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ABSTRACT

Evangelos Kosinas, M.Sc. in Data and Computer Systems Engineering, Department
of Computer Science and Engineering, School of Engineering, University of loannina,
Greece, July 2020.

Finding twinless strong bridges and articulation points in linear time.

Advisor: Loukas Georgiadis, Associate Professor.

A directed graph G = (V, E) is called twinless strongly connected if it contains a
strongly connected subgraph H = (V, E’) without any pair of antiparallel (twin) edges.
The following problem naturally suggests itself: given a twinless strongly connected
graph G, find all edges e (resp. all vertices v), such that G\ e (resp. G\ v) is not twinless
strongly connected. Every such edge (resp. vertex) is called twinless strong bridge
(resp. articulation point). In this thesis, we show how to compute these elements
in linear time. For this purpose, we have developed new linear-time algorithms that
solve problems related to 3-connectivity in undirected graphs. Although there already
exist algorithms that can solve these problems in asymptotically optimal time, they are
somewhat involved. Our approach is conceptually simple and thus leads to algorithms

that are both easy to implement and likely to perform better in practice.



EXTETAMENH IIEPIAHWH

Evéyyerog Kooivag, A.M.Z. ot Mnyavixn Aedopévwy xal YToAOYLOTIXWY ZVOTNUA-
Ty, Tpnua Mnyavixody H/Y xow ITAnpogopixrg, IloAuvteyvinn XyoAn, [lavemiotiuto
[wavvivwy, IovAtog 2020.

AXyo6pLbpot Yooputxol xp6vou YLo TOY DTTOAOYLOUO Twy twinless LoYLEWY YEPLEWY
%ol Twv xO0pPwy twinless toyvpvg apbpwaong.

EnpAemowv: Aovxdg Mewpytddne, Avarminpwtnig Kabnynts.

XE aUTNY TNY EPYOOLOr oYOAOVUOOTE LE it EVVOLO GLUVEXTIXOTNTOG O xoTeELOL-
vopeva Ypoupiuoto. Tov ovopdletan twinless toyvpy ovvextixdtrta (twinless = yw-
0l aVTITAPGAINAES aXUES) nall OTOTEAEL Lol LoYLEOTEEY] SLYOY XN ATt TNV LoYLEN
OLVEXTIXOTNTOL. XUYXEXPLUEVD, AEue 6Tl éva xatevbuvidpevo yoapnuo G = (V, E)
givor twinless toyvpd ocvvextikd av vTdpEYeL (TOLAGYLOTOV) évor LTTOYPAENLE TOV
H = (V,E') to omolo elval Loyupd ouvexTixd oL SV TEPLEYEL AVTLTOPAAANAES oix-
péc (twins). Avté eivar éva eidog ouvextixdtrtag Tov opiotnxe to 2006, %o éyel
EQOPUOYES OE TIPOPBANUATO TNAETILXOLYWYLOX WY SIXTOWY XOL OLOYLTEXTOVIXNG.

"Eva epotnuor Tou tibetol edAoyo dtov 0pilel xavelc plor EVVoLo GUVEXTLXOTYTOG
OE YOOPNUATA, E(VOL TO TS UTTOPOVY VO EVTOTILOTOVY, UE aTtodoTLXO TEOTO, OAX
Tow otoyeior Tov (xOuBor A oxpéc), ToL OTTola, PE TNY APAIPETY TOVS, KATAUTTEEPOLY
oLTNY TNY LILOTYTH 6TO YPdenuo. 'Etol umopel xavelc vo €xeL Lo etxdva m.y. yLow To
600 ovbextixd elvar Evar 3ixTLO OTNY aTTWAELX XOUPBWY N axpoy. Epeic eEetdlovpe
axpLPOC To TEOPRANLOL TOL EVTOTILOKOD TwY oxpey (avT. Twv x0upwy) o’ éva twinless
LOYVEEG CLYEXTIXO YPAPMUO, OL 0TOlES (AVT. OL OTTOIOL) E TNY QUPOLPEDY] TOVG XKOTO-
OTEEPOLY TNV twinless LoyvEN cvvexTxdTNT 0 aLTO. O TPWTEG AéyovTon twinless
LtoyLEéc Yépupeg (twinless strong bridges), eved ot dedtepor x6pfor twinless toyv-
pfg GpbBpwong (twinless strong articulation points). Autd to TEOPANUa eEeTdoTnUE
antd évay gpevynt] To 2019, omolog €dwoe aiyopibupovg ToAvmAoxdTyTag O(nm)

YL TOV DTTOAOYLOMO AVTWY TWY OTOLXELWY, 6oL N givor To TTANHOG Twy *OUPBwY o

vi



m To TAN00G TwY axpwy 0To YPdonuo etoddov. Epeic BeAtivdvovue avtd T0 amo-
téAeapa, divovtag adyopiBuovg acvpmtwting BérTiotng (3nAady, oty TpoxeLpévn
TEPITTWOY, YOOUUULXAC) TTOATIAOXGTNTOC YLO TO (L0 TEOBANU.OL.

H epyaoio pog ompiletor o’ évay LoodOvVouo YopoxTneLtopd tng twinless toyv-
NG oLVEXTXOTNTAS TToL 30OMxe To 2006 T’ TOV EPELYNTY TTOL ELONYOLYE VTNV TNV
évvora.. Autdg amédetEe otL éva xatevbuvopevo yoapnua elvar twinless toyvpd ov-
VEXTLXO OV XOL LOVO OV ELVOIL LOYVEEG CLVEXTIXO oL TO Un-xoTevhuvduevo yodpnua
TOL AVTLOTOLYEL OE AV TO glvor 2-0LVEXTIXG WG TPOG TLg axpés (2-edge-connected).
"Etot @aivetor Eexdbopa mwg N évvola g twinless LoyvEng oLVEXTIXOTNTOS OTTO-
TeAEl Evar ULYROL CUVEXTIXOTNTWY, GTO 0EYIXO XaTELOHLYOUEVO YP&PNUO XOL TO OYTi-
otolxo un-xatevbouvopevo. Eivar Aotmdv edAoyo vo vmobéoer xaveic 6Tl opLlopéva
TEOPBANUATO TTOL OLPOPOVY AVTNY TNV EVVOLX GUYEXTLXOTNTOS UTTOPOVY vor AvHovy
UE TNV TAPOAANAN AVTLUETWTLON TOLG OTo OV0 eTtimeda: To xoteLHLYVOUEVO xaL TO
un-xotevuvouevo.

[Mpdypoatt, epelc xatopépvovpe vo Aboovpe t0 Baotxd TEOBAnuo g epyooiog
KOG aVoTTTOOCOVTOS OAYORLOLOLG TTOL ETTLADOLY OPLOUEVO TTPOBANLOTA TTOL OLPOPOVY
™Y 3-ovvexTxdTyTa o pn-xoatevBovipeva Ypaphpata (@ocoy To TEORAAUOTO TTOL
POPOVY TO ETUTESO TNG LOYVENG CLYEXTLXOTYTOS LTIAPYOLY NON YVWOTOL oAydpLhuoL

TOL TOL ETLAVOLY). TUYEXPLULEVA, AOVOLUE OE YOOULULXO XOVO To eEYic TTpoBAduarTa:

e Aolévtog evoc un-xatevbovouevouv yoopiuatog G mov eivar 2-CUVEXTIXG WG
TPOS TG axués, vo Bpebody oia tor count(e), yix OAEG TS OXUES € TOL
Yoopiuatog, omou count(e) elvoar To0 TANDOS TWY axXUWY UE TS OTOLES 7 €

oxquotileL GEvyapt TOUNG, xol

* AobOgvtoc evoc un-xatevuvouevouv yoapnuatos G wov eivotl 2-CUVEXTIXO WS
mpog toug xoufovg, va Bpebovy ola to count(v), yior 0AoLS TOVS xOULOVS
v TOV YPAPHUATOS, OTToL count(v) elvot 10 TAGOOG TWY XUy UE TIS OTOES

0 v oxnuatilel Levyapt Touns xoufov-axunc,

ToL OTTOLOL EYOVY EQAPUOYES X0 GTO TTPOPBANULO TOL LTTOAOYLOKOD TwWY twinless LoyLEA
OLYEXTIXWY oLVLOTWOTWY (TSCCs) TTOL TYNUATILOVTAL LETE TNV OPALPEDTN Lo OXUNAS
(avt. eviog x6pPov) mov amotedel twinless LoyLEY YEQLEOL OAAG GYL LOYLET YEPLEO
(avt. ®6pPo twinless toyvpvic Gpbpwong oAAd Oyt toyvEYg dpbpwong). Av xot Ta
TPOBANUOTO TTOL ETLAVOLVY oL oAYdELOpol pog LTopoly vo Avbody pe YvwoTtég pe-

B600ov¢g o aovuTTWTIXG BEATLIOTO Y POVO, oL aAydpLBpoL TTov TtpoTelvovpe epeis lvor

vii



OTTAOVOTEPOL OTNV CUAANYPT TOLG %Ol EVXOAGTEQOL GTNY LAOTIOLNOY TOLG, %Ol EVOE-
YETOL AOLTTOV vau lval xol ToryUTePOL oty TEAEN. EmimAéoy, ol évvoleg oTig omoieg
BaoiCovtor ot oahydptbuol pog, xabog xat oL texvixég mov akLtomolody, elval ovoto-
oTxd ot Ldleg xaL oTLg BV0 TEPLMTWOELS, XOL POLVETAL TG Hag Olvouy éva eviaio

TALLOLO YLOL TNV AVTLUETWTILOY TEOBANUATWY CLUVEXTIXOTNTOG OE Un-xatevhuvopevo

YOOPNULOTOAL.
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CHAPTER 1

INTRODUCTION

1.1 Basic concepts of graph theory
1.2 Twinless strong connectivity
1.3 Our contribution

1.4 Overview of this work

1.1 Basic concepts of graph theory

Although our exposition is self-sufficient, we refer the reader to Diestel [1] for a good
introduction to the basic concepts of graph theory that are needed for our purposes

(in particular, chapters 1 and 3).

1.1.1 Graphs

A graph is a collection of vertices and edges connecting those vertices. Formally, it
is defined as a pair of sets (V, E), where V is the set of vertices and E consists of
edge of the form {u,v} or (u,v), depending on whether the graph is undirected or
directed, respectively. A directed graph is also called a digraph. The word “graph”,
if unspecified, might mean either an undirected or a directed graph. If {u,v} (resp.
(u,v)) is an edge in an undirected (resp. in a directed) graph, then u, v are called the
ends of the edge. A pair of edges (z,y), (y,x) in a directed graph is called a pair of
antiparallel edges. If G = (V, E) is a digraph, the underlying undirected graph of G,
denoted by G*, is the graph (V,{{z,y} | (z,y) € E}).

