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Abstract. Based on NCP functions, we present a Lagrangian globalization (LG) algorithm
model for solving the nonlinear complementarity problem. In particular, this algorithm model does
not depend on some specific NCP function. Under several theoretical assumptions on NCP
functions we prove that the algorithm model is well-defined and globally convergent. Several NCP
functions applicable to the LG-method are analyzed in details and shown to satisfy these
assumptions. Furthermore, we identify not only the properties of NCP functions which enable
them to be used in the LG method but also their properties which enable the strict complementari-
ty condition to be removed from the convergence conditions of the LG method. Moreover, we
construct a new NCP function which possesses some favourable properties.
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1. Introduction

In this paper we consider the nonlinear complementarity problem (NCP for
abbreviation): Find a vector x € R" satisfying the conditions

x=0, FX=0, xFx=0, (1)

where F: R"— R" is assumed to be continuously differentiable.

The NCP has many applications in economics, engineering and various equilib-
rium models [6, 9, 17]. Many numerical methods for solving the NCP have been
developed, e.g., see [2, 5, 8, 10, 14, 23]. Among them, an important class of iterative
methods are based on reformulating the NCP as a system of nonlinear equations.

By means of a so-called NCP function, i.e., a mapping #: R* — R satisfying

Y@ b)=0=a=0, b=0and ab=0,
the NCP is reformulated as an equivalent system of nonsmooth equations:

d(x) =0, (2)
where ®: R" — R" is defined by

O,(¥):=o(x, Fx), j=1...,n.
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In order to globalize such methods, a line search technique is used to achieve a
sufficient decrease of the natural merit function

Y6 = 5 [P ®

which is often, if not always, continuously differentiable.

However, such methods are not always successful in finding a solution of the
NCP. In general, such methods can only find a stationary point of ¥ and typically
require strong assumptions in order to guarantee that every stationary point of ¥ is a
solution of the original NCP. Therefore, when one obtains a stationary point x of W,
which is not a solution of the NCP, it is very important and meaningful to have
methods to find another point at which the value of ¥ is less than W(x). In order to
resolve this problem, Chen et al. [3] proposed a Lagrangian globalization (LG)
method for solving the NCP, which can be regarded as a generalization of the LG
method for solving smooth systems [15, 16]. The success of Chen-Qi-Yang method
[3] relies on the use of an NCP function which possesses some favourable
properties.

The NCP function used in [3] is not a unique choice, i.e., there exist many other
NCP functions which may be used to obtain results similar to those in [3]. This
observation motivates us to study further the properties of NCP functions. One
question is: What properties should NCP functions possess to be used in the LG
method? Moreover, the LG method in [3] suffers a drawback in that the strict
complementarity condition is needed for global convergence. Therefore, its applica-
tions are limited. Hence, another question arises: Is it possible to remove the strict
complementarity condition from the LG method? If possible, what properties should
NCP functions have to guarantee to remove the strict complementarity condition in
the LG method?

In this paper we will analyze in details the properties of the following NCP
functions:

¢,(a,b) = |¢(a b)| .
b,@,b) =\i[- @ D).} + [(-3) ,1° + [(-b).1°,
by(@,b) =\[s(@ D)’ + al@).]*, «>0,
¢,(@,b) =\[s(@ D)’ + a[@).1*, «>0,
5@, b) =\[s@ b))+ el@.b,).I°, a>0,
¢s(a,b) =\{[¢(a b)].}* + al(@), ], a>0,

where ¢(a, b):= vVa’ +b*>—a— b is the Fischer—-Burmeister function [7] and for
any u € R, u, :=max{0, u}. The function ¢, is the absolute value function of ¢ and
has been studied in [3] while the function ¢, was discussed originally in [22] and
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then in [20]. Other functions ¢, for i =3, 4, 5, 6, have been studied in a recently
review on NCP functions [21], also see [1, 11, 12, 24].

As in [3], the aim of the LG method is not to present a new method for solving
the NCP, but to find X such that |®(X)|| < ||®(x)|| when the NCP has a solution and X
is a stationary point of W but not a solution of the NCP. In this paper we first present
an LG-type algorithm model for solving the NCP and make several theoretical
assumptions on NCP functions to ensure global convergence of the algorithm. Then
we analyze in details several NCP functions and answer the two questions presented
above.

The organization of this paper is as follows. In the next section, we will briefly
review several basic concepts and some related properties. In Section 3, based on
NCP functions, we first reformulate the nonlinear complementarity problem as an
unconstrained optimization problem and present some preliminary results. Then we
describe an LG-type algorithm model for solving the NCP. In Section 4, we state
several basic assumptions and prove that under these assumptions, the LG method is
well-defined and globally convergent. In Section 5 we give a detailed analysis of
properties of several NCP functions applicable to the LG method. In Section 6, we
show that NCP functions analyzed in the previous section satisfy those basic
assumptions under mild limitations and answer the two questions proposed above
positively. Some conclusive remarks are given in the last section. Meanwhile, we
construct a new NCP function, which is applicable to the LG method and can
remove the strict complementarity condition from the convergence conditions for
the LG method.

