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Abstract

Stabilized sequential quadratic programming (SQP) methods for nonlinear optimiza-
tion provide a sequence of iterates with fast local convergence regardless of whether or
not the active-constraint gradients are linearly dependent. This paper concerns the global
convergence properties of a stabilized SQP method with a primal-dual augmented La-
grangian merit function. The proposed method incorporates several novel features. (i) A
flexible line search is used based on a direction formed from an approximate solution of
a strictly convex QP subproblem and, when one exists, a direction of negative curvature
for the primal-dual merit function. (ii) When certain conditions hold, an approximate
QP solution is computed by solving a single linear system defined in terms of an esti-
mate of the optimal active set. The conditions exploit the formal equivalence between
the conventional stabilized SQP subproblem and a bound-constrained QP associated with
minimizing a quadratic model of the merit function. (iii) It is shown that with an ap-
propriate choice of termination condition, the method terminates in a finite number of
iterations without the assumption of a constraint qualification. The method may be in-
terpreted as an SQP method with an augmented Lagrangian safeguarding strategy that
becomes relevant only when the iterates are converging to an infeasible stationary point
of the norm of the constraint violations. If the safeguarding strategy is not invoked, the
method terminates with a point that approximately satisfies certain second-order neces-
sary conditions for optimality. In this case, if all termination conditions are removed,
then the limit points either satisfy the same second-order necessary conditions exactly or
fail to satisfy a weak second-order constraint qualification. (iv) The global convergence
analysis concerns a specific algorithm that estimates the direction of least curvature of
the merit function at each step. If these directions are omitted, the analysis still applies
and establishes convergence to either first-order solutions or infeasible stationary points.

The superlinear convergence of the iterates and the formal local equivalence to stabi-
lized SQP is established in a companion paper (Report CCoM 14-01, Center for Compu-
tational Mathematics, University of California, San Diego, 2014).
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1. Introduction

The nonlinear optimization problem under consideration has the form

(NP) mi;lei%ize f(z) subject to ¢(x) =0, x>0,

where ¢: R" — R" and f: R"™ — R are twice-continuously differentiable. This problem format
assumes that all general inequality constraints have been converted to equalities by the use
of slack variables. Methods for solving problem (NP) are easily extended to the more general
setting with [ < z < u. For problem (NP), the vector g(x) is used to denote Vf(z), the gradient
of f at . The matrix J(z) denotes the m x n constraint Jacobian, which has ith row Ve;(z)7,
the gradient of the ith constraint function ¢; at . The Lagrangian associated with (NP) is
L(z,y,2) = f(z)—c(x)Ty—2Tz, where y and z are m- and n-vectors of dual variables associated
with the equality constraints and nonnegativity constraints, respectively. The Hessian of the
Lagrangian with respect to z is denoted by H(z,y) = V2f(z) — .1, y: V().

Sequential quadratic programming (SQP) methods are an important class of methods for
nonlinearly constrained optimization (for a survey, see, e.g., [8,21]). The kth iteration of a
conventional SQP method involves the solution of a quadratic programming (QP) subproblem
in which a local quadratic model of the Lagrangian is minimized subject to the linearized
constraints. In this paper we focus on the properties of an SQP method that uses a merit
function to ensure global convergence. In this case, a scalar-valued merit function is used to
provide a measure of the quality of a given point as an estimate of a solution. Stabilized SQP
methods are designed to resolve some of the numerical and theoretical difficulties associated
with SQP methods when they are applied to ill-posed or degenerate nonlinear problems (see,
e.g., Hager [22], Wright [36-38], Li and Qi [27], Oberlin and Wright [32], Ferndndez and
Solodov [15], Izmailov and Solodov [23]). Broadly speaking, stabilized SQP methods are
designed to provide a sequence of iterates with fast local convergence regardless of whether
or not the active-constraint gradients are linearly dependent. Given an estimate (xg,yx)
of a primal-dual solution (z*,y*) of problem (NP), stabilized SQP methods compute a new
primal-dual estimate by solving a QP subproblem of the form