1



Let G = (V,E) be a graph. A graph (V',E’) such that V' C V and E' C E is
called a subgraph of G. If C' C V is a set of vertices, then the induced subgraph of
C, denoted by G[C], is the maximal subgraph (C, E’) of G, w.r.t. E’. In other words,
G[C]:= (C,{e € E | both ends of E are in C'}). Let x be either a vertex or an edge of
G. G\ {z} denotes the graph that remains after the removal of x from G. Formally,
if v is a vertex of G, G\ {v} := (V \ {v},{e € E | both ends of e are in V' \ {v}});
and if e is an edge of G, G\ {e} := (V,E\ {e}). If X = {zy,..., 2} is a collection of
vertices and edges, we define G'\ X recursively as G\ X := (G \ {z1}) \ {z2, ...,z }.

In the case that X = {z} (i.e. X is a singleton), we may also write G \ X as G\ z.

1.1.2 Connectivity in graphs

The concept of connectivity is one of the most fundamental in the theory of graphs.
It can be most easily grasped by introducing it through the notion of paths. So
let G’ be a graph. A path P in G is an alternating sequence of vertices and edges
V1, €1,V2, €2, ..., Vp_1,€x_1, Vs, Where every v; (for i = 1,... k) is a vertex and every
e; (for i =1,...,k — 1) has the form {v;,v;.1} if G is undirected, or (v;,v;y1) if G is
directed. We say that P starts from v; and ends in v;. If £ = 2, we do not distinguish
the path P from the edge e,. P is called simple if all vertices vy, ..., v; are distinct. A
graph (resp. a digraph) G is called connected (resp. strongly connected) if for every
pair of vertices {u, v} there is a path starting from « and ending in v. Equivalently, a
(di)graph G is (strongly) connected if for every pair of vertices {u, v} there is a simple
path starting from u and ending in v.

One is interested to know how resilient is the connectivity of a graph to the
removal of vertices or edges. Thus we get some stronger conditions than those of
(strong) connectivity. More specifically, an undirected (resp. a directed) graph G is
called k-edge-connected, if, for every set X of £ — 1 edges, G \ X is connected (resp.
strongly connected). In other words, in order to disconnect G, at least k edges have to
be removed. The notion of k-vertex-connectivity is defined in an analogous manner:
an undirected (resp. a directed) graph G is called k-vertex-connected, if it contains
at least k + 1 vertices and, for every set X of k — 1 vertices, G \ X is connected (resp.
strongly connected). That is, in order to disconnect G, at least k vertices have to be
removed. A graph that is k-vertex-connected is also k-edge-connected, but the reverse

is not necessarily true - unless k£ = 1, in which case the notions of k-vertex and k-edge



connectivity coincide with that of (strong) connectivity. If e (resp. v) is an edge (resp.
a vertex) in a (strongly) connected (di)graph G and G\ e (resp. G'\ v) is not (strongly)
connected, then e is called a (strong) bridge (resp. a (strong) articulation point). More
generally, if G is k-edge-connected (resp. k-vertex-connected), a set X of k edges
(resp. vertices) whose removal disconnects G is called a cut (resp. a separation set).
A connected undirected graph in which every edge is a bridge is called a tree. A set C
of vertices from a (di)graph G maximal w.r.t. the property that every two vertices in
C remain in the same (strongly) connected component of G after the removal of any
set of £ — 1 edges, is called a k-edge-connected component of G. Similarly, a set C' of
vertices from a (di)graph G maximal w.r.t. the property that every u, v in C' remain
in the same (strongly) connected component of G after the removal of any set of
k —1 vertices, none of which is u or v, is called a k-vertex-connected component of G.
Figure 1.1 is an illustration of some of these concepts and contains a few observations

which are important for our purposes.

1.2 Twinless strong connectivity

In 2006, S. Raghavan [11] introduced the notion of twinless strong connectivity in
directed graphs. A digraph G = (V, E) is called twinless strongly connected if there
exists a subgraph (V, E’) of G which is strongly connected and contains no pair of
antiparallel (or twin) edges. It is obvious that a graph is twinless strongly connected
only if it is strongly connected (but the reverse is not necessarily true). (See Figure
1.2.) Twinless strong connectivity is thus a stronger condition than that of strong
connectivity.

The notions of strongly connected components and strong bridges and articulation
points have their analogues in the context of twinless strong connectivity. To be more
specific, let G be a digraph. A maximal (w.r.t. their vertices) subgraph of G with the
property of being twinless strongly connected is called a twinless strongly connected
component (TSCC) of G. Furthermore, if G is twinless strongly connected, an edge e
(resp. a vertex v) such that G\ {e} (resp. G\ {v}) is not twinless strongly connected,
is called a twinless strong bridge (resp. a twinless strong articulation point).

In order to determine how resilient a twinless strongly connected digraph is to

the loss of vertices or edges, one is naturally interested in finding all twinless strong



(a) G

(b) G

=
G B

@) (d)

Figure 1.1: (a) A strongly connected digraph G with strong bridges and articulation points
shown in red. (b) The underlying undirected graph G* of G with bridges and articulation
points shown in red. Every bridge (resp. every articulation point) of G* corresponds to a
strong bridge (resp. strong articulation point) of G, but the reverse is not true. (¢) The 2-
edge-connected components of G*. They partition the vertices of the graph, and their induced
subgraphs are connected with the bridges of G* in a tree structure. (d) The 2-vertex-connected
components of G“. A vertex of G* is an articulation point if and only if it belongs to at
least two 2-vertex-connected components. The induced subgraphs of the 2-vertex-connected

components partition the edges of the graph.

bridges and articulation points. In 2019 Jaberi [10] gave algorithms of O(nm) com-

plexity for the computation of all twinless strong bridges and articulation points in
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(V.E) (VE)
(a)
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Figure 1.2: (a) An example of a twinless strongly connected digraph. (b) is strongly connected

but not twinless strongly connected.

a twinless strongly connected digraph with n vertices and m edges, and left as an
open question whether these elements can be computed in linear time. This is a rea-
sonable hypothesis, since there exist linear-time algorithms that solve the analogous
problems for connectivity and strong connectivity (i.e. the computation of bridges
and articulation points in undirected graphs and the computation of strong bridges

and articulation points in digraphs) [12], [7].

1.3 Our contribution

In this thesis we provide an algorithm which computes all twinless strong bridges
(resp. all twinless strong articulation points) of a twinless strongly connected digraph
G in linear time. Furthermore, we show how, after a linear-time preprocessing of the
graph, we can answer queries of the form “Given a twinless strong bridge e (resp. a

twinless strong articulation point v) which is not a strong bridge (resp. a strong articulation



point), report the number of TSCCs of G\ {e} (resp. G\ {v})”, in time O(1).
To do this, we have developed linear-time algorithms which solve the following

problems in undirected graphs:

* Given a 2-edge-connected undirected graph G = (V, E). find all count(e), for every
e € E, where count(e) := #{e' € E | {e, €'} is a cut-pair}.

* Given a 2-vertex-connected undirected graph G = (V, E), find all count(v), for every
v €V, where count(v) := #{e € E | {v,e} is a vertex-edge cut-pair}.

There are linear-time algorithms that can solve these problems ([13], [5]), but
they are somewhat involved (especially [5], which constructs SPQR-trees, and relies
on the algorithm of Hopcroft and Tarjan for 3-connectivity [6]). Our approach is

conceptually simple and leads to algoritmhs that are easy to implement.

1.4 Overview of this work

In Chapter 2 we describe linear-time algorithms for the computation of all twinless
strong bridges and articulation points in a twinless strongly connected digraph and
the number of TSCCs in the graph that remains after the removal of a twinless strong
bridge which is not a strong bridge (resp. a twinless strong articulation point which
is not a strong articulation point). We show how, in order to solve these problems,
we can rely on algorithms which solve some problems related to 3-connectivity in
undirected graphs. These algorithms are described in Chapters 4 and 5. In Chapter
3 we define and show how to compute the parameters that are essential to our
algorithms, and are defined on the structure provided by a depth-first scan of an

undirected graph. Finally, in Chapter 6 we discuss some open problems.



CHAPTER 2

COMPUTING TWINLESS STRONG BRIDGES AND

ARTICULATION POINTS

2.1 An equivalent characterization of twinless strong connectivity
2.2 Finding twinless strong bridges, and counting TSCCs

2.3 Finding twinless strong articulation points, and counting TSCCs

2.1 An equivalent characterization of twinless strong connectivity

The starting point of our work is the following equivalent characterization of twinless

strong connectivity given by S. Raghavan:

Theorem 2.1. ((11]) A digraph G is twinless strongly connected if and only if it is strongly

connected and its underlying undirected graph G" is 2-edge-connected.

This shows clearly how this notion of connectivity in digraphs is related to a
type of connectivity in undirected graphs. As a corollary, we have the following

characterization of the TSCCs of a strongly connected digraph:

Corollary 2.1. ((11]) The TSCCs of a strongly connected digraph G correspond to the

2-edge-connected components of its underlying undirected graph G*.



2.2 Finding twinless strong bridges, and counting TSCCs

An immediate consequence of Theorem 2.1 is that a twinless strong bridge in a
twinless strongly connected digraph is either (1) a strong bridge or (2) an edge whose
removal destroys the 2-edge connectivity in the underlying graph. A twinless strong
bridge can be an edge of both type (1) and (2) (see Figure 2.1). Now, since all strong
bridges can be found in linear time [7], in order to find all twinless strong bridges
it is sufficient to focus our attention on computing the edges of type (2). To do this,
we only have to find all the edges of the underlying graph whose removal destroys
the 2-edge-connectivity; in other words: all the edges of the underlying graph which

belong to a cut-pair.

oIS
[ = P

(a) (b) (0)

Figure 2.1: (a) A twinless strong bridge of type (1) but not (2). (b) A twinless strong bridge
of type (1) and (2). (¢) A twinless strong bridge of type (2) but not (1). Below each graph is
depicted the underlying undirected graph that corresponds to the above after the removal of
the twinless strong bridge (which is the coloured edge in the directed graph). With red are

shown the bridges.

Lemma 2.1. An edge e = (z,y) in a twinless strongly connected digraph G is a twinless

8



strong bridge but not a strong bridge if and only if its twin (y,x) is not an edge of G, and
(G \ e)" is not 2-edge-connected.

Proof. Let e = (z,y) be an edge in a twinless strongly connected digraph G which is a
twinless strong bridge but not a strong bridge. Theorem 2.1 implies, that the removal
of this edge leaves us with a graph H = G\ e whose underlying undirected graph H"
is not 2-edge-connected. Now, since the initial graph is twinless strongly connected,
its underlying undirected graph G* is 2-edge-connected, therefore the twin (y,z) of
e is not an edge of G (otherwise, the removal of e would leave the underlying graph

unchanged). The converse is an immediate consequence of Theorem 2.1. ]

This suggests the following algorithm for the computation of all twinless strong
bridges. Firstly, we mark all edges that are strong bridges. Then we find all edges of
the underlying graph which belong to a cut-pair, and mark those that correspond to
an edge in the initial graph whose twin is missing from it. All the marked edges are
precisely the twinless strong bridges.