Notation: For a given function G: R" —R™, we denote by G, its ith component
function. If G is continuously differentiable, VG(x) is the transposed Jacobian of G at
x € R". If G is directional differentiable, we denote the directional derivative of G at
x € R" in the direction d € R" by G’(x; d). The set of all nonnegative real numbers
is denoted by R, . The symbol || indicates the Euclidean norm, E indicates the

nxn

n X n unit matrix and H; indicates the jth column of the matrix H € R™"".

2. Preliminaries

In this section we state several basic definitions and summarize some related results.
Let O:R"—=R™ be locally Lipschitzian. Then © is differentiable almost

everywhere on R". Denote the set of points at which @ is differentiable by D,. The

generalized Jacobian of ® at x in the sense of Clarke [4] is defined by

90(x) = cof lim VOX)}.
xkeTDX@

Let f: R" — R be Lipschitz near a given point x € R" and let v be a vector in R".
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The generalized directional derivative of f at x in the direction v, denoted f°(x; v), is
defined by

f(y +tv) — f
fo(x; v) =lim supw.
o

The next lemma displays the relationship between generalized gradients and
generalized directional derivatives of f, see Proposition 2.1.2 in [4] for details.

LEMMA 2.1. Let f: R" — R be Lipschitz near x. Then for any v € R", one has
fo(x; v) = max{¢"v | £ € of(x)} .

We now introduce the regularity concept. The function f: R" — R is said to be
regular at x € R" provided
(i) for all v €R", the directional derivative f’(x; v) exists;
(ii) for all v €R", f'(x; v) =f°(x; v).

The next lemma provides some conditions under which the function f is regular,
see Proposition 2.3.6 in [4].

LEMMA 2.2. Let f be Lipschitz near x.
(1) 1f f is continuously differentiable at x, then f is regular at x.
(ii) If f is convex, then f is regular at x.

Semismoothness was originally introduced by Mifflin [13] for functionals and
shown to be very important in the global convergence theory of nonsmooth
optimization. Convex functions, smooth functions and piecewise linear functions are
examples of semismooth functions. Qi and Sun [19] extended the definition of
semismooth functions to vector valued functions. It has been proven that
0:R"—R"™ is semismooth at x € R" if and only if all its component function are
and that the composition of (strong) semismooth functions is still a (strong)
semismooth function. The following results can be found in [4, 8, 19]. For more
details about semismooth functions, see Qi and Sun [19].

LEMMA 2.3. Let #: R"— R be Lipschitzian near x € R". Then

(i) 0€06(x) if @ attains a (local) minimum at x.

(i) 96(-) is upper semicontinuous in the sense that {x“—& y“€ao(x*) and
Y =9t ={y €96(%)}.

LEMMA 2.4. Suppose that p:R"—R" and g: R™ —R are Lipschitzian near
x € R" and near p(x), respectively. Then the following statements hold.
(1) The composite function ¢ =gep is Lipschitzian near x and

d9(x) C co{ag(p(x)) Ip(x)} -



NCP FUNCTIONS APPLIED TO LAGRANGIAN GLOBALIZATION 265

In particular, if g is regular at p(x) and p is continuously differentiable at x,
then

99(x) = 99(PRNVP(X)" -

(ii) If p and g are semismooth at x and p(x), respectively, then the composite
function ¥ is also semismooth at x and

9'(x;d)=g'(p(); p'(x;d)), dER".

(iii) If p and g are strongly semismooth at x and p(x), respectively, then the
composite function < is also strongly semismooth at x.

3. Algorithm model

In this section we first reformulate the NCP (1) as an unconstrained optimization
problem and deduce some relationships between the two problems. Then we present
an LG-type algorithm model which does not depend on some specific NCP function.

The LG method for solving nonsmooth system (2) is usually used in an
algorithmic framework for solving (2), which is composed of two phases. At the
first phase, a standard algorithm such as the generalized Newton method or one of
its variants, is used to solve nonsmooth system (2). If it is stuck at a point, say X,
which is not a solution to (2), then go into the next phase. At the second phase, a
more expensive algorithm (LG method) is employed to find a new point, say X so
that |®(X)|| <||®(x)|. Then the first phase can be reinitiated at X.

In this paper we will focus on the second phase of the above algorithmic
framework, i.e., the LG method for solving (2). As to the whole algorithmic
framework above, see [3] for details. The LG method associates an objective
function f with system (2) to produce an equality constrained optimization problem

of the form:
min  f(x), )
st. ®Kx)=0,

where f: R" — R is specifically chosen and is assumed to be continuously differenti-
able. For example, f(x)=a8e'x where e is the vector of all ones and 6 #0 is a
constant. See [16] for more details about choices of f.

The Lagrangian function associated with (4) is defined by

L(x, A):= f(x) + A D(x) (5)
and the associated augmented Lagrangian function is defined by
1
P.(2):=P.(x, ) 1= L(x, ) + 5 c|[eX)[”, (6)

where A € R" is the Lagrange multiply vector, ¢ is a nonnegative real parameter and
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z:=(x, A). Therefore, the NCP (1) is reformulated as the following unconstrained
optimization problem:

min P_(z) .

zER2ZN

A point (x, A) € R*" is called a critical point of P, if

d
0 E& P.X, A),

; W)
0= Ix P.(x, A) = ®(x),
where the generalized derivative of P_ at (X, A) can be written as
d
= Pt A) = {Vi(x) + HA + cH®(x) [H € ab(x)"},
: (8)

% P.(x, A) = O(x) .

