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Polyhedral Newton-min algorithms for complementarity problems

Jean-Pierre Dussault - Mathieu Frappier - Jean
Charles Gilbert

March 15, 2024

Abstract The semismooth Newton method is a very efficient approach for computing a zero of a
large class of nonsmooth equations. When the initial iterate is sufficiently close to a regular zero
and the function is strongly semismooth, the generated sequence converges quadratically to that
zero, while the iteration only requires to solve a linear system. If the first iterate is far away from
a zero, however, it is difficult to force its convergence using linesearch or trust regions because a
semismooth Newton direction may not be a descent direction of the associated least-square merit
function, unlike when the function is differentiable. We explore this question in the particular case of
a nonsmooth equation reformulation of the nonlinear complementarity problem, using the minimum
function. We propose a globally convergent algorithm using a modification of a semismooth Newton
direction that makes it a descent direction of the least-square function. Instead of requiring that
the direction satisfies a linear system, it must be a feasible point of a convex polyhedron; hence, it
can be computed in polynomial time. This polyhedron is defined by the often very few inequalities,
obtained by linearizing pairs of functions that have close negative values at the current iterate; hence,
somehow, the algorithm feels the proximity of a “negative kink” of the minimum function and acts
accordingly. In order to avoid as often as possible the extra cost of having to find a feasible point of
a polyhedron, a hybrid algorithm is also proposed, in which the Newton-min direction is accepted
if a sufficient-descent-like criterion is satisfied, which is often the case in practice. Global and fast
convergence to regular solutions is proved.

Keywords complementarity problem - global convergence - least-square merit function - linesearch -
minimum function - nonsmooth reformulation - P-matrix - polyhedral Newton-min algorithm -
quadratic convergence « semismooth Newton.
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1 Introduction
1.1 The complementarity problem

Let be given a positive integer n and two smooth functions F : 2 — R" and G : 2 — R" defined
on an open subset 2 of R™. This paper considers, with an algorithmic point of view, the standard
(nonlinear) complementarity problem. This problem consists in finding a vector z € §2 such that

F(z) >0, G(z)>0, and F(z)'G(z)=0, (1.1a)

where vector inequalities must be taken in a componentwise fashion and (u,v) € R™ x R" —
ulv = Z?Zl u;v; is the Euclidean scalar product of R™ (the sign «Tn
of vectors and matrices). We denote by [1:n] := {1,...,n} the set of the first n positive integers.

Below, the system (1.1a) is written compactly as follows:

is used to denote transposition

0< F(z) L G(z) >0, (1.1b)

where the sign “1” refers to the required orthogonality of the vectors F(z) and G(x). In many
contributions [83], the map G is supposed to be the identity ; like in [39,40], we have preferred the
balanced model (1.1), not only for its higher generality, but also because it presents the technical
advantage of avoiding repeating reasoning, thanks to the possibility to switch F' and G. The term
“complementarity” comes from the fact that, due to the nonnegativity of F(z) and G(x) in (1.1), for
all ¢ € [1:n], either F;(z) or G;(x) must vanish and determining which of them is zero is part of the
difficulty of the problem. The fact that these last conditions can be realized in 2" different ways is at
the origin of the complexity of the problem. It can be shown indeed that, even when the functions F'
and G are affine, finding a solution to (1.1) is NP-hard [24,68; 1989-1991]. The algorithms considered
in this paper can be easily adapted to the mized nonlinear complementarity problem, in which the
number p of complementarity conditions is less than the number n of unknowns and there are n —p
additional nonlinear equality constraints. Less or more recent states of the art on the analysis of
complementarity problems and numerical methods to solve them, in finite dimension, can be found
in [79,61,83,43,28,29,63].

Occasionally, we shall make reference to the linear complementarity problem (LCP) in its stan-
dard form, which reads

0< (Mz+q) Lz>0, (1.2)

where the unknown is z € R", while ¢ € R™ and M € R"™*" are data. In that case, we shall
consider that it corresponds to the nonlinear complementarity problem (1.1) with the affine map
F :x — Mx + q and the identity operator G : x — .

Complementarity conditions arise spontaneously in the first order optimality conditions of an
optimization problem with inequality constraints and these conditions can be written as a mixed
nonlinear complementarity problem. The complementarity system (1.1) is also often used to model
in part problems in which several systems of equations are, to some extend, in competition. The
one that is active in a given place and at a given time, corresponding to a common index of F(x)
and G(z), depends on threshold effects; if the threshold F;(z) = 0 is not reached, i.e., F;(z) > 0, then
the equation G;(z) = 0 is active, and vice versa. Examples include problems in nonsmooth mechan-
ics and dynamics [5,1,18], the phase transition problem in multiphase flows [77,78,14,7,10,20,30,9],
precipitation-dissolution problems in chemistry [19,70], portfolio management in finance [52], com-
puter graphics [42], discrete Hamilton—Jacobi-Bellman equation solvers [94], meteorology simulation,
economic equilibrium, to mention a few. Surveys on examples of applications of the complementarity
problem can be found in [58,61,83,46,43].
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1.2 A few linearization algorithms

Many techniques have been proposed to solve (1.1) since the problem was introduced by Cottle in
his PhD thesis, dated 1964 [26,27]. It is beyond the scope of this paper to review all of them and we
refer instead the interested reader to the recent monographs [43,63]. Below, we limit our account to
the algorithms in close connection with the numerical methods proposed and analyzed in this paper.
The motivation is to put in perspective the proposed algorithms, essentially within the Newton-min
family of methods. On the way, we introduce notation and concepts used throughout the paper.
The adjacent numerical methods are related to the Newton algorithm to solve the nonsmooth
system of equations
H(z) =0, (1.3a)

in which H : 2 — R" is the function defined at z € 2 by
H(z) := min(F(z),G(z)), (1.3b)

where the minimum is taken componentwise [2,82]. It is clear that problems (1.1) and (1.3) have the
same solutions, since, for two real numbers a and b, min(a,b) = 0 if and only if @ > 0, b > 0 and
ab = 0 (for other functions having that property, see [75,51,4] and the references therein). The term
“Newton-min” was coined in [11,12,13] to name this solution strategy and we adopt it in this paper.
The proposed methods are globalized by using the classical merit function associated with H [80,
36,16,17], which is the least-square function 0 : {2 — R defined at x € 2 by

1 1. .
0(x) = £ [H@)|> = L | min(F(2), 0) 2 (L4)
where || - || denotes the Euclidean norm. The goal of this paper is to focus on the reformulation

(1.3) and its globalization, using linesearch on the natural merit function (1.4). More is said on
the proposed approaches in section 1.3 below, after the presentation of some related linearization
methods.

Many other equation reformulations of the complementarity problem have been proposed, see
[75,32,66,65,91,21,33,48,44,85,60] and the references therein. Our choice of a reformulation by the
minimum function is not only motivated by an intellectual curiosity (as we shall see, there are
still holes in its implementation and its analysis), but also by its observed efficiency. This one is
sometimes explained by the piecewise affine nature of the minimum function, which provides no
additional nonlinearity besides its nondifferentiability. From a theoretical point of view, the required
regularity at the solution to guarantee fast local convergence of a Newton-like algorithm on (1.3) is
also less restrictive than with the Fischer reformulation [47], for instance; in addition, this algorithm
has finite termination for the linear complementarity problem (1.2) [49], which cannot be expected
when the reformulation is more nonlinear [43; §9.2].

A first linearization method to solve (1.1) consists in applying Josephy-Newton (JN) itera-
tions [64] on a functional inclusion reformulation of the problem [67] (see [43; §7.3] for a refor-
mulation using the normal map). This results in linearizing the functions in (1.1b) while keeping its
complementarity problem structure: the new iterate x4 d, following the current one z, is determined
by taking for d an appropriate solution to the linear complementarity problem in d (if this solution
exists)

0< (F(z)+ F'(z)d) L (G(z) + G'(z)d) > 0. (1.5)

The SQP algorithm in nonlinear optimization can also be derived from this technique [64], so that
the two methods have common features. The local quadratic convergence of this algorithm can
be deduced from the one of the JN iterations for a functional inclusion (Josephy [64] assumes
that the sought solution is strongly regular in the sense of Robinson [88], while Bonnans [15] only
assumes the weaker so-called semistability and hemistability; see also [43; § 7.3] for related results).
The globalization of this linearization approach for complementarity problems uses adapted merit
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functions (see [74] for an entry point). The JN approach has many attractive features, but, with
respect to the methods proposed in section 1.3, the system (1.5) has the inconvenient of requiring the
computation of a solution to a linear complementarity problem of dimension n at each iteration and
we have already mentioned that such a problem is NP-hard. We also point out that this approach is
not relevant in the case when the original problem (1.1) is a linear complementarity problem, since
then (1.5) is exactly the same problem as the original one.

Another linearization approach to solve (1.1) consists in applying a Newton-like method to solve
directly the equivalent nonsmooth system (1.3). Among these methods, one finds the B-Newton
algorithm [81], which is adapted to B-differentiable maps [35,89,90]. For a locally Lipschitz function
defined on a space of finite dimension, like H in (1.3b), the B-derivative is identical to the directional
derivative [89,90], so that the direction d giving the new iterate x 4 d in the B-Newton algorithm is
taken as a solution (if any) to the (usually nonlinear) system

H(x)+ H'(z;d) =0, (1.6)

where H'(x;d) := limyo[H (z + td) — H(x)]/t is the usual one-side directional derivative. It is easy
to see that the function H given by (1.3b) is directionally differentiable (recall that F' and G are
supposed to be smooth) and that its directional derivative is given by

min(F (z)d,Gi(z)d) if i € E(z),
Hj(z;d) = {F/(z)d if i € F(x), (1.7)
Gi(x)d ifi € G(x),

where we have used the following mnemonic notation for index sets, which will be frequently en-
countered below:
E(z) :=={ie[l:n]: Fi(z) = Gi(z)},
F(z) :={i€[l:n]: F(z) < Gi(z)}, (1.8)
G(z):={te[l:n]: Fi(z) > G;(z)}.
Combining (1.6), (1.3b) and (1.7), we see that the search direction d of the B-Newton-min algorithm
is determined as a solution (if any) to the system

A

(F(z) + F'(z)d) 7(z) = O,
(G(l’) + G/(:E)d)g(l) =0, (1.9)
0 < (F(2) + F'(2)d)g(z) L (Gz) + G (2)d)g(a) > 0.

Note that a solution to (1.5) may not be a solution to (1.9) (because (1.9); and (1.9)2 may not
hold) and vice versa (because (F(z) + F'(z)d)g;) > 0 and (G(z) + G'(z)d) 7(;) = 0 may not
hold). An interesting asset of the B-Newton-min approach, compared to the JN algorithm, is that
the system (1.9) can be much easier to solve than (1.5), since its number |£(z)| of complementarity
conditions is reduced to the number of indices i giving the equality F;(z) = G;(z) at the current z
and that this number can be very small. The convergence properties of this algorithm based on (1.9)
derive from the one of the B-Newton algorithm (1.6) for solving the equation H(z) = 0, with a
B-differentiable function H. According to [81; theorem 3|, the algorithm converges when the first
iterate is in some neighborhood of a zero z« of H at which H is strongly Fréchet differentiable
with a nonsingular H'(z+); this required smoothness assumption on H is awkward and rather re-
strictive when one aims at solving a nonsmooth system. Another interesting asset of the B-Newton
direction d is that it is a descent direction of 6 at x [81; lemma 1], which gives rise to a linesearch
algorithm, generating sequences whose accumulation points zx are solutions to (1.3a), provided H
is strongly Fréchet differentiable at x+ and H'(z«) is injective [81; theorem 4(iii)]; these are again
rather restrictive assumptions. In terms of the data of problem (1.1), when G is the identity, these
conditions are guaranteed if the accumulation point zx is regular in the sense of [81; definition 2]
and (z+); = F;(z+) = 0 for i € £(z«) [81; theorem 6]. Finally, we point out that the B-Newton-min
is not appropriate to solve the linear complementarity problem (1.2), since (1.9) is identical to the
original problem when &(z) = [1:n].
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The B-Newton-min algorithm is modified in [82] in order to obtain convergence results with less
demanding assumptions and the modification is shown in [57] to be part of a larger family of globally
convergent algorithms for solving a nonsmooth system H(z) = 0. In the case of problem (1.1), the
modified B-Newton-min algorithm consists in computing the new iterate x + d, from the current
one z, by determining d as a solution (if any) to the nonlinear system [57; (4)]

H(z)+ D(z,d) =0, (1.10)

where D : R" x R"™ — R" is no longer the directional derivative of H like in (1.6)-(1.7) but is defined
by [57; (12)]

F/(z)d if Fy(z) < Gi(x), Gi(z) =0,
Dz(a@d) = G;(:E)d if Fl(:E) > Gl(l'), Fz(l') >0, (1.11)
min(F} (z)d, G}(x)d) otherwise.

In comparison with (1.6), we see that some indices of F(z) and G(z) are now handled like those
of £(z). Rewriting (1.10), with the form of H from (1.3b) and that of D from (1.11), we see that d
has to solve the system

Fy(z) + F/(z)d=0 if Fj(z) < Gi(z), Gi(z) > 0,
Gi(z) + Gi(x)d=0 if Fj(z) > Gi(z), F;(x) > 0,
0 < (Fy(z) + F/(z)d) L (Fy(z) + Gi(z)d) > 0 if F;(z) < Gi(z) <0, (1.12)

0 < (Gi(z) + Fl/(z)d) L (Gi(z) + Gj(z)d) > 0 if 0 > Fy(x) > G;(z),
0 < (Fi(z) + Fl(2)d) L (Gi(z) + Gi(z)d) > 0 otherwise.

This heterogeneous system has therefore more complementarity conditions than (1.9), but has also
better convergence results. Conditions ensuring the existence and uniqueness of the solution to the
mixed linear complementarity problem (1.12) can be obtained [82; § 5]. Furthermore, it can be shown
that this direction d is a descent direction of € at x, which gives rise to a linesearch algorithm whose
global convergence (without the previously required smoothness of H) and the admissibility of the
unit stepsize are studied in [82; §§ 6-8]. For the same reason as for the B-Newton-min algorithm, the
present modification is not appropriate for linear complementarity problem (LCP), since the system
(1.12) is identical to the original problem when £(z) = [1:n].

