N

N

On the Recognition of Bipolarizable and P_ 4-simplicial
Graphs

Stavros D. Nikolopoulos, Leonidas Palios

» To cite this version:

Stavros D. Nikolopoulos, Leonidas Palios. On the Recognition of Bipolarizable and P_ 4-simplicial
Graphs. Discrete Mathematics and Theoretical Computer Science, 2005, Vol. 7, pp.231-254.
10.46298 /dmtcs.351 . hal-00959039

HAL Id: hal-00959039
https://inria.hal.science/hal-00959039
Submitted on 13 Mar 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inria.hal.science/hal-00959039
https://hal.archives-ouvertes.fr

Discrete Mathematics and Theoretical Computer Science DMTCS vol. 7, 2005, 231-254

On the Recognition of Bipolarizable
and P,-simplicial Graphs

Stavros D. Nikolopoulos and Leonidas Palios

Department of Computer Science, University of loannina, P.O.Box 1186, GR-45110 Ioannina, Greece
{stavros, palios}@cs.uoi.gr

received Jul 18, 2004, revised Sep 20, 2005, accepted Oct 21, 2005.

The classes of Raspail (also known as Bipolarizable) and Ps-simplicial graphs were introduced by Hoang and Reed
who showed that both classes are perfectly orderable and admit polynomial-time recognition algorithms [16]]. In this
paper, we consider the recognition problem on these classes of graphs and present algorithms that solve it in O(nm)
time. In particular, we prove properties of the graphs investigated and show that we can produce bipolarizable and P;-
simplicial orderings on the vertices of the input graph G, if such orderings exist, working only on P;s that participate
in a P4 of G. The proposed recognition algorithms are simple, use simple data structures and both require O(n + m)
space. Additionally, we show how our recognition algorithms can be augmented to provide certificates, whenever they
decide that G is not bipolarizable or P,-simplicial; the augmentation takes O(n + m) time and space. Finally, we
include a diagram on class inclusions and the currently best recognition time complexities for a number of perfectly
orderable classes of graphs.

Keywords: Bipolarizable (Raspail) graphs, P;-simplicial graphs, perfectly orderable graphs, recognition, algorithms,
complexity.

1 Introduction

A linear order < on the vertices of a graph G is perfect if the ordered graph (G, <) contains no induced
P, abed with a < band d < c (such a Py is called an obstruction). In the early 1980s, Chvatal [4] defined
the class of graphs that admit a perfect order and called them perfectly orderable graphs.

Chvatal proved that if a graph G admits a perfect order <, then the greedy coloring algorithm applied
to (G, <) produces an optimal coloring using only w(G) colors, where w(G) is the clique number of
G. This implies that the perfectly orderable graphs are perfect; a graph G is perfect if for each induced
subgraph H of G, the chromatic number x (H) equals the clique number w(H ) of the subgraph H. The
class of perfect graphs was introduced in the early 1960s by Berge [1], who also conjectured that a graph
is perfect if and only if it contains no induced subgraph isomorphic to an odd cycle of length at least five,
or to the complement of such an odd cycle. This conjecture, known as the strong perfect graph conjecture,
has been recently established due to the work of Chudnovsky et al. [3].

It is well-known that several interesting problems in graph theory (e.g., coloring, independent set),
which are NP-complete in general graphs, have polynomial-time solutions in graphs that admit a perfect
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Fig. 1

order [2; 8]]; unfortunately, it is NP-complete to decide whether a graph admits a perfect order [22]]. Since
the recognition of perfectly orderable graphs is NP-complete, we are interested in characterizing graphs
which form polynomially recognizable subclasses of perfectly orderable graphs. Many such classes of
graphs, with very interesting structural and algorithmic properties, have been defined so far and shown to
admit polynomial-time recognitions (see [2;18]); note however that not all subclasses of perfectly orderable
graphs admit polynomial-time recognitions [13]].

In 1989, Hoang and Reed [|16] introduced four subclasses of perfectly orderable graphs, namely, the
P;-indifference, Raspail (also known as Bipolarizable), P,-simplicial, and Ps-comparability graphs; a
graph is defined to be

o Py-indifference if it admits a linear order < on its vertices such that every Py abcd has either (a < b,
b<c,e<dor(d<c,c<bb=<a);

o Bipolarizable if it admits a linear order < on its vertices such that every Py abed has (b < a, ¢ < d);

o Py-simplicial if it admits a linear order < such that every P, has either a bipolarizable or a Py-
indifference ordering;

o Py-comparability if it admits a linear order < on its vertices such that every Py abcd has either
(a<b,c<bc<dorb=<ab=<cd=c).

Hoang and Reed proved structural and algorithmic properties for these four classes of perfectly orderable
graphs, and provided polynomial-time recognition algorithms and also polynomial-time algorithms for
constructing obstruction-free linear orders (i.e., perfect orderings). Note that every linear order < on the
vertices of a graph yields an acyclic orientation of the edges, where each edge ab is oriented from a to b if
and only if a < b; thus, a graph is bipolarizable if we can assign orientations to its edges so that the wings
of every Pj are oriented towards the endpoints of the P4. On the other hand, every acyclic orientation
gives at least one linear order; for example, the order taken by a topological sorting. Hence, bipolarizable
and Py-simplicial graphs can also be defined in terms of orientations.

Additionally, the class of bipolarizable graphs can be defined in terms of forbidden subgraphs. The
minimal set of forbidden subgraphs for this class has been established in [12; [16]; it includes the graphs
shown in Figure [I] (we will call the rightmost among them zig-zag triomino or z-triomino for short) and
the k-wheel (k > 3) defined as follows (nearly following the notation of [12])): a k-wheel (k > 3) is the
graph formed by a set of 3k vertices, namely, vy, v1, ..., Up—1, T, T15 - - -» Tk—1, and Sg, S1, - - -, Sk—1,
such that
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> the vertices vg,v1,...,vx—1 form a clique, while each of the vertex sets {rg,r1,...,7x—1} and
{s0,81,...,8k—1} is an independent set,

> for 0 <4,j <k — 1, v; is adjacent to r; except for j = ¢ + 1,
> for0 <4,j <k — 1, v; is adjacent to s; except for j = 7,7 + 1, and
> for 0 <4 < k — 1, r; is adjacent to s; but non-adjacent to any s; for j # i,

where all integer subscripts are taken modulo k. We note that the 2-wheel is also well defined and co-
incides with Ps. A figure depicting the k-wheels for £ = 2,3,4,6 can be found in [12]. Unlike the
bipolarizable graphs, the minimal set of forbidden subgraphs for the class of P,-simplicial graphs, if it
can be concisely described, has not been determined.

Another interesting class of graphs is the class of weak bipolarizable graphs: a graph is weak bipo-
larizable if it has no induced subgraph isomorphic to Cj, for k& > 5, to the house graph (Ps5), or to the
graphs A and Dg of Figure The class was introduced by Olariu [25] who also presented an O(n?)-time
recognition algorithm. Since any C, where k > 7, contains a Pg, the class of weak bipolarizable graphs
is a superclass of the bipolarizable graphs, as the name suggests after all (see also [25]]).