It is easy to deduce the following results, also see [3].

LEMMA 3.1. (i) If x* is not a solution of the NCP, then for any A €R", (x*, A) is

not a critical point of P..

(i) If (x*, A*) is a critical point of P,, then x* is a solution of the NCP.

(iii) If x* is a solution of the NCP and Wi (x*) belongs to the range space of an
element H* € ad(x*)". Then there exists a A* € R" such that (x*, A*) is a
critical point of P, for any cER..

We now state an LG-type algorithm model for solving the NCP (1) as follows:

ALGORITHM 3.1.

Step 0. Choose o, B € (0, 1) and initial vector z° = (X, A°) € R*" with A°<0. Set
k:=0.

Step 1. If the termination criterion is satisfied, then let X :=x*, stop.

Step 2. Choose H* € 9®(x*)". Denote V*:= W¥(x*) + H*(A* + c®(x")) and

K —V*
qi:(—@@%)'
Step 3. Determine t“ = 8™, where m, is the smallest nonnegative integer m such
that
P, +B"q") — P.(2") < —aB" [l . 9)
Step 4. Set z“"':=7+1q", k:=k + 1. Go to Step 1

The above algorithm is similar to that in [3]. However, the above algorithm model
does not depend on some specific NCP function.
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At Step 1 any reasonable termination criterion can be used. Since the LG method
aims at looking for another point at which the value of W is less than W(x) and we
will prove in Theorem 4.1 that x-part of any accumulation point of the sequence
generated by the above algorithm is a solution of the NCP, in our case we can use
the termination criterion of the form: [®(x")|| < y||®(x)|| with some fixed constant
v € (0, 1). In order to analyze the behaviour of the above algorithm, we assume that
the algorithm produces an infinite sequence of points {z*}.

4. Basic assumptions and convergence analysis

In this section we first state several basic assumptions. Based on these assumptions,
we analyze the descentness of the generalized gradients of P, and show that
Algorithm 3.1 is well-defined and globally convergent.

Note that Algorithm 3.1 does not depend on some specific NCP function. In
order to show the well-definedness and global convergence of the algorithm, we
give some assumptions. In the sequel we will prove that under mild limitations, all
NCP functions listed in Section 1 satisfy these assumptions. Denote

1) :={j|®,x) =0} and 1(x):=1{1,...,nNIX).

ASSUMPTION A1l. #(-,-) is nonnegative, semismooth and regular on R?.

ASSUMPTION A2. If the sequence {(a*, b*)} converges and (&* %) € dy(a*, b")
for every k, then the sequence {(&£*, ")} is bounded.

ASSUMPTION A3. For any (a,b)ER? (& 7)€ dy(a b) is always chosen to
satisfy the condition:

2 =0, Iif ,b)#0,
WweR, @b - (e Zo e o (10)

In Assumption A3, we do not assume that any (&, n) € dy(a, b) satisfies the
condition (10). As was done in [3], we have to give mild limitations so as to ensure
the algorithm to choose generalized gradients satisfying (10). In the sequel we will
find that some NCP functions do not require any limitation because any generalized
gradient of these NCP functions satisfies (10). This suggests us to give a stronger
assumption in place of Assumption A3:

ASSUMPTION A3'. For any (a, b) € R? and any (& n) € dy(a, b), the condition
(10) always holds.

From Proposition 2.6.2(e) in [4], we have

ADX)" C D, (X) X 9D, (X) X -+ - X 9D, (X) .
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By Assumption Al, it follows from Lemma 2.4(i) that for any j&{1,...,n} and
any xER", H € ad)j(x)T can be written as the form

H; = 1, (E; + 5(x)VF;(x) (11)
with
(i (X), (X)) € agh(x;, F;(¥)) -

Furthermore, it follows from Lemma 2.4(ii) that for any d € R",
@] (x; d) = ¢ (0, F;00); (d;, VF007d)" = o' (0, Fi00); 1))
where p; 1= (d;, VF;(x)"d)". Hence, we get

@] (x; d) — Hid = ¢'((x, ) py) — (5500, 500Dy (12)

The following result follows immediately from (10) and (12).

PROPOSITION 4.1. Suppose that H € 9d(x)" and that for every j €{1, ..., n}, the
generalized gradient of ¢ in the computation of H; satisfies the condition (10). Then
H satisfies

=0, VjelX),

>0, ViEl. (13)

VAER", ®/(x;d)- Hde{

The next proposition shows that at any noncritical point of P_, some negative
generalized gradient direction of P, is its descent direction if suitable conditions
hold.

PROPOSITION 4.2. Suppose that z := (X, A) is not a critical point of P, and that A
is nonpositive. Let q:=((—V)", (—®X)")" with V= W(x) + H(A + cd(x)) and
H e od(x)". If H satisfies (13), then q is a descent of P, at z, i.e., P.(z; q) <O.