A more drastic approach to solve a nonsmooth system H(z) = 0 is to use the semismooth
Newton method [87,86], provided H is semismooth, which is the case of the function defined by
(1.3b) when F' and G are smooth. This method only requires to solve a linear system per iteration:
one chooses a Jacobian J; in the generalized Clarke differential 0c H(z) of H at x [25] and defines
the displacement d at z as a solution (if any) to

H(z)+ Jod = 0. (1.13)

Despite its poor description of the function H at a point of nondifferentiability, this method has
the remarkable property of having a superlinear speed of convergence (or quadratic, if H is strongly
semismooth), when the first iterate is close enough to a regular point x« of H, which means here that
all the Jacobians of O¢ H (z+) are nonsingular [43,63]. A drawback of this method is that it is often
difficult to compute an element of doH (), for a particular function H, because this generalized
Jacobian is not known or evaluating one of its elements is computationally expensive. Nevertheless,
one can sometimes use a surrogate of the generalized Jacobian J; in (1.13), while keeping the
fast local convergence property of the pure approach (see [56,71] for the projection on a convex
polyhedron) and for the function H given by (1.3), one can use the inexpensive central Jacobian
of Xiang and Chen [93; theorem 2.2]. A drawback of the semismooth Newton direction, however,
is that it is not necessarily a descent direction of the natural least-square merit function 6 (see
counter-example 2.4 below, for a linear complementarity problem), which explains why it is difficult
to define a globally convergent algorithm based on this direction and the merit function (1.4).
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A method inspired from the semismooth Newton algorithm or from [69], applied to (1.3) (algo-
rithm 7.2.17 in [43]), computes the displacement d from z to the next iterate = + d by solving (if
possible) the linear system

Gi(z) + Gj(z)d=0if i € G(), (1.14)

where the pair (F(z),G(x)) forms a partition of [1:7n] and satisfies F(z) D F(z) and G(z) D G(x).
This method differs from the semismooth Newton approach in that the matrix used in the system

(1.14), namely
1)
Gé (m)(x) ’
may not be in the C-differential dcH (z) = codpH (x) (or convex hull of the B-differential) of H
at x [40]. This economical approach has the same drawback as the semismooth Newton direction

(1.13), which is that its directions are not necessarily descent directions of the natural least-square
merit function 6, because of an inappropriate choice of the indices of £(z) going into F(x) and G(x)

{Fi(:v) + F/(z)d =0 if i € F(z),

(see again counter-example 2.4 below).

Finally, we quote the algorithm of [84], which uses the merit function (1.4) and computes its
directions by solving a piecewise quadratic convex function subject to linear constraints, for a com-
plementarity problem of the form 0 < F(z) L = > 0. Note also that there are other approaches,
which use the least-square merit function and the Fischer complementarity function [45,72,33,85].

1.3 A foretaste of the proposed algorithms

The methods proposed and analyzed in this paper are progressively introduced in section 2, but
we can already give here a foretaste of their nature. They find their place in the panorama of
linearization methods of the minimum function (1.3b) presented in the previous section, in the sense
that their directions can be viewed as intermediates between the B-Newton direction d given by (1.9),
or its modification given by (1.12), and the semismooth-like direction computed by (1.14), called the
plain Newton-min direction in section 2.1. Their main advantage is to avoid the need of solving an
LCP at each iteration, hence unlike in (1.9) or (1.12), and to guarantee global convergence, hence
unlike (1.14).

Instead of having to solve an LCP, the direction must satisfy a system, made of affine equalities
and (generally very few) inequalities, in order to guarantee the descent of the least-square merit
function 0, defined in (1.4); see section 2.2. A least-norm displacement of this system can, for example,
be obtained by solving a convex quadratic optimization problem, which can be done in polynomial
time. An improvement of this direction is needed, however, to guarantee convergence in the sense
and with the technique of proof presented in section 3.2: the set of inequalities defining the direction
must be slightly enlarged when the iterate is near a “negative kink” of H (we call a kink a locus of
points of nondifferentiability); see section 2.3.

Like any linearization algorithm with linesearch, convergence is restricted by a regularity as-
sumption of the limit point. This notion of regularity depends on the computed direction. This issue
is analyzed with care in section 3.1. Next, a global convergence result is given in section 3.2. Finally,
to avoid these more expensive directions, due to the presence of inequalities in their definition, a
hybrid algorithm is proposed in section 3.3, in which the plain Newton-min direction (1.14) is first
tested for descent. This hybrid method is shown to possess both global and fast (superlinear or
quadratic) local convergence. The paper ends with the conclusion section 4.

The design of the algorithms presented in this paper has been oriented by an intensive numerical
exploration on LCPs, which has shown that the proposed method is competitive with other solvers
on various applications, on some reference academic examples, and on randomly generated problems.
These experiments are reported in [50] for the linear complementarity problem (1.2).

This paper is an abridged version of the more detailed report [38].
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1.4 Notation and definition

We denote by || - || the Euclidean norm and by ||| - || an arbitrary norm, both on R™. The cardinality
of a set S (i.e., its number of elements, which will be always finite) is denoted by |S|. The set of
partitions of [1:n] is denoted by P([1:n]).

We say that a function is continuously differentiable at x if it is differentiable near (i.e., in a
neighborhood of) z and its derivative is continuous at x.

2 Polyhedral Newton-min directions

This section introduces the directions of the proposed algorithms. It proceeds gradually, insisting on
the motivation, which is to obtain descent directions of § and to guarantee some global convergence
property. We first observe that the plain Newton-min (NM) direction of section 2.1, already presented
in (1.14) and obtained by solving a single linear system, is not necessarily a descent direction of 0
(counter-example 2.4). We then examine in section 2.2 the reason of this descent property failure
and propose a descent direction (proposition 2.5), which must satisfy a similar system as the one of
the plain NM direction, but whose equations corresponding to the indices in {i € [1:n] : F;(z) =
G;(z) < 0} are transformed into pairs of inequalities. This yields what we call a polyhedral Newton-
min (PNM) direction since this one must be a feasible point of a certain polyhedron. This plain
PNM direction is always a descent direction of 6. Nevertheless, it did not allowed us to prove the
global convergence result of theorem 3.6 for a reason discussed in section 2.3. It seems important,
indeed, that, when the current iterate is near “negative kinks” of H, the direction is built by picking
information on the behavior of the function H on both sides of the kink. This leads us to propose
in section 2.3.1 the secure PNM direction (2.13), whose definition depends on the proximity of
the current iterate to these special kinks of H. Its descent property is viewed in section 2.3.2 as
a consequence of proposition 2.7, which analyzes the potential descent property of a direction by
averaging its effect on each term Hi(x)2 defining the merit function 0. Section 2.3.2 also introduces
the very permissive inezact secure PNM direction (2.22), for which descent property and global
convergence hold, which is expensive to compute, but the inequalities in its definition can be used
as stopping test during the computation of a secure PNM direction. We conclude with section 2.4,
which presents a generic PNM algorithm (algorithm 2.10) and a possible implementation of the
PNM algorithm (algorithm 2.11).

2.1 Plain Newton-min direction

The plain Newton-min (NM) algorithm is a semismooth Newton-like method on the reformula-
tion (1.3) of the nonlinear complementarity problem (1.1), which uses the minimum function (algo-
rithm 7.2.17 in [43]). It computes its direction d at x € {2 by solving the linear system (1.14), which
is reproduced here for the reader’s convenience:

{Fi(x) + Fl(z)d=0 if i € F(z), (2.1)

Gi(z) + Gl(z)d =0 if i € G(z).

In this system, (F(z),G(z)) € P([1:n]) and satisfies F(z) D F(z) and G(z) D G(z). By the
“symmetry” in F and G of the complementarity problem (1.1), there is no natural reason to put
all the indices of £(z) in F(z) or G(x), which motivates the flexibility admitted in the direction
definition (2.1). We see that, at a point = on a possible kink of H, due to one of its components
i € £(x), a pseudo-derivative of H; at z is chosen in {F](z),G}(x)}.

To identify the points  at which the linear system (2.1) is guaranteed to have a solution, we
introduce the notion of NM-regularity. This notion is linked to the plain NM algorithm (hence the
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prefix NM), like the nonsingularity of the Jacobian of a nonlinear system is a regularity assumption
linked to Newton’s method. In the following definition, we do not assume that the considered point x
is a solution to the complementarity problem (1.1), which is motivated by the fact that this regularity
assumption will be required at accumulation points that are not known a priori to be solutions to
the problem (see the proof of theorem 3.9).

Definition 2.1 (NM-regularity) A point z € R" is said to be NM-regular (we also say that the
complementarity problem (1.1) is NM-regular at z € R") if F' and G are differentiable at  and if,
for any (F,G) € P([1:n]) satisfying F 2O F(z) and G D G(x), the Jacobian

%)

is nonsingular. m|

When G is the identity and x is nonnegative, this is a notion slightly weaker than the b-regularity of
[84; definition 2] (any set F lying between {i € F(x) : G;(z) = ; > 0}, which is smaller than F(z),
and G(x) can be chosen in [84]); moreover, when z is also a solution to the complementarity problem
(1.1), this is the notion of b-regularity of [43; definition 3.3.10]. The NM-regularity is stronger than
the strong BD-regularity introduced in [86] to ensure the local and superlinear convergence of the
semismooth Newton algorithm (when the Newton operator is taken in g H(x)), because the NM
algorithm offers more freedom than the semismooth Newton algorithm in the choice of its Jacobians.
Indeed, the NM-regularity amounts to requiring the nonsingularity of the Jacobians in the Cartesian
product d5H (x) := dgHi(z) X --- x dgHn(x) of the B-differentials of the components of H,
while the strong BD-regularity means that the Jacobians of dpH (x) must be nonsingular; now
use OpH(z) C 95H(z) to conclude. Note that the latter inclusion is strict only if the vectors
{Gi(z) — Fl(x) : i € &(x), Gi(x) # F/(x)} are linearly dependent [40; proposition 4.2] [41][93;
corollary 2.1(i)].

The next proposition gives some consequences of the NM-regularity. The first property claims
that the NM-regularity diffuses to the neighboring points. The second property will be useful for
establishing the global convergence result of theorem 3.9 (see [84; lemma 3] for a similar property).

Proposition 2.2 (NM-regularity properties) Suppose that F and G are continuously differen-
tiable at T € R™ and that T is NM-regular. Then, there is a neighborhood V of T and a constant C = 0,
such that, for allx € V:

1) z is NM-regular,
2) the system (2.1) has a unique solution d and the norm of d is bounded by C.

Proof By their differentiability property, F' and G are continuous at Z. Furthermore, F(Z) and G(Z)
are finite sets. Then, it follows that there is a neighborhood Vi of Z such that

VeeVi: F(z) CF(z) and G(z) C G(z). (2.3)

1) Let (F,G) € P([1:n]) satisfying F D F(Z) and G D G(Z). By the NM-regularity at z,

F2(Z)
F . .
<G£j (50)) is nonsingular.

By the Banach perturbation lemma, there is a neighborhood Vi c&EN of T and a constant Cz &

such that for all z € Vz &
F} <x)) (F/, (x)) -
F is nonsingular and v < Cs
( ) & Gy()

A G
Gg(ac
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Define
VQ = ﬂ Vj_—@ g V1 and Cl = L sup Cj—'é
F.E)eP(1: (F.9)eP([1:n])
e F27(@)
G26(x) 920(2)

Since the number of partitions (F,G) € P([1:7]) is finite, V2 is a neighborhood of  and C; < oco.
Therefore,

V€ Va, Y(F,G) € P([1:n]) satisfying F D F(Z) and G D G(Z) :
’ ' —1 2.4
(gggi;) is nonsingular and (gggg) < Ch. (2.4)

Suppose now that « € V» and that (F,G) € P([1:n]) satisfies F D F(x) and G D G(z). By (2.3)
and Vo C Vi, (F,G) satisfies F O F(z) and G D G(7). By (2.4), the matrix (2.2) is nonsingular.
Hence x is NM-regular.

2) By restricting the neighborhood V4 to a neighborhood V of Z, in order to have F(z) and G(x)
bounded in norm by C2 on V (this is possible by the continuity of F' and G at Z), we see that,
using the bound C7 on the matrix inverse in (2.4), for any = € V, the direction d is uniquely defined
by (2.1) and is also bounded by C := C1Cs. O

In section 3.3, we will need the following result on the fast local convergence of the plain NM
algorithm of section 2.1, which is transcribed from [43; theorem 7.2.18|. Recall also that a sequence
{zr} C R"™ converges superlinearly to T € R™ if there exists a sequence of positive number ey,
converging to zero such that ||xx11 — Z|| < egllxx — Z|| for all k, and that it converges quadratically
to Z if there exists a constant C' > 0 such that ||z, — Z|| < C|lzp — Z||* for all k. These last two
properties do not depend on the choice of the norm || - || on R™. By finite convergence we mean
convergence in a finite number of iterations.

Theorem 2.3 (fast local convergence of the NM algorithm) Suppose that F and G : 2 — R"
are continuously differentiable functions defined on an open set 2 of R™. Let T € §2 be a solution to
(1.1) that is NM-regular. Then, there is an open neighborhood V' C (2 of T, such that, if the plain
NM algorithm 2.1 starts at a point in V, the following properties hold.

1) A sequence is generated in V, which converges superlinearly to T.

2) If F’ and G' are Lipschitz on V, the convergence is quadratic.

3) If F and G are affine on V, the convergence is finite.

The plain NM direction is very attractive since it can be computed by solving a single linear
system and because it guarantees a local quadratic convergence (theorem 2.3). Unfortunately, this
direction may not be a descent direction of the least-square merit function ¢ defined by (1.4),
although this one is naturally associated with the system (1.3). Here is a counter-example of this
phenomenon in the case of a linear complementarity problem (1.2) with a P-matrix M (recall that
a square matrix M is a P-matrix if its principal minors are positive; a property that is denoted
by “M € P”). This fact was already observed during the preparation of the PhD thesis of I. Ben
Gharbia [8; example 5.8].

Counter-examples 2.4 (no descent direction from (2.1)) Consider the linear complementarity
problem (1.2) in dimension n = 2 and the point x given by

v () () e e= (7). -

where p > 0 is a positive parameter. Note that M € P. Since F(z) = Mz+q = (—2,—1) and G(z) =
z = (—2,1), the index sets (1.8) read £(z) = {1}, F(z) = {2} and G(z) = &. If one computes the
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NM direction d by (2.1) with F(z) = {1,2} and G(z) = @, one gets d = —z — M~ 1q = (2 — p,1).
Then, for t > 0:

(5—4p+ p*)t* +2(2u—5)t+5

5 and  0'(z;d) =2u— 5,

Oz +td) =

which shows that the chosen NM direction d is an ascent direction of 6 at x, provided p > 5/2. The
figure 2.1 below gives the level curves of 6, which highlight the nonsmoothness and nonconvexity of

Fig. 2.1 The level curves of € in counter-example 2.4 with p = 3 (and the dotted level curves of z —
%HM:): + ¢||?), the solution Z to the LCP, the current point = and the unfortunate NM direction d, which is
an ascent direction of 6.

the least-square merit function, as well as the chosen NM direction d, along which 6 clearly increases.
The increase of § along the chosen NM direction is due to an unfortunate choice of F(z) and G(x).
If one chooses the index sets F(z) = {2} and G(z) = {1}, the solution to (2.1) becomes d = (2, 1),
which is also the solution to the linear complementarity problem (1.9), and = + d = (0,2) is the
solution to the LCP.

Note also that the matrices used in (2.1) to compute the directions d = (2 —y, 1) and d = (2,1)
above, namely M and I, are both in the B-differential g H(x) of H at z; see [38,40]. Therefore,
the belonging of the Jacobian (2.2) to dpH () is not a guarantee to get the descent property. To
put it more synthetically, a semismooth Newton direction of the form (1.13) may not be a descent
direction of the least-square merit function 6.

To conclude, note that the semismooth Newton direction (1.13) with the Xiang-Chen central
Jacobian [93; (2.4)], which is in the C-differential of H at z and reads here

1 1 /2
Jijg = §(M+I): <O H{ >7

is also not a descent direction of 6, when u > 5; see [38]. O

To the best of our knowledge, this intrinsic difficulty of the plain NM algorithm has not been
considered with full attention (we quote, however, algorithm 9.2.2 in [43], which requires to solve a
convex piecewise quadratic optimization problem at each iteration with n bound constraints and is
therefore more expensive than the algorithms proposed below). In sections 2.2 and 2.3, we propose
to overcome the difficulty by imposing the direction to be a feasible point of a particular convex
polyhedron, defined by a very small number of linear inequalities, instead of being the solution to
a linear system. The computation of these directions is therefore more expensive than for the plain
NM direction, but remains polynomial. In addition, in section 3.3, a heuristics is proposed to avoid
as much as possible the need to find a point in a polyhedron.
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2.2 Plain polyhedral Newton-min direction

The direction proposed in this section is based on the following computation, which highlights the
reason why a plain NM direction may not be a descent direction of the least-square merit function 6
defined in (1.4).

