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Abstract

Interval-gradient cuts are (nonlinear) valid inequalities for nonconvex NLPs defined for constraints
g(z) < 0 with g being continuously differentiable in a box [z,Z]. In this paper we define interval-
subgradient cuts, a generalization to the case of nondifferentiable g, and show that no-good cuts (which
have the form ||z —2|| > e for some norm and positive constant €) are a special case of interval-subgradient
cuts whenever the 1-norm is used. We then briefly discuss what happens if other norms are used.

1 Introduction

We consider a general (nonconvex) Nonlinear Program (NLP)

(P) min  f(z) (1)
gi(x) <0 jel (2)
2, <x; <7 e N (3)

where the constraint functions g; : R* — R (n = |N|) are not necessarily convex. We denote
by X = [z, 7] the (finite) box containing the feasible region.

If no further structure is known for problem (1)—(3), the most widely used solution algo-
rithm is spatial Branch-and-Bound (sBB) [23, 13, 5]. This involves finding a lower and an
upper bound to the optimal objective function value. Whilst any feasible point of P yields
an upper bound, lower bounds are obtained by solving a relaxation of P. If these bounds
differ by more than a required solution accuracy € > 0, then two sets X*, X" are determined
so that X‘U X" contains the feasible region. This procedure is applied recursively to each of
the problems (P subject to z € X¢) and (P subject to z € X"). The disjunction given by X*,
X7 is chosen so that it changes the formulation of the relaxation: in particular, convergence
is attained if the lower bound is guaranteed to increase monotonically. Common choices
for generating the disjunction are to select a branching variable and a branching point in
its range, and construct X*, X" as the two sub-boxes obtained by splitting X along the
branching variable coordinate at the branching point. Iterating this procedure, sBB gener-
ates a search tree whose exploration finitely yields a e-optimal solution of P, which means
that, technically speaking, it is an approximation algorithm (for specific problem structures,
convergence to an exact optimum is possible [1, 7]). In general, setting ¢ = 0 might yield a



nonterminating procedure. Within the sBB algorithm, if the solution Z for the the relaxation
is feasible for P, then the lower bound is surely larger to or equal than the upper bound
and no branching occurs (the node is fathomed). If, instead z is infeasible for P, it is highly
desirable to tighten the current relaxation and improve the bound by adding a valid cutting
plane (cut for short) that cuts off 7.

Although (linear) cutting planes have been an essential part of Branch-and-Bound (BB)
algorithms for Mixed-Integer Linear Programming (MILP) for decades now, generic sBB
implementations have only recently started to include nontrivial cuts. A good review for
existing Mixed-Integer Nonlinear Programming (MINLP) cuts is [17, Sect. 7.1]. It includes
linearization or outer approximation cuts (tangents at & whenever the relaxation is convex),
knapsack cuts (which require solving an auxiliary global optimization problem), interval
gradient cuts (discussed below), Lagrangian cuts (derived from a “partial dual” relating to
some linear constraints in the problem), and level cuts (derived from an upper bound to the
optimal objective function value). RLT-type cuts, derived by multiplying constraint factors
(e.g. if gi(z) < 0 and g;(z) < 0, then g;(x)g;(x) > 0 is a valid inequality) are discussed in
[21], and a specialization thereof in [15]. In [18], lifting techniques are discussed in the frame-
work of NLP; [20] discusses an extension of the RLT to convex Mixed-Integer Programming
(MIP). A certain attention has been devoted to conic MIP [8, 2]; in part, this is due to the
fact that Lift&Project techniques (see, e.g., [3]) to compute valid inequalities for the union
of two convex sets can easily be extended to the nonlinear setting [9], and this may produce
strong conical reformulations of MIPs [22, 12] out of which effective cuts may be obtained [11].

In this paper we consider in particular Interval-gradient cuts [6, 17]. Generated from
constraints (2), these cuts are based on estimating the range of the gradient of each of
the functions g; over the box X. Our first result is the generalization of the concept of
interval-gradient cuts to that of interval-subgradient cuts, so as to allow application to non-
differentiable functions.