Proof. It is not difficult to deduce
P.(z; q) = —[[PX)* = FX)'V + (A + cPX) D' (x; —V)
= —leEI* -V + X A, (x; —V)

JeIx)

+ 2 (A +cD,)D] (x; —V)

i€l
and
IV[I?=VEX)'V + (A + cP(X) ' H'V
=WV + 2 AHIV A+ X (A +cd)HV,

jEeI(X) jeIx)

which together with (13) and A <0, show
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P.@ ) + VI +II2el°
= 2 A(@ (V) +HV)+ 2 (A +cD,)@] (x; —V) +H[V)

iE1X®) i€

= 2 A(@](x; V) +HV)

IS0}

=<0.
This implies
Pz )< —IVI° = @)’
= —lall’
<0. O

By Proposition 4.2 and similar to the proof of Proposition 4.1 in [3], it is easy to
deduce the following result.

PROPOSITION 4.3. Suppose that Assumptions AZ and A3 hold. If Algorithm 3.1
does not stop at Step 1, then the algorithm is well-defined, i.e., there exiss a finite
nonnegative integer m such that (9) holds.

To prove the global convergence of Algorithm 3.1, we need another assumption
which is associated with the NCP (1).

ASSUMPTION A4. Assume that the sequence {x} converges and that for every
je{1,...,n}, the sequence {(x;, ¥})} with (u;, »}) € dy(x;, F,(x")) converges to
(wr, v}). If for every j and any K, (u, v}) satisfies the condition (10), then
(u, v]") satisfies (10).

It is obvious that Assumption A3’ implies Assumption A4 and hence Assumption
A3’ can replace both Assumtions A3 and A4.

We are now ready to state the global convergence result for Algirithm 3.1 whose
proof is motivated by that of Theorem 4.1 in [3], also see Theorem 2.5 in [18].
However, the convergence result here is based on the above assumptions and does
not exactly depend on the strict complementarity condition.

THEOREM 4.1. Suppose that Assumptions AZ—-A4 hold. Then any accumulation
point z* = (x*, A) of the sequence {z*} generated by Algorithm 3.1 is a critical point
of P, i.e., 0 € dP (z*). Furthermore, x* is a solution of the NCP (1).

Proof. Assume that {z“}, ., —z*. Let H € 9®,(x)". As (11), we may assume that,
for every j€{1,...,n} and any Kk,

HY = u'E, + v*VF,(x) with (1, »¥) € agx, F,(x")) .



270 LIQUIN QI AND YU-FEI YANG

It follows from Assumption A2 that {(u;, ¥)}c« is bounded. Without loss of
generality, we assume that {(u;, 7/ e — (&, 777).

For every j&€{1,...,n}, denote

HY = w'E + v VR (x*).

By Lemma 2.3(ii), we have that (u, »]") € dy(x, F;(x*)) and hence H*:=
(H* ... H*)€ ad(x*)". Proposition 4.1, combined with Assumptions A3 and A4,
shows that H* satisfies (13) at x*. Moreover, from Assumption Al and the structure
of Algorithm 3.1, we deduce A“<0 for all k and hence A* <0.

Let

T

with V* = Vi(x*) + H*(A* + cd(x*)). If 0& dP,(z*), it follows from Proposition
4.2 that g* is a descent direction of P, at z*. Choose o, € (o, 1). By Proposition 4.3,
there exists some constant t* >0 such that

P.@* + t*q*) = P(2%) < —t*a [a*].

Since {z'}, ek = 7%, {0 ek — g%, P.() is continuous and o, > o, there exists
some positive integer k, such that for all k €K and k =k,

P +1%9") — P(z") < —t*o]q|*,
which implies t* = gt* for all k €K and k =k,. Therefore,

P.E*") ~ P = ol
<-prolo'l*, (1)

However, {P_(z")} is monotonicially decreasing and hence it is convergent. By
(14), we get a contradiction: 0< —pt*o]jg*||*<0. This shows 0€ aP (z*). It
follows from Lemma 3.1(ii) that x* is a solution of the NCP (1). O

In this theorem, we assume that an accumulation point of the sequence generated
by Algorithm 3.1 exists. The existence of such an accumultion point can be
guaranteed if the level sets of P, are bounded.

The following is a direct corollary of Theorem 4.1, which does not depend on a
particular nonlinear complementarity problem. Hence it implies that under Assump-
tions Al, A2 and A3’, the global convergence analysis does not require the strict
complementarity condition.

COROLLARY 4.1. Under Assumptions A1, A2 and A3’, the statements in Theorem
4.1 hold.
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5. Properties of several NCP functions

In this section we will give the detailed materials about the generalized gradients
and the directional derivatives of function ¢, for every i €{1, 2, 3, 5, 6}, which are
very useful in the analysis of the next section. The next lemma shows the
semismoothness of function ¢, for every i €{1, 2, 3, 4,5, 6}.

LEMMA 5.1. For every i €{1,2,3,4,5,6}, ¢ is strongly semismooth and ¢? is
continuously differentiable.

