2} U{vvi43: i =1,2,...,n — 3} U{v;vi44 :
i=1,2,...,n—4yU{vviys :i =1,2,...,n—5}. The diameter of P? is f%}

Finding the Lower Bound for rn(P?)

Proposition 1 For any u,v € V(P2), we have:

d(u,v) = {W—‘

The center of the path graph P? is defined as the "middle” vertex of P>. An
odd path Ps,, 11 has only one center v,,,1, while an even path P, has two
centers vy, and v,,+1. For each vertex u € V(P,), the level of u, denoted by
L(u), is the smallest distance in P, from u to a center of P,. For instance, if
n = 2m + 1, then L(v;) = m and L(vy,41) = 0. Denote the levels of a sequence
of vertices A by L(A).

If n=2m+ 1, then

L(v1,va, ... V9my1) = (mym—1,...,3,2,1,0,1,2,3,...,m —1,m).
If n = 2m, then
L(vy,va,...,09m)=(m—1m—2,...,3,2,1,0,0,1,2,3,...,m — 2,m — 1).

Set the left-vertices and right-vertices as follows:
If n = 2m + 1, then the left-vertices and right-vertices, respectively are

{Ula V2,...,Um, Um+l} and {Um+1; Um+27 cery U2m7v2m+l}'

The center v,,41 is both a left-vertex and a right-vertex on an odd path.
If n = 2m, then the left-vertices and right-vertices, respectively are

{v1,v2,...,0m} and {Vm41,Vm+t2, ..., Vam }-

If two vertices are both right (or left)-vertices, then we say that they are on the
same side; otherwise, they are on the opposite sides. Observe,

Lemma 1 If n is odd, then for any u,v € VP2 we have :

14



L(“):l)'L(”)—‘ if w and v are on opposite sides

d(u,v) =

W-‘ if u and v are on the same sides

If nis even, then for any u,v € VP> we have :

W-‘ if 4 and v are on opposite sides

if v and v are on the same sides

L(u)—L(v)l—‘
5

Lemma 2 Let P2 be a fifth power path on n vertices where n > 7 and let k =
[2=1] i.e. k = diam(P3).

Sk? +1, if n = 1(mod10)
5k? + 1, if n = 3(mod10)

If nis odd then rn(Py;) > ¢ 3k* + 2, if n = 5(mod10)

5k2, if n = 7(mod10)
5k? + 1, if n = 9(mod10)

Proof Let f be a radio-labeling for P>. Re-arrange V(P2) = {z1,22,...,%n}
with 0 = f(21) < f(z2) < f(z3) < --- < f(zn). Note that f(z,) is the span of

I
By definition, f(z;41) — f(z;) > k+1—d(z;,z;41) for 1 <i <n—1. Summing
up these n — 1 inequalities, we have the following;:

n—1

flan) = (n=1)(k+1) = Y dlw,zit1). (2)

=1

To consider the minimal span of all radio labelings of P> when n is odd, it
suffices to maximize the sum Z?;ll d(z;,7i11) of P2 to minimize the difference
from the inequality (1), therefore by lemma 1:

z_:d(xi,xx-u) < z_: ’VW-‘

From the inequality above we get:
1) For each i, the equality for d(z;,2;11) < f%] holds only when x;
and x;11 are on the opposite sides, unless one of them is a center; and

15



2) In the summation 327" d(zs, zi1) < S0 f%], each vertex of
P3 occurs exactly twice, except x; and x;4; for which each only occurs once.
Now, consider the following. By direct calculation we have:

L(u)+L(v)+4
L(u)+5i(v)+4
L(u)+%(v)+4

L(u)+%(v)+4
L(u)+L(v)+4
5

Therefore,

L(z;) + L(xi+1)

4
B

b

[S[SCRI RS

if L(u)+ L(v) =0 (mod 5)
if L(u)+ L(v) =1 (mod 5)
if L(u)+ L(v) =2 (mod 5)
if L(u)+ L(v) = 3 (mod 5)
if L(u) + L(v) =4 (mod 5)

5

|

E

and the equality holds if L(u) 4+ L(v) = 1(mod5). By observation, there exists
at most n — 5 of the ¢’s such that d(x;,z;+1) = (L(z;) + L(zi+1) + 4)/5. Fur-

thermore, this concludes the following

n—1 n—1
L(zi) + L(wi41) + 4 1 1 1 1
;d(xi,xzurl)é l; - i
1/ & A .
== (QEL(xz))—L(xl)—L(a:n) +5(n—1)_5
2- n—1 1 4
< (21424 _1 44
= 5 <++ +<2)>] 5+5(n )
_2(nt R | LA
= 1+£2 -|-1 +é 9
n? 1 4 9
_ 2 "2 Y
= 5 +5n 3
_n 4 19
T 105010
Hence, when n is odd, n > 7,
m(PS) > (n—1)(k+1) — (% + in — 19

