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ON THE STEINER 2-EDGE CONNECTED SUBGRAPH
POLYTOPE

A. RHIDA MAHJOUB! AND PIERRE PESNEAU?

Abstract. In this paper, we study the Steiner 2-edge connected sub-
graph polytope. We introduce a large class of valid inequalities for
this polytope called the generalized Steiner F-partition inequalities,
that generalizes the so-called Steiner F-partition inequalities. We show
that these inequalities together with the trivial and the Steiner cut in-
equalities completely describe the polytope on a class of graphs that
generalizes the wheels. We also describe necessary conditions for these
inequalities to be facet defining, and as a consequence, we obtain that
the separation problem over the Steiner 2-edge connected subgraph
polytope for that class of graphs can be solved in polynomial time.
Moreover, we discuss that polytope in the graphs that decompose by
3-edge cutsets. And we show that the generalized Steiner F-partition
inequalities together with the trivial and the Steiner cut inequalities
suffice to describe the polytope in a class of graphs that generalizes
the class of Halin graphs when the terminals have a particular disposi-
tion. This generalizes a result of Barahona and Mahjoub [4] for Halin
graphs. This also yields a polynomial time cutting plane algorithm for
the Steiner 2-edge connected subgraph problem in that class of graphs.

Keywords. Polytope, Steiner 2-edge connected graph, Halin graph.

Mathematics Subject Classification. 05C85, 90C27.

Received December 1st, 2005. Accepted August 1st 2007.

1 LIMOS, CNRS, Univ. Blaise Pascal, Clermont Ferrand II, Complexe Sci. des Cézeaux,
63177 Aubiere Cedex; present address: LAMSADE, CNRS, Univ. Paris-Dauphine, Place du
Maréchal De Lattre de Tassigny, 75775 Paris Cedex 16, France mahjoub@lamsade.dauphine.fr

2 Université Bordeaux 1, IMB, 351, Cours de la Libération, 33 405 Talence Cedex, France;
pierre.pesneau@math.u-bordeauxl.fr

Article published by EDP Sciences © EDP Sciences, ROADEF, SMAI 2008


http://dx.doi.org/10.1051/ro:2008022
http://www.rairo-ro.org
http://www.edpsciences.org

260 A.R. MAHJOUB AND P. PESNEAU
1. INTRODUCTION

The design of cost-efficient survivable telecommunication networks is a major
challenge with great economic impact. Survivable networks must satisfy certain
connectivity requirements. A typical survivable condition is that between every
pair of nodes of the network there are at least two edge-disjoint (node-disjoint)
paths. In practice, there may exist distinguished nodes for which the survivable
condition must be satisfied. In this paper we discuss this problem from a polyhe-
dral point of view. The problem of designing general survivable telecommunication
networks has been studied by Grotschel and Monma [18] and Grotschel et al. [19—
21]. Related works and applications can also be found in Bienstock et al. [5],
Christofides and Whitlock [8], Erikson et al. [14], Monma et al. [30], Steiglitz
et al. [32], Voss [33] and Winter [34,35].

A graph G = (V, E) is said to be k-edge (resp. k-node) connected (1 < k <
|V| — 1) if for every pair of nodes i, j € V there are at least k edge-disjoint (resp.
k node-disjoint) paths from i to j. Let G = (V,E) be a graph and w € R¥ a
weight vector associated with the edges of G. Given a subset of distinguished
nodes S C V, called terminals, the Steiner 2-edge connected subgraph problem
(STECSP) is the problem of finding a minimum weight subgraph of G spanning
S such that between every two nodes i, j € S, there are at least two edge-disjoint
paths between 7 and j.

Polyhedral combinatorics has been succesfully applied to obtain efficient cut-
ting plane algorithms for combinatorial optimization problems. In this paper we
discuss the polytope associated with the solutions to the STECSP. We introduce
a large class of valid inequalities that generalizes the so-called Steiner F-partition
inequalities. We show that these inequalities together with the trivial and the
Steiner cut inequalities completely describe the polytope in a class of graphs that
generalizes the wheels. We also describe necessary conditions for these inequalities
to be facet defining, and as a consequence, we obtain that the separation prob-
lem over the Steiner 2-edge connected subgraph polytope for that class of graphs
can be solved in polynomial time. Moreover, we discuss that polytope in the
graphs that decompose by 3-edge cutsets. And we show that generalized Steiner
F-partition inequalities together with the trivial and the Steiner cut inequalities
suffice to describe the polytope in a class of graphs that generalizes the class of
Halin graphs when the terminals have a particular disposition. This generalizes a
result of Barahona and Mahjoub [4] for Halin graphs. This also yields a polynomial
time cutting plane algorithm for the Steiner 2-edge connected subgraph problem
in that class of graphs.

The STECSP is NP-hard in general. Winter devised a linear time algorithm to
solve the STECSP in series-parallel graphs [34] and in Halin graphs [35]. Grotschel
and Monma [18] and Grétschel, Monma and Stoer [19-21] study the STECSP
within the framework of a more general model. In particular, Grotschel and
Monma [18] describe various classes of facets of the polytope associated with that
model and Grotschel et al. [19-21] study further facets and devise cutting plane
algorithms. A complete survey of that model can be found in [22,25].
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Given a graph G = (V, E) and a node subset W C V of G, the set of edges
having one endnode in W and the other in V' \ W is called a cut and denoted by
O(W). If W = {v} for some v € V, then we write 6(v) for §(W).

Let G = (V, E) be a graph. Let z(e) be a variable associated with each edge
e. For an edge subset F' C FE, the 0 — 1 vector 2t € R with xF(e) =1lifee F
and 2% (e) = 0 if not, is called the incidence vector of F. For any subset of edges
T C E, we define x(T) = Y . x(e).

The STECSP can be formulated as the following integer linear program.

Minimize wx

Subject to
z(6(W))>2, VWCV,0#4AWnNS#S, (1.1)
z(e) € {0,1}, VeeFE. (1.2)

Inequalities (1.1) are called Steiner cut inequalities. The linear relaxation of the
above formulation is obtained by replacing integrity constraints (1.2) by the trivial
inequalities
0<z(e) <1, Veec E. (1.3)
Let
STECSP(G, S) = conv {x € R” |z satifies (1.1) and (1.2)}

be the polytope associated with the STECSP. The polytope STECSP(G, S) has
been extensively investigated for S = V. In [28], Mahjoub gives a complete descrip-
tion of the STECSP(G, V) in series-parallel graphs. In [6], Boyd and Hao study a
family of comb inequalities for the STECSP(G, V). In [4], Barahona and Mahjoub
describe the STECSP(G, V) in Halin graphs. Fonlupt and Mahjoub [15,16] study
the linear relaxation P(G) of the STECSP(G, V), that is the polytope given by
inequalities (1.3) and (1.1). They introduce the notion of critical extreme points
of P(G). Roughly speaking, an extreme point of P(G) is critical if it is fractional
and the set of edges corresponding to its fractional values does not strictly contain
the set of edges corresponding to the fractional values of another extreme point.
They give a characterization of the critical extreme points, and, as a consequence,
they obtain a characterization of the so-called perfectly 2-edge connected graphs,
the graphs for which the polytope P(G) is integer.

