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1. Introduction
1.1. Problem definition

This paper introduces and investigates a combinatorial optimization problem originally motivated by an application
to kidney exchange programs. The motivation will be further developed in Section 1.2 hereunder but for now, we start
with a mathematical definition of the problem.

Our graph-theoretic terminology is standard and follows [4]. All directed graphs (or digraphs) we consider in this paper
are loopless and have no parallel arcs. For a digraph G = (V, A), we let |V| = n and |A| = m. The digraph G = (V, A) is
complete if A contains all pairs of distinct vertices (i, j), for i,j € V. A (directed) cycle of a digraph G is a sequence of the
form C = (vy, a, vo, Gy, . .., Uk, Ak, V1) Where k > 2, vq, vo, ..., vy are distinct vertices of G, vi = vyy1, a1, a2, ..., Gk
are distinct arcs, v; is the tail of a; and v;y; is its head fori = 1,2, ..., k. The length of C is k, and we say that C is a
k-cycle. When no confusion can arise, we often identify a cycle with its set of arcs, so that we can speak of a union of
cycles, for example.

Let us now introduce a new definition. Given a directed graph G = (V, A), where V is the set of vertices and A is
the set of arcs of G, we say that a subset of arcs B C A is a cycle selection in G if the arcs of B form a union (possibly
empty) of directed cycles. Equivalently, B is a cycle selection if and only if each arc of B is contained in a directed cycle
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Fig. 1. A directed graph.
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Fig. 2. All nonempty selections of the directed graph in Fig. 1.

of Gg = (V, B). And equivalently again, B is a cycle selection of G if and only if each arc of B is contained in a strong (or
strongly connected) component of Gz = (V, B): the equivalence follows from the observation that an arc of B, say (i, j), is
in a cycle of Gp if and only if i and j are in a same strong component of Gg.

As an illustration, Fig. 2 displays the collection of nonempty selections of the digraph represented in Fig. 1.

In view of the above definitions, the time complexity to verify that a subset B C A is a cycle selection is O(n + m),
using for example Tarjan's algorithm to identify all strong components of Gp [23].

The maximum weighted cycle selection (MWCS) problem, or cycle selection problem for short, is the following
optimization problem: given a digraph G = (V, A) and a weight w;; € R for each arc (i,j) € A, find a cycle selection
B which maximizes w(B) = } ;g Wi -

This article investigates several properties of the cycle selection problem. Section 1.2 lays out the motivation for
studying it. Section 1.3 provides a literature review of previous related work in order to contextualize the cycle selection
problem and to position our contributions. Section 2 discusses the complexity of the problem. Next, various integer linear
programming formulations of the cycle selection problem are proposed in Section 3, namely, an arc-based formulation
(Section 3.1), several extended compact formulations (Section 3.2), and an extended non compact one (Section 3.3). We
establish the relative strength of the linear relaxations of these formulations. Section 4 investigates the facial structure of
the cycle selection polytope associated with the arc formulation for a complete digraph. We prove that the polytope is full
dimensional and that all the inequalities used in the ILP formulation are facet-defining. Furthermore, we describe three
additional classes of facet-defining inequalities and one class of valid inequalities. Section 5 considers the extension of
the cycle selection problem which arises when a constraint is placed on the cardinality of the selection and of the cycles
that it includes. Finally, Section 6 presents some conclusions and perspectives for future research.

1.2. Motivation

Our motivation to study cycle selections originally stems from optimization problems arising in the context of kidney
exchange programs (KEPs). Let us briefly explain how KEPs work. Nowadays, the preferred treatment option offered to
patients with an end-stage renal disease is kidney transplant from a living donor. This option exists primarily when a
patient has a relative willing to donate a healthy kidney. However, in many situations, patients are unable to receive
a kidney from their associated healthy donor because of ABO blood type incompatibility or tissue type incompatibility.
Kidney exchange programs try to alleviate this difficulty by enlisting a large number of incompatible patient-donor pairs,
say, pairs (P;, D;) made up of patient P; and donor D;, for i = 1,...,n. Considering such a pool makes it potentially
feasible to transplant kidneys in cyclic fashion with, for example, D; donating a kidney to P,, D, donating one to P3, and
D5 donating one to Py [20].

Given a pool of patients, one can build a compatibility digraph G = (V, A) whose vertices are the pairs v; = (P;, D;), and
A contains the arc (v;, v;) if D; appears to be compatible with P;, based on blood and tissue type. Maximizing the number of
feasible cyclic transplants amounts now to finding in G a collection of vertex-disjoint cycles whose union contains as many
arcs as possible. (Beside cycles, some KEPs may also take non-closed directed paths in consideration, but we disregard

5



M. Baratto and Y. Crama Discrete Applied Mathematics 335 (2023) 4-24

this option here.) There is a large amount of literature documenting various formulations and matching algorithms to
solve this optimization problem; see, e.g., [9], [11], [7] and the literature review in Section 1.3.

One of the remaining issues with this approach, is that in reality, blood type and tissue type are not the only
determinants of the feasibility of a transplant. The decision to perform a transplant is based on more complex, so-called
crossmatch tests of compatibility between donor and patient. In practice, for cost- and time-efficiency reasons, crossmatch
tests are only performed after an intended transplant has been identified.

As a result, incompatibilities may be revealed after the identification of potential exchange cycles, which, as a
consequence, may completely fail to be implemented.

A way to tackle this issue is to first select a restricted, but promising subset of arcs, to crossmatch them in order
to test their compatibility, and only then to run the matching algorithm in order to find an optimal set of exchange
cycles. Smeulders et al. [22] have proposed a stochastic integer programming formulation of this approach. Namely, they
introduce a two-stage selection problem which, given a testing budget B, identifies (in stage 1) a subset of arcs B C A
with |B| < B such that the expected number of transplants in the graph (V, B) (in stage 2) is maximized. Solving this
optimization problem is numerically challenging.

Smeulders et al. [22] tightened the formulation of the two-stage selection problem by adding constraints which enforce
that the set B must be a cycle selection: indeed, arcs that are not contained in any cycle cannot be used in transplants
and hence, should not be selected in the first stage. Their work motivates our attempt to develop a better understanding
of the cycle selection problem and of its ILP formulations.

1.3. Literature review

Rather surprisingly in view of their natural definition, cycle selections have apparently not been previously investigated
in the literature, except for the paper of Smeulders et al. [22] mentioned above and to which we return in Section 3.2.2.
Our review, therefore, is limited to a number of related, but different combinatorial problems.

The weighted girth problem asks for a simple cycle of minimum total weight in a weighted undirected graph G. The
cycle cone and cycle polytope are, respectively the cone generated by the incidence vectors of cycles of G and the convex
hull of these vectors. Thus, the weighted girth problem is the optimization problem over the cycle polytope. It is NP-hard
in general, but is polynomially solvable when certain restrictions are placed on the cost vectors. On the other hand, the
optimization problem over the cycle cone is polynomially solvable. A linear system describing the cycle cone is given
in [21]. An alternative proof of this result, as well as additional properties of the cycle cone and the cycle polytope, are
established in [10].

Bauer [5] studies the facial structure of the cycle polytope associated with a complete undirected graph on n vertices.
She proves that this polytope is full dimensional for n > 4, she provides an ILP formulation for it, and she proves that all
inequalities in the ILP formulation are facet-defining when n > 6. She also presents additional classes of facet-defining
valid inequalities, as well as a complete linear description of the cycle polytope when n < 6. Bauer et al. [6] extend
the previous results to the case where the cycles are restricted to have length at most K, where 0 < K < n. They also
experiment with a branch-and-cut algorithm for the solution of the corresponding optimization problem.

Balas and Oosten [2] investigate the minimum girth problem and the cycle polytope associated with complete directed
graphs. The optimization problem is again NP-hard, but it is polynomially solvable when all cycles have a positive weight.
Balas and Oosten [2] propose an arc-based ILP formulation of the problem. They prove that the cycle polytope on a
complete graph with n vertices is a face of the related polytope on a complete graph with n + 1 vertices. This leads
them to an efficient general lifting procedure. They also give a partial description of the facets of the cycle polytope. The
article [3] is a continuation of the previous one. It further studies the cycle polytope, the cycle cone, the upper cycle
polyhedron, the dominant of the cycle polytope and their relationships.

Hartmann and Ozliik [13] carry out a polyhedral analysis of the K-cycle polytope, which is the convex hull of the
incidence vectors of all simple directed cycles with length exactly K. They determine the dimension of the K-cycle
polytope. They describe several sets of valid inequalities and discuss the complexity of the associated separation problems.
They also investigate the relationship between the K-cycle polytopes of directed and undirected graphs.

In a separate stream of research, the cardinality constrained multi-cycle (CCMC) problem has been recently studied by
several researchers. Given a weighted digraph G = (V, A) and an integer K, the problem is here to find a set of arcs with
maximum weight forming a union of vertex-disjoint cycles of length at most K. CCMC is the underlying combinatorial
optimization problem to be solved by kidney exchange programs, as explained in Section 1.2. It is NP-hard for each
fixed K > 3, and polynomially solvable when K = 2 or when K = n (see [1], [19]). Several IP formulations have
been proposed for this problem and are reviewed in [17] and [7]. In particular, Abraham et al. [1] and Roth et al. [19]
give two formulations of exponential size, one where the variables are associated with the arcs of G, and another one
where the variables are associated with cycles. Later, Constantino et al. [9] and Dickerson et al. [11], among others,
proposed more complex but compact (polynomial-size) formulations of CCMC, including an extended edge formulation
and a position-indexed formulation. Dickerson et al. [ 11] also study the relative strength of the linear relaxation of different
formulations.

