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Abstract. We propose a method to generate cutting-planes from mul-
tiple covers of knapsack constraints. The covers may come from different
knapsack inequalities if the weights in the inequalities form a totally-
ordered set. Thus, we introduce and study the structure of a totally-
ordered multiple knapsack set. The valid multi-cover inequalities we
derive for its convex hull have a number of interesting properties. First,
they generalize the well-known (1, k)-configuration inequalities. Second,
they are not aggregation cuts. Third, they cannot be generated as a
rank-1 Chvatal-Gomory cut from the inequality system consisting of the
knapsack constraints and all their minimal covers. Finally, we provide
conditions under which the inequalities are facet-defining for the convex
hull of the totally-ordered knapsack set.

Keywords: Multiple knapsack set - Cutting-planes - Cover
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1 Introduction

We study cutting-planes related to covers of 0-1 knapsack sets. For a 0-1 knap-
sack set
Kynar = {2z € {0,1}" | a¥'z < b},

with (a,b) € Z71', a cover is any subset of elements C' C [n] such that
._~a; >b. The cover inequality (CI
jeC ™)

doap <o -1

JjeC

is a valid inequality for the knapsack polytope conv(Kyyap) that separates the
invalid characteristic vector of C. There is a long and rich literature on (lifted)
cover inequalities for the knapsack polytope [1,7,8,10,15], and the readers are
directed to the recent survey of [9] for a more complete background.

For the binary-valued set

X ={z€{0,1}" | Az < b},
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where [A,b] € ZTX("H), a standard and computationally-useful way for gen-
erating valid inequalities to improve the linear programming relaxation of X is
to generate lifted cover inequalities for the knapsack sets defined by the indi-
vidual constraints of X [4]. In this way, the extensive literature regarding valid
inequalities for conv(Kyyap) can be leveraged to solve integer programs whose
feasible region is X. In contrast to Kyyap, very little is known about polyhedra
that arise as the convex hull of the intersection of multiple knapsack sets. In this
paper, we introduce a family of cutting-planes, called (antichain) multi-cover
inequalities ((A)MCIs), that are derived by simultaneously considering multiple
covers which satisfy some particular condition. The covers may come from any
inequality in the formulation, so long as the weights appearing in the knapsack
inequalities are totally-ordered.

More formally, we give a new approach to generate valid inequalities
for a special multiple knapsack set, called the totally-ordered multiple knap-
sack set (TOMKS). Given a constraint matrix A € Z7*" whose columns
{41, As,...,A,} form a chain ordered by component-wise order, i.e., A; >
Ay ... > Ay, and a right-hand-side vector b € Z', the TOMKS is the set

K = {z €{0,1}" | Azv < b}. (1)

TOMKS can arise in the context of chance-constrained programming. Specif-
ically, consider a knapsack constraint where the weights of the items (a) depend
on a random variable (£), and we wish to satisfy the chance constraint

Pla(&)"z < B} > 1 -, (2)

selecting a subset of items (z € {0,1}™) so that the likelihood that these items
fit into the knapsack is sufficiently high. In the scenario approximation approach
proposed in [3,12], an independent Monte Carlo sample of N realizations of the
weights (a(¢1),...a(¢V)) is drawn and the deterministic constraints

a(e<p Vi=1...,N (3)

are enforced. In [11] it is shown that if the sample size N is sufficiently large:

1 1
> -
N > 52 (log (5) +nlog(2)> ,

then any feasible solution to (3) satisfies the constraint (2) with probability at
least 1 — 4. If the random weights of the items a; (&), a2(€),. .. a,(£) are indepen-
dently distributed with means py > po... > p,, then the feasible region in (3)
may either be a TOMKS, or the constraints can be (slightly) relaxed to obey
the ordering property.

But the TOMKS may arise in more general situations as well. For a general
binary set X, if two knapsack inequalities a{aﬁ < by and agac < by have non-zero
coefficients in very few of the same variables, their intersection may be totally-
ordered, and the (A)MCI would be applicable in this case. In the special case
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where the multiple covers come from the same knapsack set, the (A)MCI can also
produce interesting inequalities. For example, the well-known (1, k)-configuration
inequalities for conv(Kxyap) [13] are a special case of (A)MCI where all covers
come from the same inequality (see Proposition 4). We also give an example
where a facet of conv(Kyysp) found by a new lifting procedure described in [10]
is a MCI.

A MCT is generated by a simple algorithm (given in Algorithm 1) that takes
as input a special family of covers € = {C1,C5,...Cy} that obeys a certain
maximality criterion (defined in Definition 3). For many types of cover families
%, the MCI may be given in closed-form. In the case that the family of covers ¥
is an antichain in a certain partial order, the resulting MCI has the interesting
property that it simultaneously cuts off at least two of the characteristic vectors
of the covers in . We also give conditions under which the MCI yields a facet
for conv(K) in Sect. 5.

The MCI may be generated by simultaneously considering multiple knapsack
inequalities defining K. Another mechanism to generate inequalities taking into
account information from multiple constraints of the formulation is to aggregate
inequalities together, forming the set

A(A,b) == m conv({z € {0,1}" | AT Az < ATh}).

