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Abstract

The generation of strong linear inequalities for QCQPs has been re-
cently tackled by a number of authors using the intersection cut paradigm
—a highly studied tool in integer programming whose flexibility has trig-
gered these renewed efforts in non-linear settings. In this work, we con-
sider intersection cuts using the recently proposed construction of mawi-
mal quadratic-free sets. Using these sets, we derive closed-form formulas
to compute intersection cuts which allow for quick cut-computations by
simply plugging-in parameters associated to an arbitrary quadratic in-
equality being violated by a vertex of an LP relaxation. Additionally, we
implement a cut-strengthening procedure that dates back to Glover and
evaluate these techniques with extensive computational experiments.

1 Introduction

Nowadays, the reach of state-of-the-art optimization solvers is vast, and certain
classes of non-convex optimization problems that years ago seemed impenetrable
can now be solved in moderate running times. The current state-of-the-art
can be roughly described as a combination of outer-approximation techniques
that can provide strong dual bounds, heuristics that can find strong feasible
solutions and spatial branch-and-bound—a generalization of the classical integer
programming method that allows branching on continuous variables. However,
we still encounter computational challenges preventing us to solve many non-
convex optimization instances to provable optimality.

In this work, we focus on obtaining dual bounds by constructing linear outer-
approximation to a rich family of non-convex optimization problems: quadrat-
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Figure 1: On the left, an intersection cut (red) separating § from S (blue). The cut
is computed using the intersection points of an S-free set C' (green) and the rays of a
simplicial cone K O S (boundary in orange) with apex 5 ¢ S. On the right, the effect
of using another S-free set C' 2 C.

ically constrained quadratic programs (QCQPs). These are optimization prob-
lems whose objective and constraints are defined solely in terms of quadratic
functions. One can assume, without loss of generality, that the objective func-
tion is linear, thus we refer as QCQP a problem of the form

min ¢'s (1a)
st. s€ SCRP, (1b)

where
S={scR”:s"Qis+bls+c;<0,i=1,...,m}.

In order to find linear outer-approximations to (1) we follow the intersection cut
paradigm [35, 4, 21] which requires the following ingredients. We assume we
have § ¢ S, a basic optimal solution of a linear programming (LP) relaxation
of (1)*. Additionally, we require a simplicial conic relaxation K O S with
apex 3, and an S-free set C—a convex set satisfying int(C) N S = (—such
that § € int(C). With these ingredients, we can find a cutting plane: a valid
inequality guaranteed to separate s from S. In Figure 1(left) we show a simple
intersection cut in the case when all p rays of K intersect the boundary of the S-
free set C. In such case, the intersection cut is simply defined by the hyperplane
containing all such intersection points (hence its name).

When the intersection cuts are computed using the intersection points between
the S-free set and the extreme rays of K, the larger the S-free set the better. In
other words, if two S-free sets C,C’ are such that C' C C’, the intersection cut
derived from C” is stronger than the one derived from C [12]. In Figure 1(right)
we show this phenomenon. This makes inclusion-wise mazimality of an S-free
set a desirable goal. We provide the appropriate details of this procedure in
Section 2.1, and we also refer the reader to [13] for additional background.

Note that if 5 ¢ S, there exists i € {1,...,m} such that

5¢ 8 ={scRF:s"Qis+b]s+c; <0},

1If 5 € S the problem would be solved.



and constructing an S;-free set containing § suffices to ensure separation. We
refer to these sets as quadratic-free sets. Recently, Munoz and Serrano [28] pro-
vided a method for constructing mazimal quadratic-free sets for any arbitrary
quadratic inequality. The focus of [28] lies on the structure, construction and
maximality proofs for quadratic-free sets, leaving aside the actual calculation of
the intersection cut and its computational impact.

1.1 Contribution

The first contribution of this work is an implementation and extensive testing of
intersection cuts based on the maximal quadratic-free sets proposed by Munoz
and Serrano. In [28], they showed how to construct maximal S”-free and S9-free
sets for the quadratic-representable sets

S = {(z,y) € R - [l < [y} @)
89 = {(x.y) €R™™ - |z < yll, oz +dTy = -1}, ®)

where max{||a||, ||d||} = 1. They also argued that one can always transform
S:={scR”:s"Qs+b"s+c<0}, (4)

a generic quadratic set, into S" or S9 and use the maximal S”-free and S9-
free to construct maximal S-free sets. The maximal S-free sets of Munoz and
Serrano, however, are described only with respect to S and S9.

Here, we provide transformations from S into S" and S9 explicitly, and show
descriptions of the resulting S-free sets. Moreover, we derive closed-form ex-
pressions to compute a valid inequality violated by 5 & S.

Additionally, we implement and test a well known cut strengthening procedure
designed to improve the intersection cut coefficient of an extreme ray of K
that never intersects the boundary of the S-free set. We show that to compute
the strengthened cuts one needs to solve single-variable convex optimization
problems, which we provide explicitly.

In our computational experiments, not only we consider the quadratic con-
straints that appear in a QCQP instance, but we also implemented a family of
cuts obtained from implied quadratic constraints in an extended space. These
were used in the construction of maximal outer-product-free sets by Bienstock
et al. [8, 7], which here we reinterpret as maximal quadratic-free sets. All our
ideas are tested using the general-purpose solver SCIP [30].

1.2 Literature review

The basic idea behind intersection cuts can be traced back to Tuy [35]. These
cuts, also known as Tuy cuts or concavity cuts, were introduced for the problem
of minimizing a concave function over a polytope. Later on, intersection cuts
were introduced in integer programming by Balas [4] and have been largely



studied since. Intersection cuts deduced from arbitrary convex S-free set is due
to Glover [21], although the term S-free was coined by Dey and Wolsey [16].

Intersection cuts has been an active research stream in the mixed-integer linear
programming literature for decades. See e.g. [12, 14, 6] for in-depth analyses of
the relation of intersection cuts using maximal Z"-free sets and the generation
of facets of conv(S), when S is a mixed-integer set. We also refer the reader
to [3, 5, 2, 10, 15, 22] and references therein. Intersection cuts have also been
extended to the mixed-integer conic case: see e.g. [1, 23, 26, 27]. A different,
but related, method was recently proposed by Towle and Luedtke [34].

Lately, there has been a number of methods proposed for the use of the inter-
section cut framework in non-linear non-convex settings. Fischetti et al. [17]
applied intersection cuts to bilevel optimization. Bienstock et al. [8, 7] stud-
ied outer-product-free sets, which can be used for generating intersection cuts
for polynomial optimization when using an extended formulation. Serrano [33]
showed how to construct a concave underestimator of any factorable function
and from them one can build intersection cuts for factorable mixed integer non-
linear programs. Fischetti and Monaci [18] constructed bilinear-free sets through
a bound disjunction and, in each term of the disjunction, underestimating the
bilinear term with McCormick inequalities [24]. The complement of this dis-
junction is the bilinear-free set. Finally, Munoz and Serrano [28] constructed
multiple families of maximal quadratic-free sets that can be used to compute
intersection cuts for a QCQP.

Alternative cutting-plane-generation approaches to intersection cuts can be seen
in [23, 11], and in [29], where the authors show that the convex hull of a single
quadratic constraint over a polytope is second-order cone representable. We
refer to the survey [9] and the references therein for other efforts of extending
cutting planes to the non-linear setting.

1.3 Notation

We mostly follow standard notation. || - || is the euclidean norm in R™. B,(x)
and D,.(z) denote the euclidean ball centered at = of radius r and its boundary,
respectively, i.e., B.(z) = {y € R" : |ly —z|| < r} and D,(z) = {y € R" :
ly —z|| = r}. conv(:),int(-), and rec(-) denote the convex hull, interior and
recession cone of a set, respectively.