As mentioned above, the recognition problem on both bipolarizable and P,-simplicial graphs has been
addressed by Hoang and Reed [16]. Their algorithms are based on detecting whether the input graph G
admits a bipolarizable or P,-simplicial ordering. More precisely, the algorithm for recognizing a bipo-
larizable graph G constructs an acyclic bipolarizable orientation; for every Py abcd in G, it orients ab
(resp. cd) towards a (resp. d); if no edge of G receives opposite orientations and the resulting oriented
graph is acyclic, it returns “yes”, otherwise returns “no”. The algorithm runs in O(n*) time, where n is the
number of vertices of the input graph G. Their algorithm for recognizing P4-simplicial graphs constructs
a Py-simplicial ordering of the vertices of G as follows: it initially sets H := V(&) and then repeatedly
chooses a vertex x € H such that z is not a midpoint of any P4 abxc (of the graph G) with b,c € H and
sets H := H — {z}andy < z forally € H; if H # 0 and the algorithm fails to choose a vertex x € H,
it returns “no”. This algorithm takes O(n”) time.

Recently, Eschen et al. [[7] described recognition algorithms for several classes of perfectly orderable
graphs, e.g., O(n337%)-time algorithms for both bipolarizable and P,-simplicial graphs. In particular,
they presented an algorithm for recognizing brittle graphs by direct application of the definition; a graph
is brittle if and only if its vertices admit a linear order (v, va, ..., v, ) such that each vertex v; is either
not a midpoint or not an endpoint of a Py in the subgraph of G induced by {v;,...,v,} [25 14]. Their
algorithm uses matrix multiplication and runs in O(n3-37%) time; it computes, for each vertex v;, the Pys
which contain v; as a midpoint, and thus, is also used to recognize bipolarizable and Py-simplicial graphs
within the same time bounds.

Additionally, we note that Hoang and Reed also presented algorithms which solve the recognition
problem for P;-comparability and P;-indifference graphs which run in O(n*) and O(nS) time [16} [17].
Recent results on these problems include O(nm)-time [23] and O(n + m)-time algorithms [[10} 26],
respectively, where m is the number of edges of the input graph.

Our objective is to study the recognition problem on the classes of bipolarizable and P,-simplicial
graphs and we present O(nm)-time algorithms for each of these problems. Our algorithms rely on pro-
perties of these graphs which we establish and which allow us to only work with Pss of the input graph G
which participate in Pys of G; such Pss can be computed in O(nm) time by means of the distance trees
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of the complement of the graph rooted at each of its vertices [23]]. The proposed recognition algorithms
are simple, use simple data structures and both require O(n + m) space. Additionally, we describe
how to augment our two recognition algorithms so that they return a certificate whenever they decide
that G is not bipolarizable or Py-simplicial, thus, providing the most natural evidence that the input
graph G indeed is not bipolarizable or Ps-simplicial. In particular, for the case of bipolarizable graphs,
the augmented algorithm returns a forbidden subgraph contained in G. The augmented algorithms take
O(n + m) additional time and O(n + m) space. Finally, we show that the class of weak bipolarizable
graphs is a subclass of the class of P,-simplicial graphs and give class inclusion results and the currently
best time complexities for the recognition problem for a number of perfectly orderable classes of graphs.

The paper is structured as follows. In Section 2] we review the terminology that we use throughout the
paper and we establish the theoretical framework on which our algorithms are based. The recognition
algorithms for bipolarizable and Py-simplicial graphs are described and analyzed in Sections [3] and [4]
respectively. Section [5] gives results on class inclusions for a number of perfectly orderable classes, and
Section[6|concludes with a summary of our results and some open problems.

2 Theoretical Framework

We consider finite undirected graphs with no loops or multiple edges. Let G be such a graph; then,
V(G) and E(G) denote the set of vertices and of edges of G respectively. The neighborhood N (x) of a
vertex © € V(G) is the set of all the vertices of G which are adjacent to x. The closed neighborhood of
x is defined as N[z] := {z} U N(x).

The subgraph of G induced by a subset S of G’s vertices is denoted by G[S]. A subset A C V(G) of
p vertices is a p-clique, or clique, if it induces a complete subgraph, i.e., G[A] = K,,; a single vertex is a
1-clique. An independent set is a subset B C V() of vertices no two of which are adjacent; it is also
called stable set. A subset H C V(G) of vertices is homogeneous if 2 < |H| < |V(G)| and each vertex
xz € V(G) — H sees either all vertices or no vertex in H, i.e., either H C N(z) or H N N(z) = 0.

A path in a graph G is a sequence of vertices vy - - - vy such that v;_qv; € E(G) fori =1,2,...,k;
we say that this is a path from vy to vy and that its length is k. A path may be undirected or directed
depending on whether G is an undirected or directed graph. A path is called simple if none of its vertices
occurs more than once; it is called frivial if its length is equal to 0. A path (simple path) vyvy - - - v is
called a cycle (simple cycle) of length k + 1 if vovr, € E(G). An edge connecting two non-consecutive
vertices in a simple path (cycle) is called a chord; then, a simple path (cycle) vgvy - - - vy of a graph G
is chordless if G contains no chords of the path (cycle), i.e., v;v; ¢ E(G) for any two non-consecutive
vertices v;,v; in the path (cycle). The chordless path (chordless cycle, respectively) on n vertices is
commonly denoted by P,, (C),, respectively). In particular, a chordless path on 4 vertices is denoted by
Py.

Let abed be an induced P, of a graph. The vertices b and c are called midpoints and the vertices a and
d endpoints of the P,y abcd. The edge connecting the midpoints of a Py is called the rib; the other two
edges (which contain some endpoint) are called the wings. For the P, abcd, the edge bc is its rib and the
edges ab and cd are its wings.

Our bipolarizable graph recognition algorithm relies on the result stated in the following lemma.

Lemma 2.1 Let G be a graph that contains no induced subgraph isomorphic to a house graph or the
graphs A and Dg of Figure Then, G does not contain a Cy abed such that abc and bed are Pss
participating in Pys of G.
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Proof: Suppose for contradiction that G contains a Cy abed meeting the conditions in the statement of
the lemma. We distinguish cases. Suppose first that the Ps; abc participates in the P, abcx and that the
P; bed participates in the Py bedy. Then, xd ¢ E(G), otherwise the vertices a, b, ¢, d, x would induce a
house in G. In a similar fashion, ya ¢ E(G) either. But then, if xy ¢ E(G), then the subgraph induced
by a, b, ¢, d, z,y is isomorphic to the A whereas if zy € E(G), it is isomorphic to the Dg; a contradiction
in either case. The remaining three cases (depending on whether abc participates in a Py xabc or abcx
and on whether bcd participates in a Py ybed or bedy) are handled similarly. O

We note that Lemma[2.T] as well as the ensuing Lemma[3.1] in fact hold for the class of weak bipolarizable
graphs, which is a superclass of the bipolarizable graphs. Lemma [2.1|however holds neither for the class
of P4-simplicial graphs nor for the class of H H D-free graphs [2; 1824, since the former class contains
the house graph whereas the latter contains the graph A.

Computing all the Pss participating in Pys of a graph G:  In [23]], it has been shown that all the Pss
participating in Pys of a graph G can be efficiently computed as follows:

Lemma 2.2 For each vertex v of a graph G, let T (v) be the distance tree of the complement of G rooted
at v (0-th level) and let S1,Ss, ..., Sk, be a partition of the vertices in the 2nd level of the tree, where
two vertices belong to the same S; iff they have the same neighbors in the 1st level of Te(v). Then, avb is
a Ps participating in a Py of G iff ab ¢ E(G) and either exactly one of a,b belongs to the 2nd level and
the other to the 3rd level of T(v), or both a and b belong to the 2nd level but they are in different sets of
the partition Sy, 52, ..., Sk, .

Lemmal[2.2]implies that for a graph G on n vertices and m edges, the Pss participating in Pys of G can
be computed in O(nm) time and O(n + m) space because the number of vertices in all the levels, but the
Oth and the 1st, of the distance tree Ta(v) does not exceed the degree of v in G; thus, considering pairs of
vertices located in these levels takes O(Y", deg®(v)) = O(nm) time, where deg(v) denotes the degree
of v in the graph G [23]].

