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Abstract

In this thesis we investigate how the modification of a graph affects various
distance measures. The questions considered arise in the study of how the

efficiency of communications networks is affected by the loss of links or nodes.

In a graph G, the distance between two vertices is the length of a shortest
path between them. The eccentricity of a vertex v is the maximum distance
from v to any vertex in G. The radius of GG is the minimum eccentricity of a
vertex, and the diameter of G is the maximum eccentricity of a vertex. The
distance of G is defined as the sum of the distances between all unordered

pairs of vertices.

We investigate, for each of the parameters radius, diameter and distance
of a graph G, the effects on the parameter when a vertex or edge is removed or
an edge is added, or (G is replaced by a spanning tree in which the parameter is
as low as possible. We find the maximum possible change in the parameter
due to such modifications. In addition, we consider the cases where the
removed vertex or edge is one for which the parameter is minimised after

deletion.

We also investigate graphs which are critical with respect to the radius or
diameter, in any of the following senses: the parameter increases when any
edge is deleted, decreases when any edge is added, increases when any vertex

is removed, or decreases when any vertex is removed.
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Chapter 1
Introduction

The distance between vertices is one of the most thoroughly studied concepts
in graph theory. In fact, Buckley and Harary [BH90| devoted an entire
book to the subject. In this thesis we deal with the three related graphical
parameters radius, diameter and distance (or equivalently, average distance)
of a graph. Our underlying motivation is the application of these parameters

to communications networks.

1.1 Radius, Diameter and Distance

The distance between two vertices is the length of a shortest path between
them. The eccentricity of a vertex v in a graph G is the maximum distance
from v to any vertex in G. The radius of G is the minimum eccentricity of
a vertex in (G, and the centre is the set of vertices whose eccentricity attains
this minimum. The diameter of G is the maximum distance between any two
vertices in G.

The distance of (G is defined as the sum of the distances between all un-
ordered pairs of vertices. The average or mean distance of G is the average

distance between two vertices in G, where the average is taken over all un-



ordered pairs of distinct vertices. The distance of a vertex v in G is the sum

of the distances from v to all the other vertices in G.

The radius and diameter are probably too well-known to require any
further explanation. The distance of a graph, however, is a far more recent

concept, and we give a few remarks on its history.

The concept of the distance of a graph was introduced by the chemist
Wiener in 1947 (see [Wie47]), and so is often called the Wiener index. Since
then there have been numerous papers in chemistry and chemical graph the-
ory dealing with applications of the average distance (see, e.g., [Ran79]).
Here the vertices of a graph might represent carbon atoms in a molecule,
and the edges represent the chemical bonds between them. The distance of
a graph has been correlated with such properties of the associated chemical
compound as boiling and melting points, refractive index, surface tension

and viscosity.

The analogous concept for digraphs was first investigated by Harary
[Har59] in a sociometric framework. Here the vertices of a graph represent
people in an organisation, and an arc from u to v exists if v takes orders
from u. Hence the out-distance of a vertex is a measure of the corresponding

person’s status in the organisation.

The concept of mean distance was introduced into graph theory in 1977
by Doyle and Graver [DG77] as a measure of the “compactness” of a graph,
but it had been used in other disciplines before then. In architecture, for
example, March and Steadman used mean distance as a tool for evaluating
floor plans (see [MS71], Chapter 14). Here each room corresponds to a vertex,
and two vertices are adjacent if it is possible to move directly between the
corresponding rooms. Mean distance has also been used in modelling com-
puter and communications networks. Since this application is of particular
interest to us, we will deal with it in more detail below.

Subsequently, numerous papers on distance and average distance have
appeared in graph theory journals. Ore [Ore62] suggested the ratio of the



distance of a vertex to the order of the graph containing it as a measure of
the “centrality” of the vertex. He suggested that this concept be studied
in the case of trees, and this was subsequently done by Zelinka in [Zel68,
Zel70]. The concept of the distance of a vertex was also studied in some
detail by Sabidussi [Sab66]. In 1976 Entringer, Jackson and Snyder [EJS76]
summarised and extended several previous results on distance and proved
some new results. A survey of the literature before 1984 is given by Plesnik
[Ple84].

1.2 Communications Networks

The applications of radius, diameter and distance of most interest to us are
those connected with communications networks. Such a network (for exam-
ple, a city’s road system, a computer network, or a telephone exchange) can
be conveniently modelled by a graph, in which the vertices of the graph rep-
resent the nodes of the network, and the edges represent the links between
them. For example, each vertex might represent a computer, two vertices
being adjacent if there is a direct communication link between the corre-
sponding computers. Or each vertex might represent a street intersection,
and the edges the sections of the streets between intersections. There is
a good survey by Caccetta [Cac89] on the use of graph theory in network
design, although it does not include the applications of distance and radius.

Weights on the edges might represent the cost of using a particular link,
or else the time delay encountered along that link, or even the signal degra-
dation expected along it. Hence when a message is sent between two nodes
of a network, the distance between the corresponding two vertices in the as-
sociated graph is proportional to the time delay, signal degradation or cost,
depending on how the graph is weighted.

In cases where messages between all pairs of vertices are equally frequent,

the average distance thus corresponds to the mean time delay of a message,



or the average cost of a phone call. Mean distance is therefore a good measure
of the performance or operating cost of a communications network which is

heavily used.

In some cases, however, it might be more important to know the max-
imum possible time delay, signal degradation or cost of sending a message
in the network; in other words, the performance of the network in the worst
case. In this case the diameter might be a more suitable measure of network

efficiency.

The radius can also be an important measure of network efficiency. For
instance, one might have an emergency facility to locate, and be interested
in minimising the maximum response time in an emergency. Or one might
want to know the minimum power necessary for a transmitter which must
reach all parts of the system. In both cases, one would choose a location

corresponding to a central vertex.

On the other hand, one might want to place a transmitter where the
average signal degradation or cost is minimised. Equivalently, one might have
a depot from which deliveries are made to all other points in the system,
or a computer storing data that is accessed by all other computers in the
network. In this case, one would choose a location corresponding to a vertex

of minimum distance in the associated graph.

There are other graph-theoretical parameters which arise naturally in
the study of communications networks. For example, technical constraints
like the number of line connections available at a node can be expressed as
bounds on the maximum degree, while the vertex- and edge-connectivity of a
graph (corresponding to the minimum number of nodes or links whose failure
could disconnect the associated network) are measures of network reliability.
Furthermore, the cost of constructing a network between a given set of nodes
is often roughly proportional to the number of links, and hence to the number

of edges in the corresponding graph.

Whether one chooses to use the radius, the diameter or the distance of



a graph as a measure of the efficiency of the corresponding network depends
on the circumstances. In any case, it is desirable for the chosen parameter

to be low.

1.3 Network Vulnerability

When a node or link fails in a communications network, the network’s effi-
ciency may be affected. In this thesis we investigate the maximum possible
damage resulting from such a failure. In other words, we consider the maxi-
mum possible increase in the radius, diameter or distance of a graph when a
vertex or edge is removed. In the case of vertex removal, the efficiency of the
remaining network might actually be increased; we therefore also investigate
the maximum possible decrease in radius, diameter or distance when a vertex

1s removed.

We also consider the maximum possible damage when a most expendable
node or link is removed; in other words, the maximum increase in the radius,
diameter or distance of a graph caused by removing a “best” vertex or edge
(one which minimises this increase). This might arise, for example, in a
planned communications network which has too many links or nodes. In
such cases a link or node may have to be removed, and we are interested
in knowing to what extent the resulting damage can be limited if the best
vertex or edge is chosen.

We emphasise graphs in which the radius or diameter is changed by the
removal of any vertex, or by the removal of any edge, or by the addition of
any edge. Graphs whose radius or diameter increases if any edge is removed
model networks whose efficiency is decreased by the loss of any link.

A related problem is the maximum possible decrease in the radius, diam-
eter or distance when an edge is added to a graph. This might be of interest,

for example, when considering adding facilities to a network to upgrade its



performance or reduce its operating costs. We consider in particular those

graphs whose radius or diameter is increased by the addition of any edge.

If the cost of constructing a communications network connecting a given
set. of nodes is regarded as proportional to the number of links, then the
cheapest system to construct between them is, of course, one modelled by
a tree. Such a tree is unlikely to be the cheapest or most efficient network
to operate, but it might be efficient enough to justify replacing a proposed
network with it. Given a network modelled by a graph G, we investigate
how the radius, diameter, and distance of G differ from those of a “best”
spanning tree of G (i.e., one in which the parameter is minimised), and find

ways of finding such a tree.

We consider unweighted graphs only. These model networks in which the
time delay or signal degradation encountered by messages sent along a path
is roughly proportional to the number of links in the path, or the cost of

using each link for message purposes is the same.

1.4 Definitions and Notation

We list below our basic definitions and notation. All graphs considered are
undirected, finite, without loops or multiple edges, and are unweighted unless
otherwise specified. In what follows, let G be a graph, and let v and v be
vertices of 5.

e We denote the vertex set of G by V(G), and the edge set by E(G). The
order of G is n = |V(G)|, and the size is m = |E(G)|. If E(G) = 0,
then G is said to be empty.

e The degree dege(v) of v is the number of edges incident with it. The
minimum degree of G is §(G) = min,ey(g) dege(v), and the mazimum
degree is A(G) := max,cy(c) dega(v). The neighbourhood Ng(v) of v is



the set of vertices adjacent to v in GG. A vertex of degree 1 is called an
endvertez. G is said to be regular if all vertices have the same degree
in G.

S C V(G) means that S is a subset of V(G), and S C V(G) means
that S is a proper subset of V(G). |S| denotes the cardinality of S, and
(S)¢ denotes the subgraph induced in G by S. For two subsets S and
T of V(G), [S,T|c denotes the set of all edges which join a vertex in .S
to a vertex in 7. If S = {v}, then we write simply [S,T]¢ = [v,T)s-

For a subset F' of E(G), G — F is the graph obtained from G by deleting
the edges in F; if F' = {e}, then we write simply G — F = G — e. For
a subset S of V(G), G ~ S is the graph obtained from G by deleting
every vertex in S and all edges incident with it; if S = {v}, then we
write G — S =G —v.

A graph is connected if, for any two vertices v and v, there is a u — v
path in G. A component of G is a maximal connected subgraph of G.
A set S of vertices is called a cutset if its deletion increases the number
of components. A vertex v is called a cut-vertez if {v} is a cutset, and
a non-cut vertex or ncv otherwise. An edge is called a bridge if its
deletion increases the number of components.

Let S be a cutset of a connected graph G, and let G; be any component
of G — 8. Then (V(G1) U S)¢ is called an S-component of G, or a v-
component of G if S = {v}.

A block B of a graph G is a maximal connected subgraph of G' which
has no cut-vertices. Hence, for any cut-vertex v of G, B — v lies entirely

in one component of G — v.

A vertex z is said to be separated from a vertex y by a vertex v if v

lies on every = — y path (i.e., if  and y are in different components of

G —v).



A graph is said to be k-connected if the deletion of any x — 1 vertices
yields a nontrivial connected graph. (So the complete graph K5 is not
2-connected, although it is a block.)

The length of a walk W is the number of edges in W, and is denoted
by £(W). The distance dg(u,v) between u and v is the length of a
shortest © — v path in G. If v and v are in different components of G,
then dg(u,v) = oco. The eccentricity of v is eg(v) ;= max{dg(v,u) |
ue V(G)}.

If u is a vertex such that dg(u,v) = eg(v), then u is called an eccentric
vertex of v in . If there is only one such vertex u, then u is called the

unique eccentric point or uep of v.

The radius and diameter of G are defined by rad(G) := min{eg(v) |
v € V(G)} and diam(G) := max{eg(v) | v € V(G)}.

A vertex v of G is called central if eq(v) = rad(G), and peripheral if
eg(v) = diam(G). The centre C(G) is the set of all central vertices
in G, and the periphery P(G) is the set of all peripheral vertices. A
pair of vertices at distance diam(G) from each other in G is called a
diametral pair. G is said to be self-centred if all vertices have the same
eccentricity in G.

The distance of v in G is defined as

og(v) = Y dglv,u),

u€V(G)
and the distance of G as
o(G) = > de(v,u)
{w,0}CV(G)
1
= 3 > oa(v).
veV(G)



If G is not connected, then og(v) = oo and o(G) = oo.

The average or mean distance p(G) of a graph G of order n > 2 is
defined as

1 o(G
wG) = 7~ > delu,v) = %
(3) weicve )
Hence u(G) = oo if G is disconnected. It is convenient to define

p(Ky) == 1.

The i-neighbourhood or ith distance layer N;(v) of v is the set of vertices
at distance 1 from v. (So Ni(v) = N(v).)

The distance degree sequence of v is the sequence of cardinalities of the
distance layers of v; i.e., {1,|N1(v)|,|Na(v)|, ..., | Newy|}. A graph G is
called distance degree regqular if every vertex of G has the same distance
degree sequence.

An edge is said to be cyclic if there is a cycle in G containing it. The
girth g(e) of a cyclic edge e is defined as the length of a shortest cycle
containing e; we set g(e) = oo if e is a bridge. The girth g(G) of G is
the length of a shortest cycle in G; we set g(G) = oo if G is a forest.

s:(G) is the number of unordered pairs of vertices distance 7 apart in a
graph G. W;(G) is the set of all unordered pairs of non-adjacent vertices
of G which are at most distance 7 apart; i.e., Wi(G) = {{u,v} C V(G) |
2 <dg(u,v) <i}.

Hence, if G has order n and diameter d, s,(G) = |E(G)|, |W1(G)] = 0,
and [Wy(G)| = (3) — | E(G)|. Furthermore, for i € {2,...d}, [Wi(G)| =
'Wi—l(G” + S;.

We denote the complete k-partite graph with partite sets of cardinality

N1y oy Mg DY Koy ny, o my,- We refer to the particular case Ky, 1 as a
star.



G = H means that the graphs G and H are isomorphic to each other.
The complement of G is denoted by G.

The complete graph, path and cycle of order n are denoted by K,,
P,, and C,, respectively. Cj5 is sometimes called a triangle. Note that
rad(K;) = diam(K,) = o(K;1) = 0.

Let T be a tree, and v a vertex in 7. Then a maximal subtree of
T containing v as an endvertex (i.e., a v~-component of T') is called a

branch of T at v. (So the number of branches at v is degr(v).)

A subgraph H of G is said to be distance-preserving from v in G if
dp(v,u) = dg(v,u) for all w € V(H). If a spanning tree of G is
distance-preserving from a vertex v in G, then we will usually denote
it by T,,. A vertex w in T, is said to be descended from a vertex u in

T, if u lies on the v — w path in 7,. (So w is descended from itself.)

Two vertices v and u of a cycle C are said to be opposite each other on
C if they are eccentric vertices of each other in C. A vertex v and an
edge e = ab of a cycle C are said to be opposite each other on C if v

maximises d¢(v,a) 4+ de(v,b) over all vertices in C.

Hence in an even cycle, every vertex is opposite exactly one vertex and
the two edges incident with it, while every edge is opposite exactly two
vertices. In an odd cycle, every vertex is opposite two adjacent vertices
and the edge between them, while every edge is opposite exactly one
vertex.

The union G; UG of two graphs G, and Gy is the graph with vertex set,
V(G1UG2) = V(G1)UV (Gs), and edge set E(G1UG:) = E(G1)UE(G,).

Their join G1 + G is the graph obtained from G; U Gy by joining
every vertex in V(G1) to every vertex in V(Gy). If G; & K, with
V(Gy) = {v}, then we write G; + G5 simply as v + Go.

10



For three or more disjoint graphs Gi,Ga,..., Gk, the sequential join
G4+ Ga + ... + Gy, is the graph

(Gl + GQ) U (GQ + Gg) u...uJ (Gk_1 + Gk);

in other words, G; + G + ... + Gy, is obtained from G; UG, U ... UGy,
by adding all edges uv such that v € V(G;) and v € V(Gyy1), for
i=1,..k—1.

The cartesian product G X G of G; and (5 is the graph with vertex
set V(G1) X V(Gy), in which two vertices u = (u1,u2) and v = (v1, v9)
are adjacent whenever either u; = v, and upvy € F (Gq), or else ug = vy
and uv; € E(Gh).

For r € N, the r-cube ), is obtained by taking the cartesian product
of 7 copies of Ky. (We regard the set of natural numbers N to be

(1,2,3,..}.)

For k € N, the kth power G* of a graph G is the graph with vertex set
V(@) in which two vertices u and v are adjacent whenever u and v are

at most distance k apart in G.

For any connected graph G, the graph with n components, each iso-
morphic to G, is denoted by nG.

A graph is called path-complete if it can be obtained by joining one
endvertex of a (possibly trivial) path to at least one vertex of a complete
graph (see, for example, figure 1.1). We prove later that, for any n € N
andm € {n—1,.., (g)}, there exists a unique path-complete graph of
order n and size m, which we denote by PK,, 5.

Hence the path-complete graphs PK, ,, have paths and complete graphs
as the extreme casesm =n—1and m = (g) For convenience we define
PK,, = K;. Note that a path-complete graph can also be expressed
as the sequential join of complete graphs.

11



Figure 1.1: The path-complete graph PK7 o

If the graph G in question is clear, we may omit the subscript G. Other
definitions will be given as needed throughout the chapters. All concepts not
defined here will be used in the sense of [CL86].

1.5 Fundamental Results

In this section we provide results which we shall need in subsequent chapters.
Most of these can be found in [BH90] or [CL86]. We include proofs of only
those results which are neither well-known nor trivial.

The following table summarises the radius, diameter, distance and aver-
age distance of some frequently occurring graphs.

12



radius | diameter distance mean distance
complete graph K, n > 2 1 1 (g) 1
path B, |57 n—1 |sn(n—1)(n+1) 3(n+1)
cycle C,, n odd In-1) | i(n—1) | gn(n—-1)(n+1) In+1)
cycle Cp, n even %n %n é—n3 zl(nn—il)

It is easy to prove that, for a connected graph G,
rad(G) < diam(G) < 2rad(G).

Ostrand showed in [Ost73] that in fact this is the only restriction on the
diameter in terms of the radius; in other words, for every two natural numbers

r and d with r < d < 2r, there exists a graph with radius r and diameter d.

Furthermore, Plesnik showed in [Ple84] that, apart from the obvious re-

striction

1 < u(G) < diam(G),

the average distance of a graph G is essentially independent of its radius and
diameter (if the order of G is permitted to be arbitrarily large). Specifically,
he showed that, for any integers » and d and real number ¢ with 1 < r <
d <2rand 1 <t <d, and any positive real number ¢, there exists a graph
G with rad(G) = r, diam(G) = d and |u(G) —t| < e.

Proposition 1.5.1 Fvery connected non-trivial graph contains at least two
non-cut vertices, and the only graphs containing exactly two non-cut vertices

are paths.

Proposition 1.5.2 For any connected graph G, the centre C(G) is contained
wn one block of G.

13




The following classic result is due to Whitney, although it is also com-

monly referred to as Menger’s Theorem.

Theorem 1.5.3 For k € N, a nontrivial graph G is k-connected iff every
pair of vertices in G is connected by at least k internally-disjoint paths.

The next three results deal with trees.

Proposition 1.5.4 Let T be a tree of radius r. Then either diam(T) = 2r
and C(T) contains exactly one vertex, or diam(T) = 2r—1 and C(T") consists

of two adjacent vertices.

Proposition 1.5.5 In a tree, no vertex can be equidistant from two adjacent

vertices.

Proposition 1.5.6 Let G be any connected graph, and v any vertez in G.

Then G contains a spanning tree which is distance-preserving from v.

Such a tree can be found using the breadth-first-search algorithm with v as
root, (see, for example, [BH90]). We will usually denote it by T,.

The next group of results deals with the connection between cycles and
distance.

Proposition 1.5.7 An edge is o bridge iff it is not cyclic.

Proposition 1.5.8 [EJS76] Let e be a cyclic edge of a graph G, and let
C be a shortest cycle containing e. Then for any vertices u and v on C,

de(u,v) = do(u,v).

Proposition 1.5.9 Let e be a cyclic edge of a connected graph G, and let
C be a shortest cycle containing e in G. Let v be a vertex opposite e on C.

Then removing e from G does not affect the distance from v to any vertez in

V(G).

14



Proposition 1.5.10 For any cyclic edge e of a graph G,

g(e) < 2diam(G) + 1.

Proof:

Let C be a shortest cycle containing e. By Proposition 1.5.8, any two vertices
opposite each other on C' are distance |3g(e)| apart in G. It follows that
diam(G) > [3g(e)], and hence that g(e) < 2diam(G) + 1. O

In particular, for any cyclic graph G with girth g(G), we have g(G) <
2diam(G) + 1.

Proposition 1.5.11 Let G be a connected graph for which
g(G) = 2diam(G) + 1.

Then G 1s 2-edge connected.

Proof:

Assume, to the contrary, that G has a bridge e = ab, and let G; and G4 be
the components of G — e containing a and b respectively. Let diam(G) = d.
Let T be a spanning tree of G which is distance-preserving from a, and note
that T is also distance-preserving from b.

Since G is cyclic, E(G) — E(T) is non-empty; let uv be any edge in
E(G) — E(T). Assume without loss of generality that uv € E(G;). Since u
and v are within distance d from b, they must both be within distance d — 1
from a. Hence the a —u and v — a paths in 7', together with the edge v,
form a closed walk of length at most 2(d — 1) + 1 in G. But then G contains
a cycle of length at most 2d — 1 < g(G), which is impossible. It follows that
G is 2-edge-connected. O

Our next proposition shows that the path-complete graph PK, ,,, is unique.

Proposition 1.5.12 Forn € N and m € {n—1, ..., (g)}, there is ezactly
one graph PK, ., up to isomorphism.

15



Proof:

Note that PK,,,, can be obtained from the path P : vy,..., vy by adding
m— (n—1) edges in the following way: express the edges in E(P Ky, )~ E(P)
in the form (v;,v;) with 4 < j, and order them in such a way that (v;,v;)
precedes (v,,v;) if either j < t, or j =t and i < s. Then add the first
m — (n — 1) edges in this ordering to P. It follows that PK,, , is unique. U

Note that for any n € N and m € {n—1, .., (Z) — 1}, PKym41 can be
obtained from PK, , by adding an edge.

Recall that the ith distance layer of a vertex v in a graph G is N;(v) :=
{u € V(G) | dg(v,u) = i}. We conclude this section by noting some basic
properties of distance layers which we shall use frequently.

Let G be a connected graph of diameter d, and let vy be any peripheral
vertex of G. Then V(G) = UL, Ni(vo) is a partition of the vertex set into
d + 1 non-empty sets No(vo), N1(vp), ..., Na(vo), where No(vg) = {vo}. Every
vertex in IV;(vp) is adjacent to at least one vertex in N;_i(vp). Furthermore,

no vertex in NV;(vg) is adjacent to any vertex in IN;(vo) for |j — 4| > 2.

It follows easily that for any connected graph G of order n, diameter d
and maximum degree A,
A<n-—d+1.

1.6 Content

In Chapter 2 we consider the radius, in Chapter 3 the diameter, and in
Chapter 4 the distance of a graph. In each case we investigate the maximum
possible increase or decrease in the parameter when certain changes are made
to a graph. In particular, we study the removal of a (best or worst) vertex
or edge, the addition of a best edge, and the replacement of the graph by
a best spanning tree. In the cases of radius and diameter we also consider

graphs for which the parameter is changed by the removal of any vertex, the
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removal of any edge, or the addition of any edge.

Although we are motivated by the application of radius, diameter and
distance to communications networks, we shall usually give our results in
graph theoretic terms, without reference to communications networks. We
shall, however, continue to use the terms “best” and “worst” to describe the
cases where the parameter under discussion is as low (respectively, high) as

possible.
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Chapter 2

Radius

The radius of a graph G is the minimum eccentricity of a vertex in G. In
this chapter we consider how the radius is affected by the removal of an edge

or a vertex, the addition of an edge, or the taking of a spanning tree.
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2.1 Spanning Trees

In this section we show that every connected graph has a spanning tree of

the same radius.

Definition: A spanning tree T' of a graph G is said to be radius-preserving
if rad(T) = rad(G).

Proposition 2.1.1 If T is a radius-preserving spanning tree of a graph G
then C(T) C C(G).

Proof:

Let ¢ be any central vertex of T'. Since removing edges cannot decrease the
eccentricity of any vertex, eg(c) < er(c) = rad(T) = rad(G). It follows that
ec(c) = rad(@G); i.e., that c € C(G). O

Note that if a spanning tree T of a graph G is not radius-preserving, then
C(T) is not necessarily contained in C(G).

Proposition 2.1.2 Let ¢ be any central vertex of a connected graph G, and

let T, be a spanning tree of G which is distance-preserving from c. Then
ce C(T,), and rad(T,) = rad(G).

Proof:

Since T, is distance-preserving from ¢, rad(7,) < er.(c) = eg(c) = rad(G).

Since removing edges cannot decrease the eccentricity of any vertex, it follows

that rad(T,) = rad(G) and that ¢ € C(T,). O
Not all radius-preserving spanning trees, however, are distance-preserving

from some vertex, as shown by the graph in figure 2.1.

Proposition 2.1.2 has another useful consequence:

Proposition 2.1.3 For any connected graph G of order n and radius r,
3
r<|-n|.
2

19



Figure 2.1: T is a radius-preserving spanning tree of G which is not distance-

preserving from any vertex.

Proof:

Let ¢ be any central vertex of G, and let T, be a spanning tree of G which
is distance-preserving from c¢. By Proposition 2.1.2, rad(T,) = r, and hence
diam(T,) = 2r or 2r — 1. Now let P be any diametral path of 7, and note
that P has diam(T,) + 1 > 2r vertices. It follows that n > 2r, and hence
that r < L%nJ O

It is tedious but not difficult to show that equality holds iff
(1) G is a path or cycle, or
(2) n is odd and G consists of a path or cycle of order 27, a vertex w, and
one, two or three edges joining w to vertices which are at most distance 2

apart in G — w.



2.2 Vertex Removal

Removing a vertex from a graph can increase, maintain or decrease the radius.
Our first proposition, however, shows that it cannot decrease the radius by
more than 1, and also characterises the vertices in a graph whose removal
decreases the radius. Recall that ncv stands for non-cut vertex, and uep for

unique eccentric point.

Proposition 2.2.1 [Gli75¢c, Faj88] Let G' be a graph containing a vertex v.
Then rad(G —v) < rad(G) iff v is the uep of some central vertez, and in this
case rad(G —v) = rad(G) — 1.

Proof:

Let rad(G — v) < rad(G), and let ¢ be any central vertex of G — v. So
eg—y(c) = rad(G —v) < rad(G) — 1 < eg(c) — 1. Since removing v cannot
decrease the distance between any of the remaining vertices, it follows that
v is the uep of ¢ in G. Furthermore, since c is still at distance eg(c) — 1 from
the neighbours of v, 7ad(G — v) = eg_(c) > eg(c) — 1 > rad(G) — 1. Tt

follows that ¢ € C(G) and that rad(G — v) = rad(G) ~ 1.

