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Abstract. In this paper we study nonlinear Lagrangian functions for constrained optimization
problems which are, in general, nonlinear with respect to the objective function. We establish an
equivalence between two types of zero duality gap properties, which are described using augmented
Lagrangian dual functions and nonlinear Lagrangian dual functions, respectively. Furthermore, we
show the existence of a path of optimal solutions generated by nonlinear Lagrangian problems and
show its convergence toward the optimal set of the original problem. We analyze the convergence of
several classes of nonlinear Lagrangian problems in terms of their first and second order necessary
optimality conditions.
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1. Introduction. It is well known that unconstrained optimization methods,
such as the Lagrangian dual and penalty methods, have been extensively studied in
order to solve constrained optimization problems. A zero duality gap can be guaran-
teed if conventional Lagrangian functions are used to define the dual problem under
convexity or generalized convexity assumptions. Nevertheless, for a nonconvex con-
strained optimization problem, a nonzero duality gap may occur between the original
problem and the conventional Lagrangian dual problem. To overcome this drawback,
various approaches have been proposed in the literature. The convex conjugate frame-
work in [16] was extended in [3, 13] for nonconvex optimization problems. In [17], a
general augmented Lagrangian function was introduced, and it was shown that the
general augmented dual problem constructed with an appropriately selected pertur-
bation function yields a zero duality gap result. Recently, nonlinear Lagrangian func-
tions were introduced using increasing functions for solving constrained optimization
problems. A zero duality gap result is established between a nonconvex constrained
optimization problem and the dual problem defined by using a nonlinear Lagrangian
function in [10, 14, 18, 19]. In passing, we mention that exact penalization-type
results were established for the augmented Lagrangian function in [17], for nonlinear
Lagrangian functions under generalized calmness-type conditions for scalar optimiza-
tion problems in [19], and for vector optimization problems in [12].

Noting the fact that, for nonconvex constrained optimization problems, both zero
duality gap results in terms of augmented Lagrangian dual functions in [17] and
nonlinear Lagrangian dual functions in [19] were established under very mild condi-
tions, it is interesting to investigate whether there is a connection between these two
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results. Therefore, the first goal of this paper is to establish an equivalence between
zero duality gap properties, which are described using a class of augmented Lagrangian
functions with specially structured perturbation functions, and nonlinear Lagrangian
functions, respectively.

Recently, a wide class of penalty and barrier methods was studied in [2], including
a number of specific functions in the literature (see [5, 9]). For convex programming
problems, the existence of a path of optimal solutions generated by these penalty
methods was established and its convergence toward the optimal set of the original
problem was given. Hence, the second goal of this paper is to show, for noncon-
vex inequality constrained optimization problems, the existence of a path of optimal
solutions generated by a general nonlinear Lagrangian function and to show its con-
vergence toward the optimal set of the original problem. Moreover, we illustrate that
this result can be specialized to convex programming problems, and thus a parallel
result to that in [2] is obtained.

We then investigate the convergence analysis of nonlinear Lagrangian methods in
terms of first and second order necessary optimality conditions, where the multipliers
are independent of vectors in the tangential subspace of the active constraints. This
follows the usual method, as in [1, 22]. Thus we need to derive, for example, corre-
sponding second order necessary conditions for nonlinear Lagrangian problems. How-
ever, for cases where nonlinear Lagrangian functions are not twice differentiable, the
derivation of this type of second order optimality condition of nonlinear Lagrangian
problems is by no means an easy task. For example, one of the nonlinear Lagrangian
functions to be considered is of the minimax type. Thus, the resulting problem is an
unconstrained minimax optimization problem or, more generally, a convex composite
optimization problem. Second order necessary conditions for convex composite op-
timization problems were established in [4, 7, 13, 23]. However, in these conditions
the multipliers depend on the choice of the vector in the tangential subspace of the
active constraints. These second order conditions are not applicable in our cases.
Nevertheless, we are able to derive the required first and second order necessary con-
ditions for these nonlinear Lagrangian problems by means of a higher order smooth
approximation and the smooth approximate variational principle in [6, §].

The outline of the paper is as follows. In section 2, we review the zero duality
gap properties, which are obtained using augmented Lagrangian functions and non-
linear Lagrangian functions. In section 3, we show that if the dual problem which is
constructed with an augmented Lagrangian and a specially structured perturbation
function yields a zero duality gap, then the dual problem defined by nonlinear La-
grangian dual functions also yields a zero duality gap, and vice versa. In section 4, we
show the existence of a path of optimal solutions generated by nonlinear Lagrangian
problems and show its convergence to the optimal set of the original problem. In sec-
tion 5, we carry out convergence analysis of this method for several classes of nonlinear
Lagrangians in terms of first and second order necessary optimality conditions.

2. Zero duality gaps. In this section, we introduce some definitions and re-
call the zero duality gap properties, which are described by augmented Lagrangian
functions and nonlinear Lagrangian functions, respectively. Consider the following
inequality constrained optimization problem (P):
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where X C RP is a nonempty and closed set, and f, g; : X — R' (j =1,...,q) are
real-valued functions. Denote by Mp the infimum of (P) and by Xy the feasible set
of (P):

Xo={zeX : gj(z) <0 Vj=1,...,q¢}.

In this paper, we assume that Xg # 0.
Throughout this paper, we also assume that

f(x) >0 VrelX.

Note that this assumption is not very restrictive. Otherwise, we may replace the
objective function f(z) with 1+e/(*) which satisfies the assumption; inf,c x f(x) > 0
also holds; and the resulting constrained optimization problem has the same set of
(local) solutions as that of (P).

Let c: R}r x R — R! be a real-valued function. c is said to be increasing on
RYL x R%if, for any y',y* € R} x RY, y* —y' € Rf‘l implies that c(y') < c(y?).
We will consider increasing and lower semicontinuous (l.s.c.) functions ¢ defined on
RY x R4, which enjoy the following properties:

(A) There exist positive real numbers a;,j = 1,...,q, such that, for any y =
(Y0, Y15 --,Yq) € RL x R, we have

c(y) > max{yo, a1y1,- - -, aqlq}-
(B) For any yo € R},
C(y0,07 e 70) = Yo-

Let y™ = max{y,0} for y € R. The following are some examples of function ¢
(see [18)]):

C(y) = max{y07y17 e ayq}7

1/k
q

k
cly)=|vs+>_ v , k€ (0,+00).

Jj=1

The convergence analysis of optimality conditions for nonlinear Lagrangian dual prob-
lems defined by these functions (see below) will be given in section 5.
Let ¢ be an increasing function defined as above, and

F(z,d) = (f(z),d1g1(x),...,dggq(z)) Vzx e X, d=(dy,...,dq) € R%.
The function defined by
L(xad) = C(F(xvd))

is called a nonlinear Lagrangian corresponding to c.
The nonlinear Lagrangian dual function for (P) corresponding to c¢ is defined by

o(d) = mlél)f( L(z,d), deRY.
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The nonlinear Lagrangian dual problem (Dy) for (P) corresponding to ¢ is
defined by

sup ¢(d).

q
deR?.

