Matroid Optimization Problems with
Monotone Monomials in the Objective

Anja Fischer*  Frank Fischer' S. Thomas McCormick?

August 23, 2017

Abstract

In this paper we investigate non-linear matroid optimization problems with polyno-
mial objective functions where the monomials satisfy certain monotonicity properties.
Indeed, we study problems where the set of non-linear monomials consists of all non-
linear monomials that can be built from a given subset of the variables. Linearizing all
non-linear monomials we study the respective polytope. We present a complete de-
scription of this polytope. Apart from linearization constraints one needs appropriately
strengthened rank inequalities. The separation problem for these inequalities reduces
to a submodular function minimization problem. These polyhedral results give rise to
a new hierarchy for the solution of matroid optimization problems with polynomial
objectives. Finally, we consider extensions of our results and give suggestions for future
work.

Keywords: Polynomial 0-1 Programming, Polyhedral Combinatorics, Matroids, Com-
plete Description, Hierarchy
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1 Introduction

In the last twenty years there has been a growing interest in studying combinatorial
optimization problems with non-linear objective functions, as this greatly expands the set
of applications, see, e.g., [BL12] for a recent survey on non-convex mixed-integer nonlinear
programming. An important subclass of non-linear objectives is polynomial objectives.
A standard approach to solve such problems is to linearize the non-linear monomials
by introducing a new variable for each of them and to investigate the properties of the
enlarged polytope. Linearization variants for the unconstrained case were, e. g., presented in
[BM84] [For59, IGWT3l, [GWT74, [Pad89]. Since even the solution of unconstrained quadratic
0-1 problems is NP-hard, it is not surprising that one does not know complete descriptions of
the associated linearized polytopes in general. In order to improve the standard linearization
in these cases one tries to strengthen the relaxations by appropriate valid inequalities. A
study of the structure of the so called Boolean quadric polytope is presented in [Pad89|. For
the more general case of arbitrary sets of non-linear monomials strong cutting planes are
provided in the unconstrained case, e. g., in [BCRHI16L I(CRH17, [DPK16, DPK17a, DPKI7h].
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In the constrained case similar approaches are applied. Then one hopes that the
knowledge of the polyhedral structure in the linear case helps in the polynomial case as
well. So one tries to strengthen the known inequalities, see, e. g., [FH13, [FF15, PGdC15],
partially by problem specific lifting approaches. A standard way to do this is multiplying
some of the original constraints by one of the variables as part of the RLT (reformulation
linearization technique) [SA90, [SA9S].

Furthermore, papers such as Balas et al. [BCC93], Sherali and Adams [AS05,SA90,[SA9S],
Lovész and Schrijver [LS91] and Lasserre [Las01] strengthen the relaxations of binary (and
mixed-integer) optimization problems by introducing appropriate hierarchies. Then the
convex hull of all integer points of the problem can be derived after a finite number of
steps, getting better and better relaxations in each single step. An excellent overview of
the different schemes is given in [Lau03]. We will later work with a separation oracle. In
contrast to the other hierarchies mentioned, it is not known whether one can efficiently
optimize over the Lasserre hierarchy at some constant level if one is given only a separation
oracle in order to handle the often exponential number of constraints associated to the
problem, see, e.g., [CT12].

Recently, Buchheim and Klein suggested a new way to derive strengthened inequalities
[BK14l [Kle14]. If we start with a polynomial-time solvable combinatorial optimization
problem and add one additional quadratic monomial, then the resulting problem remains
tractable and there is some hope that one finds a complete description of the linearized
polytope by the well-known “optimization equals separation” result [GLS93|]. Usually,
the strengthened cutting planes remain valid for the problems with several linearized
monomials and might so be used for strengthening them as well. In order to employ these
cutting planes in branch-and-cut methods one aim is to derive more direct separators than
using the ellipsoid method. Results for the spanning forest and the spanning tree problem
with one quadratic monomial can be found in [BK13, BK14l [FF13]. Furthermore, one
studied the bipartite matching problem [Klel4l Wall6] and the general matching problem
[HKL15| Klel4] with one quadratic monomial. [HKLI5] stated that especially in the case
of dense quadratic objective functions the interaction of different monomial terms should
be taken into account in order to get significant reductions of the gap between the linear
relaxation and the integer hull at the root node or during branch-and-cut.

[FFM17] considered larger sets of monomials for matroid optimization problems. They
found a complete description of the linearization for a set of nested non-linear monomials
of arbitrary degree. This paper was our starting point for the investigations in the current
paper, where we will extend to a set of non-nested monomials when the monomials
satisfy certain monotonicity properties (similar to the up- and downward completeness
in [BRO§|). We present a complete description of the linearized polytope for this class of
matroid optimization problems. Our description combines linearization constraints with
appropriately strengthened rank inequalities to be defined below. In contrast to [FEMI17]
some coefficients of these extended rank inequalities might be negative. The associated
separation problem of our rank constraints reduces to a submodular function minimization
problem, which enables us to use these constraints rather directly. In the case of three
quadratic monomials on three original variables we derive a complete description as long
as we also add the cubic monomial on these variables or this monomial is always zero
(the associated set is dependent, see below). That allows us to take interactions of single
monomials into account, which partially answers a research question in [HKL15]. If the
number of variables in non-linear monomials is constant, then the associated optimization
and separation problems can be combinatorially solved in polynomial time. This gives
rise to a new hierarchy for solving general matroid optimization problems with polynomial



objective functions. This hierarchy has the advantage that we only add larger monomials
for elements that are contained in some non-linear monomial. For quadratic matroid
optimization problems, the first step of our hierarchy is essentially the same as applying the
polyhedral results for the one-monomial case to each single quadratic monomial separately.
Solution approaches for different types of non-linear matroid optimization problem can be
found, e. g., in [Onn04, BLMA™08, LHLOT0].

This paper is structured as follows. Section [I.1] covers the background we need on
matroids and matroid polytopes. Afterwards, in Section [2] we propose our matroid opti-
mization problem with polynomial objective where the monomials satisfy some monotonicity
conditions. These monomials are linearized. We present a complete description of the
linearized polytope and study the associated separation problems in Section [3] In Section [4]
we present our new hierarchy for solving general matroid optimization problems with
polynomial objectives. Finally, we present some extension of our work and give some
suggestions for future work in Section [5} We further show that for matroid intersection
problems the polyhedral structure can be much more complicated and so our results cannot
easily be extended. Some rather technical proofs are deferred to the Appendix.

1.1 Preliminaries

Throughout this paper we will consider a matroid M = (F,J) with finite ground set
E,|E| = n, and a family of independent sets J C 2% where 2% denotes the power set of a
finite set X. A matroid M satisfies the three properties

(M1) 0 €3,
(M2) STCE,Te€J,SCT= SeJ,
(M3) S,Te€3,|S|<|T|= JeecT\ S with Su{e} €.

