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Abstract

A digraph D is strong if it contains a directed path from x to y for every choice of vertices x, y in D. We consider the problem
(MSSS) of finding the minimum number of arcs in a spanning strong subdigraph of a strong digraph. It is easy to see that every
strong digraph D on n vertices contains a spanning strong subdigraph on at most 2n — 2 arcs. By reformulating the MSSS problem
into the equivalent problem of finding the largest positive integer k < n — 2 so that D contains a spanning strong subdigraph with
at most 2n — 2 — k arcs, we obtain a problem which we prove is fixed parameter tractable. Namely, we prove that there exists an
O(f (k)n©) algorithm for deciding whether a given strong digraph D on n vertices contains a spanning strong subdigraph with at
most 2n — 2 — k arcs.

We furthermore prove that if £ > 1 and D has no cut vertex then it has a kernel of order at most (2k — 1)2. We finally discuss
related problems and conjectures.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The Minimum Spanning Strong Subgraph (MSSS) problem is the following problem. Given a strong digraph D
find a strong spanning subdigraph D’ of D such that D" has as few arcs as possible. This problem, which generalizes
the hamiltonian cycle problem and hence is NP-hard, is of practical interest and has been considered several times
in the literature, see e.g. [1,4-6,10,11,15,16,18,19]. The MSSS problem is an essential subproblem of the so-called
minimum equivalent digraph problem. Here one is seeking a spanning subdigraph with as few arcs as possible in
which the reachability relation is the same as in the original digraph (i.e. there is a path from x to y if and only if the
original digraph has such a path).
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Khuller, Raghavachari and Young [15,16] gave a 1.62-approximation algorithm for the size of a minimum spanning
strong subdigraph of any strong digraph. This was improved to 3/2 by Vetta [19] and this is currently the best
approximation rate for general digraphs.

In view of the NP-hardness of the MSSS problem, it makes sense to study the problem in the framework of
parameterized complexity. We recall some basic notions of parameterized complexity here, for a more in-depth
treatment of the topic we refer the reader to [8,9,12,13,17].

A parameterized problem /7 can be considered as a set of pairs (1, k) where [ is the problem instance and k (usually
an integer) is the parameter. 11 is called fixed parameter tractable (FPT) if membership of (/, k) in I can be decided
in time O (f(k)||°), where || is the size of I, f(k) is a computable function, and ¢ is a constant independent from
k and I. Let IT and II" be parameterized problems with parameters k and k’, respectively. An fpt-reduction R from
II to II' is a many-to-one transformation from I7 to II’, such that (i) (I, k) € II if and only if (I, k") € II' with
[k"| < g(k) for a fixed computable function g and (ii) R is of complexity O( f(k)|I|). A reduction to a problem kernel
(or kernelization) is a polynomial time fpt-reduction R from a parameterized problem I7 to itself such that |I’| < h(k)
for a fixed computable function A. In kernelization, an instance (/, k) is reduced to another instance (I', k"), which is
called the problem kernel; |I’| is the size of the kemel.

Generally one tries to develop kemelizations that yield problem kernels of small size. The survey of Guo and
Niedermeier [14] on kernelization lists some problem for which linear size kernels (the size here is the number of
vertices), polynomial size kernels and exponential size kemels were obtained. For many parameterized problems,
optimal size kernels have probably not been obtained yet; for example, Guo and Niedermeier [14] ask whether the
feedback vertex set problem admits a linear size kernel.

Since the hamiltonian cycle problem is NP-complete we cannot hope to find an algorithm of complexity O( f (k)n®)
for deciding whether a given digraph has a strong spanning subdigraph with at most n + k arcs, unless P = NP. The
purpose of this paper is to give a natural reformulation of the MSSS problem which allows us to consider fixed
parameter tractability questions regarding the MSSS problem. This formulation was first mentioned by the first author
at the Dagstuhl seminar “Structure Theory and FPT Algorithmics for Graphs, Digraphs and Hypergraphs™ in July
2007, who asked if this problem was fixed parameter tractable (see [7]).

