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Abstract In this paper, we study 0—1 mixed-integer bilinear covering sets. We
derive several families of facet-defining inequalities via sequence-independent lifting
techniques. We then show that these sets have a polyhedral structure that is similar
to that of a certain fixed-charge single-node flow set. As a result, we also obtain new
facet-defining inequalities for the single-node flow set that generalize well-known
lifted flow cover inequalities from the integer programming literature.

Mathematics Subject Classification 90C11 - 90C20 - 90C30 - 90C57

1 Introduction and meotivation

Nonlinear branch-and-bound is a method to solve mixed-integer nonlinear program-
ming (MINLP) problems to global optimality; see [10,16]. This method has been
implemented in commercial solvers such as BARON [25] and LINDO Global [17].
It requires that convex relaxations of the problem be recursively solved over smaller
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404 K. Chung et al.

and smaller subsets of the feasible region obtained by branching on variables. Most
existing commercial software use a method proposed in [20] to obtain these convex
relaxations for factorable problems. McCormick’s relaxation is an instance of a more
general technique that relaxes (nonconvex) constraints of the form g(x) > r into (con-
vex) constraints of the form g(x) > r where g(x) is a concave overestimator of g(x).
This technique does not use the right-hand-side of the inequality in the process. As a
result, the relaxation obtained is typically not the strongest possible.

Some of the functional forms that appear most frequently in the formulation of
nonlinear programs are probably multilinear inequalities and equalities. In particular,
bilinear inequalities of the covering type

n
> ajxy; = d, (1)
j=1

wherea; > 0,x; € S C Ry, and y; € §' C R, are among the simplest nonconvex
inequalities that can be studied. Therefore, sets of the form (1) provide an important
test bed for the derivation of new and stronger convexification methods that use right-
hand-side information.

In this paper, we study the convex hull of feasible solutions to (1) when variables
are bounded. In particular, we consider 0—1 mixed-integer bilinear covering sets of
the form

n
B=1(x.y)€{0. 1) x[0.11"|D ajx;y; = d |
j=1

wheren € Z,,a; >0Vje N :={1,...,n},and d > 0. We will throughout refer
to the convex hull of B, conv(B), as PB. Although our focus in this paper will be on
the study of PB, similar results can be obtained for sets defined through constraints of
the form > _(ajx;y; +b;x; +c;jy;) = d, where (a;, b, cj) € Rx Ry x Ry and
aj+min{b;, c;} > Oforall j € N.Throughscaling and translation, this generalization
allows us to extend the applicability of our study to problems where the bounds on y are
not 0 and 1 and, in addition, to problems where some of the x variables are fixed. Our
proofs extend easily to such a setup because the two sets share strong relationships that
are described in Proposition 24 and the discussion following it. The set B and its more
general variant discussed above appear in a variety of application contexts. Consider,
for example, the linearization strategy of [6,26] for xT Ox > d, where x € {0, 1}"
and Q € R’". The authors define z = Qx and then replace the original constraint
with x7z > d, where 0 < z < Q1 and 1 is the vector in R" whose components are
allequalto 1. Leta = Ql and y; = Z—’l Then, xTQx > d reduces to the constraint
defining B. The set B also appears as an objective function cut for problems involving
maximization of bilinear functions of the form Z?:l ajxjy; where x; € {0, 1} and
v; € [0, 1]; see [23] for an application to fixed-charge network flow problems and
see [27] for an application to shortest path interdiction with asymmetric information.
We also mention that B is related to several packing and covering sets including those
discussed in [4,14,31,34].
In order to guarantee that B is not empty, we impose
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Lifted inequalities for 0—1 MIBCS 405

Assumption 1 Z;ZI aj >d.

When faced with the problem of constructing a convex relaxation of B, two exist-
ing techniques can be used. The first technique reformulates B as BE NH where
= {(x,y,u) € Ry > d} and BE = {(x,y,u) € {0,1})" x [0, 1]" x R]
Diendj Xjyj = u}. It then relaxes conv(B) as proj, ) (conv(B*) N H), where
Proj, yyS denotes the projection of S onto the space of (x, y) variables. It is clear
that conv(B¥) can be obtained directly by computing the concave envelope of
> jen ajxjyj over {0,1}" x [0, 1]". Further, it follows from the separability of
jenajxjyjover j € N that this concave envelope is obtained directly from the
concave envelope of each bilinear termajx; y; over {0, 1} x [0, 1]; see [1]. Because the
concave envelope of each bilinear term is known to be obtained through McCormick
constraints, we conclude that the tightest relaxation of the type g(x) > d, where g(x)
is a concave overestimator of >_ . jen AjXjyj restricted to {0, 1} x [0, 11" over [0, 1]*",
is the relaxation that uses McCormick constraints. Observe that this relaxation con-
tains an exponential number of linear constraints that can be separated in polynomial
time.

The second technique requires that upper bounds on the variables be relaxed, thereby
yielding a bilinear covering set BV = {(x,y) € 7l x R | ZjeNajxjyj >d}. It
is shown in [30] that the convex hull of BY can be obtained explicitly using a variant
of disjunctive programming. The inequalities again are linear and can be separated in
polynomial time.

In this paper, we are interested in studying stronger relaxation techniques for B that
will take both the right-hand-side d and upper bounds on the variables into account.
Even though we show in Proposition 1 that the simultaneous presence of upper bounds
and right-hand-sides makes it NP-hard to optimize a linear function over B and hence
to develop a separation oracle for its convex hull, many new strong inequalities that
take advantages of both features can still be derived.

On the practical side, we are interested in studying B as a way to obtain improved
convex relaxations for problems in variables (x, z) € R” x R? with constraints of the
formZ:.';:l fi(@)x;>d,where f; : RP — [b;, bj +aj]and (a;, bj)eRi forallje N.
It is easy to see that these constraints can be reformulated as Zl}:l (ajyj+bj)x; >d

through the introduction of new variables y; = 4 (Zj_b’

where y; €[0, 1]. Convex relax-
ations stronger than those currently used in commercial solvers can then be constructed
through strong inequalities of the convex hull of the 0-1 mixed integer bilinear covering
set defined by the constraint Z’} 1(ajyj +bj)x; = d, and through concave/convex

f;()

envelopes of the functions I for each j € N. We are also interested in studying

B because of its relations to the fixed-charge single-node flow set without inflows
n
F=1@.y)e(0.1)"x[0.11"|D ajyj=d. x; =y;VjeN . (2
j=l1

an important mixed-integer linear set whose convex hull, conv(F), we denote by PF.
In particular, we will show in Lemma 3 that the set B is a relaxation of F, thereby
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establishing that valid inequalities for B are also valid for F. Further, we will show
in Sect. 4 that facet-defining inequalities of either PF or PB can be easily identified
if facet-defining inequalities for the other set are known. As a result, the inequalities
we derive for PB reveal new families of facet-defining inequalities for PF' which are
structurally different from those described in the literature.

We next argue that it is typically difficult to find globally optimal solutions to
problems containing B as a constraint by showing that it is NP-hard to optimize a
linear function over B. To this end, consider the following optimization problem (Q):

n n
min Zr;ij +Zlcjyj

j=1 j=1

(x,y)eB Q

where n € R” and k € R".
Proposition 1 Problem (Q) is NP-hard.

Proof The proof is by reduction from the 0—1 knapsack problem, which is proven to
be NP-hard in [11]. Consider the following 0—1 knapsack instance:

n
Dlajxj=d, x; {0, 1)VjeNt. (K)
j=1

n
ZK = min E njXx;j
j=1

We define a corresponding instance of (Q) by setting k; = —1forall j € N, i.e.,

n
Zajxjyjzd, x;€{0,1}, y;€[0,1]1¥jeN
j=1

n n
zF =min anxj—z Vj

j=1 j=1

(P)

The reduction from (K) to (P) is clearly polynomial. Observe further that if x* is
a feasible solution to (K), then (x*, 1) is feasible to (P), therefore showing that
P <K —n. Similarly, if (x*, y*) is an optimal solution to (P), then x™* is feasible
to (K) as Z?:l ajxj > Z?:l ajx;.‘y;? > d. Therefore, zX < zP +1Ty* <z 4 n.
We conclude that z” = zX — 5 and that x* is an optimal solution to (K) if and only
if (x*, 1) is an optimal solution to (P). O

In this paper, we are interested in studying PB. Since B is a finite union of polytopes,
PB is polyhedral.

Proposition 2 PB is a polytope.

It follows from Proposition 2 that, when studying PB, it is sufficient to consider
linear inequalities. Proposition 1 suggests that finding a complete closed-form expres-
sion for PB is difficult. As a result, we will focus our efforts on constructing families
of strong cutting planes for optimization problems containing the constraints of B by
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studying PB. To construct these inequalities, we will use lifting. Lifting is a well-
known integer programming technique that generates strong inequalities for a given
set by transforming an inequality valid for a restricted subset of the feasible region
into a globally valid constraint. Early work on lifting in integer programming can
be found in [32,33]. A generalization to nonlinear programming is given in [24].
In particular, lifting is said to be sequence-independent if the order in which the
restrictions are removed does not change the derived inequality. Subadditivity of a
certain perturbation function, called the lifting function, is a sufficient condition for
lifting to be sequence-independent when the restrictions involve fixing the variables
at their bounds; see Proposition 13 and [24]. In this paper, we derive large families of
facet-defining inequalities for PB by performing sequence-independent lifting. These
results illustrate that lifting can successfully use bounds on variables in the genera-
tion of cuts for MINLPs. Further, the results have implications for fixed-charge flow
models, a family of theoretically and practically important problems in mixed-integer
linear programming.

The paper is structured as follows. In Sect. 2, we derive basic polyhedral results
about PB. We provide necessary and sufficient conditions for trivial inequalities to be
facet-defining. Then, we derive a linear description of PB for the special case where
n = 2. This result is used to identify the seed inequalities that will be used in lifting
procedures. In Sect. 3, we review lifting techniques and present two families of subad-
ditive functions. Then, we use sequence-independent lifting techniques, to derive, in
closed-form, three families of facet-defining inequalities for PB. One family is derived
using a subadditive approximation of the lifting function. In Sect. 4, we prove that there
are some tight connections between the facet-defining inequalities of PB and those
of PF. In particular, we show that the lifted inequalities developed for PB generalize
certain families of flow cover cuts and yield new facet-defining inequalities for the
fixed-charge single-node flow set without inflows, F, as defined in (2). We summarize
the contributions of our work and conclude with directions of future research in Sect. 5.

2 Basic polyhedral results

In this section, we analyze the polyhedral structure of PB. The omitted proofs are
relatively straightforward and can be found in [9]. First, we provide necessary and
sufficient conditions for PB to be full-dimensional.

Proposition 3 PB is a full-dimensional polytope if and only if Z?:l aj—a; > d for
alli € N. O

In the remainder of this paper, we will assume that PB is full-dimensional.
Assumption2 >V, a; —a; > d foralli € N.

Observe that Assumption 2 strictly dominates Assumption 1 and implies thatn > 2.
We next identify some basic characteristics of the facet-defining inequalities of PB.
Proposition 4 Let 37 ajx; +>_; Bjy; = 8 be a facet-defining inequality for
PB that is not a scalar multiple of x; < 1 fori € N ory; < 1 fori € N. Then, (i)
a; >0, YieN, (ii)B; =0, Vi € N, and (iii) § > 0. O
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The following proposition further studies facet-defining inequalities whose right-
hand-sides are zero.

Proposition 5 Let 37 ajx; +>i_| Bjy; = 0 be a facet-defining inequality for
PB. Then, this inequality is a scalar multiple of x; > 0 for j € N or of y; > 0 for
Jj €N. O

We now focus on these inequalities that play a special role in Propositions 4 and 5
and characterize when they are facet-defining for PB. We refer to these inequalities
as bound inequalities.

Proposition 6 The upper bound inequalities x; < 1, y; < 1 are facet-defining for PB
foralli € N. Further, fori € N, the lower bound inequalities x; > 0, y; > 0 are
fgcet—deﬁningfor PB ifand only ifZ?:] aj—a; —aGy = dwherel(i) € argmax{a; |
J € N\{i}}. o
We mention that the above results are also valid when y; € {0, 1} instead of y; €
[0, 1] for some subset J € N. We next study another simple facet-defining inequality
for PB.
Proposition 7 The inequality Z’;: 1ajyj > d is facet-defining for PB.
Proof Validity is easily verified since >°7_;a;y; = >7i_, ajx;jyj = d. To prove
that Z?lea jyj = d is facet-defining, we present 2n innts ().c’, y') in B that satisfy
Z?=l ajy} > d at equality and such that the system ax’ + g8y =8 fori =1,...,2n
only has solutions (¢, 8, §) that are scalar multiples of (0, a, d). Consider the 2n points
P =1, A1 — ¢)) and ¢F = (1 — ex, Ax(1 — ¢;)) where Ay = s, for
j=14j—
k € N. Note that because of Assumption 2,0 < A; < 1 for all k € N. Clearly, p¥
and ¢* belong to B and satisfy Z?:l ajy; > d at equality. These 2n points yield the
system:

n n
Zaj~|—Ak Zﬁj—ﬁk =68VkeN, (3)
j=1 j=1

n n
Dlaj -+ A D B —Bi| =8VkeN. 4)
j=I j=I

By subtracting (3) from (4), we obtain that oy = O for all k € N. From (3) and the
definition of A, we then conclude that, forall k,/ € N,

n 8 n n 8 -
S-nid (Sor-a) mo S0 -5-8 (S0-a
j=1 Jj=1 j=1 j=l

Subtracting these expressions yields By — %ak =p— %al. After defining B — %ak =0
for k € N and using these relations in (3), we obtain that 6 = 0, which implies
Br = %ak for all k € N. Therefore, we conclude that all solutions («, 8, §) to the
system (3) and (4) are scalar multiples of (0, a, d). O
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Lifted inequalities for 0—1 MIBCS 409

In the remainder of this paper, we will often use the term facet to refer to a facet-
defining inequality. We will also refer to inequalities x; < 1,y; < 1,and Z';:l ajyj =
d as trivial facets of PB. To illustrate the richness of the polyhedral structure of PB,
we present an example next. The linear inequalities describing the convex hull of this
set were obtained using PORTA; see [7].

Example 1 Consider the 0—1 mixed-integer bilinear covering set

B= [(x, y) € {0, 1}* x [0, 11* | 19x1y; + 17x2y2 + 15x3y3 + 10x4y4 > 2o].