In this paper we assume that {e} € J for all e € E (otherwise we could consider the
matroid M’ = (E \ {e},7)). The rank function of M reads r: 2F — Ny with 7(X) =
max{|I|: I €J,1 C X} for each X € 2F. The rank function r of a matroid is well-known
to be subcardinal, monotone and submodular, e.g., [Ox]192] Wel76]. In slight abuse of
notation given S, T C F,e € E we often write S+ 71,5 —T and S + ¢,5 — e instead of
SUT,S\T and SU{e}, S\ {e}, respectively. Let T C E. Then B € J is a basis of T if
BCTand B+e¢Jforallee T\ B. Sets C C E,C ¢ J withC —eeJforallec C are
called circuits. The closure cl(T) of aset T C Eis cl(T) :=TU{e € E: r(T) =r(TU{e})}.
A set T C FE is called closed if cI(T') = T. We often make use of the strong basis exchange

property (equivalent to [(M3))), see, also [Bru69]:

(M3') B,B’ bases of T C FE with B # B’ = for any e € B\ B’ 3f € B'\ B with
(B—e)+ fand (B'— f) + e bases of T.

For further results on matroids in general we refer the reader to the excellent books
[Ox192], Wel76].

We are mainly interested in the polytopes associated with some matroid. For these
we need the following definition. For any S C FE we define the characteristic vector
x* €{0,1}" by

S 1, eeS,
Xe =
0, e¢S.



(In slight abuse of notation, we often do not distinguish between the characteristic vector
of an independent set S € J and the set S itself.) Then the polytope associated with the
matroid M is

Py = conv{x® € {0,1}7: 5§ e 7}.

This polytope is well-understood.

Theorem 1 (Edmonds, [Edm70]). Let M be a matroid with rank function r: 2F — Ny,
then

PM:{xeRE: ergr(T),TgE}.

ecT

The inequalities

ergr(T), TCE, (1)
ecT

are often called rank inequalities. Together with the non-negativity of the variables they
completely describe Pp;. Edmonds further characterized which sets 71" lead to facets of Py,
[EdmT70], see also [Gro77).

2 Matroid Optimization Problems with a Set of Monotone
Monomials

In this section we consider matroid optimization problems with polynomial objectives
whose monomials satisfy certain monotonicity properties. We aim to develop a formulation
and afterwards a complete description of the extended polytope that arises from linearizing
the non-linear monomials. Later, in Section [3| we prove that the inequalities we develop
here indeed form a complete description of that polytope.

Fix a matroid M = (FE,J). Note that each monomial [],c; . is associated with a subset
I C E. We say that a class of matroid optimization problems is monotone if there is a
fixed independent set E := {ej,...,ep} € J (we globally define k = |E|) such that the set
of allowed monomials is associated with precisely all non-empty subsets of E, plus linear
terms for all e € E'\ E. Thus our cost function is c: £ U (27 \ #) — R, and our monotone
matroid optimization problem is

maximize{ Z cle) - xe + Z e(I) - Hme: x € Py nH0, 1}E} (OPT)

e€E\E O0AICE eel

Note that in general all coefficients can have arbitrary (possibly negative) values, and that
this objective function is neither convex nor concave. In comparison to the definition of up-
and downwards completeness of monomials in [BRO§|, our definition allows linear terms
not belonging to any non-linear monomial. In contrast to the unconstrained case, including
such terms might have an significant impact due to the matroid structure.

It is also possible to think of starting with an instance of a matroid optimization problem
with only some non-linear monomials, but with the property that the union of the elements
in these non-linear monomials is an independent set (this restriction can be relaxed, see
Corollary (13| below). Then we could consider such an instance to be a special case of
monotone matroid optimization where many of the cost coefficients are zero.



Remark 2. In general, problem (OPT) is NP hard: Consider the case of the trivial
matroid My = (E, 2FE ) and zero costs for all monomials of degree at least three. Then

the problem is equivalent to the unconstrained quadratic 0-1-problem, which is NP hard

[SA98, BROS|. But if k is a fixed constant then we can solve the problem (OPT]) with the
help of the Greedy algorithm [EdmT71]. For each I C E we use the Greedy algorithm to
compute the 2% values

21 = Z c(J)—i—max{ Z c(e)-xe:wEPMﬂ{O,l}E;xe:Xg,eeE},
0£ICI ccE\E

and then an I that maximizes z; is optimal.

Consider the monomial [],.; x. over index set I C E. We linearize this monomial by
introducing a new variable x;. For each S € J (so that x* is a feasible vector for (OPT))
we define the incidence vector of S w.r.t. all monomials (i.e., I C F with I # ) as

s [1, 1CS,

XI:{O, I¢s.

We define 2& := 25\ {()} as the non-empty subsets of E. Then for S € J we define X§E to
0

be the incidence vector of all monomials over F except for the empty set.
In this paper we mainly focus on the study of the structure of the polytope

PJ\E; = conv { <X§\E7X§§> € {0, 1}nfk+2k,1: S ¢ j}

that arises after linearization. Notice that when k is a constant, PAP;[ has a polynomial
number of dimensions, but when k is part of the input Pﬁ has an exponential number of

dimensions. For the formulation and complete description of P, we need the following
definitions.

Definition 3. Let I C E,|I| > 2, and T C E. Then we define

BHT) = |I\T|+r(T) - r(T +1I), (2)
ar(T) = Y (-1 (7). (3)
JCI
[J|>2

Let I CE,|I|>2and T C E. Since r(T' +I) < r(T)+ |I\ T| we have 8;(T) > 0. If
Br(T) > 0, then some dependency occurs. The (3 (.) can be interpreted as a generalization
of the «;(.) in [FEMIT7]. So similar properties are satisfied. Furthermore, a;(T") is
an inclusion-exclusion formula depending on the (7") where one tries to count “each
dependency exactly once”. We will later use the « (.) as the coefficients of the linearized
monomials in appropriately strengthened rank inequalities. A visualization of « (T"), 5.(T)
for some T' C F on the example of the graphic matroid on a complete graph with six nodes
can be found in Fig. [Il The edges of T are drawn solid and the edges of E are drawn with
dotted lines.

Useful properties of a(.), 87(.), I C E are given in the next two lemmas.

Lemma 4. Let T' C E and e € cl(T) \ (T + E_) Then B1(T) = B1(T + e) for all
ICE I >2. SoarT)=ar(T+ (c(T)\(T+E))) forall I CE,|I| > 2.