Moreover, we consider the extension to MINLP of a classical family of MILP cuts mostly
known as No-good cuts (or Farkas cuts) and originally introduced, to the best of our knowl-
edge, in [4] with the name of canonical cuts. These cutting planes are generated with respect
to a specific solution & by imposing a positive distance between & and any new solution!.
Such a distance can be enforced in the MINLP context through any norm while the 1-norm
is used in MILP. Our main result is to show that no-good cuts in the 1-norm are a special
case of interval-subgradient cuts. Furthermore, we discuss the case of no-good cuts with a
p-norm for any p > 1, which are stronger than those with the 1-norm, showing that the cor-
responding interval-subgradient cuts are the same (and, therefore, not stronger than) those
obtained by the 1-norm no-good cut.

The paper is organized as follows. In Sections 2 and 3 interval-gradient /subgradient and
no-good cuts are presented, respectively. In Section 4 we show how to obtain no-good cuts
starting from interval-subgradient cuts. In Section 5 we discuss no-good cuts derived from
more general norms and their relationships. Finally, Section 6 concludes the paper.

INo-good cuts have been recently used in MINLP in [16].



2 Interval-gradient and Interval-subgradient Cuts

Let g; be a selected nonconvex constraint in the set (2) above. Because in this section the
index j is fixed, for the sake of simplifying the notation we drop it. We assume knowledge
of the interval-gradient of g over X, i.e., of a finite box D = [d, d] such that Vg(z) € D for
all x € X. Of course, this definition requires g to be differentiable everywhere on X. Then,
one can show [6, 17] that the (nonconvex) function
g(@) 1= g(@) + mind(z — 7) )
= deD
underestimates g in the feasible region, i.e., g(z) < g(z) for all z € X. Therefore, the
interval-gradient (nonconvex) cut

g(r) <0 (5)

is valid.
We now proceed to showing that interval-gradient cuts can be defined even for nondif-
ferentiable constraint functions g, as long as they are locally Lipschitz at every point in an

open set containing X. This requires appropriate tools from nondifferentiable analysis, and
in particular Clarke’s subgradient

dg(zx) = {éeR” 2 g°(xyv) > o VUER”}

where .
g°(x;€) = limsup 9y +t) — 9(v)
y—ax,t]0 t

is Clarke’s generalized directional derivative. We will loosely refer to the elements & € dg(z)
as subgradients, mostly in homage to their convex counterparts (see below). It can be shown
[10] that Jg is a sound generalization of the gradient Vg at least in the case where ¢ is locally
Lipschitz at all points of X, because:

e Jg(x) is nonempty, convex and compact for each = € X;
e whenever g is differentiable at z, dg(z) = { Vg(zx) };

e if g is convex, then dg(z) coincides with the standard definition of subdifferential from
convex analysis, that is the set of all subgradients £ € R" satisfying

g(y) > glx) +&(y—x) VyeR"

(known as the subgradient inequality); furthermore, since d(—f)(x) = —0f(z), the
same holds for concave functions (modulo the appropriate change in sign);

e if g is locally Lipschitz at each point of (the compact set) X, then it is globally Lipschitz
on the whole of X; therefore, there exists a finite box D = [d, d] such that dg(z) C D
for all z € X, since all subgradients belong to the ball of center 0 and radius K, where
K < oo is the global Lipschitz constant of g over X [10, Proposition 2.1.2(a)].

All this leads to the following proposition:



Proposition 2.1. Let g be locally Lipschitz at every point in an open set containing X, let
D be a finite box such that Og(x) C D for all v € X, and let g(x) = g(%) + mingep d(v — )
as in (4). Then the inequality g(x) < 0 is valid for P.

Proof. We simply invoke the Mean-Value Theorem for nondifferentiable functions [10, Theo-
rem 2.3.7], which states that, given x and & such that g is Lipschitz in an open set containing
the (closed) interval [, x] there exists some u in the (open) interval (&, x) and some & € dg(u)
such that g(z) = g(Z) + £(x — ). Whence, g(z) > ¢g(&) + mingep d(xz — ) = g(x) for all
r € X, as desired. B O

Therefore, (5) is also valid in the nondifferentiable case. We refer to these as interval-
subgradient cuts, as D can be reasonably called the interval-subgradient of g over X.

For future reference, we note here that (5) can be reformulated by means of added binary
variables and constraints as follows:

9(&) + Y _(dwf — i) <0 (6)
r—3=a" -1 (7)

i < 2T —z;) ieN (8)

z; <(1=2z)(T — ;) ieN (9)

2t >0,27 >0 (10)

z€{0,1}" (11)

This requires introducing 2n additional continuous variables, n additional binary variables
and 3n + 1 additional constraints.