The linear description of PB has 58 inequalities. They include:

50x1 + 90x3 + 45x4 4+ 76y1 + 153y, > 135 ®))
70x1 + 90x2 + 27x4 + 38y; + 135y3 > 117 (6)
19x1 + 17x3 + 15y3 + 10y4 > 20 @)
17x2 4+ 15x3 4+ 19y1 4+ 10y4 > 20 )
19y1 + 17y, + 15y3 + 10y4 > 20 )
14x1 4 10x3 4+ S5x4 + 17y, > 15 (10)
12x7 4+ 10x3 4+ 5x4 + 19y1 > 15 (11)
10x3 4 5x4 + 19y; + 17y, > 15 (12)
X1+ x2 +x3 4+ 10y4 > 2 (13)
X1 +x+x3+x4>2 (14)
x>0 (15)
y1 =0 (16)
x1 <1 (17)
yi <1 (18)

Among the inequalities in Example 1, we recognize the upper bound inequalities
(17) and (18) that are shown to be facet-defining for PB in Proposition 6. In this
example, the lower bound inequalities (15) and (16) are also facet-defining, as can
be established from Proposition 6. Further, (9) is the trivial facet-defining inequality
studied in Proposition 7. Our goal is to now discover families of valid inequalities for
PB that would explain (5-8) and (10-14).

To derive these nontrivial facet-defining inequalities, we first study the convex
hull of B when n = 2 with the goal of identifying seed inequalities for subse-
quent lifting procedures. We show that the linear description of PB has at most
three nontrivial inequalities. In this study, Assumption 2 requires that a; > d and
a >d.

Proposition 8 Let B? = {(x, y) € {0, 1}2 x [0, 172 | aix1y1 + axxayy > d}, where
ar >d,ay >dandd > 0. Then,
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X1 +x>1

dx1 +ayy>d
ayyy +dx;>d
a\y1 +axy»>d

conv(B*) = X := { (x,y) € [0, 1]*> x [0, 1]

Proof We prove the result using disjunctive programming techniques; see [5]. We
define

Xio:= B0 {x =1L =0} ={dyom|L=n=t0sn=1],

Xo1 ::B2m{x1=0,x2:1} d

{(0, V1, lsyz)‘o =yn=l Z=wn= 1},

X1 = Bzﬂ{xl =1,x= 1} {(Lyl, 1,)’2))01)’1 +ay;>d, 0<y1 <1, 0<y; < 1}.

It is easily verified that COIlV(B2) = conv(X1oUXp1 UX11) = conv(XpU X 1) where
X5 := conv(X19 U X¢1). We first use disjunctive programming techniques to obtain
a linear description of X, and then compute conv(B?) as conv(X> U X11). Using
Theorem 2.1 in [5], we write

Xy =

(nLyLx,y) =M +2 1 -2, 22+ 22),
Irszi=h 02,
O<zisl-a Zad-N==1-1

0<x=<l1

Projey yy 1 (X1, Y1, X2, ¥2, 21, 22, 21, 22, A)

We then use Fourier-Motzkin elimination [35] to compute the projection. We first
eliminate the variables A, Z; and Z using the equations A = x1, 2] = y; — Z1, and
22 = y» — Z2. Then, we project Z; and Z; to obtain

d d
aXxt=yn=l Zxo=n=l

x1+x2=1, x1>0, x2 >0,
X, =conv(X o U Xo1) = [(xl, Y1, X2, ¥2)

since x| < 1 and xp < 1 are implied by x; + x» = 1, x; > 0 and x > 0. Similarly,
we can now derive a linear description of conv(X; U X11) by first formulating this set
as the projection of a polyhedron using disjunctive programming and then projecting
the resulting formulation onto the space of x and y variables using Fourier-Motzkin
elimination; see [9] for details. O

Next, we give generalizations of the nontrivial facets of conv(B?) that we prove
are facet-defining for more general instances of conv(B). In particular, we give a
generalization of inequalities dx; + a>y> > d and a;y; + dx» > d in Proposition 9
and of inequality x; + x2 > 1 in Proposition 11. We will use these generalizations as
seed inequalities for lifting procedures in Sect. 3.

Proposition 9 Let L © N be such that 3 ;.\, aj > d. Define a =73 ;cy\p aj—
max;en\L a; and assume that
S={(x, ) €{0, WHx[0, 11| X;cp min{a;, d}x; +ay=d} #0.
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Lifted inequalities for 0—1 MIBCS 411

Then,

> minfaj.dyx;+ D ajy;=d (19)

jeL JjeN\L

is facet-defining for PB. In particular, (19) is facet-defining for PB if (i) LN L= #
or (ii) L =, or (iii) a > max;c; min{a;, d}, or as a special case (iv) a > d where
={jeN]a;>d}.

Proof We first argue that inequality

Zmin{dxj,ajxj,ajyj}zd (20)
JEN

is valid for PB, which will directly imply that (19) is valid for PB. To this end, we show
next that 3y min{dx;, a;x;y;} > d is valid for B. Consider (x, y) € B. If there
exists j € N such that dx; < a;x;y; then x; = 1 and, consequently, the inequality
is satisfied. Otherwise, the inequality reduces to the defining inequality of B. Since
(xj,y;) €0, 112 implies that x;y; < min{x;, y;} and a; > 0 for j € N, it follows
that min{dx;, a;x;y;} < min{dx;,a;x;, a;y;} and, therefore, (20) is valid for PB.
We now prove that (19) is facet-defining for PB by providing 2n affinely indepen-
dent points (x*, y') in B that satisfy (19) at equality. Assume without loss of generality
that L = {1, ..., 1}.Definen’ = |N\L|and denote the points as (x , XN\L» YL» YN\L)-
Let (x',y) € S and define @’ = Z/eN\L aj. Let »° = (0,1,0, %1) and
p/ = p® +¢€(0,0,0, aljej - #eﬂr]) forj = 1,...,n" — 1. Fori € L, define
g = (e, 1, ¢, Mgy i = 504(0,0, ¢, 0)ifa; < diandr’ = (e, 1, Le;, 0)
: . . / J = / . = a
ifai > d.For j € {1,...,n'}, s (x;,1—e¢;,1,y ) A —ej)). It

> a;

can be easily verified that p°, ¢?, s/ and r belong to B and that p/ belongs to B
when e is sufficiently small. We now show that the above points are afﬁnely indepen-
dent. Clearly, for j € {0,...,n" —2}, p°, ..., p/ satisfy Z]_l ai(% — i) =0,
whereas pj *1 does not. Therefore, pj are afﬁnely independent. Further, fori € L
and j € {0,...,n" — 1}, qi are affinely independent of pj since the latter satisfy
(xi,yi) = (0,0). Fori € L, j € {0,...,n" — 1} and i’ € L, ri are independent of p/
and ¢' since the latter satisfy y; = x;. F1nally, forj € {1 n} je{l,...,n =1},
i eL,andi’ € L, s/ are affinely independent of p’ g', r’" since the latter satisfy
X|L|4+j = 1. a

The family of inequalities described in Proposition 9 is typically exponential in
size. In the case of Example 1, it contains multiple inequalities including (7)—(9).

We next relate (19) to existing relaxation techniques. In particular, we argue that
it does not arise as a direct application of factorable or orthogonal disjunction prin-
ciples but can be obtained through a strengthening of orthogonal disjunction results
described in [29]. First, the set of solutions in [0, 112" that satisfy (20) is contained
in the factorable convex relaxation of B discussed in Sect. 1. In particular, when
each bilinear term is outer-approximated using McCormick envelopes, we obtain
> jeN4j min{x;, y;} > d, whichis clearly implied by (20). Further, using orthogonal
disjunctions, see [30], it can be shown that
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412 K. Chung et al.

. 2
O :=conv | (x,y) € RY

Zanjyj >d

JEN

2
= (an)€R+n

> Jay; = Vd

JeN

This convex relaxation is obtained without making use of the bounds or the integrality
of the variables x. It follows from the inequality relating elementary means (see The-
orem 5 in [15]) that \/da;x;y; > min{dx;, a;y;}. Therefore, the feasible solutions
to (20) are contained in O. However, when (x, y) € C C Ri”, a procedure described
in [29] allows a strengthening of the relaxation O by restricting attention to C. When
one exploits the fact that (x, y) € C = {0, 1}" x [0, 1]", this construction yields (20).

In the remainder of the paper, we will obtain strong inequalities for PB by lifting
(19). To describe these liftings, we will use the following notation extensively. For
No, N1 € N such that No N Ny = @ and 1\70, ]\71 C N such that No N Nl =, we let

B(No, N1, No, Ny) := [(x, y)€B

x;j =0 forje Ng, x; =1 for je Ny,
yj =0 forje Ny, yj=1 for j e N

We also define PB(Ny, N1, No, Ni) := conv(B(No, N1, No, N1)). With a slight

abuse of notation, we say B(No, N1, No, Ni) is full-dimensional if its affine hull,
aff(B(Ny, N1, Ng, N1)), satisfies:

aff(B(No, N1, No, 1\71)) - {(x, y) € R

x;j =0 for j € No, x; =1 for je Ny,
yj =0 for jeNg, yj=1 forjeNy |’

Observe that, B(@, @, #, N) is equivalent to the classical 0—1 knapsack set

n
Zanj Zd],

j=1

[x € {0, 1}*

whose polyhedral structure was first studied in [4, 14], and [31]. The following result,
as a special case, relates the bilinear set B to the 0—1 knapsack set B(#, @, ¥, N).

Proposition 10 Let I € N. Assume that

D ajxi+ > By =8 1)

JEN jel

is an inequality for PB(#, @, §, N\I) that is not a scalar multiple of a bound inequality.
Then, (21) is facet-defining for PB(#, ¥, &, N\I) if and only if (21) is facet-defining
for PB.

Proof We first prove that if (21) is facet-defining for PB(#, @, #, N\I), then (21)
is facet-defining for PB. To show that (21) is valid for B, we assume for a contra-
diction that there exists a point (x",y") € B with >,y o:jx;. + Djer ﬂjy;. < 6.
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Lifted inequalities for 0—1 MIBCS 413

Since (x’,y’) € B, we have that ZjeN ajx}y} > d. Next, we define (X, y)
as x = x',y; = y} for j € I,and y; = 1 for j € N\I. Observe that
(x,y) € B(?,0,0, N\I) as Zjel ajxjyj + ZjeN\I ajxj > ZjeN ajx}y} > d.
Since (21) is valid for B(#, 8,9, N\I), (%, y) satisfies 3y a.,'x} + 2 er ,3/)1} =
D jeNjXj+ 2 ey Bjyj = 4. This is the desired contradiction.

Next, we show that (21) is facet-defining for PB. Since (21) is facet-defining for
PB(@,0,%, N\I) and § # 0 as (21) is not a bound, there exist n 4 |I| linearly
independent points in B(#, @, @, N\I), call them (x¥, y¥), that satisfy (21) at equality.
Clearly, these points belong to B and satisfy (21) at equality. Now, for each j € N\I,
we construct one new pointin B\ B(J, @, #, N\ 1) that satisfies (21) at equality. Choose
J arbitrarily in N\/. Since (21) is not a scalar multiple of x; < I, there exists k; €
{I.....n-+1]) such thatx}” = 0.Now define (¥%7, 7%/) such that &,/ = x,” Vi € N,
yf-’ = yfj Vi € N\{j} and )77 = 0. Clearly, the point (%, %/ belongs to B and
satisfies (21) at equality. Further, it is easily seen that the points (xk, y¥y and (x%i, yi)
for j € N\I are linearly independent and therefore show that (21) is facet-defining
for PB.

To prove the reverse implication, we assume that (21) is a facet-defining inequal-
ity for PB that is not a scalar multiple of a bound. Validity is trivial since
B@, 0,0, N\I) € B.Now, we show that (21) is facet-defining for PB(#, @, #, N\I).
Since § # 0 as (21) is not a bound (see Proposition 5), the origin does not satisfy
(21) at equality. Therefore, any 2n affinely independent points, say (x*, y¥) in B for

k=1,...,2n,that satisfy (21) at equality must also be linearly independent. In other
words,
S U B B
x]2 cox2 y]2 oy L0 @)
x12" x,zl" y12" y,%”
Without loss of generality, assume that / = {1, ..., |/|}. Consider the submatrix

formed by the first n + |I| columns of (22). There exist n + |I| rows of the submatrix
that are linearly independent. For each of these rows, define a point by setting y; = 1
for j > |I|. The resulting points are linearly independent, feasible to B(@, 8, &, N\I),
and satisfy (21) at equality. Therefore, (21) is facet-defining for PB(4, @, ¥, N\I). O

Using a proof technique similar to that of Proposition 10, it can also be shown that
facet-defining inequalities of PB that are of the form Zie Jaix; + Zie 1 Bivi =6
are also facet-defining for PB(¥, N\J, ¥, N\I). In particular, if / N J = ¢ then there
is a mixed 0—1 knapsack whose facet is also defined by the inequality. Furthermore,
Proposition 10 implies that all nontrivial facets of the pure 0—1 knapsack polytope
can be found in PB and that it is sufficient to study the facets of PB to obtain the
facets of the 0—1 knapsack polytope. Next, we use Proposition 10 to generalize the
inequality x; 4+ x2 > 1 of Proposition § into an inequality that will be used as a seed
for lifting procedures in Sect. 3.4.
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Proposition 11 Assume that ZjeN aj —ay —ay <dforallk,m € N withk # m.
The clique inequality

D xzIN-1 (23)

JeEN
is facet-defining for PB.

Proof By Proposition 10, it is sufficient to prove that (23) is facet-defining for
PB(#,0,d, N). The remaining result follows from Proposition 11.2.2.3(b) in [21]
after using the transformation x; = 1 — x; foralli € N. O

3 Lifted inequalities

In this section, we derive three families of strong valid inequalities for PB via lifting.
The first two families are obtained using sequence-independent lifting from (19) and
are facet-defining for PB. In this case, lifting is simple since the lifting function is
subadditive. The third family is obtained by lifting (23). Although the lifting function
associated with this seed inequality is not subadditive, we obtain lifted inequalities
using approximate lifting. We then identify conditions under which these inequalities
are facet-defining for PB.

3.1 Sequence-independent lifting for bilinear covering sets

Sequence-independent lifting is a well-known technique to construct strong valid
inequalities for mixed-integer linear programs; see [13] and [33]. We next give a
brief description of how this technique can be used to derive strong valid inequalities
for PB. A more general treatment of lifting in nonlinear programming is given in [24].

Given ) # S C N, weconsider B(S, @, S, ), which is the restriction of B obtained
when all variables (x;, y;) for j € S are fixed to (0, 0). Without loss of generality, let
S=/{s,...,n}forsomes >2anddefine S; ={i +1,...,n} fori € S. Assume that
the inequality

s—1 s—1
D ajxj+ > Biyi=8 (24)
j=1 j=1

is facet-defining for PB(S, @, S, ¥). In sequential lifting, we reintroduce the variables
(xj,y;) for j € S one at atime in (24). Assuming that variables (x;, y;) have already
been lifted in the order j = s, ...,i — 1, we next review how to lift variables (x;, y;)
in the inequality

i—1 i—1
Dlajxi+ D By =6, (25)
j=1 j=1
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which is assumed to be facet-defining for PB(S;_1, ¥, S;—1, ). To perform this lifting,
we first compute the lifting function

i—1 i—1
Pi(w)zmax8— Zotjx]'—i-Zﬂjyj
j=1 j=1
i—1
s.t.Zajxjyj >d—w
j=1
xje{0,1}, y;e[0,1] j=1,...,i—1

Once the lifting‘function Pi(w) is computed, the lifting coefficients (c;, B;) are
obtained from P*(w) as follows.