16
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Now we must consider 5 cases according to n (mod 10) when n is odd. By direct
calculation and considering that rn(P?2) is an integer, we have:

Case 1:

(5k+1) = 1)(k+1) — <(5k1+01)2 4 %(5k+ 1) - £>

2
— 5k 1 5k — <(25k + 10k + 1) +4k+419>

10 5 10
10
Case 2 :

((5k—2) = 1)(k+1) — <<5’“1_02)2+‘51(5k—2)— 19)

10 + 5 10
5k2 4 30 16 19

2 _
:5k2+2k_3_<(25k 20k + 4) 8 19)

T2 0 1071010

545 1 545 1 )
- — | == —, wh )
2k: —|—10—‘ 2k: —|—2,w en k is odd

17



Case 3 :
((5K) ~ 1)k +1) - (““2 + 2 (5k) - 19)

10 5 10
25k2) 19
5k* + 4k ( 10 + 4k 10
19
:4#—1 —
10
5, 97 5, 3 :
— {Qk +10—‘ f2k +2, when k is odd.
Case 4 :
(5k —3)2 4 19
kE=3)-1)(k+1)— | ———+ 0k —-3) — —
((5k —3) —1)(k+1) ( 0 TECk-3) -
25k2—30k+9) 1219
sk h—d— L tak—- -
5k + k ( 10 T
5 4 12 19
frnd 4_7 — A
2k 10+5+10
— Bkz_ll()-‘zng’ when k is even.

Case 5 :

<<5k1>1><k+1>(<513—01>2+g<5k1>19)

25k% — 10k + 1) 4 19
= 5k +3k—2— (
+ ( 10 + 5 10

20 1 4 19

5
o 10 075710

5 5 2 .

§ 2| = 5k + 1, when £ is even.

Therefore, we reach the following:

[3k*+1] = 2k*+1, ifn=1 (mod 10) (i.e., n=5k+1 is even);
[Sk?+ L1 =3k%+1, ifn=3 (mod 10) (i.e., n=5k-2 is odd);
rn(PY) > [3k% + 27 = 5k:2 + 3, ifn=5 (mod 10) (i.e., n=5k is odd);
[3k2 — 2] = gk;Q, if n =7 (mod 10) (i.e., n=5k-3 is even);
[3k?+ 2] =2k*+1, ifn=9 (mod 10) (ie., n=5k-1 is even).
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Now we will look at P> when n is even to establish the lower bound of rn(P2).
Lemma 3 Let P2 be a fifth power path on n vertices where n > 7 and let k =
[2=1] de. k = diam(Py).

Sk? +1, if n = 0(mod10)
5k? — 1, if n = 2(mod10)
If nis even then rn(P2) > 5k? + 1, if n = 4(mod10)
5k?+ 3, if n = 6(mod10)
5k2, if n = 8(mod10)

Proof
To consider the minimal span of all radio labelings of P> when n is even, the
situation is very similar to that of the fifth power of odd paths. By lemma 1:

S | B + L) + 1}
d(zg,xi1) < .
; ( iy i+ ) Zz:; ’7 5
From the inequality above we get:

1) For each i, the equality for d(x;, ;1) < | holds only when
x; and x;41 are on the opposite sides, unless one of them is a center; and

2) In the summation 307" d(xi, xi41) < 207 M], each vertex
of PS occurs exactly twice, except x; and x;41 for which each only occurs once.
Now, consider the following. By direct calculation we have:

L(z;)+L(xiq1 +1)W
5

W) if L(u) + L(v) =0 (mod 5)
L@+L@)+5 _ 1 =
L+ L) +1| ) pwsiws 5 i 283 i ig; _ ; Ezzj 2;
5 L+ L@)+5 _ 3 _
LOHLWES 3 if L(u) + L(v) = 3 (mod 5)
W _ %, if L(u)+ L(v) =4 (mod 5)

Therefore,

{L(mi) + L(zis1) + 1} _ L(@) + L@is1) +5
5 - 5 '

and the equality holds when L(u) + L(v) = 0(mod5). By observation, there
exists at most n — 5 of the ¢’s such that d(z;, x;+1) = (L(x;) + L(zi41) +5)/5.
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Furthermore, this concludes the following:

n—1 n—1
L(xz;) + L(x; +5 1 1 1 1
Zd(xi,xi-i-l)ﬁ [ (=) 5( +1) 55 5 &
1=1 =1
= 4
L =1
< 21y 0+1+2+~~+(3—1) -2 (noteL(azi):L(xn): )
- 5 2 5
2- n n 9
= —|[(1 ——1 ——1 - =
5 ( +(2 ))(2 > tnog
_ n? 4 9
T 105" 5