mifgrynize g(zi) (@ — zp) + 3 (v — 2) TH (2, y) (x — 1) + S|y (L.1)
subject to  c(xg) + J(zk)(z — 2k) + u(y —ye) =0, = =0, '

where 1 (> 0) is a small scalar parameter. There are two important issues associated
with the formulation of a practical stabilized SQP method. The first is that stabilized SQP
methods have no global convergence theory. This implies that stabilized methods must start
by solving the QP subproblem associated with a conventional globally convergent SQP method
and switch to the stabilized QP subproblem (1.1) when it is determined that the iterates are in
the proximity of a solution. This strategy may require several switches between a conventional
and a stabilized SQP method before the neighborhood of a solution is identified correctly.
The second issue concerns the assumptions needed to guarantee a fast local convergence
rate. In general, the Hessian of the Lagrangian is not positive definite in the neighborhood
of a solution, which implies that the QP problem (1.1) may be nonconvex and may have
local or unbounded solutions. Nonconvex QP is NP-hard—even for the calculation of a local
minimizer [10,17]. When establishing the local convergence rate of stabilized SQP methods,
the potential nonconvexity of the QP subproblem implies that assumptions must be made
regarding which solution of (1.1) is found. For example, some analyses require a global
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solution of (1.1) (see, e.g., [24,25]), or require that the “same” local solution is found at each
step.

This paper concerns the formulation and global convergence analysis of a stabilized SQP
method that uses a primal-dual augmented Lagrangian merit function to ensure convergence
from an arbitrary starting point. The analysis indicates that the method has the same strong
first- and second-order convergence properties that have been established for augmented La-
grangian methods, while being able to transition seamlessly to stabilized SQP with fast local
convergence in the neighborhood of a solution. The principal contributions of the paper are
the following.

1. The method uses a flexible line search along a direction formed from an approximate
solution of a strictly convex QP subproblem and, when one exists, a direction of negative
curvature for the primal-dual merit function. The superlinear convergence of the iterates
and the formal local equivalence to stabilized SQP is established in a companion paper
(see Gill, Kungurtsev and Robinson [18]). It is not necessary to solve a nonconvex QP
subproblem, and no assumptions are necessary about the quality of each subproblem
solution.

2. When certain conditions hold, an approximate QP solution is computed by solving a
single linear system defined in terms of an estimate of the optimal active set. These
conditions may be satisfied at any iterate, but are most likely to be satisfied in the
neighborhood of a solution. The conditions exploit the formal equivalence between the
conventional stabilized SQP subproblem and a bound-constrained QP associated with
minimizing a quadratic model of the merit function.

3. Convergence to first-order KKT points is established under weaker conditions than
those assumed in [20]. It is shown that with an appropriate choice of termination con-
dition, the method terminates in a finite number of iterations without the assumption
of a constraint qualification. The method may be interpreted as a SQP method with
an augmented Lagrangian safeguarding strategy. This safeguarding becomes relevant
only when the iterates are converging to an infeasible stationary point of the norm
of the constraint violations. Otherwise, the method terminates with a point that ap-
proximately satisfies certain second-order necessary conditions for optimality. In this
situation, if all termination conditions are removed, then limit points either satisfy the
same second-order necessary conditions exactly or fail to satisfy a weak second-order
constraint qualification.

For the main algorithm proposed in Section 2, the cost of each iteration is dominated by
the cost of factoring two matrices with so-called “regularized KKT” structure (see Section 2).
However, the algorithm is easily modified so that the negative curvature direction is omitted,
in which case the line search is defined in terms of the approximate QP solution only. The
resulting algorithm requires only one factorization per iteration and constitutes a globally
convergent stabilized SQP method for finding first-order points.

