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Much research has involved the consideration of graphs which have subgraphs of a particular kind, such as cliques. Known classes
of graphs which are eigen-bi-balanced, that is, they have a pair a, b of nonzero distinct eigenvalues, whose sum and product are
integral, have been investigated. In this paper we will define a new class of graphs, called g-cliqued graphs, on g* + 1 vertices, which
contain g cliques each of order g connected to a central vertex, and then prove that these g-cliqued graphs are eigen-bi-balanced
with respect to a conjugate pair whose sum is —1 and product 1 — q. These graphs can be regarded as design graphs, and we use a

specific example in an entomological experiment.

1. Introduction

There is much interest in considering graphs which have
subgraphs of a particular kind, such as cliques—see Bapat
and Sivasubramanian [1], Graham et al. [2], and Liazi et al.
[3]. Known classes of graphs which are eigen-bi-balanced
are considered in Winter and Jessop [4]. These graphs have
an associated pair of (real) conjugate eigenvalues (from
the graph’s adjacency matrix) whose sum and product are
integral. It appears that the conjugate pair arises out of the
centrality of certain vertices of the graph, which are strongly
connected (edgewise) to other vertices of the graph. For
example, the wheel graph has a central vertex connected by
its spokes to the remaining vertices of the graph. Bipartite
graphs have two sets of vertices strongly connected to each
other. The vertices of the complete graph are each strongly
connected to each other. In this paper we will define a new
class of graphs, called g-cliqued graphs, on g* + 1 vertices,
involving a central vertex connected to g cliques each of order
g, and then prove that these g-cliqued graphs are eigen-bi-
balanced with respect to a conjugate pair whose sumis —1 and
product 1 —g. These graphs can be regarded as design graphs,

and we use a specific example (g = 3) in an entomological
experiment.

2. Construction of g-Cliqued Graphs

In this section we construct a g-cliqued graph, labelled Gg, .
for g > 2, and find the associated adjacency matrix for this
graph. We take g copies of the complete graph on g vertices
K, together with a single vertex v, and construct Gg, "
Generally, we label the central vertex v and the vertices of the

ithcopyof(Kq)i asv"l,vg,...,v", i=1,2,...,q

q
2.1. Construction of the 2-Cliqued Graph Gy * and the Associ-
ated Adjacency Matrix A(Gy"). For q = 2, take 2 copies of
K,, namely, (K,)" and (K,)?, together with a single vertex v.
Join v to v, i = 1,2, so that v has degree 2 (Figure 1).

Join vertices V; and v% of (K,)" and (Kz)2 to form three
5-cycles (Figure 2).

Label the central vertex v as vertex v, and then for

each subclique, label the vertices v’j = Vigi-ngejp 1 £1 <2,
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FIGURE 2: Construction of Gy, ", (b).
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1 <j <2 thatis, vy = vy, v, = v3, Vi = Ve and v, = vs.
Then the 5 x 5 adjacency matrix of G, ~, where the rows are
Vi>..., Vs and the columns are vy, ..., vs, is

0101 0]
10100
0100T1]. 1)
10001
(00110,

A(Gy") =

By definition of det(AI - A(GK2 *)), the characteristic polyno-
mial ofA(GKZ *Yis A’ = 5A% + 51 — 2. The eigenvalues of this
adjacency matrix are 2, (=1 + V/5)/2 (twice) and (-1 - V/5)/2
(twice). The conjugate eigenpair is (—1 + V/5)/2. The graph
Gy, does not contain a 2-lantern subgraph so it is a design
graph, namely, a 2-cliqued design graph.

2.2. Construction of the 3-Cliqued Graph Gy " and the Asso-
ciated Adjacency Matrix A(Gy,"). For q = 3, take 3 copies
of K, namely, (K3)', (K;)?, and (K;)*, together with a single
central vertex v. Join v to Vip i = 1,2,3. Join the remaining
vertices of the 3 copies of K to form three 5-cycles, that is, v,
and vi, vg and vg, vi, and v; (Figure 3).

Label the central vertex v as vertex v, and then, for each

subclique, label the vertices v; = Vigngep 1 £ 13,1 <

: P S 1 _ 1 _ 2 _ 2 _
j < 3, thatis, v) = vy, vy = v3, V3 = vy, V] = Vs, V5 = Vg,

2 _ 3 _ 3 3 _
Vi = vy V] = Vg, V3 = Vo, and v; = vyo. Then the 10 x 10
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F1GURE 3: Construction of Gy, *, (b).

adjacency matrix of G, where the rows are v, ...
the columns are vy, ..., vy, is

, V1o and

010 1 1 7

1011

101 1

110 1

1 11

A(G") = 1(1)01 . )
110 1

1 011
1101

1 11 0]

All blank elements are zero. The characteristic polynomial of
A(Gg, ") is M0 = 150° — 617 + 751° + 481° — 1441 — 114A° +
750> + 68A + 12. The eigenvalues of this adjacency matrix
are 3, 1, -2 (twice), 1.879 (twice), —0.347 (twice), and —1.532
(twice). The conjugate eigenpair is (-1 + V9)/2. The graph
Gy, does not contain a 3-lantern subgraph so it is a design
graph, namely, a 3-cliqued design graph.