3 No-good Cuts

A no-good cut is an inequality which cuts off a specific solution Z of a problem P. One
possible general formulation for this cut is

[ — zf| > e, (12)

with € > 0 chosen in such a way that no feasible solution of P lies in the ball of center z
and radius . An appropriate € ensuring that (12) does not cut off any other feasible point
can only be found if Z is an isolated point (in the topology induced by || - ||) of the feasible
region of P.

An issue with constraint (12) is that it is nonconvex (reverse convex, more precisely).
However, there are different ways to reformulate (12) to a linear constraint. In general they
are quite inefficient, but for some special cases, like the (important) case in which z € {0, 1},
(12) using the || - ||; norm becomes

Z x; + Z (1—z;)> 1. (13)

lGN:ﬁZZO iGN:Cﬁizl



We remark that this reformulation does not require additional variables or constraints. Defin-
ing the norm of constraint (12) as || - ||; and because #; is a binary variable, ||z; — &;|| = =;
when z; = 0 and ||x; — 24|| = 1 — 2; when 2; = 1, and we have, for ¢ = 1, equation (13).
Exploiting this idea one can generalize the no-good cut to continuous variables

Yo wi—z)+ Y @—w)+ Y (o a) e (14)

’LENQAJZZQZ 74€Nil=fz ’L€N£1<!i'z<fl

(and to general integer variables by setting ¢ = 1) where, foralli e N:={ie N :z, < & <
T;}, we need the following additional constraints and variables:

v, = Itz —x; (15)
) (16)
i< (- 2@ - ) a7)
zf > 0,27 >0 (18)
2z € {0,1}. (19)

This leads to an inefficient way to handle no-good cuts, because 2|N | additional continuous
variables, | N| additional binary variables and 3|N| + 1 additional equations are needed. As
will be pointed out in the next section, this MILP formulation of the no-good cut for general
integer variables is the interval-subgradient cut of constraint (12) at & by using the || - ||
norm.

4 Interval-subgradient and No-good Cuts
In the following we proof that the interval-subgradient cut is a generalization of the no-good
cut (14)-(19).

Theorem 1. The no-good cut (14)-(19) can be derived by generating the linearization of the
interval-subgradient cut (6)-(11) from constraint (12) using || - ||1-

Proof. Let us consider the nonconvex equation (12) with || -|| being || - ||;. We try to generate
an interval-subgradient cut with respect to point z. Since g(&) = 0, we have

o el . 5
g(x) 2%1361(5” z) der?_lge}d(x z) (20)

with e = (1,1, ..., 1) because the subgradient of |z; — Z;| stays in the range [—1,1] Vi € N.
This can be rewritten as

g(z) = min di(z; — &;) = »_ min((z; — &), —(2; — 3;)) =

. diE[—LI] .

iEN iEN
Z —max(—(v; — &), (x; — &) = — Z |z — 4] (21)
ieN ieN

whence

= a— & < —e (22)

1EN



that is our interval-subgradient cut.

This is still nonlinear and nonconvex, but we can linearize it using (6)-(11). Some con-
siderations are needed in order to compute the tightest possible d; and d; for each index i.
Three cases are possible:

1. 2; = z;; —|x; — ;| can be rewritten as &; — x; and d,

=1

T =d;, = —1. 2 The term
(d;x} — d;x;) becomes —x; + z; that is, using (7), —z; + ; =

2. &; = T;: —|x; — 2;| can be rewritten as x; — #; and d; = d; = 1. The term (d;xi — 3@])
becomes z;” — x; that is, using (7), z; — +&; = z; — T;.
3. z; < #; < 7;: this implies that d; = —1 and d; = 1. The term (d,z;” — d;x; ) becomes
—(z +a7).
We can then simplify equation (6) in this way

Z (z; — i) + Z (2 —7) + Z (—z) —2;7) < —s, (23)

1EN:T;=x; 1EN:Z;,=T; 1€EN:2,<2;<T;

and then change the sign, simplify using N = {i € N:z, <& <7ZT;} and complete the
MILP model as

