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Abstract

We propose a new family of relaxation schemes for mathematical programs with complementarity
constraints that extend the relaxation of Kadrani, Dussault, Benchakroun from 2009 and the one of
Kanzow and Schwartz from 2011. We discuss the properties of the sequence of relaxed non-linear pro-
grams as well as stationary properties of limiting points. A sub-family of our relaxation schemes has the
desired property of converging to a M-stationary point. A stronger convergence result is also proved in
the affine case. We introduce new constraint qualifications, MPCC-CRSC and MPCC-GCRSC, to prove
convergence of our method. In particular, the latter is the weakest known constraint qualification that
ensures boundedness of the sequence generated by the method. A comprehensive numerical comparison
between existing relaxations methods is performed on the library of test problems MacMPEC and shows
promising results for our new method.

Keywords: non-linear programming ; MPCC ; MPEC ; relaxation methods ; stationary point ; con-
straint qualification ; CRSC

1 Introduction
We consider the Mathematical Program with Complementarity Constraints

m]iRri f(z) s.t. g(x) <0,h(x) =0,
ze (MPCC)
0<G(x) L H(z) >0,

with f : R®" - R, A : R" - R™, g : R” — R? and G, H : R" — R? that are assumed continuously
differentiable. The notation 0 < u L v > 0 for two vectors u and v in R? is a shortcut for u; > 0, v; > 0
and u;v; =0 for all i € {1,...,q}.

This problem has become an active subject in the literature in the last two decades. The wide variety
of applications that can be cast as a MPCC is one of the reasons for this popularity. is clearly
a non-linear programming problem and in general most of the functions involved in the formulation are
non-convex.

The wide variety of approaches with this aim computes the KKT conditions, which require that some
constraint qualification holds at the solution to be an optimality condition. However, it is well-known that
these constraint qualifications never hold in general for . This is partly due to the geometry of the
complementarity constraint that always has an empty relative interior.
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These issues have motivated the definition of enhanced constraint qualifications and optimality conditions
for as in [7, [15] [16, 29] to cite some of the earliest research. In [8], Flegel and Kanzow provide an
essential result that defines the right necessary optimality condition to (MPCC]). This optimality condition
is called M(Mordukhovich)-stationary condition. In view of the constraint qualifications issues that plague
the , the relaxation methods provide an intuitive answer. The complementarity constraint is relaxed
using a parameter so that the new feasible domain is not thin anymore. It is assumed here that the classical
constraints g(z) < 0 and h(z) = 0 are not more difficult to handle than the complementarity constraint.
Finally, as the relaxing parameter is reduced, convergence to the feasible set of is obtained similarly
to a homotopy technique.

These methods have been suggested in the literature back in 2000 by Scheel and Scholtes in [29],[30]. Their
natural approach was later extended by Demiguel, Friedlander, Nogales and Scholtes in [4] In [23], Lin and
Fukushima improve this relaxation by expressing the same set with two constraints instead of three. This
improvement leads to improved constraint qualification satisfied by the relaxed sub-problem. Even so, the
feasible set is not modified this improved regularity does not come as a surprise, since constraint qualification
measures the way the feasible set is described and not necessarily the geometry of the feasible set itself. In
[33], the authors consider a relaxation of the same type but only around the corner G(x) = H(x) = 0.

In the corresponding papers it has been shown that under classical conditions convergence to some
spurious point, called C-stationary point, may still happen, the convergence to M-stationary being guaranteed
only under some second-order condition.

A new perspective for those schemes has been motivated in [I7] providing an approximation scheme with
convergence to M-stationary points by considering

(Gi(x) — t)(Hi(z) — 1), Yie{1,...,q}. (KDB)

This is not a relaxation since the feasible domain of (MPCC]) is not included in the feasible set of the
sub-problems. The method has been extended has a relaxation method in [19] through an NCP function ¢:

o(Gi(z) —t, Hiy(x) —t), Vi € {1,...,q}, (KS)

The main aim of this paper is to continue this discussion and extend the relaxation of Kanzow and Schwartz
by introducing the new butterfly relaxation:

@ (Gi(x) — taby, (Hi(x)), Hi(z) — t204, (Gi(x))), Vi € {1,...,q}. (Butterfly)

This new method handling two relaxing parameters allows to a non-linear perturbation of the domain.

The following example shows that the butterfly relaxation may improve relaxations from [I7] and [19].
Indeed, it illustrates an example where their is no sequence of stationary poimﬂ that converges to a non-
optimal point.

Example 1.1.
min —x1 s.tx1 <1, 0< 2z L as >0.

z€ER?

In this example, there are two stationary points: an S-stationary point (1,0) that is the global minimum and
a M-stationary point (0,0), which is not a local minimumﬂ Unlike the relazations and where
for ty = ¢ a sequence z* = (t), 2t;)T, with X** =k, may converge to (0,0) as k goes to infinity, there is no
sequence of stationary point that converges to this undesirable point with the butterfly relaxation.

Our main contributions in this paper are the following:

1. We prove convergence of the butterfly relaxation scheme to A-stationary points in general and to
M-stationary points for to 5 = o(t1 ).

IDefinition of stationary point of a non-linear program at the beginning of Section page
?Definitions of M- and S-stationarity are given in Definition page



2. We prove for the affine MPCC that the butterfly relaxation scheme converges to S-stationary points
under MPCC-LICQ, thus generalizing the situation of Example

3. We prove that the butterfly relaxation scheme computing approximate stationary points at each step
converges to a M-stationary point assuming t2 ; = o(t1 ;) and € = o(max(G;(z*), H;(z*)).

4. We introduce the new MPCC—GCRSCEL which is the weakest known constraint qualification ensuring
the existence of a bounded sequence of multipliers. Moreover, this new condition allows us to refine
the proofs of convergence of the relaxation.

5. We provide extensive numerical results showing that the butterfly relaxation can efficiently solve the
MPCC.

In Section 2, we introduce classical definitions and results from non-linear programming and MPCC
theory. This section is completed by the definition of new constraint qualifications for MPCC called MPCC-
CRSC and MPCC-GCRSC in Definition In Section 3, we define the relaxation scheme with the new
butterfly relaxation. In Section 4, we prove theoretical results on convergence and existence of the multiplier
of the relaxed sub-problems. We also provide an analysis on the convergence of approximate stationary points.
We also generalizes the situation of Example to illustrate a situation, where the non-linear perturbation
allows to escape from undesirable points. Finally, in Section 5, we provide an extensive numerical study by
giving details on the implementation, comparisons with other methods as well as an example that illustrates
the numerical difficulties that might occur.

2 Preliminaries

is obviously a non-linear programming problem. Most of the numerical approaches used in non-
linear programming compute necessary optimality conditions that require some constraint qualifications
(CQs) defined in Sect. to ensure existence of Lagrange multipliers at a local minimum.

Even so, belongs to this class of problem it is required to develop enhanced stationary conditions.
Indeed, in a systematic way, feasible points of may fail to satisfy even the weakest constraint
qualifications for non-linear programming. Tailored optimality conditions and constraint qualifications for

IMPCC]) are presented in Sect.

2.1 Non-Linear Programming

Let a general non-linear program be

znel]iRI}L f(x)st. g(x) <0, h(z) =0, (NLP)

with o : R* - R™, g : R® — RP and f : R™ — R. Denote F the feasible region of , the set of active
indices Z,(x) := {i € {1,...,p} | gi(z) = 0}. Let the Lagrangian L(x, ) be L(z,A) := f(z) + g(x)T) +
h(x)T A" where A = (A9, A\") is the vector of Lagrange multiplier.

We call a KKT point or a stationary point a couple (z, ) with € F such that V,L(z,A\) =0, A9 >0
and g(x)T A9 = 0. We remind that the tangent cone of a set X at z* € X is a closed cone defined by

Tx(x*):={deR" | Irx, > 0and X > 2P S ¥ st Tk(l'k — %) koo d}.
Another useful tool for our study is the linearized cone of (NLP)) at x* € F defined by

L(z*):={d e R" | Vgi(z)"d <0 (i € Z,(z*)), Vhi(z)'d=0 (i=1,...,m)}.

3A technical report discussing a condition similar to MPCC-GCRSC has been deposited on optimization-online.org [27], in
a parallel but independent research.



In the context of solving non-linear programs, that is finding a local minimum of , one widely used
technique is to compute necessary conditions. The main tool is the Karush-Kuhn-Tucker (KKT) conditions.
Let 2* be a local minimum of that satisfies a constraint qualification, then there exists a Lagrange
multiplier A* such that (z*, \*) is a KKT point of . Constraint qualifications are used to ensure the
existence of the multiplier at x*.

We now define some of the classical constraint qualifications. Note that there exists a wide variety of
such notions and we define here those that are essential for our purpose.

Definition 2.1. Let z* € F.

a) Linear Independence CQ (LICQ) holds at x* if the family of gradients
(a) P
{Vygi(z*) (i € Zy(z*)), Vhi(z*) (i =1,...,m)} is linearly independent.

(b) Constant Rank CQ (CRCQ) holds at x* if there exists 6 > 0 such that for any subsets Iy C Zy(x*) and
I, C {1,...,m} the family of gradients {Vg;(z) (i € Iy), Vhi(z) (i € I2)} has a constant rank for all
x € Bs(x*).

(¢) Mangasarian-Fromovitz CQ (MFCQ) holds at x* if the family of gradients {Vh;(z*) (i=1,...,m)} is
linearly independent and there exists a d € R™ such that Vg;(z*)Td < 0 (i € Z,(x*)) and Vh;(x*)Td
0@=1,...,m).

(d) Constant Rank in the Subspace of Components (CRSC) holds at x* if there exists 6 > 0 such that the
family of gradients {Vg;(x) (i € J-), Vh;(x*) (i =1,...,m)} has the same rank for every x € Bs(x*),
where J_ = {i € T,(z*) | — Vyg;(z*) € L(x*)°}.

Remark 1. The definition of MFCQ given here is the most classical. It can be shown using some theorem
of the alternative that this definition is equivalent to the family of active gradients being positively linearly
independent.

In the last definition, C° denotes the polar of a cone C, defined as C° := {z € R*|2Td < 0 Vd € C}.
Constant rank of the subspace component, CRSC, was introduced recently in [IJ.

A local minimum is characterized by the fact that there is no feasible descent direction for the objective
function of (NLP)), that is —V f(2*) € Tx(2*)°, where T° denotes the polar cone of 7. On the other hand,
the KKT conditions build V f using a linearization of the active constraints. In a classical way, we say that
a point z* € F satisfies Guignard CQ if Tr(z*)° = Z(2*)° and Abadie CQ if Tx(z*) = L (z*).

In practice, it is very difficult to find a point that conforms exactly to the KKT condition. Hence, an
algorithm may stop when such conditions are satisfied approximately. This has motivated the definition of
the CCP condition in [2].

