International Journal on Optimization and Applications
LJOA. Vol. 05, Issue No. 03, Year 2025, www.ijoa-journal.com 1 a
Copyright ©2025 by International Journal on Optimization and Applications

A penalty approach to solve MPCC problems

1% Lina Abdallah
Lebanese University, Lebanon
lina_abdallah@hotmail.fr

Abstract—We consider a new approach that com-
bines penalization and relaxation techniques to solve the
MPCC (Mathematical Program with Complementarity
Constraints). We prove under the MPCC-Mangasarian-
Fromovitz constraints qualifications that any accumulation
point of the approximate solution sequence produced by
our method is an M-stationary point of the original MPCC.
We present some numerical experiments on problems from
the MacMPEC library to confirm the efficiency of our
approach.

Index Terms—Mathematical programming with com-
plementarity constraints, Penalty function, Regularization
techniques.

I. INTRODUCTION

We consider the Mathematical Program with Comple-
mentarity Constraints:

min  f(x)
st.  h(z)=0, g(z) <0,
0<G(z)L H(z) >0,

with f : R" — R,g : R® — R9 h : R® — RP, and
G,H : R"™ — R™. All these functions are assumed to
be continuously differentiable through this paper. The
notation 0 < u L v > 0 for two vectors u and v in RY
is a shortcut for v > 0,v > 0 and u”v = 0.

MPCC (Mathematical Programming with
Complementarity Constraints) is an important class
of problems. It arises frequently in applications
in engineering design, economic equilibrium, and
multilevel games [23]. MPCC also comes from
bilevel programming problems, which have numerous
applications in practice [32].

The MPCC is a challenging subclass of non-linear
programming problems due to the degeneracy of
complementarity constraints. Indeed, the classical
Mangasarian-Fromovitz that is very often used to
guarantee convergence of algorithms is violated at any
MPCC feasible point. This is partly due to the geometry
of the complementarity constraint that always has an
empty relative interior. These issues have motivated
the definition of enhanced constraints qualifications
and optimality conditions for (MPCC) as in [10], [11].
In 2005, Flegel and Kanzow [11] defines the “right”

(MPCC)
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necessary optimality condition to (MPCC), it called
M(Mordukhovich)-stationary condition. In the literature,
there exist a wide variety of MPCC constraints and
qualifications, we will focus, in this study, on the
MPCC-Mangasarian Fromovitz CQs (MPCC-MFCQ).

A wide range of numerical methods have been
proposed to solve this problem such as relaxation
methods [8], [9], interior-point methods [21], [25], [30],
penalty methods [15], [23], [28], SQP methods [12],
dc methods [26], filter methods [20] and Levenberg-
Marquardt methods [13]. Among these methods, the
relaxation is one of the most popular approaches, which
consists of relaxing the complementarity constraints
using a parameter, then generates a sequence of non-
linear programs, which are more regular than the initial
problem. Thus, one can apply the well-studied numerical
methods for non-linear programming. Therefore, it is
often necessary to prove theoretically that the sequence
of approximate solutions converges to a stationary point
(or an solution) of the original MPCC.

In [4], [5] the authors have proposed a regularization
method which ensures global convergence to stationary
point for MPCC with bound constraints. In [18],
Kanzow and Schwartz discussed the convergence of
the relaxation methods by considering a sequence of
approximate stationary points. They proved that these
methods may converge to spurious weak-stationary
points. In [7], Azizi and Kadrani proposed an approach
based on penalty formulation and a relaxation scheme
for MPCC, they showed that any accumulation point of
the sequence of strong approximate stationary points is
a M-stationary point for the MPCC.

We present in this paper a new regularization-
penalization method to solve the MPCC : firstly we
regularize the complementarity constraints by using
concave and nondecreasing functions € introduced in
[14]:

0<xly>0,
1=1,...,n.

is relaxed to
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Then we modify the regularization-penalization scheme
[16] by using another penalty function. Our objective
is to propose a new algorithm that converges to an
M-stationary point of the MPCC under the MPCC-
Mangasarian-Fromovitz constraints qualifications.

In [16], the authors introduced the parametric barrier
Az, t)
1—kA(z,t)
approach, we will consider similar penalty term but we
will not need any complicated strategy to update the
regularization parameter ¢ since we will consider it as a

new variable.

to define the penalty function. In our

The remainder of the paper is organized as follows.
In the next section, we introduce some basic concepts
from mathematical programming with complementarity
constraints. In Section 3, we present our approximation
and formulation. Section 4, is devoted to the convergence
proof. In Section 5, numerical experiments are reported
on some examples from the MacMpec tests library [19].

Throughout this paper, G; represents the i-th component
of a vector G and similar notations are used for
vector-valued functions. V f denotes the gradient of a
differentiable real value function f defined on R™. The
norm ||.|| denotes the Euclidian norm.