(e er. )

e4 . €2 es3
€3 €9
@, er

ﬁ{ei}zo,izl,...,ll B{ei}:(),i:l,...,ﬁl
ﬁ{ehei} = 072 = 27 37 4 B{el,ei} = /3{64,ei} = 072 = 17 v 74
/8{62763} - 5{62,64} - 6{63764} =1 6{62763} =1 )
/8{61,62,63} = ﬁ{€1,62,€4} = /8{61,63,64} =1 6{61,67;,64} = 07 1= 27 3

{e2,e3,ea} — 2 {e2,e3,ei} — 172 = 174

{e1,e2,e3,e4} = 2 {e1,e2,e3,e4} — 1
QAeg,es,eal = -1 X eges,ea} = 0
Qer,ez,e3,e4} — 0 Qeq,ez,es,e4t = 0

Figure 1: Illustration of « (T'), 8.(T") for some set ' C E on the example of the graphic
matroid on a complete graph G = (V, E) with six nodes and E = {e1, ea, €3, e4}.
The edges of T' C E are drawn solid and the edges of E are drawn with dotted
lines. All other edges are omitted in the picture for the sake of clarity. Note
that az(T) = B;(T) for sets I C E,|I| = 2. Furthermore Biey(T) = 0 for all
i€{l,...,4} because T is closed.

Proof. Let T C E,e € c|(T)\(T+E) andlet I C E,|I| > 2. Then r(T+J+e) =r(T+.J)
for all J C I because

r(T+J)+r(T)<r(T+J+e)+r(T+e)<r(T+J)+r(T+e)=r(T+J)+r(T)

by the monotonicity and submodularity of the rank function. Observation 5 in [F FM}?J is
similar to this result. Furthermore, |J\ T| = |J\ (T + e)| for all J C I because e ¢ E. So
the statement immediately follows by the definition of a;(7T), 57(T) in and (3). O

The next result is a generalization of the proof of the feasibility of the extended rank
inequalities in [FFMI17] to sets of non-nested monomials.

Lemma 5. Let T C E and I € 3. Then |T NI|+ B;~5(T) < r(T).

Proof. Let T'C F and I € J. Then we get by the monotonicity of the rank function and

by [(M2]] that

TNI+ B;npg(T) =TNI+|INE)\T|+7(T)—r(T+ (INE))
=r(TND+(INE)\T))—r(T+INE))+r(T)<r(T). O

Now we are ready to present a formulation for P]é}. Because we want to show that the
integrality constraints are not needed we include some constraints as well that are redundant
in the case of integral variables, but which will be needed for the complete description later
on.



Lemma 6. A formulation for PE s given by

—z. <0, ecE\E, (4)
(DI ST~z <o, 1e2kb, (5)
JCE:
IcJ
> (—DHHgr <1, (6)
Ie2f
S xet+ Y (T < r(T), TCE, (7)
eeT [gE‘
[I]>2

zy € {0,1}, Ie (2{;3u U {e}) : (8)

e€FE\E

Proof. Inequalities are the non-negativity constraints and inequalities and @ give
a kind of standard linearization for the linearized monomials. These constraints are variants
of the ones presented in [BRO8] where a complete description for linearized unconstrained
polynomial optimization problems is given for the case that the monomials satisfy the
so-called upward and downward completeness properties similar to our setting. Nonetheless,
we prove the validity of these constraints because we use a different notation and in order
to keep the presentation of the paper self-contained.

First, we consider the validity of . Let I € 2F be fixed and let S € J be given. Because
elements e € S\ E do not influence the left-hand side of we can assume that S C E.
Let |S| = m. Then the left-hand side is zero if I € S. If, otherwise, I C S, then

OIS S = S e (m P '”) — (-1 <0,

~ X 2
JCE: =0
cJ

So (5)) is satisfied with equality as long as I # S. Next, we prove the validity of @ Let
again S € J,|S| = m, be given and assume, w.l.o.g., S C E. If m > 1, the left-hand side
of @ reads

ST (=g = i <m> (—1)* = —(0-1) =1

a — \ !
Ie2f =

If m = 0, then the left-hand side is zero. So validity follows.

It remains to consider the strengthened variant of the rank inequalities @ visualized on
some graphic matroid in Fig. 2] and on some uniform matroid in Example[7] Let T C E be
fixed. We consider an arbitrary S € J and define m = |S N E|. If m < 1, then the validity
follows from the validity of . So let m > 2. Then

YNoxE+ D arMxf=1SnTI+ > ar(T).
ecT ICE ICSNE
11>2 1]>2

In order to simplify 3=;cgnz 7>2 @1(T) we take definition of the ay(-) into account.
Indeed, given K C SN E,|K| > 2,|K| = k, we count how often S (T) appears in the sum.

This number equals
m—k
—k ,

=0



64.:: ""‘62 ° E:‘ = {617 62}3 ZeeT Te < 2
3 e o [l ={es,e3}: Yo ®etarp <2

.~ ° E = {62, es, 64}: ZeeT Te + Tlege3} + Tlegeq} + Tleges} — TE < 2.

Figure 2: Visualization of the extended rank inequalities on the example of the graphic
matroid on a complete graph G = (V, F) with six nodes and E = {e1, ea, €3, €4}
The edges of T C E are drawn solid and the edges of E are drawn with dotted
lines. All other edges are omitted in the picture for the sake of clarity, see Fig.

in all cases because it is “contained” in all a;(T) with J C SN E, K C J and there are
exactly (m;k) sets J with |J| =i+ k,i € {0,...,m — k}. Surely, 8¢-5(T) appears exactly
once. So the left-hand side of reduces to

LB
ISNT|+ Bgrp(T) < r(T).

So feasibility of follows.
Then the strengthened rank inequalities together with the linearization and the integrality
conditions are a formulation for Pf; by [BROS] and Theorem O

Example 7. We consider a uniform matroid with £ = {1,...,8},7(E) =4, E = {1,2,3,4}.
Then inequalities read:

T ={5}: zs+ap <1
T ={5,6}: x5+x6+ZxE_e—2$E§2
ecE
T={506,7}: x5 +xg + 7 + Z :prZ:cEfequEg?;

ICE,|I|=2 ecE

These inequalities show nicely the inclusion-exclusion form of the coefficients of the linearized
monomials.

3 Complete Description of P]\E}

In one of the main results of this paper we will even prove that the linearization constraints
together with the extended rank inequalities *(EE suffice to completely describe Pfl.

Theorem 8. Inequalities 7(@ are a complete description for P]\P;[.

To prove Theorem [8] we need several lemmas. The first lemma says that it suffices to
consider the extended rank inequalities for closed sets T' C E.

Lemma 9. Let 7 € RF+2°-1 pe ¢ point satisfying —(@) as well as all inequalities (@
for closed sets T C E, then the point also satisfies (@ for arbitrary sets T C E.