Denote by My the supremum of problem (Dy). It can be easily verified [18, 19] that
the following weak duality result holds:

(1) My < Mp.

DEFINITION 2.1. Let ¢ be an increasing function satisfying properties (A) and
(B). The zero duality gap property with respect to ¢ between (P) and (Dy) is said to
hold ZfMN = Mp.

DEFINITION 2.2 (see [2]). Let X C RP be unbounded. The function h : X — R!
is said to be 0-coercive on X if

lim h(z) = +oc.
zeX,||z||—+o0

Let

G(z) = max{g:i(x),...,94(2)}, z€X,
(2) h(z) = max{f(z),G(x)}, =€ X.

THEOREM 2.3. Suppose that h, defined by (2), is 0-coercive if X is unbounded.
If the functions f,q1,...,g4 are l.s.c., then the zero duality gap property with respect
to ¢ between (P) and (Dy) holds.

Proof. Tt is clear that L(z,d) is an increasing function of d. The result follows
from Theorem 4.2 in section 4. a

Let us recall the definition of the augmented Lagrangian function for (P) (for
details, see Chapter 11, section K* in [17]). Let ¢ : R — R![J{+o0}:

o(z) = {f(a:) if v € Xo;

+00 otherwise.

Let f: R? x R? — R'[J{+oo} be a perturbation function [17, p. 519] such that

f(z,0) = o(z), x € RP. Let 0 be an augmenting function, namely, a proper, l.s.c.,

and convex function with the unique minimum at 0 and o(0) = 0. The corresponding
augmented Lagrangian | : RP x RY x (0,+00) — R!'|J{+0o0, —0o} with parameter
r > 0 is defined by

l(z,y,7) = inf{f(z,u) + ro(u) — (y,u) : u € RI},

where (y,u) denotes the inner product of y and w.
The corresponding augmented Lagrangian dual function is

By,r) = inf{I(w,y,r) : @ € RPY,
and the augmented Lagrangian dual problem (D4) is

sup Y(y,r).
(y,r)ERI%(0,400)
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Let M4 denote the supremum of the dual problem (D 4). The following weak duality
for (P) and (D4) holds (see [17]):

(3) My < Mp.

DEFINITION 2.4. Let f : RP x R1 — R'|J{+oc} be a perturbation function and
o be an augmenting function. The zero duality gap property with respect to f and o
between (P) and (D4) is said to hold if My = Mp.

DEFINITION 2.5 (see [17]). A function h : RP x R4 — R'|J{+oc0, —c0} with
values h(zx,u) is said to be level-bounded in x and locally uniform in w if, for each
u € R? and o € RY, there exists a neighborhood V (u) of u, along with a bounded set
D C RP, such that {x € RP : h(z,v) < a} C D Yv € V(u).

THEOREM 2.6 (see [17]). Assume that the perturbation function f : RP x RI —
R U{+oo} is proper and l.s.c., and that f(z,u) is level-bounded in x and locally
uniform in u. Let o be an augmenting function. Suppose further that there ezist
7 € R? and 7 > 0 such that

(4) inf{f(x,u) +7o(u) — (g,u) : x € RP,u € R} > —oo0.
Then MA = Mp.

3. Equivalence of zero duality gaps. In this section, we establish an equiv-
alence of zero duality gap properties between a class of augmented Lagrangian dual
problems and the nonlinear Lagrangian dual problem.

Denote the indicator function of a set D C R? by

0 ify e D;
+o00 otherwise.

ép(y) = {
It is easy to check that (P) is equivalent to the following problem:
Inf f(2) +8ge (91(2), - -, 94(2))

in the sense that the two problems have the same sets of (locally) optimal solutions
and optimal values. Let

H(z) = (91(2), - -, 94(2)),

() flz,u) = f(2) + 8o (H(2) +u) + bx (2).
Then, for z € RP, f(z,0) = ¢(z). Thus, f(x,u) is a perturbation function.

LEMMA 3.1. Let the perturbation function be defined by (5), o an augmenting
function, and v = (v1,...,v). Then

l(z,y,7) =

q
—|—Zng] +1nf Zy]v]—i—ra g1(x) —v1,...,—gq(x) —v,) p fx € X,

+o00 otherwise.
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Proof. Let x € X.

l(z,y,r) = inf{f(z,u) + ro(u) — (y,u) : u € RI}

= mf +Zyj g;j(x) +v;) +ro(—gi(z) —v1,...,—gq(x) — vg)
= +Zngj +1nf ZijjJrro( gi(x) —v1,...,—gq(x) —v4)
Jj=1

Let ¢ X. It is clear that f(z,u) = +oo. Thus I(z,y,r) = +oc. 0
The following proposition summarizes some properties of augmented Lagrangian
1, where f is defined by (5), and the nonlinear Lagrangian L.
LEMMA 3.2. Let the perturbation function f(x,u) be defined by (5). Then, the
following properties of augmented Lagrangian function [ hold:
(M U(z,y,7) < f(x) Vo € Xo, y € RY, 7 > 0, and I(z,0,7) = f(z) Vo € X,
r > 0.
(1) I(z,0,7) > f(z) Vx € X.
(IIT) For any x € X\Xo, y € RY, (x,y,7) — 400 as r — 400,
and the following properties of nonlinear Lagrangian function L hold:
(I') L(z,d) = f(x) Vz € Xo.
(II') L(z,d) > f(z) Vz € X.
(IIT") For any x € X\Xo, L(x,d) — +00 asd — +oc.
Here the notation d = (dy,...,dq) — 400 means that dj — +oo for each j €
{0},
It follows from Lemma 3.2 that I(z, 0, 7) behaves very similarly to L(z,re), where
e=(1,...,1) € RL. For any « € RP, let

JHa)={je{l,....q} 1 g;(x) > 0}, J(2) ={j € {L,....q} : gj(x) = O}.

PROPOSITION 3.3. Let augmenting function o be a finite and l.s.c. function which
attains its minimum 0 at 0 € RY. Let the perturbation function f(x,u) defining the
augmented Lagrangian be selected as (5). If Ma = Mp, then My = Mp.

Proof. It My = Mp fails to hold by weak duality (1) of the nonlinear Lagrangian,
then there exists €g > 0 such that My < Mp — €.

By the assumption, we get

My = sup inf (x,y,7) = Mp.
(y:r)€ R (0,+00) TEX

Then, for ¢ > 0, there exist y € R? and 7 > 0 such that I(x,5,7) > Mp— < L Ve e X.
That is, for any ¢ € X,

q q
_ . _ €0
fla)+) 7;9i(x) + inf Ely 05 +T0(=g1(2) —v1s.. .. —gq(2) —vg) 0 = Mp — .
]:

Let d,, = (d1 ps - -, dgn) — +00. Thus,

xlélg(L(JZ dn) = q(d,) < Mp — €.
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There then exists z,, € X, such that

(7) 0< f(an) < Liwn,dn) < Mp — 3

and

(8) 0 < max {aldl,ngl('rn)a ) aqd%ngq(xn)} S L(xn7dn) S Mp — 650

Equation (7) implies

(9) f(z) + Zﬂjgj(fﬂ) + ) g+ ro(—g1(x) — v1,. .. —gg(x) — vy)

Jj=1

szf%O Vo > 0.

