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Updating the Multipliers Associated with
Inequality Constraints in an
Augmented Lagrangian Multiplier Method
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Abstract. This paper contributes to the development of the field of
augmented Lagrangian multiplier methods for general nonlinear pro-
gramming by introducing a new update for the multipliers correspond-
ing to inequality constraints. The update maintains naturally the
nonnegativity of the multipliers without the need for a positive-orthant
projection, as a result of the verification of the first-order necessary
conditions for the minimization of a modified augmented Lagrangian
penalty function.

In the new multiplier method, the roles of the multipliers are inter-
changed: the multipliers corresponding to the inequality constraints are
updated explicitly, whereas the multipliers corresponding to the equality
constraints are approximated implicitly. It is shown that the basic
properties of local convergence of the traditional multiplier method are
valid also for the proposed method.
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1. Introduction

We consider the general nonlinear programming problem, in the format
min f(x), s.t. i(x) =0, x=0, @)
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where xeR", the functions f and / are considered smooth and defined as
f: Q>R and 7: Q>R™, n and m are positive integers satisfying n >m, and
Q is an open set of R".

The multiplier method (Refs. 1-2) is based on the augmented Lagrang-
ian penalty function

L(x; A, ) = f(x) + h(x) " A+ (1/200)h(x) " h(x)
=1(x, ) + (1/2)h(x) "h(x),
where u>0 is a penalty parameter and
[(x, M) =f(x)+h(x) A

is the Lagrangian of f with respect to the equality constraints 4(x) = 0, with
corresponding multipliers Ac R™. Note that the Lagrangian term of the aug-
mented Lagrangian penalty function involves only the equality constraints
h(x)=0. In each outer iteration of this method, the primal iterate x; is
computed by solving the problem

min L(x; Az, W), s.t.x=0, (2)

for some A, and p; >0. The multiplier method (Ref. 1) updates the multi-
pliers A for the next iteration by using the formula

A1 = Mic+ (1/ h(xio).

Thus, the multipliers A corresponding to the equality constraints /4(x) =0
are updated explicitly. The nonnegative multipliers we R", corresponding to
the inequality constraints x=0 in problem (1), can be approximated
implicitly from the multipliers associated with x=0 in problem (2); see
Ref. 2.

The question addressed in this paper is the interchange of the implicit
vs. explicit roles of the multipliers in the multiplier method. It turns out
that it is possible to derive a multiplier method where the multipliers w
corresponding to the inequality constraints are updated explicitly and kept
nonnegative, whereas the multipliers corresponding to the equality con-
straints are approximated implicitly.

For this purpose, let us consider the duality part of the first-order
necessary optimality conditions for problem (1),

VI (x)+ VA(x)A—w =0,

and the corresponding least-square Lagrange multiplier estimate [when
Vh(x) has full rank],

A(x, w) = —[Vh(x) " Vh(x)]'Vh(x) ' [VF(x) = w].
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Therefore, it is possible to consider an augmented Lagrangian penalty func-
tion in the variables x, parameterized by the penalty parameter u>0 and
the multiplier w=0,

P(x;w, ) = £(x) + h(x) "A(x, w) + (1/2)h(x) " h(x),
and to pose the corresponding penalized problem,
min P(x; w, W), s.t.x=0. 3)

Each outer iteration of the new multiplier method involves the computation
of the primal variables x; by solving the problem

min P(x; wy, W), s.t. x=0, 4)

for some w; =0 and y, >0. Then, the outer iteration provides a formula to
update w for the next iteration,

Wi 1= VP(Xi; Wi, o). (©)

This formula results naturally from the first-order necessary conditions for
problem (4) and guarantees the nonnegativity of the new multiplier estimate
Wit

In this paper, we establish the local convergence properties of the new
multiplier method based on (4)—(5) for general programming problems of
the form (1). Although the analysis presented here has a lot in common
with the proof of local convergence for the original multiplier method (Ref.
1), several difficulties inherent to the nature of the new update had to be
overcome. In particular, it is shown that the neighborhood of local conver-
gence is smaller than in the original multiplier method [see (13)]. The new
multiplier method was developed originally in Ref. 3 for nonlinear optimiz-
ation problems of the form

min f(y, u), st.c(y,u)=0,(y,u)=0, (6)

where it was assumed that the partial Jacobian of ¢ with respect to y is
square and invertible.