Baiou and Mahjoub [3] discuss the STECSP(G, S) and show that when the
graph is series-parallel, STECSP(G, S) is given by the trivial and the Steiner cut
inequalities. Didi Biha and Mahjoub [12] extend this to the Steiner k-edge con-
nected subgraph polytope when k is even (STECSP corresponds to the case where
k = 2). Recently, Kerivin and Mahjoub [27] extend this to the more general
survivable network model when, with each node v of the graph, it is associated
a connectivity type r(v). Actually, the problem, here, is to construct a mini-
mum cost network such that between every pair of nodes u, v, there are at least
min(r(u), r(v)) edge-disjoint paths. Kerivin and Mahjoub [27] show that the triv-
ial and the corresponding cut inequalities suffice to describe the polytope when
the graph is series-parallel and the node types are all even.
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Related work can be found in [7,9-12,17]. In [9], Cornuéjols, Fonlupt and
Naddef study the dominant of STECSP(G, S), and show that when S = V and
G is series-parallel, the dominant is given by the nonnegativity inequalities and
the cut inequalities. Fonlupt and Naddef [17] characterize the class of graphs for
which the system given by these inequalities defines the convex hull of the incidence
vectors of the tours of G (a tour is a cycle going at least once through each node).
In [7], Chopra considers the Steiner k-edge connected subgraph problem when
multiple copies of an edge could be used. He gives a complete description of the
associated polyhedron when G is outerplanar and k is odd. (A graph is outerplanar
if it is planar and it can be embedded on the plane so that all nodes lie on the
outermost face.) Didi Biha and Mahjoub [12] extend this to the more general
class of series-parallel graphs. In [13] Didi Biha and Mahjoub study extensions of
the concept of critical extreme points to the k-edge connected sybgraph polytope.
Coullard et al. [10,11] discuss the Steiner 2-node connected subgraph polytope. In
[10], they describe the polytope for series-parallel graphs, and in [11] they describe
the dominant of that polytope for the Wy-free graphs (W is the wheel on five
nodes).

The paper is organized as follows. In the next section we introduce the class
of generalized Steiner F-partition inequalities. In Section 3 we give a complete
description of the polytope STECSP(G,S) on a class of graphs that generalizes
the wheels and discuss facet conditions. In Section 4, we study the polytope
STECSP(G, S) in the graphs that decompose by 3-edge cutsets, and discuss some
applications. In Section 5 we address the algorithmic aspect. And in Section 6 we
give some concluding remarks.

The remainder of this section is devoted to more definitions and notations. If
G = (V, E) is a graph and e is an edge between two nodes u and v, then we write
e=uv. If Wy, ..., W, are pairwise disjoint subsets of V', we let §(W1, ..., W)
denote the set of edges between the sets Wy, ..., W,. Note that if W C V, then
O(W) =5(W,VAW). If vy,ve € V, then we write d(vy, v2) instead of 6({v1}, {va}).
If W CV, then we let E(W) denote the set of edges having both endnodes in W.
If T C E, then V(T) will denote the set of the nodes of the edges of T'.

Given an edge e = uv € E, contracting e consists of identifying v and v and
of preserving all other vertices and of preserving all other adjacencies between
vertices. Contracting a set of edges T' C E consists of contracting all the edges of
T. We assume familiarity with basic definitions in polyhedral theory. Undefined
polyhedral terminology and notation are consistent with that of Pulleyblank [31].

2. GENERALIZED STEINER F-PARTITION INEQUALITIES

In this section, we introduce a new class of valid inequalities for the STECSP
(G,V). As it will turn out, these inequalities generalize the so-called Steiner F-
partition inequalities, and may have coefficients other than 0 and 1.

Let G = (V,E) be a graph and S C V a set of terminals. In [28] a family
of valid inequalities for the STECSP(G, S) where S = V has been introduced as
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follows. Consider a partition of V into Vy, V4, ..., V, and let F' C §(V}) with |F|
odd. If we add the inequalities

x(é(%)) 2 1<i<p,
x(e) > — VeeF,
x(e)ZO Veed(Vo)\F
we obtain
2¢(A) > 2p — |F|,
where A =6(Vp, ..., V) \ F. Dividing by 2 and rounding up the right-hand side,
we obtain

2(A) > p— {@J - @2.1)

Inequalities of type (2.1) are called F-partition inequalities. Note that inequal-
ity (2.1) is also valid for STECSP(G, V) if | F| is even. However, in this case, it is
redundant. When S # V, if V;NS #( fori =1, ..., p, then it is straightforward
to verify that (2.1) is valid for STECSP(G, S). In that case, inequalities (2.1) are
called Steiner F'-partition inequalities.

In [2] Baiou, Barahona and Mahjoub show that the separation problem for F-
partition inequalities can be solved in polynomial time when F' is fixed. Fonlupt
and Mahjoub [15,16] show that the so-called critical extreme points of the 2-
edge connected subgraph polytope can be separated in polynomial time, using
F-partition inequalities. Moreover, F-partition inequalities have been shown to
be very efficient in the framework of a cutting plane algorithm for solving both
the 2-edge connected subgraph problem and the travelling salesman problem [26].

A Halin graph G = (V,TUC) consists of a tree T that has no degree-two node,
together with a simple cycle C' whose nodes are the pendant nodes of T'. The
graph should be embeddeble in the plane with C' as the exterior face. These are
examples of minimaly 3-connected graphs given by Halin [23]. Wheels are those
Halin graphs with 7" being a star. A wheel with n+1 nodes will be denoted by W,.

Barahona and Mahjoub [4] prove that the trivial, cut and F-partition inequal-
ities describe STECSP(G,S) when G is a Halin graph and S = V. A natural
question that arises is whether or not, the trivial, Steiner cut and Steiner F-
partition inequalities suffice to completely describe the STECSP(G, S) when G is
a Halin graph and S # V. The answer to this question is, unfortunately, in the
negative as shown by the following example.

Consider the wheel Wy = (V, E) shown in Figure 1. Let S = {u1, ug, us}
and let 2 € IR” be given by z(e1) = x(es) = x(e3) = x(es) = 2(f4) = 1/2 and
x(f1) = 2(f2) = 2(f3) = 1. It is not hard to see that z satifies the trivial, Steiner
cut and Steiner F-partition inequalities. Moreover, = is an extreme point of the
polytope described by these inequalities. This implies that further inequalities are
needed to describe the polytope STECSP(G, .S) on a wheel. In fact, it is easy to
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FIGURE 1.

see that x does not satisfy the constraint
2x(e1) + 2x(e2) + x(ez) + x(eq) + x(fa) > 4, (2.2)

that is valid for STECSP(G, S). In what follows, we show that this inequality is
a special case of a more general class of valid inequalities for the STECSP (G, 5).

2.1. GENERALIZED STEINER F-PARTITION INEQUALITIES

Let G = (V,E) be a graph and S C V a set of terminals. Let Vp, V4, ..., V,
be a partition of V such that fori =1, ..., p,if ;NS =0 then V;_1 NS # () and
Viz1 NS # 0 (the indices are taken modulo p). Let F C §(Vp). Let I C {1, ..., p}
be the set of indices ¢ such that V; NS = (. For i € I, let

E; = U 5(Vi, Vj).
JETU{0,i—1,i+1}

Let
Ay = Uie[ Li,
ANy = Vo, Vi, ..., V) \ A

Let ¢ = p — |I|. Consider the following inequality.

F FNA
S+ 20\ F) 2 20— || - [ EO20 (23
We have the following.
Theorem 2.1. Inequality (2.3) is valid for STECSP(G, S).
Proof. See [29]. O

In [29] it is shown that if |[F' N Ag] is even, then inequality (2.3) is redundant
w.r.t. the trivial, Steiner cut and Steiner F-partition inequalities. Inequalities
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of type (2.3) generalize the Steiner F-partition inequalities. Actually, the latter
inequalities correspond to the case where V; NS # ( for alli €1, ..., p.
Inequalities of type (2.3) will be called generalized Steiner F-partition inequali-
ties. Note that these inequalities may have coefficients different from 0 and 1. To
the best of our knowledge, these are the first non-rank inequalities so far known
for the STECSP(G, S), that is inequalities with coefficients different from 0 and 1.
Let T' be the class of graphs G = (V, E) such that G is a wheel where the edges
adjacent to the central node may be multiple edges. In the next section we shall
show that the trivial and the Steiner cut inequalities together with the generalized
Steiner F-partition inequalities completely describe the polytope STECSP(G, S)
when G is a graph of I'. To this end, let us first describe the generalized Steiner
F-partition inequalities on I' and give some notations specific to this class.