Proof. Let T' C E be arbitrary, but fixed. We define 7" = T + (cl(T') \ E) and X =
(c(T)\T)NE =cl(T")\T'". Then c|(T) = c|(T") and c|(T) = T’ + X. Furthermore, note
that Br(T") = Br(cl(T")) + |I N X| for I C E,|I| > 2, by (2) and that

S (0TIaX =30 30 (pMi= 30 > (pMi= 3 1=linx| ()

JCI JCI yeJNX yelnX JCI yelnX
J[22 |7[>2 J[22
yeJ

for some I C E,|I| > 2. Then

_ L.A@
S @+ > a(Mz < Z ar(T)zr
ecT ICE €T’ IgE
|1|>2 |1]>2
Z Tet+ > D (=DIFVIB,((T) + |7 N X])z;
ecT’ ICE JCI
[1>21J1>2
= > Zet+ > > (- DI85 (el(T)) 21
eccl(T) ICE JCI
[1[>2|J[>2
=7
+ Z Z DIHV g N X |z — Zaze
ICE JCI e€X
[11>2171>2

Z |I|\IﬁX|x1—er—x+ Z DN x|z,

ICE e€X ICE

[1]>2 XNI£D

=7+ Y (-)llz Q T < r(cl(T) = r(T).
eeX ICE
ecl
This proves the statement. ]

Next we show that for facet-defining inequalities that are not positive multiples of
the linearization constraints, the coefficients of all variables corresponding to linear and
quadratic monomials are non-negative.

Lemma 10. Let a’z < b be a facet-defining inequality ofP that is not a positive multiple
of(l) (@ Then ae >0 for alle € E and a; >0 for all I C E,|I| = 2.

Proof. Let a’z < b be a facet-defining inequality of PE that is not a posmve multiple
of . @ Then for all e € E\E there exists an S € fJ such that a”x® = b with e € S
and so Xe = 1> 0 because a”z < b is not a positive multiple of (4] . By (S—e)eJand
X: = s 7 “forall I e 20 it follows that a. is non-negative (otherwise a’x < b would not
be feasible).

Next, let e € E. Then because a”x < b is not a positive multiple of (5) with I = {e} there
exists an S € J with a7y = b as well as SN E = {e} and so Y ICE: (-)lVIx$ = -1 <o.

ecJ

With (S —e) € Jand x7 = XS ¢ =0 for all I € 2F I # {e}, we get by feasibility that
ae > 0.

Last, let I = {i,j} C E.i # j. Then there exists an S’ € J with a”x%" =band I = S'NE
and so — Y ;cz. (~1)Ix§ = —1 < 0 because a”x < b is not a positive multiple of

IcJ



and there exists an S € J with a”x® =band SN E = () and so ZIEZE(_l)llH_lX? =0<1
0

because a’z < b is not a positive multiple of @ Let us assume that |S N .S’| is maximal.
We consider three cases:

1. 7(S) < r(S’) : Then there exists an e € "\ S with (S+e¢) €J. If e ¢ E, then a, = 0,
in contradiction to |S N S| maximal. If otherwise e € E, then (S’ — e) € J implies
—a. —ar < 0and S+ e €7 implies a, < 0 and so a, = 0. Putting this together we
get a; > 0.

2. 7(S") < r(S) : Then there exists an e € S\ S’ with (S’ +€) € J. But with e ¢ E it
follows a. = 0, contradicting the maximality of |S N S’

3. r(S) = r(5'): Bythere exists for each e € (S'\ S)NE # 0 an f € S\ S
such that (S' —e+ f),(S—f+e) €J. With (S— f+e) € J we get ac < ay. For
(8" — e+ f) €7 feasibility implies ay < a. + ar. So we conclude a; > 0. O

In [FFM17] the coefficients of all linearized monomials are non-negative in constraints
that do not correspond to the linearization. This situation changes here. Under the
assumptions above, the coefficients of variables of linearized monomials of degree at least
three might be negative, but then the sum of certain coefficients is non-negative.

Lemma 11. Leta’z < b be a facet-defining inequality of PJ\E; that is not a positive multiple
of f(@) and let J C E,|J| > 2 with e € J arbitrary, but fived. Then 3= c jzcq r>2 a1 = 0.

Proof. Before proving this result we introduce some notation. Let I C E and i € I, then
we write

Yol) = Z ar and Yo(l,1) = Z ar.

I'cr I'cr
[1']>2 [1']>2
iel’

Also note that ¥,(1,i) = Xo(I) — o (I — 7).

Let a’z < b be a facet-defining inequality of P{; that is not a positive multiple of f@.
Furthermore, let J C E, |J| > 2, and let e, f € J,e # f, be fixed. We set J' := J \ {e, f}.
Then we prove this result by induction on |.J|. For all J C E with |J| = 2 the statement is
true by the previous lemma. So let us assume that the result is true for all sets J C E
with |J| < |J].

Because a”x < b is not a positive multiple of there exists an S € J with a”x® = b
and SNE=J—e— faswellasan S’ € J with a’x* = b and ' N E = J. We assume
that S, S” are chosen such that |S N S’| is maximal. We consider three cases:

1. 7(8") < r(S): Then there exists a g € S\ S’ with ¢ ¢ F such that (S’ +g) € J.
But this implies a; < 0 and so a; = 0 by Lemma because Xf te = X?I for all

I C E,|I| > 2. But this is a contradiction to the maximality of |S N S’|.

2. r(S) < r(S5’): Then there exists a g € S"\ S such that (S + g) € J. We consider two
subcases. If g ¢ E, then by similar arguments as above, we get that ag = 0 and
that the value of all linearized monomials remains the same. This again contradicts
the maximality of |S N S’|. Let, otherwise, g € E. Then g € {e, f}. We define

h = {67f} \ {g}
e (S +g) €9: This implies a, + X.(J' + g,9) <O0.

10



e (5" —g) € J: This implies ag + Xq(J, g) > 0.

Putting this together we get X, (J, g) > 2o (J' + g, g). By definition J'+¢g=J —h
and so X4(J,g) > ¥4(J — h,g) > 0 where the last inequality follows by induction.
Furthermore, direct computations show that

0< Sa(J,9) — Sa(J — h,g)
=%0(J) = Za(J = 9) = (Za(J = h) = Eu(J — h — g))
=%,(J) — (J h) — (Za(J — g) = Za(J — g — h))
=%4(J,h) = Sa(J — g, h)

By induction, we can conclude X4(J,h) > X4(J — g,h) > 0. With e € {g,h} the
statement follows.

3. 7(S) =r(S9"): By|[(M3’)|we know that for e € S’ \ S there exists a j € S\ S’ such
that (S—j+e), (S —e+j) €.
e S —j+e: This implies ac + Xq(J" + €, ¢e) < a;.
e S — e+ j: This implies a; < a. + X4 (J, €).
So we get Xo(J,e) > Bo(J' +e,e) = Eo(J — f,e) > 0 where the last inequality follows
by induction. O

The previous lemmas allow us to prove our main result Theorem

Proof (of Theorem [§] . Let a’'z < b be a facet-defining inequality of Pf; that is not a
positive multiple of (4 . @ Then we can assume by Lemma [10| that a. > 0,e € E, and
ar > 0,1 C E,|I| = 2. Furthermore we can assume by Lemma [11|that for J C E,|.J| > 2
with € € J we have 3 jzer r>2a1 2 0.

