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1 Introduction

Branch-and-bound methods for deterministic global optimization [18] require the ability to
evaluate a lower bound on a nonconvex function on particular classes of subdomains. This
bounding information may be generated using a relaxation scheme by McCormick [23],
which evaluates convex underestimators of a nonconvex objective function on interval sub-
domains. McCormick’s relaxation method assumes that the objective function can be ex-
pressed as a finite, known composition of simple functions and arithmetic operations. Sub-
gradients may be computed for these underestimators using dedicated variants [24,3] of
automatic differentiation [14,26]. Using this information, a lower bound on a nonconvex
objective function on an interval may be supplied by minimizing the corresponding convex
McCormick underestimator using a local optimization solver. Other methods for global op-
timization, such as nonconvex outer approximation [19] and nonconvex generalized Benders
decomposition [21], also require the construction and minimization of convex underestima-
tors.

McCormick’s relaxation method has several useful properties. Firstly, accurate evalua-
tion of a convex underestimator and a corresponding subgradient is computationally inex-
pensive and automatable; the C++ library MC++ [8,24] uses operator overloading to com-
pute these quantities for well-defined user-supplied compositions of the basic arithmetic
operations and functions such as sin/cos and exp /log. Secondly, as the width of the in-
terval on which a McCormick relaxation is constructed is reduced to zero, the relaxation
approaches the objective function sufficiently rapidly [6] to mitigate a phenomenon called
the cluster effect [9,41], in which a branch-and-bound method will branch many times on in-
tervals that either contain or are near a global minimum. By extending McCormick’s method
in an intuitive manner, generalized McCormick relaxations [37,33] have been developed to
handle compositions of functions in a more systematic manner, and to handle various exten-
sions of McCormick’s theory to implicit functions [42,38,34].

However, as the following example shows, McCormick’s relaxations can be nondiffer-
entiable.

Example 1 Let a function mid : R3 — R map to the median of its three scalar arguments,

consider the smooth composite function g : R — R : z — exp(z?), and set z* 1= —1 + V3.
As shown in [24, Example 2.1], the function g¢" : [—1,1] — R for which
ov . 03 a2 23 a2, a1y Jexp(=1), ifz<z",
gV rz—exp(mid(z’ +3z" - 3,27 —3z°+3,-1)) = { exp(2d 4322 3), if 2 > 2",

can be generated from g according to McCormick’s rule [24, Section 3] for constructing
convex relaxations of a composite function. (In this application of McCormick’s rule, ® BB
relaxations [1] of the inner function z — z> have been employed.) Indeed, g is convex

n [—1,1], and g% (z) < g(z) for each z € [—1,1]. However, even though g satisfies Mc-
Cormick’s proposed sufficient condition for differentiability of a convex relaxation [23,
p. 151], it is in fact nondifferentiable at z*.

Several factors can introduce failure of continuous or twice-continuous differentiabil-
ity of McCormick’s relaxations. Firstly, as illustrated by the above example, the median
function used in defining McCormick’s composition rule is itself nondifferentiable. Sec-
ondly, any nondifferentiability in supplied relaxations of composed functions can propagate
to yield nondifferentiability in constructed relaxations of composite functions. (Whether
the composed functions are themselves smooth is irrelevant.) Thirdly, as presented in [24,
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Proposition 2.6], McCormick’s rule for generating relaxations of products introduces non-
differentiability, due to its use of bivariate max and min functions.

A relaxation scheme preserving continuous or twice-continuous differentiability would
be desirable for a number of reasons. In general, minimization of nondifferentiable convex
objective functions requires dedicated numerical methods for nondifferentiable problems
such as bundle methods [20,17], which lack the strong convergence rate results of their
smooth counterparts. On the other hand, continuously differentiable convex relaxations may
be minimized using gradient-based algorithms for local optimization, which typically ex-
hibit Q-linear convergence. Twice-continuously differentiable relaxations can be minimized
by Newton’s method (discussed in [28]), which exhibits Q-quadratic convergence under
certain nonsingularity assumptions on the Hessian matrix. Computation of the required
Hessian or Hessian-vector products can be avoided by using a secant-based quasi-Newton
method [7], which exhibits Q-superlinear convergence under the assumptions of Newton’s
method.

Furthermore, an automatable and computationally inexpensive method for generating
continuously differentiable relaxations would yield theoretical and numerical benefits when
used in established methods for generating convex and concave relaxations of solutions
of parametric ordinary differential equations (ODEs). If continuously differentiable relax-
ations were available for the right-hand side function of such an ODE, then the relaxation-
generating ODE described in [36] would have a continuously differentiable right-hand side
function. The corresponding relaxation of the ODE solution would then be differentiable
with respect to the ODE parameter, permitting computation of the corresponding paramet-
ric derivatives according to classical ODE theory [15], thus overcoming theoretical hurdles
concerning subgradient evaluation. Similarly, incorporation of continuously differentiable
relaxations of an ODE right-hand side function into the relaxation method of [35] would
yield ODEs whose parametric sensitivities are decribed by the hybrid system sensitivity
results of [12].

Thus, the goal of this article is to present a variant of McCormick’s relaxation scheme
which produces continuously or twice-continuously differentiable relaxations, while retain-
ing the various theoretical and computational benefits of McCormick’s original method. To
achieve this, variants of McCormick’s product rule are introduced in Definition 13, in which
the original product rule is further relaxed in a particular manner. An additional assumption
(Assumption 1) is imposed on user-supplied relaxations of composed univariate intrinsic
functions, so as to enforce differentiability in McCormick’s composition rule. This assump-
tion is readily satisfied for standard arithmetic operations and functions. Under these modi-
fications, the aforementioned sources of nonsmoothness in McCormick’s relaxation scheme
are circumvented. For broader applicability, the relaxation theory developed in this arti-
cle is presented in the framework of generalized McCormick relaxations [33]. To construct
twice-continuously differentiable relaxations rather than once-continuously differentiable
relaxations according to the methods in this article, more stringent (yet readily satisfied) as-
sumptions are required on the supplied relaxations of univariate intrinsic functions, and the
employed product rule must be relaxed further. Gradients of the developed relaxations can
be evaluated efficiently using the standard forward or reverse modes of automatic differen-
tiation [14,26].

The product rule variants developed in this article make use of certain smoothing ap-
proximations. Smooth approximations of simple nonsmooth functions have previously been
considered [4], particularly in the context of complementarity problems [11,10,29]. The
smoothing approach taken in this article is similar in spirit, but is modified so as to accom-
modate our requirement that the posited convex/concave relaxations are well-defined, are
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indeed convex or concave, are valid bounds on the underlying function, and are either once-
or twice-continuously differentiable, as desired.

Observe that the oBB relaxation scheme [1] represents an alternative to McCormick’s
scheme, and shares several of the features of McCormick’s method outlined above. More-
over, aBB relaxations of twice-continuously differentiable functions are themselves twice-
continuously differentiable. This article instead focuses on variants of McCormick’s method,
due to the ability of McCormick’s theory to handle more general compositions of functions,
and due to its extensions to relaxations of implicit functions and solutions of differential-
algebraic equations.

This article is structured as follows. Section 2 summarizes and extends established def-
initions and properties concerning differentiability on intervals, interval analysis, and Mc-
Cormick’s relaxation technique. Section 3 develops the smoothing constructions used in the
remainder of the article, and uses these to construct a variant of McCormick’s multiplica-
tion operation. Section 4 develops variants of McCormick’s overall relaxation technique and
presents the main theorem of the article, in which these variants are asserted to be once- or
twice-continuously differentiable as desired, and to have the various desirable properties of
McCormick’s original relaxation scheme. Section 5 describes a C++ implementation of the
methods in this article, and presents examples of its application for illustration.

2 Background and preliminaries

This section summarizes and extends established definitions and properties concerning dif-
ferentiability on closed sets, interval analysis, McCormick’s relaxation scheme, and conver-
gence analysis of relaxation schemes.

2.1 Differentiability on open and closed sets

Let || - || denote the Euclidean norm on R”. Given an open set X C R”, a function f : X — R"
is (Fréchet) differentiable at x € X if there exists a matrix A € R™*" for which

o i LD = (700 +AR)
h—0 [|A]] '

In this case, the above equation defines A uniquely, and A is called the Jacobian Jf(x) of
fatx. If m =1, in which case f is scalar-valued, then the gradient of f at x is the column
vector V£ (x) := (Jf(x))T € R™.

Given an open set X C R”, a function f : X — R" is continuously differentiable (€') on
X if itis differentiable on X and the Jacobian mapping x — J f(x) is continuous on X. Equiv-
alently, f is %' on X if its first-order partial derivatives each exist on X and are continuous.
If m = 1, in which case f is scalar-valued, then f is twice-continuously differentiable (€%)
on X if £ is %' on X and there exists a continuous Hessian mapping x — V2 f(x) € R™" for
which

0 lim fx+h) = (f(x) + V() Th+ LhTV2 f(x)h)

, VxeX.
50 e x

Equivalently [30], f is €2 on X if its second-order partial derivatives each exist on X and
are continuous. A vector-valued function f is €2 if each of its component functions is €2.
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By specializing a classical result by Whitney [43], differentiability on closed sets such
as intervals can be defined in a manner that is consistent with the classical chain rule of
differentiation, as follows.

Definition 1 (adapted from [43]) Given a closed set B C R" and some i € {1,2}, a function
f:B— R™is €' on B if there exist an open set X C R”" and a function f : X — R such that
B CX, f(x) = f(x) foreach x € B, and f is %" (in the classical sense) on X. Given any point
x in the boundary of B, define Jf(x) := Jf(x). If m = 1, in which case f is scalar-valued,
then define Vf(x) := J f(x)T.

Remark 1 When x lies in the boundary of B, it is possible that J f(x) is not uniquely specified
by the above definition, since f might not be specified uniquely. For example, if B comprises
a single point {xo} C R”, then Jf(xy) may be chosen to be any element of R”*", since f
may be chosen to be any ¢ function for which £(xo) = f(xo).

Despite the possible nonuniqueness implied by the previous remark, the following propo-
sitions show that the classical chain rule continues to hold. Both propositions are immediate
corollaries of Theorem 1 in [43].

Proposition 1 Consider B, i, and f as in Definition 1, and any point x in the boundary of
B. If there exists any sequence {x () fxen — X in B\{x}, then any Jacobian J f (x) satisfies

0= lim flx+h) — (f(x)-i-ff(x)h)'

h—0 |7l
(x+h)eB

Proposition 2 Consider nonempty sets B C R" and D C R™ such that B is either closed,
open, or both, and such that D is either closed, open, or both. For any fixed i € {1,2},
given €' functions g : B— D and f : D — RP, the composite function h= fog: B — RP is
well-defined and €' on B.

Moreover, for each x € B, Jh(x) =Jf(g(x))Jg(x). (If B is closed and x lies in the bound-
ary of B, then this construction of Jh(x) satisfies both Definition 1 and Proposition 1 for
some valid choice of h.)

Corollary 1 Given a closed convex set B C R" and a convex €' function f : B — R, for
each x € B, V f(x) is a subgradient of f at x in that

fO)> fO)+Vfx) (y—x), VyeB.

2.2 Interval analysis

An interval = [x,X] is a nonempty compact set {z € R: x < z <x} C R; the set of all
such intervals is denoted IR. Intervals and vectors of intervals are denoted in this article
as boldfaced, italicized, lowercase letters (e.g., y). Given a set B C R”, the set of intervals
(or vectors of intervals) that are subsets of B will be denoted as IB. If B is nonempty, then
IB is necessarily nonempty. An interval vector y = (y1,...,y,) € IR" will be represented
equivalently as [y,y], where y := (Xw""Xn) € R" and 3 := (3,...,y,) € R". An interval
x € IR has a width of wide := X —x, and an interval vector y € IR" has a width of widy :=
maXge(1,.. o) Wid Yx.