II. DEFINITIONS FOR MPCC AND PRELIMINARIES
A. Definitions for MPCC

In this section, we give some definitions and fix some
notations for the rest of the paper. Let Z be the set of
feasible points of (MPCC). Given, x € Z, we denote

IH9@)={ie{l,...,q} | Gi(z) > 0 and H;(z) = 0},
I (x)={ie{l,...,q} | Gi(z) = 0 and H;(z) > 0},
I9@)={ie{l,...,q} | Hi(z) =0 and G;(z) = 0},
Ty(x)={ie{1,...,p} | gi(z) = 0}
We define the generalized MPCC-Lagrangian function of
(MPCC) as

Lhrpoc(®,A) = rf(x) + Xg(x) + A'h(z) = A9G(x)
_AHH(Z‘%
and denote \ := (A9, A\, \G AH),

In general, MPCC does not have any KKT stationary
point. So we need weaker stationary concepts as in [8],

[9].
Definition 2.1 (Stationary point): z* € Z is said
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o Weak-stationary if there exist A € RP x R™ x R? x
R? such that

ViLipoo(T®A) =0,
min(g(z*), A?) = 0, h(z*) = 0,
Vie IO, X¢ =0, and Vi € Z0F, A\ =0;

« Clarke-stationary point if x* is weak-stationary and
Vi e 790 XEAH > 0;

o Alternatively (or Abadie)-stationary point if z* is
weak-stationary and

VieZ% A >0 or M >o;

e Mordukhovich-stationary point if z* is weak-

stationary and
Vi€ I%, either A& >0,M7 >0 or AN =0,
o Stong-stationary point if z* is weak-stationary and

VieI% X >0, M >o.

It is also to be noted that if we assume strict
complementarity, i.e. for all s € {1,...,q}

Hi(z) + Gi(z) > 0

then all of the stationary conditions presented here are
equivalent. For instance, this is the case for the class of
binary optimisation problems, whose integer constraints
are replaced by complementarity constraints.

There exist a wide variety of MPCC constraint
qualification described in the literature. We conclude
this section by defining the only one needed later, the
MPCC-Mangasarian Fromovitz CQs (MPCC-MFCQ).

Definition 2.2: Let z* € Z. MPCC-MFCQ holds at
x* if

Z a;Vgi(x*) + Z@'th‘(fc*) +

i€Ty(z*) i=1

D

IET00 (2% )UZO+ (z+)

_|_

>

P€EZL00 (z*)UZHO(z*)

61VHZ($C*) =0

with o; > 0,0; > 0and~; > 0. Wehavea =~y =9 = 0.

In view of the constraint qualifications issues that plague
the (MPCC), we regularize the complementarity con-
straints by using some smoothing functions. We present
now how we construct this functions.

7 VG;i(x¥)
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III. PRESENTATION OF v AND 6 SMOOTHING
FUNCTIONS

We consider a family of smooth functions that are
extensively used in various numerical methods. These
functions are non-decreasing continuous smooth (C'!)
concave functions such that

v:R =] — 00, 1] with y(z) < 0 if 2 < 0,7(0) =0,
and lim,_, o y(z) = 1.

One generic way to build such functions is to consider
non-increasing continuous probability density functions
f R4 — R, and then take the corresponding cumula-
tive distribution functions

Ve >0, ~(z)= /Ow f(s)ds.

By definition of f

lim ~(z) = = f(s)ds =1land
T——+00 0
¥(0) = fy f(s)ds =0.

The hypothesis on f gives the concavity of 6.

We introduce 6(t,z) := ~(%) for ¢ > 0. This
definition is similar to the perspective functions
in convex analysis. These functions satisfy

0(t,0) =0, andVz > 0, lim 6(¢, z) = 1.
A

In order to simplify the presentation, we sometimes
used the notation (¢, z) instead of 6;(x). We denote 0,
or 0, the derivative with respect x and ¢ respectively.

From now on, we assume that:
lim O(t,vt) =1 and limd,0(t,v/t) >0. (A)
N0 t\0

Remark 3.1: All these assumptions are not restrictive.
Indeed the two functions #' and 62 defined below (and
all functions in between them) satisfy (A).

Ve>0,  0'(ta) = —,
+t

T

and for z < 0, 12 is a linear function 012(¢,2) = ax
where a = 9,012(t,0) > 0.
The corresponding derivatives with respect to x are

0u0M (6, V1) = (g and 0:0%(1, V1) = e

s

A. A O-smoothing of a complementarity condition

In this paper, we use the f-functions to regularize
the complementarity constraints. The following obvious
lemma provides an intuition of the motivation behind
such technique.
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and 6(t,z):=1—e ¢

Lemma 3.2: [4] Given z,y € R, we have

1 li <1
Ty t{r{l}@(t,x) +0(t,y) <

We prove now some technical lemmas and results that are
used in the sequel of the paper to proof the convergence
theorem.

