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1 Introduction

A cardinality-constrained optimization problem (CCOP) is an optimization problem
with a constraint requiring that, in feasible solutions, the number of variables taking
nonzero values does not exceed a given threshold.

Cardinality constraints appear in a large number of important applications in fields
as diverse as computational finance, supply chain management, statistical data analy-
sis, and machine learning. They are used in cardinality-constrained optimal portfolio
selection problems in quantitative finance [11,13,17,19,33,38-40]. These problems
adapt the Markowitz mean—variance model where the objective is to minimize a
quadratic risk measure under linear constraints along with a restriction that the num-
ber of securities chosen for investment is sufficiently small. Another application is
in index tracking investment strategies [8,23,31,32,46,48]. These problems are mod-
eled as time series optimization models where the objective is to minimize a quadratic
tracking error under budget constraints and a restriction that the number of securities
selected for investment is small. Facility location problems are classical supply chain
management models where a company must decide where to locate facilities. The vari-
ant of the problem where at most p warehouses can be opened is known as the p-median
problem, and has been extensively studied in the literature [1,7,16,20,30,35,41]. In
statistical data analysis, principal component analysis (PCA) is a well-known tech-
nique for dimension reduction. It finds principal components as linear combinations of
the original variables. When the coefficients of many variables in these linear combi-
nations are nonzero, the principal components can be difficult to interpret. In order to
find principal components that are easier to explain, a cardinality constraint (referred
to as a sparsity constraint) is sometimes imposed on the original problem. The result-
ing problem is known as sparse principal component analysis (sparse PCA); see
[18,27,34,54]. Ensemble pruning [52] and variable selection in multiple regression
[9,10] are also often modeled as CCOPs.

For a given vector x, we define the cardinality of x, denoted as card(x), as the
number of its components that are nonzero. In this paper, we focus on CCOPs, where
the optimization problem is linear and refer to them as cardinality-constrained linear
programs (CCLPs). A CCLP can be formulated as

max{cTx +dTy | Ax + By <b,x >0,y > 0, card(x) < K}

wherec,x e R, d,y e R1,b e R", A € R"*?, B € R™*4, and K is a fixed positive
integer with K < p. The above model, which we study in this paper, contains a single
cardinality constraint. However, since it is a relaxation of problems with multiple
constraints, it can be used to derive cuts for such problems.

Although CCOPs find uses in a variety of applications, they are hard to solve to
global optimality. Perhaps the simplest of these problems, which involves optimiz-
ing a linear function over the intersection of a continuous knapsack polytope and a
cardinality constraint, is already NP-hard [22]. Further, large instances of practical
problems are computationally challenging to solve [11,22,40].

Various strategies have been proposed to model cardinality constraints, and to lever-
age classical mixed integer programming (MIP) branch-and-cut methodologies in the
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solution of cardinality-constrained problems. When variables x are bounded, auxiliary
binary variables z € {0, 1}” can be introduced to model the cardinality constraint. The
bound constraints on variables, say 0 < x < 1, are then replaced with 0 < x < z
while the cardinality constraint card(x) < K is replaced with 1Tz < K, where 1 is
a vector of dimension p whose entries are all equal to one. When all constraints of
the initial problem are linear, such an approach allows the use of branch-and-cut or
greedy search algorithms developed for MIPs. This reformulation also allows for the
use of cutting planes derived for cardinality-constrained problems; see [50,51].

In [6] a specialized branch-and-bound algorithm was proposed to solve problems
with cardinality constraints where K € {1, 2}. These techniques were adapted to
logically constrained linear programs [37], mixed integer quadratic programs [11], and
to cardinality-constrained knapsack problems (CCKPs) [22]. Moreover, [22] develops
valid inequalities for CCKPs that can be used for CCLPs.

In this paper, we follow a similar line of research, as we conduct a polyhedral
study of CCLPs in the space of original problem variables. In particular, we use
information contained in feasible simplex tableaux of LP relaxations of CCLPs to
construct strong valid inequalities. Our underlying motivation is that working in the
initial space of variables allows us to derive inequalities without the assumption that
cardinality-constrained variables are bounded, an assumption that is required for MIP
formulations. Further, avoiding the introduction of unnecessary indicator variables will
help maintain the original problem structure, and might lead to streamlined solution
approaches for these problems. Other advantages of not introducing binary variable
are discussed in [21]. Finally, our cuts can be generated in a low-order polynomial
time and can augment the cutting plane strategies adopted in commercial MIP solvers.

Although we are not aware of previous studies of tableau-based cuts for CCOPs,
such inequalities have been proposed in the literature in the context of MIPs, quadratic
programming, concave programming, and linear complementarity problems [2,5,24,
25,29,44,49].

The remainder of this paper is organized as follows. In Sect. 3, we show that violated
cuts for CCLPs can be generated from a disjunctive relaxation of any simplex tableau
corresponding to a basic feasible solution violating the cardinality requirement. In
Sect. 4, we provide a closed form representation of the convex hull of the relaxation.
In Sect. 5, we transform the convex hull into the dual of a transportation problem
through a nonlinear map. In Sect. 6, we prove that nontrivial facets of the closed
convex hull of the disjunctive set correspond to label-connected spanning trees of
the bipartite network associated with the transportation problem. This result yields,
in Sect. 7, an explicit polynomial-time constructive procedure for the derivation of
nontrivial facet-defining inequalities. We give concluding remarks in Sect. 8.

2 Overview of results
This paper studies the closure convex hull of a disjunctive subset Q of R” consisting of
K + 1 disjuncts, each of which excludes the origin and is defined as the intersection of a

single half-space and the nonnegative orthant. This disjunctive set appears as a natural
relaxation of simplex tableaux of CCLPs. In this context, identifying a facet-defining
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inequality of cl conv(Q) that separates Q from the origin is relevant. We characterize
the extreme points and extreme rays of each disjunct in Proposition 5. Then, by taking
their union, we obtain in Corollary 2 an inner representation for the closure convex
hull of the disjunctive set using points and rays. By homogenizing the set (Q°), we
express the valid inequalities as those whose normal vector belongs to the intersection
of the normal cone of the extreme rays. Then, in Theorem 1, we relate the coefficients
of the valid inequalities to extreme points of a polyhedron whose explicit form is
readily derived from the defining inequalities of the disjuncts. This polyhedron, which
has at most two non-zero coefficients per constraint, can be converted into the dual of
a transportation polyhedron via a logarithmic transformation. The face-lattice of the
transformed polyhedron is isomorphic to that of the original polyhedron.

Using this formulation, we show in Theorem 2 that the separation problem
reduces to a transportation problem. Assume the homogenized nontrivial inequali-
ties describing each disjunct are such that each requires a specific linear function to be
non-negative. The variables are then partitioned into two sets Z; and Z_, where Z_
consists of variables whose coefficients are negative in all the defining inequalities of
the disjuncts and Z; consists of the remaining variables. The transportation problem
is then defined over the bipartite graph (Z, Z_). The constraint set controls the ratio
of coefficients of variables, one from each set. In particular, the absolute ratio of the
coefficients of variables with negative coefficients must be no more than the minimum
such ratio w;j,i € Z4, j € Z_ in an inequality where they appear with opposing
signs. The cost on edge (i, j) € I x Z_ is set to be log(w;;) and the supply and
the demand vectors are chosen so that they are positive and their sums balance. The
transportation problem identifies the ratios that guarantee that the cut is valid while
ensuring that multiplicative factors determining the coefficients of the variables are
small; see (15). Since the common disjunctive cut, which we refer to as c-max cut,
corresponds to a feasible solution to the transportation problem but may not be one of
its extreme point, the cuts we generate are at least as tight.

We then use the structure of the transportation problem to develop a deeper under-
standing of these inequalities. In particular, if we set the homogenizing variable
(corresponding to the right-hand-side) at some value, the coefficients of the remaining
variables are determined using ratios from the tree-structure that corresponds to an
optimal extreme point. Moreover, we show in Theorem 3 that the ratios arising from
a particular disjunct can be arranged to form a connected component in the tree. An
inequality is not a facet-defining inequality when it does not have sufficiently many
tight edges to form a tree. In Proposition 16, we develop an algorithm that expresses
any separating valid inequality that is not facet-defining for clconv(QP) as either a
conic combination of two valid inequalities or the combination of a valid inequality
and a trivial increase of a coefficient. Finally, in Theorem 4 we use this result to develop
a Prim-type algorithm that, given a valid inequality, adds sufficiently many ratios to
form a connected tree and thus produce a facet-defining inequality. This algorithm
yields a characterization of when the c-max cut is facet-defining, and also provides a
way to tighten it when it is not. This characterization was not even known for com-
plementarity problems, which are a special case of the cardinality problems we treat
here.
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3 Disjunctive relaxation of a cardinality-constrained simplex tableau

Given an LP relaxation of a CCLP, a basic feasible solution that violates the cardinality
constraint, card(x) < K, and the associated simplex tableau, we discuss how we can
obtain an inequality valid for the CCLP that cuts off this solution. Denoting the basic
variables in this tableau by v (indexed by set M), and the nonbasic variables by ¢
(indexed by set \V), we write the simplex tableau as

v =) =Y ien fiitin VI € M vy >0,V e M; t>0,VieN; (1)

where vl* > 0 for [ € M. Since we have assumed that the current basic solution
(v, t) = (v*, 0) does not satisfy the cardinality constraint, there exists a subset L € M
of basic variables such that (i) |£| = K + 1, (ii) variables v; for [ € L appear in the
cardinality constraint, and (iii) vl* > 0 forl € L. We construct the desired disjunctive
relaxation Q by (i) relaxing the cardinality constraint card (x) < K into the disjunction
\/,e (v < 0), which forces one of the K + 1 variables in £ to be nonpositive, (ii)
removing the nonnegativity requirements on basic variables, and (/i) omitting tableau
constraints associated with basic variables vaq\ £

0:={(v, 1) e R¥ x R‘i\/l | v =) = Y en fiti, VI € Ly \jep(u < 0) ),
@)

where each equality corresponds to a basic variable in £, and represents it as an affine
function of the nonbasic variables. If a nonbasic variable is a slack variable for a
constraint in Ax + By < b, then an inequality valid for Q can be written in the space
of original problem variables using the defining inequality for the slack variable. The
relaxation steps applied to the initial simplex tableau in order to obtain Q resemble
those made to obtain the corner relaxation of an MIP; see [26].