Proposition 12 (Richard and Tawarmalani [24]) Let (25) be a valid inequality for
B(Si_1,9, Si—_1, ). Assume that there exist («;, B;) € R2 such that

aixi + Biyi = Pl(aixiyi) for (x;, y;) € {0, 1} x [0, 11\{0, 0}. (26)

Then, the inequality z;zl ojxj + Z§'=1 Bjyj = 8 isvalid for B(S;, 9, S;, 9). O

The result of Proposition 12 can be applied recursively to construct a valid inequality
for PB from (24). Note that, at each step, the lifting function P’ (w) must be recomputed
to account for the changes in the lifted inequality. Further, if B(S, @, S, ¥) is full-
dimensional, the seed inequality (24) is facet-defining for PB(S, @, S, ), and for each
i € §, the lifting coefficients (¢;, B;) of the variables (x;, y;) are chosen so that (26) is
satisfied at equality by two points (xl.l, yl.l) and (xiz, yl.z) such that (0, 0), (xl.l, yil) and
(xiz, yiz) are affinely independent (a feature we refer to as maximal lifting), then the final
lifted inequality will be facet-defining for PB. In this scheme, (re)computing the lifting
functions P’(w) for each i € S is often the most computationally demanding task.
However, this computational work is unnecessary when the lifting function P*(w) is
subadditive. This observation, first made in [33], leads to the following result.

Proposition 13 (Richard and Tawarmalani [24]) Assume that (24) is valid for
B(S,0,S,0). Assume also that (i) P*(w) is subadditive over R, ie., P*(wy) +
P (w2) > PS(wi 4+ wy) Ywy, wr € Ry, and (ii) there exist (o, Bi) € R? for all
i € S such that

a;ix; + Biyi = P'(aix;y;) for (x;, y;) € {0, 1} x [0, 1]\{0, 0}. (27)

Then, the inequality

n n
D ajxj+ > Biyi=8 (28)
j=1 j=1

is valid for PB. Further, if (i) Inequality (24) is facet-defining for PB(S, @, S, ¥), (ii)
B(S, 9, S, ) is full-dimensional, and (iii) coefficients («;, B;) are chosen in a way
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that two linearly independent points satisfy (27) at equality, then (28) is facet-defining
for PB. m|

The fundamental difference between Proposition 12 and Proposition 13 lies in
equations (26) and (27). In the latter, the lifting coefficients of all variables (x;, y;) are
obtained from the same lifting function P*(w) while in the former, they are obtained
from P!(w) for i € S. Although this difference might seem minor, it has important
practical implications. In particular, the subadditivity of lifting functions typically
permits the derivation of closed-form expressions for lifting coefficients that would
otherwise be difficult to obtain. Observe also that in Proposition 13, the subadditivity
of P*(w) is required only over R since all coefficients a; in PB are assumed to be
nonnegative.

Proposition 12 describes how to perform lifting when the variables (x;, y;) for
J € § are fixed at (0, 0). When variables (x;, y;) are fixed at (1, 1), similar results
are obtained when (26) is replaced by

ai(xi — 1)+ Bi(vi — 1) = Pl(aixiyi —a;) for (x;, yi) € {0, 1} x [0, 11\{1, 1}.
(29)

Similarly, Proposition 13 can be adapted to allow sequence-independent lifting for
variables (x;, y;) fixed at (1, 1) by replacing Pi(w) with P*(w) in (29) and by requir-
ing that the lifting function P*(w) is subadditive over R_. Subadditive lifting can
also be used to generate facets of PB if B({, S, @, S) is full-dimensional, the seed
inequality (24) is facet-defining for PB({, S, ¥, S), and for each i € S, the lifting
coefficients («;, B;) of the variables (x;, y;) are chosen so that (29) is satisfied at
equality by two points (xl.l, yl.l) and (xl.z, yiz) such that (1, 1), (xl.l, yl.l) and (xl.z, yl.z) are
affinely independent.

We show in the following proposition that all interesting lifted inequalities that
can be obtained by fixing variables (x;, y;) at (0, 1) or (1, 0) can also be obtained by
fixing variables (x;, y;) at (0, 0). Intuitively this result can be understood as follows.
We first observe that the projections of PB(S;_1, @, Si—1, ¥), PB(S;—1, 9,4, S;—1) and
PB(@, Si—1, Si—1, ?) over the space of non-fixed variables are identical. Therefore,
these sets share the same seed inequalities for lifting. Next, we argue that lifting a pair
of variables (x;, y;) fixed at (1, 0) yields maximal lifting coefficients (¢;, B;) where
a; = 0, while lifting a pair of variables (x;, y;) fixed at (0, 1) yields maximal lifting
coefficients («;, B;) where 8; = 0. The result then follows by arguing that the above
lifting coefficients can also be obtained by lifting the pair of variables (x;, y;) from
0,0).

Proposition 14 Assume that (25) defines a nonempty face of PB(S;—1, @, Si—1, 9) (or
equivalently of PB(S;—1, 9,9, Si—1), orof PB(0, Si—1, Si—1, ¥)). Then any inequality
obtained by maximally lifting (25) in PB(S;—1, ¥, 9, Si—1) or PB(@, Si_1, Si—1,9)
could also have been obtained by maximally lifting (25) in PB(S;—1, ¥, Si—1, ).

Proof First, we consider the case where (x;, y;) is fixed at (1, 0). In this situation,
valid lifting coefficients must satisfy
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ai(xi — 1)+ Bivi = Pl(aixiyi) for (x;, yi) € {0, 1} x [0, 1]. (30

We next show that maximal lifting coefficients («;, 8;) in (30) must also satisfy
aixi + Biyi = P'aixiyi) for (xi, yi) € {0,1} x [0, 1] 31)

and be maximal for (31). This is sufficient to prove the result since restricting (x;, y;) =
(0, 0) instead of (1, 0) does not change the projection in the space of the non-fixed
variables and, therefore, the seed inequality is still a face of same dimension. Consider
(0, y!) satisfying (30) at equality. Such a point exists since lifting is assumed to be
maximal. Then,

0>a; =By} > Pl(aiyf) >0,

where the first inequality follows from (30) by setting (x;, y;) = (0, 0), the equality
holds since (0, y7) satisfies (30) at equality, the second inequality is satisfied from
(30) with (x;, y;) = (1, y}) and the last inequality follows since a; y;* > 0. Therefore,
equality holds throughout and, in particular, o; = 0. It follows thato; (x; — 1)+ B;y; =
aix; + Biy; and, consequently, («;, B;) is valid and maximal to (31).

Now, we fix (x;, y;) at (0, 1). Then, we show that any («;, §;) that is valid and
maximal to

aixi + Bi(vi — 1) > Pl(aixiyi) (32)

is also valid and maximal to (31). Let yi* =min{y; € [0,1] | &; + Bi(yi — 1) =
Pi(a,-yi)}, ie., (1, y;") satisfies (32) at equality. It follows that

0<pi (v —1) =P (ay}) —ei < P (a;yf) — P'(a;) <0,

where the first inequality follows from (32) by substituting (x;, y;) = (O, y;" ), the
equality is satisfied since (1, y7) satisfies (32) at equality, the second inequality is
verified by substituting (1, 1) in (32), and the last inequality holds since P (") is non-
decreasing and a; y;* < a;. Therefore, the equality holds throughout and, in particular,
Bi(y; — 1) = 0. It follows that either B; = 0 or y;* = 1. We show that g; = 0 in the
latter case as well. If y;“ = 1, because lifting is assumed to be maximal and because
of the definition of y*, there is a y! € [0, 1) such that (0, y/) satisfies (32) at equality.
Therefore, B; (ylf— 1) = 0andso B; = 0.Itfollows that o; x; + B (vi — 1) = aix;i + Bi yi
and, consequently, («;, B;) is valid and maximal for (31). O

3.2 Subadditivity of lifting functions

In this section, we present two families of functions that are subadditive. These func-
tions will appear as lifting functions of the seed inequalities described in Sect. 2. Direct
proofs of these results can be found in [8]; see Propositions 5.17 and 5.22 respectively.
An alternate proof technique can also be found in [9].

@ Springer



418 K. Chung et al.

Corollary 1 Let v and D; fori = 0,1, ...,r be nonnegative integers that satisfy
v>0,Dy=0,and D; > Di_1 +v fori =1,...,r. Then, the function

0 if w < Dy
. w—iv ifDi<w<Djy;—v,i=0,...,r—1,
S = b iy i D —v<w<Di, i=1,....r—1,
D.—rv if D, —v<w

is subadditive over R if and only if D; + Dj > D;y; for 0 < i < j < r with
i+j=<r. O

Corollary 1 equivalently shows the superadditivity of w — g1 (w), generalizing prior
similar results in the literature. In particular, see Lemmas 6 and 7 in [3] and Definition 4
in [18].

Corollary 2 Let X and C; fori = 0,1, ...,s be nonnegative integers that satisfy
A>0,Co=0,andCi_1 +X <Cj fori =1,...,s. Then, the function

0 if w < Cy

i+ G sw<C+a, i=0,....s,
i fCii+Ar<w<Cij,i=1,...,s,
s+ 1 if Cs+ A <w.

gw) =

is subadditive over R if and only if C; + C; < Ciyj for 0 < i < j < s with
i+j<s. |

3.3 Lifted inequalities by sequence-independent lifting

In this section, we derive strong inequalities for PB through lifting using (19) as seed
inequality. To describe the general form of these inequalities, we use the notion of a
cover, which is adapted from the definition of a cover for the 0—1 knapsack polytope;
see [4,14,31]. We also use the notation (x)* to denote max{x, 0} and the notation
(x)~ to denote min{x, 0}.

Definition 1 Ler C C N. We say that C is a cover for B if >
we define the excess of the cover as i = ZjeC aj—d>0.

jecaj > d. Further,

We create lifted inequalities by first partitioning the set of variables N into
(C’,{l}, M, T) such that:

(Al) C := C’'U{l}1is acover for B with excess u,

(A2) aj > a;,Vje(,

(A3) a1 > p,

(A4) Zj€CUT aj>d+a,ie., ZjeT aj > a — [t

Note that (A1) and (A3) might be reminiscent of conditions that make a cover minimal
for the 0—1 knapsack polytope. We note however that minimal covers require a; >
forall j € C and not simply @; > w. Note also that (A4) implies that T # (. To obtain
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lifted inequalities from the partition (C’, {I}, M, T, we first fix the variables (x )
for j € M to (0,0) and the variables (x;, y;) for j € C’ to (1, 1). The resulting
(full-dimensional) set B(M, C’, M, C') is then defined by the inequality

arx;y +Zajxjyj >d— Zaj =a — .
JjeT jec’

Since ¢; > p and > jer@j > ar— [t from Conditions (A3) and (A4), we conclude
from Proposition 9(i) that

(ar— wxi+ ) ajyj > a —p (33)
JjeT

is facet-defining for PB(M, C', M, C’). We will create two different families of lifted
inequalities for PB by reintroducing the variables (x;, y;) for j € M UC’ in different
orders. To derive both families, we use the lifting function

P(w) := max(a; — p) — § (a1 — wxi + ) a;y;
jer
s.t.alx[yl—i—Zajxjyj >a —pu—w (34)
jeT
xj€{0,1}, y; €[0,1] Vje{l}UT,

where w € R. We next derive a closed-form expression for P (w).

Proposition 15 The lifting function P(w) defined in (34) takes the values

—00 ifw<—zj€Taj—;L,

w+ U if—zjeTaj—,ugw<—u,
Pw)=130 if —u<w<0,

w fO<w<a—u,

a—p ifag—p=<w

over R. Further, P(w) is subadditive over R_ and R respectively.

Proof We first derive a closed-form expression for P(w). Observe that, if (34) is
feasible, there exists an optimal solution (x*, y*) to (34) for which x;‘ =lforjeT
and y; = 1 since the coefficients of x; for j € T and y; in the objective are equal

. - 2jer4jYj
to 0. Defininga = > Sl
P(w) in (34) as:

jerajandy = , we can simplify the formulation of

P(w) = max(a; — u) — {(a — p)x; +ay}
st.aqxj+ay>a —pu—w (35)
x; €{0,1}, y €0, 1].
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When w < —a — u, (35) is infeasible and so P(w) = —oo. When w > a; — i, the
optimal solutionis x; = O and y* = O with P(w) = aj—pu.For —a—u < w < aj—p,
there are two cases. When —a — u < w < a; —a — u, every feasible solution (x;", y*)
has x/ = 1. Further, the optimal solution has y* = max{ 7“‘{“’, 0}. It follows that
P(w) = min{w 4+ u«,0}. Whena; —a — u < w < a; — i, an optimal solution
must be found among the solutions (1, @) and (0, “—£==). It follows that
P(w) = max{(w + ©)~, w} from which we obtain the desired expression for P (w)
after considering both the cases where ¢j —a < Oand a; —a > 0.

Subadditivity of P(w) over R_ and R follows from Karamata/Hardy-Littlewood-
Polya inequality [15], concavity of P(w) over these domains, and P (0) = 0. O

We note that, although P (w) is subadditive over R, and over R_, P(w) is not
subadditive over Ras P(Qaj — )+ P(—a;)) = (g — )+ (—aj+pn) =0 < aq—pn =
P(a; — p).

3.3.1 Lifted bilinear cover inequalities

To obtain lifted bilinear cover inequalities, we will lift first the variables (x;, y;) for
i € C'from (1, 1) and then lift the variables (x;, y;) fori € M from (0, 0). Since P (w)
is subadditive over R_, we can apply sequence-independent lifting for the variables
(x;, y,-) fori € C'.

Proposition 16 Under Conditions (A1), (A2), (A3) and (A4),
S -t + D>y = D (a; - w* (36)
jecC jeT jeC

is facet-defining for PB(M, %, M, #}).

Proof The seed inequality (33) is facet-defining for the full-dimensional polytope
PB(M,C’, M, C’). Since P(w) is subadditive over R_, we obtain from (29) that the
lifting coefficients (a;, B;) for (x;, y;) fori € C’ are valid if they satisfy

a;(xi — D+Bi(yi—1) > P(aix;yi—a;) for (x;, y;) €{0, 1} x [0, 1]\{1, 1}. (37)

This condition can be also written as

—P(ai¢p — a;)

Bi < in , (38)
0<¢<l 1— ¢

ai + sup Bi(l —¢) < —P(—ai). (39)
0=¢=1

From Conditions (A2) and (A4), we know that a; < a; < ZjeT aj +u, Vi e C'.
Therefore, in (38),a;¢p —a; € (— ZieT aj—pu,0)forall¢ € [0, 1). Since P(w) <0
for w < 0, we conclude that '

—P(aj¢ — a;)

>0, V0< 1,
—¢ - =0
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and therefore choosing B; = 0 fori € C’ satisfies (38). Further, as 8; = 0, it is simple
to verify that choosing a; = —P(—a;) = (a; — )7 satisfies (39). Finally, observe
that (37) is satisfied at equality by the two points (0, 0) and (1, %) that are
affinely independent of (1, 1). Therefore, we conclude that (36) is facet-defining for
PB(M, 0, M, ?). O

Now, we lift the variables (x;, y;) for j € M in (36). The corresponding lifting
function is

P€(w) := max Z(aj - Z(aj - M)+xj + Zanj

jeC jeC jer
st apxy; = > aj—p—w (40)
jecuTr jeC

x;€{0,1}, y; €[0,1] VjeCUT.

