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Abstract In this paper, we consider the semi-continuous knapsack problem with gen-
eralized upper bound constraints on binary variables. We prove that generalized flow
cover inequalities are valid in this setting and, under mild assumptions, are facet-
defining inequalities for the entire problem. We then focus on simultaneous lifting of
pairs of variables. The associated lifting problem naturally induces multidimensional
lifting functions, and we prove that a simple relaxation in a restricted domain is a
superadditive function. Furthermore, we also prove that this approximation is, under
extra requirements, the optimal lifting function. We then analyze the separation prob-
lem in two phases. First, finding a seed inequality, and second, select the inequality
to be added. In the first step we evaluate both exact and heuristic methods. The sec-
ond step is necessary because the proposed lifting procedure is simultaneous; from
where our class of lifted inequalities might contain an exponential number of these.
We choose a strategy of maximizing the resulting violation. Finally, we test this class
of inequalities using instances arising from electrical planning problems. Our tests
show that the proposed class of inequalities is strong in the sense that the addition of
these inequalities closes, on average, 57.70 % of the root integrality gap and 97.70 %
of the relative gap while adding less than three cuts on average.
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1 Introduction

Binary knapsack programs are a common model for choosing between discrete alter-
natives. If the choice is continuous but limited; the resulting model is called a classical
single node flow set, as studied in [17,19]. If the choice is semi-continuous; we
must consider mixed-binary knapsack programs. This problem is known as the semi-
continuous knapsack problem (SCKP). If binary variables are subjected to independent
clique constraints we have what we call a semi-continuous knapsack problem with
generalized upper bound constraints (SCKPGUB). This kind of model is common for
representing (possibly non-linear) functions (with only one GUB constraint), or for
studying the combined non-linear output of several machines.

This is the case in production scheduling problems, such as in electricity generation
[6,9,18,26], where the cost function of each generating unit can be highly non-linear
and even discontinuous. Furthermore, if the original problem has integer variables;
these functions are usually approximated by a piece-wise linear function.

In this setting, sequential lifting is too limited in the sense that whenever we have
aconstraint y < x forx € {0, 1} and y € [0, 1], lifting must be carried out first on the
integer variable and then on the continuous variable. This precludes finding some facet-
defining inequalities for the complete problem; making simultaneous lifting essential
in this setting. For a basic reference on simultaneous lifting, see [13,27], and see [8, 11,
15] for some experiments and results regarding sequential and simultaneous lifting.

In this paper, we use generalized flow cover (GFC) inequalities [21]; show that they
are valid in our setting and, under mild assumptions, they induce facets or high dimen-
sional faces of the original problem. We then propose a valid sequence-independent
multidimensional lifting scheme to obtain valid inequalities for SCKPGUB. We show
that the proposed lifting function is superadditive on a restricted set of feasible right-
hand sides, and show that this condition is sufficient to obtain sequence-independent
lifting. Finally, we also provide sufficient conditions for this lifting to be maximal.

The paper is organized as follows. Section 2 covers some known facts about semi-
continuous knapsack problems; including a class of valid inequalities and basic results
for the semi-continuous knapsack problem with GUB constraints. Section 3 deals with
multidimensional lifting for SCKPGUB; specifically on how to obtain valid sequence-
independent lifting functions for them. We also propose simple algorithms to solve
the separation problem both for the seed inequality and for the selection of maximally
violated lifted inequalities. In Sect. 4 we propose a heuristic separation algorithm
that provides good numerical results and shows that the lifting step is crucial. We
generate our test-instances from problems in electricity generation where some of the
parameters are randomly perturbed. Finally, we present our conclusions and explore
further research questions in Sect. 5.

2 Definitions and basic polyhedral results

In this section we introduce most of the notation used throughout the paper. This
includes the precise definition of the polytope with which we will work. We also
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present some previously known results and state some basic polyhedral results. Finally,
we prove that our seed inequality, under mild hypothesis, is also a facet.

2.1 The problem

We consider the semi-continuous knapsack problem with generalized upper bound
constraints given by

(x,y) € {{0, 1} x [0, I} :

P D kem (@kxi +mpyi) < b "
G = Vi < Xk VeeM]|’

ZkengkSI VgEG

where G is the set of GUB constraints, for each g € G,ng € N is the number
of elements in the GUB constraint indexed by g,n = dec ng, M = {(g,j) :
g€ G, jel,....ng},and Mg = {(g',j)) € M : g = g}. This implies that
each k € M is an ordered pair (g, j); we will use both notations interchangeably.
Also, to simplify notation, when we have a vector © € R” (for some r € N) and
R C {1,....r}, we will denote u(R) := > u; : i € R. Note that agxy + mgyx is
a model for a semi-continuous variable with values in {0} U [ay, ax + my]. Although
ay and my could in general be negative, we will focus on the case where both quan-
tities are non-negative, i.e., ax, my > 0, Yk € M. Note that unlike in the classical
knapsack case, this assumption is restrictive, but we choose it nonetheless because it
follows what happens in many applications. The first constraint is the semi-continuous
knapsack constraint, the second constraint ensures semi-continuity, and the third con-
straint imposes a generalized upper bound condition among disjoint sets of binary
variables.

2.2 Literature review

Several special subsets of this structure have been studied before. For example, the
classical binary knapsack problem (KP) was studied by Balas and Jeroslow [4] in a
theoretical study where canonical cuts on the unit hypercube were introduced. Based
on this work, in 1975, Wolsey [24] and Balas [3] presented facet-defining inequalities
for the KP by using the notion of cover for the first time. Hammer, Johnson and Peled
[12] also studied facets of regular O—1 polytopes, which include knapsack problems.
This study also characterizes every non-trivial facet with 0—1 coefficients. In 1978,
Balas and Zemel [5] extended previous work by applying lifting procedures to valid
inequalities obtained from minimal covers. In 1980, Padberg [20] presented (1, k)-
configurations as a generalization of minimal cover inequalities. Johnson and Padberg
[14] studied the inclusion of GUB constraints in the KP (KPGUB); they also showed
how to transform a general instance of the problem into one with only non-negative
coefficients. In 1988, Wolsey [23] defined some valid inequalities for the KPGUB
and proved that they are facet-defining under certain conditions. Sherali and Lee [22]
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applied sequential and simultaneous lifting to valid inequalities for KPGUB deduced
from minimal covers.