Lemma 3.3: Vx > 0, we have

lim 0.6(t,z) = 0.
N0

We have, 0,0(t,z) = %7/(%) So,

}{I{l} x.0.0(t,x) = Zh_r}noo zy (2).

Let s > s, then by the mean value theorem there exist
c € [s,s ] such that y(s) —y(s ) =~ (¢)(s —s ) > 0.

7 7

By the concavity of -y it follows y(s)—~(s ) > v (s)(s—

By taking, s = 5. we have
S 7
2(v(s) =7(3)) 2 7 (s)s 2 0.

Using that lim ~+(z) = 1 and passing to the limit, we
Z—>00
obtain that
lim x.0,0(t,z) = 0.
N0

The result follows since = > 0.
Lemma 3.4: Let ty > 0. For every t € (0, tg], we have
the two following results:

(i) The set {0,0(t,x),x € R} is bounded, and

(ii) there exist two positive numbers M and M’ such
that the set {0:0(t,x),x > —to} is bounded by

M M
t t2 |

max
(i) 0 is concave with respect x, so the derivative with
respect x is decreasing.
On the other hand, 6 is increasing so the derivative
with respect x is positive. So for x > 0,

0 < 8,0(t,z) < 0,0(t,0).

Y

For + < 0, we have 6,(z) =

oy = 050(t,0). So we have the result.

oy, with

(i) We have shown that lim 27 (z) = 0. Then, the
Z—> 00
set {27 (2), z € [0, +-00[} is bounded, so there exist
M > 0 such that |2y (2)| < M, forz € [0, +o0].
The  derivative  with  respect ¢t is
10:0(t, x) = Oy ($)] = [ = &7 (F)I-
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We consider two cases: When = > 0,]0:0(t,x) =
_la iy« M
te7 (DI <

When —ty < 2 < 0, [9,0(t,2)| =~ (0).

So, for M’ = tolfy (0), we have
0u0(t, )| = | — &7'(0)] < 2.

These functions are further extended as functions from
R™ in R™ component by component, i.e. for a vector
x € R™ we have 0(t,z) = (0(¢, zi))1<i<n-

IV. A PENALIZATION-REGULARIZATION APPROACH

The first attempt in the literature to use a relaxation
technique for MPCC problems goes back to S. Scholtes
in 2001 [31]. In this paper, the author used the following
approximation of the complementarity condition

©7%(G(x), H(x);t) := Gy(2)Hi(z) — 1% (SS)

It is now, will known that this method converges to a C-
stationary point if MPCC-MFCQ holds at its limit point.
This relaxation is clearly more regular than (MPCC)
since MFCQ is violated at any feasible point of the
original problem. The idea to additionally relax the
positivity constraints (i.e. consider ¢ > 0 such that
G(z) > —te, H(xz) > —te) has been introduced in [27]
as an extension to the relaxation (SS).
The relaxation (SS) is very unlikely to satisfy LICQ at
a point z* with Z%(z*) # 0, since this would mean
that for ¢ = O three constraints are active for only two
gradients.
G. — H. Lin and M. Fukushima proposed in [22] a
relaxation with fewer constraints in order to improve the
regularity of the relaxed program by considering:

min  f(z)

st.  h(x)=0, g(z) >0,

Gi(z)H;(z) <t%i=1,...,m
(Gi(x) +t)(Hi(x) +t) >t2i=1,...,m
(PYF)

The authors showed in particular that if MPCC-LICQ
holds at a point x* € Z, this relaxation satisfies the
classical LICQ in any feasible points of P in a neigh-
borhood of z*. Once again, this relaxation converges to
a C-stationary point as ¢ \, 0 as shown in [17].
In [5], Abdallah et al. used the family of smoothing
functions introduced in section 3 to approximate the
complementarity condition in the simple where H (z) =
z,G(x) =y as follows

(I>z(x7y7t) = e(tvl‘z)‘i’a(t?yl)*la 7':1;377'

with ®(z,y;t) = (®;(x,y;t))1<i<n. In this paper they
only considered bound constraints and not general
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MPCC.

A. Our formulation

In this section, we present our formulation to solve
the MPCC problem. We first introduce slack variables u
and v to the general nonlinear constraints of the MPCC

problem:
u=G(z), v=H(z),u>0,0>0.

and the slack variables s for the constraints g(z). We
obtain

minf(x)
st.g(x) —s=0, h(x) =0,s >0, av.1)
H(z)—u=0, G(z)—v=0,
0<ulov>0
with z = (z,u, v, s).
This problem can be written as follows
min f(x)
st F(z) =0, @
§>0,0<ulv>0.
g(x) —s
where F(z) := %8) .
G(z)—wv

This problem has the same properties as the original
MPCC problem, in the sense that if x satisfies some
MPCC-CQs, and some weak weak or strong stationary
conditions for MPCC, the point z satisfies these
conditions for (1).