1.4 Outline

The rest of the paper is organized as follows. In Section 2 we review the concepts
of intersection cuts, the negative edge extension strengthening and maximal
quadratic-free sets. In Section 3 we show transformations mapping S to a set
S or S9, and use these to explicitly construct maximal S-free sets. We also
discuss how to use implied quadratic constraints to obtain cutting planes. In
Section 4 we show the computations needed for obtaining the intersection cut



coefficients and their strengthening using the maximal S-free sets. Finally, in
Section 5 we show our computational results.

2 Preliminaries

In this section we review the main tools we work with in this paper, namely the
notions of intersection cuts, negative edge extension and quadratic-free-sets.

2.1 Intersection cuts

Suppose we have a vector s € S, a simplicial cone K O S with apex s and an
S-free set C' containing § in its interior. As briefly described in the introduction,
what the intersection cut paradigm provides is a way of separating s from S by
computing an inequality separating 5 from conv(K \ int(C)).

This tool is typically used from a linear programming perspective. In this case,
the vector § is a basic solution of a polyhedron P O S. Since separation from
conv(P \int(C)) is NP-hard [19], a simplicial conic relaxation K is used instead
of P to alleviate the computational burden. This simplicial cone is normally
obtained from a basis defining s, and thus there is a correspondence between
rays and nonbasic variables.

2.1.1 Basic intersection cut

Since K is a simplicial cone with apex §, it can be described as
K={seRP: A(s—3) <0},

where A is an invertible matrix. Using this notation, the extreme rays of K are
simply given by the columns of —A~!. Let us call these rays 77, j € [p]. Define
o € (0,00] as

of =sup{a : 5+ ar’ € C}. (5)

a>0

These are simply the step-lengths required to reach the intersection points of the
rays 17 and C. The intersection cut is defined as the hyperplane that contains
all points of the form s+ ajr/ when o} < oo, and that is parallel to every ray

rJ when Oz; = 00.

The following closed-form expression for the inequality 7"z < 7y describing the
intersection cut can be obtained (see [4]):
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Figure 2: On the left, an intersection cut (red) separating & from S (blue) in a case
a ray of K (orange arrows) is contained in C' (green). On the right, the strengthened
cut when taking an appropriate negative step.

where 1/00 := 0 and A4; is the i-th row of A. This formula shows that all
computational burden of computing an intersection lies on computing the cor-
responding step-lengths o defined in (5).

For the sake of completeness, we describe two important properties of inter-
section cuts that can be considered folkore results in optimization nowadays.
Proofs can be found e.g. in [4].

Lemma 1. Let 7'z < 7y represent the inequality in (6). This inequality is
valid for S:
{z:7"2>m}NK Dint(C).

Additionally, if all step-lengths are finite, i.e. af < oo Vj € [p], then

{z: 772 <m} N K = conv(K \ int(C)).

The second statement of the lemma shows that, when all rays of K intersect the
boundary of C, the intersection cut is, in a sense, the best we can hope for. This
is not always the case, however, especially when the S-free sets are unbounded
as they are in our setting.

2.1.2 Strengthening intersection cuts

In the case a ray of K does not intersect the boundary of the S-free set C, i.e.
when 77 € rec(C) for some j, the resulting intersection cut may not define a
facet of conv(K \int(C)) and strengthening it may be possible. In Figure 2(left)
we illustrate this situation.

Glover [20] proposed using negative step-lengths for rays 77 € rec(C) as a way of
strengthening the intersection cut. This would replace the terms 1/ a; =0in (6)
with a negative value, thus improving the cut coefficients. This idea is known
as negative edge extension, and it has been carefully studied since, showing that
choosing the right negative steplegths can provide facets of conv(K \ int(C))



[31, 32, 8]. In Figure 2(right) we show the resulting strengthened cut after
applying the negative edge extension.

In [31], the authors show how to use the negative edge extension in order to
obtain facets of conv(K \ int(C')) when C is a polyhedron. Later on, in [32] it
was shown that for a non-polyhedral S-free set C', there is always a polyhedron
C’ such that conv(K \ int(C")) = conv(K \ int(C)), thus providing a way of
obtaining facets of conv(K \ int(C)). Finally, in [8] it was shown how to obtain
a facet of conv(K \ int(C)) directly, without going through an intermediate
polyhedron. This last derivation is the one we use here.

Let F'={i : af < co}. The negative edge extension technique aims at finding
pi < 0 such that

1 1

~ A(s—3 ZA(s—3) < —1.
E a’?‘Al(S 3) + g piAZ(S 5) < -1 (7)
i€EF iZF

is a valid cut. We know that p; = —oo provides a valid cut, since we recover (6)
in such case. Moreover, it can be proved that, as long as afrt — p;7? € rec(C)
Vi € F,j € F, the cut is valid. This can be seen in Figure 2(right): a “more
negative” step on the vertical ray maintains validity of the cut, while a “less
negative” step yields a non-valid cut. We define the strengthened cut as (7)
with

pj = rggac{p s agr' — pri € rec(C) Vi€ F}. (8)

The resulting cut is a facet of conv(K \ int(C')). For details we refer the reader
to [31, 32, §].

For the purposes of this article, the main takeaway message of Section 2.1 is
that, for computing an intersection cut and a potential strengthening, one needs
to solve problems (5) and (8) efficiently. To achieve this, counting with adequate
descriptions of the S-free set C and of rec(C) is key.

2.2 Maximal quadratic-free sets

Here, we review the maximal quadratic-free sets proposed by Munoz and Ser-
rano [28]. As mentioned before, these sets are constructed explicitly for the sets

S" = {(z,y) € R™™ | < Jlyll} (9a)
§9 = {(z,y) e R™™ : |la]| < llyll,a"x +d"y = ~1}, (9b)
with max{||al|, ||d||} = 1. For a generic quadratic set
S={scR”:5"Qs+b"s+c<0}

the authors argue that a maximal S-free set can be obtained from S" and S9
by noting that one can always map S to a set of either of the following forms

{(z,y,2) e R™™H o lz]| < [lyll}, (10a)
{(x,y,2) e R™™ o lz]| < lyll,a’e +dTy + ATz = ~1}, (10b)



depending on whether the quadratic function defining S is homogeneous or not.
Such a transformation guarantees that constructing a maximal (10a)- or (10b)-
free sets yields a maximal S-free set. Since one of these sets is contained in a
hyperplane, we need the following definition in order to avoid trivial (10b)-free
sets such as {(z,y) e R"*™ : aTx +d"y+hTz < —1}.

Definition 1. Given S,C, H C R™ where S is closed, C is closed and convex
and H is an affine hyperplane, we say that C' is S-free with respect to H if CNH
is SN H-free w.r.t the induced topology in H. We say C' is mazimal S-free with
respect to H, if for any C/ D C that is S-free with respect to H it holds that
C’'NHCCNH.

To complete the transformation to S* and S9 and discard the z variables, Mufioz
and Serrano argue the following.

Proposition 1. Let C be a mazimal S"-free. Then, C x R! is maximal (10a)-
free and mazimal (10b)-free (with respect to the corresponding hyperplane).

As for the vector 5 ¢ S, applying the same reductions from S to either S" or
S9, we can transform a vector § to a vector (Z,y) € R™™ such that ||z|| > ||g]|-
We can further assume a'Z 4+ d'§ = —1 when considering S9.

The following result shows a family of maximal S”-free sets

Theorem 1. [28] Consider the set S" defined in (9a). For any A\ € D1(0), the
set
Cx = {(z,y) eR™™ + |ly| < XTa}, (11)

_z

is mazimal S™-free. Moreover, if A = E

then C contains (T, ) in its interior.

To list the maximal SY-free sets we need the following definition

Definition 2. Let ¢ € R"*, d € R™ and A € D;(0). We define the function
¢z\,a,d :R™ - R as

VI = @20 = (\a)?) — d™yATa,  otherwise.
(12)

Additionally, the following lemma will be of use later.