2.3. General Construction of the g-Cliqued Graph GKq* and
the Associated Adjacency Matrix A(GKq*). For the general
construction with g > 4, take g copies of K, namely,
(Kq)l, (Kq)z, i (Kq)q, where the vertices of (Kq)i are
labelled v’j, 1 <i<gqandl < j < q. Then take a single central
vertex v and construct the g-cliqued graph GKq * as follows.

(1) Join v to vi, 1<i<q.

(2) Join viq, the gth vertex of clique i, to v;"", the 2nd vertex
inclique (i+1),for1 <i < g—-1.Join vg, the gth vertex
of clique g, to v;, the 2nd vertex in the Ist clique.

(3) If g = 5, join v;., the jth vertex in clique i, to v;tll, the
(j — Dth vertex in clique (i + 1), forall4 < j < g -1,
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where j is even, and for 1 < i < g — 1. Also join V?,
the jth vertex in clique g, to v}_l, the (j — 1)th vertex

in the Ist clique, for all 4 < j < g — 1, where j is even.
(4) If q is even, join v;_l, the (g — 1)th vertex of clique i,

to vf;_ll, the (g — 1)th vertex of clique (i + 1), for all

i <(q—1), whereiis odd.

Label the central vertex v as vertex v;, and then for each

subclique, label the vertices v; = Visngep 1 SiSg1<j<
q. Then, the (1 + qz) x (1+ qz) adjacency matrix A(GKq *) of

»Vi4g and columns vy, v, ...

* .
GKq , with rows vy, v,, ... s Vivgt>

has entries as follows.
(1) The diagonal entries of A(GKq *) are zero; that is, a;; =
0,1<i<(1+g).
(2) The g subcliques yield

Ay(i-gik1+G-1gel =0 1 <i<g,

1<k<gq, 1<l<gq, k=],
' 3)
Ayi(i-1)grh1+G-Dge = L 1<i<q,
1<k<g, 1<l<gq, k#l
(3) Step (1) in the construction (join v to Vi1) yields
A p-ngn =L 1<i<g,
_ (4)
Ai-1ygr1n = L 1<i<gq.

(4) Step (2) in the construction (join viq to vé”) yields

AL (-1 qrql+i+1-1)qs2 = Prigarig = 1 1 <i<qs

‘ (5)
A4 (i41-1)gr21+G-1grq = Fatiglrig = b 1 SE<q.
(5) If g > 5, step (3) in the construction (join vi. to vj-fll

yields

Aii(i—1)gejk = Lwherek =1+ (+1-1)g+(j—1) =
ig+j,1<i<q,4<j<q-1,and jiseven.

=1

A 14i-1q+j = L wherek =1+ ({+1-1)g+(j-1) =
ig+j,1<i<q,4<j<q-1,and jiseven.

Ifk > l+q2,thenm = k—(1+q2) and Ay 4 (i-1)qt jm

Ifk > 1+q°, thenm = k—(1+q*) and a1 1.

q+j ~
i

-1 to

(6) If g is even, step (4) in the construction (join v
v’;r_ll) yields
a1+(i_1)q+(q_1))l = aiq)l = 1, Wherel =1+ (1 +1- l)q +
(gq-1)=(i+1)g, 1<i<g,andiisodd.
Ifl>1+q' thenn=1-(1+q") and g, = 1.
al’1+(i71)q+(q,1) = al’iq = 1, Wherel =1+ (1 -1+ l)q +
(@q-1)=(+1)g1<i<g,andiisodd.
Ifl>1+q" thenn=1-(1+q") anda,,;, = 1.

(7) For all other entries in A(GKq*), a; =01<icxs

(1+q2)and1§j§(1+q2).

3. Eigenvalues of g-Cliqued Graphs

In this section, we focus on the g-cliqued graphs as con-
structed in Section 2. We show that the g-cliqued graphs
have eigenvalue g and conjugate eigenpair A = (-1 +
y/1 +4(q — 1))/2. The determination of the conjugate eigen-
pair is equivalent to showing that the cubic

N -2 (q-1)-Aq-A(g-1)+q(q-1)
(6)
=(A-q)(X*+1-(q-1))

is a factor of the characteristic equation determined by
A(G,")x = Ax, where A(Gq*) is the adjacency matrix of the
g-cliqued graph G, *.

The proof requires a number of specific definitions of ver-
tices within the g-clique graph, and we use the connectivity
between the first clique, the second to last clique, and the
last clique in the proof of the conjugate eigenpair. The central
vertex also plays a key role in this proof, as each subclique K,
is connected to the central vertex. The proof of determining
the conjugate eigenpair is determined explicitly for the cases
q = 4 and g = 5, and then it is generalized for the g-cliqued
graph.

Once we have found the conjugate eigenpair of the g-
cliqued graph, we then determine the eigen-bi-balanced
properties of the class of g-cliqued graphs associated with
this eigenpair in Section 4. The values of all the newly defined
eigen-bi-balanced properties, as defined in Winter and Jessop
[4], are easily determined for this class of graphs.

Theorem 1. The g-cliqued graphs, as constructed in Section 1,
have eigenvalues A = q (and the q-cliqued graph is q-regular)
and conjugate eigenpair A = (=1 £ \/1 + 4(q — 1))/2. The con-
jugate eigenpair arises out of the “tightness” of the connection
between the central vertex and the cliques and between two
adjacent cliques—for convention we chose the second last and
last clique.

3.1. Proof of Theorem 1. We will show Theorem 1, for g = 4
and g = 5, and then give the general proof for all ¢ > 6.
lustration of cases g = 2 and g = 3 can be found in Jessop
[5]. First, we need the following definitions.