Another special case is when a; = 0 and |Mg| = 1. This case is called single-
node flow sets (SNFS), and their study has been extended from the work of Gu et al.
[10] from lifting procedures applied to this set. In 2007, Louveaux and Wolsey [16]
provided a survey of strong valid inequalities for knapsack and single-node flow sets.

As can be seen, the application of lifting procedures is a fundamental part of cut
generation techniques for many specific sets. In 1977, Wolsey [25] presented the
first work in this area and used the concept of superadditivity. In 2000, Gu et al.
[11] generalized it and defined sequence-independent lifting of general mixed integer
programs. In 2004, Atamtiirk [2] presented similar results.

The above research can be seen as concerned with one-dimensional lifting, since all
of these studies consider the perturbation of only one constraint. Applications of mul-
tidimensional lifting are scarce, with work by Zeng [28] and Zeng and Richard [29,30]
as the most relevant. They defined a general framework to derive multidimensional
and superadditive lifting functions and applied it to the precedence-constrained knap-
sack problem and the single-node flow set. They showed that the traditional concept
of superadditivity used by Gu et al. [11] can be restricted depending on the problem
at hand. We provide a simple proof of this result in the context of SCKPGUB.

2.3 Polyhedral results
2.3.1 Basic results for SCKPGUB

We will henceforth assume that a := max{a; : k € M} < b. With this in place,
Proposition 1 follows:

Proposition 1 1. X is full-dimensional.

2. Inequality yr > 0 is facet-defining for X, Vk € M.

3. If ax + my < b, the inequality yi < xj is facet-defining for X, Vk € M.

4 Ifag = ker?/l;{)l(wg{ak} + k@}%wk} < b, then ZkeMg xr < 1 is facet defining for

Xg, for g € G.
Proof The basic idea of the proof is to find the appropriate number of feasible affinely-

independent points satisfying each inequality at equality. For details see “Proof of
Proposition 1. O

2.3.2 Generalized flow cover inequalities for SCKP
Consider the set

(x,y) € {0, 1} x [0, 17" :
X = 2 jem (@kxi +meye) < b . )
ye<xx VkeM
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Van Roy and Wolsey [21] studied (a generalization of) this polyhedron and proposed a
family of valid inequalities that they called generalized flow cover (GFC) inequalities.
In our setting, we restate this family of inequalities as follows:

Given X as defined in (2), we call a pair (C, Cy), with C C M and Cy C C,
satistying I" := a(C) + m(Cy) —b > 0 and m(Cy) > 0, a generalized cover. Then
the inequality

. £ j
me[l,%}(xj—l)—i- Z %(yj—x]-)i—l, (3)

jeC jeCuy

where §; = aj for j € C\Cy and §; = a; +m; for j € Cy, is valid for X.
Theorem 1 gives sufficient conditions for (3) to be facet-defining for X.

Theorem 1 Let (C, Cy) be a generalized flow cover satisfying Zjecyzsj rmj>T.
Then, inequality (3) is facet-defining for X, := X N{x; = 0,Vi ¢ C}.

Proof Van Roy and Wolsey [21] proved the validity of inequality (3). We prove that (3)
is facet-defining for X, := X N {x; = 0,i ¢ C} by constructing a set of 2s affinely
independent points in X, satisfying it at equality. For details see “Proof of Theorem
1’,- D

Note that X is a face of X; where we choose at most one element from
every GUB constraint to be active. Given this, Theorem 1 ensures that whenever
> jeCyg;>rmj > I', the resulting flow cover inequality is facet-defining for this
face of X . Moreover, since X is also a relaxation of X, (3) defines valid inequali-
ties for Xg.

3 Multidimensional lifting for SCKPGUB

In this section we deal with the problem of lifting our seed inequality, defined in (3).
To achieve this, we first define what is a valid lifting function in a setting that allows
simultaneous and multidimensional lifting in general, and apply it to our particular set.
We also identify simple conditions under which optimal lifting coefficients are zero;
and introduce a superadditive approximation for maximal lifting functions. Since the
full separation of the seed inequality is NP-hard, we propose a heuristic algorithm
to find seed inequalities, and describe a simple algorithm to apply our sequence-
independent lifting function.

3.1 Valid lifting functions
In this section we study the following problem: given a polytope
xeR": Ax <b,

P = 0<x=<u, ,
x; €Z,Viel
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where I C {1,...,n};aset N € {l,...,n}, N  ={1,...,n}\N; and an inequality
ax < b, valid for P, satisfying ¢; = 0, Vi € N; we want to find @ € R”" satisfying
a; =0, Vi ¢ N such that ax + ax < b, is a valid inequality (and hopefully tight) for
P, ie.

ax +ax <b,, Vx € P

Taking advantage of the condition that a; - «; = 0, Vi € {1, ..., n}, we can think
that x € R” has two independent components x = (xyc, xy) = (v, w) and that
P={v,w) e R": Ajv + Aw < bveV,we W}, where V, W describe the
corresponding box-constraints, integrality requirements, and inequalities involving
variables indexed by N¢ and N respectively. Abusing notation, we can re-state our
problem as finding « such that

av+aw <b,, YAjv<b—Aw,veV, weW.

Here, we can make a second observation; the interaction between v and w is only
through the common inequalities Ajv < b— Asw; and there, the interaction is only
through values of Aow : w € W for which there exists v € V satisfying Ajv+ Arw <
b. Moreover, the problem of ensuring the condition for all feasible points in P is an
optimization problem in a different space. Formally, we state this problem as follows:

ha(2) f(@)

max ow min b, —ax

s.t. Apow =z < s.t. Aijv<b—z Vze€Z,
wew veV

where Z ={z:veV,weW, z=Aw, Ajv+z < 15}. With these definitions,
our problem can be simply stated as finding « such that

he(z) < f(2),Vz € Z.