Remark 1 Our procedure applies more generally to the setup where we separate an
extreme point of a polyhedron from K + 1 disjuncts not containing the point, each
of which is defined by a single inequality. Separation is possible because the extreme
point cannot be expressed as a convex combination of points feasible in the disjuncts.
The disjuncts in (2) are not always parallel. We will show that the c-max cut, described
in (3), does not suffice to yield the closed convex hull of Q, unlike the case of 0—1
disjunction, where [4] showed that similar disjunctive cuts are sufficient. This lack of
correspondence was also observed in [36] while deriving a procedure that identifies
disjunctive cuts.

Since Q is a finite union of polyhedra, cl conv(Q) is a polyhedron; see for instance
Theorem 19.6 in [45].

Proposition 1 The set cl conv(Q) is a polyhedron. O

The convex hull of Q is not necessarily closed, as the following example shows:

0:={wneR* xR} | v=2-1+20,1u=3-11+1, (11 <0)V (1, <0) }.

@ Springer



422 J. Kim et al.

Hence, we will characterize the closure convex hull of Q Since (vy, va, t1, ) =
(0,0, 1, 1) is a recession direction for the disjunct v» < 0 but not for v; < 0, Q is not
MIP representable. Lack of upper bounds on ¢ variables is a key reason why Q is not
MIP representable and its convex hull is not closed. Therefore, MIP cuts and those in
[22] do not directly apply to our setting.

A linear inequality is valid for Q if and only if it is valid for clconv(Q). We
characterize these inequalities by studying cl conv(Q) where Q is the projection of Q
onto the space of nonbasic variables 7. Formally, for each / € L, define Q; := {t S

ler\/l | Sien fiiti = vf} and set Q = (J;c, Qs Without loss of generality, we
* —

assume that N = {1, ..., n}. Let hi*(¢) = <lé)> + < IF) t, where the entry (/, i) of

matrix F is fj;, as used in the definition of Q in (2). It is clear that 2*(-) is an affine

map, and that O = h*(Q).

Proposition2 Fori = 1,..., p, let P; € R" be nonempty polyhedra. Also let h -
R" — R™ be an affine map. Then clconv (J!_, h(P;)) = h(clconv (UL, Pi)).
Consequently, cl conv(Q) = h* (clconv(Q)). O

In the remainder of this paper, we restrict our attention to the study of cl conv(Q)
since Proposition 2 shows that this is sufficient to characterize cl conV(Q).

Since vl* > 0 for [ € L, we may scale each constraint so that vl* = 1. That is, for
lel,Qr={t|Y;cn fiiti = 1. t; = 0,Vi € N'}. Foreach | € L, define

TL={ieN|fi>0, T-={ieN|fi<0, Ihy={ieN|fi=0)

Throughout the paper, we assume without loss of generality that Q; # @ for each
[ € L. In fact, if Q; = ¢ for some / € L, then we can simply drop the corresponding
set from the disjunction. Clearly, Q; = @ if and only if f;; < O foralli € N. We
therefore make the following assumption in the rest of the paper.

Assumption 1 Foreach! € L, Zi #= 0.

Proposition 3 Polyhedron Q; is full-dimensional for | € L. Further, clconv(Q) is
full-dimensional.

Proof By Assumption I,Iﬂr # (). Choosei € Iﬂr and consider the point (% + 1) ei+
D ke A\(i} €€k» Where € is positive but sufficiently small and e; is the /th unit vector.
This point is in the interior of Q; because it satisfies all the constraints in Q; with strict
inequalities. Therefore, Q; is full-dimensional because a small enough ball centered
at this point lies entirely in Q;; see Chapter 8 of [47], for example. Further, since
0; € 0, then clconv(Q) is also full-dimensional. O

We next argue that there are valid inequalities of cl conv(Q) that can be used to
separate the basic feasible solution associated with the initial simplex tableau (1), if
this solution violates the cardinality requirement. For instance, consider

> (e-max);; > |1 3)
ieN
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where (c-max); = max{f}; | [ € L} fori € N. This inequality, which we refer to
hereafter as c-max cut was introduced in [29] for complementarity problems. Com-
plementarity problems are special instances of cardinality problems requiring that at
most one of two variables takes a nonzero value. The c-max cut is valid for cl conv(Q)
because ), r(c-max);t; = Y. nr fiiti = 1forallr € Q;and [ € L, i.e., itis valid
for each disjunct Q;. Moreover, it separates the closed convex hull from # = 0 because
this point violates (3). For the particular case where |£| = 2, [42] observed that the
c-max cut is not always facet-defining for cl conv(Q). In this paper, we provide a com-
plete description of the nontrivial facet-defining inequalities of cl conv(Q), each of
which cuts off the current basic feasible solution of (1), and we precisely characterize
when the c-max cut is strong.

4 A characterization of cl conv(Q)

In this section, we provide a characterization of the facet-defining inequalities of
clconv(Q). Recall that Minkowski—Weyl’s theorem, see Theorem 7.13 in [28] for
instance, establishes that a polyhedron can be represented in two forms, either using
its vertices and extreme rays or as a finite intersection of half-spaces. Following [53],
we refer to the former as a V-polyhedron, and to the latter as a H-polyhedron.
Instead of Q, for notational convenience, we study its homogenization and show
that this change is without loss of generality; see Proposition 6. Let Ny := N'U{0}. Let
Q? be the homogenization of Q; obtained as Q? = {t = (t1,...,ty, 1y € RK\[M |
ZieN fiiti > to}. After defining fjo := —1 and f; := (fi1, ..., fin, fi0)T, we can
rewrite QY = {re RMWVOI | STt =0, 1 >0}. Werefer to f,7t > 0 as the nontrivial
constraint of disjunct/. Itis clear that Q? is a polyhedral cone. Referring to ;. » Q? as
QY itis clear that cl conv(Q?) is a cone. We relate these cones to the sets we originally
introduced. For a nonempty convex set C, we let K(C) :={,(d, 1) |d € C, » > 0}.

Proposition 4 It holds that Q9 = cl(K (Q;)) and clconv(Q°) = cl(K (cl conv(Q))).
[m}

Propositions 3 and 4 directly yield
Corollary 1 Polyhedron clconv(Q°) is full-dimensional. O

In Proposition 5, we present V-polyhedron representations of Q? and Q;. We then
obtain similar representations for cl conv(QY) and ¢l conv(Q) in Corollary 2.

Proposition 5 It holds that Q? = cone(R?) and Q; = conv (V) + cone(R;), where
R = {fie; — fijes e RMI i eTh j eI U0} Ufe e RMI ke T UTY),
Vi={te e RN | i e T}, and Ry = {fue; — fijei e RN | i e T, €
Ty U e € RWI | k € Ii U I(l)}. Furthermore, each point and ray used in the
representation is extremal.

Proof We first show that Q? = cone(RlO). Since Q? is a cone in the nonnegative
orthant, it is pointed. This implies that all the points in the cone can be written as a
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conic combination of its extreme rays. Let r be a ray of Q?. Then, r is extreme if
and only if it belongs to the intersection of n = |Ny| — 1 independent hyperplanes
among {t € ROl | fth = 0} and {r € RVl | & = 0}, for k € Nj. First, for
each i € N, suppose that these n hyperplanes are {t | #x = 0} for k # i. Then
ry = 0 for all k # i and hence r = pe; with p > 0. In order to be a ray, this vector
must satisfy flTr > 0, i.e., i must be chosen in Iﬁr U I(l) . Next, suppose that these
n hyperplanes are {r € Rl | fth = 0} and {r € RVl | tx = 0} fork # i,
for some i, j € Ny. Then the face defined by the intersection of these hyperplanes is
Fi={t e R | fit; + fijt; = 0,1 > 0,10 = 0,Vk # i, j}. In order for r to be a
ray, I # {0} and hence f; fij < 0. By independence, f;; # Oor f;; #0.1f fi; =0
or f;j = 0 then we have that r = ¢; for some k € Ié. Now assume that fj; f;; < 0.
Without loss of generality, assume that f;; > 0 and f;; < 0. Then, r = fiie; — fije;
where i € Iﬁr and j € 7! U {0}. We conclude that RlO is precisely the collection of
extreme rays of Q?, and therefore Q? = cone(R?).

It follows directly from Proposition 4 and Lemma 5.41 in [28] that Q; = conv (V;)+
cone(R;). Extremality follows from the extremality of rays in R?. m]

The result of Proposition 5 yields a V-polyhedron representation for the closed
convex hull of the union of the associated disjuncts.

Corollary 2 It holds that cl COHV(QO) = cone(RY) and cl conv(Q) = conv(V) +
cone(R), where R? := Uler RIO, Vi=Uer Vi, and R == U, R

The coefficient vectors g € R and B e RMOI that give rise to strong valid
inequalities of cl conv(Q) and cl conv(QP), respectively, are closely related. There is
astraightforward one-to-one correspondence between valid inequalities for cl conv(Q)
and cl conv(Q?). The following result shows further that characterizing the facets of
cleonv(QY) is equivalent to characterizing the facets of cl conv(Q).

Proposition 6 Inequality

> Bitizy “
ieN

is facet-defining for cl conv(Q) if and only if inequality

> Biti = yio )
ieN

is facet-defining for clconv(Q®) and is not a scalar multiple of to > 0.

