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Introduction

A lot of problems that are difficult to solve on graphs in general were proved to be efficiently
solvable on specific classes of graphs. For example, graph isomorphism and graph coloring
are NP-complete in general, but can be solved in polynomial time on the class of Py-free
graphs.

A promising paradigm to solve difficult problems on a class of graphs involves a unique tree
representation for each graph in the class. Every leaf in the tree represents one vertex in the
graph and the inner nodes of the tree represent operations with which the graph for this node and
eventually the graph for the whole tree can be constructed from the graphs of its subtrees. If the
class of a graph as well as its tree representation can be determined in polynomial time, this tree
representation can be used to create polynomial-time algorithms for problems that are hard on
general graphs.

P4-free graphs are also known as cographs, hence the name cotree for their tree representation.
The class of cographs is a subclass of the class of P4-sparse graphs that allows only a "low den-
sity" of induced P4 subgraphs. Pj-sparse graphs also have a unique tree representation, which
indicates that the problems efficiently solvable on cographs may also be efficiently solvable on
P4-sparse graphs.

Some of the problems that are NP-complete for all graphs and efficiently solvable for cographs
involve a generalized coloring known as matrix partition. In the standard coloring problem,
an algorithm has to decide whether a graph is k-colorable, that is whether its vertices can be
partitioned into k independent sets. The matrix partition problem allows additional conditions,
such as whether the vertices of a graph can be partitioned into k independent sets and [ cliques
and there can even be restrictions on whether the vertices of a specific part may or must or must
not be adjacent to the vertices of another part.

An even further generalization of the matrix partition problem is the matrix partition problem
with lists. In addition to the conditions of the matrix partition, a vertex may only be placed in
parts allowed by its list. The tree representation of a graph can be used to find such a matrix
partition or determine that no partition exists for the graph.

A graph G is an M-obstruction if there is no partition of the vertices of G such that the coloring
conditions defined by the the partition matrix M are satisfied. A minimal M-obstruction is an
M-obstruction that contains no M-obstructions other than itself as an induced subgraph. The
possible size of minimal M-obstructions has an upper bound depending on the class of G and
M. Specific values for these upper bounds can be proved with the help of a tree representa-
tion.
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Introduction

This thesis is based upon an article by Feder, Hell, and Hochstittler [FHHO6] featuring a linear-
time algorithm to decide the matrix partition problem with lists on cographs and that proves
upper bounds for the size of minimal matrix obstructions cographs. The theorems and algorithms
can be generalized to also include P4-sparse graphs. This generalisation is the main part of this
thesis.

Chapters 1 and 2 define the terms needed in the rest of this thesis. A polynomial-time algorithm
for the matrix partition problem with lists for P4-sparse graphs is presented in Chapter 3, next to
a proof that the problem becomes NP-complete if the matrix defining the coloring conditions is
part of the problem, even for complete graphs. The rest of this thesis focuses on minimal matrix
obstructions. It is proved that the size of a P4-sparse minimal matrix obstruction with lists grows
at most factorially. If no lists are involved, an exponential upper bound for the size of minimal
matrix obstructions that are P4-sparse is shown in Chapter 4. By restricting to constant matrices,
a polynomial upper bound can be proved in Chapter 5.
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Preliminaries



1. Types of graphs

Although some graph problems are generally hard to solve, there are classes of graphs allowing
these problems to be solved efficiently. This chapter defines some of these classes and shows
how they relate to each other.

Before that, some basic conventions are defined: N shall contain all positive whole numbers
including 0, as opposed to N* := N\ {0}. For m € N, let the sets N,, c N and N}, ¢ N* be
defined as Ny, == {x e N|x<m} and N}, := {x e N* | x <m}.

When X is a set, its power set is written as P(X) := {Y | Y ¢ X}.
The symbol A stands for the logical AND, the symbol v is a logical OR.

The magnitude of a function’s slope can be described with the big O notation: Let f: N - R

and g : N - R be functions, then f € O(g) < limsup, . ., ggz;

< oo. This may less formally be
written as f(n) € O(g(n)), where the parameter name is usually 7 or m.

1.1. Simple Graphs

All graphs in this thesis are simple and the term graph is used as a short form for simple
graph.

Definition 1. A simple graph G is a tuple (V,E) with V # & (the vertices) and E (the edges)
being finite sets. The set of edges E is a subset of {{v,w} | v,w € V,v £ w}, which is the set of
two-element subsets of V.

The size |G| of a graph G = (V,E) is the number of its vertices,

G| =Vl
Two vertices v, v, € V are adjacent if {vi,v,} € E and non-adjacent if {vi,v,} ¢ E.
vi X vy = {v, v} is a short form for an edge.

The set of all vertices adjacent to vy € V is N(vy) := {v, € V | vi X v € E}, the set of all vertices
non-adjacent to vy is N(v1) .= {vo € V|vi x vy ¢ E}.

vi € V distinguishes between v, € V and v3 € V if v| is adjacent to exactly one of the vertices v
andvi: vi X e E< v xv;¢E.

Remark 1. Simple graphs have no parallel edges: For every two adjacent vertices vi,vy € V,
there is exactly one edge e € E with e = vi X V2.



1. Types of graphs

Remark 2. Simple graphs have no loops: If vi,v, € V are adjacent vertices, then vi # v;.

Definition 2. The complement graph G = (V,E) of a graph G = (V, E) is the graph with the set
of edges E = {vi vy |vi,va € VAV| X vy ¢ E}. That means that two vertices vi,v; € V,v| # v,
are adjacent in G if and only if they are non-adjacent in G.

Definition 3. A graph G = (V, E) containing every possible edge is called a complete graph, i.e.
E ={vi xvy|vi,v2 € VAV #v}. The complete graph with n vertices is K,. The complement
K, = (V,2) of a complete graph is an empty graph.

Definition 4. A graph G' = (V',E’) is called an induced subgraph of G = (V,E) if V' ¢ V
and any two vertices in G' are adjacent if and only if they are adjacent in G. This may also be
written as G' ¢ G or G' = G n'V'. Similarly, G \ V' is the induced subgraph G n (V V') of G.

Definition 5. The set of vertices of a complete induced subgraph is called a clique, therefore
any set of pairwise adjacent vertices is a clique.

Similarly, a set of pairwise non-adjacent vertices is called an independent set.

Definition 6. A graph G = (V, E) is k-colorable if there is a partition Ay, ..., Ay of its vertex set
V= Ule A;, consisting of k € N pairwise disjoint parts, such that every part A; (1 <i<k)isan
independent set.

A graph G = (V,E) is perfect if, for every induced subgraph G’ = (V',E) c G, thereisa k € N
such that the largest clique of G' has size k and G' is k-colorable.

1.2. Cographs

Cographs are a class of simple graphs that allow a lot of hard graph algorithms to be solved
efficiently. In order to define cographs, the graph P4, the chordless path of length 3, will be
defined first:

Definition 7. The chordless path of length 3, P4, is a simple graph (V, E) with four vertices
{vi,v2,v3,va} = V and exactly three edges {v| X vy,vy X v3,v3 X v4} = E.

Remark 3. The complement graph of Py is Py.

In the 1970s, various researchers discovered cographs independently, although they used differ-
ent definitions and names. Jung used the term D*-graph [Jun78], Seinsche worked on them as
graphs that have no induced subgraph isomorphic to P4 [Sei74], and Sumner called them HD
(or Hereditary Dacey) graphs [Sum74].

Definition 8. A cograph is a graph (V, E), which does not have a P4 as an induced subgraph.
This means, that for any four vertices vi,Vva,v3,v4 € V with vi X vy, vy X v3,v3 X v4 € E, there must
be another edge e € E N {v| X v3,V| X v4,v2 X V4 } .



1. Types of graphs

There are a couple of other characterizations of cographs. The most important characterization
is the cotree representation of a cograph. [CLB81]

Definition 9. A cotree T(G) = (Vr(c), E1(c)) is a tree representing a graph G = (V,E). T(G)’s
inner nodes are labeled U or + and its leaves are exactly the vertices of G. Two vertices of G are
connected if and only if their least common ancestor in T (G) is labeled +.

A normalized cotree will have its inner nodes labeled + and u in alteration, which means that
a u node’s parent will always be labeled + and the other way around. All graphs represented
by a cotree can also be represented by a normalized cotree since a node and its child having the
same label can be contracted to one node. This will obviously not change the label of the least
common ancestor for any two leaves. Two normalized cotrees representing the same graph will
be isomorphic. Normalized cotrees are therefore unique representations of cotree-representable
graphs.

A binary cotree is a cotree in binary form, that means every node has exactly two child nodes
or it is a leaf. This cotree representation is also unique if a proper algorithm for splitting nodes
with more than two child nodes is used for its construction. Figures 1.1 and 1.2 show a cograph
and its binary cotree representation.

Figure 1.1.: An example of a cograph Figure 1.2.: Binary cotree corresponding to
the cograph

Corneil et al. have proved that a graph is a cograph if and only if it has a cotree representation
[CLB81]. A graph can be built from its cotree in polynomial time by assigning each node
t € Vr(g) a graph G,. For each leaf v € V, the graph G, is the single vertex graph G, = ({v}, )
containing only the leaf vertex itself.

For an inner node 7 € V() ~ V labeled U, the graph G, is the disjoint union G, U ... U G,, of
the graphs of its n child nodes uj, ..., u, in T(G).

For an inner node 7 € V() \ V labeled +, the graph G; is the join
Gu+... Gy = (Vi U...UV, Ey U E, u{xxy|1<ij<nni# jaxeV, nyeV,}
of the graphs of #’s child nodes u,...,u, in T(G).

The graph G, assigned to the root 7 € V(g of T (G) is the cograph that T(G) represents. Corneil
et al. have proven that the unique cotree of a cograph can be computed in linear time [CPS85],



1. Types of graphs

Bretscher et al. have developed an easier cograph recognition algorithm that runs in linear time
[BCHPOS].

1.3. P4-sparse Graphs

Another class of simple graphs are the P4-sparse graphs. P4-sparse graphs constitute a superclass
of cographs. Hoang first defined this type of graph and showed besides other things that Pg4-
sparse graphs are perfect [Hoa85].

Definition 10. A simple graph G = (V,E) is called a Ps-sparse graph if every subgraph of G
induced by any five vertices in V contains at most one P4 as an induced subgraph.

Extending the available operations in the cograph’s cotree representation by additional node op-
erations yields a unique tree representation of P4-sparse graphs. Jamison and Olariu have shown
how to acquire this tree representation in polynomial time [JO92a]. An important definition for
this tree representation is the graph class called a spider:

Definition 11. A simple graph G = (V,E) is called a spider if its vertex set splits into an even

number 2v > 4 of vertices ci,...,Cy, S1,..., 8y, and a vertex set R, such that
® ci,...,c, comprise a clique. Every two vertices c;,c; (1 <i, j <v) are adjacent.
® 51,...,8, comprise an independent set. Every two vertices s;, s (1<i,j<v) are non-

adjacent to each other.

Each vertex c; (1 <i <v)is adjacent to all vertices in R.

No vertex s; (1 <i<v)is adjacent to a vertex in R.

Either

— the vertices c; and s are adjacent if and only if i = j (slim spider), or
— the vertices c; and s are adjacent if and only if i #+ j (fat spider).

The vertices cy,...,c, are the body of the spider, the vertices s1,..., s, are the spider’s legs, and
the set R is the spider’s head. If R is an empty set, the graph is called a headless spider.

An example of a spider graph is shown in Figure 1.3. The class of spider graphs is the basis for
two new graph operations.

Definition 12. Let sy,..., sy, cC1,...,c, be vertices with v > 2. Let R = (Vg, Eg) be a graph. Let
Ecgr = {C,‘ X }’ll <i<vre VR}
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Figure 1.3.: Example of a slim spider graph with v =8 and R = {r,r2, 13}

The functions ® and * are defined as

D :Cly...sCyySlye.ns Sy, R > ({c1y.vsCyySTyevns 8y} U VR, Eglim U ER U EcR)
B ClyenyCyySlyeenySy > ({c1yevesCysSTyeevs Sy} s Eglim)
*ClyeeyCyySlseen, Sy, R H({cl,...,cv,sl,...,sy}UVR,EfatUERUECR)
X ClyevesCyySlyennsSy »—>({cl,...,cv,sl,...,sv},Efa,)

where Egjiy = {c; % si|]1 <i<v} and Epy = {c,- X sj‘l SLJSVAL# j}. Obviously, ® maps to
slim spider graphs and » maps to fat spider graphs.

The P4-sparse graph’s tree representation extends cotrees by the two labels ® and » for inner
nodes. When constructing the graph G = (V, E)) represented by the tree 7(G) = (V7(gy, E7(c))>
every node 7 € Vr(g) is assigned a graph G;. Again, the tree’s leaves are the graph G’s vertices.
An inner node 7 € V() now has four possible operations to create its graph out of its children,
depending on its label:

e A node labeled U is assigned the graph created by the disjoint union of the graphs of its
child nodes, which is the same as for cotrees.

e A node labeled + is assigned the join of the graphs of its child nodes, again identical to
cotrees

e The graph G, := ®(cy,...,Cy, S1,.-., 8y, G,) of anode labeled ® is the operation & applied
to its leaf child nodes cy,...,cy, s1, ..., s, and the graph of its child r. If a node labeled ®
has an even number of leaf child nodes cy,...,c,, s1,...,s, and no further children, then
G, =®(c1,..-,Cys S1,...,8y) is a slim headless spider graph.
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e Similarly, the graph G; := *(cy,...,¢,, s1,...,5,,G,) of a node labeled * is the operation
* applied to its child leaves cy,...,cy,s1,...,s, and the graph of the its child node r.
If a node labeled * has an even number of leaf child nodes, ci,...,c,,s1,...,s,, then

G, :=*(c1,...,¢y,51,...,5y) is a fat headless spider graph.

This definition of a tree representation for P4-sparse graph differs a little from the original tree
representation defined by Jamison and Olariu, but their proof that a graph is Ps-sparse if and
only if it can be represented by such a tree applies here as well [JO92a]. They have also shown
in a later publication that the tree representation of a P4-sparse graph can be computed in linear
time [JO92b]. Figure 1.4 shows an example of a P4-sparse graph next to its tree representation
in Figure 1.5.

Figure 1.4.: An example of a P4-sparse Figure 1.5.: Tree representation corresponding to
graph the P4-sparse graph

Definition 13. A split graph G = (C U S, E) consists of a clique C and an independent set S .
G is called avoiding if for all s € S and all ¢ € C, the number of vertices in C non-adjacent to
s is |[N(s) N C| > 2 and the number of vertices in S adjacent to c is [N(¢) N S| > 2. G is called
minimal avoiding if G has the following properties:

1. Every vertex c € C is non-adjacent to a vertex s € S such that |N(s) nC| = 2.
2. Every vertex s € S is adjacent to a vertex ¢ € C such that [N(c) n S| = 2.
3. G is avoiding.

Remark 4. Let the split graph G = (C U S, E) be avoiding. Then the vertices of G split into a
clique C and an independent set S withC + &, S + &, and Cn S = &.

Proposition 1. Ler G = (C U S,E) be an avoiding split graph. Then G contains a minimal
avoiding graph as an induced subgraph.

Proof. This proof will show that every avoiding split graph that does not already satisfy the
properties of a minimal avoiding split graph contains a vertex x € C U S such that G \ {x} is an
avoiding split graph. This way, vertices can be removed from the graph until we get a minimal
avoiding induced subgraph of G. As G contains only a finite number of vertices, such an induced
subgraph can always be found.
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Thus, assume that for the avoiding split graph G does not satisfy at least one of the first two
properties of minimal avoiding graphs. By complementing G if necessary, we may assume that
property 1 is not satisfied, hence there is a vertex ¢ € C for which all vertices s € N(s) have
IN(s)nC| > 3. Any induced subgraph of a split graph obviously is a split graph and G \ {c} also
is avoiding as the condition for avoiding graphs is affected only for vertices in S and of course
only those that have been non-adjacent to ¢ before its removal; since these vertices s € N(c) had
the property [N(s) n C| > 3 in G, they still satisfy the avoiding condition [N(s) n (C \ {c})| >2
inG\ {c}. O

Proposition 2. An avoiding split graph G = (V, E) is not P4-sparse.

Proof. Assume that the proposition is false and let G = (V,E) be a counterexample with a
minimum number of vertices. By Proposition 1, G has a minimal avoiding subgraph and, as G
has a minimum number of vertices, G itself must be minimal avoiding.

Since G is a split graph, there is a vertex s; € S. G is minimal avoiding, so s; is adjacent to
a vertex ¢; € C with N(c;) n'S = {s1,s2}. Let s3 € S be a vertex non-adjacent to ¢; with
N(s3) nC = {c1,c2}. Let c3 € C be a vertex adjacent to s3 such that c3 is adjacent to exactly
two vertices in S. The graph G n {sy, 52, 53,1, ¢2,¢3} that was constructed so far is depicted in
Figure 1.6 with a legend to be found in Figure 1.11.

If 3 is adjacent neither to s; nor sy, then G n {s1, 52, 53,¢1,¢3} is a graph of size 5 with two
induced P4s, contradicting that G is P4-sparse. This contradiction is shown in Figure 1.7. Thus,
we may assume that c¢3 is adjacent to s, and non-adjacent to s;.

If ¢, is adjacent to s1, then G N {sy, 53,¢1,C2,c3} would be a graph of size 5 with two induced
P4s, which is shown in Figure 1.8.

As G is avoiding, ¢; is adjacent to a vertex s4 € S, s4 # 57. Because s4 ¢ {51,520} = N(c1)n S,
we see ¢] X s4 ¢ E. Another consequence is ¢; X 5, € E as otherwise G N {sy, 2, 54, ¢1,¢2} would
be a graph of size 5 with two induced Py4s. Figure 1.9 shows the contradiction if ¢, x 55 ¢ E.

G is avoiding, so there are two vertices c4,c5 € C, ¢4 # cs that are non-adjacent to s,. Since
{c4,¢c5} n{c1,c2} = @ and N(s3) N C = {cy,c2}, we conclude that s3 is adjacent to ¢4 and cs.
G n {52, 83,1, 4,5} yields the final contradiction, as shown in Figure 1.10. O

Theorem 1. Every P4-sparse graph with vertices contains a maximum clique C and a maximum
independent set S that meet in one vertex, [Cn S| = 1.