The paper is structured as follows. In Section 2, we describe the new
multiplier method for (1) in more detail. Then, the local convergence
properties are presented in Section 3. In Section 4, we state some con-
clusions and comments. The proof of the main result of the local conver-
gence analysis, stated in Theorem 3.2, is given in the Appendix of the paper
(Section 5).
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2. New Multiplier Method

A point x satisfies the first-order necessary optimality conditions for
problem (1) if there exist Ae R” and we R" such that

V. I(x,A)—w=0, (7a)
h(x)=0, x=0, (7b)
x'w=0, w=0. (7¢)

Conditions (7) are know as the first-order Karush—Kuhn-Tucker conditions
and can be written in the equivalent form

Z(x) " (Vf(x) —w) =0,
h(x)=0, x=0,
x'w=0, w=0,

where Z(x) is a matrix whose columns form an orthonormal basis for the
null space of VA(x)'; i.e., Z(x) satisfies

Z(x)"Z(x)=1 and Vh(x)"Z(x)=0.

The matrix Z(x) can be obtained from the QR factorization of Vi(x).
Note that the matrix

Z()Z(x)" = I=Vh(x) [VA(x) VA VA(x)

is an orthogonal projector onto the null space . / (VAi(x)") of the matrix
Vh(x)". Similarly, I — Z(x)Z(x) " is an orthogonal projector onto .%7(Vh(x)),
the range space of Vi(x).

The first-order and second-order derivatives of the penalty function P
require the second-order and third-order derivatives of f'and /, respectively.
Therefore, to establish the local convergence properties, we will need the
following assumptions that will be kept throughout this paper.

(A1) The functions f'and / are three times continuously differentiable
in Q, where Q is an open set of R". The Jacobian matrix
Vh(x)" of h(x) has full rank in Q.

We point out that an implementation of the multiplier method (with
or without a globalization scheme) could require only first-order or second-
order derivatives.

To derive the first-order necessary conditions for problem (3), we need
first to calculate the gradient of P(x; w, u) with respect to x. First, we note
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that
VA (x, w) = ~[VA (x, ACxe, w)VA(x) + R(x, w) T IVACx) "VAGOT™,
where the ith row of R(x, w) is given by
R(x, w); = [V L (x, A(x, w)) —w] " Vh(x), i=1,...,m.
Thus, the gradient of P(x; w, i) is given by
VP w, ) = Gy (x; w, )+ Ga(xs w, 1) + G (xs w, ), ®)
where
Gy (x5 w, W) = Z()Z(x) " Vf(x) + [[ = Z(x) Z(x) T w,
Ga(x3 w, ) =~ V3 (x, A(x, w))VA(x) + R(x, w) T [VA(X) " VAGOT h(x),
G3(x; w, 1) = (1 /) VAG)A(x).

To simplify the notation, we will omit the arguments x and x* when it
is clear from the context where the functions are evaluated. For instance,

Vh=Vh(x) and Vf*=Vf(x*).

A point x satisfies the first-order necessary conditions for problem (3)
if there exists we R” such that

ZZ'VNf+(I-ZZ " Yyw—(Val Vh+ R YVE'Vh) 'h

+(1/u)Vhh—w=0, (9a)
x=0, (9b)
x"w=0, Ww=0. (9¢)

Equation (9a) provides an update formula for the multipliers corresponding
to the constraints x =0, that is the basis of the multiplier method considered
in this paper.

The penalty function P, together with the penalized problem (3) and
the equation (9a), suggest a new multiplier method to solve the nonlinear
programming problem (1), which is presented below without any globaliz-
ation strategy.

Algorithm 2.1.

Step 0. Choose initial values p, for the penalty parameter and wy for
the approximation of the multipliers.
Step1. Fork=0,1,2,..., do the following steps.
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Step la. Solve problem (4).
Step 1b. Update the multipliers approximation,

Wiyl = ZZTVf‘F(I_ZZT) Wi
— (V2 Vh+ R YVR VA h+ (1)) Vhh,

where the functions Vf, h, Vi, Z are evaluated at the solu-
tion X(wy, W) obtained in Step la and the functions V2 LR
are evaluated at (X(wx, Ur), A(X(wi, ), Wi)).

Step 1c. Update the penalty parameter py . ;.