Definition 2.2. We say that a point x* € F satisfies the Cone-Continuity Property if the set-valued mapping
R™ > 2 = K(x) such that

K(@):={ > MVg(z)+ )Y MVhi(z): X Rl A" e R™}
i€T,(z*) i=1

is outer semicontinuous at x*, that is limsup,_,, . K(x) C K(x*).

In this context, the outer limit is taken in the sense of Painlevé-Kuratowski corresponding to the Defini-
tion 5.4 given in [28]. It is to be noted here that K (x) depends on z*, since it considers only active constraints
at x*. Clearly, K(z*) is a closed convex cone and coincides with the polar linearized cone .Z’(x*)°. Moreover,
K(z) is always inner semicontinuous due to the continuity of the gradients and the definition of K(z). For
this reason, outer semicontinuity is sufficient for the continuity of K (z) at z*. Finally, it has been shown in
[2] that CCP is strictly stronger than ACQ and weaker than CRSC.

In the context of numerical computations, it is almost never possible to compute stationary points. Hence,
it is of interest to consider e-stationary points.



Definition 2.3. Given a general non-linear program (NLP) and ¢ > 0. We say that (x,\) € R™ x RPT™ 4s
a e-stationary point (or a e-KKT point) if it satisfies
IVL(z, M)l < 6 [[h(2)]lc <6

2.2 Mathematical Programs with Complementarity Constraints

We now specialize the general notions above to our specific case of (MPCC|). Let Z be the set of feasible
points of (MPCC|). Given z* € Z, we denote

It :={iec{l,...,q} | Gi(z*) > 0 and H;(z*) = 0},

I = {ie{l,...,q} | Gi(z*) = 0 and H;(z*) > 0},

T :={ie{l,...,¢} | Gi(z*) = 0 and H;(z*) = 0}.

In the sequel, we always consider these sets in z*. In order to derive weaker optimality conditions, we
consider an enhanced Lagrangian function. Let L£3;pcc be the generalized MPCC-Lagrangian function of

(MPCC]) such that
Larpec (@A) = f(z) +g(@)" X+ h(a)" A" = G(a)TAY — H(z)"A!

with A := (A9, M AG AH) € RP x R™ x R? x R%. It is clear that we cannot expect to compute usual KKT
points since classical constraint qualifications, in general, do not hold, so we introduce weaker stationary
concepts as in [29] [15].

Definition 2.4. A point * € Z is said
o Weak (W)-stationary if there exists A = (A9, \", X9 A) € RE. x R™ x R? x RY such that

vaMPCC(‘T*a A) = 0’
N =0 (i ¢ Ty(a7)), AGeo = 0, M, =0,

e Clarke (C)-stationary if * is W-stationary and Vi € T°, AFAH > 0.

o Alternatively or Abadie (A)-stationary if x* is W-stationary and ¥i € I, A\F >0 or A\ > 0.

o Mordukhovich (M)-stationary if z* is W-stationary and Vi € I, either \{ > 0, AT >0 or A\ =
0.

e Strong (S)-stationary if x* is W-stationary and ¥i € T, \& >0, \F > 0.

Relations between these definitions are straightforward from the definitions.

In a classical way from the literature, we extend the various constraint qualifications for (NLP) to
. MPCC-CQ denotes this extension of usual CQ.

Abadie CQ and Guignard CQ are the weakest constraint qualifications in non-linear programming. Un-
fortunately, Abadie condition is very unlikely to be satisfied with (MPCCJ). Indeed, the tangent cone, 7z, is
closed but in general not convex and the classical linearized cone of (MPCC]) is polyhedral for and
therefore convex. That is why we define a specific cone for denoted £y pcc as in [29, (0]

Lyupco(@®) ={d e R" | Vg;(z*)Td <0 (i € Z,(2")), Vhi(z*)Td=0 (i=1,...,m),
VGi(z*)'d=0 (i € I°7), VH;(z*)Td = 0 (i € T%),
0 < VGi(z*)'d L VH;(z*)"d >0 (i € I%)}.

This cone is no longer polyhedral and is not necessarily convex. However due to [6], one always has the
following inclusions: Tz (z*) C Lympcc(z*) C ZL(z*).



Definition 2.5. Let 2* € Z. We say that MPCC-ACQ holds at x* if Tz(z*) = Lyupcc(x*) and MPCC-
GCQ holds at x* if TZ(x*) = Lupcc(x*)°.

The following theorem is a keystone to define necessary optimality conditions for (MPCC)).

Theorem 2.6 ([8]). A local minimum of (MPCC) that satisfies MPCC-GCQ or any stronger MPCC-CQ
15 a M-stationary point.

The polar of the MPCC-linearized cone is a key tool in the definition of constraint qualifications. It is,
however, not trivial to compute. Therefore, we introduce the following:

P (x*) = {d € R™ | (NI, A", \F A ) € RE x R™ x R? x R?
with ACAZ =0 or AY >0, M\ > 0 Vi € 7%,

d= > NVg(x +Z)\th

i€Zy ()
- Y APVGiT) - > MIVH(2")}
1€Z0+uzZ00 i€ZtOuzZ00

Remark 2. When MPCC-GCQ holds at x*, due to [2]|], one gets the following inclusion: Lypec(x™)® C Puy(x

We now introduce some constraint qualifications that will be used in the sequel. Omne of the main
constraint qualifications used in the literature of (MPCC) is the MPCC-LICQ), see [3I] for a discussion on
this CQ. In a similar way we may extend CRCQ as in [12]. A condition that is similar was used in [19] [14]

to prove convergence of relaxation methods for (MPCCJ). As pointed out in Theorem the ”correct”
J

sign of the multiplier A&, A\¥ for i € Z% in the necessary optimality conditions for (MPCC|) are the sign of

(A 7

M-stationary points. This motivates the definition of MPCC-GMFCQ that specializes the MPCC-MFCQ
and the MPCC-LICQ by taking into account those signs of multipliers for i € 2.
Definition 2.7. Let z* € Z.

1. MPCC-LICQ holds at x* if the only solution of

> NVgi(x Z/\th = Y AVGi(z*) - > M VH(x (1)
i€T,(z*) zGIO+UIDO z€I+0UIOO
is the trivial solution.
2. MPCC-MFCQ holds at x* if the only solution of with X >0 (i € Zy(x*)) is the trivial solution.

3. MPCC-GMFCQ holds at z* if the only solution of with X! >0 (i € Zy(z*)) and either A\FAH =
or A% > 0, A1 >0 for all i € I° is the trivial solution.

Note here that MPCC-MFCQ and MPCC-GMFCQ have been defined using the alternative form of
MFCQ mentioned in the Remark [T}
MPCC-LICQ and MPCC-MFCQ corresponds to the classical LICQ and MFCQ applied to the so-called
Tighten NLP,
min f(2) s.t. g(x) < 0,h(z) = 0,Gy(x) = 0, H(x) >

zERN 0
Gi(z) > 0,H;(z) =0, (i € T17), (TNLP)
0

*)‘



2.3 The New MPCC-GCRSC and MPCC-CRSC CQs

In a similar way as for MPCC-MFCQ and MPCC-GMFCQ, we extend the definition of CRSC constraint
qualification to introduce the MPCC-CRSC and the MPCC-GCRSC, which are new in the MPCC literature.
MPCC-CRSC is the specialization of CRSC applied to (TNLP)).

Definition 2.8. Let z* € Z.
(a) MPCC-CRSC holds at x* if there exists 6 > 0 such that the family of gradients
{Vygi(z) (i € T,), Vhi(z) (i=1,...,m), VGi(x) (i € T UZ), VH;(z) (i € Z° UTTO)}
has the same rank for every x € Bs(xz*), where
I, :={i € Iy(z*)| — Vgi(z*) € Lrnrp(z*)°}.
(b) MPCC-GCRSC holds at z* if for any partition 9 UZJ° UT%) =T such that

> Angi(x*Hi/\?vm(x*)— S AVGia) - > MIVH(z7)
=1

1€y (x*) 1€Z0+uzZ0, i€ZTouzY0,

+ > AFVGi(at) + > MIVH;(2*) =0,

€T €T

with X! >0 (i € Zy(z*)), AY and AT >0 (i € 19%), Af >0 (i € %), AT (i € Z9°) > 0, there exists
6 > 0 such that the family of gradients

{Vgi(z) (i € Zy), Vhi(z) i=1,...,m), VGi(z) (i € Z3), VH;(z) (i € Z4)}
has the same rank for every x € Bs(x*), where

Ty = {i € T,(x")| — Vgi(a*) € Prr(z")},
Ty =T U {i € I, |VGy(2*) € Pur(a*)} LT,

Furthermore, MPCC-GCRSC is weaker than MPCC-CRCQ. Indeed, MPCC-CRCQ requires that every
family of linearly dependent gradients remains linearly dependent in some neighborhood, while the MPCC-
GCRSC condition considers only the family of gradients that are linearly dependent with coefficients that
have M-stationary signs.

We now state that this new notion of MPCC-GCRSC is actually a MPCC-CQ by proving that it implies
MPCC-CCP.

Definition 2.9. We say that a feasible point x* satisfies the MPCC-CCP if the set-valued mapping R™ >
x = Kypoo(x) such that

Kupco(@)={ Y MVg()+ Y MVhi(z)- > AVGi(z)— > M'VH(z):

€Ly (x*) 1€Z0+uz00 1€Z+0UZ00

N € Ry and , either A\ ANF = 0 either AY > 0, A\ > 0 for i € 79}
is outer semicontinuous at x*.

This definition is motivated by sequential optimality conditions from [2] for non-linear programming and
extended for in [26], where it has been proved to be a MPCC constraint qualification.

The following results give a characterization of some sequences that satisfy MPCC-CRSC and MPCC-
GCRSC at their limit point. Note that this result is essential for the convergence proof of relaxation methods



for that will be studied in the next section since it proves boundedness of approximate stationary
sequences.

During the process of an iterative algorithm, we are interested in the study of accumulation points of
sequences computed by the relaxation method. It is common to compute sequences that satisfy the following
assumptions.

Assumption 1. Let {zF} and 0 # {\*} € RE x R™ x R? x RY be two sequences that we assume satisfy:
ks a* e Z,
VLyrcco(@®, \¥)

AT W e ®
and, denoting \* := lim A\*/||\F| o,
k—o0
A* =0 (i ¢ T,(x*), A" =0 (i € T%°) and A" =0 (i € ). (ii)

This condition may correspond to some kind of sequential optimality conditions.
The first step in our analysis is to prove that one sequence of multipliers satisfying Assumption [1} is
bounded.

Theorem 2.10. Given two sequences {x*},{\¥} that satisfy Assumption and suppose that MPCC-CRSC
holds at x*. Then, there erists a bounded sequence {\*} satisfying Assumption . Furthermore, x* is a
W-stationary point of the MPCC.