Lemma 2. Let ¢y q,q defined as (12), with max{||a|, ||d||} = 1. Then

aaa(y) <yl Yy € R™.

Moreover, if ATally|| +d"y > 0, this inequality is strict.

Proof. The non-strict bound can be deduced from the construction of the func-
tion ¢ 4,4 in [28]. We provide a direct proof here.



Clearly, it suffices to show that

VUl = (@T9)2) (1~ (ATa)?) — dTyATa < [ly]
Since max{||al|,||d||} = 1, by Cauchy-Schwarz
|dTyATal < [lyll = llyll +d"yATa >0
and thus it suffices to show that
(P = (@)1 = (ATa)*) < (gl + d"yATa)”.
Rearranging terms this becomes
0 < 2[lylld"yATa+ (d7y)* + [lyl*(\Ta)?.

Since the right-hand side is (ATal|y||+d"y)? , we conclude the desired statement.
For the strict inequality, we can follow the same procedure. O]

The maximal S9-free sets we work with are as follows.

Theorem 2. [28] Consider a non-convez set S9 defined as in (9b), with max{||a||, [|d||} =
1, and (z,7%) satisfying ||Z|| > ||g]| and a"2+d"yj = —1. Consider ¢ 4.a defined
n (12). Let H = {(z,y) e R™™ : "oz +d"y = —1}, and A = T

If |la|| < ||d|l = 1, the set

Conna ={(@,y) ER™ : $raaly) < Az} (13)
is mazimal S9-free with respect to H and contains (T,q) in its interior.
If ||d|| < |la|l = 1, the set

Iyl <XTeif ATally| +d"y <0

o9 =< (z,y) : d a .
Pxa,d brad (y _ 1_7Hd||2) < AT (L + 1—7||d||2> otherwise

is mazimal S9-free with respect to H and contains (T,q) in its interior.

Remark 1. In [28] the authors show that the set Cy, , , is also maximal S<o-
free for

S<o={(z,y) eR™™ ¢ ||z < [ly]l,a"z +d"y < O} (14)

which allows the computation of intersection cuts for a set defined using a
homogeneous quadratic intersected with a linear homogeneous inequality. While
most of our constructions below only use S and S9, the set S<o will be of use
when we implement cutting planes using implied quadratic inequalities in an
extended space. We provide more details in Section 3.1 O

This completes the description of the base sets we use. These represent the
building blocks in our construction below.



3 Explicit computation of maximal quadratic-
free sets

In this section, we show how to use the maximal S"- and S9-free sets in order
to construct a maximal quadratic-free for an arbitrary quadratic. The overall
strategy is to first diagonalize and then homogenize the quadratic inequality in
order to map S onto the desired sets. In what follows, we explicitly compute
such transformations and show the resulting maximal S-free sets. Let

S={seRP:5"Qs+b's+c<0},

with @ a symmetric matrix, and let Q = VOVT be its eigenvalue decomposition.
Then,
S={seRF: STVOVTs+bTs+c < 0}.

Defining 9(s) :== Vs and b = Vb, we have
S ={scR” : 9(s)TO(s) + b 9(s) + c < 0}.

Let 6; i = 1,...,p be the eigenvalues of @, and define I, = {i : 6; > 0},
I_={i:0;,<0},and Iy = {i : §; =0}. Then,

S={seRP: Y (04i(s)* + bhi(s)) + Y bithils) + ¢ <0}

i€l Ul icly
e S () 3 (o)
+;5iwi<s>+ . i ZZ <0}

From this last expression, we obtain the following equivalent description of S
S={seR" : [la(s)|* — ly(s)|* + (br,) T 2(s) +x < O}

where by, is the sub-vector of b with entries in Iy and

B
2i(s) = V0:(¥i(s) ; = V0] ( s+— Viel,,
b; b )

yi(s) = \/—91(1/%(5)4-5) A (S+ﬁ) Viel_,
ZZ(S) (S) Vi € I(],

1 b? 1 (v] b)?

e Z 067,

i€l Ul i€l Ul

where v; is the i-th eigenvector, that is, the i-th column of V.

Remark 2. If the quadratic expression s'Qs + b's + ¢ has some purely linear
variables, i.e., it can be written as s;Qqsq + bgsq + b} s; + ¢, then we only need

10



to compute the factorization of (), and we can just place s; as the definition of
z(s). This is correct since in such a case,

(@ 0
o= (% 0)

and its eigenvalue decomposition is
o= (Vo O) (€ 0)(Vy 0 T
0 I 0 0 0o 1)~
O

Remark 3. We would like to point out that using an eigenvalue decomposition
is not crucial. Other factorizations of the () matrix can have the same effect,
and can potentially lead to other maximal quadratic-free sets. We chose the
eigenvalue decomposition since it can be computed efficiently, and it is available
within SCIP without extra computations. [

Let us assume now that we have a point § ¢ S. In the following, we construct
a maximal S-free containing 5 by distinguishing four different scenarios of S.

Case 1: by, =0 and x = 0. In this case, S simplifies to
S={seR”: |z(s)]* - ly(s)|* < 0}.

Note that since 5 &€ S,
()% > [ly(5)II* > 0.

Given that the map s — (z(s),y(s), z(s)) is affine and invertible, Theorem 1
along with Proposition 1 imply that

is a maximal S-free set and contains 5 in its interior.

Case 2: by, = 0 and x > 0. In this case we homogenize the quadratic
expression using a new variable (.

S={s €eR” : a(s)|* — [ly(s)|I* + & < O}.

~{ser s el - ol + <0, S =1},

Let
1 RPN ) RN

Then, the following reformulation of S has the form S9:

S ={s € : [((s). Ol” ~ 9(s)[> < 0, a"(d(s).) +dT(s) = 1},

11



where a = —e,, 41, d = 0, and p; = [I|. Note that in this case [la|| =
1 > ||d|| = 0. Since the map s — (&(2),4(2),2(s),1) is affine and one-to-one,
Theorem 2 and Proposition 1 imply that

I5(s)ll < AT(2(5),1) if Xallg(s)]| +d"5(s) <0

C=4qs: . d (. a e
Dxa,d (y(é) - W) <A (lL(é) + W) otherwise
_ (@3, (=(3).WE) : ez
?Vher.e A= 1GED = T vl S 2 maximal S-free set and contains § in its
nterior.

We can greatly simplify this expression and obtain a computationally more

appealing description of C. First, note that A\Ta = “Apit1 = _W’iﬁ)l\'

Thus, ATa < 0. Since d = 0, we conclude ATal|j(s)|| + dTg(s) < 0 for every s.
This implies that

C={seR”: ¢ ,a(G(s) <AT(2(s),1)}.

Furthermore, as

¢)\ d( ) _ ||y||7 if /\Ta||y|| + dTy <0
“ VIWIZ = (dTy)?)(1 - (ATa)?) — d"yATa, otherwise.

a similar analysis allows us to conclude that ¢y 4.4(y) = ||y||. Hence,

C={seR”: [§(s)] <AT(@(s), 1)} = {s € R” : [ly(s)| < A" (a(s), V)}

is a maximal S-free set.