We set 77 := {e € E: a. > 0} and define T' = cl(1”), see Lemma@ Because a x <bis

not a positive multiple of (7 . with the chosen T, there exists an S € J with a’x° = b such
that
Yoxe+ D ar(T)xi < r(T). (10)
ecT ICE
S—— |I]>2
=|snT|

We consider two cases:

1. If[SNE| < 1, we know that x7 = 0 for all I C E,|I| > 2. This implies 7(SNT) < r(T).
By the definition of 77 we get

r(SNT) <r(SNT) < r(T)=r(T).
So there exists an f € T"\ (SNT’) such that ((SNT')+ f) € J. But then

b= acxi+ Y ani =Y acx2™ + > anxi™

e€E ICE, ekl ICE,
|1]>2 |1]>2
N———
=0 =0
SNT")+ (SNT")+f
<Z:aex((3 ) f—i—ZaIX]
e€E ICE,
[7]>2
>0

This contradicts the validity of a’z < b.
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2. If [SNE| > 2, weset E=SNE. We can assume that S C 7" U E (because all other
coefficients are zero). We consider first the term 3 ;cz 7o ar(T)x3.

Z ar(M)xi = Y, o) =BE(T) = [E\T|+r(T) —r(E+T),
ICE,|1|>2 ICE,|I1>2
SO we get
r(SNT) < —|E\T|+r(E+T).
Furthermore this implies
r(S)=r(SNT)+|S\T| < |S\T| - |E\T|+r(E+T)=r(E+T)=r(SNE)+T).

=|(S\E)\T|=0

So we can conclude that there exists an f € 7"\ S with (S + f) € J. We consider
two subcases:

e f ¢ E: Then x7 = X?urf for all I C E,|I| > 2, and ay > 0 contradicts the
validity of a’z < b.
e fc((T'"\S)NE): Then

b= acxf+ > arxf

eelE ICE
[1]>2
S S S+ S+
= Zaexe+f+ Z arxy + Z arxy I ay — Z arxry !
ecE ICE ICE >0 ICE
1[>2 fel fer
|7|>2 171>2
=2 rC(ftf) 420
fel|I|>2
S
<> aex™ + 3 angt,
eck ICE
[1]>2
a contradiction to the validity of a’z < b. O

So we know a complete description of Pﬁ. We now want to consider the associated
separation problems. If k is fixed, violated linearization constraints can be determined by
complete enumeration and the extended rank inequalities can be separated in polynomial
time using the well-known optimization equals separation result [GLS93] and Remark
We next describe a more direct way to separate @ in polynomial time if k is fixed.

Theorem 12. The separation problem for inequalities @ reduces to a submodular function
minimization problem.

For solution approaches and further information on submodular function minimization
problems we refer to [Sch00, [Fuj05], McC06].

Proof. Let € R"*+2"~1 be a vector that satisfies f@. We consider the separation
problem for . This reduces to determining the minimizer of the function d: 28 — R
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with

=r(T)+ Y | > (O)II(T +0) = (T) = [J\T])| 21 = Y Ze
|§|g>Ez Iilgzl2 et

=)+ Y | X ) +0) (1)) 22

ICE | JCI
[1]>2 |IJ]>2

=d/(T)

D DG VAV AI e P

ICE | JCI eeT
[I1>2 |IJ][>2

modular

So it reﬁmair&s to check whether the function d’: 2& - R is submodular or not.
Let J C E,|J| > 2. Then the coefficient of r(1T"+ J) equals

> (1) 2o

ICE
Jjcr

Last, we consider the coefficient of (T"). This equals

D Sl B Sy En N PRSI o z”: <|Q>(_1)|I|+k 3

ICE | JCI ICE |k=2
[11>2 [|J]>2 |1]>2
(=DII(|1]-1)
=1 S (0 - Da =1+ Y () - 1)z (11)
ICE ICE
|1]>2 [1]>2

Our statement follows if we can show that (| is non-negative. For proving this, we
consider inequalities @ as well as 1.) for all I = {e} e € E. Adding up we get

1+ Y )Pz, - S (CoMla, >0

Je2E ecE JCE:
eeJ

All Z, € E cancel out in the left-hand side and each zj/, J' C E, |.J’| > 2, has the coefficient
(=) — 17 (=D)'T = (=)'1(1 = |J]). So is at least zero and d'(T) as well as d(T")
are submodular functions (in T') by the submodularity of the rank function r. If 7/ C FE
minimizing d(7) has function value d(7”) > 0, then all rank inequalities (7)) are satisfied, if
d(T") < 0, (7) with T"=T" is violated. O
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Determining the exact minimum of the submodular function d in the previous theorem
we even get a set 7" which maximally violates . The previous result also implies that
if k is a fixed constant, the separation problem for (7)) can be solved in polynomial time
even by purely combinatorial algorithms [Sch00]. For arbitrary matroids the result above
is the best we could hope for. Further knowledge of the matroid structure might allow
finding faster separation algorithms. For the spanning forest problem with exactly one
quadratic monomial, [BK14] developed an adapted version of a separator for the classical
subtour elimination constraints. Applying these separators to general quadratic spanning
tree problems reduced the number of nodes in branch-and-cut and the running times in
comparison to using only the standard linearization.

Let us at the end of this section consider an extension of our results. Given an arbitrary
objective function of a polynomial matroid optimization problem we cannot assume that
the union of all elements contained in non-linear monomials is actually independent, i.e.,
that E ¢ J. In this case the approach presented above can still be applied. But then we
have to fix the value of monomials that correspond to dependent sets explicitly to zero.

Corollary 13. Let M = (E,J) be a matroid and E C E arbitrary. A complete description
of the associated polytope P]{?[ s given by f@ and

zy =0, Je2k g¢0. (12)

Note, if in contrast to our assumption there exists e € E with {e} ¢ J, then one also has
to include z, = 0.

Proof. The validity of all constraints is ensured by Lemma [6] and by setting all variables
corresponding to dependent sets explicitly to zero. In the proofs leading to and of Theorem [§]
we always use independent sets, so restricting to those shows the desired results. (Note
that the coefficient of variables fixed to zero is unimportant. So it would suffice to consider
SetngE,U\ZQ,JEJinLemma) O

Setting some of the monomials to zero in can lead to stronger inequalities for problems
where only monomials of smaller degree are present. Consider, for instance, the uniform

matroid with F = {1,2,3,4},7(F) =2, and E = {1,2,3}. Then
T4 + .’L‘{l’g} + .’L‘{l’g} + IL‘{Q’g} S 1

is valid and contains only linearized monomials of degree two.

4 A New Hierarchy for Solving Polynomial Matroid
Optimization Problems

In this section we present a new hierarchy for solving general matroid optimization problems
with polynomial objective. This hierarchy is a direct consequence of the previous results.
Indeed, in each step of the hierarchy we enlarge the size of E to be considered for deriving
strengthened inequalities according to f and .