This article makes use of standard definitions and results from interval analysis con-
cerning operations, inclusion monotonicity, interval extensions, and interval hulls; these are
summarized in Appendix A.l. For further details, the reader is directed to the introductory
sources [27,25,2].
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Definition 2 (adapted from [25]) Consider a nonempty set B C R”. An interval function
f 1B — IR™ is locally Lipschitz continuous if for each q € 1B, there exists k > 0 for which

wid (f(x)) < kwidz, vV €lgq.

A locally Lipschitz continuous, inclusion-monotonic interval extension of a function f
will be called a tight interval extension of f.

The results in this article apply to finite compositions of the functions formalized by the
following definition.

Definition 3 (adapted from [33]) Given an open set B C R, a function u : B — R is a
univariate intrinsic function (UIF) if there exists a known tight interval extension @ : IB —
IR of u, and if, with B := {(x,z) € IB X B : z € x}, there exist known functions u¥,u :
B — Rand {Mn ¢max ;1B — R satisfying all of the following conditions.

— For each € IB, u®"(x,-) is convex on &, u®(x,-) is concave on x, and u®'(x,z) <
u(z) < u(x,z) for each z € .

— Foreach x € IB, {M"(x) € argmin{u® (z,z) : z € z} and {"* (x) € argmax{u*(x,7) :
zE€x}.

— For any «,y € IB with  C y, and for any z € @, 4" (y,z) < u®'(x,z) and u*(y,z) >
uc(z,z).

- Foreach z € B, u®([z,2],2) = u**([z,2],2) = u(2).

For any z € « € 1B, define

uf¥ (@,2) = u® (max{z, {M ()}), uy (@,2) := u (min{z, {M ()}),
up (2,2) i= u(min{z, G, (@)}),  and  upy(@,2) == u(max{z, &, () }).

The interval hull of a locally Lipschitz continuous function is clearly a tight interval ex-
tension of the function. The interval operations in Definition 15 are interval hulls of the cor-
responding operations on real numbers. Tight interval extensions are provided for a number
of UIFs in Table 1; these interval extensions are also interval hulls. Appropriate construc-
tions of the functions u¥ and u“ are also provided for these UIFs in Table 2. By inspection,
these particular constructions all satisfy the properties:

minu (x,z) = minu(z), and max u®(x,z) = maxu(z);
€T €T €x Ex

in general, a weaker version of these properties will be required in Assumption 1 below.

Definition 4 (adapted from [23,24]) Given a nonempty set B C R”, a function f: B — R™
is factorable if each of the following conditions is satisfied:

— f can be expressed on B as a finite composition (in some order) of addition, multiplica-
tion, and UIFs, and

- a well-defined natural interval extension f : IB — IR" of f can be constructed by re-
placing each addition/multipication/UIF by its corresponding tight interval extension,
without introducing any domain violations.

The natural interval extension of a factorable function is a tight interval extension of the
function [25, Section 3.3].
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Table 1 Tight interval extensions for various UIFs u.

B u(z) forz€ B a(x) for x € IB
R cz for fixed c € R cx
R expz [expx,expX]
(0,4-20) Inz [Inx,InX]
R 2% for fixed k € N [(mid(0,x,%))%*, max{x*,7%}]
R 22K+ for fixed k € N [x2hHl g2+
(0, +eo) VZ A VA
R g (mid(0, %) max{ b, 51}
(0.+%) L forfixedkeN EN:
(~.0) g forfixedkeN H ;k]
(=o0,0) szlq for fixed k € N {Eu%]v gzkl—l }

2.3 McCormick objects and relaxations

This section presents and extends definitions and properties concerning the generalized Mc-
Cormick framework [42,33], which expresses the classical development of McCormick’s
relaxation technique [23] in terms of the abstract objects containing bounding and relaxing
information that are propagated by MC++ [8] in order to carry out McCormick’s scheme in
practice. As described in Section 1, the main results in the current article are presented in
the generalized McCormick framework. Notation from [42] is employed.

Definition 5 (from [33]) The set of McCormick objects of n variables is defined as MIR" :=
{(2B,2C) e IR" x IR" : 2B N 2€ # 0}. For any 2" € MR", 2 will be represented equiva-
lently as

X = (2B, 2°) = (1B, 78], 1%, 7).

Given &', % € MR", 2 C % if and only if both 2B C y® and 2€  yC. The set of proper

McCormick objects of n variables is MR} := {(2®,2¢) € MR" : 2€ C 2P}. Given a set
B C R", define MB := {2 € MR" : 2B € IB}, and MBpyop := {2 € MR" : € C 2B €
IB} C MRy,

Roughly, the B-component of a McCormick object 2~ contains interval bounding in-
formation, and the £-component contains information used to construct convex underes-
timators and concave overestimators. These notions will be formalized by the following
results.

Notions of McCormick extensions, inclusion monotonicity, and coherent concavity for
functions of McCormick objects were developed in [42]. In this article, these notions have
been altered slightly to permit restrictions to proper McCormick objects, and are presented
in Appendix A.2. The following definition is stricter than in its analog in [42], and combines
these properties.

Definition 6 Given a function f : BC R" — R”, a mapping .% : MB (or MByop) — MR"™
is a relaxation function for f if it is coherently concave, inclusion monotonic, and a Mc-
Cormick extension of f.

The following two propositions demonstrate the utility of relaxation functions: they are
closed under composition, and effectively define convex underestimators and concave over-
estimators of the underlying functions they relax.
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Proposition 3 (Lemmas 2.4.15 and 2.4.17 in [33]) Consider functions f : BC R" — D C
R™ and g : D — R¥, a relaxation function F : MB (or MByop) — MR™ for f, and a relax-
ation function 9 : MID (or MDyrop) — MR for g. Define By := {2~ € MB (or MByyop) :
F(XZ') € MD}. If there are no domain violations in constructing the composition 4 o F :
By — MIR¥, then 4 o % is a relaxation function for go f : B — Rk,

Proposition 4 (Lemma 2.4.11 in [33]) Given a function f : BC R" — R, a relaxation func-
tion F : MB (or MBpop) — MR for f on B, and some x € 1B, define functions ¢f o, Y o :
x — R such that:

0re(@)=fC(x,[22),  and Yo =T (xlzd), Ve

Then ¢f o is convex on x, Yy g is concave on &, and ¢ 5(z) < f(z) < Wr2(z) for each
zewx.

The goal of this article is to obtain € relaxations of a factorable function, for any partic-
ular i € {1,2}. Achieving this will require appending the following nonstandard assumption
to Definition 3 for each employed UIF. This assumption will be invoked explicitly whenever
it is required.

Assumption 1 For particulari € {1,2}, givena UIF u: B C R — R, assume for each zeclB
that the functions u®" (x,-) and u**(x, -) are each €' on x, and that ii(x) < u® (x, {™" (x))
and i(x) > u*(x, M (x)). If i = 2, assume additionally that:

u

— if {Min(x) € int(x), then the second derivative of u™ (zx,-) is zero at {™"(x), and
- if {"*(x) € int(x), then the second derivative of u*(x,-) is zero at §™* (x).

Observe that the above assumption does not require u itself to be €". Indeed, the €”
relaxations obtained in this article will remain valid even when nondifferentiable UIFs are
employed. However, [6] shows that nondifferentiable UIFs cannot satisfy Assumption 2
below, which will be required in this article to ensure sufficiently rapid convergence of the
obtained relaxations to the original function as the width of & approaches zero.

Remark 2 Lemmata 12 and 13 in Appendix B show that, if i = 1 and a function u : B — R
is €', then Assumption 1 and the conditions of Definition 3 are satisfied when u(z, ) and
u(x,-) are chosen to be the convex and concave envelopes of u on x, respectively, and

when ™" (z) and {™¥ (z) are chosen according to Definition 3.

Remark 3 Consider a univariate function u that is %2, is either convex or concave, and
is either monotonically increasing or monontonically decreasing on its domain. Moreover,
note that the concave envelope of a univariate convex function on an interval is a secant, as
is the convex envelope of a univariate concave function on an interval. Thus, even if i = 2,
Assumption 1 and the conditions of Definition 3 are satisfied when " (x, ) and u“(x, -) are
chosen to be the convex and concave envelopes of u on , respectively, and when ™" (x)
and "™ (x) are chosen according to Definition 3.

Remark 4 The condition in Assumption 1 that both i(x) < u® (x, {™"(z)) and () >

U

u® (2, " (x)) can be imposed without loss of generality, as detailed in Remark 5 below.

Any univariate function # : B C R — R on an open set can be considered to be a UIF,
provided that the functions @, ¥, and ¥ are known or can be constructed. Table 2 presents
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Table 2 Functions uY,u° that satisfy the conditions of Definition 3 and Assumption 1 for various UIFs u.
These functions also satisfy Assumption 2, except when u : z — |z|. Examples 7-9 are in Appendix B.

B u(z) forz€B u®(xz,z) forx € 1B,z € B u(x,z) forx € IB,z€ B
R cz for fixedc € R cz cz
R expz expz expx+ (expX —expx) ( i)
(0,400) Inz Inx+ (Inx — Inx) (%) Inz
R Z See Example 7 x4 (22 (x f)
R 242 for fixed k € N k2 2R | (22 p2k42) (% .
R 22+ for fixed k € N See Example 9 See Example 9
(0,4<0) Vi Vi+(Vi- D) (2)
R |z] See Example 8
(0, 4-o0) 7 forfixed k€ N *
(—0,0) g forfixed k€N &
(~o0,0) by for fixed k € N ﬂ%ﬁ(ﬂ%,—ﬂ%l)(;g)

functions u®¥, u®® which satisfy the conditions of Definition 3 and Assumption 1 for the UIFs
u considered in Table 1.

Within this framework, McCormick’s classical relaxations [23] can be restated as the
convex/concave relaxations implied by Propositions 3 and 4 for a factorable function, when
each addition/multiplication/UI operation is replaced by a relaxation function of the opera-
tion. Such relaxation functions were described in [33], and are presented as Definitions 21—
23 in Appendix A.2. These relaxation functions suggest the construction of an analog of
a natural interval extension for a factorable function, using McCormick objects instead of
intervals. This notion is formalized in the following definition, which is motivated by the
subsequent theorem.

Definition 7 (adapted from [33]) Given a factorable function f : B C R" — R™, a natural
McCormick extension .7 : MIB — MIR™ of f is defined by replacing each addition operation,
multiplication operation, and UIF in the construction of f with its McCormick counterpart
described by Definitions 21-23 in Appendix A.2, provided that there are no domain viola-
tions in the introduced McCormick arithmetic.

Theorem 1 (Theorem 2.4.32 in [33]) Given a factorable function f : B C R" — R" with a
well-defined natural McCormick extension 7, ¥ is a relaxation function for f.

The classical McCormick relaxations of a factorable function are the convex/concave
relaxations implied by the above theorem and by Proposition 4. These relaxations may be
nonsmooth; the central goal of this article is to develop ¢! and € variants of these relax-
ations.

2.4 Convergence analysis
Intuitively, to be useful, a scheme for constructing convex and concave relaxations of a

scalar-valued function on an interval should converge rapidly to the underlying function as
the width of interval is reduced to zero. Appopriate notions of convergence were formalized
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by Bompadre and Mitsos [6], and were extended to McCormick objects by Schaber [31];
these notions are summarized here.

