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Chapter 1

Introduction

All graphs considered in this work are finite, simple and undirected.

The notion of toughness was introduced by Chvatal [13]| to investigate
Hamiltonicity. Hamilton cycles have always been well-studied, in particular,
one of Karp’s 21 NP-complete problems is to decide whether a graph contains
a Hamiltonian cycle [19].

There are many either necessary or sufficient conditions for a graph to be
Hamiltonian. The commonly known sufficient conditions concern the degree
sequence of the graph. For example Dirac’s theorem [14] says that every graph
on n > 3 vertices with minimum degree at least n/2 contains a Hamiltonian
cycle. A quite evident necessary condition gave the idea of defining graph
toughness: if a graph contains a Hamiltonian cycle, then the removal of some
vertices can leave at most as many components as the number of the removed
vertices. Graphs with this latter property are called 1-tough, and in general,
a graph is called t-tough (where ¢ is a positive real number) if the removal
of any vertex set S leaves at most |S|/t components provided the removal
of S disconnects the graphs, and all graphs are considered O-tough. The
toughness of a graph is the largest ¢ for which the graph is ¢-tough, whereby
the toughness of complete graphs is defined as infinity. For instance, the
toughness of nonconnected graphs is 0, the toughness of cycles of length at
least four is 1, but the cycle of length three is a complete graph, thus its
toughness is infinity by definition.

While it is easy to see that not every 1-tough graph contains a Hamil-
tonian cycle (a well-known counterexample is the Petersen graph), Chvétal
conjectured in his first article about graph toughness [13] that there exists a
positive real number ¢y such that every to-tough graph is Hamiltonian. His
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stronger conjecture was that every more than 3/2-tough graph is Hamiltonian
— but this was disproved by Thomassen [12|. Thereafter it was conjectured
(based on [15]) that every 2-tough graph is Hamiltonian — but this was also
disproved, this time by Bauer et al. [7]. Actually, they showed that for any
e > 0 there exists a (9/4 — ¢)-tough graph that does not even contain a
Hamiltonian path, implying if Chvatal’s ¢yp-conjecture is true, then tq > 9/4
holds. The conjecture is still open, but there are some positive partial results
in some graph classes: every 1-tough interval graph is Hamiltonian [20], so
is every 3/2-tough split graph [21] and every 10-tough chordal graph [17], to
name but a few.

This thesis mostly focuses on minimally tough graphs. It is easy to see
that the more edges a graph has, the larger its toughness can be. A graph
is called minimally ¢-tough (where ¢ is a positive real number or inftinity) if
the toughness of the graph is exactly ¢ but the removal of any edge decreases
the toughness. For instance, every complete graph on at least two vertices
is minimally oco-tough and every cycle of length at least four is minimally
1-tough.

It follows directly from the definition of toughness that every t-tough non-
complete graph is 2t-connected, thus the minimum degree of any ¢-tough non-
complete graph is at least [2t] (where ¢ is a nonnegative real number). Moti-
vated by a theorem of Mader [24] stating that every minimally k-connected
graph has a vertex of degree k (where k is a positive integer), there is a
conjecture regarding the minimum degree of minimally tough graphs. This
conjecture appeared in writing only for ¢ = 1 under the name of Kriesell
[18], but can be naturally generalized for any positive real number ¢: every
minimally t-tough graph has a vertex of degree [2¢]. Since a minimally tough
graph is not necessarily minimally connected (see Figure 3.1 for an example),
Kriesell’s conjecture does not follow from Mader’s theorem directly.

Since every Hamiltonian graph is 1-tough (and the toughness of K3 is in-
finity), the only minimally 1-tough Hamiltonian graphs are cycles of length
at least 4. Thus, the above mentioned theorem of Dirac [14] provides a trivial
upper bound on the minimum degree of minimally 1-tough graphs on n ver-
tices: it is less than n/2, except for the cycle of length 4. After introducing
the necessary definitions and collecting some preliminary results in Chap-
ter 2, we present an improvement on this upper bound by a constant factor
in Chapter 3 (based on |3|): we prove that every minimally 1-tough graph on
n vertices has a vertex of degree at most n/3 + 1.

In [8], Bauer et al. proved that recognizing t-tough graphs is coNP-hard,
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and in Chapter 4 (based on [2]) we show that recognizing minimally ¢-tough
graphs is DP-hard. The complexity class DP was introduced by Papadim-
itriou and Yannakakis in [26] since extremal problems usually seem not to
belong to NP U coNP. A language L belongs to the class DP if it can be
expressed as the intersection of a language in NP and another one in coNP.
Finally, in Chapter 5 (based on [4]) we study bipartite graphs. Although
the toughness of any bipartite graph, except for the graphs K; and K, is
at most one, recognizing 1-tough bipartite graphs does not become easier
than recognizing 1-tough graphs in general: Kratsch et al. proved that this
problem is still coNP-hard [21]. In this chapter, we extend this theorem to
any positive rational number ¢ < 1. Moreover, we also prove that for any
fixed integer k > 2 and positive rational number ¢t < 1, recognizing t-tough
k-connected bipartite graphs is also coNP-hard and so is recognizing 1-tough
at least 6-regular bipartite graphs. Furthermore, we also give a stronger upper
bound on the minimum degree of minimally 1-tough, bipartite graphs, than
the one we gave earlier in general: we prove that every minimally 1-tough,
bipartite graph on n vertices has a vertex of degree at most (n + 6)/4.



Chapter 2

Preliminaries

In this chapter, we present some necessary definitions and claims.

Let w(G) denote the number of components, a(G) the independence num-
ber, K(G) the connectivity number and 6(G) the minimum degree of a graph
G. For a vertex v of a graph G, the degree of v is denoted by d(v). For a
graph G and a vertex set V' C V(G), let G[V'] denote the subgraph of G
induced by V'. For a connected graph G, a vertex set S C V(G) is called a
cutset if its removal disconnects the graph.

(Using w(G) to denote the number of components might be confusing;
most of the literature on toughness, however, uses this notation.)

2.1 Toughness

The notion of toughness was introduced by Chvatal [13] to investigate Hamil-
tonicity.

Definition 2.1. Let ¢ be a real number. A graph G is called t-tough if
|S] > tw(G — S) holds for any vertex set S C V(G) that disconnects the
graph (i.e. for any S C V(G) with w(G — S) > 1). The toughness of G,
denoted by 7(G), is the largest ¢t for which G is t-tough, taking 7(K,) = oo
for all n > 1.

We say that a cutset S C V(G) is a tough set if w(G — S) = |S|/7(G).

The following proposition is a simple observation.
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Proposition 2.2. Let ¢ < 1 be a positive rational number and G a t-tough
graph. Then
w(G = 5) <|[S]/t

for any nonempty proper subset S of V(G).
Proof. Tf S is a cutset in GG, then by the definition of toughness
w(G — 8) < ||/t

holds.
If S is not a cutset in G, then w(G — S) = 1 since S # V(G). On the
other hand, |S|/t > 1 since S # () and ¢ < 1. Therefore,

w(G—95) <|S|/t
holds in this case as well. ]

As is clear from its proof, the above proposition holds even if S is not a
cutset. However, it does not necessarily hold if £ > 1 and S is not a cutset:
if ¢ > 1, then the graph cannot contain a cut-vertex; therefore w(G — S5) =1
for any subset S with |S| = 1, while |S|/t =1/t < 1.

2.2 Minimally toughness

Obviously, the more edges a graph has, the larger its toughness can be. The
main focus of this work is on the graphs whose toughness decreases whenever
any of their edges is deleted.

Definition 2.3. A graph G is said to be minimally t-tough if 7(G) =t and
7(G —e) < t for all e € E(G).

The following proposition describes the basic structure of minimally tough
graphs.

Proposition 2.4. Let ¢t be a positive rational number and G a minimally
t-tough graph. For every edge e of G,

— the edge e is a bridge in G, or
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— there exists a vertex set S = S(e) C V(G) with

w(G—S)gg and w((G—e)—S)>@,

and the edge e is a bridge in G — S.
In the first case, we define S = S(e) = 0.

Proof. Let e be an arbitrary edge of G which is not a bridge. Since G is min-
imally ¢-tough, 7(G — e) < t. Since e is not a bridge, G — e is still connected,
so there exists a cutset S = S(e) C V(G —e) = V(G) in G — e satisfying

w((G@—e)—S5) > 9|/t

By Proposition 2.2, if t < 1, then w(G —S) < |S|/t. So assume that ¢ > 1.
Now there are two cases.

Case 1: (t > 1 and) S is a cutset in G.
Since 7(G) =t and S is a cutset, w(G — §) < |S|/t. This is only possible
if e connects two components of (G —e) — S, i.e., if e is a bridge in G — S.

Case 2: (t > 1 and) S is not a cutset in G.
Then w(G —S) = 1. Since S is a cutset in G — e, the edge e must connect
two components of (G —e) — 5, so e is a bridge in G — S and

w((G—e)—S5) =2

Now we show that w(G—S5) < |S|/t. Suppose to the contrary that w(G—S) >
|S|/t. Since w(G —S) = 1, this implies that |S| < t. Moreover, since 7(G) = t,
the graph G is [2t]-connected, thus it has at least 2¢ + 1 vertices. From this
it follows that S and one of the endpoints of e form a cutset in GG, otherwise
G would only have

S|+2<t+2<2t+1

vertices (where the latter inequality is valid since ¢ > 1). Let S’ denote this
cutset. Since G is t-tough and S’ is a cutset in G,
1S 1SI+1

2<w(G-9)< ,
t t

so |S| > 2t — 1. Therefore

2t — 1 < |S] < t,
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which implies that ¢ < 1 and that is a contradiction.

So in either case

151
t

|51

w(G—8) < and w((G—e¢)—5) > —

and e is a bridge in G — S.

2.3 Almost minimally 1-tough graphs

The graphs K, and K3 behave similarly as minimally 1-tough graphs: they
are 1-tough, and the removal of any of their edges decreases their toughness
below 1. However, they are not minimally 1-tough since their toughness is
infinity. To handle these kinds of graphs, we introduce the following defini-
tion.

Definition 2.5. A graph G is almost minimally 1-tough if 7(G) > 1 and
7(G —e) < 1forall e € E(G).

In fact, the only almost minimally 1-tough graphs are minimally 1-tough
graphs and the graphs Ky and Kj.

Claim 2.6. For a graph G the following are equivalent.
(1) The graph G is almost minimally 1-tough.

(2) The graph G is 1-tough and for every e € E(G), the edge e is a bridge
or there exists a vertex set S = S(e) C V(G) with

w(G@—=25)=19| and  w((G—e€)—95)=|9]+1
(If e is a bridge, we define S = S(e) = 0.)
(3) The graph G is either minimally 1-tough or G ~ K, or G ~ Kj.

Proof.

(1) = (2) : Let e be an arbitrary edge of G, and let us assume that it is
not a bridge. Since 7(G —e) < 1 and G — e is still connected, there exists a
cutset S = S(e) C V(G—e) = V(G) in G —e satisfying w((G—e)—S5) > |S].
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Now there are two cases.

Case 1: S is a cutset in G.
Since 7(G) > 1 and S is a cutset, w(G — S) < |S|. This is only possible
if e connects two components of (G — e) — S, which means that

w((G—e)—8)=|5|+1 and w(G-29)=]|9|

Case 2: S is not a cutset in G.
Then w(G — S) = 1. On the other hand,

w((G—e)—5)>2

since S is a cutset in G —e. This is only possible if e connects two components
of (G —e) — S, which means that

w((G—e)—95) =2

Since

w(<G_e) _S) > ‘5‘7
this implies that |S| < 1. Moreover, |S| = 1 since e is not a bridge in G.
Hence,

w((G—e)—S5)=|5+1 and  w(G—-29)=]|9|.

(2) = (3) : Then 7(G) > 1 and 7(G —e) < 1 for every e € E(G). Let
us assume that G is not minimally 1-tough, i.e. 7(G) > 1. We need to show
that G ~ Ky or G ~ Ks;.

Suppose to the contrary that G has at least 4 vertices. Let e € E(G) be
an arbitrary edge, and let S = S(e) C V(G) be a vertex set for which

wG-S5)=S5 and w((G—-¢)—-9)=|5+1.

Since 7(G) > 1 and w(G — S) = |S], the vertex set S cannot be a cutset
in G, so |S| < 1 must hold. Since G has at least 4 vertices, S and one of
the endpoints of e form a cutset of size at most 2, so 7(G) < 1, which is a
contradiction. This means that G ~ K5 or G ~ K3 since there are no other
1-tough graphs on at most 3 vertices with at least one edge.

(3) = (1) : Trivial. O
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Proposition 2.7. Let G be an almost minimally 1-tough graph. Then
w(G - 5) <15
for any proper subset S of V(G).

Proof. By Claim 2.6, the graph G is either minimally 1-tough or G ~ K or
G ~ K3. If G is minimally 1-tough, then 7(G) = 1, and we already covered
this case in Proposition 2.2. If G ~ Ky or G ~ K3, then w(G — §) =1 and
|S| = 1 hold for any proper subset S of V(G). O

2.4 Complexity

The complexity of recognizing ¢-tough graphs has also been in the interest
of research.

Let t be an arbitrary positive rational number and consider the following
problem.

t-TOUGH
Instance: a graph G.
Question: is it true that 7(G) > t?

Note that in this problem, t is not part of the input.

It is easy to see that for any positive real number ¢, the problem ¢-TOUGH
is in coNP: if a graph G is not t-tough, then a witness is a vertex set S C V(G)
whose removal disconnects the graph and leaves more than |S|/t components.
By reducing a variant of the independent set problem to the complement of
t-TOUGH, Bauer et al. proved the following.

Theorem 2.8 (Bauer, Hakimi, Schmeichel, [8]). The problem ¢-TOUGH is
coNP-complete for any positive rational number t.

Bauer et al. also proved the following.

Theorem 2.9 (Bauer, van den Heuvel, Morgana, Schmeichel, [10]). For any
fixed integer r > 3, the problem 1-TOUGH is coNP-complete for r-regular
graphs.

Although the toughness of any bipartite graph, except for the graphs K,
and K», is at most one, the problem 1-TOUGH does not become easier for
bipartite graphs.
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Theorem 2.10 (Kratsch, Lehel, Miiller, [21]). The problem 1-TOUGH is
coNP-complete for bipartite graphs.

However, in some graph classes the toughness can be computed in poly-
nomial time, for instance, in the class of split graphs.

Theorem 2.11 (Woeginger, [27]). For any rational number ¢ > 0, the class
of t-tough split graphs can be recognized in polynomial time.