Let M = (E,J) be a matroid and J C 2§’ be the index set of all monomials of the
polynomial matroid optimization problem to be considered below (with J including the
linear monomials) and let J = g\ {{e}: e € E} be the index set of all monomials with
degree at least two. We denote by E C F all elements of F that appear in monomials of
degree at least two, i.e., E:= {e € F: 3.J € J with e € J}, and by md(J) the maximum
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degree of a monomial in J. For the important case of quadratic objective functions md(J)
equals two. The coefficients in the objective function are c: J — R. We consider matroid
optimization problems of the form

maximize Z c(J) H zj:x € Py n{0,1}F
Jed JjEJ

We are interested in the linearized polytope

]5]5 = conv {XE+3 S e J}

where X§+g corresponds to the incidence vector of a set S € J with a component for all

linear monomials as well as for all non-linear monomials indexed by J. A relaxation of ]515

with associated polytope ]5]5’1 is given by the constraints of the standard linearization of
the non-linear monomials via

0< x5 <z, JEj,eGJ, (13)
ae—as<|J| -1, Jed, (14)
ecJ

0 < ., e€ E\E, (15)

(see [GWT4]) and the rank inequalities (1
Our aim is to describe PM by doing lift and project operations to PM that make it
closer and closer to PM. For this we define for each i € {2,...,|E|} the lifted polytopes

~Ei I 7 E,
Pyt = {(xE\E7$Zf’i+g): (@p\1» 3:25) € Pl foreach I C E,|I| = i, Tp, 4 € P 1}

that contain in comparison to Pﬁ additional components associated to the linearized
monomials with degree between 2 and i. So these polytopes contain the entries associated
to all e € F\ E, to all non-linear monomials represented by J and to all linearized
monomials up to degree i (of elements in E). For all sets I C E,|I| = i, the components of

a vector T € P " that correspond to F'\ I and the monomials in 20 satisfy the constraints
. Where I has here the role of E in Sections [2| I and [3 l They additionally satisfy the
constraints if I ¢ J and so some monomials are always zero in this case. Furthermore,
the linearization constraints and are satisfied for the non-linear monomials in
ph. N ) N

The projection of ]5]5’1 onto the original variables in ]5]5[ is called PAE/. Projecting to
the space of original variables allows a comparison with Pfj} or PJ\E/l, respectively. So we
use the complete description of the polytopes studied in Sections [2] and [3] to strengthen
our description of ]5]\%. By construction our description of 15]5 improves in each step where
for i = | E| we have one variable for each subset of E. This implies the following result.

Theorem 14. Let M = (E,J) be a matroid. Then

SE|E|-1 SE.2 5E.1
C...C P/, CPy,.

pE — pEIFI c pE

Assuming that || is polynomially bounded and that the depth of the hierarchy i is a constant,

one can optimize over PM’ or its projection PMZ in polynomial time.
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Note that the results from the previous sections give explicit descriptions of all polytopes
P, for each I C E with |I| =i for some i € {2,...,|E|}.

Proof. By Theorem [§ we get that PE = PE 1Bl Let i e {2,...,|E|}. We show that

PE i c PE 1 For this, let * € PEZ By definition  can be extended to some & € P

with z = Zp ;. Obv10}151y,~a: Satlsfies Tp.j € P]\b;l, which does not depenii on i. Now
consider an arbitrary I C E with [I| = i — 1. Choosing an arbitrary e € E'\ I, we get

- = Ite Ite . =N
(azE\(”e), x2é+e) € Py, °. Because P, © is a convex polytope, (ar:E\(He), x25+e) is a convex

combination of vertices of Pj +¢ (which are integral by definition), i.e. (& B\(T+e): Ty T te) =
Doy oF () , a5 >0, 377 aj = 1 for some integral vertices 0 of P”e Restricting to
)

the monomials not containing e we get integral points (& ) (]f) S PM with (& PN ) =
0

E\D’

Doy aj(E éiE’ ~(J)) € PM Because I was arbitrary this implies (a:E\E, Blic1, ) PEz !
O

Ezl E'Ll

and because PM’ is the projection of P;; onto the original monomials T € P,
follows.

For the second part of the theorem, let the level of the hierarchy be a fixed constant
as well as ]j | be polynomially bounded. Then we can explicitly separate the linearization
constraints as there are only polynomially many and we can separate the extended rank
inequalities using submodular function minimization, see Theorem on problems of

polynomial size leading to some polynomial algorithm. O

Let us consider the hierarchy in more detail.

Remark 15. 1. An advantage of our new hierarchy in comparison to other hierarchies
such as Sherali-Adams is that for the lifted polytopes, new monomials are only
introduced for variables that appear in some non-linear monomial. So, if |E| is small
in comparison to F, our hierarchy might pay off.

2. The extended rank inequalities and the associated separator (Theorem
can as well be used in general branch-and-cut approaches for solving polynomial
matroid optimization problems or polynomial problems with some underlying matroid
structure. For just improving a current formulation, one can also use only some of
the new constraints.

In the next remark we compare our new hierarchy to the hierarchy of Sherali-Adams [SA90],
which is the weakest of the ones treated in [Lau03], and mention some properties of our
hierarchy.

Remark 16. 1. The structure of the extended rank inequalities is rather special. All
linear monomials as well as all linearized monomials of degree two have non-negative
coefficients, see Lemma [I0] Apart from this, for small levels of the hierarchy,
the extended rank inequalities are somewhat sparse with respect to the linearized
monomials, i.e., in level i at most 2° — i — 1 monomials with non-zero coefficients
appear in these constraints. In contrast to this in the hierarchy of Sherali and Adams
for each constraint most of the linear terms are replaced by terms corresponding to
linearized monomials of degree two even in level two [SA90)].

2. Due to the sparsity with respect to the number of added monomials it does not seem
to be fair to compare the hierarchy of Sherali-Adams on level [g4 with our hierarchy
at the same level i (we apply the Sherali-Adams procedure to the matroid polytope
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and so get variables corresponding to quadratic monomials for [g4 > 2). So we set
lsa + 1 =1. We consider the graphical matroid on the graph

Using the following objective functions for the matroid maximization problem

fl(x) =23+ Tab T Tac + Toe + Tef + Teg + Tpg — %xag - %xbf - %xce

fa(x) = fi(x) — §2pa — 52ar

we get the following optimal solution values (rounded) if we neglect the integrality
condition (in both cases the integral optimal solution value equals 3) [GO16]

Sherali-Adams at ls4 = 2 | our approach at level i = 3
fi 3.7857 3.8333
fa 3.7857 3.7500

Note that the smallest circuit contains four elements so we do not need equations of
type . These computational results show that the associated polyhedra are not
comparable.