Case 3: b;, = 0 and k < 0. This case requires a similar homogenization to
the last case, although the sign of k yields a different expression of the maximal
S-free set. As before, we rewrite S using an additional variable ¢

S={s € R [als)|> ~ ly(s)|> + 5 < 0},
— e R eI~ Iy~ <0, = =1,

Then,
S={s €R” : [|&(s)* = [|(9(s), O)II* <0, aTd(s) +d"(4(s),() = —1},

where a =0, d = —e,_41, p— = |I_| and

a(s) y(s)
Vr V=r

In this case ||d|| = 1 > |ja|]| = 0. Since the map s — (&(s), §(s), z(s), 1) is affine
and one-to-one, Theorem 2 and Proposition 1 imply that a maximal S-free set
is given by

¢

&(s) = and ¢ =

C={s€R’: draa((i(s),1)) < AT@(s)},

12



where A = % = % As before, using the definition of ¢y 44 We can

greatly simplify this expression. First, note that d'(¢(s),1) = —1 < 0. Since
a = 0, we conclude ATal|(§(s),1)|| + dT(4(s),1) < 0 for every s. This implies
that

C={seR”: [[(5(s), )| < ATa(s)} = {s € R” : [[(y(s), V=r)[| < ATa(s)} -

Case 4: by, # 0. In this case, we rely on the following fact:

Lemma 3. Let

S1={(z,y,2) € R"™™H 0 | — |lyl* + T2+~ < 0},
Sz = {(z,y,w) € R™F™TL [l — ||y [|* + w + v < 0},

with B # 0 and consider a maximal Sa-free set Cy. Then
Cr={(x,y,2) e R"™ 2 (2,y,872) € Ca}

is mazimal S1-free.

Proof. The set C is clearly Si-free. Maximality follows from the projection
argument in [28, Theorem 3.6], as the set C; has a lineality space given by

{0} x {0} x (B)* H

This last lemma, and the fact that by, # 0, motivate the following definition

We rewrite S using w(s) and homogenize

S={s e R : z(s)|* — ly(s)II* + w(s) + r < 0}.
={s €R" : [lz(s)]* = ly(s)|I* + w(s)¢ + n¢* <0, ¢ =1}.

Notice that

2 1 w(s K k2)()?
w(s)C + K¢ _4\/1+7( (s) + (k+ V1+£2)()

— L (w(s) + (= VI T RO,

4V1 + K2
Let
B(s) = x(s éws K K
6) = ey (906) S 0l0) + (e VIF 210 )
() = s #ws K— K2
36) = s (V0] 5y () + (= VT 40))

Noting that

_ T . T
C=ep 1T =€ 1Y

13



we obtain the following representation of S
S§={s R : #(s)]2 = [3()I2 <0, aT(s) +dg(s) = 1},

where a = —ep,, 11, d = e,_41, p+ = |I|, and p_ = |I_|. At this point we
would like to summarize how we use the construction on [28], since we have
accumulated several transformations. The sequence of variable changes can be
represented as

Aff. inv. Lemma 3 Homog. Linear inv.

§ — (x,y,z) — (xava) E— (xavaag) (ff,ﬁ)

In all affine one-to-one transformations, maximality clearly follows through. We
remark that mapping a set to a homogenized version of it is an affine and one-
to-one transformation. The only transformation that is not one-to-one is the
one given by Lemma 3, but in this case simply replacing the w variable with
the corresponding expression involving z suffices to maintain maximality.

In summary, Theorem 2 implies that a maximal S-free set is given by
C= {S eRP: QSA,a,d(g(s)) S )\T:i'(s)}a
(3)

where \ = E6IE From the definition of a and d, we have
" () = Iyl if — A, rallyll + yp_41 <0
\a,d - .
V=22 DUl =52 0) + Mpaayp 1, otherwise.

Note that /()7 = gp_+1(2)2 = 4L and | /1- 2, = 52 {55

thus

156 < T2 i =Ny, a8l + 110 < 0
C=<s: |xz(s
S W+ 131119

< 2(5)7#(s), otherwise

3.1 Implied quadratics in an extended space

As we mentioned in the introduction, we additionally incorporated cutting
planes obtained with our approach using implied quadratic constraints of an
extended formulation. Most LP relaxations for QCQPs involve linearizing bi-
linear terms x;x; using a new variable X; ; = z;x;, therefore these variables
must satisfy the following quadratic equality:

XilvleiZJQ = Xi1J2Xi2»j1' (15)

We interpret (15) as two inequalities which fall into our Case 1 above. Whenever
i1 # j1, 11 # Jo, i2 # j1 and i # jo, the maximal quadratic-free set we
construct, which is based on Cy (11), is exactly one of the maximal outer-
product-free sets constructed by Bienstock et al. [8, 7].

On the other hand if, for instance, i; = j1, Bienstock et al. show that the (15)-
free we would construct with C'y is not maximal unless X is chosen appropriately.

14



From the perspective of maximal quadratic-free sets, we can use the extra valid
inequality X;, j, > 0 to enlarge the set. Consider

Sy ={s € R : 5159 — 5354 <0, 51 > 0}
={s € R* : [la(s)|| = [ly(s)[| <0, aTa(s) +dy(s) < 0}

where z(s) = (s1 + S2,53 — 54), y($) = (51 — S2,83 + $4), a = (—1,0) and d =
(—1,0). The last description is of the form S<, and we thus construct a maximal
S-free set from our discussion in Remark 1. This construction is analogous to
Case 4 above, and we can thus use the same upcoming computations for Case
4 in order to handle these special sets.

This completes the description of our maximal S-free sets. In what follows, we
provide the closed-form expressions for computing the cutting planes obtained
from each one of these sets.

4 Intersection cuts coefficients and their strength-
ening

4.1 Cut coefficient computations

All our maximal S-free sets are described as C = {s : g(s) < 0}. For a ray
r of the simplicial conic relaxation obtained from a basis associated to §, the
cut coeflicient of the non-basic variable associated to r is found through the
smallest ¢ > 0 such that g(5+ tr) = 0 (recall that g(5) < 0). As described in
Section 2.1, if t* is such a root (the step-length), the cut coefficient is 1/t*. If
no such ¢ exists, then t* = oo and the cut coefficient is 0. For convenience, we
uniformly use the term “smallest positive root”, defining it as co if none exists
and consider 1/00 := 0. Here we make explicit what needs to be computed in
order to find ¢*.

Case 1: l_)IO =0 and k =0. In this case the maximal S-free set is given by
x(5)"

l2(s)]

C={seR": |w(8) > [ly(s)1}-

Then, we need to find the smallest positive solution to
_z(3)7
[[z(3)]]

Note that this yields an equation of the form
VA 2+ Bt+C,. — (D t+ E,.) =0.

Let 7(t) = VA,t?2 + Bt + C, — (D, t+ E,.). By construction, 7 is convex. Since
5 € int C, we have that 7(0) < 0, that is,

VC, — E, <0. (17)

lly(s + tr)|| x(5+tr) =0. (16)

15



This implies, in particular, that there is at most one positive root. Additionally,
it is not hard to see that

0, if /A, > D,

tli}rn T(t) = { —o0, if VA, < D,
& Br ] —

SN E. if\A.=D,.

We claim that the limit in the case /A, = D, must be negative. To see this,
note that since the radicand A,t? + B,t+C, is always nonnegative, its minimum

lue i ti 1L, that is, C, > B This implies that /O, > —B=
value 1S nonnega 1ve as well, at 18, rZ ZA,* 1S 1mplies a’ r = 2\/A—T.

Therefore,

B B
" _B.< I —\/C, <0,
2WA, 2WA, =

where the first inequality follows from (17).
From this, we conclude that 7 has a positive root if and only if /A, — D, > 0.

Assume that /A, — D, > 0 and let ¢ be the positive root. Since 7(¢) < 0 for
all t € [0,¢), VA2 + Byt + C, < (D,t + E,) for all ¢t € [0,t). Thus,

0 <2V A2+ Byt + C, < /A2 + Bt + Cr + (Dyt + E,), Vt€[0,?).
Hence, the first positive root of
T(t)(\/ Apt? + Byt + C + (Dot + E,)) = At? + Byt + C, — (Dt + E,.)?

is . This means that we can find ¢ by finding the smallest positive root of the
last quadratic equation.