Let ¢ be an arbitrary positive rational number and now consider the fol-
lowing variants of the problem ¢-TOUGH.

ExAcT-t-TOUGH
Instance: a graph G.
Question: is it true that 7(G) = 7

MIN-t-TOUGH
Instance: a graph G.
Question: is it true that G is minimally ¢-tough?

Since extremal problems usually seem not to belong to NP U coNP, the
complexity class called DP was introduced by Papadimitriou and Yannakakis
in [26].

Definition 2.12. A language L is in the class DP if there exist two languages
L; € NP and Ly € coNP such that L = L N L.

A language is called DP-hard if all problems in DP can be reduced to it in
polynomial time. A language is DP-complete if it is in DP and it is DP-hard.

It should be emphasized that DP £ NP NcoNP if NP # coNP. Moreover,
NP U coNP C DP.
Here we list some DP-complete problems that we use later for reduction.

EXACTINDEPENDENCENUMBER
Instance: a graph G and a positive integer k.
Question: is it true that o(G) = k?

Note that, unlike ¢ in the problem ¢-TOUGH, in this problem k is part
of the input. The DP-completeness of EXACTINDEPENDENCENUMBER is a
straightforward consequence of the following theorem.
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Theorem 2.13 (Papadimitriou, Yannakakis, [26]). The following problem is
DP-complete.

ExXAcTCLIQUE
Instance: a graph G and a positive integer k.
Question: is it true that the largest clique of G has size exactly k7

Corollary 2.14. The problem EXACTINDEPENDENCENUMBER is DP-com-
plete.

a-CRITICAL

Instance: a graph G and a positive integer k.
Question: is it true that o(G) < k, but a(G —e) > k for any edge e € E(G)?

The DP-completeness of the problem a-CRITICAL is a trivial consequence
of the following theorem.

Theorem 2.15 (Papadimitriou, Wolfe, [25]). The following problem is DP-
complete.

CRITICALCLIQUE

Instance: a graph G and a positive integer k.

Question: is it true that G has no clique of size k, but adding any missing
edge e to G, the resulting graph G + e has a clique of size k7

Corollary 2.16. The problem a-CRITICAL is DP-complete.

2.5 «-critical graphs

Definition 2.17. A graph G is said to be a-critical if o(G —e€) > a(G) holds
for any e € E(G).

Now we cite some results on a-critical graphs.

Proposition 2.18 (Problem 12 of §8 in [22]). If G is an a-critical graph
without isolated points, then every point is contained in at least one maxi-
mum independent vertex set.

Lemma 2.19 (Problem 14 of §8 in [22]). If we replace a vertex of an a-critical
graph with a clique, and connect every neighbor of the original vertex with
every vertex in the clique, then the resulting graph is still a-critical.
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Lemma 2.20 (|23]). Let G be an a-critical graph and w an arbitrary vertex
of degree at least 2. Split w into two vertices y and z, each of degree at least 1,
add a new vertex x to the graph and connect it to both y and z. Then the
resulting graph G’ is a-critical, and a(G’) = o(G) + 1.

For one of our proofs we also need the following observation, which is a
straightforward consequence of Corollary 2.16 and Lemmas 2.19 and 2.20.

Proposition 2.21. For any positive integers [ and m, the following variant
of the problem a-CRITICAL is DP-complete.

Instance: an [-connected graph G and a positive integer k£ that is divisible

by m.
Question: is it true that o(G) < k, but a(G —e) > k for any edge e € E(G)?



Chapter 3

On the minimum degree of
minimally 1-tough graphs

It follows directly from the definition that every t-tough noncomplete graph
is 2t-connected, implying x(G) > 27(G) for noncomplete graphs (where ¢ is
a nonnegative real number). Therefore, the minimum degree of any t-tough
noncomplete graph is at least [2¢] for any positive real number t.

The following conjecture is motivated by a theorem of Mader |24] stating
that every minimally k-connected graph has a vertex of degree k (where k is
a positive integer).

Conjecture 3.1 (Kriesell [18]). Every minimally 1-tough graph has a vertex
of degree 2.

This conjecture can be naturally generalized to any positive real number
t.

Conjecture 3.2 (Generalized Kriesell Conjecture). Every minimally ¢-tough
graph has a vertex of degree [2¢].

Since a minimally tough graph is not necessarily minimally connected (see
Figure 3.1), Conjecture 3.2 does not follow from Mader’s theorem directly.

Clearly, if a graph is Hamiltonian, then it must be 1-tough. However,
not every l-tough graph contains a Hamiltonian cycle: a well-known coun-
terexample is the Petersen graph. On the other hand, Chvatal conjectured
that there exists a positive real number ¢y such that every to-tough graph is
Hamiltonian [13]. This conjecture is still open, but it is known that, if exists,
to must be at least 9/4, see [7].

16
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<

Figure 3.1: A minimally 1-tough but not minimally 2-connected graph. The
graph G — e is still 2-connected.

Since every Hamiltonian graph is 1-tough (and the toughness of K3 is
infinity), the only minimally 1-tough Hamiltonian graphs are cycles of length
at least 4. Thus, Dirac’s theorem provides a trivial upper bound on the
minimum degree of minimally 1-tough graphs: since this theorem states that
every graph on n vertices and with minimum degree at least n/2 contains
a Hamiltonian cycle [14], the minimum degree of every minimally 1-tough
graph is less than n/2; except for the cycle of length 4.

Here we improve this upper bound.

Theorem 3.3 (Katona, Soltész, Varga, [3]). Every minimally 1-tough graph
on n vertices has a vertex of degree at most n/3 + 1.

3.1 Auxiliary results
First, we cite a theorem.

Theorem 3.4 (Higgkvist, Nicoghossian, [16]). Let G be a 2-connected graph
on n vertices with

6(G) > (n+ k(G))/3.
Then G is Hamiltonian.
Now we prove two lemmas.
Lemma 3.5. Let G be a minimally 1-tough graph on n vertices with §(G) >

n/3+ 1. Let e € E(G) be an arbitrary edge and let S = S(e) be a vertex set
guaranteed by Proposition 2.4. Then [S| > n/3.
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Proof. We can assume that S is of minimum size. Let k = |S]|.
Since 7(G) = 1, the graph G is 2-connected, i.e. e is not a bridge in G.
So by Proposition 2.4,

w((G—e)—8)=|S|+1=k+1

Thus, at least one of the components of (G —e) — S is of size at most
|(n —k)/(k+1)]. If this component has size 1, then the vertex inside it has
degree at most k + 1 in G since all of the neighbors of this vertex are in S
and if this vertex is one of the endpoints of e, then it has one more neighbor,
namely, the other endpoint of e. Therefore,

n
§—|—1<(5(G)§k+1,
which means that k£ > n/3. Otherwise, i.e. if this component has size at least
2, then there must exist a vertex in it which is not an endpoint of ¢, so in G
this vertex has degree at most

n—=k n—=k n+k>—k—1
—14+k<——14k= .
Lﬂ—i—lJ REE T kot

Consider the function

n+k?—k—1

falk) = k+1

Note that for any fixed n, the function f, is monotone decreasing in k if
0 <k<+vn+1-1 and monotone increasing if vn+1—1<k <n—1.
Now we show that if & < n/3, then 6(G) <n/3+ 1.

Case 1: 2 < k <n/3.

Since f,,(k) is an upper bound on the minimum degree of G, it is enough
to show that f,,(k) < 5 + 1. The above mentioned property of the f, implies
that it is enough to show this for £ =2 and k = n/3.

n—|—1<n+1
3 3 ’

fn(2> =

f<n>_n2+6n—9 (n+3)°—18 n+3 n

= 1.
3 +

et < —
3n+9 3(n+3) 3 3



PROPERTIES OF MINIMALLY TOUGH GRAPHS 19

Case 2: k = 1.

Since k = 1, there exists a single vertex w whose removal from G — e
disconnects the graph. It is easy to see that every minimally 1-tough graph
has at least 4 vertices. Thus w and one of the endpoints of e form a cutset in
G, so k(G) < 2. Since G is 1-tough, k(G) > 2 holds. Thus x(G) = 2. Since
d(G) > n/3 + 1, Theorem 3.4 implies that G is Hamiltonian, but G # C,,
which contradicts the fact that G is minimally 1-tough. [

Lemma 3.6. If G is a minimally 1-tough graph with 6(G) > n/3 + 1, then
there are two vertices a,b € V(G) connected by an edge f € E(G) such that
their open neighborhood (i.e., the set of vertices adjacent to a or b excluding
a and b) has size more than 2n/3 — 1.

Proof. Lemma 3.5 implies that k(e) > n/3 for all e € E(G). Let us fix
an arbitrary edge e € FE(G), and let x = k — n/3. It is easy to see that
0 < x < n/6, because removing at least n/2 vertices does not leave enough
components. Let B = S(e) be a vertex set guaranteed by Proposition 2.4
and let A denote the set of the vertices of G — B. Then |A| = 2n/3 — z, and
|B| = n/3 + x, and by the choice of B, the number of components of G — B
is also n/3 + .

Our strategy is to prove that there exists a vertex b € B having at least
n/3 + 1 neighbors in A and among these neighbors there exists a vertex
a contained by a component of size at most 2 after the removal of B, see
Figure 3.2. Since a has more than n/3 — 1 neighbors in B\ {b} and b has at
least n/3 neighbors in A\ {a}, their open neighborhood has size more than

n 1+n_2n 1
3 3 '

0RO SIey

b

Figure 3.2: Finding an edge f for which G — f is 1-tough.
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So suppose to the contrary that there exist no such vertices a and b. Let
e(A, B) denote the number of edges between A and B. We give a lower and
an upper bound on e(A, B), then we show that the lower bound is greater
than the upper bound, which leads us to a contradiction.

I. Lower bound:

n2 n

e(A,B)>§—|—§+mc+:c—4:c2.

It is well-known that the number of the edges in a graph with ng vertices
and kg components is at most (”°_§°+1). Hence the number of the edges
in A is at most

(=)= (i ety _(i=2e)

2 B 2
Since every degree is more than n/3 + 1, the following lower bound can
be given on e(A, B).

e(A, B) > (%”_x) <%+1>_2,(§—22x+1> _

(5 GG )

n
= — + - +nz+x—42°
9 3

I1. Upper bound:
e(A, B) < g (g—l—l) —i—x(g—?)x).

To prove this inequality, first we need the following claim.

Claim 3.7. After the removal of B, there are at least n/6 + 2z com-
ponents of size at most 2.

Proof. As we saw earlier, G — B has 2n/3 — x vertices and n/3 + z
components. In every component there must be at least one vertex, so

the other
2n <n N ) n 9
3 7 37 Y) T3
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vertices can create at most

1<n 2>_n
2 \3 ") T "

components of size at least 3. So there must be at least

(3e2)- (o) -5+
—dz)—(=-—2)==+22

3 6 6

components having size at most 2. [

Now we return to the proof of the upper bound on e(A, B). Since
d(G) > n/3+1, the vertices in the components of G — B having size at
most 2 have more than n/3 neighbors in B. By our assumption, each of
these neighbors is connected to less than n/3+1 vertices in A. Consider
the vertices of B which do not have neighbors in the components of
G — B of size at most 2. Clearly, there are less than = such vertices,
and all of their neighbors in A lie in a component of size at least 3. So
all these remaining less than z vertices in B can be adjacent to at most

2
(o)~ G2 -5

vertices in A.

Hence, there are more than n/3 vertices in B that have less than n/3+1
neighbors in A and the remaining less than z vertices in B have at most
n/2 — 3z neighbors in A, see Figure 3.3.

Now we show that n/2 — 3z > n/3 + 1. Intuitively this means that
e(A, B) is maximum if the components of size at most 2 together have
as few neighbors as possible. This is an easy corollary of the following
claim.

Claim 3.8. For the vertices of B, the average number of neighbors in
A is more than n/3 + 1.

Proof. We have already seen that

2
e(A,B)>%+g+nm+x—4x2,
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coo OO
PNV

(oo o)

more than less than
n/3 vertices x vertices

less than n/3+1  at least n/2 — 3z
neighbors in A neighbors in A

Figure 3.3: Giving an upper bound on e(A, B).

so it is enough to show that

2
n—+2+nx+x—4x2>|B| <g+1>:<ﬁ+x> (E—f—l).

9 3 3 3
Transforming it into equivalent forms, we can see that this inequality
holds.

n2+n+ +x—4 2>n2+n+n +
—+—-+nr+zr—4x —+ -+ -+
9 3 9 3 3
2n
“x > 4a?
5 x x
n >
6
O]

So if n/2 — 3z > n/3 + 1 did not hold, then each vertex in B could be
adjacent to at most 3 + 1 vertices in A, which contradicts Claim 3.8.
Hence N n n
w8 e (),
e( ) < 5 (3 +1)+z (3 3x

which completes the proof of the upper bound.
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Clearly, the lower bound cannot be greater than the upper bound, so

n2

E+§+nm—l—m—4x2<%-<g+1>+x<g—3x>,

0<$2—<g+1>x,

0<sfo-(2+1)].

which contradicts the fact that 0 < x < &. Thus the proof of the lemma is
complete. O

3.2 Upper bound on the minimum degree of
minimally 1-tough graphs

Proof of Theorem 3.3. Suppose to the contrary that §(G) > n/3 + 1 and
consider the edge f = ab guaranteed by Lemma 3.6. Let S = S(f) be a
vertex set guaranteed by Proposition 2.4 and let k = |S|. Then Lemma 3.5
implies £ > n/3. Obviously, the components of (G — f) — S require

w(G=f)=8)=k+1>n/3+1

independent vertices: two of them can be a and b, but the rest of them cannot
be adjacent either to a or to b, see Figure 3.4.

@@@

Figure 3.4: There are too many neighbors of a and b.

However, there are less than

2n n
—|=—-1]|=24+1<k+1
n (3 ) 3—1- +
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such vertices since a and b together have more than 2n/3 — 1 different neigh-
bors. So G — f is 1-tough, which is a contradiction. O]

It is worth noting that Lemma 3.6 becomes trivial whenever the graph G
is triangle-free. In Chapter 5 we show that supposing the graph is bipartite
not only makes the whole proof easier, but in this case we can give an even
better upper bound on the minimum degree.



Chapter 4

The complexity of recognizing
minimally tough graphs

In this chapter, we study the problem of recognizing minimally tough graphs.
The main result is the following.

Theorem 4.1 (Katona, Kovacs, Varga, [2|). The problem MIN-t-TOUGH is
DP-complete for any positive rational number .

Note that since the toughness of any noncomplete graph is a rational
number, there exist no minimally tough graphs with irrational toughness.