Proof. Let G = (V,E) be a P4-sparse graph with C ¢ V being a maximum clique and § ¢ V
being a maximum independent set. We may assume C NS = @ as a clique and an independent
set may intersect only in at most one vertex and in that case we would already have |[C n S| = 1.

G is not avoiding, so there is a vertex s € S with [N(s)nC| < 2 or a vertex ¢ € C with [N(c)nS| <
2. By complementing G if necessary, we may assume s € S with [N(s)nC| < 1. Actually we have
IN(s)nC| =1 since [N(s) nC| =0 implies that C U {5} would be a larger clique than C. Thus,
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there is exactly one vertex c; € C that is non-adjacent to s. As a result, C ~ {c,} U {s} induces a
maximum clique in G that meets the maximum independent set S in exactly one vertex, s. [



2. Generalized Colorings

The original n-coloring problem asked whether the vertices of a graph can be partitioned into
n independent sets. Although there are different generalizations for this problem, this thesis
focuses on matrix partitions, which does not only add parts of cliques, but can also place re-
strictions on the edges between vertices of different parts. Therefore, several well-known graph
partition problems can be represented as a matrix partition, which was first defined by Feder et
al. [FHKM99].

Definition 14. Letr M € {0, 1, %} be a symmetric matrix with m rows and m columns with
entries either 0,1, or . Then M is called a partition matrix.

The graph G = (V, E) admits M if its vertices can be partitioned into m disjoint sets Ay, ..., A
such that for every i, je N}, i # j,

o if M;; =0, then A; is an independent set,

o if M;; =1, then A; is a clique,

o if M;; = *, then there is no restriction on the edges between vertices of A;,
e if M; ;= 0, then every vertex in A; is non-adjacent to every vertex in A,

e if M;; =1, then every vertex in A; is adjacent to every vertex in A j, and

e if M; j = x, then there is no restriction on the edges between A; and A ;.

The partition Ay, ...,Ay, is called an M-partition. The numbers 1,...,m uniquely identify a set
of vertices in the partition Ay, ..., An. Therefore these number may also be called parts in order
to highlight their meaning in this context. If a graph G does not admit the matrix M, then G
obstructs M. G is a minimal M-obstruction if G obstructs M and all induced subgraphs of G
except G itself admit M.

A partition submatrix M’ of a matrix M is a submatrix of M such that the diagonal entries in
M’ are diagonal entries in M.

Definition 15. Let M c UZ’:I {0, 1, « }*** be a set of symmetric matrices and let G be a graph.
G admits M if there is a matrix M € M that G admits. If G obstructs all matrices M € M then
G obstructs M. G is a minimal M-obstruction if G obstructs M and all induced subgraphs of
G except G itself admit M.

10



2. Generalized Colorings

The decision whether a graph admits a matrix M or not is the M-partition problem. The general
matrix partition problem may also be called M-partition problem, even if M is not explicitly
defined.

Some problems require the sets A; (i € N},) to be non-empty, which will not be the focus of this
thesis, although some results may also apply to these problems.

Definition 16. Let M € {0, 1, *}™™ be a symmetric matrix. Then M € {0, 1, +}™™ denotes the
complement of M and, for all i, j € N;,, the entries of M satisfy the conditions M; j =0 < M, j =
1 and Mi,j =1 < M,’J =0.

Definition 17. Letr M € {0, 1, +}"™"" be a symmetric matrix and P, Q € N;,. The matrix Mpg €
{0,1, *}'P X101 defined as the submatrix of M where only the rows in P and only the columns
in Q are taken. Mp € {0, 1, *}‘P‘X“D' is a short form for the partition submatrix Mp = Mp,p.

2.1. Generalized Colorings with lists

Feder et al. [FHKMO3] and Cameron et al. [CEHS04] applied the list concept [AT92, FS92] to
the matrix partition problem as a further generalization. Here, the vertices cannot be placed into
any arbitrary part, instead there is a predefined list of parts for every vertex determining to which
parts the vertex may belong:

Definition 18. Let the matrix M € {0, 1, * }">™ with m rows and m columns be symmetric and
each of its entries is either 0, 1, or *.

Let there be a graph G = (V,E). The function L : V — P (N})) assigns a set of parts to each
vertex in G.

Each set L (v) c N}/, is called a list, while the function L is referred to as lists.

The graph G with lists L admits M if there is an M-partition A1, ..., A, such that

veA;=ieL(v) (veV,1<i<m)

In this case, Ay,...,Ay is called a list M-partition (or just M-partition if it is clear from the
context that lists are involved).

The matrix partition problem without lists is identical to the matrix partition problem with lists
if all lists L (v) are set to N;;,. With these lists, there are no restrictions on where the vertices
can be placed. Therefore, all algorithms for list matrix partition problems can also be used for
matrix partition problems without lists.

Remark 5. A graph G with lists L has an M-partition Ay, ...,Ay ifand only if Ay, ..., A, is an
M-partition of G with lists L.

11



2. Generalized Colorings

Definition 19. Let the matrix M € {0, 1, = }"™"™ be symmetric and let G = (V, E) be a graph with
lists L. Let G' = (V',E") be an induced subgraph of G.

Then the lists Ly: : V' — P (N?) are defined as Ly/(v') — L(V') for all v € V'. The form
L' = Ly» may also be used for the same function.

With this definition, list M-partitions for subgraphs can be described by restricting the list to the
subgraph’s vertex subset:

Definition 20. Let the matrix M € {0, 1, *}"™™ be symmetric and let G be a graph with lists
L. G is a minimal M-obstruction with lists L if G obstructs M with lists L and every induced
subgraph G' of G admits M with lists Lg.

If partition submatrices of M are involved, every list’s parts have to be changed such that the
numbers in the list still refers to the same rows and columns in the matrix. This is accomplished
with the help of a mapping function:

Definition 21. Let m ¢ N*, PC N, thennp : P — N";,‘ is defined as np : x » |Pn N7, i.e. xis
the np(x)th element of P regarding the natural order of N). Its inverse function 77;,1 : N ";)‘ - P

therefore is np! (y) =min {x e N |y = [N: 0 P|}, i. e. 5p!(y) is the yth element of P.

Let Mp € {0,1,«}PXIPl be a partition submatrix of M € {0,1,+}™ ™ and let L : V — P (N}")
be lists for M. Then the lists pL : V — P(N"},‘) are defined as pL(v) — np(Pn L(v)) =
{np(x) | xe PN L(v)}, i.e. the parts in P are enumerated as 1,...,|P| in the lists while parts
not in P are discarded.

If M’ is a partition submatrix of M, the relationship between list M’-partitions and list M-
partitions can be described with these restrictions of L:

Definition 22. Let the matrix M € {0, 1, » }"™™ be symmetric and let M < UZ’zl {0, 1, %} be
a collection of partition submatrices of M. Let G be a graph with lists L: V — P (N},)).
- With

m

Then G is an M-obstruction with lists L if, for every matrix M' € M and every P ¢ N
Mp =M, G obstructs M' with lists pL.

G is a minimal M-obstruction with lists L if G is an M-obstruction with lists L and no induced
subgraph G' of G other than G itself is an M-obstruction with lists Lg.

In this thesis, a set of matrices M and lists L may be given without formally mentioning which
matrix M the matrices in M are partition submatrices of and for which matrix the lists L are
defined. This applies especially to the following Chapter 3, which discusses list M-partitions.
In these cases, the matrices in the set are partition submatrices of the matrix with the symbol
M, which is defined as a symmetric matrix M € {0, 1, =} throughout the major part of the
chapter.
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3. List M-partitions of P,-sparse Graphs

3.1. Preliminary remarks about list /M/-partitions

Theorems very similar to the following two lemmas have already been proved by Feder et al.
([FHHO6], Lemma 2.1 and Corollary 2.2), the following proofs are slightly adapted for the
lemmas found here.

Lemma 1. Let G = G| U G, be a disconnected graph and M € {0,1, x}""".

G admits M with lists L if and only if there are sets of parts P,Q c N}, such that G| admits Mp
with lists pLg,, G2 admits Mg with lists gLg,, and Mpg contains no 1.

Proof. “<" Let 1A; (i € P) be an Mp-partition of G| with lists pLg, and let 2A; (i € Q) be an M-
partition of G, with lists gLg, and let A; := 1A; U2A; (1 < i < m) be the join of these partitions,
where 1A; and ,A; are empty sets for i ¢ P and i ¢ Q, respectively. The partition Ay, ...,A;; of G
is compatible with the lists L, because for every j € {1,2}, i € N, and every v € jAi, we have
np(i) € pLg,(v) and thus i € L(v). Hence, we just have to validate that the M-partition condition
is not violated.

Assume the vertices v, w € V violate the M-partition condition of Ay,...,A,,. Then the vertices
v, w will not both be within the same graph G; or G, because then they would also violate the
partition condition of 1A; (i € P) or 2A; (i € Q). Therefore, one of the vertices is in G| and the
other is in G, and therefore they are not adjacent. As v,w violate the partition condition, the
corresponding matrix entry must be M;; = 1 forv € A;, w € A;. On the other hand, Mpo does
not contain a 1 and this also means M # 1, a contradiction.

“="LetAy,...,A, be an M-partition of G with lists L. Define jA; .= A;nV, for G; = (V;,E;),
je{l,2}andie{l,...,m}. Let P,Q be defined viai € P < |A; # D and i € Q < 1A; # @.

Then, obviously, 1A; (i € P) is a valid Mp-partition with lists pLg, and 2A; (i € Q) is a valid
M p-partition with lists gLg,, so G admits Mp with lists pLg, and G admits Mo with lists
QL62

Assume that Mp g contains a 1. Then there are j € P, k € Q with M = 1 and, by the definition
of P and Q, there are vertices v € A;n Vi and w € Ay n V,. These vertices are non-adjacent,
because v is in G| and w in G, and the two subgraphs are disconnected. Therefore A1,..., A, is
no valid partition of G, which contradicts the assumptions. Therefore Mp o contains no 1. O
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3. List M-partitions of P4-sparse Graphs

Corollary 1. Let G = G| U G, be a disconnected graph and M € {0, 1, x}""".

G obstructs M with lists L if and only if for all sets of parts P, Q c N, the subgraph G obstructs
Mp with lists pLg,, Gy obstructs Mg with lists gLg,, or Mpo contains a 1.

Lemma 2. Let M c U, {0,1, *}*"* be a set of partition submatrices of M € {0,1,x}""
and let G = G| U Gy be a disconnected graph with lists L. For i € {1,2}, let the matrix set
M, c UZ’ZI {0, 1, }*"* only contain partition submatrices of matrices in M and let G; be an

M ;-obstruction with lists Lg,. For every matrix M € M and all sets of parts P, Q c N, let there
bealin MP,Q, or Mp e My, or MQ € Mo.

If G is a minimal M-obstruction with lists L, then Gy is a minimal M -obstruction with lists
Lg, and G, is a minimal M-obstruction with lists Lg,.

Proof. Assume G is not a minimal M -obstruction with lists Lg,, then G; has an induced
subgraph G| # G that obstructs M; with lists Lgr. By Corollary 1, the induced subgraph
G = G’1 UG, # G of G is an M-obstruction with lists L/, which contradicts that G is a minimal
M-obstruction with lists L. Thus, the initial assumption is wrong and G; is a minimal M-
obstruction with lists Lg, .

Swapping G and G, as well as M and M, in the proof above shows that G, is a minimal
M;-obstruction with lists Lg, . O

If no lists are used, the condition that the matrices in M are partition submatrices of a matrix
M €{0,1,*}" " may be omitted, as it is required only to have a proper definition for the lists of
the submatrices; a matrix M € {0, 1, *}m'x’"' with lists L(v) := N, (v € V) can always be found
by putting all matrices in M in the diagonal of M (m’ is the sum of all matrix sizes in M in this
case):

Corollary 2. Let M c U/’J"=1 {0, 1, * }¥"* be a set of matrices and let G = G1 U G, be a discon-
nected graph. For i € {1,2}, let the matrix set M; < Uj_,; {0, 1, + Y only contain partition

submatrices of matrices in M and let G; be an M;-obstruction. For every matrix M € M and
all sets of parts P,Q c N}, , let there be a 1 in MP,Q, or Mp e M, or MQ e M.

If G is a minimal M-obstruction, then G is a minimal M -obstruction and G, is a minimal
M-obstruction.

As a result of Corollary 1, matrix sets M, M, as required by Lemma 2 can always be chosen:
for example, M; could contain all partition submatrices M of all matrices in M such that G;
obstructs M with lists Lg,. Thus, if G = G U G; is a minimal M-obstruction with lists for some
set M of partition submatrices of a matrix M, then G is a minimal M -obstruction with lists
for some matrix set M.

The following lemma limits the number of vertices that certain spider graphs have. This ensures
that the time complexity for some algorithms (namely the ones in Section 3.2 and Section 4.2)
on P4-sparse graphs presented in this thesis does not depend on the number of vertices n but

15



3. List M-partitions of P4-sparse Graphs

instead on the number of partitions m. For a fixed matrix size m, these algorithms can be shown
to become polynomial in 7.

Definition 23. Let G = (V, E) be a graph. Two pairs of vertices (a,b), (a',b") € VxV are called
atwin couple ifaxbe E<d xb' e E,andaxceE < d xceE,andbxceE < b xceE
(ceV~{a,b,d',b'})

Lemma 3. Let M € {0, 1, »}"™" denote a partition matrix and G = (V,E) a graph with lists L.
Let the pairs of vertices (ay,by),. .., (Am+2,bm+s) € V x V be pairwise disjoint and twin couples
such that L(a;) = L(a;), L(b;) = L(b;) (1 < i, j <m+2). Then G ~ {a1, by} with lists Ly (4, p,}
admits M if and only if G admits M with lists L.

Proof. “<="If G admits an M-partition with lists L, then G \ {ay, b; } also admits an M-partition
with lists LV\{al,bl}‘

“=" Assume G \ {a1,b1} has an M-partition with lists Ly (4, 5} With parts Ay,...,A,. The
m+ 1 vertices ay, ..., a2 are elements of the m sets A1, ..., A, so by the pigeon hole principle,
there must be a part with at least two different vertices from {ay,...,amn2}. Without loss of
generality, we may assume as,a3 € Aj. Adding a; to Ay and b to the part A; containing b,
yields an M-partition of G, which will now be proved. First, we observe 1 € L(az) = L(a;) and
Jj € L(by) = L(b1), so our choice of classes for a; and b is compatible with the lists.

Now assume that there exists a pair of vertices x, y violating the partition condition. Since there
is no violation without a; and b, one of the vertices x,y must be a; or b;. Without loss of
generality, the two cases x = a; and y = b; may be looked at separately.

In the case x = aj, the twin couple property a; xc € E <> ap xc € E forall c € V~{ay,by,az,b,}
implies y € {by,a2,b2}. Because (aj,b;) and (a3, b3) are also twin couples, we observe y €
{b1,a3,b3}, which means y = b;.

The case y = b; similarly leads to x = a;: Because (a1,b1), (a2,b2), and (a3, b3) are pairwise
twin couples, we have by xc € E <> byxc € E (c € VN{ay,b;,a2,b2}) and by xc' € E < byxc' € E
(c € V~A{ay,by,as,b3}) and therefore x € {aj,az, by} U{aj,as,b3}.

This means that the two cases are in fact only one and the pair of vertices (x,y) = (a1, b)) are the
only vertices violating the partition condition. The vertex pairs (a;,b;) and (az,b;) are a twin
couple, hence a; x by € E <> ay X by € E. Since aj,ay € Ay and by, by € Aj, (az, by) also violates

the partition condition, which contradicts the choice of Ay, ..., A,, as classes for an M-partition
of G~ {al,bl}.
Hence, the original assumption must be wrong and G admits an M-partition. O
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3. List M-partitions of P4-sparse Graphs
3.2. The list M-partition problem with fixed-size matrices

The list M-partition problem is NP-complete because it is a generalization of the NP-complete
coloring-problem (see Section 2.1). If the matrix size m is fixed, the M-partition problem is still
NP-complete. For some matrices, the M-partition problem is NP-complete, even if the whole
matrix is fixed, because for example Planar 3-colorability reduces to an M-partition with a fixed
matrix [Sto73].

If the graph is a cograph and the size m € N* of the matrix M € {0, 1, %} is fixed, there
is an algorithm that decides the list M-partition problem in linear time [FHHO06]. This section
generalizes this algorithm to P4-sparse graphs. The algorithm solves the list M-partition problem
with a fixed size m of the matrix for P4-sparse graphs in linear time.

Proposition 3. The list M-partition problem for headless spider graphs can be solved in time
(0] (nm +m?- 16’"), linear in n.

Proof. A headless spider graph G = ({ci,...,¢y,S1,..., 5}, E) with lists L satisfies the con-
ditions in Lemma 3 if p > m + 2 vertex pairs (ci, s1),...,(cp, sp) have the same lists. These
pairs of vertices are twin couples, so removing the vertices ¢12,...,¢p and sy,42,..., s, yields,
by Lemma 3, an induced subgraph of G that admits exactly the same matrices of size m with
corresponding lists.

Removing these redundant vertices for all different list pairs leads to the induced subgraph G’ =
(V',E") of G, which contains at most m + 1 vertex pairs with identical list pairs for each list pair.
G’ with lists L' := L still admits the same matrices with size m as G with lists L.

As there are (2’")2 = 22" different combinations of two lists and G’ contains at most .+ 1 vertex
pairs for each combination, the number of vertices in G’ is n’ := |V’| < 2-(m+1)-22". Obviously,
this upper limit for n” does not depend on the number n of vertices in G, although calculating G’
from G takes linear time in n. Therefore, checking all partitions whether they constitute a valid
M-partition does not increase the time in regards to n:

For every partition to check, every vertex is an element of one of the m classes. This means
that there are n'" possibilities to distribute the vertices to m classes. First, each partition is
checked whether it is compatible with the lists L', which takes the time O (n’ - m) per partition.

Partitions violating the partition condition given by the matrix M can be dropped in time O (n' 2

by comparing the adjacency of every pair of vertices in parts i, j € {1,...,m} to the value of M; ;.
All other partitions are valid, so G’ with lists L' and thereby G with lists L admits M if and only
if at least one valid partition is left.

The steps of this algorithm taking the most time are the calculation of G’ from G, which takes
the time O(n-m), and the adjacency comparison, which takes the time O (n’ 2). As a whole, the

algorithm therefore takes the time O (mn + n’2) cO (nm + 4m2(22’")2) =0 (nm +m?- 16’").
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3. List M-partitions of P4-sparse Graphs

The algorithm described in this section exploits the tree representation of spider graphs. The
matrices admitted by the graph of a node in the tree will be calculated from the node’s children.
The next lemma is a prerequisite for such an operation on spider nodes.