Z (x; —z;) + Z (Ei—xi)+2(x;r+x;)25 (24)

iEN:&=g; IEN:Z;=T; i€EN )
v — & =z —x] ieN (25)
i < 2T —z,) ieN (26)
;7 < (1 - 2)(T — ;) i€ N (27)
zF >0,27 >0 ieN (28)
z €{0,1} ie N (29)
which is exactly the no-good cut (14)-(19). O

5 No-good Cuts of p-norms

We now extend the previous treatment to the general case of p-norms

n 1/p
zllp = ( > il )
i=1

where 1 < p < oco. It is well-known that p-norms are convex and non-increasing in p, i.e.,
|- llg < I+, for p < g. Of course, the most common case is the standard Euclidean norm
p = 2. It is also well-known that one can also take p — o0, resulting in the co-norm (or
Tchebycheff norm)

|2)loo =max {|z;] : i=1,....,n}.

2Recall that d; and d; are the lower and upper bound of the gradient in the domain of x;. In this case the gradient is
constant, in particular it is equal to -1.



Since balls in the g-norm are larger than balls in the p-norm when g > p, the generic no-good

constraint in the p-norm:
lo =2, > € (30)

(which requires to be outside one such ball) gets stronger as p increases. In other words,
the constraint in the 1-norm of the previous sections is the weakest possible. Therefore,
assuming one derives a valid no-good constraint for some p > 1, it might be reasonable to
derive the corresponding interval-subgradient cut, in the hope that it also turns out to be
stronger. We now prove that this is not the case.

Theorem 2. The linearization of the interval-subgradient cut derived from the no-good cut
(30) for any p > 1 is equivalent to the one derived from the no-good cut in the 1-norm.

Proof. We start evaluating the interval-subgradient of the p-norm. From ordinary chain rules
of derivation for ||z||, = (3., f(2:)P)/? with f(2) = |2, one has that in all points where
| - ||, is differentiable (that is, none of the x; is null) the i-th component of the gradient is
f' (i) f ()P ! ~ sign(w)]a! (31)
n (>-1/p n -1 '
(Zi:l f(xz)p) /e (Zi:l |xz"p)(p &

Now, by [19, Theorem 25.6] the subdifferential of any convex function at z is the closed
convex hull of all vectors g that are limits of sequences of gradients at Zz° for all possible
sequences {7’} — Z such that the function is differentiable at each z* (plus the normal cone
of the domain of at , which is {0} here since the domain of || - ||, is the whole of R").
Therefore, 0|z, for x # 0 is the set of all vectors of the form (31), provided that one
interprets sign(x;) as J|z;| (that is, sign(0) = [—1,1]). Hence, J|/z|, C [—e, €], as in (31)
the absolute value of the numerator is always smaller than the denominator. The interval-
subgradient D cannot be made smaller, as can be clearly seen by considering all the points
of the form ae;, where the ratio evaluates to sign(«) (with e; being the i-th component of the
canonical basis of R"). Hence, D contains [—e, €], and since 0|0]|, C [—e, e] as well for the
above-mentioned property, D = [—e, e]. The case of p = 0o is even more obvious, although
the result has to be obtained along different lines, using rules for the subdifferential of the
maximum of convex functions. However, it is well-known [19, comments to Theorem 23.1]
that

O||z|loe = conv (sign(z;)e; : i€ I, )

where I, = { i : |x;] = ||z]|e }, and again 0]|0]|oc = [—e,¢€]. It is therefore clear that
D = [—e, €] as well.

This implies that, deriving the interval-subgradient cut from the general no-good cut in
the p-norm, gives:

= ||Z||, + min d(x —2):= min d(x —2 32
g(@) = ||zl i (z — 1) i (z — 1) (32)
for any p > 1. The result follows by comparing (32) and the interval-subgradient cut obtained
using the no-good cut in the 1-norm (20) of Section 4. O



6 Conclusions

In this paper we presented a generalization of interval-gradient cuts to the case of nondiffer-
entiable functions, which we called interval-subgradient cuts. We showed that no-good cuts
are a special case of interval-gradient cuts when they are generated from 1-norm function.
Finally, we have shown that writing the linearized version of the interval-subgradient cut
associated with a no-good cut with p-norm for any p > 1 does not help in making the cut
stronger than that in the 1-norm.