Definition 8 (adapted from [6]) Given a continuous function f : B C R" — R, functions
{f(z,"),f(x,-) : © = R}ypcip comprise a scheme of estimators for f if, for each « € IB,
f<Y(=,-) is convex on x, f(x,-) is concave on x, and

[ (=x,2) < f(z2) < f“(=,2), Vz € x.

Such a scheme is pointwise convergent of order t if, for each g € 1B, there exists agp > 0
such that

sup(f(z) — £ (x,2)) < ap(widz)®,  Vz elg,

€T

and sup(f*(z,z) — f(2)) < ap(widx)", vz € Ig.

€T
The following example motivates the incorporation of the interval q into this definition.

Example 2 Consider a function f : R — R and a scheme of estimators { " (x, ), f*(x, ") } zeIr
for f, for which, for each € IR,

(widz)?, if widee < 1,
(widz)?, if wide > 1.

sup(f(z) — f(®,2)) = sup(f**(x,2) — f(2)) = {

z€ex €T

According to the above definition, this scheme is pointwise convergent of order 2. In the
original definition [6], however, this scheme is not pointwise convergent of order 2, since,
for each ag > 0, there exists a sufficiently large interval « € IR for which

ap(widz)? < (widz)®.

In fact, according to the definition in [6], this scheme is not pointwise convergent of any or-
der. Since applications of pointwise convergence in [6] are only concerned with sufficiently
small intervals, the interval g was added to the definition above so that the constants ay and
tp need not apply to arbitrarily large intervals in IB.

By Theorem 2 in [6], if f is nonaffine and twice-continuously differentiable, then there
does not exist any scheme of estimators for f with pointwise convergence of order greater
than 2. Given a factorable function expressed as a composition of twice-continuously differ-
entiable functions, the classical McCormick relaxations of this function are pointwise con-
vergent of order 2 [6], as are the BB relaxations [1,6]. A scheme of estimators with second-
order pointwise convergence is typically necessary to mitigate clustering when carrying out
a branch-and-bound method for global optimization [9]. Certain optimization problems with
nondifferentiable objective functions, however, are not subject to this requirement [40].

Consider a factorable function f that is a composition only of locally Lipschitz con-
tinuous functions. Given a natural interval extension f of f, the constant mappings {z —
f(x),z+ f()}zeip comprise a scheme of estimators for f that is pointwise convergent of
order 1 [32].

The following definition formalizes a notion of width of a McCormick object, and a
corresponding notion of convergence of a function of McCormick objects, as the width of
the argument tends to zero.



Twice-continuously differentiable McCormick relaxations 11

Definition 9 (adapted from [31]) A McCormick object 2~ € MR has a width of
wid 4 2 = wid (28 N z€) = min{x®, 78} — max{x*, xB}.

A vector % € MIR" of McCormick objects has a width of

A function % : MIB (or MBpop) C MR" — MIR™ is (11,12)-convergent on MB (or MBjpyqp)
if, for each g € 1B, there exist aj,a; > 0 such that

wid 4 (F (X)) < a1(wid y Z)" +ar(widzB)?, V2 € Mg (or Mgprop)-

Again, the interval g has been added to this definition to prevent the fixed constants ay,as
from having to be applicable to every choice of P € IB.

As described in Section 3.2 of [31], given a (#1,#;)-convergent relaxation function .#
for a function f, the corresponding convex/concave relaxations of f described by Proposi-
tion 4 exhibit pointwise convergence of order ;. Moreover, as described in Section 3.9.7
of [31], a well-defined composition of (1,2)-convergent McCormick-valued functions is
itself (1,2)-convergent. This notion motivates the following assumption, which will be ap-
pended frequently to Definition 3.

Assumption 2 Given a UIF u: B C R — R, assume that {u®(x,-),u*(x,)}zc1p com-
prises a scheme of estimators for u on B that is pointwise convergent of order 2.

It will be shown in this article that the above assumption yields (1,2)-convergent relax-
ation functions for UIFs. This assumption is satisfied by the functions u¥,u® described in
Table 2, except when u is the absolute value function z — |z|. This is demonstrated in [6] for
each u other than z — zZ and z — z2*! for k € N, which are considered in Lemmata 14 and
15 in Appendix B.

3 Smoothing constructions

This section establishes basic properties of certain ! and € relaxations of simple nons-
mooth functions such as z — max{z,0} and (x,y) — max{x,y}, and uses these to construct
variants of McCormick’s multiplication rule. These rules will be shown in subsequent sec-
tions to have various desirable properties.

3.1 Relaxing simple nonsmooth functions

Definition 10 Define functions u;, t : R — R as follows:

0, ify<Qo, 0, ify <0,
pizy— 4 3%, if0<y<2, Ha:y S 6y (4—y), if0<y<2,

For each i € {1,2}, define functions %, 0; : R x R X [0, 4+e) — R as follows:

] max{z,a}, ifp=0, . min{z,b}, if p=0,
'yl N (z,a,p) — {a‘Fpl.Li(Zpa% lfp > 07 (o7 (Zabap) —> {bp[.il(hpz), lfp > 07
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and define functions v;, A; : R x R x [0, 4+e0) — R as follows:

Vi: (L%P) = %(/yt(xvyap) +’Yi(y7x7p))7
2'l' : (vavp) = %(Gi(xv)’:l?) +Gi(y7x’P))-

Observe that (11 is a member of the family of functions considered in [10, Example 11.8.11(c)].
In this article, in the spirit of [4], [10, Section 11.8] and [5, Section 1.10], y; and u, essen-
tially serve as analogs of the mapping y — max{y,0} which exhibit several useful properties.
Ultimately, U, 71, and v; will be used to construct ¢! analogs of McCormick relaxations,
while ,, 75, and v, will be used to construct 4 relaxations. By inspection, p; and u; are
each ¢!, with

0, ify<o, 0, ify <0,
Vi iy Q 1y, if0<y <2, Vi iy 12(3—y),if0<y<2, 1)
1, if2<y, 1, if2<y.

The above expressions show that u(y), ta(y), Vii(y), and Vi (y) are each nonnegative
for each y € R, noting that 3 —y > 0 when 0 <y < 2. Thus, y; and u, are increasing on R.
Moreover, U is €2, with

0, ify<o0,
Vi iy =S 3y(2—y),if0<y<2, 2)
0, if2<y.

The following lemmata summarize basic properties of the functions u;, ¥, o;, v;, and
Ai for each i € {1,2}; each of these properties can be demonstrated readily. First, basic
properties of ; are presented.

Lemma 1 Foreachi€ {1,2} and eachy € R, max{y — 1,0} < u;(y) < max{y,0}.
Lemma 2 The functions W) and iy are convex on R.

Next, useful properties of ¥, o;, V;, and A; will be established. Intuitively, throughout
this article, % (z,a, p) plays a similar role to max{z,a} for fixed a, 0;(z,b, p) is analogous to
min{z, b} for fixed b, vi(x,y, p) is analogous to max{x,y} for varying x and y, and A;(x,y, p)
is analogous to min{x,y} for varying x and y. Roughly, the parameter p quantifies the extent
to which % and o; are relaxed to yield a differentiable underestimator of max{-,a} and a
differentiable overestimator of min{-, b}, as is formalized in the following lemma.

Lemma 3 Consider any fixed i € {1,2}, a,b € R, and p > 0. The mapping Y(-,a,p) is
convex and increasing. Moreover,

a <max{z— p,a} < ¥(z,a,p) <max{z,a}, VzeR.
Similarly, the mapping o;(-,b, p) is concave and increasing, with

min{z,b} < 6;(z,b, p) < min{z+ p,b} < b, vz e R.
If p > 0, then %(-,a, p) and o;(-,b, p) are both €".

Proposition 5 Consider any fixed i € {1,2}, a,b € R and p > 0. Gradients of the mappings
2+ Yi(z,a, p) and z+— 0©i(z,b, p) at some zo € R may be computed using (1) as follows.

87/, Z0—a aGi b—
TZ(Z()vavp):V.ui( Op )7 TZ(Z(%Z%F):V“I(TZO)
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Lemma 4 Given triples (z1,a1,p1),(z2,a2,p2) € R X R X [0,+0), suppose that 71 < 2o,
a1 < ay, and p\ > pa. Then, for each i € {1,2}, Yi(z1,a1,p1) < Yi(z2,a2, p2).

Similarly, given triples (z1,b1,p1), (22,02, p2) € R X R x [0, 400), suppose that z; > 22,
by > by, and py > py. Then, for each i € {1,2}, 0;(z1,b1,p1) > 0i(22,b2, P2)-

Lemma 5 For any fixed p > 0 and i € {1,2}, the mappings (x,y) — Vi(x,y, p) and (x,y) —
Ai(x,y, p) are each € on R?,

Proposition 6 Consider any fixed i € {1,2} and p > 0. Partial derivatives of the mappings
(x,y) = Vi(x,y,p) and (x,y) — Ai(x,y,p) at some xq,yo € R may be computed using (1) as
follows.

8vi all 1 X0 —V, 0 — X
E(XOJ’O»P):T)}()COJOJ’): (1+Vul(07)0)_vu’()oTo)>’

=

8v[ 31, X0—Y, 10— X
(Ty(xoyyoyp) =5 (0,y0,p) = (1 = VIi(50) + V(R 0)) :

Lemma 6 Given triples (x1,y1,p1), (x2,¥2,p2) € R x R x [0, +00), suppose that x; < x,
i <y, and py > pa. Then, for each i € {1,2}, vi(x1,y1,p1) < Vi(x2,¥2, p2)-

Similarly, given triples (x3,y3,p3),(x4,y4, p4) € R X R x [0, +00), suppose that x3 > xa,
v3 > ya, and p3 > pa. Then, for each i € {1,2}, Ai(x3,y3,p3) > Ai(xa,y4, pa).

Lemma 7 Given p > 0and i€ {1,2}, the mapping (x,y) — Vi(x,y, p) is convex on R?, and
the mapping (x,y) — Ai(x,y, p) is concave on R?. Moreover,

3(r+y) < 3(max{x— p,y} + max{x,y — p}) < vi(x,y,p) <max{x,y}, Vx,y€R,
and min{x,y} < Ai(x,y,p) < 3 (min{x+ p,y} +min{x,y+p}) < J(x+y), VryeR.

Definition 11 Define a function p : IR — [0,+0) such that for some constant a, > 0,
p(x) :=a,(widx)? for each x € IR. Denote p(z) as p.

In Definition 11, the particular quadratic expression for p is irrelevant to the results de-
veloped in Sections C.1 and C.2 below; the results in these sections remain valid if p is
redefined so that p(x) := m(widx), where 7 : [0, +o0) — [0,+o0) is any particular strictly-
increasing function for which 7(0) = 0. Defining 7 : z > a,z>, however, yields the conver-
gence results obtained in Section C.3. The particular choice of the constant a,, does not affect
the theoretical results developed in this article; appropriate choices of a;, will be discussed
in Section 5.1 from a numerical standpoint.

Remark 5 As claimed earlier, the condition in Assumption 1 that both () < u¥ (x, ™" (x))
and ii(x) > u(z, {M*(x)) can be imposed without loss of generality. If this condition ei-
ther fails or is not known to be true, then, for each x € IB, u®"(x,-) can be replaced with
the mapping z — %(u (x,z),id(x), px), and u*(x,-) can be replaced with the mapping
72+ 0;(u**(x,2),d4(x), ps); these replacements now satisfy the condition. The established
properties of ¥; and o; ensure that the other conditions required of " and u*® by Definition 3
and Assumption 1 continue to hold under these replacements.
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3.2 Relaxing intersections of bounds and relaxations

Roughly, for each i € {1,2}, the .#qu; and belt; operations introduced in this section are
€' relaxations of the “Cut” and “Enc” operations presented in Definitions 2.4.3 and 2.4.5
of [33], and serve analogous roles. It will be shown in this section that .”qu; is a relaxation
function of the identity function on R. Moreover, Lemma 26 in Appendix C shows that
Fqu; is (1,2)-convergent. Intuitively, #qu; also inherits the ¥ nature of }; and o;. These
properties will be exploited in Section 3.3 when constructing a " variant of McCormick’s
multiplication operation.