AERT

Inequalities valid for A(A, b) are known as aggregation cuts, and have been shown
to be quite powerful from both an empirical [6] and theoretical [2] viewpoint.
The well-known Chvétal-Gomory (CG) cuts, lifted knapsack cover inequalities,
and weight inequalities [14] are all aggregation cuts. In Example 3, we show that
MCT are not aggregation cuts. Further, in Example 4, we show that MCI cannot
be obtained as a (rank-1) Chvétal-Gomory cut from the linear system consisting
of all minimal cover inequalities from K.

The paper is structured as follows: In Sect.2, we define a certain type of
dominance relationship between covers that is necessary for MCI. The MCI is
defined in Sect. 3, where we also give many examples to demonstrate that MCIs
are not dominated by other well-known families of cutting-planes. In Sect. 4,
we propose a strengthening of MCI in the case that the cover-family forms an
antichain in a certain partially ordered set. Section 5 provides sufficient condition
for the MCI to be a facet-defining inequality for conv(K).

Notation. For a positive integer n, we denote by [n] := {1,...,n}. For z € R",
supp(z) := {i € [n] | ; # 0} denotes the support of x. The characteristic vector
of a set S C [n] is denoted by x°. Therefore, given a TOMKS K, we say that a
set S C [n] is a cover for K if y¥ ¢ K. For a vector € R™ and a set S C [n],
we define x(S) := ), g 2;. This in particular means 2()) = 0. We denote the
power set of a set S by 29, which is the set of all subsets of S.
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2 A Dominance Relation

In this section we define and provide some properties of a type of dominance
relationship between covers.

Definition 1 (Domination). For S1,S3 C [n], we say that S; dominates
Sy and write Sy > Ss, if there exists an injective function f : So — Sp with
fl) <iVieS,.

The dominance relation in Definition 1 is reflexive, antisymmetric, and tran-
sitive, so (2/",) forms a partially ordered set (poset). For two sets Sy, S C [n],
we say S1 and Sy are comparable if S1 >S5 or Sy > Sy.

The dominance relation has a natural use in the context of covers. In fact, if
C5 is a cover for a TOMKS K and C; dominates Cs, then C is also a cover for
K. Next, we present two technical lemmas. The proofs are technical and can be
found in the full version of the paper [5].

Lemma 1. Let S1,S2 C [n] with S; # Sa. Then for any S’ C S1 NSy, S1> 5
if and only if S1\ S"> S\ 5.

Lemma 2. Let S C [n] and let S1,S2 C S. Then, S1>Ss if and only if S\ Sa>
S\ S;.

3 Multi-cover Inequalities

Throughout this section, we consider a TOMKS K := {z € {0,1}" | Az < b},
and we introduce the multi-cover inequalities (MClIs), which form a novel family
of valid inequalities for K. Each MCI can be obtained from a special family
of covers {C1,...,Cy} for K that we call a multi-cover. In order to define a
multi-cover, we first introduce the discrepancy family.

Definition 2 (Discrepancy family). For a family of sets € = {C1,...,C},
we say that {C1\NE_,Ch,...,C\NE_,Cy} is the discrepancy family of €, and
we denote it by D(F).

Now we can define the concept of a multi-cover.

Definition 3 (Multi-cover). Let € be a family of covers for K. We then say
that € is a multi-cover for K if for any set T C Upep)D with T ¢ D(%),
there exists some D' € D(€) such that T is comparable with D'.

For a given family of covers {C1,...,Cy} for K, throughout this paper, for
ease of notation we define Co := N¥_,Cy,, C := Uk_ Cy, Cy, == C\C}, for h € [K],
and similarly T := C'\ T for any T C C.

We are now ready to introduce our multi-cover inequalities for K. These
inequalities are defined by the following algorithm.
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Algorithm 1. Multi-cover inequality (MCI)
Input: A multi-cover {C1,...,Cx} for K.
Output: A multi-cover inequality.
Let C\Co :{i1,...,im}, with 41 < ... < ip.
Set a; :=11if i € {i1,...,im}, and «; := 0 otherwise.
fort=m-—1,...,1do
Qi, = MaXpe[k]:ipeC), MAXpel, 0>i, U 1.
for j € Cy do
v := miny,epr max { max,.; e, Qs Zt>j,teéh, o+ 1},
B :=max}_; a(Cy) — 1.
return the inequality a2 < 3.

We remark that in Algorithm 1, in the case where we take the minimum or
maximum over an empty set (see Step 4 and 6), the corresponding minimum or
maximum is defaulted to take the value zero.

For the above algorithm, we have the following easy observations.

Observation 1. Given a multi-cover {Ch}’,izl, Algorithm 1 performs a number
of operations that is polynomial in |C| and k. Furthermore, supp(a) = C.

The main result of this section is that, given a multi-cover for K, the corre-
sponding MCT is valid for conv(K). Before presenting the theorem, we will need
the following auxiliary result.

Proposition 1. Let {Ch}Z:I be a multi-cover and let aTx_§ 0 be the associated
MCIL. If there exists T C C'\ Co,T ¢ {Cn}j_y, with T'>Cys for some b’ € [k],
then a(T) > a(Ch).