Mak-Hau [18] focuses on the polyhedral structure of the arc-based formulation proposed by Roth et al. [19] when G
is a complete digraph. The author proves that three classes of constraints in the initial formulation of the problem are
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facet-defining for the CCMC polytope. Furthermore, she identifies four new classes of valid inequalities. Lam and Mak-Hau
[16] extend the theoretical results of Mak-Hau [18] and build on them to develop an efficient branch-and-bound-and-cut
algorithm for the CCMC problem.

Obviously, cycles and unions of vertex-disjoint cycles of a digraph G are cycle selections of G, so that the following
inclusions hold:

cycle polytope C cycle selection polytope
and

CCMC polytope C cycle selection polytope.
The cycle selection problem and the associated polytope have apparently not been investigated until now, but we will be
able to draw some inspiration from previous work on related problems in the remainder of the paper.

2. Complexity

The maximum weighted cycle selection (MWCS) problem has been introduced in Section 1. When all arc weights are
nonnegative, a maximum cycle selection of G = (V, A) consists of all the arcs contained in strong components of G.
Therefore, in this case, MWCS is solvable in linear, O(n 4+ m) time by a simple application of Tarjan’s strong component
algorithm [23].

For arbitrary weights, however, MWCS is NP-hard. To see this, consider the corresponding decision problem: given a
digraph G = (V, A), a weight w;; € N for each arc (i, j) € A, and a number wy € N, is there a cycle selection B such that
w(B) > wq?

Theorem 1. The decision version of the maximum weighted cycle selection problem is strongly NP-complete, even when G is
a complete digraph.

Proof. The problem MWCS is clearly in NP. We will prove that MWCS is strongly NP-complete by reducing the hitting

set problem HS to it. Recall the definition of the hitting set problem: given a finite set X, a collection T = {Ty, ..., T;} of
subsets of X, and t € N, is there a subset H C X such that |[H| <tand T;NH # ¢ forallj € {1, ..., r}? Note that for any
instance of HS, we can assume without loss of generality that each element of X is in one of the subsets Ty, ..., T;, and

that t < r. HS is known to be strongly NP-complete [15].
With an instance (X, T, t) of HS, we associate an instance (G, w, wg) of MWCS where G is the complete digraph on the
set of vertices V = {0} UX U T, the weights on the arcs are:

forallj=1,...,r, w(T;,0)=r,

foralli e X, w(0,i) = —1,

forallieXandforallj=1,...,r, ifie T then w(i, Tj) = 0,
all the other arcs have weight —r,

and wg =12 —t.
We claim that this instance of MWCS has a YEs answer if and only if the original instance of HS has a YEs answer.
First, suppose that the original instance of HS has a YEs answer, i.e., suppose there exists H C X where |H| < t and
HNT; #@forallje{1,...,r}. Then, let us define a cycle selection B in the following way:

B={(T;,0):je{1,...,r}}U{(0,i):i€H)}
U{i.T):je(1,....r},ie HNT}.
Since each element of H is in one of Ty, ..., T, and since H is a hitting set, B is the union of the 3-cycles (T}, 0, i), for
j=1,2,...,randi e HNT,. Thus, B is indeed a cycle selection and its weight is w(B) = r2 — |H| > r? — t = wy, so that
the instance of MWCS has a YEs answer.

Next, suppose conversely that the instance of MWCS has a YEs answer, in other words that there is a cycle selection
B with weight at least wo = r? — t. First, note that each arc of B should be in one of the three sets below:

o {(T;.0):jef1,....r}},

e {(0,i):i€eX},

o {(i,T):jefl,....r}ieT}.
Indeed, all arcs not in these three sets have a negative weight (—r) and their inclusion in B would result in a total weight
at most equal to r> — r < r? — t, which contradicts our assumption. Moreover, B must contain all arcs (T;, 0) for all

je{1,...,r}, because otherwise w(B) < (r — 1)r < r?> —t, again a contradiction.
Let now H = {i € X : (0, i) € B}. Then,

w(B) =1+ > w(0,i)=r>— H|.
ieH

Since w(B) > r? — t, it follows that |[H| < t.
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Finally, we claim that H is a hitting set of T. Indeed, for each j = 1,...,r, the arc (Tj, 0) € B must lie in a cycle of
Gg = (V, B). Hence, B must also contain at least one arc of the form (i, T;) for some i in T;. Then, (0, i) also is in B, so that
iis in H. In conclusion, H is a hitting set with size |H| < t, meaning that HS has a YEs answer. O

Since all cycles considered in the proof have length exactly 3, it follows that MWCS is NP-complete even when the cycle
selection is restricted to contain cycles of length at most 3. On the other hand, MWCS is trivially solved when restricted
to cycles of length 2: indeed, in this case, the arc (i,j) € A is in an optimal cycle selection if and only if (j, i) € A and
wij+ wji > 0.

3. Formulations
3.1. Arc formulation

Let G = (V,A) be an arbitrary directed graph, with |V| = n and |A|] = m. In order to obtain a first IP formulation
for cycle selections, we introduce the “natural” arc variables g;; € {0, 1}, where g;; = 1 if arc (i, j) is selected and 0
otherwise, for all (i, j) € A.

The set of vectors of {0, 1}"" associated with cycle selections is denoted by Pg, or simply P (we usually omit the reference
to G, which will be clear from the context). The convex hull of P (or P¢) is denoted by P* (or P}) and is called the cycle
selection polytope associated with G. Since MWCS is the linear optimization problem over P* and is NP-hard, it is probably
hopeless to obtain a complete linear description of P*. One of our main goals in this paper will be to produce a (partial)
description of P* for complete digraphs.

For now, consider the following set of constraints:

Bij € {0.1) V(i,j) € A (1
Bi< Y.  Bu V(i.j))eAVSCV:ieS,jeV\s. (2)
(Lk)eA:leV\S, keS

We call (2) the return inequalities for the set P. (The return inequalities are formally similar to the inequalities defining
the cycle cone of an undirected graph; see [21], [5].)

Theorem 2. The constraints (1)—(2) provide a correct formulation of the cycle selection problem, that is,

P={Be(0.)":B;< >  Bu Vij)EAVSCV:ieSjeV\s
(I,k)eA:leV\S,keS

Proof. To show that (2) is valid for P, suppose that 8 describes a cycle selection B which contains the arc (i, j), so that
Bij = 1. Let S C V be a subset of vertices containing i, but not j. Since B is a cycle selection, there is a directed cycle C
such that (i,j) € C C B, i.e,, Bix = 1 for all (I, k) € C. At least one arc (I, k) of C must have I ¢ S and k € S, and hence (2)
is satisfied.

Conversely, suppose that the point 8 € {0, 1} satisfies the return inequalities (2). Let B = {(i,j) : fi; = 1} and
Gg = (V, B). For any fixed arc (i, j) such that g;; = 1, we must show that (i, j) is contained in at least one directed cycle
of Gp. Let S € V be the set of those vertices k such that there is a directed path m;; from k to i in Gp. Note thati € S. If
Jj €5, then (i, j) is indeed in a directed cycle which is the union of the path m;; and the arc (i, j). Otherwise, j € V \ S and
i € S. Because B satisfies the inequality (2), there exists (I, k) € A such thatl € V \ S, k € S and B;x = 1. But then (I, k)
and ;. ; together form a path from [ to i and thus [ should be in S, which brings a contradiction. O

We refer to (1)-(2) as the arc formulation of the cycle selection problem, and we define the associated relaxed polytope

PL=1B€l0,1":B;< Y Bu Yi)EAVSCV:ieSjeV\St. (3)
(Lk)eA:leV\S,keS

There holds
P C P* C PL.

Because of the exponential number of return inequalities (2), even optimizing a linear function over PL may not be
easy. But our next result implies that cutting plane methods can be used efficiently (and that linear optimization over PL
is polynomial, by virtue of the equivalence of optimization and separation; see [12], [8]).

Theorem 3. The separation problem for the relaxed polytope PL is solvable in polynomial time.
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Proof. The separation problem is the following: given a vector 8 € [0, 1]™, is there (i,j) € A and S C V such that
i€S,jeV\S, and Bij > 3 peatens.kes Bii? There are m arcs (i, j) to check, so we can ask the question for each such
arc successively.

Since g;; is fixed, we just need to solve minscy » . ycaev\s kes Bk Which is the min-cut problem with source j, sink
i, and capacity B on each arc (I, k). This (j, i)-min-cut problem is solvable in polynomial time. O

3.2. Compact extended formulations

The arc formulation presented in the previous section contains an exponential number of return inequalities (2). The
aim of this section is to present several compact, polynomial-size formulations of the cycle selection problem and to
compare them with the arc formulation.

3.2.1. Extended arc formulations
We start with three formulations based on the relation between cycle selections and circulations. Recall that a
circulation in a directed graph G = (V, A) is a flow-vector x € R'f‘ which is balanced at every vertex, that is, such that

Z Xk = Z Xk.h VkeV.

hi(h,k)eA hi(k,h)eA

The support of a circulation x is the set C(x) = {(i,j) € A : x;; > 0}. It can be viewed as a cycle selection consisting of
m cycles or less (see, e.g., Corollary 4.3.3 in [4]). Conversely, every cycle selection B gives rise to a circulation x® whose
support is exactly B, as follows. For each arc (u, v) € B, let C™" be a cycle of G containing (u, v), and put a flow of one
unit on C*?), that is define x(Lj‘ V)= 1if (i, j) e CwY) flj ) — 0 otherwise. Finally, define a circulation xB as the sum of
the cycle ﬂows XY that is, let X = =D (e X () Note that this construction does not univocally define X%, because the
choice of the cycles C(“ v) is not unique, but this will be irrelevant for our purpose.