First, observe that the map 6 is directionally differentiable as a composition of H, which is
[

directionally differentiable, and %H - ||* which is locally Lipschitz continuous and smooth. In this

case, the chain rule applies (see [17; lemma 11.1] for example):
0'(x;d) = H(z)"H'(z;d).
From (1.3b) and (1.7), one gets
/ T T~
0 (v;d) = Fr(q)(7) Fr(g)(z)d+ Gg(q)(z) Gg(q(z)d
+ Fe ()T min(F¢ ,(z)d, Ge(,)(x)d). (2.6)

Since, for Z near &, Hr(,)(%) = Fr(4)(Z) and Hg(,)(Z) = Gg(y)(F), it is natural to impose to
a Newton-like direction d to verify

(F(z)+ F'(z)d)rzy) =0  and  (G(z) + G'(2)d)g(s) = 0. (2.7)

Note, however, that it will be necessary to infringe this rule below, in order to approach the “negative
kinks” of H with caution. Using (2.6), (2.7), and Fg(,)(x) = Gg(y)(x), the directional derivative
¢’ (x; d) becomes
0 (2;d) = =||Fr(a) (@)II” = |Gg(x) (@)II” = [|Fe () ()|
T .
+ Fe(a (@) min(Fe(a) (2) + Fh(a) (@)d, G (a) (2) + Gy (2)d)

= —20(z) + Fg(y)(z) min (Fs(x)(-’v) + Fe (o) (2)d, Gg(o)(x) + Gls(z)(x)d)-

The first term in the right-hand side is satisfactory since it corresponds to the formula of the
directional derivative of the least-square function when H is smooth, while the second term is at the
origin of the positive directional derivative observed in counter-example 2.4. Let us dissect this last
term in order to see what conditions the direction must verify to make it nonpositive (we take up
again an observation already made during the preparation of the PhD thesis of I. Ben Gharbia [8;
2012| for the LCP (1.2)). For this, we introduce the following partition (£~ (x),£%(z),ET (z)) of £(x),
as well as the index set £°7 (z) := £%(z) U ET(2):

E(z):={ie[l:n]: Fy(z) = Gi(z) < 0},

E%x) :={i € [1:n]: Fy(z) = G;(z) = 0}, (2.5)
EF(x) == {i € [l:n]: Fi(z) = Gi(z) > 0},
E%(z) :={i € [1:n]: Fy(z) = Gi(z) > 0}.

Let i € £(z) = E9F(z) UE ().

o If i € £97 (), then F;(x) > 0. If one of the linearized functions F;(z)+ F}(z)d or G;(x)+ G}(z)d
vanishes, their minimum is nonpositive, yielding F;(z) min(F;(z) + F, (z)d, G;(z) + G%(x)d) < 0.

o If i € £ (x), then Fj(x) < 0. To get Fj(x) min(F;(z) + F!(z)d,G;(x) + Gi(z)d) < 0, it is
now necessary to have min(F;(z) + F}(z)d,G;(z) + Gj(x)d) > 0, meaning that the following
inequalities must hold:

Fi(z)+ Fi(z)d>0 and G;(z)+ Gj(x)d > 0. (2.9)
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Therefore, the decrease of 6 is ensured along a direction d if this one satisfies (2.7), either F;(x) +
F/(z)d =0 or G;(z) + G}(z)d = 0 when i € £°F(z), and both inequalities in (2.9) for i € £ ().
The above discussion leads us to the definition of the following direction. Let us denote by
(€%+(x),€8+ (x)) an arbitrary partition of £9%(z), meaning that
E0(z) = 59__-&- (z)U 58"' (z) and 53_-"' ()N 58"' (z) =@. (2.10)

A plain polyhedral Newton-min (PNM) direction is a direction d that satisfies the following system

Fi(z) 4+ F/(z)d =0 if i € F(z) UELT ()
Gi(z) + Gi(z)d=0if i € G(z) UEGT ()
Fi(z) + F/(2)d >0 ifi € £ (x)
Gi(z) + Gi(x)d > 0if i € £ ().

(2.11)

Therefore, we have imposed inequality constraints on the linearized functions F;(z) + F}(z)d and
G;(z) + Gj(x)d for the indices in i € £~ (z), like suggested by (2.9), rather than arbitrarily forcing
one of them to vanish, like in the plain NM algorithm (2.1).

The computation of a plain PNM direction is more expensive than the computation of the
plain NM direction (2.1), since a feasible point of a convex polyhedron must be found instead
of the solution to a linear system. Nevertheless, a direction satisfying (2.11) can be computed in
polynomial time using linear or quadratic optimization (see [34,22] and the references therein) or
other approaches (see [23] for a polynomially convergent algorithm and [3,54,55,31] for the linearly
convergent relaxation method). Such an extra cost is acceptable, even when one solves a linear
complementarity problem. In the next section, we continue to explore this vein and in section 3.3,
we introduce a way of reducing the cost of the direction computation that is very successful in
practice.

We summarize the discussion of this section in the following proposition.

Proposition 2.5 (descent property with (2.11)) For any direction d satisfying (2.11), one has
0 (x;d) < —20(z).

2.3 Secure polyhedral Newton-min direction

Although a vector d satisfying (2.11) is a descent direction of 6, we were not able to get a global
convergence result like those of section 3.2 below with that direction. Our first attempt in [50] to
get global convergence involved adding all indices from {i € [1:n] : F;(z) < G;(z) < 0} and
{i € [1:n] : Gi(z) < F;(z) < 0} in the inequalities in (2.11), which corresponds to the index set
Ex(z) in (2.12c) below. This is clearly very costly, which motivates us to develop the more economic
strengthening which we present now under the name secure PNM direction.

In the approach followed in the proof of theorem 3.6, on which theorems 3.7, 3.9 and 3.11 rest,
a difficulty may arise with a limit point Z for which £7(Z) # &, which is likely to be on a kink
of H, then called a negative kink. When an iterate z, is close to such an = and ¢ € F(zy) say (by
symmetry, the reasoning is the same if ¢ € G(z})), the system (2.11) gives an information on the
variation of Fj at x, along dj, (through the equation Fj(xy,)+ F} (x)d), = 0) but nothing is said on
the variation of G; along the same direction (since G; () + G%(x),)dy, may take any value), while an
information on GJ(x},)dy may also be necessary when the linesearch at x;, explores the two sides of
the kink. It happens, actually, that relaxing the equality F;(z) + F}(zx)di, = 0 into the inequality
Fy(xy,) + F/(x3)d, > 0 and adding the inequality G;(zy) + G%(xy)dy, > 0 suffice to complete the
proof (see its point 4.1.2), while keeping the descent property (see corollary 2.8).

We first present in section 2.3.1 the ezact version (2.13) of the direction described in the previous
paragraph and discuss its links with directions proposed in other contributions. Next, we analyze its
descent property in section 2.3.2 and exhibit the inezact version (2.22) of the direction, which also
enjoys the descent property.
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2.8.1 Direction

Based on the previous discussion, we introduce a device that is able to measure the proximity to a
point Z with a nonempty index set £~ (Z). Let 7 € (0,00) be the kink tolerance, used to detect such
a proximity (numerically 7 should be taken small, but we want to be rather general at this stage of
the presentation) and define the index set

E(z):={ie[l:n]: Fi(z) <0, Gi(z) <0, |Fi(z) — Gi(z)] < T} (2.12a)
We also define

&y (x) =Nr>0ér (z) ={i € [1:n] : Fi(z) = Gi(z) < 0} = £ (=), (2.12b)

Ex(2) :=Urs0ér () ={i € [1:n]: Fi(z) <0, Gi(z) < 0}. (2.12¢)

Note that the set &7 () is expanding with 7, meaning that £, (z) C &7, (z) when 0 < 71 < 72 < o0.
A direction d is said to be a secure PNM direction if it satisfies

Fi(z)+ F{(x)d=0 ifi € Ep(x)
Gi(z) + Gi(x)d=0if i € Eg(x)

Fi(z) + Fl(2)d >0 if i € I(x) (2.13)
Gi(z) + Gi(z)d > 0 if i € I(x),
where we have used the following index sets:
Ep(z) = [F(z)\ & (z)] UEL (), (2.14a)
Eg(z) := [G(x) \ &7 (2)] U EGT (), (2.14b)
I(z) := &7 (), (2.14c)

in which 7 € [0, 00] and (€% (:v),SSJr(x)) is a partition of £°7(z). In some proofs and discussions
below, we have found convenient to detect the index set to which a particular index i € [1 : n] belongs
by looking at the position of (F;(z),G;(z)) in the graph of figure 2.2. The index sets Er(z), Eg(z),

Fig. 2.2 The pair (F;(z), Gi(x)) determines which index sets Er(x), Eg(x), or I(x), i belongs to; see (2.14)
for the definition of these index sets. The nondifferentiability of H; can only occur on the main diagonal, at
points z for which F;(x) = G;(z). Nevertheless the secure PNM direction (2.13) carefully deals with points
that are near an x such that Fj(z) = G;(x) < 0, those with a pair (F;(x),G;(x)) inside the fork in the
left-bottom part of the picture (it then replaces one equality defining the plain NM direction (2.1) by a pair
of inequalities). The width of this fork is controlled by the kink tolerance 7 > 0, which can be taken very
small in practice, in order to avoid having too many inequalities in (2.13).

and I(z) will be continually used in the sequel and it is important to observe that they form a
partition of [1:n], which is claimed in the next lemma.



14 Jean-Pierre Dussault et al.

Lemma 2.6 ((Ep, Eg,I) partition) One has (Ep(z), Eg(z), I(z)) € P([1:n]).
Proof Observe first that the triplet (Ep(z), Eg(z),1(x)) covers [1:n]:

Ep() U () U I(2)
= (F(z)u 53_-"' (z)) U (G(z) U 58"' (z)) UE (2) [(2.14)]
D F(z)uG(z) UuE () UE (2) [€;+(x) u €8+(x) = &% (z), &7 (x) D £ (2)]
=[1:n] [E0T(z) UE™ (z) = E(x) and E(x) U F(z) UG(z) = [1:n]].

To conclude, it suffices to show that the sets of the triplet are two by two disjoint:
e Ep(z) N Eg(z) = @, since Ep(z) C F(z) U 5_(7)_-+(m), Eg(z) C G(z) U €8+(m) and (F(z) U
EF (@) N (G(z) L EGT (2)) = @

e Ep(z)NI(z) =@, since (F(z)\ & (z))NEr (z) = @ and 58+(:p) NEs (z) = &5
e Eg(z)NI(x) = @ for a similar reason as in the previous case (switch F' and G). O

As a consequence of this lemma, the system (2.13) has |[Ep(z)|+ |Eg(z)| = n— |I(x)| equalities
and 2|I(z)| inequalities.

By taking a value of 7 close to zero, the number of inequalities in (2.13) should be small and
the computation of the direction should be inexpensive. Our proof of global convergence (theo-
rems 3.6, 3.7, 3.9 and 3.11) requires to have 7 > 0, however. Then, the set £; (z) is stable with
respect to (or unchanged by) a small perturbation of z, which makes it adapted to floating point
calculation.

By setting 7 = 0, at the left bound of the interval [0, 00|, one has &, (z) = £ (z), F(z)\&;, (z) =
F(z), and G(z) \ & (z) = G(x), so that the system (2.13) becomes

Fy(x) + F/(2)d=0 if i € F(z)U 50(})-+(x)

Gi(x) + Gi(z)d=0if i € G(x) UEGT (w) (2.15)
Fy(z) + F/(z)d > 0 ifi € £ (x) ’
Gi(z) + Gi(z)d > 0if i € £ ().

This is the system (2.11) defining the plain PNM direction.

By setting T = oo, at the right bound of the interval [0, c0], one has F(z)\ Ex(z) = {i : Fi(z) <
Gi(z), Gi(z) > 0}, G(z) \ Ex(z) = {i : Gi(z) < Fi(z), Fi(z) > 0}, so that the system (2.13)
becomes

Fi(z) + F/(z)d = 0 if [F;(z) < Gi(z) and G;(z) = 0] or i € EXF(x)

Gi(z) + Gi(x)d = 0 if [G;(x) < Fi(x) and Fi(z) > 0] ori € €g+(:p) (2.16)
Fy(z) + F/(2)d > 0 if F;(x) < 0 and G;(z) <0 '
Gi(z) + Gj(x)d > 0 if F;(x) <0 and G;(x) < 0.

This system can be viewed as a relaxation of the following mixed LCP
Fi(z) + F{(z)d =0, if [Fj(z) < Gi(z) and G;(z) > 0] or i € E% ()

Gi(x) + Gi(x)d =0, if [Gi(x) < F;(x) and Fj(z) > 0] or i € % (x)
0 < (F(2)+ F(2)d)g ) L (Gx) + G (2)d)g ) =0,

which has an orthogonality condition that is not present in (2.16). This last system has some simi-
larities with the system (1.12), obtained in [82] using other considerations.
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2.8.2 Descent property

The computation of a secure PNM direction satisfying (2.13), can be more time consuming than
solving the linear system (2.1) defining the plain Newton-min direction. This is due to the presence
of inequalities in the system (2.13). It is therefore tempting to see whether it is possible to design a
criterion allowing an algorithm to take as often as possible a less expensive direction, for example one
that only requires to solve a linear system, like the plain NM direction. This is the idea supporting
the hybrid algorithm defined in section 3.3 (algorithm 3.8) and the first steps towards that algorithm
are done in the present section: we focus on the design of such a criterion and on its validation.

Around a solution, the plain NM direction is known to be appropriate because it yields fast
convergence (theorem 2.3), while this might not be the case far from a solution because it may
fail to be a descent direction of the least-square merit function 6 defined in (1.4) (see counter-
example 2.4). This observation speaks for a criterion based on the directional derivative of §. Taking
some safeguard, there is a temptation to accept a direction d when it satisfies the inequality

0'(w; d) < —2(1 - 1) 0(x) (2.17)

where 7 is some constant in [0, 1). This inequality is natural since it is satisfied with n = 0 when d is
the Newton direction on a smooth function H and @ is the map x +— 5||H(z)||*. We have not been
able to prove a global convergence result in the style of theorem 3.9 below with such a simple criterion
and for an arbitrary direction d satisfying it, so that we design below a more robust criterion.

For an arbitrary direction d € R", proposition 2.7 below will show that

‘9/(:8; d) < - Z (1 - pi(l',d)) Hi(x)gv (2'18)
i€[1:n]

provided the p;(z,d)’s are the arbitrarily signed values defined by formula (2.20) below (note that
these values depend on 7 and the partition (89_-+(x),58+ (z)) of £°T(z), through the index sets
Ep(z), Eg(x), and I(z), but the validity of (2.18) does not depend on them, as shown by proposi-
tion 2.7 below). We shall see in corollary 2.8 that p;(z,d) < 0 for the secure PNM direction (2.13),
so that the inequality (2.17) with n = 0 follows from (2.18) for that direction. As a result, the secure
PNM direction is a descent direction of 6 at x (corollary 2.8).