2.2. STEINER F-PARTITION AND GENERALIZED STEINER F-PARTITION
INEQUALITIES ON I'

Given a graph G = (V, E) of T on n+1 nodes, we let V = {w, uq, ..., u,} where
w is the central node and uq, ..., u, the nodes of the exterior cycle. We let e;
denote the edge between u; and u;11 and C' = {ey, ..., ep}. Let A; = §(u;, w), for
i=1,...,n Ifi,j e {1, ..., n}, we denote by C(3, ) the edge set {e;, ..., ej_1}
(where the indices are taken modulo n) (see Fig. 2). Note that if |4;] = 1 for
i=1,...,n,then G is a wheel. We let s = |SNV(C)|, and denote by w;,, ..., u;
the terminal nodes of C such that i1 < is < -+ < .

Let G = (V, E) be a graph of I'. Consider the generalized Steiner F-partition

s

inequalities induced by partitions Vo, ..., V,, of V and F' C §(Vp), satistying the
following conditions:

Cy: Vo = {w},

Cy: thesets Vi, 2 =1, ..., p are formed by consecutive nodes of the cycle C,

Cjs: the order of the V; on the cycle C' corresponds to clockwise order,
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edges of F'

edges of Ay
edges of Ag \ F

FIGURE 3.

Cy: F C UVmS;ﬁQ)(S(VOaVi) and [FNd(Vp, Vi) =1forall V;NS #0.

In consequence, we have

A= Jé(Vi), F C Ay and |F| =q.
el

Since inequality (2.3) is redundant when |Ay N F| (= |F|) is even, we may suppose
that |F'| is odd and hence ¢ is odd. Therefore inequality (2.3), in this case, can be
rewritten as

(A1) +22(Ax\ F) > g+ 1. (2.4)
In order to illustrate inequality (2.4), consider the graph of I" given on the left side
of Figure 3. Here the terminal nodes correspond to the black nodes. We consider
on that graph a partition (Vo,Vi,...,Vy). We have ¢ = 5. The edges of F are
indicated by dashed lines. The other edges are repesented by different types of
lines in order to specify their coefficients in (2.4). The edges given in bold are
those of Ay \ F with coefficient 2. The edges given by solid lines are those of A
with coefficient 1, and the edges given by dashed and dotted lines are those with
coefficient 0, that is the edges that do not appear in the inequality. On the right
side is shown a solution of the problem for which inequality (2.4) is tight.

(Also observe that inequality (2.2), corresponding to the graph of Fig. 1, is the
inequality of type (2.4) induced by the partition Vj, ..., V4 and the set F' where
Vo = {w}a Vi= {U’L} for 7 = ..., 4 and F' = {f17f27f3}')

Moreover, in case w € S, consider the Steiner F-partition inequalities induced

by partitions Vg, ..., V, of V and edge set F' satisfying conditions:
Ci: Vi ={w},
Clh: the sets V;, i € {0, ..., p} \ {1} are formed by consecutive nodes of the
cycle C,

Cl: [V;nS|>1fori=2,...,p,
Cl: F C§(Vp) and |F| = 3.
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--- edges of F
edges of A
FIGURE 4.
Observe that V; NS # 0 for i = 1, ..., p. By (2.1), these inequalities can be
written as
z(A)>p—1. (2.5)

Figure 4 illustrates inequality (2.1) for a graph of I'. On the left side of the figure,
we consider a partition of the graph into seven sets, hence p = 6. Here all the
edges between the elements of the partition have coefficient 1 except those of F
(indicated by dashed lines) which have coefficient 0. On the right side we show a
solution for which inequality (2.1) is tight.

3. THE poLYyTOPE STECSP(G, S) oN T’

Throughout this section, given a graph G = (V,E) of T and a node subset
S C V of terminals, we let

T(G,S)={T C E|(V,T) is a Steiner 2-edge connected subgraph of G}.
Moreover, if ax > « is a facet defining inequality of STECSP(G, S), we let
te ={T € T(G,S)|az” = a}.

Our main result in this section is the following.

Theorem 3.1. Let G = (V, E) be a graph of T', and S C V a set of terminals.
Then STECSP(G, S) is defined by the trivial and Steiner cut inequalities together
with inequalities (2.4) and (2.5).

The proof of this theorem will be given in Section 3.3. In what follows, we give
a procedure that permits to construct a facet of STECSP(G, S) from a known one
by the contraction of an edge.
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3.1. CONTRACTION OPERATIONS

Consider a graph G = (V, E) and a node set S of terminals. If e = uv is an
edge, we denote by G. = (V, E.) the graph obtained from G by contracting e. If
v’ is the new node that arises from the contraction, then we denote by S, the set
of terminal nodes of G, such that S, = (S\ {u,v})Uv" if {u,v}NS #Pand S, = S
if not. Let ax > « be a facet defining inequality of STECSP(G, S) different from
a trival inequality.

We have the following lemmas.

Lemma 3.1. Let f = wv € E be such that a(f) = 0. Suppose that ax > «
is walid for the polytope STECSP(Gy,Sy). Then axr > « defines a facet for
STECSP(Gy,Sy).

Proof. W.l.o.g., we may suppose that STECSP(G, S) is full dimensional. Thus
STECSP(Gy, Sy) so is. As ax > « is facet defining for STECSP(G, S), there are

|E| edge sets T1, ..., T|p| that induce Steiner 2-edge connected subgraphs of G
such that az™s = o, fori =1, ..., |E| and 2™, ..., 271l are affinely independent.
Let
v T; if not,

for i = 1, ..., |E|. Clearly, the sets T/, i = 1, ..., |E|, induce Steiner 2-edge
connected subgraphs of Gy. Moreover we have azli = «a for i = 1, ..., |E|
Since 271, ..., 2712 are affinely independent, there must exist |E| — 1 sets among
Ty, ..., Tig), whose incidence vectors are affinely independent. Since az > « is
valid for STECSP(Gy, Sy), it is then facet defining. a

Lemma 3.2. Let e; € C with a(e;) = 0. If @’ is the restriction of a on E.,, then
a'x > a is valid for STECSP(G.,, Se,) if one of the following statements holds.
(1) sy Uit-1 € S.
(2) u; €S, uiy1 € S and for every edge e of Aiy1, there is an edge f of A;
such that a(e) > a(f).
(3) wi, uit1 € S and min{a(e),e € A;} = min{a(e),e € Aiy1}.

Proof. We will show (1) and (2). The proof of (3) is similar.
Let E* C E., such that (V, E*) is a Steiner 2-edge connected subgraph of Ge,.
(1) Let Ef = E* U {e;}. Since u;, uir1 ¢ S, Ef € T(G,S). Thus a'z? =
az®’ > a, and hence o’z > a is valid for STECSP(G,.,, S.,).
(2) We distinguish three cases:
Case 1. E*Nd(uiy1) = 0. Since u;y1 ¢ S, E* € T(G, S), and thus a/z?" =
az®” > .
Case 2. E*Nd(u;) # 0 and E* Nd(uir1) # 0. Thus B = E* U {e;} € T(G,S)
and therefore a’zf" = aqz 2 > q.
Case 3. E*Nd(u;) = 0 and E* N §(uip1) # 0. Let f5 € E* N Ajq, and
fi € A; such that a(fy) < a(f3), such an edge exists by hypothesis. Let Ej =
(E*\{f5})U{ei, fi}. Tt is easy to see that Ef € T'(G, S). Moreover, as a(e;) = 0,
we have that a/zf" > azf5 > a.
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In all cases, we have that o’z > «, which implies that a’z > « is valid for
STECSP(G,;, S, )- O

3.2. STRUCTURAL PROPERTIES

In this subsection, we shall describe some structural properties of the facet
defining inequalities different from the trivial and the Steiner cut inequalities.
These properties will be useful to show Theorem 3.1.