We now find the coefficients of the equation we need to solve. Recall that,

0= (VT (35,

o= (Vi (- 57)). .,
Thus,

o(5+tr) = 2(3) + ¢ (\/EUZTT)Z'EM

y(s+tr) = y(3) +t (vV=0i]7)

i€l

With this, we compute the components of (16).
2
Iots-+ P = o) + ¢ (VB |

= @I +20y@T (V=olr) 41

el

el

(V=oin). o,

16



On the other hand,
el 1) =27 (w9 +¢ (VORI )
=ta(3)" (VOwlr) _, +le(6)I,

from where we obtain

z(5)"

[z(s)]]

_ L a(s)T _
z(s+tr)=t ( 9¢U¢TT)Z_€I+ + [[=(5)]]-

Altogether, we see that

A, = H (\/—Tivjr)

- Z 0i(v;r)? (18a)

el iel_
B=2(e) (Voilr) | =20 (ol ) 6l (ash)
- iel_ !
Cy = ly(s)]? -y ( (5+ ;’_))2 (18¢)
i€l !
D, = ||xz(Z§))T|| ( HiviTr)iELr = ;lg 6; <va($ + 2bi)> (v]r)  (184d)

B, = Ja(3)| S ACIE) (15¢)
iely ¢

Remark 4. Computing these coefficients can be done efficiently. For the co-

efficients of the quadratic equation, we just need to compute and store vr,

vl5, and v]b for all i € Iy UT_. Basically, VTr, V75, and VTb. After com-
puting these coefficients, we just need to compute the roots of a single-variable
quadratic. O

We summarize our discussion in the following lemma.

Lemma 4. Consider S and 5 as defined above and r an arbitrary ray. The step-
length associated to r for Case 1 is the smallest positive root of a single-variable
quadratic equation of the form

At + Bt +C, — (Dt + E,.)* =0, (19)

where the coefficients Ay, B,.,Cy, D,., E, for each case are displayed in (18).
Equation (19) has at most one positive root, and it has no such root if and only

if VA, < D,.

Case 2: by, =0 and x > 0. In this case, we showed that a maximal S-free
set is given by

c= { ol < o <x<s>w>}.



Then, we need to find the smallest positive ¢ such that

(x(3), V&) "
1z(3), VA

which is again an equation of the form

Art2 + Brt + Cr - (Drt + E’l“) = 07

as in the previous case. The same reasoning applies, which shows that we can
focus on the case v/ A, > D,. and compute the smallest positive root of

ly(s+tr)|| — (z(5+tr),vr) = 0.

A t? 4+ Byt + C, — (Dt + E,)?

Actually, it is not hard to see that the A, B,., and C, coefficients are the same
as in the previous case. For the rest, we compute the following

(z(3),vE) (z(5 + tr),vk) = 2(3) "z(G+ tr) + &
= ta(s (\f,u r) er, + [|z(3)||? + &

thus,

(@(3),vR) T, 2T (V) g,
Tw@) v CET VR = e

Collecting all terms we obtain that in this case

- Z 0; (v r)? (20a)

iel_

B, = -2 Z 0, <vj (5 + 22)) (v r) (20b)

i€l

Cro==> 0 ( s+b))2 (20¢)

i€l

— Z 0; ( (5+ b)) (v ) (20d)

l€I+

+[(2(5), V&)

L
||

m:u@ww=ﬁ+29(s+b0. (200)

i€l

Similarly to the previous case we summarize our discussion in the following
lemma.

Lemma 5. Consider S and § as defined above and r an arbitrary ray. The
step-length associated to r for Case 2 is obtained as the smallest positive root
of a single-variable quadratic equation of the form (19) where the coefficients
A, B, C,, D, E, for each case are displayed in (20). Equation (19) has at
most one positive root, and it has no such root if and only if /A, < D,.

18



Case 3: by, =0 and x < 0. In this case,

[z (s)

As before, we need to find the smallest positive solution of

c={s:||<y<s>7¢—7>||s =(?) x<s>}.

T L
|(y(5 + tr), vV—r)|| ||a:(§)||w(s +tr) =0.

This case is almost identical as the previous case. Indeed, only the expressions
defining the C' and E coefficients change. As

1(y(5 + tr), vV=r)lI* = lly(5 + tr)]|* -

we have that

= - Z 0;(v] r)? (21a)

1€l
B-=230 (ofs+ 50 ) ) (211)
:_K_IE;a( s+;;z>)2 (21¢)
D, EZ ( s+f;i>)<v3r> (21)

E, = 29( s+2b€1)>2 (21e)

As before, a summarizing lemma follows:

Lemma 6. Consider S and 5 as defined above and r an arbitrary ray. The step-
length associated to r for Case 3 is the smallest positive root of a single-variable
quadratic equation of the form (19) where the coefficients A,., By, C.., D,., E,. for
each case are displayed in (21). Equation (19) has at most one positive root,
and it has no such root if and only if /A, < D,.

Case 4: by, # 0. In this case, we constructed the following S-free set
C={seR”: dpraal@(s)) <AT2(s)},

_ _#(8)
where \ = 6l and

lyll, if — A, 1a1llyll +yp_41 <0
)\ d .
STV A= X U2 =32 )+ Ape19p_ 1, otherwise.
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We also obtained the equivalent description,

[9(s) | < AT (s), if = Ap, 11 llG(s)]| + Gp_41(s) <O

TN B )42, 2 9D 2(5) < #5) ), oterwis
mys Zp, +1(8)Pp_+41(8) < 2(5) Z(s), otherwise

(22)
We begin our computations using the first description. We need to find the
smallest positive root of ¢ o a(4(5+tr)) — ATZ(5 +tr). This function is convex
and negative at ¢ = 0, thus, it has at most one such root. Let us consider the
following two equations (one associated to each piece in the definition of C):

9(5 +tr)|| = AT&(5 +tr) =0 (23)
|z (3)l

=y +tr)| + Epys1(8)Pp_ 41 (5 +tr) —2(5)TE(5+tr) = 0. (24)

V1+ k?

The following lemma indicates how to orderly use both parts in the definition
of C to compute the desired cut coefficient based on the solutions to (23) and
(24).

Lemma 7. Both (23) and (24) have at most one positive solution. If (23) does
not have a positive solution, neither does (24). If (23) has a positive solution
t1, then it is the desired step-length if and only if

= A1 llg(G+tar) || + Gp_ 1 (5 + 1) <0. (25)

Lastly, if (25) does not hold, the smallest positive root to of (24) is the desired
step-length.

Proof. First, we note that both (23) and (24) have at most one root since the
left-hand side functions are convex and negative at ¢ = 0. By Lemma 2, we
know that ¢y 4.a(y) < ||lyll, thus, if ||§(5 + tr))|| — AT2(5 + tr) does not have a
positive root, neither does ¢ 4.4(9(5 + tr)) — AT&(5 + tr).

Now assume that #; is a non-negative root of ||§(5 + tr))|| — AT2(5 + tr). Using
the strict inequality in Lemma 2, #; is also root of @y 4 a(§(5+tr)) — AT2(5+tr)
if and only if (25) holds.

If case (25) does not hold, we must compute the positive root using the second
case in the definition of ¢ 4 4, which yields (24). Assume that ¢ is such root.
We can immediately conclude that #5 is the root of ¢ . a(4(5+tr)) — AT (5+1r)
and that ¢ > ¢;. This follows by Lemma 2, since ¢y 4,4(9(5 + t17)) < 0 when
(25) does not hold. O

In conclusion, we just need to find two positive roots, one for each part in the
definition of C, and take the smallest one that is valid.

Let us look at the equation induced by [|§(5 + tr))|| — AT#(5 + 7). As before,
this is an expression of the form

VA2 + Bt+C. — (Dt + E,)
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for which we compute the coeflicients next. We have

. 1
a?p++1(s) = 2m

. 1 5
Up_+1(s) = 2\/ﬁ(w(s) +r—V1+k2).