Now, although there are known algorithms which compute, in linear time, all
the edges which belong to a cut-pair in a 2-edge-connected undirected graph G (see
e.g. Tsin [13]), in Chapter 4 we describe our own algorithm, which is conceptually
simple and easy to implement in practice. It relies on some parameters extracted by
a depth-first search (DFS) on the graph, which we’ll describe in the next Chapter.
Furthermore, our algorithm counts, for every edge e, the number of edges ¢’ such
that {e, e’} is a cut-pair; we call this number count(e). This is useful for counting the
TSCCs after the removal of a twinless strong bridge which is not a strong bridge in

a twinless strongly connected digraph, as suggested by the following Lemma:

Lemma 2.2. Let G be a twinless strongly connected digraph, and let e be a twinless strong
bridge of G which is not a strong bridge. Then count(é) + 1, where € is the edge in G*
corresponding to e, is the number of TSCCs of G \ e.

Proof. Since e is not a strong bridge, G\ e is strongly connected. By Corollary 2.1, the
TSCCs of a strongly connected digraph correspond to the 2-edge-connected compo-
nents of its underlying undirected graph. Now, the number of the 2-edge-connected
components of (G \ e)* = G*\ € equals the number of its bridges + 1. (This is due to
the tree structure of the 2-edge-connected components of a connected graph; see [1]

and Figure 1.1.) By definition, this number of those bridges is equal to count(¢é). O



Thus, if e is twinless strong bridge which is not a strong bridge in twinless strongly
connected digraph G, then the number of TSCCs of G \ e equals count(é) + 1, where

¢ is the edge of G that corresponds to e.

2.3 Finding twinless strong articulation points, and counting TSCCs

It is an immediate consequence of Theorem 2.1 that a twinless strong articulation
point in a twinless strongly connected digraph G is either (1) a strong articulation
point or (2) a vertex whose removal destroys the 2-edge connectivity in the underlying
undirected graph G*. A twinless strong articulation point can be a vertex of both type
(1) and (2) (see Figure 2.2). Now, since all strong articulation points can be computed
in linear time [7], it remains to find all vertices of type (2). Note that such a vertex
x either I entirely destroys the connectivity of the underlying graph G* with its
removal, or //, upon removal, it leaves us with a graph G*\ z that is connected but
not 2-edge-connected (see Figure 2.2). Clearly, the set of vertices with property I are
a subset of the set of strong articulation points. Therefore, it suffices to find all vertices
with property /1. To that end, we may process each 2-vertex-connected component

of G" separately, as the next lemma suggests.

Lemma 2.3. Let H be a 2-edge-connected undirected graph. Let v be a vertex that is not
an articulation point, and let C' be its 2-vertex-connected component (2VCC). For any edge

e, H\ {v,e} is not connected if and only if e belongs to H[C| and H|[C]\ {v,e} is not

connected.

Proof. (=) Since H is 2-edge-connected, it contains no bridges. Therefore, every 2VCC
of H contains at least three vertices, and thus its induced subgraph is a 2-vertex-
connected subgraph of H (see Figure 1.1). Now, let e be an edge such that the graph
H \ {v,e} is not connected, and let C’ be the 2VCC of H whose induced subgraph
contains e (we recall that the 2VCCs of H partition its edges; see Figure 1.1). Suppose,
for contradiction, that C” # C. Since H[C'] is 2-vertex-connected, is must also be 2-
edge-connected, and therefore it contains no bridges. Moreover, v is not an articulation
point, so it is contained in only one 2VCC of H, hence, C’\ {v} = C’. This means
that e is not a bridge in H[C' \ {v}] = H[C"], and therefore not a bridge in H \ v - a
contradiction.

(<) Recall the block graph representation of H [1]: Let T" be the graph whose vertices
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Figure 2.2: (a) A twinless strong articulation point (sap) of type (1) but not (2). (b) A
twinless sap of type (1) and (2) (with property I1). (¢) A twinless sap of type (1) and (2)
(with property I). (d) A twinless sap of type (2) but not (1) (it necessarily has property I1).
Below each graph is depicted the underlying undirected graph that corresponds to the above
after the removal of the twinless sap (which is the coloured vertex in the directed graph).

The red edges are the bridges.

are the 2VCCs and the articulation points of H, and which contains an edge e if and
only if e connects a 2VCC (' with an articulation point z € C’; then T is a tree.
Now, suppose that there exists an edge e = (z,y) in C such that H[C] \ {v,e} is not
connected, but H \ {v,e} is connected. This means that there exists a simple path P
in H \ {v,e} connecting = and y. Since = and y are not connected in H[C] \ {v,e}, P
must contain vertices from H \ C. So let z be the first vertex in P such that z € C but
its successor in P is not (such a vertex exists, since x € (). Since 7 is in C and has
a neighbor that belongs to a different 2VCC, it is an articulation point. Now let w be
the first vertex after z in P such that w € C (such a vertex exists, since y € C). Due
to the tree structure of the 2VCCs of H, we conclude that w = z. (In other words,

when a path leaves a 2VCC through an articulation point, in order to return to this
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2VCC it must pass again through the same articulation point.) But this contradicts

the simplicity of P. O]

So, in order to find all twinless strong articulation points, it is sufficient to solve
the following problem: Given a 2-vertex-connected undirected graph G, find all vertices
v for which there exists an edge e such that G\ {v,e} is not connected. We call the
sets {v, e} with the property that G{v,e} is not connected vertex-edge cut-pairs. In
Chapter 5 we describe a linear-time algorithm for this problem. It relies on some
parameters extracted by a DFS on the graph, which we’ll describe in the next Chapter.
Furthermore, our algorithm counts, for every vertex v, the number of edges e such
that {v,e} is a vertex-edge cut-pair; we call this number count(v). This is useful for
counting the TSCCs after the removal of a twinless strong articulation point which is
not a strong articulation point in a twinless strongly connected digraph, as suggested

by the following Lemma:

Lemma 2.4. Let G be a twinless strongly connected digraph, and let v be a twinless
strong articulation point of G which is not a strong articulation point. Then count(v) + 1
(computed in the 2-vertex-connected component of v in G") is the number of twinless

connected components of G\ {v}.

Proof. Since v is not a strong articulation point, G \ {v} is strongly connected. By
Corollary 2.1, the twinless strongly connected components of a strongly connected
graph correspond to the 2-edge-connected components of its underlying graph. Now,
the number of the 2-edge-connected components of G* \ {v} equals the number of
its bridges + 1 (this is due to the tree structure of the 2-edge-connected components
of a connected graph). By Lemma 2.3, all these bridges lie in the 2-vertex-connected

component of v in G*. By definition, their number is count(v). O

We note that the problem of computing all vertices that belong to a vertex-edge
cut-pair is related to 3-vertex connectivity (a fact which is illustrated in Figure 2.3),
and it can be solved in linear-time by exploiting the structure of 3-vertex-connected
(triconnected) components of the graph, represented by an SPQR tree. Our approach,
however, avoids SPQR-trees (whose computation is somewhat involved), and is con-

ceptually simple and easy to implement.

In summary, let us describe the algorithm for the computation of all twinless

strong articulation points in a twinless strongly connected digraph G. First, we
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Figure 2.3: (1) A 2-vertex-connected graph with a vertex-edge cut-pair {v,(z,y)}. This
implies that both {v,z} and {v,y} are separation pairs, and therefore the graph is not 3-
vertex-connected. (2) A 2-vertex-connected graph with a separation pair {a,b} but with no
vertex-edge cut-pairs. (3) A 3-vertex-connected graph. Of course, it contains neither separation

pairs nor vertex-edge cut-pairs.

mark all vertices that are strong articulation points. Then we compute the 2-vertex-
connected components of the underlying graph G*. (These can be computed in linear-
time by an algorithm described in [12].) Finally, we process each 2-vertex-connected
component C' separately: We apply a linear-time algorithm (such as that described
in Chapter 5) to find all vertices in C' that belong to a vertex-edge cut-pair, and mark

them. All the marked vertices are precisely the twinless strong articulation points of G.

In the next Chapter we will introduce some parameters that are needed for the
algorithms described in Chapters 4 and 5, and are defined on the structure provided
by a DFS on an undirected graph. We will also provide linear-time algorithms for

their computation.
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CHAPTER 3

INFORMATION EXTRACTED FROM A DFS TREE

3.1 Depth-first search
3.2 Computing all high(v) and high,(v) in linear time

3.3 Computing all M(v) and M,(v) in linear time

Depth-first search (DFS) is an extremely useful technique to explore a graph and
collect data from it in the process. We refer the reader to the seminal paper of

Tarjan [12] for a good exposition of DFS and of some of its applications.

3.1 Depth-first search

Let G be a connected undirected graph. We consider a DFS traversal of G, starting
from an arbitrarily selected vertex r, and let 7" be the resulting DFS tree [12]. A vertex
u is an ancestor of a vertex v (v is a descendant of u) if the simple tree path from
r to v contains u. Thus, we consider a vertex to be an ancestor (and, consequently,
a descendant) of itself. We let p(v) denote the parent of a vertex v in T. If u is a
descendant of v in 7', we denote the set of vertices of the simple tree path from u to
v as T[u,v]. The expressions T[u,v) and T(u,v] have the obvious meaning (i.e., the
vertex on the side of the parenthesis is excluded from the tree path). Furthermore,
we let T'(v) denote the subtree of T" rooted at vertex v. We identify vertices in G by

their DFS number, i.e., the order in which they were discovered by the search. Hence,
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u < v means that vertex u was discovered before v. The edges of the tree are called
tree-edges, and the edges of (G which are not tree-edges are called back-edges, as their
endpoints have ancestor-descendant relation in 7. When we write (u,v) to denote a
back-edge, we always mean that v < u, i.e., u is an descendant of v in 7.

The following is a list of some concepts that are defined on the structure given
by the DFS and are essential to the algorithms we are going to describe in the next

chapters. See Figure 3.1 for an illustration.

e low(v) := min{u | there exists a back-edge (x,u), with x a descendant of v}

® high(v) := max{u | w is a proper ancestor of v and there exists a back-edge (z,u),

with x a descendant of v}

* highy,(v) := max{u | u is a proper ancestor of p(v) and there exists a back-edge (v,u),

with © a descendant of v}

® M(v) := the nearest common ancestor of all descendants of v which are connected to

a proper ancestor of v with a back-edge.

® M,(v) := the nearest common ancestor of all descendants of v which are connected to

a proper ancestor of p(v) with a back-edge.

low(v), high(v) and M (v) are well-defined for every vertex v # r if G is 2-edge-
connected, and high,(v) and M, (v) are well-defined for every vertex v different from r
and the child of r if G is 2-vertex-connected. The low points have been defined in [12],
and can be computed easily in linear time with a recursive algorithm (in a bottom-up
fashion). As for the other concepts, they are defined here for the first time, as far as I
know. Thus, in the following two sections we will describe algorithms which compute
all high, high,, M and M, (for all the vertices on which they are defined), in linear

time.