Note that in the literature, usually Z C RR; however, in our set, Z C R x {0, I}G, and
the elements in Z will have a continuous component z and a binary vector component
v € {0, 1}9. In this sense, our lifting is multidimensional. Also, since at every step N
will have two variables, we will be doing simultaneous lifting.

To apply these ideas iteratively, in this section, we re-write (3) as

Dvixit D %(yj—xj‘)fy(c)—h “

ieC jeCy
where y; = min{l, %}. As noted before, given a generalized flow cover C, Cy in X¢g
satisfying [C N {k : k € My}| < 1,Vg € G; (4) is valid for X and, ifm(ClJ;) > T,

where Cl"jr = {k € Cy : apr+my > I'},(4)isafacet-defining inequality for X N{x; =
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0,Vi ¢ C}. Following Gu et al. [11], we consider the problem of sequentially lifting
pairs of variables (xx, yr), k ¢ C to obtain

Doy X )+ D @+ o0 v © =1 ()

ieC jeCy kgC

For simplicity we index pairs {k; };':_l‘cl = {(gi, j,-)}?:_l‘c| = M\C and assume that the
firsti — 1 pairs of variables have been lifted. With this, the i -th lifting function reduces

to

hi; (z, v) = max a, xXg; + Bk, Vi,
St A X, + My Vi, = 2

Xk = Vg;
0 <y < xx
xi; €10, 1}, (6)
and fi, (z, v) reduces to
. m;
fa(z, )y = min 3 y; (1=x;) = > (v — )
ieC JjeCu
— D (wxk + Bryw) — 1
keK!
s.t. z (arxr +mpyr) <b—z
keCUK!
Z xx <l—-v,, VgeiG
keMgy(CUK')
0<y <x x €{0,1}) Vke CUK', ™
where Ki = {k1,...,ki—1},z € [0, b], and v has the dimension of the right-hand

sides of X for GUB constraints; and define Vgr = Oy, g for g € G; where 6,5 = 1
if a = b, and zero otherwise, i.e., v = eg. Our objective is to find oy, B, that
ensure that iy, (z, uv) < fi,(z, uv) for all (z, u) € {(0,0)} U {([ak;, ak, + my; ], 1)}
and v = e, . This implies that we are not interested in /iy, , fi, for all possible (z, v) €
R x {0, 1}°“M but only in the true domain of feasible points of X .

Although the lifting is multidimensional, there are only two degrees of freedom at
each step in the functions, namely z and # € {0, 1}. The analysis of A, is easy because
for the case where my, > 0 the optimal value of hy, (z, v) is

he (2. 0) = 0 u=0,z=0
kil U= a+pBz u=1,ay <z=<ay+my

~ dk. ~ 1
where & = oy, — ;= Br; and B = =y,
1 1
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For the case where my, = 0, the optimal value of the function is

0 u=0,z=0
i (2, v) = [& e=12=as
where & = oy, and g = Br; = 0. We call @ and B normalized lifting coefficients.
To study fi;, we start with a simple case in the following proposition:

Proposition 2 Let D = {(g, j) € M\C : 3(g, ) € C, & = T, agj + mgj <
&qjv — I'}. Then, for all k € D, the maximal lifting coefficients (ax, Bi) are (0, 0).

Proof Since fi, < fi;,; we obtain the best possible lifting coefficients for these
variables when we lift them first. We will prove that even in this best case these coef-
ficients are zero. So, we assume that the first elements to lift from the seed inequality
are from D. Let k be an element in D. It is known that f;(z, v) > 0 is a monotonic,
non-decreasing function, and that f(0, 0) = 0. This implies that it is enough to find
a feasible point for z = a; + my with an objective value equal to zero to prove
our result. Let k, € C satisfying &, > I" and ax + my < &, — I'. Then, setting
(x,y) = (¢ —ek,, 1c —eg,), we obtain fi(z, v) < 0forz € [ag, ar +myi], v = eg.

]

Note that Theorem 1 ensures that there is nothing to be gained from lifting x and/or
y in C; whereas Proposition 2 ensures the same for variables in D. The following
proposition will allow us to assume that it is enough to consider the case when D = ¢
and where m(Cp) = 0, where C, := C\Cy.

Proposition 3 If k € M\(C U D), then for every optimal solution of the problem
fi(z, v), it is always possible to find an optimal solution x*, y* satisfying y; = 0 for
keCpandx) =y =0forkeD.

Proof Let y*, x* be an optimal solution to fi(z, v). Note that if x*, y* is valid for (7),
then for any j € M, changing any x;f, y;‘ to zero maintain feasibility. Thus, we only
need to prove that by making this change for j € D and y;f, Jj € Cr, the objective
function will not deteriorate.

For j € D, the optimal lifting coefficients (c;, 8;) = (0, 0). Then, any valid
lifting coefficient pairs arjx7 + B;y7 < 0. Replacing x7, y7 with (0, 0) will then not
deteriorate the objective function; thus proving that there exists an optimal solution
with these variables set to zero.

For j € Cr the argument is similar: if K = 1, note that the objective function has
a zero coefficient for y;, from where g; < 0. Using the fact that the lifting functions
will be decreasing and that the coefficients in the objective function accompanying
yj,forall j € Cp, are non-positive; we conclude that we can always find an optimal
solution with y;‘ =0forjeCr. O

These two propositions allow us to work with the assumption that D = ¢ and
that m(Cr) = 0. This is because Proposition 2 ensures that the best possible lifting
coefficients are zero; while Proposition 3 ensures that, if D ## ¢, there exists an optimal
solution for fi, with x;, y; =O0foralli € D.
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3.2 A lower bound for lifting functions
Given v € {0, 1}¢, and defining C, = {(g, j) € C : vy = 1}, we can re-write the first
lifting function f(z, v) as

fizw) = y(© —1—max D" (o + O —x0)

keC\Cy
st D G mi(r —x) <b -z
keC\Cy
0 < yk <xk, xx €{0, 1} Vk € C\Cy. 8)

In general, fi(z, v) is a complex function, and a simpler functional form f is needed
satisfying f < f1. We propose the following relaxation of fi: first note that b =
£(C) — I'; replace x by 1 —x and y by x — y; and we obtain the following equivalent
form for fi:

. ny
fi(z,v) = y(Cy) — 1 +min Z (kak‘i‘Tyk)
keC\Cy

s.t. Z Exxx +mpyr) = z+ T —E(Cy)
keC\Cy
0 < yi < xx, xx €10, 1} ¥k € C\Cy.