(w(s)+ £+ V1+kK?)

Thus,
X _ B w(r) X _
xp++l(3 + t?") =t (2 T+ /92) + ‘TP++1(3)
N _ w(r) . _
S+tr)=t + s
yp—Jrl( ) (2m> yp—Jrl( )
Then,
(@5 +tr)|1?

\/1:_7,#”1/(5 +tr)||? + (t <2\/%> + gpﬂ(g))Q
sl (0 ) o (G Y )+ a6

Thus,
A= W) 1 3 (o] r)? (26a)
AR VIt e
= 710(70) 1 s —72 i | v, (8 i v; T
B =2 (s )19~ s £ (6 ) €T o)
X L 1 IR

o=y a6~ e 20 (o764 5)) (26¢)

(26d)

For the other coefficients we compute:

2(8) T2 (5 +tr) =

= KQx(E)Tx(E +tr) + 2p, 41(85)Tp, 41 (5 +tr)

= 2(8) (5 +tr) + Zp, 11(5) (t (2\/%> +i‘p++1(8)>
1

s (e (VBT |+ a3
+ iy, 41(5) (t (%) +:ffp++1(8)>
L (o7 (VATr) @) + G

14+ k2 el 2

HTH

=

+

X
N

:
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SO

Na(5+tr)

\/Hifct?ux( 9| ( )" (mvzr)iel+ +5””++1(3)wg")> + 2@l

Thus,
b R _w(r)
D= Em (ze +01 W 291-)) (wi7) + 29,11 (5) =
0 v b )) (wTr) + (w(3) + K + V1 + k2)w(r)
E\/l EVITR2 ’ 20i ' 41 + R2
(27a)
1 (w(3) + & + V1 + K2)2 b\’
E,._m Wi +Ze( s+)) (27b)

i€l

With these coefficients we obtain the root ;. After finding this root, we have
to check whether (25) holds, that is

“Apy 1196 +tr) |+ Gp_+1(5+t1r) <0.
With the same A,., B,., C,, D,., and E, we have just computed, we have

19(5 + tr)ll = V/ Art? + Byt + Gy

and

j (§+tr)—t<w(r)>+A (5)

Yp_+1 oV 2 Yp_+1
1 1

A =————(wiE) +r+V1+kK2).

ot = gy s (06) )

Thus, we have to check that

s ﬁlﬂz(w(g)+n+\/1+/€2)\/ATt2+Brt+Cr+t( t) )+ﬁp7+1(§)S0~

2V 1+kK2
fot t =t1. As gp 41(5) = ﬁ(w(@ + (k — V1 + k2)), we can simplify the
above inequality to
1

——(w(E)+r V1 + £2)V A2 + Byt + Cottw(r)+(w(3)+(k—/1 + £2)) < 0.

We summarize our discussion up to here in the following lemma

Lemma 8. The smallest positive root t1 of (23) can be found using the quadratic
equation (19) with the coefficients displayed in (26) and (27). We have t; = 0o
if and only if /A, < D,. Additionally, (25) holds if and only if

—Eir(w(é) + K+ V14 K2)/A L + Bty + Cp + trw(r) + (w(3) + (v — V1 + w2)) <0.
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The last computation we need to perform is the root of the second case (24)
(which before we referred to as f2). For this, we look at the equation

LNy 5+ ) + &1 (8)fp_41(5 + tr) — 2(5) @ (5 + tr) = 0.

V14 kK2

We rewrite it as

2N s 4 i) = @572 + ) — i1 (i 2(5 4+ t)) = 0.

V1+ kK2

which is also an equation of the form

At2 4+ Byt + C, — (Dyt+ E,) = 0.

From the term involving ||y(5 + ¢r)|| we see that

A, = =@ > 0i(v]r)? (28a)

2
1+k bl
_ =G (oTe O T
B, =-2 T4 2 i; 0; | v; (5+ 29i) (v; ) (28b)
=(5)]1? AN
Cr=—T 3 ZIH 0[5+ 557 (28¢)

To find the remaining coefficients, we compute the term

E(3)TE(5+tr) — &p, +1(8)Tp_+1(5 + tr)
1

—X
V14 k2

1
= ———a(3) 2(5+ tr) + 3p, +1(5)

V14 k2

= (1T (VERTY) , + IR + )

(8)T@(5 + 1) + iy 1(8) @1 (5 1) — G2 (5 4+ )

Thus,

_ b
D, = \/ﬁ 2; 0; (U;r(s + 201)) (v;rr) (29a)

B _ L <|a:(§)||2+ w(§)+/<;;r\/1+/<;2>'

(29b)

Lemma 9. The smallest positive oot ty of (24) can be found using the quadratic
equation (19) with the coefficients displayed in (28) and (29). We have t3 = oo
if and only if /A, < D,..

4.2 Strengthening computations

As mentioned in Section 2.1.2, when a ray r of the simplicial conic relaxation
lies in rec(C), the corresponding cut-coefficient is 0 and may be strengthened
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using a negative edge extension. Let r?, i =1,...,p, be the extreme rays of the
simplicial conic relaxation, and o € (0,00] the step-length computed for .
Let FF = {i : af < co}. The negative edge extension computes, for each j & F,

pj = m<a[>)<{p cafrt — pr! €rec(C) Vie F}. (30)
o

and uses the cut-coefficient 1/p; < 0 instead of 0. It is not hard to see that
pj = min{p’ : i € F}, where
pé =max{p : afr’ — pr/ € rec(C)}. (31)
p<0
Using what we describe below, we could solve (31) directly through a single-

variable convex optimization problem. However, we can reformulate the problem
so as to not consider all p < 0.

Lemma 10. If v’ and r? are linearly independent®,

py=(a—-1)

)

=i ‘5’*

where
fi = max{p € [0,1] = ur® + (1 — p)r? € rec(C)}. (32)

Otherwise, p = —ag|lr'||/[|r]].
Proof. The case when r_i and 7 are linearly dependent follows by noting that,
since 17 € rec(C) and r* ¢ rec(C), it must be that

sl
]

and p;- must satisfy

airt — p§rj =0.
For the other case, using a rescaling argument we can see that there must exist
B > 0 such that

pr' + (1= pyr? = (ajr' = pjr7)B
& (a—a;B)r' + (1 —pa+piB)yr? =0

Since 7 and r7 are linearly independent, this last equality implies
fimaiB=1-fi+p;B=0.
Rearranging and combining these two equations yields

py=(a—-1)

=i ‘5’*

O

2Since we are considering rays of a simplicial cone of dimension p, they are all linearly
independent. However, in practice, the set S is usually of dimension < p. In these cases, one
can either extend the S-free set to dimension p, or restrict the rays to the support of S for
computational purposes. The latter might create linear dependence.
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This last lemma shifts the computation of (31) to the computation of (32).
While these look similar, in our experiments the latter proved to be compu-
tationally better: the domain of the variable to optimize is bounded, which
resulted in a faster and numerically more stable strengthening routine.

Since (32) is a single-variable problem over a bounded domain, we use a binary-
search approach to solve it, and thus having an efficient membership oracle of
rec(C) suffices. Using that our S-free sets have the form C = {s : g(s) < 0},
from our previous discussion we further note that r € rec(C) if and only if
g(5 + tr) = 0 has no positive solution. What follows is based on this fact.

Cases 1, 2 and 3. Since r € rec(C) is equivalent to determining if g(5+tr) =0
has no positive solution, we see that 7 € rec(C) if and only if /A, < D, (see
Lemmas 4, 5 and 6). Let us denote A; the coefficient A,.:, and similarly for the
other coefficients. In order to solve (32) we show

Lemma 11. pr® + (1 — p)r? € rec(C) if and only if

\/;ﬂAi—&—(l— w)2A; +2u(1 — p Zek vfr)(vfrd) — pD; — (1 — p)D; < 0.
kel_

Proof. We know that r = pr® + (1 — p)r? € rec(C) if and only if /A, < D,.
From the expression of A, and D, in cases 1, 2 and 3, we see that

A =12 A; + (1= p)?A; +2u(l — p Zﬁk vgrt) (vird)
kel

D, = puD; + (1 — p)D;

which shows the result.