Conversely, let v be the uep of some central vertex ¢ in G. Then removing
v cannot increase the distance between ¢ and any other vertex w (since v

cannot lie on a shortest ¢ — w path). It follows that eg_,(c) < eg(c), and
hence that rad(G — v) < rad(G). O

Remark: If rad(G — v) = rad(G) — 1 for a vertex v in a graph G, then
C(G —wv) ={ce C(G) | vis theuep of ¢ in G} C C(Q).

(To prove that C(G — v) # C(G): let ¢ be any central vertex of G — v, and
let ¢ be the neighbour of ¢ on any shortest ¢ — v path in G. Since every
vertex in V(G) — {v} is within a distance of rad(G) — 1 from ¢ in G, ¢ is
central in G. But v is not an eccentric vertex of ¢ in G, and hence ¢ is not
central in G — v.)
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Figure 2.2: %(ic;)“) — 00 as n — 00

In Section 2.3 we will prove that rad(G — e) < 2rad(G) for every cyclic
edge e in a connected graph G. The following example, however, shows that
one cannot find a similar bound for the removal of ncv’s. For given natural
numbers 7 and n > 2r + 1, let G be the graph obtained from two paths
P =2 P, and P' &2 P,_,. by joining some internal vertex v of P to every
vertex on P’, and joining the neighbours of » on P to the endpoints of P’

(see figure 2.2). Then ”;‘iff(g;’) = Li(Z_I)J

— 0 as n — o0.

In fact, since paths have the maximum possible radius for connected
rad(G—v)
rad(G)
over all connected graphs of order n and radius 7 and all ncv’s in these graphs.

graphs of given order, it follows that the above G and v maximise

Definitions: A conjugate vertez v* of a vertex v is a central vertex with v as
its uep. (So a vertex might have more than one conjugate vertex, or none.)
A conjugate pair is a pair of central vertices, each of which is the uep of the
other.

We have the following result:

Proposition 2.2.2 [Faj88] Let {v,v*} be any conjugate pair in a graph G %
Ky. Then removing v and v* from G cannot decrease the radius.
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Proof:

Let ¢ be a central vertex of G — {v,v*}, and let w be an eccentric vertex
of ¢ in G. Then dg(c,w) > rad(G). Since v and v* are within distance
rad(G)—1 from all vertices in G except each other, w cannot be v or v*. Since
removing v and v* cannot decrease the distance between ¢ and w, it follows
that eg_(vey(c) > dalc,w), and hence that rad(G — {v,v*}) > rad(G). O

2.2.1 Vertex-radius-decreasing graphs

Definition: We define a non-trivial graph G to be vertez-radius-decreasing
or vrd if rad(G — v) < rad(G) for every ncv v of G.

For example, even paths and cycles are vrd, but odd paths and cycles are
not. The only disconnected vrd graph is K.

The odd cycles are examples of graphs for which the removal of any vertex

leaves the radius unchanged. The following proposition shows that there is

no purpose in defining a vertex-radius-increasing graph.

Proposition 2.2.3 [Gli75¢c| There is no graph G such that rad(G — v) >
rad(G) for every vertex v in G.

Proof:

Let G be any graph, ¢ any central vertex of G and v any eccentric vertex of
c. Then v cannot lie on a shortest path between ¢ and another vertex, and
hence eg_,(c) < eg(c). It follows that rad(G — v) < rad(G). a

The following property of vrd graphs will be useful. It is based on ideas
developed by Fajtlowicz in [Faj88].

Lemma 2.2.4 Let G be a vertez-radius-decreasing graph, and v a ncv of G.
If v is not central, then all its conjugate vertices are cut-vertices. If v is
central, then it has exactly one conjugate vertez v*, and v* is a ncv (so v and
v* form a conjugate pair).
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Proof:

By Proposition 2.2.1, v has a conjugate vertex v*. If v* is also a ncv of G,
then, since G is vertex-radius-decreasing, v* must be the uep of some central
vertex v**. Hence dg(v*,v™*) = rad(G) — but the only vertex at distance
rad(G) from v* is v. It follows that v must be central, and v** must be v.

This proves firstly that, if v is not central, then all its conjugate vertices
are cut-vertices, and secondly that no vertex v can have two conjugate ver-
tices which are ncv’s. (Otherwise both would need to have v as a conjugate
vertex; i.e., both would need to be the unique eccentric point of v.)

If v* is a cut-vertex, let w be any vertex separated from v by v*. Then
eq(v) > dg(v,w) = dg(v,v*) + dg(v*,w) > rad(G) + 1; i.e., v is non-central.
It follows that if v is central, then it has a unique conjugate vertex v*, and

v* 1S a ncv. O

(In fact, it follows from one of our later results, Theorem 2.2.10, that
every ncv v in a vrd graph G has a unique conjugate vertex v*, and hence
that |C(G —v)| =1.)

As a direct consequence of Proposition 2.2.1 and Lemma 2.2.4, we have

the following characterisation of 2-connected vertex-radius-decreasing graphs:

Proposition 2.2.5 [Gli75¢, Faj88] A graph G of order n is a vertez-radius-
decreasing block iff G is self-centred, n is even, and V(G) can be partitioned
mto conjugate pairs.

Graphs in which every vertex has exactly one eccentric vertex are called
unique eccentric point graphs, and were studied by Parthasarathy and Nan-
dakumar in [PN83]. It follows from Proposition 2.2.5 that the vrd blocks are
precisely the self-centred unique eccentric point graphs. Mulder also refers
to them as diametrical graphs in [Mul80]. We have the following existence
theorem for such graphs:
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Proposition 2.2.6 [Gli75¢] If G and H are vertez-radius-decreasing blocks,
then the cartesian product G x H is a vertexz-radius-decreasing block of radius
rad(G) + rad(H).

Proof:
For any two vertices (u,z) and (v,y) in G x H,

doxu((u, ), (v,y)) = de(u,v) + du(z,y).

Hence, for any vertex (u,z) in G X H, egxu((u,z)) = eg(u) + ey(z). It
follows that rad(G x H) = rad(G) + rad(H), and that (u,z)* = (u*,z*).
Hence, by Proposition 2.2.5, G x H is also a vrd block. O

For example, since K5 is a vrd block, Proposition 2.2.6 shows that, for
any 7 € N, the r-cube (which is isomorphic to the cartesian product of r
copies of Ks) must be a vrd block of radius 7.

In addition, Gliviak gave a construction in [Gli75¢c] to prove that, for
every graph G and r > 3, there exists a vrd block of radius 7 which contains
G as an induced subgraph. This shows that the class of vrd blocks is very

large.

We mention two more properties of vrd graphs:

Proposition 2.2.7 [Gli75¢] If u and v are any two wvertices in a vertex-
radius-decreasing block G of radius at least 3, then u must have at least one

neighbour that is not v or adjacent to v.

Proof:

If w = v*, then dg(u,v) = r > 3, and u and v can have no neighbours in
common.

Otherwise, let w be the neighbour of u on a shortest u — v* path in G. So
de(w,v*) = dg(u,v*) — 1 < rad(G) — 2. Since dg(v,v*) = rad(G), it follows
that w cannot be v or adjacent to v. O
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Proposition 2.2.8 If G is a vertez-radius-decreasing block of order n and
radius v > 3, then A(G) < $(n — 7 +1).
Proof:
Let v be a vertex of maximum degree in G, and let u be any neighbour of v.
Since dg(u, w) <7 —1 for any w € {No(v), ..., No—2(v)} and N,(v) = {v*} #
{u*}, it follows that u* € N,_1(v). Hence |N,_1(v)| > [ N1 (v)].

Now let P be a shortest v—v* path, and note that P contains r+-1 vertices,
exactly two of which are in Ni(v) U N,_1(v). Therefore

no > (r+1)+ M)+ |Nea(v)] -2
> 2A(G)+r—1,

and the result follows. O

For k € N, the graph Cf;,, is a vrd block of radius 3 in which every
vertex has degree 2k = 1((4k+2) —3+1). This shows that the above bound
cannot be improved for r = 3. It is easy to prove, however, that the bound
is not sharp if r > 4.

Remark: In [Gli75¢|, Gliviak states that if v and v are any two adjacent
vertices in a vrd block G, then u* and v* are also adjacent in G, and uses this
to prove several results. In fact, the statement is untrue, as shown by the
vrd block G in figure 2.3. We note that u and v are adjacent in GG, whereas

u* and v* are not. In fact, v and v* do not even have the same degree.
We now consider the structure of vrd graphs with cut-vertices. The fol-
lowing proposition was essentially proved by Fajtlowicz in [Faj88], although

he did not use the concept of vrd graphs.

Lemma 2.2.9 [Faj88] In any vertez-radius-decreasing graph containing at
least one cut-vertex, every ncv has degree 1.
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Figure 2.3: A counter-example to a statement of Gliviak

Proof:
Let G be a vrd graph containing a ncv v of degree at least 2, and let z and
y be any neighbours of v. We will prove that then G has no cut-vertices.

By Proposition 2.2.1, v has a conjugate vertex v* such that dg(v*,v) =
rad(G) and dg(v*,u) < rad(G) — 1 for every u € V(G) — {v}. Hence
de(v*,z) = rad(G) — 1.

It follows that, if u is any vertex in V(G) — {v, z}, then no shortest v* —u
path can contain z. In particular, G — z contains a v* — y path and hence a
v* — v path. So every two vertices in G — x are connected to v*, and hence
to each other.

It follows that no neighbour of v is a cut-vertex. Since we also know that
every neighbour of v has degree at least 2 (otherwise v would have been a
cut-vertex), it follows in the same way that no vertex in Ny(v) is a cut-vertex,

and so on. Hence GG contains no cut-vertices. O

Definition: We define the ¢-corona S,(G) of a graph G as the graph obtained
from G by attaching to each vertex v of G a path of length ¢ with v as
endpoint.

(See, for example, figure 2.4.)
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G: S8

Figure 2.4: A graph and its 2-corona

Our next theorem reduces the study of vrd graphs to that of vrd blocks.
It is in fact a consequence of a theorem of Gliviak [Gli76a], but we present

our own proof.

Theorem 2.2.10 G is a verter-radius-decreasing graph containing a cut-
vertez iff G = Sy(B) for some ¢ € N and some vrd block B. Moreover,
(C(G)e = B.

Proof:

Let G be a vertex-radius-decreasing graph containing a cut-vertex v.

(1) C(G) is contained in one block of G and hence in one v-component,
G1. Let Gy = G — V(G1 —v). G, must contain at least two ncv’s; let

u be any ncv of G, different from v.

Since u is also a ncv of GG, by Proposition 2.2.1 it must be the uep
of some ¢ € C(G). Since ¢ € V(G,), this means that u must be the
unique eccentric point of v in Gy. It follows that G5 must have exactly

two ncv’s, v and u, and must therefore be a path.

(2) Now let B be the block of G containing C(G), and suppose B contains
an endvertex u of G. Then B cannot be a cyclic block, and must be a
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K. Since u is not central in G, |C(G)| < |V(B)| -1 = 1. But G must
have at least two ncv’s, each of which (by Proposition 2.2.1) must be
the uep of some central vertex of G; hence |C(G)| > 2, and we have a
contradiction. So every vertex of B has degree at least 2 in G, and is
therefore, by Lemma 2.2.9, a cut-vertex of G. It follows by (1) that G
can be obtained from B by attaching to each vertex of B a path with
v as endpoint.

We now show that each of these paths attached to vertices in B has
the same length, which we shall call £. Assume to the contrary that
there exist two paths P, and P, attached to neighbouring vertices v,
and vy in B, such that P is longer than P;. Let the other endpoints
of P, and P, be u; and uy respectively.

Every end-vertex of G is a ncv and hence, by Proposition 2.2.1, the
uep of some central vertex; say u; is the uep of the central vertex c¢. It
follows that d(c,us) < d(c,u1) — 1, and hence that d(c,vs) + £(P,) <
d(c,v1)+£(P1)—1 < d(c,v1) +L£(P2)—2. But then d(c,v3) < d(c,v1)—2,
which is impossible since v; and v, are adjacent. It follows that each
path has the same length £, and hence that G' = Sy(B).

Since G contains |V (B)| end-vertices, each of which is a ncv and must
therefore be the uep of some central vertex, |V(B)| < |C(G)|. Since
C(G) is contained in B, it follows that C(G) = V(B).

Finally, we prove that B is vertex-radius-decreasing. Let v be any
vertex in B, and let u be the other endpoint of the path attached to
v. Note that eg(x) = ep(z) + £ for every z € V(B), and hence that
C(B) = C(G).

It follows that u is the uep of some ¢ € C(G) = C(B) iff v is the uep of
¢ in B. Hence by Proposition 2.2.1 the fact that G is vrd implies that
B is also vrd. This completes the first part of the proof.

29



For the converse, let B be any vrd block, ¢ any natural number, and
G = Sy(B).

By Proposition 2.2.5, B is self-centred and V' (B) is partitioned into con-
jugate pairs. Since all paths attached to vertices in B have the same length,
for every conjugate pair {u,u*} in B the end-vertex v’ of the path at-
tached to u* is the uep of u in G. Hence for every u € V(B), eg(u) =
da(u,u*) + de(u*,u') = rad(B) + £.

Now let w be any vertex in V(G) —V(B); say w is in the path attached to
u € V(B). Then eg(w) > dg(w,v') = de(w,u) + dg(u,v’) > 1 +rad(B) + £.
It follows that V(B) = C(G).

Finally, let z be any ncv of G. Then z is an endpoint of the path attached
to some vertex y € V(B). Let y* be the conjugate vertex of y in B, and note
that z is the uep of y* in G. Since y* € C(G), it follows by Proposition 2.2.1
that rad(G — v) < rad(G), and hence that G is vertex-radius-decreasing. O

It follows from the above theorem that all vrd graphs are unique eccentric
point graphs.

The only vrd graph of radius 1 is Ky. We can now characterise all vrd
graphs of radius 2:

Proposition 2.2.11 [Gli75¢] Let G be a vertez-radius-decreasing graph of
order n. and radius 2. Then n is even and G 1is either Py or a complete
(%n)-partite graph Koo .

77777

Proof:
If G is 2-connected, then every vertex v in G has a conjugate vertex v* at
distance 2 from it, and is adjacent to every other vertex in G. It follows that
(G is a complete (%n)—partite graph, each partite set consisting of a conjugate
pair.

If G has a cut-vertex, then by Theorem 2.2.10 G can be obtained from a
vrd block B of radius 1 by attaching a path of length 1 to every vertex in B.
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Since B must be K, it follows that G must be F;. O

Remark: Gliviak [Gli75¢| defined a graph G to be v-critical if rad(G —v) #
rad(G) for every vertex v in G. The class of v-critical graphs might appear
to be larger than that of vrd graphs, but in fact Gliviak proved in [Gli76a]
that they are the same. In other words, he proved that in a v-critical graph

any vertex whose removal increases the radius must be a cut-vertex.

2.2.2 Radius-critical graphs

We now consider a special class of vertex-radius-decreasing graphs, defined
and characterised by Fajtlowicz in [Faj88].

Definition: A nontrivial graph G is r-radius-critical (or, briefly, radius-
critical) if rad(G — S) < rad(G) = r for every non-empty proper subset
S of V(G) such that G — S is connected.

For example, any even cycle Cy, is r-radius-critical, since every proper
induced connected subgraph of Cy, is a path P, with £ < 2r —1. Odd cycles,
on the other hand, are not radius-critical, since Cy,,1 contains P, as an
induced subgraph.

Every graph that is radius-critical is also vertex-radius-decreasing, but
the converse is not true. For example, if G is any vrd graph containing a
conjugate pair {v, v*} such that G—{v,v*} is connected, then (by Proposition
2.2.2) rad(G — {v,v*}) > rad(G), and G is not radius-critical. The r-cubes

for r > 3 are examples of such graphs.

Definition: For r € N and ¢ € {1,...,7} we call S,_,(Cy) an r-ciliate
(where we are using the convention Cy = Kj).

(See, for example, figure 2.5.) Note that rad(S,_4(Cy,)) = ¢+ (r—q) = r,
and that r-ciliates include even paths and even cycles as the extreme cases
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Figure 2.5: A 5-ciliate Sy(Cs)

q =1 and ¢ = r. So an r-ciliate is any graph of radius r that can be obtained
from an even cycle or K, by attaching to each of its vertices a path of the same
length. For r € N, there are r different r-ciliates (up to isomorphism), each
of which can be obtained from a cycle of length 2q for some q € {1,...,7},
by attaching to each of its vertices a path of length r — q.

It is easily seen that all r-ciliates are r-radius-critical. Fajtlowicz [Faj88]
proved that in fact all r-radius-critical graphs are r-ciliates. He first proved

the following result:

Lemma 2.2.12 [Faj88| If G is a radius-critical graph with no cut-vertices,
then G is an even cycle or K.

Proof:

If rad(G) = 1, then, since G is radius-critical, G = K, and we are done. So
assume rad(G) = r > 2. Since G is a vertex-radius-decreasing graph with
no cut-vertices, by Proposition 2.2.5 V(G) can be partitioned into conjugate
pairs. Let {v,v*} be any such pair. Since G is radius-critical, if G — {v,v"}
is connected it must have radius less than 7. Hence, by Proposition 2.2.2,

G — {v,v*} is disconnected.

Let G, and G, be any two {v,v*}-components of G. Since G has no

cut-vertices, G; and G are connected. Let P, be a shortest v — v* path in
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G, and P in Gs.

Then C = (V(P,) UV (P))¢ is an induced cycle in G with length at least
2dc(v,v*) = 2r, and hence with radius at least 7. Hence C cannot be properly
contained in G without contradicting the fact that G is radius-critical. It
follows that G = C, and that (since odd cycles are not radius-critical) C' is

an even cycle. O

Using Lemmas 2.2.9 and 2.2.12, Fajtlowicz proved his main result by
induction on the radius. We present an alternative proof, which is a conse-
quence of Theorem 2.2.10 and Lemma 2.2.12.

Theorem 2.2.13 [Faj88] A graph is r-radius-critical iff it is an r-ciliate.

Proof:

It is easily seen that all r-ciliates are r-radius-critical. For the converse, let
G be an r-radius-critical graph. Since G is also vertex-radius-decreasing, by
Theorem 2.2.10 G consists of a block B = (C(G))g, to every vertex of which
is attached a path of length . We want to prove that 5 is an even cycle or
K.

We first prove that B is radius-critical. Assume, to the contrary, that B
has a proper induced connected subgraph B’ with rad(B') > rad(B). (So
|[V(B")| > 2.) Let G’ be the proper connected subgraph of G induced by the
vertices in B’ and the paths of length ¢ attached to them.

We note that C(G") C V(B') (since |V (B')| > 2, and hence for any vertex
w # u in the path attached to u € V(B'), eg/{w) > eg(u)). Also, for every
vertex v € V(B'), e (v) = ep(v) + £. Tt follows that rad(G’) = rad(B’) + ¢.
Similarly, since (C(G))¢ = B and eg(v) = eg(v) + £ for every vertex
v € V(B), it follows that rad(G) = rad(B) + £. Hence rad(G’) > rad(G),

which is impossible. So B must be radius-critical.

Since B is a block, it now follows by Lemma 2.2.12 that B is an even
cycle or K5, and hence that G is an r-ciliate. a
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Erdos, Saks and Sés proved in [ESS86] that every connected non-trivial
graph of radius 7 contains an induced FP»,_; (and this is best possible, as
demonstrated by even cycles). Fajtlowicz proved a more general result, re-

quiring the following lemma:

Lemma 2.2.14 Any connected non-trivial graph of radius v contains an in-

duced subgraph with radius r — 1.

Proof:

Let G be a connected graph of radius r, and let ¢ be any central vertex of G.
Recall that, by Proposition 2.2.1, removing one vertex from a graph cannot
lower the radius by more than 1, and note that removing all the eccentric

vertices of ¢ would certainly lower the radius.

We can therefore construct an induced subgraph of G with radius r — 1

by removing eccentric vertices of ¢, one by one, until the radius decreases. O

Theorem 2.2.15 [Faj88] Every connected non-trivial graph of radius v con-

tains an r-ciliate as an induced subgraph.

Proof:

Let G be a connected non-trivial graph with radius r. If G is r-critical, then
by Theorem 2.2.13 G is itself an r-ciliate, and we are done. Otherwise, G
contains a proper induced connected subgraph with radius at least r. Of all

such subgraphs, let G’ be one of lowest order.

By our choice of G/, every proper induced connected subgraph of G’ must
have radius less than r; hence, by Lemma 2.2.14, rad(G') = r. It follows
that G’ is r-radius-critical, and hence by Theorem 2.2.13 an r-ciliate. O

Since every r-ciliate contains an induced Py,_1, the result of Erdos et al
follows from Theorem 2.2.15.
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2.3 Edge Removal

In this section we discuss how the removal of edges affects the radius of a

graph.

2.3.1 Removing the best edge

Removing an edge from a graph cannot decrease the radius. Proposition
2.1.2, however, shows that every connected cyclic graph G has a radius-
preserving spanning tree, and hence certainly contains at least one edge that
can be removed without increasing the radius. In other words, the only

edge-radius-increasing graphs are trees.

2.3.2 Removing the worst edge

Our next proposition shows that removing a cyclic edge from a connected

graph can increase the radius by at most a factor of 2.

Proposition 2.3.1 Let G be any connected graph of radius r containing a
cyclic edge e. Then
rad(G —e) < 2r.

Proof:

Let C be a shortest cycle containing e in G, and let z be a vertex opposite e on
C. Since (by Proposition 1.5.9) dg_e(2z,w) = da(z,w) for every w € V(G),
we have eg_.(2) = e¢(z), and hence

rad(G — e)

IA

eg—e(2)
ec(2)
diam(G)
2r.

IA I

IN
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This completes the proof. , O

Our next proposition gives some necessary conditions for a graph G and
edge e € E(G) to satisfy rad(G — e) = 2rad(G).

Proposition 2.3.2 Let G be a graph containing an edge e such that rad(G) =
r and rad(G —e) = 2r. Then

(1) diam(G) = 2r, g(e) = 2r + 1, and e 1s incident with every central vertex
¢ of G, and

(2) G contains as an induced subgraph either the graph consisting of two cy-
cles of length 2r + 1 with only e in common, or the graph obtained from this
by deleting one edge opposite e on either cycle.

Proof:
Let e = ab, let ¢ be any central vertex of G, and let T, be a spanning tree of
(G which is distance-preserving from c. By Proposition 2.1.2, rad(T;) = .
Clearly T, must contain e; we assume without loss of generality that
dr.(c,a) < dr,(c,b). Let B be the set consisting of the descendants of b in
T., and let A =V(T,) — B. Let T" = (B)r,, and note that ez (b) <r — 1.
Since G — e is connected, some vertex v € B must be adjacent in G — e
to some vertex u € A. Let z be any eccentric vertex of u in G — ¢e; so
dg—e(u,z) > rad(G — e) = 2r.
Note that, if z € B, then dg_.(u,z) < dg_o(u,v) + dp(v,b) + dr (b, z) <
1+2(r—1) < 2r, which is impossible. It follows that z is in A, and hence that

removing e does not affect the distance between v and z in T,. Therefore
2r <dg_e(u,z) < dr_e(u,z) < dp(u,c)+dr(c,z) < 2r.

It follows that dg_.(u,z) = 2r, and that u and z are both eccentric vertices

of ¢ in T, and hence in G.

Next we let v’ be the neighbour of v on the w — ¢ path in T,. So, in

G — e, v is within distance 2r — 1 of every vertex in A. Since eq_.(u/) >
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rad(G — e) = 2r, it follows that there must be some vertex y in B whose

distance from v’ in G — e is at least 2r. We therefore have

2r < dg_e(u,y)
< ch~e(U/7 u) + dG—e(“» U) + ch—e(U, b) + dTC—e(b7 y)
< 1+1+(r—=1)+(r-1)

2r.

Hence dg_(v,y) = 2(r — 1). Furthermore, dr, (b,v) = dr.(b,y) = r — 1;
hence a = ¢ (i.e., e is incident with every central vertex of &) and v and y
are eccentric vertices of ¢ in T, and hence in G.

Recall that dg(c,z) = dg(c,u) = 7, and that dg_(u,z) = 2r. Hence if a
shortest w — z path in G contains the edge e (and therefore the vertex a = ¢},
then its length is at least 2r. It follows that diam(G) = dg(u,z) = 2r.

Since dr,(c,u) = dr,(c,v) = r, if any vertex in B is adjacent in G — e to
a vertex in A they must both be eccentric vertices of ¢ in T,. It follows that

any smallest cycle containing e has length 2r + 1.

Finally, let H be the subgraph of G consisting of the c —y, c — v, c —u
and ¢ — z paths in T,, together with the edge vu and the edge yz if y and
z are adjacent in G. Recall that dg_.(u,z) = 2r and dg_.(y,v) = 2(r — 1)
(i.e., that the u — z and y — v paths in T; are also shortest paths in G — e),
and that no vertex in A can be adjacent to a vertex in B unless they are
both at distance r from ¢ in G. It follows that H is an induced subgraph of
G. a

Some graphs G for which rad(G — e) = 2rad(G) are shown in figure 2.6.
Note that our necessary conditions are not sufficient, as shown by the graph
in figure 2.7. In fact there does not appear to be an elegant characterisation
of these extremal graphs.

The above problem was generalised by Segawa [Seg94| to the case where

more than one edge is removed. He proved that if G is a connected graph
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Figure 2.6: Some graphs G for which rad(G — e) = 2rad(G)

Figure 2.7: G satisfies the conditions of Proposition 2.3.1, but rad(G —e) <
2rad(G).
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and F is a set of edges in G such that G — F' is connected, then rad(G — F) <
(17 + Vrad(G) — |5/ F1].
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2.4 Edge Addition

In this section we consider graphs for which the addition of any edge decreases

the radius.

Definition: A graph G is called edge-radius-decreasing or erdif rad(G+e) <

rad(G) for every e € E(G).

For example, any even cycle is erd, while no path is (since its endpoints
can be joined to form a cycle of the same radius). Erd graphs have been stud-
ied by Nishanov [Nis73, Nis75|, Harary and Thomassen [HT76] and Gliviak,
Knor and Soltés [GKS94], but no simple characterisation is known. Instead
we study a special class of edge-radius-increasing graphs, considered by Viz-
ing in [Viz67] — viz., those graphs of given order and radius with the max-
imum possible number of edges. In the remainder of this section we will
establish Vizing’s upper bound on the size of a graph of given order and ra-
dius. There is a serious gap in the proof of [Viz67], which we have corrected.