Proof. As in Assumption [I} we denote \* := limy o0 A¥/|[A\¥||sc. First, we can build a sequence {\*} such
that \¥ = \* for all indices except

N =0 (i ¢ supp(3)), A7 = 0 (i ¢ supp(X)), M = 0 (i ¢ supp(A™))

Since {A*} satisfies Assumption |1} it is clear that {A\*} also satisfies Assumption 1| as it can be noted that
limy o0 A¥/[| N0 = A% -

We first show that there exists a sequence, {\¥}, such that for all k the family of gradients of non-vanishing
multipliers in the following equation are linearly independent:

whi= 37 NPV ah) + Y ONRVR R - Y ATRVG ) - Y MY HE; (). (2)

JEsupp(A9-*) Jj=1 JEsupp(AG-*) j€supp(AH-*)

Note that by Assumption the following inclusions hold: supp(\9*) C Z,(x*), supp(A¢*) € Z0F UZ and
supp(AM*) c ZH0u 9.

Indeed, according to Lemma we can build a sequence of multipliers that satisfies and , such
that the gradients corresponding to non-vanishing multipliers in equation are linearly independent for
all k € N. This may change the multipliers, but previously positive ones will stay at least non-negative and
vanishing multipliers will remain zero. So, this new sequence satisfies Assumption

We prove by contradiction that the sequence {\*} is bounded. If {\¥} were not bounded, there would
exist a subsequence such that -

)‘ *
il — A" #0.
Here we consider a subsequence K, where the family of linearly independent gradients of non-vanishing
multipliers is the same for all £ € K. Note that this can be done with no loss of generality, since there is a
finite number of such subsequences and altogether they form a partition of the sequence.

Note that conditions (i) and give that limg o w* /| A¥||ee = limg oo =V (@) /|[\¥]loc = 0. Thus,

dividing by ||M\¥||s and passing to the limit in yields

> A Vgi(a®) +§:A?v*vm(:§*) = Y ATTVGi(aT) = Y NTVH(a) =0,

€Ly (z*) i=1 1€Z0+UZ00 1€Z+0uZ00



with X3 = 0 for j ¢ Z,(z*), )\JG’* =0 for j € Zt° and )\f’* =0 for j € 7% by ().
It follows that the gradients with non-zero multipliers involved in the previous equation are linearly
dependent. Moreover, for any j such that A" > 0 previous equation gives
)\G *

Y. Vel +Z)\Q7Vh - > VG- Y

1€Zy (z*)\{J} i€T0+uz00 "I ieZ+oyzoo J

g, )\H *

i(z7) = =Vg;(z7).

It follows that (—Vg;(z*),d) < Olﬂfor alld € Zrypp(z*), and then j € Z; in the definition of MPCC-CRSC.
MPCC-CRSC guarantees that these gradients remain linearly dependent in a whole neighborhood. This,
however, is a contradiction to the linear independence of these gradients given by definition of the sequence
{\*}. Here, we used that for all k sufficiently large supp(A\*) C supp(\¥). Consequently, the sequence {\*}
is bounded.
Finally, z* is a W-stationary point with multipliers A* by Definition [2.4] and by passing to the limit in
Assumption [I] O

The following result is similar to Theorem and focus on the case where the limit point is a M-
stationary point.

Theorem 2.11. Given two sequences {x*},{\F} that satisfy Assumption and suppose that MPCC-GCRSC
holds at x*. Furthermore, denoting \* := klim NI || o5 assume that for all i € T
— 00

ASNEE =0 or XS > 0,0 > 0. (3)

Then, there exists a bounded sequence {\*} satisfying Assumption |1| and , Furthermore, x* is a M-
stationary point of the MPCC.

Proof. The proof is completely similar to Theorem [2.10, Let {\*} be a sequence such that for all k the
family of gradients of non-vanishing multipliers in 1.’ are linearly independent. Assuming that {\*} is not

= AT # 0.
Dividing by ||A¥|| and passing to the limit in the equation (2) yields

> Vel A TG - 3 A8TVGE) - F A6 <0,

1€Ly(x*) i=1 1€Z0+UZ00 1€Z 000

bounded, we can extract a subsequence such that

with A9 = 0 for j ¢ Z,(z*), )\f’* =0forjeZt, )\f’* =0 for j € Z°F and either /\f’*/\f’* = 0Oor )\f’* >
0,)\?’* > 0 for j € 7% by and .

The family of gradients considered in the definition of MPCC-GCRSC corresponds to the gradients with
non-zero multipliers in the previous equation. Indeed, by linear dependence of the gradients at x* any
gradient whose multiplier is non-zero may be formulated as a linear combination of the other gradients.

Therefore, those gradients with non-vanishing multipliers belong to the polar of the M-linearized cone.
MPCC-GCRSC guarantees that these gradients remain linearly dependent in a whole neighborhood, which
contradicts the linear independence of these gradients given by definition of the sequence {\*}. Thus, the
sequence {\¥} is bounded.

4Using the reformulation of Vg;(z*) for )\?’* # 0 and the specialization of .Z to the (T'NLP) yields to

(=Vyg;(z"),d)

Ag,* m >\f.7,,* )\G,* )\H,*
= Y (Ve d Y e (VR d) - Y S (VG d) — Y o (VHi),d)
P€Ty(x*)#5 T i=1"J i€Z0+uz00"J i€Z+0uz00 "
)\9
= Z ; (Vgi(z )7d> <0
i€Ty (o))



Finally, z* is a M-stationary point with multipliers A* by Definition and by passing to the limit in
Assumption (1] and in . O

We conclude this section by a consequence of Theorem that states an essential result for this section,
namely MPCC-GCRSC is a MPCC constraint qualification.

Corollary 2.12. MPCC-GCRSC implies MPCC-CCP.

Proof. We prove that a point z* that satisfies MPCC-GCRSC satisfies the following relation limsup,,_, .. Ky poco(x) C

Kypoc(r*).
Let w* bein the limsup,_,,. Ky poc(x). By definition of the lim sup there are sequences {w*}, {z*}, {\*}
with 2% — z* and w* — w* such that for k sufficiently large

m

wh =Y AVRi () + > AV aR) - Y ATIVG ) - > AV H; (),
)

i=1 JELy(x* JEIO+UI00 JEI+OUTI00

with )\f’k € R, either )\Z»G’k)\iH’k =0or )\iG’k > 0, )\fl’k > 0 for i € Z°. Moreover, for k sufficiently large it
holds that supp(A\"*) C Z,(z*), supp(\F*) C Z0+ U and supp(A*) C T90(2*) U ZHO0(2*).

The sequence {\*¥} clearly satisfies the assumptions of Theorem It follows that there exists an
analoguous bounded sequence and up to a subsequence we can extract a limit point A*. Consequently, it
holds that AS"* = 0 for j € Z+0, Af"* = 0 for j € Z°* and either A{"* AT = 0 either A{"* > 0, A" > 0 for
jez%.

So, we can conclude that w* belongs to Ky;pcco(z*) and therefore MPCC-CCP is satisfied at x*. O

We sum up this section in Figure [1| by giving the relationship between the various MPCC-CQ defined
here. Note that MPCC-CRSC does not necessarily implies MPCC-GCRSC due to Remark [2| (page @
MPCC-CRSC

MPCC-LICQ =—>MPCC-MFCQ

MPCC-GMFCQ =—|MPCC-GCRSC| = MPCC-CCP

Figure 1: Relations between the MPCC constraint qualifications.

3 The Butterfly Relaxation Method

The focus of this paper is on relaxation methods to solve (MPCCJ). The sketch of such a method behaves as
follows: we consider a non-linear parametric program Ry, , where the complementarity constraints have been
relaxed using a parameter t; > 0. A sequence {x**1} of stationary points of Ry, is then computed for each
value of ¢t > 0. Such stationary points are computed using iterative methods that require an initial point.
We use the previous stationary point as an initial point. For {t;} converging to zero the sequence {z**'}
should converge to a stationary point of .

According to Theorem our aim is to prove convergence to a M-stationary point of . A
motivation to consider relaxation methods is that the sequence of relaxed non-linear program may satisfy
some constraint qualification and then are more tractable for classical non-linear methods.

We consider a family of continuously differentiable non-decreasing concave functions 6 : R —] — oo, 1]
such that
0(0) =0and lim O(z)=1Ve e R .
Tr—r0o0

Then, we introduce 0y, () := 6 (%) for t; > 0 and complete in a smooth way for negative values by

T
x+t1

considering 6y, (z < 0) = 26(0)/t;. Examples of such functions are 6} (z) = and 67 (z) =1— exp 1.

10



H(x)

G(x)

Figure 2: The feasible set of the butterfly relaxation, the approximation from [I7] and the relaxation from

[19].

Those functions have already been used in the context of complementarity constraints in [13]. Using this
family of functions, we denote

Fh‘(ai;tl,tz) = HZ(.’L‘) — tgetl (GZ($)) and ng(.’l?;tl,tg) = GZ(LL') — t29t1 (HZ(Z‘))

We propose a new family of relaxations with two positive parameters (¢1,¢2) defined such that for all
ie{l,...,q}

Fri(z;ty, to) Foi (x5 1, ta), if Fii(x;ty, ta) + Fo(a;ty, t2) >0,
P (G(x), H(z)it,t2) :=14 2 2 : (Bu.)
-5 (Fu(x;tl,tg) + Foi(x;ty,t2) ) otherwise.
This definition already gives that ®2(G(z), H(z);t1,ta) = 0 = Fy;(z;t1,t2) + Fai(x;ty, t2) > 0.
This new relaxation uses two parameters t; and ¢ such that
t29/(0) < t7. (4)

This condition ensures that the intersection point between the sets {x € R™ | Fy(x;t1,t2) = 0} and {x €
R™ | Fy(x;t1,t2) = 0} is reduced to the origin. In other words, the two branches of the relaxation does not
cross each other. A typical choice will be to take to = o(t1) motivated by strong convergence properties as
discussed in Section Bl

Most of the results presented in this article are only sensitive to the description of the constraint at its
boundary and more general formulations of this regularization can be found for instance in [24].

We also add a regularization of the positivity constraints parametrized by .

This method is similar to the methods from [I7] and from [I9] in the sense that they can
also be written as a product of two functions. The main difference is that handling two parameters allows
bringing the two "wings” of the relaxation closer. This observation motivated to consider algorithmic prop-
erties of a class of relaxation methods in a recent working paper [5]. A comparison of the feasible set of these
relaxations can be seen in Figure 2]

We now introduce some notations that will be extensively used in the sequel. Since the butterfly relaxation
uses two parameters we denote ¢ := (¢1,t2) to simplify the notation and by extension ¢y := (t1 k,t2.%)-

Let XtBt— be the feasible set of RtB{, which corresponds to the non-linear program related to the butterfly
relaxation of the complementarity constraints defined in (Bu.)), that is

i B B
ZIIEI%{I}Lf(:E) stz € X3, (RE)
with
Xft— ={z e R"| g(z) <0,h(z) =0,G(x) > ~te, H(x) > —te,®P (G (x), H(z);t) < 0},

where e denotes the vector of all ones.
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The sets of indices used in the sequel are defined in the following way

Zo(x;t) ={i=1,...,q| Gi(x) +t =0},

Iy(x;t):={i=1,...,q| Hi(z) +t =0},

Ton(z;t):={i=1,...,q| ®B(G(z), H(z);t) = 0},
I8t (w3t) := {i € Igm(z;t) | Fui(w;t) =0, Fy(z;t) > 0},
50 (w3t) := {i € Igm(z;t) | Fri(w;t) > 0, Fy(z;t) =0},

IR (x;t) == {i € Igm(x;t) | Fii(x;t) = Fa(z;t) = 0}.