Let ¢ = x, in (9), vjn, = —g;(x,) if gj(zn) < 0, and v;,, = 0 if g;(z,) > 0,
j=1,...,q9. We get
— — * * €
(10) fxn) + Z U;9i(xn) + 7o (=] 0, ..., =05 ) > Mp — 207
JEIT (zn)

where v}, = g;(z,),j € J*(2,), and v}, = 0 otherwise.
By the assumption on o, we know that o is locally Lipschitz around 0 € R9.
Equation (8) and d,, — +o0 yield that 0 < max;¢ j+(5,){9j(2n)} — 0asn — +oo.
Therefore, there exist § > 0 and ng > 0 such that for n > ng,

q
(=0} oo =05 ) < B |05
j=1

Consequently, the facts above and (10) jointly yield

f(zn) + Z (191 +78) max g;(2y)

jeJt (zy
JEJ T (zn) ! (@n)

> flea)+ Y (5 +70)g;(wn)

jeJt(zn)
=flen)+ > Gigi(an) +78Y_ |v]]
jETH (zn) i=1

> fla)+ D Gigi(en) + o0l 0y )
JET T (zn)

ZMP_%)'

Let v = >2%_, ;| + q7B. Then

(11) flan) oy max {g;(n)} > Mp = .

JEI T (zn
On the other hand, let A, = mini<;<4{a;d;,}. It follows from (8) that

Anp, max {g1(2n), .-, 9q(xn)} < L(xn,dn) < Mp — €0/2.
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Thus,

Mp - 60/2
()} < X
s oo} £ ==

By (11), we have

where the last inequality follows from (7).
Noticing that A, — +00 as n — oo and letting n — oo, we obtain

€0 €0
Mp T Mp 5
which is a contradiction. ]
PROPOSITION 3.4. Let function ¢ defining the nonlinear Lagrangian L be contin-
uous. If Mp = My, then Mp = My4.
Proof. By the weak duality (3) of the augmented Lagrangian, M4 < Mp. Suppose
to the contrary that there exists ¢y > 0 such that

My = sup inf I(x,y,r) < Mp — €.
(y,r)ERI % (0,4-00) TEX

Thus,

ig)f(i(a:,y,r) <Mp—¢e VY(y,r)€ R x(0,+00).

In particular,

iniZ(x,O,T) < Mp—¢ Vre(0,+00).
re

;et rn, — -+0o. There then exists ng > 0 such that, for n > ng and some z, € X,
I(20,0,7,) < Mp — . Thus,

. €
flzn)+ inf {rpo(—gi(zn) —v1,...,—g4(zn) —vg)} < Mp — o
UERqu 2
Furthermore, there exists v, = (V1,n,...,0gn) € R% such that
€
(12) f(xn) + Tno'(_gl(mn) —Ulny--s _gq(xn) - Uq,n) < Mp — Zoy n = ng.

Noticing that f(z,) > 0 Vn, we deduce from (12) that

Mp —60/4

U(_gl (xn) S W) _gq(wﬂ) - Uq’n) < r
n

Thus

limsup o(—gi1(zn) — Vi,ns .-, —Gq(Tn) — Vgn) = 0.
n—-+4oo
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Since o is a convex function with a unique minimum at 0 with o(0) = 0, it follows
that

9j(zn) +vjn —0 asn—+oo,(j=1,...,q).

Let €, = maxi<;<q g;(@). Then €, > 0 and €, — 0 as n — +o0. It follows from (12)
and f(x,) > 0 that

(13) 0< f(zn) < Mp — %0, n > np.
Without loss of generality, we assume that
(14) flzn) =t >0 asn— 4oo.

The combination of (13) and (14) yields 0 < to < Mp— <. Let d = (dy,...,d,) € R}.
Then, by the monotonicity of c,

c(f(xn), dig1(zn), ..., degq(zn)) < c(f(zn),den, ..., dey).

Taking the upper limit as n — +o0o and applying the continuity of ¢, we obtain

) €
llmiupc(f(xn)7dlgl(xn),...,dng(xn)) < ¢(to,0,...,0) =tg < Mp — ZO'

Hence, for each d € R%, 3n(d) > 0 such that

€
c(f(@n(a), d191(Tn(ay); - - > dq9q(Tn(a))) < Mp — §0~

It follows that

€
xig)f(c(f(x),dlgl(x), ooy dgge(z)) < Mp — go.
As d € R% is arbitrary, we conclude that My < Mp — ¢, which contradicts the
assumption My = Mp. The proof is complete. 0

The relationships are summarized below between the zero duality properties of
the augmented Lagrangian dual problem (D ), with the perturbation function f(z,u)
selected as (5), and the nonlinear Lagrangian dual problem (Dy).

THEOREM 3.5. Consider the problem (P), the nonlinear Lagrangian dual problem
(Dy), and the augmented Lagrangian dual problem (D 7). If the function ¢ defining the
nonlinear Lagrangian L is continuous, the perturbation function f(x,u) defining the
augmented Lagrangian is selected as (5), and the augmenting function o is finite, lL.s.c.,
and convex, attaining its minimum 0 at 0 € RY, then the following two statements are
equivalent:

(1) MA = Mp 5

(ii) My = Mp.

The following example verifies Theorem 3.5.

Ezxample 3.1. Consider the problem

inf  f(x)
st. zeX, g(x) <0,

where X = [0,+00), f(z) =1/(z+1) Ve € X;g(z) =2 —1if0 <z <1;gx) =
1/yx—1/zif 1 <z < +oo. Then Mp =1/2.
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Let c(y1,92) = max{y;,y2} Vy1 > 0,92 € RL. It is easy to check that My = 0.
Hence My < Mp.
Let

f(@,u) = f(x) + 6p (9(x) +u) + 6x ()
be defined as in (5). Let o(u) = 1/2u? u € R'. Then M4 = 0. Indeed, by Lemma 3.1,

(15)  I(z,y,7) = f(z) +yg(x) + Uirzlg{yv +1r/2(g(x) +v)?} Vee X,yeRYr>0.

By the definition of M4, for any € > 0, there exist 4 € R' and 7 > 0 such that

(16) My <Il(z,y,7)+€ VrelX.

The combination of (15) and (16) yields

(17) Ma < f(z) +5(g(x) +v) +7/2(g(x) +v)* +¢ Vre X, v>0.
Setting v = 0 in (17) gives us

(18) My < f(x) +gg(z) +7/2¢%(z) + € Vo€ X.

Note that, for any = € (1, +00), (18) becomes

(19) MA<$1+<\}5—316)11+7’/2<\/15—§>2+6.

Taking the limit in (19) as  — 400, we obtain M4 < e. By the arbitrariness of
€ > 0, we deduce that M4 < 0. However, it is obvious that M4 > 0. Hence M4 = 0.
Consequently, M4 < Mp. Thus, Theorem 3.5 is verified.

It is worth noting that the following conditions in Theorems 2.3 and 2.6 are not
satisfied:

(i) The condition limgex,|jz||—+oc max{f(z),g(x)} — +oo in Theorem 2.3 does
not hold.