Since the vertices in the 2nd and 3rd level of Ti(v) form a subset of the neighborhood of v, we can
give a more unified criterion for deciding whether a P3 avb participates in a Py of G by considering the
following partition of N (v):

> the partition of the vertices in the 2nd level of Ti(v) into Si, ..., Sk, as described above;
> all the vertices in the 3rd level of T (v) are placed in a set Sy, 11;

> all remaining vertices in N (v) are placed in a set Sy (no such vertex a forms a Ps avb participating
in Pys of G for any vertex b of G).

Then, Lemma[2.2]can be equivalently stated as follows:
Lemma 2.3 For each vertex v of a graph G, let T(v) be as in Lemma 2.2 and let Sy, S1, . .., Sk, , Sk, +1

be the partition described above. Then, for any a,b € N(v) such that a € S; and b € S}, avb is a P3
participating in a Py of G if and only if ab ¢ E(G), i # 0, j # 0, and i # j.



236 S.D. Nikolopoulos and L. Palios

3 Recognition of Bipolarizable Graphs

The definition of bipolarizable graphs implies that they can be efficiently recognized as soon as the wings
of all the Pys have been computed. The method described in [23] for computing all the Pss participating
in Pys of a given graph does not seem to extend to produce within the same time complexity which edge
of the P4 is the rib and which is the wing of the P,. However, in the case of bipolarizable graphs, we take
advantage of Lemma [2.1] in order to achieve their efficient recognition. Indeed, since the bipolarizable
graphs do not contain the house graph, A, or Dg (see Figure|[I)), Lemma[2.T]implies the following result.

Lemma 3.1 Let G be a bipolarizable graph and let abc be a Ps participating in a Py of G. If bed is
another such Ps, then G contains the P, abed.

Proof: If the path abcd is not a P4 then G must contain the edge ad. But this creates a Cy meeting the
conditions of Lemma 2.1} a contradiction. O

Then, Lemma [3.1)implies the following corollary.

Corollary 3.1 Let G be a bipolarizable graph and let F be the orientation of G such that the wings of
each Py of G are oriented towards the endpoints of the P, and edges that are not the wings of any Py are
not oriented. Then, for each edge bc of G for which there exist Pys abc and bed participating in Pys of G,
the edges ab and cd (for all such a and d) get oriented towards a and d respectively.

Proof: Let us consider any such P5 abc; then, because of the existence of the P5 bed, Lemma 3. 1| applies,
and thus abcd is a Py of G. Therefore, the edge ab is oriented towards a in F', and this holds for all such
a, and the edge cd is oriented towards d in F' and this holds for all such d. a

The algorithm for the recognition of bipolarizable graphs applies Corollary [3.1] The input graph G is
assumed to be given in adjacency list representation. The algorithm uses two arrays, an array M|[] and
an array S[], of size 2m each. The array M|] has entries M [zy] and M [yz], for each edge xy of G; the
entry M [xy] is equal to 1 if there exist Pss zyz participating in Pys of G, and is equal to 0 otherwise. As a
result, for an edge xy, both M [xy] and M [yx] are equal to 1 iff there exist Pss xyz and txy participating
in Pys of G. The array S[] too has entries S[xy| and S[yx], for each edge xy of G; the entry S[xy] is
equal to the index number of the partition set of N (y) to which x belongs (see Lemma . As a result,
a path zyz is a P5 participating in Pys of G iff S[xy] # 0, S[zy] # 0, and S[xy] # S|zy]. In more detail,
the algorithm works as follows.

Bipolarizable Graph Recognition Algorithm

Input: an undirected graph G on n vertices and m edges.
Output:  amessage as to whether G is a bipolarizable graph or not.

1. Initialize the entries of the arrays M[] and S|] to 0; for each vertex v, sort the records of the neighbors
of v in v’s adjacency list in increasing vertex index number;

2. Find all the Pss participating in Pys of G; for each such P5 abe, set the entries M [ab] and M [cb] equal
to 1, and appropriately update the entries .S[ab] and S[cb];

3. for each edge uv of G such that M[uv] = 1 and M[vu] =1 do



Recognizing Bipolarizable and Py-simplicial Graphs 237

(a) traverse the adjacency lists of u and v in lockstep fashion and process the neighbors of v which are
not neighbors of u, and the neighbors of u which are not neighbors of v as follows:

(b) for each neighbor w of v in G which is not adjacent to v do
if S[uv] #0 and S[wv] # 0 and S[uv] # Slwv]
then {uvw is a Ps ina P, of G}
if the edge vw has not yet received an orientation
then orient it towards w;
else if itis oriented towards v
then print that G is not a bipolarizable graph; exit;

(c) for each neighbor w of w in G which is not adjacent to v do
if Sfvu] # 0 and Sfwu] # 0 and Sfvu] # S[wu]
then {vuw is a Ps ina Py of G}
if the edge uw has not yet received an orientation
then orient it towards w;
else if itis oriented towards u
then print that G is not a bipolarizable graph; exit;

4. Check if the directed subgraph el spanned by the oriented edges contains a directed cycle; if it does
not, print that G is a bipolarizable graph; otherwise, print that it is not.

The correctness of the algorithm follows directly from Corollary Observe that for any P, abced of
G, the edge be will be considered in Step 3] of the algorithm, and then the edges ab and cd will be assigned
the desired orientations.

Time and Space Complexity.  Step [I| takes O(n + m) time since the sorted adjacency lists can be
obtained through radix sorting an array of all the ordered pairs of adjacent vertices, while Step [2] takes
O(nm) time [23]. Steps andtake constant time per such vertex w; it is assumed that the orientation
of an edge is stored in an array of size m for constant-time access and update. For an edge uv, Steps 3b|
and [3c| may be executed as many as O(deg(u) + deg(v)) times, where deg(u) denotes the degree of
vertex u in G. Since Step [3a|also takes O(deg(u) + deg(v)) time, Step [3|takes O(nm) time because

Z (deg(u)+deg(v Z deg(u Z deg(v Z deg(u)-deg(u) = O(nm).

wweE(G) wweE(G) wveE(G) ueV(QG)

Step |4|can be executed by constructing the directed graph G and then by applying topological sorting on
it; if the topological sorting succeeds then no directed cycle exists, otherwise there exists a directed cycle.
From this description, it is clear that Step 4| can be completed in O(n + m) time and space. Since the
computation of the Pss participating in P;s takes linear space, the total space needed by the recognition
algorithm is clearly linear in the size of the input graph G.

Summarizing, we obtain the following theorem.

Theorem 3.1 Let G be an undirected graph on n vertices and m edges. Then, our algorithm determines
whether G is a bipolarizable graph in O(nm) time and O(n + m) space.
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The recognition algorithm can be used to produce a bipolarizable ordering of the vertices of a bipolar-
izable graph G. The bipolarizable ordering coincides with the topological ordering of the vertices of the
directed graph @, possibly extended by an arbitrary ordering of any vertices of G which do not participate
in

3.1 Providing a Certificate

The bipolarizable graph recognition algorithm can be easily augmented so that it provides a certificate
whenever it decides that the input graph G is not bipolarizable; in particular, the algorithm can be made
to return a forbidden subgraph of G in such a case.