We next derive a closed-form expression for P€ (w). To this end, we assume without
loss of generality that C = (1,..., p} and that a; > ap > --- > ap. Let g =

max{j € Cla; > u}. We define Ag = 0 and A; =Z§~:1aj foralli e {1,...,q}.

Proposition 17 For w > 0,

w—in A <w<Ay—ni=0,...,9—-1,
PCwy=Ai—ip ifAi—u<w<A4;, i=1...,q9—-1,
Ag—qu if Ay —p < w.

Proof First, observe that there exists an optimal solution (x*, y*) of (40) in which
x¥=1forj e T and y? = 1for j € C since the corresponding objective coefficients
are zero. It follows from the definition of ¢ that a; > © > ag,41. We thus have
(aj —uw)t =0for j = ¢+ 1,..., p, which implies that we can assume x;‘ =1

forj =g+ 1,..., p. Defining a = ZjeTaj and y = @, we simplify the

expression of PC(w) as

q q
PC(w) =max D (aj — ) — { D (aj — wx; +ay
j=1 j=1

q

s> ajxj+ay = Ag—p—w (41)
j=1
xje{0,1}, Vj=1....q, y€[0,1].

Next, we solve (41). When w > A, — u, it is clear that x;‘.‘ =0forj=1,...,q9

and 7* = 0 is an optimal solution for (41), showing that P€(w) = Ay —qp. ltis
therefore sufficient to consider w € [0, A, — ). We distinguish two cases:
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1. AssumethatA;—pu < w < Ajy1—ufori e {1...,g—1}.Letf = (Al+1—,u) w.

Clearly, 0 < 6 < ajy1. Define first the solution (x*, y*) where x = 0 for
]:l,...,l—}—l,xj:lfor]:l+2,...,q,andy 0When9<a(x )
isafeasiblesolutionto(41)with0bjectivevaluez = l+1—(l+1)/L 0 =w—iu.
Next consider the solution (x’, ') where x =0 for j =1, i, x =1 for

j=i+1,...,q,and ¥y = 0. Solution (x', y ) is feasible to (41) and has objective
valuez’ = A; —ip.Itisclearthatz* > z’ when6 < a; 1 —upandthatz’ > z* when
ai+1 — i < 0 < a;4. Further, solution (x*, y*) is feasible when 6 < a; ] — u as
ai+1 — 1 < a; — 0 < a because of Condition (A4). Therefore, we conclude that
PC(w) = w—ipif Aj <w < Appy — pand PC(w) = Ay —ipif A —p <
w < A;. We now prove that the proposed solutions are optimal. Pick any feasible
solution (x°, y°) to (41). Define N1 = {j € {1,...,q} | x; = 1}. Consider first
the case where [Nj| =g —i + k fork € {0, ...,i}. Since Z(JI'=1 ajx$ +ay° >
Z j=1@ ]x > Ay — A;_y, the objective value associated with (x°, y°) satisfies
2° =20 (aj =) (1=x9)=ay° < Ajx—(i—k)p = Ai—ip—3"5_; 44 1(a;—
1) < z'. Second, consider the case where |[Nj| =g —i—kfork e {1,...,q—1i}.
Since Zj:l a jx;? +ay® > A; — Aj+1 + 0 from feasibility, the corresponding
objective value is z° = Z(;Zl(aj -1 —x}’) —ay® < Ajp1—0—(+kp < z*
Since whenever z* > 7/, the solution (x*, ¥*) corresponding to z* is feasible, the
result is proven.

2. Assumethat) < w < A| — . An argument similar to that presented above shows
that the feasible solution x} = 0, xf; =1forj=2,...,q,and y* = A‘_a# is
optimal for (41), which implies that P (w) = w. O

In the following result, we argue that P€ (w) is subadditive. This result enables us
to use Proposition 13 to perform sequence-independent lifting for the variables in M.

Corollary 3 The lifting function P€(w) is subadditive over R

Proof In Corollary 1, define v = u, r = g, and D; = A;. Since a; > p fori =
1,...,q, it follows that A; > A;_; + w. Further, since A; is the sum of the largest i
coefficients in C, it is clear that A; + A; > A;yjfor0 <i,j < g withi +j < gq.
Therefore, Corollary 1 shows that P€ (w) is subadditive over R . O

We next illustrate the results of Proposition 16, Proposition 17, and Corollary 3 on
an example.

Example 2 Consider the 0—1 mixed-integer bilinear covering set
(x,y) € {0, 1Y x[0, 117 21x1y1+19x2y2+17x3y3+ISX4y4+10x5y5ZZO].

Let (C',{l}, M, T) = ({5}, {4}, {1, 2}, {3}). Clearly, (C’,{I}, M, T) satisfies Condi-
tions (Al)—(A4) since C = C' U {l} is a cover with u = 5, ay > as, as > [ and
ZjeCUT aj =17+ 15+ 10 > 20 + 15 = d + a;. By Proposition 16, the inequality

17y3 + 10x4 4 5x5 > 15 (42)
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is facet-defining for PB(M, @, M, §). Using Proposition 17, the lifting function P€ (w)
is given by

w if 0 <w < 10,
10 if 10 <w < 15,
w—>5 if 15 <w < 20,
15 if 20 < w.

PC(w) =

Function P€ (w) is shown in Fig. 1(a). Corollary 3 shows that this function is subad-
ditive over R .

We now compute the lifting coefficients of variables (x;, y;) for i € M from
P€ (w). It follows from Proposition 13 that lifting coefficients (c;, ;) fori € M must
be chosen to satisfy

aixi + Bivi = PC(aixiy;) for (xi, yi) € {0, 1} x [0, 1]\{0, O}. (43)

For the problem described in Example 2, P€ (a1x|y1) is represented in Fig. 1(b). In
this figure, we observe that PC(a1x; y1) is equal to zero when x| = 0 and is equal to
Pc(alyl) when x| = 1. Condition (43) requires that the lifting coefficients («1, 1)
be chosen in such a way that the plane o1 x1 + 81 y1 (passing through the origin (0, 0))
overestimates the function P€ (ajx; y1) over {0, 1} x [0, 1]. To obtain strong lifting
coefficients, the plane created must touch the function described in Fig. 1(b) in at
least two independent points that are not (0, 0). Intuitively, there are two ways of
selecting these points. The first is to have the plane pass through the point (0, 1) and
a point of the form (1, y;). The second is to have the plane pass through two points
(1, y1) and (1, yi). In the second case, the line passing through (yq, Pc(alyl)) and
(y{, PC(a; y{)) must be a facet of the concave envelope of PC(a; y)over() <y < 1.
This is because, by (43) it overestimates P (a1 y) over the region. On the other hand,
any linear overestimator of PC (a1 y) is implied by the facets of the concave envelope.
A similar geometric interpretation was used in [24] to obtain lifted inequalities for 0—1
mixed-integer bilinear knapsack sets. Possible overestimating planes are represented
in Fig. 1(c). Itis now clear from Fig. 1(c) that good overestimating planes o1 x1 + 81 y1
are in direct correspondence with the concave envelope p(w) of PC(w) over [0, a1].
We also mention that because the concave envelope of PC (w) over [0, a1] is different
from that over [0, az], new functions pi (w) will have to be built for each new pair of
variables (x;, y;) that is lifted. These observations motivate the following result.

Lemma 1 Fori € M, define

0 if a; < Ay —pu,
gii=1J] fAj—p<a<Aj—n j=1,...,9-1,
q if Ay —pn < a.

Let Qf) =0, Q; =Aj—puforj=1,...,q; and Qi],»+1 = a;. Further, define A’/ =
. . ) . . PCQL. )—PC(QY) .
1= 0} forj =0...... gi. Define pl(w) = PE(Q))+——L4——L (w07

for j =0, ..., qi. Then, the function

@ Springer



424 K. Chung et al.

(b) (c)
(a)
16 15 15
14
12 10 10
E 10
S 8 5 5
&6
4 : : : 0 0 ]
2 A - Ay Ay 1 ! 1
0 M A1 AT 05 05 05 05
0
0 5 1\2 15 20 y 00 X y 0

Fig. 1 Deriving lifting coefficients for Example 3

p(w) = min {pw) | j € (0.....q1}} (44)

is a concave overestimator of PC(w) over [0, a;].

Proof Clearly, p' (w) is concave since it is defined as the minimum of affine functions.
We next verify that it overestimates PC(w), i.e., P€(w) < Py (w) for all k and w.
Consider w € [ "j, Q§-+1]. It follows from construction that P€(w) < p; (w). It
remains to argue that P (w) < p};(w) when k # j. To this end, observe that, for
J=0..0qi Pi(w) = pyy(w) whenw > Q5 and pi(w) < pf(w) when
w < Q’j e O

Observe that the concave overestimator of PC (w) derived in Lemma 1 has g; + 1
linear pieces. Also note that the definition of ¢; implies that A, > O for all j =

0,...,q;. Next, we compute maximal lifting coefficients for the variables (x;, y;)
where i € M using sequence-independent lifting; see Proposition 13 and Lemma 1.

Theorem 1 Under Conditions (A1), (A2), (A3) and (A4), the lifted bilinear cover
inequality

Z(aj—M)+xj+2ajyj+2aixi+z,3iyi ZZ(aj—,lL)+ 45)

jeC jer ieM ieM jeC

is facet-defining for PB if

(@, B) 66'(PC(Q3)_PC(Q;+1)_PC<Q3) i PC( §+1)—pc(Q3)

Ai, Q]’ Al ai
j=0 J J

U [ (€@, 0) ]
fori € M in (45) where Q’] A’] and q; are as defined in Lemma 1.
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Proof Because PC (w) is subadditive over R, we know that (45) is valid for PB if
the lifting coefficients («;, B;) of (x;, y;) fori € M are chosen to satisfy the condition

aixi + Bivi = PC(aixiyi) for (x;, yi) € {0, 1} x [0, 1]\{0, 0}. (46)
Condition (46) can be rewritten as

Bip > PC(0) for 0<¢ <1, 47)
ai + Big = PC(aip) for 0<¢ < 1. (48)

To prove that (45) is facet-defining for PB, we also need to show two linearly inde-
pendent points (x;, y;) for which (46) is satisfied at equality. First, consider the case
where (a;, B;) = (P€(a;), 0). Condition (47) is satisfied since 8; = 0and P€ (0) = 0.
Condition (48) also holds because o; = P€(a;) and P€ (w) is non-decreasing over
R. Further, (46) is satisfied at equality at the two points, (0, 1) and (1, 1). Finally,

consider
c i c i c i c i
Pe(Q) = P7(0)) | PO (h) ~ P9 ()
i J’ i
Aj Aj

(@ = PC(2))-

ai

forany j € {0, ..., g;}. Clearly, («;, B;) satisfies (47) since B; > 0 and PC(0) = 0.
From Lemma 1, we have that

b (Q") . PC( 3+1)A: pC (Qlj) (aiqﬁ B Q’])
J

) (0) 7 @)

PC(a;¢)

IA

0]

=ao; + B9,

showing that («;, B;) satisfy (48) for j =0, ..., g;. Further, (40) is satisfied at equality

at the two points (1, %) and (1, ;—l“) Therefore, we conclude that (45) is facet-

i

defining for PB. O

The concave overestimator p’(w) of Lemma 1 is in fact the concave envelope of
Pc(w) over w € [0, a;]. The concave envelope of Pc(aixy) over {0, 1} x [0, 1]
implicit in the proof of Theorem 1 can also be obtained using the technique for con-
structing envelopes of functions that satisfy pairwise complementarity described in
[28]. We refer to Sect. 3 of [28] for definitions and, in particular, Proposition 3 therein
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for relevant constructions. The same construction also yields the concave envelope of
U (ajxy)over {0, 1} x[0, 1] proved later in Theorem 3 using the concave overestimator
of ¥ (w) derived in Lemma 2.

Recall that Fig. 1(b) depicts PC(ajx;y;) for inequality (42). Observe that in
Fig. 1(c), lifting coefficients (0, a;) define the plane passing through (0, 0) and (1, 0)
while lifting coefficients (P€(a;), 0) define the plane passing through (0, 0) and (0, 1)
(which is identical to the plane obtained when j = g1 = 2). Since there are several
choices for the values of each of the pairs of lifting coefficients (;, B;), the family
of inequalities (45) contains an exponential number of members. Theorem 1 there-
fore provides a new illustration that sequence-independent lifting from a single seed
inequality can produce exponentially large families of inequalities, a property that was
discussed in a more general setting in Sect. 2 of [24]. We illustrate this characteristic
of lifted bilinear cover inequalities in Example 3.

Example 3 In Example 2, we established that (42) is facet-defining for PB(M, 0,
M, %) and described the corresponding lifting function P€(w). We compute that
q1 =2 (with Q) =0, 01 =10, 0} =20, 0} = 21) and g2 = 1 (with Q} = 0,
Q% =10, Q% = 19). Applying Theorem 1, we obtain the nine inequalities

21y1 19y>
Sx1 43y +{ P2 +2y2 4 17y3 4 10x4 4 5x5 > 15
15x; 14x,

which are all facet-defining for PB. The three possible choices for the lifting coeffi-
cients of (x1, y1) are depicted in Fig. 1(c). The fact that there are three possible choices
for (x2, y2) follows similarly, with the exception that coefficient ay falls in the second
interval (A1 — ., Ay — ul.

Another look at Fig. 1(b) also suggests that if we had fixed (x, y1) at (0, 1) or
(1, 0), we would only have been able to obtain a single lifted inequality and so fixing
variables at (0, 0) in this case is crucial in discovering the exponential family of lifted
inequalities. This provides a graphical illustration of Proposition 14, which states that
all interesting lifting coefficients that can be obtained from fixing variables at (0, 1) or
(1, 0) can also be obtained from fixing variables at (0, 0). We also note that, although
there is typically an exponential number of lifted bilinear cover inequalities that can
be generated from a given seed inequality, it is simple to determine the one that is most
violated since lifting is sequence-independent in this case. In fact, given a fractional
solution (x*, y*), it suffices to choose, for each i € M, the coefficients («;, B;) for
which the quantity a;x* + ;7 is minimized.

3.3.2 Lifted reverse bilinear cover inequalities

In Theorem 1, we derived lifted bilinear cover inequalities by first lifting the variables
(xj,y;) for j € C’ and then lifting the variables (x;, y;) for j € M. Here, we
derive another family of lifted inequalities that we call lifted reverse bilinear cover
inequalities by changing the lifting order: we start the lifting procedure with the same
seed inequality (33), but we now lift the variables (x;, y;) for j € M before the
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variables (x;, y;) for j € C’. In this case, we do not assume that @; > q; fori € C,
i.e., we do not require Condition (A2).