To prove the case t > 1, we introduce a new notion called weighted
toughness.

Definition 4.2. Let ¢ be a positive real number. Given a graph G and a
positive weight function w on its vertices, we say that the graph G is weighted
t-tough with respect to the weight function w if
S
w(G - S) < #
holds for any vertex set S C V(G) whose removal disconnects the graph,
where

veS
The weighted toughness of a noncomplete graph (with respect to the weight
function w) is the largest ¢ for which the graph is weighted ¢-tough, and we
define the weighted toughness of complete graphs (with respect to w) to be
infinity.

25
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Note that the weighted toughness of a connected graph with respect to
the weight function that assigns 1 to every vertex is the toughness of the
graph.

4.1 Auxiliary results

Proposition 4.3. Let G be a connected noncomplete graph on n vertices.
Then 7(G) is a positive rational number, and if 7(G) = a/b, where a,b are
relatively prime positive integers, then 1 < a,b <n — 1.

Proof. By definition,

T
(G) = sglvl?c) w(G - 8)

w(G—8)>2
for a noncomplete graph G. Since G is connected and noncomplete,
1<]5<n—2

for every S C V(G) with w(G — S) > 2. Obviously, w(G — S) > 2, and since
G is connected, w(G — §) <n — 1. O

Corollary 4.4. Let G and H be two connected noncomplete graphs on
n vertices. If 7(G) # 7(H), then

‘T(G) — T(H)| > i

n2’

Proof. Let a,b and a',1 be two pairs of relative prime positive integers
such that 7(G) = a/b and 7(H) = d'//. Proposition 4.3 implies that 1 <
a,b,a’, b’ <n—1. Since 7(G) # 7(H),

a /

a
b U

ab —a'b

7(G) = r(t)| = —

]

Proposition 4.5. For every positive rational number ¢, the problem MIN-
t-TOUGH belongs to DP.
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Proof. For any positive rational number ¢,

MIN-t-TouGH = {G graph | 7(G) =t and 7(G —¢) < t for all e € E(G)}
= {G graph | 7(G) >t} N {G graph | 7(G) < t}
N{G graph | 7(G —¢) < t for all e € E(G)}.

Let
Ly = {G graph | 7(G —¢) <t for all e € E(G)},

L5 ={G graph | 7(G) < t}

and
Ly = {G graph | 7(G) > t}.

Notice that Ly = t-TOUGH and it is known to be in coNP: if a graph G is not

t-tough, then a witness is a vertex set S C V(G) whose removal disconnects G

and leaves more than | S|/t components. Similarly, L, ; € NP, since a witness

is a set of vertex sets {S. C V(G) | e € E(G)}, where for any e € E(G) the

removal of S, disconnects G — e and leaves more than |S,|/t components.
Now we show that L; o € NP, i.e. we can express L; o in the form

Ly, = {G graph ‘ T(G) <t+e},

which is the complement of a language belonging to coNP. Let G be an
arbitrary graph on n vertices. If G is disconnected, then 7(G) = 0, and if
G is complete, then 7(G) = oo, so in both cases 7(G) < t if and only if
7(G) < t + ¢ for any positive number e. If G is connected and noncomplete,
then from Corollary 4.4 it follows that 7(G) < t if and only if 7(G) < t+1/n?.
Therefore

1
Liy=1{G graph | 7(G) <t} = {G graph | 7(G) <t + —},
{ ‘ } V(G)]?
SO L1,2 € NP.
Since Ll,lﬂL1,2 € NP and Ly € coNP and MIN-t-TOUGH = (Ll,l N LLQ)ﬂ
Ly, we can conclude that MIN-t-TOUGH € DP. O

4.2 On some special cases of Theorem 4.1

This section aims to highlight the key steps of the proof of Theorem 4.1 by
considering some simpler cases of it. In the view of this intention, technical
details are omitted here.
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Let n > 2 be an integer and let G' be a complete graph of size n on the
vertex set {v1,...,v,}. Add the vertices uy,...,u, and w to G, and for all
i € [n] connect v; and u;, and also u; and w, and let G’ denote the obtained
graph. (For an example see Figure A.1 in the Appendix.) It is easy to see
that G’ is a minimally 1-tough graph, and it is due to the fact that complete
graphs are a-critical. This plain construction inspires all the others proposed
in this paper. This construction can be generalized for a-critical graphs to
obtain a minimally 1-tough graph. (See Figure A.2.) The construction for
minimally integer-tough graphs can be seen as a “blow-up” of the minimally
1-tough construction. (See Figure A.3.) These constructions are described in
details in the following subsection.

4.2.1 On the case of minimally ¢-tough graphs where ¢
is a positive integer

Let t, k and n > t+ 1 be positive integers, let G be an arbitrary [(t + 1)/2}—
connected graph on the vertices vy, ..., v,, and let G, be defined as follows.
For all i € [n] and j € [k] let

Vij={vig | et}

For all ¢ € [n] let

Vi=J Vi

JEk]

and place a complete graph on its vertices. For all i1,y € [n] if v;,v;, € E(G),
then place a complete bipartite graph on (V;,;V;,). For all i € [n] and j € [k]
add the vertex set

Ui,j = {ui,j,l ‘ l € [ﬂ}

to the graph and place a complete graph on the vertices of U, ;. For all
i € [n],j € [k],l € [t] connect v; j; to u; j;. For all j € [k] add the vertex set

Wj = {wﬂ, Ce ,wj7t}

to the graph and for all 7 € [n] place a complete bipartite graph on (U, ;; W;).

Let,
k
v=Jv, v=UUuvy w=w.

i=1 i=1j=1 j=1
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See Figure 4.1. (For examples see Figures A.2 and A.3.)

Figure 4.1: The graph Gy, when  is a positive integer.

Claim 4.6. Let G be an arbitrary [(¢ + 1)/2|-connected graph. Then G is
a-critical with o(G) = k if and only if G}, is minimally ¢-tough.

Proof. The casest =1 and ¢t > 2 should be handled separately, but since the
main steps of the proofs are similar, only the (easier) case t = 1 is presented
here.

The proof of the following lemma is omitted now. (In Section 4.4 a similar
lemma is proved, but for a more complex graph, see Lemma 4.19.)

Lemma 4.7. If a(G) < k, then 7(G' ;) = 1.

Accepting this lemma, all we have left to show is that

— if G is a-critical with a(G) = k, then 7(G’, —¢) < 1 holds for any
e € BE(G),

— if a(G) > k, then 7(G' ;) < 1, and

— if either a(G) = k but the graph G is not a-critical or o(G) < k, then
there exists an edge e € F(G) for which 7(Gf ;, —e) = 1.
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Assume first that G is a-critical with a(G) = k. Let e € E(G ;) be an
arbitrary edge. If e is incident to one of the vertices of U, i.e., to a vertex
of degree 2, then clearly 7(G}, —e) < 1. If e is not incident to any of
the vertices of U, then it connects two vertices of V. By Lemma 2.19, the
subgraph G ,[V] is a-critical, so in G ,[V] — e there exists an independent
vertex set [ of size a(G) + 1. Let

S=V\IHuw.
Then it is easy to see that
[S|=[V]-1 and  w((Giy—e)=5) =]V

hold, so 7(G , —e) < 1.
Now assume «(G) > k. Then let I be an independent vertex set of size
a(G) in G [V], and let
S=V\IHuw.

Then
S| < V] and  w(Gi,—9S)=|V]

hold, so 7(G ;) < 1.

Finally, assume that either «(G) = k but the graph G is not a-critical or
a(G) < k. Then there exists an edge e € E(G) such that a(G —e) < k. By
Lemma 4.7, the graph (G —e)} ; is 1-tough, but we can obtain (G'—e)} ; from
G, by edge-deletion, which means that G ; is not minimally 1-tough. [

Corollary 4.8. For any positive integer t, the problem MIN-t-TOUGH is
DP-complete.

Proof. In Proposition 4.5 we already proved that the problem MIN-¢-
Toucn is in DP, and it follows from Claim 4.6 that we can reduce the variant
of a-CRITICAL defined in Proposition 2.21 with the choice of I = [(t+1)/2]
and m = 1 to it, but for this it should be also noted that G}, can be con-
structed from G in polynomial time. O]

The above construction works only in the case when ¢ is a positive integer
for the simple reason that the sets V; ;, U; ; and W; consist of t vertices.
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4.2.2 On the case of minimally 1/b-tough graphs where
b > 2 is an integer

Up to this point, we only handled the case when ¢ is a positive integer.
To prove Theorem 4.1 for the noninteger cases, we modify the previous con-
structions and here we illustrate these modifications with the following simple
example.

Let b > 2 be an integer, let ¢ = 1/b, let G be an arbitrary connected
graph, and let GG; be defined as follows. Add b — 1 independent vertices for
each original vertex v € V(G) to the graph G, and connect them to v (see
Figure 4.2). (For an example see Figure A.4.)

Figure 4.2: The graph G; when ¢ = 1/b, where b > 2 is an integer.

Claim 4.9. Let G be an arbitrary connected graph, b > 2 an integer and
t = 1/b. Then Gy is minimally ¢-tough if and only if G is almost minimally
1-tough.

Similarly as before, we can conclude the following.
Corollary 4.10. For every integer b > 2, MIN-1/b-ToUGH is DP-complete.

In Section 4.5, this latter idea is extended to the case when ¢ < 1/2
by “gluing” some other graph to the vertices of the original graph G. (See
Figure A.5.) It is worth noting that in the case when ¢ = 1/b for some
integer b > 2, the obtained graph in Section 4.5 is exactly the same as the
graph G; constructed here. After this “gluing”, the vertices of G become
cut-vertices in the obtained graph Gy, thus the toughness of G; can be at
most 1/2. The plan for the cases when ¢ > 1/2 is to perform this so called
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“gluing” by identifying not only one, but [2t]| vertices of a smaller and a
larger graph, where the larger graph resembles a minimally [¢]|-tough graph
and the “gluing” procedure aims to decrease its toughness to the desired value
t. In fact, in Sections 4.3 and 4.4 this larger graph is chosen to be a slight
modification of Glm,k'

4.3 Minimally ¢-tough graphs where 1/2 <t < 1

Before proving Theorem 4.1 for any positive rational number 1/2 <t < 1,
we need some preparation. First, we construct some auxiliary graphs.

4.3.1 The auxiliary graph H;} when 1/2 <t <1

Let t be a rational number such that 1/2 < t < 1. Let a, b be relatively prime
positive integers such that ¢ = a/b. Let k be a positive integer, and let

W ={wy,...,wa} and W' = {w'l,...,wgbfl)k}.

Place a clique on the vertices of W and a complete bipartite graph on
(W;W"). Obviously, the toughness of this complete split graph is a/(b—1) >
t. Deleting an edge may decrease the toughness, and now we delete edges
incident to W’ until the toughness remains at least ¢ but the deletion of any
other such edge would result in a graph with toughness less than ¢. Let Hf}
denote the obtained split graph. Then 7(H,) > t, and 7(H}) —e) < t for any
edge e € E(H,) incident to W', i.e. there exists a vertex set S = S(e) C W
whose removal disconnects H/; — e and

) 5]
w(( fk—¢) —S) > R
Now delete all the edges induced by W, and let H;} denote the obtained
bipartite graph.

4.3.2 The auxiliary graph H; when 1/2 <t <1

Let t be a rational number such that 1/2 < t < 1. Let a, b be relatively prime
positive integers such that ¢ = a/b and let H; be constructed as follows. Let

A={v,v9,...,0.}, B=A{uj,ug,...,up}.
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For any ¢ € [a] and j € [b— 1] connect v; to u;, and connect u, to vy and v,.
(In other words, H; can be obtained from the complete bipartite graph K,
by deleting a — 2 edges incident to one vertex of the color class of size b. See

Figure 4.3.)

Figure 4.3: The graph H;, when 1/2 <t < 1.

Claim 4.11. Let ¢ be a rational number such that 1/2 < ¢ < 1. Then
T(Ht) =1.

Proof. Let B' = B\ {up} and let S be an arbitrary cutset in H,. Now we
show that w(H; — S) < |S|/t.

Case 1: ACS.
Then |S| > a and w(H; — S) < b. Since t = a/b < 1, it follows that
w(H, —8) <b=2 <151
t t
Case 2: B C S.
If up, € S as well, then |[S| > b and w(H; — S) < a. Since t = a/b < 1, it
follows that
b _ 5]
If up ¢ S, then |[S| > b—1and w(H; —S) < a—1. Since t = a/b < 1, it
follows that
-1 _ 15
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Case 3: AL S and B' ¢ S.
Then w(H; — S) < 2, but since S is a cutset, w(H; — S) = 2. Obviously,
there is no cut-vertex in Hy, thus |S| > 2. Since ¢t < 1, it follows that

151

~ | N

<

Hence 7(H;) > t. On the other hand, the vertex set S = A is a cutset
in Hy with |S| =a and w(H; — S) = b, so 7(H;) < t.
Therefore, 7(H;) = t. O

By repeatedly deleting some edges of H;, eventually we obtain a minimally
t-tough graph, let us denote it with H; (i.e. if there exists an edge whose
deletion does not decrease the toughness, then we delete it). Obviously, we
could not delete the edges incident to wuy, so the vertex wu; still has degree 2.
Let e denote the edge connecting v, and u;, and let H = H] — e. Note that
H} is a bipartite graph with color classes A and B.

4.3.3 The proof of Theorem 4.1 when 1/2 <t <1

Theorem 4.12 (Katona, Kovécs, Varga, [2]). For any rational number ¢
with 1/2 <t < 1, the problem MIN-t-TOUGH is DP-complete.

Proof. Let t be a rational number such that 1/2 <t < 1. In Proposition 4.5
we already proved that the problem MIN-t-TOUGH is in DP. To show that it
is DP-hard, we reduce the variant of a-CRITICAL definied in Proposition 2.21
with the choice of [ =2 and m =1 to it.