Definition 12 For each 2" € MR and each i € {1,2}, define a belt operation belt;(Z") €

IR as follows:
[x,x] if xB =xB = x,

b)) .38 20 <38

Define a squashing operation .Squ;(Z) := (xB,belt;(2")) € TR?. Given a vector % €
MR”, define
Lqui(D)

Fqu () = : € (IR?)".
Squ(%h)

For any 2~ € MR, Lemma 3 implies that B N 2C C belt;(2") C xB, which in turn

yields Zqu;(27) € MRyrop. Thus, Squ; (%) € MR}, for any & € MR". Furthermore,

observe that belt;(([x,x], [x,x])) = [x,x] for each x € R.

Lemma 8 For each i € {1,2}, for each coherent pair 2°,% € MR and each ¢ € [0,1],
belt;(Conv((, 2, %)) D Lbelt;(Z)+ (1 —£)belt;(¥).

Moreover, Squ; is coherently concave for each i € {1,2}.

Proof Since & and % are coherent, define z := 2B = y®B. The convexity of %(-,;B, Dz)
and the concavity of 6;(-,z, p) yield the following pair of inequalities:

B+ (1 -0y, 28, p2) < O%(C,28 p2) + (1 -0 %S, 25, p2),

0 (xC+ (1 - 05,28, p2) > 003,28, p2) + (1 - 0) 6;5°,28, p2),

which are equivalent to the required inclusion. Moreover, since 2", %/, and ¢ were chosen
arbitrarily, it follows immediately that .”qu; is coherently concave. a

Lemma 9 Foreachi € {1,2}, belt; and .#qu; are inclusion monotonic.

Proof Consider any 2 ,% € MR for which 2 C #. If x® =xB =: x, then 2B nxC £ 0
implies x € €. Thus, 2~ C % implies

belt;(2) = [x,x] = B = 2B nxC c y® Ny C belt; (%),

as required. If xB < %8, then since x© > XC, x® > B and p s < PyB> Lemma 4 implies that
%(xC,x, pas) > %(YC,¥®, pyp). A similar argument shows that 6; (X€,X°, ps ) < 6;(5°, 3%, pye ),
and so belt;(2") C belt;(#). The inclusion .Squ;(Z") C Squ;(¥) follows immediately.

O
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Lemma 10 For each fixed i € {1,2} and xB .= [xB ¥®] € IR, consider the interval-valued
mapping y : (§,8) — belt;((x®, [€,€])). The mappings y and y are both €' on R

Proof 1f xB = xB, then the mapping belt;((z®,-)) is constant, and is therefore ¢". Other-
wise, if xB < xB, then the required result follows immediately from Lemma 3 and Defini-
tion 11. O

Remark 6 1t follows from the above definitions and lemmata that, for each i € {1,2}, Squ;
is a relaxation function for the identity mapping on R”.

3.3 Relaxing multiplication

Let the value of i € {1,2} be fixed throughout this section. Ultimately, setting i = 1 will
yield €' relaxations. Setting i = 2 instead will yield ¢ relaxations, but will place stricter
requirements on the UIFs considered, as demanded by Assumption 1.

The following definition replaces Definition 22 in Appendix A.2; it will be shown in
Section 4 that this replacement weakens McCormick’s classical multiplication operation to
yield an alternative that is 4", while maintaining (1,2)-convergence. This modified multi-
plication operation depends on i, but this dependence will not be reflected in its “.2 %™
notation.

Definition 13 Define a multiplication operation X; : MRﬁrop — MR so that, foreach 2", % €
MR,
X,'(%,@) =2 = yqui((wBvaz))y

where z = [z,Z] € IR is defined so that:

3.4 Restrictions to proper McCormick objects

Again, let the value of i € {1,2} be fixed throughout this section. The following result shows
that the codomains of + : MRgrop — MR (cf. Definition 21) and x; : MRfmp — MR may
be restricted to MR, without loss of generality.

Proposition 7 Consider any X ,% € MRpop, and define S := X +% and & = XY
for some i € {1,2}. Then, .7, % € MRpop.

Proof Firstly, to show that . € MRy, observe that
SC _ [§C7§C} _ [/EC’XC] + [XC’yC] C [KB,XB] + [.XB7yB] _ :L’B +yB _ SB.

Secondly, 2 = .Zqu;((p®,z)), with z € IR given as in Definition 13. Define v := B N2
and w :=y® NyC. Since 2", % ¢ MR prop, it follows that v = 2€ and w = y©. Now, making
use of Lemma 7, it follows that

z < max ((va) + (xPw) —xByB, Pv) + (Fw) —XByB)

and 2> min ((Po) + (Pw) — 5%, (Fo) + (Pw) - 2757
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Defining

:= max ((XB’U) + (xPw) — 2%, Pv) + FPw) —xByB) ;

(S

and

<

= min ((%0) + (Fw) - P, (Pv) + @Pw) —5"),
it is argued on [33, Page 69] that [q,q] Np® +# 0. Thus,

zNp° O g,q)Np° #0.
This shows that (p®, 2) € MR, which implies that 2 = .7qu,((p®, 2)) € MRprop. O

The following result considers UIFs in the same manner as the above result, and shows
that the codomains of their McCormick analogs may be restricted to MR, without loss of
generality.

Proposition 8 Consider a UIF u: B C R — R that satisfies Assumption 1. With % described
by Definition 23, % (Z") € MRyprop for each 2 € MBprop.

Proof By construction, {™"(z®) € B and (™ (xB) € xB. Moreover, since 2 € MBjop,

xC C 2B It follows that mid(&M (xB),xC,xC) € 2P and mid(§M™ (2B),x,xC) € 2B. It

therefore follows from the bounds on «¥ and 4 in Assumption 1 that [u®(2"),a®(2")] C
@(z®), which implies that % (2") € MRpyop. O

4 Main results

The following definition is a variant of Definition 7. Recall that all UIFs listed in Table 2 sat-
isfy Assumption 1 for each i € {1,2}, and that all of these functions except for the absolute-
value function satisfy Assumption 2.

Definition 14 Given some i* € {1,2} and a factorable function f : B C R" — R™ whose
composed UIFs each satisfy Assumption 1 with i := i*, a natural €' McCormick extension
F : MBpyrop — MIR™ of f is defined by replacing each addition operation in the construction
of f with its McCormick counterpart described in Definition 21 in Appendix A.2, each
multiplication operation with its counterpart in Definition 13 with i :=i*, and each UIF with
its counterpart in Definition 23 in Appendix A.2.

Define an unconstrained 6" McCormick extension of f as Fune := .F 0.Lquy : MB —
MR™.

The following theorem is the main theorem of this article. This theorem shows that
the convex/concave relaxations obtained from a natural € McCormick extension of a given
factorable function according to Proposition 4 are indeed €, and that they satisfy the various
useful properties of McCormick’s original relaxation method.

Theorem 2 Given some i* € {1,2} and a factorable function f : B C R" — R™ whose
composed UIFs each satisfy Assumption 1 with i := i*, there are no domain violations in
the construction of a natural € McCormick extension F : MBprop — MR™ of f on B.
The function . is a relaxation function for f on B. Additionally, if each UIF describing f
satisfies Assumption 2, then F is (1,2)-convergent.

Moreover, if m =1, in which case f is scalar-valued, then the convex/concave relax-
ations Q¢ .z, Yr.o defined by Proposition 4 in terms of F for each x € 1B are each ¢
on .
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Proof Since f is factorable, it has a well-defined natural interval extension. Thus, Propo-
sition 7, Proposition 8, and Assumption 1 imply that there are no domain violations in the
construction of .%. The remaining claims of the theorem are proved separately as Theo-
rems 5, 6, and 7 in Appendix C. O

Roughly, an unconstrained 4" McCormick extension of a function f : B C R” — R
yields convex/concave relaxations of f that are weaker than those described by a natural
%" McCormick extension, yet are well-defined on all of R" rather than particular interval
subsets, and satisfy the following corollary. As a result, natural %" McCormick extensions
are preferable to unconstrained 4~ McCormick extensions in general, since the former gen-
erate tighter relaxations. Unconstrained 4 McCormick extensions are useful in two par-
ticular situations: firstly, if the problem min.cq @12 (z) is solved using a constrained convex
optimization method that visits infeasible points, and secondly, if generalized McCormick
relaxations [37,42] are employed in a manner that permits inputs 2" = (2, xC) for which

x€ ¢ xB.

Corollary 2 Given some i* € {1,2} and a factorable function f: B C R" — R"™ whose
composed UIFs each satisfy Assumption 1 with i := i*, an unconstrained € McCormick
extension Fync : MIB — MIR™ of f is a relaxation function for f. Additionally, if each UIF
describing f satisfies Assumption 2, then Py is (1,2)-convergent.

Moreover, if m = 1, in which case f is scalar-valued, then the convex/concave relax-
ations §f o, Yy defined by Proposition 4 in terms of Func for each x € 1B are each &
on R".

4.1 Gradient propagation

Using the obtained differentiability results, the standard forward or reverse modes of au-
tomatic differentiation [14,26] can be used to evaluate derivatives of the convex/concave
relaxations obtained for natural or unconstrained %* McCormick extensions, provided that
gradients can be evaluated for the composed addition, multiplication, and UI operations.
The obtained gradients are subgradients of the corresponding relaxations.

To evaluate derivatives for ' McCormick extensions, addition and UI composition can
be treated exactly as in Proposition 2.9 and Theorem 3.2 in [24], with all subgradients men-
tioned in these results replaced by the corresponding gradients. For multiplication, repeated
application of the chain rule to Definition 13 yields the following, which makes use of the
partial derivatives of v; and A; provided by Proposition 6.

Theorem 3 Consider functions f,g: D C R" — R, and relaxation functions % ,4 : MDD (or
MDyrop) — MR for f and g on D, such that the mappings % v+ fB(2") and 2+ g®( ")
are each independent of their € argument. Consider the product function h: D — R : z
f(2) g(z), and the corresponding product relaxation function 7 : MD (or MDprop) — MR :
X = xi{(F(X),9(Z)) withi € {1,2}. As in Proposition 4, for some fixed y € 1D, con-
struct the convex/concave relaxations @, : 2 — h°((y,[2,2])) and Wiy = 2 — ﬁc((y7 [z,2]))
of h on y, and construct the analogous relaxations Qf/Wsy of f and Qg /Wy of &
Gradients of ¢y and Yy, at some particular x € y may be computed as follows, with
% = (y,[x,x]) € MD (or MDyprop ). For notational simplicity, the % arguments of f®(%) =
PB@). 7 @), ¥ @) = [8%(#).8%(P)], and hB(@) = [ (2),1° ()] will be omir-
ted.
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IfﬁB = 1B, then Vy, ,(x) = V4 (x) = 0. Otherwise, ifﬁB > hP®, then define interme-
diate scalar quantities:

m(x) = (" FC(2)) + (f* g (@) - fP¢",
m(x) =@ £FC@) +(F ¢ (@) - 7',
n3(x) = (gB FC@)) + (F° g9(#)) ~ T 5",
na(x) = (% FC()) + (fF g (@) - f°%",

If?B = fB, then define intermediate scalar quantities by (x) = by (x) = b3(x) = bs(x) := 0.
Otherwise, if ?B > iB, then define:

EB V‘Pf,y(x)v ing >0, g V(bfy(x) lfg >0,
bi(x) := s . by(x): =19

g Vllff,y(x)a lfg <0, 8 VlI/f,y( ) g <0,

82 Vyyry(x), ifg® >0, P Vyry(x), ifg® >0,
b3 (x) = B B b4(x) = B L

§ V¢f,y(x)a lfg < 07 g V¢f-,’y(x)7 lfg < O

If g® = gB, then define intermediate scalar quantities bs(x) = b (x) = by(x) = bg(x) := 0.
Otherwise, if g° > gB, then define:

bs(s) {fBVrbg‘y(X)’ iff8>0, 7 v¢gyx,lff3>o
X) =
TV . i <0 P Vs ), i 7 <0,
7o Vy (), i 7 >0, FEVYy (), if B >0,
b7()€) = g - 5
I Vgy(x), lff <0, i V¢g, (x), if f© <0.