Proposition 18 Under Conditions (Al), (A3), and (A4), the inequality

(al—M)XH-Zmin{aj,az—u}xj+zajyj >a— | 49)
JEM jeT

is facet-defining for PB(@, C’, ¥, C").

Proof The proof follows from Proposition 9 by letting N = M U {{}UT and L =
M U {l}. O

For brevity, we included a direct proof here based on Proposition 9. Proposition 18
can also be derived by lifting (33); see [9]. We emphasize that the above result does
not require Condition (A2).

To obtain facet-defining inequalities for PB, we lift the remaining variables (x;, y;)
for j € C’in (49). To this end, we first compute the function

PM(w) := max(a; — ) — § (@ — p)x; + Z min{a;, aj — pux; + Zajyj
JEM jeT

s.t.aixpy; + Z ajxjyj=za —p—w

jeMUT
xje{0,1}, y; €[0,1] Vje{lJUMUT (50)
forw e R_.
LetM = M{UM, where My ={i € M | a; > aj— pu} and My = M\ M. Assume
without loss of generality that {{} U M; = {1,...,q}anday > a0 > --- > a4

where ¢ = |M;| 4+ 1. Further, define Ag = 0 and A; = Zi/:1 ajfori =1,...,q.
Observethatai+3 jcyur @j = Ag+2 jem, 4j+ 2 jer 4j . We derive a closed-form
expression for PM (w) in the following proposition.

Proposition 19 The lifting function PM (w) defined in (50) takes the values

PM(w)
—00 if w<-—pu—2emurajs
— w+Aq*Q(al*M)if *M*ZjeMUTaj§w<*Aq+(aI*//«),
—i(a; — 1) if —Ajp1+(@—np) <w<—A;, i=0,..., qg—1,
wH+A; —i(a —p) if —A; Sw < —A;+ (a1 — ), i=1...,9-1,
forw e R_.

Proof First, we observe that, if (50) has a feasible solution, then it has an optimal
solution (x*, y*) that satisfies x;f = 1for j € T and y;f = 1for j € M U {l} since
the objective coefficients corresponding to these variables are zero. Using the notation

a= ZjeT ajandy = M we simplify the expression of PM (w) as
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PMw) =max(a —p)—{ D (@ —wx;+ Y. ajx;j+ay
jelium, jeM
s.t. Z ajxj + Zajxj—i—c_zyza[—u—w (1))
je{liuM, JEM,

xje{0,1} Vje{luM UM,, 5€l0,1].

ZjeMz ajxj+ay
a

After introducing a = > , we claim that PM (w)

can be written as

jem, @j taandy =

q
PM(w) = max(ar — ) = 1 D (@ — wxj +ay
j=1

q

s.t.Zajx]- +ay>a —pu—w (52)
j=1
xjef0,1} Vjell,....q}, y €[0,1].

We next prove that (51) and (52) are equivalent. To do so, we show that (51) has a
feasible solution (x;", xx,ll , x;‘kh, y*) with objective value ¢* if and only if (52) has
a feasible solution (x/, x;f,,l, y*) with objective value ¢*. On the one hand, given
(], x}'{,ll , x;f,lz, y*), we can obtain (x/, xj{,ll, %) directly from the definition of y. The
objective values of these two solutions are identical. On the other hand, let M> =

{g+1,...,m}.Define Ag = 0Oand A; = Z‘;Z;Haj fori =1,...,m—q. Then, for

a given (x}, xj{dl, ¥*), we build (x;', x;‘,ll,x;f,,z, y*) as follows. Define m = max{i €
.= i< m, x*, .
j 1f0r]_m,xq+]
ap

%A’;’. We argue next that this solution is feasible. First observe that

ay*— Ay < ag4i+1 Whensit <m—q — 1 and thatay* —A; < awhenm = m—gq.
Sincea = ..y aj > a —pu > a; foralli € M because of Condition (A4) and the

{0,...,m—q}|A,'5&)7*}andsetx;‘+ =0forj >m

and y* =

JjeT
definition of M>, we easily conclude that OA < % ; 1. Also, Zje{l}UMl ajx}‘.‘ +
ZjeMz ajx;f +ay* = ZjE{I}UMl ajx;.‘ +A;+ayt— A, = Zje{,}UMl ajx;? +ay*.
This shows that the proposed solution is feasible for (51) and has the same objective
value as (x;°, x;f,ll , ).

Next, we study (52). It is clear that this problem is infeasible if and only if w <
a—p—Ag—a = —pu—2;cyur a;- Therefore, assume that w > —pu—3 " yur 4;-
Consider now any optimal solution (x*, *) for which x/ < x;* and i < ¢ for some
i,t € {l...,q}. Then the solution (x, y*) where X; = x,’: if k # i and k # ¢,
X; = x/, and X, = x] is also feasible for (52) since a; > a, and has the same
objective value as (x*, y*). It follows that (52) has an optimal solution that satisfies
x;? =0forj=1,...,i andx;‘ =1lforj=i+1,...,qforsomei € {0,...,q}.

Consider such a solution further. On the one hand, if Zé-:l aj > a; — 4 — w, then

Z;_:l] aj < aj—pn—wand y* = 0. Otherwise the solutionx;> =lforj=1,...,i—1,
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x;? =0forj =1i,...,q and y° = 0 would be feasible and would have a better
objective value. On the other hand, if Zi‘:] aj < a —pn—wfori < g —1 then

Z;ill aj > a; — 0 — w. Otherwise the solution x;? =lforj=1,...,i+ l,x;? =0
forj =i+2,...,q and ° = y* — ‘% would be feasible and would have an
objective value a;+; — (a; — w) larger than that of (x*, y*). This is a contradiction
since aj+1 > a; — [A.

We consider two situations. First,assume — A, +(aj—p)—a < w < —Ag+(aj—p).
It follows from the above discussion that there is an optimal solution (x*, y*) with

x* = 1. Then y* = azpwoAg Clearly, * € [0, 1] and so PM(w) = w + A, —

a
q(a; — ). Second, assume —A; 11 + (@ — pn) < w < —A; + (a; — ) for some

i €{0,...,q—1}.Itfollows from the above discussion that one of the following two
solutions
xIT =x2T=~-~=xIH =1, xg;z:-uzxg =0, j/T =0, and
x(t=xp =--=xf =1, xi/-‘i-l— =x;1=0, ﬁAz%w_Ai
with objective values z7 = —i(a; — p) and z = —i(a; — ) + (w + A;) is optimal

for (52) since ¢y — u — w € (A;, A;j4+1]. Note that the second solution is feasible
only when @; — . — w — A; < a. We now consider two cases. When w < —A; then

7 > z4 and so PM(w) = —i(q; — w). When w > —A;, then 74 > 77, Further,
solution (x4, $4) is feasible since @ — u —w — A; < a;—u < a because of Condition
(A4). It follows that PM (w) = —i(a; — ) + (w + A;). o

To perform sequence-independent lifting for the variables (x;, y;) for j € C’, we
verify that the function P¥ (w) is subadditive over R_.

Proposition 20 The lifting function PM (w) is subadditive over R_.

Proof First, note that PM (w) is subadditive over R_ if it is subadditive over I =
[—u — ZjeMUT aj,0]. Consider Corollary 1 and define D; = A;, v = a; — u,
and r = g. Observe that PM(w) = gi(—w) + w. Clearly, A; + A; > A;; for
0<i<j<gqgwithi+ j < ¢q since A; is the sum of the largest i coefficients in
M U {1}. It then follows from Corollary 1 that PM (w) is subadditive over I, proving
the result. m|

We next illustrate the results of Propositions 18, 19, and 20 via an example.

Example 4 For the set B of Example 2, consider the partition (C',{l}, M, T) =
({3}, {4}, {5}, {1, 2}). This partition satisfies Conditions (A1), (A3), and (A4) since
Cisacoverwithp = 12, a4 > U, andzj€CUT aj =214+19+17+15 > 20+15 =
d + a;. We obtain from Proposition 18 that

3x4 4 3xs5 + 21y; + 19y, > 3 (53)

is facet-defining for PB(#, C', @, C"). Further, the lifting function PM (w) over R_ is
given by
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—00 if w< —62
w+19 if —62<w < -22

PMw)=1{ -3 if —22<w<—15
w412 if =15 <w < —12
0 if —12 <w <0,

as described in Proposition 19 since g = 2, Ag =0, A1 = 15, and Ay = 25.

Similar to Theorem 1, we compute the lifting coefficients for the variables (x;, y;)
fori € C’using sequence-independent lifting; refer to the discussion following Propo-
sition 13.

Theorem 2 Suppose that Conditions (Al), (A3), and (A4) hold. Then, the lifted reverse
bilinear cover inequality
(a1 — px; — Z PM(—a))x,
jecC’

+ Z minfa;, aj — plx; +Zajyj > (a) — p) — Z PM(—a;) (54)

JEM JjeT jec’
is facet-defining for PB.

Proof Since PM(w) is subadditive over R_, the lifting coefficients (;, ;) of the
variables (x;, y;) fori € C’ are valid if they are chosen to satisfy

ai(xi — 1)+ Bi(yi — 1) = PM(a;xiyi —a;) for (xi, yi) € {0, 1} x [0, 11\{1, 1}.

(55)
Condition (55) can be rewritten as
—PM(ai¢ —ai)
4 inf — '~ 17 56
@50£<1 - (56)
@i+ sup Bi(l —¢) < —PM(=ay). (57)

0<p<1

Because of Assumption 2, we know thata; < > ;cyaj —d = 2 iccumur @) —
(ZjeCaj — ) = M"‘ZjeMuT ajforalli € C’ € N and so PM(ai¢—ai) > —00
for all ¢ € [0, 1). Choosing B; = 0 satisfies (56) since PM (a;¢p — a;) < O for all

¢ € [0, 1). Moreover, as B; = 0, it is easily verified that choosing o; = —PM(—g;)
satisfies (57). Finally, note that (55) is tight at the points (0, 0) and (1, W),
which proves that (54) is facet-defining for PB. O

Note that the lifted reverse bilinear cover inequality (54) we obtained through lifting
is unique. This is a significant difference from lifted bilinear cover inequalities (45).
We next show that not all lifted reverse bilinear cover inequalities (54) can be derived
as lifted bilinear cover inequalities (45).
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Example 5 For the partition (C',{l}, M, T) = ({3}, {4}, {5}, {1, 2}), we established
in Example 4 that (53) is facet-defining for PB(@, C', %, C"). Applying Theorem 2, we
obtain the following lifted reverse bilinear cover inequality

3x3 4 3x4 +3x5 +21y; + 19y, > 6, (58)

which is facet-defining for PB. Inequality (58) cannot be obtained as a lifted bilinear
coverinequality (45). Infact, if (58) was of the form (45), it should be that C C {3, 4, 5}.
However, none of the four possible covers C1 = {3,4}, C, = {3, 5}, C3 = {4, 5} and
Cyq = {3, 4, 5} yields (58).

3.4 Lifted inequalities by approximate lifting

We now derive another family of lifted inequalities from the seed inequality (23)
developed in Proposition 11. To this end, we first identify a partition (K, M) of the
set of variables N that satisfies the following conditions

(Cl) > jexaj—ax>dforallk € K,
(C2) Xk aj—ax—ap < dforallk #m € K,ie,ax+ay > pforallk #m € K,

where = > ;g aj —d is the excess of K. Note that Condition (C1) implies that K
is a cover. Further, Condition (C1) requires that K\ {k} is also a cover for all k € Kand
so ar < u forall k € K. It also follows from Condition (C1) that |[K| > 2. We refer
to a set K satisfying Conditions (C1) and (C2) as a clique. After fixing the variables
(xj, y;) fori € M to (0, 0), it follows from Proposition 11 that the clique inequality

D x = |KlI-1 (59)

JjeK

is facet-defining for PB(M, ¥, M, #)).

We now lift the remaining variables (x;, y;) fori € M in two steps. We assume
without loss of generality that K = {1, ..., r}andthata; <ap < ... < a,. We define
u' = aj+ay—p. Weassumethata, | < --- < a, and define p such that Zf’:rH a; <
e
M can be taken to be any maximal subset of M such that Dieii @i < w' without
altering the form of the derived inequality.) We show that (59) is facet-defining for
PB (M\M , 0, M\M , ¥). First, we show by contradiction that the inequality is valid.
Let (x, y) be such that > . _x x; <r — 1. Then,

w andeither p =norpu <> a;. Let M= {ar41, ..., ap}. (More generally,

jeK
p p p

/
Zajxjyj SZaj =d—u+ Z aj <d,
j=1 j=3 j=r+l1

where the first inequality holds since a; < --- < @, and > jek Xj <1 — 1 and the
1a52nequality_ follows since Z?:r L14) < w'. This inequality implies that (x, y) ¢
B(M\M, ®, M\M, @), the desired contradiction. By Proposition 10, it suffices to
show that (59) is facet-defining for PB(M\M, #, M\M, K U M). Define x € RIVI
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to be an indicator vector for the elements of K, i.e., x; = 1 for j € K and x; =0
otherwise. Then, by (C1), pk = x —erfork € K and qk =x—e;t+efork e 1\7,
are feasible. Since these points are linearly independent, (59) is facet-defining for
PB(M\M, %, M\M, ).

We now lift variables (x;, y;) fori € M := M\M . The lifting function correspond-
ing to (59) is defined as

®(w) :=max (K| - 1) = D x;

jeK
s.t.Zajx.,'yj—i-Zanjyjzd—w (60)
JjeK jeM

x; €{0,1}, y; €[0,1] Vje KUM.

We define @’ = ZJ-GA’,; aj,jt. = p' —a', By =0,and B; = z;:1a,/+2—a/ for
i=1,...,r—=2.Itfollows from the definition of M that & > 0.Observe that By < B;
because a3 —a’ > a3 —u = az —a; —ar) + u > —ar + u > 0, where the last
inequality follows from (C1). Also, observe that B, _, + it = d —a’ and, foralli € M,
aj > apy1 = w' —a’ = [1, where the last inequality follows from the definition of
M. Using the observation that, in an optimal solution to the lifting problem, clique
variables with larger coefficients can always be chosen to have larger values than
clique variables with smaller coefficients, we obtain the following result.

Proposition 21 The lifting function ® (w) defined in (60) takes the values

0 if0<w <,
d(w)y=141 ifBi1+pu<w<Bi+pm, i=1...,r—2,
r—1if B o+ <w

forw > 0. O

In Sect. 3.3.1, all lifting functions were subadditive over appropriate ranges.
As a result, strong valid inequalities for PB were easily obtained using sequence-
independent lifting. The lifting function @ (w) derived in Proposition 21, however, is
not subadditive. To circumvent the difficulties associated with sequence-dependent
lifting in such a situation, [13] proposed to use approximate lifting. Following
their approach, we say that ¥ (w) is a valid subadditive approximation of @ (w) if
¥(w) > @(w)forallw € Ry and ¥ (w) is subadditive. We say that a valid subadditive
approximation ¥ (w) is nondominated if there is no other valid subadditive approxi-
mation ¥'(w) of @ (w) with ¥/'(w) < ¥(w) for all w € Ry and ¥'(w') < ¥(w')
for some w’ € Ry. We also define the notion of maximal set £ = {w € Ry |
@i (w) = @(w) Vi € M, for all coefficients a; € R and for all lifting orders}, where
@' denotes the lifting function associated with sequentially lifting the i™ variable. A
valid subadditive approximation ¥ (w) of @ (w) is called maximal if ¥ (w) = @ (w)
for all w € E. It is clear that a maximal nondominated approximation of @ leads
to strong inequalities that can be obtained efficiently for PB. The approximation of
@ (w) we use has the form of g>(w) presented in Corollary 2.
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We next describe in Proposition 22 a subadditive, nondominated and maximal
approximation of @ (w) over R .