Lemma 4. Let G = (S UR,E) be a spider graph with lists L. The vertices R are the head of
the spider and the rest of the vertices S = {c|,...,Cy,S1,...,8,} split into the spider’s body
{c1,...,¢,} and legs {s1,..., sy}

Then G admits a matrix M € {0, 1, *}"™" if and only if there are submatrices Mg, Mr of M
(with S, R c N}},) such that G 0 R with lists Lg admits Mg and G 0 S admits Ms with lists L'
defined as follows:

L'(c;) =L(c;)~ {xeN;, | 3y e R.M,, =0}
L'(s;) =L(s;) ~ {x €N, |IyeR.M,, = 1}

Proof. “=" Let the graph G admit a matrix M € {0, 1, *}”. Then G has an M-partition with
classes Ay,...,A,. Let S ¢ N denote the set of indices i of classes A; containing vertices of S.
Similarly, let R c N, be the set of indices j of parts A; containing vertices of R.

Since G with lists L has an M-partition with classes Ay, ...,A,,, the same M-partition will be
valid if it is restricted to the vertices of the induced subgraph G n R with lists Lg. Restricting
the M-partition to the induced subgraph G n S with lists Lg also yields a valid partition for the
induced subgraph. As all vertices of R are in parts A; with i € R and all vertices of S are in parts
A; with i € §, G R with lists Lg will also admit Mz and Gn S with lists Lg will also admit Mg.

The last thing to prove is that G N S still admits M if the lists L instead of Lg are used. By the
definition of L', this claim is true if there are no parts x € S and y € R with

e avertex ¢; € Ayand M, , = 0 or

e avertex s; € Ayand M, , = 1.

The first case is not possible, because y € R implies Ay N R # & and therefore c; is adjacent to
a vertex r € Ayn R. Then M, , = 0 contradicts that Ay,...,A,, constitute an M-partition for G.
The latter case is not possible either, because the vertex r € A, N R is non-adjacent to s;, which
contradicts M,, =1 and Ay,...,A,, being a valid M-partition for G.

Hence, G n S with lists L' admits M.

“<" Let there be sets S, R c N, such that G n R with lists Lg admits M and G N S with lists
L’ admits Mgs.

Then G N R has an M -partition gA; (i € R) with lists gLg and G N S has an Mg-partition sA;
(i € S) with lists L'. The rest of the sets are treated as empty sets, gA; = @ (i € NY, N R) and
sA; = @ (i € N;, N S). The join A; := rA; U sA; (1 < i < m) of these classes constitutes an
M-partition for G with lists L:
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3. List M-partitions of P4-sparse Graphs

The sets Ay, ..., A,, are supersets of the sets gAy,..., gA, and gA1,..., sA,, and the lists L are
stricter than L, so any two vertices both within the same induced subgraph G N R or G n S will
not violate the partition condition for Ay,...,A,. Therefore, if the vertex pair r, g violates the

partition condition, there will be one vertex r € RN A, with some y € R and one vertex g € S NA,
with some x € S. If ¢ = ¢; forani € {1,...,v}, then x € L'(q) = L'(¢;) implies M, # 0
by the definition of L’. This cannot be a violation of the partition condition, because c¢; and r
are adjacent, so we may assume g = s; forani € {1,...,v}. Then x € L'(s;) = L'(q) implies
M., # 1, which is also no violation of the partition condition, because s; and r are not adjacent.
Therefore the partition condition is not violated and the classes Ay, ..., A,, constitute a partition
of G with lists L. Thus, G with lists L admits M. O

Lemma 4 requires a given partition submatrix Mg for the spider body and legs in order to deter-
mine whether G admits the matrix M. If no such submatrix is given, the algorithm from Propo-
sition 3 efficiently calculates all possible partition submatrices. With this prerequisites, the ma-
trices admitted by a given spider graph can be calculated in linear time:

Proposition 4. Let the graph G = (S U R, E) with lists L be a spider graph, where S is the
spider’s body and legs and R is the spider’s head. Let 2v = |S| be the number of vertices
in S and let M € {0,1,*}"™™ be a matrix. Let the set of matrices Mg contain all partition
submatrices of M that the induced subgraph G N R of G with lists Lg admits.

Given G = (S UR,E), L, M, and Mg, the set of partition submatrices of M admitted by G can
be calculated in time O (v cm- 4"+ m2 . 64’"), linear in v.

Proof. For each set of parts R c N such that G n R with lists Lg admits the submatrix Mg of
M, three steps are processed. Note that Mg € Mp.

Step 1: Let the lists L’ for the graph GN S be defined like the lists L’ in Lemma 4. Calculating
L' as follows takes the time O (v . mz): There are 2-v lists to calculate and each of them contains
at most m parts. For each part i € {1,...,m}, the |R| < m entries from the row M;,..., M, of
the matrix M have to be checked in order to decide whether i lies within the list or not.

Step 2: The set Mg of all matrices that G n S admits with lists L’ can be calculated in time
O (2"-(vm+m*-16™)) = O(v-m-2"+m*-32™) by using the algorithm in Proposition 3 on
every partition submatrix of M, of which 2™ exist.

Step 3: For each set of parts S such that Mg € Mg, Lemma 4 implies that G with lists gusL
admits the matrix Mgs. This takes the time O (m - 2™), as for each of the at most 2™ partition
submatrices in M, only the at most m parts have to be joined from the two sets R and S.

Step 1 to 3 as a whole need O (v cm- 2"+ m? 32’”) time, as step 2 dominates the time require-
ments. With Step 1 to 3 repeated for each of the 2" possible sets of parts R c N, all partition
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3. List M-partitions of P4-sparse Graphs

submatrices admitted by G with lists L are calculated in time O (2’” . (V cm-2" 4 m? 32’”)) =
O(v-m-4"+m*- 64™) O

Theorem 2. The M-partition problem with lists can be decided in linear time for P4-sparse
graphs if the size of M is constant and the graph is given in its tree representation.

Proof. Let G = (V,E) be a P4-sparse graph with lists L. For each vertex set V' c V, let the
matrix set My, ¢ M be the set of partition submatrices admitted by G n V' with lists Ly.. Each
node ¢ of the tree representation of G is assigned a vertex set V; c V, such that the subtree rooted
at ¢ represents the induced subgraph G n V;. The set My, containing all partition submatrices of
M admitted by the induced subgraph G n'V; with lists Ly, will be calculated for each node # from
the leaves to the root:

A leaf node maps to exactly one vertex v € V. For any partition P c N, the leaf’s graph G n {v}

with lists pLy,y admits Mp if and only if L(v) n P # @. Calculating M, therefore takes the
time O (2") or maybe O (mz), depending on how My, is stored.

For an inner node ¢ labeled U or + with the vertex set V;, the set of admitted matrices My, can
be calculated in time 290" if the sets of admitted matrices of the child nodes are known. This
was proven by Feder et al. ((FHHO6], Lemma 2.1 and its complement).

Assume that the inner node ¢ is a spider node labeled ® or , so the vertex set V; assigned to
tis V; = {c1,...,¢y,81,..., 8} UR. The set of admitted matrices My, with lists Ly, can be
calculated in time O (v cm-4" +m? - 64’") if the set of admitted matrices M is known. This is
the result of Proposition 4. Because ¢ has 2v leaves as child nodes and the whole tree contains
n leaves, the complexity for calculating all sets of admitted matrices for all spider nodes is
0(n-m~4m+m2-64m) €20(m .p,

The tree contains n leaves and thereby at most n — 1 inner nodes, so calculating the sets of
admitted matrices for every node in the tree takes the time 20(m) . . With this information
available, the list M-partition problem can be decided since G with lists L admits M if and only
if M € My and M, was calculated as the set of admitted matrices for the root node. ]

Corollary 3. The M-partition problem with lists can be decided in linear time for Ps-sparse
graphs if the size of M is constant.

3.3. The list M-partition problem with variable-sized M

If both the matrix M and the graph G with lists L are variable, the list M-partition problem is
NP-complete, since 3-Satisfiability (3SAT) can be reduced to the problem. This fact will be
shown in this section.

The 3SAT problem is about deciding whether an arbitrary boolean formula in conjunctive nor-
mal form (CNF) such that every clause contains exactly three literals is satisfiable. This prob-
lem is NP-complete [Coo71]. A boolean formula is in CNF if each clause is a logical OR
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3. List M-partitions of P4-sparse Graphs

of its literals and the clauses are connected by a logical AND. A boolean formula is satisfi-
able if the variables can be assigned values of frue and false such that the formula evaluates
true.

Let E be a boolean formula in CNF with three literals per clause. Let A € N* be the number of
variables appearing in E and let B € N* be the number of clauses. Let ay,...,as denote these
variables.

B
E= A (135 V215V 325)
B=1

Every ixg (B € Nj, i€ {1,2,3}) is a literal, a possibly negated boolean variable of E. Variables
can appear more than once in the formula, that means ;xg, and jxg, might be the same variable,
evenifi+ jor B # .

Let G = (AuB,{xxy|x,ye AuBAx#y}) be the complete graph with A + B (A = |A4],
B = |B|) vertices. The vertex a, € A (1 < a < A) represents the variable a, of E. As explained
later in detail, every vertex in A will have two possible parts of an M-partition that determine
whether the corresponding variable is true or false in a specific assignment. Each vertex bg € B
(1 £ < B) corresponds to one clause 1xg V 2xg V 3x3 of E. These vertices choose between three
parts of an M-partition, where every part requires a different literal of the clause to be true. This
will also be described more formally later.

The symmetric matrix M € {0, 1, x }2>A*3824+38 hag 2. A + 3. B rows and the same number of
columns. M splits into two diagonal blocks 154 € 24 M4 and 135 € 33 M3p containing only 1
entries and a submatrix C € ;4 M3p as well as C’s transposed C” in the upper right and lower
left corner. Therefore, it looks like this:
Ipy C
(CT 13 B)

The columns of C can be grouped into B submatrices 3C € {0, 1, +}243(1 < B < B). The matrix
gC encodes the clause x3 Vx5V 3x5: For I <« <A, the i-th column (1 <i < 3) of the (2a—1)-th
and (2a)-th row of gC are

° ( } ) if the literal ;xg does not represent the variable a,,
° ((1) ) if the literal ;xg unnegatedly represents the variable a,,, and
) (? ) if the literal ;xg negates the variable a,.

The vertex a, is only allowed to be placed in partitions 2« — 1 and 2a by its list L(a,) =
{2 - 1,2a}. The vertex bg must be in only one of the partitions 24 + 38 -2, 2A + 38 - 1, or
2A + 3B because of its list L (bg) = {2A + 382,24 + 38— 1,24 + 3B}

As the construction of G, L and M is straightforward, it is obviously possibly to construct
them in polynomial time, given a boolean formula E. The following theorem reduces the
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3. List M-partitions of P4-sparse Graphs

satisfiability problem for E to the list M-partition problem and therefore shows that it is NP-
complete.

Proposition 5. The previously defined graph G with lists L admits an M-partition if and only if
the boolean formula E is satisfiable.

Proof. “=" Assume that G = (A u B, E) admits an M-partition Ay,..., Az, By,...,Bsp with
lists L. B; is the (2A + i)-th part of the partition. By the definition of the lists L, we obviously
have A = U, A; and B = U35 B..

For every a € {1,...,A}, let the variable a, have the value frue if a, € Aj,- and false if
aq € A (by construction of the list L (a,) = {2 — 1,2a}, there are no further possibilities).

For every 8 € {1,..., B}, the vertex bg is in a part B3g_3,; with i € {1,2,3} by construction of
the list L (bg) = {24 +38-2,2A+ 38— 1,2A + 3}. Let a € {1,..., A} be chosen such that a,
is the variable represented by the literal ;xg, then

Moa-124+3p-3+i | _ [C2a-13p-3+i | _ [8C2a-1.i
M3a 241383+ Caa,38-3+i BC2q.i
is either
° ((1)) if ;xg does not negate a,, or
° (‘1)) if ;x5 negates da,.

As the vertices bg and a,, are adjacent, a, must be in part 2« — 1 if the literal ;xg does not negate
aq, in this case let a, be assigned frue, or in partition 2« if the literal ;xz negates a,, then let a,
be assigned false. In both cases, ;xg evaluates true, so the whole clause 1xg V 2xg V 3xp is true
with the given assignment.

This applies to every clause and therefore, the assignment satisfies the boolean formula E if the
graph G with lists L admits an M-partition.

“«<=" Assuming there is an assignment to the variables ay,..., a4 satisfying E, an M-partition
Ai,..., A4, Bi,...,Bsp admitted by G can be constructed:

For every @ € {1,...,A},

o if a, is true, then Ayy—1 == {a,}, Aze = @,
o if a, is false, then Ayy_1 = @, Are = {as}.

For every B € {1,...,B}, the clause 1Xg V 2xg V 3x holds true for the observed assignment.
Therefore, an i € {1,2,3} exists such that ;xg is true. After defining Bag_34; = {bﬁ}, Big_34j =
@ (je{1,2,3} ~ {i}), all vertices are assigned to parts with respect to their lists.

Since the diagonal blocks of M will obviously not prevent G from admitting the M-partition
(they contain only 1 entries and G is a complete graph), only the submatrix C needs to be
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3. List M-partitions of P4-sparse Graphs

analyzed more thoroughly. G would obstruct the M-partition with lists L only if there were
@ € N}, B € N with a, € Ao, for some i € {0, 1} and bg € B3, for some j € {1,2,3} such
that Cy,—;35-3+; = 0. By the construction of C, this can happen only if either i = 0 and the literal
jXg unnegatedly represents the variable a, or i = 1 and the literal ;xg negates the variable a,. By
the definition of the parts As,_1 and Ay,, a, would be false if ;xz negates a, and true if jxg is
a.. In both cases, the literal ;xg evaluates false. This contradicts the choice of j, since, by the
construction of Big_3, j, bg € B3g_3,; implies that ;xz is true.

Therefore G with lists L admits the M-partition. O

Theorem 3. The list M-partition problem is NP-complete for complete graphs if the graph, its
lists and M are variable.

Proof. The boolean formula E is an arbitrary boolean formula in CNF with exactly three literals
per clause. Deciding its satisfiability is the NP-complete 3SAT problem [Coo71]. The preceding
proposition therefore reduces the 3SAT problem to a list M-partition problem, so this is also
NP-hard.

Whether given sets are a valid partition can be decided in polynomial time by comparing the
adjacency of every pair of vertices with the matrix entry determined by their parts. Thus, the list
M-partition problem is in NP and so the list M-partition problem is NP-complete for complete
graphs. O

The theorem is still true if G and M are complemented:

Corollary 4. The list M-partition problem is NP-complete for empty graphs if the graph, its
lists and M are variable.

As the problem is NP-complete for complete graphs, of course it is also NP-complete for all
larger classes of graphs.

Corollary 5. If the graph, its lists and M are variable, the list M-partition problem is NP-
complete for complete bipartite graphs, for cographs, and for P4-sparse graphs.

3.4. Maximum size of a minimal M-obstruction graph with lists

Theorem 4. Let f :m — 4™ (m + 1)!. For every m € N*, every m-by-m matrix M, and every
Py-sparse graph G with lists that is a minimal M-obstruction, G has at most f(m) vertices.

Proof. Let M be a matrix an m-by-m matrix and let G be a P4-sparse graph with lists L that is a
minimal M-obstruction. Either G or its complement is disconnected or G is a spider graph since
G is P4-sparse. The theorem will be proved by induction over m € N*,
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3. List M-partitions of P4-sparse Graphs

Let m = 1. If a graph G obstructs M with lists L, then G = (V, E) has a vertex u € V with the list
L(u) = @ or G contains two vertices v,w € V that are adjacent or non-adjacent while the matrix
is M = (0) or M = (1), respectively. In the first case, G n {u} obstructs M with lists Ly, and
since G is a minimal M-obstruction with lists L, we have V = {u} and |G| = 1 < f(1). In the
second case, G N {v,w} obstructs M with lists Ly, and this implies |G| =2 < f(1).

Now assume that the theorem is correct for all m’ < m e N* \ {1}.

Case 1: Assume that G or its complement is disconnected. If G is not a spider graph,
we may assume that G = G| U G, is disconnected by complementing G and M if necessary. For
j € {1,2}, let M contain all partition submatrices of M that G; = (V;, E;) obstructs with lists
Lg;, all of which have a size lower than m because G; = (V;, E;) admits M with lists Lg,. Using
M := {M} in Corollary 1 and Lemma 2 shows that G is a minimal /M j-obstruction with lists
Lg;. For every matrix MeM j» the largest P4-sparse graph that minimally obstructs M with lists
has a size of at most f(i) by the inductive assumption where i is the size of M. For each M € M,
G obstructs M with lists and therefore contains a minimal M-obstruction G i = Vi Ejgp) as
an induced subgraph. G; N (U . Mm; Vi #1) obstructs M ; and as G is a minimal M j-obstruction,

we see V; = Uyepq, Vg This implies G| < Yitem; Vil < Zociem (")f(i). Combining
the results from j = 1 and j = 2 yields |G| = |Gi| + |Ga| < 2 Toicm (1) £(i). By the inductive
assumption, this implies the proposition:

6l<2 3 (7)r0)

O<i<m

DI YL (Z!_i)!4”l(i+1)!

O<i<m b
—m .
2 % (m+ 1yt 270+
O<i<m (m_l)!m+1
4—k
<d"™Ym+1)12 > —
O<k<m k!

< 4™ (4 1)1-2(ef - 1)
<4™ N (m+ 1) = f(m)

Case 2: Assume that G is a spider graph. G = (V,E) is a spider graph with the vertex set
V =S UC UR partitioned into the spider’s body C = {ci,...,c,},legs S = {s1,...,s,}, and head
R. As G is a minimal M-obstruction with lists L, Lemma 3 implies that, for each pair of lists
(L(¢i), L(s;)) c Ny x N* | there are at most m + 1 pairs of vertices in {(c1,1);...;(¢cy, 5,)} that
have these lists. There are (2")? possible pairs of lists, so we see |[S UC| < (m + 1) -2-(2™)2.

For R = @, this implies the claim |G| = |S U C| <2(m + 1)4™ < f(m). Thus, assume R # &.