3.1.1. Notation Convention

(1) Let A(GKq ") be the adjacency matrix of the g-cliqued
graph GKq*. Let x = (xq, %5, xqu)T be an eigen-
vector of A(G X, *), corresponding to the eigenvalue A.
Then A(GKq*)g = Ax.

(2) If x; is the ith entry in x = (x1, x5, ..., X2,,), then we
say that x; corresponds to the ith vertex v; in Gg, *and
vice versa.



(3) The first entry in x = (x1,%,,...,% z+1) is xq, the
second entry is x,, and the third entry is x;.

(4) The set of vertices in the first clique (Kq)1 is {vy, s,
.-+ Vg> Vg1 } and the corresponding set of entries in x

is {xy, x5, . ... s Xg xq+1}.

(5) The anchor vertex of each clique is the vertex in each
clique which is joined to the first vertex v,. The anchor

vertex of the last clique is v, = v, ., 1), and the
anchor vertex of the second to last clique is v,_, =
V2+q(q—2)'

(6) The switching pair of entries in x is x2_; = x;_, (third
last entry in x) and Xp =X (second last entry in x).

(7) The last entry in x is x; = X2,

q

3.1.2. The Generating Set. Let T = {v;,v,} and let U
be the set of vertices of the second last clique which are
adjacent to vertices in the last clique, thatis, U = {v,, v,
>V, }, where t = (g — 1)/2, when g is odd, or t = q/2,
when g is even. Let S = T U U be the generating set
of vertices. Then, if S = {v;,v,,v, Vuyre s Vy } we define
XS=x1+x+(x, +x, + - +x, )where{xl,xz,x , X,
..» X, }are the entries in x Wthh correspond to the Vertlces
inS.

3.1.3. The Two Main Equations That Generate the Conjugate

Eigenpairs. We will use the relationship A(GKq*)g = Ax to

determine the two main equations that generate the conjugate
eigenpairs as follows:

ZS = /\le - qx;, (7)
Ay S=(q-1)) S+(

l)xl
=25 G-y

q-1)x

(8)
Substitute (8) into (7) to get (q—1)Ax;/(A-(g—1)) = Azx,—qx,,
A # g —1,so that

q(A-(q-1))

-V (q-1)-gr+q(q-1)-A(q-1)

(@-1)A="(A-(q-1) -

)
=0

= A-q(A*+1-(g-1))=0

This gives us three eigenvalues, namely, A = g and the con-

jugate eigenpair A = (-1 + /1 + 4(q — 1))/2.
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3.1.4. The Case q=4

Step 1. Let x = (x,,Xy,...,X;,)" be an eigenvector of Gg,”
Then A(Gg,")x = Ax gives

[ X, + X+ Xp0 + Xg ] En
X3+ X4 + X5+ Xy X,
Xy + X4+ X5 + X5 X5
X3+ X5 + X, + Xg Xy
Xy + X5+ X4 + Xy X5
X, + Xy + Xg + Xg Xg
X5 + Xg + Xg + Xg X,
X4+ Xg + X7+ Xg Xg
Xet+X;+Xg+x; | =A] x4 |. (10)
Xyt X+ X T X3 X10
Xg + X9 T X132 T X3 X1
Xyo T X1 T X33+ Xp6 X12
Xyp + X1 T X2+ X5 X13
X)+ X5 + X6 + X7 X1
X3 T Xpg T X6 T Xy7 X5
X+ Xpg T X5 + Xy7 X16
L X3+ X4 + X5 + Xi6 | [ %17 ]

Taking the last equation, we get
X3+ X4 + X5 + X6
= Ax,;
D
= A(x3 +x14 + X35+ X36) = A (Axy;)

= Ax; + Axp, + Axs + Axg = )»zxw.

Expand the left hand side, using the equations correspond-
ing to the neighbours of v5, v, 4, v;5, and v, to get

(%3 + x4 + X5+ X17) + (%) + x5 + X6 + Xy7)
+ (X3 + Xpg + X1+ x07) + (20 + Xy + X5+ X))
= /\2x17

= x; + X, + x4+ x5+ 2 (%4 + X5+ Xpg)

+ X, + X3 +4x,, = A2x17.
(12)

Step 2. Put x4 = —x;5 (second and third to last entries of
x have opposite signs and are called the switching pair).
Then we have

2
X+ Xy + xg + x5+ 2 (x14) + x5 + X3 +4xp; = A x5
(13)
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Let T = {v,,v,} and let U be the set of all vertices that belong
to the second last clique, which are neighbours of the last
clique; that is, U = {v,,,v;3}. Then the generating set S =
TUU = {v,vo} U {vip, vish = {vi, v, vips Vi3

Step 3. Set x, = x5 = x74, = 0; then
X, + Xy + Xy + X3 +4x;
= A’x,,
) (14)
= X, + X, + X, + X3 = ATx, —4xy,
= ZS = NVx,, — 4x,,.
This verifies (7) of Section 3.1.2 for the case q = 4.