The criterion for accepting an arbitrary direction d in the linesearch will be that the right-hand
side of (2.18) is less than the right-hand side of (2.17), namely: for some 7 and some partition
(€%+(x),€8+ (x)) of E9F(z), it is required to have

= Y (1= pi(z,d) Hi(z)* < =2(1 = n) 0(x), (2.19a)
i€[1:n]

where 7 is some constant in [0, 1). From the expression (1.4) of 0, we see that this criterion simplifies
into

5 Y pile.d) Hi(x)? < no(a), (2.190)
i€[1:n]

where, again, the p;(z,d)’s are the arbitrarily signed values defined by formula (2.20) below. The
acceptation criterion (2.19) is more demanding than (2.17) since, thanks to (2.18), it implies (2.17).
We see that the contributions of the terms in the sum in the right-hand side of (2.18) can be
compensated by each other: the negativity of the directional derivative ' (x;d) can be obtained by
some negative terms in this sum, despite the positivity of other terms. This flexibility will allow
the hybrid algorithm of section 2.4 to accept very often the plain NM direction (as observed in our
experiments [50]). The important point is that the criterion (2.19) happens to be sufficient to get
the global convergence of theorem 3.9, because it is the left-hand side of the inequality (2.19a) that
appears in its proof (see the one of theorem 3.6).
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In the rest of this section, we focus on the proof of the inequality (2.18) and on its ability to
detect descent directions. First, let us define the quantities p;(z,d) appearing in the right-hand
side of (2.18). Let x € R"™ be an arbitrary point and d € R™ be an arbitrary direction. We define

F;(z)+F/(x)d

BT ifi € Ep(z) and Fy(z) #0
0 ifi € Ep(z) and Fi(z) =0
pi(x, d) = { LG if i € Eg(z) and Gj(z) # 0 (2.20)
0 ifi € Eg(z) and G;(z) =0
max (Fi(z}j(ii)(z)d, Gi(zc);j(%(z)d) ifi e I(z),

where the partition (Ep(z), Eg(x),I(z)) of [1:n] has been defined in (2.14) (hence, the five groups
of indices in (2.20) also form a partition of [1:n]). The zero value given to p;(z,d) when F;(z) =0
or G;(z) = 0 allows us to simplify the statement of corollary 2.8 below but, as we shall see, an
arbitrary value could have been given instead, since this one does not occur in the calculations that
follow. Note that the p;(z,d)’s depend on 7 through the index sets Ep(z), Eg(z), and I(x).

Let us stress the fact that the p;(z,d)’s given by (2.20) are not necessarily less than one and
such a restriction on d is not imposed in the next proposition. Hence, the formula (2.18) does not
give an upper bound of §'(x; d) as a sum of nonpositive terms and does not imply the negativity of
that directional derivative. This is utterly normal, since d is arbitrary in the next proposition.

Proposition 2.7 (overestimation of 8’ (x;d)) Let x € R™, d € R, H be the function defined
by (1.3b), and the p;(z,d)’s be defined by (2.20) with any T = 0 and any partition (59_-+(x)7€8+(x))
of E°7 (). Then, (2.18) holds.

Proof Let us first show that

—(1-p) Fi(a)?, (2.21a)

Vie F(z): Fi(z)F;(z)d
d < —(1-p;)Gi(x)?, (2:21b)

i(2)d <
Vieg(z): Gi(z)Gi(z)d <
where we set p; = p;(x,d) to alleviate notation. Consider first (2.21a). Observe that i € F(z) if and
only if (i € F(z) \ &7 (z) and F;(z) # 0) or (i € F(z) and F;(z) =0) or (i € F(z) NEF (x)).
o Ifi e F(x)\&; (x) C Ep(x) and Fi(x) # 0, (2.20)1 gives F} (z)d = —(1—p;) F;(z), hence (2.21a)
with equality follows by multiplying both sides of this identity by F;(z).
o If 4 € F(z) and F;(z) = 0, (2.21a) is clearly satisfied with equality.
e Ifi € F(x) N & (x) C I(w), (2.20)5 gives —F/(z)d < (1—p;)F;(z), hence (2.21a) follows by
multiplying both sides of this inequality by —F;(x) > 0.
To get (2.21b), use the same arguments, with G instead of F' and with (2.20)3 instead of (2.20);.
Now using (2.6), (2.21), and F;(z) = G;(z) for i € £(x), we get

(z;d) < Z (1= pi) Fi( :E) Z (1—pi)G; (1’ Z (1= pi F(l’)

1E€F (x) i€G(x) i€E(x)
+ Y Fi(z)min((1 - p;)Fi(@) + F{(2)d, (1 - p;)Gi(x) + Gi(x)d).
i€E(x)

Therefore, to get (2.18), it suffices to show that the last term in the right-hand side of the previous
inequality is nonpositive. For this, we consider the partition (£°(z), 1 (z),E7 (x)) of £(x) defined
by (2.8).

o If i € £9(z), then Fj(2) = G;(z) = 0 and the corresponding term vanishes.
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o Ifi € £T(x) = (59__+(x) U €8+(x)) \ £%=z) C Ep(z) U Eg(z), then one of the arguments of
the minimum vanish by the definition of p; in (2.20); and (2.20)3, so that the minimum if
nonpositive. Since Fj(z) > 0, the term of the sum corresponding to the considered i € £ (z) is
also nonpositive.

eIfie & (z) =& (z) C & (x) = I(x), then, by (2.20)5 and F;(z) = G;(z) < 0, the minimum
vanishes. O

Corollary 2.8 (descent secure PNM direction) Suppose that d is a secure PNM direction,
hence satisfying (2.13) for some 7 € [0, 00] and some partition (53:+(x),€8+(x)) of £ (x). Then,
the p;(x,d)’s defined by (2.20) are nonpositive and, consequently, (2.17) and (2.19) hold with n = 0.
In particular, if 0(x) # 0, d is a descent direction of 6 at x.

Proof Suppose that d satisfies (2.13) at z € R", for some 7 € [0, 00] and some partition (5_(7)_-+(x),
58+(:v)) of 9T (z). For i € Ep(x), (2.13)1 shows that F;(z) + F/(x)d = 0, so that p;(x,d) = 0 by
(2.20)1 and (2.20)2. Similarly, p;(z,d) = 0 for i € Eg(z). For ¢ € I(z), (2.13)3 and (2.13)4 show
that p;(z,d) < 0 by (2.20)5. We have shown that the p;(x,d)’s defined by (2.20) are nonpositive.

Now, the inequality 6'(z;d) < —26(x), which is (2.17) with = 0, follows immediately from
(2.18), which holds by proposition 2.7, since the terms with p;(z,d) in factor in the right-hand side
are nonpositive and can be discarded. For the same reason, (2.19) holds with n = 0.

Finally, if 0(x) # 0, the inequality ' (z;d) < —20(z) yields 0'(x;d) < 0, showing that d is a
descent direction of 0 at x. m]

As another illustration of the usefulness of proposition 2.7, consider an inexact secure PNM
direction d, which, by definition, verifies, for some 7 > 0, the following inequalities:

Fi(z) + F/(z)d < nFy(z), Vie .7-"0+(x) U 53_-"'(30)7
nF;(z) < Fi(z) + F(z)d, Vie F(z)UEr (x), 999
Gi(x) + Gi(a)d < nGi(z), i€ GO (x) UELH (x), (2:22)
nG;(r) < Gi(x) + Gi(x)d, Vie G (z) UEr (o),
where the index sets F~ (z), FOT(z), G~ (z), and G*F(z) are defined by
F(z) :={i e F(z) : Fi(z) < 0}, FOr(z) := {i € F(z) : Fy(z) > 0}, (2.23a)
G (z) :={i e G(z): Gi(z) < 0}, GOt (z) := {i € G(x) : Gi(z) > 0}. (2.23b)

The system (2.22) brings much flexibility regarding the realization of the equalities and inequalities
in the previous system (2.13), since a direction verifying (2.13) satisfies (2.22) with n = 0.
The following result can be shown for the direction (2.22). See [38] for a proof.

Corollary 2.9 (descent inexact secure PNM direction) Suppose that d is an inezact secure
PNM direction, hence satisfying (2.22) for some 7 € [0,00] and n > 0. Then, the p;(z,d)’s defined
by (2.20) do not exceed n and, consequently, (2.17) and (2.19) hold with the given 7. In particular,
if 0(z) # 0 and n € [0,1), d is a descent direction of 0 at x.

2.4 Statement of the algorithms

The convergent algorithms 2.11 and 3.8, presented below, are variations of the following generic
algorithm. It is the global convergence of this generic algorithm that will be analyzed in section 3.2,
and more particularly in theorem 3.6, in which an additional assumption is made on the computed
directions (their boundedness). In this algorithm, the term “constant” means “independent of the
iteration”.
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Algorithm 2.10 (generic NM algorithm) Let = be the current iterate. Let € [0,1)

be the constant appearing in the acceptation criterion (2.19), let 7 € (0, 0o] be the constant

kink tolerance used in the definition of the index sets Er(z), Eg(z), and I(z) by (2.14), and

let w € (0, %) and 8 € (0,1) be the two constants used in the linesearch of step 4 below. The

next iterate x4 € R™ is computed as follows.

1. Stopping criterion. If 6(z) = 0, stop (then, z is a solution to (1.1)).

2. Index sets. Choose some partition (59_-+(x)7€8+(x)) of £ (x) and compute the index
sets Ep(z), Eg(z), and I(z) defined by (2.14).

3. Direction. Compute a direction d € R™ satisfying (2.19) for the p;(z,d)’s defined in
(2.20),

4. Stepsize. Set o := 8, where 7 is the smallest nonnegative integer such that

0(z + ad) < (1—2wa(1-n)) 0(x). (2.24)

5. New iterate. x4 = x + ad.

The well-posedness of this algorithm is discussed below, after having presented two of its instances,
which only differ by their way of computing the direction d in step 3.

A first instance of the generic NM algorithm is the one that computes the direction d as the
minimum norm solution to (2.13).

Algorithm 2.11 (PNM algorithm) It is the instance of the generic algorithm 2.10, in
which the direction d in step 3 is computed as a solution to the following problem

min {|||d||| : d satisfies (2.13)}, (2.25)
where || - || is an arbitrary norm.
The norm ||| - || in (2.25) may be arbitrary with regard to the convergence of the algorithm; if the

Euclidean norm is used, (2.25) is a standard strictly convex quadratic optimization problem (with
the squared norm), which has a unique solution and can be solved in polynomial time. Since the
solution d to (2.25) satisfies (2.13), it also satisfies (2.19) with n = 0 (corollary 2.8), which shows
that algorithm 2.11 is indeed an instance of algorithm 2.10.

The algorithms 2.10 and 2.11 are rather standard in their structure. Only the computation of
the direction in step 3, whose conception has been progressively introduced above, makes exception.
Let us give some more comments.

1. There is an implicit assumption in algorithm 2.11, which will have to be clarified in the results
on this algorithm. Indeed, the algorithm assumes that problem (2.25) has a solution at each
iteration, which may not be the case if the affine system (2.13) is infeasible. A rather weak
condition guaranteeing the feasibility of (2.13), for & near a limit point Z, is introduced and
discussed in section 3.1.

2. If not empty, the polyhedron defined by (2.13) may be unbounded, which raises some difficulty
in the convergence proof of section 3.2. For this reason, in (2.25), we take the option of tak-
ing a minimum norm direction in that polyhedron, but any other technique guaranteeing the
boundedness of the directions computed at a converging sequence of x’s would be appropriate.

3. The directions computed in step 3 of algorithm 2.10, if any, are necessarily descent directions
of 0 at z. This is because they satisfy (2.19) with n < 1, hence (2.17) with the same n < 1,
implying that 6’(x;d) < 0 when z is not a solution to the complementarity problem (1.1) (this
is guaranteed by step 1). As a result, in that case, the linesearch in step 4 is able to compute a
stepsize a > 0 in a finite number of trials [17,53].
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4. Condition (2.24) derives from the standard Armijo inequality [6,36,17]
0(x + ad) < 0(x) + wab (z;d),

in which the negative upper bound —2(1 — 7)) 6(z) of §'(x;d) given by (2.17) has replaced the
directional derivative.

3 Algorithm analysis

This section starts with giving a regularity condition at a point z € R™ that ensures several properties
(section 3.1). First, it implies that the system (2.13), defining the secure PNM direction d, has a
solution when z is near T (proposition 3.2). Next, it also certifies that the algorithm can choose a
solution to (2.13) that has a continuity property (proposition 3.4). Finally, the continuity property
guarantees that the chosen directions are bounded for x near T (corollary 3.5). This boundedness
property is useful for establishing global convergence results (section 3.2).

3.1 Regularity
8.1.1 Regularity at a point

Let £ € R™ be a point that is not necessarily a solution to the complementarity problem (1.1), an
assumption that is important in the proof of the global convergence result (theorem 3.6), since there
the accumulation points of the generated sequence have a priori no particular properties. Our vehicle
for highlighting conditions ensuring the solvability of the affine system (2.13), when z is near z, is
the Mangasarian-Fromovitz constraint qualification (MFCQ) [76], which reads

YieEp(@) @ VE(@) + Xicpg ) BiVGi(@) + e p(p [0 VFi(z) + BiVGi(z)] =0

3.1
and (az(z), Br(z)) = 0 imply that (o, 8) = 0. (3-12)
Another equivalent version reads
For all (a,a’,b,b') € RIFrF@I x RIFc@)] x RI@)I x RII@) there is a direction d € R™ (3.1b)
such that Fép(z)(z)d =aq, G%G(z)(x)d =d, F}(z)(x)d > b and G/I(z)(:v)d >V :

Clearly, the system (2.13) has a solution d when (3.1b) holds at  (and this MFCQ condition is almost
necessary, since the independent terms in (2.13), deduced from F(z) and G(z), can be arbitrary).

It is not sufficient to require the satisfaction of the MFCQ condition (3.1) at z = Z to get it
at = near 7, like above. The reason comes from the change in the index sets Fr(z), Eg(z) and I(z)
with z. Suppose indeed that only (3.1a) holds at x = Z. It is well known that the implication in
(3.1a) is insensitive to small perturbations in the gradients VF;(z) and VG;(z) in its premise (see
[53; exercise 4.16] for instance). Therefore, if we assume the continuity of the derivatives F’ and G’
at  and if = is near Z, it follows from (3.1a) at « = Z that

ZieEp(i) ;VF;(z) + ZieEG(i) B:VG;i(z) + Ziel(i) [aiVFi(fE) + /BiVGi(x)] -0
and (ar(z, B1(z)) = 0 imply that (a, 8) =0,

where the gradients are evaluated at x, while the index sets are evaluated in z. Here, however, none
of these sets Er(Z), Eq(Z) and I(Z) are guaranteed to be invariant when Z is slightly modified.
Therefore, (3.1) at + = Z may not imply that (3.1) holds at « near Z. For this reason, we adopt a
stronger regularity condition.

The set of partitions (Ep, Eg,I) of [1:n], such that (Ep,Eq,I) = (Ep(z),Eg(z),I(z)) for
some z in a neighborhood V' of Z and some partition (Sg_fr(:v), 58+ (z)) of %7 (z), decreases when V/
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gets smaller. Since the number of partition of [1 :n] is finite, one can find a neighborhood Vpnum of
for which these partitions (Eg, Fg, I) are minimal. Then, denote by

Pexu 1= {(Ep(z), Eg(z),I(2)) 1 @ € Vonu, (EXF(2), 58+(:v)) is a partition of £%%(x)}
this smallest set of partitions.