Proof. The results on ¢, and ¢, for i €{3, 4, 5, 6} have been proved in [3] and [21],

respectively. Since ¢, \/(-)*>+ (-)* and (), are strongly semismooth functions, it
follows from Lemma 2.4(iii) that ¢, is strongly semismooth. It has been proved in

[22] that ¢2 is continuously differentiable. O

We are now ready to deduce the generalized gradients and the directional derivatives
of function ¢, for every i €{1, 2,3, 4,5, 6}. We first rewrite function ¢, for every
ie{1,2,3,4,5,6} as follows:

¢,(a,b) = a+b—va?+b?, ifa>0b>0,
1@, Va?+b?—a—b, otherwise,

a+b Va’+b®, ifa=0,b=0,
ifa=0,b<0,
(@, b) = ifa<0,b=0,
a+b2 ifa<0,b<0,
V(@ b)]? + afab]?, ifab>0,
3@ b) = { (ab), otherwise ,
VI#(@ b)]? + afab]*, ifab>0,
:(a.0) = {¢( ab), otherwise |
Vb b)]? + afab]?, ifa>0,b>0,
¢5(@.b) = {¢( ab), otherwise |
Jaab ifa>0,b>0,
bs(a,b) =4 V[b(@ b)]° + afab]?, ifa<0,b<0,
¢(a,b), otherwise .

The following results on function ¢, are due to Proposition 3.1 in [3].

PROPOSITION 5.1. (i) If ¢,(a,b)#0, then ¢, is continuously differeniable at
(a, b) and



272 LIQUIN QI AND YU-FEI YANG

< a b >T .
1- ,1— , ifa>0,b>0,
2 2 2 2
Ve@b)=y, P Nkl (15)
(T ) - Masoeso
If ¢,(a, b) =0, then the generalized gradient of ¢, at (a, b) is
{(p0)| pE[-1,1]}, ifa=0b>0,
d¢,(@, b)=1{(0,p)|pE[-1,1]}, ifa>0,b=0, (16)
Q,, ifa=0,b=0,
where Q, = co{Q,, UQ,,}, here
911:{(1_511_77)‘520, 7’201 §2+T]2:1}1
Q,={({-1Ln-1)]é<00rn=0, £ +n°=1}.
(ii) The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is
d d
%vl—k%vz, if ¢,(a b)#0,
¢1((@ b);v) =1 [val ifa=01b>0, (17)
v, if a>0,b=0,
v, 0,)|, ifa=0,b=0.
b, v,)|

PROPOSITION 5.2. (i) If é,(a, b)0, then ¢, is continuously differentiable at
(a, b) and

(<1 a1 b )T if a>0,b>0
- 5 5 - 5 5 1 T a> ) > ’
Va? + b? Va® + b?
(0, -1)7, if a=0,b<0,
Vo, (a, b) = . 18
9.(a,b) =3 (~1,0), fa>0b=0, O
a b T
) , if a<0,b<0.
\(\/a2+b2 ¢a2+b2>
If ¢,(a, b) =0, then the generalized gradient of ¢, at (a, b) is
{(p.O)|pE[-1,1]}, ifa=0b>0,
d¢,(@,b) =110, p) | pE[-1,1]}, ifa>0,b=0, (19)

Q,, if a=0,b=0,
where Q, = co{Q,, UQ,,}, here
Oy, ={1-&1-7m)[£=0,7=0, £&+7°=1},
O, ={(&m)| <0, n=<0, §2+772=1}.

ii) The directional derivative of ¢, at (a, b) in the direction v = (v,, v,)" is
(ii) The directional derivative of ¢, at (a, b) in the directi (vy,0,)"
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I a¢ .
Sa Uit e e i $y(a D) #0,
$i((a,b);v) = il if a=0,b>0, (20)
v, if a>0,b=0,
[P, v,)] ifa=0,b=0.

Proof. (i) (18) is obvious while (19) follows directly from the definition of the
generalized gradient and the expression of ¢,.

(i) If ¢,(a,b) =0, then ¢, is differentiable at (a, b) and hence the assertion
obviously holds.

If a=0 and b >0, then

d’z(tvlv b+ tvz) — d’z(ol b)

$5((0, b); v) =lim
tdo t
_ 2_ 2

o Wit 0+ w,) Vitw,) (b+tv2)’ fo.20.
—J tlo t

lim —a ifv. <0

tlﬂ; o if v, ,
:|vl|'

If a>0 and b=0, the assertion can be similarly deduced. Moreover, since
b,(tv,, tv,) =te,(v,,v,) for any t >0, we get

¢2((0,0); v) =lim ————= ¢2(Ul' ba) = ¢,(vs,0,) - O

PROPOSITION 5.3. (i) If ¢,(a, b)#0, then ¢, is continuously differentiable at

(a, b) and
<¢3 [¢—¢+ aab’ ] = [¢%+aa2b]>T, if ab>0,

V¢3(a, b): (% %) — a -1 b -1 !
@) Vv Naibr )
if a=0and b<0,ora<0and b=0.