For this and the next subsections, we consider a graph G = (V,E) of T on
n + 1 nodes. Thus STECSP(G, S) is full dimensional [29]. Suppose that w € S
and s > 2. We also consider a facet defining inequality ax > o of STECSP(G, S)
that is different from the trivial and the Steiner cut inequalities. Thus, if for an
inequality bz > 3, ba’ = 3 for all T € t,, then bx > (3 is a positive multiple of
ar > «.

Fori=1, ..., n,welet f; be a fixed edge of A; such that a(f;) = min{a(f)|f €
A;} fori=1, ..., nand Ey the set of edges e such that a(e) = 0.

We have the following lemmas given without proof. For the proof, see [29]. The
first one is a direct consequence of the fact that ax > « is different from the trivial
and Steiner cut inequalities.

Lemma 3.3.
(1) For every edge e € E, there is an edge set T € t, (I" € t,) such thate € T
(egT’).
(2) For every node v € S, there is an edge set T' € t, such that |6(v) NT| > 3.
(3) a(e) >0 for alle € E.

Lemma 3.4. Let T €ty and i € {1, ..., n} such that u; € S, |0(u;) NT| > 3 and
for all f € A;, a(f) > 0. Then the edges e;, e;—1 and f; may be supposed to be in
T if one of the following statements holds:

(1) Uj—1, Uip1 € 5.

(2) If ui—1 & S (resp. wip1 & S) then either a(e;—1) > 0 (resp. a(e;) > 0), or

ale;—1) =0 and a(fi—1) =0 (resp. a(e;) =0 and a(f;+1) =0).

Lemma 3.5. Let T € t, and i € {1, ..., n} such that u; € S and e;, e;41, f €T
for some f € A; where a(f) > 0. Then C C T, if one of the following statements
holds:

(1) Ui—1, Uip1 € 5.

(2) alei-1) >0 if ui—1 & S (resp. alei) >0 if uipr & S).
Lemma 3.6. Let j € {1,..., s} such that |A;; " Ey| = 1. Let T' € t, such that
fi, @ T. Then A;; NT = 0. Moreover, if a(e;,—1) > 0 (resp. a(e;;) > 0) then
C(Z'jfl,ij) cT (resp. C(ij,’ij+1) C T)
Lemma 3.7. Suppose that CNEy = 0. Then |A;; NEo| =1 for all j € {1, ..., s}.

Lemma 3.8. Suppose that C N Eg =0 and s > 3. Then there is 8 > 0 such that

(1) a(C(ijvijJrl)) - ﬂ fOT’ €U€T’yj € {1a sy S};
(2) ifje{l, ..., s} and |As;| > 2, then a(f) = B for all f € A, \ {fi;}-
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Lemma 3.9. Suppose CNEy =0 ands > 3. Leti € {1, ..., n} such that u; € S.
Then

(1) a(f)=0/2 for all f € A,

(2) wiy1 €5,

(3) alei-1) = ale;) = B/2,

where 3 is the scalar introduced in Lemma 3.8.

3.3. PROOF OF THEOREM 3.1

The proof is by induction on the number of nodes. The theorem is true for a
graph of I" on three nodes. In fact, in this case, the graph is series-parallel and, as
shown by Baiou and Mahjoub [3], the STECSP(G, S) is then completely described
by the trivial and the Steiner cut inequalities. Suppose the theorem is true for any
graph of I' with no more than n nodes and suppose G has exactly n + 1 nodes.

Let ax > « be a facet defining inequality of STECSP(G, S) different from the
trivial and the Steiner cut inequalities. We will show that ax > « is necessarily
of type either (2.4) or (2.5). To this end, let us first note that, if there is an edge
f € E with a(f) = 0 that satisfies the conditions of Lemma 3.1, then az > «
defines a facet of the polytope associated with the graph obtained by contracting
f. By the induction hypothesis, it follows that az > « is of type (2.4). Thus,
for the remainder of the proof, we suppose that no edge e of E with a(e) = 0
satisfies the conditions of Lemma 3.1. As a consequence, by Lemma 3.2 we have
the following.

Claim 3.1.
(1) If wi, wig1 € S forie{l, ..., n}, then a(e;) > 0.
(2) Ifu; € S, ujg1 & S and a(e;) =0 fori € {1, ..., n}, then a(fiy1) < a(fi).
(3) If ui, uig1 € S forie {1, ..., n}, then a(f;) # a(fit1)-

We shall suppose w € S, the proof when w ¢ S is similar. If either s = 0 or
s =1, then it is not hard to see that, in this case, a(e) = 0 for all e € E, which is
impossible. In the rest of the proof we suppose s > 2.

We distinguish two cases.

Case 1. a(e) >0 for all e € C.

Suppose first that s = 2 and hence V(C) NS = {u;,, uip}. As CNEy = 0,
by Lemma 3.7 we have A;, N Ey = {f;,} and A;, N Ey = {fi,}. Now by Lemma
3.3 (1), there must exist a set T' € t, such that f;, € T. From Lemma 3.6, it
follows that C C T. Let Ty = (T'\ C(i1,42))U{fi,, fiy}- Obviously, Ty € T(G, S).
This implies that a(e) = 0 for all e € C(i1,142), a contradiction. In consequence,
if |V(C)N S| =2, then STECSP(G, S) is given by the trivial and the Steiner cut
constraints.

Now suppose that |V(C)N S| > 3. Since C N Ey = 0, by Lemma 3.7, it
follows that a(f;;) =0 for j =1, ..., s. Moreover, as s > 3, from Lemma 3.8 (2)
there is 8 > 0 such that a(f) = g for all f € A;; \ {fi;} and j =1,...,s In
addition, by Lemma 3.9 (2) if a node u; is not a terminal, then w;_; and u;41 are
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terminals. Hence by Lemma 3.9 (3) a(uv) = 8/2 for every edge uv € C such that
[{u,v} N S| =1. Also by Lemma 3.9 (1), a(e) = §/2 for all e € A;. Finally, if uv
is an edge of C such that u and v are terminals, then by Lemma 3.8 (1), we have
that a(uv) = . Altogether, we then obtain

Ié] ife=uwweCandu,veS,

B/2 ife=wveC and |[{u, v}NS| =1,
ale)=<¢ (/2 ifee A;and u; & S,

Ié; ifeec A, \{fi;} and j € {1, ..., s},

0  ifeef{fi, ..., fi}

This implies that axz > « is an inequality of type (2.4) where the elements of the
partition are given by the nodes of the graph and F = {f;,, ..., fi.}.

Case 2. a(e;) =0 for some i € {1, ..., n}.

By Claim 3.1 (1) it follows that {u;, u;41}NS # 0. In what follows, we consider
the case where |{u;, u;+1} NS| = 1. The case where u;, u;11 € S can be treated
along the same line.

Suppose that u; € S, u;41 € S. (The case u; € S, u;11 € S is similar.) We will
suppose u; = u;,. Also we let T* = (C'\ {e;, }) U{fi,, fi+1}-

Claim 3.2.

(1) a(f) >0 forall f € A;,.
(2) T* € tq.