For each r € R, the induced subgraph G \ {r} admits M with lists Lg. (, since G is a minimal
M-obstruction with lists L. By Lemma 4, there are sets S,, R, ¢ N}, such that Gn (R~ {r}) with
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3. List M-partitions of P4-sparse Graphs

lists Lg. ;4 admits Mz, and G n (S u C) admits M, with lists L : § uC — P(N;,) defined as
follows:

Li(c;) =L(c;)~ {xe N} | Iy e R,.M,, = 0}
Li(si) =L(s)~ {xeN;, | Iy e R,.Myy =1}

As G obstructs M with lists L, by Lemma 4 it is not possible that G N R admits Mg, with lists
Lg while G n (S uC) admits Mg, with lists L. Thus, G n R obstructs M, with lists Lg. This
implies R, # N, since G n R as an induced subgraph of the minimal M-obstruction G admits
M = My .

m

Let Mg := {Mg, | r € R}. Then GNR obstructs Mg with lists Lg and, for any r € R, GN(R~{r})
admits a matrix in Mg. Hence, G n R is a minimal M g-obstruction. Similar to Case 1, we see
that the size of G N R is at most the sum of the sizes of all minimal Mg, -obstructions. The
matrices in Mg have a size of at most m — 1, so we conclude

Imsg;(ﬁﬂﬂ

<4™ Ny D1 (ef - 1)

1
<4 (me 1)l

The size of G therefore is
Gl =[5 uCl+|R
1
=2(m+1)4" + 4™ (m+1)! 3

= (m+ 14 -%+4m+‘(m+ -

<(4™(m+1)1)- (% + %)

<A™ m+ 1) = f(m)

Q| =—
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4. Minimal M-obstruction, P,-sparse Graph
without lists

This chapter has its focus on the M-partition problem without lists. The matrix M has no di-
agonal *s, since otherwise any graph would admit M and the problem becomes trivial. By
permutating the rows and columns, M may be written in block form with £ diagonal Os in the
first rows and then / diagonal 1s.

4.1. Upper Bounds for minimal M-obstruction, P,-sparse
Graphs with bound clique sizes

Proposition 6. Let M c UZ’ZI {0,1, * " be a non-empty set of matrices with a maximum size
of m € N*. Let G be a Py-sparse graph that obstructs M minimally. Let the maximum clique
size in G be r e N*.

m+r
r

Then G has at most g(m,r) = 2( ) —m — 1 vertices.

Proof. The proposition will be proved by induction over m + r.

The lowest possible value for m is 1, in which case there is only one matrix M € M, and then
G has at least one vertex, as it is an M-obstruction. This implies > 1. The lowest possible
value for m + r therefore is m + r = 2 with M = {(1)} and G = ({v,w},@}. This implies
IG|=2=2-2-1-1=g(1,1).

Let m,r € N* and assume the proposition to be true for all ', m’ with r' + m’ < r + m. Let M
be a set of matrices with maximum size m and let G be a P4-sparse graph with maximum clique
size r.

The root node of G in its tree representation is either one of the two types of spider nodes ®
or *, a node U for a disjoint union, or a node + for a join. The following proof distinguishes
between these cases. The upper limit of vertices of G for roots ®, » and + will be shown to be
|G| < g(m,t) + g(m,r —t) witht € {1,...,r — 1}. If the root is labeled U, the upper limit is only
|G| < g(m—1,r) + g(m,t) + g(m,r—1).
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4. Minimal M-obstruction, P4-sparse Graph without lists

Case 1: Assume the root node is labeled +. In this case, there are two disjoint, P4-sparse
graphs G, G, with G = G| + G,. Let ¢ be the size of the largest clique in G and let 7’ be the
largest clique in G,. The union of these cliques is a clique in G of size t +1'. r > t + ¢’ being
the size of the maximum clique in G implies 1 <7 < r—1and ¢ < r - t. Using Lemma 2, we
conclude that G| and G, are minimal obstruction graphs of matrix sets with maximum size m,
which means |G| < g(m, t) + g(m, r — t) by induction.

Case 2: Assume the root node is a spider node. Before the main part of the proof, note
that the following formula is correct for allm > 1 and p > 1:

|
2p:2p+2—2:2( +‘))—1—132("”’3)—;11—1:g(m,p) 4.1.1)
p P

Since G = (V, E) is a spider graph, its node set may be writtenas V = {cy,...,¢,}u{s,...,s,}U
R, where {ci,...,c,} is the spider’s body, {s,...,s,} is the spider’s legs, and R is the spider’s
head, which is the same terminology as in Definition 11. If R is empty, G has exactly 2v < 2r
vertices. Using Inequality 4.1.1, this results in |G| < 2r = 2r — 2t + 2t < g(m,r — t) + g(m, 1) for
any te{l,...,r—1}.

Now assume R # @. Any clique in G n R is part of a clique in G with the v additional vertices
C1,...,Cy. As the maximum clique size in G is r, the maximum clique size in GN R is r — v. By
the inductive assumption, the number of vertices in G N R is |R| < g(m,r — v), which limits the
number of vertices in G to

|G| =G n{s1,...,8y.¢l,...,c, }| +|GNR| =2v +|R| < g(m,v) + g(m,r— V)

The inequality in the preceding formula is a result of Inequality 4.1.1. By the definition of spider
nodes, we have 1 < v, and as the maximum clique size r — v of G N R is positive, we have v < r.
Defining ¢ := v results in the same inequality as in the case R = @: |G| < g(m,r—1t) + g(m, t) with
1<t<r-1.

Case 3: Assume the root node is labeled u. Forall 1 < <r, g(m,r) = 2("™" ) =m~1<
2(’";" ) —-m—1 = g(m,r) is true. Therefore and by the inductive assumption, we conclude
|G| < g(m,r) if the largest clique in G contains less than r vertices. Hence, we will assume that
the largest clique in G contains exactly r vertices.

rxr

G is a P4-sparse graph and therefore perfect and r-colorable. Let F, € {0,1,*}""" be the matrix
with only Os on the diagonal and only *s everywhere else. Due to the fact that the graphs
admitting F, are exactly the r-colorable graphs and since G obstructs all matrices in M, no
matrix in M contains F, as a submatrix.

Since the root node is labeled U, G is a disconnected graph. Let G| be the induced subgraph of G
containing only the vertices of the connected component with the largest clique, which has size
r, while the induced subgraph G, contains all other vertices. Thus, G and G, are two disjoint,
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4. Minimal M-obstruction, P4-sparse Graph without lists

P4-sparse induced subgraphs of G with G = G| U G,. As G obstructs the set M minimally,
G1 ¢ G admits a matrix M € M. Let M, be the set of partition submatrices My of M such that
there are sets of parts P, Q c N;, with Mpo not containing a 1 and G| having an Mp-partition.
G, obstructs M, as otherwise G; U G, = G would admit M by Lemma 1. Because F, is not
a submatrix of M and G; contains a clique of size r, every Mp contains a 1 in its diagonal.
Because Mp does not contain a 1, we conclude My # M and therefore My has a size smaller
than m. G, obstructs My := Upyepar My, as it is a union of matrix sets obstructed by G,.

Assume there is an induced subgraph G, of G, that obstructs M. Let M be any matrix in M.
Then for all sets of parts P, Q c N, for which G| admits Mp and Mpg contains no 1, we have
Mg € M and therefore G, obstructs M. This means G5 U G| obstructs M by Corollary 1. As
M was chosen arbitrarily, G5 UG, an induced subgraph of G, also obstructs M. This contradicts
that G is a minimal M -obstruction.

Hence, G, is a minimal M-obstruction and the matrices in M> have a size of at most m — 1.
By the inductive assumption, G, has only |G,| < g(m — 1,r) vertices. Since G is P4-sparse and
connected, the root node in the tree representation of G is either labeled + or a spider node. As
shown, there is a t € {1,...,r— 1} in these cases such that G| has |G| < g(m,t) + g(m,r —t)
vertices. Adding the two inequalities yields |G| = |G2| +|G1| < g(m—1,r) + g(m,t) + g(m,r—t).

All cases: Inductive step. The rest of this proof requires an inequality that will be proved
first. Iteratively using the well-known identity Va, x € N.(“t*) = (“”“) = (9), we find (“1¥) -

, , ) X x+1 x+1 X
(‘H,x ) =yl (”“) for all x’ > x. Thus, for t < r — 1 and m € N* we have

x i=x  \i+1
("))
=(mr 1) - (mr 1) + (m:t) + (m +r(_r1— 1)) _ (m +r(_r1— 1)) . (m +r(_rt—t))
=(mIr 1) N (m +r(_r1— 1)) +§ (7;1:11’) _;‘Zri (131:11') win)
(") (

(m+i) (m+i+r—t—1))
i+1 i+r—t

Even in the worst case — if the root node is labeled U —, the proposition can be proved with the
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4. Minimal M-obstruction, P4-sparse Graph without lists

help of Inequality 4.1.2:

|G| < g(m—-1,r) +g(m,t) + g(m,r—1t)

:2(m+r—1)_m_2+2(m+z‘)_m_l+2(er}’—1‘)_”1_1
r t r—t

() ()l ) s
2(m:r)+(2m+2)—3m—4

<2(m+r)—m—l

r

IN

=g(m,r)

Complementing G in Proposition 6 yields the following corollary:

Corollary 6. Let M be a matrix set with maximum matrix size m € N*. Let G be a P4-sparse
graph and a minimal M-obstruction. The largest stable set in G contains at most r vertices.

Then G has at most g(m, r) = 2(™*") — m — 1 vertices.

4.2. Upper Bounds for minimal M-obstruction, P,-sparse
Graphs

Theorem 5. Any minimal M-obstruction, Ps-sparse graph G has at most O (16™) vertices.

Proof. Let G be in its tree representation and assign every node ¢ of the tree a set M, of par-
tition submatrices of M such that the graph G; corresponding to the node ¢ is a minimal M-
obstruction. The set M, of the root #y consists of the matrix M only. Obviously, the number of
vertices of G; is the number of leaves of the subtree rooted at ¢ and therefore, the size of G = G,
is the number of leaves in the whole tree.

Let i (m,m) denote the maximum number of vertices that a graph G, can have if the greatest
size of a matrix in M, is m and all matrices in M, are submatrices of a matrix of size m. In
the first step of this proof, the inequality 4 (m,m) < 2™ (2(2’;') —mn- 1) +2h (m,m— 1) will be
shown.

If G, has a maximum clique size of at most /7, then the size of G, is |G| < 2(2,7’:1) -m—1 by

Proposition 6. The size of G, is also |G,| < 2(2’;7’ ) —m — 1 if the largest independent set in G, has
size at most 7z by Corollary 6.

If instead the maximum clique size of G; is greater than the maximum matrix size /m of M,
and the maximum independent set size of G, is also greater than 7/, there are different cases to
consider:
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4. Minimal M-obstruction, P4-sparse Graph without lists

Case 1: Assume the node  is labeled u. Let k be the maximum number of diagonal Os of
the matrices in M. The node ¢ has two child nodes ¢ and ¢’ with G, = Gy U G,». There are two
subcases, of which only the first will be proved completely here. In the second subcase, G, will
be shown to consist of the induced subgraphs G’ with an independent set of size greater than 7
and an induced subgraph G” with |G”| < (2’;”) —m — 1. The second subcase will be shown later

to also lead to a number of vertices of G, of at most 2" (Z(Zﬁl'h) —in- l) +2h (m,m—1).

In the first subcase, Gy and G, both contain a clique of size greater than k. Let M, be the
set of all matrices My such that there is a matrix M € M, with size /i and and parts P, Q c N},
such that Mpg contains no 1 and G admits Mp. There are more vertices in the largest clique
of G, than there are diagonal Os in Mp. Because vertices of the same clique cannot be placed
in the same part i if M;; = 0, every Mp-partition of G uses a part j € P with M;; = 1. From
the facts that M p,o contains no 1, M ;.j = 1and je Pfollows j ¢ O, and therefore the matrix MQ
is smaller than Mp, and especially |Q| < 7 < 7. By Corollary 1, Gy obstructs the matrix Mo
and therefore G, obstructs M;». By Lemma 2, G~ is also a minimal M ~-obstruction. As the
maximum matrix size of M~ is smaller than 7z, this means |G| < h (m,m —1).

Because G, also contains a clique of size greater than k, the graphs G, and G~ in the proof
above can be exchanged, which proves the inequality |G| < h (m,m — 1). Therefore, the size of
G[ iS |G[| = |Gt’| + |G[’/| < 2h (m,ﬁ1 - 1)

In the other subcase, let G’ := G,» have a maximum clique size of at most k, without loss of
generality, and let the largest clique in G’ := G, have a size greater than /. Therefore the number
of vertices in G is |G”| < (2’;’) —im — 1. Obviously no matrix can contain more diagonal Os than
it has rows, so k is smaller than 7. This subcase will be analyzed together with similar subcases
of different labels for the node ¢ later in this proof.

Case 2: Assume the node r is labeled +. Let [ be the maximum number of diagonal 1s
of the matrices in M,. Let ¢’ and ¢ be the child nodes of ¢z, which means that G; = G, + Gy».
Complementing G and M in the case where ¢ is labeled U leads to the conclusion that G, has at
most 2i (m, 7 — 1) vertices if both Gy and G, contain an independent set of size greater than /.

Otherwise and without loss of generality, let the graph G” := G,» have a maximum independent
set with size of at most / and therefore its number of vertices is |G”| < (zﬁT) —in - 1. In this
subcase, G’ := G, has an independent set of size greater than 7. This subcase will be analyzed
later in the proof, together with similar subcases of different labels for the node z.

Case 3: Assume the node ¢ is a spider node. Using the terminology from Definition 11,
let G; = (V;, E;) contain the vertices in the set V; = {cy,...,¢,} U{s1,...,8,} UR.

Because G; is a minimal M-obstruction graph, Lemma 3 can be applied if lists are defined as
L(v) =V, \ {v} for every vertex v € V,, which effectively means that there are no restrictions
where vertices can be placed. Lemma 3 implies that the number 2v of vertices in the spider’s
body and legs G; \ R is at most 2/ + 2.
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4. Minimal M-obstruction, P4-sparse Graph without lists

If the spider’s head G; N R has a maximum clique size or maximum independent set size of at
most /1, then the number of vertices of G; N R is at most 2(2ﬁ1m) —m — 1. In this subcase, the

number of vertices in G is |G, =2v +|R| < 2 + 2 + 2(2,;7’) -m-1= 2(2’71) +m+ 1.

i
Otherwise, G’ := GNR has a clique and an independent set of size greater than m and G” := G\R

has at most 2/ +2 vertices. This subcase will now be analyzed together with the similar subcases
of nodes labeled U or +.

At this point, G; has been shown to either have less than max {2(221) +m+1,2h (m,im - 1)}
vertices or that all of the vertices of G; are in the disjoint induced subgraphs G’ and G”, where
G"' has at most max {2171 +2, (zﬁ'j’ ) —m- 1} vertices and G’ has an independent set or clique of
size greater than 7.

1 := G’ may have less than max {2(2,21) +im+1,2h (m,m - 1)} vertices or, again, G/ splits up
into two induced subgraphs G} and G} with G}, being a graph with an independent set or clique
of size greater than /i and G5 having at most max{2/n+2, (2:7 )—m~1} vertices. Further repetition
leads to 2s graphs G,...,G} and GY,...,G", such that for every 1 <i < s, G/ contains a clique
and an independent set with more than /i vertices and G’ has at most max{2/m + 2, (27:'7 ) —-im-1}
vertices. Let G have at most max {2(2,;") +m+1,2h (m,m - 1)} vertices. An upper limit for s
will now be proved, namely s < 2", which will eventually lead to an upper limit for the number
of vertices of G;.

For 1 <i< s, let N; be the set N; := {P c N, | G/ obstructs Mp}. For two indices i, j (1 <i< j<
5), G'; is an induced subgraph of G; and G; is a minimal obstruction graph for some set M, of
submatrices of M. Therefore G; does not obstruct M; and hence N; ¢ N;. As there are only 2"
different subsets of N, , this implies s < 2™,

Hence, the s graphs G, ..., G together have at most 2" - max{2m + 2, (2’;7’) — i — 1} vertices
while G’ has at most max {2(2,;7’) +m+1,2h (m,im - 1)} vertices. Because every vertex of G,
lies in exactly one of the induced subgraphs GY,...,GY,G’, G, has at most 2" - max {27 +
2, (2,1’?) —m — 1} + max {2(2,7’1") +ii+1,2h (m, /- 1)} vertices, which together with the other
cases completes the first step of the proof: For every m > m > 1, the maximum number of
vertices of a minimal M-obstruction, P4-sparse graph where all matrices in M are submatrices
of a matrix M € {0, 1, %} is

21 21
h (m, i) §2m-max{2ﬁ1+2,( f") -1} +max{2< i") + i+ 1,2k (m, i~ 1)}
m m

2
<(2'"+1)-(2( i")+m+1)+2h(m,m—1)
n
In the case /i = 1, we have h (m, 1) <3 < (2’"+l)-(2(?)+1+1).

In the second step of the proof, the recursion will be resolved to a sum. The formula will be
simplified even further with the help of the inequality > 7 _, (znif) < yam (Zm) = 22m:

m=1\m
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m=1

< (22’"”) . i (2(2’7’?) +m+ 1)

m=1

< (22m+1) . (22m+l + m(m+1) +m)

h(m,m) < i 2L (2™ 4 1) - (2(2’%) + i+ 1)

2

Therefore, the number of vertices of any minimal M-obstruction, P4-sparse graph is at most
h(m,m) € O((22m1) - (221 4 25t ) ) = 0(16™). O
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5. Minimal M-obstruction, P,-sparse Graphs
with constant matrices M

In this chapter, let the matrix M be an (a, b, ¢)-block matrix. This means that its first k diagonal
entries are all 0 and all other / diagonal entries are 1. The diagonal of M does not contain any
*, so the matrix size is m = k + [. The entries of M can be divided into four blocks: the upper
left block with all diagonal Os, the lower right block with all diagonal 1s, and the two remaining
blocks on the lower left and the upper right. In each of these blocks, all entries have the same
value, except those in the diagonal of M. The off-diagonal entries in the upper left block all have
the value a, while the off-diagonal entries in the lower right block all have the value b. All other
entries, which are those in the upper right and lower left block, have the value c. a, b, and ¢ can
be 0, 1, and *, but we may assume a # 0 and b # 1 because such blocks are equal to a single 0 and
1 entry. A matrix meeting those criteria is also called a constant matrix.