Next, define the following intermediate scalar quantities:

() 5= 1 0)m3(0) ) 1 (0)+ 2 1 00 s ).
(o) = 1 (3)m3(0). a5 0) + G 1 2 ms(a). n)B).
() = 0, ), ) 0+ 5 0,1 ), ) ),
as(x) = %ns( D145, ) () + 5 () ) ) )
Then,
V0145) = 2,12, pya) (1 () + ().
d20; —B

and  Viiy(x) = - (R(2),1° ppa) (a3(x) +aa(v))

Proof This result follows immediately from Definition 13 and the chain rule in Proposi-
tion 2. Observe that, in light of Remark 1, if a composed function is defined only at a single
point, then its derivative at this point may be set to 0 without affecting the validity of this
chain rule. O
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When constructing unconstrained 4” McCormick relaxations, the following gradient
propagation result can be used to handle the initial squashing operation.

Proposition 9 For fixed y € IR and i € {1,2}, consider the functions gg,i(y: :R? = R de-

fined so that Squ;((y,z)) = (y, [52 (572)752(572)])]‘01’ each z € IR. Then

Vég(évz) = {%(;vay) 0} ) and Vfg(évz) = [ %(;i (Ziapy)} :

Proof This result follows immediately from the definition of the squashing operation. O

5 Implementation and examples

This section first discusses how to choose the parameter g, in Definition 11 in accordance
with numerical considerations. A C++ implementation of the relaxation theory in this article
is then described, and is subsequently applied to various example problems for illustration.

5.1 Choosing the parameter a,

When constructing a ¢’ McCormick extension of a function f, the parameter ap in Defi-
nition 11 is only used if either f is described in terms of at least one product function, an
unconstrained €* McCormick extension is desired, or the constructions described in Re-
mark 5 for pathological UIFs are required. If none of these circumstances apply, then there
is no need to choose a,,.

Although the established (1,2)-convergence of 4" McCormick extensions is indepen-
dent of a,, larger values of @, ultimately yield weaker relaxations @s /Wy > When widax
is large, making fathoming by value dominance less likely at the early stages of a branch-
and-bound procedure for nonconvex optimization. On the other hand, smaller values of a,
yield relaxations that are theoretically €”, yet may differ (with respect to the L2-norm) only
marginally from a nondifferentiable function when wid  is reduced.

Moreover, observe that in the results established in this article, there is no need for the
same value of a,, to be used each time the function p : IR — [0,+e0) is invoked during
construction of a particular ¢’ McCormick extension of a function. This notion provides
a degree of freedom which can be exploited to ensure that the values of a;, employed are
neither too great or too small, in accordance with the previous paragraph.

Now, it follows from Lemma 3 that, for any 2" = (B,z%) € MRy, and i € {1,2},

o wid(belti(27)) wid ¢

2
min{ PP 1}=min{2apwidm‘3,1}.

wid B widxB — widxB’

Lo . widaC . .
So, the belt operation increases the ratio z?dm by at most (2a, widz®). Observe that, if

idaB
Wld(gfdl;’éx)) ~ WdT - then there is little numerical difference between the 4 McCormick

relaxations and the classical McCormick relaxations.

In light of the above discussion, suppose that during execution of a branch-and-bound
procedure, whenever any interval subdomain  is visited, the 4" McCormick extension of a
function demands evaluation of PoyB(z) where the interval-valued function y® is defined by
the natural interval extension of the factorable objective function. Due to inclusion mono-
tonicity of natural interval extensions, wid (y® (z)) decreases as wid x decreases. Now, if aq
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denotes the interval domain considered at the root node of the branch-and-bound procedure,
the above discussion suggests setting

by
AN 2widyB (o) 3
for some constant b,, in the range [0.01,0.2]. With this choice, the 4" McCormick extensions
are not relaxed too much relative to the corresponding original natural McCormick exten-
sions, and yet (2a, widy®(z)) remains significantly greater than O (relative to a computer’s
typical numerical precision) even after several successive branches in the branch-and-bound
procedure.

Lastly, note that (2a, widy®(x)) — 07 in the limit (widz) — 0T If (2a, widy®(z))
falls below some small tolerance € > 0, then affine relaxations defined either by the sub-
gradients of the classical natural McCormick extensions or the gradients of 4 McCormick
extensions may be preferable to the McCormick extensions themselves.

5.2 Implementation

A C++ implementation of ¢ McCormick extension evaluation was developed by modifying
version 1.0 of the header library MC++ [8], to carry out the methods in this article using op-
erator overloading. This new implementation describes McCormick objects using a template
classmc: : smoothMcC<T>, which is a modified version of the class mc : :McCormick<T> de-
fined by MC++. As in MC++, the templated argument T refers to the interval objects used
by an employed interval arithmetic library. The specific modifications used to construct the
class mc: : smoothMcC<T> from mc: :McCormick<T> are as follows.

Firstly, static member variables MCbp and _MCi were added to the class, so as to hold
the values of the parameters b, and i € {1,2}, respectively. These parameters can be set
or retrieved using static member functions setBp, getBp, setI, and getI. Further static
member functions evaluate the functions p, u;, Vi, %, oi, Vi, %, %—‘;f, A, %, and %—’}’ The
execution of MCp, the static member function evaluating p, is detailed in the next paragraph.
In the following description, let mcX denote an arbitrary mc: : smoothMcC<T> object repre-
senting a McCormick object 2. Member functions squash and p were added to the class,
so that meX . squash () replaces its calling member 2~ with .%qu;(Z"), and so that mcX.p ()
invokes MCp to return the value p_s. Using these constructions, McCormick-McCormick
multiplication was implemented according to Definition 13, via a friend function that
overloads operator*, with gradients propagated according to Theorem 3. The relaxations
described in Examples 7, 8 and 9 were implemented by modifying the overloaded operations
fabs and pow appropriately, along with a squaring function sqr that was implemented in
MC++.

To implement evaluation of p via MCp according to the discussion in Section 5.1, a
static member enum variable _apMode was added to the mc: : smoothMcC<T> class, to de-
scribe whether the parameters a, should be evaluated as if the root node in a branch-
and-bound process is being visited, or whether a child node is being visited instead. If
_apMode=SET_AP, then whenever p is evaluated, the parameter a,, is evaluated in the root-
node mode described in Section 5.1, and the value of a), is pushed onto the end of a static
member std: :vector<double> named _apList. To handle child nodes in a branch-and-
bound process, when values of a, have already been stored in _apList, _apMode is set to
GET_AP. In this mode, whenever p is evaluated, the appropriate value of a,, is retrieved from
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_apList; the appropriate component of _apList to be retrieved is tracked using a static
member std: :vector<double>: :const_iterator.

Ultimately, given a user-supplied template subroutine £ that is written as though its in-
puts and outputs are doubles or double arrays, the implementation described above permits
natural 4 McCormick extensions of f to be evaluated using operator overloading, along
with directional derivatives that are evaluated using the forward mode of automatic differ-
entiation. To obtain unconstrained ¥ McCormick extensions instead, the squash operation
should first be applied to each mc: : smoothMcC<T> input to £. The UIFs and operations
described in Table 2 are all supported in this implementation.

5.3 Complexity analysis

Roughly, denote the computational cost of evaluating a factorable function f: X C R" - R
using its factored representation as “cost(f)”. Observe that, when constructing the convex
or concave relaxation suggested by a natural > McCormick extension for f, each addi-
tion, multiplication, and UIF in the factored representation of f is replaced with its €2
McCormick counterpart. Thus, there exists ¥. > 0 for which the computational cost of eval-
uating a € convex or concave relaxation of f is no greater than ¥, cost(f). The parameter
7. is independent of f, but depends on the library of UIFs considered.

Similarly, using standard complexity results for automatic differentiation [14], it follows
that there exist similar library-dependent constants Y,, % > 0, satisfying the following claim.
If the reverse mode of automatic differentiation is used to evaluate a subgradient of such a
relaxation, then the cost of doing so is bounded above by 7, cost(f); if the forward mode is
used instead, then the cost of evaluating this subgradient is bounded above by n¥; cost(f),
where n denotes the domain dimension of f.

5.4 Examples

In this section, the implementation of 4> McCormick relaxation described in Section 5.2 is
applied to various example problems for illustration.

Example 3 To illustrate the modified multiplication rule provided by Definition 13, consider
the function f : R — R : (x,y) — y(x*> — 1), which is plotted in Figure 1(a). The function f
is (real-)analytic but nonconvex on z := [—4,4]> C R%.

Using MC++ [8], the classical McCormick convex relaxation of f was constructed on
z, and is plotted in Figure 1(b). This relaxation is not differentiable everywhere; this non-
differentiability is introduced via McCormick’s rule for relaxing the product of terms whose
signs change on the interval of interest. A natural €2 McCormick relaxation of f on z was
constructed using the implementation described in Sections 5.1 and 5.2, with b, := 0.2; this
relaxation is plotted in Figure 1(c). Observe that this relaxation is visibly differentiable (and
is, in fact, €2), but is otherwise qualitatively similar to the classical McCormick relaxation.
The classical McCormick relaxation dominates its 4> counterpart on z.

For comparison, the BB relaxation of f on z with a nonuniform diagonal shift matrix
that minimizes maximum separation distance [1] was computed directly to be:

% (x,y) = f(x,y) +8(x* — 16) +4(y> — 16),

and is plotted in Figure 1(d). The obtained aeBB relaxation is analytic, and has a minimum
at (x*,y*) := (0,0.125). Observe that f*(x*,y*) = —192.0625, which is less than the lower
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Fig. 1 The function f : (x,y) — y(x2 —1) and its convex relaxations on [—4,4]2: (a) the function f, (b) the
classical McCormick relaxation of f, (c) a %2 McCormick relaxation of f, and (d) the aBB relaxation of f
that minimizes maximum separation distance.

bound f (2) = —60 provided by the natural interval extension of f on z. This interval lower
bound coincides with min(, )< f(x,y), and is dominated on z by both the constructed clas-
sical McCormick relaxation and the constructed %> McCormick relaxation.

Example 4 To illustrate the handling of the absolute-value function according to Example 8,
consider the function

g RS R: ()= x+1+x=1 = |x+y—=1]—|jx—y+1], 4)

which is plotted in Figure 2(a). The function g is piecewise affine, and is nonconvex on
z:=[-2,2]> CR%

As in the previous example, the classical McCormick convex relaxation of g on z was
constructed using MC++, and is plotted in Figure 2(b); this relaxation is readily verified
to be piecewise affine. The > McCormick relaxation of g on z was evaluated using the
implementation described in Section 5.2, and is plotted in Figure 2(c). Since there does not
exist a scheme of estimators satisfying Assumption 2 for the absolute-value function, the
generated McCormick and > McCormick relaxations are not guaranteed to be pointwise
convergent of order 2.