3.2 Computing all high(v) and high,(v) in linear time

The basic idea to compute all high(v) (for v # r) is to do the following: We process
the back-edges (u,v) in decreasing order with respect to their lower end v. When

we process (u,v), we ascent the path T'[u, v], and for each visited vertex = such that
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Figure 3.1: Concepts defined on the structure of the DFS tree that are essential to our
algorithm. Dashed lines correspond to DFS tree paths. Back-edges are shown directed from

descendant to ancestor.

high|x] is still undefined, we set high|[z] <— v. See Algorithm 3.1. It should be clear that
this process, which forms the basis of our linear-time algorithm, computes all high(v),
for v # r, correctly.

In order to achieve linear running time, we have to be able, when we consider
a back-edge (u,v), to bypass all vertices on the path T[u,v] whose high value has
been computed. To that end, it suffices to know, for every vertex z in T[u,v], the
nearest ancestor of x whose high value is still null. We can achieve this by applying
a disjoint-set-union (DSU) structure [2].

Specifically, we maintain a forest F' that is a subgraph of 7', subject to the following

operations:
link(z,y): Adds the edge (z,y) into the forest F'.
find(z): Return the root of the tree in F that contains .

Let F, denote the tree of I’ that contains a vertex z. Initially, F' contains no edges, so
x is the unique vertex in F. In our algorithm, the link operation always adds some
tree edge (u,p(u)) to F, so the invariant that F' is a subgraph of 7" is maintained. This

is implemented by uniting the corresponding sets of v and p(u) in the underlying
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Algorithm 3.1 SimpleHigh

1: for all vertices v # r do

2:  sort the back-edges (u,v) in decreasing order w.r.t. to their lower end v
3: end for

4: for all back-edges (u,v) do

5. if high[u] = null then

6: highlu] < v
7.  end if

8  u< p(u)

9: end for

DSU structure, and setting the root of of F,,) as the representative of the resulting
set. Then, find(u) returns the root of F,, which will be the nearest ancestor of u in
T whose high value is still null. Algorithm 3.2 gives a fast algorithm for computing
high(v), for every vertex v # r.

The next lemma summarizes the properties of Algorithm 3.2.

Lemma 3.1. Algorithm 3.2 is correct. Furthermore, it will perform n—1 link and 2m—n+1

find operations on a 2-vertex-connected graph with n vertices and m edges.

Proof. Let B be the sorted list of the back-edges. (Notice that B contains m — n +
1 edges.) We will prove the theorem inductively by showing that, for every ¢ in
{0,...,m —n}: if, after having run the algorithm for the first ¢ back-edges, we now
have that, (1) for every vertex z, find(z) returns the nearest ancestor of  whose high
value is still null, (2) for every back-edge (u,v) in BI[1,t], high[z] has been computed
correctly for every = in T'[u,v), and the high value of every other vertex, which does
not belong to such a set, is still null, and (3) every set that has been formed due to
the link operations that have been performed is a subtree of 7', of whose members
only its root has its high value still set to null, then, if we run the algorithm once
more for the ¢+ 1 back-edge, properties (1), (2) (for ¢+ 1), and (3) will still hold true.

For the basis of our induction, let us note that the premise of the inductive propo-
sition for ¢ = 0 is trivially true: Before we have begun traversing B, the set containing
z is a singleton, find(x) = x, and high[z] is null, for every vertex x. Now, suppose the
premise of the inductive proposition is true for some ¢ in {0,...,m —n}, and let (u,v)
be the ¢ + 1 back-edge. Let z1,..., 2, in decreasing order, be the vertices in 7'[u, v]

whose high value is still null. (Note that, since B is sorted in decreasing order w.r.t
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Algorithm 3.2 FastHigh
1: initialize a forest F' with V(F) = V(T) and E(F) = ()

2: for all vertices v # r do

3:  set high[v] < null

4: end for

5: sort the back-edges (u,v) in decreasing order w.r.t. to their lower end v
6: for all back-edges (u,v) do
70w < find(u)

8: while u > v do

9: highlu] < v
10: next < find(p(u))

11: link(u, p(u))
12: u < next

13:  end while
14: end for

the lower end-point of its elements, we have x;, = v.) We observe two facts. First,
by (1), we have that z; = find(u), and x; = find(p(z;_1)), for ¢ = 2,... k. Second, (2)
implies that the correct high value of z;, for every i = 1,...,k — 1, is v (although now
it is still set to null). From these two facts we can see that, in order to prove that
our algorithm is going to correctly compute the values high[z;], for i = 1,...,k — 1,
and not mess with those that have already been computed, it is sufficient to show
that the function find(p(z)), in line 10, will return, every time it is invoked, the closest
ancestor of p(z) whose high value is still set to null - despite all the link operations
which might have been performed in the meantime. To see this, observe that (1) and
(3) imply that, for every i = 1,...,k—1, z; and p(z;) belong to different sets (since x;,
having its high value still set to null, is the root of the set it belongs to). From this we
conclude, that after linking z; with p(z;), x; and p(z;) still belong to different sets, for
every j =1+1,...,k— 1. It should be clear now that, by executing our algorithm for
the ¢ + 1 back-edge, only the high values of zi,...,x,_; are going to be affected (and
computed correctly). This shows that (2) (for ¢ 4 1) still holds true. We also see that
all the sets that have been formed due to the link operations that have been performed
are still subtrees of T, since every such operation is linking a vertex with its parent.

Now, let = be a vertex that belongs to one of the sets that have been affected by the
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link operations that have been performed during the execution of the algorithm for
the ¢ + 1 back-edge. By (1), this means that, before running the algorithm for this
back-edge, find(x) = x;, for some i = 1,..., k. We conclude, that after running the
algorithm for the t 4 1 back-edge, the closest ancestor of = that has its high value
still set to null is v (since, now, every vertex in T'[u,v) has its high value computed).
This shows that (1) still holds true. Furthermore, this also shows that every vertex
in T'[x,v] is part of the same set. We conclude that the root of the set which contains
z is v. Thus we have shown that (3) still holds true. (We do not have to consider the
vertices whose set has not been affected by the link operations.)

Thus we have proved that, since the premise of the inductive proposition for ¢ = 0
is true, (2) in the conclusion of the inductive proposition for ¢ = m — n is also true.
In other words, our algorithm computes correctly the high value of every z which
belongs to a set of the form T'[u,v), for some back-edge (u,v). Since the graph is
2-vertex-connected, every vertex x # r belongs to such a set. Furthermore, after the
execution of the algorithm, precisely n — 1 link operations (one for every vertex x # r),
and 2m —n — 1 find operations (one for every end-point of every back-edge, and one

for every vertex x # r) will have been performed. O

Since all the link operations we perform are of the type link(u, p(u)), and the total
number of link and find operations performed is O(m +n), we may use the static tree
DSU data structure of Gabow and Tarjan [2] to achieve linear running time.

Finally, we note that the algorithm for computing all high,(v) is almost identical
to Algorithm 3.2. The only difference is in line 8, where we have to replace “while
u > v” with “while p(u) > v”. The proof of correctness and linearity is essentially the

same.

3.3 Computing all M(v) and M,(v) in linear time

Recall that M(v) is the nearest common ancestor of all descendants of v that are
connected with a back-edge to a proper ancestor of v, while M,(v) is the nearest
common ancestor of all descendants of v that are connected with a back-edge to a
proper ancestor of p(v).

Before we describe our algorithm for the computation of M(v) (and M,(v)), we

state a lemma that will be useful in what follows.
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Lemma 3.2. Let u and v be such that v is an ancestor of u and M(v) is a descendant of
u. Then M(v) is a descendant of M(u).

Proof. Let e = (x,y) be a back-edge with = a descendant of v and y a proper ancestor
of v. Since v is an ancestor of u, y is a proper ancestor of u. And since M(v) is a
descendant of u, = is a descendant of u. Now, it is an immediate consequence of the
definition of M(u), that M(u) is an ancestor of z. Since e was chosen arbitrarily, we

conclude that M(u) is an ancestor of M(v). O
Note 3.1. We note that the lemma still holds if we replace M(v) with M,(v).

Our algorithm for the computation of M(v) works recursively on the children of
v. So, let v be a vertex (different from r). We define /(v) = min{{v} U {u | there exists
a back-edge (v,u)}}. (Of course, we have low(v) < I(v).) Now, if /(v) < v, we have
M(v) = v. (Let us note here that, if v is a leaf, then I(v) < v is necessarily true, since
the graph is 2-vertex-connected, and therefore we may set M(v) = v for all vertices v
that are leaves.) Furthermore, if there exist two children ¢, ¢’ of v such that low(c) < v
and low(c’) < v, then, again, M(v) = v. The difficulty arises when there is only one
child ¢ of v with the property low(c) < v (one such child of v must of necessity exist,
since the graph is 2-vertex-connected), in which case M(v) is a descendant of ¢, and,
therefore, M(v) is a descendant of M(c) by Lemma 3.2. In this case, we repeat the
same process in M(c): we shall test whether /(M(c)) < v or whether there exists only
one child d of M(c) such that low(d) < v, in which case we repeat the same process
in M(d), and so on.

Now, we claim that a careful implementation of the above procedure yields a
linear-time algorithm for the computation of M(v), for all vertices v # r. To that end,
it suffices to store, for every vertex v that is not a leaf of 7', two pointers, L(v) and
R(v), on the list of the children of v. Initially, L(v) points to the first child ¢ of v
that has low(c) < v, and R(v) points to the last child ¢ of v that has low(¢’) < v. Our
algorithm works in a bottom-up fashion. Provided we have computed M(u) for every

descendant u of v, we execute Procedure 3.3.

Lemma 3.3. By executing Procedure 3.3, for all vertices v # r, in bottom-up fashion of

T, we can compute all M(v) in linear-time.

Proof. To prove correctness, it is sufficient show that, for the computation of M(v), if

M(v) lies in T(m), for some descendant m of v, and I(m) > v, then every back-edge
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Algorithm 3.3 Procedure FindM
1: if I(v) < v then

2: return v
3: end if
4: if L[v] # R[v] then
5:  return v
6: end if

7. m < M[L[v]]

8: if [(m) < v then

9: return m
10: end if

11: while low(L[m]) > v do

12:  L[m] < next child of m

13: end while

14: while low(R[m]) > v do

15:  R|m] < previous child of m
16: end while

17: if Lim] # R[m| then

18: return m

19: end if
20: m < M[L[m]]

21: goto line 8

that starts from T(v) and ends in a proper ancestor of v has its starting-point in a
subtree of the form T(c), where ¢ is a child of m between L[m] and R[m]. It’s easy
to see this inductively: that is, let v be a vertex, all of whose descendants had this
property as the algorithm was running. Now, suppose that m is a descendant of v
such that M(v) lies in T(m). If L[m] points to the first child of m and R[m] to the last
child of m, then there is nothing to prove. But if one of these two pointers was moved
(in lines 12 or 15) during the execution of the algorithm, this means, thanks to the
inductive hypothesis, that for an ancestor = of m which is also a proper descendant of
v it is true that every back-edge that starts from T(z) and ends in a proper ancestor
of z has its starting-point in a subtree of the form T'(c), for some child ¢ of m between

Lim] and R[m]. Now we see why every back-edge that starts from T(v) and ends in
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a proper ancestor of v has its starting-point in a subtree of the same form: for if this
is not the case, and there exists a back-edge that starts from T(d), for some child d
of v which is not between L[m| and R[m|, and ends in a proper ancestor of v, then
this is also a back-edge that starts from T(z) and ends in a proper ancestor of = - a
contradiction.