(21)
If ¢,(a, b) =0, then the generalized gradient of ¢, at (a, b) is
{(p.0)| pE[-1, V1+ab®}, ifa=0b>0,
dds(@ b)=1{(0, p)| pE[-1, V1+aa’]}, ifa>0b=0, (22)

Q,, if a=0,b=0,

where Q, =Q,.
(ii) The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is
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(9 I .
a—aavl +a—b302 , if ¢,(a,b)#0,
V1+ ab®v,, if a=0,b>0and v, >0,
bi((a, b);v)=< -v,, if a=0,b>0and v, <0, (23)
V1+ ad’v,, if a>0,b=0and v,>0,
—v,, ifa>0,b=0and v,<0,
@, v,)|, ifa=0,b=0.
Proof. If ab # 0, the assertions are obvious. For a =0 and b <0, we obtain
GV . 1 1
Jim ey -t ad lim ey T2
t—b t—b
which imply
lim V,(s,t) = (-1, 2)" = lim Ve,(s,t).
s— s—0"
t—b t—b

So, ¢, is continuously differentiable at (0, b). Similarly, we can deduce that ¢, is
also continuously differentiable at (a, 0) if a <0.
Fora=0 and b>0, it is easy to deduce

1 6.0

lim and lim

S
s ACH VI V1 + ab? 520 S

Hence, we get

lim Ve,(s,t) =(V1+ ab?0)" and lim Vs (s, 1) = (=1, 0)",
s—0" s—
t—b

t—b

which shows
a¢3(0! b) = {(pr 0) | pE [_1! vV1+ abz]} .
Furthermore, we have
¢3(tvlv b+ tvz) - ¢3(0’ b)

$3((0,b);v) =lim t
i Vg, b + tvz)]zt+ o, @ +w)l” 0, >0,
'fﬂ?w' if v, <0,
z{mvl, if v, >0,
-v,, if v,<0.

If a>0 and b =0, the assertions can be similarly deduced.



NCP FUNCTIONS APPLIED TO LAGRANGIAN GLOBALIZATION 275

Moreover, we deduce

VIg(t,, t,)] + a[(tv,v,).1?

¢4(0,0);v) :Itiﬂ? n
iy VIt6©3, )1 + at'[0,0,) .1
tlo t
= ¢, v,)] -
By the definition of the generalized gradient and noting that
a, b . a,b .
5 ham =t A Syt £ e "

it follows from (21) that Q; = co{Q,, U Q,, U Q,,}, where

Qy={1-&1-7m)[£20,9=0, & +9° =1},
QSZ :{(5_1,77_1)’ §$0, ngov §2+7’2:1}1
933:{(§_1!7]_1)| fngov §2+772:1}
The proof is complete. O
Note that for every i€&{4,5,6}, function ¢ is only a variant of ¢, and
¢, b) = ¢ b) for any i€{3,4,5,6} if ab=<0; i.e, function ¢ for every
i €{3,4,5, 6} is different only in the first and third quadrant. According to the

previous analysis, it is not difficult to deduce the generalized gradients and the
directional derivatives of function ¢, for every i €{4, 5, 6}, we omit the process.

PROPOSITION 5.4. (i) If ¢,(a, b)#0, then ¢, is continuously differentiable at

(a, b) and
(L ],22 s ] L[ ¢ 4 ] !
<¢4 [d)aa+2aabb s d)ab+2aab ,
if ab>0,
Ve, (a, b) =< a b T (24)
-1, -1) ,
\ ifa=0and b<0,ora<0and b=0.
If ¢,(a, b)=0, then the generalized gradient of ¢, at (a, b) is

{(p.O)|pE[-1,1]}, ifa=0b>0,

dd,(a b)=91(0, p)| pE[-1,1]}, if a>0,b=0, (25)

Q ifa=0,b=0,

4

where Q, =Q,.
(ii) The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is
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¢ 3¢, :
Sa V1T gp V2o If #@b)#0,

$.((@ b);v) =1 vl if a=0,b>0, (26)
[val if a>0,b=0,

|y, v,)l, ifa=0,b=0.
PROPOSITION 5.5. (i) If ¢4(a, b)#0, then ¢, is continuously differentiable at

(a, b) and
(|65 raa |5 [ o5 +aan])
if a>0,b>0,

a b T
-1, -1 ,
<Va2+b2 Va? +b? >

\_ ifa<O0Oorb<0.

Vebs(@, b) =9 (27)

If ¢-(a, b) =0, then the generalized gradient of ¢, at (a, b) is

{(p0)|pE[-1, V1+ab®]}, ifa=0b>0,
dds(@,b) =1{(0, p)| pE[-1, V1+ d’]}, if a>0,b=0, (28)
Q. ifa=0,b=0,
where Q. =Q,.
(ii) The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is

(3, d .
aas v, + abS v,, Iif ¢5(a,b)*0,

V1+ ab®v,, if a=0,b>0and v, >0,

oL@, b);v)=< -0, if a=0,b>0and v, <0, (29)
V1+ ad’v,, if a>0,b=0and v,>0,

-v,, if a>0,b=0and v, <0,
\o©,,v,)|, if a=0,b=0.