We need some preliminary results:

Proposition 2.4.1 [Viz67] For any connected graph G of order n,
A(G) < n —2rad(G) + 2.

Proof:
Let v be a vertex of maximum degree in G, and let T}, be a distance-preserving
spanning tree of G with v as root - so degp, (v) = degg(v) = A(G).

Let P be a diametral path of T,; then P has length diam(T,) > 2rad(T,)—
1 > 2rad(G) — 1. So P contains at least 2rad(G) vertices, at most two of
which can be neighbours of v (since if P contained three neighbours of v, we
would have a cycle in 7"). Hence there must be at least A(G) — 2 neighbours
of v which are not on P. It follows that n. > 2rad(G) + A(G) — 2. O
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Proposition 2.4.2 [Viz67] If x and y are vertices of a connected graph G
of order n for which dg(z,y) > 3, then

deg(z) + deg(y) < n — 2rad(G) + 4.

Proof:

Let U be the set of edges incident with z or y. Since dg(z,y) > 3, z and y
have no neighbours in common, and hence no cycle in GG consists entirely of
edges in U. It is therefore possible to find a spanning tree T' of GG containing
all the edges in U — i.e., in which z and y have the same degrees as in G.

If deg(z)+deg(y) < 4, then it follows from Proposition 2.1.3 that deg(z)+
deg(y) < n—2rad(G)+4, and we are done. Otherwise, let P be a diametral
path of T. Then P contains diam(T) + 1 > 2rad(T) > 2rad(G) vertices.
Since P can contain at most two neighbours of z, and two of y, it follows
that there are at least deg(z) + deg(y) — 4 neighbours of z and y which are
not on P. Hence n > 2rad(G) + deg(z) + deg(y) — 4. O

Definitions: Let n and r be any natural numbers such that n > 2r > 2.
Define f(n,r) to be the maximum possible number of edges in a graph of
order n and radius r, and C(n,r) to be the set of all graphs with order 7,
radius 7 and f(n,r) edges.

Lemma 2.4.3 [Viz67] Forn € N and r € {1,...,[$n]},
(1) f(n+1,7) > f(n,r), and
(2) f(n,7+ 1) < f(n,r);

that 1s, the function f increases as n increases, decreases as T increases.

Proof:

(1) Let G be a graph with order n, radius 7 and the maximum possible

number of edges — i.e., |E(G)| = f(n,r). Let ¢ be any central vertex
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of G, and let G’ be the graph obtained from G by adding a vertex z
adjacent only to c.

Since z has degree 1, its addition cannot make any new shortest paths
between vertices available, and therefore cannot decrease the eccen-
tricity of any other vertex. Furthermore, eq(z) = eg(c) + 1 and

egr(c) = eg(c). Hence G’ also has radius 7.

Since G’ has n + 1 vertices, it follows that f(n + 1,7) > |E(G')| =
|E(G)|+1= f(n,r)+ L

(2) Let G be a graph with order n, radius 7+1 > 2, and f(n,r+ 1) edges.
Let u and v be any two vertices in G such that dg(u,v) = 2, and let

G’ be the graph obtained from G by adding the edge e = uwv.

Note that the addition of e cannot increase the distance between any
two vertices, and cannot decrease it by more than 1. Hence r <
rad(G') < r+ 1. But G’ cannot have radius r + 1 without contra-
dicting the fact that G has the maximum possible number of edges for
a graph of order n and radius r + 1. It follows that rad(G’) = r.

Hence f(n,r) > |[E(G)| = |E(G)|+ 1= f(n,r +1) + 1. O

Theorem 2.4.4 [Viz67] For any natural numbers n. and r such that n >
2r > 2,

(1) f(n,1) = gn(n — 1)

(2) f(n,2) = jn(n—1) - [3n] = [jn(n - 2)]

(8) f(n,r) = g(n,7) = 5(n* — 4rn + 50 + 4r* — 6r) for n. > 2r > 6.
Proof:

(1) The graph with radius 1 and the maximum possible number of edges
is the complete graph, which has in(n — 1) edges.
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(2)

(4)

C-zr Kn-lr

Figure 2.8: A graph with order n, radius r and maximum size

In a graph with radius 2, every vertex must be nonadjacent to at least
one other vertex. If n is even, therefore, C(n,2) consists of all graphs of
order n in which each vertex is nonadjacent to exactly one other vertex.
If n is odd, this is not possible — some vertex has to be nonadjacent to
two other vertices. In either case, C(n, 2) consists of all graphs obtained

from K, by removing [4n] edges covering V(K,).

To prove that the inequality f(n,r) > g(n,r) holds for n > 2r > 6,
we just need to construct a graph H with order n, radius 7 and g(n,r)
edges.

Let H consist of a complete graph K,_», and a cycle Cy,, where every
vertex of the K,,_,, is joined to three consecutive vertices z, y, z of the
Cor (see figure 2.8). Since |E(H)| = 2r + 3(n — 2r) + 3(n — 2r)(n —
2r — 1) = g(n,r), it follows that f(n,r) > |E(H)| = g(n, ).

(Note that, for given n and 7, H is not necessarily the only graph of

order n and radius 7 with f(n,r) edges.)

To prove the remaining inequality f(n,r) < g(n,r) for n > 2r > 6, we
use double induction on n and r.

We first show that f(n,3) < g(n,3) for all n > 6.
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Let G be any graph in C(n,3). Recall that (by Proposition 2.4.2), if
z and y are a pair of vertices such that dg(z,y) > 3, then deg(z) +
deg(y) < n — 2r + 4. Furthermore (by Proposition 2.4.1), for any
u € V(G), deg(u) < n — 2r 4+ 2. Therefore all we need to prove is that
G contains three disjoint pairs of vertices at distance at least 3, since
then

f(r3) = IE@)
= 5 Y deglu)

~ ueV(G)
%(3(77, —6+4)+ (n—6)(n—6+2))
= g(n,3). (1)

A

We consider two cases:

Case (1): diam(G) > 4.

In this case G contains an induced path P : z,...,z5. Let y be any
eccentric vertex of z3 — then d(z3,y) > r = 3, and vy is not on P.

Hence {z1, 24}, {22, 25} and {z3,y} are three disjoint pairs of vertices

at distance at least 3, and so inequality (1) holds.
Case (2): diam(G) =1 = 3.

Let P : a,b,c,d be a diametral path in G (clearly P is an induced
path), and let &' and ¢’ be any eccentric vertices of b and ¢ respectively
— note that neither ¥ nor ¢’ lies on P. If ¥ # ¢, then {a,d}, {b,b'}
and {c, ¢} are three disjoint pairs of vertices at distance at least 3, and
so inequality (1) holds.

Otherwise, let i’ = ¢ = z. Since d(z,a) < 3, and d(z,d) < 3, there
must be some neighbours p of a and ¢ of d at distance at most 2
from x. Note that p # ¢ and p,q ¢ {z,a,b,¢c,d}, since d(a,d) =
d(b,z) = d(c,x) = 3. Let p' and ¢’ be any eccentric vertices of p and ¢
respectively. Clearly p’ ¢ {p,a,b,z} and ¢’ ¢ {q,d,c,z}.

44



Now if p’ # d, then {a,d}, {b,z} and {p,p'} are three disjoint pairs of
vertices at distance at least 3, and so inequality (1) holds. Similarly,
if ¢ # a, then {a,d}, {b,z} and {q,¢'} will do. Finally, if p’ = d and
¢’ = a, then we can use {p,d}, {¢,a} and {b,z}.

Next we show that f(2r,r) < g(2r,r) for all » > 3.

Let G be any graph in C(n,r), where n = 2r. By Proposition 2.4.1,
A(G) < 2r—2r+2=2. It follows that f(2r,7) = [E(G)| < $nA(G) =
2r = g(2r,r).

Now let n and r be any natural numbers such that r > 4 and n > 2r+1,
and assume inductively that f(n’,r") < g(n/,r’) for all n/,7” € N such
that either 3 <7 <r—1,orelser =rand 2r <n' <n—1. We want
to prove that then f(n,r) < g(n,r).

Let G be any vertex in C(n,r). We consider two cases:
Case (1): G contains a ncv v such that rad(G — v) > r.

In this case,

|E(G —v)] < f(n—1,rad(G —v))
< fln—1,r) (by Lemma 2.4.3)
< gln—-1,7) (by the induction hypothesis).

Since deg(v) < A(G) < n—2r+ 2 by Proposition 2.4.1, it follows that
fln,k) = |E(G)]
= |B(G —v)| + deg(v)
< gln—=1,r)y+n—2r+2
= g(n,7),
which is the desired result.

Case (2): For every ncv uin G, rad(G —u) < r —i.e., G is a vertex-

radius-decreasing graph.
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We consider two subcases:
Subcase (2.1): G contains at least one cut-vertex.

By Lemma 2.2.9 any ncv of G must have degree 1. Hence G contains
two endvertices, 1 and zo. Let G' = G — {x1, 22}, and note that if
rad(G') < r — 2, then any central vertex ¢ of G’ is within distance
r — 2 from every vertex in V(G) — {z1, 22}, including the neighbours
of z; and z,. But then ¢ is within distance r — 1 from z; and zo,
contradicting the fact that rad(G) = r. Hence rad(G") > r — 1.

So

) = |BG)]
= 2+ |E(G")
< 24 f(n—2,rad(G"))
< 24+ f(n—2,r—1) (by Lemma 2.4.3)
< 24¢g(n—2,r—1) (by induction hypothesis)

g(n,r),

and we are done.
Subcase (2.2): G has no cut-vertices.

By Proposition 2.2.5, n is even and V(G) can be partitioned into in
conjugate pairs {v,v*}. Note that for any v € V(G), d(v,v*) =r > 3,
and so (by Proposition 2.4.2) deg(v) + deg(v*) < n — 2r + 4. Hence

1 1,1
|E(G)| = 3 > deg(u) < 5(577)(77 — 2k +4).
ueV(G)

Note that jn(n — 2k +4) < g(n, k) = L(n? ~ dnk + 5n + 4k* — 6k)
iff 0 < (n—2r)(n—4r +6)
iff n>4r —6 (since n. > 27).
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So, if n > 4r — 6, then f(n,r) < g(n,r), and we are done. We therefore
need to consider only the case 2r + 1 < n < 4r — 7, i.e. (since n is

even) we may assume

2r+2<n<d4r-—8.

Since G has no cut-vertices, by Menger’s Theorem each pair of vertices
of GG is contained in a cycle. In particular, any pair of conjugate vertices
{z,z*} is contained in a cycle of length at least 2d(z,z*) = 2r. Let M
be a shortest cycle of length at least 2r in (7, and let its length be £.

We want to find the maximum possible number of edges in G. To
this end, we first show that M is an induced cycle of G. Assume, to
the contrary, that M has a chord ab, and let M; and M, be the two
a — b sections of M, where say £(M;) > £(M,). Then the two cycles
C} = M;+aband Cy = My+ab are shorter than M, and must therefore
have length at most 2r — 1.

Let = be a central vertex of My, and let P, : x,21,...,2,_1 and P, :
z,Y1,--.,Yr—1 be the two paths of length » — 1 emanating along M from
z. Then a and b must lie on P, and P, or else C; would have length
at least 2(r — 1) +2 = 2r. Say a = z; and b = y;, where |i — j| < 1.
Assume without loss of generality that j > 1.

Now let S = {z,z1,...,%—2,%1,...,Yr—1}; s0 |[S| = 2r — 2. Note
that every pair of vertices in S lies on one of the cycles C;, Cy (each
of which has length at most 2r — 1), or on one of the paths P, P,
Py iz, 20, .., 2i(= a),y(= 0),Yjz1, -, Yr—1 a0d Py y1, 00, ..., y;(=
b),zi(= a), ..., z,_s (each of which has length at most r —1). It follows
that no pair of vertices in S can be distance r apart, and hence that
S contains at most one vertex of every conjugate pair. Therefore n >
2|S| = 4r—4, which contradicts our assumption that n < 4r —8. Hence

M must be an induced cycle.
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(9) Next we prove that no vertex in V(G) — V(M) can have more than
three neighbours on M.

Assume, to the contrary, that there exists some vertex z € V(G) —
V(M) which has at least four neighbours on M. Then z must have two
neighbours u and v on M such that dy(u,v) > 3. Let the two u — v
sections of M be M; and M, respectively, where £(M;) > ¢(M;), and
let C1(C3) be the cycle bounded by the path u,z,v and M (M,y). It
follows that C, and Cj are shorter than M, and hence that £(Cy) <
L2(Ch) <2r—1.

Again we find a set of more than 2r — 4 vertices all within a distance
of r — 1 from each other. Let ¢ be a central vertex of M;, and let
P :cyay,...,0,-1 and P : ¢, by,...,b,—1 be the two paths of length
r — 1 emanating along M from ¢, where without loss of generality
u=bj,v=0and0<j—t<1(sincei+j+2=4¢C;) <2r—1,and
hence j <7 —1and i <7 —2).

Let S = {z,c,a1,...,0,-3,b1,...,b,0}; 80 |S| =2r —3. If j <7 —2
and ¢ < r — 3, then any two vertices of S are on one of the cycles
Ch, Cy (each of which has length at most 2r — 1), or on one of the paths
Py, Py, Py oioay,. . 04,05, beg and Py ot by, b0, a0 g
(each of which has length at most r — 1). Otherwise, if j =7 — 1 or
¢t =1 — 2, then P; and P, are not defined, but in this case all vertices
in S are on Cf.

It follows that no two vertices in .S can be distance r apart, and hence
that for every vertex y in S, y* is in V(G) — 5. So |[V(G) — S| >
|S| = 2r — 3, and hence n. > 2|S| = 4r — 6. Since this contradicts our
assumption that n < 4r —8, it follows that no vertex in V(G — M) can
have more than three neighbours on M.
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(10) All that now remains is to count the maximum number of edges in G,
in the case n < 4r — 8. Since G € C(n,7),

fln,r) = |BE(G)| = |E(G = M)| + |[E(M)| +|[V(G - M), V(M)]|

, — 4
< (”2 >+€+(n—€)(3)
1
= 5(77,2—277,€+577,+€2—3€)
< g(n,7),

where we have used n > ¢ > 2r.

The result now follows by induction. O
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Chapter 3
Diameter

The diameter of a graph G is the maximum distance between two vertices in
(5. In this chapter we consider how the diameter is affected by the removal
of an edge or a vertex, the addition of an edge, or the taking of a spanning

tree.
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3.1 Preliminaries

Recall that s;(G) is the number of unordered pairs of vertices distance 7 apart
in a graph G, and that W;(G) is the set of all unordered pairs of non-adjacent
vertices of G which are at most distance ¢ apart. Our first result is a lower
bound on |W;,(G)|. The bound is due to Soltés [Sol91], who also showed that
it is attained by path-complete graphs. Using an idea of Goddard [God96],
we have extended the result by finding all graphs attaining the bound. In
this chapter we will use only Soltés’s original result, but our new result will

allow us to improve some results on distance in Chapter 4.

Theorem 3.1.1 Let G be a connected graph of order n. and diameter d > 3.
Then for any k € {2,...,d — 1},

|\Wi(G 2 n—1 (1)

Moreover, equality occurs for all k € {2,...,d — 1} iff

(a) G is a path-complete graph, or

(b)) G= Ky + Ky + ...+ Ky + K, whereng+ng=n—d+1, or
(c)d=3and G = Ky + K, + K,, + K), where ny +ng =n — 2.

Proof:

(1) Let Gg : vo, v1,...,uq4 be a diametral path of G. Number the vertices

not lying in G4 as vgy1, ..., Vn_1, in such a way that the graphs Gj =
{{vo, .-, vj})c are connected for all j € {d+1,...,n — 1}.
If G = Gg4, then G is a path, equality holds in (1) and G is path-
complete. Otherwise, for any j € {d +1,...,n — 1}, W,(G;) contains
Wi(G;_1), and we now show that there are at least k—1 pairs of vertices
in the set Wy (G;) — Wi(G;-1) — in other words, that there are at least
k — 1 vertices u in G; such that 2 < dg, (v;,u) < k.
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If eg,(v;) > k, then let w be an eccentric vertex of v; in G, and
let P:v; = Up, oy Ueg, (v) = W be a shortest v; — w path. Then
2 < dg,(v;,u;) < k for each of the k — 1 vertices ug, ..., Ug.

Otherwise, if eq, (v;) < k, note that since Gy is a shortest path, v; can
be adjacent to at most three vertices of G4. Hence there are at least
d—2 > k — 1 vertices of G4 that are non-adjacent to v; but within
distance eg, (v;) < k of it.

In either case, [Wi(G;) — Wi(Gj-1)| > k — 1.
Now

Wi(G)| = (WilGa1)l = We(Gn2)|) + (IWe(Gr2)| = [Wi(Gn-s)])
+ot ((Wel(Gan)| = [We(Ga)l) + [Wi(Ga)l
> (k—1Dn—-d=1)+> (d+1-1)

=2

= Z(’n - 1))

i=2

which is inequality (1).

We now assume that equality holds in inequality (1) for every k €
{2, ...,d—1}. Hence there must be ezactly k —1 vertices in G; which are
between distance 2 and distance k from v;, for every j € {d+1,...,n—1}
and every k € {2,...,d — 1}.

This must hold no matter in what order the vertices v4yq, ..., v, are

labelled, as long as the graph G, remains connected each time the
vertex v; is added.

In particular, observation (3) must hold for k£ = 2; in other words, for
every vertex v; added, there must be exactly one vertex at distance 2
from v; in G;. Call this vertex the double of v,.
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Consider any vertex v which is adjacent to at least one vertex on Gy
in G. It is a candidate for vg4y;. Since d > 2, v cannot be adjacent to
all the vertices on Gg; hence v has a double on Gy4. In order for this
double to be unique, v must be adjacent to all vertices in an initial or
final segment of G4. Note further that, since G, is a shortest vy — v,

path, v; cannot be adjacent to more than three vertices on Gj.

Next we prove that no vertex in G can have exactly one neighbour on
G 4. Assume, to the contrary, that there exists a vertex v in G which
is adjacent to only vy (say) on G4. Let P be a shortest vy — v path in
G, and note that v, is not on P (since otherwise dg(vq,v) = d + 1).
Now let ¢ be the number of vertices in V' (P) that are not in V(G,), and
label these vertices as vg.1,...,v44; = v; in other words, let the first ¢
vertices added after vy be the vertices of V(P) — V(Gy), ending with
v. But then when v is added it has two doubles — v, and one on P —
which is impossible.

It follows that if a vertex v is adjacent to at least one vertex on Gy,
then its neighbour set on Gy is one of {vg,v1}, {vo,v1,v2}, {va-1,v4}

or {V4—g,Vd—1, Va}-

We now show that every vertex in G is adjacent to at least one vertex
on Gy. Otherwise, there exists some vertex w in G which is at distance
2 from Gy via a vertex v. Let vgy1 = v and vgyo = w; then w has
at least two doubles on G4 (viz., the neighbours of v on Gy), which is
impossible.

Furthermore, any two vertices v and v in V(G) — V(G4) which have a
common neighbour on G4 must be adjacent to each other. Otherwise,
if we let v441 = u and vy 9 = v, then v would have two doubles — w
and one on Gj.

Hence by observation (4),

GEKpy+ Ko +Ki+ ..+ Ky + K, | + Ky,
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where ng +n1 +ng1 +ng=n—d+ 3.

(6) Now, observation (3) must also hold for £ = d — 1; in other words,
there must be exactly d — 2 vertices in G; which are between distance
2 and distance d — 1 from each vertex v; added. Hence if n; > 2,
then either d = 3 and ng = 1, or ng_y, = ng = 1; in other words,
G~ K, + Ky, + K, + K, or G is path-complete. A similar conclusion
holds if ng_q1 > 2. The only other possibility is ny = ng_1 = 1, in which
case G 2 K, + K1+ ...+ K1 + K,y

It remains to show that the above graphs do indeed achieve equality in
inequality (1) for all k£ € 2,...,d — 1. We give the calculation only for path-

complete graphs; the other two cases are easy.

Note that a path-complete graph of order n and diameter d can be
obtained from a path P : wg,...,u4_2 by joining wvg_s to t vertices of a
K, —qr1. Label the vertices of the K,_4_1 which are adjacent to vg_o by
Vg_1, -, Vg_o1t, and label the remaining vertices as v4-1.44, ..., vn. Note that
only the n—d+1—t vertices in {v4_144, -.., Un_1 } have a vertex of lower index
at distance d from them (viz., vg), 80 sg = n—d+1—t. Fori € {2,...,d—1},
however, every vertex except those in {vg,...,v;_1} has exactly one vertex
of lower index at distance ¢ from it, and so s; = n — i. It follows that
(Wil PR )] = Sy 51 = Shaln — ).

This completes the proof. : O

Our next result is an upper bound on the diameter of a graph, given the
numbers of vertices and edges. The bound is due to Harary [Har62], but
we present our own proof based on Theorem 3.1.1. The related question of
the maximum number of edges in a graph of given order and diameter is

discussed in Section 3.4.

Theorem 3.1.2 [Har62] Let G be a connected graph with n vertices and m
edges. Then diam(G) < diam(PK,, ).
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Proof:
Let diam(G) = d, and diam(PK,») = D. Note that sp(PKy,m) is equal
to the number of vertices at distance D from a vertex of lowest degree in
PK,, m, and is therefore at most n. — D. Now suppose d > D.

If D=1, thenm = (Z), and so d = 1 = D, contradicting our assumption.
It follows that D > 2, and so d > 3. Hence

Wa(@) > [Wp(G)|

D
> > (n—1i)  (by Theorem 3.1.1)
=2
D1
— Y (n-i)+(n-D)
i=2
D-1
Z Z (’I’I, - 'L) + SD(PKn,m)
=2
= |Wp 1(PKnpm)|+ sp(PKnm) (by Theorem 3.1.1)
= |[Wp(PKym)l-

But since G and PK,,, both have n vertices and m edges, |Wy(G)
\Wp(PK,m)| = (Z) — m. We therefore have a contradiction, and it follows
that d < D. O

Note that PK, ,, is not necessarily the only graph of order n and size m
with maximum diameter. For example, the graph G in figure 3.1 has order

8, size 10, and the same diameter as PKj 1.
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Figure 3.1: Another graph of maximum diameter (here n =8, m = 10)
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3.2 Spanning Trees

We saw earlier that, for any connected graph G, it is always possible to find
a spanning tree of G which has the same radius. This is not always true
for diameter. In this section we characterise graphs which have diameter-
preserving spanning trees, and in fact find the minimum diameter of a span-

ning tree of any given graph.

We first examine the more restricted problem of determining when a

graph has an eccentricity-preserving spanning tree.

3.2.1 Eccentricity-preserving spanning trees

Definition: A spanning tree 7" of a graph G is said to be eccentricity-
preserving if er(v) = eg(v) for every vertex v € V(G).

Nandakumar [Nan86] characterised the graphs that have eccentricity-
preserving spanning trees. We present our own proof of his result. This

requires some preliminary notation and results.

Recall that, by Propositions 2.1.1 and 2.1.2, if ¢ is any central vertex of a
connected graph G and 7. is a spanning tree of G which is distance-preserving
from ¢, then rad(T.) = rad(G) and C(T,.) C C(G). We now consider a more
specific type of such tree.

Definition: For any adjacent vertices v and u in a graph, we let T, ,, denote a
spanning tree which is distance-preserving from v, in which as many vertices

as possible are descended from wu.

For example, the tree found using the breadth-first-search algorithm with v
as root and u as the first neighbour of v is such a tree.
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Proposition 3.2.1 Let G be a connected graph containing two adjacent cen-

tral vertices ¢, and cy with no eccentric vertices in common. Then C(T, o) =

{c1, 2}

Proof:

The only vertices in V(G) whose distances from ¢; and ¢, are not the same in
T, c, 8sin G are those that are equidistant from ¢; and ¢; in G. These vertices
are the same distance from ¢; in T, ., as in G, but distance 1 further from
co. Since ¢; and ¢y have no eccentric vertices in common, all these vertices
are within distance rad(G) — 1 from ¢, in G. Hence er, , (c3) = rad(G), and
s0 ¢ € C(T,, ¢,). Since ¢ is certainly also in C(Tg, 4,), the result follows. O

Lemma 3.2.2 If every non-central vertex v of o graph G has a neighbour
w with eg(w) = eqg(v) — 1, then no vertex u € V(G) can be further than
ec(u) — rad(G) from its closest central vertezx in G.

Proof:

Let u be any non-central vertex. Then u has a neighbour u; of smaller
eccentricity. Similarly, u; (if it is not central) has a neighbour wu, of smaller
eccentricity, and so on. It follows that we can reach the centre from u in
eg(u) — rad(G) steps. 0

As a direct consequence we have the following result.

Lemma 3.2.3 If C(G) = {c1, 2}, diam(G) < 2rad(G) — 1, and every non-
central vertex v m G has a neighbour u with eq(u) = eg(v) — 1, then ¢, and

¢y have no common eccentric vertex.

Proof:

Let z be any eccentric vertex of ci; so dg(z,¢1) = rad(G). By Lemma 3.2.2,
z must be within a distance of eg(z) — rad(G) < diam(G) — rad(G) <
rad(G) — 1 from some central vertex of G, which cannot be ¢; and must

therefore be co. Hence z cannot be an eccentric vertex of ¢s. O
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We are now ready to present the characterization of eccentricity-preserving

spanning trees.

Theorem 3.2.4 [Nan86| A connected graph G has an eccentricity-preserving
spanning tree iff

(1) either (C(Q))¢ = Ky and diam(G) = 2rad(G), or (C(G))e = Ky and
diam(G) = 2rad(G) — 1, and

(2) every non-central vertez v in G has a neighbour u with eq(u) = eq(v) — 1.

Proof:

Let G be a connected graph with an eccentricity-preserving spanning tree 7.
By Proposition 1.5.4, condition (1) holds for 7', and it is not hard to show
that condition (2) does too. It follows that the two conditions hold for G.

For the converse, let G be a connected graph satisfying (1) and (2). If
C(G) = {c1}, let T be the tree T,,. Then by Propositions 2.1.1 and 2.1.2,
rad(T) = rad(G) and C(T') = C(G). Otherwise, if C(G) = {c1, ¢}, let T be
the tree T¢, .,. Again, by Proposition 2.1.2, rad(T") = rad(G). Furthermore,
since by Lemma 3.2.3 ¢; and ¢y have no common eccentric vertex, it follows
by Proposition 3.2.1 that C(T") = C(G).