Definition 3.1 (PNM-regularity) Let be given 7 € (0,00]. A point Z € R" is said to be PNM-
reqular (we also say that PNM-regularity holds at £ € R™) if, for all x € Vpnu, F and G are
differentiable at x and for all (Ep, Eg,I) € Ppxm, one has

Yieny 6iVE(E) + Yicp, BiVGi(@) + Xie [0 VE(7) + 5 VGi(7)] = 0

(3.2a)
and (ay,87) > 0 imply that (o, 8) =0,
or, equivalently,
for all (a,a’,b,0') € RIZrl x RIEc] x RUI x RUI there is a direction d € R™ such (3.2b)
that Fr_(Z)d = a, G, (Z)d =d/, F{(Z)d > b and G7(Z)d > V' '
O

Proposition 3.2 ((3.1) near a PNM-regular point) Suppose that the PNM-regularity condition
3.1 holds at Z. Then, there is a neighborhood Vixy C Venu of T such that for all x € Viyu, (3.1)
holds at x.

Proof By the PNM-regularity definition 3.1, for all (Ep, Eg,I) € Penwm, (3.2b) holds. This implies
that there is a neighborhood V' of z such that, for all x € V:

for all (a,a’,b,V') € RIPr x RIPc x R x RV there is a direction d € R™ such

that Fp, (2)d = a, G, (z)d = d', Fi(z)d > b and G} (z)d > V. (3:3)

Since Ppny is finite, there is a neighborhood Vixy C Venu of T such that for all € Vg, and all
(Ep,Eg,I) € Pexm, (3.3) holds. By definition of Penu, for any = € Venu (hence z € Viyy) and
any partition (€%+(x)758+(x)) of £°T(z), (Ep(x), Eg(z),I(x)) € Pexu. It follows that, for any
z € Viym, one has

for all (a,a’,b,b') € RIFF@)|  RIFc@)]  RI@I 5 RE@)] there is a direction d € R”
such that Ff, . (2)d = a, G () (x)d = d, Fi(,)(x)d > band G, (x)d > V.

This is (3.1) at x. O

We conclude this section by giving a counter-example showing that the PNM-regularity of defi-
nition 3.1 does not imply the NM-regularity of definition 2.1. Now, with the pair of inequalities that
must be satisfied for the indices in I(z) in (2.13), a priori, the NM-regularity may not imply the
PNM-regularity. Therefore, the two concepts of regularity cannot really be compared.

Counter-examples 3.3 (PNM-regularity & NM-regularity) Consider the LCP (1.2), in which

01 1
n=2, M = (1 0) and q= (_1)4

Let us make the correspondence between the LCP (1.2) and the general complementarity problem
(1.1) by defining F and G at z by F(z) = Mz + q and G(x) = z. Then, at T = (—1,—2), one has
F(z) = G(z) = @ and £(z) = {1,2}. Taking (F,G) = ({2}, {1}) as partition of {1,2} satisfying
F D F(z) and G D G(Z), the Jacobian of the system (2.1) reads

(@)= (o)
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This one is singular, showing the Z is not NM-regular in the sense of definition 2.1 (and in the present
case, the system (2.1) has no solution). However, the PNM-regularity in the sense of definition 3.1
holds at Z, since, for x near z, Ep(z) = Eg(z) = @ and I(z) = {1, 2}, so that

Penm = {(@7®, {1,2})}4

The premise in (3.2a) reads

a1 ((1)) + 1 ((1)) + s (é) + B2 ((1)) =0 and (a,8) =0

This one clearly implies that « = 8 = 0, showing the PNM-regularity holds at Z. As desired and
proved in proposition 3.4(2) below, for = near Z, the system (2.13), namely

zo +1 01 1 10
> >

has a solution, since it consists in the system of inequalities d1 > max(l — z1,—z1) = 1 — 71 and
d2 > max(—1 — zg, —x2) = —x2, which presents no compatibility problem. O

3.1.2 Continuity of selected directions

We now consider the question of whether a solution d to (2.13) at « can be chosen in such a way that
these directions are bounded when z is near a given arbitrary point z. This will be a consequence of
the continuity property stated in the next proposition, which is guaranteed when the PNM-regularity
condition 3.1 holds at . The boundedness property is useful for establishing the global convergence
result of theorems 3.7 and 3.9 below.

We say that a function ¢ : R” — R™ is locally radially Lipschitz continuous at T € R"™ for the
Euclidean norm || - || if there is a neighborhood V of Z in R™ and a constant L > 0, such that for all
zeV, [lp) — (@) < Lz — 2.

Proposition 3.4 (continuity of the selected directions) Suppose that F and G are continu-
ously differentiable at T € R™, that T € (0,00] and that the PNM-regularity condition 3.1 holds at .
Then, the following properties hold.

1) For any (Ep, Ep,I) € Ppxu, the system

Fp.(Z) 4+ Fp, (2)d =0, Gp,(z) + G, (8)d =0,

Fi(z)+ F(z)d >0, G1(Z) + G7(z)d >0 34

has a solution d. Denote by D the finite set of these selected d’s, each of them being associated
with one (Ep, Ep,I) € Pexu.

2) For any & > 0, there is a neighborhood V of T such that, for any * € V and any partition
(EX (), 58+(x)) of E9F(z), the system (2.13) has a solution d(z) that satisfies

min ||d(z) —d|| <.
deD

3) If, in addition, F’ and G’ are locally radially Lipschitz continuous at T, then, there is a neigh-
borhood V' of T and a constant L > 0 such that, for any x € V' and any partition (5_(7)_-+(x),
€8+(x)) of E97 (), the system (2.13) has a solution d(x) that satisfies

min |[d(z) — d|| < L|lz - .
deD
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Proof 1) Let (Ep, Ep,I) € Pexu be one of the partitions of [1: n| considered in the PNM-regularity
condition 3.1. By (3.2b), the system (3.4) has a solution d. Since Peyu is finite, the set D of these
selected d’s is finite.

2) Let Viyy be the neighborhood of Z given by proposition 3.2, which assumes the PNM-regularity
condition 3.1 at . This proposition tells us that, for any = € Viyy and any partition (Sg_j'(x),
€8+(x)) of £97 (), the MFCQ condition (3.1b) holds at z, so that the convex polyhedron

P(x) :={d € R" : Fp,(a)(2) + Fpp)(2)d =0, Gpg(2)(x) + Grg(a)(2)d =
Fr(o) (@) + Fi(z)(2)d > 0, Gpay(x) + G (yy(z)d > 0},

is nonempty (recall that the partition (Ep(z), Eg(z), I(z)) of [1:n] is given by (2.14)).

For each z € Vjy, and each partition (€O+(x) €O+(x)) of £9%(z), one determines an ele-
ment d(z) of PB(x) as follows. Let d(z) be the dlrectlon of D associated with (Ep, Ep,I) =
(Ep(z), Ep(z),1(x)) € Peau. Then, define d(z) as the Euclidean projection of d(x) on B(z), which
is written

d(ac) = Pm(ﬂﬁ) (J(m))

By Hoffman’s error bound for polyhedron [59; 1952], one has the following upper bound on the
distance from d(z) to P(z):

Fisg (2) + Fp, (2)(2)
Jdta) ~ da)l < bia) ||| (S F sl ), (3.50)

[Gr(2) + G (2)d(x)]

where ||-|| denotes the Euclidean norm (for example), the Hoffman factor (z) only depends on F'(x)
and G'(z), t~ := max(0, —t) for t € R, and v~ is defined componentwise when v is a vector. Now,
by (3.4) and the definition of d(x), one has

gEF Exg H ZEF ((x));z(( ))
B¢ (%) + G, (T B
[Fr(z) + ijx)d(x)] =0, (3.5b)
[G1(Z) + G (z)d(x)]~

so that (3.5a) becomes

e G o~ (oo ) . (i)
7 Eglz) + B z)d(z Eq(T) + ch
o) = MDD ) 4 (o)) — [F2(7) + Fy F)a(e) (359

[Gr(2) + G (x)d(2)]” — [G1(z) + G (2)d(x)]~
Suppose that h(z) is bounded for z near Z (this will be proven below). Then, using the 1-Lipschitz
continuity of t~ (which means that |t; —t] | < [t2 —t1] for all t; and t2 € R), the continuity of F,
G, I’ and G’ at Z and the fact that d(z) is bounded (it belongs to the finite set D), we see that
for any 6 > 0 and for x sufficiently close to Z, one can find d(x) € (z) and d(x) € D such that
ld(z) — d(z)|| < 8. The inequality in conclusion of point 2 follows.

To prove the boundedness for = near T of the Hoffman factor h(x), appearing in (3.5a), we trust
the perturbation property in [73; theorem 5.5]. This property claims that if the MFCQ holds for a
system “Ad = a and Bd < b in d” (A and B are matrices and a and b are vectors of appropriate
dimensions), then the Hoffman constant is bounded for any convex polyhedron {d € R" : Ad = a,
Bd < b} with arbitrary (&,b) and with (A, B) close enough to (A, B) (the reciprocal is also true).
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The Hoffman factor h(x) was associated in (3.5a) with the convex polyhedron 3(x) or, with
(EF7 EF7 I) = (EF(:E)7EF($)7I($))7

{deR": Fg,(z)+ Fp,(z)d =0, Gg.(z) + Gg,(x)d =0,
Fr(z) + Fi(z)d > 0, G(z) + G7(x)d > 0}.

With the fixed partition (Ep, Ep,I) of [1:n] in Peyu, this one can be viewed as a perturbation of
the convex polyhedron

{deR": Fg,.(2) + Fp, (z)d =0, Gp, (%) + G (Z)d = 0,
F(Z) + F1(z)d > 0, G;(%) + G1(z)d > 0}.

By (3.2b), MFCQ holds for this polyhedron. Therefore, by [73; theorem 5.5|, the Hoffman factor is
constant for z near Z and the chosen partition (Ep, Er, I). Now, Peyu is finite, so that the Hoffman
factor h(z) appearing in (3.5a) is bounded for x near Z.

3) The reasoning is identical to the one presented in point 2. But now, one can use the local radial
Lipschitz property of F', G, F’ and G’ at & to deduce from (3.5¢) the existence of a neighborhood
V' C Venw and a constant L > 0, such that, for z € V', one can find d(z) € (z) and d(z) € D
such that ||d(z) — d(z)|| < L ||z — Z|. The inequality in point 3 follows. O

The next property will be useful for establishing the global convergence result of theorems 3.7
and 3.9.

Corollary 3.5 (local boundedness of the directions) Suppose that F and G are continuously
differentiable at T € R", that 7 € (0,00| and that the PNM-regularity condition 3.1 holds at T.
Then, there is a constant C, such that, for x near T, the system (2.13) has a solution d that satisfies
ldlj < C.

Proof Tt is a consequence of proposition 3.4(2), since D is bounded by its finite cardinality. |

3.2 Global convergence

The global convergence results of this section accept directions d such that the right-hand side of
(2.18) is sufficiently negative in the sense of (2.19a), an inequality that we reproduce here for the
reader’s convenience:

= > (1= pilz,d)) Hi(z)* < =2(1 = 1) 0(x), (3.6)

i€[1:n]

where p;(z,d) is defined by (2.20), H is the function defined by (1.3b) and 7 is a constant (indepen-
dent of k) such that n < 1. By proposition 2.7, this inequality implies that d is a descent direction
of 6 at x, since then

0'(w; d) < =2(1 - n) 6(x), (3.7)

and the right-hand side is negative when 6(x) # 0, that is when z is not a solution to the NCP
(1.1). It would have been less restrictive to impose the satisfaction of (3.7), instead of that of (3.6),
but the technique used in the proof of theorem 3.6 below would have then required to have a reverse
inequality in (2.18) in order to recover (3.6), since it is (3.6) that is required in the adopted proof;
the reverse inequality in (2.18) looks problematic to us. Recall that inequality (3.6) simplifies into
(2.19b).

We start the global convergence analysis with theorem 3.6, which assumes that the generic al-
gorithm 2.10 generates a sequence {z} }, hence is well-posed, and the boundedness of the direction
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subsequence {dj, } ke when the subsequence {z }recic of {z} converges to some point Z. Conditions
ensuring the convergence of the algorithms 2.11 and 3.8 will be examined in theorems 3.7 and 3.9,
respectively. The proof of theorem 3.6 contains the main arguments. We have preferred presenting
the convergence result in two stages (theorem 3.6 and theorems 3.7 and 3.9), since the boundedness
assumption may be due to the structure of the problem, making the theorem useful in that circum-
stance. In theorems 3.7 and 3.9, which can also be viewed as corollaries of theorem 3.6, it is the
assumed regularity of the limit point Z that ensures the boundedness of {dj }xcx and therefore the
global convergence of the algorithm. These global convergence results of theorems 3.7 and 3.9 are
rather weak since they assume that the generated sequence has a limit point (this will be certainly
the case when this sequence is bounded) and that the limit point is regular in a certain sense (a
typical assumption of linesearch methods). It may occur, however, that the generated sequence {z }
has no regular limit points, in which case the theorem provides no information. Nevertheless, it acts
as a filter that the algorithms must pass, which was very useful to us for the design of an acceptation
test (2.19)-(3.6) for the hybrid algorithm 3.8.

As a last remark on the assumptions, let us stress the fact that claiming that the algorithms gen-
erate a sequence {z} implicitly assumes that the algorithms are not stuck at an iterate, for example
because the system (2.13) has no solution in the case of the PNM and HNM algorithms 2.11 and 3.8.
If this last event will not occur close to a point Z satisfying the PNM-regularity 3.1 (corollary 3.5),
this is not guaranteed far from such a point. Therefore, the global nature of the obtained convergence
must be put into perspective.

Theorem 3.6 (global convergence of the generic NM algorithm 2.10) Let F and G : 2 —
R"™ be differentiable functions defined on an open set £2 of R™. Suppose that the generic algorithm 2.10
generates a sequence {x1,} C 2. If & € 2 is an accumulation point of {x}}, at which F' and G’ are
continuous, and if the subsequence {dy, : ), is near T} is bounded, then all the sequence {6(xy)}r>1
converges to zero and T is a solution to (1.1).

Proof By the Armijo inequality (2.24), the sequence {0(zj)} decreases; since this sequence is also
bounded below (by zero), it converges. By the Armijo inequality (2.24) again and the fact that n < 1,
it follows that

k— o0

Let us examine two complementary cases.

If limsupg_, o, a > 0 (or, equivalently, oy, /4 0), there is a subsequence K’ C N such that
{ar} ek is bounded away from zero. Then, (3.8) implies that limy_, o rex’ 0(x)) = 0 and actually
limy,_, oo 0(x) = 0, since the sequence {#(z},)} decreases. By the continuity of 6, any accumulation
point T of {zy} satisfies 0(z) = 0, which means that Z solves (1.1). We have shown the conclusions
of the theorem in that case.