(ii) f(z,u) is not level-bounded in = and locally uniform in u. In fact, for any
sufficiently small € > 0, we cannot find a bounded set Dy C R! such that {z € X :
f(z,u) <1} C Dy holds for all u satisfying |u| < e.

The following examples show that, if the perturbation function is not defined by
(5), then Theorem 3.5 may not hold.

Example 3.2. Consider the same problem as in Example 3.1. Then My <
Mp. But if we let p(x) = f(z), if © € Xy, and ¢(z) = +oo otherwise. Define
f(z,u) = ¢(x); if z € Xg and u = 0, f(x,u) = +oco otherwise. It is then easy to
check that f(x,u) is a perturbation function, but is different from (5). On the other
hand, the augmented Lagrangian I(z,y,7) = f(z) Vo € Xo, y € R', » > 0, and
I(x,y,7) = +00, ¢ Xo. Thus My = Mp.

Ezample 3.3. Let p=q=1. Let X = [0,400), f(z) =2, 2 € X, and g(z) =
x — 1,2 € X. Then we have

o(u) = |u| Yue€ R,

- f(@) —u? ifg(z) <u,z € X;
+00 otherwise.
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It is easy to verify that
F(z,0) = {f(x) if 2 € Xo=[0,1];

+o00 otherwise.

Let us look at the augmented Lagrangian function
I(w,y,7) = f{f(x) — (v + 01 (2))2 + 7o + 1 (2)] — y(on (@) +v) 0 > 0} = —o0.

Thus, (4) does not hold and M4 = —oco. However, Mp = 0. It follows that M4 < Mp.
On the other hand, My = 0. Hence My = Mp.

4. A nonlinear Lagrangian method. Let d € RY. Consider the following

unconstrained optimization problem (Qg):
LD

where L(z,d) is a nonlinear Lagrangian function. Under certain conditions, we show
the existence of a path of optimal solutions generated by unconstrained optimiza-
tion problems (Qgx) (where {d*} C R% and d* — +o00 as k — +00) and show its
convergence to the optimal set of (P).

Let S denote the optimal solution set of (P), S4 the optimal solution set of (Qq),
and vy the optimal value of (Qg).

LEMMA 4.1 (see [12]). Let d € R%. If the functions defining (P) are Ls.c., then
L(-,d) is l.s.c. on X.

THEOREM 4.2. Consider the problem (P). Let h(z) defined by (2) be 0-coercive
on X if X is unbounded. Then S is nonempty and compact. For each d € Ri + e,
Sq is nonempty and compact. Furthermore, for each selection xq € Sq as d — +o0,
{zq} is bounded, its limit points belong to S, and limg— 1o vg = Mp.

Proof. Let T € Xgy. By the 0-coercivity and l.s.c. of h,

Xi={zeXo: fla) < f@}={zeX:h(x) < f@}NX

is nonempty and compact. It follows that S is nonempty. In addition, S C Xj;
therefore, S is bounded. As S = [ cx, [{7" € X : f(2*) < f(x)} ) Xo] is closed by
the lower semicontinuity of f, S is nonempty and compact.

Let hq(z) = max{f(z), [mini<,<q a;]g(z)}. Then

L(z,d) > max{f(x),a1d1g1(x), ..., aqdqgq(x)} > h1(x) Ve X, de R{ +e.

It is easy to see that hi(z) is l.s.c. and O-coercive. Let Xy = {x € X : hy(z) <
f(@)}. Then X, is nonempty and compact. For each d € RY + e, let X = {z €
X : L(z,d) < L(z,d)}. By Lemma 3.2(I'), we have X? = {z € X : L(z,d) < f(z)}.
Moreover, since L(z,d) > hi(z) Yo € X, it follows that X¢ C X, is nonempty and
compact. Hence, Sy is nonempty and bounded. It follows from Lemma 4.1 that L(-, d)
is Ls.c. on X. Thus, Sy is closed. So Sg is nonempty and compact for any d € RS +e.
Moreover,

SeCX4‘C Xy VdeRY +e.

It follows that, for each selection x4 € Sy, {4} is bounded. Suppose that z* is a
limit point of {x4}, namely, 3d* = (d¥,...,d") — +oo and xg — x* as k — +o0.
Arbitrarily fix an z € Xy. Then we have

(20) max{f(xdk),ald]fgl(xdk), .. .,aqd’;gq(mdk)} < L(xdk,dk) < L(m,dk) = f(x).
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Thus,
(21) flzge) < f(z)
and
) s ] i ] -t < 10
Equation (22) implies
g(zgr) < /@) .
{min aj} . {min dk}
1<5<q 1<j<q 7

Taking the lower limit and using the lower semicontinuity of g, we have g(z) < 0, i.e.,
2 € Xg. Taking the lower limit in (21) and applying the lower semicontinuity of f, we
obtain f(z*) < f(z). By the arbitrariness of x € X, we conclude that z* € S.

Furthermore, arbitrarily taking {d*} C R% + e with d* — +o0 as k — +oo,
suppose that zg. — z* € S. It follows from (20) (setting = x*) that f(xg) < vge <
f(z*). Therefore,

v=f(z") <liminf f(z4) < liminfog

and limsup,_,, vge < f(2*) = Mp. Consequently, limy_ 4o vge = Mp. Thus
1imd_,+oo Vg = Mp. |

Remark 4.1. Tt is clear that if f is O-coercive on X, then h is also O-coercive.
Theorem 4.2 holds if the 0-coercivity of h is replaced with the 0-coercivity of f.

As a byproduct, we apply Theorem 4.2 to obtain a corollary for the case that
(P) is a convex programming problem, which is parallel to [2, Theorem 2.2]. In the
following, we assume that f, g; are finite, l.s.c., and convex functions defined on a
nonempty, closed, and convex set X C RP. Let F': R — R'(J{+o00} be an extended
real-valued convex function. The recession function F°° of F' is defined by

epi(F>) = [epi(F)]™,

where epi(F) = {(z,7) € RP x R' : F(z) < r} is the epigraph of F. It is known [2]
that
F(t
F>(y) = inf{liminf M Dt — 400, ) — y} ,
k—-+oco tk:
where {t;,} and {z;} are sequences in R! and RP, respectively.

LEMMA 4.3. Let f, g; be finite, l.s.c., and convex functions defined on a nonempty,
closed, and convex set X. If the optimal solution set S of (P) is nonempty and com-
pact, then h(x) is a finite, l.s.c., convex, and 0-coercive function on X.

Proof. Let us set

400 otherwise,

fla) = {f(x) if v € X;

sy Jgi(e) ifreX;
9;(@) {—!—oo otherwise.
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Then (P) is equivalent to the following convex programming problem (P’):
min{f(z): z € C},

where C ={z € R : §;(x) <0,5=1,...,q}.
It follows from the assumptions and [2] that S is nonempty and compact if and
only if

(23) foo(w) <0, (§j)o0o(w) <0, j=1,....q, we€RP =w=0.

Since S is nonempty and compact, (23) holds.