The local convergence analysis of the multiplier method, based on
Algorithm 2.1, is presented in Section 3 and corresponds to the analysis
given in Bertsekas (Ref. 1) for the traditional augmented Lagrangian multi-
plier method.

3. Local Convergence Analysis

The study of the rate of local convergence of the multiplier method (as
described in Algorithm 2.1) requires the second derivatives of the penalty
function P(x;w, u). One can show easily that the Hessian matrix of
P(x; w, 1) is given by

V2P(x; w, w = H,(x; w, W)+ Hy(x; w, w) + Hs(x; w, W, (10)
where the matrices

H(x;w, ) =V lZZ" =R (VR'Vh)'Vh',

Hy(x;w,u) =—(I—ZZ "WV l—Vh(Vh'Vh) 'R+ f hiVaihi,

i=1

H(xsw, )= (1/wVAVA" +(1/p) S hVh,
i=1

correspond to the derivatives of G, (x; w, i), Go(x; w, ), G3(x; w, 1) in (8),
respectively.

We start by showing that the penalty function P(x; w, u) exhibits some
exactness properties. The result stated in the next theorem will be helpful
later in the analysis of the local convergence, in particular the fact that the
Hessian of P(x;w, ) is positive definite for u in (0, u*], where u*>0 is
specified later, provided that x satisfies the second-order sufficient con-
ditions for the original problem (1) with multipliers A(x, w) and w.
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Theorem 3.1. Let Assumptions (A1) hold. If (x, A(x, w)) satisfies the
second-order necessary [resp. sufficient] conditions for the original problem
(1), with multipliers w corresponding to x =0, then there exists u* >0 such
that x satisfies the second-order necessary [resp. sufficient] conditions for
the penalized problem (3), for this w and for any pe (0, u*].

Proof. We start by pointing out that, because the matrix

o]
Vh(x)"

is nonsingular, equation (9a), when A(x) = 0, is equivalent to
Z(x)'[Vf(x)—w]=0 and Vh(x)"(w—w)=0.

Thus, from the fact that x satisfies the first-order necessary conditions for
the original problem (1) with multipliers A(x, w) and w, we conclude that x
satisfies also the first-order necessary conditions (9) for the penalized prob-
lem (3) with multipliers w = w.

Now, let us prove the result concerning the second-order sufficient con-
ditions. For this purpose, let Ax satisfy

(Ax); =0, if x;=0and w; >0, (11a)
(Ax);=0, if x;=0and w,; = 0. (11b)
Since i(x) =0 and R(x, w) =0, we have
Ax"VP(x; w, )Ax
=AX'"ZZ'VolZZ Ax-Ax"(I-ZZ ")\Vil(I—ZZ ")Ax
+(1/wAx"VhVh' Ax.

On the other hand, the second-order sufficient conditions for the original
problem (1) say that VZ./(x, A(x, w)) has to be positive definite for all vec-
tors Ax satisfying (11) and

Vh(x) Ax =0,
ie.,
Ax=ZZ " Ax.
Thus,
AX'ZZ "V lZZ  Ax >0,

for all vectors Ax satisfying (11).
So, since
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I1-ZZ" =Vi(Vh'Vh)'Vh',
we have
Ax"V?P(x;w, 1) Ax
> Ax"Vh[~(VA'Vh)Y 'V Vi IVIVR'VR) " +(1/u) | VA Ax,
and the proof is completed by setting
any positivereal,  if (VA'Vh)'Vh Vi I VR(VA Vh)™!
e = is negative semidefinite,

1/o(x, w), otherwise,
where o/(x, w) is the largest eigenvalue of the matrix

(VRVhY 'V V2 IVR(VA VR O

The local convergence properties of the multiplier method are estab-
lished under assumptions (A1) and (A2), where (A2) is given below.

(A2) The point x*€Q is a nondegenerate point (i.e., the gradients of
the functions defining the active constraints are linearly indepen-
dent) satisfying the second-order sufficient conditions for prob-
lem (1) with corresponding multipliers A(x*, w*) and w*. The
pair (x*,w*) satisfies strict complementarity.

The main result is presented in Theorem 3.2 and bounds the distance
between a local minimizer of (3) and (x*, w*) by the penalty parameter u
times the distance between the approximation w and the corresponding
multipliers w*. The proof of this theorem is quite long and technical and is
postponed to the appendix of this paper.