In particular, when x is a binary circulation, then C(x) = {(i, j) : x;; = 1} is an arc-disjoint union of cycles, i.e., a special
type of cycle selection. If moreover

Z Xhk = 1 Vk eV,
h:(h,k)eA

then the support of a binary circulation is a vertex-disjoint union of cycles.
These observations lead to different formulations for cycle selections. A first simple extended arc formulation is as
follows: vector 8 € R¥! defines a selection if and only there exists x € R such that

Xij <mpij V(i,j) € A (4)

B < xi Y(i,j) € A (5)
Z Xpk = Z Xk.h VkeV (6)

h:(h,k)eA h:(k,h)eA

0<pij=1 V(i,j)eA (7)

Bij integer V(i,j) € A. (8)

Indeed, any feasible solution of (4)-(8) defines a subset of arcs B (associated with 8) and a circulation x such that B
is exactly the support of x. Therefore, B is a cycle selection. Conversely, every cycle selection B gives rise to a feasible
solution (B, xP) as explained above.

A second, more complex but as we will see, tighter formulation relies on expressing that each arc (u,v) of a cycle
selection must be contained in the support C uv) of a representatlve binary circulation x®*) (note that C**) and x®V)
may differ for each arc (u, v)). We define xfj Y = 1if (i,j) € C®¥), and we interpret xfyj) = 1 to mean that arc (i, j) is in
the cycle selection, that is, we identify x(lj” with Bi .

The cycle selection problem can now be formulated as follows:

K < i V(i,j) € A, V(u, v) € A 9)
Z X = > X Yk e V,¥(u,v) €A (10)

h:(h,k)eA h:(k,h)eA

0 <X <1 ¥(i,j) € A, ¥(u,v) €A (11
X" integer Y(i,j) € A, ¥(u, v) € A (12)

Constraints (10)—-(12) enforce that each vector x*?) is mdeed a binary circulation, and constraints (9) enforce that arc (i, j)

can be in the support C™?) only if it is selected at all (1fx v) = 1, then x(”) = f;; must be 1 as well).
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The constraints (9)-(12) provide a correct extended formulation of the cycle selection problem. We refer to it as the
extended arc formulation of the cycle selection problem, and we note that it is formally similar to the extended edge
formulation of Constantino et al. [9] for the cardinality-constrained multi-cycle problem (CCMC, see Section 1.3). It contains
a polynomial number of variables (O(n*)) and a polynomial number of constraints (O(n#)).

Finally, the extended arc formulation can be further adapted by insisting that the support of each binary circulation
x) should consist of vertex-disjoint cycles. This can be achieved by adding the following constraints to the extended
arc formulation:

DAY <1 Vke V.V v) €A (13)
h:(k,h)eA

We refer to (9)-(13) as the modified extended arc formulation for cycle selections.

Remark 1. One may want to further strengthen these extended formulations so that C®") is a single cycle for each (u, v).
This would require to include additional exponential families of inequalities describing the cycle polytope, see [2,3]. O

We now aim to establish the relation between the arc formulation of Section 3 and the different extended arc
formulations introduced above. Let us first denote as Pgs the polytope defined by the linear relaxation (9)-(11) of the
extended arc formulation, and recall that PL is the solution set of the relaxation (3) of the arc formulation.

Theorem 4. The polytope PL is the projection of the polytope P4 on the space R? of the variables ;; = x, ' (1 J)e

Proof. To prove first that the projection of Pg, is contained in PL, let us consider a point x € Pgs and let us set §;; = x(”)
for all (i, j) € A. We must show that 8 € PL.
The bounding constraints 0 < g;; < 1 are satisfied. So, we only need to show that, for each fixed arc (i, j) € A and

each fixed subset S C V withi € S, j ¢ S, the return inequality
Bij < > Bu (14)
(Lk)eA:leV\S, keS

can be deduced from the inequalities defining Pg4. Let us add up the following inequalities:

K <K V(I k) e (V\S,S), (15)
Z X — Z X =0 Vkes. (16)
hi(k,h)eA hi(h,k)eA

This yields a new inequality with right-hand side equal to:

Lk
2. A= ) P
(Lk)eA:leV\S, keS (I,k)eA:leV\S, keS
In the left-hand side of the summation, each variable Xz (l k) € (V\S,S), appears once with coefficient +1 in (15) and
once with coefficient —1 in (16). Also, each variable x(”) with k, h € S appears once with coefficient +1 and once with
coefficient —1in (16). As a result, the left-hand side of the summation boils down to Dk hyeAkes. hev\s xk h Since x(”) >0

for all (k, h) € A, the left-hand side of the inequality is at least x(ij) = Bij, and hence we obtain the return mequallty (14).
Next, to prove that PL is contained in the projection of Pgy, we must show that for each feasible solution * € PL of
the relaxed arc formulation, there exists a solution x € Pg4 with x W) — * for all (i, ) € A.
For every fixed arc (i, j) € A, denote as G) = (V, A) the dlgraph (v, A) equipped with the following lower bound KEH()
and upper bound c( 7 on each arc (h, k) in A:

o ifh #iand k # j, then ¢ = 0 and ¢/} = B}
o if h=iand k # , then £ = (i = ;

if h # iand k = j, then E;:]]) = Ch”) =0

_ _ (i) (u)
olfh_landk_J,thenﬁ =¢j = 1*1

We say that a circulation x is feasible in G(/) if ¢, ”) <Xpr < c( ,J() for each arc (h, k) in A. In view of Hoffman’s circulation

theorem [4,14], there exists a feasible circulation i m GO if and only if
> o) < > ¢ forallSCv. (17)
(h,k)eA:heS, k¢S (h,k)eA:h¢S keS

Let us verify that this is indeed the case. Fix the set S C V. With our definition of the lower and upper bounds, the
left-hand side of the inequality (17) is zero (and hence, the inequality is trivially satisfied) unlessi € S and j ¢ S, in which

10
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case it is equal to ¢; ”) = B But then, the right-hand side of (17) is equal to } ; \ycangs kes Bhi- SO, (17) boils down to
a return inequality, and it is satisfied in view of the feasibility of 8* for the relaxed arc formulation.

So, we conclude from Hoffman’s theorem that for each (i, j) € A, there exists a feasible circulation x®) in G/, Note
that due to the bounds on the arcs of G, x' = B;;- Moreover, the collection of circulations x*, for all (i, ) € A,
satisfies the constraints (9)-(11) of the extended arc formulation. Indeed, the constraints (10) are satisfied by definition
of circulations, and the constraints (11) are satisfied because of the lower and upper bounds on the arcs of G/, As for
constraints (9), consider (u, v) € A and (i, j) € A.

o If (u, v) = (i, j), then (9) is trivial.

e lfu=iand v #j,orifu#iand v =}, then X(u ,v) < Cz(, v _ o (upper bound on x§3,v) in the graph GtV)
o Ifusiand v #j then xy" < 4" = gy,

Hence, constraints (9) are indeed satisfied. This concludes the proof. O

In view of Theorem 4, the linear relaxation Pg4 of the extended arc formulation is equivalent to the linear relaxation
PL of the arc formulation when it comes to solving the maximum weighted cycle selection problem. We are now going
to show that the same conclusion applies when we consider the modified extended arc formulation. We denote by Py4
the polytope defined by inequalities (9)-(11) and (13).

Theorem 5. The polytope PL is the projection of the polytope Pyea on the space R? of the variables f;; = xflj’), (i,j)e A

Proof. Since Pygs C Pr4, Theorem 4 immediately implies that the projection of P4 is contained in PL.
For the reverse inclusion, consider the collection of circulations x() obtained in the proof of Theorem 4. Each circulation
x4 can be written as a positive linear combination of the form

= T -
cecliy)

where ¢ is a collection of directed cycles forming the support of x(9, £€ is the incidence vector of cycle C, and A% > 0
for all C e ¢ (see, e.g., [4]). If some cycle C € ¢() does not contain the arc (i, j), then we can remove this cycle from the
collection ¢, and the right-hand side of (18) still defines a feasible circulation as required in the proof of Theorem 4. So,
we can assume without loss of generality that (i, j) € C, or equivalently, EC =1, for all C € ct™, It then follows from (18)
that

(l J) Z k(l J) (19)
ceclid)

We want to show now that inequality (13) is satisfied, for an arbitrary k € V and for (u, v) = (i, j). The left-hand side
of (13) is

Yooxn= Y 2 s,

hi(k,h)eA hi(k,h)eA cecli)

Z )‘” Z Skh

cecti) hi(k.h)eA
For each cycle C, 3y myea £cp is either 1 (if vertex k is on the cycle) or O (otherwise). So, we get:
Z X(lj) < Z )\(Ci.j)’
:(k,h)eA ceclid)
and from (19),
Z x(u) <x(11) <1,
hi(k.h)eA

so that the constraint (13) is satisfied. This implies that the collection of circulations x(, for all (i,j) € A, satisfies the
constraints (9)-(11) and (13) of the modified extended arc formulation, which concludes the proof. O

Finally, we return to the simple extended arc formulation. Let us denote as Psgs the set of solutions of the relaxed
formulation (4)-(7). The proof of the following result suggests that this formulation is quite loose.

Theorem 6. The polytope PL is included in the projection of the polytope Psga on the space R* of the variables B;;, (i, j) € A
and the inclusion is strict for complete digraphs on n > 2 vertices.