Example 5 To illustrate the handling of the squaring function z — z> according to Exam-
ple 7, consider the function

h:RE=R: (x,y) — (xy—1)%, )
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Fig. 2 The function g described in (4) and its convex relaxations on [72,2]2: (a) the function g, (b) the
classical McCormick relaxation of g, and (c) a ©> McCormick relaxation of g.

which is plotted in Figure 3(a). The function / is analytic and nonconvex on z := [—2,2]*> C
R

The classical McCormick convex relaxation 4 of & on z was evaluated using MC++,
along with a subgradient at each point. This relaxation A is plotted in Figure 3(b), and
x-components of the evaluated subgradients of 4V are plotted in Figure 3(c). As a function
of (x,y), the evaluated subgradient is evidently not differentiable everywhere; it follows
that /¢ is not twice-differentiable, let alone 2. This example illustrates that, even though
the squaring function is convex and smooth, considering the squaring UIF as its own convex
relaxation can yield failures of twice-continuous differentiability. This observation motivates
Assumption 1 and Example 7.

A natural 4> McCormick relaxation /¥ of & on z was constructed using the imple-
mentation described in Sections 5.1 and 5.2, with b, := 0.2; this relaxation is plotted in
Figure 1(d). Gradients of /" were also evaluated using the described implementation; the

partial derivatives % and ag;v are plotted in Figures 3(e) and 3(f), respectively. These

partial derivatives appear to be differentiable, and are indeed €.

Example 6 This example illustrates the second-order pointwise convergence of the > Mc-
Cormick relaxations presented in this article. As in [6, Example 7], consider the function

fiRy 5 R:x— (x—x2)(logx+e ™)

on intervals of the form [0.5—¢€,0.5+ €] for € € (0,0.2]. The function f is plotted in Figure 4,
together with a series of € relaxations Yo (e) Of f constructed using the implementation
described in Sections 5.1 and 5.2, on intervals x € {[0.5 —£,0.5+¢] : € = 0.4(2%),k €
{1,...,20}}, with the parameters in (3) set to xy := [0.3,0.7] and b,, := 0.2.

For the considered values of €, Figure 4(b) plots sup,cqe) (f(X) — Y (e) (x)) against
widz(€) on a logarithmic scale; the slope of this plot suggests second-order pointwise con-
vergence of the convex relaxation W (€) to fas € — 0.

6 Conclusions

A variant of McCormick’s relaxation scheme has been presented, which produces % con-
vex and concave relaxations of a provided factorable function, while retaining the compu-
tational benefits of McCormick’s method. Gradients are readily evaluated for the provided
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Fig. 3 The function / described in (5) and its convex relaxations and associated subgradients on [—2, 2]2: (a)
the function A, (b) the classical McCormick relaxation 4¥ of h, (c) the x-component of some subgradient of

K, (d) a €2 McCormick relaxation i of &, (e) the partial derivative ‘9[5‘% , and (f) the partial derivative 3§;V .

relaxations using standard automatic differentiation methods. As an avenue for possible fu-
ture work, we expect that the methods in this article are compatible with an established
scheme for reverse propagation of McCormick relaxations [42], and could yield a scheme
for constructing €2 relaxations for implicit functions.

As an open problem, observe that the methods in this article do not extend immediately
to the multivariate relaxations described by Tsoukalas and Mitsos [39]. Such an extension
would be desirable, since the multivariate product relaxations are tighter than the classical
McCormick product relaxation described in Definition 22.
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Fig. 4 (a) The function f described in Example 6 (dashed) and its € convex relaxations Ye(e) Of f on
intervals z(¢) := [0.5 — &,0.5+¢] for various £ > 0 (solid), and (b) a plot of d f := SUp, 5 (e) (f(¥) = Wi (e) (¥))
vs. w:=widz(g) = 2¢.
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Appendices
A Established definitions and results

A.1 Interval analysis

This appendix summarizes relevant standard definitions and results concerning interval analysis.
Definition 15 (from [2]) For each ¢ € R, define scalar-interval multiplication so that for each = € IR,
[ex,cx], if ¢ >0,
cx =
[cX,cx], if ¢ <O.

Setting ¢ <— —1 corresponds to a negative operation. Define interval operations +, —, x : IR x IR — IR such
that

+H@,y) =z +y = [x+y,3+7], Va,y e IR.
—(w,y)E:c—y: [E—YJ—X]; vx,yEHR
x(z,y) = xy := [min{xy, x3, Xy, Xy}, max{xy, xy,Xy,%y}], Ve,y € IR.

It is readily verified that for any interval operation o € {+,—, X}, xoy = {vow:v € x,w € y} for any
intervals ¢,y € IR, and [v,v] o [w,w] = [vow,vow] for any v,w € R.

Lemma 11 Consider an interval x € IR and scalars a,b € R for which a < b. If x > 0, then (ax) < (bzx). If

X <0, then (ax) > (bx). Similarly, if x > 0, then (ax) < (bx). If X <0, then (ax) > (bx).

Proof Forany c € R,
if ¢ >
(cx) = { E? gi - 8’ =X min{c,0} +x max{c,0}. ©)

If x > 0, then each term in the final expression above is evidently increasing with respect to ¢, yielding the
first required inequality. If, instead, X < 0, then each term in the final expression is decreasing with respect to
¢, which yields the second required inequality. Next, for any ¢ € R,

— {cx, ifc>0,

(cx) = ox ifc<0 = xmin{c,0} +Xx max{c,0}. (@)

Using this result, a similar argument to the previous case yields the remaining inequalities. O
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Definition 16 (from [25]) Consider a nonempty set B C R”. An interval-valued function f : IB — IR™ is
inclusion monotonic if f(x) C f(y) for any pair «,y € IB for which « C y.

Given a function g : B — R™, an interval-valued function § : IB — IR™ is an interval extension of g if
G([x,x]) = [g(x),g(x)] for each x € B.

The following result from [25] motivates the above definition.

Theorem 4 (Theorem 3.1 in [25]) Consider a function g : B C R" — R™. If a function g : IB — IR™ is
inclusion monotonic and is an interval extension of g, then g(x) := {g(z) :z€ «} C §(z) for all x € IB.

Definition 17 Given a set D C R", define the interval hull 1D of D as the intersection of all intervals in IR”
that are supersets of D. Given a function f : B C R" — R™, define the interval hull Of : IB — IR™ so that
Of(x)=0{yeR": Fzexst.y=f(2)}.

A.2 McCormick objects

This appendix summarizes definitions from [33,42] concerning generalized McCormick objects, and adapts
these to permit restrictions to proper McCormick objects.

Definition 18 (adapted from [42]) Given a function f : B C R” — R™, a mapping .% : MB (or MByqp) —
MIR™ is a McCormick extension of f if

F (), nx]) = ([f (), f(0)], [f (), F®)]),  x€B.

Definition 19 (adapted from [42]) Given a set B C R”, a function .% : MB (or MByyop) — MR™ is inclusion
monotonic if (") C F(#) for each pair 27, % € MB (or MBjyp) such that 2" C %'

Definition 20 (adapted from [42]) A pair 2°,% € MR" is coherent if B = yB. Given coherent 27, % ¢
MR", for each A € [0, 1], define:

Gonv(A, X, %) = (2B, 12" + (1 - 1)yC) € MR,

Given a set B C R”", a function .% : MB (or MByop) — MR™ is coherent if % (2") is coherent to .% (%) for
every coherent 2", % € MB (or MByyop). A function .# : MB (or MBprop) — MR is coherently concave if
it is coherent, and, for every 2°,% € MB (or MBpop),

F(Con (A, X, %)) D Conv(A, F(X),F(¥)), VA €[0,1].

The following analogs of addition, multiplication, and UIFs for McCormick objects were developed
in [33], and are presented here in the notation of [42]. As demonstrated in [33], these McCormick operations
are indeed relaxation functinos of the corresponding operations on real numbers.

Definition 21 (from [33]) Define an addition operation + : MR? — MR so that, for each 2°,% € MR,
H L, D)= X+ = (a®+48,2C +4C),

— MR as the restriction of + : MIR* — MR to the domain MIR?

and define + : MR2 prop-

prop

The following definition of a McCormick multiplication operation is adapted from McCormick’s original
presentation [23] and [24], and is essentially replaced in this article by Definition 13 in Section 3.3. The
following operation will be denoted by the symbol “e”; the usual notation for multiplication is reserved for
Definition 13. Note that multiplication of a scalar and a McCormick object was treated as a UIF in Tables 1
and 2; the following definition instead concerns multiplication of two McCormick objects.

Definition 22 (from [33]) Define the classical McCormick multiplication operation e : MR? — MR so that,
for each 27, % € MR,

o2 W)= X oW = (aPyP,2),
where z = [z,7] € IR is defined in terms of the intermediate quantities v := B N2€ and w := yB NyC as
follows:

= max <(XBv) + (sz) —gBXB, (va) + (J?Bw) —XBYB> )

129

¥50) + (Fw) — )P, (Bo) + (Pw) -2

x|
I
e}
=
~
—
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Definition 23 (from [33]) Define a function mid : R — R as mapping to the median of its three scalar
arguments. Given a UIF u : B C R — R that satisfies Assumption 1, define % : MB — MR so that for each
X €MB, % (Z) := (u(xB), z), where

2= [u (@, mid (G (2P),2¢, X)), u* (@B, mid (G (2),2¢,X9) ).

B Relaxations for UIFs

This appendix presents various results concerning the UIF relaxations u¥ and u“® described in Definition 3.
Satisfaction of Assumptions 1 and 2 is also discussed.

Lemma 12 Consider an interval x € IR, a Lipschitz continuous function u : x — R, and the convex envelope
u® :x — R of uon x. Then, u® (x) = u(x) and u®" (X) = u(x). Moreover, u*" is Lipschitz continuous on x,
with the same Lipschitz constant as u.

Proof The required result is trivial if x =X, so assume that x < X. Let k,, denote a Lipschitz constant for # on
x. Applying the definition of the convex envelope,

u(y) > u® (y) > u(x) — ku(y — x), Vy € x; (®)

the first inequality above is due to u dominating 4, and the second inequality is due to " dominating each
convex underestimator of u on . Setting y to x in the above inequality chain yields u¥ (x) = u(x).
A similar argument yields:

u(y) >u(y) > u@ +k(y—%), Vyemx; 1)

setting y to X yields u® (¥) = u(x).
Thus, (8) and (9) become:

V() —u(x) > —k(y—x), Vyewm,

uC
u(y) —u (X 2 k(y—%), Vyewm

Defining D u®" and D_u® as the right-derivative and left-derivative of u°¥ described in [16, Part I, Theo-
rem 4.1.1], it follows from [16, Part I, Proposition 4.1.3] that D u® (x) and D_u®¥(X) both exist, are finite,
and satisfy

D u(x) > —ky, and D_u® (X) < ky.

Thus, u®” is continuous at x and X. Moreover, [16, Part I, Theorem 4.2.1] implies that for each y € int(z),
each subgradient of u®" at y is an element of [—k,,k,]. This result, combined with the mean-value theorem
[16, Part I, Theorem 4.2.4], shows that 4" is Lipschitz continuous on @, with a Lipschitz constant of k,. O

Lemma 13 Consider an interval x € IR, and a €' function u : & — R. The convex envelope u®* :  — R of
uon x is also €' on x.