Theorem 3.2. Let x* with corresponding multipliers w*, satisfy
Assumptions (A1)—(A2). There exist positive scalars fi, 8, €, K, K> such that
the matrix

Z*Z* N ¥ Z% 2% — (I - Z*Z* WV (I — Z*Z* ") + (1 /@) Vh*Vh*"
is positive definite, the problem

min P(x; w, W), s.t. x=0, xe B(x*; €), (12)
has a unique solution X(w, ) for all (w, i) in

D* = {(w, : w—w*|| <min{8, 8/u}; 0< p=g}, (13)
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the function X(w, y) is continuously differentiable in D* and, for all
(w, u)e D*, we have

%00, ) = x*[| = 1 pllw =], (14a)
(0w, ) =% = 2 pallw =], (14b)
where W = Ww(w, ) are the multipliers corresponding to X = X(w, u) and
W= Z(X)Z(X) VX)) +[[- Z(X)Z(®) " Tw
— [V (X, w)VAER) + R(X, w) "1 [VA(Z) " VAE)] ()
+(1/wVAR)(R). (15)
Theorem 3.2 can be used to state the basic local convergence properties

of the multiplier method given in Algorithm 2.1, which we summarize in
the next corollary.

Corollary 3.1. Let x* with corresponding multipliers w*, satisfy
Assumptions (A1)—(A2). There exist scalars ,€ (0, 8], ke (0, 1), toe (0, f]
such that, if the sequence {u,} 1is monotone decreasing and
[[wo —w*|| <min{8y, 8o/Uo}, then the sequence {w.}, generated by
Wi+ 1= VPE(Wr, Up); Wi, ), 18 well defined (in the sense that (wy, u,)e D*
for all k) and satisfies

lim sup ||wy 1 —%*||/||[we —%*||=x,  when lim p, >0, (16)
k —+0 k —+c0

and
lim [jweoy —w*||/|lwi —w*|| =0,  when lim g, =0. (17)
k —+00 Kk —>+00

In both cases, we have

lim X(wg, ) = x*, (18)
k—+0

Iim wy = w*, (19)
k —+00

Proof. The limits (16), (17), (19) follow from inequality (14b). The
limit (18) is a consequence of (14a). O

It is also worthwhile to note that the multipliers update (15) can be
seen as an approximation to the steepest ascent iteration applied to the dual
function associated with problem (12); see Ref. 3 for details on how this
was carried out in the context of problem (6).
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4. Conclusions and Future Research

The augmented Lagrangian multiplier method proposed in this paper
is based on the solution of a sequence of bound-constrained minimization
problems. Each outer iteration of the method involves the minimization,
within the bounds, of the augmented Lagrangian penalty function
P(x; w, u) for specific values of the penalty parameter u and the multipliers
w. The evaluation of P(x;w, u) and its gradient requires the solution of
systems of linear equations with VA(x) VA(x). The gradient of P(x;w, )
involves a cross term where second-order derivatives of the problem func-
tions f'and & appear. Thus, each inner or minor iteration [i.e., each iteration
of the iterative process applied to minimize P(x; w, 1) within the bounds] is
relatively costly.

This augmented Lagrangian multiplier method was proposed originally
in Ref. 3 for a class of nonlinear programming problems with a structure
arising from optimal control or design [see (6)]. There, the role of the matrix
Vh(x)"Vh(x) is played by the matrix ¢, (y, u), the partial Jacobian of ¢( y, u)
with respect to the state variables y. There, the computation of the gradient
of the penalty function involves the solution of linear systems with ¢, (y, u)
(linearized state equations) and with ¢,(y, u) " (adjoint equations), for which
solvers are available in many applications; see Ref. 4.

One major open question is weather a globalization scheme, similar to
what was developed in Ref. 2 for the original multiplier method, would be
applicable to the new multiplier method of this paper, yielding the same
type of global convergence. In contrast to what happens in Ref. 2, we do
not have here the equality

VP(x;w, u) =V, I(x, Ax, w))

that seems to us to be crucial to the derivation of global convergence.
Instead, what we get is the following:

VP(x;w, 1) — V. I (x, A(x, W)
= —Z(x)Z(x) "[Vacl (x, 2(x, w))VA(x) + R(x, w) "1 [VA(x) "VA(xX)] 'h(x).  (20)
Of course, when /(x) =0, we do have

VP(x;w, 1) = V. I(x, A(x, W)).