An (a, b, c)-block matrix is completely determined by the parameters a, b, ¢, the number k of Os
in its diagonal and the number / of 1s in its diagonal. If a,b,c are clear from the context, then
M([K', '] stands for the (a,b,c)-block matrix with k" diagonal Os and /" diagonal 1s. Note that
M([K',I'] is a partition submatrix of M if and only if K’ < kand I’ < [. If k¥’ < Q or I’ < 0, then
M{[K',I'] shall be treated like a matrix that every graph obstructs.

Lemma 5. Let M be an (a,b, c)-block matrix with a = *,b € {0, *},c € {0,*}, let G = G; UG,
be a disconnected graph and let k,x,y € N be natural numbers. If G| admits M[k, x] and G,
admits M[k,y] then G admits M[k, x + y].

Proof. LetAy,...,Apsxbe an M[k, x]-partition of G| and let By, ..., By, be an M[k, y]-partition
of G,. Then obviously Aj U By,...,Ax U B, Agsts ..., Ak Birts - Biay is an Mk, x + y]-
partition of G. O

5.1. (*, *, x)-block matrices

Theorem 6. Let M be a (*, *, *)-block matrix and let G be a minimal M-obstruction, P4-sparse
graph. Then G is a cograph.

Proof. This proof distinguishes between two cases: Either one of the values k or / are zero or
both k and [ are greater than O.
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Starting with the first case, either k or [ is 0. We may assume [/ = 0, the other subcase follows by
complementation of G and M. A graph admits M if and only if it is k-colorable. Since G as a
P4-sparse graph is perfect, it is k-colorable if and only if its largest clique consists of at most k
vertices. Therefore, a P4-sparse graph obstructs M if and only if it has the complete graph K+
with m + 1 = k + 1 vertices as an induced subgraph. K, is P4-sparse already, so it is the only
minimal M-obstructing P4-sparse graph. K, is also a cograph, so all minimal M-obstruction
P4-sparse graphs are cographs if k =0 or /= 0.

Looking at the second case, let both k and / be at least 1. First assume the root node in the
tree representation of G is a spider node. Using the terminology as in Definition 11, the node
set V of G = (V,E) may be written as V = {cy,...,¢y, 51,...,8,} UR where {ci,...,c,} is the
spider’s body, {s1,...,s,} is the spider’s legs, and R is the spider’s head. Since G is a minimal
M-obstruction, every induced subgraph of G admits M, so there is an M-partition Aq,...,A,,
of G N R, where Ay,...,A; are independent sets and Ag_1,...,A,, are [ cliques. The vertices
S1,..., S8, are non-adjacent to each other and they are non-adjacent to every vertex in R, so
Ay u{si,...,s,} is also an independent set. Similarly, the vertices cy,...,c, are adjacent to
each other and adjacent to every vertex in R, so A,, U {ci,...,¢,} constitutes a clique. Hence,
Ayu{sy,....8} A0 ...,Ap_1,An U {c1,...,cy} is an M-partition of the M-obstructing graph
G, which is a contradiction. Therefore the root node of G is not a spider node.

The rest of the proof uses induction on the matrix size m. The induction base m = 1 has already
been proved, as this case implies either k = 0 or / = 0. The induction step was already proved
for all matrices smaller than the given matrix M. As shown above, the root node in the tree
representation of G is not a spider node, so by complementing G and M if necessary, we may
assume that G = G| U G is a disconnected graph.

G is a minimal M-obstruction, so the induced subgraphs G and G, both admit M = M[k,I].
This implies that G| obstructs M[k, 0], as otherwise G would admit M[k,0 + ] = M[k,l] = M
by Lemma 5. Now let /; be the smallest number such that G; admits M[k,[;]. As G| obstructs
M{[k,0] but admits M[k,1], we have 0 <[} <I. G obstructs M = M[k,l; + (I -1;)] and hence G
obstructs M[k,1-1[;]. Let M, M, be matrix sets defined as M; = {M[k,I'] |0<!' <[} and
My = {M[k,I']|0<I' <l-1;}. This satisfies the conditions of Lemma 2: G; obstructs M
and G, obstructs M. For any two sets of parts P,Q ¢ N, with Mp ¢ M, and My ¢ M, the
matrix Mp has the partition submatrix M[0,[; ] and M has the partition submatrix M[0, [-[;+1].
Since Mp and M together contain at least /; + /- [; + 1 > [ rows with a 1 in the diagonal entry,
the submatrix Mpgp of M contains at least one 1 in the diagonal. By Lemma 2, G is a minimal
M -obstruction and G, is a minimal M>-obstruction. All matrices obstructing M[k,l; — 1]
also obstruct M, and all matrices obstructing M[k,[ — [;] also obstruct M,. Thus, G is a
minimal M|k, [} —1]-obstruction and G, is a minimal M [k, [—[; ]-obstruction, so by the inductive
assumption, both G; and G, are cographs. This makes G = G| U G, a cograph, too. O

Because Feder et al. have determined the number of vertices of cograph minimal M-obstructions
for (*,*,*)-block matrices ((FHKM99], Corollary 4.2), the number of vertices of G can be
exactly specified using the preceding theorem:
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Corollary 7. Let M be a (*, *, *)-block matrix. Then every P4-sparse, minimal M-obstruction
graph has exactly (k + 1)(1+ 1) vertices.

5.2. Staircase-like (a, b, c)-block matrices

By excluding the redundant cases a # 0 and b # 1, there are 12 combinations of a, b, and ¢
to consider. In the first of these combinations, (a,b,c) = (*, %, *), minimal M-obstructing P4-
sparse graphs were already shown to have the same upper bound of vertices as M-obstruction
cographs in Theorem 6. In this section, upper bounds for the other combinations will be proved.
In order to do that, spider graphs and disconnected graphs will be shown to have a couple of
properties that are needed for the proof of the upper bound.

Lemma 6. Let M be an (1, %, *)-block matrix and let G be an M-obstruction spider graph with
the vertex set V = {c1,...,Cy, S1,...,8,} UR where {c1,...,c,} is the spider’s body, {s1,...,sy}
is the spider’s legs, and R is the spider’s head.

Then all of the following holds:
e G N R obstructs M[k,l - v]
e k=0o0rl=0o0rGnR obstructs M[1,1].

Proof. We assume that G n R does not obstruct M[k, [ — v], so there is an M[k,[ — v]-partition
Al,..., A, By,...,B_, of GnR. The vertices cy,...,c,,S],..., S, can be partitioned into the v
cliques C; == {c¢;, s} (1 <i<v)if G is aslim spider or Cy == {c1,8,}, C; := {ci, si-1} 2 <i<v)
if G is a fat spider. Then A4,..., A, By,...,Bi-,C1,...,C, are an M[k,[-v+v]-partition, which
contradicts the fact that G obstructs M = M|k, []. Figure 5.1 illustrates this M|k, []-partition of
G in the case of a slim spider graph.

Assume next that k > 0 and / > 0 although G n R does not obstruct M[1,1]. Then there is
an M([1,[]-partition A, By,...,B; of G N R such that A is an independent set and By, ..., B; are
cliques. Since the vertices s1,..., s, are non-adjacent to all vertices in R, especially A, and since
the vertices cy,...,c, are adjacent to all vertices in R, the set A U {s1,...,s,} is an indepen-
dent set in G and the set By U {cy,...,c,} is a clique in G. Therefore, AU {sy,...,s,},Bj U
{c1,...,¢y},Ba,...,Byis an M[1,[]-partition of G. Since k > 0, the matrix M[1,/] is a partition
submatrix of M[k,[] and therefore G does not only admit M[1,!] but also M[k,!] = M, which
is a contradiction. Figure 5.2 illustrates this M[1,/]-partition of G in the case of a fat spider
graph. O

Proposition 7. Let M be an (1, x, x)-block matrix with | > 0 and let G be a spider graph with
the vertex set V = {ci,...,Cy, S1,...,8,} UR where {c1,...,c,} is the spider’s body, {s1,..., sy}
is the spider’s legs, and R is the spider’s head. G obstructs M if and only if G ~ {c1,...,¢,}
obstructs M.
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Figure 5.1.: Possible partition of G if GNR Figure 5.2.: Possible partition of G if GNR
does not obstruct M[k,[—v] does not obstruct M[1,1] (IS is
an independent set)

Proof. “=" Assume that G obstructs M. By Lemma 6, G n R obstructs M[k,l - v] and, if k is
greater than 0, G N R also obstructs M[1,!].

We assume contrary to the proposition that G’ := G ~ {cy,...,c,} admits M. Then there is an
M-partition Ay, ...,Ay, By,...,Bjof G.

Assume all vertices s1,..., s, in the spider’s legs are elements of clique parts. All vertices in the
spider’s legs are pairwise non-adjacent, therefore we may assume s; € By,...,s, € B,, without
loss of generality. As the vertices in R are non-adjacent to the vertices in the spider’s legs, none
of the vertices in R can be an element of a clique together with a vertex s; (1 < j < v). This
implies B; "R = @ (1 < j < v) and therefore the parts Ay nR,...,AynR,B,;,1 NR,...,B;NR
constitute an M|k, — v]-partition of G N R. This contradicts Lemma 6.

Assume that at least one of the vertices si,..., s, in the spider’s legs is an element of an inde-
pendent set part. This implies k£ > 0 and then, by Lemma 6, G n R obstructs M[1,/]. Assuming
s1 € A without loss of generality, as M is a (1, , * )-block matrix, all vertices in Ay, ..., A; must
be adjacent to 5. Because s is non-adjacent to the vertices in R, we get A;NR =@ (2 < j<k).
This makes A| NR,B| NR,...,B;NnRan M[1,[]-partition of G N R, a contradiction to the initial
assumption that G n R obstructs M[1,1].

The initial assumption must be wrong and G’ obstructs M.

“<=" Trivial. OJ

Complementing M yields the following corollary:

Corollary 8. Let M be a (*,0, *)-block matrix with k > 0 and let G be a spider graph with
the vertex set V = {ci,...,¢y,S1,...,8,} URwhere {cy,...,c,} is the spider’s body, {s1,..., sy}
is the spider’s legs, and R is the spider’s head. G obstructs M if and only if G ~ {s1,...,sy}
obstructs M.

Lemma 7. Let M be an (a, b, c)-block matrix with a = 1 and let the graph G have an induced
subgraph P3 = ({x,y,z},{x = z}). Then G obstructs M[k,0].
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Proof. Assume G had an M[k,0]-partition Ay, ...,A. Because a = 1 and because there are no
clique parts, two vertices are adjacent to each other if and only if they are in different independent
set parts. The non-adjacent vertices x and y must be elements of the same independent set part,
let this part be x,y € A, without loss of generality. z is adjacent to x, which implies z ¢ A1,
while it is non-adjacent to y, which implies z € A;. This is a contradiction and so G obstructs
M([k,0]. O

Corollary 9. Let M be an (a, b, c)-block matrix with a = 1 and let G be a spider graph with the
vertex set V = {c1,...,¢y,S1,...,8y} UR where {ci,...,c,} is the spider’s body, {si,...,s,} is
the spider’s legs, and R is the spider’s head.

Then G ~ {c1} obstructs M[k,0] and for G # Pa, the following statements are true:
e if G is a fat spider graph, the induced subgraph G ~ {s1,c; } obstructs M[k,0].
e if G is a slim spider graph, the induced subgraph G ~ {s1,c,} obstructs M[k,0].

Proof. By Lemma 7, we have to show that these graphs contain Pz as an induced subgraph.
G ™ {c1} contains the induced subgraph G n {cs, s1, 52} = P3.

If G is a fat spider graph, G’ := G\ {51, ¢ } contains the non-adjacent vertices s := s, and ¢ := ¢;.
If G is a slim spider graph, let the vertices s and ¢ in G’ := G \ {s1,¢;} be defined as s = s,
and ¢ = ¢y, so they are non-adjacent again. If there is a vertex r € R, G’ contains the induced
subgraph G n {r, s,c} = P3, as shown in Figure 5.3. For R = @, we must have v > 2 as otherwise
G would be Py. In this case, G’ contains G 1 {7, 53,¢3} = P3, which is shown in Figure 5.4. [

S (Cphe
Segic
Figure 5.3.: Example of the induced sub- Figure 5.4.: Example of a slim spider graph
graph G ~ {s;,c;} of a fat spi- G # P4 and its induced sub-
der graph G graph G \ {s1,¢2}

Combining the results of Proposition 7, Corollary 8, and Corollary 9 as well as its complement
yields the following proposition since every M-obstruction spider graph G has an M-obstruction
induced subgraph G’ ¢ G:

Proposition 8. Let M be a (a, b, c)-block matrix with (a,b,c) € {(1,*,*),(*,0,*)} and let G
be a spider graph. Then G is not a minimal M-obstruction.
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Lemma 8. Let M be an (1,0, *)-block matrix and let G be a spider graph with the vertex set
V={ci,....cy,S1,..., 8} URwhere {ci,...,c,} is the spider’s body, {si,...,s,} is the spider’s
legs, and R is the spider’s head. G obstructs M if and only if k = 0 or [ = 0 or all of the following
conditions hold:

e G N R obstructs M[1,1].
e G N R obstructs Mk —v,l-v].

If G is a fat spider graph and k > v, then G N R obstructs M[0,1—v + 1].

If G is a slim spider graph and | > v, then G 0 R obstructs M[k — v + 1,0].

Proof. “="Let G obstruct M, k >0, and [ > 0.

Assume G N R does not obstruct M| 1, 1]. Then G NR is partitioned into an independent set A and
a clique B. Obviously, Au{sy,...,s,},Bu{cy,...,c,} is an M[1, 1]-partition of G, so G would
admit the submatrix M[1,1] of M[k,l] = M, which is not possible since G is an M-obstruction.

Assume that G N R does not obstruct M[k — v, — v]. Let the sets Ay,...,Ax,B1,..., B,
be an M [k — v,] — v]-partition of GNR. Ay, ..., Ar—y.{c1},....{¢cv},Bis.. s By, {s1},... {8y}
comprise an M|k, []-partition of G. No partition condition is violated, as all independent sets
Ay, ..., Ay, {c1},...,{c,} are adjacent to each other and all cliques By,..., By, {s1},...{sy}
are non-adjacent to each other. As this is a contradiction to G obstructing M, this proves that
G N R obstructs M[k — v, - v].

By complementing G and M if necessary, we may assume that G is a fat spider graph. Assume
k > v and that G n R does not obstruct M[0,] — v + 1], so there is an M[0,] — v + 1]-partition
Bi,...,B;_,+1 of R. We claim that {(31, Sl} , {CQ}, ceey {CV},Bl, e By, {SQ} s {SV} is an
M{[v,l]-partition of G, where {c,s1},{c2},...,{c,} are v independent sets and the other parts
Bi,....,Biyi1,{s2},....{sy}are [ —v+ 1+ (v-1) cliques. As G is a fat spider graph, c¢; and
s1 are non-adjacent and therefore {cy, s; } really is an independent set. In a fat spider graph, s
is adjacent to the vertices ¢, ..., ¢y, so the partition condition induced by a = 1 (all independent
sets must be adjacent to each other) is not violated. As the vertices s»,..., s, are non-adjacent
to each other as well as non-adjacent to the vertices in R, especially to the vertices in the other
cliques By,..., B;_,+1, the partition condition following from » = 0 (all cliques must be non-
adjacent to each other) is also not violated. Therefore G admits M[v,[] and since k > v, G would
also admit M[k,[].

“«<" By complementing G and M if necessary, we may assume that G is a fat spider graph. Let
G admit M, so there is an M-partition Ay, ...,A, B1,...,B;of G. As a spider graph and because
a =0and b = 1, Corollary 9 implies that G obstructs M[k,0] and M[0, /], so we may assume
k> 0and > 0. We may also assume that R is not empty, as otherwise G N R admits M[1,1].

Letn € {0,..., v} be the number of vertices in the spider’s legs that are in one of the independent
set parts, n := |{s,..., 8} N Uf.‘zl A;|. Let these vertices without loss of generality be sy, ..., s, €
Uf: | A; and let the other v —n vertices s,41,..., 5y € Ui’:l Bj be in clique parts. Because of a = 1,
a vertex in an independent set part must be adjacent to all vertices in different independent set
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parts. As sy,...,s, are non-adjacent to each other, these vertices must be elements of the same
independent set part, sy,..., S, € A} without loss of generality.

Case n > 1. The vertices cy,...,c, cannot be in one of the parts Ay,...,A;: Each of these
vertices is adjacent to one of the vertices s1,...,s, € A; and so cannot be in the independent set
Aj. Also, every vertex cy,...,c, is non-adjacent to one of the vertices sy,..., s, and therefore
cannot be placed in one of the other independent set parts A», ..., A, as a = 1 requires vertices in
different independent set parts to be adjacent. As the vertices cy, ..., c, are adjacent to each other
and as b = 0 implies that vertices in different clique parts are non-adjacent, all of the vertices
c1,...,Cy are in the same clique part, cy,...,c, € By without loss of generality. All vertices in
RnA; with 2 < j < k must be adjacent to all vertices in Ay, especially to s;. Because R does
not contain any vertices adjacent to sy, RN A; is empty. Similarly, R n B; is empty for 2 < j </,
because R does not contain vertices non-adjacent to ¢; € B;. Because of R c A; u By, the graph
G N R admits M[1,1].

Case n=1. We have 51 € A| and the other vertices in the spider’s leg s»,..., s, are elements
of clique parts. As s»,..., s, are non-adjacent to each other, these vertices are in v — 1 different
parts, s; € B;_; (2 < j < v) without loss of generality. Any vertex in A, ..., Ay must be adjacent
to s; € Ay, which is not the case for the vertices in R. Because the clique parts By, ..., B,_; all
contain one of the vertices s, ..., s, and each of those vertices are non-adjacent to the vertices
inR,wehave Rc A; U (Ué.:v Bj).

c| € Uf‘zz A; is not possible, as c; is non-adjacent to s; € A| and so a = 1 prevents ¢; being an
element of any independent set part other than A;. If we have ¢; € Aj, the vertices in R are
adjacent to c; € A and thus are not elements of the independent set A;. This implies that G N R
admits M[0,/ - v + 1], so we may assume c| € U5'=1 Bj. The vertex c is not an element of a
clique part different to B, because c; is adjacent to s, € B in spite of b = 0. Thus, c¢| € By,
which implies RN B; = @ (2 < j < [) because ¢ and the vertices in R are adjacent and vertices in
different clique parts must be non-adjacent since we have b = 0. This results in R c By U A and
so G N R admits M[1,1].