The main algorithm is intended for applications in which some guarantee of convergence
to second-order solutions is needed (see, e.g., [1,9,12]). For other applications, the negative
curvature direction may be omitted completely as described above, or may be computed in
the final stages of the optimization as a check that the iterates are converging to a point
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satisfying second-order optimality conditions. In the latter case the results of this paper and
its companion paper [18] imply that a direction of negative curvature, when it is computed,
may be used without impeding the overall convergence rate or preventing global convergence.

The remainder of the paper is organized as follows. This section concludes with a review of
the first-order optimality conditions for (NP) and the properties of the primal-dual augmented
Lagrangian function. Section 2 provides the details of the second-order primal-dual stabilized
SQP method. The global convergence of the method is established in Section 3. Section 4
provides final comments and conclusions.

1.1. Notation

Unless explicitly indicated otherwise, || - || denotes the vector two-norm or its induced matrix
norm. The least eigenvalue of a symmetric matrix A will be denoted by Amin(A4). Given
vectors a and b with the same dimension, the vector with ¢th component a;b; is denoted
by a - b. Similarly, min(a,b) is a vector with components min(a;, b;). The vectors e and e;
denote, respectively, the column vector of ones and the jth column of the identity matrix I;
the dimensions of e, e; and I are defined by the context. The set of integers {1, 2, ..., n}
is denoted by 1:n. Given vectors & and y, the long vector consisting of the elements of z
augmented by elements of y is denoted by (z,y). The value of a scalar-, vector- or matrix-
valued function F' with arguments = and y will be written as either F'(z,y) or F(v), where v
is the vector (x,y). The ith component of a vector will be denoted by [-];, e.g., [v]; is the ith
component of the vector v. For a given [-vector u and index set S, the quantity [u]s denotes
the subvector of components u; such that j € SN{1, 2, ..., [ }. Similarly, if M is a symmetric
[ x | matrix, then [M]s denotes the symmetric matrix with elements m;; for i, j € S N {1,
2, ..., l}. Given a sequence {a;}j>o of scalars, vectors, or matrices, we write o; = O(,Bj)
if there exists a positive constant v such that |la;|| < v, for some positive scalar sequence

{8 }i>o0-

1.2. Background

At the basic level, the method proceeds to compute a first-order KKT point of (NP), which is
defined formally as follows.

Definition 1.1. (First-order KKT point of (NP)) The vector x* is called a first-order
KKT point for problem (NP) if there exists a dual vector y* such that r(z* y*) = 0, where

r(z,y) = ||(c(z), min (z, g(z) — J(z)'y)) IE (1.2)

Any (z*y*) satisfying r(x*,y*) = 0, is called a first-order KKT pair. 1

If a suitable constraint qualification holds, then a local minimizer z* for problem (NP) is
a first-order KKT point. In this case, any y* associated with a KKT pair (z* y*) is a vector
of Lagrange multipliers for the constraints ¢(x) = 0. Given a first-order KKT point z* the
nonempty set of dual vectors Y (z*) is defined so that

V(z*)={y € R™: (2" y) satisfies r(z%y) =0}. (1.3)
For any = > 0, the active set at x is given by

A(z) = {i: [z]; = 0). (1.4)
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At a primal-dual first-order solution (x* y*), second-order conditions for (NP) may be defined
in terms of a partition of A(z*). The index set of strongly active variables is given by

Au(@y") = {i € A@™) : [g(a”) = J(2*)Ty"]; > 0} (1.5)
and, similarly, the set of weakly active variables is

Aoaty") = {i € Aa®) : [g(a*) — J(@")Ty")s = 0} (1.6)
A set of second-order conditions is given in the following definition.