Let a, b be relatively prime positive integers such that ¢t = a/b, let G be an
arbitrary 2-connected graph on the vertices vy, ..., v, and let G, be defined
as follows. For all i € [n] let

Vi={vi; |i€ln],je lak]}

and place a clique on the vertices of V;. For all iy,i5 € [n] if v;,v;, € E(G),
then place a complete bipartite graph on (V;,; V;,). (This subgraph is denoted
by G in Figure 4.4.) For all i € [n],j € [ak] “glue” the graph H! to the
vertex v;; by identifying v; ; with the vertex vy of H]' and let H* denote
the (i, j)-th copy of H' and let A% denote the (7, 7)-th copy of its color class



PROPERTIES OF MINIMALLY TOUGH GRAPHS 35

A, and let v;; and u;; denote the (1, 7)-th copies of the vertices v, and uy,
respectively. Let

V' = {v}; | i € [n].j € [ak]}

and
U= {ui,j | 1€ [n],] S [ak]}

Add the vertex sets
W = {w; | j € [ak]}

and
W' = {wi, . 7w2b—1)k:}

to the graph and place the bipartite graph H}} on (W;W’). For all i € [n] and
J € [ak] connect w; to u; ;. See Figure 4.4. (For an example see Figure A.6.)
Now k is part of the input of the problem a-CRITICAL, therefore the graph
H} must be constructed in polynomial time and by Theorem 2.11, this can
be done. On the other hand, ¢ is not part of the input of the problem MIN-
t-TouGH, therefore the graph H;' can be constructed in advance. Hence, G,
can be constructed from G in polynomial time.

To show that G is a-critical with «(G) = k if and only if Gy is minimally
t-tough, first we prove the following lemma.

Lemma 4.13. Let G be a 2-connected graph with a(G) < k. Then Gy is
t-tough.

Proof. Let S C V(G;y) be a cutset in G;x. We need to show that w(Gyx —
S) < |s|/1t.

First, we show that the following assumption can be made for S.

(LHyUnsS =0.

Suppose that u;; € S for some i € [n],j € [ak]. If v;; € S, then after
the removal of vg’j, the vertex u; ; has degree 1, so there is no need to
remove it. Similarly, if w; € S, then we can also assume that u; ; ¢ S.
If v; ;,w; ¢ S, then considering S" = '\ {u;;} instead of S decreases
the number of components only by one, meaning that if S” is a cutset
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Figure 4.4: The graph Gy, when 1/2 <t < 1.

in Gy, then it is enough to show that w(G.x — S") < [S’|/t since it
implies
S 1sl=1  _ S|

W(Gt,k_S)ZW(Gt,k_S/)+1§T‘f—l T_’_lST’

where the last inequality is valid since ¢t < 1. If S’ is not a cutset in
G, then w(Gyp — S) = 2 and |S| > 2 since u; ; has degree 2 and is
not a cut-vertex in G, i.e.
_9)— 1l
w(Grp—S)=2<|5] < _
where again the last inequality is valid since ¢ < 1. This completes the
validation of assumption (1).

Now there are two cases.

Case 1: W C S.
After the removal of W, the vertices of W’ are isolated; therefore we can
assume that W' NS = (.



PROPERTIES OF MINIMALLY TOUGH GRAPHS 37

To write up a formula for |S| and w(Gr — 5), we need to introduce some
notations. Let

C ={(i,j) € [n] x [ak] | v;; € VN S},
iy =|V(HY)NS| -1
for all (¢,7) € C, and
dij = |V(H")NS]|
for all (i,7) € ([n] x [ak]) \ C. Finally, let
D = {(i,j) € ([n] x [ak]) \ C' | d;; > 0}.

Using these notations it is clear that

Sl= Y @ ns| s wi=1Cl+ Y ey + Y diy+ak.

(i,7)€[n] x [ak] (i.4)eC (i,j)eD

By the assumption that W C S, in Gy — S the (b — 1)k vertices of W’
are isolated. Since o(Gyx[V]) = a(G), the removal of V NS from G [V]
leaves at most «(G) components. By Claim 4.11 and Proposition 2.2, for any
(i,7) € C the removal of V(H") NS from H™ leaves at most (¢;; + 1)/t
components. By Proposition 2.2, for any (i, ) € D the removal of V(H*)NS
from H" leaves at most d; ;/t+ 1 components, but the component of v; ; has
been already counted. Hence

S di
W(Gry— ) < (b= Dk +a(G) + ¥ %+ >

(i,5)eC (3,7)€D
< i 1T 2o C;’j * Lgendis @ ,

using that o(G) < k.

Case 2: W ¢ S.
Assume that wj, ¢ S for some jo € [ak]. In this case, using assump-
tion (1), we can also assume the following.

(2) There exists at most one i € [n] for which v; ;, € S.

Suppose that v;, jo, Vi, j, € S for some iy,iy € [n]. By assumption (1),
the component of wj, contains all of the vertices u jy, U2y, - - -, Un,jo-
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Now considering the cutset 5" = S U {wj,} instead of S increases the
number of components by at least two: it disconnects both w;, j, and
Uiy j, from the vertices {u;, | i € [n]\ {i1,92}}, and it also disconnects
Ui 4o from u,, ;o (and of course it can also disconnect other vertices
of {u;j, | i € [n]} from each other). Then it is enough to show that
wW(Grr —S") < |S’|/t since it implies

\S|+1_2<@,
t t

W(Gt7k—5) SW(Gn]{—S/)—zS ‘St" — 2=

where the last inequality is valid since ¢ > 1/2. Proceeding further, we
can obtain a cutset S* for which W C S5* holds; and such sets were
already handled in Case 1.

(3) (Gx — S)[V] is connected.
By assumption (2), there exists at most one ¢ € [n| for which V; C S.
Since G is 2-connected, this implies that (G — S)[V] is connected.
(4) There exists at most one ¢ € [n| for which v;j, and w;;, belong to
different components in G — S.

Suppose that v;, j,, u;, ;, belong to different components in Gy — S,
and so do vy, j,, Uiy j, for some iy,i; € [n|. Similarly as in the proof
of assumption (2), considering the cutset S’ = S U {w;,} instead of S
increases the number of components by at least two, so it is enough to
show that w(G, — S") < |5'|/t.

(5) In Gy — S all the remaining vertices of {v;,,u;j, | i € [n]} belong to
the component of wj,.
It follows directly from assumptions (1), (2) and (3).

(6) In Gy — S all the remaining vertices of V' belong to the component
of Wy, -
It follows directly from assumptions (3) and (5).

(7) In Gy — S all the remaining vertices of V' U W belong to the same
component.

It follows directly from assumptions (5) and (6).
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By assumption (7), in Gy — S there is a component containing all the
remaining vertices of VU, and every other component is either an isolated
vertex of W’ (since Gyx[W U W'] is a bipartite graph) or a component of
H" — (V(H")NS) for some i € [n],j € [ak]. Hence we can also assume the
following.

(8) W'nS =0.

By assumption (5) and Proposition 2.2 and the properties of H[%, the
removal of W NS from H}} leaves at most [W N S|/t components, but the
component of w;, has been already counted.

Using the previous notations,

S|=1Cl+ > e+ Y dig+WnS|

(3,7)€C (4,7)€D
and
i+ 1 d; W NS
G, —95)<1 YA 2 — -1
Gu-8) <1+ 3 iy 30ty (B0
(3,5)eC (i,j)€D
O+ Yo i T 2upendis W NS |8
t t t
This means that 7(Gpx) > t. O

Now we return to the proof of Theorem 4.12 and we show that G is
a-critical with «(G) = k if and only if G, is minimally ¢-tough.

Let us assume that G is a-critical with o(G) = k. By Lemma 4.13, the
graph Gy, is t-tough, i.e. 7(Gyy) > t.

Let I be an independent vertex set of size a(G) in Gy x[V].

Recall the definition of A% from the beginning of the proof: it is the color
class A in the corresponding copy of H/. Let

J={(i,j) € [n] x [ak] | vi; € I}
and

S = U AW | UW.
(i.d)¢J
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Then S is a cutset in Gy, with
|S| = a(\V| - a(G)) + ak = a|V|

and

S
w(Ge — S) = a(G) +b(|V] — (@) + (b— 1)k = b|V| = |t—|
so T(Gry) < t.

Therefore, 7(Gy) = t.
Let e € E(Gy) be an arbitrary edge. We need to show that 7(G,,—e) < t.
Now we have four cases.

Case 1: e has an endpoint in U.
Then this endpoint has degree 2, so 7(Gyp —e) < 1/2 < t.

Case 2: e has an endpoint in W',
By the properties of Hj, there exists a cutset S C W in H/; — e for
which

\ 5|
w((Hf),—e)—5) > ~
Note that S is also a cutset in G — e and
S
W((Gt’k - 6) - S) > %,

so T(Gyr —e) < t.

Case 3: e is induced by H™7° for some ig € [n], jo € [ak].
By Proposition 2.4, there exists a vertex set S C V(H,) for which

w((H, —e)—5) > @

Consider the (ig, jo)-th copy of the vertex set S in Gy — e; let us denote it

with Sj, jo. If iy 5, € Sig.jo, then S; j, is a cutset in Gy — e and

w(<Gt7/€ - 6) - SioJo) = w((Hé - 6) - S) > @7
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so 7(G, — e) < t. Now assume that vj, ;, ¢ Si,j,- Let I be an independent
vertex set of size a(G) in Gyx[V] that contains vy, j, (by Proposition 2.18,
such an independent vertex set exists). Let

J={(i,j) € [n] X [ak] | vi; € T}
and

SI:SZ‘

0,J0

U U AW | UW.
(id)¢J

Then S’ is a cutset in Gy, — e with
IS’ = |S| + a(\V! - a(G)) + ak = |S| + a|V|

and

(Gip-)-8) > L sa@yrb(vi-a(@) + -1k = By = B

so T(Gyp —e) < t.
Case 4: e connects two vertices of V.
By Lemma 2.19, the graph G ,[V] is a-critical, so in (G — e)[V] there
exists an independent vertex set [ of size a(G) + 1. Let
J={(i,5) € [n] x [ak] | vij € T}
and

S = U A UW.
(id)¢J

Then S is a cutset in G — e with
S| =a([V]—a(G) = 1) +ak =alV| —a
and
w((Ger—e)—S) = a(G)+1+b(|V|—a(G)—1)+(b—1)k = b|V|—b+1 > |—f|

so T(Gyp —e) < t.
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Therefore, if G is a-critical with a(G) = k, then Gy, is minimally ¢-tough.

Now let us assume that G is not a-critical with o(G) = k, i.e. either
a(G) # k or even though a(G) = k, the graph G is not a-critical.

Case I: a(G) > k.
Let I be an independent vertex set of size a(G) in Gy x[V] and let

J={(i,5) € [n] x [ak] | vi; € I}
and
S=| | 47 |uw.
()¢

Then S is a cutset in G — e with
S| =a(|V] - a(G)) + ak = a|V| — a(a(G) — k)
and

w(Gpp, — ) = a(G) +b([V] — (G)) + (b— 1k =b|V| = (b—1)(a(G) — k)
_ 18l

> bV = b(a(G) — k) = 5

so 7(Gyy) < t, which means that Gy, is not minimally ¢-tough.

Case II: o(G) < k.

Since G is not a-critical with «(G) = k, there exists an edge e € F(G)
such that (G —e) < k. By Lemma 4.13, the graph (G — e), is t-tough, but
it can be obtained from G;j by edge-deletion, which means that G is not
minimally ¢-tough. [l

4.4 Minimally t-tough graphs where ¢ > 1
This whole section resembles the previous one in structure. However, it re-

quires some additional ideas that make the proofs more complicated. First,
again, we construct some auxiliary graphs.
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Let ¢t > 1 be a rational number. Tt is easy to see that either [2¢] = 2]t]
or [2t] = 2[t] — 1. Let T = [t],
T if [2t] =2[t
T—1 if [2t] =2[t] — 1,

and

D207 [t 26 =2[e],
M= [(2151} - {2 if [26] = 2[¢] — 1.

Let a,b be the smallest positive integers such that b > 3 and t = a/b.

4.4.1 The auxiliary graph H;; when t > 1

Let k be a positive integer that is divisible by a. Note that in this case

<MT’_1)k: Tk | if [2t] = 2[t],
t Ak | if [2t] = 2[t] — 1

is a positive integer. Let
W = A{wjim |j€k,le[T),me M}

and
W/ - {wi, e 7wEMT//t—1)kJ}
Place a clique on the vertices of W and a complete bipartite graph on
(W; W"). Obviously, the toughness of this complete split graph is
EMT' 1
= >t
(MT'/t — 1)k + —

t MT’

Deleting an edge may decrease the toughness, and now we delete edges in-
cident to W' until the toughness remains at least ¢ but the deletion of any
other such edge would result in a graph with toughness less than ¢. Let H;
denote the obtained split graph. Then 7(H;,) > t, and 7(H;) —e) < t for any
edge e € E(H,) incident to W', i.e. there exists a vertex set S = S(e) C W

*

whose removal disconnects HwC — e and
\ |S]
w((Hyp—e)—5) > -

Now delete all the edges induced by W, and let H;} denote the obtained
bipartite graph.
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4.4.2 The auxiliary graph H/, when ¢t > 1

Let H, be constructed as follows. Let

V{: {in'"v%}? VQ/: {U%+17"'7U5T}> VSII{UQT+17"'7U¢/1T}7
V= (ol ),
U{ = {u/h S 7UIT}7 Ué = {uif-&-l» s vul2T}7 U?,) = {u/2T+1a s >ug)T—1}7

U" ={uf,...,up},
and

Ul ={uf,...,up}.
Place a clique on the vertices of V{, VJ, VJ, and U". For all [ € [T] connect
v to v; and to u;, and connect vy, to up,;. Connect all the vertices of V3
to all the vertices of V/ UV"” U U] UUJ, and connect all the vertices of Vj to

all the vertices of U”. Finally, add a new vertex = to the graph and connect
it to all the vertices of V] U U”. See Figure 4.5.

Figure 4.5: The graph H;, when ¢t > 1.

Claim 4.14. For any rational number ¢ > 1, the graph H; has weighted
toughness ¢ with respect to the weight function w that assigns weight 1 to
all the vertices of H; except for the vertex z, to which it assigns weight t.
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Proof. Let S be an arbitrary cutset of H;. We need to show that w(H; —S5) <
w(S)/t.

We can assume that either V; NS = () or V3 C S since removing only a
proper subset of Vi does not disconnect anything from the graph. Similarly,
we can also assume that either U" NS =0 or U” C S.

Case 1: VNS =0 and U"' NS = 0.
Then H; — S has at most 2 components, and to obtain 2 components, the
following must hold:

—up; € Soruvp, € Sforalll e [T], and
—xeSorV/CS.

Hence w(S) > T +t and

w<Ht—S):2g¥ w(t ),

Case 2: Vi{NS =0 and U" C S.

Now we can assume that x ¢ S since after the removal of U” removing «
does not disconnect anything from the graph. Similarly, we can also assume
that V; ¢ S. Then H;, — S has at most 3 components. To obtain three
components, the following must hold:

(i) wp, € Sorvp,, € Sforallle[T] (but Vi € S), and
(i) vy € 5.
Hence w(S) > T" + 2T = [2t] + T and

20 +7  w(S)
t ot

To obtain two components, either (i) or (ii) must hold; in both cases w(S) >

[2t] and
< w8)

2]
t =t

w(H, —8)=2< 1

Case 3: Vi C S.
First we show that the following assumptions can be made for S.
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(1) (UyuU,UUS) NS = 0.
After the removal of VJ, removing any of the vertices of Uj U U;, U Uj
does not disconnect anything from the graph.