Now we define CT = {k € C : & > I'},s = Zke(C\C+)\Cv Grxx +mpyr) +
> eCH\Cy Mk Vks discard the inequality yr < x; and the integrality condition of xj
fork e (C \C +) \C, to obtain the following relaxation:

~ . Ky
few) =y(C)—T+min > x+
keCT\Cy
s.t. Z Ekxp+s=z+ 1T —E(Cy)
keCH\C,
0<s, x; €10, 1}, Yk € CT\C,. )

Note that, under mild conditions,! f1(z, v) is equivalent to f .
Now, we will prove that f has a closed form, and then we will prove that it is also
superadditive in an appropriated domain.

Proposition 4 By renaming CY\Cy, = {1, ..., r,} while ensuring that & =&
defining A} = E(Cy) + >, _, &7, and defining H(z) = 0ifz < 0and H(z) = 1if
z > 0, we have

s*

f(z,v)=y(cv)—1+F+§H(Z—s*—Az+r), (10)

1A sufficient condition is that my > I" for the two smallest & coefficients in C.
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where
st = (Z_A:')v+l +F>H(Z_A;)v+1 +F)
Iy
+D (= A (He—AD —H(I"+ A} —2).
h=1
Moreover, the optimal solution for x is given by x;j = H(z —s* — A} + T'),
Vh=1,...,rp

Proof Using the definition of f (z, v) given in (9), if we consider z > A} 1 — I
the solution of the continuous relaxation is also integer-feasible (Wlth x7 =1 for all
i € CT\Cy); from where we have that s* =z — A” 41+ andz —s* = A} +T =
Ar +1 — Aj, > 0; thus proving our result for this case.

If we now consider z < Ar 41 — I" and restrict ourselves to solutions where s = 0;
the resulting problem has an optlmal solution given by

xn=H@+T —AY), Yh=1,...,r,

whence (10) is directly obtained.
To compute f(z, v), consider first a simpler optimization problem:

¢2) = min [¢z.5) = +aHE =] 20

Note that if s > ab, then g(z, s) > g(z,0) = aH (z), thus proving that we can restrict
ourselves to s € [0, ab]. We now compute g (z) by identifying three cases:

Case 1If z < 0, we have

=0< > +aHG-s)| = q(2)=0, s*=0
s=0 b

O<s<ba

Case 2 If 7 > ba, we have

—a<—+aH(z—s)‘ = q@@)=a, s*=0
s=0 b ba

O<s<

because z — s > 0.

Case 3If 0 < z < ba, we can select s* = z and we have

P taHG-s)| =a> 3 +aH( = @) =2, s*=g
b x=0_ - b s=s* 1 _b’ o
We can now write
vy
~ . . Ky v
f(z,v)_y(C,,)—l—i-rsnzl(r)l{F+hZ_IH(Z—s—Ah+F)], (11)
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Note that

Ff(z,v) = y(Cy) — 1 +51rr£111 [mzl?{% +HGE—s— A+ r)” . (12)

Using the optimal solution and values computed for ¢(z); we see that the optimal
solution {s;l‘};f:l for the lower bound (12) is either the all-zero vector, or it is the
case that exactly one component, say h*, is non-zero and is in the range 10, I"]. In
the first case, setting s = 0 in (11), we attain the lower bound, and thus solve the
problem. In the second case, we have 0 < s* = 7 — AZ* < I'. Since &, > I, for
h#h*, Hz— A} +T') = H(z —s;. — A} + I'), thus proving that setting s = s
in (11) is a feasible solution that attains the lower bound. m|

Theorem 2 The function f(z, v) is superadditive for (z, v) € [0, 400) x {0, l}G.

Proof Note that f (z, 0) is exactly the superadditive function defined in [10]. Namely,

—1 z<-I
F&O=17 Ai<z<hip—T. Yi=1... .r
z—A)/T+r—1 A —T <z=<b

We propose a different proof for this more general case.

We start with f(z1,0) + f(z2.0) < f(z1 + 22, 0):

Let {x;l’};":1 , 7 be the optimal solution of f(z1 +z2, 0), defined as in Proposition 4,
and {x;l,};f:psl be the optimal solution of f (z1, 0). By construction, x° > x!, and
assume that 2}, h’f € {0, ..., ry} are the last active elements in x?, x! respectively.

We prove this by analyzing two cases:

Caseaé -x'+s' =TI +z;:

Define x7 = Xy pe for b < by — h¥,x} =0forh > h} —h}and0 < s* =
I +s°—st. By construction and Proposition 4, we have f(zl +22,0) = f(zl, 0) +
I-x2+4s2/I" — 1, where I is the vector of all ones of the appropriate dimension. Thus,

it is enough to prove that (x2, s2) is feasible for (9). However, by hypothesis, we have
I'+20 <E(x° —x") + (s° —s') + I' < £x? + 52, thus proving our result.

Casebé - x' +s!' > I +z1:

In this case, by optimality, s! = 0 and £x! = A Define x}% = x! for

i1 h+hi—1
h<14+h};— h’]",xﬁ =0forh > 24+ h} — hi and 52 = 5°. By construction, we
have f(z1 +22,0) = f(z1,0) +1-x% + s2/I" — 1. Thus, is enough to prove that
(xz, s2) is feasible for (9). However by hypothesis, we have z; > Ag,f — I, whence
IF'+z0 <&Ex°+s°—71 <EX°— xh +§h»l~ +52 < Exz + 52, thus proving our result.
This concludes Case 1.

The cases f(zl + 22, e;) and f(zl + 22, ¢; + ¢;) are analogous. |
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Corollary 1 If; for each pair of variables (xi, yk), where k = (g, j), we choose
lifting coefficients (ay, i) such that hi(z,u) < f(z,ueg) for (z,u) € {([ak, ar +
myi], 1), (0, 0)}; then the lifting process is sequence-independent.