Proof. (1) If there is an edge f € A;, with a(f) = 0, then a(g) > a(f) for all
g € A;, 41, which contradicts Claim 3.1 (2).

(2) By Lemma 3.3 (1), there is a set T' € t, such that e;; € T. As u;, € S and
consequently, |7 N §(u;, )| > 2, we may suppose that fi;, € T. If A1 NT =0,
then (T'\{fi, })U{es, f} € T(G, S) and therefore a(f) > a(fi,) for all f € A;; 1.
But this contradicts again Claim 3.1 (2). In consequence, A;,+1 NT # (. And
thus we may suppose that f;;+1 € T. Now we claim that C'\ {e;,} C T. Indeed,
if this is not the case, then there must exist k € {1, ..., n}\ {#1 + 1} such that
ex—1 € T and C(k,i1) C T. Using the same arguments as above, we can show
that A NT # (). (Note that k¥ may be equal to i1, however, in this case we should
have |A;, NT| > 2). Thus (T'\ {fi,}) U{ei,} € T(G,S) and hence a(f;,) = 0,
contradicting (1). Thus C'\ {e;,; } C T and hence T™* € t,. O
Claim 3.3.

(1) a(f) > 0 for all edge f in §(w) different from f;, +1.

(2) a(fi1+1) =0.
Proof. (1) Suppose a(f) = 0 for some f € 6(w) \ {fi,+1}. From Claim 3.2 (2),
it follows that (T*\ {fi,}) U {ei,, fi,+1} belongs to T(G,S). Hence a(f;,) = 0,
contradicting Claim 3.2 (1).

(2) As w € S, by Lemma 3.3 (2) there must exist a set T € t, such that
[0(w)NT| > 3.
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We first show that A;, 11 NT # 0. Suppose, on the contrary, that A;, 1NT = 0.
If T Né(w)| = 3, then it is easy to see that there is an edge f € o(w) N T
(f & Aij41) such that T\ {f} € T(G,S). But this implies that a(f) = 0, which
contradicts (1). Thus |6(w) NT| > 4. Let k1, ko, ks € {1, ..., n} \ {é1 + 1} such
that ky < ko < k3, Akj NT # 0, forj=1,...,3 and |Tﬂ(Ak1 U Ay, UAk3)| > 3.
If &y = ko = ks, then the set T'\ {fx, } still induces a feasible solution for the
STECSP. But this implies that a(f,) = 0, contradicting (1). Suppose now that
k1 < ko and hence fy,, fr, € T. The case where k1 = ko and k2 < ks can be
treated along the same line. We may also suppose, w.l.o.g., that A; N T = () for
i€ {ki+1, ..., ks—1}\{ka}. It C(k1,k3) C T, then T\{fx,} € T(G, S) and hence
a(fr,) = 0, contradicting (1). Thus we may suppose that C(k1,k2) ¢ T. The case
when C(ka, k3) ¢ T is similar. Therefore, u; € S for alli € {k1+1, ..., ka—1}. Let
T = (T\{fry, [rs })UC(k1,ka). As |6(w)NT| > 4, we have T" € T(G, S). In fact,
it is clear that all Steiner cut inequalities different from the one induced by {w}
are satisfied by 27". Now, since |§(w) NT)| > 4, the Steiner cut inequality induced
by {w} is also satisfied. In consequence, we get a(fx,) + a(fi,) < a(C(k1, k2)).

On the other hand, from Claim 3.2 (2) we have that (T*\ C(k1, k2))U{ fry, fi, }
belongs to T(G, S). Thus a(C(k1, k2)) < a(fx,) + a(fr,), and hence

a(C(k1, k2)) = alfr,) + afr,)- (3.1)

Furthermore note that (7% \ (C(k1, k2) U{fiy, fir+1}))U{e€ir, frrs fro} belongs to
T(G,S). Since a(e;,) =0, by (3.1), it follows that a(f;,) = 0, a contradiction.

Thus A;, 41 NT # (0 and, in consequence, we may suppose that f;, 11 € T.
Moreover, since a(e;, ) = 0, we may also suppose that e;, € T. If there is a further
edge of A;, 11, say f, that belongs to T, then as u;, € S, we have T\{f} € T(G, S).
Hence a(f) = 0, which is again impossible by (1). Thus A;, 11 NT = {fi,+1}-
Let k € {1,...,n}\ {i1 + 1} such that A, NT # 0 and A, NT = 0 for all
le{ii+2,..., k—1}. Note that, as |6(w) NT| > 3, k exists. Also note that k
cannot coincide with ;. Indeed, if k =iy, as [T Nd(w)| > 3, there are at least two
edges, say g1, g2 in A;; NT. But, this implies that T'\ {¢;} € T(G, S), fori =1, 2,
and hence a(g1) = a(g2) = 0, contradicting (1). Moreover, since [T'Nd(w)| > 3 and
u;, € S, there must exist k' € {k, ..., i1} such that Ay NT # @ and C(K',i1) C T
So, we may suppose that fx € T. Note that k¥’ can be equal to i;. We have
k # K. In fact, if K = k', then T\ {fx} € T(G,S) and hence a(f) = 0, which
contradicts (1).

Now, we will show that a(f;, +1) = 0. Consider first the case where C(i;+1,k) C
T. Then clearly, T\ { fi,+1} € T(G, S) and hence a(fi;+1) = 0. Suppose now that
Clin+1,k) g T. AsANT =0 forallle {ix+2,...,k— 1}, we have that
u & S foralll € {iy+1,..., k—1}. Moreover, we have that C(k,k’) ¢ T. For
otherwise, T'\ {fir} would be in T(G, S) and hence a(f)) = 0, contradicting (1).
As by (1) a(fx) > 0, there must exist & € {k, ..., ¥’ — 1} and an edge gy~ such
that grv € Apr NT and C(k, k") C T. If not, then the set T\ {fi} would be in
T(G,S), and therefore a(fr) = 0, a contradiction. Now, it is not hard to see that
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the set (T'\ {fi;+1, fr}) UC(i1 + 1, k) belongs to T(G, S), and in consequence
a(fiy+1) + alfi) < a(C(ix + 1, k). (3:2)

Sincew; &€ Sforalll e {iy +1, ..., k—1}, (T*\ (C(ir + 1, k) U{fi,+1})) U {fx}
induces a solution of STECSP. This yields

a(fi,+1) +a(C(in +1,k)) < a(fr). (3.3)
By (3.2) and (3.3), it follows that a(f;;+1) = 0 which completes the proof of our
claim. g
Claim 3.4.

(1) Ifuj € S\ {us, }, then a(ej) > 0.
(2) If uj € S\ {u;,}, then a(ej_1) > 0.
(3) iz =141+ 2 and a(e;,—1) = 0.

Proof. We only show (1) and (3). The proof for (2) is similar to that of (1).

(1) Suppose a(ej) = 0. If uj41 & S, then by Claim 3.3 (2), we have that
a(fj+1) = 0, contradicting Claim 3.3 (1).

So suppose that u;; € S. By Lemma 3.3 (1), there is a set T € t, that does
not contain e;. Thus we can suppose, w.l.o.g., that f; and f;;1 belong to T. If
C\{e;} ¢ T, then we have |(6(w) \ {fi,, fi,+1}) N T| > 2 and, in consequence,
(T\ {fija fij+1}) U {6]'} € T(Ga S) But this 1mphes a(fij) = a’(fijJrl) - 07
contradicting Claim 3.3 (1). Thus C \ {¢;} C T, and therefore (T \ {f;,}) U
{ej, fios1} € T(G,S). Hence a(fi;) < a(e;) + a(fi,+1) = 0, which contradicts
again Claim 3.3 (1).