The fact that there is a term depending on the size of the feasibility function

h(x) in (20) makes the global analysis considerably more difficult.
Numerical results obtained for problems of small-scale dimension have

shown that the method is competitive with Lancelot (Ref. 5), sharing some
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of the advantages and disadvantages of the class of augmented Lagrangian
multiplier methods.

5. Appendix: Proof of the Main Result

We prove here the main result of local convergence established in
Theorem 3.2. We will use the following notation. The symbol e represents
a vector of ones with appropriate size and e¢; denotes a vector whose ith
component is unity and the other components are zero. Also, for any vector
v, V'is the diagonal matrix for which the diagonal elements are the elements
of v.

Although the structure of the proof follows the one in Ref. 1, Prop-
osition 2.4, we have additional difficulties here due to the presence of the
bound constraints on the variables. Another difficulty arises when dealing
with the cross term in the multipliers update. This term is not multiplied
by 1/u, but involves w,. A consequence of having to handle this extra term
is that the region D* in (13) becomes smaller than the one in Ref. 1, Prop-
osition 2.4, where instead of min{d, 6/u} we only have &/L.

We need first to organize some of the calculations that will appear later.
The derivative of

s(x) = [VA(x) "Vh()] " h(x)

is given by
Vs(x)" = (VA'VhY 'V —(Vh V)™ % V(Vh'Vh), (VR Vh) " h);
i=1

VIV VR - F(h),

where we have omitted the argument x in the right-hand side. The size of
F(h(x)) varies continuously with /A(x).
Further, we note that, from

Vh(x)"Z(x) =0,
one obtains

Z(x)] VZh(x),
Vi(x) 'VZ(x)] =- : , 21
Z(x); VZh(X),,
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for j=1,...,n—m, where Z(x), denotes the jth column of Z(x). By using
(21), we can write
(Vf=w) ' I-ZZ"\WVZ{
: =-Z"Y [(VA'Vhy'Vh" (Vf=w).V?h,.
i=1

~Vf-w)'"U-ZZ"\VZ, .,
We have assumed that Z(x) is differentiable. Goodman (Ref. 6) has shown
how to extend locally an orthonormal basis Z(x) given by the QR factoriz-
ation of VA(x) so that Z(x) exhibits the same smoothness of /(x).
Finally, we get an expression that will be used later on,
(Vf-w)'Vz/ (Vf-w)'zz'Vz]
: = : -Z'"Vf+Z Vil
Vf=w)'VZ,_, Vf-w)'zz'vVz,_,,
(22)
Now, we are ready to prove Theorem 3.2. The proof is divided in six major
steps.

Proof of Theorem 3.2

Step 1. Preparing the System of Nonlinear Equations. For pu> 0, con-
sider the system of nonlinear equations that results from the first-order
necessary conditions (9) for problem (3). If we multiply equation (9a) by
Vh'" and Z ", we obtain the equivalent system

Vi w—Vh V2 1(x, w)Vh + R(x, w) 1 (VA" VR "h

+(1/wVh"Vhh —Vh'w = (23a)
Z'Vf=Z[Vid(x, w)Vh + R(x, w) 1 (VR'VR)'h—Z " =0, (23b)
XWe=0. (23¢)

Now, we multiply equation (23a) by u and perform the changes of variables
= p(w—w*), (24a)

s =w—w*, (24b)

to obtain the system of nonlinear equations

Vh'r = uVh'[Vil (x, w* + s)Vh + R(x, w*+5) 1 (VA 'Vh)y'h

+Vh'Vhh+ uVh"w* — uVh'vw = (25a)
Z'Vf=Z Vil (x,w* +5)Vh + R(x, w* +5) 1 (VA'VR '"h—Z"Ww =0, (25b)

XWe=0, (25¢)
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that we write as

J(x, w, w) =0.
We analyze this system for pe[0, u*], where u* is such that the matrix
UZ*Z* N 575 Z% T — u(I— Z*Z* WV l5(I — Z*Z* ) + VI*Vh* T (26)

is positive definite for all pe (0, u*]. The existence of such u* >0 is guaran-
teed by Theorem 3.1.