Casen =0. Every vertex in the spider’s legs has its own clique part, s; € B; (1 < j < v) without
loss of generality. If in addition every vertex in the spider’s body has its own independent set
part, ¢c; € Aj (1 < j < v) without loss of generality, then no vertex in R can be an element of

one of the parts Ay,...,A,,B1,..., B, as R is adjacent to a vertex in each A; but non-adjacent to
a vertex in each B; (1 < j < v). G n R therefore admits M[k — v,I - v]. Thus, we may assume
ci € Bjforsome je {l,...,k}. j #2is impossible since s, € B; is adjacent to ¢; and vertices in

different clique parts must be non-adjacent because b = 0. For v > 2, s3 € B3 is also adjacent to
c1 and j # 3 is also impossible, so v must be 2. ¢, cannot be an element of a clique part B; with
j > 1 since s; € By and ¢, are adjacent. On the other hand, ¢, € B; is also impossible because
c1 € B, and ¢ are adjacent. Therefore, c; must be an element of an independent set part, ¢ € A}
without loss of generality. The vertices in R cannot be elements of A; because ¢, € A; and they
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cannot be elements of any B; (1 < j < [) because s»,c1 € By. This implies R c UIJ‘.:2 A; and
eventually that G n R admits M[k—1,0] = M[k-v+ 1,0].

Lemma 9. Let M be an (a, b, c¢)-block matrix with ¢ = 0 and let G be a connected graph.

G admits M if and only if G admits M[k,0] or G admits M([0,1].

Proof. “=" Let G admit M. Because ¢ = 0, if two vertices are adjacent, they must both be
elements of independent set parts or both must be elements of clique parts. Repeated usage
of this fact on all vertex pairs in a path between two connected vertices implies that connected
vertices must be both elements of independent set parts or both elements of clique parts. As G
has only one connected component, either all independent set parts are empty or all clique parts
of an M-partition are empty.

“” Trivial, =

All spider graphs are connected and their complemented graphs are also connected, so by pos-
sibly complementing M and G, the preceding lemma can be applied to an even greater number
of matrices if G is a spider graph:

Corollary 10. Let M be an (a, b, c)-block matrix with ¢ + * and let G be a spider graph.
G admits M if and only if G admits M[k,0] or G admits M[0,1].

Lemma 10. Let M be an (a, b, c)-block matrix with ¢ # * and let G be a spider graph with the
vertex set V = {c1,...,¢y,S1,...,5,} UR where {ci,...,c,} is the spider’s body, {si,...,s,} is
the spider’s legs, and R is the spider’s head.

If G ~ {1} admits M[k,0] then G n R admits M[k - v,0].

Proof. Let G' := G ~ {s1} admit M[k,0], then there is an M[k,0]-partition Ay, ...,A; of G'.

The vertices cy, ..., ¢, are adjacent to each other, so they must be in v different parts, c; € Ay, ...,
¢y € A, without loss of generality. Each vertex in R is adjacent to each of the vertices cy,...,cy,
so the vertices in R cannot be elements of the independent sets Aj,...,A,. AinR,..., Ay NR
is an M[k,0]-partition of GNRand A;NR = & (1 < j <), 80 Ayy1,...,Ag is an M[k - v,0]-
partition. 0

Lemma 11. Let M be an (a,b, c)-block matrix with ¢ + * and let G be a spider graph with the
vertex set V = {ci,...,¢y,S1,...,8,} UR where {ci,...,c,} is the spider’s body, {si,...,s,} is
the spider’s legs, and R is the spider’s head.

G admits M[k,0] if and only if G N R admits M[k — v,0] and a = *.
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Proof. “=" This is an immediate result of Lemma 10 and Corollary 9.

“«<" Let G N R admit M[k — v,0] and a = . There is an M[k — v,0]-partition A,,1,...,A; of
G N R. Let the parts Ay, ..., A, be defined as

{sj, cj} if G is a fat spider,
Aj = {sj,ch} if G is a slim spider and j < v,
{sj, cl} if G is a slim spider and j = v.

Obviously, the parts Ay, ..., A, are independent sets. a = * does not impose any restrictions on
the adjacency of vertices in different independent sets and there are no further partition condi-
tions as there are no clique parts. Thus, Ay, ..., Ay are a M|k, 0]-partition of G. O

Complementing G and M in Lemmas 10, Lemma 11, and Corollary 9 yields the following
corollary:

Corollary 11. Let M be an (a, b, c)-block matrix with ¢ + * and let G be a spider graph with
the vertex set V = {cy,...,¢y,S1,...,5,} UR where {cy,...,c,} is the spider’s body, {si,...,s,}
is the spider’s legs, and R is the spider’s head.

e G admits M[0,1] if and only if G N R admits M[0,1—v] and b = *.

e IfG~ {c1} admits M[0,1] and b = * then G admits M[0,1].

e Ifb=0then G~ {s1} obstructs M[0,1].

e I[fb=0and G + P4, then G ~ {s1,c1} or G ~ {s2,c¢1} obstructs M[0,1].
Table 5.1 summarizes the results found in Lemmas 10 and 11 as well as in Corollaries 9 and 11.
In the table, assume ¢ # * and that G are a spider graph. The first column contains the possible
combinations of a, b, and ¢ while the second column contains statements that are equivalent to

"G obstructs M" and the third column contains statements that must be true if G obstructs M.
The abbreviation "obs." stands for "obstructs".

(a,b,c) The spider graph G obstructs M...
equivalent to precondition
(*,%,0) | GNRobs. M[k—v,0] and M[0,]-v] | -
(*,%,1) | GNRobs. M[k—v,0] and M[0,]-v] | -
(1,%,0) | GNRobs. M[0,]-v] G~ {c1} obs. M[k,0] and M[0,!]
(1,%,1) | GNRobs. M[0,]-v] G~ {c1} obs. M
M
M

(*,0,0) | GNR obs. ] G~ {s1} obs. M

(%,0,1) | GNRobs. M[k-v,0] G~ {s1} obs. M[k,0] and M[0,!]
(1,0,0) | always -
(1,0,1) | always -

Table 5.1.: Summarized results for spider graphs and ¢ # *
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Lemma 12. Let M be an (a,b,c)-block matrix with a = *,b € {0,+},c € {0,+} and let G =
G1 U Gy be a disconnected graph. Then G obstructs M if and only if

3j€{0,...,1+ 1} such that Gy obstructs M|k, j — 1] and G, obstructs M[k,[ - j]

Proof. “=" Assume that G obstructs M. Let j— 1 be the greatest number smaller than /+ 1 such
that G| obstructs M[k, j — 1]. Such a number exists as obviously G; obstructs M[k,—1]. If G|
admits M[k, j], then G, obstructs M[k,[— j] by Lemma 5. If G; does not admit M|k, j], then j
must be / + 1 and therefore G, also obstructs M[k,l— j] = M[k,]- (I+1)] = M[k,-1].

“«<"Let j€{0,...,/+ 1} be such that G| obstructs M[k, j— 1] and G, obstructs M[k,[ - j]. For
every j' < j, Gy obstructs M[k, j — 1] because it is a submatrix of M[k, j — 1]. For every j' > j,
G, obstructs M[k,I - j'] because it is a submatrix of M[k, j—1].

Assume contrary to the original claim that G admits M. By Lemma 1, there exist sets of parts
P, Q c N, such that G| admits Mp, G, admits Mg, and Mpp contains no 1. M contains 1s
only in the diagonal, so the last condition implies that P and Q do not share parts with 1 in the
diagonal. Therefore Mp is a submatrix of M[k, /' — 1] and My is a submatrix of M[k,l - j]
with j' € {1,...,1}. As G| admits the submatrix Mp, it also admits M|k, j/ — 1] and, similarly,
My also admits M [k, — j']. This contradicts the fact that no ;' € N with such a property exists.
Thus, G obstructs M. O

Lemma 13. Let M be an (a, b, ¢)-block matrix witha = 1,b € {0,*},c € {0, +} and let G = Gy U
G, be a disconnected graph. Then G obstructs M if and only if there exist i, j, A € {0,...,1+ 1}
such that the following holds

1. Gy obstructs M[k,i— 1] and G, obstructs M[0,1 - i],

2. G, obstructs M[k, j — 1] and G, obstructs M[0,1 - j],

3. i+j<l+2 and

4. ifk >0 then Gy obstructs M[1,A - 1] and G, obstructs M[1,1 - 1].

Proof. “=" Assume that G = G| U G, obstructs M.

Let i be the smallest number in {0,...,[} such that G; admits M[k,i] or i := [ + 1 if no such
number exists. By definition, G| obstructs M[k,i — 1]. For i = [ + 1, G, obviously obstructs
M[0,l - i], so assume i < [. If G, admits M[0,[ — i], then there are an M[0,/ — i]-partition
By,...,B;_; of G, and an M[k,i]-partition Aj,...,As; of Gi. Ay,...,ApsisBi,...,Bi; is an
M{k,[]-partition of G, a contradiction, so G, obstructs M[0,[ - i].

By exchanging G| and G, as well as replacing i with j in the proof above, the claim that G,
obstructs M[k, j — 1] and G, obstructs M[0,[ - j] is proved.

Hence, there exist i, j € {0,...,/ + 1} such that the first two conditions of the claim are satisfied.
Assume now that i, j € {0,...,/+ 1} are the lowest numbers such that the first two conditions are
satisfied. Then G obstructs M[k,i— 1] and thus G also obstructs M[k,i—2]. So if G, obstructs
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M][0,l~- (i—1)], then not only i but also i — 1 satisfies the first condition, in which case we have
i =0. Fori >0, G, admits M[0,/- (i—1)] and so i is the smallest number such that G, obstructs
M][0,!-i]. G, obstructs M|k, j— 1] and therefore G, obstructs M[0, j— 1] and thus [ —i > j—1,
fori=0aswellasi>0. Hence,wehave [-i>j-1 < j+i<[+2.

For the proof of the last of the four conditions, assume k£ > 0. Let A be the smallest number in
{0,...,1} such that G| admits M[1,4] or A := [+ 1 if G| obstructs M[1, x] for all x € {0,...,[}.
For A = [ + 1, G, obviously obstructs M[1,-1] = M[1,] - A]. Assume A < [ and assume G
had an M[1,] - A]-partition C, Dy, ..., D;_,. Together with the M[1, 1]-partition A, By, ..., B,
of Gy, there is an M[1,[]-partition A U C, By,...,B,,D1,...,D;_; of G. Contradicting to the
first assumption of this proof, G admits M[1,!] and therefore also admits M[k,[]. Hence, the
assumption that G, admits M[1,/ — 1] must be wrong. By the definition of A, G| obstructs
M([1, 2 - 1] which proves the fourth condition.

“«<=" Assume that G = G| U G, admits M. This proof will show that one of the four conditions
is violated. Let Ay,..., A, By,...,B; be an M[k,[]-partition of G. As Bj,..., B are cliques,
each of them is a subset of V| or a subset of V,. By reordering the parts, we may assume
(Biju...uBy,)cViyand (Bys1 U...uB;) c Vo withpu € {0,...,[}. Depending on which of the
independent set parts are non-empty, two cases can be distinguished:

Case 1: There are at least two independent set parts that are non-empty. Without
loss of generality, there is a vertex v € A; and a vertex w € Ay. Because a = 1, vertices in
different independent set parts must be adjacent to each other and must therefore be in the same
induced subgraph, either G| or G,. All vertices in A,,..., Ak, especially w, must therefore be
in the same induced subgraph as v, and all vertices in A; must be in the same induced subgraph
as w, which is the same induced subgraph as v. We may assume, without loss of generality,
U’;ZIAX c Vi with G| = (V1,Ey). Thus, Gy has an M[k,u]-partition Ay,..., A, By, ..., B, and
G, has an M[0, [ — u]-partition By1,...,B;. For any i € {0,...,u}, G, admits M[0,/ - i], and
forie{u+1,...,1+ 1}, G| admits M[k,i— 1], which violates the first of the four conditions.

Case 2: At most one of the independent set parts is non-empty. Without loss of gen-
erality, Ay = @ (2 < x < k). A1,By,...,B, is an M[1,u]-partition of G| and Ay, Bys1,...,B;
is an M[1,l — u]-partition of G,. For any A € {0,...,u}, G admits M[1,] — 2] and for any
Ae{u+1,....,1+1}, Gy admits M[1,4 - 1]. In any case, the fourth condition is violated. ~ [J

With the results already found in this chapter, we can obtain an upper limit for the size of a mini-
mal M-obstruction, P4-sparse graph. In order to prove this upper limit, the limit will be shown to
be correct for so called staircase-like collections of matrices and then applied to the special case
of a single matrix M. Therefore, the definition of staircase-like matrix collections precedes the
proof that these collections adhere to the upper limit mentioned above. The following definition
is taken from [FHHOG6], Theorem 4.3.
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Definition 24. Let M = {M,,...,M,} be a collection of (a, b, c)-block matrices with r € N and
let ki, l; € N be chosen such that M; = M[k;,1;] (0 < i < r). M is staircase-like if k; < k; and
li>1;foralli<j.

For any staircase-like collection of matrices M as defined above, we define k_; = —1 and
lr+1 = —1.

Lemma 14. Lera e {1,*}, b e {0,*}, c € {0, 1, *} be fixed and let Map.c) be defined as the set
of all (a,b, c)-block matrices. Let the function f :c P(M q,})) —> N be defined for each finite,
non-empty, staircase-like collection of (a,b,c)-block matrices M = {M[ko,lp];...; M[ks, 1]}
as

f M— Zr:(k, _ki—l)(li + 1) = Zr:(ll —li+1)(kl' + 1)
i=0 i=0
Then f is well defined and, for r > 0 and each j € {0,...,r}, f(M) > f(M~{M[k;,1;]}).

Proof. We will first show that f is well-defined and start by showing that the two sums are equal.

(ki — k) (4 + 1) =k (e + 1) — k(o + 1) + S kil + 1) — kil + 1))
=0 i=0

1
r

r r
=lo+ 1+ Y ki(li=livr) + D (li=livr) = Y (li = liv1)
=0

i=0 i=0

=l() +1+ Z(k,‘ + 1)([,' - li+1) - l() + lr+1
i=0

- Zr:(ki +1)(li = liv1)
i=0

For r > 0 and j = r, the inequality f(M) = Yro(ki — ki) (L + 1) > Yo (ki — ki) (L + 1) =
fM ~ {M[ky,1.]}) follows immediately from the definition of f and k, — k,—; > 0, I, > 0.
Now the inequality f(M) > f(M ~ {M[k;,[;]}) for j € {0,...,r — 1} is shown. As M is
staircase-like, we have [; > [;,1 and k; — k;_1 > 0, so we see

FM) =(kj=kjm )L+ 1) + (ko = k) (L + 1)+ 0 (k= ki) (G + 1)

0<i<r
ig{j.j+1}
Z(kj _kj—l + kj+1 —kj)(lj+1 + 1) + Z (ki _ki—l)(li + 1)
0<i<r
i¢{j.j+1}

=f(M~ {M[kj,1;]})
O

Theorem 7. Letac {1,x}, be{0,x}, c€{0,1,} be fixed. Let M = {M[ko,lp];...; M[k+, 1]}
be a staircase-like collection of (a,b,c)-block matrices. Let G be a P4-sparse, minimal M-
obstruction graph. Then G has at most (M) vertices.

44



5. Minimal M-obstruction, P4-sparse Graphs with constant matrices M

Proof. The proof will use induction over the size of the graph G. For the induction basis,
let Gy be a minimal M-obstruction, P4-sparse graph consisting of only one vertex. Because
(ko —k-1) (lo+1)>1and (ki —ki—1)(li +1) >0 (1 <i<r), wehave f(M) > 1 =|G| and so the
proposition is correct for |G| = 1.

Assume all graphs G’ with a lower number of vertices than G have at most f(M’) vertices
if there is an (a,b,c)-block matrix set M’ such that G’ is a minimal M/-obstruction. As a
Ps-sparse graph, G has a tree representation and its root node is either a spider node, in which
case G 1is a spider graph, or G has a node labeled U or n, in which case G or its complement is
disconnected. Each of these two cases has subcases depending on the values of a, b, and c.

Case 1: G is a spider graph. In this case, G is a spider graph with the vertex set V =
{c1,...,¢ys81,...,8,} UR where {ci,...,c,} is the spider’s body, {si,...,s,} is the spider’s
legs, and R is the spider’s head.

Subcase 1a: (a,b,c¢) = (*,%,%*) For0 =1y >1; (0 <i<r),G is obviously a minimal M-
obstruction if and only if it is a minimal M|[k,,0]-obstruction. By Corollary 7, G is a cograph
in this case and therefore cannot be a spider graph. Similarly, for 0 =k, > k; (0 <i < r), G is
a minimal M|O0, [y ]-obstruction and therefore a cograph and not a spider graph. Hence, assume
lp >0 and k, > 0.

G N R admits a matrix M[kj,l;] € M because G N R # G is an induced subgraph of the
minimal M-obstruction G. Thus, there is an M [kj, l j]—partition Ap,..., A, By, ..., By, where
Al,..., Ay; are independent sets and By,..., By, are cliques. The vertices si,..., s, are non-
adjacent to the vertices in R and therefore A; U {sy,...,s,} is an independent set. The ver-
tices cy,...,c, are adjacent to the vertices in R and so B U {cy,...,cy,} is a clique. Thus,
Al u {S1, ey SV},Az, - ’Ak_,-, B,y u {C], ey CV},BZ, - »Blj is an M[kj, lj]-partition of G, which
contradicts that G is an M-obstruction. This implies that in the subcase (a,b,c) = (*,%,%), G
must not be a spider graph.

Subcase 1b: (a,b,c) € {(1,*,*),(*,0,*)}. By Proposition 8, G cannot be a minimal M-
obstruction, so this subcase is impossible.

Subcase 1c: (a,b,c) = (1,0,%). Assume G = Py, the smallest possible spider graph. We
have f(M) < 4 = |P4| only if
M c {M[0,1]; M[0,2]; M[1,0]; M[2,0]} and {M[0,2]; M[2,0]} ¢ M.