Proof. Let T and Cj be the sets as assumed in the statement of this proposition,
with T'> Cy. Denote Ty := T N Ch, Ty := T \ Ty, and Ty := Cps \ Tp. Then
T =ToUTy,Ch = TyUTs. Since T # Cy and T>C),/, then we know T; # 0. By
Lemma 1, we know that 77 >T%. If 7o = (), then o(T) = (7o) +a(Ty) > a(Tp) =
a(Cy). Hence we assume Ty # (). Denote T := {j1,...,j¢}. Since Ty > Ty and
T1NTy = O, we know there exists {k1, ...,k } C Ty such that ky < j1,..., Kk < Jq.

W.Lo.g., consider k; and j;. By definition, there is k1 < j1, k1 & Cpr, 51 € Chr,
which is just saying: ki < j1,k1 € Cpr, 51 € Chr. Therefore, j; € {€| £ > k1,0 €
Cu, by € Cy'}. By Step 4 of Algorithm 1, we know that ax, > «; ,. For the
remaining jo and js,...,k; and j; we can do the exact same argument and
obtain ay, > aj,,...,ax, > oj,.

Therefore, a(T) = a(Th) + a(To) > oy, + ...+ ag, + (Do) > o, + ... +
aj, + a(Ty) = a(Cy), which concludes the proof. O

Now we are ready to present the first main result of this paper.

Theorem 1. Given a multi-cover {Cy}5_, for a TOMKS K, the MCI produced
by Algorithm 1 is valid for conv(K).
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Proof. Since supp(a) = C, in order to show that o’z < 3 is valid to conv(K),
it suffices to show that, for any T C C with «(T) > 8+ 1, T must be a
cover to K. Note that from Step 7 there is 8+ 1 = maxf_, a(C},), and for
any Ty, Ty C C, a(Th) > «a(Te) is equivalent to a(T}) < «(Ty), furthermore
from Lemma 2, therefore it suffices for us to show that: for any 7' C C' with
o(T) < minf_; a(Cy), there must exist some h* € [k] such that Cj- >T. We will
assume that T ¢ {Cj,}¥_, since otherwise Cj«>T trivially holds. In the following,
the proof is subdivided into two cases, depending on whether TN Cy = () or not.

First, we consider the case T N Cy = (). In this case, there is Cy C T. by
Definition 3 of multi-cover, we know there must exist h* € [k] such that either
Cr» \ Co> T\ Cy, or T\ Cy > Ch+ \ Cy. By the above assumption Cy C T and
Lemma 1, we know that either Cy« > T or T > Cp«. If T > Ch+, then Lemma 2
implies Cj,~>T, which completes the proof. So we assume Cj->T, or equivalently,
T Chs. Since T C C\ Cp and T ¢ {Cy,}¥_,, By Proposition 1 we obtain that
a(T) > a(Cy-), and this contradicts to the assumption of a(T) < minf_; a(Ch).

Next, we consider the case T'N Cy # 0. In this case, we want to construct
a D C C with DNCy = 0,a(D) < a(T), and D> T. Then since a(T) <
minf_, a(C,), we have a(D) < minf_, a(C}) where D N Cy = @ According to
our discussion in the previous case, we know there exists some h* € [k] such that
Ch+ > D, which implies Cj,« > T since > forms a partial order, and the proof is
completed.

Arbitrarily pick t* € T N Cy. Then by Step 6, we know there exists
h* € [k] such that oy = max {min,_; e, . ag,zbt* vec,. a1} I {0 €
Cp | £ < t*} C T, then we have o(T) > D i<t 1ec,. Qo+ ape, which is
at least Y, pe pec,. U+ Dyspe sec,. @ + 1. Since t* ¢ Ch-, we know that
Zkt*,eeéh* oy + Zt>t*,t€é‘h* a; +1 = a(Ch«) + 1. Hence a(T) > a(Ch),
and this contradicts to the initial assumption of a(7) < miny_, ‘a(Ch). There-
fore we can find some ¢* € Cj-,¢* < t* such that ¢* ¢ T. Now define
D :=TU{*}\{t*}. Since ¢* < t*, clearly D>T. Also o(T) — a(D) = g — ape,
since aup« > maxyy« pec, . o, We know that a(T) — a(D) > 0. If DN Cy = 0,
then we are done. Otherwise, we can replace T by D, consider any index in
D N Cy and do the above discussion one more time. Every time we are able to
obtain a set D with |D N Co| decreasing by 1. In the end we will obtain a set D
with the desired property: DN Cy = 0, (D) < a(T), and D>T. This completes
the proof for the case T'N Cy # 0.

Therefore, from the discussion for the above two cases, we have concluded
the proof of MCI a2z < 3 being a valid inequality for conv(K). O

For some multi-covers with a special discrepancy family, we are able to write
the associated MCI in closed form. We provide two examples.