Hence when n is even, n > 8

m(P3) > (n—1)(k+1) — (% + 4n - 2)

o

Now we must consider 5 cases according to n (mod 10) when n is even. By
direct calculation and considering that rn(P2) is an integer, we have:
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Case 1 :

(5k) = 1)(k + 1) — <(5k>2 + §(5k) - 9)

10 )
25k2) 9
= 5k +4k—1— ( 4k — —
+ ( 0 5)
5 9
= kK —1+-
2 +5
_ BkQ 4 ;l—‘ — gk2 + 1, when k is even.

Case 2 :

((5k3)1)(k+1)<M + 25k - 3)9>

10 5 5
_5k2+k_4_<(25k230k+9) 4k_12_9>
10 5 5
5 9 12 9
AR TR
- BkQ — 170-‘ = ng — %7 when k is odd.

(B —1) = 1)(k+1) — <(5’“) v %(5/«— 1) 19)

10
(25k% — 10k + 1 4
ST T jC 0+)+4k———g
5 5
PR S
2 10 5 5
5.4 1 54 1
_ = _ _ _ h .
{2/@ +2-‘ 2k +2 when k is odd
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Case 4 :
(5k+1)—1)(k+1)

(25

(5k + 1)2

10 +

.

k2 + 10k + 1
+10k+1)

9

10
k% + )

10

5k2+5k—<
_ 5 2
= §k +

5

23]

2
((6k—=2)—1)(k+1)

Case 5 :

)
k2
5 +

10

g, when k is odd.

(5k — 2)2

10 *

(

25k% — 20k + 4) 8 9
= 5k +2k—3— ( ap 22
5 2 1 8 9
= 232 _ —_ 424 %
2 5 10+5+5
= §k2 —ékQ hen k is even
= |3 =3 ;W ven.

Therefore, we reach the following:

[Sk2+ 2] = 3K2+ 1,
58— 4] = 32— 1,

rn(PY) > [3k2 + 1] = Sk2 + L,
3+ 4] = 3+,
512 = 342

if n =0 (mod 10) (i.e., n=>5k is even);

if n =2 (mod 10) (i.e., n=5k-4 is odd);
if n =4 (mod 10) (i.e., n=>5k-1 is odd);
if n =6 (mod 10) (i.e., n=>bk+1 is odd);
if n = 8 (mod 10) (i.e., n=5k-2 is even).

Therefore, by combining lemma 2 and lemma 3, we obtained a ”general” lower

bound for rn(P?) :

Lemma 4: Let P> be a fifth power path on n vertices wheren > 7 and let k =

[2=1] i.e. k = diam(P3).

SE2+1,
5 1
3k = 5,

rn(Py) = 5k + 3,
51.2 3
3k + 3,
51.2
2k,

ifn=0,1,9 (mod 10)
if n =2 (mod 10)

it n = 3,4 (mod 10)
if n=15,6 (mod 10)
if n =7,8 (mod 10)
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However, some of the cases do not follow the ”general lower-bound” and we
must prove that the lower bound for those cases is actually sharper.

Proof that the Radio Number of Pj, ;s Must be
Raised

First, consider the level of a vertex in respect to the graph’s center. The levels
of the path graph Pfj,, g show that there are extra vertices with a level value
of 1 that must be placed accordingly to achieve a minimum span. Since a pat-
tern without jumping is conclusively what we’re seeking, the radio number is
restricted to a pattern based on our previous findings of the lower bound, which
gives the sum of levels of two vertices to be congruent to 0, 1, or 2 as our best
cases.