Proof We only need to prove validity at any intermediate step r, and call L" the set
of variables (not in C) lifted at step r. That is, we need to prove that

,
mg
max z (kak + T()’k - xk)) + Z (arxy + Bryr)
keC keL”

1. ixj+mj(y; —xj)) <b
s kec%y (?;jxj m; (y., x‘,)) (13)

PRV VgeG
keM§
0 < yr < xk, x € {0, 1} Vke CUL",

where My, = {(g’, j) € CUL" : g’ = g} is less than or equal to y(C) — 1. Note

that by hypothesis, axxi + Bk = h(Exx + my(ve — xi), xk) < f(Exx + my (v —
Xk), Xkeg(k)), Yk € L". Using this, Eq. (13) can be re-written as

nmip )
ma. —_— —
X kEEC (J/ka + T Yk — xk)

+ O F Exe + mi(yi — xi0). xeg (k)
keL”

s.t. Z (ijj+mj (yj—xj))ib (14)

keCUL"

Zxkfl VgeG
keM‘{,

0 < yr < xk, x €{0, 1} Vke CUL,

where g((g', j")) = g'fork = (¢'j"). Bydefiningzy =3 ./ (rxic + mi (yi — xi))
8, = ZkEL’ﬂMg xi, and My = {(g', j/) € M : g’ = g}, we bound (14) above by the
following expression:

mg
max Z ()/kxk + T Ok — xk))
keC

+ z f (zg> 8geq)

geG

s.t. Z(ij]‘+mj (yj—Xj))+ZZg§b (15)

keC geG
> m=<1-8 Vg e G

0 <z, <bdg, 5 €10, 1} Vge G
0 < yr <xp, x¢ €1{0, 1} Vk € C.
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Note that by the definition of C, we have |C N M,| € {0,1},Vg € G. We set G° =
{g € G:|CN Mgl =0}, define z, = deGg Zg, and identify C with G\G°. With
this, Eq. (15) is equivalent to

max Z (vgxg +mg (vg — xg))
§€G\G®

+ £ (20, 0) + f (24 8g€¢)
s Zo+ z (gxg +mg (vg — xg)) + 2 < b

geG\G° (16)
Xg < 1—238g Vg € G\G’
0 <zg <bdg, 8, €1{0,1} Vg € G\G°
0<ys <xg, xg €{0,1} Vg € G\G’
0 <Z0 = b.
Using that § € {0, 139\9° and the definition of f(z, 8); we can bound (16) as
max y() — 1= D 2.9
g€{o}UG\G°?
+ @0 0+ D flzg.8)
§€G\G® a7
s.t. Z g <b
2€{0}UG\G®
0 <zy <bég, 8, €1{0,1} Vg € {0} U G\G".
Finally, by using the superadditivity of f , we bound (17) by
max{y(s)—lzae{o,l}G\G“} =) - 1. (18)
which proves our result. O

3.3 Algorithmic separation

The foregoing results show that we can use £ (z, v) to find valid lifting coefficients for
GFC inequalities for SCKPGUB; and thus obtain strong inequalities for X .

In this subsection we deal with the separation problem of such lifted inequalities.
More precisely, given x* as a fractional solution in the linear programming (LP)
relaxation of (1), we try to find a violated lifted constraint. We address this problem
in two stages: we first show how to lift a candidate inequality, and then propose a
heuristic to identify a candidate seed inequality. Finally, we only keep strictly violated
inequalities.

3.3.1 Lifting GUB-constrained flow cover inequalities

It is important to note that for each pair of lifted variables yy, xk, k € M\C; there
are several maximal pairs of coefficients oy, B satisfying hy(z, xp) < f(z, Xkeg))-
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Algorithm 1 Finding the lower envelope of f(-, v)

Require: Breakpoints of f(-, v) and B = {z; };":1 where z; < z;41 and |B| > 2. Interval [a, b], actual
range for z (we assume z1 < a < b < zp).

Ensure: H = {a;, /§ 71, pairs of (normalized) maximal lifting coefficients.

I: Big,p) < {a}U{z; € B :a < z; <b}U {b} (ordered set)

2:n < Byl H <0,k < 1,k <—2

3:if n = 1 then

4 H<—{(f(a v),0}

5 return H

6: else

7:  loop B ~

8 7] < B[a,lg] k1, fi < f(z1,0), 20 < B[a,bj[kr]’ Jr < f(zr.v)

9. pellafi-py

10: if ki, + 1 < n then

11: 22r < Bla ) kr + 11, for < f(z2r,0)

12: if @ + Bzo, < f», then

13: ki < kp,ky < ky + 1, H < HU{(@, B)}
14: else

15: kr < kr +1

16: else

17: H «— HU{@, )}

18: return H

This implies that the number of possible lifted inequalities derived by this method can
be exponential. Fortunately, Algorithm 1 provides a complete description of all pairs
of maximal lifting coefficients; and its complexity is O(|C|). Moreover, we perform
this process once, before performing any lifting step. Figure 1 shows an example for
f (z, v) and its lower envelope (for a given range [a, b]), which also shows how some
key variables of the algorithm change from iteration to iteration.

It follows that a proper method to choose the (set of) inequalities to be used is crucial
and it should depend on the fractional values of the current fractional point x*, y*. If we
want to maximize the resulting violation of the lifted inequality, a possible criterion is
to choose (a*, f*) € argmax{x;a+y;p : (a, B) € H}, where H is the set of maximal
lifting coefficients. In our implementation, we choose a*, 8* as defined before, as long
as xjo* + y; B* > 0; otherwise, we take (a*, %) € argmax{a + B : (a0, B) € H}.

3.3.2 Finding generalized flow cover inequalities in proper faces of X

Finding maximally violated cover inequalities is already NP-hard [10]. Although it
is possible to formulate the separation problem of generalized flow cover inequalities
as an IP; we propose a simple heuristic described in Algorithm 2, this heuristic is a
simple extension of other classical heuristics [11] to find maximally violated cover
inequalities.