Problem 1.1. Given a strong digraph D on n vertices and a natural number k < n — 2. Does D have a spanning strong
subdigraph on at most 2n — 2 — k arcs?

We will prove that this problem is indeed fixed parameter tractable and furthermore we will show how to obtain a
kernel of size (2k — 1) in polynomial time when D is 2-connected (i.e. the underlying graph of D has no cut vertex).

2. Terminology and preliminaries

Notation on digraphs which is not given here is consistent with [3]. Generally a digraph is denoted by D = (V, A)
where V is the set of vertices in D and A is the set of arcs. We also use V(D) (A(D)) to denote these two sets. An arc
from x to y is denoted xy or x — y. We say that x dominates y if xy € A(D).If X € V then we denote by D(X) the
subdigraph of D induced by X. The underlying graph UG(D) of a digraph D = (V, A) is the graph with vertex set
V and edge set E = {xy|x — y € Aory — x € A}. A cut vertex in adigraph D = (V, A) is a vertex v € V with
the property that UG(D) — v is not connected. Let x, y be vertices in a digraph D. An (x, y)-path is a directed path
from x to y. Similarly, if X, Y C V(D) are disjoint sets of vertices in D, then an (X, Y)-path is a directed (u, v)-path
P such that u € X, v € Y and P has no other vertexin X U'Y.

Definition 2.1. An ear decomposition of a strong digraph D = (V, A) is a sequence & = {Py, Pi, Pa, ..., P},
where Py is a cycle and each P; is a path, or a cycle with the following properties:

(a) P; and P; are arc-disjoint wheni # j.

(b) Foreachi =1, ..., t: Let D; denote the digraph with vertices U’j=0 V(Pj) and arcs U}=0 A(Pj). If P; isacycle,
then it has precisely one vertex in common with V (D;_1). Otherwise the end vertices of P; are distinct vertices of
V(D;—1) and no other vertex of P; belongs to V(D;_).

© UjmgA(P) = A.
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Each P;, 0 < i < tis called an ear of £. The size of an ear P; is the number |A(P;)| of arcs in the ear. The number
of ears in £ is the number 7 + 1. An ear P, is trivial if |A(P;)| = 1. All other ears are non-trivial.

The following lemma follows from the definition above.

Lemma 2.2. Let D be a strong digraph and let £ = {Py, Py, P>, ..., Pi,ay,an, ..., ap} be an ear decomposition of
D where Py is a cycle, each P; is a path or a cycle and has length at least 2 and ay, az, . ..a, are arcs (the trivial
ears). Then the digraph induced by Py\U Py U P> U - --U Py is a strong spanning subdigraph of D with Zik=0 |[A(P;)|

arcs.

Lemma 2.3. Let D be a strong digraph on n vertices, let Py, Py, P2, ..., P, be the non-trivial ears of an ear

decomposition € of D and assume that |A(P;)| = 3 fori =0, ..., s (<r). Then D has a strong spanning subdigraph
D’ on at most 2n — (|V(Py)| + s) arcs.

Proof. By Lemma 2.2 we can let D’ be the strong spanning subdigraph of D formed by the union of Py, Py, ..., Py,
which implies that D" has n vertices and Z,-k=0 |A(P;)| arcs. Note that Py contributes |V (Py)| vertices and |V (Py)|
arcs to D' and each P;, 1 < i < r, contributes |A(P;)| — | vertices and |A(P;)| arcs to D’. This implies that
[A(D)| = |[V(D)| =r.

As Py, P>, ..., P all contribute at least two vertices to D" and Py 1, Ps42, ..., P, all contribute one vertex to D’

we getthatn = |V(D")| = |V(Py)| + 25 + (r — ). This implies the following.
[ADDY =n+r<n+m—|V(Py)|—s5) <2n—(V(P)|+s) o

Corollary 2.4. Every strong digraph D on n vertices has a strong spanning subdigraph with at most 2n — 2 arcs and
equality holds only if the longest cycle in D has length 2 in which case UG(D) is a tree.