We regularize the complementarity constraints by
using continuously, differentiable, non-decreasing and
concave # functions and by the lemma 3.2. We also
relax the inequality constraints v > 0. Consequently, the
original MPCC is approximated by the following new
smooth parametrized optimization problem:

min f(z)

s.t. F(z) = tw,
Dy(u,v;t) <0,l=1,...,m,
u>0,v>—t,s>0.

(20)

where w = (1,...,1) € RP+Hat2m,

At the limit when the relaxation parameter t is
driven to zero, the feasible set of the parametric
non-linear program (2;) converges to the feasible set of
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the (1). Let Z,; be the feasible set of (2;), and Z the
feasible set of (1), it holds that

V. CONVERGENCE ANALYSIS

Before starting our analysis, we need to define differ-
ent index sets for the active constraints. We will denote

P_{% 2= Z. for fixed t¢.
.( Vvery converging sequence of points in Z; has its limit Ii(z) = {l:u =0},
mn Z) ) ] 12(2) = {l LU= —t},
Now, we consider the penalty function [16] defined as Is(z) = {l:®, =0}
follows
and . -
f(x) if t=A(z1t)=0 IIO ((Z ) = u {i: SiO: 0}, 0
A(z,t) i oun(2%) = cup = 0,0/ > 0},
fole,t) = J@+ == +oBl) it >0, To(z") = {lruf > 0,07 =0},
. Lo(z*) = {l:uf=0,vf =0}
+00 otherg{?;) We start by two essential lemmas.
where A(z,t) = |F(2) — tw|? measures the Lemma 5.1: For every t > 0, we have I1(z) NI (2) =

constraints violation. The function 3 : [0,%] — [0, c0) is
continuously differentiable on (0,¢] and 3(0) = 0 ( for
some fixed ¢). The term o3(t) allows to consider ¢ as a
new optimization variable, and minimize simultaneously
z and t. In this study, we will take 3(t) = V/%.

Our penalized-regularized problem then

minf,(z,t)
s.t. Dy(u,v;t) <0,0=1,...,m, (P,)
u>0,v>—t,s>0.

The Lagrangian function of (P,) is defined as follows:
‘CU(Zv U, pas 2,1, V) ‘= fU(Z’ t) —vls — (:ul)Tu
—(p2)" (v +£.1) + 0" 2 (u, v; ).

Since it is usually not possible to solve P, exactly, we
will consider a strong e-stationary point of P,.

Definition 4.1: We say that (z,t) € R"™?"+ I xR is a
strong e-stationary point of P, if there exist multipliers
v, 41, b2, n such that:

VLo (2,t)lo <€

1 p+q+2m
| - Et*% —t7h > (Fj )
j=1
- 1
+ i +1:(0:0(t,u;) + 0:0(t,v;))) +o——=| < ¢
;(M i (0:0(t, ui) + 0:0(t, v;))) 2\/E|
si>—€ v; >0 s <e
w=—e p1g=20 |ugw| <e
utt>—€ po; >0 |ugi(v+1t) <e

0<nl®uuvit)<0
(IV.3)
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(¢ and IQ(Z) N Lp(z) = (.

Suppose that I1(z) N Is(2) # 0, so there exist an index
i € Ii(z) N Is(z) then u; = 0 and ®;(u,v) = 0 so
u; = 0 and (¢, u;) + 6(t,v;) — 1 = 0. This implies that
6(t,v;) = 1 which impossible for ¢ > 0.

We suppose now that that Io(z) N Ip(z) # 0, so there
exist ¢ € I(z) U Ip(2) then v; = —t and ®;(u,v) =0
(i.e. v; = —t and 0(t,u;)+0(t,v;) — 1 = 0. This implies
that 6(¢,v;) > 1 this impossible for ¢ > 0.

Lemma 5.2: Let (z¥,t) be a strong ej-stationary
point sequence of the penalized-regularized problem with
er = o(ty). If (2*,t.) is a cluster point of the sequence
{(2*,t1)}, we have

Vr € In(H) 0 () U T10(=") U T (),
tk@t* max 9y, 0(tk, uy), O, 0(tr, vy)) > 0.

If t. # 0, there is nothing to prove, we only consider the
case for t, = 0.
Let r € Ip(2%) N I, (%), in this case, we have uF <
Vi Indeed, if u® > /g, so O(ty, uk) > O(ts, /#x) and
O(tr, ul) +0(t, vF) > 0(tg, vF) +0(tx, /Tr). we obtain
O(ts, ul) + O(ts, v5) > 0(ts,v}) 4+ 0(ts, Vtx). This is a
Contradiction. On the other hand, the function 9,,,.6(t, .)
is decreasing since 6(t,.) is concave, so 9, 0(t;,uk) >
Do, (11, Vi) > 0.