Definition 1.2. (Second-order sufficient conditions) A primal-dual pair (x* y*) satis-
fies the second-order sufficient optimality conditions for problem (NP) if it satisfies the first-
order conditions r(z* y*) = 0 (cf. (1.2)), and

pTH(a"y")p > 0 for all p € C(z*y*)\ {0}, (1.7)
where C(x*,y*) is the critical cone

Clx*,y*) = null(J(:U*)) N{p:pi=0 for ic A (x5 y"), pi >0 for iec A, (=" y")}. ]

The proposed method is based on the primal-dual augmented Lagrangian function of Gill
and Robinson [20], which was first used to define a “regularized SQP method” in which the
linear system of equations solved at each iteration of the QP subproblem are guaranteed to
be nonsingular. The function is given by

M(z,y 9% 1) = f(z) — c(2)Ty" + ;rrcwuz + 22"‘”“") Ll -y (8)

where 1 is a positive penalty parameter and y” is a Lagrange multiplier estimate. (The
function M is a member of a one-parameter family of functions that includes the conventional
augmented Lagrangian. For more details, see Robinson [34], and Gill and Robinson [19].)
The next result, which is proved in Theorem A.1 of the Appendix, motivates the use of (1.8)
as an SQP merit function.

Theorem 1.1. If (x*,y*) is a solution of problem (NP) that satisfies the second-order suffi-
cient optimality conditions given by Definition 1.2, then for the choice y* = y*, there exists
a positive [i such that for all 0 < p < i, the point (x*,y*) satisfies the second-order sufficient
optimality conditions for the problem of minimizing the primal-dual function M(x,y;y”, )
of (1.8) subject to the nonnegativity constraints x > 0. 1

The result of Theorem 1.1 implies that problem (NP) may be replaced by a sequence of bound-
constrained problems with objective function M (x,y;y;, ) defined in terms of a sequence
of multiplier estimates {y;}. This approach defines an inner/outer iteration structure, with
the inner iteration being those of the active-set method used to minimize a quadratic model
of the merit function subject to the bound constraints. Each quadratic model is defined in
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terms of the gradient and Hessian of M. For given values y” and pu, the gradient and Hessian
of M at (x,y) may be written in the form

g(x) = J(@) (7w (z ;9" ) + (n(z5y", 1) - y))> (1.9)

VM (z,y;y M):( wly — (x5 y®, )

and

J(x) pl

where m denotes the vector-valued function w(z;y?, u) = y® —c(x)/p. If vy = (zk, yr) denotes
the kth estimate of a primal-dual solution of problem (NP), one possible local quadratic model
of the change in M (z,y;y;, 1) is given by

Qn(v;yit, 1) = (v — o) VM (v 3y, 1) + 5 (v — ) Bl s ) (v — wp), (1.11)

VM (@5 ) = (H(x,m;yfau) + (w1 y”,p) — ) + 27 () () J<x>T> @)

where y; estimates a vector of Lagrange multipliers, and B(v, ;u) is defined by replacing
m(z, 5y, 1) by yk in the leading block of VM, i.e.,

H(xp,yr) + %J(mk)TJ(mk) J(xk)T>

1.12
J (k) pl 12

B(wg,yp; 1) = (

Both this approximation and the exact Hessian V2M have the same characteristic doubly-
augmented structure involving the term (2/u)J(xx)TJ(z;) in the leading diagonal block.
However, unlike V2M, the matrix B(xy,y; ;1) is independent of the multiplier estimate Y
(cf. (1.10)). The benefit of using B(xk, yx ; ) to define the quadratic model (1.11) is that the
QP subproblem

minimize Qk(v;y;,p) subject to [v]; >0, i=1:n, (1.13)
v
is formally equivalent to the stabilized SQP subproblem

minimize g(w) (e = 2) + 4@ — o) H ok, ) (& — 26) + Sy

1.14
subject to c(xy) + J(w) (v —xp) +pu(y —yr) =0, x>0, (1.14)

(see Gill and Robinson [20]). This equivalence suggests an algorithm based on minimizing
(1.13) with Qy defined with a small ¢z analogous to the stabilized SQP perturbation. However,
if M(x,y;yg,p) is to serve as a line-search merit function, it should be defined with a value
of y1 that is not too small. Accordingly, different penalty parameters p;’ and i, are defined,
with pff used for the definition of the local quadratic model, and py, used for the line-search
merit function. In the neighborhood of a solution, p;' and i, are computed so that p;’ <,
which implies that )} plays the role of the stabilization parameter p in (1.1).