Now let v be any vertex in G. If C(G) = {e1,¢c2} and v is closer to
cy than to ¢; in G, let ¢ = ¢;. Otherwise let ¢ = ¢;. Then ¢ € C(G) =
C(T), dr(v,c) = da(v,c), and by Lemma 3.2.2, da(v,c) < eq(v) — rad(G).
Therefore

IA

dp(v,c) + er(c)

c¢(v,c) + rad(T)

a(v,c) + rad(Q)
(

?
G 'U).

er(v)

A
o o Q

It follows that er(v) = eq(v) for every v € V(G). In other words, T is
eccentricity-preserving. O
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3.2.2 Minimum-diameter spanning trees

Buckley and Lewinter [BL88] characterised all graphs that have a diameter-
preserving spanning tree. We generalise their result by determining the min-

imum diameter of a spanning tree of any given graph.

Proposition 3.2.5 IfT is a minimum-diameter spanning tree of a graph G,
then rad(T) = rad(G).

Proof:
Suppose, to the contrary, that rad(T) > rad(G) + 1. Let ¢ be any central
vertex of G, and let T, be a spanning tree of G which is distance-preserving

from c. Then

diam(Ty)

IA

2rad(T)
2rad(G)
2(rad(T) — 1)
diam(T) — 1,

INCIN

which is impossible. O

Theorem 3.2.6 Let T be a minimum-diameter spanning tree of a graph G.
If G contains a pair of adjacent central vertices with no eccentric vertices in
common, then diam(T) = 2rad(G) — 1. Otherwise, diam(T) = 2rad(G).

Proof:
By Proposition 3.2.5, rad(T') = rad(G). Since T is a tree, either diam(T") =
2rad(G) or diam(T) = 2rad(G) — 1.

It diam(T') = 2rad(G) — 1, then let C(T) = {c1,¢co}. Since T is radius-
preserving, C(T) € C(G), and any eccentric vertex of ¢; or ¢; in G is also

an eccentric vertex in 7T'. Since ¢; and ¢, are adjacent, no vertex in 7" can be
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equidistant from them in 7' It follows that ¢; and ¢; can have no eccentric

vertices in common in 7', and hence in G.

For the converse, let G be a graph containing two adjacent central vertices
¢, and ¢, which have no eccentric vertices in common, and consider T¢, c,.
By Proposition 3.2.1, |C(Te, )| = 2, and hence diam(T, ,) = 2rad(G) — 1.
It follows that diam(T) = 2rad(G) — 1. o

Since any diameter-preserving spanning tree is clearly also a minimum-
diameter spanning tree, Buckley and Lewinter’s characterisation follows as a

corollary:

Corollary 3.2.7 [BL88] A graph G has a diameter-preserving spanning tree
iff either

(1) diam(G) = 2rad(G), or

(2) diam(G) = 2rad(G)—1 and G contains a pair of adjacent central vertices
with no eccentric vertex in common.

Some remarks:

(1) Note that any connected graph G contains a spanning tree whose di-
ameter is at most double that of G (for example, any radius-preserving
spanning tree of G is such a tree). The odd cycles (among others) show
that this bound cannot be improved. This has relevance, for example,
when one is considering replacing a proposed communications network
by one with the minimum possible building costs, and one needs to

know whether this will still yield an acceptable maximum transmission
time.

(2) Theorem 3.2.6 provides an easy way to find one minimum-diameter
spanning tree of a connected graph G. If G contains two adjacent central
vertices ¢; and ¢ with no eccentric vertices in common, then T¢, .,

is a minimum-diameter spanning tree (with diameter 2rad(G) — 1).
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Figure 3.2: A graph illustrating remarks (3) and (4)

Otherwise, for any ¢ € C(G), T, is a minimum-diameter spanning tree
(with diameter 2rad(G)).

It is not true that every spanning tree which is distance-preserving from
a central vertex of a graph G must have minimum diameter, only that
at least one of them must. For example, in the graph G in figure 3.2,
diam(T,,) = diam(T,) = 7, but diam(T,,) = 8.

Nor is it true that every minimum-diameter spanning tree of a graph
G must be distance-preserving from some ¢ € C(G). For example, the
minimum-diameter spanning tree obtained by omitting the edges ey, e
and e3 from G in figure 3.2 is not distance-preserving from any central

vertex.

Clearly, any eccentricity-preserving spanning tree also preserves the
diameter. One would therefore expect the conditions of Theorem 3.2.4
to imply those of the corollary to Theorem 3.2.6: Lemma 3.2.3 shows
that they do.

A graph can, however, have a diameter-preserving spanning tree with-
out having an eccentricity-preserving spanning tree, as shown by the
graph G = K; + K,, + K,, + K, for any n, > 2 and ny > 2. This
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example also shows that, unlike in the case of eccentricity-preserving
spanning trees, |C(G)| need not be small in order for G to have a
diameter-preserving spanning tree. Here |C(G)| = |V(G)| — 2, and so
ICGN/IV(G)] = 1 as [V(G)] — oo

The minimum-diameter spanning tree problem for “graphs” whose edges
form a continuum of points was studied by Hassin and Tamir [HT95].

Buckley and Lewinter [BL88] also noted that the following are sufficient
conditions for a graph to have a diameter-preserving spanning tree:
(a) C(G) = {c} and ¢ is a cut-vertex not on a cycle of G, or

(b) G contains two adjacent central vertices ¢; and ¢ such that the
edge e = cycy is a bridge.

We omit the straight-forward proofs.
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3.3 Edge Removal

In this section we discuss how the removal of edges affects the diameter of a

graph.

3.3.1 Removing the worst edge

When an edge is removed from a graph, the diameter cannot decrease. Our
first theorem shows that, if the edge is cyclic, then the diameter also cannot

increase by more than a factor of 2.

Theorem 3.3.1 [Ple75b, CG84] Let G be any connected graph and e any
cyclic edge of G. Then

diam(G — e) < 2diam(G).
Moreover, this bound cannot be improved.
Proof:
Let e = ab, let C be a shortest cycle of G containing e, and let w be a vertex

opposite e on C. Then by Proposition 1.5.9 removing e does not affect the
distance from w to any other vertex.

Now let z and y be any diametral pair of G — e. Then

diom(G —e) = dg_.(z,y)
< do_e(z,w) + dg-e(w,y)
= dG(iE,U)) +dg(’LU,y)
< 2diam(G).
The odd cycle Cy4y1 shows that the bound is sharp. O

Chung and Garey [CG84] also considered a generalisation of this problem

in which ¢ > 2 edges are removed from a connected graph G of diameter d.
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They proved that if the resulting graph G is still connected, then diam(G') <
(t + 1)d + t. Schoone, Bodlaender and van Leeuwen [SBV87] improved this
bound to diam(G') < (¢ + 1)d, and obtained tight bounds for the cases
where t = 2 or 3, or d = 2. Kerjouan [Ker86] further improved the bound
to diam(G') < (¢t + 1)d — t + 3. Peyrat [Pey84] obtained tight upper and
lower bounds on diam(G’) in the case where d = 2 or 3 and G is (¢t + 1)-
edge-connected, but for general d the maximum possible diameter of G’ has
not yet been determined exactly.

We have obtained the following upper bound on the increase in diameter

when an edge is removed, in terms of the order of the original graph:

Proposition 3.3.2 Let G be a connected graph of order n, containing a
cyclic edge e. Then

diam(G — e) — diam(G) < E(n — I)J :
and this bound is sharp.

Proof:
If diam(G) > %(n — 1), then

. . 1, - 1
diam(G — e) — diam(G) < (n — 1) — 5(77 —1) = 5(77 - 1).

If diam(G) < $(n — 1), then by Theorem 3.3.1

diam(G — e) — diam(G) < 2diam(G) — diam(G)
< tm-a
< 5n- ).
The bound is attained, for example, by the cycle C,. O

In contrast, there are many graphs whose diameter is unchanged by the
removal of any edge. For example, the hypercubes Q; for ¢ > 3 are such
graphs.
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3.3.2 Removing a particular edge

We now consider the maximum change in diameter when a particular edge e
of girth g(e) is removed. Since the ends of e have their distance increased to
g(e) — 1, it follows that:

Proposition 3.3.3 [Ple75b| For any cyclic edge e of a connected graph G,

diam(G — e) > g(e) — 1.

This bound is attained for example in the cycles. It is in fact sharp for any
possible values of diam(G) and g(e) for which g(e) > diam(G) + 1, as shown
by the following construction: for any givend € N and ¢ € {d+1, ...,2d + 1},
let G’ be the graph obtained from a cycle C = C, by attaching a path of
length d — | 24| to a vertex v of C, and let e be an edge opposite v on C.
Then diam(G) = d, g(e) = £ and diam(G —e) = ¢ — 1.

Theorem 3.3.4 [Ple75b] For any cyclic edge e of a connected graph G,
diam(G — e) — diam(G) < g(e) — 2,

and if diam(G) is even and diam(G — e) = 2diam(G), then diam(G — €) —
diam(G) < g(e) — 3. Moreover, these bounds are sharp for all possible values
of diam(G) and diam(G — e).

Proof:
Let diam(G) = d. Let e = ab, and let C' be a shortest cycle containing e.
Let z and y be a diametral pair of G — e, and let P be a shortest z—y path
in G.

If P does not contain e, then diam(G — e) = d, and we are done. Oth-

erwise, we may assume without loss of generality that P is of the form
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z,...,a,b,...,y. Let W be the z—y walk obtained from P by replacing e
with C —e. Then

diam(G — e)

dG—B(:C’y)
UW) = de(z,y) + gle) — 2
< d+g(e) -2,

IN

and the result follows.

Now let d be even and diam (G — e) = 2d, and assume that equality holds
in the above inequality. Hence g(e) = d + 2, W is a shortest z—y path in
G — e, and dg(z,y) = d.

Since d is even and dg(x,y) = d, we can assume without loss of generality
that dg(z,a) > %d. Now let w be a vertex opposite a on C; hence (by
Proposition 1.5.8) dg(w,a) = do(w,a) = 3d + 1. Since the z—w section of
W is a shortest z—w path in G — e and hence (by Proposition 1.5.9) in G, it
follows that

d
do(z,w) = dg(z,a) + de(a,w) > 3

d
+ (5 +1)=d+1,
which is impossible. This shows that if d is even and diam(G — e) = 2d, then
the above inequality is strict.

Finally, we give an example to show the bounds cannot be improved. Let
de Nand D € {d,...,2d} be given. Let G be the graph obtained from a
cycle C by attaching two disjoint paths P, and P, to two adjacent vertices a
and b on C as follows. If d is even and D = 2d, let C have length d + 3 and
let P; and P, have length 2d —1. Then diam(G) = d, diam(G —e) = D, and
g(e) = D —d+ 3. Otherwise, let C have length D — d+ 2, let P, have length
|%452], and let P, have length [41]. Then diam(G) = d, diam(G — e) = D,
and g(e) =D —d+ 2. a

The following theorem is based on ideas developed by Plesnik in [Ple75al.
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Theorem 3.3.5 Let G be a connected graph of diameter d, containing no
endvertices, and let e be a cyclic edge of G. Then diam(G — e) = 2d iff

gle) =2d + 1.
Proof:
Let e = ab, and diam(G — e) = 2d. We establish that g(G) = 2d +1 in three

steps.

(1)

Let C be a shortest cycle containing e¢ in G. Let =z and y be any
diametral pair of G—e, and let P be any shortest z—y pathin G. Clearly
P contains e; we may therefore assume without loss of generality that
P consists of an z—a path P; of length ¢, the edge e = ab, and a b—y
path P, of length ¢, where £ > 4.

By replacing e by C — e in P, we obtain an z — y walk in G — e of
length dg(z,y) + g(e) — 2. It follows that

da(z,y) +g(e) = 2 > da_.(z,y) = 2d,

and hence that
gle) > 2d — de(z,y) + 2. (1)

Since y is not an endvertex it has a neighbour 3’ not on P. Since y is
an eccentric vertex of x in G — e, a shortest z—y' path @ in G — e does
not contain y. Let w be the vertex at distance d — dg(z,y) from 3/ on
@, and let W be the b—w walk consisting of P, the edge yy/, and the
y'—w section of @ (see figure 3.3.)

We now prove that dg_.(z,w) < d. Suppose, to the contrary, that
de_e(z,w) > d. Then any shortest z—w path in G must contain e. It
follows that there is a w-b path R in G of length at most d — ¢; — 1.
Note that, since {(W) =d — ¢, > £(R), V(R) # V(W), and hence the -
closed walk consisting of R and W contains a cycle C'. But £(C") <
2d — 24, — 1 < 2d — dg(z,y), which is less than g(e) by inequality (1).
Since this is clearly impossible, we conclude that dg_.(z,w) < d.
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Figure 3.3: Illustration used in the proof of Theorem 3.3.5

(3) It follows that

2d

Il

dG-e(Iay)
S dG——E(‘IE7 'LU) + dG—E(w) yl) + dG—e(yl) y)

and hence that dg(z,y) = 1.
Therefore, by inequality (1),

gle) > 2d —dg(z,y) +2 =2d + 1.
Since g(e) < 2d + 1 by Proposition 1.5.10, the result. follows.

For the converse, let g(e) = 2d + 1. Then
diam(G — e) > dg-e(a,b) = gle) — 1 = 2d.

Since diam(G — e) < 2d by Theorem 3.3.1, the result follows. O

We will use this result in our discussion of edge-diameter-doubling graphs.
Note that the condition that G have no endvertices is necessary, as shown

by the graph constructed in Theorem 3.3.4.
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3.3.3 Edge-diameter-increasing graphs

In this subsection we consider graphs for which the removal of any edge in-
creases the diameter. Such graphs model networks whose maximum message

delay time increases if any link fails.

Definition: A connected graph G is called edge-diameter-increasing or eds
if diam(G — e) > diam(G) for every edge e of G.

For example, all trees, complete graphs and cycles are edge-diameter-
increasing. Such graphs are also called diameter-minimal graphs, and were
studied especially by Gliviak and Plesnik (see [Gli68, Gli75a, Gli75b, GKP69a,
GKP69b, GP69, GP70, GP71, Ple75a, Ple75b]).

Edi graphs have not been fully characterised, but several results are
known. For example, both Gliviak and Plesnik [GP70] and Greenwell and
Johnson [GJ79] proved that for any graph G and any natural number d > 2
there exists an edge-diameter-increasing graph of diameter d containing G
as an induced subgraph. Also, Plesnik gave a construction in [Ple75a] which
shows that for any d > 1 and xk > 2 there exists a x-regular edi graph with di-
ameter d and connectivity x. These results show that the class of edi graphs

is very large.

By removing edges one at a time until, if any further edge were removed,

the diameter would increase, we obtain the following:

Proposition 3.3.6 Every connected graph has a spanning subgraph of the

same diameter which is edge-diameter-increasing.

We have the following sufficient condition for a graph to be edge-diameter-
increasing:

Proposition 3.3.7 [Ple75b] If G is any graph with g(G) > diam(G) + 2
then G 1is edge-diameter-increasing.

)
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Proof:
By Proposition 3.3.3, for any cyclic edge e of G,

diam(G — e) > g(e) — 1 > diam(G) + 1.
It follows that G is edi. O

The edi graph G obtained by attaching a path of length £ > 1 to each
vertex of a triangle shows that the above condition is not neccesary, since

here g(G) = 3 < 2£ + 3 = diam(G) + 2.

In the next few propositions we establish some properties of edi graphs.

Proposition 3.3.8 [Ple75a| In any edge-diameter-increasing graph, there is
at most one cyclic block.

Proof:

Let G be a connected graph of diameter d containing at least two cyclic
blocks. Then for some cut-vertex v of GG, there are two v-components G,
and G5, each of which contains a cycle. Since eg, (v) + eg,(v) < d, we may
assume without loss of generality that eg, (v) < 3d.

Let T be a spanning tree of G which is distance-preserving from v, and
let e be any edge in E(Gy) — E(T). Note that removing e from G does not
change the distance from v to any other vertex.

Now let z and y be any diametral pair of G —e. If z and y are not both in
G, then removing e does not affect the distance between them. Otherwise,
if both z and y are in G, then

de—e(z,y) < do_e(z,v) + da_e(v,y) < 2eq(v) < d.

In either case, it follows that diam(G — e) < d, and hence that G is not
edi. ]

Any graph of order n and diameter 1 (i.e., any complete graph) is edi and
has minimum degree n — 1, but for edi graphs of diameter greater than 1 the
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situation is different. Plesnik [Ple75b] proved that an edi graph of order n
and diameter at least 2 has minimum degree at most |%]. For any n > 3,
the complete bipartite graph K EnE shows that this bound is sharp for
graphs of diameter 2. Our next proposition improves Plesnik’s bound for
graphs of diameter greater than 2.

Proposition 3.3.9 IfG is an edge-diameter-increasing graph of order n and
diameter d > 2, then

5(6) < Lt —d+2)].

Proof:
Let e be any cyclic edge in G, and let z and y be any diametral pair of G —e.
Let P be a shortest x — y path in G —e.

Since G is edi and d > 2, dg_.(z,y) > d +1 > 3. Hence Ng_.(z) N
Ng-e(y) = 0. Note that |[Ng—(z)| > dega(z) — 1, [Na—.(y)| = dega(y) — 1,
and that P has exactly one vertex in common with each of Ng_.(z) and
Ne_.(y). Hence

n > |[V(P)|+ [Ng-e(z)| + |Ng-e(y)| — 2
> (d+2)+ (dege(z) — 1) + (dega(y) — 1) — 2.

It follows that 26(G) < degg(z) + dega(y) < n —d + 2, and hence that
§(G) < 5(n—d+2). O

The above bound is attained for d = 2 by (4, and for d = 3 by C.
However, for larger values of d, it seems to be poor. Bermond and Bollobés
observed in [BB81] that very little is known about the maximum possible
value of §(G) for an edi graph G.

Note that, since for any n. > 3 and d € {2,...,n — 1} the graph obtained
from the star K, ,_q41 by replacing one edge by a path of length d — 1 is edi,

the only upper bound on the mazimum degree of an edi graph G of order n
and diameter d is the obvious one of A(G) <n —d+ 1.
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Plesnik [Ple75a] and, independently, Simon and Murty (see [CH79]) made
the following conjecture about edi graphs:

Conjecture 3.3.10 Let G be an edge-diameter-increasing graph of diameter
2 with n vertices and m edges. Then

1
m < LZW,ZJ,

with equality holding iff G = K13 1101

In [Ple75a] Plesnik proved that m < %(g) (In fact he proved it for edi
graphs of order n and any diameter greater than 1.)

Caccetta and Haggkvist [CH79] established the stronger bound of m <
0.27n%. Fan [Fan87] proved the conjecture for n < 24 and n = 26, and
improved the bound to 0.2532n2 for n > 25. Finally, Fiiredi [Fur92] proved
that the conjecture is true asymptotically.

Caccetta and Haggkvist [CH79] proposed a generalisation of the con-
jecture to edi graphs of higher diameter. Their conjecture was, however,

disproved by Krishnamoorthy and Nandakumar [KN81].

Clearly, since all trees are edi, there is no lower bound on the number of

edges in an edi graph of order n other than the obvious one of n — 1.

3.3.4 Edge-diameter-doubling graphs

We showed above that diam(G — e) < 2diam/(G) for any cyclic edge e of a
connected graph G. We investigate here a special class of edi graphs—viz.,
those graphs whose diameter doubles when any edge is removed.

Definition: A connected graph G is called edge-diameter-doubling if diam(G—
e) = 2diam(G) for every edge e of G.

Plesnik proved in [Ple75b] that any such graph is a block. We prove the
following stronger result:
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Theorem 3.3.11 Every edge-diameter-doubling graph s self-centred.

Proof:

Let G be any graph which is not self-centred. Then G contains a vertex v
with eccentricity at most diam(G) — 1. Let T, be a spanning tree of G which
is distance-preserving from v, and let e be any edge in E(G) — E(T,). Then
deo(v,w) = da(v,w) for every w € V(G), and so rad(G — €) < eg—e(v) =
eq(v) < diam(G) — 1. Hence

diam(G — e) < 2rad(G — e) < 2(diam(G) — 1) < 2diam(G),

and G is not edge-diameter-doubling. a

Since the centre of any connected graph must be contained in one block,
no self-centred graph can contain a cut-vertex. Hence Plesnik’s result follows

from ours.

The following characterisation of edge-diameter-doubling graphs is due
to Plesnik, and is a direct consequence of Theorem 3.3.5.

Theorem 3.3.12 [Ple75b] A connected graph G is edge-diameter-doubling
iff g(G) = 2diam(G) + 1.

Proof:
Let G be an edge-diameter-doubling graph, and note that every edge of G is
cyclic. It therefore follows from Theorem 3.3.5 that ¢(G) > 2diam(G) + 1.

For the converse, let G be a connected graph with ¢(G) = 2diam/(G) + 1.
Then by Proposition 1.5.11, G is 2-edge-connected. It follows from Theorem
3.3.5 that G is edge-diameter-doubling. O

So the study of graphs whose diameter is doubled by the removal of any
edge reduces to the study of graphs with maximum possible girth for given
diameter.

We conclude this section with some remarks on Moore graphs.
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It is easy to prove (see, for example, [HS60]) that if a connected graph
has order n, diameter d and maximum degree A, then

n<1+A> (A1)
i=0

Those graphs for which equality holds in the above equation are called
Moore graphs. We present next our proofs of the results that connect Moore

graphs and girth.

Recall that the distance degree sequence of a vertex v is given by

{1, [N (v)], [N2()], - - [ Negy (v)] }-

Our first proposition shows that Moore graphs are distance degree regular,
a result stated without proof in [BH90].

Proposition 3.3.13 Let G be a Moore graph of diameter d and maximum

degree A. Then every vertex in G has the same distance degree sequence
{1, A, A(A=1), A(A=1)%, ..., A(A = 1)+}

Proof:

Let G have radius 7, and let ¢ be any central vertex in G. Note that there
are deg(c) < A vertices in Ny(c). Furthermore, for i € {2,...,r}, [Ny(c)| <
(A — 1)|Ni_1(c)|, with equality holding iff every vertex in N;_1(c) has degree
A and no two vertices in N;_;(c) are adjacent or have a common neighbour
in N;(c). It follows that

n < 1+> AA-1)}
=1

d
< 14 AA-1)7 (since r < d)
=1

=n (since G is a Moore graph).
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Hence r = d (i.e., G is self-centred), and the distance degree sequence of
cis {1, A,A(A —1),A(A - 1)%,...,A(A = 1)1}

Now note that, since G is self-centred, any vertex in G could have been
chosen as ¢. Hence every vertex in GG has the same distance degree sequence,

and the result follows. 0

It follows that if G is a Moore graph of diameter d, then G is self-centred
and regular, and for any vertex v € V(G) the graph induced by {v} UN;(v)U
Ny(v)U...UN, 1(v) in G is a tree. Hence (since G is A-regular) every vertex
in N4(v) must be adjacent to A — 1 other vertices in Ny(v).

Our next two results, obtained by Bosak in [Bos70]| and stated without
proof in [Ple75b], characterise the Moore graphs as those cyclic graphs with

the maximum possible girth for given diameter.

Proposition 3.3.14 [Bos70] If G is a Moore graph with at least three ver-
tices and diameter d, then g(G) = 2d + 1.

Proof:
Since by Proposition 3.3.13 G is regular, and G % K3, G is not a tree. Let
C' be a shortest cycle in G, and let v be any vertex on C. Since by the above
discussion ({v} U Ny(v) U Na(v) U ... U Ny_1(v))¢ is a tree, C must contain
some edge ww such that both u and w are in Ny(v).

Hence g(G) = ¢(C) > d+ 1+ d. Since g(G) < 2d + 1 by Proposition
1.5.10, the result follows. O

Theorem 3.3.15 [Bos70] If G is a connected graph with diameter d and
girth g(G) = 2d + 1, then G is a Moore graph.

Proof:
The proof is in five steps.
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(1)

Let v be any vertex in G, and let T" be a spanning tree of G which is
distance-preserving from v. Since by Theorems 3.3.12 and 3.3.11 G is
self-centred, v has eccentricity d. Let F' be the set of edges in (N4(v))¢-
If T"# G — I, then there exists an edge uw in G that is neither in
(N4(v))g nor in T'. Hence at least one of the vertices u and w is within
a distance of d— 1 from v. Combining the v—u and v—w paths in T" with
the edge uw, we obtain a closed walk in G, containing a cycle of length
not exceeding dr(v,u) + 1 +dp(w,v) < (d—1)+1+d = 2d < g(G),

which is impossible. Hence it must hold that T'= G — F.

Since g(G) = 2d + 1, G has no bridges and hence no end-vertices. For
any neighbour z of v, let S; be the set of vertices in N,(v) which are
descended from z in 7', or S, = {z} if d = 1. Note that for any two
neighbours z and y of v, §; and S, are disjoint. Note further that, since
G has no vertices of degree 1, all endvertices of 7" must be in Ny(v);
hence every neighbour of v has at least one descendent in Ny(v); i.e.,
|Sz| > 1 for every z € N(v).

Now let z be any eccentric vertex of v; then z € S, for some neighbour
z of v. Note that, for each y € N(v) — {z}, z must be adjacent to at
least one vertex in S, since otherwise dg(z,y) > d. It follows that z is
adjacent to at least deg(v) — 1 other vertices in Ny(v). Hence, since z
is also adjacent to at least one vertex in Ny_;(v), deg(z) > deg(v).

Since v was any vertex of G (so we could have chosen z instead of v and
considered v € Ny(z)), it follows that any two eccentric vertices have
the same degree. Now let w and u be any two neighbours of v, and note
that w is at distance d from every vertex in S,. Hence w and v have
at least one eccentric vertex in common, and so degg(w) = degg(v). It
follows that any two neighbours in G have the same degree, and hence

(since G is connected) that G is regular. Let the degree of the vertices
in G be A.
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(5) Since G is A-regular and G — F is a tree, GG has order

d—1

n=1+A> (A-1).
=0
This means that G is a Moore graph. O

We therefore have the following characterisation of Moore graphs:

Theorem 3.3.16 [Ple75b] The following three statements are equivalent for
any connected graph G with at least 3 vertices:

(1) diam(G — e) = 2diam(G) for every edge e in G.

(2) g(G) = 2diam(G) + 1.

(8) G s a Moore graph.

Moore graphs have been studied by many authors, of whom we name
a few. Hoffman and Singleton showed in [HS60] that any Moore graph of
diameter 2 must be an odd cycle (A = 2), the Petersen graph (A = 3), the
Hoffman-Singleton graph (A = 7), or possibly an (as yet unknown) Moore
graph of diameter 2 and degree 57. Bannai and Ito [BI73] and, independently,
Damerell [Dam73] proved that there is no Moore graph with diameter d > 3
and degree A > 3. It follows that any Moore graph must be a complete
graph (d = 1,A =n —1), an odd cycle (d = 3(n — 1), A = 2), or one of the
graphs named above.
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3.4 Edge Addition

3.4.1 Edge-diameter-decreasing graphs

In this subsection we consider graphs whose diameter is decreased by the

addition of any edge.

Definition: A graph G is edge-diameter-decreasing or edd if diam/(G +e) <

diam(G) for every e € E(G).