We know that there are n — 1 connections (edges) on a path graph. Therefore
the following must be true:

n—1=10g+ 8n —9 = 10¢q

Therefore there exists no more than n — 9 = 10q connections for P150q 18

For our lower bound pattern to P2, we used notation based on whether vertices
are on the "left” or on the "right” side of a path graph. Similarly, for the levels
of this graph, we consider the equivalent form of levels. For m = left, and r =
right, we have the following pattern:

mo<————2>T7p
m < ————2>rmy
mg < ————2>73
mg < ————>19
my<————2>nmr

In P, g, there exists given amounts for each level for each side respectively.
For example, there are at least ¢ + 1 many mg and ry in the graph. By adding
these together and subtracting 1, you get the amount of connections between
mg and 7 in the given pattern. Accordingly, you do this for each level to reach
the following:

2q + 1 connections for mg < — — —— > 1y
2q + 1 connections for m; < — — —— > 1y
2q + 1 connections for mo < — — —— > 13
2q + 1 connections for mg < — — —— > 1y
2q — 1 connections for my < — — —— > 1y

With these connections known, then there exists disconnections in the pattern
since we must continue to assign an appropriate radio labeling. By inspection,
there is at least 4 disconnections in P2 since the pattern must go from ro = my,
r4 = Mo, r3 = mg, and ry = my. By using the above conclusions, with enough
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disconnections, the levels of the graph will force the radio number to bump,
allowing a successful pattern to work.

Under these assumptions, we can prove that the lower bound must be bumped
by 1. We’ll use the same method to prove the other remaining cases in the Fall
Quarter of 2012.

Upper Bound and Optimal Radio-labelings for
rn(P?)

By Lemma 4, to establish rn(P2), it suffices to give a radio-labeling that gives
us the desired span. We will use Lemma 5 to show that a given labeling is a
radio-labeling.

Lemma 5
Let P> be a fifth power path graph on n vertices with k = (”?’1] ie. k=
diam(P?). Let {z1,z2,3,...,7,} be a permutation of V(P2) s.t. for any 1<
1<n—2:

min {dp, (zi, ¥i41), dp, (Tit1, Tit2)}

< 5k +1 and maz {dp, (z;, zi41),dp, (Tit1, Tip2)} = 0, 2, or 4(mod 5) if k is
even and the equality above holds. Let f be a function f — {0,1,2,...} with
f(z1) =0and f(a;41) — f(z;) =k+1—d(z;,x;41) for all 1 <i < n—1. Then
f is a radio labeling for P2.

Proposition 1
For any d; d2 € N we have,

dl —i—dg ’—?11 + ’—%1 —1if (dlad2) ( 1)) (172)v (2a 1)7 (1’3)7 (37 1)a
[ 1=1(1,4),(4,1),(2,2),(2,3), or (3,2)(mod 5)
[+ [2] otherwise

_ —I - [%] +1if (d17 d2) = (Oa 1)7 (Ov 2)a (ng)v (Oa 4)7 (2’ 1)7 (37 1)a
(T] =1¢(4,1),(3,2),(4,2), or (4,3)(mod 5)
=T

da

21 otherwise

Proof of Lemma :
Let f be a function satisfying the assumption. It suffices to prove that f(z;) —
flzs) > k+1—d(x;,z;) forany j >i+2. Fori=1,2,...,n—1, set

fi= f(@iy1) — flm)

For any j > i+ 2 it follows that f(z;) — f(x;) = fi + fix1 + fige + ..+ fi—1

Caselj=i+2
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Assume d(x;, zi41) > d(zi41,2i42) (the proof for d(z;, x;y1) < d(xiy1,Tiq2) is
similar.) Then

k+1 - :
51 £ if ks odd
d(xz: €T < |2 < 2 . .
(Tit1, Tit2) < [Z5—] { % if kis even
k42

and therefore, d(x;;1,7;12) < %=, It suffices to consider the following sub-
cases

Case 1.1 z; is between x;41 and ;4o
Then d(z;y1,xiy2) > d(x;, x;41) . Since we assume d(z;, ;1) > d(Ti41, Tit2),
we have d(x;, 2;41) = d(Xi41, Tipa) < % and dp, (x;, 2;42) < 2 from which we

have d(x;, z;42) = 1. Hence,

f(@iv2) = f(zi) = fi + fira
=k+1-— d(fci,fciﬂ) +k+1-— d($i+1, SU1'+2)
>k 12— 2(%)
=k+1-— d(xi,xH_g)

Case 1.2 x;41 is between z; and ;2
This implies
d(zi, Tip2) = |
by Lemma 1.
Similar to the calculations above, we have f(z;y2) — f(z;) > k+1—d(z;, xi12)

d iTi dp, (Tit1,Tits
Pa(En i) b e, (e1:02)) > (g, 2441) + dp, (Tig1, Tiga) — 1

Case 1.3 x;42 is between z; and ;41
Assume k is odd or min {dp, (x;,zit1),dp, (Tit1,Tiy2)} < %k‘ , then we have
d(2it1,Tiq2) < %Jr: and .