Proof. Let Py, Py, P>, ..., P, be the non-trivial ears of an ear decomposition € of D, such that Py is a longest cycle
in D. Lemma 2.3 implies that D has a strong spanning subdigraph, D', with |[A(D")| < 2n — |V (Pp)|. This implies
the 2n — 2 bound and we note that we only have equality if the longest cycle in D has length two. As D is strong this

only happens if UG(D) is a tree. ¢
3. The main results
We will first consider the case where there is no cut vertex in D. We then consider the general case in Theorem 3.3

Theorem 3.1. Let D be a strong digraph on n = 3 vertices with no cut vertex and let k < n — 2 be a non-negative
integer. In polynomial time in n we can either decide that (D, k) is a ‘yes’ instance of Problem 1.1 or find a strong
digraph Dyer such that |V (Dyer)| < f(k) = (2k — 1)2 and (D, k) is a ‘ves' instance of Problem 1.1 if and only if
(Dyer, k) is a ‘yes’ instance of Problem 1.1.

Proof. Given D and k we proceed as follows. Since D has no cut vertex and n > 3 it contains a cycle of length at least
3. Let Py be such a cycle and add to it a maximal sequence Py, Pa, ..., P of ears of size at least three (as defined in
Definition 2.1, but without ears of size two or one added). Let X = V(Py) U --- U V(FP;).

We claim that ¥ = V(D) — X is an independent set. Assume this is not true and let uv be an arc of Y so that
v dominates some vertex in X. Since we cannot add any new ear of size at least three to X, it follows that every
(X, u)-path must pass through v (in fact, v is the first vertex after X on any such path) and thus «v is contained in a
strong component W of D(Y). Now it follows from the fact that v is not a cut vertex that there is an edge ¢ in UG(D)
with precisely one vertex p in W and p # v. Let ¢ be the other vertex of e. If ¢ € X then it is easy to see that we can
add another ear of size at least three to X, contradicting the maximality of the sequence Py, P, ..., P;.Soqg €Y.
But now it follows from the fact that D is strong and g ¢ W thatif p — g € A(D) then there is a directed path from
g to X which avoids W and if ¢ — p € A(D) then there is a directed path from X to ¢ which avoids W and again we
find a new ear of size at least three. Thus in both cases we obtain a contradiction to the maximality of Py, P, ..., P.
Therefore Y is independent.

By Lemma 2.3 D contains a strong spanning subdigraph D’ on at most 2n — (|V (Py)| +s) = 2n —2 — (|V(Py)| +

s — 2) arcs. Therefore we may assume that |V (Py)|+s5 —2 < k (as otherwise (D, k) is a ‘yes’ instance), which implies
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thats < k — 1, as |V (Py)| = 3. Furthermore as Y is independent, we can add the vertices of ¥ one by one as an ear of
size two to X, implying that we can obtain a strong spanning subdigraph D on 2|Y |+ |X|+s =2n —2— (| X| =5 —2)
arcs. As before we may assume that |X| — s — 2 < k, which implies that | X| < k+ s+ 1 <2k — 1.

We now build a new undirected bipartite graph G as follows. Let Z = {z,,, : u, v € X, u # v and there exists y €
Ysothatu — y,y — v € A(D)}and let V(G) = Y U Z and let E(G) consist of all edges yz,, where y € Y,
Zyw € Zand u — y, y — v € A(D). Consider the following procedure.

Leti =0,Zy = Z, Yy = Y and denote for all values of i below the graph G; by G; = G(Y; U Z;). If G; has a
matching M meeting all vertices in Z;, then let My C Y; denote the set of end vertices of M in Y;, let Mz denote the
end vertices of M in Z and stop. Otherwise, by Hall’s theorem (see e.g. [3, Theorem 3.13]), there is some Z' € Z;
so that |[Ng,(Z")| < |Z'|, where N, (Z') is the set of neighbours of Z" in G; (they are all in ;). Now let X; | = Z,
Wis1 = NG, (Xi), Yig1 =Y = Wis1, Ziyy = Z; — Xiy1, seti =i + 1 and repeat the process above for the new
graph G;.