For example, any path or complete graph is edd. A disconnected graph is
edd iff it is the disjoint union of two complete components. Edge-diameter-
decreasing graphs are also called diameter-maximal graphs, and were com-
pletely characterised by Ore in [Ore68]:

Theorem 3.4.1 [Ore68] A connected graph G of diameter d > 2 s edge-
diameter-decreasing iff

(1) G has ezactly two peripheral vertices, vy and vy,

(2) (Ni(vg))q is complete for each i € {0,...,d}, and

(3) every vertez in N;(vg) is adjacent to every vertex in Nip1(vg) for i €
{0,...,d—1}.

Proof:

It is easy to see that graphs which obey the three conditions are edge-
diameter-decreasing. So suppose that G is edd, and let vy and v, be a
diametral pair of G.

Adding an edge in G between two vertices u € N;(vg) and v € N;(vp),
where |7 — ¢| < 1, cannot decrease the distance between vy and vy, and
therefore cannot decrease the diameter. Hence conditions (2) and (3) hold.

If N4(vp) contains a vertex v/ different from vg, then v/, can be joined to
every vertex in Ny_o(vp) without decreasing the distance between vg and vy
— a contradiction. So N4(vp) contains only vy, and condition (1) follows. O
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Note that the structure of a connected edd graph G of diameter d > 2
can also be described in terms of a sequential join: for some d — 1 natural

numbers n;, G has the form

Ki4 Ko + Koy + ...+ K,y + K.

It is clear that G is k-connected iff n;, > x for every ¢ € {1,...,d —
1}. Furthermore, Caccetta and Smyth proved in [CS87b| that G is A-edge
connected iff
(1) nyngyy > A for every i € {1,...,d — 1}, and
K.,K

(2) every consecutive triple K, iy, Ccontains at least A + 1 vertices.

i—1)

Ore [Ore68| also characterised the edd graphs of order n, diameter d,

and connectivity x with the maximum possible number of edges, as follows.

When d = 2, ny = n — 2, and the number of edges is (Z) — 1. When d = 3,

n1 +ny = n — 2; hence every vertex in Ny (vg) U N2 (vp) has degree n — 2, and
1

the number of edges is 5(n —1)(n—2). The remainder of the characterisation -

is given by the next theorem.

Theorem 3.4.2 [Ore68] An edge-diameter-decreasing graph G of order n,
diameter d > 4, connectivity k and the mazimum possible number of edges
has the form

Ki+Ki+Kp+...+ Ky, ,+ K+ Ky,

where n; = Kk for every i, except possibly one or two consecutive values of 4
for which n; > k.

This leads to the following upper bound on the number of edges in a
graph of order n and diameter d > 2 (which is reminiscent of Vizing’s bound
on the size of graphs of given order and radius (see Theorem 2.4.4)):

Theorem 3.4.3 [Ore68| A graph of order n and diameter d has at most

1
d+§m—d—UM—d+®
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edges, and this bound s sharp.

Obviously graphs attaining this maximum are edge-diameter-decreasing.

In a series of papers Caccetta and Smyth [CS87a, CS87b, CS87¢, CS88a,
CS88b] studied edge-diameter-decreasing graphs of given connectivity and
edge-connectivity. In [CS87a], using results they developed in [CS87c¢]|, they
showed that edd graphs of given order, diameter and edge-connectivity with
the maximum possible number of edges have a structure similar to that of

Ore’s graphs, but somewhat more complicated:

Theorem 3.4.4 [CS87a] An edge-diameter-decreasing graph G of order n,
diameter d > 6, edge-connectivity A > 8 and the mazimum possible number
of edges has the form

K+ Ky4Kn, + ...+ Kn,, + Ky + Ky,

where

(1) niniy1 > X for everyi € {1,...,d — 1}, and

(2) nicy + i+ nip = A+ 1 for alli € {3,...,d — 3}, except possibly one,
which must bei =3 ori=d— 3.

Note that the above theorem does not specify precise values of n;. These
in fact depend heavily on the values of n, d and X and are given in [CS88b].
The cases d < 5 and A < 7 are considered in [CS87c].

Edge-diameter-decreasing graphs were also studied by Chomenko and Os-
troverchij [CO70], among others.

3.4.2 Adding the best edge

It follows from Theorem 3.3.1 that adding an edge to a graph cannot decrease
the diameter by more than half. Chung and Garey [CG84] showed that
when ¢ edges are added to a graph G of diameter d, the resulting graph G
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always has diameter at least fﬁ. Schoone, Bodlaender and van Leeuwen

[SBV87] improved this bound to diam(G') > %, and Kerjouan [Ker86] to

t+17

diam(G') > d;ﬁ?’, but a sharp bound has not yet been determined.

It is easily seen that, if only the diameter d and not the order n of G is
specified, then the minimum possible value of diam(G’) is attained when G
is a path.
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3.5 Vertex Removal

Unlike in the edge case, removing a vertex from a graph might increase or
decrease the diameter, or leave it unchanged.

Our first proposition describes those vertices whose removal decreases the
diameter, and also shows that their removal cannot decrease the diameter by
more than 1. Recall that ncv stands for non-cut vertex and uep stands for

unique eccentric point.

Proposition 3.5.1 [Gli76b] Let v be a vertex of a connected graph G for
which diam(G — v) < diam(G). Then v is the uep of every other peripheral
verter in G, and diam(G — v) = diam(G) — 1.

Proof:
Since removing v cannot decrease the distance between any of the remaining
vertices, dg(u,w) < diam(G) — 1 for every u,w € V(G) — {v}. It follows
that v is peripheral and is the uep of every other peripheral vertex u in G.
Since u is still at distance diam(G) — 1 from the neighbours of v in G — v,
diam(G — v) = diam(G) — 1. O
We note that the above necessary condition (that v is the uep of every
other peripheral vertex) is not sufficient: for example, let u be any vertex of
a cycle C' of length 2d, where d > 3, and let G be the graph obtained from
C by joining the two neighbours of u. Let v be the vertex opposite u on C.
Then v is the uep of u, and u and v are the only peripheral vertices of G,
but diam(G —v) = 2d — 3 > d = diam(G).

As a direct consequence of Proposition 3.5.1 we have the following result:

Proposition 3.5.2 [Gli76b] No graph contains more than two vertices whose

removal decreases the diameter.

Proof:

By Proposition 3.5.1, any vertex whose removal decreases the diameter must
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be an endpoint of every diametral path in G. The result then follows from
the fact that a diametral path has only two endpoints. a

The sequential join of d 4+ 1 copies of K5 is an example of a graph whose
diameter is unchanged by the removal of any vertex. We now consider graphs

for which the removal of any vertex decreases the diameter.

Definition: A nontrivial connected graph G is called vertez-diameter-decreasing
or vdd if diam(G — v) < diam(G) for every ncv v of G.

Proposition 3.5.3 A nontrivial connected graph is vertez-diameter-decreasing
iff it is a path.

Proof:

Clearly, any nontrivial path is vertex-diameter-decreasing. Now let G be a
vdd graph. Since the removal of any ncv of G decreases its diameter, by
Proposition 3.5.2 G has at most two ncv’s. It follows, by Proposition 1.5.1,
that G is a path. O

In Section 3.3 we proved that removing a cyclic edge from a graph cannot
increase its diameter by more than a factor of 2. The graphs K7 + P,_; show

that there is no similar bound for the removal of a ncv.

Bounds involving the removal of more than one vertex from a graph of

given connectivity were investigated by Chung and Garey in [CG84].

3.5.1 Vertex-diameter-increasing graphs

In this subsection we consider graphs whose diameter increases if any vertex
is removed. Such graphs model communication networks which decrease in
efficiency if any node fails. They were studied by Boals, Sherwani and Ali
[BSA90], Plesnik [Ple75a], Gliviak [Gli76b], and Gliviak and Plesnik [GP70].

Definition: A nontrivial connected graph G is called vertez-diameter-increasing
or vdi if diam(G — v) > diam(G) for every vertex v in G.
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Figure 3.4: A graph which is vdi but not edi

For example, any cycle of length at least 5 is vdi, but no tree or complete

graph is.

Remark: The concepts of vertex-diameter-increasing and edge-diameter-
increasing graphs are independent, as shown by the following examples.
Any cycle C,, where n > 5, is both vdi and edi. Any tree is edi but
not vdi. Finally, the graph G obtained from an even cycle Cyx, where
k > 3, by joining every pair of vertices opposite each other on the cycle
is vdi but not edi (see figure 3.4). Here diam(G — e) = k = diam(G), but
diam(G — v) = dg_p(z,y) =k + 1.

Gliviak and Plesnik [GP70, Gli76b] and, independently, Boals, Sherwani
and Ali [BSA90] proved that for any graph G and natural number d > 2,
there exists a vertex-diameter-increasing graph of diameter d containing G as
an induced subgraph. This shows that the class of vdi graphs is very large.

We have the following sufficient condition for a graph to be vdi:

Proposition 3.5.4 [Gli76b] If G is a cyclic connected graph with §(G) > 2
and g(G) > diam(G) + 3, then G is vertez-diameter-increasing.

Proof:

Let v be any ncv of G. Since v is not an end-vertex it must lie on a cycle.
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Let C be a shortest cycle containing v, and let  and y be the neighbours of
v on C. Then C — v is a shortest 2—y path in G — v, and so dg_.(z,y) =
2(C) — 2 > g(G) — 2. Hence diam(G —v) > diam(G) + 1, and G is vdi. O

It follows, for example, that any cycle C, with n > 5 is vdi.

We note that Cy has 6§(Cy) = 2, but g(Cy) = diam(Cy)+2, and is not vdi.
Since clearly no graph containing an endvertex can be vdi, it follows that the
conditions of Proposition 3.5.4 cannot be improved. They are not, however,
necessary conditions for a graph to be vertex-diameter-increasing: the vdi
graph G in figure 3.4, for example, has girth g(G) = 4 < diam(G) + 3.

In the remainder of this subsection we establish some properties of vdi

graphs.

Proposition 3.5.5 [BSA90, Ple75a| Every vertez-diameter-increasing graph
s a block.

Proof:
Let G be a graph of diameter d containing a cut-vertex v. Let G; be a
v-component of G in which v has the smallest eccentricity, and let « be an
eccentric vertex of v in G;. Finally, let the subgraph induced by all the other
v-components in G be Gs.

Note that ec, (v) + eg,(v) < d, and hence that eg, (v) < $d. Note further
that removing u does not change the distance from v to any other vertex in

Gi.

Now let z and y be any diametral pair of G —u. If z and y are not both in
G'1, then removing u does not affect the distance between them. Otherwise,
if both z and y are in G, then

do—u(z,y) < de_u(z,v) +do_u(v,y)
da(z,v) + da(v, y)

< 2eq,(v)

d.

J

IA
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In either case, it follows that diam(G —u) < diam(G), and hence that G

cannot be vdi. O

Since any cycle C, with n > 5 has a 2-cutset and is vdi, the theorem

cannot be improved.

Proposition 3.5.6 [BSA90| Ifu and v are two distinct vertices of a vertez-
diameter-increasing graph, then u must have at least one neighbour that is

not v or adjacent to v.

Proof:
Let G be a graph containing two vertices v and v such that Ng(u) € Ng(v)U
{v}.

Let z and y be any vertices in V(G) — {u}, and let P be a shortest z—y
path in G. If P contains u, then it clearly does not contain v; so let P’ be the
path obtained from P by replacing u by v. Otherwise, if P does not contain
u, let P = P. So P’ is also a shortest —y path in G, and does not contain
u. It follows that de_,(z,y) = dg(z,y) for all 2,y € V(G) — {u}, and hence
that diam (G — u) = diam(G). Hence G is not vdi. D

Boals, Sherwani and Ali [BSA90] used Proposition 3.5.6 to show that if
G is a vdi graph of order n, then A(G) < n — 3. Our next proposition is a
small improvement on this result.

Proposition 3.5.7 If G is a vertez-diameter-increasing graph of order n,
drameter d and mazimum degree A, then

A<n—-d-1.

Proof:

Let v be a vertex of maximum degree in G, and let u be an eccentric vertex
of v. Clearly u is a ncv; let P be a diametral path of G — w.
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Since G is vdi, v cannot have eccentricity 1 without violating Proposition
3.5.6; hence u is not adjacent to v in G, and |[Ng_u(v)| = A. Note that
|V(P)| = diam(G —u) +1 > d+2. Since P is a shortest path, it can contain
at most three vertices of Ng_,(v) U {v}. Hence

V(G —u)| = [V(P)| + [N(v) U{v}] = 3;
- n—1>(d+2)+(A+1)-3,

from which it follows that

A<n—d—-1. O

(Since for vdi graphs d > 2, this implies Boals, Sherwani and Ali’s result
A<n-—3)

Boals, Sherwani and Ali believe that in fact for vdi graphs of diameter 2

a much stronger statement is true:

Conjecture 3.5.8 [BSA90] If G is a verter-diameter-increasing graph of
order n and diameter 2, then A(G) < %.

If the conjecture is true, then, for a vdi graph G of order n and diameter 2,
|E(G)| < n®. This is similar to Simon and Murty’s conjecture for edi graphs
(see Conjecture 3.3.10). According to Plesnik [Ple75al, all known examples
of vdi graphs of order n and any diameter have at most |3n?| edges.

The following bound on the minimum degree of a vdi graph is due to
Gliviak, and is an improvement on a bound found by Plesnik in [Ple75a).

Proposition 3.5.9 [Gli76b] If G is a vertez-diameter-increasing graph of
order n. and diameter d, then

5(6) < Ly(n —d+ 1))
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Proof:
Let v be any vertex in G, and let z and y be any diametral pair of G — v.
By Proposition 3.5.5, G — v is connected. Let P be a shortest z—y path in
G —w.

Since G is vdi, d > 2, and dg_,(z,y) > d+ 1 > 3. Hence Ng_,(z) N
Ne_o(y) = 0. We also note that |V (P) N Neg_y(z)| = |[V(P) N N (y)| = 1,
and that |Ng_,(z)| > degg(z) — 1 and |Ng_,(y)| > dega(y) — 1. Hence

V(P + [Noof@)] + [Nomn )] — 2+ {0}
> (d+2) + (dego(e) — 1) + (degly) — 1) — 2 +1
> d+26(G) - 1.

n

v

It follows that 6(G) < 3(n —d+1). O

Note that Cs is a vdi graph with diameter 2 and minimum degree %(5 —
2+ 1) = 2, and Cg is a vdi graph with diameter 3 and minimum degree
2(6 — 3+ 1) = 2. Tt follows that the bound cannot be improved for vdi
graphs of diameter 2 or 3, although it seems to be poor for vdi graphs of
higher diameter.

Our next few results concern vdi graphs of small diameter.

Proposition 3.5.10 [BSA90| Fvery vertez-diameter-increasing graph of di-

ameter 2 is self-centred.

Proof:

If some vertex v of a graph G has eccentricity 1, then any vertex other than v
can be removed without increasing the diameter, and hence G is not vdi. It
follows that no vdi graph can have radius 1, and hence that every vdi graph
of diameter 2 is self-centred. O

Figure 3.5, however, shows that vdi graphs of higher diameter are not
necessarily self-centred.
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Figure 3.5: A vdi graph which is not self-centred

Theorem 3.5.11 [BSA90] Removing a vertex from a vertez-diameter-increasing

graph of diameter 2 increases the diameter by ezactly 1.

Proof:
Let G be a vdi graph of diameter 2, and let v be any vertex in G. Let = and
y be any diametral pair of G — v.

Since dg(z,v) < 2 and dg_,(z,y) = diam(G —v) > 3, x and y must both
be adjacent to v. Hence by Proposition 3.5.6, = must have a neighbour u
that is not v or adjacent to v. Since dg(u,y) < 2, it follows that u and y
have a neighbour w # v in common. Since z,u,w,y is an z—y path of length
3in G — v, it follows that diam(G —v) = 3. O

Theorem 3.5.12 [BSA90] Removing a vertez from a vertez-diameter-increasing
graph of diameter 3 can increase the diameter by at most 2.

Proof:
Let G be a vdi graph of diameter 3, and let v be any vertex in G. Let z and
y be any diametral pair in G — v.

Since dg(z,y) < 3 and dg_,(z,y) > 4, v must lie on every z—y path of
length at most 3 in G. Since dg(z,y) < 3, either z or y (or both) must be
adjacent to v. Without loss of generality we may assume y is adjacent to v.
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Case (1): dg(z,y) = 2.

In this case both z and y are adjacent to v. Hence, by Proposition 3.5.6,
has a neighbour u and y has a neighbour w, neither of which is adjacent to
v. Since dg_,(z,y) > 4, u # w.

Let P be a shortest u-w path in G, and note that, since d¢(u, w) < 3 and
neither u nor w is adjacent to v, v does not lie on P. Furthermore, neither z
nor y lies on P, since otherwise there would be an x — y path of length not
exceeding 3 that does not contain v. Hence z, P,y is an z—y walk of length
at most 5 which does not contain v. It follows that diam(G — v) < 5.

Case (2): dg(z,y) = 3.

In this case z is not adjacent to v. By Proposition 3.5.6, y has a neighbour
u which is not adjacent to v. Let P be a shortest z — u path in G. Since
dg(z,u) < 3 and neither = nor w is adjacent to v, v does not lie on P. Hence
P,y is an x — y walk of length not exceeding 4 that does not contain v. It
follows that diam(G — v) = 4. O

Cs and (7 are examples of vdi graphs of diameter 3 whose diameters
increase by 1 and 2 respectively when any vertex is removed.

After considering many examples, Boals et al made the following conjec-
ture:

Conjecture 3.5.13 [BSA90] Removing a wvertex from a wvertez-diameter-

increasing graph of diameter d can increase the diameter by at most d — 1.

If this bound is correct, then it is the best possible, as shown by the odd
cycles.

Remark: In [Gli76b] Gliviak extended the concept of vdi graphs as follows.
A graph G is said to be -critical if diam(G — v) # diam(G) for every
v € V(G). An example is the graph obtained from Ch,_, (where d > 4) by
attaching one endvertex. He showed that for d < 3 the only graph of diameter
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d which is v-critical but not vdi is the path FPy,,. For d > 4, however, there
are many U-critical graphs of diameter d that are not vdi graphs.
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Chapter 4
Distance

Recall that the distance of a graph G is the sum of the distances between all
unordered pairs of vertices in G. The average or mean distance is the average
distance between two vertices, where the average is taken over all pairs of
distinct vertices. The distance of a vertex v in G is the sum of the distances

from v to all the other vertices in G.

In this chapter we consider how the distance of a graph is affected by the
removal of an edge or a vertex, the addition of an edge, or the taking of a

spanning tree.
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4.1 Preliminaries

In this section we establish a number of bounds on distances in graphs, which
will be used in later sections. We first find bounds on the distance of a vertex

in a graph.

Proposition 4.1.1 [EJS76] For any vertex v in a connected graph G,

n—1< o) < @

with equality holding in the lower bound iff eq(v) = 1, and in the upper bound
iff G 1s a path with v as endpoint.

Proof:
The proof follows from the fact that

oe(v) = z IN(w) i,

where Y7 |N;(v)] = n—1, [N;(v)| > Lfori € {1,...,eq(v)} and | N;(v)] = 0
for i > eg(v).

Proposition 4.1.2 [EJS76] For any vertez v in a nontrivial connected graph
G,
o(G) < og(v) + (G —v),

with equality holding iff v is an endvertex or every two neighbours of v are
within distance 2 from each other in G — v.

Proof:
Note that



= > do(u,w)+ > da(v,u)

{u,w}yCV(G—v) ueV(G)
< Z dG_,U(U,’LU) + Z dG(v7u)
{u,w}CV(G—v) ueV(G)

= o(G—v)+ogv).

Equality holds in the above equation iff dg—,(u,w) = dg(u,w) for every
{u,w} C V(G —v) — iec., iff v is an endvertex, or every two neighbours of

v are adjacent or have a neighbour other than v in common. O

Next we find a lower bound on the distance of a graph of given order and

size.

Proposition 4.1.3 [EJS76] If G is any graph of order n and size m, then
o(G) > n{n — 1) — m, with equality holding iff diam(G) < 2.

Proof:

There are m pairs of vertices at distance 1 from each other in ¢, and (T;) -m
at distance at least 2. It follows that o(G) > m + 2((2) —m), with equality
holding iff there are no pairs at distance 3 or more. O

Soltés [Sol91] used Harary’s bound on diameter (Theorem 3.1.2) to es-
tablish an upper bound on the distance of a connected graph of order n
and size m. He showed that it is attained by PK,, ,, for every n € N and
me{n—1,..., (Z)} We use our Theorem 3.1.1 to characterise all graphs
with maximum distance for given order and size.

Before we give the proof, we need to recall a few concepts from Chapter

Recall that the path-complete graph PK,, ,, is the unique graph of order
n and size m which can be obtained by joining one endvertex of a (possibly
trivial) path to at least one vertex of a complete graph (see figure 1.1).

Recall further that, for a graph G and natural number 4, s;(G) is the
number of pairs of vertices at distance ¢ from each other in G, and W;(G) is
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the set of all pairs of vertices which are non-adjacent, but within distance ¢
from each other in G. (So |W1(G)| =0, [Wy(G)| = (Z) —m, and |W;(G)| —
|W:_1(G)| = s; for every 1 € {2,...,d}.)

Theorem 4.1.4 Let G be a connected graph with n vertices and m edges.
Then o(G) < 0(PKym). Moreover, equality holds iff either

(1) G = PKpm, or

(2)m=(3) = (n—1) and G = Ky + Kn, + Ko, + K, or

(3)m>(3) - (n—2).

Proof:
Let D and d be the diameters of the graphs PK, ,, and G respectively.

If m > (g) — (n —2), then by Theorem 3.1.2 diam(G) < diam(PK,, ;) <
2. Hence by Proposition 4.1.3 ¢(G) = 2(3) —m = o(PK, ). Now assume
that m < () — (n — 1); i.e, that D > 3.

If d < 2, then by Proposition 4.1.3 ¢(G) < 0(PKp ). If d > 3, then

o(G) = éz‘si
- j;z'uwi(ezw - Wia(G))
_ m+(d|Wd(G)|_|W1(G)D—§|VVJ'(G)|
_ m+|wd<a)|+§<|wd<a)|—|WJ-<G)|)

>) +Z ((3)-m- W@ ()

By Theorem 3.1.2, d < D, and by Theorem 3.1.1, since d > 3 it holds that
(WG| = (Wi (PKnm)| for j € {1,...,d - 1}.

Il
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It follows that

o(G)

[\

9

= o(P

=5 ((3) - m- )
Kor), (2)

by equation (1).

For equality to hold in (2) we need firstly D = d, and secondly |W;(G)| =
|W,;(PKy, )| for every j € {1,...,d—1}.

By Theorem 3.1.1 the second requirement is met iff G = PK,,,, G =
Ki+ Ky +Kp,+Ki,orG=K,, + K1 +...+ K1+ K,

ItG =K, + K+ ...+ Ky + K,,, where ny > 1 and ng > 1, then let
P : wg,...,ug be a diametral path of G. Now let G' be the graph obtained
from G by removing the edge vov; and adding the edge v4_sv4, and note that
diam(G") > d. Since by Theorem 3.1.2 diam/(G") < D, it follows that d < D.
Hence G does not meet the first requirement d = D, and equality does not
hold in (2).

Finally, we note that if ¢ = K, + K, + K,,, + Kj, then d = 3 and
m = (g) — (n —1). Since PKn) (2)~(n-1) also has diameter 3, it follows that
in this case d = D, and so equality holds in (2).

The result follows. a

As a direct consequence we have the following result of Entringer, Jackson
and Snyder:

Proposition 4.1.5 [EJS76] If G is any connected graph of order n and size
m, then v

o(G) <o(P,) —m+n—1,
with equality holding iff G = P, or Cs.

Proof:
The result follows from the fact that PK,, » can be obtained from a path P,
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by adding m — n 4+ 1 edges, each of which decreases the distance by at least
1.

For equality to hold, every edge added must decrease the distance by
ezactly 1, which is possible iff G = P, or Cs. O

This leads to the following bounds on the distance of a connected graph:

Proposition 4.1.6 [EJS76, DGT77| For any connected graph G,

@ < 0(C) < %n(n ~1)(n+1),

with equality holding in the lower bound iff G is a complete graph, and in the
upper bound iff G is a path.

Our final result in this section is based on ideas developed by Soltés in
[Sol91].

Proposition 4.1.7 Given n > 2, let the connected graph G of order n and

the verter v € V(G) be chosen to mazimise %(LG? Then G must be a path-

complete graph PK, ,, for somem € {n —1, .., (Z) —(n—2)}, and v must

be an endvertez.

Proof:
Let eq(v) = s and |E(G)| = m. We first note that (N;(v) U Nipq(v))e is
complete for every i € {0,...,s — 1}, since otherwise we could add an edge

to G that would decrease o(G) without affecting o (v), thus contradicting
our choice of G and v.

Next we show that v is an endvertex. Assume, to the contrary, that
dege(v) > 2. Let w be any neighbour of v, and let G’ = G — vw. Note
that removing the edge vw from G increases the distance between v and w
by 1, and does not affect any other distance; hence o(G’) = ¢(G) + 1, and
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oe(v) = og(v) + 1. It follows, since Z—CE%Z < 1, that

oer(v) _oc(v)+1 oc(v)
o(G)  o(G)+1 " o(G)’

which contradicts our choice of G and v. Hence degg(v) = 1, and so m <
(3) - (n—2).

Finally, we show that if ¢ is the lowest index for which N;(v) has more
than one element, then ¢ = s — 1 or s. Assume to the contrary that 1 < s—2,
and let v; and v, be any vertices in N;(v) and Ns(v), respectively. Now “move

"

v; into N;;1(v) and v, into N,_1(v)” — i.e., remove the edge joining v; to
the vertex in N;_y(v), join v; to every vertex in NV;12(v) and join v to every
vertex in Ny_o(v). If s —i =2 or 3, then join v; and v, to each other. Note
that this leaves o(v) unchanged, but decreases o(G), which contradicts our

choice of G and v.

It follows that G is a path-complete graph with v as endvertex. O
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4.2 Spanning Trees

Unlike in the cases of radius and diameter, a cyclic graph cannot have a
spanning tree of the same distance (since every edge removed from a graph
must increase its distance by at least 1). However, Entringer, Kleitman and
Székely proved in [EKS95] that every connected graph G contains a spanning
tree whose distance is less than twice that of G, and showed how to find such
a tree.

Theorem 4.2.1 [EKS95| Let T' be a minimum-distance spanning tree of a
connected graph G. Then

o(T) < 2(1 - 2)o(G),

n

with equality holding iff G = K, in which case T' = K, ,,_;.

Proof:

For every vertex v in (G, choose a spanning tree T, of G which is distance-
preserving from v. Then for each T, and each pair of vertices {u,w} C V(G)
we have

dr, (v, w) < dr,(u,v) + dr, (v, w)
= dg(u,v) + dg(v,w).