11
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Proof. Given ﬂ* € PL, consider again the collection of circulations ), (u, v) € A obtained in the proof of Theorem 4.
Let us define x* = Z(u U)EA x®) and let us show that (8*, x*) € Psga. First, it is clear that x* is a circulation, i.e., it satisfies
Egs. (6 ) Since /3 = ,']]), it follows that B < >, ,ca ,‘; W = = X{;, meaning that Eq. (5) is satisfied. Finally, in view
of Eq. (

IETED SR < Duen® A i mﬂ”. hence equation (4) is satisfied and (8%, x*) € Psga, as required.

To prove that the incldsion is strict w en n > 2, consider the following assignment (only the nonzero values are
displayed):

e B12 =10, B1 =0.5,
® X1 =Xx1=1
Then, (B, x) € Psga, but 8 ¢ PL since B does not satisfy the return inequality

Bi2 < Z Bak. O

keV\{2}

3.2.2. Position-indexed formulation
Another extended formulation has been proposed by Smeulders et al. [22]; it is inspired by the position-indexed edge
formulation of the CCMC problem [11].

Assuming (without loss of generality) that the vertex-set of the digraph G = (V,A) is V. = {1,...,n}, let us
denote by V! the subset of vertices {I,...,n}, for each I in V. Given binary values for the arc variables Bij, define
B ={i,jleA:ieVjeV!, Bij = 1}. Let us then introduce a new set of position-indexed binary variables:

{1}ifi=1
forall (i,j) e A,le V, ke/c(lj,l)where/c(i,j,l):{ {2,...,n}ifj=1

1]k s s
2,....n—1}ifi,j>1

with the interpretation that q),.’,j,k is equal to 1 if arc (i, j) is in position k in a cycle of the digraph (V!, B') containing vertex
I, and 0 otherwise.
Smeulders et al. [22] propose the following formulation:

<Z Z D Y(i,j) €A (20)

leV kek(i,j,l)
bl < Bij VieV.(i.j) e A ke k(ij. 1) 1)
Pl < > Bhiko VieV,(i,j)eA kex(ijl).k>1 (22)
h:(h,i)eAl Ak—1ex(h,i,1)
1 1 .. 1 - ..
Bl < > D hkr VieV,(j)eA,j#Lkexj1) (23)
h:(j,h eA‘AkHeKu,hJ)
0<¢i < VieV,(i,j) eA kex(,jl) (24)
0<pg;=<1 V(i,j)eA (25)
¢} integer VieV,(,j) eA kex(,jl) (26)
Bi; integer V(i,j) e A (27)

Constraints (20) express that if an arc is selected, then it is part of at least one cycle, and constraints (21) ensure that
if an arc is in a cycle, then it has to be selected. Constraints (22) enforce that if arc (i, j) is in position k in some cycle
of (V!, B), then there must be a preceding arc in position k — 1, unless k = 1 (when k = 1, then there is no preceding
arc, but because of the definition of (i, j, I), i is necessarily equal to [ for the variables ¢ i 1)- Similarly, constraints (23)
enforce that arc (i, j) must have a succeeding arc unless j = [ which means that a cycle is completed.

The inequalities (20)-(27) provide a compact position-indexed formulation for cycle selections, with O(n*) variables and
constraints. Their linear relaxation (20)-(25) describes a polytope Pp;. We next show that this relaxation is weaker than
the relaxation PL of the arc formulation.

Theorem 7. The polytope PL is included in the projection of the polytope Pp on the space R? of the variables Bij (i,7) € A
and the inclusion is strict for complete digraphs on n > 4 vertices.

Proof. We must prove that for any feasible solution 8 € PL, there exists a solution (8, ¢) in Pp;.
As in the proof of Theorem 5, consider a collection of circulations ", (i, j) € A, and write each xU¥) as a positive linear
combination of the form

0= i e
ceclij)
12
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where ¢ is a collection of directed cycles containing the arc (i, j), £ is the incidence vector of cycle c, A(Ci’j) > 0 for all
C e ¢, and

Bii= > rl. (29)

cectth

For any two arcs (i, j), (u, v) € A, and for all k, I, define c®“¥)(i, j, k, ) as the set of cycles C € ¢®*?) such that arc (i, j) is
in position k in C, and the lowest-indexed vertex of C is [

For all (i,j) e A,l e V,k € (i, j, I), set now

I (u,v)
Gijk = (umv.’?é(A Z Aot (30)
Cecl:)(ij k,1)

We claim that (8, ¢) satisfies inequalities (20)-(25). First, for each (i, j) € A, in view of (29), of ¢'") = |, , ¢*)(i, ji, k. I),

and of (30), we get

.Blj — Z )»(l]) Z Z )\('a]) 5 Z‘pll]k?

cecli) k.l cecliiij,k,I) kil

which is exactly inequality (20).
Consider next the inequalities (21). For given i, j, k, I, the maximum in the right-hand side of (30) is achieved for some
arc (u, v). With this value of (u, v),

o= 2 A= Y WU shs

Cecv)(ijk,I) cecwv)(ijecC

The last inequality holds by construction of the circulation x®?) in Theorem 4: the sum of the weights A"
involved in ¢*?) cannot exceed the upper bound B, on any arc (s, t). In particular, it cannot exceed Bij.
For the inequality (22) associated with i, j, k, I, where k > 1, assume again that the maximum in Eq. (30) is achieved

for arc (u, v). For each cycle C € V)i, j, k, I), there is an arc (h(C), i) in position k — 1 in c. So,

I (u,v)
¢i,j,k = Z Ae !

cecW.v)(ij k,I)

CeCWV)(h(C),i,k—1,1)

>y

hev! cec:)(h,ik—1,1)

I
= Z Phije-1>

hev!

of the cycles

IA

as required.

The case of inequalities (23) is similar. Finally, the bounds (24) are implied by (30) and by (21). Thus, we conclude that
(B, ¢) satisfies all inequalities (20)-(25), and that PL is indeed contained in the projection of Pp;.

To prove strict inclusion for complete digraphs with n > 4 vertices, consider the following assignment for the (8, ¢)
variables (we only list the variables with nonzero value):

. ,311,3 = B34 = Baz = ]1 B3 =]0-5. 1
® ¢§,3,1 = 1’34’3,1,2 = ¢3,1,4 =34, = ‘7’4,3,3 =05,
® ¢3,4,1 = ¢4,3,2 =0.5.

These values satisfy all constraints of the relaxed position-indexed formulation. However, with S = {1},i = 1and j = 3,
the return inequality

Bi< Y.  Bu
(LI)eATeV\S keS

is violated by the given assignment since 813 > B31. O
3.3. Cycle formulation

Let us define I'; (or simply, I") as the set of all directed cycles in the digraph G. Like [1] and [19] for CCMC, we next
propose a formulation for cycle selections based on the cycle variables z¢, C € I', where zc = 1 if cycle C is selected and

13
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0 otherwise. Then, together with the arc variables g;;, the cycle selection problem can be formulated as follows:

zc < Bij VCerl,V(ijeC (31)

Bi< Y, V(i,j) € A (32)
Cer(ij)eC

0<zc<1 VCel (33)

0=<Bij=1 V(i,j)e A (34)

Zc integer vVCerl (35)

Bij integer V(i,j) e A (36)

Constraints (31) enforce that if cycle C is selected then all arcs (i, j) € C must be selected. Constraints (32) enforce that if
arc (i, j) € A, is selected then at least one cycle containing (i, j) must be selected as well.
The constraints (31)-(36) provide a valid formulation of the cycle selection problem. We refer to it as the cycle
formulation. Note that it is an exponential formulation due to the number of potential cycles (|| = 0(2™!)) in graph G.
Denote by Pc the linear relaxation (31)-(34) of the cycle formulation. This relaxation is again weaker than the relaxation
of the arc formulation:

Theorem 8. The polytope PL is included in the projection of the polytope Pc on the space R of the variables Bi;, (i, j) € A
and the inclusion is strict for complete digraphs on n > 4 vertices.

Proof. In view of Theorem 4, it suffices to prove that given a feasible solution x € Pg, there exists a solution (3, z) in
Pc with g;; = x( ) for all (i,j) € A. With the same notations as in the proof of Theorem 5, consider the positive linear
combination

Kb — Z )“E:IJ)EC’ (37)
ceclth)
and the associated expression of g;;:
Bii= > rl. (38)
cecli)
For all C € I', define
zc = max A%V, (39)
(u,v)eA

Consider constraint (31) for a given cycle C* € I' and an arc (i, j) € C*. The maximum in the right-hand side of (39)
is achieved for some arc (u, v), say, zc+ = AC* . So,

Zcx = )\(CLL'U < Z )\(Cu,v) < ﬂiyj.
Cecwv)y(ijleC

The last inequality holds by construction of the circulation x*): the sum of the weights of the cycles involved in ¢V
cannot exceed the upper bound B;; on any arc (s, t). In particular, it cannot exceed g;; on arc (i, j).
Next, consider constraint (32) for an arc (i, j) € A. In view of Eqgs. (38)-(39),

o= Y s Yas Y«
ceclid) ceclid) Cer«(i,j)eC

This shows that PL is contained in the projection of P¢, as required. To prove that the containment is strict when n > 4,
consider the following assignment (only the nonzero values are displayed):

e B12=1.0, B3 =B34 =B41=P31=05,
® Z(12),(2,3),(3.4).(4,1) = Z(1,2),2,3),3,1) = 0.5.

The point (8, z) in P, but 8 ¢ PL since B does not satisfy the return inequality

Bi2 < Z Bk

keV\{2}
associated withi=1,j=2and S=V \ {2}. O

3.4. Relative strength of formulations

In conclusion, six different formulations of the selection problem have been proposed in this section.