As indicated by the algorithm, there are two reasons due to which a given graph G can be found non-
bipolarizable. First, a conflict of orientation may arise on an edge of G which ends up receiving opposite
orientations by different Pys sharing it. Second, if no conflict has arisen, there may be the case that the
directed subgraph G spanned by the oriented edges contains a directed cycle. Relating these two cases to
the forbidden subgraphs, it is not difficult to see that:

Lemma 3.2 A conflict of orientation arises while orienting the edges of a graph G if and only if G
contains a Cs, a house graph, a Ps, an A, a Cg, or a Dg (see Figure .

Proof: It is easy to see that if the graph G contains any of the above graphs then a conflict of orientation
arises; the bottom horizontal edge of the C5 and the house, and the top horizontal edge of Ps, A, C, Dg
in Figure [T|receive opposite orientations.

Suppose now that an edge ab receives opposite orientations. Then, G contains Pys abcd and xyab;
clearly y differs from c and d, = differ from both c and y. If d coincides with x, then the vertices a, b, ¢, d, y
induce a Cy or a house in G. If d differs from z, then if d, y or ¢, z are adjacent in G a C5 or a house is
induced, otherwise GG contains an induced Py, A, Cg, or Dg. |

In the following, we will consider graphs that contain no C5, house, Ps, A, Cg, or Dg. Then, by
Lemma [3.2] the wings of every P4 of G can all be oriented without conflict towards the endpoints of
the P,. The orientation process produces directed and undirected edges; we say that an edge zy is not
oriented towards z, if it is either undirected or directed towards y. The following lemma will be useful
later.

Lemma 3.3 Let G be a graph which contains no Cs, house, Pg, A, Cg, or Dg, and whose edges have been
oriented as described above. Suppose further that G contains a cycle be f g with a single diagonal bf such
that the edge fq is oriented towards f, the edge bg is not oriented towards b, the edge cf is not oriented
towards f, and the diagonal bf is undirected. Then, if ahgf is any Py of G, the vertices a,b,c, f,g,h
induce in G a subgraph as the one shown on the right in Figure2|and the edge cf is oriented towards c.

Proof: The cycle bcfg is shown on the left in Figure 2} white arrows indicate potential orientations. It
is easy to see that vertex b is adjacent to both a and h in G: if b was adjacent neither to @ nor to h, the
path ahgb would be a P, with its wing bg oriented away from the endpoint b, in contradiction to the
potential orientation of bg; if b was adjacent to a but not to h, the vertices a, b, f, g, h would induce a
house in G; if b was adjacent to h but not to a, the path ahbf would be a P, and its wing bf would
have received an orientation. Additionally, ac ¢ E(G): if ac € E(G), the vertices a, ¢, f, g, h would
induce a house or a Cs in G depending on whether c, h are adjacent or not. Then, ch ¢ E(G) as well,
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b c a b c a b C d

> A A A Y A \{

g S h g g S h < g g S "
Fig. 2 Fig. 3

for otherwise the path ahcf would be a Py with its wing cf oriented towards f, in contradiction to the
potential orientation of cf. The above adjacencies imply that the path cfgh is a Py and thus the edges cf
and gh are oriented towards c and h respectively. a

Using Lemma|[3.3] we prove the following lemma which is important for locating z-triominoes.

Lemma 3.4 Let G be a graph which contains no Cs, house, Ps, A, Cg, or Dg. Then, if G contains
a z-triomino then the directed graph G exhibits a directed cycle on 4 vertices with a single undirected
diagonal. Conversely, if G exhibits a directed cycle bg fc (directed from b to g to f to c to b) with a single
undirected diagonal bf, then for any Pys ahgf and bede of G, the vertices a,b, c,d, e, f, g, h induce a
z-triomino in G.

Proof: (=) Suppose that GG contains a z-triomino. Since G contains no Cj, house, Ps, A, Cg, or Dg,
each edge of GG will receive at most one orientation (Lemma. Thus, the edges of each z-triomino of G
receive the orientations indicated in Figure [3} that is, for the z-triomino with vertices a, b, ¢, d, e, f, g, h,
a single directed cycle bcfg is formed. It suffices to show that the diagonal bf is not the wing of any P,
of G and thus receives no orientation. Clearly, it does not get oriented due to a P, induced by a subset of
the vertices of the z-triomino. Due to symmetry, considering P,s with vertices in addition to the vertices
of the triomino is exhausted to the following three cases (see Figure3):

(a) the edge bf participates in a Py xabf: Then, zc € E(G), otherwise the path zabc would be a Py
whose wing bc would be oriented towards b in G. But then, fcxa would be a Py with both its wings
oriented away from its endpoints; a contradiction.

(b) the edge bf participates in a Py xhbf: Then, again zc € E(G), otherwise the path zhbc would be a
P, whose wing bc would be oriented towards b in G. And again, fcxh would be a Py with both its
wings oriented away from its endpoints; a contradiction.

(c) the edge bf participates in a P, xybf: Then, at least one of ¢ and yc belongs to E(G), otherwise
the path zybc would be a Py, whose wing bc would be oriented towards b. In fact, yc € E(G), for
otherwise the existence of xzc¢ would imply that the vertices x, y, b, ¢, f induce a house graph in G.
This in turn implies that x¢ € E(G), otherwise the path zycf would be a P, whose wing f¢ would
be oriented towards c. The existence of xc implies the existence of xg and the non-existence of xh
since otherwise the paths g fcz and fcxh would be “badly” oriented Pys respectively. But then, the
subgraph induced by the vertices b, ¢, x, g, h is a house; a contradiction.

A contradiction has been obtained in each case, which implies that the edge bf is not the wing of any P,
of the graph G and thus it does not receive an orientation.
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(«<=) Now suppose that the directed graph G exhibits a directed cycle bg fc with a single undirected
diagonal b f. Lemma|3.3|applies for this cycle in terms of the edge f¢g and any P, ahgf of G. Lemma|3.3
also applies for the same cycle in terms of the edge bc and any P, bede of G it is important to observe
that the vertices a, h differ from d, e as they have different neighbors among b, ¢, f, g. As a result, the
vertices a, b, c,d, e, f, g, h induce a subgraph containing the edges of the z-triomino shown in Figure
and potentially edges connecting a, h to d, e. In fact, d and h are not adjacent, otherwise the path cdhg
would be a P4 whose wing cd would be oriented away from the endpoint c. This implies that neither
e, h nor a, d are adjacent, otherwise, there would exist Pys cdeh and dahg, respectively, with their wings
cd and gh oriented away from the endpoint. Finally, a, e are not adjacent either; if they were adjacent,
the path haed would be a P, whose wing ah would be oriented away from the endpoint h. The above
adjacencies imply that the vertices a, b, ¢, d, e, f, g, h induce a z-triomino in G. a

Additionally, we give below a result of Hertz ([[12], Lemma 2.4) which we have paraphrased using our
formalism and terminology:

Lemma 3.5 Let C = vp_1vi_o---v1vg be a directed cycle on k > 3 vertices without any directed
chord. Let us consider the directed path v, _1v,_o---vyg on n < k consecutive vertices of C. Let
ri,8i (1 < i < n — 1) be any vertices such that the paths s;r;v;v;—1 are Pys of G. Then, the vertices
VO Uy oy Un—1, T1,725 - -y Tn_1, And S1, 82, . . ., Sp_1 induce a quasi n-wheel in G.

(We note that in Lemma [3.3]it is implied that no conflict of orientation has arisen and that the graph G
contains all chords connecting the & vertices of the directed cycle C.) A quasi k-wheel is what remains
from a k-wheel with vertex set {vg,v1,...,Un—1, 70,71, -, "n—1, S0,51,---,Sn—1} When vertices 7
and sg are removed. Hertz used Lemma to establish his main theorem; in the proof, he shows the
following:

Lemma 3.6 Let C = v,_1v,_5---v1v9 be a directed cycle on n > 3 vertices without any directed
chord. Let r;,s; (0 < i <mn — 1) be any vertices such that the paths s;r;v;v,—1 are Pys of G. Then, the
vertices Vg, V1, ..., Un—1, T0,T1s++ s Tn—1, and Sq, 81, . . . , Sn—_1 induce an n-wheel in G.