Summing over all pairs {u,w} C V(G), we obtain
o(Ty) < (n— 1Log(v).

Hence

]
2
3
A
=
|
=
]
Q
D)
=
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Now let z be a vertex in G for which ¢(T}) is minimum. Then

AT) <o)<+ Y o) £ 21— )o(G). ©

eV (G) n

Equality holds in (1) iff dr, (u,w) = dr,(u,v) + dr,(v,w) for every v €
V(@) and {u,w} C V(G). That is, iff T, = Ky, for every v € V(G);
ie., iff G = K,. Since Kj ,_1 is a minimum-distance spanning tree of K, it
follows that equality holds in (2) iff G = K,,. O

A practical consequence of this theorem is that, while a communications
network might be many times cheaper to build if modelled by a best spanning
tree of a graph G instead of by G itself — in fact, as much as JV—(QGM times
cheaper, if the building cost is taken as proportional to |E(G)| — it will
cost less than twice as much to operate (if operating costs are regarded as
proportional to the distance).

The above proof leads to an algorithm for finding a spanning tree of a
graph G whose distance is less than twice that of G: for every vertex v of
G, use the breadth-first-search algorithm to construct a spanning tree T, of
G which is distance-preserving from v, and find o(7,). Select the tree that
gives the smallest value.

In fact, Entringer et al. give a second proof of Theorem 4.2.1 in which
they show that if v is a vertex of minimum distance in a connected graph G,

and T, is a spanning tree of G which is distance-preserving from v, then

o(T,) < 2(1 - 2)o(G).

n

This stronger result leads to a faster algorithm for finding a spanning tree of
a connected graph G’ whose distance is less than twice that of G: simply find
the distance of every vertex in G, choose a vertex v of minimum distance,
and use the breadth-first-search algorithm to find a spanning tree of G which
is distance-preserving from v. The second algorithm might, however, find
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Figure 4.1: Dankelmann’s graph Gy

a tree whose distance is greater than that of the trees found using the first

algorithm.
The above results led Entringer et al. to pose the following two questions:

(1) Does every connected graph have a minimum-distance spanning tree

which is distance-preserving from some vertex?

(2) If so, does every connected graph have a minimum-distance spanning

tree which is distance-preserving from a vertex of minimum distance?

Both questions were recently answered in the negative by Dankelmann
[Dan96], who gave the example G shown in figure 4.1. Here let T be the
spanning tree of Gy obtained by removing the edges f; and fs. Let v be any
vertex in Gy, and note that T, contains at most one of the edges e; and es.
It is easily seen that if k£ is large enough, then T has smaller distance than
T,. Hence no minimum-distance spanning tree of G is distance-preserving
from a vertex in Gg.



4.3 Edge Removal

Unlike in the radius and diameter cases, removing an edge from a connected
graph always increases the distance (in other words, all connected graphs
are distance-minimal). One can easily characterise the connected graphs G
and edges e € F(G) for which removing e from G increases the distance by

exactly 1:

- Proposition 4.3.1 Ife = ab is an edge of a connected graph G, then o(G —
e) = o(G)+ 1 iff a and b have at least one neighbour in common, and every
neighbour of a (respectively, b) is adjacent in G — e to b (a) or to some
netghbour of b (a).

Any graph of order n and minimum degree at least %n is an example of a

graph for which the deletion of any edge increases the distance by exactly 1.

4.3.1 Removing the best edge — the four-thirds con-

jecture

Winkler made the following conjecture in [Win89, Win86:

Conjecture 4.3.2 Every 2-connected graph G contains an edge e such that

p(G —e)
w(G)

This bound is attained by the odd cycles.

4
< -
-3

In [BG88], Bienstock and Gyori proved the stronger statement that every
connected graph containing no endvertices contains an edge whose removal
increases the average distance by at most a factor of %. Their proof is rather
ingenious, but contains some errors in the details. In the remainder of this

section we give a corrected version of the proof.
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Bienstock and Gyori’s approach is to consider the cases m < n + 1 and
m > n + 2 separately. The former is straightforward if tedious. For the
latter they introduce a weighted graph H(G,e) such that the weight of the
edge uv in H(G,e) represents the increase in distance between the vertices
u and v when e is removed from G. They then establish certain properties
of H(G,e), and hence a bound on its total weight. It is here that the details

are often wrong.
We need some preliminary results.
Our first four propositions concern the increase in distance between two

vertices © and v, when an edge e is removed. We denote this increase by

8e(u,v). More formally,

Definition: For any edge e and vertices u, v of a graph GG, we define

be(u,v) == dg_e(u,v) — da(u,v).

Proposition 4.3.3 If G is any connected graph, and e = ab any cyclic edge
of G, then

{u,géa‘)/c(c) be(u,v) = be(a,b) = g(e) — 2.

That is, when e s removed from G, the mazimum increase in distance between

two vertices occurs for the endpoints of e.

Proof:
Let v and v be any two vertices of G.
If there exists a shortest u — v path not containing e, then é,(u,v) = 0 <

8e(a,b), and we are done.

Otherwise, let P be any shortest u—v path in G; say P can be partitioned
into a u — a section P, the edge e and a b— v section P,. Let C be a shortest

cycle containing e in G. So C' — e is a shortest a — b path in G — e, and hence
be(a,b) = g(e) — 2.
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Note that P, C — e and P, together form a u — v walk in G — e, and

therefore
de-e(u,v) < L(Pr)+U(P) +£(C —e)
= dG(u, U) -1+ dG_e(CL, b)
It follows that, for any {u,v} C V(G), be(u,v) < bc(a,b). O

Proposition 4.3.4 If e = ab is any cyclic edge of a graph G, and
C:a=1ugu,- .., Uye)-1 = b,a

is a shortest cycle containing e in G, then for 0 <i < j < g(e) — 1,
0 if j—i<3g(e)
5e(ui>uj) = { TR N i

Proof:

Let P, be the u; — u; section of C' containing e, and P, the u; — u,; section of
C not containing e. Recall that by Proposition 1.5.8, either P, or P, must
be a shortest u; — u; path in G. It follows that if j —7 < 3g(e), then P, is a
shortest u; — u; path in G. Since P is also a path in G — e, this means that
8e(us,u;) = 0. Otherwise, if j — 1 > 2g(e), then P is a shortest u; — u; path
in G. Now note that since ' — e is a shortest a — b path in G — e, P, is a
shortest u; — u; path in G — e. It follows that

be(us, u;) = do—elui,uy) — da(us, uj)
= UP) — L(P)
27 —2i —gle).

This completes the proof. O
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Proposition 4.3.5 Let e = ab be any cyclic edge of a graph G. Then for
any vertex v in G, either

6e(v,a) = max 6.(v,u) and 6.(v,b) = 0,

ueV(G)
or
= Se(v, d de(v,a) = 0.
8e(v,b) urenva(zsé) (v,u) and d.(v, a)
Proof:

If v is equidistant from a and b, then e = ab cannot lie on a shortest path
from v to any other vertex, and so 8 (v,u) = 0 for all vertices u € V(G),
including a and b, and we are done.

Otherwise, assume without loss of generality that v is closer to a than to
b, and let u be any vertex such that e = ab lies on a shortest v — u path P
(we know that u exists because b is such a vertex). Now let P’ be a shortest
v — b path in G —e. Since P’ followed by the b — u section P” of Pisav—u
walk in G — e,

da_e(v,u) < L(P")+£(P")
= dG’—e(v7 b) + dG(b7 U’)
But dg(v,u) = dg(v,b) + dg(b,u), since b lies on P, and hence
be(v,u) = dg_e(v,u) — dg(v,u) < dg_e(v,b) — dg(v,b) = b.(v,b).

Since u was any vertex for which e lies on a shortest v — u path, this means
that

max 0.(v,u) = bg(v,b).

ueV(Q)
Finally, we note that the v — a section of P is a shortest v — a path in both
G and G — e, and 50 8 (v,a) = 0. O

Proposition 4.3.6 Lete = ab be any cyclic edge and v any vertex of a graph
G. Then for any adjacent vertices  and y in G — e (so {z,y} # {a,b}),

10 (v, ) — be(v,y)] < 2.
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Proof:
Since z and y are adjacent in both G and G — e, |dg(v,z) — dg(v,y)| < 1,
and |dg_e(v,z) — dg—e(v,y)| < 1. It follows that

16e(v, ) = 6e(0,9)] = |(dg-e(v,2) — da—e(v,)) + (de(v,y) — da(v, 7))
< 2

This completes the proof. O

We now define some concepts which will be useful later on.

Definitions: Let G be a weighted graph in which each edge has positive
integer weight. Then we define the generalised weight function w : E(G) U
E(G) — N U {0} by letting w(e) be the weight of the edge e for every

e € E(G), and w(e) = 0iff e € E(G). Further, we define

= for t in G
m(v) uIenvai}é) w(vu) or every vertex v in G,
k =  max w(uw), and
{u}cv(G)
S(G) == > wle).
e€E(G)

Definition: For any connected unweighted graph G and cyclic edge e in G
we define an associated weighted graph H(G,e) as follows:

(1) The vertex set of H(G, e) is the vertex set of G.

(2) If be(u,v) > 0 for u,v € V(G) (i.e., if removing e from G increases
the distance between u and v), then the vertices u and v are joined in
H(G, e) by an edge of weight w(uv) = 8.(u,v).

(3) Otherwise, if 6.(u,v) = 0, then u and v are non-adjacent in H(G,e),
and so w(uv) = 0.
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The usefulness of H(G, e) lies in the fact that the weight sum of H(G, e)
is equal to the increase in the distance of G when e is removed:

S(H(G,e))= Y.  (dge(u,v) —dg(u,v)) =0(G —e) — a(G).

{uv}CV(G)

Definition: A weighted graph G of order n and maximum edge weight & is
called a B, x-graph if its vertices can be 3-coloured in such a way that the
following properties hold:

(1) 1<k<n-2

(2) V(G) is partitioned into a set R of red vertices, a set B of blue vertices
and a set Y of yellow vertices, in such a way that no two vertices of the
same colour are adjacent, and a vertex is yellow iff it is isolated. (In

other words, G is bipartite.)

(3) R and B each contains a subset of [’%IJ distinguished vertices, respec-
tively

Bu = {’LL(), A ’ULL;_IJ} and Ru = {’U,Ltg_{l, .. ,Uk+1}.

Y contains a subset,
Y, = {'LL%,UE{_Q_} if kis even, or Y, = {ugw } if k is odd.
2

(4) The weights on the edges in [R,, B,| are given by:
For0<i<j<k+1,

2j —2i—k—2 if j—i> k2
0 if j—4< k2

w(uhuj) = {

(It is easy to check that this does not violate the condition that no two

vertices of the same colour be adjacent.)
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(5) Denote By:= B — B,, Ry:=R—R,and Yy :=Y ~Y,.
The weights on the edges in [R,, By] U [Ro, B,] satisfy the following
condition:
For any v € Ry U Bg and any integer 7 € {2,3,...,m(v) + 1} there is
some vertex u € R, U B, such that w(uv) = j or j — L.

Remark: It might be helpful at this point to discuss in more detail the
structure of (R, U B, UY,)q, where G is a By, y-graph.

For odd k, (R, U B, UY,)¢ is shown in figure 4.2a. Each vertex u; in

B, (0<i< %) is joined to the k—;l — i vertices U, k43, ..., Uy ID R, by
edges of weights 1,3, ...,k — 27 respectively. The vertex u E} is isolated.

For even k, (R, U B, UY,)¢ is shown in figure 4.2b. Each vertex u; in
B, (0 <1 <%£—1)is joined to the £ — 7 vertices Uk o4+ Ukt1 0 Ry, by
edges of weights 2,4, ...,k — 2i respectively. The vertices Uk and Uk are
isolated.

From the above, it follows that the number of edges in (R, U B, )¢ is
k+1 1{k+1 k+3

1+2+... — | == .

v [ =35 |5

Moreover, the weight sum of the edges in [R,, B,] is easily calculated:
If k& is odd,

%
0<i<j<k+1 =0

_ 2—14(k 1)k +2)(k+3).

If k is even,
£
> wlwuy) = > 244+ + (k—20)
0<i<j<k+1 i=0
1
—k(k 3 .
51 (k +2)(k + 4)
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ta) Kk odok  {here ke7)

B

() & ewen (here kas)

Figure 4.2: (R, U B, UY,) in a B, graph
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Proposition 4.3.7 Let G be any connected graph of order n containing a
cyclic edge e. Let g(e) be the length of a shortest cycle containing e in G.
Then the associated weighted graph H(G,e) is a By, ,-graph with k = g(e) —2.

Proof:
We will establish a partition of V(H (G, e)) into three colour classes, and then

prove that it has the defining properties of a B, x-graph.

(1)

Let e = ab. Note that, by Proposition 4.3.5, any vertex v in G for
which m(v) = max,ev(g){0e(v,u)} > 0 must satisfy either 6.(v,a) >0
or 8(v,b) > 0, but not both inequalities. It follows that any non-
isolated vertex in H(G, e) must be adjacent to either a or bin H(G,e),

but cannot be adjacent to both.

We can therefore assign a unique colour to every vertex in H(G, e) by
colouring every neighbour of a in H(G,e) red, every neighbour of b

blue, and every isolated vertex yellow.

We now prove that no two adjacent vertices in H(G,e) have the same

colour.

Let v and v be any adjacent vertices in H(G,e). Then 6.(u,v) > 0;
i.e., removing e from G increases the distance between « and v, and so

e = ab must lie on a shortest u — v path P in G.

Assume without loss of generality that a precedes b on P. Then the
u — a section of P is a shortest u — o path in G and does not contain
e. Hence w(ua) = 6.(u,a) = 0, and v is blue. Similarly, the b — v
section of P is a shortest b — v path in G and does not contain e, and
so w(vb) = 6.(v,b) = 0, and v is red. Hence u and v have different

colours.

Note that by Proposition 4.3.3, k := max(ujcv(mGe)iw(uv)} =
w(ab) = g(e) —2,and so 1 < k <n — 2. Let

C:a:uo,ul,...,ukH :b’a
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be a shortest cycle containing e in G.
Then it follows from Proposition 4.3.4 that, for 0 <i < j <k +1,

. . . . . k42
2j—2i—k—2 if j—i>*5=

. . . k2
0 if j—i< 22

wlwu;) = be(us,uy) = {

Substituting first ¢« = 0 and then j = k£ 4 1 in this expression shows

that the vertices in {uLki4J ..., U1} are adjacent to a in H (G, e) and
2
hence red, while the vertices in {uy, ... U 5 } are adjacent to b in
2

H(G,e) and hence blue. The vertices in {U%,UkT-i—?} (if k is even) or
{u%._l} (if k£ is odd) are adjacent to neither a nor b in H(G,e) and are
therefore yellow. Call these three sets respectively R,, B, and Y, and
let By:=B—-B,,Rp:=R—-R,and Yy =Y —Y,.

Finally, let v be any vertex in RyUBy; suppose without loss of generality
that v is red. Hence, by Proposition 4.3.5, w(va) = m(v) and w(vb) =
0.

Note that for any ¢ € {0,...,k}, u; and ;1 are adjacent in G — e,
and hence, by Proposition 4.3.6, |w(vu;) — w(vu;4)| < 2.

It follows that the weights w(vu;) for ¢ = 0,...,k + 1 must run from
0 to m(v), never missing out more than one consecutive integer — in
other words, for any j € {2,...,m(v) + 1}, v has some neighbour u in
R, U B, such that w(vu) =j or j — 1.

This completes the proof. ]

We now consider a particular example of a B,, x-graph.

Definition: For any n € N, k € {1,...,n =2} and m € {1,..., (3)}, we
define A, (k, m) to be the (unique) B, x-graph with m edges that satisfies the
following conditions (if such a graph exists for this value of m):

(1)

0 < [Bo| = |Ro| <1 (ie., |Bo| and |Ry| differ by as little as possible,
and |By| > | Ro)-
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(2)
(3)

By either is empty or contains a distinguished vertex wvy.

Every vertex v in Ry is adjacent to all the blue vertices except possibly
vo. The weights of the edges in [v, B,] are given by w(vug) = k and
w(vy;) = 2 [k—;lJ —2iforz=1,..., {%J, while the edges in [v, By —
{wo}] all have weight k.

Similarly, every vertex u in Bg — {wvo} is adjacent to all the red vertices.
The weights of the edges in [u, R,] are given by w(uu;) = 2i — 2 [%J
for i = [2| ..k, and w(uue;a) = k, while the edges in [u, Ro] all

have weight k.

The degree of vy, on the other hand, can be any integer from 1 to
|Ry| + |Ro|l. If deg(vg) < |R.| = {%}, then vy is joined to the
vertices Ugta-deg(vo), Yk+1—deg(vo)s - - -» Uk+1 iN By, by edges of weights
2,4,...,2deg(vy) respectively. Otherwise, if deg(vy) > {k—;lJ, then vy

is adjacent to all [k—glj of the vertices in R, and to deg(vg) — [k—;'lJ ver-

tices in Ry. In this case, the weights of the edges in [vg, R,] are given

by w(vow;) = 2i — 2 [#J for i = [%J , .-, k, and w(vugs) = k,

while the edges in [v, Ro] all have weight k.

From the definition of A, (k,m) it is clear that the values of n, k and m
determine both N(wp) and |Y'|; hence A,(k, m) is unique.

Proposition 4.3.8 If G is any B, x-graph with m edges, then A,(k,m) ex-

ists and
5(G) < S(An(k,m)).
Proof:
Of all B, x-graphs with m edges, let H be one for which S(H) is as large as
possible.
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(1) We first note that if v is any vertex in By U R and v is joined to p
vertices in B, U R, by edges with weights w; < wy < ... < w,, then,

O P R g

[Otherwise, let ip be the minimum value of ¢ for which equation (1)

fore=1,...,p,

V]

does not hold. By property (5) of B, i-graphs it follows that w;, must
be less than the value predicted by (1). But then w;, can be increased
by 1 without violating property (5), which contradicts our choice of H.

(Note that by property (5) w, = m(v), so if w;, = w, this procedure
involves increasing m(v) — this is permissible, since m(v) is not being

increased beyond k.)]

(2) We next note that if a vertex in Ry (respectively, By) is adjacent to

a vertex in By (Ryp), then it is already adjacent to every vertex in B,
(R.).

[Otherwise, let v be a vertex in Ry (say) which is adjacent to some
vertex z in By and non-adjacent to some vertex u in B,. Then by
observation (1) the edges in [v, B,] have weights 2,4, ..., m(v)—2, m(v)
(where m(v) < k — 1), and of course w(vz) < m(v). So deleting the
edge vz and adding an edge of weight m(v) + 1 < k between v and u
produces another B, y-graph on m edges whose weight sum is greater
than that of H, which is impossible.]

It follows from observations (1) and (2) that for any vertex v in Ry U By,
the edges in [v, (R, U B, )] have weights 2,4, ...,2 L%J kit m(v) =k, or
2,4,...,2deg(v) it m(v) < k.
(3) It now follows that every edge in [Ry, Bo] has weight k.
[Otherwise, let uv be an edge in [Ry, Bo] such that w(uv) < k. Then

by observations (1) and (2), m(u) = m(v) = k, and so w(uv) can be
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increased to k without violating any of the properties of B, y-graphs.]

If RoU By is not empty, let vy be a vertex in Ry U By such that m(vp) is
as small as possible; assume without loss of generality that vy is blue.
Then m(v) = k for every vertex v in (Ro U Bg) — {vo}.

[Suppose, to the contrary, that m(u) < k for some vertex u in (Rg U
Bo) — {vo}. (So of course m(vp) < m(u) < k.) Hence all neighbours of
u or vy are in R, U B, and there is some vertex w in R, U B, which is
a different colour from u, but is not adjacent to u. But then deleting
the edge of weight m(wvg) incident to vy and adding an edge of weight
m(u) + 1 between u and w produces a B, y-graph with m edges whose
weight sum is greater than that of H, which is impossible.]

| Bo| might be less than |Ry| in H, or greater than |Rg| by more than
1 — but we now show that we can construct from H a B, j-graph H’

with the same weight sum and number of edges, which has in addition
IB()’ = IROI or ‘R[)' + 1.

If |Bo| < |Ro|, we move some vertex v from Ry to By, replace the
|B,| edges in [v, B,| with |R,| = |B,| edges of the same weights in
[v, R.], and replace the edges in [v, Bg] (of which there are at most
|Bo| < |Rp|) with the same number of edges of the same weights in
[v, Ro). If | Bo| > |Rg| + 1, then we move some vertex v from By — {v,}
to Ry, replace the |R,| edges in [v, R,] with |B,| = |R,| edges of the
same weights in [v, B,], and replace the edges in [v, Ry] (of which there
are at most |Ry| < |By| —1) with the same number of edges of the same
weights in [v, By].

Repeating this procedure, we eventually obtain a B, x-graph H' such
that |[E(H')| = m, S(H') = S(H) and |By| = |Ry| or |Ro| + 1 in H'.

We now show that, although H’ might contain two vertices of different

colour in (RyUBy)—{vo} which are not adjacent, we can construct from
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H' a B, x-graph H”, with the same weight sum and number of edges,
in which (Ro U Bg) — {ve} does induce a complete bipartite graph.

Let ¢ be the number of pairs {u,v} with u € Ry, v € By — {vg} such
that v and v are not adjacent (¢ might be 0). Note that at least g of

the edges incident to vy must have weight k.

[Otherwise we could delete all the edges of weight & incident to vy (if
there are any, i.e., if m(vg) = k) and one with next-highest weight
(which will be 2 |55 | if m(vo) = &, or m(v) if m(v) < k), and add the
same number of edges to ((Ry U By) — {vo})m, giving them all weight

k and thus increasing the weight sum.|

We can therefore delete ¢ edges of weight &k incident to vy, and add ¢
edges of weight & to ((RoU By) — {vo})x to make it complete bipartite.
The graph H” we obtain is a B, ;-graph with m edges and the same
welight sum as H.

(7) Finally, note that A,(k,m) can be obtained from H” by rearranging
the weights of the edges in [(Ro U By), (R, U By)]. It follows that
S(H") = S(An(k,m)), and hence that A,(k,m) is a B, x-graph with

maximum weight sum for given m. a

We need one more preliminary result.

Proposition 4.3.9 Given n € N and m < ﬂns_aég)jl’ let G be a By ke

graph of size m, for some kg € {1,2,...,n —2}. Then
m(n + 2)
3 2
with equality holding iff n is even and kg = n — 2, in which case m =

sn(n —2).

5(G) <

Proof:

Let k& be chosen to maximise S(A,(k,m)) for given n and m. Then by
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Proposition 4.3.8 no B, x-graph of size m, for any k' € {1,2,...,n—2}, can
have a greater weight sum than A,(k,m).

(1) We first note that if | RoUBo| > 2, then either A,(k, m) contains exactly
two isolated vertices and deg(vg) = 1, or else A, (k, m) contains at least

three isolated vertices.

[The proof involves a simple but tedious calculation, using the restric-
tionm < ﬂ%é%il; we give only a sketch. We assume, to the contrary,

that either |Y'| =2 and deg(vp) > 2, or |Y| = 1. Irom
k+1
n=2 {TJ + |Ro| + | Bo| + |Y|

we obtain an expression for & in terms of n, |Ry|, |Bo| and |Y|, which

we substitute into

k k-+3 k
mzﬂ '2”J { . H ﬂ<|Ro|+|Bol—1)+|Ro||:|Bo|—1>+ deg(vo).

We then set m < ”("8—(711 +(;L)+ U and obtain an inequality involving n,

|Ro|, |Bol, |Y| and deg(wo).
We now consider four cases, depending on whether |By| = |Rp| or
|Rg| + 1, and on whether |Y| = 1 and deg(vg) > 1, or |Y| = 2 and
deg(vg) > 2. This, together with the fact that since & > 1, n >
|Ro| + |Bo| + |Y| + 3, allows us in each case to write our inequality in
terms of |Ry| and deg(vy).

Finally we use the facts that |Ro| > 1 and that deg(vg) > 1 or 2,
depending on the case, to obtain a contradiction.

(2) Secondly, we note that if k is odd, then |Y| = 1.

[Let k& be odd, and suppose Y, is non-empty. Then we can construct
A, (k+1,m) from A,(k,m) in the following way:
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Add 1 to the weight of every edge in [Ry, Bu] U [Ro, Bol, and to every
edge of weight k in [(Ro U By), (R, U By)]. Then relabel the vertices
of R,, adding 1 to each index so that R, = {u kL, , Ugy2 ). Finally,

choose any vertex in Yy and relabel it Ukt gy (i.e., move it into Y,,).

It is easy to check that now

2 — 2% — (k+1) =2 if j—i> G
w(ui“j): 0 i j—i§£k+;2+2,

so that the graph we have constructed is indeed A,(k + 1,m). Hence
S(An(k+1,m)) > S(A,(k,m)), which contradicts our choice of &.]

Furthermore, |Ro U By| < 1.

[Assume, to the contrary, that |Ro U By| > 2. Then by observation (1)
|Y'| > 2, and so by observation (2) k is even. We will show that this
allows us to construct a graph G’ from A,(k, m) which will turn out
to be a By, k1o-graph of size m with a greater weight sum than that of
A, (k,m), thus producing a contradiction.

Add a new vertex z in R, and join = to all the vertices in B, by edges

with weights 4,6, ...,k +2. Add a new vertex y in B,,, and join y only

to z, by an edge of weight 2. Label = as w42)4+1 and y as ur2_,, and
2

relabel ux and ux ., In Yy as urt2 and urs2 ..
2 2+1 2 2 +1

Now join z to every vertex in By — {vg}, and y to every vertex in
Ry, by an edge of weight k& + 2. Increase the weight of every edge in
[Ro, Bo — {wo}] from k to k + 2.

At this stage we have increased the number of vertices by 2, the number
of edges by £ + 1+ |Rq| + |Bo — {wo}|, and the weight sum by o =
(2+4+. . .+ (k+2))+ (k+2)(|Ro| +|Bo—{vo}|) +2|Ro| |Bo— {0 }|- We
now proceed in one of two ways, depending on the number of vertices
in Ry U By.
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Case (1): |RoU Bo| > 3.

Let u be any vertex in Ry, non-adjacent to vy if possible, and let w
be any vertex in By. Delete u and w and all their incident edges,
thus restoring the number of vertices to n. Then the number of edges

decreases by
| By U{y}] + [Bu U{z}| + |Bo — {vo}| + | Ro| =1 - g,
where ¢ = 1 if u is adjacent to vy (i.e., if deg(vp) = |[RoyUR,|) and ¢ =0
otherwise, and the weight sum decreases by
B=22+4+ . .. +(k+2))+ (k+2)(|Ro|l + |Bo — {vo}| —1+4q).