Proof The required result is trivial if x = X, so assume that x < X. Theorem 3.2 in [13] implies that 4" is &'

n (x,X) = int(); it remains to be shown that u" is also %! at x and %. Noting that u is Lipschitz continuous
on x, construct the right-derivative D u® and the left-derivative D_u®" as in the proof of Lemma 12. As
in the proof of Lemma 12, D u"(x) and D_u®" (X) each exist and are finite. Define the following function,
which extends the domain of 4" to R:

U™ (x) + (D () (y —x), ify <,
YRRy < u(y), ifyex,
u (X) + (D_u® (%)) (y —X), if x < y.

The function  is evidently continuous, and is %" at each y € R\{x,X}. Applying the definitions of D uc"
and D_u®, it follows that y is differentiable at x and ¥ as well; thus,

D+MCV()£)7 1fy SE:
Vy(y)=q Vu™(y), ify€int(z),
D_u®(x), ifx <y.

This equation, together with [16, Part I, Theorem 4.2.1(iii)], shows that y is €' even at x and X, and is
therefore ¢! on R. Hence, u®" is ! on x. [}
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Example 7 Suppose the function u : R — R : z — 7% is considered as a UIF. Since u is convex, it is its

own convex envelope on any subinterval of R. In line with Remark 2, if i = 1, then setting u¥(z,-) = u
for each « € IR is consistent with Definition 3 and Assumption 1. However, on an interval y with y < 0 <
y, {Min(y) = 0 € int(y), but V2u(0) = 2, so setting u® (y,-) = u is inconsistent with Assumption 1 when
i = 2. Nevertheless, it is readily shown that the following choice of u® is consistent with Definition 3 and
Assumption 1 when i = 2:

2, if0¢ (x,%),

W

29

ucv(z7z) = L ifx<0<Xxand 0 <z,

)

Lo g

@., ifx<0<Xxandz <0.
Observe that setting u°°(x, -) to be the affine concave envelope of u on @ is consistent with Assumption 1,
since, in this case, either x or ¥ will be a valid choice of {"** (). Lemma 14 below shows that the relaxations

described in this example also satisfy Assumption 2.

Example 8 Suppose the function u : R — R : z+> |z] is considered as a UIF. In the spirit of the previous exam-
ple, it is readily confirmed that the following choice of " is consistent with Definition 3 and Assumption 1
foreachi € {1,2}:

|z], if 0 ¢ (x,%),

2+i

2+ . -
u (@) = { 3>, 1fx<0<Xand0<z,

24 . -
‘;T: ,ifx<0<X¥and z<O0.

As in the previous example, observe that setting u“(x,-) to be the affine concave envelope of u on @ is
consistent with Assumption 1.

Example 9 For some fixed k € N, suppose the function u : R — R : z — z2**! is considered as a UIF. In line

with Remark 2, if i = 1, setting u®¥(x,-) and u*(x,-) to be the convex/concave envelopes of u described
in [22] is consistent with Definition 3 and Assumption 1. If i = 2, then it is readily verified that the following
choices of u® and u°® are consistent with Definition 3 and Assumption 1:

A2y (2R g2y %> ifx <0,

u (x,2) 1= § (2t (f%) + (max{0,z})**! ifx <0 < %,
e if0<x,
sz+1’ if x <0,

0 (x,2) == x2hrl (%) + (min{0,z})**! if x <0 <%,

A2y (R g2k <%) L if0<x

The functions 4 (x,-) and u°°(x,-) described above are evidently strictly increasing on « for each = € IR.
Thus, setting {™" () := x and {™*(x) := X is consistent with Definition 3. Lemma 15 below shows that the
relaxations described in this example also satisfy Assumption 2.

Lemma 14 Consider the relaxation schemes {u (z,-),u* (. ")} ger for u : z + 7% on R described in Ex-
ample 7. These schemes satisfy Assumption 2.

Proof By [6, Theorem 10], the concave relaxations of u described in Example 7 are pointwise convergent
of order 2, as are the convex relaxations described in Example 7 when i = 1. It remains to consider only the
convex relaxations of u when i = 2.

Now, if & € IR but 0 ¢ int(z), then u(z) —u (x,z) = 0 for all z € . If, instead, = € IR and 0 € int(z),
then

sup(u(z) —u(,z)) = max { sup (u(z) —u(x,2)), sup (u(z)— ucv(%l))} ;

€ z€[x,0] z€[0.3]
2_ 2 2_ 2
=max{ sup - ) sup |75 s
{ze[x,o] ( (’)) z€(0.%] ( ¢ )> }
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Combining the above cases,

sup(u(z) —u®(z,z)) < %(widw)z7 vV € IR,

ZET
as required. O
2%+1 o

Lemma 15 For fixed k € N, consider the relaxation schemes {u" (x,-),u (@, ) }pcir for u:zvz
R described in Example 9. These schemes satisfy Assumption 2.

Proof Again, by [6, Theorem 10], the relaxations of u described in Example 9 when i = 1 are pointwise
convergent of order 2; it remains only to demonstrate the i = 2 case. It will be shown that the convex relax-
ations u“Y (x, -) of u are pointwise convergent of order 2; a similar argument applies to the concave relaxations
u(x,-).
Consider any fixed interval g € IR, and any « € Iq.If i = 1 or 0 ¢ «, then u®¥(z, -) is the convex envelope
of u on x, which, by [6, Theorem 10], is pointwise convergent of order 2 with respect to .
If i = 2 and O € x, then, noting that " (, -) is increasing, we obtain:
sup(u(z) — ¥ (@,2)) < sup(u(z) — (@)
€T ZEXT
_ Sup(z2k+1 7£2k+l) < (Xiz)ZlH—l + (275)2/{4—] < 2(Widq)2k—1 (275)2.

€T

The above results together show that u®¥ (, ) is pointwise convergent of order 2 to u with respect to ,
as required. O

C Intermediate results

This appendix establishes key intermediate results that are used in the proof of Theorem 2.

C.1 Establishing elemental relaxation functions

The following theorem shows that Definitions 21, 13, and 23 provide relaxation functions of addition, multi-
plication, and UIFs; the remainder of this section is concerned with proving this theorem.

Theorem 5 The functions + : MR, — MRprop, X; : MR, — MRyrop, and % : MB — MR described in

Definitions 21, 13, and 23 are relaxation functions for + : R2 R x:R2 >R andu:B— R, respectively.
Proof This theorem combines Lemmata 16-20 below. O

Lemma 16 The function + : M]Rgmp — MRprop is coherently concave, inclusion monotonic, and a Mc-

Cormick extension of + : R? — R.

Proof This result follows from Theorem 2.4.20 in [33], noting that for any choice of 2°,%" € MRop,
2B Nz€ = 2C and yB NyC = yC. O

Lemma 17 The function x; : MRgmp — MRpyop is coherently concave.

Proof Consider a coherent pair (27, %1),(23,%) € MRgmp, and a scalar ¢ € [0, 1]. Since this pair is coher-
ent, define B := x? = wlza and yB := y]? = y?. Define 2 := 21% and 2, := £>%;. Using the definition
of the squashing operation, it follows that q]f = q}23 = xByB =: ¢B, and so 2, and 2, are coherent. Define
Zo :=%onv(l, X1, %>), and define % and 2 analogously. To obtain the required result, it suffices to show
that Z0% > 2.

If ¢® = g® =: ¢, then the definition of the squashing operation implies that 2% = [¢,q] = 2o, as

required. Thus, it will be assumed throughout the rest of this proof that QB <gb.
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For each j € {0, 1,2}, define z; = [z;,Z;] € IR such that

2= i (0%25) + (PyF) — %R, (P26) + (o) 558, pga )

and 2= 2 ((0P2§) + (Pyf) —P, (6Paf) + (oPyf) —aP5P, pqs) :

Since qF = qg =2ByP® = B, the required inclusion, 2u%) D Gonv({,21,2,), is equivalent to the inclusion:

Fqui((4%,20)) D Conv(t, Squi((°,21)), qui((a°, 22))).
which is in turn equivalent to the inclusion:

belt;((q,z0)) D Lbelt;((q®,z1)) + (1—£) belt;((q, z)).
Thus, due to Lemma 8, it suffices to demonstrate the following inclusion:

belt;((q®,zy)) D belt;(Conv(l,(q®,z1),(q®, 22))),
which can be rewritten as:
belti((q®,z0)) D belti((q®, [tz + (1~ )z, 21 + (1= 0)22)]).
Since belt; is inclusion monotonic, it thus suffices to demonstrate the inequalities:
<l +(1-0z, and >+ (1-0)2.

The first of these inequalities will be demonstrated here; the second can be shown to hold by an analogous
argument. For each j € {0,1,2}, define:

= (P2f) + (Pyf) -5, and = (5Paf) + (Pyf) -5

Now, for each j € {0,1,2},

Moreover, by definition of the €onv operation,
=65 +(1-0:5,  and 3 =G0+ (1-035.
Combining the above results, it follows that

0Paf) =0

-0
—
+
—
iy
|
o~
=
=S
<
W
8
o)
—

an analogous argument shows that

(Pyf) = 0:Pyf) + (1- 0 (Pys).

Adding these two equations and subtracting the constant term ;BXB, it follows that
ag = Loy + (1= 0)ay;
an analogous argument shows that
Bo =P+ (1-0)p.
Thus,
Vi(@0,Bo, pgn) = Vi(lon + (1= £)on, EB1 + (1= 0)B2, pgn),
which, by Lemma 7, implies that

vi(o, Bo, pgs) < Lvi(ou, B, pgs) + (1 =€) vi(0a, B2, pgp ).

Comparing this inequality with the definitions of a;, B;, and z; for each j € {0,1,2}, it follows immediately
that
7y <Lz +(1-0)z,

as required. O
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Lemma 18 The function x; : MRgrop — MRpyop is inclusion monotonic.

Proof Consider any 27, 22,%,% € MRpp such that 25 C 27 and %, C %;. It will be shown that
% C 27%,. Since x : IR? — IR is inclusion monotonic, it follows that m‘;yg C m‘?yl , and so PaByB <

PyByB- By construction a:z - :cl and y2 - y1 Define z; € IR as in Definition 13 for the product J’l%
and deﬁne 2y € IR analogously for the product 2,%5.

Due to Lemma 9 and the inclusion szyé3 C m?y?, it suffices to show that z, C z;. It will be shown
that z, > z,: an analogous argument shows that Zp < Z;. In turn, due to Lemma 6 and the inequality PByB <

PaByBs it suffices to demonstrate the inequalities:
1

and  (Faf)+ (@yr) - ¥

Noting that ¢ ;= w]? nz¢ j and y¢ =Y ﬂyc for each j € {1,2} by construction, the proof of [33, Theo-
rem 2.4.23] demonstrates the above mequahtles O

Lemma 19 The function x; : MIR>

prop — MRprop is a McCormick extension of x : R? - R

Proof Choose x,y € R, and set 20 := ([x, ], [x,x]) € MRpop and % := ([y,y], [y,¥]) € MRprop. Observe that

[x,x][y,¥] = [xy,xy], and that p(; \} = Ply] = Plx.x|[yy] = 0- Thus, according to Definition 13 and the established
properties of ¥ and oy, it follows that:

2% = 'yqui(([xvx][yvy]vz)):
where z = [z,Z] is defined as follows:
2= vy (Oea]) + (xduy]) =00 Oea]) + (xdy]) =00, 0) = viay.9.0) = x(ay.9.0) =,

2i= 20 (Oe]) + O] = O + Dl) =0, 0) = Ai(y,x0.0) = 03y 00,0) =

Thus, Z0%) = Squ;(([xy,xy], [xy,xy])) = ([xy,x], [ey, xy]). o

Lemma 20 (Theorems 2.4.27, 2.4.29, and 2.4.30 in [33]) For any UIF u: B C R — R, the function % :
MB — MR is coherently concave, inclusion monotonic, and a McCormick extension of u.