For r € Is(2") N I1o(2*), 00, 0(tk,vF) > 0 (same
proof as above).
For r € Is(2%) N I5,(2%). So, uk < \/t; or vF < /%
Indeed, if u* > /fx and vF > /%, , so O(tg,ul) +
O(tx, vF) > 20(tx, \/Tr,). For t;, sufficiently small, in the
neighborhood of t, we obtain, 8(ts, u¥) 4+ 0(ty, vF) > 2.
This is a Contradiction because 7 € I (z*). So, as the
proof of the previous case, we obtain the result. We
study now the relation between the standard qualification
constraints of the problem (2;) and the MPCC. Note
that, the reformulation with the slacks variables for the
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(1) does not alter the properties of the original MPCC
problem. In particular, if we assume that z* satisfies
MPCC-MFCQ for (1), z* satisfies also MPCC-MFCQ
for (1).

Theorem 5.3: Let x* be a feasible point of the
original problem (1) such that MPCC-MFCQ is satisfied
at z*. Then, there exist a neighborhood U/(z*) of z*
and a sufficiently small scalar ¢ > 0 such that for any
t € (0,t), any z € U(z*) N Z; satisfies the standard
MFCQ for the problem (2;).
satisfies the standard MFCQ for any z € U(z*) N Z;.

Since all the constraints functions of (1) are contin-
uously differentiable (the constraints functions of the
MPCC problem are continuously differentiable) then,
there exist a neighborhood f;(z*) and a positive scalar
t1 such that V¢t € (0,¢;) and for every z € Uy (z*) () Z:
we have:

In(z) Clo(z*)

I(z) € Igp(2") U L5, (27)
I5(2) € Igo(2") U I3 (2")

Since (1)-MFCQ is satisfied at z* for the problem (1),
the vectors {VF}|j =1,...p+q+2m}U{—enili €
15(z")} U {entqralk € Igo(z") U Igy (")} U
{entqemrill € Ige(2*) U I5y(2*)} are positively
linearly independent where e; is the unit vector of size
n—+q -+ 2m.

We have:
$1(2) U (Io(2) N 151 (2%)) U (a(2) N I5o(27))
C Igo(z") U I, (27)
Ir(2) U (Ia(2) N I (2 )1U( o(2) N I5(2"))

g I(]O( )UIJrO( ) (Vl)

By the proposition 2.2 [29] there exist a neighborhood
Us(2*) and a positive constant ¢ sufficiently small such
that for all points z € Us(2*) () Z; with t € (0,2), the
following vectors

{VF;lj=1,...p+q¢+2m}U {—enyili € In(2)}
U {entqrklk € [1(2)} U {entqrm+ill € I2(2)}
U {entqtrlr € To(z) N 15, (")}
U {entqrrlr € To(2) N 15(2")}
U {entgrm+nlk € Io(2) NI o(2")}
U {entgtmarlk € Ia(2) N1I5(2")}
(V.2)
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are positively linearly independent.

Inspired by Lemma 5.2, we can multiply any terms by
some positive number and the new family vectors will
remains positively linearly independent.

{VF;lj=1,...p+q+2m} U{—enyili € lo(2)}

U {entgrrlk € I1(2)} U{entgrmrill € 12(2)}

U {00, 0(tr, ur)entqrr|r € In(2) N I5, (%)}

U {max (9, 0(, u,), 8o, O(t, 0,)) ensqrrlr € Lo(2) N Io(2*)}

U {00, 0(t, v )ensqrr 7 € To(2) N Iio(2)}

U {000t 00)entqrmnlk € To(2) N Iip(=)}

U {max (0, 008, 4r), 00, 0(L, 0,)) ensqpmsnlk € Lo(2) 0 Io(=7)}
U {0u, 0(t, ur)entqrmilk € Io(2) N I5, (2%)}

(V.3)
are positively linearly independent.

Now we have to check that MFCQ holds for the
problem (2;) for z € U N Z;, with U = Uy N Uy and
t = min{ty,%2}. We should to show that :

p+g+2m

Z )\VF - Z Vi€nti + Z H1,kCntq+k

1€1p(z) kel (z)

+ Z H2,1€n+q+m+1 T Z Tif’auﬁ(taur)@wqw
1els(2) rels(z)

+ Y rera(z) M Ou 0t vr)entgrmir = 0.
(V4)
with >‘j Z 0,1/1' Z 07,[141,.% Z 0,#271 Z O,T}r Z O, holds
only for the trivial solution (\; = v; = p1x = 2 =

e = 0).

index set Ip: Igp(2) =

NUe(2)N 15, (27)).

By spliting  the

(Lo (2)N17o(2"))U (L (2) NI (2
From (V.3) it follows that:

)\] = 07Vi = O?Ml,k = 07/112,l = 07
N 0w, 0(t,u) =0 forr € Ip(2) NI (%)

ne max (9, 0(t, u,), Dy, 0(t,v.)) =0 for r € Ip(2) N Iy (2%)

Ny, 0(t,v,) =0  for r € Ip(2) N I5y(2*)
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By lemma 5.2, we obtain that 1, = 0 so the standard
MFCQ are satisfied for the problem (2;) .