The graph P; is an induced subgraph of P4 and P3 obstructs {M[0, 1]; M[0,2]; M[1,0]}. The
graph P3, the complement of Ps, is also an induced subgraph of P4 and obstructs the matrix set
{M[0,1]; M[1,0]; M[2;0]}. In all cases with f(M) < |Pa4|, P4 is not a minimal M-obstruction,
because P4 has an M-obstruction as an induced subgraph. We may assume G # P4 in the
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following. As a result, we may further assume M[k,/] € M with k >0 A [ > 0, as otherwise the
induced subgraph P4 of G would obstruct M, which is a result of Lemma 8: Every spider graph
and especially P4 obstructs M[0,!] and M[k,0] for every k, € N. Because G obstructs a matrix
M{[k,l] with k >0 and [ > 0, G n R obstructs M[1, 1] by Lemma 8.

By possibly complementing G and M, we may assume that G is a fat spider graph with 2v
vertices in the spider’s body and legs.

The induced subgraph G’ := G \ {1, ¢} of G is a spider graph for v > 2. As a result of Lemma
8, G' obstructs M[v —2,x] and M[x,v — 2] for all x € N, as well as M[v—1,v—1], M[v,v - 1].
G is a minimal M -obstruction, so G’ does not obstruct M and therefore M contains a matrix
M[kj,1;] with j € {0,...,r} that G’ admits. This obviously implies (k; >v-2) A (I;>v=-2) A
(l j=v-1=k;> v). Therefore, we may distinguish the following cases, of which at least one
occurs:

° HM[kj,lj] e M suchthatkj >V/\lj >V

IM[kj,1;] e M suchthatk; >vAlj=v

HM[kj,lj] e M suchthatkj =V/\lj >V

v>2A3IM[kj,lj] e M suchthatkj=v—-1Al;>v

EIM[kj,lj]E/\/lsuchthatkj>1//\lj=v—l
e v=2and M c ({M[0,y] |ye N} u{M[l,z] | ze N} u{M[2,1]} u{M[x,0] | x e N})
Assume that M contains a matrix M[kj,[;] with k; > v Al; > v. Let s == min{s’ | ky > v},

t:=min{¢ | ky > v}, and u == max{u’ | l,; > v}. Note that [; > v, [, > v, and k, > v because M is
staircase-like. By Lemma 8, G n R is a minimal M-obstruction with

v {M[O,l;—v+1],M[1,1],M[k = v, 1, —V],...,M[ky — v, 1, —v]} ifli=v,
C M0, v+ 1), Mk = v, = V],..., M[k, - v, 1, - v]} if 1, > v.

In both cases, M is staircase-like so the inductive assumption can be applied to G N R and M.
For I, > v (< 3M[kj,1;] € M.kj > v Al; > v), this implies

|G NR| <f(M)
u—1
=li=v+1=(l=v)+ Y (li-v=(li1 =) ki=v+ 1)+ (L —=v+1)(k,—v+]1)
u—1

=lg—L+1+ Z(li—li+1)(k,-—v+ D) =v(ly+ky=v+2)+ (L, + 1) (k,+ 1)
i=t

u—1
=l =L+ > (i =li) (ki + 1) + (L+ D) (ke + 1) = v(L = L) = v(ly + k= v +2) + 1

i=t

< li=li)) (ki + 1) =v(lh+ k= v+2) + 1
i=0

sf(M)+1-v(l,+k,—v+2)
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Remembering [, > v > 2 and k, > v > 2, we see |G N R| < f(M) - 2v and therefore |G| =
GAR|+2v < f(M).

For I, = v, we see

G nR|<f(M)
=li—v+1-1+(1+1)-(1-(L-v))

+I§(li—V— (i1 =v))(ki=v+ 1) + (ky = v+ 1) (I, —v = (=1))

u—1

=l -1+ Z(li —Liv)(ki+ 1) =v(l=1,) + (kg + 1)(I, +1) +2

i=t

—v(ky+1,-v+2)

szr:(k,-+ (G =liy1) +2=v(ky+ L, —v+2)
i=0

=f(M)+2-v(k,+1) < f(M) =2y

Thus, G has at most |G| = 2v + |G N R| < f(M) vertices.

Now assume that the first two cases do not apply but that there is a matrix M[k;,[;] € M with
kj=vAlj>v. Let s be the lowest number satisfying this condition, s := min{s’ | k¢ = v} (this
implies /5 > v, as M is staircase-like). By Lemma 8, G n R is a minimal M-obstruction with

M = {M[0,l;—v+1],M[1,1]}
M obviously is staircase-like, so the inductive assumption applies:
IGAR| < f(M) =l—v+1-1+(1+1)(1-(-1))
=lg-v+2-2
=22+l +ksi—ks—v
<lg ke +Ilg+kg—2v
<(lg+1)(kg+1)=2v

< Zr:(l, - li+1)(ki + 1) -2y = f(M) -2y
i=0

Again we conclude |G| = |G nR| +2v < f(M).

If the first three cases do not apply, which implies k; < v v [; < v (0 < i < r), assume that we have
v > 2 and that there is a matrix M[k;,[;] € M withk; =v—1A[; > v. By Lemma 8 and for any
F c R, the induced subgraph G \ F of G would obstruct M if GNn (R \ F) obstructed M[1,1]. G
is a minimal M-obstruction, so this is only true for F = @. Hence, G N R is a minimal M[1,1]-
obstruction and so we have |R| < f({M[1,1]}) = 4 by the inductive assumption. Considering
v > 2, the number of vertices of G is

Gl<2v+d<(v=1v+v-v+d<V+v=v-(v+ 1)< (k;+ 1)(j+ 1) < f(M)
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Now assume /; < v (0 < i < r) and that there is a matrix M[kj,[;] e M withk; >vAalj=v-1.
For the same reasons as in the previous case, G N R is a minimal M[1, 1]-obstruction, |R| < 4,
and so we have

Gl<2v+4<v 4+ 2v=v-(v+2) < (;+1)(k; +1) < f(M)

As the last possibility in subcase (a,b,c) = (1,0, *), we consider v = 2 and

Mc ({M[0,y] |yeN}u{M[l,z]|ze Nfu{M[2,1]} u{M[x,0]| x e N})

As in the previous two cases, R is a minimal M[1, 1]-obstruction because if G n (R \ F) with
F c Rand F # & obstructs M[1,1], then G \ F obstructs M because of Lemma 8. Thus,
we have |R| < f({M[1,1]}) = 4 and therefore |G| = 2v + |R| < 8. Hence, we may assume
{M[1,z]|ze NAz>2} n M = & as otherwise we would have f(M) > f({M[1,3]}) =8 > |G|
by Lemma 14.

Assume the induced subgraph Gs = G \ {c1,¢;} of G had an M[x, 1]-partition Ay,...,Ay, B;
with x € N. Because G N R c Gg obstructs M[1,1], at least two of the independent set parts
contain vertices of R, let r; € RN Ay, r» € Rn A, without loss of generality. Vertices in two
different independent set parts must be adjacent because a = 1. Since sy, s, and r; € A, are non-
adjacent, s; as well as s, can neither be in A nor in A; (2 <i < x) as sy, s» and r| € Ay are also
non-adjacent. This implies s, s, € By, which is also impossible since B; is a clique although
s1 and s, are non-adjacent. This disproves the assumption that Gg admits M|[x, 1]. Assume
instead that Gs has an M[0,2]-partition By, B,. As G n R obstructs M[1,1] and therefore also
M][0, 1], there are two vertices r; € Rn By and r, € Rn B,. The vertex s; is non-adjacent to
r1 and r, and therefore cannot be in any of the cliques B; and B,, which shows that Gs has no
M][0,2]-partition. Taking the two results together, G obstructs {M[0,2]; M[x, 1]} for all x € N.
Similarly, G¢ == G ~ {1, s2} obstructs {M[1,y]; M[2,0]} forall y € N.

Because G is a minimal M-obstruction, every induced subgraph of G must admit some matrix
M e M. If M contains neither M[2, 1] nor M[1,2], then Gs or G¢ obstructs M, so this is not
possible. If M contains only one of these two matrices, without loss of generality M[2,1] € M,
there must be a matrix M[0,y] € M with y > 2 as otherwise Gy obstructs M. Let y be the
greatest number such that M[0,y] € M. Then we have

FM) 2 f({M[0,y]: M[2,1]}) = (0= (=1))(y+ 1) + (2-0)(1 + 1) =y +5 2 8 2 |G|

Similarly, M[x,0], M[1,2] € M with x > 2 also implies f(M) > |G|. For {M[1,2]; M[2,1]} c
M, we see

SM) 2 f({M[L2]M[2,1]}) = (1= (1)) 2+ D)+ (2-1)(1+1) =8> G|
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Subcase 1d: (a,b,c) € {(*,%,0);(*,*,1)}. Assume first [y > v Ak, > v. G is a minimal
M-obstruction, so we see in Table 5.1 that G N R is a minimal M-obstruction with

M = {M[0,lg ~ v]: M[k, - v,0]}
M is staircase-like, so the inductive assumption limits the size of R to

G AR <f(M)
=0-(-D))(lo-v+1)+(k,—v-0)(0+1)
=g+ k. +1-2v
<f(M) =2y

This proves the proposition: |G| = |R| +2v < f(M) =2v +2v = f(M).

For Iy < vVk, <v,note that G\ {s; } is a {M[ko,0];...; M[k,,0]}-obstruction by Lemma 11 and
Lemma 10. Corollary 11 implies that G~ {c; } isa {M[0,1];...; M[0, ] }-obstruction. Neither
G~ {s1} nor G \ {c; } are complete or empty, so both obstruct M[1,0] and M[0, 1]. By Lemma
9, possibly with complemented G and M, if ¢ = 0, G \ {1} obstructs M[1,1] and, if ¢ = 1,
G~ {cy } obstructs M[1,1]. This implies [y > 0, k, >0, and [y > 1 Vk, > 1,50 f(M) >4 and we
may assume G # Py.

Now assume v > 2. As shown in Table 5.1, G obstructs a matrix M[k;,[;] € M (0 <i < r)
if and only if G N R obstructs M[k; — v,0] as well as M[0,]; — v]. Similarly, the spider graph
G~ {s1,c1} obstructs M[k,[] if and only if (G \ {ss1,c1}) N R obstructs M[k— (v—1),0] as well
as M [0,]— (v—1)] (k,l € N). Thus, G\ {s1,c; } obstructs {M[k;,[;] | ki <vAli<vAQ<i<r}.
G ~ {s1,c1} is an induced subgraph of both G \ {s1} and G \ {c1}, so G \ {s;} obstructs
{M[ko,0];...; M[k;,0]} U {M[ki,l;] | ki < vAlL; <vAOQ<i<r}and G~ {c} obstructs
{M[0,lp];...; M[O, 1]} U{M[ki, ;] | ki <vAli<vAO<i<r}. Since G~ {c;}and G\ {51} do
not obstruct M, there must be matrices M [ky, I, M [k, I;] € M with kg > OA(Iy > vVvks > v) and
ke >O0A(l;2vVvk >v). Aswehave [y <vVk, <v,wemayassume lp > [ >vAQ<ky <k <v
by possibly complementing G and M. As another result of Table 5.1, we see that G N R is a
minimal {M[O0, lp — v] }-obstruction and, by the inductive assumption, G N R therefore has a size
of at most f({M[0,lp—v]}) =lp—v+1,sothesizeof Gis |G| =2v+|R| <v+1y+ 1.

ko = 0 implies s # 0 and then f(M) is

r

JM) =L+ 1) (ki—kic) 2 lo+ 1+ (L, + 1) kg > o+ 1 +v > |G|
i=0

ko > 0 on the other hand implies

JM)=>(Li+ 1) (ki—kiz1) > (lo+ 1) (ko + 1) > 2lp + 2> g + v+ 1 > |G|
i=0

All cases except v = 2Aly > OAk, > 0A(lg < vVk, < v) have now been dealt with. If [y < vAk, < v
then G n R obviously obstructs M[k; — v,0] and M[0,l; — v], so G \ R obstructs M as shown
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in Table 5.1. This is only possible for G \ R = G since G is a minimal M-obstruction, which
shows R = @ although this is impossible since we have assumed G # P4. Not both /[y and &, can
be lower or equal to v and, by possibly complementing G and M, we may assume /yp > v and
0 <k, <v <>k, € {1,2}. In this case, G N R is a minimal {M[0, [y — v]}-obstruction, as can be
seen in Table 5.1, and by the inductive assumption, GNR has |GnR| < f({M[0,lp—v]}) =lp—1
vertices. If there is an index u € {0,...,r} with k, = 1 A [, > 0, the number of vertices in G is

Gl=2v+|R|=lo+3<lo+1+L,+1 <> (li+1)(ki—ki-1) = f(M)
i=0

If there is no such index u but k, = 1, then G \ {c;} is an M-obstruction because G \ {c}
obstructs {M[0,lp];...; M[0,l]} and also obstructs M[1,0] as it is not an empty graph. We
may assume k, = 2 now, so the size of G is

IG|=2v+|R|=lop+3=lp+k +1< f(M)

Subcase 1e: (a,b,c¢) € {(1,%,1);(*,0,0)}. As shown in Table 5.1, one of the induced sub-
graphs G \ {c1} or G\ {s;} of G obstructs M and therefore G is not a minimal M-obstruction.
Thus, this subcase is not possible.

Subcase 1f: (a,b,c) € {(1,%,0);(*,0,1)}. By complementing M and G if necessary, we
may assume (a,b,c¢) = (1,%,0). Assume G = Py, the smallest possible spider graph. We
have f(M) < 4 = |P4| only if M c {M[0,1]; M[0,2]; M[1,0]; M[2,0]}. P4 admits M[0,2],
which implies M[0,2] ¢ M, and then the induced subgraph G \ {c;} of G obstructs M c
{M[0,1]; M[1,0]; M[2,0]}. This contradicts the assumption that G is a minimal M-obstruction
and so we may assume G # Py.

Case If.1: Assume v = 2. By Corollary 9, G \ R as a spider graph obstructs all matrices M[k,0].
Also, G \ R obstructs M[0, 1] as it is not a complete graph. G \ R is connected and so by Lemma
9, G ~ R obstructs M|k, 1] for all k € N. This implies [y > 2 = v, as otherwise G \ R obstructs M
and, as G is a minimal M-obstruction, this implies R = @ and G = P4, which was assumed not
to be the case at the beginning of this proof.

As shown in Table 5.1, GNR is a minimal {M[0,ly-v],..., M[0,1, —v]}-obstruction and by the
inductive assumption, we see [G N R| <[y — v+ 1.

G ~ {c1} obstructs M[k,0] (k € N) because of Corollary 9. Also, G \ {c;} obstructs M[0, Iy ]
by Corollary 11. As an induced subgraph of the minimal M-obstruction G, G \ {c;} does not
obstruct M and therefore there must be a matrix M|k, l;] with k; > 0 A Il > 0. Now two cases
can be distinguished: We may have s = 0, in which case the size of G is

IG|=2v+|R|<lop+v+1<2lp+1< (ko+1)lp+1< f(M)
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For s # 0, the size of G can be determined as

Gl <lp+v+1<ly+ 1+ I+ kg <> (Li+ 1) (ki —kizt) = f(M)
i=0

Case If-2: Assume v > 2. By Corollary 11 and because b = *, for all [ € N, the spider graph
G~{s1,c1} (we have v > 2) admits M[0, /] if and only if (G~{sy,¢1})nR admits M[0,[-(v—1)].
By the same corollary, G obstructs M[0, ] if and only if G n R obstructs M[0,[ - v]. Because G
obstructs M[0,1ly], G n R obstructs M[0,ly — v] and so G ~ {sy,c;} obstructs M[0,ly — 1]. By
Corollary 9 and because v > 2, G \ {s1,¢;} is a spider graph and therefore obstructs M|k, 0] for
all k € N. By Corollary 10, G \ {s1,c1} also obstructs M[k,lp — 1] for all k € N. For ) < v,
G N R obstructs M[0,lp — (v —1)] and then G ~ {sy,c;} obstructs even M[0,ly] and M|[k,Ip].
Then the induced subgraph G \ {s;,c;} of the minimal M-obstruction G obstructs M, which
is obviously not possible, so we may assume ly > v. G \ {sy,c;} is an induced subgraph of
G ~ {c1} and obstructs M[k,lp — 1]. Hence, G \ {c;} also obstructs M[k,ly — 1] for all k € N.
Additionally, G \ {c; } obstructs M[0,y] as can be seen in Table 5.1. G \ {c; } does not obstruct
M and therefore there must be a matrix M|k, [] € M with ky >0 and [, > Iy > v.

Again, G N R is a minimal {M[0,ly — v],..., M[0,l, — v]}-obstruction and, by the inductive
assumption, we see |G N R| < Iy — v + 1. The size of G therefore is

Gl =lo+v+ 1<l +1+1<l(ks+1)+1< F(M)

Subcase 19g: (a,b,¢) € {(1,0,0);(1,0,1)}. Asshown in Table 5.1, all spider graphs obstruct
M. Therefore, G must be the smallest possible spider graph, P4. As shown in Corollary 11,
G ~ {s1} obstructs M[0,!] and, as shown in Corollary 9, G \ {c;} obstructs M[k,0] for all
k,l € N. Since both graphs are neither empty nor complete, both obstruct M[1,0] and M[0, 1] as
well. For ¢ = 0, Lemma 9 implies that G \ {s; } obstructs M[1, 1] and, for ¢ = 1, Lemma 9 with
complemented M and G implies that G \ {c } obstructs M[1, 1]. Neither G \ {s;} nor G\ {c;}
obstruct M as they are induced subgraphs of the minimal M-obstruction G. Thus, M contains
amatrix M|[ks, ;] with kg >0l >O0A (kg > 1vIg> 1) or two matrices M|k, ], M|k, [, ] with
k;=0Al >1andk, > 1AL, =0. In the first case, we have f(M) > (ks + 1)(I;+ 1) >4 = |P4|.
In the second case, we have f(M) > (k;+ 1) (I, + 1) + (ky — k) (L, + 1) >4 = |Pyl.

Case 2: G or its complement is disconnected. By possibly complementing G and M, we
may assume that G = G| U G, is disconnected.