Finally, we can also show the following results.

Lemma 3.7 Let G be a graph which contains no Cs, house, Py, A, Cg, or Dg, and whose edges have
been oriented as described earlier yielding the directed graph G. Then:

(i) G does not contain a Cy be f g such that the edge f g is oriented towards f, the edge bc is not oriented
towards c, and the edge cf is not oriented towards f.

(ii) If G contains a directed Cy, where k > 5 (i.e., there are no directed chords), the vertices of the cycle
induce a complete graph in G.

Proof: (i) Suppose for contradiction that the graph G contains such a Cy. The orientation of the edge fg
implies that GG contains an induced Py, say, ahg f, with wing fg. Then, as in the proof of Lemma|3.3] we
can show that ¢ is adjacent neither to a nor to h. If ac € E(G), then G would contain a house or a Cj
depending on whether c, h are adjacent or not. Since a, ¢ are not adjacent then c, i are not adjacent either,
otherwise the path ahcf would be a P, whose wing c¢f would be oriented towards f, in contradiction
to the potential orientation of c¢f given in the statement of the lemma. Finally, bh € E(G) otherwise
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the path cbgh would be a P4, whose wing cb would be oriented towards ¢, again in contradiction to the
potential orientation of bc. But then, the vertices b, ¢, f, g, h induce a house in G a contradiction.
Suppose for contradiction that the directed graph G contains a directed C, on k > 5 vertices and two
of them are not adjacent in GG; without loss of generality, we assume that the C}, is vgvy - - - vi—1 (oriented
from v to v; and so on to vg_; and back to vp) and that vov, ¢ E(G) where 1 < ¢t < k — 2. Let

q= Olg?gt{z | vivy ¢ E(G) and v 10 € E(G)};

we note that ¢ is well defined since vov; ¢ F(G) and v;_1v; € E(G).

Next, we show that there exist vertices v, v, such that the vertices vy, vq, Vq41, v appear in that order
around the directed Cj; of the graph G and induce in G the cycle vpvavg410, Where vyv41 € E(G)
and vyu, ¢ E(G); see Figure Eka). We consider a chordless path p connecting v; to v, in the sub-
graph G[{vy, V41, ..., Vk—1,V0, V1, .., Uq}]; let us suppose that p = vv;, vy, -+ - V;, vy, Where £ > 1
since vyvy ¢ E(G). If £ = 1 then we have the cycle v, vg41v,0;, Where vgvy ¢ E(G). If v, v441 ¢ E(G)
then the cycle v4v441v:v;, meets the conditions of statement (i) of this lemma for b = v;,, ¢ = vy,
f = vg41, and g = v, (note that the edges vq11v¢, v1v;,, and v;, vq are either chords or they are directed
towards v, v;,, and vy, respectively); since this is impossible according to statement (i), we conclude
that v;, vg41 € E(G). Then, we have the desired cycle for v, = v;, and v, = v;. Suppose now that
¢ > 2. Let us consider that v, = v; and let s = maxo<j<¢{j|vi,vg41 € E(G)}; s is well defined
since the edge v;,v4+1 = vv4+1 belongs to E(G). Since G contains no Cs, Cg, or P, and effectively
no C; for ¢ > 5, it follows that s > ¢ — 1. But s # ¢ — 1, otherwise the cycle vqvg4+1v;, ,v;, Would
meet the conditions of statement (i) of this lemma for b = v;,, c = v;,_,, f = vq41, and g = v, and that
would be impossible; recall that the path p is chordless. Thus, s = i,. Then, vg41v;,_, € E (GQ); if not,
then depending on whether v,41v;,_, € E(G) or not, G would contain either a house or a C; for i > 5,
respectively. Therefore, we have the desired cycle for v, = v;, and v, = v;,_,.

The existence of a cycle v,v,v441v, such that vyv,41 € E(G) and vyv, ¢ E(G) implies that we can
find vy, v, such that v, € {v,41,Vr42,...,V5-1,%0,...,Vq—1} and the length of the path v, v, 11 - vp
is minimized. The properties of the cycle v,v4vq41v, imply that Lemma applies on it for b = vy,
¢ = vy, f =441, and g = v, (Figure a)); in turn, the lemma implies

(i) that for any Py ahvgvgy; of G, the vertices a, vy, Uy, Vg1, Vg, h induce a subgraph isomorphic to
the one shown on the right in Figure 2] and

(ii) that the edge vg41, is oriented towards v,.
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The latter fact implies that v, = v,42, since among all the edges of G connecting vertices of the cy-
cle vovy - - - vy, only the edges of the cycle are directed (Figure d{b)). We distinguish the following cases:

a. v, = vgy3: In this case, the edge vy 2, is directed towards v, and then Lemma [3.3] applies on the
cycle vpVqVg41Vg+2 for b = vgq1, ¢ = vy, f = vp, and g = v,., implying that the edge v, v, is oriented
towards v,; however, this contradicts the fact that the cycle vgv; - - - v is of length & > 5 with no
directed chords.

b. vg41v4+3 ¢ E(G): Then, the orientations of the edges v Vg+1, Vg+1Vg+2, and vg o443 imply that
vavg+s € E(G), i.e., the vertices vg, Vg4+1, Vg+2, Vg+3 induce a Cy in G this leads to a contradiction
as well since Lemma(statement (1)) applies on this Cy.

C. Vp # Ugys and vgp1vg4s € E(G): Then, vgvgys ¢ E(G) for otherwise G would contain the
cycle vgVg41Vg4+204+3, contradicting the minimality of the choice of vy, v,. Since vqv4+3 ¢ E(G),
then for the same reason, vpvg,43 ¢ E(G); otherwise, G would contain the cycle vpv4Vg+1Vg+3-
Thus, the situation is as shown in Figure f{c) where v, 13 may also be adjacent to a, h in G. Since
the chord v,41v443 is undirected, the path av,v,4+1v4+3 is not a Py, and thus av,4s € E(G). But
then, the vertices a, h, V4, Vg+1,Vq+3 induce either a house or a Cs depending on whether h, vy 3 are
adjacent in G or not, a contradiction.

We reached a contradiction in each case, and thus the directed graph @ cannot contain a directed C},
where k > 5, such that the vertices of the cycle do not induce a complete graph in G. O

The above lemmata suggest the following additions to our bipolarizable graph recognition algorithm so
that a forbidden subgraph is returned whenever the input graph G is deemed non-bipolarizable:
A. a conflict of orientation is found on an edge vw (Steps 3.2, 3.3):
A.1 locate Pys abvw and vwzxy of G,
A2 ifa=y
then return as forbidden subgraph the subgraph G[{a, b, v, w, z}];
else return as forbidden subgraph the subgraph G[{a, b, v, w, z, y}|;
B. a directed cycle is detected in the directed graph G (Step 4):
B.1 locate a directed cycle with no directed chords;

B.2 if thisis a directed cycle bg fc with a single undirected diagonal b f
then locate Pys ahgf and bede of G,
return as forbidden subgraph the subgraph G[{a,b, ¢, d, e, f, g, h};
else {the vertices of the cycle induce a complete subgraph of G}
return the k-wheel built around the directed cycle, where k is the length of the cycle;

The correctness of Steps A.1 and A.2 follows from Lemma and its proof, while the correctness of
Steps B.1 and B.2 follows from Lemmata [3.4] [3.6] and In the following, we describe in detail, the
components required to efficiently carry out the above computations.