Step 4. Take the neighbours of the vertices in S = {v;,v,,
V125 Vi3) to get

(%, + xg + X709 + X14) + (5] + x5 + x4 + X5)
+ (%40 + Xpp + Xp5 + Xp6) + (300 + Xy + Xpp + X5)

= A(x; + x5+ x5 +X3)

(15)
From above, x, = x5 = x;, = 0, and x4 = —x,;, so that
Xy 4 Xg + X1g + X + X3+ X + Xqp + X3
+ X + Xqp + X
= A(x; +x, + x5 +x;3)
= X+ X5 + X3+ X6+ 3%
+2x + X, x5 =A% + x5 + x5+ X5).
(16)

Now set x5 = 2x, X = 2X3, X;9 = AXy7, X, = X,, and
X1, = 0. Then

X1+ Xy + X3+ X6+ 3%
+ 2% + X5 + X3
= A(x; +x, + x5 +X;3)
= X, + Xy + 2%, + 2x75 + 3Ax;; + 2%, + 3%, + X5
= A(x; + x5+ x5 +Xx3)
= 3x; +3x, + 3%, + 3x5 + 3Axy,
= A (x; + x5+ x5 + X3)
= 3(x; + x5 + X5 + X13) + 3%,

= A(x; + x5+ x5 +X3)

= X+ X, X+ 3Axy7
Xp Xy T Xpp + X3 =
A-3
3Ax,;
= » S=——.
25=32;

(17)
This verifies (8) of Section 3.1.2 for the case g = 4.

5
Step 5. Substitute (17) into (14) to get
3Ax 2
rlg = )& X7 — 4X17
= A (A-3)x;, —4(A-3)x,, = 3Ax,,
= A’x;, - 30%x,, — 4Ax,6 + 12, — 3Ax,, = 0
= A’x;, - 30%x,, — 7Ax,6 + 12, = 0 (18)

= A-4 (P +1-3)x,=0
= A=4 or

Lo TEVI-@ ()

-1+ VI3
2 B 2

So we have eigenvalues A = 4 (which is the same as the degree
of the vertices in the 4-cliqued graph), and the conjugate

eigenpairs A = (-1 + V13)/2.

3.1.5. The Case g =5

Step 1. Let x = (X}, Xy,...,Xy)" be an eigenvector of Gy.”
Then the last equation from A(Gy_ *)x = Ax gives

X3 4 Xpp + Xp3 + Xpy + Xps
= Axyg
(19)
= A3 + Xy + Xp3 + X4 + X55) = A (M)

2
= Ax; + Axyy + Axys + Axyy + Axys = Ay,

Expand the left hand side, using the equations corresponding
to the neighbours of v5, v,,, V53, V54, and v,5 to get

(%3 + x4 + X5 + Xg + Xp6)
+ (%0 + 23 + Xog + Xp5 + Xp)
+ (%) + X + Xog + Xp5 + Xp6)
+ (%0 + X + X3 + Xp5 + Xp)
+ (%4 + Xy + X3 + Xpg + Xg) (20)
= /\sz6
= X, + X, +2x4 + X5+ Xg + Xy T Xy

+ 3%y, + 3%y3 + 3%y, + 3Xy5 + 5xy¢

2
= A" Xy

Step 2. Put x,5 = —x,, (second and third to last entries of x
have opposite signs and are called the switching pair). Set T' =
{vi,v,}and U = {all vertices in S that belong to the second last
clique, which are neighbours of the last clique} = {v,y, v5;}-
Then the generating set S = T UU = {v,v,} U {vyp, vy} =
V15 v2: V20, Va1 }-



Then we ha\;e X1 4 Xy 42X, + X5+ Xg + Xy + Xy + 3%, +
3x,55 + 5%, = A" Xy

Step 3. Put x, = x5 = 0, x4 = —3x,,, and x,; = 0, so we have
X1+ Xy + X0+ Xy1 + 5Xy4
2
= A%y
(21)

Y
= X, + X, + X0 + Xy = A7X6 — 5Xy

= ZS = A%y — 5%y

This verifies (7) of Section 3.1.2 for the case g = 5.

Step 4. Take the neighbours of the vertices in S
{vy, v2, v50, V51 } to get

(% + X5 + X1 + X157 + X)) + (X7 + x5 + X4 + X5 + Xg)
+ (x17 T X8+ Xp9 + X5 F x24)
+ (X7 + Xpg + X19 + X + Xy3)

= A (%) + x5 + Xp0 + Xp1) -
(22)

From above, x, = x5 = 0, x4 = —3x5,, X,3 = 0, and x,5 =
—X,, so that

(% + 27 + X15 + Xy7 4 X55) + (2 + x5 = 3%x,)
+ (%07 + X8 + Xy + Xgp + Xpg)
+ (%7 + Xy + Xp9 + Xpp)
= A () + x5 + X0 + Xy1) (23)
= X, + X, + X3+ X, + X, + 3%,
+3x19 + 2x19 + Xy T Xy — 2X55 + Xyy

= A () + x5 + x50 + X)) -

Now set x5 = 3x,, X, = 3%}, X1, = 4Ax55, X7 = 0, X5 =
(3/2)x,9, X19 = (3/2)x5;, and x5, = 2x,,. Then

X, + Xy + X3+ X, + x5, + 3%,
+2Xx15 + 2X 19 + Xp0 + Xy — 2X55 + Xoy
= A (%) + x5 + Xp0 + %)
= X + X, + 3%, + 3x; + 4Axy + 3%y,
+ 3%y + Xp0 + Xy — 2%y, + 2%y,
= A () + x5 + x50 + X59)
= 4x; +4x, + 4x,0 + 4x,, + 4Ax,

= A () + x5 + Xp0 + X)) -
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4%,
A—4

== Xt Xy + Xyt Xy =

(24)
This verifies (8) of Section 3.1.2 for the case g = 5.