This results casts (32) as a single-variable single-constraint convex problem.

Case 4. In this case we have to proceed differently since C is piecewise-defined.
Using that each part of the definition is a convex function we can prove:

Lemma 12. Let 7(t) = —Ap, 11|95 +t7)|| +Jp_41(5+1r). Iflim;,o 7(t) >0,
then 1 € rec(C) if and only if (23) has a positive root. Otherwise, r € rec(C) if
and only if (24) has a positive root.

This lemma frames how we can check for a ray r to be in rec(C). The two
following results show precisely how to verify each condition.
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Lemma 13. Let A,, By, Cy, Dy, E,. be defined as in (26) and (27), and 7(t) as
in the previous lemma. Then

sgn(—Ap_+1)00, if A, > D,
hm T(t) = sgn()\p++1)oo, Zf V Ar < Dr

t—o0 =) — A = —
sgn(f)\p++1)(2BTA —E.), ifvVA.=D,.

where

T )2 B )2 A2 D,. = w(r) 2
Ar = )\p++1A7‘7 B"’ T )\T+1BT’ Cr — )\p++1o'r'7 Dr o _m7 E

Proof. Recall that ||g(5+tr)|| = VArt? + Byt 4+ C,.. Therefore, 7(t) = —Ap, 11(|9(5+
tr)|| + Gp_+1(5 + tr) is of the form

7(t) = VA 42+ Bt +C, — (Dt + E,.)

with A,., B,,C,, D,, E, defined in the lemma statement. Depending on the sign
of .41, the function 7(t) is either convex or concave. Hence, using the same
reasoning as in Section 4.1, we obtain the desired limits. O

Finally, the only missing ingredient is the verification of when (23) or (24) have
a positive root for the ray r = ur* + (1 — p)r?. We show

Lemma 14. Let r = ur+ (1 —\)r?. Then, (23) has a positive root if and only
if

W”i (1= )24+ 2000 = 1) (24 Sier O Ir)(w]9)) = uDi+ (1 = w)D; <0,

where the coefficients are defined as in (26) and (27). Similarly, (24) has a
positive root if and only if

\/umi (U= 245 = 2u(1 = o) (20 — e 5T (o] 19) ) — wDi 4 (1= ) D; < 0.

where the coefficients are defined as in (28) and (29).

Proof. The results follow from computing the condition /A, < D, in each
corresponding case. O

5 Computational Results

In this section we show our computational experiments testing the efficacy of
the cutting planes we propose. In all our cutting plane computations we use the
formulas we describe in this article within the SCIP optimization suite.

To test our approach, we use what is commonly known as root node experi-
ments: we start from an LP relaxation of a QCQP (providing a dual bound
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Table 1: Summary of gap closed in root node experiments between intersection cuts
and default SCIP. The columns rel denote the corresponding relative improvement
with respect to default SCIP. The #solved row shows the number of instances solved
in the root node.

DEFAULT ICUTS ICUTS-S MINOR
subset mean mean rel mean rel mean rel
clean 0.56 0.61 1.08 0.60 1.07 0.59 1.04
affected 0.52 0.59 1.12 0.58 1.11 0.55 1.06
#solved 90 116 114 92

MINOR-S ICUTS+MINOR ICUTS+MINOR-B
subset mean rel mean rel mean rel
clean 0.58 1.04 0.61 1.09 0.62 1.09
affected 0.55 1.06 0.60 1.14 0.60 1.15
#solved 91 116 117

dy) and incorporate our cutting planes to SCIP via a separator. After SCIP
stops, we compute the gap closed measure of performance: if ds is the dual
bound obtained when the algorithm finishes, and p a reference primal bound,
the function GC(p,d;,ds) = Cifjiddll is the gap closed improvement of dy with
respect to dj.

We embedded the computation of the intersection cuts in a developement version
of SCIP with CPLEX 12.10.0.0 as the underlying LP solver. For testing, we
used a Linux cluster of Intel Xeon CPU E5-2660 v3 2.60GHz with 25MB cache
and 128GB main memory. The time limit in all experiments was set to one
hour. The test set we used consists of the publicly available instances of the
MINLPLib [25]. We selected all non-convex instances with at least one quadratic
constraint, leaving us with 705 out of 1625 instances. Since we are interested
in the amount of primal-dual gap closed, we discarded instances for which no
primal solution was available (including infeasible instances) or no dual solution
was found. Furthermore, we filtered-out instances where SCIP failed with at
least one setting. This resulted in a test set of 587 instances.

We refer to the following settings: DEFAULT refers to SCIP’s default settings,
ICUTS refers to including our intersections cuts, MINOR refers to including the
cuts in extended space obtained from (15), ICUTS-S and MINOR-S refers to
their strengthened versions. Finally, MINOR-B refers to cuts obtained from (15)
including the non-negativity bounds in the extended space, when appropriate,
as discussed in Section 3.1. Combinations of these settings are displayed with
a ‘4’ sign. The overall best performing setting was ICUTS+MINOR-B, thus we
mainly report comparisons of this setting with respect to variations of it.

In Table 1 we show summarized results for various settings. First of all, we can
observe the improvement of ICUTS+MINOR-B with respect to DEFAULT. On aver-
age, we see an improvement of 8% in the gap closed. This improvement becomes
12% if we restrict to affected instances, i.e., instances for which at least one of
the non-default settings added cutting planes. Considering the heterogeneity
of these instances, these improvements are significant. Additionally, using our
cutting planes SCIP was able to solve 27 more instances in the root node.
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When comparing ICUTS-S and MINOR-S with their non-strengthened versions
ICUTS and MINOR, respectively, we can see a (slightly) negative effect of the
strengthening. This was an unexpected phenomenon, which we examined in
detail on a number of instances. From these, we observe that the cut coeffi-
cients are not improved significantly in many cases. If we also consider that the
strengthening increases the density of a cut, we come to the conclusion that,
overall, the coefficient’s modest improvement does not compensate the extra dif-
ficulties associated to a dense LP. Preliminary experiments we conducted with
these cutting planes in spatial branch-and-bound support this claim: when us-
ing the strengthening routine, around 10% less LP iterations where executed
per second compared to default. This means that each iteration when solv-
ing LPs gets slower. In contrast, applying the intersection cuts without the
strengthening reduced the LP iterations in only 4%.

When comparing ICUTS+MINOR-B and ICUTS, as well as ICUTS+MINOR-B and
MINOR we see that both cutting plane families are complementing each other
well. Although most of the improvement is due to ICUTS, the contribution of
MINOR-B is non-negligible. This good complementary behavior was expected:
these two families are using quadratic inequalities that lie in different spaces,
hence combining them provide significantly different violated constraints to sep-
arate.

In the comparison between ICUTS+MINOR-B and ICUTS+MINOR, we see that also
considering the non-negativity bounds when constructing the S-free sets has an
positive impact not only in theory, but also in practice.

In Figure 3 we show scatter plots comparing different settings. These plots
support our previous analysis, and also show that the results are stable: if
a setting improves the performance on average, the improvement is relatively
consistent among the whole test set.

Overall, we believe these results are encouraging and promising for our families
of cutting planes. Given the heterogeneity of the instances, and how generic the
cutting planes are, the results we are obtaining advocate for our approach as a
viable alternative for QCQPs.

6 Final remarks

In this work, we have shown an implementation of intersection cuts for QCQPs
using the newly developed maximal quadratic-free sets. We show a detailed
framework on how to construct cutting planes using any violated quadratic,
and the necessary results showing the correctness of our computations. Our
results allow for efficient cut computations that any researcher can embed in
their optimization routines by simply plugging into our formulas the necessary
parameters of a generic quadratic inequality.