(3) Suppose, on the contrary, that io = i; + [ with [ > 3. Then a(e;) > 0 for
i=141+1,...,4 +1—1. In fact, this is clear for e;, 41, ..., €;;4;1—2 by Claim 3.1
(1). Now, if a(e;,+1—1) = 0, then by Claim 3.3 (2), it follows that a(f;,+1—1) =0,
contradicting Claim 3.3 (1).

As u;, € S, by Lemma 3.3 (2) there is an edge set T' € t, such that |§(us,)NT| >
3. As by (1) a(es,) > 0, from Lemmas 3.4 and 3.5, it follows that C' U {f;,} c T.
Now, since i, 41, --., wi,—1 € S, we have that (T'\ C(i1 + 1,i2)) U {fi, 11} €
T(G,S). As by Claim 3.3 (2) a(fi;,+1) = 0, this implies that a(e;;+1) = -+ =
a(e;,—1) = 0, a contradiction and thus 72 = i1 + 2.

Now, we are going to show that a(e;,—1) = 0. On the contrary, if a(e;,—1) > 0,
by using the same arguments as above, we obtain that C U {f;,} C T. Since
(T\ {ei, 1) U{fi,1} € T(G,S), we get ales, 1) = 0, a contradiction. O

Claim 3.5. There is exactly one node u; not in S, namely u;, 4+1.

Proof. Assume the contrary. Since io = i1 + 2, there must exist [ € {2, ..., s}
such that V(C(iz,4;)) C S and wu;,4+1 ¢ S. Note that [ may be equal to 2. As
u;, € S, by Lemma 3.3 (2), there is an edge set T} € t, such that |71 N d(u;,)| >
3. As by Claim 3.4 (1) a(e;) > 0, it follows from Lemmas 3.4 and 3.5, that
CU{fi,} € Ty. Now, by considering u;,, instead of w;,, we can show similarly
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that a(e;,,,—1) > 0 and there is a set T5 € t, such that C' U {f;,,,} C T5. As by
Claim 3.3 (2), a(fi,+1) = 0, we may suppose that f;,+1 € T3 NT». Consequently,
we have T = C U { fi,41, fi,} and Ty = C U {fi, 1, fi,,,}- Since by Claim 3.2
(2), T* = (C\ {ei, }) U{fir, fir+1} belongs to ¢, and a(e;;) = 0, it follows that
a(fi,) = a(fi,.,) = a(fi,). Moreover as (T1 \ {fi,}) U{f} € T(G, S) for all f € A,
kEed{ig+1, ..., 441 — 1}, we get

a(f)>a(f;,) forall fe Ay, k=i;+1, ..., i41 — 1. (3.4)

On the other hand, there must exist an edge set T35 € t, such that
|T5 N {ei,, €i,,,—1}| = 1. For otherwise, for every set T' of t,, 27 would verify
the equation x(e; ) — x(e;,, 1) = 0. However, since a > 0, this equation cannot
be a positive multiple of ax = «, a contradiction.

W.l.o.g., we may suppose that e;, € T3 and e;,,, 1 € T3. Hence A;, , NT3 # 0
and thus we may suppose that f;, , € T5. As a(e;) > 0, there must exist j €
{it4+1, ..., 441 — 1} such that C(i;,j) C T3 and A; NT5 # 0. If not, T3 \ {e;, }
would be in T'(G, S), and hence a(e;,) = 0, a contradiction. Thus we may suppose
fj e T3.

Now, if C'(ij41,J) € T5, then §(w) N'T5 must contain two further edges, and in
consequence, the set (T3 \ {fi, ., fj}) U C(j,441) induces a solution of STECSP,
yielding

a(fiz+1) + a’(fj) < a(C(g, il+1))' (35)

Also, as by Lemma 3.2 (2) the set (T*\ C(j, i141)) U{ fi,,, f;} belongs to T'(G, S),
it follows that

a’(c(ja Z.lJrl)) + a(fh) < a(fil+1) + a’(fj) + a’(e’il)' (36)

By combining (3.6) with (3.5), we get a(fi,) < a(es, ). But, as a(e;;) = 0, it follows
that a(f;,) =0, a contradiction.

Thus C(i41,j) C T3 and consequently, T3 = C(ij41,7) U {fi., fi}- Now,
we can see that (T3 \ (C(i,7) U{f;})) U{fi,} induces a solution of the problem.
Therefore, a(f;,) > a(C(i1, j)) + a(f;). Since by (3.4), a(fi;) > a(fs,), it follows
that a(C(i, j)) = 0 and hence a(e;,) = 0, a contradiction. O

Claim 3.6.

(1) a(e;) = a(fs) for all i different from i and i; + 1.
(2) alei—1) = a(f;) for all i different from iy + 1 and i1 + 2.

Proof. We will prove (1), the proof of (2) is similar.

By Lemma 3.3 (1), there exists an edge set T' € t, such that e; ¢ T. As by
Claim 3.5 u;, ujp1 € S, we have 4, NT # (§ and A;4 1 NT # (. Thus, we may
suppose, w.l.o.g., that f;, fiy1 € T. We claim that a(e;) > a(f;). Indeed, if
[0(w)NT| > 3, then the set (T'\ {f;})U{e1} is still a solution of T'(G, S) and then
a(e;) > a(fi). If not, C(i + 1,7) C T and the set (T'\ {fi}) U {ei, fiy+1, €} €
T(G,S), also gives a(e;) > a(fi).
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Furthermore, by Lemma 3.3 (2), there exists an edge set T’ € ¢, such that
[0(wit1) NT'| > 3. By Lemmas 3.4 and 3.5, it follows that CU{f;11} C T’. Thus,
we may assume that 77 = C U {fi11, fi,+1}. As (T"\{e;}) U{fi} € T(G,S), we
have a(f;) > a(e;) and then a(f;) = a(e;). O

Claim 3.7. For all edge f of A; such that i € {1,..., n}\ {i1 + 1}, we have
a(f) = B; for some B; € R™.

Proof. The proof is straightforward if |4;] = 1. So, suppose |4;] > 2. Let us
assume, on the contrary, that there is f' € A;, i € {1, ..., n}\ {i1 + 1} such
that a(f;) < a(f’). By Lemma 3.3 (1), there is an edge set T' € ¢, such that
/' €T. Hence f; € T, for otherwise T" = (T'\ {f’}) U {f:} would be in T(G, S)
and az?’ < «, a contradiction.

We claim that e;_1, e; € T. Indeed, if [{€;—1, e;}NT| = 1, then there must exist
in T a further edge of §(w), different from f; and f’. In this case, it is easy to see
that T\ {f;} and T\ {f'} belong to t, and thus a(f;) = a(f’) = 0, a contradiction.
Now, assume that e;_1, e; € T. If C' ¢ T, then there must exist two further edges
of §(w) \ {fi, f'} that belong to T. But this implies that T'\ {f;, '} € T(G,S),
and thus a(f;) = a(f’) = 0, a contradiction. If this is not the case, that is C' C T,
then (T'\ {fi}) U{fi,+1} € T(G,S) and hence a(f;) = 0 which yields again a
contradiction.

Thus, e;, e;—1 € T. As a consequence, (T \ {f'}) U{e;, fi,+1} is a set of
T(G,S). As a(fi,+1) = 0, we obtain that a(e;) > a(f’), and thus a(e;) > a(f;),
contradicting Claim 3.6 (1). O

Combining Claims 3.6 and 3.7, we obtain that
ale) =, foralle € E\ ({ei, €i,+1} U A;;+1) for some 5 € R.

Claim 3.8. If A;, 11 contains at least two edges, then a(f) = 0 for all edge f of
Ai, 41 different from fi 41.