14
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The relative strength of the linear relaxation of these formulations can be described as follows:

e (Theorems 4, 5.) The arc formulation is equivalent to the extended arc formulation and to the modified extended
arc formulation, in the sense that PL is equal to the projection of P4 and of Py on the space of the g8 variables.

o (Theorems 6-8.) The arc formulation is strictly tighter than the simple extended arc formulation, the position-
indexed formulation, and the cycle formulation, in the sense that PL is strictly contained in the projection of Psgs, of
Pp; and of P¢ on the space of the § variables.

In view of these results, we focus for the rest of the article on the arc formulation of the selection problem.
4. Polyhedral structure

Note that any instance of MWCS on an incomplete digraph G = (V, A) can be transformed into an instance on a
complete digraph by setting a large negative weight w;; on all pairs (i, j) ¢ A. Therefore, from now on, we restrict our
attention to the case of a complete directed graph G = (V, A), where |V| = n and A contains m = n(n — 1) arcs. Our
objective is to investigate the polyhedral structure of the cycle selection polytope P*, which only depends on n in this
case.

4.1. Dimension

When |V| = 2, say V = {1, 2}, the directed graph only has two arcs (1, 2), (2, 1). The only two feasible cycle selections
are the empty cycle selection and the 2-cycle {(1, 2), (2, 1)}. In this case the dimension of P* is 1. For the rest of the
document, we assume that |V| > 3.

Theorem 9. When |V| > 3, P* = conv(P) is full dimensional, that is, dim(P*) = n(n — 1).

Proof. Suppose that P* is contained in a hyperplane defined by the equation

> buwBu = bo. (40)

(u,v)eA

We are going to show that Eq. (40) is of the form: 0 = 0, which implies that P* is full dimensional.

1. Since 0 € P*, we get by = 0.

2. Let i, j, k be three distinct vertices in V. Consider the point ' with g/, = g, = B}, = 1and g, , = 0 for all others
arcs (u, v) € A. Since 8! e P*, it follows that bij + bjx + bri = 0.

3. For the same three vertices i, j, k as above, let f? be such that g7, = g% = 7, = }; = 1and g;, = 0 for all
others arcs (u, v) € A. Again, 2 € P*, and the previous conclusions imply that bji=0.

It follows that b, , = 0 for all arcs (u, v) € A, as claimed. O
4.2. Facets

In this section, we are going to show that the constraints of the arc formulation (3) are facet-defining for the cycle
selection polytope P*. As mentioned before, we assume that |V| > 3.

4.2.1. Lower bound inequalities
Theorem 10. For all (i, j) € A, the inequality ;; > 0 defines a facet of P*.

Proof. Fix (i,j) € A, and let F be the face of P* defined as
F={BeP:p;=0}.
Suppose that F is included in a hyperplane defined by the equation

D buwBus =bho (41)
(u,v)eA
and consider the following points 8, ..., 8% which are all in F.

1. B =0 € F, hence by = 0.
2. For each (L, k) ¢ {(i.j). (. i)}, let B € F be defined by 87, = 7, = 1 and g, = 0 for all others arcs (u, v) € A.
From Eq. (41), we obtain: b;x = —by,.
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3. For | ¢ {i, ]}, let B> € F be such that 7, = B}, = B}, = B; = B, = 1 and B; , = 0 for all others arcs (u, v) € A.
This yields b;; = 0.

4. For | ¢ {i,j}, let B* € F be such that ,34 ﬂz; = ll = ,8” = 1and ﬂu , = 0 for all others arcs (u, v) € A. From (41),
we get b;; = 0, and together with pomt 2 here above, b =0.

5. For I ¢ {i,j}, let B> € F be such that /3” = /3” = ﬂ,’j = 1and ﬂiv = 0 for all others arcs (u, v) € A. We deduce
bi; = 0 and from point 2, b;; = 0.

6. If V| > 4, fix I, k ¢ {i, ]}, and define 8% € F by ﬁfl = ,Sffk = ,3,‘(54’1. = 1and B¢, = 0 for all others arcs (u, v) € A. We
then obtain by = 0.

In conclusion, we find that Eq. (41) is identical to b; j8;; = 0, and hence F is a facet of the convex hull polytope P*. 0O

4.2.2. Upper bound inequalities
Theorem 11. For all (i, j) € A, the inequality ;; < 1 defines a facet of P*.

Proof. Fix (i,j) € A and define the face F = {,8 eP*:Bij= 1}. Assume that F is contained in a hyperplane of the
form (41) and consider the binary points 8!, ..., 8% below, which are all in P N F. (From now on, for the sake of brevity,
we only explicitly list the nonzero components of each such point.)

. Let ' be such that B, = B!, = 1.

. Fix (I, k) ¢ {(i, ), (j, i)} and let B2 be such that /3 = ﬂﬁi =B =84 =1
. Fix I ¢ {i,j} and let 83 be such that ﬁu’ = ﬂf; 51, = ],3[ = ﬁf‘j =1

. Fix [ ¢ {i,j} and let g* such that g, = g, = B, = ﬁ” =pL=1

. Fix I ¢ {i,j} and let g° be such that B, = 7 = 87 =

6. If [V| > 4, fix I, k ¢ {i,j} and let ° be such that g7, = ﬂf, =B =8=1

U A W N =

By successively substituting these points in (41), one concludes that the equation of the hyperplane is of the form g;; = 1,
up to a multiplicative constant. O

4.2.3. Return inequalities

Theorem 12. For all (i,j) € Aand for all S C V such thati € S,j € V \ S, the return inequality

Bij < Z Bik

(Lk)eA:1eV\S, keS

defines a facet of P*.

Proof. Fix (i,j) € Aand S such thati € S,j € V\S. Let F be the face of P* defined as

F=1{BeP*: 8= Z Bik ¢ »

(Lk)eA:leV\S, keS

and consider the following points 81, ..., g4
1. g1 =0.
2. Let B be such that g7, = g7, = 1.

3.If|S| > 2, fix k € S, k # i, let 8° be such that ,ij=ﬁfk=,3,ii=1, and let 8% be such that ,Bf;=,8f;{= ,z/i=
Bl =1

4. 1f |S| > 2, fixk e S, k #1, andletﬂ“besuchthatﬂlk_ﬂﬁl—1.

5.1f|S| > 3, ﬁxhkeSk;ﬁlh;ﬁlandletﬂSbesuchthatﬂ,k_ﬁ,fh_ﬂ,“_l

6.lf|V\S|>2ﬁxleV\Sl;é],let,B —j,_,B,,_landlet,B ],_;3 =1

7.1 |V\S| > 2, ﬁxleV\Sl;é],andletfﬂ,_ﬂ,j_l

8. If[V\S| >3, ﬁxlkeV\Sl;éj,k;é],andletﬂs,_ﬂ,k_,Bk]_1

9

.]f|5|22,lekGS,k;él,aI'ldletﬂi’j— j,i: ,,( ﬂk]_l
10. If[V\S| > 2, fix e V\S,I #j,and let 810 = /2 = g1} = g7 = 1.
1. If S| >2and [V\ S| > 2, fixk € S, k;élflxleV\Sl;éJ,ancllet,B =Bl =B =Bl =

12. If |S| > 2, fix k € S, k # i, and let w Jllf = 132, =1.
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1= '3 =l =1y P

Fig. 3. Structure of the arcs involved in the left-hand side of inequalities (43)-(44).

13 If|V\S| > 2, fixleV\S, I #jand let B} = B/} = g1} = 1.

14.1f|S| > 2and |V \ S| > 2, fixk € S,k #1i, fix e V\S, I #j, and let B} = B/} = Bli = By = 1.

Note that all the points 8!, ..., 81* are in F. Suppose now that F is included in a hyperplane defined by the equation
Z bu vﬂu v — bO (42)

(u,v)eA
By successively substituting the points 87, ..., 8 in this equation, one can easily conclude that, up to a multiplicative

constant, (42) is equivalent to the equation defining F. This proves that F is a facet of P*. O

We have numerically verified that when |V| = 3, the bound inequalities and the return inequalities completely
describe the cycle selection polytope P*. In the following sections, we introduce several additional classes of facet-defining
inequalities for the case where |V| > 4.

4.2.4. Out-star inequalities

Let t € N, let E = {(iy, j1), (i2,j2), - - ., (it, ji)} be a subset of arcs, and let I = {iy, iz, ..., i}, J = {j1,J2, - - - , je}. Assume
that IN]J =@Wand 1 < |I| < |J| = t (meaning that jy, ja, ..., j: are pairwise distinct, but iy, iz, ..., i; are not necessarily
distinct), so that (V, E) is a collection of disjoint out-stars: in (V, E), each vertex of I has indegree 0 and outdegree at
least 1, whereas each vertex of J has indegree 1 and outdegree 0. Let p and q be two distinct vertices not in I UJ. Then,
we can define two out-star inequalities:

Zﬂ,,j,+ﬁpq<ZZﬂk,+ZZm+ Y. B (43)

keV\I iel je] kev keV\(IU])
Zﬂw,wpq_ YN B+ DY Bt > Bk (44)
keV\I iel jel kev keV\(IUJ])

As an illustration, Fig. 3 displays an example of the structure of the arcs involved in the left-hand side of inequalities
(43) and (44).

Remark 2. When the out-star inequalities are formally written for t = 0, they boil down to special cases of the return
inequalities. On the other hand, when t = 1, the following point

Bz=PBi3=Pn=PBs1=PBp=05,p4=1

satisfies all return inequalities of the arc formulation, but not the out-star inequality (43) withi; = 1,j; = 2, p = 3,
qg=4. O

Let us now focus on the out-star inequality (43). We are first going to prove that it is valid for the cycle selection
polytope P*, and next that it is facet defining for P*. When stating these results, we implicitly assume that |V|
Il + |J| + 2 > 4 since (43) is not defined without this assumption.