Proof The fact that validity is preserved is clear. Suppose now that (4) is facet-defining
for clconv(Q). Then there exist n = || affinely independent points w'!, ..., w" of
clconv(Q) that satisfy (4) at equality. Points (w/, 1) belong to cl conv(QY) for all
j € N and satisfy (5) at equality. Since {w/ | j € N} are affinely independent,
{(w/, 1) | j € N} are linearly independent. This proves that (5) is facet-defining for
cl COHV(QO). Clearly, (5) is not fo > 0 as otherwise (4) would be 0Tt > —1, which is
not facet-defining for cl conv(Q).
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Conversely, suppose that (5) is facet-defining for cl conv(QO) Since cl conv(QO)
is a full-dimensional polyhedral cone, there exist n linearly 1ndependent extreme rays
(r, rO) of cl conV(QO) that satisfy (5) at equality. Suppose r0 =0forall j € N.
Observe that {r/ | j € N} are linearly independent and STr/ = 0 forall j € N This
shows that 8 = 0. However, this is not possible as (5) would then correspond to the
face of cl conv(QO) induced by #y > > 0. Therefore, there must exist j e N such that
royéO Define I} = {j’ €N|r0 # 0} @) and I = {j' E./\/Ir0 = 0}. Then,
for j € I, ,BT:—; = lj,BTrf = y. Further, for k € I, BTrk = 0. Fix jo € I, and

0
rj()
jéll}U{—.-f-rk kelz}.
Jo
o

0
consider the sets of points
rj
3
It is clear that these points satisfy (4) at equality and that they belong to cl conv(Q)
by Proposition 4. It remains to prove that they are affinely independent, which can be
established easily because the linear independence of vectors

{r’ 7Jo
j__
o 7o

follows from the assumed independence of {(r, r%), j € N}. Therefore, (4) is facet-
defining for cl conv(Q). O

Jethq [ |k e n)

In the remainder of this paper, we prefer to study cl conv(Q) because, being homo-
geneous, it allows for a unified treatment of the extreme points and extreme rays of
0, and thus permits a more streamlined presentation.

We are now ready to further investigate the structure of coefficient vectors associated
with facet-defining inequalities (5) of cl conv(QY). In particular, we will show in
Proposition 8§ that, except for some simple inequalities we describe next, most facet-
defining inequalities (5) are such that y > 0.

For i € Ny, we refer to the inequalities #; > 0 of cl conv(QO) as trivial. For
notational convenience, we redefine 7' := 7! U {0} because fio = —1. Hence Ii,
7!, and I(I) partition NVy. We also define

Iy ={i e No | fii > Oforsomel € L} = U, T,
I_={ieNo| fii <Oforalll € £} =V pZL,
To = No\(Zy UT-).

It is clear that 0 € Z_ and it follows from Assumption 1 that Zy # @. In the
next proposition, we provide necessary and sufficient conditions under which trivial
inequalities are facet-defining for cl conv(QY).

Proposition 7 Inequality t; > 0 is facet-defining for clconv(Q°) if and only if
1.ieZ_UTZy or
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2. i €Ty and|Ty| > 2.

Proof Inequality #; > 0 is clearly valid for cl conv(Q®). Assume first that i € Z_ UZy.
Since Z # @, there exists j € Zy and [ € L such that f;; > 0. Consider the point

l —_ .o eﬁk
Z eer + Zke}}?\{l’]} ej
J

(©6)
keNo\(i..j)

for € positive and sufficiently small. This point is in the relative interior of Q? N{te
RVl | ; = 0}. Hence, itis in the relative interior of cl conv(Q%)N{r € RVl | t; = 0}.
It follows that #; > 0 is facet-defining for cl conv(QO). Next, assume that i € Z. If
|Z| = 2, there exists j € Zy\{i} and [ € L such that f;; > 0. Then, (6) is an
interior point of Q? N{t e RVl | t; = 0} and hence #; > 0 is facet-defining for
clconv(Q®). Suppose Z, = {i} and j € Z_. Then, for each [ € L, every point in
Q? N{t e Rl | t; = 0} satisfies 1; = 0. It follows that #; > 0 defines a face of
clconv(Q?) of dimension at least two less than that of ¢l conv(QY), showing that this
inequality is not facet-defining. O

Proposition 7 shows that trivial inequalities #; > 0 are facet-defining unless i € Z;
and |Z4| = 1. In the remainder of this paper, we consider 8 to be a vector in RNl
We show next that the sign of the entries of coefficient vectors 8 for nontrivial facet-
defining inequalities of cl conv(Q?) can be deduced directly from the sets 7, Z_, and
Zo.

Proposition 8 Let

> Biti =0 (M
ieNy

be a nontrivial facet-defining inequality for clconv(Q°). Then

I gi = —max{fi | I € L}po fori € Iy,
2. Bj <Oforjel_
3. B =0ifmax{fix |l € L} =0.

In particular, B; > 0 fori € 1.

Proof Consider a nontrivial facet-defining inequality (7). Observe that 8; > 0 for
i € T, UTy because ¢; is a ray of Q°.

We first prove 1. Choose j* € Z_ with 8;; < 0. Such a j’ exists because otherwise,
(7) is implied by trivial inequalities. Let i € Ii for some [ € L. Since fjiejr — fijre;
is a ray for clconv(Q?), it follows that g; > max{f;; | [ € ll}% > 0. Remember

s
now that 0 € Z_. If By < O, Part 1 follows easily since fjo = —1. If By = 0, Part 1
simply states that 8; > 0 while the inequality just proven for j’ is stronger.

We now prove 2 and 3. Consider j € Z_ U Zj. There exists an extreme ray r of
clconv(Q%) suchthat BTr = Oand r i > Obecause otherwise, (7) is a trivial inequality.
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Proposition 5 shows that this ray is one of two forms. First, let » = fj;e; — fje; for
some/ € Landi € IAL. As shown, g; > 0. It follows from gTr = 0O that 8; < 0.
This shows Part 2 when j € Z_ and shows that it is not the desired ray when j € Z
as it contradicts the established relation 8; > 0. Now, consider j € Zy. We must have
that » = e;. This shows that ; = 0 proving Part 3. o

Example 1 Consider the set Q° with disjuncts defined by the constraints

5t1 =3ty +0t3 +1t4 —5t5 —t9 >0
3t —1tp +2t3 —3t4 —3t5 —19 >0
4ty —61ty +413 —2t4 +0t5 —19 >0
211 =2ty —2t3 +0t4 —2t5 —ty > 0.

®)

ThenZ; = {1, 3,4}, Z_ ={2,0}, and Zyp = {5}. We use PORTA [14,15] to obtain
the extreme rays of each disjunct and run it again to obtain all facet-defining inequalities
of ¢l conv(Q?), from which the nontrivial ones below:

St —3tr +4t3 +t4 +0ts —19 > 0
9t1 =3t 4613 +14 +0t5 —1t9 > 0 O]
611 —2ty +4t3 +t4 +0t5 —19 > 0.

We observe that, as argued in Proposition 8, 8; > Ofori € Z, i < Ofori € Z_ and
Bs = 0 in all nontrivial facet-defining inequalities (9). O

Proposition 8 shows that, for nontrivial facet-defining inequalities of cl conv(QY),
B equals zero for each index k for which the tableau coefficients satisfy fjx < O for
alll € £ and fy; = 0 for some I’ € L. Then, clconv(Q) = {t = (t_r, 1) | 1k €
clconv(Q_), tx € Ry} where t_; is the vector obtained by dropping component
tx from ¢ and Q_y := proj, , (Q). Thus, it is sufficient to study clconv(Q_x). We
therefore make the following assumption in the remainder of the paper.

Assumption 2 7y = §.

With Assumption 2, it follows that 7 and Z_ partition Ny.

We next derive an H-polyhedron representation of cl conv( Q). We obtain the linear
inequalities of this representation by considering the dual cone of its V-polyhedron
representation, which was obtained in Corollary 2. For a given cone C C R", we
denote the dual cone of C by C*. Recall that C* = {y e R" | yTx > 0, Vx € C}. As
we established in Corollary 2 that cl conv(Q%) = cone(R’) where R” := |, R?, it
is easy to see that 8T¢ > 0 is a valid inequality for cl conv(Q?) if and only if 8Tr > 0
for all » € RC. Therefore, the coefficient vectors of valid inequalities for cl conv(QO)
belong to

fiiBj — fijBi =0, VG, j)eI, xI' leL

_ Aol
Bl_{ﬁeR Br = 0, VkeIl UT), leLl

} . (10)
where we use B; as a shorthand notation for [cl conv(QO)]*.
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Among the facet-defining inequalities of cl conv(Q0), trivial inequalities are not
useful in practice, since they do not cut off the basic solution associated with sim-
plex tableau (1). We therefore concentrate on nontrivial facet-defining inequalities of
clconv(QY), which have By < 0 as shown in Proposition 8. Therefore, by scaling
if necessary, we may assume that fo = —1. For this reason, we focus our ensuing
study on B := B N{B € RVl | Bo = —1}, and show that the description of this
polyhedron requires fewer constraints than those given in (10).

Proposition 9 For (i, j) € 74 x I_, define

wijzmin{—& fl,->0,l€£}. (11
li
Then
BZZ{,BERNO' g(])tlfliﬂlzoa V(Z’J)GI+XI} (12)

Proof Just as in the proof of Proposition 8, when By < 0, the inequalities g5 > 0 for
k € Iﬂr U I(l) do not support By and can therefore be dropped. Now, for any i € Iﬂr

and j € I, B; > %/3 ;. This inequality is redundant if j € Z, because, as argued
7

above, B; > 0. Therefore, j € 7_. Maximizing ;':Tl, B, yields (12). a)
It is easy to see that the coefficients B € Bj are sign-constrained. Therefore, B2
has no lines. Because B, does not have a line, it has at least one extreme point; see
Corollary 18.5.3 in [45]. We mention that B, does also have rays, including vectors
ei fori € 7, UZ_\{0}.
We next show that there is a one-to-one correspondence between the nontrivial
facet-defining inequalities of cl conv(Q°) and the extreme points of Bs.