Several relations between these sets follow directly from the definition of the relaxation. For instance, it

holds that
IcNIgy =TZg NIgy =0.

The following two lemmas give more insights on the relaxation.

Lemma 3.1. Let x € X, then it is true for the relazation (Bul)) that:

(a) {i € Zou(;t) | Ful(a:;t) =0, Fy(z;t) <0} = {i € Zgu(x;t) | Fii(z;t) <0, Fo(z;t) =0} = 0;
(b) i€ Zgy(x;t) = Gi(x) >0, H;(z) > 0.

Proof. Case (a) is direct considering that ®2(G(z), H(z);t1,t2) # 0 for Fy;(x;t) + Fai(a;t) < 0.
By symmetry of the relaxation it is sufficient to assume that Fy;(z;t) = H;(xz) — t2b:, (Gi(x)) = 0 for
some i = 1,...,q. Then, by definition of Fy;(z;t) it holds that

Fyi(z;t) = Gi(x) — taby, (Hi(w)) = Gi(x) — t20y, (t20:, (Gi(2))),
so G;(z) > 0 since in the other case by definition of the function 6 it would follow that
Fai(;t) = Gi(2)(1 = (0'(0)t2/11)%),

which would be negative if G;(z) < 0 using (4). Finally, G;(z) > 0 implies that H;(z) > 0 since Fi;(z;t) =
0. O

The following lemma state two of the key features of the relaxation.

Lemma 3.2. Xt% satisfy the following properties:
1. Xfy = Z;
2. ﬁtjzoXan - Z

If the feasible set of the (MPCC)) is non-empty, then the feasible set of the relaxed sub-problems are also
non-empty for all £ > 0. If for some parameter ¢t > 0 the set X tB{ is empty, then it implies that Z is empty.

Finally, if a local minimum of th— already belongs to Z, then it is a local minimum of the .

We focus in the sequel on the properties of these new relaxation schemes. We prove that the method
converges to an A-stationary point in Theorem and to a M-stationary point, Theorem |4.2] with some
relation between the sequences {2} and {¢; x}. Furthermore, we prove in the affine case convergence to
S-stationary point under MPCC-LICQ (Theorem .

The main motivation to consider relaxation methods for is to solve a sequence of regular
problems. Under classical assumptions, the butterfly relaxed non-linear programs satisfy the Guignard
CQ as proved in Theorem

Finally, numerical results will be presented in Sect. |[5| and show that these new methods are very com-
petitive compared to existing methods.

Before moving to our main statements regarding convergence and regularity properties of the butterfly

relaxation, we provide some useful results on the asymptotic behavior of functions 6, and ®7(G(z), H(z);t).
Direct computation gives the gradient of ®2(G(z), H(z);t) in the following lemma.

12



Lemma 3.3. For alli € {1,...,q}, the gradient of ®B(G(x), H(x);t) w.r.t. = for the relazation is
given by

V.08 (Ga), H(z); 1) = + (Fai(x; t) t29 ( ( ))Fh(x,t)) VH;(x) if Fi;(z;t) > —Fy(x; 1),
(tgetl (G ( ))Fh(aﬁ t) ng(,’E; t)) VGZ(.”L')
(t29§1( ( ))Fgl(l‘ t) Fli(x;t)) VHZ(J?) Zf Fli(x;t) < —ng(l‘;t).
The following lemma illustrates the behavior of functions 6;, and their derivatives. Its proof is a direct
consequence of Lemma 1.4.5 in [24].

Lemma 3.4. Given two sequences {t1} and {tar}, which converge to 0 as k goes to infinity and Vk €
N, (t1,k,t2,k) € R?H. It holds true that

hm to kem( 2)=0VzeRyy.

Furthermore, assuming that ta ,, = o(t1 ), yields to

kli_)rgo tox0;, , (2) =0 Vz € Ry.

4 Theoretical Properties

The study of theoretical properties of the butterfly relaxation method is split into three parts: convergence
of the sequence of stationary points, existence of Lagrange multipliers for the relaxed non-linear program
and convergence of the sequence of approximate stationary points.

4.1 Convergence

In this section, we focus on the convergence properties of the butterfly relaxation method and the constraint
qualifications guaranteeing convergence of the sequence of stationary points generated by the method. Our
aim is to compute a M-stationary point or at least to provide a certificate if we converge to an undesirable
point.

We prove in Theorem that the butterfly relaxation converges to an A-stationary point. This re-
sult is improved to a convergence to M-stationary points for some choices on the parameters t5 and ¢; in
Theorem {21

Finally, we prove convergence to S-stationary point in a specific situation in Theorem To the best of
our knowledge this kind of result without second order condition is new from the literature and allows the
butterfly relaxation to escape from spurious points.

Theorem 4.1. Given two sequences {tx} and {tx} of positive parameters satisfying and decreasing to

zero as k goes to infinity. Let {x* noF nhk nGk nHk n®kY be g sequence of points from R™ x RP x R™ x R34

that are stationary points of Ri_ £ for all k € N with ¥ — x* such that MPCC-CRSC holds at x*. Then,
x* is an A-stationary point.

Proof. First, we identify the expressions of the multipliers of the complementarity constraint in Definition [2.4]
through the stationary points of Ri 7,- The representation of V&8 immediately gives VOI (G (2*), H(z*); 1))

0, Vi € I2; (z*;t),) for all k € N. Thus, we can write

~Vf(x ZAQ "Vgi(z" th FThi(x Z)\G *VGi(x Z AV H; (o), (5)

i=1
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where \9°F = pn9k Ak = phk and
mGk, if i € Zo(ah;ty),
NGk _ 17 t2 k9t1 k(G (xF)) Py (xF3ty,), ifie Ig';[(xk;tk),
¢ _77¢ Fh(a: itk), if 4 EI&%(xk;tkL
0, otherwise,
T]lHk, ifiGIH(.ka;{k),
N2 " tz k07, (Hi(@F) Fua(a®ste), i i € Iy (ahit),
! - i F Eyi (2 ty), if i € IO (2% ty),
0, otherwise.

Notice that i € {i = 1,...,q | Fi;(z*;t;) = 0} implies that i € Zt, (2% tx) U T2, (2¥; 1)) or symmetrically
i € {i | Fo;(2%;t5) = 0} implies that i € I, (a*;t5) UZ% (% tx) by concavity and ta4x0(0) < t1, for all
ke N.

First, we prove that there exists a bounded sequence {\*} using Theorem Thus, we check that the
sequence {\F} Veriﬁes Assumption |1 Denote ||\F||o = ||)\g”C Nk \GE NHE| - Using the definition of
A&k and A in () and since by (4) it holds that t;0;, L(Gi(z ) < tketl k( ) < 1foralli € Iy (z¥;ty), it
can be observed thatE|

A loo = IIn®",m™* nSF ok g% o By (a¥; 1), 0™ o Fy (25 1)) | oo, (6)
where o denotes the componentwise product of two vectors.
e By , assumption is verified.

e Let us now verify condition .

By definition of {\9"*} it holds that Ig(xk) C Zy(x*) and so Vi ¢ Z,(x* hm AR =,

Let i € 10, we verify that hm HA’“H = 0. The case Vi € 70+ hm ”;\\k” = 0 will follow symmetri-
cally.

Notice that niG’k = 0, since stationary condition implies that nZ.G’k(Gi(xk) +1x) = 0and Gi(2F) —
G;(z*) > 0.

Assume by contradiction that limg_ s = /\k H # 0. By definition of A\¢** and since 771 = 0, this implies

that 771‘ ¥ > 0. As a consequence i € Zgy (x*;t) and in particular i € Tt (k5 ty) or i € I (a5 t).
It cannot be i € TtY (z¥;ty), since it would follow that Fy;(z*;ty) = G;(2F) — to 4y, , (Hi(z*)) = 0,
which would contradict G;(z*) — G;(2*) > 0. Therefore i € Zg, (z*;t)), which yields

AT =P 10 (Gi(a®)) Fai (¥ ).
Moreover, thanks to (6) [|A*]/oc > In? " Fyi (¥ 1), thus

R et (Ga@) Pa(atite)
Aol = nFF Foy (2 1) B

since G;(z%) — G(2*) > 0 by Lemma [3.4]

5For indices i € IOJr b (@ ty) (symmetry for indices i € Ig?{(xk;tk)), then )\Z.G’k =n?
/\%.H’]C = nf’kng(xk;tk) Therefore, considering that tk9t1 (G i(zF)) < 1, we get /\iG’k
not obtained at these components.

t2 ketl k(Gi(xk))FQi(Ik;tk) and

< )\f{ ® All in all the infinite norm is

(3

14



Since MPCC-CRSC holds at z*, by Theorem there exists a bounded sequence {\*} satisfying As-
sumption [I} Furthermore, x* is a W-stationary point of the MPCC.

Finally, let us now verify that 2* is an_A-stationary point by computing the multipliers for indices i € 7%,

Beforehand, by the proof of Theoremm the sequence {\*} shares the same sign pattern as the sequence

{A\*} defined in (). So, it suffices to show that A* := klim ME/|IAF|| s has the A-stationary signs for i € Z°.
— 00

Let i € Z°°. Assume without loss of generality that )\iG’* < 0 (the other case will be similar by symmetry)
and we show that A7 > 0. A\%* < 0 implies that i Z59 (xF; ty) for k sufficiently large by definition of
)\iG’k. So, )\lH’k = n;b’ktzkeglyk(Hi(xk))Fu(xk; tr), which is non-negative.

So z* is an A-stationary point. O

The following example shows that the result of Theorem is sharp since convergence cannot be ensured
assuming only that MPCC-GCRSC or even MPCC-GMFCQ holds at the limit point.

Example 4.1. Consider the following two-dimensional example

min xo s.t. 0§m1+x§ Lxy >0.

zER2
MPCC-GMFCQ holds at (0,0)T. However, MPCC-CRSC obviously fails to hold at this point. The point
(0,0)T is even not a W-stationary point.

In this case, there exists a sequence of stationary points of the relaxation such that {x*} converges to the
origin. Given a sequence {x*}, with {1} € Zgm(x¥;ty), such that 2% — (0,0)T then n®F = nH* =0 and we
can choose n®* that satisfies

)\G,k _ _)\H,k _

22k
The sequence {x*} converges to an undesirable point.