When the procedure ends (with i = r > 0) we have generated (possibly empty sequences of) disjoint subsets
X1, Xo, ..., X, of Z, disjoint subsets Wy, Wa, ..., W, of Y and (possibly empty) subsets My € Y — (W U---UW,)
and My =Z — (X, U---UX,)).LetY =Y — My — (W, U---UW,).

Note that if My = ¢ then it follows from the procedure above and the fact that in G every vertex y € Y is adjacent
to at least one vertex of Z (since D is strong and has no cut vertex and Y is independent in D, every vertexiny € Y
has at least one arc to and from distinct vertices in X) that Y’ = ¢ and therefore |Y| < |Z| < (2k — 1)(2k — 2). Hence
D itself has less than f (k) vertices and we are done. Hence we may assume that My # .

Claim. There exists a minimum spanning strong subdigraph D* of D so that D* — Y’ is strong and each vertexin Y’
is incident to precisely two arcs in D*.

Proof of Claim. Let D’ be a minimum strong spanning subdigraph of D. If D" — Y is strong we are done (clearly D’
must add each vertex of Y’ using only two arcs each). Otherwise we proceed as follows.

1. Remove all arcs incident to My from D’.

2. Let Mz = {3.\'1..\'; ..... :-"lMl--"[.m} and My = {yy, ..., y|m|} such that Zay, ) Voo s Zpg) Xy YIM| form a matching

in G. Add the following arcs x; — y; — x/,i=1,..., |M| and let D be the resulting digraph.

Observe that D is strong and has the same number of arcs as D’ because of the following. By adding the arcs
xi =y = xli=1.., | M| we provide all possible two step connections between vertices in X which can be
made via a vertex in My (recall that, by the definition of X; and W; only vertices from M are adjacent to vertices in
My in G).

It follows from the fact that no vertex in Z — M is adjacent to Y’ that D — Y’ is strong (again vertices in Y’
can only be used to make connection between those pairs in X which correspond to Mz in Z and by adding the arcs
Xi —> Vi — x,f, i=1,...,|M| we have already provided all these in D). Thus we have proved the claim. o

Clearly D* — Y’ can play the role of Dyer, so to complete the proof we only have to observe that the size of
V(D* —=Y')isatmost |Z| + |X| < 2k —1)2k —2)+ 2k — 1) = f(k). o

The following lemma is trivially true.

Lemma 3.2. Let D be a strong digraph on n vertices and suppose v is a cut vertex of UG(D) and let X1, X ..., X,
be the connected components of UG(D) — v. Every strong spanning subdigraph of D induces a strong spanning
digraph of D(X; U {v}) foreachi =1,2,...,r.

Theorem 3.3. Problem 1.1 is fixed parameter tractable with respect to the parameter k given in the formulation of
Problem 1.1.

Proof. Let (D, k) be an instance of Problem 1.1. If D has no cut vertex then the result follows from Theorem 3.1, so
let v be a cut vertex of D.Let X1, X2 ..., X, be the connected components of UG(D)—v and let D; = D(X;U{v}) for
alli =1,2,3,...,r.Let D,f be a strong spanning subgraph of D;, such that |A(D,f)| is minimum and let k; be defined
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such that |A(D,f)| = 2|V(D,f)|—2—k,-. Let D’ be defined such that V(D') = V(D) and A(D') = A(D;)U- --UA(D)).
Note that D’ is strong and that the following holds, where X" =k + k2 + - - - + k.

r r
|A(D")| = Z(2IV(D{)I —2—ki)= (2 Z(IV(D{)I - 1)) — K =2(vV(D)| - 1) -k
i=1 i=1

If kK" > k then (D, k) is a ‘yes’ instance of Problem 1.1, so we may assume that X" < k. Assume that the ordering
X1, Xo, ..., X; is such that |X;| = |X ;| wheneveri < j and let g be defined such that |V (D;)| = 3 if and only if

i <gq.Note that forall j, withg < j <r wehavethat D; is a2-cycleand k; = 0. Let D = {Dy, D>, ..., Dy}