Now we show by contradiction that h is 0-coercive. Suppose that there exists
{zx} C X such that ||zx|]| — +oo and h(zx) < M for some M > 0. Then f(zy) <
M Yk and g;(z) < M Vj, k. Since {ﬁ} is bounded, without loss of generality we

assume that wy = 255 — w as k — 4o00. Clearly, w # 0 since lw] = 1. It follows
from the definition of a recession function that
. ol wr)
24 w) < liminf “X——"+—% —_— =
24 Joel) S Pl = e Tl =

. o g5 kllwr) _

(25) (97)o(w) < fiminf =220 < Mmoo =
Thus, w # 0, and (24) and (25) contradict (23). 0

Remark 4.2. Let f,g;, X be as in Lemma 4.3. If X is unbounded, then S is
nonempty and compact if and only if A is 0-coercive. This can be regarded as a
characterization of the nonemptiness and compactness of the optimal solution set S
of the constrained convex programming problem (P).

COROLLARY 4.4. Let X be a nonempty, closed, and conver subset of RP. Let f,
g; be finite, l.s.c., and convex functions on X. If S is nonempty and compact, then
for each d € Ri + e, Sq is nonempty and compact. Furthermore, for each selection
g € Sq, {xq} is bounded and its limit points belong to S and limgy_, 4o vg = Mp.

Proof. The proof follows from Theorem 4.2 and Lemma 4.3. O

Next we apply Theorem 4.2 to develop a method to seek a so-called e-quasi-
solution of (P) when (P) may not have an optimal solution.

Let € > 0. The following various definitions of approximate solutions are cited
from [15].

DEFINITION 4.5. z* € X is called an e-solution of (P) if

flx*) < f(z)+e Ve X
DEFINITION 4.6. z* € X is called an e-quasi-solution of (P) if
F@*) < (@) + el — 2| Vo € Xo.

Remark 4.3. An e-quasi-solution is also a local e-solution. In fact, x* is an
e-solution of f on {zx € Xy : ||l — a*|| < 1}.

DEFINITION 4.7. Let € > 0. If x* € Xy is both an e-solution and an e-quasi-
solution of (P), we say that x* is a reqular e-solution of (P).

Vavasis [20] gave an algorithm for seeking a local approximate solution via the
Ekeland variational principle to a problem that contains only box constraints. Specif-
ically, the following optimization problem (P”) is considered:

min  f(z)

s.t. aigxigﬁiv izla"'7pa
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where o, 0;, 1 = 1,...,p, are real numbers and = = (1, ..., p). The algorithm in [20]
attempted to find a feasible solution z*, such that |57 f(z*)|| < ¢, which is a necessary
condition for z* to be an e-quasi-solution of (P”), where € > 0 is a given precision
value.

In the following, we give a model algorithm to find an e-quasi-solution by using a
nonlinear Lagrangian. Let € > 0 and zyp € X. Define

) = f(x) + ez —x0]], z€X.
Consider the following optimization problem (FP):

min  fl(z)
st. zeX, gi(x)<0,5=1,...,q,

and the following unconstrained optimization problem (Q9):
min L(z,d) s.t. = € X,

where L(z,d) = c(f!(z),digi1(2),...,dggq(2)) Vo € X, d = (d1,...,dy) € R, and ¢
is defined as in section 2.
Let S, and S denote the optimal solution sets of (P.) and (QY), respectively.
Let v, and 7 denote the optimal values of (P.) and (Q), respectively.
THEOREM 4.8. Let f(x) be 0-coercive on X if X is unbounded. We have the
following:
(i) S is a nonempty and compact set and, for each d € R% +e, ?2 s a nonempty
and compact set.
(ii) Let Ty € ?Z, d € R%. Then {Z4} is bounded, every limit point belongs to S,
and limg_, 1 oo U5 = Ue.
(iii) Purthermore, any z* € S, is an e-quasi-solution of (P).
(iv) If zo € Xy, then

(26) f(@®) < f(xo) — ellwo — 27|

Proof. Tt is clear that f! is 0-coercive on X if X is unbounded. Applying Theo-
rem 4.2 by replacing f with f!, (P) with (P.), and (Qq) with (QS), we conclude that
S, is nonempty and compact; that for each d € Ri +e, ?Z is nonempty and compact;
that for each selection Ty € S5, {Z4} is bounded; and that each limit point of {Z4}
belongs to S, and limg_,  + 5 = ¥.. Thus (i) and (ii) hold.

Furthermore, for z* € S., we have

(27) f(@") +el|z” — o]l < f(2) + €]z — z0|| V2 € Xo.
It follows that
f(@*) < f(z) + e[|z — 2o — |27 — zol|) < f(z) + €]z — 27| YV € Xo.

That is, 2* is an e-quasi-solution of (P). Thus, (iii) holds. Moreover, if 2 € Xj, then
by (27) (taking x = x), we get (26). The proof is complete. 0

Remark 4.4. The last assertion (26) tells us that even if we already obtained an
e-quasi-solution zg of (P), it is still possible to apply Theorem 4.8 to seek a “better”
e-quasi-solution z* of (P) (if the resulting z* # zg).
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5. Convergence analysis of the nonlinear Lagrangian method in terms
of necessary optimality conditions. In this section, we investigate the conver-
gence of first and second order necessary optimality conditions that are obtained from
nonlinear Lagrangian problems. Specifically, we shall consider the following classes of
nonlinear Lagrangians:

(i) L®(z,d) = max{f(x),d1g1(x),...,dggqe(x)}, v € X;

(i) LF(z,d) = (f(2)F + X0_, dbgt (@))%, 2 € X, where 2 < k < oo;

(iii) L*(x,d) is as in (ii) with 0 < k < 2,
where properties (A) and (B) are satisfied with a; =1,7=1,...,¢.

Throughout this section, we further assume

(Al) X = RP;

(A2) B = infyepe f(z) > 0;

(A3) f, gj, j = 1,....q, are C*', namely, they are differentiable and their
gradients are locally Lipschitz; and

(A4) max{f(x), g1(x), ., g (2)} — +00 as ]| — +oo.

Let f be a C1! function. We denote by 0%f(x) the generalized Hessian of f
at x; see [11, 23]. It is noted that the set-valued mapping = — 9°f(r) is upper
semicontinuous.

We consider the following type of optimality conditions which were derived in
[11, 21]. Tt is worth noting that in these conditions the multipliers do not depend on
the choice of vectors in the tangential subspace of the active constraints.

DEFINITION 5.1. Let z* € Xo. The first order necessary condition of (P) is said
to hold at x* if there exist X\, pj >0, j € J(x*), such that

(28) AV f@)+ Y0 w v gat) =0.
jed ()
The second order necessary condition of (P) is said to hold at x* if (28) holds and,
for any u* € RP satisfying
(29) v Tt =0, jeJ¥),

there exist F € 0% f(x*), G; € 0%g;(x*), j € J(x*), such that

30 w T | AF+ wiG; | u* > 0.
i Gj
JEJ ()

We need the following lemma.

LEMMA 5.2. Let k € (0,400], z € Xo, and dp, = (d1,n,...,dgn)(€ RL) — +00
as n — +oo. If the sequence {x,} C X satisfies L*(xy,dn) < f(2) Vn, then {x,} is
bounded and its limit points belong to Xy.