In this heuristic, for each GUB constraint g € G, we compute the net contribution
of the current fractional solution x*, y* to the knapsack constraint a - x* +m - y* < b.
We call this net contribution z,. If the current GUB constraint is inactive (z, = 0) we
discard it from C. Otherwise, we identify the segment (called k, € M,), whose
boundary is closest to zg, and add it to C. If the closest boundary is the upper
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f(z,0)

Tt { kir } H

0{az}0

(a2, B2)}

Fig. 1 Example f'(z, v), and a lower envelope for given a, b

limit of the segment we also add that segment to Cy. This process can be seen
as a greedy construction heuristic. The final step is a local search procedure [1]
whose objective is to maximize the likelihood that the resulting inequality will be
violated. In our implementation 1-OPT evaluate whether adding or deleting any ele-
ment from C and/or Cyy improves the value of >, .~ vk (x; — 1) while maintaining
the condition that (C, Cy) is a GFC. If so, we perform the change; otherwise we
evaluate the next element. We repeat this process until no further improvements are
found.

Algorithm 2 Heuristic to find a GFC

Require: Fractional point (x*, y*).
Ensure: (C, Cy ), generalized flow cover.
1: C < 0,Cy <9

2: for g = 1to G do

3z« ZkeMg (akx;; + mky/f)

4: if z:, > 0 then

5: Select kg from argmin{k € Mg : min{(a) — z§)+, (zz —ag —my)+}}
6 C <« CUlkg)

7: if |ZZ, - a,;gl > Izg —ag, — m,;gl then

8: CU <~ CU 0] {kg}

9: Apply 1-OPT trying to maximize > cc vk (5 — 1)
10: return (C, Cyp)
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4 Numerical experiments

In this section we provide partial evidence on the effect of using the resulting set
of lifted inequalities. We test the effect of using only the seed inequality and other
simple heuristic methods. We also show the effect of the heuristic separation of the
seed inequality. For this, we first describe a wide range of instances; then the set of
experiments; and also an analysis of closed gap? with respect to the size of the problem.

4.1 Instances

To evaluate the performance of the inequalities presented in this paper, we consider
a set of 3000 random instances inspired by the unit commitment problem. We also
assume that the GUB structure and semi-continuous variables are already identified.
In these instances, |G| € {5, 10, 20, 40, 80} and the number of elements in each
GUB constraint were randomly chosen as |Mg| ~ {U[2, 8], U[7, 13], U[17, 23]}.
aj ~ U[10,150],m; ~ U[20,300],Vj € M, b ~ U[0.25, 0.95]byax, where bpax =
is the maximum value of the left-hand side of the knapsack constraint. We chose the
cost coefficients as c,f ~ 2500a;, — U[370, 1000] — U[15, 50]ax, c,{ ~ 2500my —
U[15, 50lmy, Yk € M; which represent typical cost functions in unit commitment
instances. To evaluate the effect of having mj = 0; half of the instances contain GUB
constraints where mj = 0 for 40 % of the elements in each GUB constraint.

4.2 Quality measures

We use performance profiles (see [7]) on two quality measures: closed root gap (CG)
and closed relative gap (CRG), which we define as

CG =100 x P "l opG = 100 x EPn,

ZMIP — ZLP, ZMIP

where zpp 1s the optimal objective value of the mixed integer problem; z;p, is the
optimal objective value of the original linear relaxation; and zzp, is that of the final
LP relaxation. Note that for all our instances, z;p, < zZmip, and zyyp > 0. Thus, when
computing CG, we never divide by zero. CRG is an approximation of the reported gap
when using any commercial mixed-integer programming (MIP) solver (which might
be more relevant for practitioners). CG is the actual improvement in the lower bound
due to the given method (which is a proxy for the extent to which we improve the
polyhedral representation of the given set for the given objective function).

We do not report running times because the separation process is quick in all
instances and the number of calls of the separation heuristic is always less than fourteen.
We do not evaluate branch and bound performance because our instances are exactly
those of a single X problem and are always easy to solve; whereas unit commitment

2 je.the gap between the linear programming optimal value (with cuts and without the cuts) and the integer

programming optimal solution value.
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problems can have between 24 and 336 sub-structures of this sort in addition to other
side constraints. This is why we chose to leave this study for a future work.

4.3 The experiments
4.3.1 The general cutting scheme

In each case, we apply the cutting scheme described in Algorithm 3.

Algorithm 3 General cutting scheme

Require: LPO, initial LP relaxation of X .
Ensure: Z, cut generation scheme optimal values.
1:k<0,Z <0
2: loop
3:  Solve current relaxation L PK.
Obtain optimal value z} and candidate solution (x}", ).
Z < ZU{g)
if x; € {0, 1}M then
return Z
From (xf, y§) and using Algorithm 2, find base GFC inequality satisfying I" > 0.1 (it must be not
violated).
9:  Lift seed inequality, as expressed in (5), while maximizing resulting violation vy.
10:  if I"'vg > 0.1 then
11: k<k+1
12: Add lifted seed inequality to LPk,
13:  else
14: return Z

e A

This scheme can be seen as a basic cutting loop at the root node. We will evaluate
the following variations of this scheme:

IP: Separation of GFC seed inequality by solving an integer program that maxi-
mizes the violation of the resulting GFC inequality (if any) without lifting.
IP+Lift: The same as before, except that we lift the resulting inequality as described
in (5).

Heu: We execute Algorithm 2 without performing step 9 and use the resulting
inequality (i.e., no lifting step is carried out).

Heu+1-opt: We execute Algorithm 2 and use the resulting inequality (i.e., no
lifting step is performed).

Heu+1-opt+Lift: We execute Algorithm 3.

Heu+Lift: We execute Algorithm 2 without performing step 9 and lift the resulting
inequality as described in (5).

4.3.2 Effectiveness of the separation heuristic

Figure 2a, b shows the performance profiles of CG and for CRG in 600 instances with
five GUB constraints where we can solve the IP-separation of the base GFC inequality.
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Fig. 2 Top CG performance profile; bottom CRG performance profile; for instances with |G| = 5

Figure 3a, b shows the performance profiles of CG and CRG for all 3000 instances.’
Table 1 lists a summary of these results.