Note that at this stage we have decreased the number of edges by

k k
(k+14q+|Ro| +[Bo — {wo}|) = (5 + 1+ |Bo| +|Bo — {wo}]) = 5 +¢.

We want the graph we are constructing to have m edges, so we add
§ + g edges in one of the following ways:

If deg(vp) = 1, then ¢ = 0 and we add § edges of weights 4,6,...,k+2

between vy and R,,.

Otherwise, if deg(vg) > 2, then |Y| > 3 and hence Y is not empty. Let
v; be any vertex in Y, and move it to Ry, joining it to % + ¢ vertices
in B, by edges with weights 2,4,...,2(¥ + q).

Either way, the weight sum increases by at least

k 1
7=2+4+...+2<§+q> = ;(k+2q)(k+2q +2).

It is easy to check that the graph G we have constructed is a B, 4 o-
graph of size m (although not necessarily A,(k + 2, m)). But

S(G) = S(Au(k,m)) +a - B+,

= S(An(k,m)) + 2| Ro| | Bo — {wo}|
> S(An(k,m)) +2,
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since we are assuming |Ro| > 1 and |By — {vo}| > 1.

This contradicts our choice of k, and hence proves that the case |Rg U
Byp| > 3 cannot occur.

Case (2): |RoU By| = 2.

Let By = {vw}, Ro = {v1}. Then v; is joined to all &2 vertices in
B, U{y} by edges with weights 2,4, ..., (k+2), and possibly joined to
v by an edge of weight k + 2.

Recall that so far we have increased the number of vertices by 2, the
number of edges by £-+14|Ro|+|Bo—{vo}| = £42, and the weight sum
by (24 -+ (52)) + (k+2) (| Rol+ | Bo— {u0})) + 2/ Rol | Bo— {u0}| =
2+4+...+(k+2)+(k+2).

If deg(vg) = 1, then delete vy and vy, together with all incident edges.
Then the number of edges decreases by 1”2'—2 + 1, and the weight sum

by 24+4+...+(k+2))+2

Otherwise, if deg(vy) > 2, then recall that Y] > 3; i.é., that Yy is not
empty. Delete v; and some vertex in Y. Note that the edges incident
with v; might or might not include an edge vyv; of weight & — if not,
then also delete the edge incident to vy which has weight m(vg) < k.
This decreases the number of edges by k—f
at most (2+4+...+(k+2)+k.

+ 1, and the weight sum by

The graph G we have constructed is a B, xo-graph of size m, but has
weight sum

S(Q)

Y

S(An(k,m)) + (2+4+... +(k+2))+(k+2)
—(24+4+...+(k+2) + k)
= S(An.(k,m)) +2,
which is impossible.

So the case |Ry U By| = 2 can also not occur, and we must have | Ry U
Bo| < 1]
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(4) We now show that S(A,(k,m)) < sm(n + 2), with equality being
attained iff n is even and k =n — 2.

[Recall that, by (3), |Ro U Bo| =1 or 0.

Case (1): |[RoUBy| =1,n>k+4.
In this case Yj is non-empty, and so by observation (2) k must be even.

S(An(k,m)) = 2—14k(k+2)(k+4)—I—(2+4+...+2deg(v0))

< ooh(k+2)(n) + deg(un)(5 + 1),

where we have used n > k-+4 and deg(vg) < g Now we cunningly add
two zero terms and rearrange to obtain

(n+2) 1
- 3 8

S(An(k,m)) K(k+2) + deg(uo) (E L (ot 2))

2 3
(n+2)

1
——k(k+2
12(+)+

1 1
m + deg(vp) <6k - 1) ~ ﬁk(k +2),

where we have used m = gk(k +2) + deg(vo) and n > k + 4. Hence

deg(vo)

(n+2)
- 3

S(A,(k,m)) < (n ';‘ 2)m _ ék (—;—(k +2) — deg(vo)) — deg(vp)
n+2
< ——m

since 1 < deg(vp) < £.
Case (2): |[RyUBo|=1,n=k+3.
In this case Y} is empty, and so k can be even or odd.

If k is even, then

1
deg(vg) = m— gk(k +2)

k+3)(k+2)(k+4) 1
= 8(k + 5) ~ghlk+2),
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by our condition on m and the fact that n = k + 3. Simplifying, we
find

deg(vg) < (& Z(i)ik;)r 5
- k + 2.
3
Again we add a zero term to our expression for S(A,(k,m)) and rear-
range:
S(An(k,m)) = ~=k(k+2)(k +4) + deg(vo)(deg(uo) +1)

24
1 (k+5) 1
_ (gk(k+2) - —2—4k(k+2))
(E+5)\  (k+5)
)+
1
24

- deglon)

+deg(vo) ( deg(vg) +1 — deg(vg)

_ (E£9) (1k(k+2) + deg(vo))

= (3 k(k +2)
k+2)

st

<

= m.

The proof for odd & is similar.

Case (3): |RyU By| =0, k is odd.

Then m = £(k + 1)(k + 3), and

S(An(k,m)) = i(k; + 1)k +2)(k +3).
So
S(An(k,m)) = (k?;Q)m
< Zm(n+2).
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Case (4): |RyU By| =0, k is even.

Then m = gk(k +2), and

S(An(k, m)) = %k(k +2)(k+ 4).

So

S(A.(k,m)) = (k;_4)m

< (n—{—2> m,
- 3

with equality holding iff £ = n — 2 (i.e., iff Ry U By UY} is empty, in

which case m = gn(n —2)). |

It now follows from Proposition 4.3.8 that

S(G) < S(Aplkg,m)) < S(An(k,m)) < =(n+ 2)m,

Q| =

with equality holding iff n is even and kg = n — 2, in which case
m = |[Ry, Bu]| = §n(n — 2). This completes the proof. 0

We are finally in a position to prove the edge case of Winkler’s four-thirds

conjecture.

Theorem 4.3.10 [BG88| If G is a connected graph containing no endver-

tices, then G contains an edge e such that

a(G —e)

4
o(G) ~ 3

Moreover, the inequality is strict iff G s not an odd cycle.

Proof:

Let |V(G)| = n and |E(G)| = m. Since G is connected but contains no
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endvertices we must have m > n. We consider three cases, each of which has

a completely different proof.
Case (1): m=mn.
Since G has no vertices of degree 1,

2m= Y deg(v) > 2n =2m.
veV(G)

It follows that G is 2-regular, and hence a cycle. Let e be any edge in G.

If n is even, then

AG—e) _o(P) _tnln—Dn+1) _4
o(G) a(C) s’ 3
If n is odd, then
o(G—e) a(B) znln-1)(n+1) 4
o(G) o(Cn)  tn{n—1)(n+1) 3

So equality is attained by the odd cycles.

Case (2): m=n+ 1.

From the fact that G has no endvertices and can be reduced to a tree by the
removal of two edges, it follows that either

(1) G consists of two cycles joined by a path (which could be a P), or

(2) G consists of two vertices joined by three internally disjoint paths.

We consider the two cases separately:

Subcase (2.1): G consists of two cycles Cy and Cs, which either intersect in

a unique vertex v, or else are vertex disjoint and are joined by a non-trivial
v —u path P, with v € V(C;) and u € V(C2).

Let e be an edge opposite v on (). Note that removing e does not affect
the distance from v to any other vertex, and therefore does not affect the
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distance between any two vertices z and y for which v lies on a shortest z —y

path in G. In particular,
de_e(z,y) = dg(z,y) for all z € V(Cy) and y € V(P) UV (Cy).
Since of course
dg—e(z,y) = de(z,y) for all {z,y} C V(P)UV(Cy),

this means that the only distances affected by the removal of e are those
between vertices in C,. Thus

O(G - 6) - U(G) = Z (dG—8($7y) - dg($, y))
{z,y}CV(C1)
= Z dCl—e(ny) - Z dcl (x)y)
{:E:y}CV(Cl) {:E:y}cv(ol)

= o(C; —e)—a(CY),

and hence (since o(C) < o(G)),
a(G —e) B o(G —e)—a(G)

a(G) o(Q) 1
0'(01—8)—0'(01) _0'(01*6)
R (o R ()
< % (by Case (1)).

Subcase (2.2): G consists of two vertices, v and u, connected by three
internally disjoint paths, Py, P, and Pj, with £(Py) < ¢(Py) < £(F).

Let S; = V(P) — {v,u} and £(B,) = ¢; (¢ = 1,2,3). Further, let C; =
P UP, Cy =P UP;and C5 = P,U P;. Choose e = ab € FE(Ps), where a
and b are the central vertices of Ps if ¢3 is odd, and a is the central vertex of
P if 43 is even.

Now let =z and y be any vertices in V(G) such that 6.(z,y) > 0. Note
that, as distances between vertices of C are unaffected by the removal of e,
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at least one of the vertices z and y must be in S3; assume without loss of

generality that y is in Sz, with dp, (v,y) < dp,(u,y).

If z € S; US3U{u,v}, then clearly dg(z,y) = do,(z,y) and dg_e(z,y) =
dey,—e(z,y). Now consider z € S,.

Since é.(z,y) > 0, e must lic on all shortest z — y paths in G. It follows
that
dOl(I’ ’U) + dPs(v’y) > dCl (x’u) + dP3(U,’y) = dG(xv y)7

and hence that dg, (v, z) < dg, (v,z). So v does not lie on a shortest u —
path in Cy, and hence d¢, (u, z) = dp,(u, z). 1t follows that

dG(mJ y) = dPQ (.’,17, ’LL) + dPB (U’7 y) = dCS ((I’;, y)
Finally, we note that if x € S, then of course
dG—e(:Ua y) < ng—e(m7 y)

We now have

o(G —e) —a(G)
= > (da-e(@,y) —da(z,9) + Y (do—e(z,y) — da(z,y))
YyES3 y€Ss
2€851US3U{u,v} £ESy
< Z (dC2—8(x7 y) - dC’2 (%, y)) + Z (dC3—€(x7 y) - dC’a (CE, y))
YyESs3 yE€S3
fEEV(CQ) €Sy
- 0(02 - e) - 0(02) + Z (dC’a—e(x>y> - dC’s (:E, y))
YyESs3
€Sy
1
< 50(02) + Z (dcs_e(a:,y) - dCB (a:7y))7
yES3
€Sy

where we have used Case (1) and the fact that de,_.(z,y) — dg, (z,y) = 0 if
z and y are both in V(Cy) — Ss.
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One may now consider four cases, depending on whether ¢, and /5 are
even or odd. We provide the details for only the case where 5 is even and

{3 is odd.

Say gg = 2k2 and 83 = 2k’3 +1 (SO ]CQ < kg) Let C3 be

Up(= @), U1, oo Ukg (= V)5 Ukgpora (= W), - Unkproks (= D).
Then

Z (dcg_e(l', y) - dCa (CL‘,y))

yeS2

zES3
k3+ko—1 2ko+2k3 k3—1

= 2 Z Z (dcs—e(uiauj) - dCa (uivu]’» + Z (dcs—e(uiauj) - dCs(uivuj))
imka+1 \j=ks+2ka+1 =0
k3g+ko—1 2ko+2ks3

=2 Y > (25— 20— 2ky — 2k3 — 1)

i=ka+1 j=i+(ka+ka+1)

= k(b= V(b 3)

Now certainly

k3—1 k3+ks
Yo delz,y) > 2, > delu,uy)
YyES3 i=0 j=kg+1
TESy
k3—1 kg+ko
=22 2. (-9
i=0 j=kz+1

1

2

v

2k2 (ko + 1)

It follows that
Z y€S3 [dC3—€($7 y) - dCs (337 y)]

e - Bk = 1)k~ 3)

1
Uhoks (§k2 +oiky 41

(by Proposition 4.3.4)

(since ks > ky).

Z y€ES3 dG('Tay) o

€Sy

127

2k3(ky + 1)

<1
5

|



Hence finally
%0(02) + 3 yES3 (dC2—6(x7y) - d03($)y))

o(G —e) —o(G) < 2€S>
a(G) = (o(C1) = a(P1) +o(Co) + X yesy da(@,y)
z€82
3 (U(Cz) + 2 yess dG(xal/))
< €S2
(U(Cl) - U(Pl)) + (U(CQ) + Z yegs dG(:E:y))
< % (since o(C1) > o(P1)).
Thus
o(G—e) 4
o(G) <3

The proof in the other three subcases differs very little.
Case (3): m > n+2.

(1) First note that if o(G) > gn(n—1)(n+1), then (since 0(G —e) < o(Fy)
by Proposition 1.5.8)

o(G—¢) _ o(P)
) R (e)
In(n—1)(n+1
< L DmED
4
-3

and we are done. In what follows we will therefore assume that o(G) <

sn(n —1)(n +1).

(2) For every pair {u,v} of vertices in G, choose a shortest © — v path
P(u,v). For any edge e in G, let p(e) denote the number of pairs {u, v}

for which e lies on P(u,v).

128



(Note: For a pair {u,v} to contribute to p(e), e does not have to lie

on all shortest u — v paths, just on the one chosen as P(u,v) — so the

removal of e need not increase the distance between u and v.)

Let eg = ab be an edge of G for which p(e) attains a minimum value.

We now show that ey must be a cyclic edge of G. Assume, to the
contrary, that ey = ab is a bridge, and let (G; and G5 be the components
of G — eg, with a € V(G;) and b € V(G2). Let |[V(G1)| =7, |[V(Ge)| =
n — 7, and suppose without loss of generality that r < BEJ

Then eg is contained in all paths P(u,v) where w and v are in differ-
ent components of G — ey, and none where u and v are in the same

component. So

pleo) = |{{u,v}|ueV(Gy)andv e V(Gs) }
= V(G| V(G2
= r(n-r).
Since G contains no endvertices, a must have at least one neighbour in
Gi. If a is adjacent to exactly one vertex z in Gy, then the edge azx is

a bridge of G, and is contained in (r —1)(n —r+1) paths P(u,v). But
then (since 2r < n + 1)

plaz) = r(n—r)+2r—n—1

I
3
—~

9
S
Nt

which contradicts our choice of eg. So @ must have at least 2 neighbours
in G1 .

Let e, and ey be two edges in G; incident with a. Note that none of
the r(n —r) paths P(u,v) for which v € V(G,) and v € V(G,) can
contain both e; and ey. It follows that either e; or ey — say without
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loss of generality e; — is contained in at most $r(n — ) paths P(u,v)

of this type.

Since of course e; is not contained in any path P(u,v) for which u and
v are both in G, and there are (;) pairs {u,v} for which both u and

v are in G, we have (since n — 7 > %)

per) < (—;—)+(2)

(%)

< r(n—r)

p(eq),

I

which again contradicts our choice of ey. It follows that ey must be a

cyclic edge of G.

(4) Next, we note that

o(G) = > da(u,v)

{uv}CV(G)

= >~ (number of edges in P(u,v))
{wv}CV(G)

> ple)

ecE(G)
m p(eo)
> (n+2)p(eo).

v

This gives us a restriction on the number of edges in H(G,ep), thus
allowing us to use Proposition 4.3.9:

|E(H(G, €g))| is the number of pairs {u,v} of vertices in G such that
dg_e(u,v) > dglu,v) — ie., such that ey lies on all shortest u — v
paths. Therefore |E(H(G, eg))| is at most the number of pairs {u, v} of
vertices in G such that e; lies on the specific u — v path we have called

130



P(u,v) — in other words, |E(H(G,eo))| < pleo). It follows that

(&)
+

Q

|E(H(G, e0))] <

3
[Nl

So by Proposition 4.3.7, H(G, ep) is a By x-graph with k = g(ep) —2, in

which |E(H(G, ep))| < ‘;(fQ) < ”("Szﬂgfl). Hence by Proposition 4.3.9,

S(H(G,e) < 3IB(HG,eo))l(n+2)
(C)

< 5 (1)

with equality holding iff n is even, n = k + 2 = g(eo), and o(G) =
IB(H(G, co))|(n+2) = tn(n — 2)(n +2).

But note that if n is even and n = g(eg) then G must be an even cycle,
which implies that o(G) = in® > n(n — 2)(n + 2). Hence equality
cannot hold in (1).

It now follows that

o(G — ) — o(G) = S(H(G, &)) < "(SG),
and hence that o(G ~ ) A
o(G) < 3

Note that equality can occur only in Case (1); specifically, iff G is an odd

cycle. This completes the proof. 0O

Remark: Gyori [Gyo88] extended the four-thirds conjecture as follows:

Conjecture 4.3.11 Fvery connected graph which is not a tree contains an

edge whose removal increases the average distance by at most a factor of %
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In [Gyo88] he gave an example of a connected graph G with §(G) =

in which, if eg is defined as in the proof of Theorem 4.3.10, wlG=co) #G(g.jo >

(although this G still contained an edge whose removal increased the average

o =

distance by less than a factor of %) In other words, if one is to attempt
to prove this stronger conjecture, one has to proceed in an entirely different
way.

4.3.2 Removing the worst edge

In [Ple84], Plesnik posed the following problem: Given n € N, find the
maximum possible value of o(G — e) — 0(G), where G is a 2-edge connected
graph of order n and e is an edge of G. This is related to the maximum

damage caused in a communications network by the failure of one link.

Favaron, Kouider and Mahéo answered this question in [FKM89], and
found an infinite class of graphs attaining the bound. We give an altered
version of their proof, which uses some of the results of the previous subsec-
tion.

Definition: Given n € N and k£ € {1,...,n — 2}, we define F,; to be a
B, x-graph with the following additional properties:

(1) Yo is empty, |Ro| = [25=2], and |Bo| = [2=£=2].

(2) Every vertex u € Ry is joined to every vertex v € By by an edge of
weight w(uwv) = k.

(3) For every vertex v € Ry U By,

—% =
w(vui):{k 21 if 0<4 <[5

2%—k—2 if B <i<k41

We will find it useful to know the value(s) of k for which F, has its
maximum possible weight sum.
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Definition: Given n € N, we define k, to be any value of k in {1,...,n —2}
that maximises S(Fy, ). (For certain values of n, k, may have more than one

possible value.)

Proposition 4.3.12 For anyn € N,
kn = (2 = V2)n + O(1), and
1
S(Fuk,) = 6(\/5 — 1)n® + O(n?).

Proof:
We seek to maximise S(F, ) over all k € {1,...,n — 2}.

For any k € {1, ...,n—2}, the weight sum of the edges in F},  follows from
the definitions of a B, x-graph and of F, ;. The weight sum of the edges in
[Ru, By is o k(k+2)(k+4) if k is even, or 57(k+1)(k+2)(k+3) if k is odd.
The weight sum of the edges in [(RoUBy), (R,UB,)] is (n—k—2)(2+4+...+k)
if kiseven,or (n—k—2)((2+4+..(k—1)) + k) if £ is odd. Finally, the
weight sum of the edges in [Ro, By| is | 2=£=2 | [2=E=2] (k).

We therefore need to consider four cases, depending on whether n and &
are even or odd. For example, if n and %k are both odd, then

1 1
S(Fuja) = ﬁ(k—i—l)(k+2)(k+3)+(n—k—2)((2+4—+—...—I—(/€—1))+k)+zl-(n—k—2)2k.
This is a cubic function in %k, which is easily maximised to find k, and

S(Fnk,)- The proof in the other cases is similar. O

We now define a class of graphs which we will later show to attain Favaron,
Kouider .and Mahéo’s bound.

Definition: Given n € N, we define %, to be the set of ordered pairs (G,e),
where G is a connected graph of order n and e = ab a cyclic edge in G, such
that G has the following form:

V(G) consists of three disjoint sets A, B, and C such that
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Figure 4.3: (G,e) € .74,

(1) [JAl =Bl <1,
(2) (C)¢ is a cycle of length k, + 2 containing e,
(3) (Au{a})q and (B U {b})¢ are connected (but possibly trivial), and

(4) no vertex in A is adjacent to any vertex in BU(C — {a}), and no vertex

in B is adjacent to any vertex in AU (C — {b}).

(See, for example, figure 4.3.) If there is more than one possible value for

k,, the definition of .7, allows all of them.

The connection between F), , and ., is shown in the next proposition.

Proposition 4.3.13 Let G be a connected graph of order n, containing a
cyclic edge e. Then (G, e) € 7, iff H(G,e) = Fok, .

Proof:
It is easily seen that if (G,e) € 7, then H(G.e) = F, . We now prove the
converse. Let H(G,e) = F, ;. , and let e = ad.

By Proposition 4.3.7, H(G, e) is a By k,-graph in which the k, + 2 = g(e)
vertices in R, U B, UY, are the vertices indncing a shortest cycle containing
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e in G. Furthermore, B (respectively, R) consists of vertices whose distance
from b (respectively, a) increases when e is removed from G.

Let C = R,UB,UY,, A= By and B = Ry. Since H(G,e) = F, .., Yy is
empty and |Bg| — |Rg| < 1. Hence AUBUC = V(G), and ||A| — |B|| < 1.
Furthermore, for every u € A and v € B, w(uwv) = k,. In other words,
removing e from G increases the distance between v and v by k, = g(e) — 2.
Hence e must lie on a shortest w — v path P in G, and the walk obtained
from P by replacing e by (C)¢ — e must be a shortest u — v path in G — e.
It follows that u (respectively, v) cannot be adjacent to any vertex in C,
except possibly a (respectively, b), and that u and v cannot be adjacent to

each other.
Finally, we note that (AU {a})¢ and (B U {b})¢ are connected, since G
is connected. It now follows that (G,e) € %,. O

We are now in a position to prove Favaron, Kouider and Mahéo’s upper
bound on ¢(G — e) — o(G). We strengthen their result slightly by proving
that equality is attained only by the pairs (G, e) in %,.

Theorem 4.3.14 [FKM89] Givenn € N, o(G—e)—0o(G) is mazimised over
all connected graphs G of order n and cyclic edges e € E(G) iff (G, e) € &,

The value of the mazimum difference is +(v/2 — 1)n® + O(n?).

Proof:
Let G be any connected cyclic graph of order n, and let e = ab be any cyclic
edge in G.

By Proposition 4.3.5, for every vertex v in G, maxyecy(q) w(vu) is either
w(va) or w(vb). It follows, by Proposition 4.3.7, that H(G, €) is a B, s-graph
for k = g(e) — 2, with the additional property that for every v € V/(H(G, e)),
m(v) = w(va) if v is red, or w(vb) if v is blue.

Recall that a = ug and b = ugy,. Hence, by property (4) of B, x-graphs,

135



for i € {1,...,k + 1},

{w(uukﬂ):2(k+1)—2z'—k—2=k—22’ if0<q< B
m(u;) =

wluug) =21 —0—k—2=2—k—2 if B4 <i<k+ 1

It follows that, for any vertex v in Ry U By,

o
+
—

k+1

> w(vw) < m(u;)

i=0

I
o

1+3+..+k ifkisodd
2444 ... +k if kis even.

|
—

Recall that in a B, -graph, |Ro| < [®=£=2], |Bo| < [2=5=2], and

S () =  wEFDE2EL) ks 0dd
0<i<j<k+1 S sak(k +2)(k +4) if k is even.

Hence, if k is odd,

o(G —e) — o(G) S(H (G, ep))

n—k—2 n—k-2

< P (- k- (1434 4 )
+2—14(k+1)(k+2)(k+3)

— S(Fuy)

SS(Fn,kn)

(1)

with equality holding iff H(G,e) & F,, ., (for one of possibly more values of

).

Similarly, if & is even,
0(G —e) = 0(G) < S(Frk,),

with equality holding iff H(G,e) = F, .

136



It now follows from Proposition 4.3.13 that the maximum value of o(G —
e) — o(G) is attained iff (G,e) € %, By Proposition 4.3.12, the value of this
maximum IS .

6(\/5 — 1)n3 + O(nz).

This completes the proof. a

Some remarks:

(1) Plesnik posed his question for 2-edge-connected graphs, but Favaron et
al only demanded that G be cyclic. Note, however, that for (G, e) € %,
(G — e) — o(G) is unaffected by the structure of (A)¢ and (B)g, as
long as they are both connected. It follows that requiring G to be
2-edge-connected would not give a better bound.

(2) Since all graphs attaining the upper bound have cut-vertices, demand-
ing higher vertex-connectivity does decrease the upper bound. In [FKM89],
however, an example is given which shows that it does not reduce the

order O(n3) of the upper bound.

(3) In [CM80] Cockayne and Miller determined the edge e which, when
added to the path P,, minimises o(F, + e). Their results agree with
Theorem 4.3.14 in this particular case — i.e., the edge e will be added
to the path in such a way as to make the resultant cycle have length
k., and the trailing “ends” have roughly the same length.

(4) Note that Theorem 4.3.14 improves the trivial bound
1
o(G—e)—0o(G) < 677,(77, —1)(n—-2)= %ng’ + O(n?),

obtained from the inequalities

(See Proposition 4.1.6.)
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(5)

Favaron et al also found in [FKM89] an upper bound (in terms of n)

for the ratio ﬁa%l, where G is a connected graph of given order n and

e is a cyclic edge of G-

o(G-e) _ /i
10 §2\/§+O(1)'

The coefficient 21% does not seem to be the best possible, but an ex-
ample is given to show that the order O(+/n) is exact.

Favaron et al also found a connected graph G of order n containing a
cyclic edge e for which fg%l — 00 as . — 00. In other words, the fail-
ure of a particular link can cause an arbitrarily large amount of damage
to a network for which the average distance is an important measure of
performance — unlike in the cases of radius and diameter, where the

failure of one link can at most double the parameter concerned.
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4.4 Vertex Removal

Unlike in the case of edge removal, when a vertex is removed from a graph
the distance can increase, stay the same, or decrease. For example, removing
any vertex from an odd cycle C,, decreases the distance if n < 11, leaves the

distance unchanged if n = 11, and increases the distance if n > 11.

4.4.1 Removing the worst vertex

In this subsection we consider the maximum possible increase in the distance
of a graph caused by the removal of a ncv (non-cut vertex). This problem
was explored by Soltés in [Sol91]. We consider both the absolute and the
relative change in distance, and find that they lead to the same extremal
graphs.

The following upper bounds were given by Soltés [Sol91], who also showed
that the bound is attained by G = v+ PK,,_; ,_ny1. We have improved his

result by characterising all graphs attaining the bound.

Theorem 4.4.1 [Sol91] Let the connected graph G of order n > 2 and size
m > 2n — 3 and the ncv v in G be chosen to mazimise o(G — v) — o(G) or

g(G—v)

a(G) -
Ifm < (”;1), then G = v + PKyp_1ment1. If m = (”51) + 1, then
G = v+PKy 1mn+1, 01 G = v+(K1+Kp, + K+ K1), where ny+ng = n—3.
If m > (";1) + 2, then G can be any graph of order n and size m in which
v has eccentricity 1. (In this case, diam(G — v) < 2.)