(2) There exists at most one [ € [T for which vy, ¢ S, ie. [V \ S| < 1.

Suppose that there exist I1,ly € [T] for which [y # l; and vy, , v7y,, ¢
S. By assumption (1), considering the cutset S’ = S U {v7.,, } instead
of S increases both the number of components and the weight of the
removed vertex set by 1. Hence it is enough to show that

w(H; — 5" < @

since it implies

where the last inequality is valid since ¢ > 1.

(3) For all l € [T] if v; € S, then v] ¢ S.

After the removal of V3 and v}, removing v, does not disconnect any-
thing from the graph.

(4) For all l € [T] if v} ¢ S, then v € S.

Suppose that there exists | € [T] for which vj,v/ ¢ S. By assump-
tion (1), considering the cutset S’ = S U {v]'} instead of S increases
both the number of components and the weight of the removed vertex
set by 1. Hence, similarly as in assumption (2), it is enough to show
that /

wm—wgwfx

(3) [(yuvnS|=T.

It follows directly from assumptions (3) and (4).

Case 8.1: (V{ C S and) U” C S.
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Now we can assume that x ¢ S since after the removal of U” removing «
does not disconnect anything from the graph. Similarly, by assumption (2),
we can also assume that Vj ¢ S, ie. [V N S| =T — 1. Hence

w(S) = V| + U7+ [(YuV")n S|+ VN8|
=l -2T)+T' +T+(T-1)=al+T -1

and every component of H; — S contains exactly one of the vertices ul, ...,
, :
Upp_ 1, T, 1.e.

T oT+T —1
W(H, —8) =bT = = < 2 F _ wid),
i i i

Case 3.2: (V4 C S and) U"N S = 0.
In this case we can make some further assumptions for S.

(6) If V/ C S, then = ¢ S.

After the removal of V| removing x does not disconnect anything from
the graph.

(M IV LS, thenz e S.

Suppose that = ¢ S. Then considering the cutset S' = S U {z} instead
of S increases the number of components by 1 and the weight of the
removed vertex set by ¢t. Hence it is enough to show that w(H, — S’) <
w(S")/t since it implies

w(S)

8) V5 CS.
Suppose that V3 ¢ S. Then by assumption (2), there exists [ € [T for
which V5 \ S = {v}-,,}. But by assumption (1), considering the cutset
S" = SU{vp,,} instead of S increases both the number of components

and the weight of the removed vertex set by 1. Then, similarly as in
assumption (2), it is enough to show that w(H, — ") < w(S")/t.

Case 8.2.1: (V{ C S, U"NS =0 and) V] CS.
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Hence
w(S) = V5| + V3| + V]| = aT
and
w(S)

w(H; = ) = ¥ = =,

Case 3.2.2: (V4 CS,U"NS=0and) V| € S.
Hence

w(S) = Vsl + [Va| + (Vi UV") N S|+ w(z) = ol + 1t

and s
W(H, —S) =0T +1 = #

Therefore H,; is weighted t-tough with respect to w (meaning that the
weighted toughness of H, is at least t).
Consider the cutset
S=V/uVvjuVj.

Since w(S) = aT and

w(Ht—S):bT:@,

the weighted toughness of H; with respect to w is at most .
Thus the weighted toughness of H, with respect to w is exactly t. O

Deleting an edge may decrease the weighted toughness, and now we delete
edges not induced by U” until the weighted toughness with respect to the
weight function w remains at least ¢ but the deletion of any other edge not
induced by U” would result in a graph with weighted toughness less than t.
Let H] denote the obtained graph.

According to the following claim we could not delete the edges induced
by V{ or incident to any of the vertices of {z} U Vj U U".

Claim 4.15. Let ¢ > 1 be a rational number. For any edge e € E(H,)
induced by V] or incident to any of the vertices of {z} UV, UU", there exists
a cutset S = S(e) C V(H;) in H; — e for which

w(S)

w((H;—e) = 5) > —
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Proof. Let e € E(H,;) be an arbitrary edge induced by V{ or incident to any
of the vertices of {z} UV U U".

Case 1: e is incident to a vertex of {x} U VJ.

Let y € {z} U V] denote one of the endpoints of e, and let z denote the
other one. Let S be the neighborhood of the vertex y except for z. Since y
has degree [2t] and all of its neighbors have weight 1,

w(S) = [2t] — 1.
Since the removal of S from H; — e leaves the vertex y isolated,

w((H,—e)—5) > 2= % S Dﬂt— 1 w(f)i

Case 2: e is incident to a vertex of U”.

If e is incident to a vertex of U”, then either it is incident to a vertex of
{z} UVj and this case was already settled in Case 1, or it is induced by U”
and therefore it was not allowed to be deleted.

Case 3: e is induced by V/, i.e. e = v} v;, for some 1,1y € [T], I1 # .
Then
S = (VI \{vl, v, }) U v, vy UV UV U {})

2

is a cutset in H; — e such that
w(S) =T —-2)+2+T+ (aT =2T)+t=0aT +1

and

al' +1t w(S)

w((Hy—e)=8)=bT+2= +1>

O

Claim 4.16. Let t > 1 be a rational number and H; = H; — {x}. Then the
following hold.

(i) The graph H/ is connected.

(ii) For any cutset S of HY,

w(H - 9) <

|51
Pl
—+
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(iii) If V/ C S holds for a cutset S of H/', then

w(H - 9) < ’tﬂ

(iv) For any edge e € E(H]') not induced by U” there exists a vertex set
S = S(e) whose removal from H;' — e disconnects the graph and

w((H —e)—8) > ’tﬂ

Proof.

(i) Suppose to the contrary that H] is not connected. Then x is a cut-
vertex in Hj;. Since the weighted toughness of H; with respect to w
is t,
w(z)

t
/ —_ = - =
2< w(Ht {x}) < r r 1,

which is a contradiction.

(ii) Let S be an arbitrary cutset of H/'. Since S is a cutset in H,’, the vertex
set SU{x} is a cutset in H], and

Su{z)) _Is|+t _|s|

1.
t t t+

w(H] = §) = w(H, — (SU{z})) < wl

(iii) Let S be a cutset of H{' for which V/ C S. We can assume that U"NS =
() since removing any of the vertices of U” from H] does not disconnect
anything from the graph. Then all the neighbors of the vertex x belong
to the same component in H{ — S, so S is a cutset in H] as well and

(B~ §) = (i~ ) < U 1L

where the last equality is valid since x ¢ S.
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(iv) Let e € E(H/) be an arbitrary edge not induced by U”. Then by the
properties of Hj, there exists a vertex set S C V(H]) whose removal

from H] — e disconnects the graph and

>MZ@

w((Hg—e)—S) t t:

where the last inequality is valid since t > 1. Let S" = S\ {z}. Then

w((H —e)—8) >w((H,—e)—5) > @ > LS;—,‘

4.4.3 The cutsets X and Yy,..., Yy in H when ¢t > 1

Let
X=v/iuvuvy

and for all [ € [T let
Yi= (V\ {v}) u{/3uvzu vy
Proposition 4.17. The sets X and Y7,..., Yy are all cutsets in H;' and

X
w(H — X) = %,

and v
w(H;’—Y}):%—i-l

for all [ € [T7.

Proof. 1t is easy to see that

T X
w(H! — X) = b7 = L _ X1
t t
and T v
W(Hg’—YZ)_bTﬂ_“TH_%H.
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4.4.4 The proof of Theorem 4.1 when ¢t > 1

Theorem 4.18 (Katona, Kovacs, Varga, [2]). For any rational number ¢ > 1,
the problem MIN-t-TOUGH is DP-complete.

Proof. Let t > 1 be a rational number. In Proposition 4.5 we already proved
that the problem MIN-t-TOUGH is in DP. To show that it is DP-hard, we
reduce the variant of a-CRITICAL defined in Proposition 2.21 to it.

Let T = [t], and T" = [2t] — [t], and M = [2[t]/[2t]] as before. Let
a, b be the smallest positive integers such that b > 3 and ¢t = a/b, let G be an
arbitrary 3-connected graph on the vertices vy,...,v, withn >t 41, let k£
be a positive integer that is divisible by a and let G} be defined as follows.
For all i € [n],j € [k],m € [M] let

Vigm = {Vijim ‘ I e [T]}.

For all i € [n] let
Vi= | Vijm
JEIR]
me[M]

and place a clique on the vertices of V. For all i1,y € [n] if v;,v;, € E(G),
then place a complete bipartite graph on (V;,; V;,). (This subgraph is denoted
by G in Figure 4.6.) For all i € [n],j € [k],m € [M] “glue” the graph H/
to the vertex set V; ;,, by identifying v; ;;,, with the vertex v; of H; for all
I € [T]. For all i € [n],j € [k],m € [M] let H*»™ U/,  and Xj;,, denote
the (4,7, m)-th copies of H/, U” and X, respectively. For all i € [n],j €
[k],1 € [T"],m € [M] let u;, ,, denote the (i, j,m)-th copy of v, and for all
i €[n],j € k]l € [T],m e [M]]letY;;m denote the (i,j,m)-th copy of V.
For all j € [k],m € [M] add the vertex set

WjJn = {wj7l7m | le [T’}}

to the graph and for all ¢ € [n],j € [k],l € [T"],m € [M] connect w;;,, to
(4 Let

i,5,0,m*
v=UVv. U= Uim W= Win
ieln] icln), jelk,

JE[K], me[M]
me[M]
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and let

v=1| | v@E" | \V.
icn),

JElk],
me[M]

Add the vertex set
W’ = {wy, ... 7wEMT’/t—1)k}

to the graph and place the bipartite graph H;; on (W;W’). See Figure 4.6.
Now £k is part of the input of the problem a-CRITICAL, therefore the graph
H}, must be constructed in polynomial time and by Theorem 2.11, this can
be done. On the other hand, ¢ is not part of the input of the problem MIN-
t-ToUGH, therefore the graph H;' can be constructed in advance. Hence, G
can be constructed from G in polynomial time.

G

Figure 4.6: The graph G, when ¢ > 1.

To show that G is a-critical with o(G) = k if and only if G, is minimally
t-tough, first we prove the following lemma.

Lemma 4.19. Let G be an arbitrary 3-connected graph on n > ¢+ 1 vertices
with a(G) < k. Then Gy is t-tough.
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Proof. Let S C V(Gyyx) be a cutset in G;x. We need to show that w(Gpy —
S) < [S]/t.

Case 1: W C S.

After the removal of W, the vertices of W’ are isolated, therefore we can
assume that W' NS = (.

Let

C'=C(8) = {(i,j,m) € [n] x [k] x [M] | Vijm C S},
Cijm = ‘V(Hi’j’m) N S} - T
for all (i,5,m) € C, and
g = V(™) (15|
for all (i,7,m) € ([n] x [k] x [M]) \ C. Let
D = D(S) ={(i,j,m) € ([n] x [k] x [M])\ C' | d; jm >0}.
Using these notations it is clear that
IS|=ICl-T+ > cijm+ > dijm+kMT'.
(¢,5,m)eC (4,5,m)€D

By the assumption that W C S, in Gy — S the (MT'/t — 1)k vertices of
W’ are isolated. Since a(Gy[V]) = a(G), the removal of V NS from Gy [V]
leaves at most a(G) components. By Claim 4.16, for any (i,j,m) € C the
removal of V(H">™) N S from H""™ leaves at most

max(l ( t) ‘,1):max<—c’]’ + ,1):—6’3’ +

t t

components. By Claim 4.16, for any (4, j,m) € D the removal of V (H*»"™)NS
from H®*™ leaves at most

VHi’j’m ns dzm dzm
maX(| ( t) |+1,1):max< Z +1,1):—7;7 +1

components, but the component of the remaining vertices of V; ; ., has been
already counted. Hence

w(Gep —S5) < (M

!/

hrae ¥ SmtT y

(i,j,m)eC (i,3;m)eD
_ kMT' + |C| T+ Z(i,j,m)eC Cijm + Z(i,j,m)ED di,j,m o @

- t t
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Case 2: W ¢ S.
There are four types of components in Gy — S:

(a) components containing at least one vertex of V,
(

)
b) components containing at least one vertex of U but no vertices of V,
(c) components containing at least one vertex of W but no vertices of UUV/,
)

(d) isolated vertices of W".

Let wj, 19,me € W \ S be fixed. First we show that the following assump-
tions can be made for S.

(1) SNU" = 0.

Obviously, the number of vertices of W that belong to a component of
type (c) is at most |S N U”|/n. Since the neighborhood of any vertex
of U" spans a clique in Gy, considering the cutset

S"=(S\U")U{w € W | w belongs to a component of type (c)}

instead of S can only increase the number of components of types (a),
(b) and (d), while it decreases the number of components of type (c)
to 0, i.e., by at most |[S N U"|/n. Hence,

Ssnu”

51 <181 -1 nor + B0
and SAD"
W(Gp — 8') > w(Gip — S) — —

Then it is enough to prove that w(Gyx — S") < |S’|/t since it implies

SnU" IS 1SnU”
W(Cup = S) < w(Grp— ) + % < |_t| N !n_l
NSI=1Sat+1Sn U/ |SNUY
< t .
|n—t—1

|51

_ bl el
t

S
|SNnU” <=

Y

where the last inequality is valid since n >t + 1.
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(2) There are no components of type (c¢) in Gy — S.

It follows directly from assumption (1).

(3) [{i € [n] | Vijoumo C S} < [T'/1].
Let
I= [(wj(),lo,mo’S) = {Z € [n] | ‘/;7j07m0 - S}

and suppose that |I| > [T"/t] 4+ 1. By assumption (1), the component
of wj, 1.m, contains every vertex of |J;_, U; j,.m, and therefore all the
remaining vertices of W}, ,,,. Now considering the cutset

S'=Su {Wjomo}

instead of S increases the number of removed vertices by at most T,
and it increases the number of components by at least [T"/t] since it
disconnects the vertex sets U j)m,, ¢ € I from each other. Then it is
enough to show that w(Gyy —S") < |S7|/t since it implies

T’ |57 T S|+ 1" T
—9) < S NATN e G i N e g i L
W(Gt’k S) ~ Cd(Gt’k S) ’V : —‘ =7 ’V ; —‘ ~ ! ;
sl
Proceeding further, we can obtain a cutset S* for which W C S* holds;
and such sets were already handled in Case 1.