From these results it is clear that measured by either CRG or CG, Heu+ 1-opt per-
forms very close to the IP separation of the base heuristic on the set of small instances
while maintaining its edge over the basic heuristic for all instances. This, In addition

3 For Figs. 2a, and 3b each point (x, y) of the plotted curves means that for the worst x % of the instances,
the given method closes at most y% of absolute root integrality gap (left). For Figs. 2 and 3 each point
Footnote 3 continued

(x, y) of the plotted curves means that for the worst x % of the instances, the given method concludes with
a lower bound of y% or less of the actual integer optimal solution value (right).
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Fig. 3 Top CG performance profile; bottom CRG performance profile; for all instances

to the excessive running time cost of an exact separation routine, justifies the use of
the proposed method for evaluation purposes; however, any practical implementation
should address this matter in much greater detail.

4.3.3 Robustness of the results

The robustness of the results given the size of the instances is an important considera-
tion. For this, we categorize our instances according to the number of GUB constraints
(IG]) and the number of elements in each GUB constraint (|M,|), and calculate the
average CG and CRG for Heu+1-opt+Lift. Figure 4 is a graphical representation of
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Table 1 Summary results of experiments of the average CG, CRG, and number of cuts, for small and all
instances for all algorithm variations

Average CG Average CRG Average Neys
All |G| =5 All |G| =5 All |G| =5
—Lift +Lift —Lift +Lift —Lift +Lift —Lift +Lift —Lift +Lift —Lift +Lift

Heu 15.81 29.63 21.70 3570 95.01 9553 82.78 84.56 0.31 1.31 0.31 1.16
Heu+1lopt 3947 5770 53.73 73.46 96.58 97.70 88.38 9236 1.64 2.08 1.81 2.14
1P - - 55.81 7413 - - 89.13  93.11 - - 3.17 3.36

|Gl =5 82.0% 73.3% 65.6% |Gl =5 95.6% 93.6% 87.9%

|G| =10 68.1% 64.4% 61.8% |Gl =10 98.3% 97.6% 96.4%

|Gl =20 60.5% 54.8% 57.1% |Gl =20 99.3% 99.2% 98.9%

|G| =40 52.1% 51.2% 51.5% |G| =40 99.7% 99.7% 99.7%

|G| =80 44.5% 44.2% 35.9% |G| =80 99.9% 99.9% 99.9%

© K B © K )
\\Q\// \\\// ,\\}// \\Q\// \\¥// ,\\\\//
N N

Fig. 4 Left average CG for categorized instances; right average CRG for categorized instances

the variation in the average C R and CRG values given these two criteria. Although
we expected that CG performance deteriorates as we increase the number of GUB
constraints and the number of elements in each GUB; it is surprising that this ten-
dency is reversed for CRG. This might be due to the special cost structure used in
these instances. However, if this result holds at a larger scale as well, the fact that the
final relative integrality gap decreases can be beneficial.

4.3.4 The effect of lifting

As noted in Sect. 3, our seed inequality is already valid for X . From this, a natural
question is how much do we gain by performing the lifting process? Table 1 clearly
represents this aspect. If we measure CG, the effect is a 15-20 % larger closed root
gap, and 0.5-4 % more CRG. Moreover, in all variations of our cutting scheme where
lifting was carried out, there were only two instances where we could not find a cut.
For variations without lifting, we could not find cuts for 2167 instances using Heu and
174 instances when using Heu+ I-opt. This shows a strong lifting effect.

4.3.5 Number of added cuts

A common problem with cutting schemes is that they may require too many cutting
rounds to achieve the desired quality. Surprisingly, in our experiments, we added an
average of 2.14 cuts to all instances; in 92.2 % of instances, we added up to three cuts;
for 99.33 % of instances, we added up to six cuts. In the worst case, we added 14 cuts.
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5 Final comments

In this paper, we studied sequence-independent multidimensional lifting of generalized
flow cover inequalities to obtain strong inequalities for the so-called semi-continuous
knapsack problem with GUB constraints. We also proved that under mild assump-
tions, the starting inequality is facet-defining on a face of our polyhedron. Moreover,
with simple assumptions, we showed that the sequence-independent lifting function is
indeed the optimal (maximal) lifting function which, together with the previous result,
enabled us to obtain high-dimensional facets. Unlike one-dimensional lifting, in our
setting, the superadditive lifting function defines a large class of valid inequalities.
This introduces the problem of selecting the inequality to be added. In our study, we
chose the inequality to be added by maximizing the resulting violation. We used a
set of 3000 randomly generated instances of different sizes to conduct our experi-
ments. These experiments show that although the separation problem is N P-hard,
using simple heuristics and superadditive lifting function, it is possible to close, on
average, 57.70 % of the root integrality gap and 97.70 % of the relative gap.
There remain several open issues, some of them are:

— Can we take advantage of GUB-partitioned binary variables in other polyhedral
sets to find tight valid inequalities?

— In our setting, can we extend our analysis to the case where a; might be negative?

— Isit possible to efficiently detect the basic GUB and the semi-continuous structure
in general problems?

— Even if we are given the GUB constraints; can we use the proposed methodology
in general problems?

— Other relevant questions relate to the selection of the seed inequality, and whether
we should simultaneously use several seed inequalities that can better complement
each other when we add them to the current LP relaxation.

— Can we prove that some class of seed inequalities are always dominated by others?

— More precisely, should we take only a minimal GFC, or is it better to add small
elements to the cover?

— Are our results too specific for instances derived from the unit commitment prob-
lem?

We think that all these questions are relevant to the practical use of the proposed
inequalities, and we hope to tackle them in the near future.

Acknowledgments We thank the reviewers for their thorough review and highly appreciate the comments
and suggestions, which significantly contributed to improving the quality of the publication.