2. A Second-Order Primal-Dual Stabilized SQP Algorithm

In this section we describe a method designed to compute a point satisfying certain first- and
second-order conditions for a solution of (NP). At the start of the kth iteration, the primal-
dual point (xj,yx) is known, together with the regularization parameter p ; and penalty
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parameter p_; from the previous iteration. The first step is to compute y; and pj for the
new iteration. These parameters are defined in terms of an estimate of the optimal active set
of problem (NP). This estimate involves a positive scalar € that reflects the distance of (z,y)
to a first-order optimal pair for problem (NP). The e-active set is defined as

Ac(z,y,p) = {i:2; <e, with € =min (e, max (u,7(z,y)?))}, (2.1)

where v and ¢, are fixed scalars satisfying 0 < v < 1 and 0 < ¢, < 1, and r(z,y) is the
nonnegative scalar of (1.2). If A is the active set (1.4), then the set of primal-dual free
variables is the complement of A in {1, 2, ..., n 4+ m}, i.e.,

Flx)={1,2,...,n+m}\ A(z). (2.2)
Similarly, the e-free set is defined as

Fe(z,y,p) =4{1,2,...,n+m} \ Ac(x,y, p). (2.3)

The e-free set defines the composition of certain matrices used to compute a direction of
negative curvature for Q(v;yy_, 1r_,), and the estimate of the active set for the convex QP
subproblem.

The following simple argument shows that F(z*) C F.(z,y, u) when p is sufficiently small
and (x,y) is close to a first-order KKT pair (z*,y*). If i ¢ A(z*), then 2] > 0. Assume that
(x,y) is sufficiently close to (z*,y*) and p is sufficiently small that: (i) r(z,y)? < p < x; (ii)
|z, — xf| < a2} — p; and (iii) p < €. Then

Ac(z,y,p) = {i : 2; < min (€, max (p,7(z,y)) )} ={i:z; <p},

and the inequality |z, — 2| < 2} — p implies z; > p, in which case ¢ € Ac(z,y,pn). We
have shown that if i ¢ A(x*) then i & Ac(x,y, 1), which implies that F(z*) C Fe(x,y, u), as
required.

At the kth iterate (xg, yx) a flexible line search is performed along a direction formed from
two primal-dual directions di and sg, either of which may be zero. A nonzero dj is a descent
direction for the merit function; a nonzero s is a direction of negative curvature for the
quadratic model Q, (v, ;yf_1,ur_1)- The descent direction dy, is either a “local descent step”
designed to facilitate a fast rate of local convergence, or a “global descent step” designed to
encourage global convergence. In each case, dj, is an approximate solution of a QP subproblem
with bound constraints.

Overview of the step computation. If a solution of the subproblem (1.13) is written in
terms of the step dj from the base point vi, then the QP optimality conditions are given by

[va(vk + dk ; y/fnug)]F = O’ [va(vk + dk ;ylfnu’g)]A > 07 and

2.4
[k +dg); >0 for i =1:n, (2.4)

where [-]4 and [-]» denote vectors with components from the active and free sets (1.4) and
(2.2) at v = vk + dx. The local descent step is the solution of an equality-constrained
QP subproblem defined by relaxing the optimality conditions (2.4). (See Section 2.3 for
more details.) The global descent step is the solution of a convex inequality constrained QP
subproblem. If vy = (x1,yx) is not close to a solution, the matrix B(v, ;py) may not be
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positive definite and (1.13) is not an appropriate QP subproblem for the global descent step.
Instead, a strictly convex bound-constrained QP subproblem is defined that preserves the
positive curvature of the nonconvex quadratic model (1.11) on the reduced space associated
with the free variables. The strictly convex QP is defined in terms of the matrix E(Uk P )