Step 2. Nonsingularity at the Solution When the Penalty Parameter Is
Zero. When r=1s=0and uel0, u*, it is easy to check that the system (25)
has the solution (x*, w*). For r =5 =0, the Jacobian of (25) with respect to
(x, w), at the point (x*, w*) is given by

—uVh* "V 51— Z*Z* ")+ Vh* "Vh*Vh* T —uVh*'
J*0,0,u)=| Z* Vi xZ*Z*" —Z*T

W X*
When p =0, J*(0, 0, u) reduces to
Vh*"Vh*Vh*" 0
J*0,0,0)=|Z* Vo Pk zxzx" —Z*T | (27)

W X*

One can see that J*(0,0,0) is nonsingular. In fact, the assumptions on
(x*, w*) imply that the following matrix is nonsingular:

Vh*' 0 0
VAVARNGN VAV ALY LIS B (28)
W 0 X*

The nonsingularity of (28) implies the nonsingularity of (27).

Step 3. Nonsingularity at the Solution for Positive Values of the
Penalty Parameter. Let (Ax, Aw) be a solution of the following homo-
geneous linear system with the matrix J*(0, 0, t):

[~uVh* Vi 5 — Z*Z* ") + Vh* "Vh*Vh* "|Ax — uVh* ' Aw =0, (29a)
Z* 'V FZ¥Z* T Ax — Z*TAw = 0, (29b)
W*Ax + X*Aw = 0. (29¢)

Equation (29¢) and strict complementarity between x* and »w* imply

Ax"Aw = 0.
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By multiplying (29a) and (29b) on the left by VA*(VA*"Vi*)™" and uz*,
respectively, we obtain
[~u(I—Z*Z* "W l(I— Z*Z* )+ VI*Vh* "\ Ax —u(I - Z*Z* ") Aw = 0,
UZ*Z* N2 75 7% T Ax — uZ*Z* " Aw = 0.
Thus,

UZ*¥Z* N K Z¥Z*% T Ax —u(I — Z*Z* "WV k(I — Z*Z* ") Ax

+ VI*Vh*T Ax — uAw = 0.
By multiplying this equation on the left by Ax", we obtain
Ax'[uZ*Z* N2 75 Z*% T —u(I - Z*Z* Wa k(I — Z*Z* ") + Vh*Vh* "|Ax = 0.
Since (26) is positive definite for pe (0, u*], we conclude that

Ax =0.
Now, using Ax =0, we get

Vhi*TAw=0 and Z*"Aw=0,
implying that

Aw = 0.
Therefore, we have proved that J*(0, 0, i) is nonsingular for pe (0, u*].

Step 4. Use of the Implicit Function Theorem. Now, we apply the

implicit function theorem (Ref. 1, page 12) to the system (25). By identifying
the set

K={0}x {0} < [0, u*]

as the compact set X of that theorem, we guarantee the existence of positive
scalars e and 0 and unique continuously differentiable functions

X=X(r,s, ) and Ww=w(r,s, W,
defined on a neighborhood of K,
B(K, &) ={(r,s, w):||(r,s, w) — (0,0, w)|| < 8, for some (0, 0, u’)e K},
satisfying (25), with
x=xX=X(r,s, ) and w=w=)ri(r,s, W),
and such that
F(r, s, ) — x* ] _

W(r, s, w)—w* ||




JOTA: VOL. 119, NO. 2, NOVEMBER 2003 229

for all (r, s, u)e B(K, 6). Using (25c) and the strict complementarity of the
pair (x*, w¥), and reducing e and J if necessary, one can show easily that,
for all (r, s, e B(K, 8),

X(r, s, W) =0, w(r, s, 1) =0;

the pair (X(r, s, n), w(r, s, )) verifies also strict complementarity; the gradi-
ents of the active constraints are linearly independent at X(r, s, Lt).