Now, to prove linearity, we note that the only way our algorithm could be making
an excessive amount of steps, would be by visiting some vertices a lot of times, when it
recursively descends to the descendants of some vertices, in order to compute their M
value. So we define, for every vertex v, the (possibly empty) list S(v) = {m1,...,my,}
of the proper descendants of v that the algorithm had to visit in order to compute
M (v), sorted by the order of visit (i.e. ordered increasingly). We will prove linearity by
showing that two such distinct lists can meet only in their last element. Equivalently,
we may show that a non-last member m of such a list (let us call it: an intermediary
member), can appear only in that same list. So, let m be an intermediary member of
a list S(v), for some vertex v, and let v be the first vertex in whose list m appears as
an intermediary member (that is, there is no proper descendant of v in whose list
m appears as an intermediary member). We note, that, since m is an intermediary
member of S(v), M(v) is a proper descendant of m. Now, suppose that there exists
a proper ancestor u of v such that m is a member of S(u), and let u be the closest
proper ancestor of v that has this property. Then we have /(u) = u, and there is a
unique child ¢ of u with the property low(c) < u. Furthermore, M(c) (the first member
of S(u)) belongs to T[m, c]. But M(c) does not belong to T'[m, v]: for otherwise, since
¢ is an ancestor of v, Lemma 3.2 implies that M(c) is a descendant of M(v), which
is a proper descendant of m. We conclude, that M(c), the first member of S(u), is an
ancestor of v. Now, continuing in this fashion, (i.e. considering the unique child d of
M(c) that has the property low(d) < u, so that M(d) is the second member of S(u)),
we see that the members of S(u) are either ancestors of v or descendants of M(v). A

contradiction. ]

We use a similar algorithm in order to compute all M,(v). The only change we
have to make in Procedure 3.3 is to replace every comparison to v with a comparison

to p(v). The proof of correctness and linearity is essentially the same.
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CHAPTER 4

COUNTING CUT-PAIRS IN LINEAR TIME

4.1 Introduction
4.2 The case back-edge - tree-edge

4.3 The case where both edges are tree-edges

4.1 Introduction

Let G = (V, E) be a 2-edge-connected undirected graph. For every e in £ we define
count(e) == {€ € E | {e,e'} is a cut-pair }. Thus, an edge e belong to a cut-pair
if and only if count(e) > 0. In this Chapter we show how to compute all count(e)
in linear time. Although Tsin [13] and other researchers have developed linear-time
algorithms to solve the problem of determinind the edges that belong to a cut-pair
in a 2-edge-connected undirected graph (and an extension of their algorithms can
also solve the counting problem), our approach is conceptually simple and easy to
implement in practise. In section 2.2 we saw how we can apply such an algorithm
to find all twinless strong bridges in a twinless strongly connected digraph in linear
time. Furthermore, by Lemma 2.2, we know how to use the parameters count(e) to
compute in linear time the number of TSCCs of a twinless strongly connected digraph
after the removal of a twinless strong bridge which is not a strong bridge.

To compute all count(e), we will work on the tree structure 7', with root r, provided
by a DFS on G. Then, if {e, ¢’} is a cut-pair of edges, either one of them is a back-edge

and the other one is a tree-edge, or both of them are tree-edges. (It cannot be the
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case that both of them are back-edges, since then their removal would not disconnect
the graph.) Furthermore, in the case that both of them are tree-edges, we have the

following:

Lemma 4.1. If {e,€'} is a cut-pair such that both e and €' are tree-edges, then they both

lie on the simple tree path T|u,r], for some vertex u. (See Figure 4.1.)

Proof. Since both e and €’ are tree-edges, there exist vertices u and v, such that
e = (u,p(u)) and € = (v,p(v)). Since the graph is 2-edge-connected, u is distinct
from v, and let’s assume, without loss of generality, that ©v > v. Now, suppose that
e and ¢ are not part of the simple tree path 7[u,r]. Then v is not an ancestor of
u. Furthermore, since u > v, v is not a descendant of u either. Now, remove {e, ¢’}
from the graph. We note three facts. First, since v is not a descendant of u, T'(u)
remains connected. Second, since the graph is 2-edge-connected, there exists a back-
edge connecting a vertex from 7'(u) with a proper ancestor = of u. Third, since v is
not an ancestor of u, the vertices on the simple tree path T'[p(u), x] remain connected.
These three facts imply that u remains connected with p(u), and therefore {e, e’} is

not a cut-pair. A contradiction. O]

Thus we have two distinct cases to consider, and we will compute count(e) by
counting the number of cut-pairs {e, e’} in each case. We will handle these cases
separately, by providing a specific algorithm for each one of them. We shall begin
with the case that one of those edges is a back-edge, since this is the easiest to handle.

We suppose that all count(e) have been initialized to zero.

4.2 The case back-edge - tree-edge
Our algorithm for this case is based on the following observation:

Proposition 4.1. Let e be a back-edge and w a vertex distinct from r. Then the pair
{e, (u,p(u))} is a cut-pair if and only if e starts from T(u), ends in a proper ancestor of u,

and is the only back-edge with this property.

Proof. (=) Since the graph is 2-edge-connected, there exists at least one back-edge
e” with the property that ¢” connects a descendant of u with a proper ancestor of u.

Supposing €’ # e, we see that {e, (u,p(u))} cannot be a cut-pair: since, in this case,
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(a) (b)

Figure 4.1: (a) An example of a DFS tree containing two cut-pairs of tree-edges (shown in
red and green). (b) An illustration of the argument in 4.1: since the graph is 2-edge-connected,
there exist a back-edge connecting the subtree 7'(u) with T'(u, 7], and a back-edge connecting

the subtree T'(v) with T'(v,r|. The pair of tree-edges {(u,p(u)), (v,p(v))} is not a cut-pair.

by removing {e, (u,p(u))}, u remains connected with p(u). That’s a contradiction.
(<) By removing the edge (u,p(u)), all the paths that connect u with p(u) must
necessarily use a back-edge connecting a vertex from 7'(u) with a proper ancestor of

u. If e is the only back-edge with this property, then {e, (u,p(u))} is a cut-pair. [

This implies that, for every vertex u, there exists at most one cut-pair of the form
{e, (u,p(u))}, where e is a back-edge, and it immediately suggests an algorithm for
determining whether such a cut-pair exists. We only have to count, for every vertex
u (# r), the number b_count(u) := #{back-edges that start from 7'(u) and end in a
proper ancestor of u}. To do this, we define, for every vertex u, up(u) := #{back-edges
that start from v and end in an ancestor of u}, and down(u) := #{back-edges that start
from 7'(u) and end in u}. All up(u) and down(u) can be computed easily in linear
time. Now b_count(u) can be computed recursively: if ¢y, ..., ¢, are the children of u,

then b_count(u) = up(u) +b_count(cy)+. ..+ b_count(cy) —down(u); and if u is childless,
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b_count(u) = up(u).

Now, for every vertex u that has b_count(u) = 1, we set count|(u, p(u))] < count|(u, p(u))]
+1. Furthermore, in this case, there exists only one back-edge (z,y) such that x is
a descendant of u and y is a proper ancestor of u, and so we have x = M (u) and

y = low(u). Thus, we also set count[(M (u),low(u))] < count[(M (u), low(u))] + 1.

4.3 The case where both edges are tree-edges

Our algorithm for this case is based on the following observation:

Proposition 4.2. Let u, v be two vertices such that v is an ancestor of uw. Then {(u,p(u)),
(v,p(v))} is a cut-pair if and only if v is a proper ancestor of w with M(u) = M(v) and
high(u) < v. (See Figure 4.2.)

Proof. (=) Since the graph is 2-edge-connected, the removal of one edge is not suffi-
cient to disconnect the graph, and therefore v must be a proper ancestor of . Now, let
(x,y) be a back-edge such that z is a descendant of u and y is a proper ancestor of w.
Since u is a descendant of v, x is also a descendant of v. Furthermore, we notice that,
since {(u,p(u)), (v,p(v))} is a cut-pair, y is a proper ancestor of v. (For otherwise, by
removing (u,p(u)) and (v, p(v)), T'(u) remains connected (since v is an ancestor of w),
the vertices in the simple tree path T[p(u), y] remain connected (since v is an ances-
tor of y), and, therefore, the existence of the back-edge (x,y) implies that u remains
connected with p(u).) This shows that M(v) is an ancestor of M (u), and high(u) is a
proper ancestor of v. Conversely, let (z,y) be a back-edge such that z is a descendant
of v and y is a proper ancestor of v. We observe that, since {(u,p(u)), (v,p(v))} is
a cut-pair, x must be a descendant of u. (For otherwise, by removing (u,p(u)) and
(v,p(v)), the simple tree paths T'[z,v] and T'[p(v),y] have not been affected (since u
is a descendant of =), and, therefore, the existence of the back-edge (z,y) implies
that v remains connected with p(v).) Furthermore, since v is an ancestor of u, y is a
proper ancestor of u. This shows that M (u) is an ancestor of M (v). We conclude that
M(u) = M(v).

(<) Remove the edges (u,p(u)) and (v, p(v)). Now, if there exists a path connecting u
with p(u), this path must use a back-edge (x,y) such that either (1) z is in 7'(u) and
y in T[p(u),v], or (2) z is a descendant of a vertex in T'[p(u),v], but not a descendant

of u, and y is a proper ancestor of v. (1) cannot be true, since high(u) < v. (2) cannot
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be true, since M (u) = M (v), and therefore M (v) is a descendant of u, and therefore x

is a descendant of u. We conclude that the pair {(u, p(u)), (v,p(v))} is a cut-pair. [

()

Figure 4.2: This is an illustration of the necessary and sufficient conditions for two tree-edges
(that belong to a simple tree path starting from the root) to form a cut-pair. From (a) it is
obvious that M (v) must be in T'(u). From (b) its is obvious that high(u) must be a proper
ancestor of v. In (¢) we have that M (v) = M(u) and high(u) < v. Then {(u,p(u)), (v,p(v))}
is a cut-pair. By Lemma 4.2, we have high(u) = high(v). Since M (v) is in T'(u), for every x

which is a descendant of a vertex in 7'(u, v], but not a descendant of u, we have high(z) > v.