Step 5. Substitute (24) into (21) to get

4\x56
A—4

= /\2x26 — 5xy

= A (A= 4) x5 — 5 (A — 4) Xp = 4Axg

= LV xy6 — 412556 — 5Ax,g + 20,6 — 4Ax,g = 0

— Vxys — 41%x55 — INxps + 2055 = 0 (25)
= (A-5) (A +1-4)x,5=0

= A=5 or

' “1+1-(4)(-4) -1++17

2 2
So we have eigenvalues A = 5 (which is the same as the

degree of the vertices in the 5-cliqued graph), and the con-
jugate eigenpairs A = (=1 + V17)/2.

3.1.6. Eigenvalues of General Case. Refer to Section 3.1.1 for
the vertex notation and definitions. We require the following
additional definitions to clarify the proof for the general case,
where g > 6.

(1) Ax; is equal to the sum of the entries in x whose
corresponding vertices are adjacent to v; in GKq *; that
is, Ax; = X3 + X, + Xy F Xgpp + o+ X3 +
X, + x_; as v is adjacent to the set of vertices
V35 Var Vas1s Varar -5 Vias Vigps Vi in GK,i "

(2) Let the neighbours of v, be N(v;) = {Vll) Voo vlq} =
{V3, Vo Vas1> Vasas - - > Vi_3s Via» Vi1 ). Then, as per (7)
above, Ax; is equal to the sum of the entries in x
whose corresponding vertices are in N(v;); that is,
Axp = x +x + Xy = X X Xy Xy F
ERR o X3 + X1_o + X)_1-

(3) Let N[N(v;)] be the set of vertices which are adjacent
to the vertices in N(v;) in GKq*. Then A(Ax;) is the
sum of the entries in x whose corresponding vertices
are in N[N(v)].

(4) Let Q be the set of vertices {v,, 1,V 2> - - -> Vj_3} which
all belong to the last clique. Set x; = 0 for all v, € Q.
Note that {v;_,, v;_;, v} ¢ Q.

(5) The set of neighbours of v, is {vy,v,_5,vi_1, v}
together with the set of vertices in Q.

(6) Let t = {(q;/lg;/ = ;;‘:ﬁ and let R be the set of vertices
from N[N(v;)] which belong to the first clique, which
are neighbours of vertices in the last clique. Then R =

v ..,V,TH} = {Vy, Ve Vgr - - q,l}.
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(7) Let U be the set of vertices from N[N(v;)] which
belong to the second last (g — 1)th clique, which are
neighbours of the vertices from the last gth clique.
ThenU = {v,,v,,....,v, }

(8) Let T = {vy, v,}.

(9) Let S be the generating set of vertices; then S = TUU,
and ) S = x; +x, + (%, + X, +0+X,).

(10) Let P be the set of vertices in the second last clique,
excluding the anchor vertex, which are not neigh-

bours of the last clique and are therefore not in U as
defined above. Then P = {vpl Voo qu_l_t}.

(11) Let W be the subset of vertices in the last clique, whose
vertices join backwards to vertices of U. Then W =

{le’ sz’ cee Vw,} = {Va+1’ Va2 Varar - o> a+(qg-3) ~
Vl_z}.
Step 1. Let x = (x}, %5, .., xqu)T be an eigenvector of Gg, .

Then the last equation of A(GKq “)x = Ax gives
Axp = x;, AR

= X3 +Xa +xa+1 +xa+2 + "‘+xl_3 +Xl_2 +x1_1.
(26)

So,
Ax; = A (Ax)
= A (X3 + X+ Xgyy + Xgpp + 00+ X3+ X + )
= A +AX, + Ax ) F AN+ A+ AX,
+ Ax_,

=xl+(x2+x4+x5+---+xq+xq+1)

+(9-2) x4 + (9= 2) %441 (4 = 2) Xas2
o (g =2) Xgu o+ (9 - 2) 21
+(q-2) x5 +(q-2)x,
+qxl+(xu1 + X, +~--+xur)
+ (x,1 +x, + x,q_z_t).
(27)
Step 2. Set x;_; = —x;_, (switching entries).

Step 3. Set x, = x5 = +-+ = x, = 0. This implies x, = x, =
c=x,, = 0.8etx =0 forall v € Q, and set x,,, =

—(q - 2)x,. Then

2
)txl=x1+(x2+x4+x5+---+xq+xq+l)

+ (q - 2) Xq (q - 2) Xa+1> (q - 2) Xa+2

ot (q-2) Xpp o+ (4-2) X

+(q-2) x5 +(q-2)x,

+qxl+(xul +xu2+~--+xut)

+(er +x,, +---+x,q_2_’)

=x+[x%+0+0+--+0-(q-2)x,]

+(q-2)x,+0+0+---+0+0

+(q-2) x5 - (q-2) x5+ 9%

+(xu1 +xu2+---+xu[)+(0+0+-~-+0)
=>/\2xl=xl+x2+qxl+(xu1 +xu2+-~+xul)
=>/\2xl—qx,=x1+x2+(xul +xu2+~--+xut)
= Vx; - gx; :ZS
= ZSz/\Zx,—qxl.

(28)
This verifies (7) of Section 3.1.2 for the general case g.