Theorem 1 Any inequality BTt > 0 with fo = —1 is facet-defining for cl conv(Q°)
if and only if B is an extreme point of Bs.

Proof For a facet-defining inequality, 8T¢ > 0 of cl conv(Q?), B is an extreme point
of B, because of the n linearly independent tight constraints ST/ = 0, one for each
tight linearly independent extreme ray r/ of clconv(Q®) and the equality constraint
Bo = —1. For the reverse inclusion, the tight constraints, besides fyo = —1, each yield
a linearly independent extreme ray tight for the inequality. O

Extreme rays of B; also lead to valid inequalities for cl conv( QO). In fact, consider a
solution B and an extreme ray p of B;. Clearly, po = 0.Forallt > 0, 8+71p € B>,and
therefore the inequality (8 + 7o) Tt > 0 is valid for cl conv(QY). Dividing throughout
by t and letting T — o0, we then conclude that pT7 > 0, an inequality with pp = 0,
is valid for clconv(QP). If this inequality is facet-defining for clconv(QP), then it
must be one of the trivial ones. However, extreme rays, unlike extreme points, do not
necessarily yield facet-defining inequalities for clconv(Q®). We next illustrate these
observations, together with the statement of Theorem 1.
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On cutting planes for cardinality-constrained linear programs 429

Example 1 (continued) For the set Q¥ with disjuncts defined by (8) and where
variable 5 has been removed, we compute that wi := min {%, %, g, %} = %,
wio == min{$, 1. 5.3} = 1wy == min{3. $} = 5. w0 == min{§. §} = 1.
w4y 1= 3, and wqg := 1. It then follows from Proposition 9 that

B+ 3B1 >0, fo+ 1B >0, fa+ 5B >0,
By = { (B1. B. B3. Pa. Po) € R’ Bo+ 1B >0, B +3B4>0, fo+Bs =0,
Bo=—1

Coefficient vectors of all facet-defining inequalities of cl conv(QY) that cut off
the solution (0, 0,0, 0, 1) belong to B;. For instance, the coefficient vector § =
(5, —%, 4,1, —1) belongs to B,. Further, it satisfies the following system of linearly
independent equations 8, + %,31 =0, Bo + %,31 =0, Bo + %,83 =0,80+ B4 =0,
and Bp = —1. Since the system has a unique solution, 8 is an extreme point of B».
This extreme point is the coefficient vector of the first facet-defining inequality of (9)
(where we have omitted the coefficient 85 since Zy = {5}). It can also be verified
that (3, —1, 2, %, 0) is an extreme ray of Bj. It corresponds to the valid inequality
3t — b + 213 + %M > 0, which is not facet-defining for cl conv(QY) since it can
be obtained as a conic combination of the second facet-defining inequality of (9) and
to > 0 with equal weights of % O

5 Dual network formulation of B

In this section, we present a nonlinear transformation that maps (a subset of) the
polyhedron B; to the feasible region of the dual of a transportation problem. We show
that this transformation preserves the face-lattice of B, (see below for a definition).
We use these results in Sect. 6 to establish a correspondence between the extreme
points of Bs, i.e., the nontrivial facet-defining inequalities of ¢l conv(Q?), and certain
spanning trees of a suitably defined transportation network.

We have shown in Proposition 8 that if 8 is an extreme point of By, §; > 0 for all
i €Zyand B; <Oforall j € Z_. Define A = {8 € RN | g, > 0,8, <0,Vi e
Z4,Vj e Z_}. Observe that, forany § € B N A and for (i, j) € T4 x Z_,

Bj+wijfi 20 % < wij <= log(—B;) —log(Bi) = log(wi;).
1

All the logarithms computed above are well-defined under the conditions of A. Define

T : A — RN by [T(B)]x := log|Bx|. Its inverse transformation 7! is then

[T7'8)k = &% if k € T, and —e® if k € Z_. After introducing the new variables

8; = log(B;), fori € 7, and §; = log(—gB;), for j € Z_, and the constants ¢;; =

log(w;;), for (i, j) € I+ x Z_, we define

D) := {8 e R ‘(Sj =& <c¢ij, VG, j) €Ly xI,},

D, = {5 e RWl

8 — 8 <cij 0= 0.¥(i, j) € Iy xI_}.
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Proposition 10 It holds that T (B, N A) = D». O

Itis clear that for 8 € BpN Aand § = T(B) € Do,

Bj +wijBi =0 < §; — & = cij, (13)
ﬂj+w,~j,3,-§0 — 3]'—5[56',']'. (14)

Let H (E) be the subgraph of the complete bipartite graph G := (Z5, Z_) with edge
setE C7Z,. xZ_ .LetP,Q € RZ+1%IZ-1 e two matrices. We create the |[E|x (n+1)
matrix M (H(E), P, Q) by fixing an ordering of the edges of E (say lexicographical)
and by assigning the row of M (H (E), P, Q) corresponding to edge {i, j} € E to be
the vector Pije]T. + QijeiT.

Lemma 1 Assume that H(E) is a subforest of G. Assume also that P;j # 0 and
Qij #0forall{i, j} € E. Then M(H (E), P, Q) has full rank.

Proof Suppose H (E) is a subforest of G. Since |E| < n + 1, we only need to prove
independence of the rows of M (H (E), P, Q). For a positive integerk = 1, ..., |E|—
1, observe that the (k + 1)th row of M(H (E), P, Q) introduces a new nonzero entry,
which was zero in the first k rows because H(E) does not contain a cycle, P;; # 0
and Q;; # 0. This shows that the rows of M (H (E), P, Q) are independent. O

Define J to be the |74 | x |Z_| matrix of ones and W to be the |75 | x |Z_| matrix
whose (i, j) entry is w;;. Forany £ C 7y x Z_ such that H(E) is a forest, Lemma 1
shows that both matrices M (H (E), J, —J) and M (H(E), J, W) have full rank.

Proposition 11 Let H(E) be a subgraph of G with n = |Ny| — 1 edges such that
rank(M(H(E), J, W)) = n and M(H(E),J, W)B = 0 for some B € By. Then
H(E) is atree of G.

Proof Assume by contradiction that H (E) has acycle C,and let 8 be the components
of B associated with nodes of C. Let M’ be the n x n submatrix of M (H (E), J, W)
associated with cycle C. Then it is easy to verify that M is nonsingular and M’8¢ = 0
which implies that 8¢ = 0. Since G is bipartite, C contains a node k € Z, and so
Br = 0. Because B € By, it satisfies B + wroBx > 0, which implies that Sy > 0. This
is a contradiction to the fact that Sy = —1. Since H (E) has n edges, n 4+ 1 nodes and
no cycle, it is a tree. 0

A finite partially ordered set (S, <), or poset, is the association of a finite set S with
a relation “<” which is (i) reflexive: x < x for all x € §, (ii) transitive: x < y and
y < zimply x < z, and (iii) antisymmetric: x < y and y < x imply x = y. The
face-lattice of a polyhedron P is the poset of its faces, partially ordered by inclusion.
We say that two posets (S, <) and (§’, <) are isomorphic if there is a bijection 7'(-)
from S to S’ such that s; < s, if and only if T (s1) < T (s2). Moreover, we say two
polyhedra are isomorphic if their face-lattices are isomorphic.

Proposition 12 Polyhedra D, and B> are isomorphic.

@ Springer



On cutting planes for cardinality-constrained linear programs 431

Proof Given a polyhedron P C R", we define F (P) to be the set of faces of P. Given
E C 7, x7Z_,wedefine

Bl ={B € B|Bj +w;;B =0,V(, j) € E}
Drlg ={8 € D2|8; — & =ci5,Y(, j) € E}.

Clearly, B> | and D»|g are (possibly empty) faces of B, and D», respectively. Given a
nonempty face F of By, we denote by E(F') the largest subset E € 7 x Z_ such that
F = Bj|g.Inparticular, for every point 8* in the relative interior of F, ,3;‘.‘+wl~j B <0
for (i, j) € (Zy+ x Z_)\E(F). Similarly, given a nonempty face F’ of D, we denote
by E/(F’) the largest subset E' € 7, x Z_ such that F' = D;|g:. For every point §*
in the relative interior of F', 8§; — &; < ¢;; for (i, j) € (T4 x T)\E'(F).

Next, we define ¢ : ]—"(Bz) > JF(D>) to be such that ¢(F') = D;|g(r) for any
nonempty face F € F(B3) and ¢ () = (. We show that ¢ is a bijection by constructing
an inverse to ¢. Define ¢ : F (D) — F(By) to be such that ¢ (F') = Bs |/ () for
any nonempty face F' € F(D,) and v () = @. First, we argue that if F € F(B)
and F' = ¢(F), then E(F ) = [E'(F’). Consider a point 8 in the relative interior
of F and an extreme point B of that face. The line segment [ S, ) is in the relative
interior of F'; see Theorem 6.1 of [45]. Further, there exists a point 8 on this line
segment, sufficiently close to j, that belongs to A. Define § = T'(8). It follows from
(13) and (14) that § belongs to the relative interior of F’ and that E(F) = E/(F’).
Similarly, if F’ € F(D;) and F” = (F"), then E'(F") = E(F"). Second, we argue
that for each F € F(By), ¥ (¢(F)) = F. The result is clear when F = . When
F # (), define F' = ¢(F) and F" =  (F’). It follows from the above discussion that
E(F) = E'(F') = E(F") Therefore F" = Ba|g(rry = Balg(ry = F.

To conclude the proof, consider two faces F| and F> of F(B;) such that F; C F>.
Define F| = ¢(F) and F; = ¢(F3). Since F| C F,, then E(F1) 2 E(F). It follows
from the above discussion that ' (F}) 2 [E'(F;), showing that ¢(F1) = F| € F, =
@(F2). a

It is shown in Theorem 10.1 of [12] that two isomorphic polytopes have the same
dimension, and that faces matched through the bijection 7 (-) have identical dimen-
sions. The proof idea extends to our setting.