Apart from this observation one can easily show that the Sherali-Adams hierarchy
for g4 = 2 dominates our hierarchy with ¢ = 2 on graphical matroids. In this level
at most one linearized monomial might be added to some rank inequality. Indeed, let
G = (V, E) be a graph. In this case one of the two forms of the strengthened rank
inequalities turns out to be (see [BK14} [FF13])

Z Te + T{{up} fvw)} < IS|—1, SCViuweSveV\S.

e={i,j}EE:
1,jES

For Sherali-Adams, this inequality can be obtained by multiplying

Z e < |S| —1 with (1 — x{um}), Z xe < |S| with Tiuw}s
e={i,j}E€E: e={i,j}€E:
i,jE€S i,jeSU{v}

replacing the products by the corresponding linearized variables and z2 by z.,
summing up as well as using the non-negativity of the variables. The second form of
the strengthened rank inequalities can be handled similarly.

Let us finally have a look at the important special case of matroid optimization problems
with quadratic objective. Using our hierarchy at level three (with monomials of degree two
and three) we present in this paper a way to take interactions of different (non-nested)
monomials into account, see the research question in [HKL15]. Applying it at level four,
we even can handle interactions between quadratic monomials that do not share a common
variable, e.g., T1x2, x324.
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4.1 Matroid Optimization Problems with Monomials Corresponding to the
Bases of a Circuit

In the following we present some example where monotonicity of the monomials is not needed
in order to derive a complete description. We consider a set of monomials that correspond
to the bases of a circuit. Let M = (E,J) be a matroid and let C' = {c1,...,¢¢|} C E,
|C| > 3, be a circuit. We define C; := C\ {¢;},i € {1,...,|C|}. By definition C; € J for
all i =1,...,|C|, and (C; UC}j) ¢ J for all i, € {1,...,|C|},i # j. For cost functions

c: E— Randec:{l,...,|C|} = R we consider the optimization problem
€]
maximize{ S e(e) - xe +32(0) [ 2e: x € Pay {0, 1}E}. (16)
eckE i=1 ecC;

So E = (' in this case, i.e., all elements of C' appear in non-linear monomials.

Remark 17. A solution of can be obtained by solving |C| matroid optimization
problems as well as one matroid intersection problem. First, we determine for each
i€{l,...,[C|} an I; € J with C; C I; maximizing the sum }"c;\ ¢ c(e) (the total objective
value of I; equals ¢(I;) + &(i)). In a second step, we determine an optimal solution I for the
intersection of matroid M and matroid M’ = (E,J") with 7 := {S C E: |SNC| < |C| -2}
(the total objective value of I equals ¢(I)). Finally, we take a solution with total maximal
objective value as a solution of .

We are interested in the structure of the linearized polytope
C s .S S E+|C
PM::conV{(X ,Xcl,...,xclm)e{o,l} +l ‘:SEJ}.

Similarly to above we provide a complete description of P]\C/} that is our main result in this
subsection.

Theorem 18. The inequalities

—zc, <0, ic{l,...,|C|}, (17)
Cl ]
> we, =Y xe, < 10| -2, (18)
=1 =1
C|
> we, — e, <0, ie{l,...,|C|}, (19)
j=1,j7#i
—z. <0, ec E\C, (20)
C|
Y x4+ Be,(Tze, < r(T), TCE, (21)
ecT =1

are a complete description of Pﬁ[.

In order to prove this result we need several lemmas whose proofs are deferred to the
Appendix. The structure of the results is very similar to the structure in Section
First we provide a formulation for P]\(;}.

Lemma 19. The inequalities f together with
z e {0,1}F+Cl, (22)

are a formulation for P§.
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Next, we prove that we can restrict to extended rank inequalities for closed sets T' C F.

Lemma 20. A point & € RFHC! that satisfies f(@ as well as for closed sets
T =cl(T) C E, satisfies for arbitrary sets T C E.

Facet-defining inequalities of P]\(;} that are not positive multiples of the linearization
constraints have non-negative coefficients, see also Lemma [I0]

Lemma 21. Each facet defining inequality a®x < b of P§; that is not a positive multiple

of one of 7(@ satisfies a > 0.
The previous lemmas allow us to prove our main result on the structure of Pﬁ.

Proof (of Theorem . Let a”x < b be a facet defining inequality of P]\C; that is not a
positive multiple of (17)-(20). Then Lemm implies a > 0. Let 7" := {e € E: a. > 0}
and T := cl(T"). We consider the constraint (21]) associated with 7. Because a’z < b is not
a positive multiple of this constraint, there is an S € J with > _cr X5 + 2@1 Be, (T)Xa <
7(T) and a®x® = b. In particular, 7(SNT) = ey x> implies

C|
r(SNT) + Y (r(T) +[Ci \ T| — r(T'UCy))x&, < r(T). (23)
=1

We may assume S C 7" U C (otherwise use S := SN (1" UQC)).

a) If C; C Sforsomei € {1,...,|C|}, then Xgi =1and ng =0forall j € {1,...,|C|}\
{i} implying r(SNT) < r(TUC;) — |C; \ T (see (23))). Therefore r(S) =r(SNT)+
IS\T|<r(TUC;) —|C;\T|+|S\T|=r(TUC;) =r(T"UC;). So there exists an
e€ (T"UC;)\ S=T"\S with S + e € J, contradicting the validity of a’x < b.

b) If C; ¢ S for all i € {1,...,|C|}, then x2, = 0 for all i € {1,...,|C|}, and with
S":=SNT" we know r(S") =r(SNT") <r(SNT) <r(T)=r(T"). So there exists
an e € T'\ S’ with S’ + e € J. By the choice of T", aTx% = b, too, and S’ + e
contradicts the validity of a’2 < b by Lemma O

Considering the graphic matroid, we derive exactly the known complete description of the
so called Boolean quadric polytope for complete graphs on three nodes [LL04].

Similarly to above, the separation problem for P]\% simplifies to a submodular function
minimization problem and explicit enumeration of the linearization constraints.

Observation 22. The separation problem of reduces to a submodular function mini-
mization problem.

Remark 23. The result in Observation 22 can be further generalized. We consider matroid
optimization problems with a set of non-linear monomials in the objective function such
that all these monomials are in pairwise conflict. Extended rank inequalities for 7' C E
(similar to and (21)) can be derived that consist of the sum of the variables of the
elements in 7', each with coefficient one, and the variables corresponding to the linearized
monomials, each with coefficient S (T) = r(T) + |K \ T| — (T + K) for the monomials
corresponding to K C E. Using the fact that at most one of these monomials can be present,
validity easily follows. The associated separation problem can be solved via submodular
function minimization as well. Unfortunately, the inequalities of that type combined with
linearization constraints and one packing type constraint (stating that at most one of
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the monomials can be present) are usually not sufficient for a complete description of
such linearized polytopes. For this consider the uniform matroid with E = {1,2, 3,4} and
7(E) = 2. Then z3 + x4 — 734y + {12y < 1 defines a facet of the associated polytope
with two linearized monomials [LR15].