Step 4. Now take the neighbours of the generating set S, where

SZTUU:{Vsz}U{Vul’Vuzw-,Vut}» (29)
where t = (g —1)/2,if g is odd, and t = g/2, if q is even.

The neighbours of v; are N(v;) = {v,,v,5V21000-+»
Vargq-n}- The set of neighbours of v, are N(v;) =
{V1> V3, V4> .., V441 }. The sum of the entries in x correspond-
ing to the neighbours of the vertices in U is } N(v,, v, ,

..,vuqu) =(t-DYXU+tx, g +tYP+YW.

Then the sum of the entries in x corresponding to the

neighbours of the vertices in S is

1Y $=)N(©)
= ZN("I)+ZN(V1)+ZN(vu1,vul,...

= (x2 T Xopqg T Xogpq Tt x2+q(q—l))

vuq—lft)

+<x1+x3+x4+~-+xq+xq+1)

+(t=1) Y Uttx, ,+tY P+ Y W.

(30)

As before, set x;_; = —x;_, and set x, = x5 = -+ = x, = 0.
This implies x, = x, =---= % ,, =0

Setx; = 0 forall v € Q,and set x,,; = —(q —2)x,. Then,

AZS = (x2 +Xppg + X212g +-~-+x2+q(q,1))

+(x,+x3+0+--+0-(q-2)x,)

+(t— 1)ZU+txa_q
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+tY P+(0+0+--+0+x.,)
=x;+x,+x;-(q-2)x,
+ (Xarq + Xarag + o F Xargiqn))
+(t—1)ZU+txu_q+tZP+xl_2.
(31)
Now set x5 = (q = 2)x,, X3, = (4 = 2)%}5 X344 = (@ = DAx;,
Xo43g = Xotaq = = Xo4(g-2)q = 0, X24(g-1)q = Xa> Xagq =
X2iqg-2) = 0> and x;_, = (g - 3)xa = —x;_;. Then
AZS:XI+X2+(q—2)x2—(q_2)xa
+[(g-2)x+(@-1)Ax; +0+---+0+x,]
+(t-1)YU+t(0)+tY P+(q-3)x,  (32)
=(@-Dx+(q-1)x,+(q-1)Ax
+(t-1)YU+t) P.
Set x, = ((q—0)/t)x,, x,, = (- O/D)x,...,x, = ((q-

t)/t)xu[, and Xp() =0 if g is even, as P has one more vertex
than U when ¢ is even. Then,

AY S=(q-1)x +(q-1)x,+(q-1)Ax,

+(t—1)ZU+tZP

=(q-1)x;+(q-1)x,+(g-1)Ax,
+(t=1) (g, +xp, oo+ xg )
+t[qT_t(xkl + X+ --+xkt)]
=(@-1)x +(q-1)x+(q-1)Ax
(g 1) (x b, b b ) (33)
=(g-1) (3, + 2, + xp +2xp, + X))
+(q-1)Ax
=(g-1)) S+ (q-1)Ax
=>(A-(q-1))ZS=(q-l)sz

-1)Ax
:>ZS— — _1).

Substituting (33) into (28), we get

(a-1)Ax
A-(q-1)
= /\le—qxl

= VA-(q-1)x-q(A-(q-1))x
=(g-1)Ax

International Journal of Combinatorics

— X’x - (g-1) A’x; - g)x
+q(q-1)x-(q-1)Ax =0

— Xx-(g-1)Vx - (29-1) Ax,
+q(q-1)x=0

Z(A—q)(/\2+/\—(q—l))x1:0

= A=q or

~1+4/1-(-4(q-1)) —1+w/1+4(q—1)

2 2

(34)

So we have eigenvalues A = g (which is the same as the degree
of the vertices in the g-cliqued graph), and the conjugate
eigenpairs A = (-1 + 4/1 +4(q — 1))/2. This completes the
proof of Theorem 1.

This concludes the proof of the conjugate eigenpair of
the adjacency matrix associated with the g-cliqued graphs,
as constructed in Section 2. It is interesting to note that the
conjugate eigenpair is a function of the clique number of the
graph. It can also be proved that g-cliqued graphs are design
graphs—see Jessop [5].

In the next section, we determine the eigen-bi-balanced
properties of g-cliqued graphs associated with the conjugate

eigenpair A = (-1 + \/1 +4(g — 1))/2.

4. Figen-Bi-Balanced Properties of
g-Cliqued Graphs

Now that we have determined the conjugate eigenpair for
the class of g-cliqued graphs, we can determine the eigen-bi-
balanced properties, as defined in Winter and Jessop [4], for
this newly defined class of graphs. We recall from Section 3
that the conjugate eigenpair is (a,b) = (-1++/1+4(q - 1))/2
for all g-cliqued graphs as defined in Section 2. We will
determine the eigen-bi-balanced properties of the class of g-
cliqued graphs, associated with this conjugate eigenpair. We
note the importance of the central vertex, which is connected
to the anchor vertex of each of the g subcliques in the g-
cliqued graphs. The proof of the following results can easily
be verified.

Theorem 2. For the class of q-cliqued graphs and the conjugate

eigenpair (a,b) = (-1 = /1+4(q—1))/2, one has the
following.

(1) The class of g-cliqued graphs is sum™ (—1)" eigenpair bal-
anced with respect to the conjugate eigenpair (a,b) =

-1+ T7d(q-D)/2.