(4, wi40) = [ Lo Eeten)de, @oer2u2) ] > G (27, 0541) — dp, (Tit1, Tito)
by Lemma 1.
Hence, f(zit2) — f(2i) >k + 1 — d(zi, it2)

If k is even and min {dp, (z;,zi11),dp, (Tit1,i42)} = 5k + 1 then by our
assumption it must be that dp, (zi41,2i12) = 3k + 1 = 1 or 3(mod5) and
dp,(x;,xiy1) = 0,2, or 4(mod5). Thus we have,

d(xi, xig2) = d(xi, i) — d(Tig1, Tiv2) + 1

which implies

f(@igo) — f(z:) = 2k + 2 — (d(2i, Tiv2) — d(@i, Tiv2) — 1) — d(Tig1, Tiga) =
2k + 3— d(SCZ‘,SCH_Q) - 2(%) =k + 1-— d(xi,xﬂ_g)

Case 2 j=1i4+3

Case 2.1
The sum of some pair of the distances d(x;, x;+1), d(xi+1, Tit2), and d(z;y2, Tit3)
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is at most k + 2. Then
f(xivs) — f(@i) = 3k + 3 — d(wi, xit1) — d(@it1, Tiv2) — d(Tiz2, Tiy3) >
3k5+3—(k+2)—k‘>k‘+1—d($i,$i+3)

Case 2.2

The sum of any pair of distances d(z;, z;+1), d(Ti+1, Tit2), and d(x;12, Ti13)
is greater than k + 2. If we assume further that d(z;, x;+1) > d(zi41,x;42) (the
proof for d(z;,x;11) > d(i11,Tit2) is similar ), from the calculation in case

1, we have d(ziy1,7i42) < 2. By our hypnosis it follows that d(z;, 41)

and d(z;42,7i43) must both be greater than ®t2. This result together with
diam(P2) = k and our assumption that the sum of any pair of distances
d(xi, xiq1), d(Xit1,Zit2), and d(z;42, T;43) is greater than k+2, x; must appear
before x; o, then x;,1, then x; 3, from left to right on the fifth power path (or
x;+3 must appear before x;11, then x;12, then x;). Therefore,

d(wi, wits) > d(zi, iv1) + d(Tig2, Tits) — d(Tip1, Tiy2) — 1

Therefore, we have

f(@igs)—f(x;) = 3k+3—d(xi, xip1) —d(Tigp1, Tive) —d(Tiyo, Tip3) > 3k+3—
d(l’i, $¢+3)—2d/(1‘i+17 $i+2)—1 Z 3]€+3—d(l‘i, l‘i+3)—2(%) 2 k+1—d(l‘i7 xi+3)

Case3d j>i+4

SiHCG min {dpn (Ii,xi+1), dpn (177;+1,177;+2)} S % and f7 Z k+1*d(l‘“l‘7+1)
for any i, we have max {f;, fix1} > g forany 1 <i<n-—2

Therefore

f@i)=F(@i) = (fit+ firr)+ (Firot Fis) = (E+D)+(5+1) > k+1—d(a;, 7))

Using Lemma 5, it will now be easy to show that the labelings we found are
radio-labelings.

To show the existence of a radio-labeling of P> achieving the desired lower
bound, we consider the cases separately according to n(mod 10). For each de-
sired radio-labeling, f given the following, we shall first define a permutation(line-
up) of the vertices V(P2) = {z1,xa, ..., } then define f by f(z1) = 0 and for
all1<i<n-1, f(ﬂl‘i+1) = f(ﬂl‘z) +k+1-— d(xi,xiﬂ).

Case 1 n = 0(mod10) (rn(P2) < 2k° + 1)

When n = 0 (mod 10) = 3 ¢ € Nst. n = 10¢ = k = diam(P?) = 2q.
So n = 10,20,30,.... For this case we were able to find a pattern where the
span matched the general lower bound found earlier. The easiest way to describe
the pattern we found is by looking at the levels of the vertices.

9 8 7 6 5 4 3 2 1 0 0 1 2 3 4 5 6 7 8 9

Figure 12: The levels of the vertices of Py

Take Pj, for example, we start with the left vertex with level 0. Then we move
to the right vertex with level 5 followed by the left vertex with level 5. Next we
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go to the right vertex with level 1 followed by the left vertex with level 9. Then
we go to the right vertex with level 6 followed by the left vertex with level 4,
etc.... So the pattern for labeling PJ, looks as follows:

LO-R5-L5-R1-L9-R6-L4- R2-L.8-R7-L3-R3-L7-R8-L2-R4-L6-R9-L1-R0

Where LI represents a left vertex with level [ and RI represents a right vertex
with level [. After close examination, we noticed that the pattern for P, can
be re-written as:
L0-R(5¢—5)-L5-R1-L(5¢—1)-R6-L(5g — 6)-R2-L(5¢ —2)-R7-L(5¢ — 7)-R3-L(5g —
3)

-R8-L(5¢q — 8)-R4-L(5¢ — 4)-R9-L1-RO0.