Assume that some D; (1 <i < g) has a cut vertex u. Assume that Y, Y2, ..., Y, are the connected components
of UG(D;) — u. Now remove D; from D and add all the digraphs D;(Y; U {u}) with at least 3 vertices. Continue
this process until there is no digraph in D with a cut vertex. As each digraph, D*, in D has no cut vertex and order
at least three we must have a strong spanning subgraph of D’ with at most 2|V (D*)| — 3 arcs by Corollary 2.4. By
the argument above we note that if there is more than k digraphs in D then (D, k) is a ‘yes’ instance. Therefore there
is at most k digraphs in D and for each one we can find a kernel of size at most (2k — 1)2. We can therefore solve
the problems to optimality for each digraph in D (using any algorithm) in time O(g(k)) for some function g, which

implies that to decide if (D, k) is a ‘yes’ instance or not is FPT. ¢

Note that the algorithm implicitly given in Theorem 3.3 can be made more efficient, but our main purpose is to
prove that Problem 1.1 is fixed parameter tractable, which we have done.

4. Remarks and open problems

An out-branching (in-branching) of a digraph D is a spanning subdigraph in which all but one vertex (called the
root) have in-degree (out-degree) exactly one.

Note that a digraph D is strong if and only if it contains an out-branching and an in-branching rooted at some
vertex v. Hence the following holds.

Lemma 4.1. Let D be a strong digraph on n vertices, let v € V be arbitrary and let k < n — 2 be a natural number:
There exists a strong spanning subdigraph of D with at most 2n —2 — k arcs if and only if D contains a in-branching
F,” with root v and an out-branching F f with the same root v so that |A(F, ) N A( Ff)l >k. <

It is also worth noting that given any out-branching F," we can find an in-branching F,, maximizing |A(F, ) N
A(F,})| in polynomial time using any polynomial algorithm for finding a minimum cost in-branching in a digraph |3,
Section 9.10].

Theorem 4.2 (/2]). It is NP-complete to decide whether a digraph contains arc-disjoint branchings F, F L‘f rooted
at the same vertex v, where F~ ( FL‘,* ) is an in-branching (out-branching ).

Similarly to the approach used in this paper for the MSSS problem, one can consider the following parametrized
version of the arc-disjoint in- and out-branching problem above. Note that no pair F,", F, in a digraph on n vertices
can share more than n — 2 arcs.

Problem 4.3. Given a strong digraph D on n vertices and a natural number k < n — 2. Does D contain in- and
out-branchings F,", F,, rooted at the same vertex v, so that |[A(F, ) NA(F})| <n —2—k?

v

Problem 4.4. Does there exist an O( f (k)n¢) algorithm for Problem 4.3?

By path-contracting the arc xy in a digraph D = (V, A) we mean the operation that deletes x, y and all their
incident arcs and then adds a new vertex z together with the all arcs of the kind 4 — z where u — x € A(D) and all
arcs of the kind z — v where y — v € A(D) [3, Section 5.1.1]. The resulting digraph is denoted D//xy.

Note that if a digraph D is not strong, then D//a will be non-strong no matter which arc a € A we path-contract.
However, a strong digraph D may have no arc a such that D//a is strong. This holds e.g. for every strong digraph
which is obtained from an undirected tree by replacing each edge by a directed 2-cycle.

By path-contracting a sequence of arcs (a,az, ...,a,) in a digraph D we mean the following process. Let
Dy = Dandfori = 1,2,...,rlet D; = D;_1//a;, where a; is an arc of D;_. In particular a; € A(D). Observe
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that a digraph D on n vertices has a hamiltonian cycle if and only if we can find a sequence (ay, a2, . .., a,2) of arcs
so that path-contracting (ay, az, ..., a,—2) we are left with a directed cycle of length 2.

Problem 4.5. Given a strong digraph D on n vertices and a positive integer k < n — 2. Does there exists a sequence
of arcs (ay, az, . .., ay) of length k in D so that path-contracting this sequence leaves a strong digraph?

Problem 4.6. Does there exist an O(f (k)n®) algorithm for Problem 4.5?
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