PROPOSITION 5.6. (i) If ¢4(a, b)#0, then ¢, is continuously differentiable at
(a, b) and

((Vab, vaa)', ifa>0,b>0, )

<¢ [¢>—¢+ abb] (; [¢a¢+aab]>T,
Ves(a, b) =< |f6a<0,b<0, 6 > (30)

a b T
-1, -1 ,
<\/a2 + b? Va? +b? >

\ ifa=0and b<0,ora<Oand b=0. y,

If ¢¢(a, b) =0, then the generalized gradient of ¢, at (a, b) is
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{(p.0)| pE[~1, Vab]}, ifa=0b>0,
9@, b) =110, p)| p €1, Vaal}, if a>0,b=0, (31)
Q. ifa=0,b=0,

where Q¢ = co{{(0, 0)} U Qg, U Qy,}, here
Qﬁl :{(5_1,77_1” fgov ngov §2+7’2:l}1
Qe ={(6-1,n—1)|n=<0, £ +7°=1}.
(i) The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is

r%—(zevl+%vz, if ¢4(a, b)#0,
Vabv, , ifa=0,b>0and v, >0,
$.((@ b);v) =< ~V1, ifa=0,b>0and v, <0, (32
Vaav, , ifa>0,b=0and v,>0,
—v,, ifa>0,b=0and v,<0,
[, v,)], , ifa=0,b=0.

6. Verification of assumptions

In Section 4 we have proven that Algorithm 3.1 converges globally if suitable
assumptions hold. In this section we will show that function ¢, for every i€
{1,..., 6} satisfies Assumptions Al and A2. For every i €{1,...,5}, function ¢
satisfies Assumptions A3 and A4 if restricting the choice of the generalized
gradients of ¢, at the origin and assuming that the strict complementarity condition
holds at the limit point, while function ¢, satisfies Assumption A3’ without any
condition.

The next theorem follows immediately from Lemma 5.1 and Propositions
5.1-5.6.

THEOREM 6.1. For every i €{1,..., 6}, & = ¢, satisfies Assumptions AZ and A2.

Now we turn to deduce the conditions under which Assumption A3 holds. To this
end, we first show the next proposition.

PROPOSITION 6.1. For every i €{1,...,6}, V(a, b) ER? and V(& 7) € a¢,(a, b),
one has

' , =0, if ¢(ab)#0,
¢i((@ b);v) = (& ’7)”{20, if ¢ (a, b) =0 but (a, b) = (0, 0).

Proof. The proof is based on Propositions 5.1-5.6.
If ¢.(a, b)=#0. Then ¢, is continuously differentiable at (a, b) and
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Bi(@ b)) =g, + S, and agan)={ (52 50) |

which imply ¢/ ((a, b); v) — (& n)v =0.
Ifa=0and b>0. Fori=1, 2, 4, we have

#i(@ b);v)— (& =v,| - &, =0, VEE[-1,1].
For i =3, 5, we have

¢i'((a,b);v)—(§,77)v={V1+abzvl_fvl’ ifv, >0,
-v, — &, , ifv, <0,

=0, VéE[-1, V1+ab?.
For i =6, we have

/ | _ [~abv, - &, , ifv,>0,
qSi((a,b),v)—(‘fﬂ?)U—{_vl_gvl, ifv, <0,

>0, VéE[-1, Vab].

If a>0 and b =0. In this case, the proof is similar to that of the previous case.
The assertion is proved. O

From the above proposition, in order to verify Assumption A3, we only need to
consider the case: (a, b) = (0, 0). The following basic lemma is due to Proposition
3.5 in [3] and will play a very important role in the analysis of this section.

LEMMA 6.1. For any (s, t) € Q,, we have

|p(a, b)| —as —bt=0, (33)
where

Qo ={(EM(E+D)° +(+ 1) <BU{(Em)]-1<£<0, ~1<n=0}.
Denote

ﬁ2:=Qzﬂ{(§,n)|§s0, n=<0} and f)i:=QO for i=1,34,56.

It is obvious that fli CQ, for every i €{1,...,5} and fze = ,. From the above
basic lemma and Propositions 5.1-5.6, we deduce the next proposition.

PROPOSITION 6.2. For every i €{1,...,6} and Yv € R?, one has
#:((0,0);v) = (&) =0, (34)
whenever (&, m) € f)i.
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Proof. For every i €{1, 3, 4,5}, since f)i =Q, and ¢/((0,0);v) = |p(v,, v,)|, it
follows directly from Lemma 6.1 that
$1((0,0);v) — (&, mv =|b(vs,0,)| — &0, —m, =0, V(&M EQ,.
Moreover, it is not difficult to deduce
-, , ifv,=00,=0,
|¢(vl, v,)| — év, —mu,, otherwise,

$4((0,0);v) = (&, m)v = {

=0, V(&m)EQD,;

and
[Py, v,)| — —nu,, ifv,;=0,0v,=0,
) —fvl—(l+n)vz, ifv,=0,0,<0,
(0, 0);v) = (£ muv = -1+ &v, —m,, if v, <0,v,=0,

Vol +ovi— &, —n,, ifv,<0,v,<0,
=0, V(&n)EQ,,
where the last item above is due to
v +v; = (b0, +mu,)° = (1= € + (1 —n"); — 28,0,
=7"v; + £°0] — 26m,0,
=0, €(&n)€E,.

The proof is complete. O
The next theorem is a direct consequence of Propositions 6.1 and 6.2.