The proof of Proposition 12 therefore implies that there is a one-to-one correspon-
dence between the faces of dimension one of B and D;. We obtain

Corollary 3 If u (resp. v) is an extreme point of Dy (resp. By) then T~ (u) (resp.
T (v)) is an extreme point of By (resp. D3). O

Extreme points of D, can be exposed as unique optimal solutions to certain linear
programs (LPs) over D5, or equivalently can be obtained from optimal solutions of
certain LPs over Dj. In order for such LPs to have an optimal extreme point solution,
the objective coefficient vector should be chosen in the polar cone of the recession
cone of the feasible set. The recession cones of D and D, are

rec(Dy) = {8 e RN |8, -5, <0,V(, j) € Ty x T_},
rec(Dy) = {8 e RN | 5, — 8, <0,80 =0,V(, j) € Ty x T_}.
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We next derive a V-polyhedron description of rec(D1) and rec(D>). In this result, we
letl =D, N k- For a set of vectors V', we define lin(V) to be the linear subspace
generated by V. For notational convenience, we use lin(v) to denote lin({v}) for a
vector v.

Proposition 13 1. Let Ry ={e; |i € I, } U {—e; | j € Z_\{0}} U {1 — e}. Then
rec(Dy) = cone(Ry).
2. Let Ry ={e; |i € Z,}U{—e; | j € I_}. Thenrec(D1) = cone(R;) + lin(1).

Proof Assume that § € rec(D;). Leta = min{$; | i € Iy} and b = max{§; | j €
Z_}. Then, b > 8o = 0. Furthermore, §; < b <a < §;,fori € I, and j € T_. We
can then write

S=bl—e)+ Y. (b—8)(—ep)+ Y (6 —be.

JEZ_\{0} iely

which shows that rec(D,) C cone(R;). Observe next that R, C rec(D;) since the
elements of R, are rays of Dj. Therefore cone(R;) C rec(Dy), proving 13. We next
show thatrec(D1) = rec(D2)+lin(1), which will prove 13 since 1—eg € —ep+lin(1).
To prove the forward inclusion (S), consider 8’ in rec(D1). Then 8" — §;1 belongs to
rec(D>). To prove the reverse inclusion (2), consider 8" in rec(D;) and t € R. Tt is
clear that 8’ + ¢1 € rec(Dy). O

By definition of polar cone,

(rec(D1))? :={y | yTx <0, x € rec(D1)}
={y|y™x<0,xe RiU{-1,1}}

Yi<0Vielyy=0Vjel; Y yu=0
keNy

Similar to By, it is simple to verify that D, does not contain lines, and therefore
has at least one extreme point. We next show that each extreme point of D, can be
derived from an optimal solution of an LP over D by setting an appropriate objective
vector y inri (rec(D1)?). Define s := —y7, and d := yz_. The desired LP is

max — Z Sid; + Z dj3j

i€l jeZ_
s.t. dj — & =<cij, Vi, j)ely xTI_. (15)
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Its dual is the transportation problem:

min Z Z CijXij

iely jeI_
S.t. Z xij=s;, Viely,
JjeI_
Zx,-j=dj, Vjiel_, (16)
i€I+

xij>=0 VG j)eTyxT_.

We next argue that both primal (16) and dual (15) problems are feasible, thereby
showing that optimal primal and dual solutions exist. The primal problem (16) is
feasible because Y jer dj = ZieL s;. The c-max cut shows that the dual problem
(16) is feasible. In fact, let c-max be the coefficient vector of the c-max cut. This
vector is in By. Furthermore, (c-max); > 0 fori € 7 and (c-max); < Ofor j € Z_.
Therefore, (c-max) € By N A. It follows that T (c-max) € D, C Dj. The fact that D;
is nonempty also follows from Proposition 12.

Proposition 13 shows that D; has a lineality. It follows that the faces of D; of
smallest dimension are edges. Because (15) has an optimal solution, it must therefore
be that it has an edge of optimal solutions. Let §’ be a solution on this edge. There are
n active constraints of Dy at 8. Now define §* = 8’ — §1. Then,

S s Y st = =) i (5 —60) + Zdj(a;—ao)

i€l JjeI_ i€l JjeI_
Z—Zsi5£+Zdj5}+50 Zsi—Zdj
i€l JjeI_ i€l JjeI_
- T
i€l jeZ_

Hence 8* has the same objective function value as §’. Moreover, §* satisfies all the
constraints in (15) because 87 -8 = (8;. —8y) — (6] =8 = 8;. — 8] < ¢;j forall
(i, j) € Zy x I_. Clearly, §* is an extreme point of D, since it satisfies §; = 0 in
addition to the n independent constraints active at §’. Proposition 12 then implies that
B* = 71 (6*) is an extreme point of By, i.e., the coefficient vector of a facet-defining
inequality for cl conv(QY) that cuts off (71, ..., t,, to) = (0, ..., 0, 1).

Theorem 2 A solution to the separation problem (which consists of finding a hyper-
plane that separates (11, ..., ty, o) and Q°) is (B*)Tt > 0 where p* = T~ (6%)
and §* is an optimal solution to the dual transportation problem (15) with §; = 0.
Moreover, this solution yields a facet-defining inequality for cl conv(Q?). O

Because basic feasible solutions of (16) correspond to certain spanning trees of G,
it is natural to suspect that facet-defining inequalities of cl conv(Q®) can be associated
to those spanning trees. We explore this connection in Sect. 6.
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6 Label-connected trees and facet-defining inequalities of cl conv(Q")

In this section, we show that facet-defining inequalities for clconv(Q?) correspond
to certain subtrees of the complete undirected bipartite graph G = (Z4, Z_). Recall
that, in (11), we associated a weight w;; to each arc {i, j} wherei € 7, and j € Z_.
To streamline notation, we define w; := w%/ for (i, j) e I+ x I_.

Consider a spanning tree S of G. Then for any node i € Z; U Z_\{0} there exists
a unique path from node O to node i in S. We denote this path Py; by

0 =)o —iy —ip — -+ —ip(=1).

We say that an inequality ST¢ > O (or the associated coefficient vector §) is induced by
the spanning tree S if §; := (—1)? Bowiyi, Wi iy - - - Wi, i, for each i € NV It follows
directly from the definition of induced inequality that, on path Py;,if0 < g <r < p

ﬁir = (_l)r_qﬂiq wiqqurl wiq+1iq+2 s Wiy (17)

In particular, if two distinct spanning trees S and S’ of G share the same path from
s s' ,
% = % where 5 and 5 represent
iq iq
the coefficient vectors induced by spanning trees S and §’, respectively.
In Proposition 14 and Example 2, we show that every facet-defining inequality
is induced by a spanning tree of G, but some spanning trees do not induce valid

inequalities.

node i, to node i,, then it follows from (17) that

Example 2 Consider the set QO with disjuncts defined by 4¢; + 3, — 13 — 9 > 0
S5t1 +tp —2t3 — 1o > 0, and 5¢1 + 2, — 2t3 — 1o > 0. We have that Z, = {I, 2}
and Z_ = {3, 0}. Further, edge weights can be computed to be w3z = }‘,wlo = 3,
w3 = %, and wyp = % Two spanning trees of G are shown in Fig. 1. The inequality
induced by the subtree of Fig. la is 5¢; + 3, — 13 — tp > 0. This inequality is
the c-max cut and, hence, is valid for cl conv(QO). Furthermore, it can be verified
to be facet-defining for this set. The inequality induced by the subtree of Fig. 1b is
5t + 3tp — %tg — to > 0, which is not valid because it cuts off the feasible point
(0,1,3,0) € Q! < clconv(QY). o

Example 2 shows that not all spanning trees of G induce a valid inequality. The
reason is that the induced coefficients may violate an inequality corresponding to an
edge that is not included in the spanning tree. We refer to a spanning tree that induces a
valid inequality as a feasible spanning tree. We next show that any inequality induced
by a feasible spanning tree is facet-defining for cl conv(Q?).

Proposition 14 Inequality BTt > 0 with By = —1 is facet-defining for clconv(Q?)
if and only if B is induced by a feasible spanning tree of G.

Proof Let BTt > 0 with o = —1 be a facet-defining inequality for clconv(Q°).
Then, by Theorem 1, 8 is an extreme point of B;. Since § is an extreme point of By, it
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Fig. 1 Spanning trees and I+ T I+ T

induced inequalities for
1
w13 = 1 @

Example 2. a Tree inducing
S5t; + 3t —t3 —ty > 0 b tree
inducing

S5t +30— 33 —1 >0

1

w10 = 5
( ) 1
w20 = 3

(b)

belongs ton = |Njy| — 1 hyperplanes of the form {8 € Rl | Bj +w;jB;i = 0} whose

coefficient vectors are linearly independent, in addition to Sy = —1. By Proposition 11,
the subgraph with respect to 8 forms a spanning tree of G.
For the converse, suppose fTt > 0 with fyo = —1 is induced by a feasible spanning

tree. The validity of Tt > 0 follows directly from the definition of a feasible spanning
tree. By construction, see (17), coefficients 8 satisfy n equations of the form 8; +
w;jBi = 0, one for each edge of the tree. Lemma 1 shows that these n coefficient
vectors are independent. Therefore, § is an extreme point of B,. Hence, Theorem 1
implies that Tr > 0 is facet-defining for cl conv(QY). O

We next introduce the notion of label-connectivity. Let S be a spanning tree of G
with edge set E € 7, x Z_. A function L : E — L is called a label-function if

L(i, j}) € {1 c E)f“ >0, -2 = wi,} for each {i, j} € E. In words, L({i, j})

returns the index / of an inequality in the description of Q° with f;; > 0 and the
property that the ratio of the coefficient of ¢; over that of #; equals —wj;;. Because
the ratio w;; might be achieved in different rows, several label-functions might be
associated with a single spanning tree. For this reason, we define the set of all the label-
functions of spanning tree S by IL(S). We write S(E, L) to refer to a specific spanning
tree with edge set E and label-function L. We say there is a label-disconnection
for label [ in S(E, L) if the subgraph of S(E, L) induced by the edges of label / is
disconnected. This definition is equivalent to stating that there exists a path in S(E, L)
where two edges with label [ are connected within the tree using a path whose edges
do not have label /. Finally, we say that a spanning tree S with edge set E is label-
connected if there exists a label-function L € IL(S) such that S(E, L) does not exhibit
label-disconnection for any / € L. Otherwise we say it is label-disconnected.