Algorithm 4.1 describes how we can compute, for every vertex u, the number
of cut-pairs of the form {(u,p(u)), (v,p(v))}. To prove correctness, we will need the

following:
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Lemma 4.2. Let u, v be two vertices such that M (u) = M(v), v is an ancestor of u, and
high(u) < v. Then high(u) = high(v).

Proof. Let (x,y) be a back-edge such that z is a descendant of v and y is a proper an-
cestor of u. Then, since u is a descendant of v, x is also a descendant of v. Furthermore,
high(u) < v implies that y is a proper ancestor of v. This shows that high(u) < high(v).
Conversely, let (z,y) be a back-edge such that « is a descendant of v and y is a proper
ancestor of v. Then, since M (v) = M (u), M(v) is a descendant of u, and therefore z is
also a descendant of u. Furthermore, since v is an ancestor of u, y is a proper ancestor
of u. This shows that high(v) < high(u). We conclude that high(u) = high(v). O

Now, we let S(u), for every vertex u # r, denote the set {u}U{v | {(u, p(u)), (v,p(v))}

is a cut-pair }. Then we have the following:
Proposition 4.3. For every v € S(u) we have S(v) = S(u).

Note 4.1. In other words, this Proposition says that the binary relation “e forms a

199

cut-pair with e’”, defined on the set of tree-edges, is transitive.

Proof. Let u be a vertex. We will show that all vertices in S(u) have the same high point.
So let v be a member of S(u). By Lemma 4.1, we have that v is either an ancestor of u
or a descendant of u. Suppose that v is an ancestor of u. Then, Proposition 4.2 implies
that high(u) < v. By the same Proposition, we also have M (u) = M (v). By Lemma
4.2, these two facts imply that high(u) = high(v). Now, if v is a descendant of u, the
same argument (with a reversal of the roles of u and v) shows that high(u) = high(v).

Now let v be a member of S(u) and w a member of S(v). Since high(w) = high(v)
and high(v) = high(u), we conclude that high(w) = high(u), and therefore (by the
definition of high) high(w) < u and high(u) < w. By Proposition 4.2, we have M (w) =
M (v) and M(v) = M(u), and thus we conclude that M (w) = M (u). Now, since u and
w have a common descendant (that is, M (w)), they are related as ancestor-descendant.
If u is a proper ancestor or a proper descendant of w, then, since M (u) = M(w) and
high(u) < w and high(w) < u, by Proposition 4.2 we have that w is in S(u). Otherwise,
w = u, and therefore w is in S(u) (by definition). Thus we have S(v) C S(u). The

reverse inclusion is proved by a symmetric argument. O

Theorem 4.1. Algorithm 4.1 is correct.
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Proof. According to Proposition 4.2, all cut-pairs of the form {(u, p(u)), (v,p(v))} have
M (u) = M(v). Therefore, in order to count all these cut-pairs, it is sufficient to focus
our attention on the lists M ~!(m), for all vertices m (5 r), to find therein vertices u
and v such that {(u, p(u)), (v,p(v))} is a cut-pair. Now, suppose that we have all these
lists computed and their elements sorted in decreasing order, and let m be a vertex.
Let u be an element of M ~'(m) which is maximal in S(u) (i.e. if there exists a v
such that {(u, p(u)), (v,p(v))} is a cut-pair, then v is a proper ancestor of w). Then, by
Proposition 4.2, we have S(u) = M~ (m)NT[u,high(u)). Furthermore, by Proposition
4.3, we have that, for every v in S(u), S(v) = S(u). This explains why Algorithm 4.1
works. We start with the first element u of M ~!(m), and we traverse the list M ~*(m)
until we reach a vertex v such that v < high(u) (or until we run out of elements).
While doing that, we keep a counter n_edges of the elements in M~ (m)NT (u, high(u)).
Then we traverse the segment M~ (m)NT[u, high(u)) of the list M~ (m) again, and, for
every w in M~ (m)NT[u, high(u)), we set count[(w, p(w))] := count|(w, p(w))] + n_edges.

Then we repeat the same process from v, until we reach the end of M~!(m). O
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Algorithm 4.1 Counting cut-pairs of tree-edges

1: calculate all lists M~!(m), for all vertices m, and bucket-sort their elements in
decreasing order

2: for all vertices m do

3:  u < first element of M~!(m)

4:  while u # () do

5

6

v < successor of u in M~1(m)

n_edges < 0
7: while v # () and high(u) < v do
8: n_edges < n_edges + 1
9: v < next element of M~!(m)
10: end while
11: VU

12: while v # () and high(u) < v do

13: count|[(v, p(v))] < count[(v, p(v))] + n_edges
14: v < next element of M~!(m)

15: end while

16: U4 v

17: end while

18: end for
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CHAPTER DO

COUNTING VERTEX-EDGE CUT-PAIRS IN

LINEAR TIME

5.1 Introduction
5.2 The case where e is a back-edge
5.3 The case where ¢ lies on the simple tree path T'[v, 7]

5.4 The case where e lies in T(v)

5.1 Introduction

Let G = (V, E) be a 2-vertex-connected undirected graph. For every v in V' we define
count(v) := {e € E | {v,e} is a cut-pair }. Thus, a vertex v belong to a vertex-edge cut-
pair if and only if count(v) > 0. In this Chapter we show how to compute all count(v)
in linear time. Although there are known methods to solve the problem of computing
all count(v) in linear-time (by exploiting properties of SPQR-trees [5]), our approach
is conceptually simple and easy to implement in practise. In section 2.3 we saw how
we can apply such an algorithm to find all twinless strong articulation points in a
twinless strongly connected digraph in linear time. Furthermore, by Lemma 2.4, we
know how to use the parameters count(v) to compute in linear time the number of
TSCCs of a twinless strongly connected digraph after the removal of a twinless strong

articulation point which is not a strong articulation point.
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Now, to compute all count(v), we will work on the tree structure 7', with root 7,
provided by a DFS on G. Then, if {v,e} is a vertex-edge cut-pair, e can either be a
back-edge, or a tree-edge. Furthemore, in the case that e is a tree-edge, we have the

following:

Lemma 5.1. If {v, e} is a cut-pair such that e is a tree-edge, then e either lies in T'(v) or

on the simple tree path T[v,r].

Proof. Suppose that e is neither in 7'(v) nor on the path T'[v,r|. Since e is a tree-edge,
it has the form (u, p(u)), for some vertex u. Since H is 2-vertex-connected, there exists
a back-edge ¢ = (z,y) joining a vertex = from T'(u) with a proper ancestor y of w.
Now, remove v and e from the graph. Since e does not lie on the path 7'[v,r], v is not
a descendant of u, and therefore 7'(u) remains connected. Furthermore, since e is not
in T'(v), y remains connected with p(u). The existence of ¢ implies that u remains

connected with p(u) - a contradiction. O

Thus we have three distinct cases in total, and we will compute count(v) by count-
ing the cut-pairs {v, e} in each case. We will handle these cases separately, by pro-
viding a specific algorithm for each one of them, based on some simple observations
like Lemma 5.1. The linearity of these algorithms will be clear.

Now, we shall begin with the case where e is a back-edge, since this is the easiest

to handle. We suppose that all count(v) have been initialized to zero.

5.2 The case where ¢ is a back-edge

Proposition 5.1. If {v,e} is a cut-pair such that e is a back-edge, then e starts from the
subtree T(c) of a child c of v, ends in a proper ancestor of v, and is the only back-edge that
starts from T(c) and ends in a proper ancestor of v. Conversely, if e is such a back-edge,

then {v,e} is a cut-pair.

This immediately suggests an algorithm for counting all such cut-pairs. We only
have to count, for every vertex ¢ (# r or the child of r), the number b_count(c)
:= #{back-edges that start from 7'(¢) and end in a proper ancestor of p(c)}. To
do this efficiently, we define, for every vertex v, up(v) := #{back-edges that start
from v and end in an ancestor of v}, and, for every child ¢ of v (if it has any),

down(v,c) = #{back-edges that start from 7'(c¢) and end in v}. See Algorithm 5.1.

32



Algorithm 5.1 Calculating up(c) and down(v, c)

1: initialize all up(v) and down(v,c) to O

sort the back-edges (u,v) in increasing order w.r.t. their higher end u
sort the list of the children of every vertex in increasing order

for all vertices v do

if v is not childless then

¢, < first child of v

7.  end if

8: end for

9: for all back-edges (u,v) do
10:  up(u) < up(u) + 1

11:  while ¢, is not an ancestor of u do
12: ¢, <next child of v
13:  end while
14:  down(v,c,) + down(v,c,) + 1

15: end for

Now, b_count(c) can be computed recursively: if d,...,d; are the children of ¢, then
b_count(c) = up(c) +b_count(dy) + . ..+ b_count(d;,) — down(p(c), c¢); and if ¢ is childless,
b_count(c) = up(c). Finally, the number of vertex-edge cut-pairs {v,e} where ¢ is a

back-edge, equals the number of children c of v that have b_count(c) = 1.

5.3 The case where ¢ lies on the simple tree path T'[v, ]

Let {v, e} be a vertex-edge cut-pair such that e is part of the simple tree path T'[v,r].
Then there exists a vertex u which is a proper ancestor of v and such that e = (u, p(u)).
We observe that all back-edges that start from T(u) and end in a proper ancestor of
u must necessarily start from T(v). In other words, M(u) is a descendant of v. Here
we further distinguish two cases, depending on whether M(u) is a proper descendant

of v.

5.3.1 The case M(u) =v

Our algorithm for this case is based on the following observation:
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Proposition 5.2. Let cy,...,c; be the children of v (f it has any), and let {v, (u,p(u))}
be a cut-pair such that w is an ancestor of v with M(u) = v. Then u does not belong in any
set of the form Thigh,(c;),low(c;)), for i = 1,... k. Conversely, given that w is a proper
ancestor of v such that M(u) = v, and given also that u does not belong in any set of the
form Tlhigh,(c;),low(c;)), for i = 1,...,k, we may conclude that the pair {v,(u,p(u))} is
a cut-pair. (See Figure 5.1.)

Proof. (=) Suppose that u belongs to T[high,(c),low(c)), for some child ¢ of v. Then
high,(c) is a descendant of u, low(c) is an ancestor of p(c), and both of these vertices
are proper ancestors of v. Now, there exists a back-edge (z, high,(c)), with x in T(c).
There also exists a back edge (2, low(c)), with 2z’ in T(c). Therefore, it should be clear
that the removal of both v and (u,p(u)) does not disconnect v from p(u): for, even
after this removal, both u and p(u) remain connected with the subtree T(c). This
contradicts the fact that {v, (u,p(u))} is a cut-pair.