3.1.1 Locating a P, abcd when given an edge ab.

We assume that with each edge of (G, we store pointers to the vertex records of its endpoints; thus, from
the edge ab, we can access a and b in constant time. Then, we find the sought P, abcd as follows:
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1. store the neighbors of the vertices a and b in an array each for constant time adjacency tests;

2. for eachedge uw of G do
if w is adjacent to b but not to @ and w is adjacent neither to @ nor to b
then the sought P; is the path abuw; return;
if w is adjacent neither to a nor to b and w is adjacent to b but not to a
then the sought Py is the path abwu; return;

The correctness of the computation is a direct consequence of the adjacencies of the vertices a, b, u, w.

3.1.2 Locating a directed cycle without directed chords.

To locate a directed cycle in the directed subgraph G spanned by the oriented edges of GG, we apply
depth-first search on G and obtain an ordered list L of the vertices of such a cycle. Then, in order to
isolate a directed cycle with no directed chords, we use the following procedure get_c-d-cycle(L) on L.
The procedure clips portions of the list L until it obtains a directed cycle without any directed chords, as
desired. We assume that each record in the list is initially associated with its rank in the list L. These
integers will not be updated, and, due to clipping, they will not match the current ranks; nevertheless, they
will reflect the order of the vertex records along the directed cycle stored in L at any given time.

get_c-d-cycle(L)
for each vertex x in order in the list L do
find the vertex y, if any, such that the edge zy is directed towards x, and y exhibits the
smallest “rank” larger than x’s;
if no such vertex y exists
then find the vertex z, if any, such that the edge =z is directed towards z, and z exhibits
the largest “rank” larger than x’s;
if such a vertex z exists
then clip the list L by removing any vertex records between x and z;
else find the vertex z, if any, such that the edge xz is directed towards z, and z exhibits
the largest “rank” larger than z’s and smaller than y’s;
if no such vertex z exists
then clip the list L by removing any vertex records to the left of = and to the
right of y;
else clip the list L by maintaining the vertex record for x followed by those
between z and y inclusive;

AN~ WA

L <

Fig. 5
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The vertices that remain in the list L after the procedure get_c-d-cycle(L) has completed induce a directed
cycle without directed chords in the directed subgraph G. The correctness of the computation follows
easily: the three cases of clipping are illustrated in Figure[5] where the dashed edge at the top indicates the
edge directed from the last vertex of the list L to its first vertex and the shaded regions are the portions of
the list L that are removed during the processing of vertex x in each case. It is important to observe that
the clipping indeed maintains the ordering of the “ranks” of the vertices along the list L, and that after a
vertex x has been processed the resulting list L induces a directed cycle without directed chords incident
on x.

3.1.3 Locating a k-wheel.

If the directed cycle in the list L that the procedure get_c-d-cycle() has located is not a cycle on 4 vertices
with a single diagonal but instead is a C (k > 3) induced by the vertex set P = {vp,v1,...,0k_1}
in order along the C%, we can obtain the complete k-wheel built around the C. If we try to find a
Py s;riv;v;—1 for each pair v;, v;—1, this might require Q(k(n + m)) time, which may be superlinear
in max{n, m}. Instead, we can obtain a linear time complexity by using an array A[ ] of size n and by
working as follows:

1. mark the entries of A[] corresponding to the vertices vg, v1, . . . , vp—1 of the set P;
form empty sets Ry, R1,..., Rx—1 and Sg, S1,...,Sk_1;

2. for eachvertex © ¢ P do

ps < number of vertices in P which are neighbors of z in G|

ifp,=k—-1

then if the only vertex in P which is not a neighbor of x in G iS v;—1 moed &
then insert z in the set R;;

if pp,=k—2

then if the only vertices in P which are not neighbors of = in G are v;, V;—1 mod k
then insert x in the set S;;

3. let B[] be an empty array of size n;
for i=0,1,...,k—1 do
mark the entries of B[] corresponding to the vertices in the set .S;;
for each vertex w € R; do
for each neighbor z of w in G do
if Blz]is marked {z € S;}
then r; «— w;, §; < z;
unmark the entries of B][] corresponding to the vertices in S;;
proceed with next value of ¢;

4. the vertices in P and the collected vertices r; and s; induce a k-wheel in G.

It is important to observe that the vertex sets Ry, R1,..., Rx—1 and Sp, S1, ..., Sk_1 are distinct from
one another and from P due to their adjacencies to the vertices in P; thus, storing all these sets in linked
lists takes O(n) space. Moreover, for each 7, the vertices v;, v;_1,7;, s; induce a Py s;7;v;0;,_1 in G} thus,
by Lemma|[3.6] the process indeed finds a wheel.
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3.1.4 Time and Space Complexity.

In light of Section Step A.1 clearly takes O(n + m) time and space, while Step A.2 takes O(1)
time and space. The application of depth-first search in the directed graph @ also takes O(n + m) time
yielding the list L. Linear time and space is required by the execution of the procedure get_c-d-cycle(L)
as well: identifying the vertices y and z for each vertex x in L takes time proportional to the degree of x
in GG, assuming that each directed edge has been marked with its assigned orientation; then, clipping the
list can be done in constant time if L is maintained as a doubly connected list. In total, Step B.1 takes
O(n + m) time and space.

The time taken by Step B.2 includes O(1) time to test if the located directed cycle is a cycle on 4 ver-
tices with a single undirected diagonal, and either O(n + m) time to locate the Pys ahgf and bede
or the time to locate the k-wheel. Steps nd f the procedure to locate a k-wheel take O(n) time,
Step akes O(n+m) time (the number p,, is computed by traversing the adjacency list of z and counting
the number of z’s neighbors in the set P), while Step akes O(n + 32 (ISil + Ywer, deg(w))) =
O(n+ > o2ev(G) deg(z)) = O(n + m) time since the sets R; and .S; are disjoint; by deg(x) we denote
the degree of z in GG. In addition to the adjacency list representation of the graph G, the space required by
Step B.2is O(n).

Therefore, we have the following result:

Theorem 3.2 Let G be an undirected graph on n vertices and m edges. The bipolarizable graph recogni-
tion algorithm presented in this section can be augmented to provide a forbidden subgraph in G, whenever
it decides that G is not bipolarizable, in O(n + m) time and O(n + m) space.

4 Recognition of P,-simplicial Graphs

Our Py-simplicial graph recognition algorithm relies on the corresponding algorithm of Hoang and Reed
[[L6]]; our contribution is that we restate the main condition on which their algorithm is based in terms of
Pss participating in Pys of the input graph, and we show how to efficiently take advantage of it in order to
achieve an O(nm)-time complexity. As described in the introduction, their algorithm works as follows:
it initially sets H := V(@) and then it iteratively identifies a vertex = in H such that G does not contain
a P, of the form abxc with b, ¢ € H, and removes it from H; the graph G is Ps-simplicial iff the above
process continues until H becomes the empty set.

It is not difficult to see that the necessary property for a vertex x to be removed from H can be equiva-
lently stated as follows:

Property 4.1 Let H be the current set of vertices of a given graph G. Then, a vertex x can be removed
from H if and only if there does not exist any Ps bxc participating in a Py of G withb,c € H.