Ezample 1. Consider {C,Cs} with discrepancy family {{i1, 4111}, {é2,...,%:}}
for some t > 3, with iy < ... < 4z41. Easy to verify that such {Cy,C5} is a
multi-cover, and the obtained MCT is:
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So@ -zt Y. @=3mt+d, Y. (2t—20+3)a

i<iy,ieC 11 <i<ig,i€C =31y _1<i<ig,i€C 4
, (4)
+ 22%@ + Z 2% + Tiyyy + Z 2z; < a(Ch) — 1,
=2 4 <i<igi1,i€C i>i441,i€C
where « is the vector associated with the left-hand-side term. o

Ezample 2. Consider {C,Cy, C5} with discrepancy family {{é1,i3}, {i1, 44,45},
{ia,i3,15}}, with iy < ... < i5. Here the family of covers {Cy,Cs,C3} is a
multi-cover, and the obtained MCI is:

Z Sx; + Z 3z + 2z, + Z 3z; + 2z,

i<iy,i€C i1 <i<ig,i€C in<i<isi€C (5)
+ Z 2z; + x4y + Z 2z; + Tig + Z 2z, < Oz(Cl) -1,
i3<i<igi€C i4<i<is,i€C i>i5,4€C
where « is the vector associated with the left-hand-side term. o

Next, we present some illustrative examples to showcase the novelty of MCls.
The first example shows that, unlike lifted cover inequalities or CG cuts, MCIs
are not aggregation cuts of the original linear system.

Ezample 3. Consider the TOMKS:

K = {z €{0,1}° [ 1921 + 11x2 + 5x3 + 424 + 225 < 31,
1621 + 1022 + 7x3 + dxg + 325 < 30}

Then {C;,Cs} := {{1,2,5},{1,3,4,5}} is a multi-cover for K, point x“* only
violates the first knapsack constraint, and point Y2 only violates the second
knapsack constraint. The associated MCI is

3ZE1+2I2+$3+IL‘4+1’5§5, (6)

and (6) is violated by both x* and x©=.

Now consider an aggregation of the knapsack inequalities of K given by
A1(19,11,5,4,2)T2 + X\2(16,10,7,5,3)T2 < 31\; + 302, where A, Ay > 0. For
any choice of Ay > 0, A2 > 0, it can be verified that C; and C5 cannot both be
covers to the knapsack set given by this single inequality, so any aggregation cut
for K can cut off at most one of x“* and x“2. Therefore, the inequality (6) is not
an aggregation cut. In some cases, it may be possible to obtain an MCI as a CG
cut of the original linear system augmented with its minimal cover inequalities.
In this example, consider the set

Ker = {x € {0,1}° | 1921 + 11z + 53 + 424 + 225 < 31,
16x1 + 10x2 4+ T3 + 5x4 + 325 < 30,
T+ T2+ a3 < 2,21 + 22+ 234 <2,
14z + x5 < 2,21 + 23+ xa + 25 < 3}
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The inequality (6) is indeed a CG cut with respect to K¢, as shown by multi-
pliers 75 - (19,11,5,4,2) + + - (1,1,1,0,0) + % - (1,1,0,1,0) + 5 - (1,1,0,0,1) +
$-(1,0,1,1,1) = (3,2,1,1,1), & -31+ 1.2+ 1.2+ 1. 24 1 .3 =5.75. Hence
(3,2,1,1,1)T2 < [5.75] =5 is a CG cut for K¢y. o

Example 3 demonstrates that MCI can be obtained from multiple knapsack
sets simultaneously. Specifically, the inequality (6) is facet-defining for conv(K),
but it is neither valid for {z € {0,1}° | 1921 + 112 + 523 + 4z4 + 225 < 31} nor
{z €{0,1}5 | 1621 + 1022 + T3 + 514 + 375 < 30}. Example 3 also shows that
an MCI can be a CG cut for the linear system given by the original knapsack
constraints along with all their minimal cover inequalities. In the next example,
we will see that this is not always the case.

Example 4. Consider the following TOMKS:

K = {z €0, 1}8 | 28z1 + 24x2 + 20x3 + 1924 + 1525 + 1026 + 727 + 628 < 96,
27x1 4 24x2 + 21xs + 1924 + 1325 + 1226 + 727 + d2s < 96}

Consider the family of covers C; = {2,3,4,5,6,7,8}, Cy ={1,3,4,5,6,8}, C3 =
{1,2,3,5,6}, Cy = {1,2,3,5,7,8}. We have C = [8], Cp = {3,5}, and the
discrepancy family is D(%) = {{2,4,6,7,8},{1,4,6,8},{1,2,6},{1,2,7,8}} =:
{Dy, Dy, D3, Dy}

First, we verify that € is a multi-cover. For any set S C C'\ Cy and S ¢
D(%),if 1 € S,|S| = 2, then it is clearly dominated by either Dy, D3 or Dy. If
1 € 5,|S| = 3, then either S D3 or D3> S. If 1 € S,|S| = 4, then S must be
comparable with Dy or D3. If 1 € S,|S| =5, then S D;. If 1 ¢ S, then clearly
Dy > S since S C D;. Hence for any S € C\ Cp and S ¢ D(¥), S must be
comparable with some set in D(%’). Therefore, € is a multi-cover.