Proposition 22 The function

i+%# ifBi<w<Bi+p i=0,....,r—2,
U(w):=1i if Bi_i+u<w<B; i=1,...,r =2,
r—1 if B+ <w,
is a valid subadditive approximation of @ (w) that is nondominated and maximal over
R;.
Proof Note that ¥ (w) = @(w) whenw € [B;_1 + @, Bi]fori € {1,...,r —2} and
when w > B,_» + 1. Further,

w—Bi

Y(w) =P (w)+

> D (w)

whenw € (B;, Bi+) fori € {0, ..., r—2}. Next, we show that ¥ (w) is subadditive
over R;. In Corollary 2, let s = r — 2, C; = B; and A = [. Since B; is the
sum of the smallest i coefficients in K'\{1, 2}, it is clear that B; + B; < B, for
0<i<j<r—2withi+ j <r — 2. Therefore, ¥ (w) is subadditive over R .We
now argue nondominance and maximality over R . To this end, we first observe that
for all w’ € R4 there exists w” € R4 such that

W)+’ =ow +w’). (61)

In particular, w” can be chosen to be B; + it —w’ whenw’ € (B;, B;+j1) and w” can be
chosen to be 0 otherwise. If ¥/ dominates ¥ strictly at w’ then ¥/ (w'+w"”) < ¥/ (w')+
' (w”) < ¥ (w)+¥w"”) = ®(w'+w") yielding a contradiction to the assumption
that ¥’ is an overestimator of @. Similarly, if @ (w’) < ¥ (w’) then (61) implies that
W) < ¥Y@W) =dWw +w’') —¥w’) < oW + w’) — &(w”). Therefore,
@ (w’) does not yield a valid lifting coefficient for the sequential perturbation of w’
after w”. O

Example 6 For the bilinear set B studied in Example 2, consider K = {3, 4, 5}. Set
K satisfies Conditions (C1) and (C2) with . = 22. It follows from Proposition 11 that
X34+x4+x5>2 (62)

is facet-defining for B({1, 2}, @, {1, 2}, ). Let M = . The lifting function of (62)
obtained using Proposition 21 and its valid subadditive approximation ¥ (w) obtained
in Proposition 22 are given by

w .
w <
0 if0<w<3 3 ro=w<3,
. - ’ 1 if3<w<17,
Pdw)y=141 if 3<w<20, and ¥(w)= W17 e 1o
. I+ 55— if 17 <w < 20,
2 if20<w .
2 if20<w

asr =3, =3, By=0, and By = 17.

@ Springer



434 K. Chung et al.

Fig. 2 A valid subadditive 257
approximation ¥ (w) of @ (w)
for Example 6 ol
15}
P(w)
1r / )
“D(w) -
05 : :
. i ‘ . B Bi+i
0 5 10 15 20

In Fig. 2, we present the lifting function @ (w) of the clique inequality derived in
Proposition 21 and its valid subadditive approximation ¥ (w) obtained in Proposi-
tion 22 for the particular case of inequality (62) discussed in Example 6. The func-
tion @ (w) is depicted with a dotted line while ¥ (w) is represented using a solid
line. Observe that, for 0 < w < f = 3, the approximation is exact only when
w=p=3ie,¥() = @(). Forw > i = 3, the approximation is exact when
3= <w < By =17and w > By + i = 20. Next, we obtain a concave over-
estimator of ¥ (w) in Lemma 2, in a manner similar to Lemma 1, that we will use in
Theorem 3 to compute lifting coefficients for the variables in M.

Lemma 2 Fori € M, define
0 if a; <,
qgi=13Jj+1 ifBj+/:L<a,-gBj+1+/1,j=0,...,r—3,
r—1 if B2+ pn < a;.

Let Wé =0, WJ’: =Bj_1+pforj=1,...,q and W’ 41 = ai Deﬁne A’

4 _— , wW,)—w (W
W}+1_le' for j=0, ..., qi. Define also w;(w) =l1/(le.) + “—( j)
for j =0,...,q;. Then, the function

yi ) = min fyiw) | j e (0. a0} (©3)
is a concave overestimator of ¥ (w) over [0, a;]. O

The concave overestimator W (w) of Lemma 2 can be used to obtain lifting coef-
ficients in a manner similar to that of Theorem 1. Because of the way the concave
overestimator is built, it can be observed that all of its affine pieces (except possibly
1//131,) touch the original lifting function @ at two points and therefore can be used to
generate strong lifting coefficients. To describe whether wéi touches @ in two points,
we define 7 (a;) to be the function that returns O if @(q;) = ¥ (a;) and returns 1
otherwise, i.e.,

@ Springer



Lifted inequalities for 0—1 MIBCS 435

Ia;) = 0 if Bj,—1+p <a; <Bg ora; > B+ [,
TN i By < ai < By + i

We observe that, when 1 (a;) = 0, it is possible to derive maximal lifting coefficients
(with respect to @) from all affine pieces of ¥’ since each affine piece of ¥’ touches @
in at least two points. When / (a;) = 1, however, we can only guarantee the derivation
of maximal lifting coefficients (with respect to @) from w; forj =0,...,q; — 1.
In fact, the last affine piece of W , Le., w;i touches @ in a single point. This, in turn,
implies that the lifting coefficients derived from the last affine piece of ¥/ might not
be maximal. Since the only two pairs of lifting coefficients derived from the last affine
piece of ¥’ are (al ,,3 ) where j = ¢; and j = ¢g; 4+ 1, we introduce the notation
1{j;>4;) to represent the indicator function that returns 1 if j; > ¢; and O otherwise.
Using this notation, it is clear that two new tight affinely independent points are added
after lifting variables (x;, y;), unless I (a;) = 1 and 1yj,>4,) = 1, in which case only
a single tight point is guaranteed to be added. It also follows that a facet-defining
inequality of PB will be produced if I(a;) x 1{j>4) = O for all i € M. These
intuitive observations are formalized in the following theorem.

Theorem 3 Under Conditions (C1) and (C2),

S+ >l + > gl = K|~ 1 (64)

jek ieM ieM

defines a face of PB of dimension at least 2n — 1) — 3"y I(ai) X 1{j, >4, for all
Ji €1{0,...,qi + 1} and for alli € M where

ai

(o00) = (o (-2 (), 2 () 0 )
J J
forj =0,...,q,
(' 1) = @@, 0, (65)

and (1, W]’ A; and q; are as defined in Lemma 2. For a given inequality of the form
(64), let L =1{i € M | j; > qi, I(a;) = 1}. Then (64) is facet-defining for PB if one
of the following conditions holds:

1. L =4
2. 3i € M such that j; = 0.

Proof It follows from Proposition 22 that ¥ (w) is a valid subadditive approximation
of @(w) for w > 0. Hence, lifting coefficients (¢;, 8;) of (x;, y;) fori € M are valid
if they satisfy the condition

aixi + Biyi = Waixiy) for (x;, yi) € {0, 1} x [0, 1]\{0, 0}. (66)
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Condition (66) can be restated as

Bid = ¥(0) for 0 <¢ <1, (67)
o + fip = W(aip) for 0 <¢ <1. (63)

To prove that (64) defines a face of PB of dimension at least 2n —1) — > em L(ai) x
1{,>4;) when lifting coefficients are chosen according to (65), we will show that, for
eachi e M,

a;x; + Biyi = P(aix;yi) (69)

is satisfied at equality by at least 2 — I (a;) X 1y, >4} independent points.

First, consider the case where («;, 8;) = (¥ (a;), 0). Observe that (67) is satisfied
since B; = 0 and ¥ (0) = 0. Further, (68) holds as o; = «; + Bip = ¥ (a;) > ¥ (a;p)
since ¥ is anon-decreasing function. Itis easily verified that (69) is satisfied at equality
at the point (0, 1). Further, when I (a;) = 0, then (69) is also satisfied at equality at
the point (1, 1).

Second, consider the case where

v (1) -4 ()

i
4;

Ly (W’I l) — (Wf.)
W]l», s Ai ! a;
j

(@i )= (@ (W) -

Clearly, («;, B;) satisfies (67) since §; > 0. From Lemma 2, we have that

v Wi, )-v (W)

D(ai¢) < ¥(aip) =¥ (W,’) t— (“"¢ B Wfl)

_ (W(W;) _ () () W;:) I U

= + pi¢.

We now present points that satisfy (69) at equality. Observe first that, for j =0, ..., g;,
wi .
the point (x/, y) = (1, *) satisfies (69) at equality since ¥ (a;x]y/) = ¥(W}) =

L
Y (Bj—1+ ) = ®(Bj—1+ ). Similarly, for j =0, ..., g; — 1, the point (x, y') =
Wit i

r

reduces to

’

(1, 1) which satisfies (69) at equality when ¥ (a;) = ®(a;), i.e., when I (a;) = 0.
Therefore, we conclude that (64) defines a face of PB of dimension at least (2n — 1) —
2iem 1(ai) X 1ji=q;).

We also conclude from the above derivation that when, for alli € M, either j; < g;
or I (a;) =0, i.e., L =@, then the face of PB that (64) defines has dimension 2n — 1
showing that (64) is facet-defining for PB and proving Condition 1. Now, we show
that (64) is also facet-defining if Condition 2 holds, i.e., j; = 0 for some 7 € M. We
first lift (x7, y7). Since a; > i (see discussion preceding Proposition 21), it follows

) satisfies (69) at equality. For j = g¢;, the point (1,
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that (o2, B) = (0, ). Then, we lift the variables in M\{L U {7} and choose any
Ji < qi + 1 for these variables. The above proof shows that the resulting inequality
is facet-defining for PB(L\{t}, ¥, L\{i}, ¥). Since PB(L\{i}, @, L\{1}, ¥) € PB, all
the points tight for (64) are feasible to PB. Now, we lift a variable i’ € L\{i}. Let

E aix;yi >d —a — w and
iekK

> xi = |K|—l—a}.

iek

We show that there exists p € F(By, + i, g7 + 1) which is feasible to PB and tight

on (64). First note that F(Bg, + i, gi» + 1) # ¥ because @ (B,, + 1) = g7 + 1. Let
= (x, y"). By the definition of F(w, a), we are free to redefine (x;, y/) fori ¢ K.

Letx! =y =0fori € M\{L U {i}} andletx] = y/ = 1fori € M.Letxi = 1and

’ Bq +/,L a;
y. =" — T Sincea; > ji and By, <ap < Bq, + @, it follows that 0 < y; < 1.

1 ap

Finally, we set (xl,, yl ) = (1, 1). Note that a,x yl +ajrx; ,y v = By, + iand

F(w,a) = [(x, y) € {0, 1}" x [0, 1]"

i i By, + 1 —ay a; — By,
Jir Jir 4qi’ ! i 4’
algxl[ + Iglpyli + ai/ xi/’ + /31_/ yi/’ —_—t gy + —

=qi +1=¥(By, + 1) =P(By, + ),

where the first equality holds since (a2, B%) = (0, D, (ot ,3]’) = (¢ —
Bayr_,

, ot
6-"=1"% 9) when ji = g and (a, ,,3.’/) — (W(ay),0) when ji = g + 1
where § = % and ¥ (a;7) = g + ——=. Therefore, p € PB and is tight

for (64). For j;r = g;/, we have already demonstrated that there exists a point of PB

i,

tight for (64) that sets (x;, yi/) =\ 1, ) For jir = gy + 1, there is a point of PB

a

tight for (64) such that (x;, y;) = (0, 1). For j;» = ¢;, affine independence follows

1/

since a;r > Wj’:.// implies that (0, 0), (1, 1), and { 1, % are affinely independent.

For ji = gy4+1, affine independence follows from the affine independence of (0, 0),
(1, 1), and (0, 1). O

Inequalities (64) can be facet-defining depending on the value of the coefficients
a; and the choice of lifting coefficients («;, B;) for i € M. As mentioned before, M
may be chosen to be any subset of M that satisfies > iciiai < . In this case, (64)
will be facet-defining if max{a; | i € M, j; = 0} > [t but it may not be facet-defining
otherwise. The next example illustrates the use of (64) in deriving facets of PB.

Example 7 Consider the clique inequality (62) of Example 6 and its corresponding
approxzmate llftlng function. We have q1 = 2 and qz = 1 with W0 =0, W1 =3
W2 = 20, W3 = 21, and WO =0, W1 =3, W2 19. Applying Theorem 3, we
obtain the following nine inequalities
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21 19
3N 30
14 21 21 19
ﬁXl +ﬁy1 + ﬁxz +ﬂy2 +x3+ x4 + x5 > 27
5
2X1 g)Cg

which define faces of PB of dimension at least 8 since I1(a1) = 0 and I(az) = 1. It
follows from the first condition of Theorem 3 that the following three inequalities

23—1)’1
[TIEI N I >2
17X1 7)1 3 Y2 + X3+ X4 + X5 =
2x1

are facet-defining for PB since j» < qz. The following two inequalities also define
facets of PB

21 19
21 53%2 5132
Sy T P b s > 2,
3 3x,
3
since they satisfy the second condition for facet-defining inequalities in Theorem 3 as
Jj1=0.

4 Relations to fixed-charge single-node flow model without inflows

In Sect. 3, we derived strong valid inequalities for the bilinear set B using lifting. In
this section, we show that many of these lifted inequalities are also facet-defining for
the convex hull of the fixed-charge single-node flow model without inflows F defined
in Sect. 1. It is easy to see that F € B; see [9] for a proof.

Lemma 3 The bilinear covering set B is a relaxation of the flow set F. O

Fixed-charge single-node flow sets are important in practice since they can be used
as a source of cutting planes for 0—1 mixed-integer programs. Further, they naturally
arise in the formulation of fixed-charge network problems; see [2,12,18,19,22]. The
fixed-charge single-node flow set F' without inflows was first studied by [22] under
the assumptions that (i) a; < d and (ii) Z;'.:l aj > d+a; foralli € N. In the

following, we relate the facets of PF to those of PB without assuming that the sets
are full-dimensional.

Lemma 4 (Adapted from Proposition 8 in [22]) Every facet-defining inequality of
PF that is not a multiple of y;i < x; can be expressed as ax + By > 8, where B > 0.