The following theorem identifies a relation between
the optimal solutions of the original MPCC problem and
the penalized-regularized problem under the MPCC-
MFCQ assumption.

Denote, for kbe sufficiently large Ig
0,v; > 0}.

Theorem 5.4: Let {0} be a non-decreasing sequence
converging to +oc. Let (2%, ;) be a strong ¢j-stationary
point of the penalized-regularized problem with ¢; =
o(t). If (2*,t,) is a cluster point of {(z*,t3)}, 2* is

{i/uj

feasible for (1) and the MPCC-MFCQ holds at z*, then:
1) t, =0, and
i) If Is N supp(n*) = 0 then z* is an M-stationary
point.
If Is N supp(n*) # 0 then z* is an C-stationary
point.

i) The first line of the definition of the strong e—
stationary is as follows:

p+g+2m
IVaff 4+t Y (Ff = ) Ve Ff oo < e
j=1
|*t];1(Flk*tkw1) Vlk|§€ka 1= ) 'aq
’ ty (Fp+q+l trw;) — ﬂ]f,l’ <e, [=1,...,m
| =t (F¥y mes — tewr) — 5 | < e, 1=1,...,m
(V.5)
with
Fk = Fi(2Y)
/m = ufy =0 0u,0(tk, up)
M2l = Ug,l - nlkavlo(tk?q}ik)

We will prove by contradiction that if ¢, # 0, o can not
converge to +o0o. We suppose there exist a subsequence
(2%, 1) that converges the {(z*,t,)} such that t, # 0.
Let 7% = —t; ' (F(2*) — tw), this sequence is bounded
because F); are continuously differentiable, so the
sequence {(vf,fi¥ ;, 715 )} is bounded.

By the second line of the definition of the strong
e— stationary (Definition.3)

pt+g+2m
| =320k — 0 D (Ff - tow)
j=1
- 1
k k k
0k (0,0(t 9,0(ty, v! —
+;(M2,z+m( 1Ot ) + D38t v1))) + 05|
< €g.
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By multiplying by /£, we obtain

p+q+2m

.2 N (FF — tw)

j=1

| — 16,2,

m

023 i+ (D0t ul) + 0,6t 0F))) + %y
=1
< exvir
(V.6)

In this inequality the first and second terms of the left
side are both bounded.
We have to show that the third term is bounded. This
term can be written as

m

Z (155 + nf (D0 (tr, uf) + 00 (tk, v}))) =

i=1
Z (Mgz + 0 (00 (th, ul) + 040 (tsz]‘c)))
1€l (2F)
+ (5,3 + 7 (90t
i¢Ip(2F)
We have to prove that these two sums are bounded :

e« For | ¢ Ip(zF) then nf = 0 (by the
definition of the strong e— stationary). We
have fi5, = pb; — 179y, 0(tr, vr), so fi5, = pb,
and since ﬁ’;l is bounded then ,u’QCJ is bounded .

ul) + 9,0(ty, vf)))

e For [ € I3(2") then 9(tk,ul)—|—9(tk, vF) —1=0.
By lemma 5.1, we have I;(z*) N Is(2%) = 0 and
L(zF)n Iq>(zk) =0, so, 1 ¢ I (z*)(uf > 0) and

1 ¢ L(zF)(vF > —ty).
By the definition of the strong e— stationary), we
have :

—e < u;l(vlk +itg) < ek

since tj tends to ¢, # 0, there exists b > 0 such
that ¢ > b for all k.

€
<

O<,u f

< &k
i
Then, ug,l is bounded.

Now, let us to show that nf is bounded.

We have
ﬁgl = /J“I2€l - nlkavza(tkvvlk)ﬂ
then |nF| = % ﬂQ , and u2 , are bounded, it

remains to show that 0,,0(t, v) is bounded below.
Since the sequence vlk — vl*,fulk is bounded and
there exist A > 0 such that vlk < A. In other hand,
ty — t. # 0 then there exist b > 0 such that
tr > b # 0. By the concavity of 6 by respect to the
second variable:

D Oty vF) > Dy, O(tg, N) > 0y, (b, ) >0
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So, 9y, 0(tx, vy) is bounded below and we have the
result.

Since o, — oo, we obtain a contradiction in (V.6), so,
we can conclude that ¢, = 0.

ii)We can write (V.5) as:
[V f* + Z vE -
+ Z
+ Z
- Z 113:5)V

8y — vV, EF

p+q+l) ]V p+q+l

~ k
Iy gmi) = 50V Fyy gy

k:
p+j||oo < ek

fol_[f <e, 1=1,...,q

Ak

ul,l_Hz+q+l_|S€k’ Il=1,...,m
nk _
Nz,z_Hp+q+m+z|§6ka l=1,....,m

V.7
Let’s show that {(v*, 8% ¥ ik)} is bounded, where
(% denotes the subsequence restricted to coefficients of
equality constraints.
Assume that the sequence {(v*,3* ik %)} is un-
bounded, then we can find a subsequence such that

(", B, it i)

[NCANCAN I

Using the inequalities (V.7), and since the gradient vec-
tors of F' are bounded (F is continuously differentiable),

and dividing by the term || (v*, 8%, a%, i%) ||, we obtain
at the limit:

— (U, B, i1, Hp) # 0

q p o m
ZZE Zﬁ Z B VaF g

= = m =
+ZM21V P

with V,FF = V, Fy(2*).