C.2 Establishing continuous and twice-continuous differentiability

The results in this section show that for any natural or unconstrained 4’ McCormick extension of a fac-
torable function, the convex/concave relaxations suggested by Proposition 4 are indeed %" on their interval
domains, and their gradients may be evaluated using the standard forward or reverse modes of automatic
differentiation [14].

In particular, Lemmata 24 and 25 effectively correct McCormick’s proposed sufficient condition for
differentiability of relaxations of composite functions [23, p. 151], by applying Assumption 1.

Theorem 6 Consider any i* € {1,2}. For fixed intervals x|, x, € IR, the mappings

0y 7193:72) = € (@1, 1y, 1) (@2, 72]))
T (@n i) @2.by:7)
(@1l 30D @2,y 7))
(@1l 31 @2.[, 7))

(3710, 72) = F

o}

(X]7YI7X27y2 HL
. —C

and  (y,,31,,:92) = %;
described in Definitions 21 and 13 are each 6" on {710, 72) € R* 2 SVLY, SV by il €@y, €
:132}.



32 Kamil A. Khan, Paul I. Barton

Next, consider a UIF u: B C R — R that satisfies Assumption 1 with i := i*, and choose any fixed interval
x € IB. The mappings

0. 3) = u(@,[y3])  and  (3,3) = 7 (2, [,3]),

described in Definition 23, are each €"" on {r,y) € R?: y<y, [y Cx}
Proof This theorem collects the results of Lemmata 21-25 below. O

Lemma 21 For fixed intervals x|, x, € IR, the mappings
0y 7123:72) = € (@1, 7)) (2., 7))
and (350,372 = T ((@1,ly, 1), (@2,,.72)))
are each €* on L10:71:0,:72) € R*: Y SVLY, SV ] € @1, [y, 0] € 22}

Proof The definition of + : MRgmp — MRp0p implies that the mappings in question are linear, and are

therefore €. ]

Lemma 22 Suppose that scalars a,b,c,d € R are such that ab = ad = cb = cd. At least one of the following
conditions must hold:

— both a = c and b = d hold simultaneously,

—a=c=0,

- b=d=0.

Proof Suppose that the first condition does not hold; it will be shown that either the second or third condition
must hold in this case. Thus, suppose that either a # ¢ or b # d. If a # ¢, then the equations (a —c)b=0=
(a—c)d imply that b = d = 0, as required. Otherwise, if b # d, then the equations a(b—d) =0=c(b—d)
imply that a = ¢ = 0, as required. O

Lemma 23 For each i € {1,2}, given fixed intervals x,x, € IR, the mappings

0y 3193:72) = xE (@11, ) (2., 72]))
and (v, 319,,5) = X5 (@1, 31]) (@2,05,,52)))

are each €' on {(y,,31,y,,72) € R* 1y, <¥1,y, <3, [y 0] € 21, [y, 7] € 22}

Proof The cases in which wid (z;2;) > 0 and wid (z; ;) = 0 will be considered separately.

Firstly, suppose that wid (;22) > 0. For any ¢ € R, (6) and (7) imply that the mappings (v, w) — (c[v,w])
and (v,w) — (c[v,w]) are both linear on {(v,w) € R? : v < w}, and are therefore %". This observation, together
with Lemma 5, Lemma 10, and Definition 13, implies that the required result holds.

Secondly, suppose that wid (z;2>) = 0, in which case x;x, = x; X2 = XX, = X1 X2. Applying Lemma 22,
it suffices to consider separately the cases in which x; =X =0, x, =X, =0, and both x; =X and x, = X;.

If x; =%, =0, then &z, = [0,0], in which case the outer squashing operation in Definition 13 implies
that (z1,[y,,51]) x (22, [y, 32]) = ([0,0],[0,0]). Thus, each of the two mappings in the statement of the
lemma is the zero mapping, which is trivially . The case in which x, = ¥, = 0 is analogous.

Lastly, if both x; =X; =: x; and x, =X =:x2, then &z = [x;x2,x1 2], in which case the outer squashing
operation in Definition 13 implies that (@1, [y,,51]) X (22, [y,,¥2]) = ([r1x2,x1x2], [¥122,x1x2]). Thus, each
of the two mappings in the statement of the lemma is a constant mapping, which, again, is trivially /. 0O

The following two lemmata essentially show that McCormick’s proposed sufficient condition for differ-
entiable relaxations of composite functions [23, p. 151] becomes valid when Assumption 1 is applied.

Lemma 24 Consider a UIF u: B C R — R that satisfies Assumption 1. For any intervals x,y € 1B for which
yCuz,

u (@, mid (G (@), y, 7)) = uf* (,y) +ufy (2.5) —u (@, M (2)),
and  u (2, mid(§" (2),y,5)) = u (z,y) + up (z,3) — u* (2, & (2)).



Twice-continuously differentiable McCormick relaxations 33

Proof The first required equation will be shown to hold; the second can be demonstrated analogously. By
construction,

¥ (@,y) +up (2,5) —u (2, 0" (@) (10)
= u (@, max{y, (" (2)}) +u (@, min{y, G (@) }) — u (2, G (2)).
Since y <y, at least one of the following three cases must apply: (MM (z) <y <y, y < {Min(z) <3, or

y <3 < ¢Min(g). These cases will be considered separately.
If ¢min () < y <9, then y = mid( ;“i“(m),x,y), and (10) becomes

u

i (@,y) +upy (.5) —u (@, " (@) = u™ (2,y) +u™ (2, G () — u™ (2, G () = u® (2, ).
If y < {Mn(x) <, then M () = mid({™"(x),y,¥), and (10) becomes
uf¥ (@,y) +uf) (2,5) —u (2, (2))
= u (2, G (@) + (a2, G () — ™ (a2, G () = Y (2, LM ().
If y <y < {Min (), then y = mid({M" (), y,¥), and (10) becomes
uf (@,y) +ufy (@.,5) —u (@, G (@) = u (@, G (@) +u (2,5) —u (@, G (@) = (.3).
In each case, the required result is satisfied. O

Lemma 25 Consider a UIF u: B C R — R that satisfies Assumption 1, and an interval x € 1B. The functions
uf¥ (x,-), uy (x,-), us(x,-), and ufy (x,-) are each €' on x.

Proof Tt will be shown that u$¥ (z,-) and u$y (z,-) are ¢"; the remaining results can be demonstrated analo-
gously. The cases in which x < {M"(x) < ¥, {M"(z) = x, or {""(x) = ¥ will be considered separately.

Suppose first that x < £ () < X. Since the mapping ¢ := u®(x,-) is " on x, regardless of the value
of i € {1,2}, it follows that V¢ ({™" (x)) = 0. Using this result, it is readily verified that ¢ := u$¥(,-) and
op = u$) (x,-) are €' on x, with

[0 ife< i), (Vo) ifz < (),
V@“)*{V¢@>HE>QW%xL and V@*@*{o Cifis gy, (0D

Furthermore, if i = 2, then Assumption 1 implies that ¢ is %’ on @, and that V2¢({™"(22)) = 0. Using this
result, it is readily verified that ¢p and ¢; are €2 on x, with

2 [0 ifz< (), 2y o [VR0(2) ifz < Cn(a),
Viara) = { V() ife> omin(z), 4 V=10 T g Zing).
Next, suppose that either {™" () = x or {™"(x) = X. In these cases, the functions ¢y and @p are each

equivalent on  to either ¢ or to the constant mapping ¢* : z+— ¢ (™" (z)), and are therefore € onz. 0O

C.3 Establishing convergence order

This section shows that both natural and unconstrained % McCormick extensions are (1,2)-convergent,
provided that each employed UIF satisfies Assumptions 1 and 2. Thus, convex/concave relaxations based on
these McCormick extensions exhibit second-order pointwise convergence. Each univariate function in Table 2
satisfies Assumption 2 except the absolute-value function; the nonsmoothness of the absolute-value function
prevents second-order pointwise convergence from being achievable [6, Example 5].

Lemma 26 The squashing operation is (1,2)-convergent for each fixed i € {1,2}.



34 Kamil A. Khan, Paul I. Barton

Proof Choose any 2~ € MR. If wida® = 0, then
wid 4 (Lqui( X)) = 0=wid 4 X +2a,(widz®)?.
If wid2B > 0, then, using Lemma 3, and noting that Fqui () € MR prop, it follows that:
wid_y (Squ(Z)) = wid (belt;(Z"))
= ;375 pgn) — %2 x% pys)
<min{x° + p_p,3} —max{x — p_»,xP}
< min{x° + pys, X° + pgn } —max{x® —pp.2® —p,n}
= min{Z%, 7} — max{x®,xB} +2p_s
=wid 4 Z +2a,(widz?)?. 12)
Noting that .2~ was chosen arbitrarily, the required result follows. O

Lemma 27 The multiplication operation described in Definition 13 is (1,2)-convergent for each fixed i €

(1,2},

Proof Choose any ¢ = (q1,q2) € IR?, and any 2" € (Mg, prop>Z € (M@2)prop, in which case wid 4 2~ <
widaB < widq, and wid 4 % < WidyB < wid g . Construct the interval z € IR described in Definition 13.
Define 2 := (zBy®,2) ¢ MRprop and p := p,s, for notational convenience.

Applying Lemma 3.9.19 in [31], and noting that w]f = xB and y]f = yB by construction, there exist
ay,az > 0 (which may depend on g, but are independent of 2™ and %) for which

wid z (2 e %) <aywid 4 (X, %) +az(wid (z®,4®))*.

(Recall that the symbol “e” refers to the classical McCormick product described in Definition 22.) Define the
following intermediate quantities:

n = (yBaC) + (Py©) —By®, ny = (xC) + (Fy°) 55,

Using Lemma 7,
wid , Z < widz
= Ai(n3,n4,p) — Vi(n1,n2,p)
< % (min{n3 + p,ns} + min{nz,ns + p}) — % (max{n; — p,na} +min{n;,ny — p})
< min{nz + p,ng + p} — max{n; — p,ny — p}
= min{n3,n4} —max{n;,no} +2p
=wid 4 (Z %) +2p.
Define the absolute value of any interval a € IR as |a| := max{|a],|a|} > 0. Using [25, Equation 4.3],
wid (zByB) < |2B|widy® + |yB| widx® < |qi| wid (2B, y®).
Thus,
p < ap(lqi|wid (2", y")).
Combining the above results, Lemma 26, and (12),
wid 4 (Z'Y) = wid 4 (Squ;(Z))
<wid , % +2p
<wid 4 (Z &%) +4p
<aywid 4 (2, %)+ ay(wid (2B, 9y®))> +4p
<arwid 4 (2,9) + (dap|a1]* + ) (wid (2®,y®))*;

this yields the required result, since ay, ay, ap, and \ql \ are each independent of .2” and %' O
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Theorem 7 Given some i* € {1,2} and a factorable function f : B C R" — R™ whose composed UlFs each
satisfy Assumptions 1 and 2 with i .= i*, any natural €™ McCormick extension F - MByprop — MR™ of f
is (1,2)-convergent. Any unconstrained € McCormick extension Fyn. : MB — MR"™ of f is also (1,2)-
convergent.

Proof As discussed in [31, Section 3.9.7], the composition of (1,2)-convergent functions is itself (1,2)-
convergent. The addition operation + : MRETOP — MRpop is (1,2)-convergent [31, Lemma 3.9.17], as is any
UIF which satisfies Assumption 2 [31, Lemma 3.9.23]. Lemmata 26 and 27 show that the squashing operation
and the multiplication operation described in Definition 13 are each (1,2)-convergent as well. Combining
these results, .% and .y, are each (1,2)-convergent. m]
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