The result of the Theorem [£.1] can be tightened if we consider a particular choice of parameter. It is
an essential result, since it shows that a subfamily of the butterfly relaxation has the desired property to
converge to a M-stationary point.

Theorem 4.2. Given two sequences {t;} and {ty} of positive parameters satisfying and decreasing to
zero as k goes to infinity. Let {x% no* nhk @k nHk n®kl be g sequence of points from R™ x RP x R™ x R34
that are stationary points of Ri,t’k for all k € N with % — z* such that MPCC-GCRSC holds at x*. If
tor = o(t1x), then, * is an M-stationary point.

Proof. We use Theorem to show the result. In the beginning of the proof of Theorem (equation )
we define a sequence \* := {\IK \F N\GE AHEY gatisfying Assumption Let us now check that for
to = o(t1 ) this sequence also verifies .

Let i € Z%. The sequence {\*}/|[\¥|« is bounded and converges, up to a subsequence, to some limit
denoted A*.

We check that )\iG’* < 0= )\lH’* = 0 (the other case will be similar by symmetry). )\iG’* < 0 implies
that i € 1% (2*;t)) for k sufficiently large by definition of )\Z»G’k. So, )\f’k = n?’kt27k0/ (H;(x%)) Fyi (2% t).

t1k

Moreover, limy_ o tgykﬂglyk (H;(z*)) = Oby Lemmawith tor = o(t1,r) and limy_, o0 n?’kFu(xk; 1)/ | N 0o
AG* < oo, Thus, limg_, o0 )\f{k/H)\kHOO = 0. So, the sequence {A*} verifies assumption (3).
Finally, since MPCC-GCRSC holds at z*, Theorem [2.11] gives the result. O

The following example shows that this result is sharp, since it illustrates a situation where MPCC-
GCRSC does not hold and the method converges to an undesirable W-stationary point. This phenomenon
only happens if the sequence of multipliers defined in is unbounded.
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Example 4.2. Consider the problem

minx% s.t. ng% J_lerx% > 0.
r€R2

The feasible set is Z = {(z1,22)T € R? | 1 = 0} U {(21,22)T € R? | 21 = —z3}. (0,0)T is the unique
M-stationary, with (A\G,\H =0).

It is easy to verify that MPCC-CCP holds at this point. However, MPCC-GCRSC fails to hold at any
point (0,a € R)T since the gradient of 2?2 is non-zero for x # 0.

Consider a sequence such that for (t1 ,tar) sufficiently small Fy(z*;t) = 0 and

1
2} = 200y, (¢f +a?), 25 = a, nPFF (i) = ~to0;, , (af +a?)
) 1,k

Obviously, the sequence z* goes to * = (0,a # 0)T, which is not a W-stationary point. Indeed, we have

)\G,k _

Hk _ _
= taxl k(xlf e — 00 and AV =—1#0.

The following result motivated by Example shows that the butterfly relaxation may improve its
behaviour in some specific cases. Example also shows that this cannot be expected with the other
relaxations.

Theorem 4.3. Assume that f,g,h, G, H are affine functions. Given two sequences {ty} and {tx} of positive
parameters satisfying and decreasing to zero as k goes to infinity. Let {x® nd* nlk nGFk pHk p@kYy pe
a sequence of points from R™ x RP x R™ x R39 that are stationary points of Rifk for all k € N with z* — x*
such that MPCC-LICQ holds at x*. If ta = o(t1,), then, z* is an S-stationary point.

Proof. Theorem already proves that z* is an M-stationary point. Assume by contradiction that z* is
not an S-stationary point. Then, it holds that this point cannot be a stationary point of Rfk £
We already mention in the proof of Theorem that for all k£ it holds

P m q q
-Vf :Z)‘?’kvw I Z/\?’thi _ Z/\Z'G’kVGi _ Z/\ZH,kVHi’
i=1

i=1 =1 i=1

where we omit the dependence in k in the expression of the gradients, since they are constant by linear/affine
assumption. Now, by continuity linear independence of these gradients holds in a neighbourhood of z*. So,
we get finite convergence of the \*, and for k sufficiently large it holds

Ag,k _ )\g,oo, Ah’k _ )\h,oo7 )\G,k — )\G,oo7 )\H,k — )\H,oo' (7)

Let i € 7% N supp(n?+°°), where we remind that supp(n®>°) C supp(n®*) C Zgg(x*;;). If no such index
exists, then for all k sufficiently large n®* is zero and x* is S-stationary.

By stationarity assumption on z*, we assume that )\iG’oo < 0 (the case )\fl’oo will be symmetrical). It
implies that i € Ig% by definition of the multipliers in and so

G
ATF = Pk Py (s te) and AR = 0P 0, (H(08) Fra(a®s ).

We prove in previous convergence result that A% and AM* have bounded limits, so by Lemma with
tor = o(t1,x) we have limy_, o )\ZH’k =0. By , we get n?’k = 0 for all k sufficiently large, which contradicts
NG <. O

16



4.2 Existence of Lagrange Multipliers for the Relaxed Sub-Problems

In this part, we study some regularity properties of the relaxed non-linear programs. Indeed, in order to
guarantee the existence of a sequence of stationary points, the relaxed non-linear programs must satisfy some
constraint qualifications in the neighborhood of the limit point. The butterfly relaxation satisfies Guignard
CQ as stated in Theorem which is equivalent in terms of regularity to the relaxation .

Theorem 4.4. Let z* € Z, satisfying MPCC-LICQ. Then, there exists t* > 0 and a neighborhood U(x*) of
x* such that:
Vi e (0,t*]: zeU(z*)N ng = standard GCQ holds at x for ng

Proof. Let z € U(z*) N XE. We know that gXth(x)o C TXth(x)o. So, it is sufficient to show the converse

inclusion.
The linearized cone of R 7 is given by

Py (z) ={deR" | Vgi(2)Td <0 (i € Z,(x)), Vhi(z)Td=0 (i=1,...,m),
VGi(x)Td >0 (i € Ig(z;t)), VHi(x)Td >0 (i € Iy (z;1)),
VoL (G), H(z)it) d <0 (i € T (w:) UTE (w50))},
using that VOB (G(z), H(x);t) = 0 for all i € X (x, t).

Let us compute the polar of the tangent cone. Consider the following set of non-linear constraints
parametrized by z € XtBt— and a partition (I,1¢,17) of Z2% (z; t)ﬂ defined by

S(r,1,-)(2) :=={z € R" | g(z) < 0,h(z) = 0,G(z) > —te, H(x) > —le,
7 (G(2), H(x)it) <0, i ¢ Iy (1),
Fii(z;t) <0, Foi(z;t) >0, i €1, (8)
Fii(z;t) >0, Fo(x;t) <0, ¢ € I°
Fii(z;t) <0, Fo(x;t) <0, i€l }
Since z € Xt %, it is obvious that z € Sy je 1-(2).

By construction of U(z*) and t*, the gradients {Vg;(z*) (i € Z,(z*)), Vhi(z*) (i =1,...,m),VG;(z*) (i €
90y Z9%), VH;(z*) (i € Zt°UZ%)} remain linearly independent for all z € U(x *) by contmulty of the
gradients and we have

Ig(x) C T, (x"), Ie(x;t) CTOUTY, Ty (x;t) CZOUIY,

W () UTEY, (w5 t) C T U TOT, (9)
W () TS (5 t) CTTOU T,

Therefore, by Lemma LICQ holds for (8)) at . Furthermore, by Lemma and since LICQ in particular
implies Abadie CQ it follows that

TX'%(Q:) - U ,TS(I,ICJ—)(x)(m) - U D?S(I,IC,I—)(JU) ($)

v(I,1¢,1-) v(I,1¢,1-)

By [3l, Theorem 3.1.9], passing to the polar, we get

TXfi(x)o - ﬂ ZS(I,IC,I*)(I) (x)o'

V(I,I¢,I7)

6(1,1¢,17) is partition of I8, (#;t) means that TUI°UI~ =TI (z;t) and INI¢=INI- =1°NI~ =0.

17



By [3l, Theorem 3.2.2], we know that

DS,”S(I e )(T) ={ Z IV gi(x) + anvm(x) - Z névG;(x) — Z nHVH;(z)

1€y (x) =1 1€Z¢g(z;t) €T (x;t)
+ Y nPVeP(G(a) )= niVGi(x)+ > nfVGi(x
P€LHY () UZSY, (a5t) iel iele
+ > 0l VH(2) = Y nf' VH(2)+ Y 68VGi(x) + Y 0FVH,(x) -
el iele iel— el

(n?,n% 0" n*) >0}

For v € 7}(23{(:10)"7 we have v € Zg (z)° for any partition (I,1¢,17) of Z2%; (z;t). If we fix I and set

(1,16,1*)(1’)
I~ =), then there exists some multipliers 5" and n9,7%, n,n® > 0 so that

v= > n{Vg(x)+ Y niVhi(z)— > nfVGi(x)— > nf'VH(z)

1€Lqy(x) i=1 i€Zq (x;t) €Ly (x;t)
+ Y nVeP(Glx) H(x)t)

P€TEY () UTSY, (25t

N " 0fVGi(x) + Y nEVGi(x) = S 0l VHi(x) + Y 0 VH;(x

el iele el S

Now, it also holds that v € Zg
such that

( )(w)(x)o and so there exists some multipliers " and 79, 7%, nf n® >0
I¢,1,1—

v= Y 9fVgi(x)+ Y nl'Vhi(x)— > nfVGi(x)— Y nl'VHi(z)

1€y (x) i=1 1€L¢ (z;t) 1€y (z;t)

+ ) VP (G(x), H(x);t)

P€TEY (2t UL, (z5t)

+) nfVGi(x) = Y nfVGi(x)+ Y nf'VH(x) - Y 0 VH;(x)

icl icle el i€le

By the construction of t* and U(z*), the gradients involved here are linearly independent and so the multi-
pliers in both previous equations must be equal. Thus, the multipliers niG and nff with indices i in I U I¢
vanish.

Therefore, v € f;@{(;ﬁ)" and as v has been chosen arbitrarily then T/"ffg(x)o - fxgi (x)°, which concludes

the proof. ' O
This result is sharp as shown by the following example, since Abadie CQ does not hold.

Example 4.3. Consider the problem

min f(z) s.t. 0<xzy L 2oy >0.
TER2

At z* = (0,0)T it holds that V®P(G(x), H(x);t) = (0,0)T and so D?stf(:v*) = R2, which is obviously
different from the tangent cone at x* for t260'(0) < t1 and t > 0. Y

The following example shows that we cannot have a similar result using MPCC-GMFCQ.
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Example 4.4. Consider the set
ngl—i—x%Laﬁle.

MPCC-GMFCQ holds at z* = (0,0), since the gradients are linearly dependent but only with coefficients
X = —\H that does not satisfy the condition given in Definition ,
Now, we can choose a sequence of points such that z* — z* and

Fy(z¥ty,) = 0, —ta 10, L(H (z%)) = —1.
Since VG(z*) = VH(z*) it holds that VF(z*;0) = (0 0)T and so MFCQ does not hold for (8).