Subcase 2a: (a,b,c) € {(*,0,0); (*,*,0); (*,0,%); (*,*,%)} ByLemma 12, there is a num-
ber j; € {0,...,[; + 1} for every index i € {0, ...,r} such that G; is an M[k;, j; — 1]-obstruction
and G, is an M[k;,[; — j;]-obstruction. The values j; may be chosen such that j; > j;;; and
li = Ji 2 liv1 = Jis1:
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For j; < jis1, M[ki, jiv1 — 1] is a submatrix of M[ki.1,ji+1 — 1] and so G, also obstructs
M [ki, jiv1 — 1]. Additionally, M[k;,l; — ji+1] is a submatrix of M[k;,l; — j;] and so G, also
obstructs M[k;,l; — ji+1]. Thus, we may define j; == ji; instead of a j; lower than j;,;. For
Ji = Ji+1, the second inequality [; — j; > liy1 — ji+1 1S true because of [; > [;41. For [;— ji < liv1 — Jit1
(< Jjir1 + L = lis1 < Ji), Gy obstructs M[k;, (ji+1 + 1 — liy1) — 1] as a submatrix of M[k;, j;] and
G, obstructs M[k;, l; — (jix1 +1i = liv1)] = M[ki, Liv1 — jiv1] as a submatrix of M[kis1, liv1 — Jir1 ]-
Thus, we may define j; == ji;1 +[; = lix1 > ji;1 instead of a value with [; — j; < liy1 — jiy1.

Obviously, G| obstructs M = {M[ko, jo — 1];...; M|k, j, — 1]} and G, obstructs M, =
{M[ko,lo = jol;...; M[ks,I, = j,]}. If G| has an induced subgraph G| ¢ G, that obstructs
M, then (G} UG,) ¢ G obstructs M by Lemma 12. Hence, G| is a minimal M -obstruction.
Similarly, G, is a minimal M-obstruction. By the inductive assumption, the number of vertices
in G is

G| =|G1| +|G2| < f(My) + f(M2)

r—1
- Z(:)(ji 1= =) ki + 1)+ (e =1+ D (k- + 1)
+§(lf—ji‘ (liv1 = jir1)) (ki + 1) + (L = jr + 1) (k- + 1)
-0
r—1

= > (ki + 1) (ji = jirr + li = ji = livr + jin1) + (b= jr+ jr + 1) (ke + 1)

i=0
:é(ki +1)(li = lis1) = f(M)

Subcase 2b: (a,b,c¢) € {(1,0,0); (1,%,0);(1,0,%); (1,*,%)} By Lemma 13, there are num-
bers u;, vi,w; € {0,...,1+ 1} forevery i € {0,...,r} such that

G obstructs M[k;,u; — 1] and G, obstructs M[0,1; — u;],
G, obstructs M[k;,v; — 1] and G, obstructs M[0, [; — v;],

ui +v; <l;+2,and

if k; > 0 then G obstructs M[1,w; — 1] and G, obstructs M[1,1; — w;].

We may further assume u; > u;+; and v; > vii (0 < i < r): Let x;,x; € Ny be the greatest
values such that G| obstructs M[0,x;] and G, obstructs M[0,x,]. Then we may assume u; :=
max{0,/; — xo} and v; := max{0,/; — x;}; these are the lowest values such that G, obstructs
M][0,[; — u;] and G obstructs M[0,[; — v;] and so the conditions that G, obstructs M[0, /; — u;],
G obstructs M[0,[;—v;], and especially that G| obstructs M[k;, u;— 1], G, obstructs M[k;,v;—1],
and u; + v; < [; + 2 are satisfied by u;, v; as long as there are any values u;, v; at all that satisfy
them, which is ensured by Lemma 13. Let 7 € {0,...,r} be the smallest number with k, > 0. For
i > t, we may assume w; = min{wy,[; + 1} because G| obstructs the submatrix M[1,w; — 1] of
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M[1,w,;—1] and G, obstructs the submatrix M[1,1;—w;] of M[1,l,—w,]. This obviously implies
wi>wiprand L —w; > L —winp (0<i<r).

Thus, G; is a minimal M -obstruction and G» is a minimal M-obstruction with

M[O,ZO—VO],

Ml — M[k(),u()_1],...,M[k[_1,ut_l_1],
M[l,w,—1],
Mlkyu,—1],..., M[ky,u, — 1]
M[O,lo—uo],

,/\/l2 — M[ko,Vo - 1], ..,M[k,_l,vt_l - 1],
Ml:l,lt_Wt],
M[kt,v; 1], ..,M[kr,vr— 1]

A graph that obstructs M[1,d] for d € N also obstructs M[0,d], so for 0 < i <z, we see from the
definition of u;, w;,v; that l; —v; > [, —=v, > w, — 1 and [; — u; > l; — u; > l; — w;, which immediately
implies w; — 1 > u; — 1 and [, — w; > v; — 1. M and M, are staircase-like and so the inductive
assumption applies to G| and G;.

For kg > 1, we have ¢ = 0. By the inductive assumption, the size of G is

|G| =|G1| +|G2| < f(My) + f(M2)
—(0=(=1)) (o =vo + 1)+ (1=0)(wo— 1+ 1) + (ko= 1) (o= 1 + 1)

+ Zr:(k,-—ki_l)(ui— 1+ 1)
i=1
+ (O— (—1))(1() —ug + 1) + (1 _0)(ZO—W0 + 1) + (k()— 1)(\/() -1+ 1)
+ Zr:(ki—ki,l)(vi -1+ 1)
i=1
=3(lo + l) —-vo — Ug + (ko - 1)(u0 +VO) + zr:(ki —ki—l)(Vi + I/ti)
i=1
=3(lo + 1) + (k() —2)(u0 +vo) + Zr:(k, —k,-,l)(vi + I/tl')
i=1

For ko > 1, we have ko — 2 > 0 and ug + vg < lp + 1, so we may conclude further

|G| S3(lo + 1) + (ko - 2)(10 + 1) + Zr:(kl - k,‘_l)(vi + ui)

i=1
.
Z(ko + 1)(10 + 1) + Z(kl —ki_l)(v,- + ui) = f(M)
i=1
For ko = 1, G; obstructs M[1,wy — 1] and therefore also obstructs M[0,wy — 1]. G obstructs

M([ 1,1y — wp] and thus G, also obstructs M[0, [y — wy]. Also, we have wy > ug > u; and Iy — wg >
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vo—12>v;—1(0 <i<r),sowemay assume ug := wo and vg := Iy + 1 — wg and all previous
assumptions are still true (without, of course, the original definitions of ug and vg). This also
implies ug + v = lp + 1 and so we see

|G| §3(lo + 1) + (k() — 2)(”0 + VO) + Zr:(k,' - k,-_l)(vi + l/t,')
i=1

=(ko+1)(lo+ 1) + > (ki = kizy) (vi + ;) = fF(M)

i=1

For ¢t > 0 (and therefore kg = 0), the first three conditions for i = O state that G| obstructs
M][0,u; — 1], G, obstructs M[0,[; — u;], G, obstructs M[0,v; — 1], Gy obstructs M[0,[; — v;], and
u; +v; <l + 1. Obviously, we may increase u; to u; := [; + 1 — v; while still preserving these
conditions and we still have u; > u;,. In this case, the inductive assumption yields

G| =|G1| +|G2| < f(My) + f(M2)

=(kop=(-1))(up—1+1) +§(ki —ki)(ui—=1+1)+(1-0)(w,—1+1)
i=1

+ (k=) (ur =1+ 1)+ Y (ki—kim)(ui—1+1)
i=t+1
-1

+ (ko— (—1))(\/0— 1+ 1) +;(k,~—kl~,1)(v,~— 1+ 1) + (1 —0)(1,—Wt+ 1)

r

+ (kt— 1)(\);— 1+ 1) + 2 (ki—k,‘_l)(vi— 1+ 1)

i=t+1

:u0+v0+l,+ 1+ (k;— 1)(ut+vt) + Z (ki—ki_l)(ui+vi)
i=t+1
<ug+vo+ L+ 1+ (k= 1)L+ 1)+ > (ki—kio)(li+ 1)

i=t+1

o+ )tk D)+ Y (k- k) (@ + 1) < F(M)

i=t+1

Subcase 2c: ¢ = 1 Before the main proof in this subcase, minimal M[k,0]- and M[O0,![]-
obstructions (k, [ € N) are looked at more generally: For a = *, a graph G admits M[k,0] if and
only if it is k-colorable. A P4-sparse and therefore perfect graph is k-colorable if and only if the
size of its largest clique is at most k. Obviously, the only minimal M[k,0]-obstruction perfect
graph is the complete graph with k + 1 vertices Kj.;. Inversely, the only minimal M[O0,!/]-
obstruction perfect graph for b = * is the empty graph with / + 1 vertices K;,|. For a = 1, every
M{[k,0]-partition Ay, ..., A; of a graph G = (V, E) splits the graphs vertices into k parts such that
two vertices are in different parts if and only if they are adjacent to each other. A graph G # Kj
that is an M[k, 0]-obstruction therefore contains two non-adjacent vertices and another vertex
that distinguishes between the former two, which is an induced subgraph P3. For k > 2, P; does
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not contain Kj. as an induced subgraph and thus is the only other minimal M|k, 0]-obstruction.
Similarly, for / > 2 and b = 0 the only minimal M0, /]-obstruction other than K;, is Ps.

For [y = 0, the graphs K}, and possibly P3 are the only minimal M[k,,0]-obstructions and
therefore also the only minimal M-obstructions, so we either have G = Ky, or G = P5. Both
cases resultin |G| < k,+1 = (k,+1)(l,+1) < f(M), so we may assume [y > 0. Similarly, we may
assume k, > 0 as otherwise we had G = K1 or G = P and |G| < lp+1 = (ko+1)(lp+1) < fF(M).

By complementing M and G in Lemma 9, we see that a disconnected graph obstructs a matrix
M{k,1] if and only if G obstructs M[k,0] as well as M[0,1]. M = {M[ko,lp];...; M[k, 1]}
is staircase-like, so a disconnected graph obstructs M if and only if it obstructs M[k,,0] and
M][0,lp]. So if G as a disconnected graph and minimal M-obstruction has a disconnected in-
duced subgraph H that obstructs M[k,,0] and M[0,[y] then G and H must be identical. The
rest of this proof shows that G contains such an induced subgraph and that H has at most
ky + 1y + 1 < f(M) vertices. Note that G as an M[k,,0]-obstruction and M0, [y |-obstruction
contains induced subgraphs G, and G such that G, is a minimal M[k,,0]-obstruction and G| is
a minimal M[O0, [y]-obstruction.

First we assume G = Ky, +1 = (V,, Ec) and G, = K41 = (Vs, Es). If G n (V. U V) is connected,
there is a vertex x € V \ (V. U V;) that is non-adjacent to all vertices in V, U Vj, because G is
disconnected. In this case, we may exchange any vertex y € Vs with x and (Gsu{x})\{y} is still
an empty induced subgraph of G with [y+1 vertices. Thus, we may assume that H := Gn(V,.UVy)
is disconnected. As a disconnected graph that obstructs M[k,,0] and M[0,1y], we see that H
obstructs M and must therefore be identical to G. If there is a vertex v € V. \ V; that is non-
adjacent to all vertices in Vj, then, for any w € Vj, the set VU {v} \ {w} is an independent set
in G with [y + 1 vertices. G \ {w} therefore obstructs M[0,ly] and of course M[k,,0], which
makes the disconnected graph G \ {w} an M-obstruction, contradicting G being a minimal
M-obstruction. We may therefore assume that V. \ V; does not contain vertices that are non-
adjacent to all vertices in V; and, similarly, V; \ V; does not contain vertices that are adjacent to
all vertices in V. Thus, V. and V are the maximum clique and the maximum independent set in
G, respectively, and, as there are no other vertices in G, they are the only maximum clique and
the only maximum independent set. By Theorem 1, there is a maximum clique and a maximum
independent set in G that meet in exactly one vertex. As there is only one maximum clique and
only one maximum independent set in G, we see |V, n V| = 1 and therefore

G| =GN (VeuV)| =V | +|Vs|=|Ven V| =k, + 1+ +1-1< f(M)

In the case G. = Ky,+1 = (V, E.) and Gs = P3 = ({p1,p2,p3}.{p1 X p2,p2 X p3}), we may
assume Iy > 2 and a = 1. Now assume that G n (V. U {p1, p2, p3}) is connected and that p; for
some i € {1,2,3} distinguishes between two vertices y, z € V.. Without loss of generality let i be
1. Then H := G\{p», p3} #+ G is disconnected and contains G. and P3 = Gn{py,y,z} as induced
subgraphs and thus H obstructs M, which contradicts that G is a minimal M-obstruction. Thus,
every p; (1 < i < 3) is either adjacent to all vertices in V, or non-adjacent to all vertices in
Ve, as otherwise G N (V. U {p1, p2, p3}) would be connected and some p; would distinguish
between vertices in V.. If there is a p; that is adjacent to all vertices in V. then, for any y € V,
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H := G~ {y} # G is disconnected, contains Pz as an induced subgraph, and contains Ky, =
Gn((Ven{y})u{pi}) as an induced subgraph. H obstructs M, which is not possible, so we may
assume that all p; are non-adjacent to the vertices in V., which makes H := Gn(V.U{p1, p2, p3})
a disconnected graph. H obstructs M[k,,0] and M[0,1y], so we have H = G. For [y > 2, the claim
|G| =k, + 1 +3 <k, +1+1y < f(M) follows immediately, so we may assume Iy = 2. G\ {py}
contains the empty graph with three vertices K3 = ({p1, p3, x}, @) (with x € V,) as an induced
subgraph as well as the complete graph G, = Kj, 1 with k, + 1 vertices. G \ {p, } is disconnected
and obstructs M[k,,0] and M[0,2] = M[0,ly], so it obstructs M, which is impossible for an
induced subgraph of G. Hence, the case [y = 2 is not possible.

For G. = P3 = ({n1,n2,n3},{n1 x n3}) and Gy = Kj41 = (Vs,@), we may assume k, > 2 and
b = 0. If there is a vertex z; € V \ V that distinguishes between two vertices x1,y; € Vy, without
loss of generality z; xx; € E and z; %y ¢ E, then H := Gn(V,U{z, }) is disconnected, contains the
induced subgraphs G and P; = ({x1,y1,21}>{z1 % x1}), and therefore obstructs M as an induced
subgraph of G, which implies G = H. The size of G isthen |[H| = lp+ 1+ 1 < lp+k,+1 < f(M).
If there is a vertex xp € V \ V; that is adjacent to all vertices in Vj, then the vertices in V; and
Xy are obviously in the same connected component of G. As G is disconnected, there is another
connected component that contains a vertex y;. y; is non-adjacent to x, and non-adjacent to the
vertices in Vi, so H := G n (Vs U {x2,y2}) is disconnected, contains the induced subgraph G,
and contains an induced subgraph P3 = ({x2,y2,22}, {x2 x 22}) (22 € V). Therefore H obstructs
M and is identical to G. This implies |G| = |[H| = |Vy|+2 =1y +3 < lp+ k, + 1 < f(M). As
the last case to look at, we assume that no vertex in V \ Vj is adjacent to a vertex in V;, which
implies that {ny,n3} N Vy = @. Then H := G ~ {x3} (x3 € V) is disconnected and contains the
induced subgraphs Kj.1 = (Vs U {n1}) \ {x3},2) and G,. Thus, H # G obstructs M, which
contradicts that G is a minimal M-obstruction.

For G. = P3 and G = P3 = ({p1,p2, p3}. {p1 X p2. p2 % p3}), we assume Iy > 2 and k, > 2. G,
is connected while G is not, so there is a vertex x € V with x ¢ {p1, p2, p3} that is non-adjacent
to the vertices pj,p2, and p3. H = G n {x, p1,p2, p3} is disconnected and has the induced
subgraphs P3 = ({x,p1,p2},{p1 % p2}) and obviously P3. Thus, H obstructs M, and so we
have H =G and |G| = |H| =4 < Iy + k, < f(M). O

The preceding theorem has the following important special case.

Corollary 12. If M is a constant matrix and G is a Py4-sparse, minimal M-obstruction graph,
then G has at most (k + 1)(1+ 1) vertices.
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6. Summary

Most of the properties that Feder et al. have proved for cographs [FHHO6] have been proved for
P4-sparse graphs as well in this work.

When the matrix size is fixed, Feder et al. have shown how to determine whether a cograph
with lists obstructs a matrix in linear time ([FHHO6], Corollary 2.4). This thesis shows the same
for P4-sparse graphs in Corollary 3. Theorem 3 shows that the condition of a fixed matrix size
cannot be omitted since otherwise the problem becomes NP-complete.

Feder et al. have shown that a minimal M-obstruction cograph with lists has at most a”'m! ver-
tices, where a = ln_l(%) ([FHHO6], Theorem 2.3) and m is the size of the matrix. This is the
only property of cographs proved in the article of Feder et al. [FHHO06] that this thesis does not
show to also apply to P4-sparse graphs. Instead, Theorem 4 only shows that P4-sparse minimal
M-obstructions with lists have less than 4! - (m + 1)! vertices.

Let feograph : N — N be the function that maps m € N to the size of the largest cograph
minimal M-obstruction of a matrix of size m. Feder et al. have proved that feograph € O(8™/ \/m)
([FHHO6], Theorem 3.2). This thesis shows in Theorem 5 that the upper bound fp,.sparse €
O(16™) applies if fp,-sparse Maps to the size of the largest, minimal M-obstruction, P4-sparse
graph instead of only a cograph.

For constant matrices, Feder et al. have shown that a minimal M-obstruction cograph has exactly
(k+ 1)(1+ 1) vertices if M is a (*,*,*)-block matrix with k diagonal Os and / diagonal Is
([FHHO6], Corollary 4.2). For other constant matrices, minimal M-obstruction cographs have
at most (k + 1)(1 + 1) vertices ([FHHO6], Corollary 4.4). In Chapter 5 of this thesis, these
results could be extendend to P4-sparse graphs. For (*, *, *)-block matrices, Corollary 7 shows
that a minimal M-obstruction, P4-sparse graph has exactly (k + 1)(I/+ 1) vertices. For constant
matrices in general, Corollary 12 shows that a minimal M-obstruction, Ps-sparse graph has at
most (k+ 1)(1+ 1) vertices.

These results show that P4-sparse graphs share many properties with cographs. This indicates
to have a closer look on P4-sparse graphs if a problem is easy to solve on the class of cographs
but difficult for graphs in general. As another research direction, maybe the results presented in
this thesis can be extended to an even larger class of graphs, for example the graphs with few
P,4s that were introduced by Babel and Olariu [BO95]. Also, either an upper bound for the size
of P4-sparse minimal M-obstructions with lists exists that equals the upper bound already found
for cographs or, if this is not possible, a counterexample for such an upper bound must exist, a
P4-sparse minimal M-obstruction with lists whose size is greater than the upper bound a"'m!,
which Feder et al. have proved for cographs.
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