Theorem 13. Let E = {(i, j1), (i2,j2), - - ., (i, je)} S A, and let I = {iy, ia, ..., 1}, ] = {j1,J2, - - -, ji}- Assume that IN] = 0
and 1 < |I| < || =t.Letp,q e V\({U]J), p # q. Then, the out-star inequality (43) is valid for P*.

Proof. Consider any cycle selection B containing exactly s arcs of E, say, the arcs (i}, j;) € H with H = E N B, |H| = s. So,
the left-hand side of (43) is at most s + 1.

If s > 1, then the arcs in H cover a subset of vertices Iy C I and a subset of vertices J; C J, with |I5| > 1 and |Jy| = s.
For each vertex j € Jy, the cycle selection B must contain an arc leaving j, that is, an arc of the form (j, h). All these arc
are distinct, hence there are exactly s of them. Moreover, since I NJ = @, every arc of H leaves I. Hence, there must also
be (at least) one arc of B entering I, that is, an arc of the form (k, i) for k € V\I and i € I. So, in total, the right-hand side
of (43) is at least s + 1, and the inequality holds.
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If s = 0, then the left-hand side of (43) is exactly B, 4. Assume that 8, , = 1 (otherwise, the inequality is trivially
satisfied). There must be an arc of B entering p, say (h, p). The vertex h is either in I, or in J, or in V' \ (I U]J). In the first
case, since (h, p) leaves I, there must be an arc entering I, that is, an arc of the form (k,i), k € I, i € I. So, in all three
cases, the right-hand side of (43) is at least 1, and this completes the proof. O

Theorem 14. Let E = {(i1, j1), (i2,j2), ..., (it,je)} S A, and let I = {iq, ia, ..., i}, ] = {j1,J2, - . -, ji}. Assume that IN] = 0
and 1 < |I| < |J| =t. Let p,q € V \ (I U]). Then, the out-star inequality (43) defines a facet of P*.

Proof. Consider the equation

t
Y BuitBoa= Y. Y Bt YD Bkt Y. P (45)

=1 keV\I iel jel kev keV\(IU])

Let F be the face of P* defined as F = {8 € P* : B satisfies (45)}, and suppose that F is included in a hyperplane defined
by the equation

> buwBuv = bo. (46)
(u,v)eA
We must show that, up to a multiplicative constant, Eq. (46) is identical to (45).
Hereunder, as usual we consider a list of points 8 € P defined by their nonzero components. We denote as e™) the
unit vector with eu ) V1,

1. Since B! =0 € F, we get by = 0.

2. Let g* be such that B2, = g2, = 1. The point g is in F, and therefore it satisfies Eq. (46). This implies that
bp.g = —bqg.p.

FixleV,l¢1U]JU({p,q}.

3. Let B, = ﬁfq = 1. Since B3 € F, by = —by4.
4. Let ﬁ4q = ,Bq, = ﬁfp = 1. This point is in F because it defines a 3-cycle and because it makes both sides of Eq. (45)

equal to 1. Next, let 8% = p*+e(l9. Again, ¥ is in F. Since 8* and 8% only differ in their component (I, q), Eq. (46)
implies that b; ; = 0. From point 3 above, we also obtain bg; = 0, and from (46), b;, = —b, 4.

So, from points 3 and 4, we know that bg; = by = 0 and b;p, = bgp, = —b, 4 foralll ¢ IUJ U {p, q}. Now, fix a pair
(is,js), 1 <s<t,and fix [ ¢ [UJ U {p, q}.

5. Let B, =B, = Bpg = Bo = B, = 1. The point B° is in F because it defines a 5-cycle and it makes both sides
of (45) equa to 2. Hence it satlsﬁes Eq. (46).

(a) The point B° + els) is in F and by comparison with 8%, it immediately follows that bi,; =0 for all is € I, for
alll ¢ TUJ U {p, q}.

(b) The point 8> + es) is in F (it defines a cycle selection which is the union of a 5-cycle and a 4-cycle), and
hence by, =0foralll ¢ IUJ U {p, q}, for all j; € J.

(¢) The point g° + eUs?) is in F, and hence b;, , = 0 for all is € I.

(d) The point 8° + e is in F, and hence b,s q¢=0foralli el

(e) The point B> + elP¥) is in F, and hence b, j, = 0 for all j; € J.

(f) The point 8° + el94) is in F, and hence bgj, = 0 for all j; €.

(g) The point 8> + eP is in F, and hence b,; =0 forall [ ¢ I UJ U {p, q}.

Point 5 has established that all coefficients b;_; and b, j, are zero, except possibly when [ € I U]. The coefficients of the
variables Bi i, Big ji » Bir js» ﬂ;, i, for r # s will be taken care of at the end of the proof.

6. Let /315 p = /36 = = ;‘3,[ = 1. The point 8% is in F. Since we already know that bi; » = bg,1 = 0, we can conclude
b, = quorall[iqéIUjU {p, q}, for all i; e I.

7. Let /3 = ﬂp q 31 = 1. Again, the point 87 is in F and since b;, , = 0, we obtain by ;, = —b, 4 for all is € I.

8. Let B} = B5, = B5;, = 1. Since B° is in F, we obtain bj, , = —by 4 for all j; € J.

9. Let B2, = B, = By, = By, = 1. The point g° is in F because it defines a 4-cycle and it makes both sides
of Eq. 45) equal to 2.
Since we know that bjs »= = by, i = bp ¢ it follows that by, j, = b, 4 for all pairs (i, js).

10. Let % = Bl% = = Bl = By = ByS. = 1. The point B is in F. Since by, = —byg, bij; = bpq, and
b,sp_bqjs =0, weconcludebjs,_— b.q foralllgéIU]U{p q}, for all js €.

11. Let 131 =Bl = Byi. = BL, = Byl = By}, = 1. Again, the point '! is in F, and since bi, j; = by.q, bgi, = —bp.q,
bi.p = Bpjs 6 we obtain bj, ; = —bp q forall js € J.
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12 _ pl2 _ pl2 _ pl2 __ : 12 ¢ 4 P . = J—
12. Let ,sjs = Bip = Bpg = Byi, = B3, = 1. The point 7% is in F and bj j; = byq, bj;p = —bp,q, bgj;, = 0, so that
iy = bpq for all is € I.

13. Let 8% = B = B3 = B,y = B>, = 1. The point 8" is in F (note that B> contributes for two units to the

right- hand side of Eq (45)) Smce b,S p = bgj, = 0 and b;, ;, = by, 4, we derive b;, ;; = —2b, 4 for all pairs (is, js).
Fix now k,l e V\ (1 UJ U {p, q}).
14. Let Bi = By} = 1. The pomt B isin F and it follows that by = —by for all k,l € V\ (U] U {p, q}).

15. Let g% = B> = = B = Bl Byy = By, = 1. The point ' is in F, and since by j, = by,
bi;.» = bii; = —bp g bpk _bq]S =0, we ols:)tam bk, =0forallk,le V\({IUJU({p,q}).

For the rest of the proof, let r,s € {1,...,t} withr #s.

16. Let i, i be two distinct vertices in I, and let !° = = B° » = ﬂq > = 1. The point '® is in F and b, = 0,
bgi. = —bp 4. Therefore, b;, ;; = 0 for all distinct ir, i e I.

17. Let (i5, js) be an arc in E, and let i, € I, i, # is. Let B’ ls =gl = 51sz = B}’ = By, = By, = 1. The point g7
defines the union of a 5-cycle and of a 4-cycle, and it is in F. From b;, ;, = 0, g,syjs = bpq bj.p = bgi, = —bpq We
derive b;, j, =0 for all i, € I, js € ], ir # is.

18. Let (i, js) be an arc in E, and let i, € I, i; # i Let lst = 1181, = i]fp = By = c}i = i]fis = 1. The

18

point A'8 is in F because ,, contributes for two units to the right-hand side of Eq. (45). From by j; = by 4 and

bi, p = bqj; = b;, i, = 0, we deduce bj, ;, = —2bp 4 for all r #s.

19. Finally, let Jr.Js be two distinct vertices in J, with (ir, j;) € E, (is, js) € E. If iy # i5, let 81 = g% = B!, = B3 =
By = = B, = 1. The point ' is in F: it defmes the union of a 6-cycle and of a 4-cycle, and it makes both
sides of Eq (45) equal to 3. Since bj j = b;, j, = bpq, bj..p = bgi; = —bpq, and b;, ;. = 0, we obtain b;_;, = —bp 4.

If i, = i, the same reasoning applies by simply disregarding the arc (i, i;) in the definition of 8°. So, in all cases,
bj,j, = —bp 4 for all distinct ji, j, € J.

The previous observations imply that Eq. (46) is identical to (45), up to a multiplicative constant b, 4, and hence F is
a facet of the convex hull polytope P*. O

Theorems 13 and 14 can be extended to deal with the case of the out-star inequalities (44).

Theorem 15. Let E = {(i1,j1), (i2,j2), ..., (it,je)} S A and let I = {iy, ia, ..., 1}, ] = {j1.J2, - . -, je}. Assume that IN] = 0
and 1 < |I| < |J| =t. Let p,q € V \ (1 U]J). Then, the out-star inequality (44) is valid and defines a facet of P*.