It is disappointing to require MPCC-LICQ to obtain only GCQ, but when Z2; is empty we obtain the
stronger LICQ.

Theorem 4.5. Let z* € Z, satisfying MPCC-LICQ. Then, there exists t* > 0 and a neighborhood U(x*) of
x* such that

vt e (0,t*]: 2 € U(z*) N &S 5 and Iy (x;t) = 0 = LICQ holds at  for Rf}.

Proof. Let z € U(z*) N X + and ¢ sufficiently small. We prove that the gradients of the constraints involved

in th— are linearly 1ndependent7 by verifying that the trivial solution is the only solution to the following
equation

0=> 7Vl +Znth + Y VGiemS+ > VH(x)n!

1€Ly(x) €T (x;t) 1€y (x;t)
+ Y VGi(x) (nf (Fui(z:t) — Fai(; )18}, (Gy(2))))
1€I+0 (z3t)
+ Z VH ’I7Z Fgl(x t) Fli(x;t)tgﬁ,'fl (Hl(x))))
P€T (x3t)
MPCC-LICQ and the inclusions @[) gives that the only solution is the trivial one. O

4.3 Convergence of the epsilon-stationary points

Non-linear programming algorithms usually compute sequences of approximate stationary points or e-
stationary points. This approach, that has become an active subject recently, can alter significantly the
convergence analysis of relaxation methods as shown in [I7], 20| 21I] and [26].

Previous results in [21] prove convergence to C-stationary point for the relaxation from Scheel and Scholtes
[30] and the one from Lin and Fukushima, [23], under some hypotheses on the sequence e, respectively
e, = O(t;) and €, = o(t3). Furthermore, the authors in [21] also provide a counter-example with a sequence
converging to a W-stationary point if these conditions do not hold. Additionally, the authors in [21], prove
that relaxations and converge only to a W-stationary point and they require more hypotheses
on the sequences €, and zj to prove the convergence to a C- or a M-stationary point.

In the same way as in Theorem [4.1] we consider through this section a sequence of multipliers that should
verify the stationary conditions. We denote for all i € {1,..., ¢}

Gk Pk (1, w01 (Gi(@?) Foi (2% 1) = Fra(a¥s 1) ), if Fra(a®s ty) > —Fai (2% )

)\,G’k;:
S (Fai(aste) — o0, (Gi(a®) Fui(a®; b)), if Fu(a®it) < —Fa

(

(
NHk._ nf”“w?’ ton0h,  (Hi(a®)) Fuy(a®ste) = Fos (¥ i) ) if Fra(a®sty) > = Fai(2: 1)

| e (Pt ) —ta kb, (G (%)) Fag (253 1) ), i FPrg (2% 6,) < — Faa

In order to prove our main convergence theorem, we first prove a technical lemma.
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Lemma 4.6. Conszder the same assumptions as Theorem [{.7 below. Additionally, assume that for i €

ZT0y 719, hm 77 = hm 771 Fh(x itx) = 0 and for k sufficiently large Fy;(z¥;ty) > —Fy(2F;ts). Then,
I oty (Gi(ah)) Fai(as )|
lim =0.
k—o0 [IV*]] 0o

As a consequence, )\f’* =0.
Proof. Without loss of generality, let us assume that limy_, 77;I> *Fyi(a*;ty) # 0, otherwise we are done.

| A oo > \)\lH’k|, so by and limy_, o n;b’kFu(xk;tk) = 0 it is sufficient to show that

okt (Gi(ah) Fag(a )|
lim

koo R PR Ry (2 )]

~0. (11)

. . . H . H
We now consider two cases: either limy_, o 7; *—0or limy_yo0 1; ok # 0.

o If hm nf* — 0. Then, the left-hand side in is equal to hm tak0;,  (Gi (x*)), which goes to zero
by Lemma as to = o(t1 k).

e Consider the case, kli_)n;o nfl’k # 0. Dividing by #; in the compelmentarity condition in implies
H;(z%) ~ —t), as e, = o(f},). Thus, H;(2*) < 0 for k sufficiently large.
We prove that k]LII;O nE ¥ Fy;(2¥; ) = 0. Dividing by H;(z¥) in the complementarity condition in
gives for H;(x*) ~ —t; that

to10s, . (Gi(x%)) €
D,k k. 2,kYty \i k
W Fule ) (1 A )| S TEe -
as e, = o(tx). However, klim M # 1, otherwise G;(z*) < 0 and |G;(2%)| > |H;(2*)| would
— 00
. . ta, k0, , (Gi(z)) . ta, k0, , (Hi(z")) . .
yields to kli)ngc % < kli)rrgo % = 0 as 0 is non-decreasing and to = o(t1)-
Therefore, (12) implies klim n?’kng(xk;tk) = 0, which proves ([11)).
—o0
This completes the proof as )\iG’* =0 by (10). O

The following result proves convergence of the butterfly relaxation in this context.

Theorem 4.7. Given the three sequences {t},{tr},{ex} decreasing to zero and satisfying (). Assume
that ex = o(max(|G(z*)|, [H(z*)|)), ex = o(tx) and ta = o(t1 ). Let {a% nok nlk nGk pHk n®kl pe g
sequence of points that are € -stationary points of Rﬁ’t—k for all k € N with ¥ — x* such that MPCC-GCRSC
holds at x*. Then, =* is a M-stationary point.

The notation ¢, = o(max(|G(z*)|, |[H(x*)|)) means here that for alli = 1,...,q, ex = o(max(|G;(z*)|, |H;(x

For two sequences {gi}, {hr} with the same signs for k sufficiently large, we also denote gy ~ hj whenever
limy o0 gr/hi = 1.

Proof. The aim of the proof is to show that some sequence {\*} verifies the assumptions of Theorem m
The conclusion will follow by a direct application of this theorem.

The representation of V®Z(G(x*), H(x*);t;) immediately gives V®P(G(z%), H(z*);tx) = 0, Vi €
I (x%;ty,) for all k € N. Thus, z* being a ¢, stationary point for RB ylelds to

Vi +Z/\nggl —|—Zx\thh ZA“VG Z/\HkVH()

=1 =1 =1

< €k,

oo

20
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with (A9F AWF) = (nok phF) and XSk AE defined in (10)), and

|hi(zF)| < ex (i=1,...,m), (13)
gi(z") < ek, " >0, nf*gz-(w’“)‘ <ep (i=1,...,p), (14)
Gi(a®) + 1, > —ex, 5% >0, nFF(Gy () +{k)’ <er (i=1,...,q), (15)
Hi(z®) + 1), > —ep, nfl’k >0, nZHk(Hz(xk) +fk)‘ <e (i=1,...,q), (16)
DE(G("), H(ab)ste) Ser ™ = 0, [0 F 08 (G(a"), H(z")iti)| < ex (i=1,... q). (17)

Let us now check the three conditions of Theorem .11}

(i)

(i)

(iii)

Obviously, we have 2* € Z and V,Lyrpcc(z*, \*, A9, G AH) = 0 since ¢, | 0. Thus, the sequence
{\*} verifies assumption (i) of Theorem

The sequence {\*}/|[\¥||o is bounded and converges, up to a subsequence, to some limit denoted

A*. We can assume without loss of generality that klim M|l # 0, otherwise the result would be
— 00

automatically true. Using that supp(A\9) C supp(\9F), implies that Y™ = 0 for i ¢ Z,(x*).

Let us now show that for indices i € Z79, )\iG’* = 0. The opposite case for indices i € Z° would follow
in a completely similar way. So, let i be in Z1°.

The complementarity condition in gives that klggo niG * =0, since ¢ | 0 and G;(z*) + & —
Gi(z*) > 0.

Note that we are necessarily in the case Fi;(z¥;ts) + Foi(2¥;t) > 0, as Fy(a;ty) + Foi(aF;t,) —
Gi(z*) > l In this case we get kli_}Ir;@ Fli(xk;tk)nf’k = 0 since ‘nf’k¢f(G(xk),H(xk);tk)‘ < e by
and len;O Fyi(z¥:t,) > 0.

Since kli_)rgo Fri(zk; tk)n?’k = klggo niG’k = 0, applying Lemma [4.6, we obtain that )\Z-G’* =0 for i € Z10.
Therefore, by symmetry, the sequence {\*} satisfies assumption (ii) of Theorem m

We now consider indices i € Z%. Our aim here is to verify assumption (ie. /\Z-G’*,)\ZH’* have
M-stationary signs) in Theorem for €, = o(max(|G(z*)|,|H (z*)])).

Without loss of generality suppose that max(|G;(z*)|,|H;(2*)|) = |G;(z*)|, and so klim G = 0-
—00 N
Let « (possibly infinite) be such that
(ke
o= lim Gi(z)] (18)

k=00 [t k0, , (Hi(z*))"

It should be noticed that a > 1, otherwise for k sufficiently large there would exist a constant C'
such that |G;(z*)| < Clta xby, , (H;(z"))|, which is a contradiction with |G;(z*)| > |H;(z*)| and to ), =
O(tl,k).

Another consequence is that Fb;(z¥;t)) ~ G;i(z"), since Fo;(a*;t) < G;(a®) + to 10y, , (|Gi(a¥)]) and
by definition of functions #s.

We consider separately the two cases Fi;(z%;t) + Foi(2F;t) > 0 and Fy;(z%;t,) + Foi(2¥;t,) < 0.

"We remind that Fy;(zF;ty) = Hi(z) — t2 0t , (Gi(x)) and Foi(zFt) = Gi(z) — ta 10ty (Hi(2)). Thus,
limy o0 (Foi (2% 1), Fri(a¥; ty)) = (Gi(2*),0) and Gi(z*) > 0.
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a) When Fy;(z¥;t3) + Fy (2F; ) > 0, dividing by |G;(2*)| in the complementarity condition in
yields to
€k

G =

9

to 0s,  (H;(zF
n;b’kFli(xk;tk) (1 _ ww)

Gi(zF)

S0, n;b’kFli(xk;tk) — 0 since o > 1.
Now, consider two cases either {nlc ’k} tends to zero or not. In the former case, the conclusion of
case a) would follow by applying Lemma

So, let kli_g)lo /\Z-G’k # 0. Dividing by G;(z*) in the complementarity condition in gives |77iG’k(1—|—
tr/Gi(2%))| < ex/|Gi(z%)| and so G;(zF) ~ —#.