THEOREM 6.2. For every i €{1,...,5}, function ¢ = ¢, satisfies Assumption A3
whenever the generalized gradients of ¢, at the origin are chosen within (),.

Assume that {x }ax* If for some j€{1,...,n}, the sequence {(,u], Vi )} with
(,uj, v, )Eaz/r(xj, J(x )) converges to (u", v; ) and for any Kk, (,uj, v; “ satlsfles
(10). It follows from Lemma 2.3(ii) that (,uJ L ] ) EaP(XT, Fi(x*)). However,
Proposition 6.2 implies that (w", »;) does not necessarlly satisfy (10). If we
suppose that the strict complementarity condition holds at x*, i.e.,

lo(x*) =

where 1,(x) :={j |x; =0, F,(x) = 0}, then (w;*, »]°) satisfies (10). Hence, we deduce
the next theorem.

THEOREM 6.3. For every i €{1,5}, function ¢ = ¢, satisfies Assumption A4
whenever the generalized gradients of ¢, at the origin are chosen within €}, and the
strict complementarity condition holds at the limit point of {x"}.
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Since f)e = (), in the proof of Proposition 6.2, we have actually proved that (34)
holds for any (& ) € Q. This means that we have deduced the next theorem.

THEOREM 6.4. Function ¢ = ¢, satisfies Assumption A3’.

From the analysis above, all NCP functions listed in Section 1 satisfy the needed
assumptions so as to ensure the global convergence of the LG method whenever the
generalized gradients of the corresponding ¢, at the origin are chosen within €}, and
the strict complementarity condition holds at the limit point of {x*}. However, due to
Qg = Qg, Theorem 6.4 shows that if ¢ = ¢ is used in the LG method, then the
strict complementarity condition and the limitation in the choice of the generalized
Jacobians of ¢ are unnecessary.

On the other hand, the above analysis also answers positively the two questions
presented in the introduction. If some NCP function satisfies Assumptions A1-Ad4,
then it can be used in the LG method. Moreover, if it satisfies Assumption A3’
instead of Assumptions A3 and A4, then the strict complementarity condition can be
removed from the LG method.

7. Final remarks

In this paper we proposed an LG-type algorithm model for solving the nonlinear
complementarity problem. In particular our algorithm model does not depend on
some specific NCP function. We find that under our algorithm model, in order to
guarantee the global convergence of the algorithm, some NCP functions require
mild limitations while other NCP functions do not require any limitation. For
example, if we use function ¢, in our algorithm model, then the global convergence
of the algorithm does not need the strict complementarity condition whereas if we
use other functions., even its variant ¢, for i =3, 4, 5, we cannot remove this
condition. Actually, we have deduced the assertions:

e NCP functions satisfying Assumptions A1-A4 are applicable to the LG method.
o NCP functions satisfying Assumptions Al, A2 and A3’ are applicable to the LG
method without requiring the strict complementarity condition at the solution.

Meanwhile, we studied in details six NCP functions applicable to the LG method.
Based on the observation to these NCP functions, we can construct a new NCP
function possibly with the same properties as ¢,. Set

¢,(a b):=V[(-a).]" + [(~b),]* + al(@b)]*, a>0,

Veaab ifa=0,b=0,
—h, ifa=0,b<0,
=3 -—a, ifa<<0,b=0,

\/a? +b% + a(@ab)?, ifa<0,b<0.
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We observe that the function ¢, with a =1 can also be reformulated from a merit
function studied in [11]. It is not difficult to deduce the following results:

e ¢, is strongly semismooth and ¢2 is continuously differentiable.

o If ¢,(a, b)# 0, then ¢, is continuously differentiable at (a, b).

o If ¢,(a, b) =0, then the generalized gradient of ¢, at (a, b) is

{(p,0)| pE[-1, Vab]}, ifa=0,b>0,
d¢,(@,b)=1{(0, p)| pE[-1, Vaal}, ifa>0,b=0,
Q,, ifa=0,b=0,

where Q,:={(&n)|£<0, n=<0, & +7n°<1}.
e The directional derivative of ¢, at (a, b) in the direction v = (v, v,)" is

(e d¢ .

6a7vl+8—b702’ if ¢,(a,b)#0,

Vabv, , ifa=0,b>0andv, >0,
/ oy _J - ifa=0,b>0and v, <0
(){) a,blv_ 211 I ’ 1 3
(@ b)) <—\/aavz, ifa>0,b=0andv,>0,

—0,, ifa>0,b=0andv,=<0,

(VI(—v,). 1 +[(-v,).1, ifa=0b=0.

e Function ¢ = ¢, satisfies Assumptions Al, A2 and A3'.

The last item above shows that: if we use & = ¢, in our algorithm model, then the
global convergence of the algorithm does not require the strict complementarity
condition.

An interesting question is whether the LG-type algorithm model presented in this
paper can be generalized to the mixed complementarity problem, the box con-
strained variational inequality problem even the general variational inequality
problem, or whether it is possible to avoid the unboundedness of the multiplier
sequence in the implementation of the algorithm.

Moreover, in this paper we do not discuss the conditions under which the iterates
generated by the LG method are bounded. This is also a very important and
interesting question. We will leave these questions as further research topics.
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