Proof. The proof is similar to the previous ones. In particular, points 1-2-7-8-9-11-12-13-14-15-16-17-18-19 in the proof
of Theorem 14 can be handled in exactly the same way. The remaining cases involve predecessors of p other than vertices
in I UJ U {q} and/or successors of g other than vertices in I UJ U {p}. To deal with these cases, denote as F the face of P*
defined by Eq. (44). Fix e V,l ¢ 1UJ U {p, q}.

3. With ), = B, = 1, we can conclude that b, ; = —b,p

4. Let By, = Bg, = B, =1, and let ﬂ“ ﬂ“/ ﬂ, = ﬂ“ 1. Both g% and B¥ are in the face F. It easily follows
thatbp,_blp =0and by; = —bpq foralll¢IUjU{p,q}

Now, fix a pair (is,js), 1 <s<t,and fix ¢ [U]J U {p, q}.
5. Let B2 > =B, = Bpg = By, = 1. The point g° is in F.

Is ]s

(a) Since B> + elis) ¢ F, it follows that by ; = 0 for all is € I, for all | ¢ I UJ U {p, q}.
(b) B° + €lsP) ¢ F, hence b;, , = 0 for all is € I.

(c) B° + €9 e F, hence b, ; = 0 for all is € I

(d) B° +els) € F, hence by, = 0 for all j; € J, for all I ¢ I UJ U {p, q}.

(e) 5 +ePJ) € F, hence by j, = 0 for all j; € .

(f) B° + €99 ¢ F, hence b, ;, = 0 for all j; €.

(g) B° +el9 e F, hence b =0foralll ¢ [UJU {p, q}.

6’. With ﬂ,p_ﬂpq q]s Gl_ 1, we can conclude that b;, ; = —b, 4 forall [ ¢ I UJ U {p, q}, for all j; € J.

10", Finally, let g%, = g% = = BlL = By% = B,5. = 1 (as in the proof of Theorem 14). Since '° € F, we can
conclude that %1 i = —bpg for all is e I for all ¢l U] U{p,q}. O

4.2.5. In-star inequalities
Symmetrically with the case of out-star inequalities, we can introduce the class of in-star inequalities. With the same
notations as in Section 4.2.4, assume that 1 < |J| < |I| = t (meaning that i, i3, ..., i; are all distinct, but ji, j,, ..., j; are
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Fig. 4. Structure of the arcs involved in the left-hand side of inequality (50).

not necessarily distinct), so that (V, E) is a collection of disjoint in-stars: in (V, E), each vertex of I has indegree 0 and
outdegree 1, each vertex of J has outdegree 0 and indegree at least 1. Then, the in-star inequalities are defined as

Zﬂz,](+ﬁpq<ZZﬂkl+ZZﬂjk+ Z ﬂkpv (47)

keV el jel keV\J keV\(IU])
Zﬂw,+ﬂpq<ZZﬁm+ZZﬂ,k+ > Bk (48)
keV el jel kev\J keV\(IU])

Theorem 16. Let E = {(i1,j1), (i2,j2), ..., (it,je)} S A and let I = {iq, ia, ..., i}, ] = {j1.J2, . . - ji}. Assume that IN] = @
and 1 < |J| < |l| =t. Let p,q € V \ (1 U]J). Then, the in-star inequalities (47)-(48) are valid and define facets of P*.

This theorem can be established by mimicking the proofs in Section 4.2.4. But we prefer to propose here a more
insightful argument.

Proof. Define the bijection rev which associates with each € R another point rev(8) = g" € R" such that g, = g;;
for all (i,j) € A. Intuitively, when 8 e {0, 1}/, then rev simply reverses the direction of each arc in the support of 8
(remember that we consider here a complete digraph G = (V, A)). In particular, if 8 defines a cycle selection, then so
does rev(B). As a consequence, rev maps P and P* onto themselves: rev(P) = P and rev(P*) = P*.

Consider now the in-star inequality (47) associated with E and (p, q), and let FE-P-9) be the face that it defines. Moreover,
consider the out-star inequality (44) associated with E" = {(j1, i1), (j2, i2), . . ., (j¢, ir)} and with the arc (q, p), that is:

Zﬂjl,,+ﬂqp<ZZﬂk,+ZZﬂik+ > Bk (49)

keV\J jeJ iel keV keV\(JuI)

Let FE2P) e the face of P* defined by (49).

If B is in FEP-9, that is, if B satisfies (47) as an equality, then it is immediately obvious that rev(8) satisfies (49) as an
equality, and hence rev(B) is in FE-9P), The converse relation holds as well, meaning that rev(FE?-9)) = FE .a.p),

Since we know from Theorem 15 that FE"-4?) is a facet of P*, it follows that FE-74) also is a facet of P*. O

4.2.6. Path inequalities
Let I = {iy,i2,...,it} and J = {j1,j2, ..., j:} be two subsets of pairwise distinct vertices, I NJ = @ and |I| = |J]| = t.
Let p and q be two distinct vertices not in I UJ. Then, we define the path inequality

Zﬁ11](+2/311]1+1+ﬂpq<22ﬁkl+22ﬁjk+ Z lgkp (50)

keV el jel kev keV\(IU])

Observe that except for (p,q), the arcs involved in the left-hand side of (50) define a non directed path 7 =
(1, 11, J2, I2, - - -, ¢, ir). In this path, each arc leaves a vertex of I and enters a vertex of J. As an illustration, Fig. 4 displays
an example of the structure of the arcs involved in the left-hand side of inequality (50).

We will prove that inequality (50) is valid and that it is facet defining for P*.

Theorem 17. Let | = {iy, iz, ...,i:} and ] = {j1,j2, ..., j:} be two subsets of vertices with IN] =@ and 1 < |I| = |J]| = t.
Let p,q € V\ (IU]J), p # q. Then, the path inequality (50) is valid for P*.

Proof. Assume that we have a cycle selection B containing exactly s arcs of the path 7, say, the arcs (k, ) € H, |[H| = s.
So, the left-hand side of (50) is at most s + 1.

If s > 1, then the arcs in H form a collection of disjoint subpaths. These subpaths contain a subset of vertices Iy C I
and a subset of vertices Jy C J, and there holds |Iy| + |Jy| > s + 1. For each vertex i € Iy, the cycle selection B must
contain an arc entering i. And for each vertex j € Jy, B must contain an arc leaving j. So, the right-hand side of (50) is at
least |Iy| + |Jy| = s + 1, which implies that (50) is satisfied.
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If s = 0, then the left-hand side of (50) is exactly B, 4. So, assume that g, ; = 1. There must be an arc of B entering p,
say (h, p). The vertex h is either i; € I (in which case B must also contain an arc (k, i;) entering i;), or j; € J, or h is not in
I'U]J. In all three cases, the right-hand side of (50) is at least 1, which completes the proof. O

Theorem 18. Let I = {i, iz, ..., i} and | = {j1, ]2, ..., j¢} be two subsets of vertices with 1 <INJ =@ and |I| = |J]| = t.
Let p,q € V\ (I U]J), p # q. Then, the path inequality (50) defines a facet of P*.

Proof. Let F be the face of P* defined by

t t—1
DBt D B+ Bpg =D Pt D D Bt D Fup (51
=1 =1

keV el jel kev keV\(IU])

and suppose that F is included in a hyperplane

> buwBuy = bo. (52)

(u,v)eA

The first 15 conclusions in the proof of Theorem 14 can be drawn here in exactly the same way. To see this, it is enough
to notice that the cycle selections B" defined by the points 8" (n = 1, ..., 15) in the proof of Theorem 14 do not contain
any arc (is, jr) with s # r. Hence the left-hand sides of (45) and (51) are equal for all these points. Moreover, the cycle
selections B" do not contain any arc of the form (i, i.) with s # r, so that the right-hand sides of (45) and (51) are also
equal in all cases.

For the remainder of the proof, we have to determine the coefficients of the variables representing the arcs with both
vertices in I UJ (except for the pairs (i, js) and (j, is), since we already know the coefficients b;_;, and bj, ;; as functions of
bp.q). Let us consider two distinct pairs (is, js) and (ir, jr) with s < r (note that their order matters, because of the definition
of the path inequalities). We have to find the value of the coefficients by j,, b;, i, bi.i;» bjsjr» bjr js» Dis.ir» Dir.js» Dir.is-

For the coefficients b;, ;. and b;, ;, we further have to deal with two subcases:

(i) s and r are consecutive, i.e., r = s + 1; in that case, we must show that b j , = bpq and b, i = —2b) 4;
(ii) s and r are not consecutive, i.e,, r > s + 1; in that case, we must show that b; ;. = 0 and bj, ;;, = —2bp 4.
For all the other coefficients, a single analysis will cover both situations.
Caser =s—+ 1.
16. Let B'® be such that §/% e ﬂm = B,5 = 1and 5 = 0 for all other arcs (u, v) € A. This point is in
F because it makes both Sides of | (51) equal to 2. From (52), we get: b;, dsi1 T Digyrp + bpg + bgig = bo. Since we
already know that bo =0 and b]s+1 p = bgi; = —bp q, we can conclude that b j, , = by q.