(<) Remove the vertex v and the edge (u,p(u)). M(u) = v means that there are no
back-edges (z,y) with x being a descendant of a vertex in 7'(v, u], but not a descendant
of v, and y an ancestor of p(u). Therefore, if u remains connected with p(u), they must
both be connected with a subtree T(c), for some child ¢ of v. Furthermore, if such is
the case, there must exist two back-edges, (z,y) and (2’,y’), and a child ¢ of v, such
that both = and 2z’ are in T(c), y is proper ancestor of v and a descendant of u, and
y' is an ancestor of p(u). But this means that u < high,(c) and low(c) < p(u). In other

words: u is in T[high,(c),low(c)) - a contradiction. O
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Figure 5.1: M(u) = v, and v forms a vertex-edge cut-pair with (u,p(u)). Observe that, by
removing v and (u,p(u)), T'(v,u] gets disconnected from 7'(u,r|, since M(u) is in T'(v) and

there is no child ¢ of v with the property that high,(c) > u and low(c) < p(u).

Algorithm 5.2 describes how we can count, for every vertex v, all cut-pairs of the

form {v, (u,p(u))}, where u is a proper ancestor of v with M (u) = v.
Theorem 5.1. Algorithm 5.2 is correct.

Proof. By Proposition 5.2, we only have to count, for every vertex v, the vertices
uw in T(v,r) that have M(u) = v and are not contained in any set of the form
T'lhighy(c),low(c)), for any child c of v. We do this by finding, in a sense, all maximal
subsets of T'(v,r) of the form T[z,y|, which do not meet any set T'[high,(c), low(c)),
for any child ¢ of v, and we count all elements of M~!(v) N T[z,y]. If c1,..., ¢k is
the list of the children of v sorted in decreasing order w.r.t. their high, point, then
the first such set is T'(v, high,(c,)), the last one is T[low(c),r), where c is a child of v
with low minimal among the children of v, and all intermediary sets have the form
Tllow(c'), high,(c")), for some children ¢, ¢” of v. If v is childless, we only have to

count the elements of M~1(v) N T (v, 7). N

5.3.2 The case where M(u) is a proper descendant of v

In this case, M(u) belongs to T(c), for a child ¢ of v, and so we have that {p(c), (u,p(u))}

is a cut-pair. We base our algorithm for this case on the following observation:
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Proposition 5.3. Let {p(c), (u,p(w))} be a cut-pair, such that w is an ancestor of p(c)
and M(u) is in T(c). Then M,(c) = M(u) and high,(c) < u. Conversely, if u is a proper
ancestor of p(c) such that M,(c) = M(u) and high,(c) < u, then the pair {p(c), (u,p(u))}
is a cut-pair. (See Figure 5.2.)

Proof. (=) Let (z,y) be a back-edge such that z is in T(u) and y is a proper ancestor
of u. Since M(u) is in T(c), x is in T(c). Furthermore, since u is an ancestor of p(c), y
is a proper ancestor of p(c). This shows that M,(c) is an ancestor of M(u). Conversely,
let (z,y) be a back-edge such that x is in T(c) and y is a proper ancestor of p(c). Since
c is a descendant of u, = is in T(u). Furthermore, since {p(c), (u,p(u))} is a cut-pair, y
must be a proper ancestor of u. (For otherwise, we can easily see that, by removing
the vertex p(c) and the edge (u,p(u)), u remains connected with p(u), since there
exists a back-edge connecting a vertex from T'(M(u)) (which is a subtree of T'(c))
with low(u), which is an ancestor of p(u).) This means that z is a descendant of M(u),
and this shows that M,(c) is a descendant of M(u). We conclude that M, (c) = M(u).
Finally, since {p(c), (u,p(u))} is a cut-pair, it should be clear that high,(c) must be a
proper ancestor of u (the argument is the same as in the parenthesis).

(<) Let’s remove the vertex p(c) and the edge (u,p(u)). Now, if there exists a path
connecting u to p(u), this path should contain at least one back-edge (z,y) such that
either (1) z is in T(c) and y is in T(p(c),u], or (2) z is a descendant of some vertex
in T(p(c),u], but not a descendant of p(c), and y is an ancestor of p(u). (1) cannot be
true, since high,(c) < u. (2) cannot be true, since M(u) is in T(c). We conclude that u

has been disconnected from p(u). O
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Figure 5.2: M(u) is in T'(c) and p(c) forms a vertex-edge cut-pair with (u, p(u)). This implies
that M (u) = My(c) and high,(c) < u. In fact, in this case we have high,(c) = high(u,).

Algorithm 5.3 describes how we can compute, for every vertex v, the number of
cut-pairs of the form {v, (u,p(u))}, where u is a proper ancestor of v with M (u) in
T(c) for a child ¢ of v.

Theorem 5.2. Algorithm 5.3 is correct.

Proof. According to Proposition 5.3, for every cut-pair of the form {p(c), (u,p(u))}
such that u is an ancestor of p(c) with M (u) in T'(c), we have M (u) = M,(c). Therefore,
we may search for these cut-pairs by scanning the lists M~"(m), M, '(m), for every
vertex m. Suppose we have calculated these lists and have their elements sorted in
decreasing order. Now, let ¢ be the first element of M 1(m) for which there exists a u
in M~'(m) such that u is an ancestor of p(c) and the pair {p(c), (u,p(u))} is a cut-pair.
Proposition 5.3 implies that high,(c) < u. Furthermore, (and, again, as a consequence
of the same Proposition), we have that, for every «' in M~'(m) N T(p(c), high,(c)),
{p(c), (v/,p(u'))} is a cut-pair, and these are all the elements in M~!(m) for which
this is true. Let U denote the collection of these elements. Now, if ¢ is in M, "(m) N
T'lc, highy(c)), then high,(c’) = high,(c). By Proposition 5.3, this means that all the
elements v’ of M~'(m) with the property that v’ is a proper ancestor of p(c’) and
{p(d), (W,p(u'))} is a cut-pair, are precisely the members of U N T'(p(c’), highy,(c)).
This explains the counting procedure of Algorithm 5.3. Then, after we have updated

count[p(c’)] for all ¢ in M;*(m) N T|c, highy(c)), we repeat the same process for the
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greatest element ¢ of M '(m) which is smaller than (i.e. an ancestor of) high,(c),
and has the property that there exists an element «’ in M~'(m) such that «’ is an
ancestor of p(¢) and {p(¢), (v, p(u’))} is a cut-pair - and keep repeating, until we

have traversed M, '(m) (or M~'(m)) entirely. O

Notice that in Sections 5.2 and 5.3.1, we were able to count specific types of cut-
pairs by detecting all of them explicitly. Here, on the other hand, we count cut-pairs in
an indirect manner. Of course, we were bound to perform the counting indirectly at
some point: since we claim a linear-time algorithm for the computation of all count(v),
we cannot explicitly find all vertex-edge cut-pairs, as there can be too many of those.
(Consider, for instance, a cycle with n vertices; every vertex v forms precisely n — 2
vertex-edge cut-pairs, i.e., with all the edges not incident to v.) We will perform the
counting in an indirect manner again in Section 5.4.2. In the next section we basically

find all cut-pairs explicitly.

5.4 The case where ¢ lies in T(v)

Let {v, (u,p(u))} be a cut-pair with u being a descendant of v. Then u is a proper
descendant of a child ¢ of v. Now, we observe that all back-edges that start from
T(u) and end in a proper ancestor of u must necessarily end in an ancestor of p(c).
In other words, high(u) < v. Here we distinguish two cases, depending on whether

high(u) is a proper ancestor of v.

5.4.1 The case high(u) =v

Our algorithm for this case is based on the following observation:

Proposition 5.4. Let {v, (u,p(u))} be a cut-pair such that v is a proper ancestor of u
with high(u) = v, and let ¢ be the child of v of which w is a descendant. Then, either (1)
low(u) = p(c), or (2) low(u) < p(c) and v < My,(c). Conversely, if c is a proper ancestor of
w such that high(u) = p(c) and either (1) or (2) holds, then the pair {p(c), (u,p(u))} is a
cut-pair. (See Figure 5.3.)

Proof. (=) Suppose that low(u) # p(c). Then, since low(u) < high(u) and high(u) = p(c),

we have low(u) < p(c). Furthermore, let e be a back-edge that starts from T(c) and
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ends in a proper ancestor of p(c). We claim that e starts from T(u). For otherwise,
the removal of both p(c¢) and (u, p(u)) would not result in the disconnection of u from
p(u). Since, in this case, we could start from u, traverse the subtree T(u) until we
reach a vertex from which we can land with a back-edge on low(u), then follow the
tree path to the end of e which is a proper ancestor of p(c), and, after we land on
the other end of e, which is a descendant of a proper ancestor of u which is also a
descendant of ¢, we can reach p(u) through a path in T(c). This shows that M,(c) is
in T(u), and therefore we have u < M,(c).

(<) If (1) holds, then all back-edges that start from T(u) and end in a proper an-
cestor of u end precisely in p(c). In this case, the removal of the pair {p(c), (u,p(u))}
disconnects the vertices u and p(u). If (2) holds, we claim that M,(c) is in T(u). In-
deed: since low(u) < p(c), there exists a back-edge that starts from T(u) and ends in
a proper ancestor of p(c). This implies that M,(c) is an ancestor of a descendant of
u. But, since u < M,(c), M,(c) is not a proper ancestor of u. Therefore, it must be
a descendant of u. Now, since M,(c) is in T(u) and high(u) = p(c), it is easy to see

that the removal of the pair {p(c), (u,p(u))} results in the disconnection of u from
plu). 0

p(1) _— )
y 0 y low(c)
. Q) high (1)

Figure 5.3: high(u) = p(c) and p(c) forms a vertex-edge cut-pair with (u,p(u)). In this case
we have that M, (c) is a descendant of M (u). Observe that, after removing p(c) and (u, p(u)),
the tree path T'(u, c] gets disconnected from the root, since all back-edges that start from 7'(c)

and end in a proper ancestor of p(c) start from T'(u).
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It is an immediate application of Proposition 5.4 that Algorithm 5.4 correctly
computes, for every vertex v, the number of cut-pairs {v, (u, p(u))} with the property

that u is a descendant of v with high(u) = v.

Algorithm 5.4 The case high(u) =v

1: calculate all lists high~'(v), for all vertices v, and have their elements sorted in
increasing order

2: sort the list of the children of every vertex in increasing order

3: for all vertices v do

4 u < first element of high™'(v)

5: ¢ < first child of v

6: while u # () do

7: while ¢ is not an ancestor of v do

8: ¢ < next child of v

9: end while
10: if low(u) = v or (u < M,(c) and u # ¢) then
11: count(v) < count(v) + 1
12: end if
13: u < next element of high™' (v)

14: end while
15: end for

5.4.2 The case high(u) <v

Our algorithm for this case is based on the following observation:

Proposition 5.5. Let {p(c), (u,p(u))} be a cut-pair such that w is a descendant of ¢ with
high(u) < p(c). Then M(u) = M,(c). Conversely, if u is a proper descendant of c such that
M(u) = M, (c) and high(u) < p(c). then the pair {p(c), (u,p(u))} is a cut-pair. (See Figure
5.4.)