5 Future Work

In this paper we studied matroid optimization problems with polynomial objective functions
where the monomials satisfy certain monotonicity properties. We derived a complete
description of the linearized polytope that was the basis for a new hierarchy for solving
polynomial matroid optimization problems. We have presented a case in which the
monotonicity of the monomials is not necessary in order to derive a complete description
for the linearized polytope using our framework. It remains for future work to detect more
cases in which weaker types of monotonicity work. For such extensions, a good knowledge
of the unconstrained case is essential. Furthermore one could compare our new hierarchy in
more detail with the existing ones with respect to the quality of the bounds in the different
hierarchy levels and the computational effort. For these tests on certain matroids it seems
essential to develop problem-specific separation algorithms that do not rely on submodular
function minimization.

Improving the understanding of the linearizations of more general monomial structures
seems worthwhile in both the unconstrained (see, e.g., [CRH17, DPK17b|) and the con-
strained case. One starting point could be the study of matroid optimization problems with
some, not necessarily related, quadratic monomials without adding further monomials. Ad-
ditionally, we could try to extend our results to other combinatorial optimization problems.
In principle our approach of combining some combinatorial optimization problem with
some non-linear monomials which are linearized and studying the associated polyhedron
should be possible for all polynomial-time solvable problems where the polyhedral structure
in the linear case is well understood. But determining the concrete descriptions might be
quite challenging for non-matroid problems. One possibility is to consider the intersection
of two matroids. Here Walter [Wall6] proved a conjecture of [Klel4] on the complete
description of the bipartite matching problem with one (linearized) quadratic monomial.
But an extension to arbitrary matroid intersection problems might be complicated because
the structure of the constraints that do not correspond to the linearization is different to
our current setting and differs in general from the structure in the bipartite matching case
(intersection of two partition matroids). Indeed, even in the case with only one quadratic
monomial, the coefficient of the new variable can be negative in constraints not related to
the linearization, see also [Klel4, (Wall6]. Furthermore, the coefficient of the two original
variables that belong to the quadratic monomial might be two in such constraints. One
example is the braching problem. For a complete digraph on four nodes, the constraint
20(19)tT(14) T T2 FX(23) T T(2,4) T T(32) TT(34) —T(1,2),(2,3) < 3 is facet-defining for the
associated polytope [LR15] where we linearize the monomial T(1.2) * T(2,3) (the x-variables
correspond to the arcs of the complete digraph on the nodes {1,2,3,4}). In our extended
rank inequalities and in the ones in [FEM17, Klel4, [Wall6] the coefficients of variables
corresponding to monomials of degree one are always zero or one.

Appendix

Proof (of Lemma . The integrality constraints together with the linearization
constraints f ensure the dependencies between the variables x.,e € E, and the
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linearized monomials z¢,,7 = 1,...,|C|. Indeed, at most one of z¢,,7 € {1,...,|C|} can be
one. So, the desired result follows directly from Theorem [I] if we can prove the validity of
. If S € Jwith |CNS| < |C| -2, then Xa’ =0 foralli e {1,...,|C|} and so the validity
of the extended rank inequalities is clear. If, w.l.o.g., C1 C S € Jand so C; ¢ S for all
i €{2,...,]|C|}, then the coefficient of x¢, equals r(T) + |C1 \T| — (T + C1) = B, (T)
and so Lemma [b| proves the result. ]

Proof (of Lemma . Let T' C E be arbitrary, but fixed, and z be a point with the
desired properties. We set 7/ =T + (cl(T) \ E). Then

IC| ,L@ IC]
Z Ze + Z Be; (T)a_jci < Z Te + Z Be, (T/)jci
ecT =1 ecT’ =1

€|
Z Te + ZﬁCz (c(T))zc, <r(cl(T)) =r(T). O

eccl(T) i=1

Proof (of Lemma . Let a’z < b be a facet defining inequality of P]\C/} that is not a
positive multiple of f. We consider three cases. For all e € E'\ C there exists an
S € J with a”x® = b and e € S because a’x < b is not a positive multiple of . By
(S—e)edand Xa = Xg:e for alli € {1,...,|C|}, it follows that a. > 0 by feasibility of
a’z <b. Next, let ¢; € C. Then, because a’z < b is not a positive multiple of , there

exists some S € J with a”x® = b and ng =0forall j €{1,...,|C|}\{i}, ¢ € S. Then
(S —¢) €Jand ng = ng_c" =0 for all j € {1,...,|C|} imply a., > 0 by feasibility.
It remains to prove ac, > 0 for all i € {1,...,|C|}. By the previous cases we may assume

a. > 0 for all e € E. Because a’z < b is not a positive multiple of there exists an
S € Jwith |CNS|<|C|—3and a’x® =b.

1. Let i € {1,...,]|C|} with ¢; € C'\ S. Because a’z < b is not a positive multiple of
, there exists S, € J with al'x% =band C; C Sl We set T; :={e € E\ C;: ac >
0} U (SNC;). We may assume S C T; and r(S) = 7(T;) as well as S! C T; + C; and
r(S!) = r(T; + C;). We distinguish two cases.

1.1 7(T;) < r(T; + C;): Then there exists an e € C; \ T; with r(T; + ¢) > r(T;) = r(S5),
so S+ e € J. This implies a. < 0 and so a. = 0. Furthermore with e € C; C S/ we
get b=aTx% =aT\%¢+a,+ ac; < b+ ac; and so ac;, > 0.

1.2 »(T;) = r(T; + C;): By assumption S, S, are both bases of T; + C;. We may
assume that [S' N S!| is maximal. By there exists for each f € (S/\ S)NC; an
e€ S\S,ed O, sothat S—e+ f,Si+e— f €J. Because a’ x* ¢t/ < b =a’x" we

get a,—ay > 0. Then al\Site=f < b= aTy5 = oT\Site=f —q, +ay +ac,; implying
ac; > 0.
2. Let i € {1,...,]|C|} with ¢; € C N S. Similarly to above, there exists S, € J with

aT\Si =band C; C Si. Case and case with f € C; and e # ¢; can be treated
analogously without any changes. It remains to consider e = ¢; and f = ¢; for some
je{l,...,|C[}\ {i}. Then we get b > a"x%t¢/ = aTx% —a; + a. + ac; — ac,
and b > a7yt = aT\% —a, + ag. This implies ay < a. and a¢;, —ac; > 0. By
the choice of f we have ¢; = f € S} \ S with ¢; € C'\ S and so ag; > 0 by case .
This implies ac; > ac; > 0 in this case. [l
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Proof (of Observation [22]). Let = € REHICl be a vector that satisfies f. We
consider the separation problem for . This reduces to determining the minimizer of
the function d: 2¥ — R with

d(T)

IC]
=r(T) — Z Te — Z(T’(T) +|C\T| —r(T + Cy))zc,
ecE =1
IC] |C] IC]
= 1= %c | (D) + ) Te,r(T+Ci) =Y T~y |Ci\Tlic,
i=1 =137 c€E i=1
modular

ICl =

So in order to show the submodularity of d(.) it remains to prove that 1 — > .7 ¢, > 0.
This formula can be derived by adding and for each i € {1,...,|C|} and scaling

both sides by |C| — 2. O
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