Proof. Tt is known that max{f(x,),d1.,g1(Tn);- -+ dgnge(®n)} < L*(zy,dy).
Thus,

(31) max{f(xn), dl,ngl(zn)a R dq,ngq(l'n)} < f(Z)

Suppose that {x,} is unbounded. Without loss of generality, assume that ||z, | —
~+o0. By assumption (A4), we get

(32) max{f(zn), g1(xn)s. .., 9q4(xn)} — +00 as n — +oo.
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Since d;,, —» +o0asn — +oo (j=1,...,q), wesee that d; , >1 (j =1,...,¢) when
n is sufficiently large. Hence, for sufficiently large n,

max{ f(rn), g1(Tn),. .. agq(xn)} < max{ f(z,), d1ng1 (Tn), ..., dq,ngq($n)}~

This fact, combined with (32), contradicts (31). So the sequence {z,} is bounded.
Now we show that any limit point of {x,,} belongs to Xy. Without loss of gener-
ality, we assume that z,, — x*. Suppose that x* ¢ Xy. There exists 79 > 0 such that

max{gi(z*),...,g4(z*)} > v > 0. It follows that max{gi(zn),...,9¢(zn)} > 70/2
for sufficiently large n. Moreover, it follows from (31) that

f(z) > LF(x,,dy,) > max{di ng1(zn),...,dq, ngq(xn)}
> min {dj nymax{gi(xn),...,g9q(xn)} > 20 rnln {d] nts

1<5< - 2 1<j
which is impossible, as n — +o0. ]
Define
Jt@)uJ@) ifke(0,2),
JN(Z) =1 J(T) if k € [2,00),

JT(T) if k= oo.

LEMMA 5.3 (see [22]). Suppose that {Vg;(x)};cs=(a) is linearly independent for
any r € Xg and that T, — =¥ as n — 4oo and x* € Xg. Then, for u* € RP
satisfying (29), there exists a sequence {u,} C RP such that \7g;(T,) u, = 0, j €
J*(z*), and u, — u*.

As shown in [1, 22], if z € X and z, — z, then, for sufficiently large n,

(33) J(xn) C J(x), J*(xn) C J(@).

We shall carry out the convergence analysis by considering the following two cases.
Casel. 2 <k < +oo.
Case 2. k =400 or k € (0,2).

5.1. Case 1. 2 < k < 4o0o. When 2 < k < 400, the nonlinear Lagrangian
function L*¥(z,d) is C1!. Thus, the first and second order necessary optimality con-
ditions of (Qg4, ) can be easily derived.

Let dp = (d1,n,---,dgn)(€ RL) — +00 as n — +o0.

Let T, be a local minimum of (Qg,). Thus, the first order necessary condition
for #,, to be a local minimum of (Qg, ) can be written as VL*(%Z,,d,) = 0, or

- — —
(34) an fk 1(1"@) V f(@n) Z dj n gj xn))k Y 9;(Tn) | =0,
JETH(Tn)

where a,, = [L*(Z,, d,)]*.

The second order necessary condition is that, for every u € RP, u' Mu > 0 for
some M € 9*L*(z,,d,); thus there exist F,, € 0*f(Zn), Gj.n € 0%9;(Tn),j € J*(Tn),
such that
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(;-1) a)(VI@)Tu)’ + D Bia(n)(vg (@) Tw)?

7€J+(wn)

+ Z ﬁj, Vf(xn) U)(ng(fn)Tu)

JeJ T (@n)

+ Z Z ﬂh ng(l‘n) u)(ng(fn)Tu)

i€Jt(z,) jeJt (Tn)

ok T k= 1) [ETF@) T+ Y i (795@a) W)

JEJ(Tn)

+ > man) (v, (@) Tu)?

JETT(Tn)

~1 _
(35) —&—an ul | fF L)+ Z gj (Tn))*™ 'Gjn| u>0,
JEJT(Tn)

where a(n), Bi1(n), Bi2(n), Bis(n), £&(n), ni1(n), and n; 2(n) are real numbers.

We have the following convergence result.

THEOREM 5.4. Suppose that {Vg;(z)};cs) is linearly independent for any v €
Xo. Let 2 <k < +o00 and d,, € Ri be such that d,, — +o00. Let T, be generated by
some descent method for (Qq, ) starting from a point z € X and T, satisfy first order
necessary condition (34) and second order necessary condition (35). Then {Z,} is
bounded and every limit point of {T,} is a point of Xo satisfying first order necessary
optimality condition (28) and second order necessary optimality condition (30) of (P).

Proof. Tt follows from Lemma 5.2 that {Z,,} is bounded and every limit point of
{Z,} belongs to X. Without loss of generality, we assume that Z,, — z*. Let

fklxn Z djng] ] >o.

JEJT(Tn)

771
fk 1(.1?” Z an
T +

JEJH(Tn)

4% (g7 ()

=1
bn

Without loss of generality, we assume that

1_
ab " (T,

(36) b — A,
af b (gf (@a)h !
(37) e — p,  jE€J(@").
Then by (33),
(38) A0, p; >0, j€J(@*), and A+ Y p;=1

JjeJ(x*)
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Dividing (34) by b, and taking the limit, we obtain

AV f(x") + Z i 7 gi(z*) =0.

Jj€J(x*)

Since {g;(z*)} es(z+) is linearly independent, it follows that A > 0.
By Lemma 5.3, we deduce that, for any u* € RP satisfying (29), we can find
u, € RP such that

(39) V9 (Tn) Tun =0, j € J(z7)
and
(40) Up — u”.

Furthermore, for every u,, satisfying (39) and (40), we can find F,, € 02f(Z,,), G, €
0%9;(Ty),j € J*(Tn), such that (35) holds with u replaced by .
Substituting (39) into (34), we get

(41) Vf (@) un = 0.
Substituting (39)—(41) into (35), we have

(42) o ul | A EDF S dE (g @) G | un 2 0.

jeJt(zn)

Since T, — x* as n — oo, 02f(-),0%g;(-) are upper semicontinuous at z* and
0% f(x*),0%gj(x*) are compact, without loss of generality we can assume that

(43) F, — Fe¢e 82f(x*), Gjn—G; € 829j(x*), jeJ(x").

Dividing (42) by b,, and taking the limit, applying (36), (37), (40), and (43), we obtain

wT | AF + Z w;iG; | >0 and A > 0.
jeJ(z*)

5.2. Case 2. k = 400 or k € (0,2). When k = 400, problem (Qg,) is a
minimax optimization problem and thus a convex composite optimization problem.
However, the second order necessary conditions for a convex composite optimization
problem given in [4, 23] are not applicable, as the multipliers depend on the choice of
the vector in the tangential subspace of the active constraints. When k € (0, 2), func-
tion g;'(x)k and thus L*(x,d) is not C™!. Thus, the existing optimality conditions in
the literature are not applicable. However, we are able to derive optimality conditions
for (Qg, ) by applying the smooth approximate variational principle, which is due to
Borwein and Preiss [6] (see also [8, Theorem 5.2]).