(2) The class of q-cliqued graphs is product™ (1 — q)* eigen-
pair balanced with respect to the conjugate eigenpair

(a,b) = (-1++1+4(g-1))/2.
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(3) The class of gq-cliqued graphs has eigen-bi-balanced
ratio

~1++1+4(g-1) —1-1+4(g-1)
' 2 Gk, 2

B 1
C(q-1)

(35)
with eigen-bi-balanced ratio asymptote

r(_lwmc; *_1_m)°°_0

2 K 2
(36)
and density
Q, (GKq*>
~1+41+4(g-1)
=lasymp| r >
1= \1+4(g-1)
. GKq >
=0.
(37)

(4) The class of q-cliqued graphs has eigen-bi-balanced
ratio area

O\ CLHVIH(G-1))/2,(-1-1+4(g-1))/2
Ar (GKq )

= \/m(4\/m+4ln|\/n—1—1|).

(38)

(5) The class of g-cliqued graphs has |a + b| + |ab|l = q
with respect to the conjugate eigenpair (a,b) = (-1

VITa(g-1)/2

Proof. (1) The sum of the conjugate eigenpair (a, b) is

>

sum

2 2
_ ~1+/1+4(g-1) +—1—\/1+4(q—1) .
2 2 '

(39)

Therefore, the class of g-cliqued graphs is exact
sum”(—1)"eigenpair balanced. It is interesting that it
is the conjugate pair of eigenvalues that satisty the
sum”(—1)"eigenpair balanced criteria.

9
(2) The product of the conjugate eigenpair (a, b) is
“1+1+4(g-1) -1-\1+4(q-1)
product ,
2 2
(-)*-(1+4(q-1))
(40)

We have shown that the product of the conjugate
eigenpair is an integral function of g; that is, f(q) =
—(q — 1), where g — 1 is also the degree of the vertices
in a complete graph of order g. These eigenvalues are
therefore nonexact product™(1 — g)"eigenpair bal-
anced.

(3) The eigen-bi-balanced ratio is

-1++/1+4(q-1)

2 K 2

-1 1

~(q-1) (g1

(41)
Note that the eigen-bi-balanced ratio is equal to
the negative of the reciprocal of the product of the

conjugate pairs. The asymptote of this ratio is 0, as the
value of g increases. So

r(—1+\/1+4(q—1)G *—1—\/1+4(q—1))°°_0

2 Ky 2
2, (GKq*)
-1++/1+4(q-1)
= lasymp | r 5
—1-1+4(g-1)
. GK * = O.
a 2
(42)
(4) The eigen-bi-balanced ratio area is
N\ LTI D)/2,(-1-yT¥A(g-1))/2
Ar (GKq )
2m|(a+b Q(‘ZZ“LI) -1
= — dn| = > dn
n ab F+1 -(g-1)

1
=2 —d
q” Vn-1-1 "
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udu
=4
qUu—l
:4qUu_1+ ! du|
u-1 wu-1
:\/n—l(4\/n—1+41n|\/n—1—1|)+c.
(43)
When n = 1 we have Ar = 0 so thatc = 0.
So
O\ CLHVI+(g-1))/2,(-1-+1+4(g-1))/2
Ar(GKq)
(44)
= Vn-1(4Vn-1+4In|Vn-1-1).
(5)
|a + b| + |ab|
—-1++/1+4(g-1 -1-1+/1+4(g—-1
_ V1+4(q )+ \1+4(q-1)
2 2
-1+4/14+4(g-1 -1-14/1+4(g-1
. V1+4(q )* \1+4(q-1)
2 2
—|_—2|+ 1-(1+4(q-1))
12 4
=1+(qg-1)
(45)
O
5. Design Graphs and

an Entomological Experiment

The study of the interaction between insects and host-
specific plants is important in biocontrol situations and is
well documented—see Janz and Nylin [6]. Many such exper-
iments use block designs (see, e.g., Coll [7]) and optimal
scheduling would be advantageous when there is the occur-
rence of large number of treatments and blocks.

5.1. Design Graphs. We can associate designs with the g-
cliqued graphs as follows: the vertices are the treatments and
the blocks are the neighbours of each vertex (see Jessop [5]).
Since we have a g-cliques graph which is a block design graph,
any application of graph theory to our graphs can be applied
to its associated design and in particular to experiments
where block designs can be used to study the interaction of
insects and plants. One of the important studies in graph
theory is vertex colourings of graphs. It can be shown that
a graph’s chromatic number is greater or equal to the order of
its largest clique, since a complete graph on n vertices requires
n colours for a proper colouring.

International Journal of Combinatorics

Thus for our g-cliqued block graphs, their chromatic
number is greater than or equal to g. Jessop [5] showed that
X(GKq *) = q. We now apply a 3-colouring to the treatments of
the design associated with the 3-cliqued block graph relating
to an entomological experiment.

5.2. Experiment. We investigate the effect of 3 different
species of insects on 10 different types of leaves (plants). We
will have 10 cages containing the leaves and the insects, and
they will be labelled as Cage 1.. . ., Cage 10.

We have 3 sets of leaves, each containing 10 different
leaves. These leaves are to be divided (arbitrarily) into 10
cages, each cage labelled Cage 1, Cage 2,. . ., Cage 10. Thus each
type of leaf must appear 3 times in the experiment so that we
need 3 sets of the 10 leaves.

The effect of three species of insects (using 10 insects per
species) on the leaves in each cage will be studied. The insects
will be labelled. The application of the 3 different insects to
the minigroups (cages) must be done in the smallest number
of time sessions, such that the following conditions hold.