We now consider the more difficult case when limsup;,_, . ap = 0 (or, equivalently, o — 0).
Let us first sketch the proof, which is inspired from that in [57]; see also [82]. Let {xg}rex be a
subsequence converging to the accumulation point Z (kK — oo in some infinite subset K of N). With
no loss of generality, one can assume that oy < 1, which implies that the stepsize & := oy /8 is
rejected by the Armijo rule (2.24). Of course & — 0. Let

:ﬁk =T+ &kdk
be the corresponding rejected point. Then, 0(Zg) > 0(xy) — 2wéy(1—n) 0(xy) or
Away,(1-n) 0(zk) > 2[0(zy) — 0(2k)]- (3.9)

The tactic of the proof consists in writing the right-hand side of this inequality as follows

n

200(x) — ()] = Y [min(Fi(w), Gilwr))® = min(Fi(@), Gi(@))?]  (3.10)

=1
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and to find a lower bound of each term of the sum in the right-hand side of the previous identity.
More specifically, we shall show that, since {dj }rex is assumed to be bounded, for any i € [1:n]
and any iterate x;, sufficiently close to Z, the following inequality holds

min(F; (2, Gy(z1,))? — min(Fj(2y), Gi(dx))*
> 2(1—py, i) min(F; (zy,), Gi(x))* + o(én), (3.11)
where py, ; is an abbreviation for p;(zy,dy) and the term o(&y) means that o(dy)/dy — 0 when

k — oo in K. Then, the inequality (3.9), with its right-hand side bounded below thanks to the
identity (3.10) and the inequalities (3.11), yields

Awai (1-n) 0 ()

> 24, > (1=pp;) min(F(zp), Gi(z))” +o(dr)  [(3.9), (3.10), (3.11)]
i€[1:n]

> 4a, (1 —n) 0(xy) +o(ag).  [(2.19)]

After division by 4&(1—n), we get

wO(zy) > 0(zg) + 0(5:)4 (3.12)

Taking the limit when k¥ — oo in K shows that w6(Z) > 6(Z). Since w € (0,1) and 6(Z) > 0, this
implies that (Z) = 0. Therefore, all the sequence {#(z})} tends to zero and Z solves (1.1). We have
also shown the conclusions of the theorem in that case.

Therefore, to conclude the proof, we only have to show (3.11), for alli € [1:n] and z}, sufficiently
close to .

Since {dg}rex is bounded by assumption and ap — 0, it follows that &, — Z when k — oo
in K. Now, for i € [1:n], the differentiability of F; and the mean value theorem provide

2€(Tk,Tk)

|F;(21) — Fi(ag) — Fi (o) (& — )| < ( sup ||Fj (=) — Fi/(xk)|) 2k — zll,

where (xy,Zy) is the open segment {(1 —t)zy +t&y : t € (0,1)}. A similar estimation holds for Gj;.
By the continuity of F’ at Z, the factor in parenthesis in the right-hand side tends to zero when
k — oo in K. Using &, — xp, = Gpdj, and the boundedness of {dy}, we get

Fi(&) = Fy(ay) + apF] (x)dy, + o(éy,),
Gi(3) = Gi(xy) + a,Gi(zk)dy + o(ay).

Below, we shall need to give a lower bound on Fj(z)? — Fi(#1)? and G;(2)? — Gi(21)?. By the
previous estimates, we have

Fi(wg)? = Fi(8k)? = =26 Fi (ap) F (xx) di + (&), (3.13a)
Gi(ack)Q - Gz(i'k)Q = —Q&sz(xk)G;(xk)dk + O(ézk). (313b)

Let us now examine each term of the sum in (3.10) for the indices 4 in the following partition
of [1:n]:

(]—'(5:)7 G(z), £7(z), £ (3), 50(@).

Note that 7 does not intervene in that partition.
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1. i e F(z).

By the strict inequality F;(Z) < G;(Z) defining F(Z) in (1.8), the continuity of F and G at Z,
and the fact that zy, is close to T when k is large in K, we have F;(z}) < G;(xy) or i € F(xy)
for large k in K. Let us show that

= Fi(z) F(zp)dy = (1=ppi) Fi(zr)”. (3.14)
One of the following three complementary cases must occurs.

o If F;(z) =0, (3.14) is clearly verified with equality.

o Ifi € f(l'k) \ST_(:vk) - EF(IEk) and Fl(l'k) #0, (2.20)1 gives le(xk)dk = 7(17pk,i)Fi(xk)~
Multiplying both sides of this equality by —F;(z},) yields (3.14) with equality.

e If i € F (x) NE (zx) C I(z) (in which case Fj(zy) < 0), (2.20)5 gives F(zy)dp >
—(1—pg,i) Fi(x)). Multiplying both sides of this inequality by —F;(x) > 0 yields (3.14).

Next, since £, — T when k — oo in K and since F;(Z) < G;(Z) when ¢ € F(Z), one also has
F;(2) < Gi(Z). Therefore,
min(F;(zy,), Gi(x))* — min(F (@), Gi(24))?
= Fi(:vk)Q — Fi(i'k)Q [Fi(ka) < Gl(l'k) and Fi(:ik) < Gi(:ik)]
= =26 Fi(zp) F (x1)dy, +o(ar)  [(3.13a)]
> 2(1—pp)énFi(wr)” +o(ar)  [(3.14)]
= 2(1—pi)ap min(Fy(wy), Gi(zx))* +o(ar)  [Fily) < Gilay))-
We have obtained the desired inequality (3.11).
2. 1€ G(z).
One can proceed like in case 1, by switching the roles of F' and G [38].
3. i€ & ().
In this case, F;(zy), Gi(zy), F;(Z) and G;(&},) are positive for k large in I, which implies that
is in one of the sets 1 (z,) U 52+(:vk) or G (xy) U 58+(:vk), where
Ft(z):={i € F(z) : Fi(z) > 0} and  GT(z):={i € G(x): Gi(z) > 0}.
We now consider these sets one after the other.
3.1 i€ Fr(agp) UER (wp).
In this case, 0 < Fj(z)) < Gi(zy). Because i € [F(zy) \ &, (z1)] U EL (v4) = Ep(zy) and
Fi(wg) # 0, (2.20)1 tells us that Fj (zg)dy = —(1—py ;) F;(z)) and finally
— Fi(wg) F{ (w)dy = (1=pg,i) Fizp)”. (3.15)
Therefore, for k large in K:

min(F;(zy,), Gi(zy)) 2 — min(F; (2y), Gi () 2
=Fi(zk) 0< - <Fy (&)
> Fi(zy,)? — Fi(3,)?
= —24;,Fj(x) F] (x1)dy, + o(du,) [(3.13a)]
= 2(1—pri)énFi(zr)” +o(dr)  [(3.15)]
= 2(1—py,;)y min(F(zr), Gi(w))? + o(6y)  [Fi(wr) < Gilzy)].

We have obtained the desired inequality (3.11).
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3.2. i€ G (ap) UEGT ().
One can proceed like in case 3.1, by switching the roles of F' and G [38].
4. i€ & (z).
In this case, for k large in K, F;(zy), Gi(xy), Fi(Zg) and G;(Zx) are negative and |F;(zy) —
Gi(zy)| < 7, so that i € &7 (zg) = I(xg). Then, by (2.20)s,

Fi(zp)dg = —(1=ppi) Fi (), (3.16a)
Gi(zp)dy, = —(1—pri)Gilzr), (3.16b)
so that
—Fy(p) F (wp)di > (1=ppi) Fi(i)?, (3.17a)
—Gi(w)Gi(zr)d, = (1=pp,i)Gilwr)?. (3.17b)

Now, one (or both) of the following two cases must occur.

4.1. F;(zg) < Gi(zy), which are both negative. We divide the analysis of this case into two
complementary subcases.

4.1.1. F;(#1) < G;(Zg), which are both negative.
For k large in K, the following holds

min(F;(zy,), Gi(z1))? — min(F; (&), Gi(#r,))”
= Fi(a)? = Fi(@x)®  [Fi(z) < Gi(ap) and Fi(&) < Gi(@y)]
= 2G4, F; () Fi (z)dy + o(éy,) [(3.13a)]
> 2(1—ppi)anFy(zy)? +o(ar)  [(3.17a)]
= 2(1—py,;) & min(F; (zy), Gi(z1,))* + o(ay,) [Fi(zr) < Gi(wr)]-

We have obtained the desired inequality (3.11).

4.1.2. G;(%y) < F;(%y), which are both negative.
Let us show that

2(1—pyi)by, < 1, for k large in K. (3.18)

This is certainly the case when py, ; > 0, since then, 2(1—py ;) < 2d; < 1 because
ap, — 0 for k — oo in K. When py, ; < 0, we use (3.16a), which also reads

pki Fi(zy) < Fy(zy) + Ff (z) dg-

Hence, for k large enough in K:

1 _
0 < 5ok Fi(2) < pri Filwy) < Filzy) + F(zy)dy, < C,

where the constant C' > 0 comes for the fact that x;, — = for kK — oo in K, from
the assumed continuity of F’ at %, and from the assumed boundedness of {d}}. This
shows that py, ; is bounded below, so that (3.18) also holds when pj, ; < 0. Then, the
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following holds

min(F;(zy), Gi(zx))* — min(Fi(&), Gi(#x))*

= Fi(a)? = Gi(#x)®  [Fi(z) < Gi(ap) and Gy(dx) < Fi(@)]
= Gi(xx)? = Gi(&x) + Fi(zy)? = Gi(ay)?

= —20,Gi(21)Gi(wr)dy, + Fi(wg)? — Gi(wg)? +o(ar)  [(3.13b)]

> 2(1—pr)akGi(zr)? + Fi(z)” = Gi(we)® +o(a)  [(3.17D)]

= 2(1—pp,) & Fy(2x) *+(1-2(1=pp,i) b ) (Fi(z1,)* — Gi(2r) *) +o( Gy,
> 2(1—pr)anFi(wp)? +o(ar)  [(3.18) and Fy(wp)® > Gi(xp)?]
= 2(1=pp,s) &g min(Fi (z1,), Gi(z1))* + o(én)  [Filwr) < Gilp)].

We have obtained the desired inequality (3.11).

4.2. Gi(zy) < Fi(zy), which are both negative. One can proceed like in case 4.1, by switching
the roles of F' and G [38].

5.i¢€&%z).
In this case, we write
min(F;(zy,), Gi(zx))* — min(Fj(&x), Gi(ix))”
- (min(FZ-(xk), Gi(z1)) — min(F (), Gi(@k)))
% (min(Fi(ex), Gi(w)) + min(Fi(ax), Gi()) )

Since x — min(F(z),G(xz)) is Lipschitz continuous near Z, the first factor in the right-hand side
is bounded by a constant times |2y — z||, which is an O(&y,) by the boundedness of {dy}, while
the second factor in the right-hand side converges to zero (since in this case F;(z) = G;(z) = 0).
Thus the whole term is o(é&g). This is enough to get (3.11), since the first term in the right-hand
side of (3.11) is also an o(dy), so that the left-hand side of (3.11) minus the first term in its
right-hand side is indeed (larger than) an o(dy,). ]

Theorem 3.7 (global convergence of the PNM algorithm 2.11) Let F and G : 2 — R"
be differentiable functions defined on an open set 2 of R™. Suppose that the PNM algorithm 2.11
generates a sequence {zi} C Q2. If T € 2 is an accumulation point of {xy} that is PNM-regular in
the sense of definition 3.1 and if F' and G’ are continuous at T, then all the sequence {0(xr) o1
converges to zero and T is a solution to (1.1).

Proof According to theorem 3.6, we just have to prove that the subsequence {dj : zj is near T}
is bounded. Since the directions dj are computed by (2.25), this property is given by corollary 3.5,
which rests on the additional assumption on the PNM-regularity at z, in the sense of definition 3.1.

O

3.3 A hybrid Newton-min algorithm

This section presents a hybrid Newton-min (HNM) algorithm for solving the complementarity prob-
lem (1.1), which benefits from both a global convergence in the style of theorem 3.6 and a fast
local convergence in the style of theorem 2.3. Around an NM-regular point, by its ability to pro-
vide superlinear/quadratic convergence (recalled in theorem 2.3), the displacement d™™ computed
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by (2.1) reduces significantly the least-square merit function 6, in the sense (3.19d) below. For this
reason, the HNM algorithm stated below proposes to compute an NM direction d™™ at each itera-
tion and to check its relevance first on the decrease of 6 (test 3.2 of the HNM algorithm) and next,
if necessary, on the descent condition (2.19) (test 3.3 of the HNM algorithm). This rule gives two
chances to accept the cheap NM direction d"™.

The extra cost coming from the computation of an NM direction (a single linear system to solve)
should be modest with respect to the cost of the computation of a secure PNM direction by (2.25)
(solving a convex quadratic optimization problem) and has the advantage of sometimes avoiding
the computation of this latter direction (we have observed this trend in numerical experiments on
LCPs [50]). Here is the algorithm. It is in the style of algorithm 9.2.3 in [43].

Algorithm 3.8 (HNM algorithm) It is the instance of the generic algorithm 2.10, in
which the direction d in step 3 is computed as follows.
3.1. For some partition (F(x),G(x)) € P([1:n]) that satisfies F(x) D F(z) and G(z) D
G(z), compute a plain NM direction d™™ € R™ as a solution d to (2.1).
3.2, If (2.24) holds with d = d™ and a = 1, go to step 5 with o = 1.
3.3. 3.3.1. If (2.19) holds with d = d™™, set d = d™™.
3.3.2. Else, compute d as a solution to (2.25).

In step 3.1, it is implicitely assumed that the linear system (2.1) has a solution. Note that, instead
of d™, one could compute any direction by an algorithm satisfying the conclusion of theorem 2.3.
The convergence assumptions of theorem 3.9 below must then be adapted to those ensuring the
conclusions of theorem 2.3 for that direction.

In the proof of the next theorem, one uses the notation {uy} ~ {vi}, for two sequences {uy}
and {v;} in a normed space (E, || - ||), to mean that |lug| = O(||lv]]) and |lvg| = O(|lukl])-

Theorem 3.9 (global and fast local convergence of the HNM algorithm 3.8) Suppose that
Fand G : 2 — R" are continuously differentiable functions defined on an open set £2 of R™. Suppose
that the HNM algorithm 3.8 generates a sequence {x} C 2 and that T € 2 is an accumulation point
of {z1} that is NM and PNM-regular, in the sense of definitions 2.1 and 3.1. Then,

1) {0(zk)}k>1 converges monotonically to zero and T is a solution to (1.1),
2) {xy} converges superlinearly to T,

3) if F' and G’ are Lipschitz near %, the convergence is quadratic,

4) if F and G are affine near T, the convergence is finite.

Proof |Property 1: global convergence] If the plain NM direction dj;™ computed in step 3.1 of
algorithm 3.8 satisfies (2.24) with o = 1 (i.e., the test in step 3.2 is passed) infinitely often, then
0(zg) 4 0. Indeed, for the iterations k at which dy = dj;™ passes the test in step 3.2, one has
Tro1 = o + di™ and 0(zp11) < (1-2w(1-7))0(zy), where 1—2w(1—n) is a constant in (0,1). For
the other iterations, one has 6(zy 1) < 6(z). The monotone convergence of 6(zy,) to zero follows.
By the continuity of # and the convergence of a subsequence of {z}} to Z, one deduces that 8(z) = 0,
i.e., T is a solution to (1.1). Property 1 is proved in that case.

Otherwise, after a finite number of iterations, a direction satisfying (2.19) is computed (it can be
either the plain NM direction dj computed in step 3.1 or a secure PNM direction that solves (2.25),
the latter satisfying (2.19) by corollary 2.8) and a linesearch is performed in step 4 to get (2.24).
Since the accumulation point Z is assumed to be NM and PNM-regular, the computed directions dj,
are bounded for zj, near T, thanks to proposition 2.2 and corollary 3.5. Property 1 now follows from
theorem 3.6, since both directions satisfy (2.19).