Proof:
By Proposition 4.1.3, since the graph w +PKy_1 m—n+1 has diameter at most
2

?

o(G)2nn—-1)—m=o0(w+ PKy 1mn41),
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with equality holding iff diam(G) < 2.

The graph G—v has n—1 vertices and m—dege(v) edges, where degg(v) <
n — 1. Hence, from Theorem 4.1.4 and the fact that PK,_1m-n41 can be
obtained from PK; 1 m—dege(v) Dy Temoving edges (if necessary), it follows
that

O'(G _ 'U) S O'(PKn—l,m—‘degG(U))
< U(PKn_l,m—nJrl)a

with equality holding iff degg({v) =n — 1 and either G = v + PKp_1m—n+1,
or G=v+ (K + Ky, + Kn, + K1), orm > (”;l) + 2.
Combining these results, we obtain
(G =) —o(G) < o(PKn-1m-nt1) — 0(w+ PKy_1m—nt1),
and
O'(G - ’U) < O(PKn—l)m—n—f—l)

o(G) T o(w+ PKn1m-nt1)’

where equality holds iff G is one of the graphs listed in the statement of

the theorem. Note finally that if m > (”;1> + 2, then by Theorem 3.1.2
diam(G — v) < diam(PK,, ,) < 2. This completes the proof. a

Corollary 4.4.2 The expressions c(G—v)—o(G) and ﬁa%l are mazimised

over all connected graphs G and ncv’sv € G iff G =v+ P,_;.

The proof is lengthy, though not difficult, and we omit it.

4.4.2 Removing the best vertex, in the best case

Removing a node from a network might actually increase the efliciency of
the remaining network. Here we investigate the maximum possible decrease

in operating costs — 1.e. in distance — caused by the removal of one vertex.
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Again we consider both the absolute and the relative change in distance;
these lead to different extremal graphs.

We first find a lower bound on ¢(G — v) — o(G).

Proposition 4.4.3 The ezpression o(G — v) — o(G) is minimised over all
connected graphs G of order n > 2 and ncv’s v € V(G) iff G = P, and v is

an endvertex.

Proof:
Let the connected graph G of order n and the ncv v € V(G) be chosen to
minimise (G — v) — o(G).

We first show that v is an endvertex. Assume, to the contrary, that
dega(v) > 2, and let e be any edge incident with v. Since v is a nev in G,
G — e is a connected graph of order n which also contains v as a ncv. Since
(G —e) > o(G), while 0((G —€) —v) = (G —v), this contradicts our choice
of G. Tt follows that degg(v) = 1.

Hence o(G) = o(G —v) + 0¢(v), and ¢(G — v) — o(G) is minimised iff
oc(v) is maximised. It now follows from Proposition 4.1.1 that G is a path
with v as endpoint. O

The following lower bound for 9_3%0;;2 was given by Soltés [Sol91], who
also showed that there exists a path-complete graph attaining the bound.
We have improved the result slightly by proving that, in fact, only this path-

complete graph attains the bound.

Theorem 4.4.4 Given n > 2, let the connected graph G of order n. and the
nevv € V(G) be chosen to minimise U—ff%l Then G is a path-complete graph

and v is an end-vertex (i.e., G = PK,,, for somem € {n —1,..., (”) —

(n—2)}). 2

Proof:

We first note that v must be an endvertex, since otherwise removing any
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edge incident with v does not change o(G — v), but increases o(G). Hence
o(G) = (G — v) + o¢(v), and so

a(G —) '
o(G) o(G)

Therefore "ff("g,)” ) is minimised over all connected graphs G of order n and

nev’s v € V(G) iff %3)2 is maximised over all connected graphs G of order n

and endvertices v € V(G).
Hence by Proposition 4.1.7, G must be a path-complete graph with v
as endvertex. So, since there are n — 2 vertices not adjacent to v in G,

G =2 PK, , for someme{n—l,...,(g) —(n—2)}. O

Remark: We have now proved that, if G is a connected graph of order n > 2
and v is a ncv of G, then

min U(PKn——l,m—l)
n—1<m< (g)—(n—Q) U(PKn,m)

(G —v)
o(G)

IA

It is of course possible to find an expression for o(PK,, ,,,) and then minimise
over m in the given range to find the bound in terms of n only. If n > 5,
then the extremal graph is not a path; hence considering the absolute and
the relative change in distance leads to different extremal graphs.

4.4.3 Removing the best vertex, in the worst case —
the four-thirds conjecture
In the worst case, removing even the best node from a network increases the

average cost of sending a message. Here we investigate the maximum possible
extent of the damage.

Winkler [Win89, Win86| stated a vertex case of the four-thirds conjecture:

142



Conjecture 4.4.5 FEvery connected graph G contains a verter v such that
p(G—-v) 4

< —=.
wG) 3
If the conjecture is true, then the cycle C,, shows that the bound cannot

. . #(Prn_1) __ 4|_%"J
be improved, since == = ef% -

Bienstock and Gyori proved in [BG88| that the conjecture is true asymp-

—>%887’L—>OO.

totically; in fact they proved that every connected graph G of order n has a
vertex whose removal increases the average distance by at most a factor of
:+ O(n~%). The proof has much in common with their proof of the edge
case (described in section 4.3.1), and we do not include it.

Althofer [Alt90] proved the vertex case of the four-thirds conjecture com-
pletely for 4-connected graphs, and in fact strengthened it for more highly
connected graphs:

Theorem 4.4.6 [Alt90] For £ > 2, every {-connected graph has a vertex

whose removal increases the average distance by less than a factor of %.

Proof:

The proof is based on Menger’s Theorem, and works by counting.

Let G be an {-connected graph of order n (where n > 3, since £ > 2),
and let u and w be any two vertices in V(G). By Menger’s Theorem, there
exist £ internally-disjoint paths P, ..., P, between u and w, each of which
has length at least dg(u, w).

Now let P be any shortest u — w path, and let v be any vertex in
V(G) — {u,w}. If v does not lie on P, then removing v does not affect the
distance between v and w. Otherwise note that, since the paths P,..., P,
are internally disjoint, removing v can destroy at most one of them — we
may therefore assume, without loss of generality, that P, ..., P, are not de-
stroyed. Hence

dou(uw) < pin ¢(P)
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(number of internal vertices in P, ..., )

< 1
< 71 +
n — (number of vertices in P)
< +1
2-1
n —dg(u,w) —1
< L.
= 71 +

It follows that

Z dG’—v (u, 'LU)
veV(G)—{u,w}
= > do_y(u,w) + > dg—v(u, w)

v ot on P vinternal on P
, — d -1
< @wwmwﬂw—1m4mw»+w4ww»—n(" S +1)

= (n—2)dg(u, w) (1 T L) B

-1
e (n—2)  (do(u,w) —1)°
(dauyw) — 1)~ = L
(n—2)
< (n-—2 —
s (n=2)pqde(ww) =
< (n-— 2)£ — 1dg(u,w), (1)
since n > 3. So finally,
1
: _ < 1 B
vg‘l/l(%)u(G v) < nvevz(c)u((}’ v)
1 1
= E Z 1 Z dG_»U('U/, w)
vy ('2") \wcvio-m
1 1
= Y > dG_U(u,w))
(n—2) (z) {uw}CV(G) (vewc)—{u,w}
< ! i 2 ¢ d
T B Vel ey ()
¢
= HN(G)-

144



This completes the proof. ]

4.4.4 Vertex-distance-stable graphs

An interesting open question is posed by Soltés in [Sol91]: Determine all
graphs for which the removal of any vertex leaves the distance unchanged.
The only such graph of which Soltés was aware is Cy;.
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Chapter 5
Conclusion

In this thesis we have explored in depth three measures of distance in a graph.
Several open questions remain. Of these, the characterisation of edge-radius-
decreasing graphs and Conjecture 3.5.13 on vertex-diameter-increasing graphs
seem particularly interesting. Also, it would be nice to have a complete and

simple proof of the four-thirds conjecture.

Finally, if these results are to be useful in the study of communication
networks, one needs to consider designing graphs where the removal of even
the worst edge is not unduly disruptive.

146



Bibliography

[A1t90]

[BI73]

[BBS1]

[BGSS]

(BSAY(]

[Bos70]

[BHO]

[BLSS]

[Cac89]

I. Althofer, Average distance in undirected graphs and the re-
moval of vertices, J. Combin. Theory Ser. B 48 (1990) 140-142.

E. Bannai and T. Ito, On finite Moore graphs, J. Fac. Sci. Univ.
Tokyo Sect. I-A Math. 20 (1973) 191-208.

J. Bermond and B. Bollobés, The diameter of graphs—a survey,
Congr. Numer. 32 (1981) 3-27.

D. Bienstock and E. Gyori, Average distance in graphs with
removed elements, J. Graph Theory 12 (1988) 375--390.

A. Boals, N. Sherwani and H. Ali, Vertex diameter critical
graphs, Congressus Numer. 72 (1990) 187-192.

J. Bosak, Cubic Moore graphs, Mat. Casopis Sloven. Akad. Vied.
20 (1970) 72-80.

F. Buckley and F. Harary, Distance in Graphs, Addison-Wesley,
Redwood City, California (1990).

F. Buckley and M. Lewinter, A note on graphs with diameter-
preserving spanning trees, J. Graph Theory 12 (1988) 525-528.

L. Caccetta, Graph theory in network design and analysis, Re-
cent Studies in Graph Theory, Vishwa Gulbarga (1989).

147



[CHT79]

[CS87a)

[CS88al

[CS87b]

[CS87c]

[CS88b]

[CL86]

[COT0]

[Chu86)

(CG84]

[CMS0]

L. Caccetta and R. Haggkvist, On diameter critical graphs, Dis-
crete Math. 28 (1979) 223-229.

L. Caccetta and W. Smyth, A characterisation of edge-maximal
diameter-critical graphs, preprint (1987).

L. Caccetta and W. Smyth, Diameter-critical graphs with a min-
imum number of edges, Congr. Numer. 61 (1988) 143-152.

L. Caccetta and W. Smyth, K-edge-connected D-critical graphs
of minimum order, Congr. Numer. 58 (1987) 225-232.

L. Caccetta and W. Smyth, Properties of edge-maximal K-edge-
connected D-critical graphs, J. Combin. Math. Combin. Com-
put. 2 (1987) 111-131.

L. Caccetta and W. Smyth, Redistribution of vertices for max-
imum edge count in K-edge connected D-critical graphs, Ars
Combin. 26 B (1988) 115-132.

G. Chartrand and L. Lesniak, Graphs and Digraphs, Second
edition, Prindle, Weber and Schmidt, Boston (1986).

N. Chomenko and N. Ostroverchij, Diametrically critical graphs
(in Russian), Ukrain. Mat. Zhurnal 22 (1970) 637-646.

F. Chung, Diameters of graphs: old problems and new results,
Congr. Numer. 60 (1987) 295-317.

F. Chung and M. Garey, Diameter bounds for altered graphs,
J. Graph Theory 8 (1984) 511-534.

E. Cockayne and D. Miller, Optimum addition of an edge to a
path, IEEE Trans. Circuits and Systems 27 (1980), 649-651.

148



[Dam?73]

[Dan96]

[DGT77]
[EJS76]
[EKS95]
[ESS86]
[Fajss|
[Fang7]
[FKMS89)]
[Fur92]

[G1i68]

[Gli75a]

R. Damerell, On Moore graphs, Math. Proc. Cambridge Philos.
Soc. 74 (1973) 227-236.

P. Dankelmann, personal communication (1996).

J. Doyle and J. Graver, Mean distance in a graph, Discrete
Math. 17 (1977) 147-154.

R. Entringer, D. Jackson and D. Snyder, Distance in graphs,
Cazechoslovak Math. J. 26 (1976) 283-296.

R. Entringer, D. Kleitman and L. Székely, A note on spanning
trees with minimum average distance, preprint (1995).

P. Exrdos, M. Saks, V. Sés, Maximum induced trees in graphs,
J. Combin. Theory Ser. B 41 (1986) 61-69.

S. Fajtlowicz, A characterisation of radius critical graphs, J.
Graph Theory 12 (1988) 529-533.

G. Fan, On diameter 2-critical graphs, Discrete Math. 67 (1987)
235-240.

O. Favaron, M. Kouider and M. Mahéo, Edge-vulnerability and
mean distance, Networks 19 (1989) 493-504.

Z. Fiiredi, The maximum number of edges in a minimal graph
of diameter 2, J. Graph Theory 16 (1992) 81-98.

F. Gliviak, On certain classes of graphs of diameter 2 without
superfluous edges, Acta Fac. Rerum Natur. Univ. Comenian.
Math. 21 (1968) 39-48.

F. Gliviak, On certain edge-critical graphs of a given diameter,
Mat. Casopis Sloven. Akad. Vied. 25 (1975) 249-263.

149



[Gli75b]

[Gli75¢]

[Gli76a]

[GLi76b]

[GKS94]

[GKP69a)

[GKP69b)]

[GP6Y]

[GP70]

F. Gliviak, On the impossiblity to construct diametrically criti-
cal graphs by extensions, Arch. Math. (Brno) 11 (1975) 131-137.

F. Gliviak, On radially critical graphs, Recent Advances in
Graph Theory (Proc. Sympos. Prague 1974), Academia Praha,
Prague (1975) 207-221.

F. Gliviak, On the structure of radially critical graphs, Graphs,
Hypergraphs and Block Systems, (Proc. Sympos. Zielona Géra,
Poland) (1976) 69-73.

F. Gliviak, Vertex-critical graphs of given diameter, Acta Math.
Acad. Sci. Hungar. 27 (1976) 255-262.

F. Gliviak, M. Knor and L. Soltés, On radially maximal graphs,
Australas. J. Combin. 9 (1994) 275-284.

F. Gliviak, P. Kys and J. Plesnik, On the extension of graphs
with a given diameter without superfluous edges, Mat. Casopis
Sloven. Akad. Vied. 19 (1969) 92-101.

F. Gliviak, P. Kys and J. Plesnik, On irreducible graphs of di-
ameter two without triangles, Mat. Casopis Sloven. Akad. Vied.
19 (1969) 149-157.

F. Gliviak and J. Plesnik, On the existence of certain graphs
with diameter two, Mat. Casopis Sloven. Akad. Vied. 19 (1969)
276-282.

I. Gliviak and J. Plesnik, On the existence of certain over-
graphs of given graphs, Acta Fac. Rerum Natur. Univ. Come-
nian. Math. 23 (1970) 113-119.

150



[GPT71]

[God96]

[GI79]

(GYC94]

[Gyo88]

[Har59]

[Har62]

[HT76]

[HT95]

[HS60]

[Ker86]

F. Gliviak and J. Plesnik, On the impossibility to construct
certain classes of graphs by extensions, Acta Math. Acad. Sci.
Hungar. 22 (1971) 5-10.

W. Goddard, personal communication (1996).

D. Greenwell and P. Johnson, On subgraphs of critical graphs of
diameter k, Proc. Tenth Southeastern Conf. on Combinatorics,
Graph Theory and Computing, Florida Atlantic Univ., Boca
Raton, Florida (1979) 465—467.

I. Gutman, Y. Yeh and J. Chen, On the sum of all distances in
graphs, Tamkang J. Math. 25 (1994) 83-86.

E. Gyori, On Winkler’s four-thirds conjecture on mean distance
of graphs, Congr. Numer. 61 (1988) 259-262.

F. Harary, Status and contrastatus, Sociometry 22 (1959) 23-43.

F. Harary, The maximum connectivity of a graph, Proc. Nat.
Acad. Sci. U.S.A. 48 (1962) 1142-1146.

F. Harary and C. Thomassen: Anticritical graphs, Math. Proc.
Cambridge Philos. Soc. 79 (1976) 11-18.

R. Hassin and A. Tamir, On the minimum diameter spanning
tree problem, Inform. Process. Lett. 53 (1995) 109-111.

A. Hoffman and R. Singleton, On Moore graphs with diameter
2 and 3, IBM J. Res. Develop. 4 (1960) 497-504.

R. Kerjouan, The edge-vulnerability of the diameter of graphs,
Res. Rep. 261, Lab. Rech. Inform., Univ. Paris XI, Orsay (1986).

151



[KN81]

IMST1]

[Mulg0]

[Nang6]

[Nis73]

[Nis75]

[Ost73]

[Ore62]

[Ore68]

[PN83]

[Pey84]

V. Krishnamoorthy and R. Nandakumar, A class of counterex-
amples to a conjecture on diameter critical graphs, Proc. Conf.
on Combinatorics and Graph Theory, Calcutta 1980 (1981) 297—
300.

L. March and P. Steadman, The Geometry of Environment,
Royal Institute of British Architects, London (1971).

M. Mulder, n-Cubes and median graphs, J. Graph Theory 4
(1980) 107-110.

R. Nandakumar, On Some Eccentricity Properties of Graphs,
Ph.D. thesis, Indian Institute of Technology, Madras (1986).

Y. Nishanov, On radially critical graphs with the maximum di-
ameter (in Russian), Trudy Samarkand. Gos. Univ. 235 (1973)
138-147.

Y. Nishanov, A lower bound on the number of edges in radially
critical graphs (in Russian), Trudy Samarkand. Gos. Univ. 256
(1975) 77-80.

A. Ostrand, Graphs with specified radius and diameter, Discrete
Math. 4 (1973) 71-75.

O. Ore, Theory of Graphs, American Mathematical Society,
Providence, Rhode Island (1962).

O. Ore, Diameters in graphs, J. Combin. Theory 5 (1968) 75-81.

K. Parthasarathy and R. Nandakumar, Unique eccentric point
graphs, Discrete Math. 46 (1983) 69-74.

C. Peyrat, Diameter vulnerability of graphs, Discrete Appl.
Math. 9 (1984) 245-250.

152



[Ple75al

[Ple75b]

[Ple84]

[Ran79)

[Rou88]

[Sab66]

[SBV87]

[Seg94]

[Sol91]

[Viz67]

J. Plesnik, Critical graphs of given diameter, Acta Fac. Rerum
Natur. Univ. Comenian. Math. 30 (1975) 71-93.

J. Plesnik, Note on diametrically critical graphs, Recent Ad-
vances in Graph Theory, Proc. Second Czechoslovak Sympos.
Prague 1974, Academia, Prague (1975) 455-465.

J. Plesnik, On the sum of all distances in a graph or digraph, J.
Graph Theory 8 (1984) 1-21.

M. Randic, Characterisation of atoms, molecules and classes of
molecules based on path enumerations, Proc. Bremen Konferenz
zur Chemie, Match 7 (1979) 5-64.

D. Rouvray, Characterisation of molecular branching using
topological indices, Applications of Discrete Mathematics (Proc.
Third Conf. on Discrete Mathematics, Clemson, South Carolina,
May 1986), R. Ringeisen and F. Roberts, eds., SIAM, Philadel-
phia (1988) 176-188.

G. Sabidussi, The centrality index of a graph, Psychometrika 31
(1966) 581-603.

A. Schoone, H. Bodlaender and J. van Leeuwen, Diameter in-
crease caused by edge deletion, J. Graph Theory 11 (1987) 409~
427.

T. Segawa, Radius increase caused by edge deletion, SUT J.
Math. 30 (1994) 159-162.

L. Soltés, Transmission in graphs: a bound and vertex removing,
Math. Slovaca 41 (1991) 11-16.

V. Vizing, The number of edges in a graph of given radius, Soviet
Math. Dokl. 8 (1967) 535-536.

153



[Wied7]

[Wing9]

[Wing6]

[Zel68]

[Zel70]

H. Wiener, Characterisation of heats of isomerisation, and dif-
ferences in heats of vaporisation of isomers, among the paraffin
hydrocarbons, J. Amer. Chem. Soc. 69 (1947) 2636-2638.

P. Winkler, Graph Theory in Memory of G.A Dirac (Proc. of
meeting in Sandbjerg, Denmark, 1985), L. Andersen and B.
Toft, eds., North-Holland, Amsterdam-New York (1989).

P. Winkler, Mean distance and the “four-thirds” conjecture,
Congr. Numer. 54 (1986) 63-72.

B. Zelinka, Medians and peripherians of trees, Arch. Math.
(Brno) 4 (1968) 87-95.

B. Zelinka, Generalized centers of gravity of trees, Mathematics
(Geometry and Graph Theory) (Czech) Univ. Karlova, Prague
(1970) 127-136.

154



	Swart_S_Christine_1996.front.p001
	Swart_S_Christine_1996.front.p002
	Swart_S_Christine_1996.front.p003
	Swart_S_Christine_1996.front.p004
	Swart_S_Christine_1996.front.p005
	Swart_S_Christine_1996.front.p006
	Swart_S_Christine_1996.front.p007
	Swart_S_Christine_1996.p001
	Swart_S_Christine_1996.p002
	Swart_S_Christine_1996.p003
	Swart_S_Christine_1996.p004
	Swart_S_Christine_1996.p005
	Swart_S_Christine_1996.p006
	Swart_S_Christine_1996.p007
	Swart_S_Christine_1996.p008
	Swart_S_Christine_1996.p009
	Swart_S_Christine_1996.p010
	Swart_S_Christine_1996.p011
	Swart_S_Christine_1996.p012
	Swart_S_Christine_1996.p013
	Swart_S_Christine_1996.p014
	Swart_S_Christine_1996.p015
	Swart_S_Christine_1996.p016
	Swart_S_Christine_1996.p017
	Swart_S_Christine_1996.p018
	Swart_S_Christine_1996.p019
	Swart_S_Christine_1996.p020
	Swart_S_Christine_1996.p021
	Swart_S_Christine_1996.p022
	Swart_S_Christine_1996.p023
	Swart_S_Christine_1996.p024
	Swart_S_Christine_1996.p025
	Swart_S_Christine_1996.p026
	Swart_S_Christine_1996.p027
	Swart_S_Christine_1996.p028
	Swart_S_Christine_1996.p029
	Swart_S_Christine_1996.p030
	Swart_S_Christine_1996.p031
	Swart_S_Christine_1996.p032
	Swart_S_Christine_1996.p033
	Swart_S_Christine_1996.p034
	Swart_S_Christine_1996.p035
	Swart_S_Christine_1996.p036
	Swart_S_Christine_1996.p037
	Swart_S_Christine_1996.p038
	Swart_S_Christine_1996.p039
	Swart_S_Christine_1996.p040
	Swart_S_Christine_1996.p041
	Swart_S_Christine_1996.p042
	Swart_S_Christine_1996.p043
	Swart_S_Christine_1996.p044
	Swart_S_Christine_1996.p045
	Swart_S_Christine_1996.p046
	Swart_S_Christine_1996.p047
	Swart_S_Christine_1996.p048
	Swart_S_Christine_1996.p049
	Swart_S_Christine_1996.p050
	Swart_S_Christine_1996.p051
	Swart_S_Christine_1996.p052
	Swart_S_Christine_1996.p053
	Swart_S_Christine_1996.p054
	Swart_S_Christine_1996.p055
	Swart_S_Christine_1996.p056
	Swart_S_Christine_1996.p057
	Swart_S_Christine_1996.p058
	Swart_S_Christine_1996.p059
	Swart_S_Christine_1996.p060
	Swart_S_Christine_1996.p061
	Swart_S_Christine_1996.p062
	Swart_S_Christine_1996.p063
	Swart_S_Christine_1996.p064
	Swart_S_Christine_1996.p065
	Swart_S_Christine_1996.p066
	Swart_S_Christine_1996.p067
	Swart_S_Christine_1996.p068
	Swart_S_Christine_1996.p069
	Swart_S_Christine_1996.p070
	Swart_S_Christine_1996.p071
	Swart_S_Christine_1996.p072
	Swart_S_Christine_1996.p073
	Swart_S_Christine_1996.p074
	Swart_S_Christine_1996.p075
	Swart_S_Christine_1996.p076
	Swart_S_Christine_1996.p077
	Swart_S_Christine_1996.p078
	Swart_S_Christine_1996.p079
	Swart_S_Christine_1996.p080
	Swart_S_Christine_1996.p081
	Swart_S_Christine_1996.p082
	Swart_S_Christine_1996.p083
	Swart_S_Christine_1996.p084
	Swart_S_Christine_1996.p085
	Swart_S_Christine_1996.p086
	Swart_S_Christine_1996.p087
	Swart_S_Christine_1996.p088
	Swart_S_Christine_1996.p089
	Swart_S_Christine_1996.p090
	Swart_S_Christine_1996.p091
	Swart_S_Christine_1996.p092
	Swart_S_Christine_1996.p093
	Swart_S_Christine_1996.p094
	Swart_S_Christine_1996.p095
	Swart_S_Christine_1996.p096
	Swart_S_Christine_1996.p097
	Swart_S_Christine_1996.p098
	Swart_S_Christine_1996.p099
	Swart_S_Christine_1996.p100
	Swart_S_Christine_1996.p101
	Swart_S_Christine_1996.p102
	Swart_S_Christine_1996.p103
	Swart_S_Christine_1996.p104
	Swart_S_Christine_1996.p105
	Swart_S_Christine_1996.p106
	Swart_S_Christine_1996.p107
	Swart_S_Christine_1996.p108
	Swart_S_Christine_1996.p109
	Swart_S_Christine_1996.p110
	Swart_S_Christine_1996.p111
	Swart_S_Christine_1996.p112
	Swart_S_Christine_1996.p113
	Swart_S_Christine_1996.p114
	Swart_S_Christine_1996.p115
	Swart_S_Christine_1996.p116
	Swart_S_Christine_1996.p117
	Swart_S_Christine_1996.p118
	Swart_S_Christine_1996.p119
	Swart_S_Christine_1996.p120
	Swart_S_Christine_1996.p121
	Swart_S_Christine_1996.p122
	Swart_S_Christine_1996.p123
	Swart_S_Christine_1996.p124
	Swart_S_Christine_1996.p125
	Swart_S_Christine_1996.p126
	Swart_S_Christine_1996.p127
	Swart_S_Christine_1996.p128
	Swart_S_Christine_1996.p129
	Swart_S_Christine_1996.p130
	Swart_S_Christine_1996.p131
	Swart_S_Christine_1996.p132
	Swart_S_Christine_1996.p133
	Swart_S_Christine_1996.p134
	Swart_S_Christine_1996.p135
	Swart_S_Christine_1996.p136
	Swart_S_Christine_1996.p137
	Swart_S_Christine_1996.p138
	Swart_S_Christine_1996.p139
	Swart_S_Christine_1996.p140
	Swart_S_Christine_1996.p141
	Swart_S_Christine_1996.p142
	Swart_S_Christine_1996.p143
	Swart_S_Christine_1996.p144
	Swart_S_Christine_1996.p145
	Swart_S_Christine_1996.p146
	Swart_S_Christine_1996.p147
	Swart_S_Christine_1996.p148
	Swart_S_Christine_1996.p149
	Swart_S_Christine_1996.p150
	Swart_S_Christine_1996.p151
	Swart_S_Christine_1996.p152
	Swart_S_Christine_1996.p153
	Swart_S_Christine_1996.p154