When Algorithm 1 is applied to %', we obtain the inequality

als < B :=4x1 + 32 + 323 + 204 + 325 + 226 + 27 + 25 < 14, (7)

and it can be shown that (7) is a facet-defining inequality for conv(K).
Consider the linear system given by all the minimal cover inequalities for
K, as well as the original two linear constraints. We refer to this linear system
as Kcr, which consists of 30 inequalities. Solving max{a®z | z € K¢} gives
optimal value 15.307, so any corresponding CG cut with respect to K¢y is o’z <
15, and it is weaker than inequality (7). o

Even when the cover-family consists of covers all coming from the same
knapsack inequality, the MCI can produce interesting inequalities. In the next
example, we show a MCI that cannot be obtained as a standard lifted cover
inequality, regardless of the lifting order.

Example 5 (Ezample 3 in [10]). Let K := {x € {0,1}° | 102y + 729 + T3 +
dx4 + 4z5 < 16}, and consider the multi-cover € := {{1,3},{1,4,5},{2,3,5}}.
From inequality (5) of Example 2, we know that the corresponding MCI is

3r1 + 229 + 223 + x4 + x5 < 4. (8)
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The inequality (8) is the same inequality produced by the new lifting procedure
described in [10], and the authors of [10] state that (8) is both a facet of conv(K)
and cannot be obtained from any cover inequality by standard sequential lifting
methods, regardless of the lifting order. o

4 Antichain Multi-cover Inequalities

In this section we propose a way to strengthen MCI when the associated multi-
cover forms an antichain in a certain poset. Recall that in order theory, an
antichain is a subset of a poset such that any two distinct elements in the subset
are incomparable, and a mazimal antichain is an antichain that is not a proper
subset of any other antichain.

Definition 4 (Antichain multi-cover). Let € be a family of covers for K.
Then we say € is an antichain multi-cover for K, if D(€) is a mazimal antichain
of the poset (29Pep()D ),

We are now ready to define our antichain multi-cover inequalities (AMCIs)
by Algorithm 2. AMCIs have the interesting property (proved in Theorem 3)
that they cut off at least two characteristic vectors of covers in the antichain
multi-cover €.

Algorithm 2. Antichain multi-cover inequality (AMCI)
Input: An antichain multi-cover € := {C1,...,C} for K, and its MCI o”z < .
Output: An antichain multi-cover inequality.
1: Let C\Co :{i1,...,im}, with i1 < ... < im.
2: if 3h* € [k] such that a(Ch+) is the unique maximum of {«a(C%) | h € [k]} then
3: Let 44+ be the minimum of {i1,...,4m} such that

{h e[k :|ChN {ir, ... i} = |Che O {in, ... i} =1} #£0.

0= min{oz(Ch*) — Oé(Ch) : |Ch N {7:17 .. ,it*}| — ‘Ch* N {il, ... 7it*}| = 1}.
fort=1,...,t" do
Oy 1= Oy —+ (5
for j € C do
@ i= minpepr max { max,; e, A, Dtsjiec, dt 1}.
B :=maxy_, a(Cy) = 1.
return the inequality a2 < 3.

Note that an AMCI is not necessarily different from its corresponding MCI,
it depends on if condition 2 is satisfied or not.

First, we show that Algorithm 2 can perform all required steps. The only
nontrivial step is Step 3. Thus, we only need to prove the following proposition.
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Proposition 2. In Step 3, for any h € [k], there exists an index i in

{i1, ., im} such that |Cp N {i1, ... 00} — |Cpx N {i1, ... i} = 1.
Proof. First, we claim that there exists ¢t° € [m], such that
|Chm{i1,...,ito}|—|ch*r\l{il,...,ito}|21. (9)

We prove this claim by contradiction. Thus we assume that for every ¢ € [m] we
have ‘Ch n {’L'l,...,it}| — |Ch* N {il,...,it}l < 0. Let ¢y, \CO = {jl,...,jg} -
{i1,...,im} with j1 < -+ < jy. To prove our claim it suffices to construct an
injective function f : Cj, \ Cy — Ch+ \ Cy such that f(j1) < j1,..., f(Je) < je. In
fact, Definition 1 then implies Cj« \ Co> C}, \ Cp, which gives us a contradiction
since by Definition 4 of antichain multi-cover, the discrepancy family {C}, \
Co}hepr) forms an antichain. Let s; € [m] be an index such that i;, = ji. From

our assumption, we know that |Cp« N {i1,... 495, } > |Ch N {i1,... 05} = 1.
So we can find i,, € Cp» with i,, < is, = j1, and let f(j1) := ir,. Now let s9
such that is, = ja. From our assumption, we know that |Cp~ N {i1,...,is5,}| >

|Cr N {in, ..y is, } = 2, thus [(Cp= \ {ir, }) N {é1, ..., 45, }| > 1. So we can find
iry € Cp» with iy, # 4, and i,, <is, = jo. We then set f(j2) := ir,. Recursively,
we can then construct an injective function f : Cp \ Cop — Ch- \ Cp such that
fG1) < J1,---, f(Je) < je. This concludes the proof of (9).