LEMMA 5.5 (approximate smooth variational principle [8, Theorem 5.2]). Let
X be a Hilbert space. Let g : X — (—o00,+00] be l.s.c. and bounded below with
dom(g) # 0. Let T be a point such that g(T) < infyex g(z) + €, where e > 0. Then, for
any A > 0, there exist ye, ze with ||ye — ze|| < A, [|ze — F|| < A, g(ye) < infrex g(z) + €,
and having the property that the function y — g(y) + (e/A\?)|ly — zc||? has a unique
minimum over X at y = y..
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Remark 5.1. If the Hilbert space X in Lemma 5.5 is replaced with a nonempty
and closed subset X7, then the conclusion also holds. As a matter of fact, if g : X7 —
(—00,400] is Ls.c. and bounded below on X;, we can define a function g : X —
(—00,4+00] as follows: g(z) = g(x) if x € Xy and g(x) = 400 otherwise. It is easy
to verify that g is l.s.c. and bounded below on X. Applying Lemma 5.3 to g, the
conclusion for g follows.

Next we present first and second order necessary conditions for Z to be a local
minimum of L*(z,d) under the linear independence assumption. The proof is given
in the appendix.

PROPOSITION 5.6. Let k € (0,2) or k = +oo. Let T be a local minimum of
L¥(x,d) and {79;(T)}jesz) be linearly independent. Then there ewist X > 0, p; >
0, j € J*(T), with A+ 3¢ ju(z) K = 1 such that

AV @+ D 1y v gi(@) =0

jeJ ()
Furthermore, for each u € RP satisfying
(44) vy;(@ Tu=0, jeJ(),
there exist F € 0*f(T), G; € 0%g;(T), j € J*(T), such that

ul AN+ Z /LjGj u > 0.
JEJ*(T)

THEOREM 5.7. Suppose that {Vg;(x)};c () is linearly independent for any
z € Xo. Let k € (0,2) or k = +o0. Let dpo(€ RY) — 400 as n — +oo. Let T,, be
generated by some descent method for (Qg,) starting from a point z € Xy. Then {T,}
is bounded and every limit point of {T,} is a point of Xo satisfying first order necessary
condition (28) and second order necessary condition (30) of (P), respectively.

Proof. 1t follows from Lemma 5.2 that {Z,} is bounded and every limit point
of {Z,,} belongs to Xy. Without loss of generality, suppose that z, — z* € Xj
and that J*(Z,) U J(T,) C J(z*) for sufficiently large n. That {v/g;(2*)}jes(z+) is
linearly independent implies that {</g;(Tn)}jcs+@,)us(,) is linearly independent
when n is sufficiently large. In other words, the assumptions in Proposition 5.6
hold (with T replaced by T,) when n is sufficiently large. Thus, we assume that
{V9i(@n)}jes+ (@, )ui(z,) is linearly independent for all n.

The first order necessary optimality conditions in Proposition 5.6 can be written
as

(45) An 7 f(Tn) + Z Hin gj(fn) =0,
jeJ(z*)

where A, > 0,5, > 0,5 € J(z%), with p;,, = 0Vj € J(@*)\J(T,) and A, +
ZjeJ(x*) p; = 1. Without loss of generality, we assume that A\, — X\, jtj, — 15,75 €
J(x*), as n — +o0. Taking the limit in (45) gives us

AV @)+ Y v gia) =0,
JEJ(z*)

By the linear independence of {/g;(z*)};je(x+), We see that A > 0. That is, (28)
holds.
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Let u* € RP satisfy (29). Since {/g;(*)}jes(s+) is linearly independent and
T, — x*, by Lemma 5.3, we obtain u, € RP such that

(46) v9; (@), =0,  jeJ(a"),

and uw, — u*.

Thus, if T,, satisfies any one of the second order necessary conditions in Propo-
sition 5.6, then, for every u, satisfying (46), there exist F, € 0°f(Z,),Gj. €
029i(Tn),j € J(z%),

(47) H'rLT ATLFH + Z /J/j,nGj,n Up Z 0;
JjeJ(z*)

where A, y; , are as in (45).
By the upper semicontinuity of 92 f(-),d*g;(-) and the nonemptiness and com-
pactness of 02 f(z*),0%g;(x*)(j = 1,...,q), without loss of generality we assume that

Fn —Fe 82f(1'*), Gj,n - Gj € 829]'(55*), j € J(LU*),

as n — +oo. Taking the limit in (47), we get

w AP+ > Gy | ut >0,
JjeJ ()
where A > 0. Thus, (30) follows. The proof is complete. O

Appendix. Proof of Proposition 5.6. We consider the following two cases.

Case 1. k = oco. In this case, J*(Z) = JT(Z). Since T € X, f(T) > 0. Thus,
it follows that L>°(Z,d) = max{f(¥),d;g;(T)} e+ ). Since T is a local minimum of
L*>°(x,d), there exists 6 > 0 such that

L>(z,d) < L*®(x,d) = max{f(x),d;g;(z)}jcs+@z Vz € Us,

where Us = {z € RP : ||z — Z|| < 6} (X = RP).
Let m > 0 be an integer and

a1
™

sm(x) = | f™(x) + Z dj*gi" (z) , x € Us,
jeJ* (=)

€m = [(q+ )% — 1} L=(7,d).

Then 0 < s, () — L®(z,d) Yz € Us and s,,(T) < [(q + 1) ]L>°(Z, d). Thus,

sm(T) < L®(T,d) + [(q + 1) — 1]L°(z, d)
< L®(xz,d) + [(g+ 1)7 — 1]L®(%, d)
< sm(@) 4+ [(g+ )7 — 1]L°(Z, d)
= sm(2) + € Va € Us.
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Note that €,, | 0 as m — 4oco0. Without loss of generality, we assume that 2671744 <

6 Vm. Applying Lemma 5.5 by setting A = 6m/4, we obtain @/ € Us such that

mo m

!
m

|z, —Z" || < e* and |Z/ —T| <€/

and 7/, is a unique minimum of the problem
(48) min v, (2) = sy (@) + €/ 2|z =72 |* stz e Us.
Note that |7, — 7| < |7, — /|| + |7, — || < 2e* < 6. Tt follows that T, €

intUs. Applying the first order necessary optimality condition to problem (48), we get
VUm(Z,,) = 0. That is,

(49)
1 _q m—1/— m — — —
am TN, v + Y d T,,) 7 95T | + 2607 (@, —T,) = 0,
JEJT ()
where a,, = [s,,(T),)]™.
Let
_ i*l m—1 7/ m m
by, = am f Z d; T,,)

jeJt (@)

It is clear that there exists @ > 0 such that b,, > o > 0 Ym. Without loss of
generality, we can assume that

L em—1 (= a;}{f dm m—l f’
(50) w — A, Jbgj ( 7n) — o, je J+(f),
m m

Thus
A>0, ;>0 j€J5@), and A+ Y gy =1
jeJt (@)
Dividing (50) by by, and taking the limit as m — 400, it follows from (50) that
AV @+ Y 1@ =0,
JjeJt (@)
Since {Vg;(T)} e+ (@) is linearly independent, it follows that A > 0.
Now we apply the second order necessary optimality condition to (48). For any

u € RP, there exists V,,, € 9%*v,,(z},) such that u'V,,u > 0. That is, there exist
F,, € 9*f(z,) and G, € 0%g;(T,,), j € JT(T), such that

m

2

(1) e (@) v @) ¥ e ) v s T

JEJH(T)