We also found that this pattern can be extended for all P2 when n = 10q. So
in general the pattern is:

S gl g4 gl
TR0E 15g-10) 5 855 154-5)
1T RG-4) T 14

Sg-

105 R65g-5 "0 1575 RGe-10) T 10T rsg-15) T s S
R 1= )T R T 150-6) T RIS 1680-11)5 T Rsg-9)
sy St - T T L T -9 18 RGe-3) T 13
LB 15-3) T R T 150-8) T R T 13- 13) " T R -1 1 Rse-2) T 2

vl S e gl

Ga-19)5 TRrsg-6) 5 16 D REe-1) S 11 5 R0

-Tg_‘

B TR (LR R R TP Ry T FRS

Thus z1 = L0, 2 = R(bq — 5),z3 = L5,...,x, = T104 = R0. The values
above the arrow show the distances between the two consecutive vertices. By
Lemma 5, f is a radio-labeling for Pf’oq. Observe from above, there are five
possible distances in Pf’oq between consecutive vertices, 1, 2, q, ¢+1, and ¢+2,
with the number of occurrences 1, 3, ¢, 5¢ — 1, and 4q — 4 respectively. It follows
by direct calculation (note that ¢ = g) that

fl@10g) = (10g = 1)(k+1) = 32207 d(wi, wi1) = 352 + 1

As an example, the following figures show our pattern for the first two cases
for n = 10gq:

Figure 13: A radio-labeling of P,
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Figure 14: A radio-labeling of P,
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Case 2 n = 9(mod 10) (rn(PJ) < 3k° +1)
When n = 9 (mod 10) = 3 ¢ € Ns.t. n=10¢ — 1 = k = diam(P?) = 2q. So
n=29,19,29,39,.... Let G = Pfoq and H be the subgraph of G induced by the
vertex set v1, 2,03, ..., v1og—1. Then H = Piy,,, diam(H) = diam(G) = 2q,
and dg(u,v) = dg(u,v) for every u,v € V(H). Let f be a radio-labeling for G,
then f |y is also a radio-labeling for H. By Case 1, rn(Pfy, ;) < rn(Pf,) <
K2+ L

Case 3 n = 2(mod 10) (rn(P2) < 3k° — 3)

When n =2 (mod 10) = 3 g € Ns.t. n = 10g+2 = k = diam(P?) = 2¢+1. So
n = 12,22,32,.... For this case we were able to find a pattern where the span
matched the general lower bound found earlier. The easiest way to describe the
pattern we found is by looking at the levels of the vertices.

Figure 15: The levels of the vertices of Poy

Take Py, for example, we start with the left vertex with level 0. Then we move
to the right vertex with level 10 followed by the left vertex with level 5. Now we
go to the right vertex with level 5 then the left vertex with level 10. Next we go
to the right vertex with level 1 followed by the left vertex with level 9. Then we
go to the right vertex with level 6 followed by the left vertex with level 4, etc. . ..
So using the same method for representing the pattern in case 1,n = 0(mod 10)
the pattern for labeling Py, looks as follows:

LO-R10-L5-R5-L10-R1-L9-R6-L4- R2-L8-R7-L3-R3-L7-R8-L2-R4-L6-R9-L1-R0O
After close examination we noticed that the pattern for P9, can be re-written
as:

LO0-R(5¢)-L5-R(5q — 5)-L10-R1-L(5q — 1)-R6-(5¢ — 6)-R2-L(5¢q — 2)-R7

-L(5q¢ — 7)-R3-L(5q — 3)-R8-L(5¢ — 8)-R4-L(5¢ — 4)-R9-L1-R0.

We also found that this pattern can be extended for all P2 when n = 10q + 2.
So in general, the pattern is:
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105 RGg) 155 RGg-5) T 110 T Rsg-10) T L15 T Rg- 15) 5 T 1(50-5) 5 R I(3)

R L5g-1) T R T 1g-6) T RIS Lg-11) 5 T RGe-9) T 1075 Rse-4) 5 14
R 6= T R 1= R Ig- 1) T T k-0 T 187 rse-3) 0 13
LB -3 T BT I5g-8) S R D I5g-13) 5 T Rse-1 S 11T Ksg-) 5 I
LT -4y T R 150-9) TR T 10— 19T T Rsg-6) T 167 pg-1) D 1 2 R0