Proof. First of all, note that by Claim 3.2 (2) (T™*\ {fi,}) U {ei,, f} belongs to
T(G,S) for all f € A;; 41\ {fi,+1}- This implies that a(f) > a(fi,) = 5.

On the other hand, for every f € A; 41 \ {fi,+1}, by Lemma 3.3 (1) there
exists an edge set Ty of t, that contains f. Clearly, f;;4+1 € Tf. Now, since
(Te\{f}) U{ei, fi,} € T(G,S), we have a(f) < a(fi,) = 8, and hence the claim
follows. |

Now altogether, we have

a 0 for all e € {es, €iy+1, fir+1},

a(e) =p forallee & \ {ein €i1+1, fi1+1}'

This implies that ax > « is an inequality of type (2.5) associated to the partition
given by the nodes of the graph with Vy = {u;, 41}, and F = {e;,, €i, 41, fi;+1}-
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3.4. FACETS

Now we describe necessary conditions for constraints (2.4) and (2.5) to define
facets for STECSP(G, S) on T

Theorem 3.2.

(1) The constraints of type (2.4) that may define facets of STECSP(G,S) are
such that
(a) Vi contains exactly one terminal for alli € {1, ..., p}\ I,
(b) F CU,,esd(Vo,us).
(Recall that I is the set of indices i such that V; does not contain terminal
nodes.)

(2) The constraints of type (2.5) that may define facets of STECSP(G,S) are
such that [V; N S| =1 fori=2,...,p.

Proof. (1)(a) First note that by (2.3), inequality (2.4) can also be written as
o |1
x(Th) +2x(T> \ F) > 2q — 2 5 | (3.7)

Now suppose that for some ¢ € {1, ..., p} \ I, V; contains two terminals. By Con-
dition Cy of the generalized Steiner F-partition inequality (2.4), these terminals
may be supposed consecutive, say u;, and u;,. Let V;' = {u; € V;|j < i1} and

V2 =Vi\ V' Let V{j, ..., Vj/,; be the partition such that
V}’ — V'j’forj:(),...,i—l,
V;_I _ ‘/;_1,
il+1 = V;Qa
V;,’ = Vi forj=i+2,...,p+1.

Note that this new partition does not satisfy Condition Cy. Also note that
§(VE,V2) = {e;, }. Hence the generalized Steiner F-partition inequality induced
by this partition and F' can be written as

x(Ty) +2x(Te U{ey D\ F) >2(g+1)—2 {@J . (3.8)

It is easy to see that inequality (3.7) can be obtained from (3.8) and the inequality
x(e;,) < 1. This implies that (3.7) cannot define a facet for STECSP(G, S).

(1)(b) Suppose that there is an edge f = wu; of F with u;, ¢ S for some
i€ {l,...,n}. By (1)(a) every set V;, i € {1, ..., p} \ I contains exactly one
terminal. Hence ¢ = s. Let Vj, be the set of the partition that contains terminal
u;, for k=1, ..., s. By Condition Cy, |[FNd(Vp, V)| =1for k=1, ..., s, and
hence |F| = s.

W.lo.g., we may suppose that u; € V;,. Also we may suppose that i; < 4, that
is node u;, is met before node u; on the cycle C.
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Now let us denote (2.4) by az > « and suppose that this inequality defines a
non-trivial facet of STECSP(G, S). Then there must exist an edge set T C E not
containing e;, and whose incidence vector satisfies (2.4) with equality.

As |F| is odd, we have that s, and hence ¢, is odd. Recall that the partition
Vo, ..., Vp inducing constraint (2.4), is defined in such a way that between every
two consecutive sets containing a terminal, there is at most one set that does not
intersect S. Let

Ay = 5(ij) U U sVi) |
le{jx—1,jk+1}
ViNnS=0

fork=2,4,...,q—1.
Claim. a(AyNT)>2for k=2,4,...,q—1.

Proof of the claim. If T contains an edge of é(w,V}, ) \ F, as this edge belongs to
T, the claim follows. So suppose that T'N (6(w, V;, )\ F) = 0. As V;, NS # 0 and
therefore T' contains at least two edges of 6(Vj, ), T' must contain at least one edge
of 6(V},)NC. Let e be one of these edges. Suppose, w.l.o.g., that e € §(Vj,, Vi, +1)-

IfVj,41NS # (0, then e € Ty and hence the claim follows.

IfVv,ypinsS = (), then e € Ty and hence a(e) = 1. If e is the only edge
of T in 6(Vj,41), then T \ {e} still induces a Steiner 2-edge connected subgraph
of G. But this implies that a(e) = 0, a contradiction. In consequence, there
must exist a further edge, say €', of T in §(Vj,41). As € € T we have that
a(ArNT) > ale) + a(e’) = 2 which ends the proof of the claim. O

Now let U = {u; € V}, | j < ja1}, that is the set of nodes of V; met before u;, 41 on
the cycle C. Note that f € §(U). AsUNS # Qand e;, €T, |TN6(U)\{ey})| > 2.
Let f1 and f2 be two edges of TN (6(U)\{ei, }). Since f ¢ 6(U) and by Condition
Cy |[FNS(Vi)| =1, fi,fo € T1 U (T2 \ F). Moreover, as [(6(U) \ {e;,}) NC| =1,
at least one of these edges belongs to Tz \ F. In consequence,

a(f1) +a(f2) = 3. (3.9)

In addition, since the sets Ay, k = 2, 4, ..., ¢g—1 are pairwise disjoint and { f1, fo}
does not intersect any of these sets, by the Claim and (3.9), it follows that

1
a(T)23+2<qT) —q+2,

wich is impossible.

(2) Suppose that there is some i € {2, ..., p} such that V; contains two termi-
nals. By Condition Cj these terminals can be supposed consecutive, say u;;, and



278 A.R. MAHJOUB AND P. PESNEAU

u;; . Consider the partition V{, ..., V,; given by
Vi = Vyfork=0,...,i—1,
Vi = {ureVilk <ij},
Vi = {uweVilk>i;+1},
Vi = Vigfork=i+2,...,p+1

Note that d(V;,V/ ;) = {ei; }. Hence the Steiner F-partition inequality induced
by this partition and F' can be written as

z(AU{e;}) > p. (3.10)

It is easy to see that inequality (2.5) can be obtained from (3.10) and the trivial
inequality z(e;;) < 1. This implies that (2.5) cannot define a facet of
STECSP(G, S). O

We can easily see that there is a polynomial number of inequalities of type (2.4)
and (2.5) that satisfy the conditions of Theorem 3.2, and thus define facets of
STECSP(G, S), when G is in T'. Thus we have the following.

Corollary 3.1. The separation problem for inequalities (2.4) and (2.5) that define
facets of STECSP(G, S), when G is a graph of T, can be solved in polynomial time.

4. COMPOSITION OF GRAPHS

In this section, we shall discuss some applications of the previous results to a
class of graphs containing Halin graphs.

A 3-edge cutset is a cut with 3 edges. If G is a graph having a 3-edge cutset
6(W), then G decomposes into G; and G5 where G (G2) is obtained by shrinking
W (V\ W) to a single node. In the sequel, we will denote by € the set of graphs
that decomposes by 3-edge cutsets into graphs of I and series-parallel graphs. We
can note that a Halin graph decomposes into wheels by 3-edge cutsets. Thus Q2
contains the class of Halin graphs.

In [4], Barahona and Mahjoub show that if G decomposes into G; and G5 by a
3-edge cutset 6(W), then a system that defines STECSP(G, V) is obtained from
the union of the systems that define STECSP(G1,V) and STECSP(G2,V) and
by identifying the variables associated with the edges in §(1¥). As a consequence,
they obtain that STECSP (G, S) is completely given by the trivial, Steiner cut
and Steiner F-partition inequalities when S =V and G is a Halin graph.