[Properties 2, 3 and 4: fast local convergence] Our goal is to apply theorem 2.3, whose main
assumptions hold. Let us first prove that zj 1 = zj + d);* when zj, is in a neighborhood of Z.
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Let V' C {2 be the open neighborhood of & given by theorem 2.3. Since x is an accumulation point
of the generated sequence {z}, there is a subsequence {zy}rex C V, with £ C N, that converges
to z. By theorem 2.3,

lzg + dp¥ — z|| = o(||xp — z||), for k € K. (3.19a)

It follows that ([17; lemme 13.5] for instance)

{di" Yrex ~ {or — Threx- (3.19b)

Since dj™ satisfies (2.1) and since the matrices of the linear system are bounded and have bounded
inverses, thanks to the NM-regularity, one also has

{di™Yeerr ~ {H (z) ek (3.19¢)

for some subsequence K’ C IC. Combining (3.19b) and (3.19¢), one gets { H (z) }rexr ~ {T1—T}rex
and therefore, using (3.19a), ||H (z), + di™)|| = o||H (z) ||, for k € K’, and finally

O(xp, + di™) = 0(0(xy,)), for k€ K. (3.19d)

This implies that there is an index k1 € K’ such that dy™ is accepted in step 3.2 of the HNM
algorithm and zp, 1 = zp + d}", far all k > k1 in N. Therefore, from that index ki, theorem 2.3
applies. Since the assumptions of theorem 2.3 hold, this one yields the properties 2, 3 and 4 in the
statement of the present theorem. m]

According to the first part of the proof of the previous theorem, the NM-regularity intervenes
in the global convergence for the following reason. It may happen that step 3.2 of algorithm 3.8
is successful only finitely often but that the NM direction d"™ is accepted in step 3.3.1 infinitely
often. Then, to be able to apply theorem 3.6, it must be shown that d"» remains bounded, which is
guaranteed by the NM-regularity. This discussion shows that it is easy to modify algorithm 3.8 so
that the NM-regularity is no longer necessary in obtaining global convergence (it is still useful for
fast local convergence, however): one accepts d"™ only in step 3.2, not in step 3.3. We believe that
this option is less efficient numerically, since then the more expensive PNM direction is more often
computed by (2.25). Nevertheless, to weaken the condition of global convergence, we present such a
variation of algorithm 3.8 as algorithm 3.10 below.

Algorithm 3.10 (HNM’ algorithm) It is the instance of algorithm 3.8, in which step 3.3
is replaced as follows.

3.3. Compute the direction d as a solution to (2.25).

Theorem 3.9 then takes the following form.

Theorem 3.11 (global and fast local convergence of the HNM” algorithm 3.10) Suppose
that F' and G : 2 — R" are continuously differentiable functions defined on an open set £2 of R".
Suppose that the HNM’ algorithm 3.10 generates a sequence {xi} C (2 and that T € 2 is an
accumulation point of {x} that is PNM-regular, in the sense of definition 3.1. Then,

1) {0(zg)}k>1 converges monotonically to zero and T is a solution to (1.1).

If the NM-regularity also holds at x, then

2) {xy} converges superlinearly to T,
3) if F' and G’ are Lipschitz near %, the convergence is quadratic,
4) if F and G are affine near T, the convergence is finite.
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Proof Only the second paragraph of the proof of theorem 3.9, which uses the NM-regularity to
get claim 1, must be adapted. This paragraph changes since, with algorihm 3.10, at this point of
the proof, the sequence {x;} is generated by linesearch along secure PNM directions computed
by (2.25). These directions satisfy (2.19) (corollary 2.8) and are bounded near Z by the PNM-
regularity and the minimal property resulting from the optimization problem in (2.25) (corollary 3.5).
Then, theorem 3.6 can be applied and this one yields claim 1. O

4 Conclusion

This paper presents algorithms for solving the complementarity problem (1.1), based on semismooth-
like iterations on the nonsmooth equation (1.3), reformulating the problem with the minimum func-
tion. In practice, this solution strategy is often more efficient than with other reformulations but
it is difficult to implement up to completeness, because the associated least-square merit function
may not decrease along the semismooth direction. The paper proposes to overcome the difficulty by
slightly modifying this direction in the neighborhood of the negative kinks of the minimum func-
tion. A global convergence result can be established for the resulting algorithm 2.11, provided some
specific regularity condition holds at the accumulation points of the generated sequence (the PNM
regularity).

A hybrid algorithm is also proposed, which tries to use the inexpensive plain Newton-min di-
rection at each iteration. If the sequence generated by the resulting algorithm 3.8 has an accumu-
lation point that is regular (NM and PNM regularities), this point is necessarily a solution to the
complementarity problem and all the sequence converges to it. A similar result is obtained with
algorithm 3.10, with only the PNM regularity of the accumulation point. The convergence is also
fast (superlinear or quadratic, depending on the smoothness of the functions defining the problem).

Algorithms 2.11 and 3.8 can be used to solve linear complementarity problems.

A number of issues still need to be considered to improve the robustness of the proposed algo-
rithms, to finalize their analysis, to estimate their complexity and to enhance their attractiveness.
Some of them are explored in [92,37,39,40] and others will be considered in subsequent contributions.

Acknowledgments

We thank the referees for their remarks and recommendations, which have helped us improve the
readability and quality of the paper, in particular with the addition of the asymptotic analysis of
section 3.3.

References

1. Vincent Acary and Bernard Brogliato. Numerical Methods for Nonsmooth Dynamical Systems - Ap-
plications in Mechanics and Electronics. Number 35 in Lecture Notes in Applied and Computational
Mechanics. Springer, 2008. [doi]. 2

2. Muhamed Aganagi¢. Newton’s method for linear complementarity problems. Mathematical Program-
ming, 28:349-362, 1984. |doi|. 3

3. Shmuel Agmon. The relaxation method for linear inequalities. Canadian Journal of Mathematics,
6:382-392, 1954. 12

4. Jan Harold Alcantara, Chen-Han Lee, Chieu Thanh Nguyen, Yu-Lin Chang, and Jein-Shan Chen. On
construction of new NCP functions. Operations Research Letters, 48(2):115-121, 2010. [doi]. 3

5. Mihai Anitescu and Florian Alexandru Potra. Formulating dynamic multi-rigid-body contact problems
with friction as solvable linear complementarity problems. Nonlinear Dynamics, 14(3):231-247, 1997.
[doi]. 2

6. Larry Armijo. Minimization of functions having Lipschitz continuous first partial derivatives. Pacific
Journal of Mathematics, 16(1):1-3, 1966. [doi]. 19


http://dx.doi.org/10.1007/978-3-540-75392-6
http://dx.doi.org/10.1007/BF02612339
http://dx.doi.org/10.1016/j.orl.2020.01.002
http://dx.doi.org/10.1023/A:1008292328909
http://dx.doi.org/10.2140/pjm.1966.16.1

32

Jean-Pierre Dussault et al.

7.

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Laurence Beaude, Konstantin Brenner, Simon Lopez, Roland Masson, and Farid Smai. Non-isothermal
compositional liquid gas Darcy flow: formulation, soil-atmosphere boundary condition and application
to high-energy geothermal simulations. Computational Geosciences, 23(3):443-470, 2019. [doi]. 2
Ibtihel Ben Gharbia. Résolution de Problémes de Complémentarité — Application & un Ecoulement
Diphasique Dans un Milieuw Poreux. PhD thesis, Université Paris-Dauphine, 2012. 9, 11

Ibtihel Ben Gharbia, Jad Dabaghi, Vincent Martin, and Martin Vohralik. A posteriori error estimates for
a compositional two-phase flow with nonlinear complementarity constraints. Computational Geosciences,
24(3):1031-1055, 2020. [doi. 2

Ibtihel Ben Gharbia and Eric Flauraud. Study of compositional multiphase flow formulation using
complementarity conditions. Oil & Gas Sciences and Technology, 74:1-15, 2019. [doi]. 2

Ibtihel Ben Gharbia and Jean Charles Gilbert. Nonconvergence of the plain Newton-min algorithm for
linear complementarity problems with a P-matrix. Mathematical Programming, 134:349-364, 2012. [doi|.
3

Ibtihel Ben Gharbia and Jean Charles Gilbert. An algorithmic characterization of P-matricity. SIAM
Journal on Matriz Analysis and Applications, 34(3):904-916, 2013. [doi|. 3

Ibtihel Ben Gharbia and Jean Charles Gilbert. An algorithmic characterization of P-matricity II: adjust-
ments, refinements, and validation. STAM Journal on Matrixz Analysis and Applications, 40(2):800-813,
2019. [doi]. 3

Ibtihel Ben Gharbia and Jérome Jaffré. Gas phase appearance and disappearance as a problem with
complementarity constraints. Mathematics and Computers in Simulation, 99:28-36, 2014. [doi]. 2

J. Frédéric Bonnans. Local analysis of Newton-type methods for variational inequalities and nonlinear
programming. Applied Mathematics and Optimization, 29:161-186, 1994. [doi|. 3

J. Frédéric Bonnans, Jean Charles Gilbert, Claude Lemaréchal, and Claudia Sagastizabal. Optimisation
Numérique — Aspects théoriques et pratiques. Number 27 in Mathématiques et Applications. Springer
Verlag, Berlin, 1997. [editor|. 3

J. Frédéric Bonnans, Jean Charles Gilbert, Claude Lemaréchal, and Claudia Sagastizabal. Numerical
Optimization — Theoretical and Practical Aspects (second edition). Universitext. Springer Verlag, Berlin,
2006. [authors| [editor| [doi]. 3, 11, 18, 19, 30

Bernard Brogliato. Nonsmooth Mechanics - Models, Dynamics and Control (third edition). Springer,
2016. [doi]. 2

Hannes Buchholzer, Christian Kanzow, Peter Knabner, and Serge Krautle. The semismooth Newton
method for the solution of reactive transport problems including mineral precipitation-dissolution reac-
tions. Computational Optimization and Applications, 50(2):193-221, 2011. [doi|. 2

Quan M. Bui and Howard C. Elman. Semi-smooth Newton methods for nonlinear complementarity formu-
lation of compositional two-phase flow in porous media. Journal of Computational Physics, 407:109163,
2020. [doi]. 2

Bintong Chen, Xiaojun Chen, and Christian Kanzow. A penalized Fischer-Burmeister NCP-function.
Mathematical Programming, 88:211-216, 2000. [doi]. 3

Alice Chiche and Jean Charles Gilbert. How the augmented Lagrangian algorithm can deal with an
infeasible convex quadratic optimization problem. Journal of Convexr Analysis, 23(2):425-459, 2016.
[pdf] [editor|. 12

Sergei Chubanov. A polynomial projection algorithm for linear feasibility problems. Mathematical
Programming, 153:687-713, 2015. [doi|. 12

Sung Jin Chung. NP-completeness of the linear complementarity problem. Journal of Optimization
Theory and Applications, 60:393-399, 1989. [doi|. 2

Frank H. Clarke. Optimization and Nonsmooth Analysis. John Wiley & Sons, New York, 1983. Reprinted
in 1990 by SIAM, Classics in Applied Mathematics 5 [doi|. 5

Richard Warren Cottle. Nonlinear Programs with Positively Bounded Jacobians. PhD thesis, University
of California, Berkeley, USA, 1964. 3

Richard Warren Cottle. Nonlinear programs with positively bounded jacobians. SIAM Journal on
Applied Mathematics, 14:147-158, 1966. [doi|. 3

Richard Warren Cottle. Linear complementarity since 1978. In Variational analysis and applications,
number 79 in Nonconvex Optimization and Its Applications, pages 239-257. Springer, New York, 2005.
[doi]. 2

Richard Warren Cottle, Jong-Shi Pang, and Richard E. Stone. The Linear Complementarity Problem.
Number 60 in Classics in Applied Mathematics. STAM, Philadelphia, PA, USA, 2009. [doi]. 2

Jad Dabaghi, Vincent Martin, and Martin Vohralik. Adaptive inexact semismooth Newton methods for
the contact problem between two membranes. Journal of Scientific Computing, 84(2), 2020. [doi|. 2
Jestus A. De Loera, Jamie Haddock, and Deanna Needell. A sampling Kaczmarz-Motzkin algorithm for
linear feasibility. STAM Journal on Scientific Computing, 39(5):566-587, 2017. |doi|. 12

Tecla De Luca, Francisco Facchinei, and Christian Kanzow. A semismooth equation approach to the
solution of nonlinear complementarity problems. Mathematical Programming, 75:407-439, 1996. |doi|. 3
Tecla De Luca, Francisco Facchinei, and Christian Kanzow. A theoretical and numerical comparison of
some semismooth algorithms for complementarity problems. Computational Optimization and Applica-
tions, 16:173-205, 2000. [doi]. 3, 6


http://dx.doi.org/10.1007/s10596-018-9794-9
http://dx.doi.org/10.1007/s10596-019-09909-5
http://doi.org/10.2516/ogst/2019012
http://dx.doi.org/10.1007/s10107-010-0439-6
http://dx.doi.org/10.1137/120883025
http://dx.doi.org/10.1137/18M1168522
http://dx.doi.org/10.1016/j.matcom.2013.04.021
http://dx.doi.org/10.1007/BF01204181
https://www.springer.com/gp/book/9783540631835
http://www-roc.inria.fr/~gilbert/bgls
http://www.springer.com/mathematics/applications/book/978-3-540-35445-1
http://dx.doi.org/10.1007/978-3-540-35447-5
http://dx.doi.org/10.1007/978-3-319-28664-8
http://dx.doi.org/10.1007/s10589-010-9379-6
http://dx.doi.org/10.1016/j.jcp.2019.109163
http://dx.doi.org/10.1007/PL00011375
http://who.rocq.inria.fr/Jean-Charles.Gilbert/preprint/35-al-infeasible-qp.pdf
http://www.heldermann.de/JCA/JCA23/JCA232/jca23016.htm
http://dx.doi.org/10.1007/s10107-014-0823-8
http://dx.doi.org/10.1007/BF00940344
http://dx.doi.org/10.1137/1.9781611971309
http://dx.doi.org/10.1137/0114012
http://dx.doi.org/10.1007/0-387-24276-7_18
http://dx.doi.org/10.1137/1.9780898719000
http://dx.doi.org/10.1007/s10915-020-01264-3
http://dx.doi.org/10.1137/16M1073807
http://dx.doi.org/10.1007/BF02592192
http://dx.doi.org/10.1023/A:1008705425484

Polyhedral Newton-min algorithms for complementarity problems 33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Frédéric Delbos and Jean Charles Gilbert. Global linear convergence of an augmented Lagrangian al-
gorithm for solving convex quadratic optimization problems. Journal of Convexr Analysis, 12(1):45-69,
2005. [preprint| [editor]. 12

Vladimir Fedorovich Demyanov and Alexander M. Rubinov. On quasidifferentiable mappings. Optimiza-
tion, 14(1):3-21, 1983. [doi]. 4

John E. Dennis and Robert B. Schnabel. Numerical Methods for Unconstrained Optimization and
Nonlinear Equations. Number 16 in Classics in Applied Mathematics. STAM, Philadelphia, PA, USA,
2009. [doi]. 3, 19