Thus 1 = LO, 2 = R(5q),xs = Lb,...,x, = Z1og+2 = RO. The values
above the arrow show the distances between the two consecutive vertices. By
Lemma 5, f is a radio-labeling for P150q 12- Observe from above, there are four
possible distances in P150q 1o between consecutive vertices, 1, 2, g+1, and q+2,
with the number of occurrences 1, 3, 5q + 1, and 5q — 4 respectively. It follows
by direct calculation (note that ¢ = £51) that

-1
2
F(x10042) = (10 + 1) (k + 1) = X127 d(aj, 541) = 3k — 1

As an example, the following figures show our pattern for the first two cases
for n = 10q + 2:

SIS

//ﬁ,iz‘:;; AR

ls L, L3y L, L Ly Ry Ry Ry, Ry R, Ry

Figure 16: A radio-labeling of P},
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Figure 17: A radio-labeling of PJ,
Case 4 n = 3(mod 10) (rn(P?) < gk5 + %)

When n = 3 (mod 10) = 3 g € Ns.t. n = 10¢+2 = k = diam(P3) = 2¢+1. So
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n = 13,23,33,.... For this case we were able to find a pattern where the span
matched the general lower bound found earlier. The easiest way to describe the
pattern we found is by looking at the levels of the vertices.

Take Pj; for example, we start with the center vertex. Then we move to the
right vertex with level 11. followed by the left vertex with level 5. Now we go
to the right vertex with level 6 then the left vertex with level 10. Next we go to
the right vertex with level 1 followed by the left vertex with level 7. Then we go
to the right vertex with level 4 followed by the left vertex with level 2, etc. ...
So using the same method for representing the pattern in case 1,n = 0(mod 10)
the pattern for labeling Pjy looks as follows:
C-R11-L5-R6-L10-R1-L7-R4-L2-R9-L3-R8-L8-R3-L9-R2-L4-R7-L11-R5-L6-R10-
L1

Where C represents the center, which has a level of 0. After close examination
we noticed that the pattern for PP, can be re-written as:

C-R(5q + 1)-L5-R(5q — 4)-L10-R1-L(5¢-3) — R4 — (5q — 8)-R9-L3-R(5¢-2)-L8-
R3-L(5¢-1)-R2-L(5g-6)R(5q-3)-L(5q+1)-R5-L(5g-4)-R10-L1

We also found that this pattern can be extended for all P? when n = 10q + 3.
So in general, the pattern is:

awmnablmwnamamwmawﬁmwmff"

-3 T R L5e-8) T B T I5g-13)° 5 T Rsg- 1)
auamfnawam-namamwPpﬂfmff‘
~m(n~m~mf@~r9mfm BN

Thus 1 = C, 2 = R(bq + 1),z3 = L5,...,2,, = T10¢+3 = L1. The values
above the arrow show the distances between the two consecutive vertices. By
Lemma 5, f is a radio-labeling for Pfy,, ;. Observe from above, there are four
possible distances in Pqu 3 between consecutive vertices, ¢, ¢+1, ¢+2, and 2g,
with the number of occurrences 2¢ — 1, 5g+ 3, 3¢ — 1, and 1 respectlvely It
follows by direct calculation (note that ¢ = %) that

f(@10g43) = (10g +2)(k + 1) = 2,20 d(ws, wig1) = 362 + 5

As an example, the following figures show our pattern for the first two cases
for n = 10q + 3:
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Figure 18: A radio-labeling of PPy
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Figure 19: A radio-labeling of P,

Case 5 n = 1(mod 10)

When n =1 (mod 10) = 3 ¢ € Ns.t. n=10¢ + 1 = k = diam(P2) = 2q. So
n = 11,21,31,.... For this case we were able to find a pattern that matches
what we believe to be the sharper lower bound, which we will work on proving
in the fall. The easiest way to describe the pattern we found is by looking at
the levels of the vertices.

Take Py, for example, we start with the left vertex with level 0. Then we move
to the right vertex with level 10 followed by the left vertex with level 2. Now we
go to the right vertex with level 9 then the left vertex with level 3. Next we go
to the right vertex with level 8 followed by the left vertex with level 7. Then we
go to the right vertex with level 4 followed by the left vertex with level 6, etc. . ..
So using the same method for representing the pattern in case 1,n = 0(mod 10)
the pattern for labeling Pj; looks as follows:
L1-R10-L2-R9-L3-R8-L4-R7-L5-R6-L6-R5-L7-R4-L.8-R3-L9-R2-L10-R1-C
Where C represents the center, which has a level of 0. After close examination,
we noticed that the pattern for P5 can be re-written as:

L1-R(5¢)-L2-R(5¢q — 1)-L3-R(5¢ — 2)-L4-R(5¢q — 3)-L5-(5q — 4)-L6-R(5¢ — 5)-L7-
R(5¢ — 6)-L8-R(5q-7)-L9-R(59-8)-L10-R1-C

We also found that this pattern can be extended for all P2 when n = 10q + 1.
So in general, the pattern is:

L1 %5 R(5q) ™% 12 ™5 R(5¢ — 1) *5F 13 M5 R(5q — 2) 2 14 2

R(5q—3) 2 2 15— 1) X5 R2 X L(5¢9) %5 R1 -5 ©

Thus z1 = L1, z3 = R(5q),x3 = L2,...,x, = T10q+1 = C. The values above
the arrow show the distances between the two consecutive vertices. By Lemma
5, f is a radio-labeling for P150q +1- Observe from above, there are two possible

distances in Py, 4+1 between consecutive vertices, 1, and ¢+ 1, with the number
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of occurrences 1, and 10g — 1 respectively. It follows by direct calculation (note
that ¢ = %) that

F(@10g41) = (10q)(k + 1) = 32,20 d(@s, wi41) = 3k2 + & = 3k2 + ¢

This the sharpest upper-bound we found, as stated before we will work on a
proving this is also the lower-bound in the fall. As an example, the following
figures show our pattern for the first two cases for n = 10q + 1:

N
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3
b L L G R R, Ry R, Rg
Figure 20: A radio-labeling of PP
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Figure 21: A radio-labeling of P

Case 6 n = 8(mod 10)

When n = 8 (mod 10) = 3 ¢ € Ns.t. n=10¢ — 2 = k = diam(P?) = 2q. So
n=28,18,28,38,.... Let G = P150q and H be the subgraph of G induced by the
vertex set vy, vz, 03, ...,v10g—2. Then H = Ppy o, diam(H) = diam(G) = 2q,
and dg(u,v) = du(u,v) for every u,v € V(H). Let f be a radio-labeling for G,
then f |p is also a radio-labeling for H. By Case 1, rn(Pfy,_») < rn(Pf,) <
SKP 41

This the sharpest upper-bound we found, as stated before we will work on a
proving this is also the lower-bound in the fall.

Case 7 n = 8(mod 10)

When n = 7 (mod 10) = 3 ¢ € Ns.t. n=10g — 3 = k = diam(P2) = 2q. So
n="7,17,27,37,.... Let G = P150q and H be the subgraph of G induced by the
vertex set vy, v2, 03, ...,010g—3. Then H = P{y s, diam(H) = diam(G) = 2q,
and dg(u,v) = dg(u,v) for every u,v € V(H). Let f be a radio-labeling for G,
then f |y is also a radio-labeling for H. By Case 1, rn(Pfy,_3) < rn(Pfp,) <
Sk

This the sharpest upper-bound we found, as stated before we will work on a
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proving this is also the lower-bound in the fall.

Cases 8-10 We will be working on finding the upper bound for the remaining
cases in the fall.

Conclusion

We proved the general lower bound of the radio-number of P> and proved the
upper bound for 7 of the 10 cases. In the fall we will finish our work with the
special cases of the lower bound and prove the upper bound for the remaining
three cases.

Our results thus far are summed up in the table bellow:

n k General Lower Bound Upper Bound
10q 2q Sk24+1 Sk24+1
10g+1 2¢ g1</»2+1 g1~<:2+q
10g+2 2¢+1 g2 1 p2 1
10g+3 2¢+1 51~c2+i §k2+§

10g+4 2¢+1 §k2+%
10g+5 2¢+1 gl~c2+g
10¢g+6 2¢+1 2k*+3

10g+7 2¢+2 §k2 §k2+1
10g+8 2¢+2 gk2 gk2 +1
10949 2¢+2 3k +1 sk +1

The following table gives the results we expect to find by the end of the fall
term when we finish the proofs mentioned above.

n k General Lower Bound Upper Bound
10q 2q Sk24+1 Sk24+1
10g+1 2q gk:2+q gk:2+q
10g+2 2¢+1 %kﬂ—% %kﬂ—%
10g+3 2¢+1 gk2+§ gl~c2+g
10g+4 2¢+1 2k*+3 k% + 5
10g+5 2¢+1 5k2+5 5k2+5
10g+6 2¢+1 5k2+§ 5k2+§
10g+7 2q+2 5k2+1 5k2+1
10g+8 2¢+2 §k2+1 §k2+1
10949 2¢+2 3k +1 sk +1
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