For every t € [m — 1], we clearly have 0 < |Cp, N {iy,...,i¢11}] — |[Ch N
{i1,...,4:}| <1, and the same observation holds if we replace h with h*. Thus

-1< (ICh N {ix, oo sdpn | = [Cne N {in, -y dg )
—(|Chm{i1,...,it}|—|ch*ﬂ{il,...,it}l) <1

From |CyN{i1}| = |Ch= N{i1}| <1 and (9), we then obtain that there must exist
some t* € [t°], such that |Cp, N i1, ... 0} — [Cpe N {1, ... i} = 1. O

Next, we show that AMCIs are valid for K. The validity proof is analogous
to that of Theorem 1, which also requires the following auxiliary result.

Proposition 3. Let {C,}f_, be an antichain multi-cover and let oz < 3 be
the associated AMCI. If there exists T C C'\ Co, T ¢ {CLYr_,, with T>Cyy for
some h' € [k], then a(T) > a(Ch).

Proof. We will assume that the condition at Step 2 in Algorithm 2 is satisfied,
since if not, then the AMCI coincides with its MCI, and the statement of this
proposition coincides with Proposition 1. Let T and C, be the sets as assumed in
the statement of this proposition, with T>C . Denote Ty := TNCyr, T} = T\ Ty,
and Ty := Cy \ Tp. Then T = Ty UTy,Clr = Ty U Ty. Since T # Cj and
T > Cj,r, then we know Ty # (). By Lemma 1, we know that T} > Ty. If Ty = (),
then o(T) = a(Ty) + a(Th) > a(Tp) = a(Ch/). Hence we assume Tp # 0.
Denote Ty := {j1,...,J¢}. Since Ty > Ty and T3 N Ty = (), we know there exists
{k1,...,k} C Ty such that ky < j1,..., ke < je.

Let yvT2 < 6 be the MCI of antichain multi-cover {C,}¥_,. From the proof
of Proposition 1, we know that i, > ~v;,,...,7, > 7;. By Step 5 and 6, we
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know for any i € C'\ Co,a; = v; + 0 - 1{i < i4+}. Since ky < j1,..., ke < Jt,
therefore we have 1{k1 < ip} > 1{j1 < dp=}, ..., W{ke < ip=} > 1{jr < i}
Hence o, = v, +6 - 1{k1 < ig=} > 5, + 6 - 1{j1 < 44} = a;,, and similarly
there is also ag, > aj,,...,ax, > oj,.

Therefore, o(T) = a(Th) + a(To) > ak, + ...+ o, + a(To) > aj, + ...+
aj, + a(To) = a(T2) + a(To) = a(Cp). 0

Given the above proposition, the proof of the following theorem is exactly
the same as that of Theorem 1. For the completeness of this paper, we present
its proof in the following.

Theorem 2. Given an antichain multi-cover € for a TOMKS K, the AMCI
produced by Algorithm 2 is valid for conv(K).

Proof. Since supp(a) = C, in order to show that AMCI a2z < f3 is valid to
conv(K), it suffices to show that, for any T C C with «(T) > 8+ 1, T must
be a cover to K. Note that from Step 7 there is 3+ 1 = max;_, a(C}), and
for any T1,Te C C, a(T1) > a(Te) is equivalent to a(Ty) < a(Th), furthermore
from Lemma 2, therefore it suffices for us to show that: for any 7' C C with
o(T) < minf_; a(Cy), there must exist some h* € [k] such that Cj« >T. We will
assume that T ¢ {Cj,}¥_, since otherwise Cj«>T trivially holds. In the following,
the proof is subdivided into two cases, depending on whether "N Cy = ) or not.

First, we consider the case T N Cy = (). In this case, there is Cy C T. by
Definition 3 of multi-cover, we know there must exist h* € [k] such that either
Cr= \ Co> T\ Cy, or T\ Cy > Ch+ \ Cy. By the above assumption Cy C T and
Lemma 1, we know that either Cy« > T or T > Ch«. If T > Cp+, then Lemma 2
implies C},->T, which completes the proof. So we assume Cj«>T, or equivalently,
T Che. Since T C C\ Cy and T ¢ {Cy};_,, By Proposition 3 we obtain that
a(T) > a(Cy-), and this contradicts to the assumption of a(T) < minf_; a(Ch).

Next, we consider the case T'N Cy # 0. In this case, we want to construct
aD C C with DNCy = 0,a(D) < a(T), and D> T. Then since a(T) <
minf_, a(C), we have a(D) < minf_, a(C}) where DN Cy = (. According to
our discussion in the previous case, we know there exists some h* € [k] such that
Ch+ > D, which implies Cj,« > T since > forms a partial order, and the proof is
completed.

Arbitrarily pick t* € T N Cy. Then by Step 6, we know there exists
h* € [K] such that oy = max{minkt%eéh* Y pspe peq,. @+ 1} I {0 €
Ch+ | € < t*} C T, then we have a(T) > 37, 4 ycq,. @ + a4, which is
at least 2, pe pec,. U + Dysie sec,. ¢ + 1. Since t* ¢ Ch-, we know that
Dotcte el O T Disie sec,. ¢ + 1 = a(Che) + 1. Hence a(T') > a(Ch-),
and this contradicts to the initial assumption of a(7T) < miny_, a(C}). There-
fore we can find some ¢* € Cj-,0* < t* such that ¢* ¢ T. Now define
D :=Tu{e}\{t*}. Since £* < t*, clearly D>T. Also o(T) — a(D) = = — e,
since ay= > maxy 4« pec,. ¢, we know that o(T) — (D) > 0. If DN Cy = 0,
then we are done. Otherwise, we can replace T" by D, consider any index in
D N Cy and do the above discussion one more time. Every time we are able to
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obtain a set D with |D N Co| decreasing by 1. In the end we will obtain a set D
with the desired property: DN Cy = 0, (D) < a(T), and D>T. This completes
the proof of the case T'N Cy # (). ]

The next theorem shows that each AMCI cuts off at least two characteristic
vectors of covers from the associated antichain multi-cover.