(4) (G — S)[V] is connected, i.e. there is only one component of type (a).

Since t > 1,
!
Z < ﬂ =14+ 1 < 2.
t t t

Since G is 3-connected, assumption (2) implies that (Gyx — S)[V] is
connected.

Using the previous notations,

S| =1[C|- T+ Z Cijm T Z dijm + 1S O (WUW')|.

(i,,m)eC (i,5;m)eD
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By assumption (2), there are no components of type (c), and by assump-

tion (4), there is only one component of type (a). By the properties of H;},
the removal of SN (W UW’) from H}; leaves at most

e <|Sm (WUW’)|’1>

t

components, one of them is the component of wj, ;, m,, hence there are at
most

! !
maX(ISW(VZUW)I’l) 1< ISW(VZUW)I

components of type (d). Similarly as before, for any (i, 7, m) € C the removal
of V(H""™)N S from H*'™ leaves at most

Ci,j,m + T
t

components, all of which can be of type (b). For any (4, j, m) € D the removal
of V(H*"™)N S from H*'™ leaves at most

di jm

1
P +

components; the component of the remaining vertices of V; ; ,, is of type (a),
all the others can be of type (b). By assumption (1), all the vertices of
Ui~ Ui jo.mo belong to the component of wj, j,.m,, hence the component of
Wi lo.mo Nas been counted multiple times (more than once). Therefore,

Z di jm N SN (WU

Ci'm—i—T
WG —S) < |1+ Z J’f‘f— ;

(i,,m)EC (4.,m)eD
5|

—1=—.
t

Thus, 7(Gyi) > t. O

Now we return to the proof of Theorem 4.18 and we show that G is
a-critical with a(G) = k if and only if G, is minimally ¢-tough.

Let us assume that G is a-critical with o(G) = k. By Lemma 4.19, the
graph Gy, is t-tough, i.e. 7(Gyx) > t.
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Let I be an independent vertex set of size a(G) in G, and recall the
definition of the sets X and Yi,..., Y7 constructed in Subsection 4.4.3. Let

J={ien]|vel}

and

S = (U K’,l,l,l) U U Xijm | U U Xijm | UW.

ieJ icd, i¢J,
JekI\{1}, JEK],
me[M]\{1} me[M]

Then S is a cutset in Gy, with
|S| = nkMaT + kMT'

and after the removal of S from Gy, the vertices of W’ are isolated and the
other components of Gyj, — S are exactly the components of H*»™ — (S N
V(H™™)) for all (i,7,m) € [n] x [k] x [M]. By Proposition 4.17,

w(H"™ — X i) = bT

and
(.U(Hi’j’m — }/;'71’171) =0T +1

for all (i,j,m) € [n] x [k] x [M]. Since |J| = «(G) and

T/
wi= (4 - 1)

it follows that

MT’ kMT'
w(Gey — S) = nkMbT + o(G) + ( — - 1) b= nkMOT + —
S

nkMaT +kEMT" |
t ot

so T(Gry) < t.
Therefore, 7(Gyx) = t.
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Let e € E(Gy) be an arbitrary edge. We need to show that 7(G; . —e) < t.
Now we have four cases.

Case 1: e has an endpoint in U”.
Then this endpoint has degree [2t] — 1 in Gy, — e, s0

BN EAER

T(Gt7k — 6) 9 < 5 =1.

Case 2: e has an endpoint in W',
By the properties of Hj, there exists a cutset S C W in H;; — e for

which
|S]

w(( ;k—e)—S)>T.

Note that S is also a cutset in G, — e and
w((Gue—e) = S) =w((Hp—e)—85) > —,
so T(Gyp —e) < t.

Case 3: e is induced by H'™Jo™o for some iy € [n], jo € [k], mo € [M].
The case when e is induced by Uy ; ., was already covered in Case 1. So

assume that e is not induced by U . . . Then by Claim 4.16, there exists a
vertex set S C V(H]') for which
S
w((H —e)—S5) > %

Consider the (io, jo, mo)-th copy of the vertex set S in Gy — e; let us denote
it with Si; jo.mo- If Viejomo S Sig.jo,mos then Sig io me 18 @ cutset in Gy, —e and

151

w((Gt,k’ - 6) - Simjo,mo) = w((H£/ - 6) - S) > T

s0 T(Gyr —€) < t. Assume that Vi jo mo € Sig.jo.mo- Let I be an independent

vertex set of size o(G) in G that contains v;, (by Proposition 2.18, such an
independent vertex set exists). Let

J={i€n |vz€I}
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and
S = Siod'o,mo U U Xio,j,m U U Y;’l’l’l
JE[K], ieJ\{io}
me[M],

(4,m)#(jo,mo0)

Ul U Xm |V U Xigm |uW.

ieJ\{io}, i¢J,
Jelk\{1}, JEK],
me[M\{1} me[M]

Then S’ is a cutset in Gy — e with
S| = |S| + (nkM — 1)aT + kMT’

and similarly as before,

N 1S MT'
w((Gep—e)—8') > T+(nld\4—1)bT+a(G)+ ( ; —1) k

kMT |9
-

= |tﬂ + (kM — 1T +

so T(Gyp —e) < t.

Case 4: e connects two vertices of V.

Since the case when e is induced by H™Jo™o for some i € [n],jo €
[k],mo € [M] was settled in Case 3, we can assume that there do not exist
i € [n|,j € [k],m € [M] for which e is induced by V; ;,,. By Lemma 2.19,
the graph G x[V] is a-critical, so in G [V] — e there exists an independent
vertex set [ of size a(G) + 1. Let

J = {(i,j,l,m) € [n] x [k] x [T] x [M] ‘ Vijim € I},

J| = {(i,j,m) € [n] x [k] x [M] } N e[T): vijim € ]},

and
Jy = {(z’,j,m) € [n] x [k] x [M] ‘ Al e [T]: vijim € [}.
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By the assumption that there do not exist i € [n], 5 € [k], m € [M] for which
e is induced by V; j m,

JyU gy = [n] x [k] x [M],

S= U Yum || U Xijm|oW

is a (well-defined) cutset in Gy, — e. Then
|S| = nkMaT + kMT'

and similarly as before,

w((Gt,k —e)— S) =nkMbT + a(G) + 1+ (]\/jtT _ 1) k

nkMaT — EMT' |S]
= n + ; +1> T,

so T(Gyp —e) <t

Now let us assume that G is not a-critical with o(G) = k, i.e. either
a(G) # k or even though a(G) = k, the graph G is not a-critical.

Case I: a(G) > k.
Let I be an independent vertex set of size a(G) in G. Let

J={ien]|vel}

and

S = (U K,l,l,l) U U Xijm | U U Xijm | UW.

ieJ i€J, i¢J,
JERI\{1}, J€lk],
me[M]\{1} me[M]

Then S is a cutset in G — e with

|S| = nkMaT + kMT'
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and similarly as before,

MT' EMT'

w((Gip —€) — 8) = nkMbT + o(G) + ( —1>k>nkaT+

_ nkMaT + EMT" _|S|
- t o

so 7(Gyx) < t, which means that Gy is not minimally ¢-tough.

Case 1I: a(G) < k.

Since G is not a-critical with «(G) = k there exists an edge e € F(G)
such that a(G —e) < k. By Lemma 4.19, the graph (G — e), is t-tough, but
it can be obtained from G;j by edge-deletion, which means that Gy is not
minimally ¢-tough. [l

Therefore the problem MIN-1-TOUGH is DP-complete, so by Claim 2.6,
we can conclude the following.

Corollary 4.20 (Katona, Kovécs, Varga, [2]). Recognizing almost minimally
1-tough graphs is DP-complete.

Let ALMOST-MIN-1-TOUGH denote the problem of determining whether
a given graph is almost minimally 1-tough.

4.5 Minimally ¢-tough graphs with ¢ < 1/2

The case when ¢t < 1/2 is special in some sense: graphs with toughness
at most 1/2 can have cut-vertices. Unlike in the previous cases, we reduce
ALMOST-MIN-1-TOUGH to this problem. But first, again, we construct an
auxiliary graph.

4.5.1 The auxiliary graph H] when ¢t < 1/2

Let t < 1/2 be a positive rational number. Let a, b be relatively prime positive
integers such that ¢ = a/b and let H; be constructed as follows. Let

V =A{v1,v9,...,0.}, U= {u,ug...,up_q}, W = {wy,wa, ..., w}.

Place a clique on the vertices of V', connect every vertex of V' to every vertex
of U, and connect v; to w; for all i € [n]. See Figure 4.7.
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Figure 4.7: The graph H; when ¢ < 1/2.

Proposition 4.21. Let t <1/2 be a positive rational number. Then 7(H;) =t.

Proof. Let S be an arbitrary cutset of H;. We can assume that SN({UUW) = ()

since removing any of the vertices of U UW does not disconnect anything in
the graph. Then S C V| so

b—a)=b it S=V

W(Ht _ S) — a + ( a) 1 ?

S|+ 1 it S#V,

which implies that

5]
w(H; — S)

a

=t.
b

T(Ht):min{ ‘SQV,S#@}

O

By repeatedly deleting some edges of H,, eventually we obtain a minimally
t-tough graph; let us denote it with H, (i.e. if there exists an edge whose
removal does not decrease the toughness, then we delete it). Obviously, we
could not delete the edges between V' and W, so the vertices of W still have
degree 1 in Hj.

Note that V is a tough set of H;. For further reference (to avoid confusion
with other sets denoted by V'), we introduce a new name for it.

Notation 4.22. Let S; denote the tough set V in Hj.
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4.5.2 “Gluing”

Definition 4.23. Let H be a graph with a vertex u of degree 1, and let
v be the neighbor of u. Let G be an arbitrary graph, and “glue” H — {u}
separately to all vertices of G by identifying each vertex of G with v. Let
G @, H denote the obtained graph. (See Figure 4.8.)

G

U1 H—{u}
V2 H—{u}

vnl@] D H = {u}

Figure 4.8: The graph G &, H.

4.5.3 The proof of Theorem 4.1 when ¢t < 1/2

Theorem 4.24 (Katona, Kovacs, Varga, [2]). For any positive rational num-
ber t < 1/2, the problem MIN-t-TOUGH is DP-complete.

Proof. Let t < 1/2 be a positive rational number. In Proposition 4.5 we
already proved that the problem MIN-£-TOUGH is in DP. To show that it is
DP-hard, we reduce ALMOST-MIN-1-TOUGH to it.

Let G be an arbitrary graph and n = |V (G)|. Consider the graph H] and
let w € U be an arbitrary vertex of H, having degree 1, and let v be its
neighbor. Let

Hy' = H; — {u}

and let H' denote the i-th copy of H} “glued” to the vertex v; € V(G) for all
i € [n]. (For examples see Figures A.4 and A.5.)

Now we show that G is almost minimally 1-tough if and only if G; =
G @, H| is minimally t-tough.

First, let G be almost minimally 1-tough. We need to show that G, is
minimally ¢-tough.
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Let S C V(G,) be an arbitrary cutset of G;. Let
C=C(S)={ieh]|veV(G)nSs},

¢=|VH)NS| -1

for all 1 € C, and '
di=|V(H)NS|

for all i € [n] \ C (see Figure 4.9). Finally, let
D=D(S)={ien]\C|d;>0}.

Using these notations it is clear that

S| =101+ e+ de

ieC 1€D

By Proposition 2.7, the removal of V(G) NS from G leaves at most [V (G)N
S| = |C| components. By Proposition 2.2, the removal of V/(H]) NS from H;
leaves at most |V(H;) N S|/t components. But for all ¢ € [n] \ C' we have
already counted the component of GG}, — .S which contains v;, and for all i € C
we do not need to count the component {u} of H]. Hence

w(Gt—S)§|C!+Z(Cij1—1>+Z(%—1>

ieC i€D
— O] + Ziectci +2icp i —|D| < @7

which means that 7(G;) > t.
Now let Sy be a tough set of Hj. Since u has degree 1, we can assume that
u ¢ Sp. Let S§ C V(H') be the first copy of Sp. Obviously, S} is a cutset
in GG, and
S0l _ 1]

w(Gy — Sé) = W(Hf{ —Sp) = e = 7

which means that 7(G;) < t.
Therefore, 7(G;) = t.

Let e € E(G;) be an arbitrary edge. We need to show that 7(G; —e) <t
for all e € E(G;). Now we have two cases.
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Hl

H2

H3

H4

HTL

Figure 4.9: The graph G; and the cutset S, when t < 1/2.

Case 1: e € E(G).

If e is a bridge in G, then 7(G; —e) = 0 < t. So assume that e is not a
bridge in G. Let S = S(e) # () be a vertex set in G guaranteed by Claim 2.6,
and for all 7 € [n] let S C V(H?) be the i-th copy of the tough set S; defined
in Notation 4.22. (Note that v € S; and u ¢ S;.) Let

J=J(S)={ien]|veS}

and consider the vertex set
S'=Su (Usg') =Jsi
icJ i

Then S’ is a cutset in G; — e with

1S = 18I = 18] - |Si]

ieJ
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and

/ S S-S, S’
w((Gt—e)—S)>|S\+\sy(|t—t|_1)—_| LISt _ 191

which means that 7(G; —e) < t.

Case 2: e € E(H™) for some iy € [n].

If e is a bridge in H}, then 7(G; —e) = 0 < t. So assume that e is not
a bridge in H, and let S = S(e) # 0 be a vertex set in H, guaranteed by
Proposition 2.4. Again, since u has degree 1, we can assume that u ¢ S. Let
S C V(H™) be the ig-th copy of S. Obviously, S is a cutset in G; — e and

w((G—e) = S°) =w((H, —e)—5) > @ = @,

which means that 7(G; —e) < t.
Therefore, the graph G is minimally ¢-tough.

Now we show that if G; is minimally ¢-tough, then G is almost minimally
1-tough.

First, we prove that 7(G) > 1. Suppose to the contrary that 7(G) < 1.
Obviously, G must be connected (otherwise 7(G;) = 0 # t), so there exists a
cutset S C V(G) in G satisfying

W(G—8) > |S].

For all i € [n] let S; C V(H") be the i-th copy of the tough set S; defined in
Notation 4.22. (Note that v € S; and u ¢ S;.) Let

J=J(S)={i€[n]|v €S}

and consider the vertex set
S'=Su (USﬁ) =Jsi.
ied icd

Then S’ is a cutset in G with

1S = 1Si = 1S] - |Si]

ieJ



CHAPTER 4. THE COMPLEXITY OF RECOGNIZING MINIMALLY TOUGH
68 GRAPHS

and
t Y
which means that 7(G;) <t and that is a contradiction. So 7(G) > 1.