Such a composition cannot, unfortunately, be applied for the STECSP(G, S)
when S # V. However, in this case we have the following analogous result. The
proof is similar to that given in [4] when S = V.

Theorem 4.1. Let G = (V,E) be a graph that has a 3-edge cutset §(W) =
{uwi uj,, Uiy, wigu, b and S C 'V oa set of terminals. Suppose that w;,, u,,
Uiy, Wiy, Ujy, Uiy C 5. Let Gy = (Vi, Ev) and Gy = (Va, E2) be obtained from G
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e

FIGURE 5.

by shrinking W and V\ W, respectively. Then a system of linear inequalities suffi-
cient to define STECSP(G, S) is obtained from the union of the systems that define
STECSP(G4,51) and STECSP(G2, S2), and by identifying the variables associated
with the edges in §(W). Here S = S\ W U{w1} and So = S\ (V\ W)U {ws}
where wy (wsz) is the node that arises from the contraction of W (V \ W ).

In [3], Baiou and Mahjoub show that the polytope STECSP(G, S) is given by
the trivial and Steiner cut inequalities when G is series-parallel. As a consequence
of this result and Theorems 3.1 and 4.1, we have the following.

Corollary 4.1. Let G = (V, E) be a graph of Q. Suppose that the endnodes of the
edges of the 3-edge cutsets involved in the decomposition of G are all terminals.
Then STECSP(G,S) is given by the trivial, Steiner cut and generalized Steiner
F-partition inequalities.

Corollary 4.1 generalizes the result of Barahona and Mahjoub [4] when S = V.
To illustrate Corollary 4.1, consider the graph G = (V, E') shown in Figure 5 where
the terminals are filled nodes and Steiner nodes are the others.

Graph G can be decomposed, by the 3-edge cutset formed by the edges e, f
and g, in the wheel W and the serie-parallel graph SP of Figure 6.

It follows, by Corollary 4.1, that STECSP(G, S) is given by the trivial and
Steiner cut inequalities describing the polytope STECSP(SP,S) and the trivial,
Steiner cut and generalized Steiner F-partition inequalities defining the polytope
of the wheel W.

As mentioned above, the composition used in Theorem 4.1 cannot be applied
when the endnodes of the edges of the 3-edge cutset are not all in S. As it will
turn out, the generalized F-partition inequalities, the basic trivial and the Steiner
cut inequalities do not suffice to completely describe the polytope STECSP(G, S)
in this case. In fact, consider for instance the graph G = (V, E) shown in Figure 7
where S = {uy, us, u4, ug}.

Let  be the solution given by x(e1) = x(e3) = xz(es) = x(eg) = 1 and z(eq) =
x(eq) = x(es) = x(eg) = z(er) = 1/2. It is not hard to see that this solution
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FIGURE 6.

FIGURE 7.

satisfies all the trivial, Steiner cut and generalized Steiner F-partition inequalities.
Moreover, = is an extreme point of the polytope given by these inequalities.

5. ALGORITHMIC ASPECTS

The decomposition given in the previous section has a practical interest for the
problem of finding a minimum cost Steiner 2-edge connected subgraph of a graph
of Q. Indeed, let G be a graph of €. If this graph is neither a graph of I" nor
a serie-parallel graph, it then decomposes by a 3-edge cutset {e, f, g} into two
graphs GG1 and Gy of €. If the endnodes of the edges e, f and g are all terminals,
then, we can obtain an optimal solution of the STECSP on G using the following
procedure. This uses ideas similar to those used by Barahona and Mahjoub in [4].

Let us denote by A(Fy, Fz, G2) the value of an optimal solution of STECSP on
the graph G2 containing the edges of F; and not the ones of F5 where the weights
on the edges of G are taken to be the same as for G. The problem is solved in
(G1 where the edge weights are the same as for G except for e, f and g for which
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the weights are taken to be the solution of the following linear system

w, +wy = A{e, f}, {9}, G2) —
wh +w)y = MN{f, g}, {e},G2) —
w) +w) = A({e.g}, {f},G2) —
w, + wj +w), = M{e, f,g},0,Ga) — K

where wg, w) and wy are the new weights and r is a variable guaranteeing the
solvability of the system. Such a solution contains necessarily either 2 or 3 edges
of {e, f,g}. An optimal solution of STECSP on G can be obtained by recomposing
the optimal solution obtained on ; and an optimal solution of G2 that contains
exactly the same edges of {e, f, g} that are contained in the solution on G;. The
value of the opimal solution thus obtained is A(G1) + £ where A\(G1) is the value
of the optimal solution of STECSP obtained on G.

It follows that solving the STECSP on a graph of €2 can be reduced in solving
the problem on graphs of I' or on series-parallel graphs. If G is a serie-parallel
graph, then STECSP(G, S) is completly described by the trivial and Steiner cut
inequalities. As these inequalities can be separated in polynomial time, one can
solve the problem on G using a cutting plane algorithm.

Suppose now that G is a graph of I By Theorem 3.1 the polytope
STECSP(G, S) is given by the trivial and Steiner cut inequalities together with
inequalities (2.4) and (2.5). By Corollary 3.1, it follows that the problem STECSP
can be solved in polynomial time on G using a cutting plane algorithm.

Given a graph of €, one can compute in polynomial time (using 3-edge cutsets)
the pieces of G. In consequence, problem STECSP can be solved in polynomial
time by cutting planes on the class of 2 when the endnodes of the edges of the
3-edge cutsets are all terminals. To the best of our knowledge, this is the first
polynomial time algorithm for STECSP on a class that generalizes the class of
Halin graphs.

6. CONCLUDING REMARKS

In this paper we have discussed the Steiner 2-edge connected subgraph polytope.
We have introduced a new class of valid inequalities for this polytope that gen-
eralizes the so-called Steiner F-partition inequalities. We have shown that these
inequalities together with the trivial and the Steiner cut inequalities completely
describe the Steiner 2-edge connected subgraph polytope on a class of graphs
that generalizes the wheels. We have also discussed some necessary conditions for
these inequalities to be facet defining. As a consequence, we have obtained that
the facet defining inequalities of this type can be separated in polynomial time on
that class of graphs. Furthermore, we have discussed the polytope STECSP(G, S)
in the graphs that decompose by 3-edge cutsets. We have shown that the general-
ized Steiner F-partition inequalities together with the trivial and the Steiner cut
inequalities suffice to describe the polytope STECSP(G, S) on a class of graphs
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containing Halin graphs, when the nodes of all the 3-edge cutsets of G are ter-
minals. This generalizes the result of Barahona and Mahjoub [4] when all the
nodes of the graph are terminals. This is, to the best of our knowledge, the first
complete description of STECSP(G, S) given for a nontrivial class of graphs that
includes inequalities other than the basic trivial and Steiner cut inequalities. In
contrast to the case where S = V, the additional inequalities may be non-rank
inequalities. Moreover, we have addressed the algorithmic aspect and shown that
the STECSP can be solved in polynomial time on that class of graphs using cut-
ting plane algorithm, when the endnodes of the edges in the 3-edge cutsets are all
terminals.

The fact that the generalized Steiner F-partition inequalities suffice, with the
trivial and the Steiner cut inequalities, to characterize the polytope STECSP(G, S)
in a nontrivial class of graphs, shows, as is the case for the F-partition inequalities
[1,24], that these inequalities may be of great interest in solving the STECSP
within the framework of a cutting plane algorithm. For this, it would be interesting
to characterize the generalized Steiner F-partition inequalities that define facets.
It would also be interesting to investigate extensions of the results of the paper to
the Steiner k-edge connected subgraph problem.

Acknowledgements. We would like to thank the anonymous referee for his/her constructive
comments.
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