Theorem 3. Given an antichain multi-cover €, the AMCI produced by Algo-
rithm 2 is violated by at least two characteristic vectors of covers in €.

Proof. Let € := {Ch}nepr)- When the “if” condition 2 does not hold, meaning
there already exist at least two covers Cj,, and C},, from %, such that a(Cy,) =
a(Cp,) = maxt_, a(Cy). Then according to Step 9, we know that o’z < 3 cuts
off x“r1 and x©re.

Now assuming the condition 2 is satisfied. For any i € C \ Cy, denote the
intermediate coefficient of «; at Step 2 before the updating operation 5 and 6
to be 7;. Then according to the algorithm, there is v(Cp+) = maxf_, v(Cy),d =
min{y(Cp+) — Y(Ch) : |Ch N {i1, ... 0 }| — |Cph= N {i1,...,0+}| = 1} where
ig+ is defined by Step 3, and «; = ~v; + 0 for any ¢ = 41,...,9. Let Chex
be the cover which satisfies |Cpxx N {i1,... 0} — |[Chx N {i1, ... i} = 1
and y(Cp+) — ¥(Cpx) = d. Next we are going to show that: a(Cp«) =
a(Che) = maxt_, a(Cy). Since a(Cp+) —a(Chsx) = Y(Cpe ) —=y(Ches ) +6+|Cpe N
{i1,- - yie=}| — 0 - |Chor N {i1, ..., 9~ }|, then we obtain that a(Ch=) = a(Ch~).

Claim. a(Ch+) = maxi_, a(Cp).

Proof of claim. Arbitrarily pick h € [k],h # h*,h # h**, we want to show that
a(Ch+) > a(Ch).

If |Cp 0 {in, ... i }| — |Cre N {i1,..., 0= }| = 1, then by definition of §, we
have v(Cp+) — ¥(Cr) > §. Therefore a(Ch+) — a(Ch) = ¥(Cp+) + 6 - |Cp= N
{i1, .y} — (V(CR) + 6 - |Cr N {ig, .. igs H) = Y(Che) — ¥(Cr) — 6 - (|Cr N
{i1, o yiee H = [Cpe N {1, .oy }]) = (Ch* —5(Ch) =6 >0.

If |Cpn{in,. .. i} — |Ch* N {i1y ... 0t < 0, then a(Ch+) — a(Ch) =
Y(Ch=) =7(Cp) =0 - (|Cr N {1, ... i} — |C’h* N{é1,...,4}|) > 0. Here the last
inequality is because v(Cp+) = maxf_, v(Ch).

If |Cy N i, .. i} — |Che N {1, ... 3} > 1, then because |Cy N {i1}] —
|Ch* N {21}‘ < 1 and (‘Ch N {il,...,it+1} — |Ch* n {il,...,itJrl}l) — (|Ch N
{i1,.. . it} = |Ch N{i1,. .., i }]) <1, we know there must exist some i+ < 44+,
such that |Cp N {é1,... 5 }| = |Ch= N {i1,..., 4+ }| = 1, which contradicts to the
minimum choice of i« at Step 3. o

Hence we have shown that a(Cp+) = a(Che) = maxt_, a(C},). According to
the definition of 3 at Step 9, we know that a”z < 3 cuts off x»* and x“»**. O

Note that the multi-covers in Example 1 and Example 2 are both antichain
multi-covers, and the corresponding MCls are violated by the characteristic vec-
tors of all covers. Therefore the AMCIs of those examples coincide with their
MCIs. Next, we give an example where an AMCI is different from the corre-
sponding MCI.
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Ezample 6. Consider {Cy,Cs} with discrepancy family {{i1}, {ia,...,9:}} for
some t > 3, with iy < ... < 4;. {C1,C5} is obviously an antichain multi-cover,
and the obtained MCI is:

t
yTx = Z 3z + Z 2x; + Z Z 2x;

i<iy,ieC i1<i<ig,ieC =3 ip_1<i<igi€C
t (10)
Y mi Y @ <y(Cr) -1
=2 i>14,1€C

This MCI is different from the corresponding AMCI obtained by Algorithm 2:

oz = Z tx; + Z (t— 1z + Z Z (t—042)z;

i<iy,i€C i1<i<ig,ieC =3 iy_1<i<ig,ieC
, (11)
) m+ Y m<a(Ch) -1
=2 i>14,2€C

<

The next result states that the well-known (1, k)-configuration inequality can
be obtained from the AMCI (11) in Example 6.