@) (v f @, + Y &A@, (Ve (@) ")

JjeJIT ()

—l—a; YT Y@ F,, + Z d;”(gf(f;n))m_l(;j,m u+ 2 /20Ty > 0.
jeJ* ()
(51)
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Since {79;(Z)}jc+ ) is linearly independent and 7;,, — 7, from Lemma 5.3, for any
u € RP satisfying (44), there exists a sequence {u,,}, such that

(52) V(@) Tum =0, j €I (@),

and u,, — u.
The combination of (51) (setting u = wu,,) and (52) yields

(;_1) w2 (f™ (@) 7 F @) ") + (m = 1)ari @) (V@) T )

tamud | S @) F > Al g T @) G hm | Um + 268 Pl g > 0.
JEJT(T)
(53)

From (50) (setting v = u,,) and (52), we have

'Cn_l) BTN @) 7 S (@) um)g/bm‘

3
4e?,

(o)

[ b

1
— e (@~ ) Tunl? (1 ) (0}, <

Therefore,

1
(m—Q¢WQUm%’hw<> ) Jbn =0 as m— .
The first formula in (50) guarantees that, when m is sufficiently large,

af” L@ Y by > A/2 > 0.

Thus, the combination of (50) (letting u = u,,) and (52) also yields

(m—Daig " F (@) (V@) "tm) /b

_ 1 m— 1)4e T 12 aﬁfl m—1 2
= f(fin)( Dden (@, — T)  um]™/[(am "7 (T0,) /b)) by

1
< Wllumllﬁ(m —1)epl?/(A/2).
Noting that
3/2 1/ 3/2 — 1\13/2
Am =12 <dm—1) ((@+ D™ 1) 1@, A2,
we deduce that

(m—Dag 2@ (V@) Ttim)” Jbm — 0 as m — oo

Since 0?f(-), 0%g;(-) are upper semicontinuous at T and 9°f(Z),0%g;(T) are
nonempty and compact, we obtain F € 9*f(Z), G; € 0%g;(T), j € JT (%), such
that

Fn—F, Gy, — G, jeJ"(T) as m — oo.
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Thus, dividing (53) by b,, and taking the limit, we have

@’ | AP+ > Gy la>=0 and A>o0.
JeJT ()

Case 2. k € (0,2). In this case, J*(Z) = JT(Z) U J(T). Since T is a local minimum
of L*(x,d), there exists 6 > 0 such that L*(z,d) < L¥(z,d) Vx € Us. Then

1/k 1/k

fFo+ Y det@] < |rf@+r Y dig e

JjeJ T (T)UJ(T) JEJH(T)UJ(T)

Let

t(2) = ﬁw+%f > @w@+¢@ﬁﬁiﬂak

jeJt(@)UJ(T)

1/k

It is not hard to prove that 0 < ¢,,(%) — L*(%,d) < €, and L¥(z,d) < t,,(z) Vx € Us,
where

. :{ LpkEd) T by ik e (0,1];

ﬁql/k if k € (1,2).
Thus,
tm(E) < L@, d) + € < L*(2,d) + €m < tm(7) + € Vo € Up.
Since €, | 0 as m — 400, without loss of generality we assume that 267171/ Y < 5Vm.
Applying Lemma 5.5 by setting A = en, *, there exist ., To € Uy with |Z0, — 70 || <

er/*, and Iz, —Z|| < en/*, such that 7). is the unique minimum of the optimization

problem
(54) min wy, (z) =ty (x) + €2z =7 |? stz e Us.

Applying the first order necessary optimality condition to w.,(z) and noticing that
T, € intUs, we have \yw,, (Z},) = 0. That is,

ah! <f’“1(fvin) v [ (@)

1 _ _ _ _ _
tor D ik (1 digy @) (R + 1/m) ) vw(%))
jETH(@)UI(T)

(55) 42T, — T) =0,

where

am = (tm(T}))"5 em = djg;(T,) + 1/ d393(T,,) + 1/m.
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Let
51 ¢k 1 k—1 2 2 1\ /2
b= ah | @) o D dien |1 +djgj<x:n>(djgj (@) + m) :
JjeEJH(Z)UJ(T)
Without loss of generality, we assume that
1_
ab fN@)

bm
(56) cj,m/bm*),ufja ]€J+( )UJ( )

— A,

where, for j € JT(Z) U J(T),

a——l 1\ /2
Cjm = %dj m (1 + d]g]( m) (d?gf(x;n) + m) ) .

It is easy to see that u; = 0,5 € J(T), if £ > 1. Thus we obtain A > 0, u; > 0 with
A Djer@hi =1
Dividing (55) by by, and taking the limit, we get

AV @+ Y. uyv e =0.

JEJ+(@)UJ(T)

Applying the second order necessary optimality condition to (54), we know that,
for every u € RP, there exist Fy, € 02f(T,,), Gjm € 0%9;(T,,),j € JT(T) U J(T) such
that

(;—1)%%;2 @)Y IE) e Y aym) v g (@) T

jeJ T (Z)UJ(T)

rab T G- D@ E) WY ) () T

jeJt(@UJ(T)
1 .
—1 1 /— — —
tah T | @) P+ 7" o4 [djgj(x/m) + 495 (@) + —
JjeJH(T)UJ(T)
8 - 1
(57) (1 +d;g; (@) d7 97 (T,) + m) Gj,m> u =0,

where a;(n),0;(n) are real numbers. Since {\/g;(T)} e+ (z) is linearly independent,
ie., {V9;(T)}jcs+@us@) is linearly independent, and 7;, — T, by Lemma 5.3, we
conclude that, for every u € RP satisfying (44), there exists u,, € RP, such that

(58) V95 (@) um =0, j € J(T),

and u,, — u.
Furthermore, for every u,, satisfying (58), we obtain F,, € 0*f(Z,,), Gjm €
0%g;(z),), j € J“‘( YU J(Z), such that (57) holds (with u replaced by ).
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The combination of (58) and (55) gives us

b @) @) Tt = — 2@ — T0) Tt
Thus
1 1_9 . 1
(5-1) b (@) 9 1@ )| < b fun?
and

19 5 o, - —k 2
(k= Da™ P2 @) (T @) T )?| < el

Noting that b, > 1, we obtain, as m — +oo,

(59) o (1-1) b (@) 7 @) ) 0,
(60) Pk~ Dak P2 ) (7 £ () ) 0.

By the upper semicontinuity of x — 9%f(z), v — 0%g;(z)(j = 1,...,q) and the
nonemptiness and compactness of 9% f(Z) and 9%g;(Z), without loss of generality we
can assume that F,,, — F € 9*f(Z), G;., — G; € 0%g;(%), j € JT(T) U J(T).

Letting u = u,, in (57) and substituting (58) into it, dividing (57) by b,, and
taking the limit, and applying (56), (59), and (60), we obtain

a | AP+ Y G| u>0,
jeJ+(@)UJ(T)

where A > 0. 0
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