such that
B o (H@key) + 5T (@) T () I ()"
(x/m Yk 3 :u) -
J (k) nl

with the symmetric matrix H (z, yx) defined so that H(zy, yr) + (1/p)J (2) 7 (2x) is positive
definite. With this definition, éfe (w4, yy, s p7) is equal to By (xy,y, 5 pr) if Be (), 455 1) is
positive definite. A method for computing a suitable symmetric (but not necessarily positive
definite) H (2x, i) is given by Gill and Robinson [20, Section 4].

Once B (g, yx ; 1) has been computed, the global descent step is computed by solving the

QP subproblem

(2.5)

minimize Qk(v;yg, pif) = (v — vr) VM (v sy, ) + 5 (v — ve) T Bvg s ) (v — vg) (2:6)
subject to [v]; >0, i=1:n. .
Throughout what follows, the unique primal-dual solution of this QP subproblem is denoted
by vy, which has primal and dual components vy, = (Zy, yx). The global descent step is then

computed as dx = U — v = (T — Tk, Yk — Yk )-

For numerical stability, it is important that all computations be performed without the
explicit calculation of the matrices VZM or B. The relevant properties of B may be determined
by exploiting the relationship between the three matrices

H(z,y) + 2J(2) I (x) J(x)" 1o 7 o (H@y) J(@)"
( J(@) pnl ) H(x’y)JruJ(x) /@) and (J(w) —M)’

which are said to have “doubly-augmented form”, “augmented Lagrangian form” and “regu-
larized KKT form,” respectively. These matrices are related via the matrix identities

H+ 42 g7 r I L™\ (H+ LJ7% I 0
+ = v _ md +ulJ 0 ; 2.7)
vJ vl 0 I 0 vl ﬁ‘] 1

GEDE D) e

which hold for all positive v (see, e.g., Forsgren and Gill [16], Robinson [34], and Gill and
Robinson [20]). For simplicity of exposition, the formulation and analysis of the main algo-
rithm is given in terms of matrices in augmented Lagrangian form. However, in practice, all
computations are performed by factoring matrices in regularized KKT form. At no point is it
necessary to form a matrix in doubly-augmented or augmented Lagrangian form. The term
“regularized KKT form” stems from the role of u as a reqularization parameter for the matrix
in (2.8). (For other examples of this type of regularization, see [2,20,35].) In practice, the
global descent step is found by solving the stabilized QP form (1.14) of the bound-constrained
subproblem with H(x yx) = H(zp,yx). Gill and Robinson [20, Theorem 5.2] show that the
application of a conventional active-set method to (1.14) involves the solution of a sequence
of linear equations in regularized KKT form.

Summary of the main algorithm. The computation associated with the kth iteration of
the main algorithm (Algorithm 5 of Section 2.5) is arranged into five principal steps.
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1. Given (z,yr) and the regularization parameter ;' ; from the previous iteration, com-
pute Fe(z,,y,, i) and B(z,y; ;). Compute the nonnegative scalar &, and vec-

tor s,(gl) such that, if {; > 0, then &, approximates the magnitude of the “most negative”

or “least” eigenvalue of B, (v} ; juff_,), and 3,({:1) satisfies s,(cl)TB(vk ; u,’j_l)sl(fl) < 0 (see Sec-

tion 2.1). If {, = 0, then s,(gl) = 0. If Bx_ (v, ; tjt_,) is positive definite then (&, 5,&1)) =0.
(See Algorithm 1.)