Proof 1f for some i, B; < 0 then the only points tight on this inequality are such that
yi = x;. If F satisfies this equality then we may rewrite the facet-defining inequality
asax + fixi + By — Biyi = 6. m|

In the following, we refer to the facet-defining inequalities of PF that are not
multiples of y; < x; as non-trivial facet-defining inequalities.
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Lemma 5 qff(F) = aff(B).

Proof Clearly, aff(F) C aff(B) since F € B by Lemma 3. It therefore remains to
prove that aff(B) C aff(F). Consider any point (x,y) € B.If (x,y) € F, then
clearly (x,y) € aff(F). We may therefore assume that (x, y) € B\F. Define p =
(x', y") where (x,y)) = (x;,x;y;) fori € N.Itis easy to see that >,y a;y; =
Dienaixiy; > dandy] < x/fori € Nandsop € F. Let!' ={i e N | y; >
x;}. We show next that for each i € I’, pi = p+ (0,¢;) € aff(F). To this end,
observe that x| = 0 for each i € I'. It follows easily that ¢ = p + (¢;, 0) and
r' = p+(e;, ;) belong to F. Therefore, p' = p+ (r' —g') € aff(F). Now, observe
that (x, y) = P+Zie1’ Vi (pi — p) € aff(F). It follows that B C aff(F’) and therefore
aff(B) C aff(F). O

Proposition 23 Assume that
ax + By > 6 (70)

is valid for PF and, for each i € N, either a; < 0 or i > 0. Then, (70) is valid for
PB. Further, for every non-trivial facet (70) of PF with 8 > 0, (70) is facet-defining
inequality for PB.

Proof We first show that (70) is valid for B. Consider (x,y) € B.Let I ={i € N |
o; < 0}. Define (x’, y’) such that (x/, y/) = (1, y;) fori € I and (x], y)) = (x;, x;y;)
fori € N\I. Then,

Zdiyf = Zaiyi + Z aixiyi = Zaixiyi >d,

ieN iel ieN\I ieN

where the last inequality holds because (x, y) € B. Further, since ylf < xlf , it follows
that (x’, y') € F. Then,

8§ <ax' 4+ By <ax+ By,

where the first inequality holds because (x’,y") € F and the second inequality is
satisfied since, by construction, «(x’ — x) + B8(y’ — y) < 0. It follows that (70) is valid
for PB.

Consider a non-trivial facet-defining inequality a’x + 8’y > 8’ of PF with g’ > 0.
Then, by the first part of this result, it follows that «’x + B’y > &' is valid for PB.
Since, by Lemmas 3 and 5 respectively, B 2 F and dim(B) = dim(F), it follows
that o’x + B’y > &8 defines a facet of PB. O

In Proposition 23, the assumption that § > 0 for a facet-defining inequality is
without loss of generality because of Lemma 4. As a consequence of Proposition 23,
it can be shown that lifting functions associated with inequalities «x + fy > &, where
for each i either o; < 0 or B; > 0, are identical when computed over B or over F.
Since the seed and lifted inequalities we derived for PB satisfy these assumptions, our
results in Sect. 3 extend to the study of F'. We record this observation in the following
corollary.
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Corollary 4 Let (o, B) € R2" gnd, for each i € N, assume that either a; < 0
or Bi = 0. Let B(w) = {(x, y) € {0, 1} x [0, 1]" ’ Dienaixiyi = d — w}, and
F(w) = {(x, y) € {0, 1} x [0, 1]* | ZieNaiy,' >d—wandy; <x;jforall i € N},
where a; > 0 for alli € N. Let zp(w) = min{ax + By | (x,y) € B(w)} and
zr(w) = minfax + By | (x,y) € F(w)}. Then, zg(w) = zp (w).

Proof By Lemma 3, B(w) 2 F(w). It follows that zp(w) < zp(w). We now argue
that zp(w) > zp(w). Because zp (w) is defined as the minimum value that ax + By
takes over F(w),ax+pBy > zp(w)is valid for F (w), whichis aflow-set. Let (x', y') €
argmin{ax + By | (x,y) € B(w)}. Then, zg(w) = ax’ + By’ > zr(w), where the
inequality follows from Proposition 23. We conclude that zg(w) = zp(w). O

Now, we illustrate Proposition 23 via an example.

Example 8 Consider the fixed-charge single-node flow set without inflows
F = [(x, y) € {0, 1}* x [0, 17* | 19y, 4+ 17ys + 15y3 + 10y4 > 20,

Xj=yj, Vj=1,...,4},

corresponding to the bilinear covering set B discussed in Example 1. We obtained a
complete linear description of PF using PORTA; see [T]. We observe that inequalities
(5), (6), (12), and (13) are facets for both PB and PF. However, it can be verified that
inequalities (7), (8), (10), and (11) are facet-defining for PB but not for PF.

Proposition 23 is surprising in light of Lemma 3 because on the one hand F € B
and on the other hand, the nontrivial facets of PF are facets of PB. In other words,
a polyhedral description of PF can be derived from that of PB by adding the trivial
facets of PF. The converse, however, is not true. As an illustration, inequality

14x1 4+ 10x3 + 5x4 + 17y, > 15 (71)

is a non-trivial facet-defining inequality of PB that is not facet-defining of PF. Sur-
prisingly, a partial converse to Proposition 23 does hold.

We will show that an inequality description of PB can be obtained using the facet-
defining inequalities for PF. The key to this construction is the result of Lemma 6
which shows that " and B can be viewed as projections of the same set onto different
subspaces. Let

n
=10y, ef0. 1) x[0, 1" xR" | > ajz; >d.zj =x;y;,¥j €N
j=1
Lemma 6 The projection of S onto the (x, z) space is F while the projection of S onto

(x, y) space is B. Consequently, proj, .yconv(S) = PF and proj, , conv(S) = PB.
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Proof First, we show that proj(x’Z)S = F.If (x,y,2) € S,itisclear that (x,z) € F
since 0 < z; < x; and z'}:lajzj > d. If (x,z) € F,then 0 < z; < x; and
xj € {0, 1} imply that z; = x;z;. Therefore, (x, z,z) € S. Second, we show that
Projy, S = B. This follows by substituting x; y; for z; in Z?:l ajzj > d. The last
statement follows since proj, yyconv(S) = conv(proj, ,yS) = conv(B) = PB and
proj(x’z)conv(S) = conv(proj(x’Z)S) = conv(F) = PF as conv(AS) = Aconv(S) for
any linear transformation A. O

Surprisingly, conv(S) can be described using the facet-defining inequalities of PF.
We write that («, 8, y) € F(PF)ifax + By > y is a facet-defining inequality of PF
that is not a multiple of y; < x;. Define

G=[(x,y,z)eR3"

ax+Bz=y V(@ B, y) € F(PF), z <minx, y), yfz—l—l—x].

Theorem 4 G = conv(S).

Proof (2) To show that conv(S) C G, it suffices to show that § € G because G
is convex. Consider (x, y, z) € S. Then, by Lemma 6, (x,z) € F and, therefore,
ax + Bz > y for all («, B, y) in F(PF). Further, McCormick envelopes of x;y;
yield, x; +y; — 1 < x;y; < min{x;, y;}. Therefore, (x, y, z) satisfies the defining
inequalities of G.

() Now, we show that G C conv(S). If (x,y,z) € G, then (x,z) € PF and
7z <y < z+ 1 — x. Therefore, there exists a set of points (xi 7 ) € F indexed by
1, such that (x,z) = >;c; Ai(x',z') where A; > Ofori € I,and > ;_; A; = 1. We

define f; = ylf__xzjf if x; < 1 and O otherwise. Let Ijl ={iel] x;. = 1}. Now,

consider (x’, y’, z') where y; = zi. ifi € I} and y; = fiifi e I\I}. Then, z; <x

i
: : J J
and x; € {0, 1} imply that z’j = x} y}. Further,

ZM)’; = Z}LiZ;‘f‘ Z rifi=zj+ A —xp)fj=vyj,

iel iel! ; 1
l€1j 1EI\IJ.

where the second equality follows since z; = >, ; )\,-z;. = Ziel} )L,'z;, Ziel} Al =
xj,and >, ;A = 1, and the last equality since x; = 1 implies that z; = y;.
Therefore, (x,y,2) = > ;c; Mi(x', y', 2') € conv(S). O

Finally, we show that the projections of G to the (x, z) and (x, y) spaces are not
altered even if G is relaxed in a certain way. Let

R=[<x,y,z>eR3"

wx + Bz = y V(@ B.y) € F(PF),z < minfx, y}., y < 1] .

Corollary S PF = proj, . R and PB = proj, ,yR.

Proof We will show that proj, .yR = proj, )G and proj, ,yR = proj, ,,G. The
result then follows from Lemma 6 and Theorem 4. Since z +1 — x < 1, we know
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that R 2 G. It follows that proj, R 2 proj, ,yG and proj(, yR 2 proj, ,)G. To
complete the proof, we first show that proj, .yR < proj, ,)G. Assume that (x, y, z) €
R. Then, define y = z +1 — x. Since z + 1 — x > z it follows that (x, y’,z) € G.
Second, we show that proj(x’y)R C proj (x,y)G- Assume that (x, y, z) € R. Then, let
7/ = max{z, x + y — 1}. By Lemma 4, for all («, 8, y) € F(PF), 8 > 0. Therefore,
ax + Bz > ax + Bz > y. Further, 7/ = max{z,x + y — 1} < min{x, y} since
z <min{x, y}and x, y € [0, 112. Finally, by construction, y < 7’ 4+ 1 — x. Therefore,
(x,y,7) €G. O

Corollary 5 implies every non-trivial facet of PB arises as a conic combination of a
single non-trivial facet of PF and (possibly multiple) trivial facet-defining inequalities
Yi = Xj

Corollary 6 Let ax + By > y be a facet-defining inequality for PB where § > O.
Then, ax + By > vy defines a non-empty face of PF. Further; there exists (o', B’) and
A > 0 such that (o, B) = (@' + A, B/ — 1), where o’x + B’y > y is facet-defining for
PFand AjBj =0for j=1,...,n

Proof Let 6 = min{ax + By | (x,y) € PF}. Since, by Lemma 3, F C B, it follows
that 6 > y. By Proposition 23, ax 4+ By > § is valid for PB. Therefore, § < y. In
other words, § = y and ax + 8y > y defines a non-empty face of PF. By Corollary 5
and Fourier-Motzkin elimination of z from R, it follows that,

yN\J

PB = [(x, V) o' x+8" x+8

y=y' ¥, p',y') € F(PF)andJ € N,y < 1] ,

where ,8//! = ,8} if j € J and ﬂ//J- = 0 otherwise. Since («, 8, y) is not a multiple
of y; < 1, it follows that there exists / € N and (¢, B, ') € F(PF) such that
(@ p) =@ +p7, 8 —p7). O

Example 9 Consider the inequality 126x1 + 90x3 + 45x4 + 153y, > 135, which is
(71) scaled by a factor of 9. This inequality is facet-defining for the bilinear covering
set of Example 1 but not facet-defining for the corresponding flow set presented in
Example 8. Then, as Corollary 6 proves, this inequality can be expressed as the sum
of 50x1 + 90x3 + 45x4 + 76y1 + 153y2 > 135 and 76x; — 76y1 > 0, which are
facet-defining inequalities for the corresponding flow set.

Proposition 23 and Corollary 5 show that a polyhedral description of either PF' or
PB can be derived explicitly given the facet-defining inequalities of the other. In fact,
Proposition 23 also shows that an affine function over either B or F' can be optimized
if we have an oracle for optimizing an affine function over the other set. We discuss the
reduction below. Let/(x, y) = ax+ By —y anddefinel ={i e N | a; > 0, B; < 0}.
Let zg(l) = min{l(x, y) | (x,y) € B} and zp(l) = min{l(x, y) | (x,y) € F}. First,
consider minimizing /(x, y) over B using an oracle for minimizing an affine function
over F. Define I'(x,y) = ax + >5;cp Bivi + 2ic; Bi — v- While minimizing
I(x,y) over B, y; can be set to 1 whenever f; < 0. Therefore, it follows that zg(l) =
zp(l"). However, by Proposition 23, zp (') = zg(l’). Therefore, zg(l) = zp(l).
If (x, y) is an optimal solution to zz(I'), then (x, y’) where y; = 1if i € I and
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yl.’ = y; otherwise, is an optimal solution to zg (/). Now, consider minimizing /(x, y)
over F using an oracle for minimizing an affine function over B. Define I”(x, y) =
ax + ey Bixi + 2y Bivi — v. While minimizing /(x, y) over F, y; can be
set to x; whenever 8; < 0. Therefore, zr(l) = zF(I"”). However, by Proposition 23,
zr (") = zg(l"). Therefore, zp(I) = zp(1"). If (x, y) is an optimal solution to z g (I"),
then (x, y'), where (x/, y)) = (x;,x;) fori € I, (x/,y)) = (1,y;) if o; < 0, and
(x], y]) = (x;, x;y;) otherwise is an optimal solution to z (I).

Given the relationships between the polyhedra PB and PF, itis reasonable to expect
that the inequalities we developed in Sect. 3 reveal facets of PF. We now provide a
detailed discussion of which inequalities are facet-defining for PF. For the remainder
of this section, we assume, as we did for PB, that

Assumption3 > a; > d +a; foralli € N.
Under Assumption 3, it follows from Lemma 5 that PF is a full-dimensional polytope.

Theorem 5 A lifted bilinear cover inequality (45) is facet-defining for PF if and only

if
(@i, i) € LqIJ ‘(PC (Qlj) B P€ ( ’j+1)Al— P€ (Qlj) Qlj, PC€ ( I]+1)A’— P€ (Qlj) ai) ]
j=0 J J
(72)
foralli e M.

Proof The proof of Proposition 9 already shows that (33) is facet-defining for
PF(M, C’, M, C’) since all the points considered are feasible to the flow set.