Step 5. Bounds (14). We differentiate (25) with respect to (r, s, i), and
write

VA ) Yok ) Vs, s,ﬂ:_m, s (30)

J 9 9
(rys, 1) [Vr w(r, s, ,u)T Va(r, s, ,u)T Vi, s, u)T

Here, J(r, s, i) is the Jacobian of the vector function of the left-hand side
of (25) with respect to x and w, given by
—uVh'Vild(I-ZZ"Y+Vh'VhVh' —uVh'

Z'VelzzZ" —z7T

w X

Ay —uVh"RT(VA'Vh)'VAT + uVh™ (V2. I Vh+ R")F(h)
-1 § V. [VA" (V2. IVh+ ROLI(VA VR h],+ § WV(VA'Vh), 0
i=1 i=1

| Ao = S (VETVRY BLVA[ZT (VA VR+ R, ’
i=1
+Z (Vi IVh+ROF(hy—Z "R (VA'Vh)'Vh" 0
L0 0
where the functions &, Z, Vi, V’h;,i=1,...,m, are evaluated at X(r, s, 1)

and the functions VZ./ and R are evaluated at (X(r, s, w), w(r, s, ), and
where the rows of 4, are given by

(A1) = [r+pn(w* —w)] Vh, i=1,...,m.
The term 4,, is given by
"(Vf-w)'VZ|
A = : +Z'Vf-Z"Vi
L(Vf=w)'VZ,_,,
(Vf-w)'ZzZ'Vz|

>

(Vf-w)'ZZ'VZ,_,,
where the last equality is justified by the derivation (22).
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In (30), B is the Jacobian of the vector function on the left-hand side
of (25) with respect to r, s, u, defined by

B]](V,S,IJ) BIZ(r:Sa.LL) B13(V,S,IJ)

B(r,s,u)=10 By (r,s,u) 0 ,
0 0 0
with
BI](}”, S, I.L) = VhT,
By (r, s, e, = —uVh'" § (VA VR 'Vh"e1;,V*h,VI(Vh"Vh) " h
i=1
(ZZ"e) VI,
+uVh' : (VA'Vhy'h,
(ZZ"e)"Vh,
Bis(r, s, 1) = =Vh[(V2IVh+ RTYVAVRY h+w* —i(r, s, W,
Bos(rs, ) e;=—Z 7 S [(VATVRY'VA ¢, V2h, VAV Vi)
i=1
(ZZ"e)"V?h,
+Z7 : (VA"Vhyh,
(ZZ"e)"V’h,
where j=1,...,n.

Hence, for all (r, s, u)e B(K, 8), we have

[X(r, s, @) — x* }_ [X(r, s, ) —%(0, 0, 0) }
Ww(r, s, W) —w* | (r, s, 1) —1#(0, 0, 0)

1
= —J J(tr, Ts, Ty ' B(tr, Ts, T)(r's ") " dr.
0

Since J*(0, 0, u) is nonsingular for all ue[0, u*], we can show that, for e
and § sufficiently small, J(r, s, u)”" is bounded on

{(r, s, w):]|(r, 9)|| < 8, ue [0, u*]} cB(K, 6).

In fact, it is quite clear from the continuity assumptions that the first matrix
term of J(r, s, i) is a perturbation of size § and e of J*(0, 0, 0). If we look
carefully at the second term of J(r, s, 1), we come to the conclusion that all
the expressions involved depend continuously on either r,u,h, R or
Z ' (Vf—1w), quantities that are of size § and e.
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Now, we can show finally (14). By appealing to
[)E(r, s, @) — x* ]

w(r, s, p) —w*

1
= max ||J(tr, Ts, r/,L)1||J ||B(tr, Ts, Ti)(r 's ") || dr,
7€(0, 1] 0
and by applying the continuity assumptions to the terms that appear in
By (r, s, W), Bix(r, s, ), Bys(r, s, 1), Bxa(r, s, ), we can assume the existence
of positive constants k3 to x5 such that

1%, s, 10) = oc*{| + Do, 5. ) =%

=t llrll + wapdlsl dir, s, ) + espud (1, s, 1)

+ Kot max |[w(tr, Ts, i) —w¥{| + K7 ls]ld (r, 5, ),
1

7e[0, 1]
where

d(r, s, u) = max |[{Vh(X(tr, Ts, Tit)) " Vh(X(tr, Ts, T))} " h(X(tr, T8, TI) |-
7€[0, 1]

Furthermore, from (25a) we write, with X = X(r, s, 4) and w = w(r, s, l),
h(£)= V() "Vh(®) {—uVh(X) [Vl (X, W)VA(X) + R(X, W) ]
+ Vh(X) ' VAE)VA(X) VX)) 'VAE) " (= + wd — wi*).  (31)