Acknowledgements

We are grateful to Giancarlo Bigi for useful discussions. The third author gratefully ac-
knowledges financial support from the following grants: ANR 07-JCJC-0151 “ARS”, Digiteo
Chair 2009-14D “RMNCCO”, Digiteo Emergence 2009-55D “ARM”. The first and the last
author are partially supported by Project DecisOpElet 2006 of Universita di Bologna which
is kindly acknowledged.

References

[1] F.A. Al-Khayyal and H.D. Sherali. On finitely terminating branch-and-bound algo-
rithms for some global optimization problems. SIAM Journal of Optimization, 10:1049—
1057, 2000.

[2] A. Atamturk and V. Narayanan. Conic mixed-integer rounding cuts. Mathematical
Programming, 122:1-20, 2010.

[3] E. Balas. Disjunctive programming. Annals of Discrete Mathematics, 5:3-51, 1979.

[4] E. Balas and R. Jeroslow. Canonical cuts on the unit hypercube. SIAM Journal on
Applied Mathematics, 23:61-69, 1972.

[5] P. Belotti, J. Lee, L. Liberti, F. Margot, and A. Wéchter. Branching and bounds tighten-
ing techniques for non-convex MINLP. Optimization Methods and Software, 24:597-634,
2009.

[6] M.S. Boddy and D.P. Johnson. A new method for the global solution of large systems
of continuous constraints. In Ch. Bliek, Ch. Jermann, and A. Neumaier, editors, Global
Optimization and Constraint Satisfaction, volume 2861 of Lecture Notes in Computer
Science, pages 142-156. Springer, Berlin, 2003.

[7] M. Bruglieri and L. Liberti. Optimal running and planning of a biomass-based energy
production process. Energy Policy, 36:2430-2438, 2008.

[8] M.T. Cezik and G. Iyengar. Cuts for mixed 0-1 conic programming. Mathematical
Programming, 104:179-202, 2005.

[9] S. Ceria and J. Soares. Convex programming for disjunctive convex optimization. Math-
ematical Programming, 86:595-614, 1999.



[10] F.H. Clarke. Optimization and Nonsmooth Analysis. Classics in Applied Mathematics
5. SIAM, Philadelphia, 1990.

[11] A. Frangioni and C. Gentile. Perspective cuts for a class of convex 0-1 mixed integer
programs. Mathematical Programming, 106:225-236, 2006.

[12] A. Frangioni and C. Gentile. A Computational Comparison of Reformulations of the
Perspective Relaxation: SOCP vs. Cutting Planes. Operations Research Letters, 37:206—
210, 20009.

[13] L. Liberti. Writing global optimization software. In Liberti and Maculan [14], pages
211-262.

[14] L. Liberti and N. Maculan, editors. Global Optimization: from Theory to Implementa-
tion. Springer, Berlin, 2006.

[15] L. Liberti and C.C. Pantelides. An exact reformulation algorithm for large nonconvex
NLPs involving bilinear terms. Journal of Global Optimization, 36:161-189, 2006.

[16] G. Nannicini and P. Belotti. Rounding-based heuristics for nonconvex minlps with
binary variables. Technical report, Working paper, 2009.

[17] I. Nowak. Relazation and Decomposition Methods for Mized Integer Nonlinear Program-
ming. International Series of Numerical Mathematics, Birkhauser Verlag, 2005.

[18] J.-Ph. Richard and M. Tawarmalani. Lifting inequalities: a framework for generating
strong cuts for nonlinear programs. Mathematical Programming, 121:61-104, 2010.

[19] Rockafellar, R.T. Convex Analysis. Princeton University Press, Princeton, NJ, 1970.

[20] H. Sherali and W. Adams. A reformulation-linearization technique (rlt) for semi-infinite
and convex programs under mixed 0-1 and general discrete restrictions. Discrete Applied
Mathematics, 157:1319-1333, 2009.

[21] H. Sherali and A. Alameddine. A new reformulation-linearization technique for bilinear
programming problems. Journal of Global Optimization, 2:379-410, 1992.

[22] M. Tawarmalani and N.V. Sahinidis. Semidefinite relaxations of fractional programs via
novel convexifications techniques. Journal of Global Optimization, 20:137-158, 2001.

[23] M. Tawarmalani and N.V. Sahinidis. Global optimization of mixed-integer nonlinear
programs: A theoretical and computational study. Mathematical Programming, 99:563—
591, 2004.