Besides, it can be noted that for k sufficiently large there is no constant C' > 0 such that H;(z*)

Cey, as this would lead to a contradiction with Fy;(z*;ty) + Fai(2¥;t,) > 0. Indeed, as H;(z%)
G;(z*), we would obtain

IV IA

Fli(l’k;tk) + ng(l‘k;tk) S Gl(xk) + Cek - 2t2,k0t1,k (Gl(l‘k)),

which is negative for k sufficiently large by definition of 6 and €, = o(G;(z*)). So, € =
o(H;(z"*)) and H;(z*) > 0. Thus, dividing by H;(2*) in the complementarity condition (17),

we obtain lim nf"kng(xk;tk) = 0. This concludes the case a), since lim nf’kFQi(zk;tk) =
k—oc0 k—oco

lim n"Fy (2% t,) = 0 gives that (AS*, A7) = lim (n@*, pH+) > 0.

k—o00 k—o0

b) When Fy;(z*; ;) +Fy;(z¥; ) < 0, the complementarity condition in gives
2¢, and dividing by |G;(2*)| yields to

2
Nk Fyi (%5 4, ‘ <

Gl =GR

t 0 Hl‘ .Tk 2
n;ﬁ,szi(xk;tk) <1 _ 2k tl,k( ( )))‘ €k

This implies that klim n?’kng(zk; tx) = 0, by assumption on € and a > 1. Now, by definition of
—00

functions #s and the triangle inequality, we get
|Fri(a®s 1) + Fai(2"5 1) ] < 2|Gy(a)| + 2t2,080, , (|Gi(e®)]) ~ 2/ Gi(®)]. (19)
Using that Fy;(x*;t1) ~ G;(z¥) as noticed in the beginning of case (iii), we obtain that klim nf’kng(xk; tg) =
—00
klim nf’kGi (z¥) = 0. So, multiplying by nf’k and going to the limit in yields to klim n?’k (Fri(a®;tg) + Fo(2;
— 00 — 00
As a consequence, it holds that (\S*, A7) = klim (n&F k) > 0.
— 00
All in all, we completed cases a) and b), so the sequence {\*} verifies assumption of Theorem m
Since, MPCC-GCRSC holds at z*, then Theorem [2.11] gives that 2* is a M-stationary point. O

The assumption in Theorem [£.7] is not entirely satisfactory, since the sequence of parameter €; depends
on the iterates. However, this is in the same vein than the existing results in [2I]. Further research may try
to exploit this weak point to propose more adequate conditions.

The following example, from [19], shows that the butterfly relaxation with ¢2 ; = o(t1 %) may converge
to an undesirable A-stationary point without the hypothesis that e, = o(max(|G(z*)|, |H (z*)|).

Example 4.5. Consider the problem

min xo —x1 s.t. 0<xzy L xzo>0.
rER2
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Let ta ) = t1 4% and choose any positive sequences {t1x} and {e;} such that t1k, e — 0. Consider the
following e-stationary sequence

€
2* = (e /2)T, nF =0, T =1 =R (0,20, (5) Pt - Faabity)

and
o,k 1

b0, () Fa(aity) — Fu(ahity)

Ui

This sequence converges to * = (0,0), which is an A-stationary point.

The e-feasible set of the butterfly relaxation is similar to the relaxation from [30]. Therefore, it is not
surprising that we can only expect to converge to a C-stationary point without strong hypothesis. Those
issues clearly deserve a specific study that is left here for further research.

5 Numerical Results

In this section, we focus on the numerical implementation of the butterfly relaxation. Our aim is to compare
the new method with the existing ones in the literature and to show some of its features. This comparison
uses the collection of test problems MacMPEC [22]. This collection has been widely used in the literature
to compare relaxation methods as in [I7, [33 [[4]. The test problems included in MacMPEC are extracted
from the literature and real-world applications.

We also present an example of an that illustrates the difficulties that may occur by dealing with
e-stationary points.

5.1 On the Implementation of the Butterfly Relaxation

Practical implementation could consider a slightly different model, by skipping the relaxation of the positivity
constraint and adding a new parameter t3 in order to shift the intersection of both wings to the point
(G(z), H(x)) = (t3,t3). This can be done by redefining Fi(x;t1, t2, t3) and Fa(x;t1,te,t3) such that
Fii(wyty,te,t3) = Hi(z) — t3 — ta2by, (Gi(x) — t3),
ng(l'; tl, tQ, t3) = Gl(l') — tg — t29t1 (HZ(SU) — tg).
Even if we did not give any theoretical proof regarding this modified system, this modification does not alter

the behavior of the butterfly relaxation. This formulation is clearly an extension of the relaxation (KSJ).
The numerical comparison of the butterfly relaxation with other existing methods considers three schemes:

L. Bt,=t,): t3 = 0,12 = t;
2. B(t2:t13/2): t3 = 07t2 — t13/2;
3. B(t3:t2,2t2:t1)1 t3 = 19,2ty =1;.

In all these tests, we fixed ¢ = 0. Our tests concern many variants, not all of which covered by our analysis,
but they give a broader insight of the new relaxations.

5.2 Comparison of the Relaxation Methods

We provide in this section and in Algorithm [I] some more details on the implementation and the comparison
between relaxation methods. It is to be noted that our aim is to compare the methods and so no attempt to
optimize any method has been carried out. We use 101 test problems from MacMPEC, where are omitted
the problems that exceed the limit of 300 variables or constraints and some problems with the evaluation
error of the objective function or the constraints.
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Algorithm [I] is coded in Matlab and uses the AMPL API. R, denotes the relaxed non-linear program
associated with a generic relaxation, where except the butterfly methods the parameter ¢; ;, does not play
any role. At each step we compute z¥*1 as a solution of Ry, starting from z*. Therefore, at each step the
initial point is more likely to be infeasible for R;,. The iterative process stops when t3  and ¢; j, are smaller
than some tolerance, denoted pmi, which is set as 107'° here, or when the solution k1 of Ry, is considered
an e-solution of . To consider 2! as a e-solution, with € set as 10~7, we check three criteria:

(a) Feasibility of the last relaxed non-linear program: v¢(z) := max(—g(x), |h(z)], —®(x));
(b) Feasibility of the complementarity constraint: Veom,(z) := min(G(z), H(x))?;

(c) The complementarity between the Lagrange multipliers and the constraints of the last relaxed non-
linear program:

ve(x) == max (|lg(x) o n%]loo, [11(x) 0 0" |loc, |G () 0 % loc, [ H () 00|, @7 () 0 1% [loc) -

Obviously, it is hard to ask a tighter condition on the complementarity constraint since the feasibility
only guarantees that the product component-wise is less than e. Using these criteria, we define a measure of
optimality

optimal(z) := max (V¢(2), Veomp (), Ve()) .

A fourth criterion could be the dual feasibility, that is the norm of the gradient of the Lagrangian. However,
solvers like SNOPT or MINOS do not use this criterion as a stopping criterion. One reason among other to
discard such a criterion could be numerical issues implied by the degeneracy in the KKT conditions. In the
case of an infeasible or unbounded sub-problem R, , the algorithm stops and returns a certificate.

Data:
starting vector x¥; initial relaxation parameter to; update parameter (o¢,,0,) € (0,1)2; ppin the
minimum parameter value; € the precision tolerance ;
Begin ;
Set k:=0;
while max(ta k,t1 %) > Pmin and optimal(z*) > € do
z*+1 solution of Ry, , 1, , with z* initial point;

(t1et1, t2kg1) = (k0 t2.501,) 5
return: f,,; the optimal value at the solution z,,; or a decision of infeasibility or unboundedness.

Algorithm 1: Basic Relaxation methods for (MPCC)), with a relaxed non-linear program Ry, .

Step [4] in Algorithm |1} is performed using three different solvers accessible through AMPL [10], that are
SNOPT 7.2-8 [I1], MINOS 5.51 [25] and IPOPT 3.12.4 [34] with their default parameters. A previous similar
comparison in the literature in [14] only considered SNOPT to solve the sub-problems. We compare the
butterfly schemes with the most popular relaxations SS from [29] and . Moreover, we also take into
account results of the non-linear programming solver without specific MPCC tuning denoted by NL.

In order to compare the various relaxation methods, we need to have a coherent use of the parameters.
In a similar way as in [I4] we consider the value of the ”intersection between G and H”, which is (¢,t) for
and , (V/t,\/t) for SS. Then, we run a sensitivity analysis on several values of the parameters
T € {100,25,10,5,1,0.5,0.05} and S € {0.1,0.075,0.05,0.025,0.01}, which corresponds to ¢y, and o; as
described in Table In [I4], the authors consider as a stopping criterion the feasibility of the last non-linear

S A W N -

Relaxation | NL | SS | KS | Butterfly
to none | T2 | T T
ot none | S% | S S

Table 1: Parameter links among the methods
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parametric program in particular by considering the complementarity constraint by the minimum component-
wise. Table [2[ provides our result with this criterion. We report elementary statistics by considering the
percentage of success for each set of parameters. A problem is considered solved in this case if criteria (a)
and (b) are satisfied.

Solver SNOPT | NL | SS [ KS [ Buy—1,) | Bus—ta2ta—ts) | Baetys/2)
best 97.03 | 97.03 | 98.02 | 97.03 97.03 98.02
average 97.03 | 95.02 | 94.71 | 95.39 93.89 94.88
worst 97.03 | 91.09 | 91.09 | 92.08 91.09 91.09
std 0 1.64 | 2.09 1.50 1.97 2.42
Solver MINOS NL SS KS B(t2:t1) B(t3:t2,2t2:t1) B(t2:t13/2)
best 89.11 | 94.06 | 93.07 | 90.10 95.05 89.11
average 89.11 | 91.20 | 90.89 83.54 91.06 81.92
worst 89.11 | 87.13 | 87.13 77.23 86.14 76.24
std 0 1.50 | 1.44 2.81 2.15 2.89
Solver IPOPT | NL | SS | KS | Bu,—t) | Bs—ta2iamts) | Bia—ts/2)
best 98.02 | 99.01 | 98.02 99.01 98.02 100
average 98.02 | 98.16 | 96.38 | 94.03 93.89 94.79
worst 98.02 | 95.05 | 93.07 | 89.11 88.12 88.12
std 0 0.97 | 1.99 2.62 2.80 3.60

Table 2: Sensitivity analysis for MacMPEC test problems considering the feasibility of . Results
are a percentage of success. best: percentage of success with the best set of parameters (independent of
the problem), worst: percentage of success with the worst set of parameters, average: average percentage of
success among the distribution of (7, s), std: standard deviation.

First, we see that the method NL is giving decent results. It is not a surprise as was pointed out in
[9). Practical implementation of relaxation methods would select the best choice of parameters so that we
focus most of our attention to the line ’best’. In all cases, the relaxations manage to improve or at least
equal the number of problems solved by NL. By using SNOPT, KS and butterfly with ¢, = ¢13/2 methods
get 1% of improvement and with IPOPT the method butterfly with ¢, = ¢1%/? is the only one that attains
100%. The relaxation methods seem to make a significant improvement over NL with MINOS. In this case,
it is clear that the butterfly methods benefit from the introduction of the parameter s and the method with
ts = tg,2tg = t1 is very competitive.