2. Use &, and 7(xy, yi) to compute y; and pj for the kth iteration (see Section 2.2).

3. Compute a positive-definite B\(Uk ; i) such that B\FE (w4, yp s 1) = Br (2, ;5 py7) if the
matrix By (z,,y, ;p5) is positive definite. Compute dj, = (pg, qr) as either a local or
global descent step. The vector p; of primal components of d satisfies xx + pr > 0.
(See Section 2.3 and Algorithm 2.)

4. Compute a direction of negative curvature s = (ug, wy) by rescaling the direction s,(gl).
The vector uy of primal components of s satisfies xy + pr + ux > 0. (See Section 2.3
and Algorithm 3.)

5. Perform a flexible line search along the vector Avy = s + di = (uk + pPr, Wi + qx). (See
Section 2.4 and Algorithm 4.) Update the line-search penalty parameter fuy.

2.1. Computing a direction of negative curvature for O

The values of the regularization parameter ;) and multiplier estimate y;; for the kth iteration
depend on an estimate of the smallest eigenvalue of B, (z;,¥; ; pi_,) computed from the e-
free rows and columns of the approximate Hessian B(z,, vy, ; ptf_;) (1.12). This estimate may
be computed in terms of an estimate of Amin (Hr, + (1/pf_1)JLJ ), where Hy, is the matrix
of e-free rows and columns of H (z, yx), and Jx, is the matrix of e-free columns of J(zy).

Algorithm 1 summarizes the principal calculations associated with finding a nonnegative
estimate & of max{0, —Amin}, where Apin denotes the least eigenvalue of H, +(1/ ,ug_l)JzeJ o
If the computed & is positive, then a by-product of the computation is a feasible approximate
direction of negative curvature for the merit function M (x,y, ;yi, p#p_;). This direction is
combined with a descent direction to form the direction of search for the line search (see
Section 2.3).

Algorithm 1 assumes that a procedure is available for determining whether or not Hx_ +
(1/pf_y)JE J, is positive semidefinite. If Hx, + (1/pf_;)JLJ,, is not positive semidefinite,
the procedure must provide a direction uz,_ satisfying

1 1
WL (Hy, + ——J LT s, < Oin Hr, + ——TE 07 ) lur|? < 0, (2.9)
Hi—1 Hi—1

where 6 is a positive scalar that is independent of x; and y;. Several alternative methods
may be used to find the vector uy. , but the details of the computation are not relevant for
the proof of global convergence. A specific procedure appropriate for a matrix in regularized
KKT form is given by Forsgren and Gill [16, Section 4.3]. The inequality (2.9) allows the
definition of a direction of negative curvature for the quadratic model Q. (v;yg 1,y _,) when
Hr + (1/pf_1)JL J. is not positive semidefinite (see Lemma 2.1 below).
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Algorithm 1 Least curvature estimate of Q.
1: procedure LEAST_CURVATURE ESTIMATE(Z,, ¥y, iy _1» J5, H),)

2 Compute Hy, and Jx, as submatrices of Hy, and Jj, associated with Fe(z,, v, tr_1);
3 if Hr + (1/pf_|)JEJ,, is positive semidefinite then

4: &, = 0; u,g)—O w,(cl):();

5: else
6
7
8
9

Compute ux, # 0 such that (2.9) is satisfied;

£ = — uze (HJ-'e + (1/M£_1)J£Jﬂ)ua/HuaH2 > 0;
D _ 9. W —

uk; - [uk ]-Fe_u]:e7

1 1
. w) = — (1 pf_y) Jul?;
10: end if
1. s = (U,(cl),w;(:)),
12: return (sk NIk

13: end procedure

(1)

The vector w, ’ computed in Step 9 of Algorithm 1 is the change in the dual variables

as a function of the change u,(:) in the primal variables. The definition of w,(:) ensures that

Jk,u,(:) + ,uﬁ_lw(l) = 0, which implies that the step (x; + u,(C ), Y, + w,g )) does not change the

residuals of the constraints of the stabilized QP subproblem (1.14). It also facilitates a proof
that the resulting direction s,(cl) is a direction of negative curvature for the quadratic model
Qr(v;yr_q, 1y —y) when & > 0 (see Lemma 2.1).