Example 2 (continued) In Fig. 2, we add all possible valid edge labels to the edges
of the spanning trees presented in Fig. 1. In Fig. 2a, we observe that there are two
possible labels for edge {1, 0}, each of which determines that wig = % We see that,
independent of the choice of label for edge {1, 0}, the spanning tree does not exhibit
any label-disconnection. It is therefore label-connected. In Fig. 2b, we observe that
independent of the choice of label for edge {1, 0}, the spanning tree will exhibit a label-
disconnection for label 1 along the path 3—1-0-2. We conclude that this spanning tree
is label-disconnected. O
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Fig. 2 Possible edge labels for
two spanning trees of

Example 2. a Tree inducing

S5t; + 3t —t3 —ty > 0 b tree
inducing

S5t +30— 33 —1 >0

T

®
©

Label-connected spanning trees do not necessarily induce valid inequalities and not
all feasible trees that induce a facet-defining inequality are label-connected. However,
we show next via an example and later prove that, for facet-defining inequalities, there
exists a feasible spanning tree that is label-connected.

Example 3 Consider the set QO with disjuncts defined by %tl —%tz—i—%tg—k%u—to >
0 and 5¢; — %tz + 13+ %t4 — 19> 0.Here,Z, = {1,3,4}; Z_ = {2,0}; wyo = %,
w3p =1, wao = %, wip = % w3y = % W4y = %; ho=1,10=21l4=11lnr=1,
I30 = 2, and l4 = 1. The facet-defining inequality

s (25t — 10ty + 413 + 1514 — 419) > 0 (18)

is induced by the spanning tree of Fig. 3a, which is label-disconnected, and also by
that in Fig. 3b, which is label-connected. O

Lemma 2 Consider afacet-defining inequality induced by a spanning tree S for which
there is a label-disconnection for label l. Let C| and C be any two distinct components
in the subgraph induced by edges with label l. Then, there exists a non-empty subtree
of Co that can be detached from C, and attached to C1, using an edge with label I,
without changing the rest of the tree or the corresponding facet-defining inequality.

Fig. 3 Two spanning trees
inducing (18) in Example 3. a
Label-disconnected spanning
tree, b label-connected spanning
tree
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Proof Since the given facet-defining inequality is induced by a spanning tree, there
exists a unique path from a node in C; to a node in C, that contains no edge from C
or C;. Let the starting node be i; € C; and the ending node be j; € C». Further, let ip
be a neighbor of i1 in Cy, and j, be a neighbor of j; in Co. Leti’ € Ty N{iy, iz}, j' €
{iy, 2]\{i’} and let i” € Z4 N {j1, jo}, j” € {Jj1, j2}\{i"}. Since edges (i’, j') and
(i”, j) have label [, it follows that

flj/ fl]”
By =By, and By =Py (19)
! l fli/ ! l fz”
Further, since the spanning tree yields a valid inequality,
Jijr Jij
ﬂ//—<ﬂ s and ﬂ —<ﬂ//, (20)
! f " j ! ﬁl/ J
1) Sijr Sy iy Syt
,,_J PR 4 S M— ST S JU L, 2
We write ; < By = Br T = By T T = < Bj» T = B f , where the
inequalities hold because of (20) and the equahtles holds because of (19). Therefore,
fl/”

equality holds throughout and 8;» = ,3, ,and By = ’Bi"m' Now create a new
spanning tree by deleting arc (i, j2) from S and by connecting j, to the one node
among i1 and i that belongs to the other partition of the bipartite graph. Call this node
k and refer to the resulting spanning tree as S’. Clearly S’ contains a label-connected
component for label / that subsumes C; and has at least one more arc. Further, the
label of both the edge added and the edge removed is /, while all other edges and their
labels remain unchanged.

For any node i, f; is obtained by taking products of —w;;» for edges {i’, j'} along
the path from 0 assuming fp = —1. We split this path into three parts from 0 to i,
ito j,and j to i, where i (resp. j) is the first (resp. last) of the nodes {iy, i2, j1, j2}
encountered along this path. Since the arcs from O to i and those from j to i are

untouched, the ratios g and ﬁ’ are preserved. We showed that the tree preserves %
Taking a product, we see that ﬂ, is preserved. O

Example 3 (continued) We have seen that the spanning tree of Fig. 3a is feasible, but
is label-disconnected. Label-1 disconnection occurs on the path 1 —2 —3 — 0 — 4,
as L({1,2}) = L({4,0}) = 1 and L({3,2}) = L({3,0}) = 2. Consider edge {4, 2}.
It is shown in Example 3 that L ({4, 2}) = 1. Replacing edge {4, 0} with {4, 2} in the
spanning tree does not change the induced inequality and yields the label-connected
spanning tree shown in Fig. 3b. O

Theorem 3 Let BTt > 0 be a non-trivial facet-defining inequality for ¢l conv(Q0).
Then, there exists a label-connected feasible spanning tree that induces it.

Proof If BTt > 0 is a nontrivial facet-defining inequality, Proposition 14 shows that
it is induced by a feasible spanning tree. We prove the existence of a label-connected
feasible spanning tree by contradiction. Let 7 be the set of all feasible spanning
trees that induce this inequality. Note that 7 # ¢, 7 is a finite set, and each tree
in 7 is disconnected for some label. For any tree T € 7, let [(T) be the smallest
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Table 1 Feasible spanning trees for Example 4

Edge 1 Edge 2 Edge 3 Edge 4 B Violated edge

Tree 1 (1,2) (1,0) (3.,2) 4,2) 1/0(45, — 15,30,5, —-9) (3,0)
Tree 2 (1,2) (1,0) (3,0) 4,2) 1/0(45, — 15,36,5, - 9) (4,0)
Tree 3 (1,2) (3,2) (3,0) 4,2) 15(18, —6,12,2, —3) (4,0)
Tree 4 (1,0) (3,2) (3,0) 4,2) 15(15,—6,12,2, - 3) (4,0)
Tree 5 (1,2) (1,0) (3.2) 4,0) 15315, =5,10,3,=3) (3,0)
Tree 6 (1,2) (1,0) (3,0) (4,0) 15(15, —5,12,3,-3) -

Tree 7 (1,2) 3,2) 3,0) 4,0) 6,-2,4,1,-1 -

Tree 8 (1,0) 3.2) 3,0) 4,0) 5,—-2,4,1,-1 (1,2)
Tree 9 (1,2) 3.2) 4,2) 4,0) 9,-3,6,1,—-1) —

Tree 10 (1,0) 3.2) 4,2) 4,0) (5,-3,6,1,—-1) (1,2)
Tree 11 (1,2) (3,0) 4,2) 4,0) 9,-3,4,1,—-1 (3,2)
Tree 12 (1,0) (3,0) 4,2) 4,0) 5,-3,4,1,-1 (3,2)

label index for which it exhibits disconnection. Let I’ = max{I[(T) | T € 7} and
let C(T,1) be the size of the largest connected component of label / in 7. Choose
T' € argmax{C(T,!") | T € T,I(T) = I'}. Using Lemma 2, we can construct
T" from T’ by choosing C; as a component of size C(T’,1’). Since T"” is obtained
without altering labels on any arc with labels other than ', labels that were previously
connected remain connected. Further, 7" has a connected component for label I’ of
size larger than C(T’, I"). The existence of T” contradicts the definition of T’, proving
that there must exist a label-connected feasible spanning tree in 7 . O

Example 4 Consider the set Q0 defined in Example 1, where variable t5 has been
omitted. We record all spanning trees of G(Z4,Z_) in Table 1. In particular, the
columns of Table 1 contain the edges of each spanning tree, the coefficient 8 this
spanning tree induces, and, in the case where the tree is infeasible, one edge that
B violates. We conclude that clconv(Q?) has only three nontrivial facet-defining
inequalities, which were previously listed in (9). It can be easily verified that the three
feasible spanning trees are label-connected. O

7 A fast algorithm to generate a facet-defining inequality

This section presents a constructive algorithm to strengthen a given inequality to a
facet-defining inequality for cl conv(Q°) using label-connected spanning trees, which
were introduced in Sect. 6.

We first discuss the case of complementarity problems, which is a special case
of our setting and has been recently studied in [42]. Later, we will show that our
results substantially generalize this work and yield new insights even for comple-
mentarity problems. For fi, fo € R", fi £ 0 and fo £ 0, [42] considered
o°¢ = {t cR” | fth >1,1t> O} U {t eR" | szt >1,t> O}, and proposed the
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Equate-and-Relax (E&R) procedure to construct cl conv(Q€). Set Q€ arises, similarly
to our derivations in Sect. 3, while relaxing a complementarity constraint between
basic variables in a simplex tableau. The E&R procedure has two steps. In the E-step,
either the right-hand-side, or a variable #; whose coefficients fi; and f>; are of the
same sign is chosen. The nontrivial disjunct constraints fth > 1 and szt > 1 are
then multiplied by suitable nonnegative scalars « and y so that their right-hand-sides
or the coefficients of variable #; become equal, i.e., « = y or af]; = yf2. In the
R-step, a valid inequality is created by setting the coefficient of each variable to be
the maximum of its coefficients in the scaled inequalities. The right-hand-side of the
inequality is set to the minimum of the right-hand-sides of the scaled inequalities. The
valid inequality produced is

> max{afii, y fai}ti = minfe, y}. 1)

i=1

When ¢« = y > 0, (21) is the c-max cut described in Sect. 3. It is shown in
[42] that the family of E&R cuts characterizes clconv(Q€). The requirement that
a = y or af;; = yfr for some i, which is not explicit in traditional disjunctive
programming constructs, allows for the set of multipliers to be restricted to a finite
collection. Although they collectively describe cl conv(Q¢), not all E&R inequalities
are facet-defining for cl conv(Q¢). In [42], partial results are presented as to when E&R
inequalities are facet-defining for complementarity problems. However, this charac-
terization is incomplete, even for the case of the c-max cut. Next, we will first provide a
precise characterization of when an E&R inequality is facet-defining for cl conv(Q¢).
En route, we will generalize E&R to the cardinality setting. Recall that we are inter-
estedin Q0 = ;e Q0 with |£] = K + 1 where Q0 = {r e RMI | £T1 > 0,1 > 0}
and fijo = —1 for all I € L. For multipliers u; > 0, where [ € L, we derive the
following valid inequality

E max {u; fj;} t; > 0. (22)
: lel
ieN

It follows from [3] that the collection of inequalities of the form (22) characterizes
clconv(Q?). We show next that it is sufficient to consider weights associated with
feasible label-connected spanning trees. We first illustrate the result on an example.