17. Next, let /3!5] = ]H] W= ﬁqml =By =B p = 1. The point 87 is in F (it makes again both sides of (51) equal

to 2). Hence: b,s Jos1 T Bjigsris + bajoy + bpgq + bigp = 0. Since by , = b =0 and b; = by ¢, We can conclude
b

s+1-1s = _2bp.,q-

QJs+1 Is.js+1

Caser > s+ 1.
18 _

18. Let 8,5 = 8% = Bi%, = ls]s+1 = ﬂlh]hﬂ = B5, = By =1forall hwiths <h <r.
The point 8'® defines a cycle selection which is the union of the following 4-cycles: {(ix, jn), Gn, P), (P, @), (q, in)}

fors < h < r, {(in, jns1), Go1, D) (P, @), (. in)} for s < h < r — 1, and of the 6-cycle {(is, js+1), Gs+1, P)s (P, q),
(q,ir—1), (ir—1,Jr), (i is)}. Moreover, B8 is in F as well, as it makes both sides of (51) equal to 2(r — s).
From (52), we get:

b, i + Z bi, ji, + Zb'h]h+1 + Z bq.i, + Z bj,p = 0.
h=s+1 h=s+1 h=s+1
Since we know that by, j, = by, j,,, = —bq,i, = —bj,p = bpq for s < h <, we can conclude that bj, j; = —2by 4.
Moreover, the point B8 4 elisJr) also is in F, and hence b; j, = 0.
Remaining coefficients b;_; , b; ;.. bj, j;, bjs.ir» i, js» Dir -
19. Let 8,5 = 815, =1, B, =B, =1fors<h<r, ﬂlh]thl By, =1fors<h<r.
The point 8'° defines a cycle selection which is the union of the following 4-cycles and 5-cycle: {(i, jr), Gn. ), (P, q),
(q7 ih)} fOr s < h <Tr, {(ih7jh+1)s (jh+1s p)7 (pv q)7 (qa ih)} for s < h <Tr, and {(isv ir): (injr)’ (jrs p)a (p7 Q)» (qa is)}-
Moreover, 8'° € F.
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20.

21.

22.

23.
24,

From (52), we get:

big i, +Zb'h]h +ZthP+Zb'th+1 +qu1h =0.

h=s

Since b;, j, = by, = —bqi, = —bjhip = b, 4 for s < h <r, we obtain b; ;, = —bp 4.
20 ,ZOA = AZOA = .20. = ZQ = < 20 = <
Let B, =Bi;, = 1. nin it i 1fors<h<r, ﬂu.,p I1fors<h<r.

The point 2° defines a cycle selection which is the union of the following cycles: {(i, jr), Gr, ), (P, q), (q, in)} for

s < h <1, {(in, jat1), Gnrr, D), (0, @), (q, i)} for s < h < r, and {(is, ji), Us. jr). Gr» P), (P, @), (4. is)}. Since B is in F,
we obtain

bj, . +Zb1h]h +Zblh1h+1 +qulh + Z bj,p = 0.

h=s+1
We know that b, j, = by, j,,, = —bq.i, = —bj,,,.p = bpq for s <h <, and hence bj, ;, = —b .
21 21 21 21 21 21 21
Let q Jrds q.Jr hJh h-Jh41 Pl Jh:p lfors<h<r.

Then, 82! defines a cycle selection, as the union of the following cycles: {(in, jn), G, p), (p,in)} fors < h < r,

{(ins jnt1)s Gner, ), (p, in)) for s < h <1, {(p, q), (4, Jr), Gr» Js), Us, P)}-
Since B?! € F, we get:

bp.q ]r}s+b‘Hr+Zb1hlh+zb1hlh+l+prlh+zb]hp_0

h=s h=s

From by, j, = by, .1 = —bp.i, = —bj,p =bpq fors < h <r and bq,j, = 0, we conclude that b, j, = —b, .
22 __ p22 — Q22 _ 22 _
Let B, = B = 1ﬂ,h]h_lfors<h<rﬂ,h]h+l_ q’ih_lfors<h<rﬂ.p_]fors<h§r.The

point 8?2 defines a cycle selection which is the union of the cycles: {(in, jr), Gn, P), (P, q), (q,in)} fors < h < r,

{(in+ jns1). Une1. P). (P2 Q). (q. i)} for s < h < 1, and {(is. js). Gs. ir). (ir. jr). Gr» D). (P, Q). (g, is)}. Because g* € F,
there holds:

bjs.i. +Zblh]h +Zblh]h+l +Zb‘“h + Z bjyp = 0.

h=s+1
Since b;, j, = —bgi, = —bj,p =bpq fors <h <r,and b, j,., = by 4 fors < h < r, we obtain b ;, = —2bp .
Considering the pomt 523 p? + eliris) ¢ F, we further derive b;, i = =0.
24 _ g2 _ _ _ _ _ 24 _
Let /zp,q — M Jr q =1 ﬂih]h lfors<h=<r, ﬁ1h1h+1 - Jh iht1 'quh lfors <h<r, 'Bihm = Tfor
s<h<r.

The point 824 defines a cycle selection as union of the cycles:

{(ifhjh)’ (jhv ih+1 )’ (ih+1’ p)a (p7 q)ﬂ (q!jh*])a (jh*]v ih)} fors <h< r,
{(ihvjh+1)5 (jh+1» ih+2)» (ih+27 p)7 (pa q)v (q7jh—1)7 (jh—]s ih)} fors<h<r— 1,
{(iSniS)v (jS? i5+1 )7 (i$+1’ p)v (p7 q)? (qur—l)v (jrfh ir)v (iry iS)}v

{(irvjf)a (jra q)7 (qvjr—l)! (jr—la il‘)}' and {(ir—l»jr)» UT? q)! (q7jr—2)a (jr—27 iT—])}'
Since 8% € F, there holds

b lr is +b]rq+2b1hlh +Zb1hlh+1 +th1h+1 +Zblﬂh + Z b’hP =0.

h=s+1
Using b;

insJn
for s < h < r, we can finally conclude that b;, ;; = —bp 4.

=—bj,q=byqfors<h<r, bihsjh+1 =byg,fors<h<r by ,=Dbyj, =0fors <h<r,b, i1

= —2bp4

This completes the proof that F is a facet of P*. O

Just as in the case of the out-star and in-star inequalities, the following variant of the path inequality is also valid and
facet-defining for the cycle selection polytope:

Zﬂ111,+21311]1+1+ﬁpq<22ﬁk1+22ﬁ1k+ Z Ba.k- (53)

keV iel jeJ kev keV\(IU])

We omit the proof of this result.

4.3. Additional valid inequalities

In this section, we describe one last class of valid inequalities.
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Theorem 19. Let i, j, p, q be four distinct vertices in V. Then, the following inequality is valid for the cycle selection polytope P*:

Bij+Bia+Boi <Y Beit D Bkt D Bak+ D Buat . Bup+ Baj+ Bip (54)

kev kev ke {i.j) ke {i.j} ke{i.j.q}

Proof. In order to establish this result, we rely on the Chvatal-Gomory procedure. Consider the following valid inequalities
for P* (all of them, except the last one are special instances of the return inequalities (2)):

® Big = Diev Baks

L4 IBi,q = Zkev ﬂk,i-

® Boj = Diev Biko

® Bpi = D rev Brps

® Bij = D igtig) Qokeiiq Pik (i-e., the return inequality with S = {i, g}),
[ ;Bl:,j <1

By adding all these inequalities, dividing the result by 2, and rounding each coefficient according to the Chvatal-Gomory
procedure, we obtain the inequality (54). O

Remark 3. We have verified numerically that, when n = |V| = 4, the inequalities (54) define facets of the cycle selection
polytope P* and that, together with the star inequalities (or equivalently, with the path inequalities), they completely
describe P*. O

5. Constrained cycle selections

In [22], the authors consider cycle selections which contain at most B arcs and which are unions of directed cycles
of length at most K, where B and K are two given constants. (See Section 1.2: the cycle length restriction is customary
in kidney exchange models; the bound on the cardinality of the selections represents a budget constraint on the cost of
crossmatch tests.)

The cardinality constraint on the number of selected arcs is easily incorporated in the arc formulation: it simply requires
that

> Bij<B. (55)

(i.j)eA

The cycle length constraint, however, is less natural in this formulation. (Smeulders et al. [22] rely on the PI formulation
to express it.) Nevertheless, we can define P(B, K) to be the set of 8 € {0, 1}/ associated with (B, K)-constrained cycle
selections in complete digraphs, and P(B, K)* to be its convex hull.

By simple inspection of the polyhedral results established in Section 4, we can observe that these results remain valid
for P(B, K)* when B and K are large enough. For example, the proof of Theorem 9 does not involve any selection containing
more than 4 arcs, nor any cycle of length larger than 3. It follows that P(B, K)* is full-dimensional when B > 4 and K > 3.

These observations are summarized in the table below. One should read that each theorem remains valid for P(B, K)*
as long as B > By and K > K.

Valid result for P(B, K)* By Ko
Theorem 9 (Dimension) 4 3
Theorems 10-11 (Bound inequalities) 5 3
Theorem 12 (Return inequalities) 5 4
Theorems 14-16 (Star inequalities) 7 6
Theorem 18 (Path inequalities) 5t—-1 7

6. Conclusions and perspectives

In this paper, we have introduced the definition of cycle selections and of the associated maximum weighted cycle
selection (MWCS) problem. To the best of our knowledge, these concepts had not been explicitly identified earlier, in
spite of their rather natural definition and of their relation with fundamental graph theoretic concepts like directed cycles
and circulations. We have investigated several properties of cycle selections and of the MWCS problem, including their
computational complexity, the relation between various integer programming formulations, and the polyhedral structure
of the cycle selection polytope.

As explained in Section 1.2, Smeulders et al. [22] have modeled cycle selections in order to handle a probabilistic
variant of the kidney exchange problem formulated as a two-stage stochastic integer programming problem. In their
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experiments, the latter problem turned out to be very difficult to solve. In future work, we hope to be able to rely on our
improved understanding of cycle selections in order to facilitate the solution of the MWCS problem and of the stochastic
kidney exchange problem.
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