(A1) Each minigroup of triple leaves must be exposed to 3
different insects.

(A2) An arbitrary minigroup of leaves will be called the
central-trial set or central cage and denoted by v,.

(A3) There must be 3 groups of 3-cliques P, Q, and R of
cages not containing the central trial set.

(A4) Each cage in a clique cannot receive insects at the
same time.

(A5) Exactly one member from each different clique must
receive a 3-element set of insects at the same time, as
well as not at the same time as the central cage receives
its 3-element set of insects.

(A6) Exactly one member of each different clique, different
from the cages in (A5), must not receive a 3-element
set of insects at the same time.

(A7) The three clique groups receiving the insects must be
interchangeable (permutable) so that each clique can
be exposed to all 3 insects other than the control.

These requirements can be depicted in a 3-cliqued graph,
where its central vertex is the central-trial set. The 10 vertices
(labeled 1 to 10) represent the 10 cages each containing a set
of 3 leaves, the 3 leaves in each cage (vertex) having their
labels from the neighbour of the vertex (this is the block of
the associated design).

The edges (adjacent cages) of the 3-cliqued graph rep-
resent tubes connected to the cages (vertices) with the con-
dition that the tube cannot be open at both ends at the same
time, forcing the insect into only one cage incident with the
edge at a time.

The 3-cliqued graph has 15 edges, each vertex incident
with 3 edges so that three different insect sets of 10 insects
will be used. The proper colouring of the graph will refer to
the time sessions when the insects can be released subject to
conditions (A1)-(A7).
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FIGURE 4: The graph of Gy, "

The chromatic number 3 refers to the condition where
we require the smallest number of time sessions so that con-
ditions (Al)-(A7) hold.

The 10 blocks containing 3 different leaves from the 10
different leaves will be as follows:

1: {2, 5, 8};
2:{1,3,4};
3:{2,4,10}
4:{2,3,6};
5:{1,6,7};
6:{4,5,7};
7:{5,6,9};
8:{1,9,10};
9:{7,8,10};
10: {3,8,9).

We colour the vertices of the graph in Figure 4 as follows.

Put 3 colours red, green, and blue—vertex 1 coloured
blue, vertices 2, 5, and 8 coloured green, vertices 4, 7, and 10
coloured blue, and vertices 3, 6, and 9 coloured red.

Label the insects i(1),i(2),...,i(30), where i(1 + 3k), i(2 +
3k), and i(3 + 3k), k = 0,1,2,...,9, represent the three
different species (10 each), and allocate them as follows.

(1) The trial-set is the (arbitrary) block 1 = {2, 5, 8}—this
block contains leaves 2,5, and 8 and is coloured blue.
The other blocks which are coloured blue are block
4 = {2,3,6}; block 7 = {5,6,9}; block 10 = {3,8,9}.
We release insects (1), i(2), and i(3) into cage 1, i(4),
i(5), and i(6) into cage 4,i(7), i(8), and i(9) into cage 7,
and i(10), i(11), and i(12) into cage 10 (we only open
the side incident with these vertices).

(2) For the vertices 2 = {1, 4, 3};5 = {1,6,7}; 8 = {1,9, 10}
coloured green we release the next 9 insects (3 per
vertex): i1(13) to i(21).

1

(3) For the remaining 3 vertices 3 = {2,4,10}; 6 =
{4,5,7}; 9 = {7,8,10} coloured red, we release the
remaining 9 insects (3 for each vertex): i(22) to i(30).

With this assignment of colours in Gy *, we will now show
that the 7 conditions are satisfied.

We have now released all the insects in the least number
of time sessions of 3, each cage being exposed to 3 different
insects, satisfying (Al).

The central cage receives insects at a different time from
a block from each clique, and these respective blocks receive
insects at the same time, satisfying (A5).

The 3 cliques P, Q, and R each do not have their 3 blocks
receiving insects at the same time (all blocks are adjacent in
each clique) and do not contain the central cage, satisfying
conditions (A3) and (A4).

The edges between the cliques allow condition (A6) to be
satisfied.

Three 5-cycles through the central cage are each coloured
with 3 colours representing the central cage not receiving
insects at the same time as a cage from each block required
in (A5). 2 cages from 2 separate cliques do receive insects at
the same time and 2 cages from the same separate cliques do
not.

Once we have applied the insects with 3 different time
sessions, we keep the central vertices fixed and rotate the
vertices (cages) of each clique once keeping the edges (tubes)
fixed releasing 27 (fresh insects other than those released into
vertex 1). For example, the block represented by vertex 2 with
colour green has edges (insects) i(13), i(14), and i(15). These
insects remain connected to the tubes when we rotate, but
vertex 4 will replace vertex 2 or vertex 3 will replace vertex 2.
This rotation allows each block of the clique to receive each
of the 3 (edges of the triangle) of the clique. Keeping the
edges fixed of each clique and rotating the vertices of each
clique (not the colours of the vertices) and doing this for two
sessions on 3-time intervals, each block of each clique will
then have been exposed to the 9 insects connected to each
clique.

After the first two time sessions, we fix the edges (tubes)
and we move the whole cliques (as vertices) around without
changing the vertex colouring, so that conditions (Al), (A2)
still hold, and each block other than the trial block is exposed
to all 27 insects involved in the 3 cliques. Thus condition (A7)
holds without violating any other condition.
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