Example 5 Consider the set Q0 defined in Example 1, where variable t5 has been
omitted. Using multipliers (l, % 1, 1), we obtain

5
S5t — §t2 +413 + 14 — 19 > 0, (23)

an inequality that is facet-defining inequality for cl conv(QO); see (9)a. O

Given a nontrivial facet-defining inequality, we next describe how to derive it using
(22) by computing the appropriate multipliers u; for / € L. If Tt > 0 is a non-
trivial facet-defining inequality of clconv(Q?), then by Theorem 3 there exists a
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label-connected feasible spanning tree 7' that induces it. Consider O as the root of
spanning tree T. For each label /| € L that appears in T, let J; be the node with
smallest distance (measured in number of arcs) from 0 among all nodes incident to an
arc with label /. Let {£, },=1 ..., be the sequence of distinct labels encountered on the
path from 0 to A; and let £, | be [. Compute

r+1 ffj—l).k/dj £y > 1
if r >

1 ifr =0.

For labels [ that do not appear in the spanning tree 7', choose

jeI_},min{%

uj € I:max{ﬁ iely, fii > 0” (25)
Jij

We now explain the procedure intuitively before providing a formal proof. For each
[ € L, the subgraph induced by all arcs with label / is a (possibly empty) tree because
T is label-connected. We refer to it as S; and to its node set as N (S;). If S; is empty,
then disjunct / does not play an active role in the derivation of the inequality. If S; is
not empty, the valid inequality produced is such that the coefficients of variables ¢; for
i € N(S;) are acommon multiple ; of their coefficients in the nontrivial constraint of
disjunct /. This multiple u; is chosen to be 1 if 0 € N(S;). Otherwise u; is computed
so that the scaled coefficients in disjuncts / and ¢, of the variable 7, are equal. In the
complementarity case, where |£| = 2, this procedure reduces to aggregating scaled
constraints using (21) such that either the right-hand-sides match or one variable has
the same coefficient in both constraints.

Proposition 15 Let 8Tt > 0 be a nontrivial facet-defining inequality of ¢l conv(QP).
Let T be any feasible label-connected spanning tree that induces it. Then STt > 0
can be obtained as (22) by selecting weights u; forl € L as in (24) and (25).

Proof First, we argue that weights u; are well-defined for / € L. For labels / that
appear in T, weights are uniquely defined by (24) since label-connectedness implies
that A, is uniquely defined. For labels [ that do not appear in T, the interval described
in (25) is nonempty because T is feasible and therefore f;; 8; — f;8; > 0 implies that

%Z%hmﬁeﬂwﬂﬁ>0m”el.
Second, we show that the given weights are nonnegative. When [/ does not appear in
T, u; is chosen according to (25). The lower bound of this interval is positive, proving

the claim. Assume therefore that label / appears in the tree 7. Let k be a node incident

to an arc of label [. Assume that the path from O to k is (ko(= 0), ..., kg, k) with
sequence of labels {€/},=1,. s+1 and sequence of distinct labels {¢,,},=1,.. , where
£;4+1 = . Note that the node associating ¢,, and £, 41 forn = 1,...,ris ii,.“ and

hence
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fow  Sun, ﬁA¢ﬁ
. 0
Tewo Sk Jo

Lk
s+17S
Teke, Jei, fﬁr}\erﬂ S, 1k

1
B = (=1 M wig k- w1k Bo =

 foiy foiy T foi foad,, Fo
_ Juig foig Sedi, foo -1
=1 fe, i, U fod, feririce,,
() e e
fork J ifr =0
= uj fik- (26)

Itk eZ_, Br <0and fi; < O.]It follows from (26) that u; = ’;—’; > 0.Ifk € Z4, then

Br > 0 and fj; > 0. It follows from (26) that u; = % > 0.

Finally, we show that with the given weights, (22) yields the desired inequality. Let
k € Np. It follows directly from (26) that B < max;cz{u; fix}. We next show that
Bx = max{u; fir | [ € L}. If [ is not in the tree, the definition of the interval (25)
directly implies that By > u; fjx. Consider therefore the situation where / is in the
tree. Assume for a contradiction that 8r < u; fir. Let C be the set of nodes in the
connected component for label /. Then, for any i € C1, ;i = u; f;;. This shows that
k ¢ C1.Choose anode k" in C that belongs to Z_ if k € Z; and that belongs to Z if
k € T_.Because k' € Cy, u; = % Our assumption then implies that §; < %ﬁk,

which is a contradiction to the fact that T is feasible. O

Example 5 (continued) Consider the label-connected feasible spanning tree in Fig. 4.
Because labels 1 and 3 are adjacent to node O, we set 1 = 1 and u3 = 1. Then, uy = %
because f>; = 3 and fi; = 5. Finally, u4 can be any value in [1, 5/2], because label

4 does not appear in the tree. Using these weights yields (23). O

We next describe a procedure that expresses a valid inequality for cl conv(QY) that
is not facet-defining as a conic combination of “stronger” valid inequalities. In order to
express this result, given a vector § € B,, we introduce the notation dp, () = dim(F),
where F is the face of B, that contains § in its relative interior. Although this result can
be proven in a more general setting, the specialized proof we give has the advantage of

Fig. 4 Label-connected feasible
spanning tree for Example 5
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yielding a low-order polynomial time algorithm for strengthening a valid inequality
of clconv(QY) into a facet-defining inequality.

Proposition 16 Let STt > 0 be a valid inequality for cl conv(Q°) with By < 0 that
is not facet-defining, i.e., dp,(B) = k > 0. Then either

1. There e_xist wo vall;d ineqz,falities BTt >0 fmd BTt > 0and 6 € (0, 1) such that
B=0B+ (1—-0)B,dp,(B) <kanddp,(B) <k, or )
2. There exists a valid inequality BTt > 0 such that B < B and dg,(B) < k.

Proof Let BTt > 0 be the given inequality. We may assume that 8 € By, B; > 0 for
i€ly,and B; < Ofor j € Z_. Define § = log(|B]) where log(0) := —o0.

Given 48, we construct the subgraph Gs(Z+,Z_) of G(Z+,Z_) induced by the
edges (i, j) for which inequality 6; — §; < ¢;; is satisfied at equality by §. Subgraph
Gs(Z4,7-) is disconnected. In fact, if it was connected, any spanning tree would
induce BTt > 0, and being feasible, would contradict the fact that this inequality is
not facet-defining for cl conv(QY); see Proposition 14.

Let C; and C, be the partition of Ny where C; is the node set of the connected
component of Gs(Z, Z_) that contains 0 and C; = Ny\C;. Compute

At =min{§ —8; +cijli e Ci1NIy, jeCaNI_},
A :max{—cij —8;+5~,~|i eCrN1y, je ClﬂI_}.

There is at least one arc connecting C; with C2 in G(Z4,Z_). If not, CoNZy = @,
whichmeans C1 N7} 2 Z # (J, yielding a contradiction to C» # #. Let x (C) denote
the indicator vector of C. Clearly, at least one of A™ and A~ is well-defined. When
AT is not well defined then x (C») (resp. —x (C1)) is a recession direction of D, when
CoNZI_ = (resp. C1NZy = ¥) and we express § = (8 + A~ x(C2)) — A~ x(C2)
(resp. 8 = (6 — A™x(Cy1)) + A™ x(C1)). Similarly, when A~ is not well defined,
Cy NIy = @ then —x(Cy) is a recession direction for D, and we express § =
(8 + AT x(Cp)) — AT x(C3). Finally, when A™ and A~ are well defined, we express
§ = Aff;_(S + A7 x(Cp)) — ﬁ(é + AT x(C3)). The result still works after
the transformation 8 = e° because for A’, A” > 0 and some set of nodes C, the
perturbation § + A’ x (C) (resp. § — A” x (C)) yields an inequality 8’ = A1 6B
(resp. B = e=4"x(©)oB), where o denotes Hadamard product. Since e=4" < 1 < ¢4,
B can be expressed as a convex combination of B’ and B8”. The case with recession
cones also follows by letting A — oo. Since the size of C; increases each time,
the inequalities we use (if not the trivial recession directions) come from a smaller
dimension face of D, and, hence of B;. O

We now illustrate the procedure used in the proof of Proposition 16.