Proposition 4. Consider a knapsack set K = {x € {0,1}" | a2 < b}, a
nonempty subset N C [n], and t € [n] \ N. Assume that ), ya; < b and
that H U {t} is a minimal cover for all H C N with |H| = k. Then for any
T(r) € N with |[T(r)] = r, k < r < |N|, the (1, k)-configuration inequality
(r—k+ Dz + 3 cryz; <1 can be obtained from an AMCI (11) associated
with an antichain multi-cover of a knapsack set.

Proof. When r = k, then the above inequality reduces to a cover inequality.
Hence we assume r > k. W.l.o.g. assuming a; > ... > a,. Consider a new
knapsack set K' := {z € {0,1}""! | ’Tz < b}, with a] = a; Vi < t,a},, =
ag, a;- =aj_1 Vj >t + 1. Then clearly there is also ay > ... > aj, .

Since for any H C N with |H| =k, HU{t} is a cover to K, we know for any
j € N,NU{t}\ {j} is also a cover to K, which means }_,_y a; — a; + a; > b.
From the assumption that »,_\ a; < b, we have a; > a;, or equivalently, t < j
for any j € N. Now for any T(r) C N with |T'(r)] = r, k < r < |N|, denote
T(r) :== {j1,...,Jr} with j1 < ... < jr, so we have t < j; from above. Then
consider C1 := {t} U{jr—rt1,---,4r},C1 = {t}U{Jropr1+1,...,4r +1},C% =
{t+1}U{jl+17 cee ajr+1}' Since {jrfk%»la s 7jr} C N with |{jr7k+1v cee ajr}‘ =
k, we know that C is a cover to K, so C] is a cover to K’ from the construction
of K'. Furthermore it is obvious that Cj is also a cover to K’ since aj ; = aj.
Note that the discrepancy family of {C], C4} is {{t}, {t+1,j1+1,...,jr—r+1}},
then from the AMCI (11) of Example 6, we obtain the AMCI associated with
{C},C4} for K':

r
(T’ —k + 1)£L't + Ti41 + ijl+1 S T.
{=1
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Since K can be obtained by simply projecting out of the x;1q variable of K’,
therefore we obtain that the following inequality is valid for K:

(r—k—|—1)xt—|—2xﬂ =(r—k+ 1z + Z xz; <7
=1 JET(r)

5 Facet-Inducing MCI

In this section we provide a sufficient condition for the the MCI to define a facet
of conv(K). The proof can be found in the full version of the paper [5].

Given a multi-cover {C1,...,C} with its corresponding MCI oz < 3, we
denote by {it1,... %, }:={t €C\Co |z =t}, with iy 1 < ... <igp,.

Theorem 4. Let {C1,...,Cy} be a multi-cover for a TOMKS K, and let a®x <
B be the associated MCI. Assume that the following conditions hold:

1. Co = [Z),’
2. For each h € [k], cover Cy, is a minimal cover;
3. For any t = 2,...,max?_; o, there exist some iy_1,4, & Ch, € {Cp}r_, with

it,1 € Ch, and iy pn, € Ch,, such that Cp, U{it—1.6,} \ {itn,} is not a cover;
4. There exists some Cy, € {Cp}¥_,, such that iy € Ch, and for any i’ ¢ C,
Ch, U{i'}\ {i11} is not a cover.
5. Foranyt=1,... max? , a;, a(Cp,) =0+ 1.

Then aT'x < 3 is a facet-defining inequality for conv(K).

Ezxample 7. Consider the TOMKS and the multi-cover in Example 5. We have
Cy = {1,3}, Cy = {1,4,5}, C3 = {2,3,5}, and the associated MCI aTz < 3 is
3561 + 21‘2 + 2I3 + x4+ 5 S 4, here 7;1,1 = 4,1.172 = 5, 2'271 = 2,7;272 = 3,7;371 =1.

Clearly condition 1 in Theorem 4 holds. Since a(C1) —a3 = 10 < 16, a(Co) —
as; = 14 < 16, a(Cs3) — a5 = 14 < 16, condition 2 holds as well. For ¢t = 2, let
Ch, = Cj3, then 11,1 ¢ Chz,’il)g € Chwig’l € Cp,, and Cp, U {i1)1} \ {Z’Q’Q} =
{2,4,5} is not a cover. For ¢t = 3, let C},, = Cs, then io 1 & Chy,i1,2 € Chy,i31 €
Ch,, and Cp,U{i2.1}\{is1} = {2,4, 5} is not a cover. Therefore condition 3 holds.
Let Cp, = Cy, then i1 € Cp,, since here C' = [5], condition 4 holds. Lastly,
a(Ch,) = a(Ch,) = a(Ch,) = 5, so condition 5 also holds. Hence Theorem 4
yields that this MCI is a facet-defining inequality for conv(kK).

6 Conclusion

In this work, we give a new family of valid inequalities for the intersection of
knapsack sets and demonstrate several ways in which the inequalities are not
implied by other known cutting-plane methods. We are aware of very little work
that explicitly studies the polyhedral structure of the intersection of multiple
knapsack sets, and we hope the ideas presented here will give rise to new methods
for generating strong valid inequalities for complex binary sets that arise in
practical settings.
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