Now we prove that 7(G —e) < 1 for all e € E(G). Let e € E(G) be
an arbitrary edge. If e is a bridge in G, then 7(G —¢e) = 0 < 1. Let us
assume that e is not a bridge in G. Then e is not a bridge in G, either. Let
S = S(e) # 0 be a vertex set guaranteed by Proposition 2.4. Consider the

vertex set Sop = SNV(G). Since e is a bridge in G — Sy as well, S is a cutset
in G —e. Let

. !
W(G, — 8 > 1S + 8] ('5” —1) Lth 5]

={i€e[n]|v e S},
cZ:}VH’ ns|—1

for all 7 € C and '
d; =|V(H)NS|

for all i € [n] \ C. Let
={ien]\C|d >0}.

Then
w((G =€) = S) > ISo] = |C!

must hold, otherwise, similarly as before,
¢+ d;
I _ o) — < v O
w((G' —e) 5)—|CI+Z< . )+Z(t 1)
€D
!S |

ieC
_ ’C’ + ZiEC Ci + ZieD
t

— DI <

which is a contradiction. So 7(G —e) < 1.
Therefore, GG is almost minimally 1-tough. ]



Chapter 5

Strengthening some results on
toughness of bipartite graphs

Here we prove some complexity results regarding bipartite graphs and we
also prove that every minimally 1-tough, bipartite graph on n vertices has a
vertex of degree at most (n + 6)/4.

5.1 Auxiliary results

Claim 5.1. For any positive rational number ¢ the problem EXACT-t-TOUGH
belongs to DP.

Proof of Claim 5.1. For any positive rational number ¢,

EXACT-t-TOUGH = {G graph | 7(G) =t}
= {G graph | 7(G) > t} N {G graph | 7(G) < t}.
Let
Ly = {G graph | 7(G) < t}
and
Ly = {G graph | 7(G) > t}.

As we saw in the proof of Proposition 5.1, the language L, belongs to NP
and Lo belongs to coNP.
Hence, we can conclude that EXACT-t-TOUGH = L, N Ly, € DP. O

69
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For any positive rational number ¢, let EXACT-t-TOUGH-BIPARTITE de-
note the problem of determining whether a given bipartite graph has tough-
ness t. Since the toughness of a bipartite graph is at most 1 (except for the
graphs K7 and K5), we can conclude the following.

Corollary 5.2. For any positive rational number ¢ < 1, the problem EXACT-
t-TOUGH-BIPARTITE belongs to DP. Moreover, the problem EXAcCT-1-
ToucH-BIPARTITE belongs to coNP.

Theorem 5.3 (Katona, Varga, [4]). For any positive rational number ¢, the
problem EXACT-t-TOUGH is DP-complete.

Proof. In Claim 5.1 we already proved that EXAcT-t-TouGH € DP. To prove
ExAcT-t-TouGH is DP-hard, we reduce EXACTINDEPENDENCENUMBER to
it.

Let G be an arbitrary connected graph on the vertices vy, ..., v, and let
a, b be positive integers such that t = a/b. Let k be a positive integer and let
Gy, be the following graph. For all i € [n] let

Vi= {Uz',lu Vi2, .- >Uz’,a}7

and let

n n b
V:UV;, UZUUUz'm U/:{ullv-">u,(b—1)k}>
i=1

i=1j=1

W ={wy,..., Wa}, V(Gy) =VUUUU UW.

For all i € [n] place a clique on V;. For all 41,4y € [n] if v;,v;, € E(G), then
place a complete bipartite graph on (V;,;V;,). For all i € [n] and j € [b]
connect u;; to every vertex of V;. Place a clique on W and connect every
vertex of W to every vertex of V. UU U U’. See Figure 5.1.

Obviously, GG}, can be constructed from G in polynomial time. Now we
show that a(G) = k if and only if 7(Gy) =t = a/b, i.e.

— if a(G) > k, then
—|S’ >1
W(Gk - S)

for any cutset S of G;
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Figure 5.1: The graph Gj.

— if a(G) < k, then there exists a cutset Sy of Gy such that

|So|

— < 1
W(Gk — So)

— if a(G@) =k, then
5|
W(Gk — S)
for any cutset S of Gy and there exists a cutset Sy of GG; such that
|Sol
w(Gk — S())

>1

< 1.

Let S C V (Gg) be an arbitrary cutset of Gy. Since S is a cutset, it must
contain W. Let

I={ien]|VCs).
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After the removal of W, the removal of any vertex of U U U’ or the removal
of only a proper subset of V; for any ¢ € [n| does not disconnect anything in
the graph. So consider the cutset

=5\ |(

o) <Uv>

iZl

In G, — S’ there are two types of components: isolated vertices from U U U’
and components containing at least one vertex from V. There are at most
a(G) components of the second type since picking a vertex from each such
component forms an independent set of G[V]. On the other hand, there are
exactly b|I| 4+ |U'| = b|I| + (b — 1)k components of the first type. So

S| > 18" = er +|W| = all| + ak = a(|I| + k)
and
w(G,—8) =w(Gp—95') < aG) +b|I|+ (b— 1)k =b(|I| + k) + (a(G) — k).
Therefore,
I a(|I] + k)
w(Gr—8) = w(Gr—8) T b(I| + k) + (a(G) — k)

Let {v; € V(G) | j € J} be an independent set of size a(G) in the graph
G for some J C [n], and consider another cutset

-(Ur)ow

1Sol = a(n — a(G)) + ak = a(n — a(G) + k)

in G;. Then

and (similarly as before)
w(Gr,—Sy) = a(G)+b(n—a(G)) + (b—1)k = b(n—a(G)+k) + (a(G) — k),

w0 |Sol B a(n—a(G) —l—k)

w(Gr—So)  b(n—a(G)+k)+ (a(G) = k)
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Case 1: a(G) < k.
Then

S| - a(|I|l+ k) a(lIl+k) a

> =
w(Gr—95) T b(|I|+k)+ (a(G) = k) ~ b(|I|+k) b
holds for every cutset S of Gy, which implies that 7(Gy) > t.
Case 2: a(G) = k.
Then

S| a(|I|+ k) _a(|]!—0—/€) a

G 5) “ W+ R) + (G — k) B(I+k) b

holds for every cutset S of Gy, which implies that 7(Gy) > t.
On the other hand,

|SO| . a(n—a(G)+k’) an a
TG = w(Gr—So)  bn—a(G)+k)+ ((G)—k) bn D

Hence, 7(Gy) = t.
Case 3: a(G) > k.

Then
. |So| a(n — a(G) + k) a(n — a(G) + k)
(W) < G =5 ~ b= alC) 7 h) + (@(C) =) ~ b(n—alG)+ k)
This means that a(G) = k if and only if 7(Gx) =t = a/b. O

The construction we used here is a slight modification of the one that
Bauer et al. used in [11] for proving that for any rational number ¢ > 1
recognizing t-tough graphs is coNP-complete; as mentioned earlier, in their
proof a variant of INDEPENDENCEN UMBER is reduced to the complement of
t-TOUGH.

Since in our proof a(G) > k if and only if 7(Gy) < t, we can reduce IN-
DEPENDENCENUMBER to the complement of ¢t-TOUGH, therefore providing
another proof of Theorem 2.8.
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5.2 The complexity of recognizing t-tough bi-
partite graphs

Here we extend Theorem 2.10 to any positive rational number ¢ < 1. (As
mentioned in the previous section, the toughness of of a bipartite graph is at
most 1 except for the graphs K; and K3.)

Theorem 5.4 (Katona, Varga, [4]). For any positive rational number ¢ < 1,
the problem ¢-TOUGH remains coNP-complete for bipartite graphs.

First, we need some preparation.

Proposition 5.5. Let G 2 K, K5 be a 1/2-tough graph. Then there exists
a spanning subgraph H of G for which 7(H) = 1/2.

Proof. Let H be a spanning subgraph of G so that 7(H) > 1/2 and there
exists an edge e € E(H) for which 7(H —e) < 1/2. (Note that since 7(G) >
1/2, such a spanning subgraph H can be obtained by repeatedly deleting
some edges of G.)

Now we show that 7(H) < 1/2, which implies that 7(H) = 1/2. Let
e € E(G) be an edge for which 7(H —e) < 1/2.

Case 1: e is a bridge in H.

Since G is 1/2-tough, it is connected. Since G 2 K, Ky and G is con-
nected, the graphs GG and H have at least three vertices. Hence, at least one
of the endpoints of e is a cut-vertex in H, so 7(H) < 1/2.

Case 2: e is not a bridge in H.
Then there exists a cutset S in H — e for which

w((H —e) —5) > 2|S].

Case 2.1: (e is not a bridge in H) and S is a cutset in H.
Then
w(H —8) < 2|5,

which is only possible if

w(H —S5)=2|9| and  w((H—e€)—5)=2|5+1.
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Therefore, 7(H) < 1/2.

Case 2.2: (e is not a bridge in H) and S is not a cutset in H.
This is only possible if

w((H—e¢)—5)=2.

Hence

2=w((H—e)—S8) >2]9|,

i.e. |S| < 1, which means that S = (), so e is a bridge H, which is a contra-
diction. ]

Let G be an arbitrary connected graph on the vertices vy, ..., v, and let
B(G) be the following bipartite graph. Let

V(B(G’)) = {vi71,vi72 | i€ [n]}

and for all i, j € [n] if v;v; € E(G), then connect v;; to v;2 and v; 5 to v; ;.
Also for all ¢ € [n] connect v;; to v;5. See Figure 5.2.

G B(G)
V; Vi1 Vi2
—
Uj Uj,1 Uj,2

Figure 5.2: The construction of the bipartite graph B(G).

Now we show how the toughness of B(G) can be computed from the
toughness of G.

Claim 5.6. Let G be an arbitrary connected graph. Then 7(B(G)) =
min (27(G), 1).

Proof. Let G be an arbitrary graph on the vertices vy, ..., v, with 7(G) = t.

Case 1: t < 1/2.
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Let G’ = B(G) and let Sy C V(G) be an arbitrary tough set in G. (Note
that since 7(G) < 1/2, the graph G is noncomplete, therefore it has a tough
set.) Consider the vertex set

Sy = {via,via | vi € So}.
Clearly, S is a cutset in G’ and

w(G = 5)) =w(G—Sy) = ‘i—o| = 1%

so T7(G") < 2t.
Now we prove that 7(G') > 2t, i.e.
S|
G -5 < ’—
w( ) < 57
holds for any cutset S’ of G'. Therefore, let S’ be an arbitrary cutset in G’
and let
Si = {Ui,l S S/ ’ U;,2 ¢ S/} U {’Ui72 € S/ ‘ Vi1 Q S/}

and
Sy =5"\ 5.

Consider the components of G’ — S” which contain either both or none of the
vertices v;1,v;2 for any ¢ € [n]. These components of G’ — S are also com-
ponents of G’ — S}, so (similarly as before) the number of these components
is at most |S5|/2t. The number of the remaining components — so in which
there is at least one vertex without its pair — can be at most |57|, because
the pair of the vertex mentioned before must be in S}. Since t < 1/2,

150, 7y < 1S5 158 _ 1

2t 2t 2t
which implies that 7(G’) > 2t.
Hence,

w(G -8 <

7(G') = 2t = 27(G) = min (27(G), 1).

Case 2: t > 1/2.
By Proposition 5.5, there exists a spanning subgraph H with 7(H) = 1/2.
Then B(H) is a spanning subgraph of B(G), so

T(B(G)) > T(B(H)),
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and as we saw in Case 1,
T(B(H)) =27(H) = 1.
Since B(G) is a bipartite graph, 7(B(H)) < 1. Hence,
7(B(G)) =1 =min (27(G),1).
UJ

Theorem 5.7 (Katona, Varga, [4]). For any positive rational number ¢ < 1,
the problem EXACT-t-TOUGH remains DP-complete for bipartite graphs.

Proof. In Corollary 5.2 we already proved that if ¢ < 1, then EXACT-t-
ToUuGH-BIPARTITE € DP.

Now we reduce the DP-complete problem EXACT-t/2-TOUGH to EXACT-
t-TOUGH-BIPARTITE if ¢t < 1, and the coNP-complete problem 1/2-TOUGH
to (EXACT-)1-TOUGH-BIPARTITE.

Let ¢ < 1 be a positive rational number and let G be an arbitrary con-
nected graph. By Claim 5.6,

- 7(B(G)) =t if and only if 7(G) =t/2, and
— 7(B(G)) = 1if and only if 7(G) > 1/2,
thus the statement of the theorem follows. O]

Since in Corollary 5.2 we already proved that (EXACT-)1-TOUGH-BI-
PARTITE € coNP and Claim 5.6 also holds for t = 1, the above proof can be
used to give an alternative proof of Theorem 2.10.

It also follows from Theorem 5.7 that recognizing ¢t-tough bipartite graphs
is coNP-complete for any positive rational number ¢ < 1.

Proof of Theorem 5.4. Since in the above proof 7(B(G)) > t if and only if
7(G) > t/2 for any positive rational number ¢ < 1, we can reduce t/2-TOUGH
to t-TOUGH-BIPARTITE, so the statement of the theorem follows. ]

As mentioned, the case t = 1 (i.e., Theorem 2.10) was already proved by
Kratsch et al. in [21]. In their proof the vertices v; ; and v; 5 are not connected
by an edge, but by a path with two inner vertices. With that construction
the original graph is 1-tough if and only if the obtained bipartite graph is
exactly 1-tough. However, due to the inner vertices of the paths mentioned
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before, the constructed bipartite graph has a lot of vertices of degree 2, so
these graphs are neither regular (except for cycles) nor 3-connected.

Motivated by two open problems regarding the complexity of recognizing
1-tough 3-connected bipartite graphs and 1-tough 3-regular bipartite graphs
[9], we also prove the following.

Theorem 5.8 (Katona, Varga, [4]). For any fixed integer k£ > 2 and positive
rational number ¢ < 1, the problem ¢-TOUGH remains coNP-complete for
k-connected bipartite graphs.

Theorem 5.9 (Katona, Varga, [4]). For any fixed integer r > 6, the problem
1-TOUGH remains coNP-complete for r-regular bipartite graphs.

5.3 The complexity of recognizing t-tough k-
connected bipartite graphs where k£ > 2 is
an integer and ¢t < 1/2

To prove Theorem 5.8, we only need one more proposition.
Proposition 5.10. Let G be an arbitrary graph. Then «(B(G)) > &(G).