Proof. (=) Let (z,y) be a back-edge such that xz is in T(u) and y is a proper ancestor
of u. Then, since u is a descendant of ¢, = is in T(c), and, since high(u) < p(c), y is a
proper ancestor of p(c). This shows that M,(c) is an ancestor of M(u). Conversely, let
e be a back-edge that starts from T(c) and ends in a proper ancestor of p(c). Then it

is easy to see that e must start from T(u) (for otherwise, since high(u) < p(c), the pair
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{p(c), (u,p(u))} would not be a cut-pair, for v and p(u) would still be connected with
high(u)). Furthermore, since p(c) is an ancestor of u, e ends in a proper ancestor of u.
This shows that M(u) is an ancestor of M,(c). Thus we conclude that M(u) = M,(c).
(<) Remove the vertex p(c) and the edge (u,p(u)). Now, if it were possible to reach
p(u) from u through a path in the remaining graph, such a path would have to
include a back-edge that starts from T(u). But such a back-edge will lead us to a
proper ancestor of p(c) (since high(u) < p(c)), and then the only way to get back to
T(c) (in which we must return, for this is where p(u) lies) is to use a back-edge that
starts from T(c) and ends in a proper ancestor of p(c). But such a back-edge must
start from T(u) (since M,(c) lies in T(u)). This shows that p(u) cannot be reached

from wu. O]

Figure 5.4: high(u) < p(c) and p(c) forms a vertex-edge cut-pair with (u,p(u)). In this case
we have M(c) = M(u).

Algorithm 5.5 describes how we can compute, for every vertex v, the number of
cut-pairs of the form {v, (u,p(u))}, where u is a descendant of v with high(u) < v.
Theorem 5.3. Algorithm 5.5 is correct.

Proof. According to Proposition 5.5, for every cut-pair of the form {p(c), (u,p(u))}
with ¢ an ancestor of u and high(u) < p(c), we have M~'(u) = M, (c). Therefore, in

order to count all these pairs, it is sufficient to focus our attention, for every vertex
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m, on the lists M~'(m) and M, "(m). Now, fix a vertex m and let U(c), for a vertex
¢ in M, *(c), denote the (possibly empty) set of all u in M~'(m) with the property
that u is a (proper) descendant of ¢ such that {p(c), (u,p(u))} is a cut-pair. Let ¢ be
a vertex in M, '(m) such that U(c) is not empty, and let u be the greatest element in
U(c). Proposition 5.5 implies that high(u) < p(c). Now let ¢’ be a vertex in M, ' (m)
such that ¢ < ¢ and high(u) < p(c). Since every «' in M~'(m) N T[u, high(u)) has
high(u') = high(u), Proposition 5.5 implies that every «’ in U(c) is also in U(¢’) (since
such a «/ is also a proper descendant of ¢’). Furthermore, no v’ strictly greater than
u can be in U(c'): since u is the greatest element in M ~!(m) that is a descendant of
c such that {p(c), (u,p(u))}, for every v’ in M~'(m) strictly greater than « we must
have high(u') > ¢, and therefore high(u') > ¢’. We conclude that U(c) = U(c) N Tlc, ).
Therefore, if #U(¢) is known, in order to find #U (¢) it is sufficient to find the elements
of U(¢) in M~Y(m)NTlc,¢) - call their collection C - and then #U(c') = #U(c) + #C.
This explains the counting procedure in Algorithm 5.5. Now, suppose that we have
all the lists M~"(m) and M, '(m) computed and their elements sorted in decreasing
order. Algorithm 5.5 works by finding the first  in M ~!(m) with the property that
there exists a ¢ in M, '(m) such that c is an ancestor of u and {p(c), (u,p(u))} is
a cut-pair. Now, thanks to what we said above, we can easily calculate #U(c), for
every c in M '(m) such that high(u) < p(c). Then, after we have properly updated all
count[p(c)|, for every such ¢, we only have to repeat the same process for the greatest
element «’ in M~'(m) which is lower than high(u) and such that there exists a ¢ in
M1 (m) such that ¢ is an ancestor of v’ and {p(c), («/,p(u’))} is a cut-pair - and keep

p
repeating, until we reach the end of M~'(m) (or M, *(m)). O

Finally, let us briefly explain why Algorithms 5.2, 5.3, 5.4, and 5.5, run in linear
time. All the required sorted lists can be computed in linear time by bucket sorting.
For example, we can sort the list of children of v, for all vertices v, in increasing order
w.r.t. the high, values (as needed in Algorithm 5.2), as follows. First, we initialize all
lists high, ! (x) to (. Then, for every vertex ¢ ( r or the child of r), we insert into the
list high,, !(high,(c)) the element c. Now we initialize the list of children of every vertex
v to (). We process all vertices in increasing order, and for every vertex « we do the
following: we traverse the list high, !(x), and for every c in high,, !(x) we insert into
the list of children of p(c) the element c. The computation of all M~*(m), M *(m),

P
highil(x), etc., is performed in a similar manner. In Line 7 of Algorithm 5.4 we need

42



to check whether ¢ is an ancestor of u; this can be done easily in constant time (in
this particular case, thanks to the way we have sorted high~!(v) and the list of the
children of v, and the way the algorithm proceeds, we may simply check whether c
is the last child of v, or ¢ < w and ¢ > u, where ¢ is the next child of v). Now, the
key observation to see why the main part of Algorithms 5.2, 5.3, 5.4, and 5.5, runs
in linear time, is that the final step in every while loop always moves forward to the

next element of the list (and never moves backwards).
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Algorithm 5.2 The case M(u) =v

1: calculate all lists M ~'(v), for all vertices v, and have their elements sorted in

decreasing order
2: sort the list of the children of every vertex in decreasing order w.r.t. the high,

value of its elements

3: for all vertices v do
4:  if M~ (v) =0 then
5: continue

6: end if

7. u <second element of M~(v) // the first element of M~ (v) is v
8: ¢ «first child of v

9: min<4v
10:  while u # () and ¢ # () do

11: min < high,(c)

12: while v # () and u > min do
13: count[v] « countv] + 1

14: u <next element of M~!(v)
15: end while

16: min < low(c)

17: ¢ <—next child of v

18: while ¢ # () and high,(c) > min do

19: if low(c) < min then

20: min < low(c)

21: end if

22: ¢ <—next child of v

23: end while

24 while v # () and u > min do
25: u <next element of M~!(v)
26: end while

27:  end while
28:  while u # () do

29: if v < min then

30: count[v] < countlv] + 1

31 end if

32: u <next element of M~!(v)

33: end while 44

34: end for




Algorithm 5.3 The case M(u) > v

1: calculate all lists M ~'(m) and M, '(m), for all vertices m, and have their elements

sorted in decreasing order
for all vertices m do

¢ « first element of M '(m)

while ¢ # () and u # () do

2:

3

4:  u < first element of M~!(m)

5

6 while u # () and u > p(c) do

7: u < next element of M~1(m)
8: end while
9: if u =0 then
10: break
11: end if
12: if high,(c) < u then
13: n_edges < 0
14: first < u
15: while v # () and high,(c) < u do
16: n_edges < n_edges + 1
17: u < next element of M~!(m)
18: end while
19: last < predecessor of u in M~ (m)
20: count[p(c)] < count[p(c)] + n_edges
21: ¢ < next element of M *(m)
22: while ¢ # () and p(c) > last do
23: while first > p(c) do
24: n_edges <— n_edges — 1
25: first + next element of M~!(m)
26: end while
27: count[p(c)] « count[p(c)| + n_edges
28: ¢ < next element of M *(m)
29: end while
30: else
31 ¢ < next element of M *(m)
32: end if

33:  end while
34: end for 45




Algorithm 5.5 The case high(u) < v

1: calculate all lists M ~'(m) and M, '(m), for all vertices m, and have their elements
sorted in decreasing order
for all vertices m do

u < first element of M~*(m)

while u # () and ¢ # () do

2:
3
4 c < first element of M, '(m)
5
6 while ¢ # () and ¢ > u do

7: ¢ < next element of M, (m)
8: end while
9: if ¢ = () then
10: break
11: end if
12: if high(u) < p(c) then
13: n_edges < 0
14: h < high(u)
15: while ¢ # () and h < p(c) do
16: while v # () and ¢ < u do
17: n_edges <— n_edges + 1
18: u < next element of M~ (m)
19: end while
20: count[p(c)| < count|p(c)| + n_edges
21: ¢ < next element of M *(m)
22: end while
23: else
2%: u < next element of M~!(m)
25: end if

26: end while
27: end for
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CHAPTER O

OPEN PROBLEMS

In this Chapter we discuss some open problems whose solution would constitute a
natural extension to our work.

Firstly, let us recall that in Chapter 2 we showed how to compute, in linear time,
the number of TSCCs of G \ e (resp. G \ v), for all twinless strong bridges e (resp.
all twinless strong articulation points v) which are not strong bridges (resp. strong
articulation points), for a twinless strongly connected digraph G. Now, one may ask
whether we can have a similar result for all edges (resp. all vertices). (Of course,
we are interested only in those edges (resp. vertices) that are twinless strong bridges
(resp. twinless strong articulation points)). This is a reasonable question, considering
that the analogous problem for strong connectivity has been solved: i.e., there is a
linear-time algorithm that computes the number of strongly connected components
of G\ e (resp. G\ v), for all edges e (resp. all vertices v), where G is a strongly
connected digraph (see Georgiadis et al [4]).

Another open problem concerns the 2-edge-twinless and 2-vertex-twinless blocks.
A 2-edge(resp. vertex)-twinless block is a maximal set B of vertices in a twinless
strongly connected digraph G with the property that, for every two vertices u, v
in B, v and v remain in the same TSCC of G \ e (resp. G \ w), for every edge e
(resp. every vertex w ¢ {u,v}). The concepts of 2-edge-twinless and 2-vertex-twinless
blocks have been introduced by Jaberi in [8] and [9], where he provided algorithms
of complexity O((b; — bs +n)m) and O(n?), respectively, for their computation, where
b, is the number of twinless strong bridges, bs; is the number of strong bridges, n

the number of vertices and m the number of edges in a twinless strongly connected
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digraph G. These concepts have their analogues in the context of strong connectivity
(the 2-edge and 2-vertex blocks), and they can be computed in linear-time (see [4]).
Jaberi left as an open question whether the 2-edge-(resp. vertex)-twinless blocks can
also be computed in linear time.

Finally, although 3-connectivity in undirected and 2-connectivity in directed graphs
can be tested in linear time (for 3-connectivity in undirected graphs see [13] and [6],
as well as our own algorithm in Chapter 4 (for 3-edge connectivity); for 2-connectivity
in digraphs see Georgiadis [3] (for 2-vertex connectivity) and [7], which computes all
strong bridges and articulation points), we are not aware of any linear-time algo-
rithms that test higher connectivities in the directed or undirected setting, and thus

it is natural to ask whether such algorithms exist.
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