Now, we have to show that 7 > 0,7; = 0,7 ¢ I}(z"),
s = 00 ¢ Ip() U LG (=) and
g = 0,0 ¢ I5o(27) U Lo (27)-

The definition of the strong e— stationary we have
7 > 0. Suppose that ¥ > 0, so there exist some
constant ¢ > 0 and all k sufficiently large. This yields
|sF| < % — 0, s0 57 = 0.

Let I € {1,...,m} such that u; > 0 and suppose that
Fypg # 0. We have uf — u; and |3f,| > ¢ for k
sufficiently large. By the definition of the strong e€—

stationary we have 0 < /ﬂfl < Z—’; — 0.
’ 1
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But, ﬁ’fl = /“11 NF O, 0 (e, uf) — 0 (for uj > 0 we
have [“)uﬁ(tk,ul) — 0 ), so we obtain a contradiction.
We deduce that 7z; ; = 0, same proof for 7, ;.

So, we have the following positive linear combination:

> BV.F; +Zev g

i€l (z*) j=1

+ Z P Ve F,

150 (z5) VI (2*)

+q+l

+ Z o Ve Fpygimy + Z Vi€pti
Ié‘o(z*)UIj‘ro(z*) i€l (z*)
+ Z Hi1,1€p+q+k

keI, (z*)Ulg, (2*)

)

lelgy(z7)Ulo(27)

By the given that MPCC-MFCQ is satisfied at z* and
the previous theorem, implies (7;,0;, 7 ;. 7ia;) = 0,
contradiction.

Consequently the sequence (v*,0% ¥ [i%) is bounded
and so there exist a subsequence that converges to some
limit point (v*, 0*, i}, ii3), which satisfies the following
conditions:
Vaf*— W, 0% 0t j3) TV F* =0
v* >0, supp(v*) C I
supp(pi) € Igo(z
supp(pz) S Igo (2"

So, z* is W-stationary point.

M2 1€ptrqtm+l = 0

) U Iék+(z*)a
JULEo(27).

(=)

Suppose now that there exist some indexes [ such
that uj = vj = 0. By taking a sub-sequence of (z*,t;)
strong ¢— stationary point, in these situations, we can
only meet the following situations

Case 1: For every k assigned uf = 0,vF > 0> —t;.
By the definition of the strong ¢— stationary

0 <y (vf + 1) < e

then . .
o<ph, < <k
_ﬂz,l—vl]€+tk =t

when k& — oo, /“21 — 0 since € = o(ty) .

On the other hand, we have 0(ty, uf)+0(ty, vF)—1 # 0,
then 0 = 0.
/7]5,1 = #15,1 — 170y (L, vf) — ps, = 0.

Case 2: uf =0, (v} > —t; and v} < 0).
In this case, we have 0(tg, uf) + (g, vF) — 1 # 0, so
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nF = 0.
Ihen, ﬁlfl = ﬂ’f,l > 0 and ﬁ’gl = ,ugl > 0 so
Mil Z 07/‘3[ Z 0.

Case 3: uf > 0,vf < 0,0f > —t;.
Same proof as case 2.

Case 4: uf > 0,vF >0, and (0(ts, uf) +0(ty, vF) —1 #
0):

Same proof as case 1.

Case 5: uf > 0,vF > 0 and (0(tg, uf) +0(tg,vf) —1 =
0). By the definition of the strong e— stationary

0 < pf yuf < e

then c
k k
Mg < I
k
when k& — oo, “’f,l — 0 since €, = o(ty).
Same, by the definition of the strong e— stationary,
€ €
L]

0<psy < ——— <
Mk T

when k — oo, pub; — 0 since e, = o(t) .

So. i3 5, = (1§ )?0u, 0t uf ) 0oy Ok, 7).

If Is Nnf # 0, we can meet the case 5 and we obtain a
C-stationary point.

If Is N7 = 0 then we obtain a M-stationary point.

VI. NUMERICAL RESULTS

In this section, we present some preliminary numerical
results. These simulations have been done using AMPL
language [6], with the the KNITRO solver. Our aim is
just to verify the qualitative numerical efficiency of our

obtained solution is obtained when standard approximate
stationary and the feasibility conditions are satisfied.
The feasibility is reached if the constraints violation
measure and the variable ¢ are equal to zero up to the
prescribed tolerance.