Thus, the choice of u* and the continuity assumptions, together with the
expression (31) for A(%), imply that

d(r,s, W)=xsl|r||+ kout m[gui] Iw(zr, Ts, Tt) — |,
Te[0,
for some positive constants kg and xo. Since u=u* and ||s|| < 8, there exist
positive constants ko and x;; such that
||)€(l’, S, .u) _X*H + ||vf)(r, S, [,L) - W_’Y*H

= K10||r|| + KU max ||W(Tr, TS, T/J) - W*H,
7e0, 1]

from which we get, for (r, s, w) replaced by (tr, Ts, TW),

m[(a)l)i] ||147(’L'V, TS, TH) —W*” =[xi0/(1- Kll#)]””H’

for uel0, a], with g <min{u*, 1/x,, }. Therefore,
1%, 5, 1) = x*[[ + b, s, ) = |
=[K10 + Kiokn /(1 = ki )]l
=[K10/(1 = xcr @l [w —w*|]. (32)
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For pe (0, u*] and ||w —w*|| <min{§, 8/u}, let us define

K, p) = X(r, s, ) = X(U(w = Ww*), w =%, @), (33a)
Wwiw, ) = w(r, s, ) = w((w = w*), w —w*, 1. (33b)
Hence, the bounds (14) follow immediately from (32).

Step 6. Optimality of %(w, ). We finish the proof by showing that
X(w,u) 1s the solution of problem (12). First, we point out that
(X(w, w), w(w, p)) satisfies the first-order necessary conditions for (12) as it
can be seen by rewriting the system (25) using the changes of variables (24)
and (33). The first equation of the first-order necessary conditions is, with
X =X(w, w) and w =w(w, U,

Z(DZER) V(D) + [T = Z(HZF) Tw

— [Vl (&, w)VA(Z) + R(E, w) '] [VAER) "VAE)] " h()

+(1/WVAR)I(E) —w =0, (34)
and (15) is clearly true. Now, we show that the Hessian of P(x;w, u) is
positive definite at X(w, u) for all vectors

(Ax); =0, if (X(w, w); = 0 and (W(w, w)); > 0. (35)

The case (Ax);=0 is eliminated, because the pair (X(w, ), w(w, w)) is strictly
complementary. The scalar e can be chosen sufficiently small so that we can
consider

(Ax); =0, if x} = 0 and (w*), > 0.

This means that we can check the positive definiteness of the Hessian of
P(x; w, p) in the same subspace that we consider for P(x*;w*, u). More-
over, we proved in Theorem 3.1 that the Hessian of P(x*; w*, u) is positive
definite for ue (0, u*] in the above mentioned subspace. To achieve our goal,
we show that the Hessian of P(X(w, u); w, i) is a perturbation of size € and
0 of the Hessian of P(x*;w*, u). In fact, the Hessian of P(X(w, w); w, W) is
given by

Vi1ZZ" =R (VR'VhY'Vh' —(I-Z2Z "WV l—Vi(VE'Vh)'R
+ 3 Vi di+ (1 /WVAVE +(1/w) Y, h,Vh;,
i=1 i=1

see (10), with the Lagrangian and the residual R evaluated at (X(w, ), w)
and the remaining functions at X(w, u). The term

V2.UZZT —~ R (VA'VhY'Vh" —(I-ZZ)V2.1
~VI(VA'VE 'R+ (1/)Vh Vi"
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is a perturbation of size € and § of the Hessian of P(x*;w*, u). To bound
the remaining terms, we can rewrite (34), using X=X(w,u) and
W =1w(w, 1), as

(1/Wwh(x) = Vh(R) " VAE){~uVh(ER) [Vidl (£, w)VA(E) + R(Z, w) "]
+[I—Z(R)Z(®) "1} 'VRER) " (0 —w).

Thus, using the continuity assumptions and adding and subtracting w*, we
obtain, for some positive constant ki,

11/ th(EOr, i) = ra2 ([0, ) =7 + [lw = 5*]))

= K12(E + 5),

||h()€(w, W) || =[ix»(e+ 0).

The conclusion is that

S Vidi+(/w) Y hVh

i=1 i=1
is also of size 6 and e, and the proof that the Hessian of P(x; w, u) is
positive definite for all vectors Ax satisfying (35) is terminated. O

The proof shows also that x, and «, in the bounds (14) grow with the
condition number of Vi'Vh.
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