Our goal by solving is to compute a local minimum. The results using the local minimum
criterion defined above as a measure of success are given in Table [3] Once again we provide percentages of
success.

In comparison with Table [2| this new criterion appears to be more selective. Independently of the solver,
the relaxation methods with some correct choices of parameters provide improved results. Using SNOPT
as a solver, the methods KS and butterfly gives the highest number of results. The method butterfly with
to = t13/2 even improved the number of problems solved by SNOPT alone in average. In a similar way as
in the previous experiment the butterfly method benefit of the introduction of the parameter s when using
MINOS as a solver.

5.3 An Example of Numerical Difficulties

In this section, we illustrate the possible numerical difficulties that can arise by solving a (MPCC)) with
relaxation methods.
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Solver SNOPT | NL SS KS | Biy=t) | Bta=ts,2ta=t1) By—1,3/2)
best 92.08 | 94.06 | 96.04 96.04 97.03 96.04
average 92.08 | 90.78 | 91.17 92.08 90.04 92.33
worst 92.08 | 83.17 | 86.14 87.13 82.18 87.13
std 0 3.15 | 2.59 2.45 2.86 2.77
SOIVGI‘ MINOS NL SS KS B(tgztl) B(t3:t2,2t2:t1) B(t2:t13/2)
best 85.15 | 94.06 | 93.07 88.11 94.06 87.13
average 85.15 | 90.94 | 90.18 81.92 90.04 80.11
worst 85.15 | 87.13 | 86.14 76.23 85.15 74.26
std 0 1.50 | 1.62 2.65 2.31 2.95
Solver IPOPT NL SS KS | Bty=t,) | Bta=ts,2ta=t1) By—t,3/2)
best 91.09 | 93.07 | 93.07 94.06 93.07 94.06
average 91.09 | 91.82 | 89.84 89.05 88.80 89.02
worst 91.09 | 90.10 | 86.14 84.16 84.16 81.19
std 0 1.14 | 2.19 3.09 2.72 3.86

Table 3: Sensitivity analysis for MacMPEC test problems considering the optimality of . Results
are percentages of success. best: percentage of success with the best set of parameters, worst: percentage of
success with the worst set of parameters, average: average percentage of success among the distribution of
(T, s), std: standard deviation.

Example 5.1. Consider the problem

min exp(—a? — x3) + exp(—z3)
zER4

s.t. 3 < (27 + x5 — 1) (23 + 25 — 10) + 24,
x? + 22 —10< 0,22 <0,
0<a2?4a22—-1L1as(—22—22+10)>0.
The feasible set is the union of two circles, {x € R* |w3 =24 =0, 22 + 23 =1} and {z € R* |23 = 24 =
0, 22 + 23 = 10}. In this example, all the feasible points are local minima.
Let us now compute the stationary points of the problem. The gradient of MPCC-Lagrangian function
equal to zero yields
—2exp(—a? — 23)xy — 2\ (2% + 23 — 10) + (27 + 22 — 1)) + 2X3z; — 20%; + 20 223 = 0,
—2exp(—a? — )y — 2M a9 (2% + 23 — 10) + (27 + 23 — 1)) + 2XJws — 2X%xy + 20T 923 = 0,
—exp(—x3) + 2\ a3 — M (—2? — 23 +10) =0,
—/\‘11] + 2/\§$4 =0.

It is clear that necessarily xs = x4 = 0, thus /\"1] =0 and
—exp(—a? — ad)x; + May — A%z =0,
—exp(—2? — ad)xy + My — A2 = 0,
—1 = M (=22 — 22 +10).

The third equality gives that % + x3 # 10, thus \j = 0. Furthermore, by the inequality constraints it is
necessary that x3+x3 = 1 and so either 1 or x4 is non-zero. It follows that \f < 0 and — exp(—1) = A& < 0.

To sum up, any point that satisfies x2 + x3 = 1 is C-stationary and is a local minimum, while any point
that satisfies x2 + x3 = 10 is not stationary, despite the fact that it is a global minimum.
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2Ny 0] 1]2]3
0 o| C|C|M
1 c|C|C|M
2 C|C|M|M
3 MM M| M

Table 4: Sensitivity analysis depending on the initial point (29, z9,0,0) on Exampleby using the butterfly
relaxation method to = ¢,%/? with T' = 0.5, s = 0.01 and SNOPT as a non-linear solver. Legend: o: error,
C: circle 22 + y2 = 1, M: circle 22 + y2 = 10.

Up to this point, we may notice that the points that belong to the circle of centre 0 and radius /10 that
are the global minima of the problem are sequentially M-stationary. Indeed, let (%, x5 x% %) = (0,+/10 —

k, k,
L0,1/k), MIF = L <0, NGk = 0, \PF = Z2RCnmm ) Agk () g 20K = kADE

102572 2P (—ayt )

We run Algorithm [I] with 77 = 0.5 and s = 0.01. Table [ shows that the butterfly relaxation with
ty = %/ may converge to both circles depending on the initial point. Note that for (z9,z9) = (0,0) the
algorithm declares the problem infeasible. We do not give the results for other methods and other solvers
here, but it has a similar behavior.

Those disturbing results are explained by Theorem and related results in the literature that illustrate
the fact that computing e-stationary point may perturb the convergence properties of these methods. We
also point out here that local minima of the problem are not M-stationary and so by Theorem MPCC-
GCQ does not hold at these points. Moreover, this example does not contradict the Theorem [£.7] since in
particular MPCC-GCRSC is not verified at any feasible point of the problem.

6 Concluding Remarks

This paper proposes a new family of relaxation schemes for the mathematical program with complementarity
constraints. We prove convergence of the method in the general case and shows that a specific relation
between the parameters allows the method to convergence to the desired M-stationary point. However, in
the specific case where MPCC-LICQ, S-stationary conditions can be expected to hold at a local minimum.
We prove that in the affine case the butterfly relaxation method converges to such a point without second
order condition or conditions on the sequence z*, which is a clear improvement over other methods.

Through the convergence study, we introduce the new and weak MPCC-GCRSC condition. We prove
under this condition that some sequences of approximate stationary points are bounded.

We provide a complete numerical study with remarks regarding the implementation as well as a numerical
comparison with existing methods in the literature. These numerical experiments show that the new butterfly
schemes are very competitive. We also provide an example that illustrates some of the pitfalls that solvers
may encounter while solving those degenerate non-linear programs.

Future research will focus on the main difficulty regarding relaxation schemes that are the convergence
of approximate stationary sequences. A discussion regarding the former problem has been initiated in [21]
and appeal further discussion.
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A Proof of a Technical Lemma

In the of proof Theorem [£.4 and Theorem we use the following lemma that links the gradients of G and
H with the gradients of F(x;t) and Fy(x;t).

Lemma A.1. Let (I,1¢,17) be any partition of T2y (x;t). Assume that the gradients

{Vyi(z) (1 € Zy(z)), Vhi(z) (i=1,...,m),
VG;(x) (i € Ig(z;t) ULy (v;t) UTEY (251)), VH(2) (i € Iy (z;t) ULy (w5t) UZSE (251))}

are linearly independent. Then, LICQ holds at = for .

Proof. We show that the gradients of the constraints of are positively linearly independent. For this
purpose, we prove that the trivial solution is the only solution to the equation

0= n/Vg(x)+ > n'Vhi(x)— > nlVGi(x)— > n/'VH()

1€Ly(x) =1 i€Zg(x;t) i€Th (w:0)
+ > n2VeE (G(z), H(z);t)

’LEIgH (z;t) Igj;{ (z;t)

i Z (Vm(w;t)_Hfl(w;t)+5f1(w;t)> VFM(x;t)Jr( ) 4 Pt +5Fz(wt)> Y Foi(23 1),

7
1€Ty; (w5t)

where supp(n?) C Z,(z), supp(n®) C Zg(x;t), supp(n?) C Ty (x;t), supp(n®) C Iég%(z;t) UI%*;I( )
supp(v150) © 1, supp(v™0) < I, supp(uF @) € I°, supp(uf@) € I°, supp(8h@) ¢ 1o
supp(672(@)) € I~ where TUT°U T~ = I (x5t) and I,1¢, 1~ have two by two empty intersection.
By definition of Fy(x;t) and Fy(x;t) it holds that
VFyi(z;t) = VGi(x) — tab;, (Hi(x))VH;(x).

The gradient of ®7(G(x), H(x);t) is given by Lemma
We now replace those gradients in the equation above

> NVgi(x) + i MW hi(z) + Zq: MNVG(x) + 2,,: NIV H; (),

i€T,(x) i=1 i=1 i=1
with
N = 8 42 Fy(x;t) — (n?Fzz‘(x; t) + Vflmt) — uiFl(w;t) + 5?1(””) t20;, (Gi(x))
Vin(w;t) _|_uZF2(w;t) _|_5f2(93;t),
N = =l Fas(wst) — (0 Fua(as ) — 0200 4+ u2 00 4 51200 106 (Hy(2))
+ VFl(w t) Mﬂ(w;t) + 5?1(1;15)_
By linear independence assumption, we obtain
n? =0,n" =0,n% =0, nH =0,nF =0 Vi€ Zo5 (v;t) ULLY (1),
v @000 (G (Gi(x)) — “t) = 0 and @0y 203, (Hi(x ))—i—ulFl(“ =0Viel,
ufl(m)tgﬁ’ Gi(z)) + p; F2“ =0and — FZ(“t 0, (Hi(x)) — ,ul 1@t — v e I
— 570 (Gi(x) + 672 =0 and — 872 1,0, (Hi(x) + 6, =0 vie I,
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So, it follows for ¢ € I~ that
g2 — gD 00 (Gi(x)) and 67 = 61200 (H,(x).

So 7@t = 20 — 0 since i € T, (x;t) gives

tgt%l (Gl(l‘)ﬁgegl (HZ(J?)) = tgegl (0)t29£1 (0) <1

Fu(zst) _ MFQ:(?C;t) _ VF2($¢) _ VFl(ﬂc;t) —0. ]

A i i %

by properties of 6 and . Similarly, we get u

B Useful Lemmas

Lemma B.1. [32, Lemma 7.1] Let {a; | i = 1,...,p}, {b; | ¢ = 1,...,m} and ¢ be vectors in R™ and
a e RY, B € R™ multipliers such that

P m
Z a;a’ + Z B;bt = c.
i=1 i=1

Then there exist multipliers o* € RY. and 5* with supp(a*) C supp(a), supp(8*) C supp(8) and

p m
ZafalJrZ,B;‘bl =c
i=1 i=1
such that the vectors . '
{a" | i € supp(a”)} U{b" | i € supp(87)}
are linearly independent.

In our proofs we use the following results from [32] to compute the tangent cone of X2 and its polar.

Lemma B.2. [Lemma 8.10, [32]] For allt > 0 and all z feasible for RP

t,t’

TXtI?{ (l.) = UIQI%OH(I;t)TS(I,Ich) (z) (SU),

where Sy re 1-y(x) is defined in equation @
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