Jean-Pierre Dussault, Mathieu Frappier, and Jean Charles Gilbert. A lower bound on the iterative
complexity of the Harker and Pang globalization technique of the Newton-min algorithm for solving the
linear complementarity problem. EURO Journal on Computational Optimization, 7(4):359-380, 2019.
[doi]. 31

Jean-Pierre Dussault, Mathieu Frappier, and Jean Charles Gilbert. Polyhedral Newton-min algorithms
for complementarity problems — The full report. Research Report, 2023. [hal-04097624]. 6, 10, 17, 26,
27, 28

Jean-Pierre Dussault and Jean Charles Gilbert. Exact computation of an error bound for the balanced
linear complementarity problem with unique solution. Mathematical Programming, 199(1-2):1221-1238,
2023. [doi]. 2, 31

Jean-Pierre Dussault, Jean Charles Gilbert, and Baptiste Plaquevent-Jourdain. On the B-differential of
the componentwise minimum of two affine vector functions. Mathematical Programming Computation
(in revision), 2023. |hal-03872711]. 2, 6, 8, 10, 31

Jean-Pierre Dussault, Jean Charles Gilbert, and Baptiste Plaquevent-Jourdain. Partial description of the
B-differential of the componentwise minimum of two vector functions by linearization. Research Report
(in preparation), 2024. 8

Kenny Erleben. Numerical methods for linear complementarity problems in physics-based animation. In
ACM SIGGRAPH 2013 Courses, SIGGRAPH ’13, pages 8:1-8:42, New York, NY, USA, 2013. ACM.
[doi]. 2

Francisco Facchinei and Jong-Shi Pang. Finite-Dimensional Variational Inequalities and Complemen-
tarity Problems (two volumes). Springer Series in Operations Research. Springer, 2003. 2, 3, 5, 6, 7, 8,
9, 10, 29

Michael C. Ferris and Christian Kanzow. Complementarity and related problems. In P.M. Pardalos and
M.G.C. Resende, editors, Handbook of Applied Optimization. Oxford University Press, New York, NY,
USA, 2002. 3

Michael C. Ferris, Christian Kanzow, and Todd Steven Munson. Feasible descent algorithms for mixed
complementarity problems. Mathematical Programming, 86:475-497, 1999. [doi|. 6

Michael C. Ferris and Jong-Shi Pang. Engineering and economic applications of complementarity prob-
lems. SIAM Review, 39:669-713, 1997. [doi|. 2

Andreas Fischer. A special Newton-type optimization method. Optimization, 24:269-284, 1992. [doi|. 3
Andreas Fischer and Houyuan Jiang. Merit functions for complementarity and related problems: a survey.
Computational Optimization and Applications, 17:159-182, 2000. [doi]. 3

Andreas Fischer and Christian Kanzow. On finite termination of an iterative method for linear comple-
mentarity problems. Mathematical Programming, 74:279-292, 1996. [doi]. 3

Mathieu Frappier. Reformulation semi-lisse appliquée au probléme de complémentarité. Master’s thesis,
Département de Mathématiques, Faculté des Sciences, Université de Sherbrooke, Canada, 2019. [internet|.
6, 12, 15, 29

Aurél Galantai. Properties and construction of NCP functions. Computational Optimization and Appli-
cations, 52(3):805-824, 2012. [doi]. 3

Yu Gao, Haiming Song, Xiaoshen Wang, and Kai Zhang. Primal-dual active set method for pricing Amer-
ican better-of option on two assets. Communications in Nonlinear Science and Numerical Simulation,
80, 2020. [doi]. 2

Jean Charles Gilbert. Fragments d’Optimisation Différentiable — Théorie et Algorithmes. Lecture Notes
(in French) of courses given at ENSTA and at Paris-Saclay University, Saclay, France, 2021. [hal-03347060,
pdf]. 18, 19

Jean-Louis Goffin. On the finite convergence of the relaxation method for solving systems of inequalitites.
Operations Research Center Report ORC 71-36, Univ. of California at Berkeley, 1971. 12

Jean-Louis Goffin. The relaxation method for solving systems of linear inequalities. Mathematics of
Operations Research, 5:388-414, 1980. [doi|. 12

Ji Ye Han and De Feng Sun. Newton and quasi-Newton methods for normal maps with polyhedral sets.
Journal of Optimization Theory and Applications, 94:659-676, 1997. [doi]. 5

Shih-Ping Han, Jong-Shi Pang, and Narayan Rangaraj. Globally convergent Newton methods for nons-
mooth equations. Mathematics of Operations Research, 17:586-607, 1992. [doi]. 5, 24

Patrick T. Harker and Jong-Shi Pang. Finite-dimensional variational inequality and nonlinear com-
plementarity problems: A survey of theory, algorithms and applications. Mathematical Programming,
48:161-220, 1990. [doi]. 2


http://www-rocq.inria.fr/~gilbert/preprint/25+qpal-conv-lin.pdf
http://www.heldermann.de/JCA/JCA12/JCA121/jca12003.htm
http://dx.doi.org/10.1080/02331938308842828
http://dx.doi.org/10.1137/1.9781611971200
https://doi.org/10.1007/s13675-019-00116-6
http://hal.inria.fr/hal-04097624/en
http://dx.doi.org/10.1007/s10107-022-01860-1
http://hal.inria.fr/hal-03872711/document
http://dx.doi.org/10.1145/2504435.2504443
http://dx.doi.org/10.1007/s101070050101
http://dx.doi.org/10.1137/S0036144595285963
http://dx.doi.org/10.1080/02331939208843795
http://dx.doi.org/10.1023/A:1026598214921
http://dx.doi.org/10.1007/BF02592200
https://savoirs.usherbrooke.ca/handle/11143/14508
http://dx.doi.org/10.1007/s10589-011-9428-9
http://dx.doi.org/10.1016/j.cnsns.2019.104976
http://hal.archives-ouvertes.fr/hal-03347060/en
http://hal.archives-ouvertes.fr/hal-03347060/document
http://dx.doi.org/10.1007/BF015949210.1287/moor.5.3.3882
http://dx.doi.org/10.1023/A:1022653001160
https://doi.org/10.1287/moor.17.3.586
http://dx.doi.org/10.1007/BF01582255

34

Jean-Pierre Dussault et al.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

2.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

Alan J. Hoffman. On approximate solutions of systems of linear inequalities. Journal of Research of the
National Bureau of Standard, 49:263—-265, 1952. 22

Tim Hoheisel, Christian Kanzow, Boris S. Mordukhovich, and Hung M. Phan. Generalized Newton’s
method based on graphical derivatives. Nonlinear Analysis, 75(3):1324-1340, 2012. [doi|. 3

George Isac. Complementarity Problems. Number 1528 in Lecture Notes in Mathematics. Springer,
Berlin, 1992. [doi]. 2

Kazufumi Ito and Karl K. Kunisch. On a semi-smooth Newton method and its globalization. Mathe-
matical Programming, 118:347-370, 2009. [doi].

Alexey F. Izmailov and Mikhail V. Solodov. Newton-Type Methods for Optimization and Variational
Problems. Springer Series in Operations Research and Financial Engineering. Springer, 2014. [doi|. 2, 3,
5

Norman H. Josephy. Newton’s method for generalized equations. Technical Summary Report 1965,
Mathematics Research Center, University of Wisconsin, Madison, WI, USA, 1979. 3

Christian Kanzow and Helmut Kleinmichel. A new class of semismooth Newton-type methods for non-
linear complementarity problems. Computational Optimization and Applications, 3:227-251, 1998. [doi|.
3

Christian Kanzow, Nobuo Yamashita, and Masao Fukushima. New NCP-functions and their properties.
Journal of Optimization Theory and Applications, 94(1):115-135, 1997. [doi]. 3

S. Karamardian. Generalized complementarity problem. Journal of Optimization Theory and Applica-
tions, 8(3):161-168, 1971. [doi]. 3

Masakazu Kojima, Nimrod Megiddo, Toshihito Noma, and Akiko Yoshise. A Unified Approach to Interior
Point Algorithms for Linear Complementarity Problems. Number 538 in Lecture Notes in Computer
Science. Springer, Berlin, 1991. |doi|. 2

Masakazu Kojima and Susumu Shindo. Extension of Newton and quasi-Newton methods to systems of
PC! equations. Journal of Operations Research Society of Japan, 29:352-375, 1986. [doi]. 6

Serge Kréutle. The semismooth Newton method for multicomponent reactive transport with minerals.
Advances in Water Resources, 34(1):137-151, 2011. [doi]. 2

Xudong Li, Defeng Sun, and Kim-Chuan Toh. On the efficient computation of a generalized Jacobian of
the projector over the Birkhoff polytope. Mathematical Programming, 179:419-446, 2020. [doi]. 5

Vera Lucia Rocha Lopes, José Mario Martinez, and Rosana Pérez. On the local convergence of quasi-
Newton methods for nonlinear complementarity problems. Applied Numerical Mathematics, 30:3-22,
1999. |doil. 6

Zhi-Quan Luo and Paul Tseng. Perturbation analysis of a condition number for linear systems. SIAM
Journal on Matriz Analysis and Applications, 15(2):636-660, 1994. [doi|. 22, 23

Mend-Amar Majig and Masao Fukushima. Restricted-step Josephy-Newton method for general vari-
ational inequalities with polyhedral constraints. Pacific Journal of Optimization, 6(2):375-390, 2010.
4

Olvi Leon Mangasarian. Equivalence of the complementarity to a system of nonlinear equations. SIAM
Journal on Applied Mathematics, 31(1):89-92, 1976. [doi]. 3

Olvi Leon Mangasarian and Stanley Fromovitz. The Fritz John necessary optimality conditions in the
presence of equality and inequality constraints. Journal of Mathematical Analysis and Applications,
17:37-47, 1967. [doi]. 19

Estelle Marchand, Torsten Miiller, and Peter Knabner. Fully coupled generalised hybrid-mixed finite
element approximation of two-phase two-component flow in porous media. Part II: numerical scheme
and numerical results. Computational Geosciences, 16(3):691-708, 2012. [doi]. 2

Estelle Marchand, Torsten Miiller, and Peter Knabner. Fully coupled generalised hybrid-mixed finite
element approximation of two-phase two-component flow in porous media. Part I: formulation and prop-
erties of the mathematical model. Computational Geosciences, 17(2):431-442, 2013. [doi|. 2

Katta G. Murty. Linear Complementarity, Linear and Nonlinear Programming (Internet edition, pre-
pared by Feng-Tien Yu, 1997). Heldermann Verlag, Berlin, 1988. 2

James M. Ortega and Werner C. Rheinboldt. Iterative Solution of Nonlinear Equations in Several
Variables. Academic Press, New York, 1970. Reprinted in 2000 by STAM, Classics in Applied Mathematics
30, [doi]. 3

Jong-Shi Pang. Newton’s method for B-differentiable equations. Mathematics of Operations Research,
15:311-341, 1990. [doil. 4

Jong-Shi Pang. A B-differentiable equation-based, globally and locally quadratically convergent algorithm
for nonlinear programs, complementarity and variational inequality problems. Mathematical Program-
ming, 51(1-3):101-131, 1991. [doi]. 3, 5, 14, 24

Jong-Shi Pang. Complementarity problems. In R. Horst and P.M. Pardalos, editors, Handbook of Global
Optimization, volume 2 of Nonconvex Optimization and Its Applications, pages 271-338. Kluwer, Dor-
drecht, 1995. [doi]. 2

Jong-Shi Pang and Steven A. Gabriel. NE/SQP: A robust algorithm for the nonlinear complementarity
problem. Mathematical Programming, 60:295-337, 1993. [doi|. 6, 8

Sandra Pieraccini, Maria Grazia Gasparo, and Aldo Pasquali. Global Newton-type methods and semis-
mooth reformulations for NCP. Applied Numerical Mathematics, 44:367-384, 2003. [doi]. 3, 6


http://dx.doi.org/10.1016/j.na.2011.06.039
http://dx.doi.org/10.1007/BFb0084653
http://dx.doi.org/10.1007/s10107-007-0196-3
http://dx.doi.org/10.1007/978-3-319-04247-3
http://dx.doi.org/10.1023/A:1026424918464
http://dx.doi.org/10.1023/A:1022659603268
http://dx.doi.org/10.1007/BF00932464
http://dx.doi.org/10.1016/0167-6377(91)90010-M
http://dx.doi.org/10.15807/jorsj.29.352
http://dx.doi.org/10.1016/j.advwatres.2010.10.004
http://dx.doi.org/10.1007/s10107-018-1342-9
http://dx.doi.org/10.1016/S0168-9274(98)00080-4
http://dx.doi.org/10.1137/S0895479892224768
http://dx.doi.org/10.1137/0131009
http://dx.doi.org/10.1016/0022-247X(67)90163-1
http://dx.doi.org/10.1007/s10596-012-9279-1
http://dx.doi.org/10.1007/s10596-013-9341-7
http://dx.doi.org/10.1137/1.9780898719468
http://dx.doi.org/10.1287/moor.15.2.311
http://dx.doi.org/10.1007/BF01586928
http://dx.doi.org/10.1007/978-1-4615-2025-2_6
http://dx.doi.org/10.1007/BF01580617
http://dx.doi.org/10.1016/S0168-9274(02)00169-1

Polyhedral Newton-min algorithms for complementarity problems 35

86.

87.

88.

89.

90.

91.

92.

93.

94.

Liqun Qi. Convergence analysis of some algorithms for solving nonsmooth equations. Mathematics of
Operations Research, 18:227-244, 1993. [doi|. 5, 8

Liqun Qi and Jie Sun. A nonsmooth version of Newton’s method. Mathematical Programming, 58:353—
367, 1993. [doi]. 5

Stephen M. Robinson. Strongly regular generalized equations. Mathematics of Operations Research,
5:43-62, 1980. [doi|. 3

Stephen M. Robinson. Local structure of feasible sets in nonlinear programming, part III: stability and
sensitivity. Mathematical Programming Study, 30:45-66, 1987. [doi]. 4

Alexander Shapiro. On concepts of directional differentiability. Journal of Optimization Theory and
Applications, 66:477-487, 1990. [doi]. 4

Defeng Sun and Liqun Qi. On NCP-functions. Computational Optimization and Applications, 13(1-
3):201-220, 1999. [doi]. 3

Kenji Ueda and Nobuo Yamashita. Global complexity bound analysis of the Levenberg-Marquardt
method for nonsmooth equations and its application to the nonlinear complementarity problem. Journal
of Optimization Theory and Applications, 152:450-467, 2012. [doi]. 31

Shuhuang Xiang and Xiaojun Chen. Computation of generalized differentials in nonlinear complemen-
tarity problems. Computational Optimization and Applications, 50:403-423, 2011. [doi]. 5, 8, 10

Shu Zi Zhou and Zhan Yong Zou. A new iterative method for discrete HJB equations. Numerische
Mathematik, 111(1):159-167, 2008. [doi]. 2


http://dx.doi.org/10.1287/moor.18.1.227
http://dx.doi.org/10.1007/BF01581275
http://dx.doi.org/10.1287/moor.5.1.43
http://dx.doi.org/10.1007/BFb0121154
http://dx.doi.org/10.1007/BF00940933
http://dx.doi.org/10.1023/A:1008669226453
http://dx.doi.org/10.1007/s10957-011-9907-2
http://dx.doi.org/10.1007/s10589-010-9349-z
http://dx.doi.org/10.1007/s00211-008-0166-6

	Introduction
	Polyhedral Newton-min directions
	Algorithm analysis
	Conclusion
	Acknowledgments
	References