In light of Property 4.1} we can obtain an algorithm for deciding whether a given graph G is P;-
simplicial by keeping count, for each vertex v € H, of the number of Pss bvc with b,c € H which
participate in Pys of GG, and by removing a vertex x from H whenever the number of such Pss associated
with z is 0. The proposed algorithm implements this idea; it takes advantage of the computation of the Pss
in Pys of G in O(nm) time, and maintains an array Num P3[] of size n, which stores for each vertex v in
H the number of Pss buc which participate in Pys of G and have b, ¢ € H. The input graph G is assumed
to be given in adjacency list representation. In more detail, the algorithm works as follows.
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P,-simplicial Graph Recognition Algorithm

Input: an undirected graph G on n vertices and m edges.
Output:  a message as to whether G is a Py-simplicial graph or not.

1. Collect all the vertices of GG into a set H;
make a copy A[v] of the adjacency list of each vertex v of G while attaching at each record of the list
an additional field set;

2. for each vertex v of G do

a) compute the partition of the vertices in N(v) into sets So, S1,. .., Sk, Sk,+1 as described in
Lemma and update the fields set of the records in the adjacency list A[v] of v;

b) compute the number of Pss avb participating in Pys of G and assign this number to Num P3[v];
3. Collect in a list L the vertices v for which NumP3[v] = 0;
4. while thelist L is not empty do

a) remove a vertex, say, x, from L;
b) for each vertex u adjacent to z in G do

if wu belongs to H
then traverse the adjacency list A[u] of u and let s, be the value of the field set for x;
if s, #0
then  {there may exist Pss xuw participating in Pys of G}
for each vertex w in the adjacency list A[u] of u do
S, < value of the field set for the vertex w;
if w € H and s, # 0 and s, # Sy
then {zuw is such a Py with z,u,w € H}
NumP3[u] «— NumP3[u] — 1;
if NumP3[u] =0
then insert w in the list L;

¢) remove z from the set H;

5. if the set H is empty
then print that G is a P;-simplicial graph;
else print that G is not a P4-simplicial graph;

To ensure correct execution, the algorithm maintains the following invariant throughout the execution of
StepH]

Invariant 4.1 Ar the beginning of every iteration of the while loop in Step H| of the algorithm, for each
vertex v in H, NumP3[v] is equal to the number of Pss buc participating in Pys of G withb,c € H.

Proof: The proof proceeds inductively in the number of iterations of the while loop. Step[2]clearly implies
that the invariant holds at the begin of the first iteration of the loop, since H = V(G). Suppose now that
the invariant holds at the beginning of the ¢-th iteration, where ¢ > 1; we will show that it also holds at
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the beginning of the (¢ + 1)-st iteration. Let H; denote the current value of H at the beginning of the
i-th iteration and let = be the vertex removed from L during the i-th iteration; then, H;; = H; — {z}.
Clearly, the vertices v for which NumP3[v] may be changed from the i-th to the (¢ + 1)-st iteration are
those in H,; 11 N N(z); indeed, for any vertex w in H;y; — N(z) = H; — N(z) — {z}, any P53 awb
with a,b € H; will have a,b,w € H;y1, since a,b # x, and thus Num P3[w] will remain unchanged.
Now, let us consider a vertex v € H; 11 N N(x). At the beginning of the (¢ + 1)-st iteration, NumP3[v]
must be equal to the number of Pss avb participating in Pys of G with a,b € H;1; this is precisely the
value of NumP3[v] at the beginning of the i-th iteration minus the number of Pss zvz participating in
Pys of G with z € H;. Step {4b|identifies these P3s and decrements NumP3[v] by 1 for each one of
them. Note that NumP3[v] will be decremented exactly once for each P53 avb: if we assume, without
loss of generality, that a is removed from H before b, then Num P3[v] will be decremented during the
processing of a; when b is processed, the Ps; avb will not be taken into account, even if v still belongs to
H, because a ¢ H. O

Then, the correctness of the algorithm follows from the correctness of the algorithm of Hoang and
Reed, from Lemma [2.3] Property [.1] and the fact that at any given time the list L contains precisely those
vertices that can be removed from H (a vertex x is inserted in L if and only if NumP3[z] = 0, i.e., there
does not exist any Ps bxc participating in a Py of G with b, ¢ € H).

Time and Space Complexity. The set H can be implemented by means of an array M|] of size n,
where M[v] = 1if v € H and 0 otherwise; in this way, insertion, deletion, and membership queries for
any vertex of G can be answered in constant time, while the emptiness of H can be checked in O(n)
time. Then, Step 1 takes O(n + m) time, Step [Ac|takes O(1) time per vertex removed, and Step 5 O(n)
time. Step 2] takes O(nm) time [23], while Step [3|takes O(n) time. As a vertex is inserted at most once

in the list L, the time complexity of Step |4|is O (Zi (1 + 2 ueN() deg(u)) > , where deg(u) denotes

the degree of u in G. Since }, v, deg(u) = O(m), the time complexity of StepEIis O(nm). The
computation of the Pss participating in Pys takes linear space, and thus the total space needed by the
recognition algorithm is clearly linear in the size of the input graph G.

Summarizing, we obtain the following theorem.

Theorem 4.1 Let G be an undirected graph on n vertices and m edges. Then, our algorithm determines
whether G is a Py-simplicial graph in O(nm) time and O(n + m) space.

4.1 Providing a Certificate

As in the case of the bipolarizable graph recognition algorithm, the above algorithm can be made to return
a certificate whenever it decides that the input graph G is not P,-simplicial. In particular, it could return
the value of the set H, which would indicate a subgraph of GG none of whose vertices can be removed in
the sense of Property {i.1] Clearly, this does not require any additional computation time and space.
However, it would be more interesting if the algorithm located a minimal such subset H' of H, that
is, a subset H' such that every vertex y of H' forms a P3 xyz participating in a P of the input graph
with z,z € H’. To see the benefits of this, consider for example that the input graph G contained two
domino graphs sharing an edge. Since the domino graph is a forbidden subgraph for the class of Py-
simplicial graphs, the algorithm would stop, would report that GG is not P4-simplicial and would return
a set H of vertices which would be a superset of the set of vertices of both domino graphs. If however
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Fig. 6: Some forbidden subgraphs for the class of Py-simplicial graphs.

a minimal such set of vertices were returned, then one would be very close to identifying a forbidden
subgraph in G. This approach, although very interesting, is hindered in part by the fact that no complete
characterization of the P;-simplicial graphs by forbidden subgraphs is currently available in the literature.
As a first attempt towards obtaining such a characterization, we found in an exhaustive fashion that all the
forbidden subgraphs for the class of Ps-simplicial graphs on up to 7 vertices are those shown in Figure [§]

5 Class Inclusions and Recognition Time Complexities

Figure [7] shows a diagram of class inclusions for a number of perfectly orderable classes of graphs and
the currently best time complexities to recognize members of these classes. For definitions of the classes
shown, see [2; 8]]; note that the P,-free and the chordal graphs are also known as co-graphs and triangu-
lated graphs respectively. In the diagram, there exists an arc from a class A to a class B if and only if
B is a proper subset of .A. Hence, if two classes are not connected by an arc, then each of these classes
contains graphs not belonging to the other class (there are such sample graphs for each pair of non-linked
classes).

Most of these class inclusions can be found in [2]] where a similar diagram with many more graph
classes appears; Figure [/| comes from a portion of the diagram in [2] augmented with the introduction
of the inclusion relations for the classes of P,-simplicial, bipolarizable, and P;-indifference graphs, as
described in Lemmata [5.1}{5.3] We will show next that the class of weak bipolarizable graphs [25]] is a
proper subset of the class of P,-simplicial graphs. In fact, we show a slightly stronger result as established
in the following proposition.

Proposition 5.1 Let G be a weak bipolarizable graph and let v be a vertex of G. Then, G admits a
Py-simplicial order < on its vertices such that v < x for any vertex x of G other than v.