Now, it suffices to show that sufficiently many of the tight points added when lifting
variables (x;, y;) fori € M U C’ also belong to PF. When we lifted variables (x;, y;)
fori € C’in the proof of Proposition 16, we added the two affinely independent points

(0, 0) and (1, % that both correspond to feasible solutions of F; see (33) and
Corollary 4. When lifting the variables (x;, y;) fori € M in Theorem 1, we added the

two points | 1, % and (1,
see (36) and Corollary 4.
Next, we show that if (45) is facet-defining for PF, then («;, B;) must be chosen
as in (72). It suffices to show that if («;, B;) = (P€(a;), 0) for some i € M and if at
least one of the coefficients pair (P¢ (a;), 0) does not reduce to coefficients studied
before (which happens when P€(ay) # PC(QZU) for some v), then (45) is not facet-
defining for PF. We will do so by showing that in such a case, (45) can be obtained by
combining a different (facet-defining) inequality of the form (45) for PF with trivial
facets y; < x; of PF.Let V C M be the set of lifting coefficients («y, 8y) chosen to

be (P€(ay), 0). Inequality (45) then reduces to

i
Qjn

that both correspond to feasible solutions of F;
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D P+ (@@= xi+ D ajyi+ D wixit > Biyiz D (ai—w)7

veV ieC JjeT ieM\V ieM\V ieC
(73)
Using the first part of this proof, we know that choosing lifting coefficients
C v _pC v C v _ pC v
pC (Qv )_ P ( q‘,+l) P (Qq“) Q" P (qu""l) P (Qq”)a
qv AV qv |’ AV v
v v
for v € V yields the following facet-defining inequality
PC( v ) _ PC( v )
qv+1 qv
Z Pe (QZL) - AV Q;v Xv
veV qv
(e (oh) - (o2)
Ay | Yv
4q,
+D @ — Wi+ ayi+ D wxi+ > Biyi= D (ai— w7
ieC jeT ieM\V ieM\V ieC
(74)
for PF. Summing (74) with
Pe () - P (23)
U+1 v
: Lay | (v —y) 2 0. Vv eV (75)

v
A%

we obtain (73) since QZUH = ay and A;v = ay — Q;U. Since we assumed that

PC(ay,) — PC(QZU) > 0 for some v € V and because it is easy to see that (75)
does not define the same face of PF that (74) defines, we conclude that (73) is not
facet-defining for PF. O

We remark that in the proof of Theorem 5, we proved that a few inequalities of
the type (45) are facet-defining for PB but not for PF. This was shown by expressing
these inequalities using another non-trivial facet of PF and the inequalities y; < x;.
We have already shown in Corollary 6 that such construction can be used to describe
all facet-defining inequalities of PB that are not facet-defining for PF. We will use
similar constructions later in the section. As a consequence of Theorem 5, we obtain
the following result initially obtained in [22].

Corollary 7 (Adapted from Proposition 12 in [22]) Assume that (i) C is a cover with
excess (L = Zjec aj —d such that a = maxjec aj > ju and (ii) L C N\C is chosen
sothat0 <a—ju < ay < aforallk € LandeGN\Eaj > d + a. Then
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D —pt D @-pa+ D ey =Y @ —pt (76)
jeC jeL JEN\(CUL) jeC

is facet-defining for PF.

Proof LetC and £ € N\C be given that satisfy conditions (i) and (ii) of Corollary 7.
Select [ € argmax{a; | j € C}. Define C' = C\{l}, M = L, and T = N\(C U L).
Clearly, u = fi. Observe further that ¢; = @ > p and that jerdj > ar — L since
Z/{N\ﬁ a;j > d + a. It follows that (C’, {I}, M, T) is a partition of N that satisfies
Conditions (A1), (A2), (A3), and (A4) of Theorem 1. We obtain from Assumption
(@i)that Ay —p < a; < Ay < Ay — pfori € M, which implies that ¢; = 1 for all
i € M in Lemma 1. Further, since Q‘i = A — n and Qé = a; fori € M, we can
select («;, Bi) as (A1 — u, 0) in (45), yielding

Dlaj—wtxi+ D ajyi+ D (Al —wxj = D (@ — w7,

jeC jeT jeM jeC

which is exactly (76) after substituting C =C, T = N\(CUL),M = L, A; = a and
W= . o

Observe thatin (76), for each j € N, either the coefficient of x; or that of y; is zero,
whereas this is not the case for (45). Therefore, the family of facet-defining inequal-
ities obtained via (76) is strictly contained in the family of facet-defining inequal-
ities obtained via (45). In [22], the authors did not explicitly impose the condition
2 jen\c@j > d + a. However, in its absence, the inequalities are not necessarily
facet-defining as we show in Example 10. The authors’ proof implicitly used this
assumption during an induction step.

Example 10 Consider the flow set defined by
F=i(x,y>e{o,1}4x[o,1]4 Tyi+6y2+5y3+4ys =10, x, 2 y; Vj=1,....4

Define C = {1,3} and L = {2} where a = 7 and i = 2. Clearlya — i < ar < a.
However, the assumption that ) jen\caj > d + a does not hold. Inequality (76)
takes the form

5x1 + 5xp + 3x3 +4y4 > 8. (77)

Observe that whenever (77) is satisfied at equality by a point of F, the inequality
X1+ x2 > lisalso tight. Since x1 + x > 1 is clearly valid for F, it follows that (77)
is not facet-defining for PF.

We next show that the family of lifted bilinear cover inequalities that are proven to
be facet-defining for PF in Theorem 5 is larger than the family given by (76).

Example 11 As established in Example 8, (5) and (6) are facet-defining lifted bilin-
ear cover inequalities (45) for both PB and PF. They are obtained by choosing
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(C'. I, M, T) = ({4}, {3}, {1}, {2}) and (C',1, M, T) = ({4}, {2}, {1}, {3}) respec-
tively in Theorems 1 and 5. However, as mentioned above, (5) and (6) cannot be
obtained using Corollary 7.

Next, we describe when the lifted reverse bilinear cover inequalities (54) that define
facets of PB also define facets of PF.

Theorem 6 Lifted bilinear reverse cover inequalities (54) are facet-defining for PF
ifand only ifa; > a; — n foralli € M. O

The proof is similar to that of Theorem 5, constructing tight points when a; >
a; — p for i € M and showing that (54) can be obtained as a conic combination of
the lifted reverse bilinear cover inequality based on partition (C’, {I}, M1, T U M3)
where My = {i € M|a; < aj — nu} # ¥ and M| = M\M; and the inequalities
aj(xj —y;) = 0for j € M, when a; < a; — p for some i € M; see [9] for details.

The inequalities of Theorem 6 are known to be valid for PF, as first shown in [12].

Corollary 8 (Adapted from Theorem 12 in [12]) Assume that (i) C € N is a gen-
eralized cover for F such that Zjec aj =d—xwithk > 0and (ii) L # 0
and ZjeN\Laj > d where L = {j € N\C | a; > A}. Assume also that
L=A{j1,j2,-.., jrtwithaj, > aj,_, fori =1,...,r — 1. Letr = |L|, Ag =0, and
A = Zf{:l aj fori=1,....r. Further, letd =3, y\ca;j — A Define

iA ifAifzfAi+1—)n, i=0,...,r—1,
f@=43z—A+ir if Aj —X<z=<A;, i=1,...,r—1, (78)
7—A,+rx ifA —A<z<d.

Then, the lifted simple generalized flow cover inequality (LSGFCI)

Daxi+ > flapxi+ D ajyizr+ > fla) (79)

jeL jeC JEN\(CUL) jeC

is facet-defining for PF.

Proof For a given generalized cover C of F, we define C = CU {l} wherel € L # @.
Set C is a cover since a; > A forall j € L. Further, >, .ca; =d +a — 1 > d and
sou =a — A > 0,i.e., C satisfies Conditions (A1) and (A3) in Theorem 2. Now set
M = L£\{l} in (54). Condition (A4) in Theorem 2 also holds since ZjeN\([,\{l}) aj—
d =2 ien\cdj+a —d > a. Next, we observe that C UM = C U L and that
min{a;, a; — u} = min{a;, A} = A =a; — pu foralli € M. Substituting a; — u = A
in Proposition 19, we obtain that f(w) = —P™ (—w) since M U {I} = L. Therefore,
we conclude that (79) is a lifted reverse bilinear cover inequality (54). O

Because in [12] the fixed-charge single-node flow set studied is more general than
F, the authors focused mainly on the derivation of valid inequalities and discussed
only indirectly whether the resulting inequalities are facet-defining. The result of
Corollary 8 is therefore different from that of Theorem 12 in [12] in two ways. First
we added the condition > jen\c @j > d. This condition guarantees that the simple
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generalized flow cover inequality (SGFCI) that is used as seed inequality for lifting
procedures in [12] is facet-defining for the problem restriction. Second, we replaced
the statement that inequality (79) is valid for PF with the stronger statement that it is
facet-defining for PF.

We conclude this section by presenting conditions under which the lifted clique
inequalities (64) are facet-defining for the flow set PF.

Theorem 7 A lifted clique inequality (64) is facet-defining for PF if (i) ZjGK aj
ar > d forall k € K, (ii) lifting coefficients are chosen according to (65) and (iii)
one of the following conditions holds:

L=
2. 3t € M such that j; = 0 and, foralli € L\{1}, ji = q;.

Proof Using a proof technique similar to that used in Theorems 5 and 6, we show
that seed inequality (59) is facet-defining for PF(M\M, ¥, M\ M, ) and that lifting
(xi, yi) fori e M adds two tight independent points in (64) that belong to F. Let K =

{1,...,1l} and M= {l+1,...,h}. Define the vector x € RN such that xj = 1 for
]<landxj—0forl+l<]<|N| Consider p' = (x —ej, x —e;) fori =1,...,1,

"= (x—e,x—e —¢€eqy)fori =1,. l—lq—(x—ezx—ez—eel)
where € 1s positive, and, for j =1+ 1,...,h, ri = (X — e +ej,x —ep) and

sl =(x —e + ej, x — e1 + ¢;). These points satisfy (59) at equality, are affinely
independent and, because of Assumption (i), belong to ' when € is sufficiently small.
This shows that (59) is facet-defining for PF (M, #, M, #). Assume firstthat L = (J and
consider now the lifting of variables (x;, y;) for i € M in the proof of Theorem 3. For
Wi
Jji €10, ..., g;},lifting adds the two independent points (1 ) and (1 —= “ ) that
both correspond to feasible solutions of F' because of (59) and Corollary 4, proving the
result. Then it follows from the first part of this proof that the inequality obtained after
lifting the variables in M\ L is facet-defining for PF (L\{i}, ¥, L\{7}, ¥). Consider
now the lifting of variables (x;, y;) for i € L\{i}. When j; = g;, we derived in the

i

Wi
proof of Theorem 3 that lifting adds the two independent points (1, 1) and ( I’

that both correspond to feasible solutions of F because the first point sets (x7, y;) =
(1, Bq”t—il_(”), and the structure of (59) satisfies the assumptions of Corollary 4. O

To the best of our knowledge, Theorem 7 presents a new family of facet-defining
inequalities for fixed-charge single-node flow models without inflows. We remark
that the facet-defining inequalities hitherto known in the literature are such that, for
all j € N, only one of x; or y; has a non-zero coefficient in the inequality; see (76)
and (79). However, the families of lifted bilinear cover inequalities (72) and of lifted
clique inequalities (64) each contain exponentially many facet-defining inequalities
in which there exists an index j € N such that both x; and y; variables have non-
zero coefficients. Therefore, the inequalities we have obtained exhibit a fundamentally
more general structure. In particular, it follows from Proposition 10 and the ensuing
discussion that these inequalities do not arise as facet-defining inequalities of mixed
0-1 knapsack sets obtained by fixing some x and y variables to one.
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5 Discussion and conclusion

Many of the results presented in this paper extend to 0— 1 mixed integer nonlinear sets
defined by constraints of the form Zie y(aixiyi + bix; + c;y;) > d where a linear
term has been added to the left-hand-side, provided that a; + b; > 0 and @¢; +¢; > 0
for all i € N. The primary reason that the techniques extend to this case is that the
lifting functions are equal to those derived in Sect. 3 if the seed inequalities contain
no more than one of the variables (x;, y;) for each i € N. We give a proof of this
assertion in the next proposition.

Proposition 24 Let a; € R and (b;, c;) € Ri be such that a; + min{b;, c;} > 0
for each i € N. Let (a;, Bi) € R? be such that «;; = 0 for each i € N. Define
I ={i e N|laj=0}and I° = N\I. Also define

ZA(w) = Min [Z(Oﬁx,‘ + Bivi)

ieN

(x,y) EA(U))]

where A(w) = {(x, y) € {0, 1}* x [0, 11" | >_7_ (aix;yi + bix; + ciyi)) = d — w},
and

2B(w) = min [Z(mxi +Biyi) | (x,y) € B(w)}
ieN

where B(w) = {(x, y) € {0, 1}" x[0, 11" | 3. /(@i +ci)xiyi+2 ;¢ pe(@i+bi)xiyi >
d—Y,cbi — > cicci —w). Then zaww) = Zp(w). Further, for HT = {(x,y) €
R¥ | 3y (@ixi + Biyi) = v}, HT 2 A(w) if and only if HT 2 B(w).
Proof We first claim that, for any point (x’, y") € {0, 1}" x [0, 1]" with x] = 1 for
eachi € I and y] = 1 foreachi € I, (x’, y") € A(w) if and only if (x, y") € B(w).
Consider such a point (x’, y'). Then, fori € I, a;xy/+b;x{+c;y] = (a;+c;)x]y.+b;.
Similarly, for i € I, a;x]y] + bix] 4+ ¢;y; = (a; + b;)x!y] + ¢;. In other words,
ier(@i + ex(y; + Xicpe@i + bix[y; + Xicp bi + Xiepe ci = 2 (@ixy +
bix] + ¢;y!); proving the claim.

Defining o and B to be vectors with components «; and §; respectively, we see that

Zaw) = minfax + By | (x,y) € A(w)}
=min{ax + By | (x,y) € A(w),x; =1Vi € I, y; = 1Vi € [}
=min{ax + By | (x,y) € B(w),x; = 1Vi € I, y; = 1Vi € I°}
min{ax + By | (x,y) € B(w)} = zB(w),

where the second and the second last equalities follow from the assumptions which
imply thata; x; y; +bix; +c¢;yi < min{a;x; +b;x;+ci, a;yi+bi+ciyi}, (ai+ci)xiyi <
(aj + ci)yi, and (a; + bi)x;y;i < (a; + b;)x; for eachi € N. Since ZA(w) = ZBw)
and HT 2 A(w) (resp. HT 2 B(w)) if and only if zaq) > ¥ (tesp. zpw) > ¥), it

follows that H+ D A(w) if and only if HT D B(w). m]
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In Proposition 24, z 4 (w) can be thought of as the lifting function of an inequality
of the form ax 4+ By > & for some § in a 0-1 mixed integer bilinear covering set with
linear term while z g (w) can be thought of as the lifting function of the same inequality
in PB. Because the seed inequalities we use for lifting satisfy the condition «; §; = 0,
Proposition 24 essentially shows that the lifting functions derived for the problem
with only bilinear terms on the left-hand-side carry over to problems containing linear
terms. For example, it is shown in [8] that the two families of lifted bilinear cover
inequalities and lifted reverse bilinear cover inequalities have natural extensions for
bilinear covering sets with linear terms where, foralli € N,a; > 0, bjc; =0,b; > 0
and ¢; = a; whenever ¢; # 0. Such sets occur naturally after 0-1 and continuous
branching is performed in PB.

In this paper, we study the polyhedral structure of the 0—1 mixed-integer bilinear
covering set. We give a complete linear description of its convex hull when n = 2.
We then derive three families of strong inequalities for PB that can be obtained using
sequence-independent lifting. Among them, two families have an exponential number
of members. We study relations between 0— 1 mixed-integer bilinear covering sets and
fixed-charge single-node flow sets without inflows. We show that valid inequalities for
bilinear sets are also valid for flow sets and prove that all nontrivial facets of PF canbe
obtained through the study of facets of PB. We then show that the inequalities we derive
generalize two classical families of lifted flow cover inequalities for PF and provide
a new family for PF. Future research will focus on evaluating the computational
benefits of using these lifted cuts in branch-and-bound frameworks for both linear and
nonlinear mixed integer programming.
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