Proof. Let S be an arbitrary cutset in B(G). We need to show that |S| >
K(G).
Let
W = {Ui,la U;2 ‘ {Ui,la 'ULQ} ns = (Z)}

Case 1: the vertices of W belong to at least two components of B(G)—S.
Then
§'={v; € V(G) | vj1, 02 ¢ W}

is a cutset in G: its removal from G disconnects the corresponding vertices
of W that belong to different components of B(G) — S. Obviously,

S| = 15" = K(G).

Case 2: all vertices of W belong to one component of B(G) — S.
Since S is a cutset in B(G), there exists a component L for which LNW =
(). We can assume that v; ; € L for somei € [n]. Then v; 5 € S since LNW = ).
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Also, for every j € [n], if v;u; € E(G), then either v;, € S or v;2 € L, and
in the latter case vj; € S holds since L N W = (. Therefore,

1] > d(viy) = d(v) +1 > 6(G) + 1 > K(G).

Hence, x(B(G)) > k(G). O

Proof of Theorem 5.8. Let k > 2 be an integer and ¢ < 1 positive rational
number. Applying the proof of Theorem 5.4 for k-connected bipartite graphs,
the statement of theorem follows from Proposition 5.10. ]

5.4 The complexity of recognizing 1-tough, at
least 6-regular, bipartite graphs

For any positive rational number ¢ and positive integer r let t-TOUGH-7-
REGULAR denote the problem of determining whether a given r-regular graph
is t-tough, and let t-TOUGH-r-REGULAR-BIPARTITE denote the same prob-
lem for bipartite graphs.

For any odd number r > 5 let H, be the complement of the graph whose
vertex set is

V =Aw,uy,...,ur11}
and whose edge set is

r—1
2

E = U{Ui, Ur—ir2} | U{w, uyry/2t U{w, ugis)e}
i=1
For any even number r > 6 let H, be a bipartite graph with color classes

A =A{wg,a1,...,a,_1} and B = {wp,by,...,b,_1},

which can be obtained from the complete bipartite graph by removing the
edge {wgy, wy}. (See the graphs Hs, Hs and Hg in Figure 5.3.)
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Us Us

1o 1o by \ A b5
ta “4 N
w w SRS
. us s RN
1 Uy ai ') as
U9 Uz
Wy
Figure 5.3: The graphs Hs, Hs and Hg.
Claim 5.11. Let > 5 be an integer. Then 7(H,) > 1.
Proof. There is a Hamiltonian cycle in H,, namely
wuLug - .. Up W
if r is odd, and
wablalwbaszagbg N ar_lbr_lwa
if r is even, so 7(H,) > 1. O

Lemma 5.12 (Katona, Varga, [4]). For any fixed odd number r > 5 the
problem 1/2-TOUGH is coNP-complete for r-regular graphs.

Proof. Obviously, 1/2-TOUGH-r-REGULAR € coNP. To prove that it is
coNP-hard, we reduce 1-TOUGH-(r — 1)-REGULAR to it.

Let G be an arbitrary connected (r — 1)-regular graph on the vertices
U1, ...,0, and let G’ be defined as follows. For all i € [n] let

Vi :{wi,ui,...,uiﬂ}

and place the graph H, on the vertices of V; and also connect v; to w®, see
Figure 5.4. It is easy to see that G’ is r-regular and can be constructed from
GG in polynomial time. Now we prove that G is 1-tough if and only if G’ is
1/2-tough.
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Figure 5.4: The graph G’ constructed in the proof of Lemma 5.12.

If G is not 1-tough, then there exists a cutset S C V(G) satisfying w(G —
S) > |S|. Then S is also a cutset in G’ and

W(G — ) =w(@—8)+|S| > 2|9,

so T(G') < 1/2.

Now assume that G is 1-tough. Let S C V(G’) be an arbitrary cutset
in G, and let Sy = V(G) NS and S; = V; NS for all i € [n]. Using these
notations it is clear that

i=1

and
w(G = 8) <w(G = So) +|So| + > w(H] - S)),
i=1
where H' denotes the i-th copy of H,, i.e. the graph on the vertex set V; for

all i € [n]. Since G is 1-tough and by Claim 5.11, so is H,, it follows from
Proposition 2.2 that

UJ(G — S(]) S |S(]’

and
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Therefore,

w(@ = 8) < [So| +[Sol + Y 18] <215,

i=1

so 7(G') > 1/2. O

Lemma 5.13 (Katona, Varga, [4]). For any fixed even number r > 6 the
problem 1/2-TOUGH is coNP-complete for r-regular graphs.

Proof. Obviously, 1/2-TOUGH-r-REGULAR € coNP. To prove that it is
coNP-hard we reduce 1-TOUGH-(r — 2)-REGULAR to it.

Let G be an arbitrary connected (r — 2)-regular graph on the vertices
U1, ...,v, and let G’ be defined as follows. For all i € [n] let

Ai:{wfwail?"'vai—l}a Bi:{wia il,...,bi_l}

and place the graph H, on the color classes A; and B; and also connect v; to
w! and w}, see Figure 5.5. Tt is easy to see that G’ is r-regular and can be
constructed from G in polynomial time.

Figure 5.5: The graph G’ constructed in the proof of Lemma 5.13.

Similarly as in the proof of Lemma 5.12, it can be shown that G is 1-tough
if and only if G’ is 1/2-tough. O

Corollary 5.14 (Katona, Varga, [4]). For any fixed integer r > 5 the prob-
lem 1/2-TOUGH is coNP-complete for r-regular graphs.
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Using this result, we can prove Theorem 5.9.

Proof of Theorem 5.9. Obviously, 1-TOUGH-r-REGULAR-BIPARTITE €
coNP. To prove that it is coNP-hard we reduce 1/2-TOUGH-(r—1)-REGULAR
to it.

Let G be an arbitrary connected (r—1)-regular graph and let B(G) denote
the bipartite graph defined at the beginning of Section 5.2. Then B(G) is r-
regular and by Claim 5.6, the graph G is 1/2-tough if and only if B(G) is
1-tough. ]

For any r € {3,4,5} the problem of determining the complexity of 1-
TOUGH-r-REGULAR-BIPARTITE remains open. We note that the reason why
our construction does not work in these cases is that we can decide in poly-
nomial time whether an at most 4 regular graph is 1/2-tough.

Theorem 5.15 (Katona, Varga, [4]). For any positive rational number ¢ <
2/3 there is a polynomial time algorithm to recognize t-tough 3-regular
graphs.

To prove this theorem, we need the following lemma.

Lemma 5.16 (Katona, Varga, [4]). For any connected 3-regular graph G,
the following are equivalent.

(1) There is a cut-vertex in G.
(2) 7(G) < 1/2.
3) 7(G) < 2/3.

Proof.
(1) = (2) : Trivial.
(2) = (3) : Trivial.
(3) = (1) : If 7(G) < 2/3, then there exists a cutset S C V(G) satisfying

3
w(G@—-8) > §|S|
Hence there must exist a component of G — S that has exactly one neighbor

in S: since G is connected, every component has at least one neighbor in S,
and if every component of G — S had at least two neighbors in S, then the
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number of edges going into S would be at least 2w(G — S) > 3|S|, which
would contradict the 3-regularity of G. Obviously, this neighbor in S is a
cut-vertex in G. [

Proof of Theorem 5.15. Let G be an arbitrary connected 3-regular graph.
First check whether GG contains a cut-vertex. By Lemma 5.16, if it does not,
then 7(G) > 2/3, but if it does, then 7(G) < 1/2. We prove that in the latter
case either 7(G) = 1/3 or 7(G) = 1/2, and we can also decide in polynomial
time which one holds.

Since G is 3-regular, w(G — S) < 3|5]| holds for any cutset S of G, so
7(G) > 1/3. Now we show that if 7(G) < 1/2, then 7(G) < 1/3.

So assume that 7(G) < 1/2 and let S be a tough set of G and let k =
w(G — S). Then k& > 2|S|. Contract the components of G — S into single
vertices ug, ..., u; while keeping the multiple edges and let H denote the
obtained multigraph. Since G is connected, d(u;) > 1 holds for any i € [k],
SO

k=|{i € [k]:d(w;) =1} + [{i € [k] : d(u;) > 2}|.

Since G is 3-regular,

3|5 > Zd(ui) > |{i € [k] s d(u;) =1} +2- |{i € [K] : d(u;) > 2}
=k+ |[{i € [k] : d(w;) > 2}| > 2|S| + [{i € [k] : d(wi) > 2},

1S > |{i € [K] : d(u;) > 2}|.

Therefore,
(i € [k £ d(w) = 1}| = k— |{i € (K] d(us) > 2)| > 215] — |3] = |5

which means that there exists a vertex in S having at least two neighbors in
{uq,...,u;} of degree 1. Then the removal of this vertex leaves at least three
components (and note that since G is 3-regular, it cannot leave more than
three components), so 7(G) < 1/3.

From this it also follows that 7(G) = 1/3 if and only if there exists a
cut-vertex whose removal leaves three components.

To summarize, it can be decided in polynomial time whether a connected
3-regular graph is 2/3-tough, and if it is not, then its toughness is either
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1/3 or 1/2. In both cases the graph contains at least one cut-vertex, and
if the removal of any of them leaves (at least) three components, then the
toughness of the graph is 1/3, otherwise it is 1/2. O

Theorem 5.17 (Katona, Varga, [4]). There is a polynomial time algorithm
to recognize 1/2-tough 4-regular graphs.

The proof of this theorem follows directly from the following claim.

Claim 5.18 (Katona, Varga, [4]). The toughness of any connected 4-regular
graph is at least 1/2.

Proof. Let G be a connected 4-regular graph and let S be an arbitrary cutset
in G and L be a component of G — S. Since every vertex has degree 4 in G,
the number of edges between S and L is even (more precisely, it is equal to
the sum of the degrees in G of the vertices of L minus two times the number
of edges induced by L). Since G is connected, the number of these edges
is at least two. On the other hand, since G is 4-regular, there are at most
4]S| edges between S and L. Therefore w(G — S) < 2|S|, which means that
7(G) > 1/2. O

5.5 Upper bound on the minimum degree of
minimally 1-tough, bipartite graphs

Finally, we strengthen the upper bound we gave in Theorem 3.3 for minimally
1-tough, bipartite graphs.

Theorem 5.19 (Katona, Varga). Every minimally 1-tough, bipartite graph
on n vertices has a vertex of degree at most (n + 6)/4.

Proof of Theorem 5.19. Suppose to the contrary that 6(G) > (n+6)/4. Ob-
viously, a 1-tough bipartite graph must be balanced and therefore the number
of its vertices must be even, hence §(G) > n/4 + 2. Consider an arbitrary
edge e = wv. By Propostition 2.4, there exists a vertex set S = S(e), whose
removal from G — e leaves | S|+ 1 connected components, and u and v belong
to different components. Let k = |S| and let L, and L, denote the compo-
nents of u and v, respectively. Obviously, the components of (G —e) — S
require

w((G—e)=8)=k+1
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independent vertices: two of them can be a and b, but the rest of them cannot
be adjacent either to a or to b, and the rest of them cannot be either in L, UL,
orin S.

Since there are no triangles in the graph, the open neighborhood of v and
v contains at least

n n
z(— 2)—2:— 2
it 2"

vertices and at most k of them belongs to S, so at least

n
S+2) -k
(5
vertices belong to L, U L,,.
Since G is bipartite, the components of G — S are also bipartite and since
G is 1-tough, the sizes of the two color classes of these components can differ
in at most 1. Therefore,

Ll +1L 22 (S 4+2-k) —2=n—2k+2.
Hence, for the remaining £ — 1 components there are only
n—((n—2k+2)+k)=k—-2

vertices, which is a contradiction. O



Summary

The main focus of the thesis is on minimally tough graphs.

Chapter 3 is motivated by a conjecture, saying that every minimally 1-
tough graph on n vertices has a vertex of degree 2. In this chapter, we give an
upper bound on the minimum degree of minimally 1-tough graphs, namely
n/3+ 1.

Chapter 4 investigates the complexity of recognizing minimally ¢-tough
graphs. There we prove that this problem is DP-hard for all positive rational
number ¢.

In Chapter 5, we study bipartite graphs. First, we show that recognizing
t-tough bipartite graphs is coNP-hard for all positive rational number ¢ <
1 (the case t = 1 was already known). Motivated by two open problems
regarding the complexity of recognizing 1-tough 3-connected bipartite graphs
and 1-tough 3-regular bipartite graphs, we also prove that recognizing ¢-tough
k-connected bipartite graphs and 1-tough r-regular bipartite graphs is also
coNP-complete for any integers k > 2 and r > 6 and for any positive rational
number ¢t < 1.
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U1 Uy

U3 Uus

Figure A.1: The minimally 1-tough graph G’ constructed in the beginning of
Section 4.2, when G ~ K3. The edges of K3 are drawn with thick lines.
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V1,1,1 Ui,1,1

V1,2,1 Uy,2,1

V21,1 U21,1

V22,1 U221

V31,1 U3.1,1
° W11
° W21

U3,2,1 U321

V4,1,1 Ug,1,1

V4,21 Ug,2,1

Us,1,1 Us.1,1

Us,2,1 Us.2,1

Figure A.2: The graph G, constructed in Subsection 4.2.1, when G ~ Cs.
Since the graph Cj is connected and a-critical with «(C5) = 2, the choice
k = 2 results in a minimally 1-tough graph. The edges of the “blown-up” Cj5
are drawn with thick lines.
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V1,11 U1,1,1
V1,1,2 Uy,1,2
V2,1,1 U2.1,1
W11
I W12
V2,1,2 U2,1,2
U3,1,1 Us3,1,1
U3,1,2 U3,1,2

Figure A.3: The graph Gj, constructed in Subsection 4.2.1, when G' ~ Kj.
Since the graph K3 is 2-connected and a-critical with a(K3) = 1, the choice
k =1 results in a minimally 2-tough graph. The edges of the “blown-up” K3
are drawn with thick lines.

Uy
U1
(%) (%]

U9 us

Figure A.4: The graph G/, constructed in Subsection 4.2.2, when G ~ K.
Since the graph K3 is almost minimally 1-tough, this graph is minimally
1/2-tough. The edges of K3 are drawn with thick lines.
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Figure A.5: The graph G5 constructed in Subsection 4.5.3, when G ~ K.
Since the graph K3 is almost minimally 1-tough, this graph is minimally
2/5-tough. The edges of K3 are drawn with thick lines.

Figure A.6: The graph G553 constructed in Subsection 4.3.3, when G ~ K.
Since the graph K3 is 2-connected and a-critical with a(K3) = 1, the choice
k = 1 results in a minimally 2/3-tough graph. The edges of the “blown-up”
K3 are drawn with thick lines.
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