Proof: We apply induction on the size of the graph by taking advantage of Theorem 1 of [25] which states
that a graph G is weak bipolarizable if and only if every induced subgraph of G is chordal or contains a
homogeneous set. For the basis step, it is not difficult to verify that every weak bipolarizable graph on
up to 3 vertices admits a P,-simplicial order as described, since G does not contain any Pys. Next, we
assume that the proposition holds for all weak bipolarizable graphs on up to k£ > 3 vertices; we will show
that any weak bipolarizable graph on k + 1 vertices admits a P4-simplicial order as described. Let G be
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Fig. 7: Class inclusions and recognition time complexities.

such a graph. Then, if G is chordal, G' admits such a Ps-simplicial order: simply consider the reverse of
the perfect elimination ordering of G’s vertices produced by running the LexBFS algorithm on G starting

at v [27]; note that if the ordering returned by LexBFS is (vy, va, . . . , v, ), then v; is simplicial with respect
to the subgraph G[{v;, ..., v, }] and thus cannot form a P; v;v;v, with j, ¢ >  participating in a P, of G
(see Property [4.1).

If G is not chordal, then from [25]] we have that G contains a homogeneous set. Let S be a minimal
such homogeneous set and let v be a vertex in S; if v € S, we choose u to be v. Then, the subgraph G,
of G induced by the vertices in (V (G) — V(S)) U {u} is also a weak bipolarizable graph which contains
v and has at most k vertices, since |V (S)| > 2. By our inductive hypothesis, G, admits a P,-simplicial
order < such that v < z for all vertices € V(G,) — {v}. On the other hand, the subgraph G|[S] is
chordal, because it is a subgraph of a weak bipolarizable graph and S was chosen to be minimal [25]. If
we replace u in the P;-simplicial order < of the subgraph G, by the reverse of the ordering of the vertices
of S which implements a perfect elimination scheme on .S produced by the LexBFS algorithm starting at
u, we are guaranteed to obtain a P,-simplicial ordering of the vertices of GG as desired. The inductive proof
is complete, and thus every weak bipolarizable graph admits a Py-simplicial order meeting the conditions
of the statement of the proposition. a

We are now ready to prove the inclusion relations of the class of Py-simplicial graphs.

Lemma 5.1 The class of Py-simplicial graphs is a proper subset of the class of brittle graphs and a
proper superset of the class of weak bipolarizable graphs.
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Proof: The fact that P,-simplicial C Brittle has been shown in [16]; to see that the subset relation is
proper, simply consider the graph Dg of Figure (1| which is brittle but not Py-simplicial. On the other
hand, Proposition establishes that Weak Bipolarizable C P,-simplicial. The proper inclusion follows
from the fact that the house graph is Py-simplicial but not weak bipolarizable. |

Regarding the relation of P,-simplicial and the HHD-free and co-chordal graphs, note that the graph Dy
of Figure[T]is both HHD-free and co-chordal but is not P;-simplicial whereas the house graph and P; are
P,-simplicial but not HHD-free and not co-chordal respectively.

Lemma 5.2 The class of bipolarizable graphs is a proper subset of the class of weak bipolarizable graphs
and a proper superset of the classes of Py-sparse and split graphs.

Proof: The fact that Bipolarizable C Weak Bipolarizable has been established in [25]. To establish the
relationship of Pj-sparse and bipolarizable graphs, we note that none of the forbidden subgraphs for
the class of bipolarizable graphs is P,-sparse; see Figure |1| and note that a k-wheel of order k& > 2
contains the P5 sorouovi—171. This implies that any graph which is not bipolarizable cannot be Py-
sparse, or conversely that Py-sparse C Bipolarizable. The proper inclusion follows from the fact that a
Ps is bipolarizable but not Py-sparse.

It is not difficult to see that Split C Bipolarizable; the vertex set of a split graph can be partitioned into
an independent set and a clique, which implies that any P, of a split graph has its midpoints in the clique
and its endpoints in the independent set. Thus any ordering of the vertices of a split graph where all the
vertices of the clique precede all the vertices of the independent set gives a bipolarizable ordering of the
graph. The proper inclusion follows from the fact that Cy is bipolarizable but not split. O

Lemma 5.3 The class of P,-indifference graphs is a proper subset of the class of weak bipolarizable
graphs and a proper superset of the class of Py-reducible graphs.

Proof: The fact that P,-indifference C Weak Bipolarizable follows from the fact that the set of forbidden
subgraphs for the class of weak bipolarizable graphs is a proper subset of the set of forbidden subgraphs
for the class of P,-indifference graphs (compare [25] and [[15]).

To see that Py-reducible C Py-indifference, we recall that every vertex of a Py-reducible belongs to at
most one Py, which implies that the Pys of a P;-reducible graph are vertex-disjoint. Thus, we can create
a linear order of the vertices of such a graph by concatenating the vertices of each P, at a time, in the
order they appear along the Py, and by appending any remaining vertices; then, the resulting ordering is a
P;-indifference ordering of the vertices of the graph. The proper inclusion follows from the fact that the
P; is a Py-indifference graph but not Py-reducible. O

The non-inclusion relation between bipolarizable and co-chordal graphs follows from the counterex-
amples for the non-inclusion relation of the P4-simplicial and co-chordal graphs. A non-inclusion relation
also holds for the bipolarizable and the chordal graphs (consider a Cy and the z-triomino) and for the bipo-
larizable and the Py-indifference graphs (consider the forbidden subgraphs Fj of [[15] and the z-triomino).

In Figure |7} we have also partitioned the depicted classes of graphs based on the time complexities
of the currently best recognition algorithms: see [7; 28] for the O(min{m?, n* log? n})-time complexity
range, [24] for the O(min{nma(n),nm + n?logn})-time complexity range, [23; 25]] for the O(nm)-
time complexity range, and [10; 26} [195 20; [3; 27; [95 [L1]] for the O(n + m)-time range. We note that the
algorithm of [25] for the recognition of weak bipolarizable graphs has a stated time complexity of O(n?);
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since O(n + m) time suffices to determine whether a graph is chordal and to compute a homogeneous set
(by means of modular decomposition [215 6]), if one exists, the stated time complexity can be seen to be
O(nm).

6 Concluding Remarks

We have presented recognition algorithms for the classes of bipolarizable (also known as Raspail) and
Py-simplicial graphs running in O(nm) time, where n and m are the number of vertices and of edges of
the input graph. Our proposed algorithms are simple, use simple data structures and require O(n + m)
space; the algorithms can also be augmented so that they return a certificate, whenever they decide that
the input graph is not bipolarizable or P,-simplicial, in O(n 4+ m) additional time and space. We have
also presented results on class inclusions and recognition time complexities for a number of perfectly
orderable classes of graphs.

We leave as an open problem the designing of o(nm)-time algorithms for recognizing bipolarizable
and/or P4-simplicial graphs. In light of the linear-time recognition of Py-indifference graphs [10; 26]], it
would be worth investigating whether the recognition of Py-comparability, P4-simplicial, and bipolari-
zable graphs is inherently more difficult; it must be noted that the approach used in [10; [26] is different
from those used for the recognition of the remaining classes as it reduces in part the problem to the
recognition of interval graphs which can be carried out in linear time.

Finally, another interesting open problem is that of obtaining a characterization of the P,-simplicial
graphs by forbidden subgraphs. We note that any forbidden subgraph for the class of Py-simplicial graphs
other than a C for k > 5, an A, and a Dg contains an induced house (see Figure @): if it did not, then it
would be weak bipolarizable [23], and hence a P,-simplicial graph due to Lemma[5.1]
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