Appendix: Extended proofs
Proof of Proposition 1
1. Vj € M, define e; as the index vector of dimension n with a unique one in position

Jj- Let 0, be the zero vector of size n. Let @ be the maximum contribution of any
binary variable to the knapsack constraint,i.e.d = max ey ajand0 < € < b—a.
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Then, Vk € M, construct pk = (e, 0,) and qk = (eg, €er). Define s = (0,, 0,).
The points p*, g¥ for k € M, and s belong to X because of Eq. (1) and @ < b.
These points are affinely independent because Yk € M, p¥ — s (n points) and
g% — s (n points) are linearly independent. Since we have described 2n + 1 affinely
independent points in X ; we have shown that X is full-dimensional. O
To prove that yr > 0 is facet-defining, we use the same definitions as before,
but eliminate element g¥ from the set of valid points. Since we have described
2n affinely independent points in X satisfying these inequalities at equality; we
have shown that these inequalities are facet-defining. O
To prove that y; < xi is facet-defining; we use the same definitions as in Propo-
sition 1, but eliminate element p* from the set of valid points and redefine ¢/ as
(ej,ej) forall j € M. Again, since we have described 2n affinely independent
points in X and these points satisfy our inequality at equality; we have shown
that these inequalities are facet-defining. O
Note that @, is the maximum contribution to the knapsack constraint when we
choose any binary variable and the minimum contribution in M, at the same time.
This allows us to prove that for each g € G, > ;. M, Xk = 1 is facet-defining, by

constructing the points p* and g*, for each k € M as follows:

k_ | (ex +ex,,0,) Yk ¢ M,
Po= 0 (er. 00) Vk € M,

and
k_ | (ex +ex,. cer) Vk ¢ M,
7 = (ex, €ex) Vk € My,

where k, € argmin; M, {ax} and 0 < € < b — a,. Since we have described
2n affinely independent points in X and these points satisfy the inequality at
equality; we have shown that these inequalities are facet-defining. O

Proof of Theorem 1

The validity of inequality (3) was shown by Van Roy and Wolsey [21]. We prove that (3)
is facet-defining for X, := X N {x; = 0,i ¢ C} by constructing a set of 2s affinely
independent points in X, satisfying it at equality, where s = |C|. For this, define
CL=C\Cy,C ={jeCr:& >T}and C = C,\C; fork = L, U, and recall
that I = £(C) — b > 0 and our hypothesis is m(C?/') > I".Lett, € argminjecg{éj}

and assume that (l) = o00. Note that C ;; # ), and thus 1, exists. Let e; be the index
vector of dimension s with a unique one in position j, forall j € C. Let O be the zero
vector of size s, 1 be the one vector of size s, 1,+ := Z/'ECLJ; ej, 1;+ 1= Zjeéj, ej,

and 1,, = 1,+ + 1;+. Then, construct p/ as

(I —ej, 1) if jeCf
= (s —ej, 1y — yoi1,+) if j eC/
(5 —ej, 1, —ej) if j e C}y

(s —ej. 1, —ej — yoj1,+) if j € C}
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where y,; = ”111(;%)' Now, construct ¢/ as
, P+ (05, Se;) if j eCy
¢’ =3 A, 1y — yyely+ +eje5) ifjeC_‘?/'
(ISaIu_yfelu+_5jej) lfJGC?]_
where

- I
O<8<min[l,min [st"—”,

JjeCL m;
0<e< micn {m;}min{I", m(C{)) — I'}/m(Cf)),
JeCu

Vie = mcgj), and e; = -+ for j € Cy. Given the above definitions, it is easy to
U J

prove that points p/ and ¢/ belong to X,. Therefore, it is only necessary to evaluate
the knapsack constraint of Eq. (1). Verifying the validity of the other constraints is
straightforward. Let L H Sk y be the left-hand side of the knapsack constraint of Eq. (1).

Case 1 p/ with j CZr
LHSkny =6(C)—aj=b+1T —a; <b
Case 2 p/ with j C_’f

I' —aj
m(C)

LHSkn =&(C) —aj — yom(Cl) =b+ T —a; — m(C{) =b

Case 3 p/ with j € C;
LHSKNZS(C)—SJ' =b+F—§j <b
Case 4 p/ with j C_‘(Jj

r—&
m(C)

LHSkN =&(C) —&; — yom(C) =b+ T — & — m(C{) =b

Casequ with j € Cp
LHSkn=E(C) — &, +8mj=b+T —& +8m; <b+T —& +& —T=b
Case 6 ¢/ with j € C}}

LHSkn =&(C) — y4em(C) +ejmj=b+emj —€e=b
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Case 7 ¢/ with j € C,
LHSkn =&(C) — y_em(C)) —ejmj =b—ejm;+e=0b

By proceeding in the same manner but now evaluating p/ and ¢/ in Eq. (3), we can
show that these points satisfy this inequality at equality. Remember that the left-hand
side of (3) is ZjeC min{1, %} (xj - 1) + ZjECU % (yj - xj), and its right-hand
side is —1.

Case 1 p/ with j € CZ’

Case 3 p/ with j € C;

Case 5 ¢/ with j € C,

i:

LHS = —min{l, -1
r

Case 2 p/ with j € C}
Case 4 p/ with j C_‘Z,'

A + . .
LHS = —min{l, EFJ} _Yij(IC‘U) = _sfj - (1 - ST/) =1
Case 6 ¢/ with j € Cl‘;

m(Cy, i r —
LHS = —y,. (FU) TP R ke

Case 7 g/ with j € C_‘;;

mCy)  omj _ I4e—e

LHS = —y_ P - -1
Y= T r

Moreover, these points are affinely independent because Vj € C\({z,}, pl — p,
and g/ — p' are linearly independent. To show this, observe the structure of these
points:

_pj_pto’ JGC_‘Z' | _eto_ej eta —_
PJ. —pl, je C_’Zr €0 —€j et — Yojly+
pl—ph. jeCf o —€j € —€j — Yoily+
pl—ph. jeCi\lt} | | eo—ej e
¢/ —p, jeC] 0y Sej
g’ = p", jec] 0, Sej
qJ—pt”, ‘]GC?]_ €to eto—gjej—y7€1u+

L g/ —p, jeCiMi) ] Lew eto+ej€j — yrely+ |
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where, if elements x;, and y; are placed in the last position in the columns, it is
possible to obtain a upper-triangular matrix (using the first 2s — 1 columns) whose
diagonal elements are non-zero. Since 2s affinely independent points in X, have been
described and these points satisfy inequality (3) at equality, it has been shown that
these inequalities are facet-defining for conv{X,}. O
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