Example 5 (continued) Consider the inequality 21¢; —7t, 42013 +414 — 419 > 0 which
is valid for cl conv(Q"). We next express this inequality as a conic combination of facet-
defining inequalities of cl conv(Q®) using the procedure in the proof of Proposition 16.
Let 8 = (21, —7, 20, 4, —4). For this vector 8, only the two inequalities S + w1281 >
0 and Bog + w4oBs > 0 are satisfied at equality. It follows that C; = {4, 0} and
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Cy ={1,2,3}. For f = 2/7and g = 20/a1, define B’ = (21 f, —7f,20f, 4, —4) and
B’ = (21g, —7g,20g, 4, —4) and express

1—g f-1 1 15
_ ﬁ/+ ﬂ//__ﬁ/+1_6

f—-g f—-g 16 p @D

B

We recursively treat 8! = g’ and g2 = B”. For g, C; = {1,2,4,0} and C> = {3}.
With g’ = 7/, let B = (36, —12,2490/; ¢’ 4, —4). For 8%, C; = {1,2,4,0} and
C> = {3}). With g” = 215, we define %" = (20, —20/3, 40/5; g” 4, —4). Then

Bl =B 40,0,/ (1 — g),0,0) = B1" + (0,0, 7/, 0,0), (28)
B2 = B>+ (0,0, (1 —g"),0,0) = B>" + (0,0, 6/, 0,0). (29)

Both B! and %" are facet-defining. Combining (27), (28) and (29), we obtain 8 =
6Bl 4+15/1682" +7/2(0, 0, 1, 0, 0). Thus, our valid inequality is a conic combination
of (9)b, (9)a and 13 > 0 with weights 4/16, 9/16, 72, respectively. O

When the c-max cut does not define a facet, which can occur even when |£]| = 2
[42], we use the algorithm in the proof of Proposition 16 to strengthen its coefficients
to those of a facet-defining inequality.

Proposition 17 Any c-max cut can be expressed as a conic combination of a single
nontrivial facet-defining inequality together with trivial inequalities. Moreover; the
coefficients of the c-max cut and those of the single nontrivial facet-defining inequality
are identical for each i € 7.

Proof In the proof of Proposition 16, when C; 2 Z4, A™ is not defined and the
inequality is expressed as a conic combination of a tighter valid inequality and a
trivial inequality. The coefficients of the variables in C; do not change. Thus, we only
need to show that throughout C; © Z,. This is true at the beginning because the
coefficient for each i € Z is derived from inequality I’ € arg max; fj;. It is also true
at each subsequent step because C1 grows at each step. O

The question of when the c-max cut is facet-defining for cl conv(QY) with |£| = 2,
was raised but left open in [42]. The proofs of Propositions 16 and 17answer this
question in the general case where |£| > 2. A c-max cut 8T¢ > 0 is facet-defining
for clconv(QV) precisely when Cy = @ at the first step in the proof of Proposition 16.
Since 74 € C1, this condition can be restated as each node j € Z_\{0} is such that
Bj + w;jB; = 0for some i € I, yielding the following.

Corollary 4 A c-max cut BTt > 0 is facet-defining for clconv(Q°) if and only if for
each j € I_\{0}, Bi = fi; and Bj = fi; for somel € L andi € L. O

We may also use the constructive procedure used in the proof of Proposition 16 to
design an algorithm to “tighten” a valid inequality for cl conv(Q?) into a facet-defining
of clconv(QP). We choose to develop such an algorithm in the space of § variables.
A similar procedure could be developed in the space of § variables. The underlying
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idea is to expand the subgraph of tight equalities in D for the given § into a connected
graph, while maintaining feasibility for the non-tight inequalities.

The constructive procedure is presented in Algorithm 1 and is a variation of Prim’s
algorithm for minimum weight spanning trees; see [43]. It requires sets Z; and Z_,
a coefficient vector 8 € Di, and the matrix C = [c¢;;] where ¢;; = log(w;;). Define
Sji = Sij = Cij — 8]' + 6 fori € Zy and j € Z_. Since § € Dy, Sji = Sij = 0. If
key™* is the key on termination then § 4 key* gives the coefficient vector of the desired
facet-defining inequality. We refer to “Appendix” for more detail.

Algorithm 1 Cut-Strengthening (S = [s;;], Z4,Z-)

I k<0, Op < Zy, O_ < Z_\{0}

2: keyli] < —sjp, Vi € Q4, key[i] < oo, Vi € Q_, key[0] < 0
3: while O #@or Q_ # ¢ do

4:  if Min(Q-) — key[k] < key[k] — Max(Q+) then
5: k < EXTRACT- MIN(Q_)

6:  else

7: k < EXTRACT- MAX(Q+)

8:  endif

9:  fori € Adj[k] do

10: if i € 7 then

11: key[i] < max{key[i], —s;x + key[k]}
12: else

13: key[i] < min{keyl[i], sg; + key[k]}
14: end if

15:  end for

16: end while

Theorem 4 From any valid inequality of cl conv(QY), Algorithm 1 constructs a facet-
defining inequality in time O (e + nlogn), where e and n are the number of edges
and nodes of G(Z4,1_), respectively. Further, the facet obtained contains the face
defined by the initial inequality. O

8 Conclusion

Considerable attention has been paid to optimization problems with cardinality con-
straints. Given an LP relaxation and a basic solution that does not satisfy the cardinality
requirement, we derive violated valid inequalities, which are facet-defining for a dis-
junctive relaxation of the problem. Separation is carried out by solving a network-flow
problem in the original problem space instead of a higher-dimensional cut-generation
LP. We show that facet-defining inequalities can be associated with label-connected
feasible spanning trees of a suitably defined bipartite graph and, consequently, derive
various insights into their structure and validity. Using these insights, we modify the
recently proposed E&R procedure, which generates cuts for complementarity prob-
lems, to the more general setting involving cardinality constraints. Our analysis reveals
conditions under which the c-max cut, a cut widely used in the complementarity lit-
erature, is not facet-defining and can be improved using a simple procedure. More
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generally, we develop a fast separation procedure that tightens valid inequalities into
facet-defining inequalities for our relaxation using a Prim-type combinatorial algo-
rithm.

A Appendix: Proof of Theorem 4

Proof For a given node set X C M, the operation EXTRACT- MIN(X) (resp.
EXTRACT- MAX(X)) removes and returns the element of X with the smallest (resp.
largest) key. We also define Min(X) := min;cx key[i] and Max(X) := max;cy key[i].
We denote by Q (resp. Q) the max-priority queue in Z (resp. min-priority queue
in Z_) whose keys are not yet finalized. We let Q = Q. U Q_. For a node v, Adj[v]
is the set of nodes adjacent to v in Q.

Let H represent the sequence of nodes extracted during the successive iterations
of the while loop. For nodes i and j, we write j < i if j occurs in H before i.
We define key[0] = 0. Then, for i € Q4 (resp. Q_\{0}), we define key[i] to be
max ez \Q_,j<i —Sij +key[j](resp. min;c7,\ 0, j<i sij +key[j]). We use induction
to show that keys follow this definition. The base case can be verified via the initial
assignment of keys and the convention that min{{}} = oo. If we assume that the keys
satisfy the above definition before the iteration, then since k < i for any i € O\{k},
the definition remains valid after the step 11 (resp. step 13). It is clear that once a node
is extracted, the key of the node never changes in the remainder of the algorithm.

We first show that min(Q_) — key[k] > 0 and key[k] — max(Qy) > O at step 4 of
the algorithm. This is clearly true for the base case. We assume that these inequalities
are true and we choose to extract k" at either step 5 or step 7. We will only argue that
the above inequalities hold for k" selected at step 5 because the other case is similar.
We first argue that the result holds before step 9. If k” was selected at step 5, i.e.,
k' € Q_, then the first inequality holds because k' was chosen to be the node with
minimum key in Q_. The second inequality holds because key[k'] — key[k] > 0 and
key[k] —max(Qy) > 0 by induction hypothesis. Now, we show that these inequalities
continue to hold until the step 4 of the next iteration. In particular, observe that for
Jj € Q_ (resp. j € Q4), since key[j] > key[k'] (resp. key[j] < key[k']) before the
update in step 13 (resp. step 11) and s > 0, it remains so after the update as well.

Now, we show that at each iteration of the algorithm where node &’ is extracted,
S+ ijk’ key[j1x ({j}) +key[k']x (Q) defines a valid cut. This is trivially true for the
base case. We now consider the case when k' is extracted. The incremental change to the
vectoris (key[k']—key[k]) x (QU{k’}), where k immediately precedes k" in H. Clearly,
this change does not affect any inequality in D expressed for nodes i and j which both
precede k’ or both succeed k’. Therefore, we only need to concern ourselves with an
inequality with respect to i and j wherei < k" < j. Assume j € Q4. Ifk’ € 7y, then
the result follows because 0 < s;; +key[j]—key[i] < s;; ~+key[k'] —key[i] because k’
is the maximizer in Q. On the other hand, if k" € Z_, then s;; + key[k'] —key[i] > O
if ¥ = i and s;; + key[k'] — key[i] > s;; + key[k] — key[i] > 0, where the first
inequality follows because key[k'] — key[k] > O by our earlier proof and the second
inequality by the induction hypothesis and because key[i] was not updated. The proof
for the case j € Q_ is similar.
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It follows from the definition of keys that at least one of the inequalities with respect
to k" and its predecessors becomes tight. Since the procedure only stops when all the
nodes are visited, it follows that the graph of tight inequalities is connected at the end
and§ + ) ieNy key*[j1x ({j}) defines a facet-defining inequality.

We now show that all the tight inequalities remain tight during the procedure. In
particular, assume s;; = 0. Assume j < i where j € Z_ (the proof for j € Z, is
similar). Clearly, when k = j at step 4, key[j] > key[i]. However, key[i] > key[/]
because of the previous update at step 11. Therefore, key[j] — key[i] = 0. Then,
because of the condition in step 4, the keys added match key[i]. Therefore, there
is no update to key[i] because key[i] > —s;; + key[k] follows from s;z > 0 and
key[i] = key[k].

The above algorithm can be implemented using heaps for both Q4 and Q_. If the
graph G(Z5,Z_) has n nodes and e edges, it requires O (n) INSERT, O (n) Min, O (n)
Max, O (n) EXTRACT-MIN and EXTRACT-MAX, and O (¢) DECREASE-KEY operations.
With Fibonacci heaps, the running time is O (e 4+ n log n) which exactly matches that
of Prim’s algorithm. O
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