The following tables give for each considered problem
and for different starting points, the final value of the
variable t,, the objective value (Obj.val) of the MPCC,
the constraint violation A,, and the final value of the
penalty parameter o,.. In our experiments, we used
tol = le — 5 and we made a logarithmic scaling for our
two functions to bound their gradients.

Each constraint

in the case of the 6} function

¢ >1
u; +1 v+t

is in fact replaced by the following inequality

In t + ! >0,
u1+t Ui+t

in the case of the 6} function and

tln (e*uTi + e*%) > 0.

and in the case of the #7 function.

TABLE I
USING §1-FUNCTION

Problem e Start Obj.val AF e
. L - Bard1A T.17c¢ — 05 wa 16.9999 2.56¢ — 09 8
approach. Our algorithm to solve the original MPCC is Coit e e = >
. bilevel2 Be — 11 wa —6600 18c — 11 | 32768
bilevel3 Tc — 06 Wa 12.6787 1.09¢ — 11 7
dempe ic — 07 wa 38.25 1.90c — 13 i
desilva ic — 07 wa —0.09999 | 3.10e — 12 2
We use a subset of the MacMPEC [19] test problems drt Te — 09 wa 1.87c — 13 | 3.29¢ — 22 2
Gauvin 1l.4e — 05 n/a 20 6.21e — 9 4
hs0441 1c — 06 WLLD 7 46c — 06 Te — 19 2
il ic — 08 wa 0.5 ic — 16 2
. scholtes ] le — 07 n/a 2.0 9.57e — 14 2
Algorithm nash1 7e — 05 nashla data T7¢ —08 | 2.05¢ — 09 p)
0.0002 nashibdata | 7.35¢ — 06 | 1.14e — 08 2
. . 0 _ 0.0001 nashlcdata | 3.99¢ — 06 | 1.61e — 09 2
1. Choose a starting point (2%,t9) and og . Set k = 0. PRt elain | 3 0ae “oe | 156 Z 10 5
0.0001 nashle data 7.3¢ — 07 | 3.73¢ — 09 2
; . ; e . satic Znash 2 — 07 2nash10.data —230.82 2.5dc — 11 | 32768
2.. Whllekthe stopping criterion for the MPCCs is not satisfied e o8 T ihoio1 3950 _ 08 250
(i.e. A(z%;ty) > tol ) do le — 06 gnash12.data —36.93 6.1c — 07 | 32768
(A iS deﬁned in (IVZ)) stackelbergl le — 10 n/a —3266.67 9.58e — 15 512

Find an approximate solution (z*+1, tr41) of the penalized-relaxed

problem (Py) , by using (2*,tx) as a starting point.
Let 041 = oy .

with known optimal values and solutions. In all our tests,
we use the same function 3 defined by 3(t) := v/ as in
[16]. The starting point is almost the default value given
by the solver and does not influence the solution. The

IJOA ©2025

VII. CONCLUSION

We proposed a penalization and a relaxation scheme
to solve the MPCC problems. Under the MPCC-
Mangasarian-Fromovitz constraints qualifications, we
showed the link between the penalized problem and
the MPCC, by proving that any accumulation point of
the sequence of strong approximate first-order points
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TABLE 11
USING 62-FUNCTION

Problem [ Start Obj.val AF o %
Bard I A le — 08 n/a 17 6e — 13 2
bilevell 1.2e — 06 n/a 1.7e — 05 5.17e — 10 4
bilevel2 le — 10 n/a —6600 1.37e — 12 32768
bilevel3 le — 06 n/a —7.32144 5.5e — 07 9e + 15
dempe le — 07 n/a 28.25 4.90e — 13 16
desilva 2e — 06 n/a —0.9999 3.9e — 12 2
dfl le — 09 n/a 1.2e — 09 1.2e — 18 2
Gauvin 2.68e — 08 n/a 20 2e — 13 4
jrl le — 08 n/a 0.5 le — 16 2
scholtes] le — 09 n/a 2.25 2.9e — 18 2
nashl le — 07 nashla.data 5.4e — 11 2.5e — 11 2
4e — 08 nashlb.data 3.4e — 11 le — 12 2
2.6e — 07 nashlc.data 0.5 le — 11 2
4.3e — 08 nashld.data 0.5 6.6e — 12 2
5e — 08 nashle.data 4.6e — 09 5.8 — 12 2
hs044-i 1.7e — 05 (1,1,1,1) 7.2e — 06 2.25e — 09 2
gnashl 6.5e — 08 gnash10.data —230.823 2e — 07 32768
le — 05 gnashl1.data —129.915 2.9e — 08 256
le — 06 gnash12.data —36.9331 1.8e — 10 64
stackelberg le — 10 n/a —3266.67 5.48e¢ — 15 256

generated by our scheme is M-stationary for MPCC. To
illustrate the effectiveness of our approach, we tested our
method on several examples from the MacMpec library
and obtained very promising results; This a first step and
we plan in future work, to consider realistic and large-
scale problems.
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