Our careful implementation resulted in encouraging results: we were able to
close more gap in a significant number of instances, and we also showed that
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Figure 3: Scatter plots showing comparisons of gap closed in root node experiments
between various pairs of settings.

these and the cuts proposed by Bienstock et al. are complementing each other
While, unfortunately, the strengthening procedure did not yield good
results, we believe it still provides valuable insights for the optimization com-
munity.

well.

Our current and future work involves a full incorporation of these cutting planes
in spatial branch-and-bound. This will require a much more careful handling of
the density of the cuts we create, as well as special cut selection rules.

29



References

[1]

Kent Andersen and Anders Nedergaard Jensen. Intersection cuts for mixed
integer conic quadratic sets. In M Goemans and J Correa, editors, Inte-
ger Programming And Combinatorial Optimization, pages 37—48. Springer,
2013.

Kent Andersen, Quentin Louveaux, and Robert Weismantel. An analysis
of mixed integer linear sets based on lattice point free convex sets. Mathe-
matics of Operations Research, 35(1):233-256, 2010.

Kent Andersen, Quentin Louveaux, Robert Weismantel, and Laurence A.
Wolsey. Inequalities from two rows of a simplex tableau. In Integer Pro-
gramming and Combinatorial Optimization, pages 1-15. Springer Berlin
Heidelberg, 2007.

Egon Balas. Intersection cuts—a new type of cutting planes for integer
programming. Operations Research, 19(1):19-39, feb 1971.

Amitabh Basu, Michele Conforti, Gérard Cornuéjols, and Giacomo Zam-
belli. Maximal lattice-free convex sets in linear subspaces. Mathematics of
Operations Research, 35(3):704-720, August 2010.

Amitabh Basu, Michele Conforti, Gérard Cornuéjols, and Giacomo Zam-
belli. Minimal inequalities for an infinite relaxation of integer programs.
SIAM Journal on Discrete Mathematics, 24(1):158-168, 2010.

Daniel Bienstock, Chen Chen, and Gonzalo Mufioz. Intersection cuts for
polynomial optimization. In Integer Programming and Combinatorial Op-
timization, pages 72—-87. Springer International Publishing, 2019.

Daniel Bienstock, Chen Chen, and Gonzalo Munoz. Outer-product-free
sets for polynomial optimization and oracle-based cuts. Mathematical Pro-
gramming, pages 1-44, 2020.

Pierre Bonami, JT Linderoth, and Andrea Lodi. Disjunctive cuts for mixed
integer nonlinear programming problems. Progress in Combinatorial Opti-
mization, pages 521-541, 2011.

Valentin Borozan and Gérard Cornuéjols. Minimal valid inequalities for
integer constraints. Mathematics of Operations Research, 34(3):538-546,
aug 2009.

Samuel Burer and Fatma Kiling-Karzan. How to convexify the intersection
of a second order cone and a nonconvex quadratic. Mathematical Program-
ming, 162(1-2):393-429, 2017.

Michele Conforti, Gérard Cornuéjols, Aris Daniilidis, Claude Lemaréchal,
and Jérome Malick. Cut-generating functions and S-free sets. Mathematics
of Operations Research, 40(2):276-391, may 2015.

Michele Conforti, Gérard Cornuéjols, and Giacomo Zambelli. Corner poly-
hedron and intersection cuts. Surveys in Operations Research and Man-
agement Science, 16(2):105-120, jul 2011.

30



[14]

[15]

[18]

[19]

Gérard Cornuéjols, Laurence Wolsey, and Sercan Yildiz. Sufficiency of cut-
generating functions. Mathematical Programming, 152(1-2):643-651, 2015.

Santanu S Dey and Laurence A Wolsey. Lifting integer variables in minimal
inequalities corresponding to lattice-free triangles. In A Lodi, A Panconesi,
and G Rinaldi, editors, Integer Programming and Combinatorial Optimiza-
tion, pages 463-475. Springer, 2008.

Santanu S. Dey and Laurence A. Wolsey. Constrained infinite group re-
laxations of MIPs. SIAM Journal on Optimization, 20(6):2890-2912, jan
2010.

Matteo Fischetti, Ivana Ljubié, Michele Monaci, and Markus Sinnl. Inter-
section cuts for bilevel optimization. In Integer Programming and Com-
binatorial Optimization, pages 77-88. Springer International Publishing,
2016.

Matteo Fischetti and Michele Monaci. A branch-and-cut algorithm for
mixed-integer bilinear programming. Furopean Journal of Operational Re-
search, sep 2019.

Robert M Freund and James B Orlin. On the complexity of four polyhe-
dral set containment problems. Mathematical Programming, 33(2):139-145,
1985.

F Glover. Polyhedral convexity cuts and negative edge extensions.
Zeitschrift fir Operations Research, 18(5):181-186, 1974.

Fred Glover. Convexity cuts and cut search. Operations Research,
21(1):123-134, feb 1973.

Ralph E. Gomory and Ellis L. Johnson. Some continuous functions related
to corner polyhedra. Mathematical Programming, 3-3(1):23-85, dec 1972.

Fatma Kiling-Karzan. On minimal valid inequalities for mixed integer conic
programs. Mathematics of Operations Research, 41(2):477-510, 2015.

Garth P. McCormick. Computability of global solutions to factorable non-
convex programs: Part i — convex underestimating problems. Mathemat-
ical Programming, 10(1):147-175, dec 1976.

MINLP library. http://www.minlplib.org/.

Sina Modaresi, Mustafa R Kiling, and Juan Pablo Vielma. Split cuts and
extended formulations for mixed integer conic quadratic programming. Op-
erations Research Letters, 43(1):10-15, 2015.

Sina Modaresi, Mustafa R Kiling, and Juan Pablo Vielma. Intersection cuts
for nonlinear integer programming: Convexification techniques for struc-
tured sets. Mathematical Programming, 155(1-2):575-611, 2016.

Gonzalo Mufioz and Felipe Serrano. Maximal quadratic-free sets. arXiv
preprint arXiw:1911.12341, 2019.

31


http://www.minlplib.org/

[29]

[30]
[31]

[32]

[33]

Asteroide Santana and Santanu S Dey. The convex hull of a quadratic
constraint over a polytope. arXiv preprint arXiv:1812.10160, 2018.

SCIP — Solving Constraint Integer Programs. http://scip.zib.de.

S. Sen and Hanif D. Sherali. Facet inequalities from simple disjunctions in
cutting plane theory. Mathematical Programming, 34(1):72-83, jan 1986.

Suvrajeet Sen and Hanif D Sherali. Nondifferentiable reverse convex pro-
grams and facetial convexity cuts via a disjunctive characterization. Math-
ematical Programming, 37(2):169-183, 1987.

Felipe Serrano. Intersection cuts for factorable MINLP. In Integer Pro-
gramming and Combinatorial Optimization, pages 385-398. Springer Inter-
national Publishing, 2019.

Eli Towle and James Luedtke. Intersection disjunctions for reverse convex
sets. arXw preprint arXiv:1901.02112, 2019.

Hoang Tuy. Concave programming with linear constraints. In Doklady
Akademii Nauk, volume 159, pages 32-35. Russian Academy of Sciences,
1964.

32


http://scip.zib.de

	Introduction
	Contribution
	Literature review
	Notation
	Outline

	Preliminaries
	Intersection cuts
	Basic intersection cut
	Strengthening intersection cuts

	Maximal quadratic-free sets

	Explicit computation of maximal quadratic-free sets
	Implied quadratics in an extended space

	Intersection cuts coefficients and their strengthening
	Cut coefficient computations
	Strengthening computations

	Computational Results
	Final remarks