The next lemma gives the properties of the quantities computed by Algorithm 1.
Lemma 2.1. Suppose that &, and s,(cl) = (u,(cl),w,(cl)) are computed by Algorithm 1, and that
the matriz Hr_ + (1/pf_|)JEJ . is not positive semidefinite. Then

(1) u,(;) #£0, s,(;) #0, & >0; and

(2) sg) is a direction of negative curvature for Qr(v;yp_1,15_q), the quadratic model of
(1.11). In particular, s,(cl) satisfies s,gl)TB(vk,uk 1)3,(:) < ékHu,(cl)HQ < 0, where ), =
OAmin (Hz, + (1/pf_1)JE J ) with 0 the value associated with the bound (2.9).

Proof To simplify the notation, the suffix £ is omitted and the quantities pf ;, H_k, sg),

u,g , w,C » &y J (), H(xk, yk), and B(vy; py_,) are denoted by p, 0, s, u,w, & J, Hand B,
respectively.

As Hy_+ (1/p)JLJ,. is not positive semidefinite by assumption, Algorithm 1 computes a
nonzero direction uz, that satisfies (2.9). In this case,

1
w0, 50, Amin (HR + ;J;“SJFE) <0, and £ >0, (2.10)
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which proves part (1). The definition of B implies that

T 2 4T T
w J ul ) \w
2 1
= uwHu + =0T T u + 2070w + pl|lw||?* = uT<H + —JTJ)u. (2.11)
[ [

The definition of w in Step 8 of Algorithm 1, and the requirement that u_ satisfies (2.9) yield
the inequality

uT(H + ;JTJ>U < HAmin(er + iJ;;JE) [ (2.12)

Given the definition = OAmin(Hz, + iJ;;JFE), it must hold that 0 < 0, where the strict
inequality follows from (2.10). The result now follows directly from (2.11), (2.12), and the
(1)

definition v = u;,” as a nonzero vector in Algorithm 1. |

2.2. Updating the multiplier estimate and regularization parameter

Given xy, v, y5_, and p;_, from the previous iteration, the computation of y; and uf
requires the scalar £ computed by Algorithm 1, and scalars ¢r‘22’i 1> g};:’j , and 731 discussed
below.

The multiplier estimate y; is set to yy, if (xx, yx) gives an improvement in a measure of the
distance to a primal-dual second-order solution (z*,y*). The main algorithm (Algorithm 5 of
Section 2.5) uses the feasibility and optimality measures n(xy) and w(zg, yx, &) such that

n(zx) = [le(zr)l| and w(@y, yp, &) = max (||jmin(ey, g(zr) — J @) Ty &), (2.13)

where the quantity & is computed by Algorithm 1. Given n(zg) and w(xg, yi, k), weighted
combinations of the feasibility and optimality measures are computed as

QSV(:I:kayk) = n(f’fk) + Bw('xka ykvgk) and ¢O($k7yka€k’) = ﬁn(ffk) + w(‘rk?ykagk’)a

where f is a fixed scalar such that 0 < 8 <« 1. The subscripts on ¢, and ¢, reflect the
preference given to reducing the violation measure or the optimality measure, as defined by
the placement of the parameter 8. The update y;/ =y, is performed if

Sv(vp) S 3OURS or  do(Uk, &) < 30aRca, (2.14)

in which case the kth iterate is called a V-iterate or an O-iterate, respectively. A “V-O-

iterate” is any point for which one or both of these conditions holds. The associated iteration

(or iteration index) is called a “V-O iteration.” The quantities vie1 and @Y, are the

values of positive bounds that are reduced during the solution process. For a V-O iteration,
new values are given by 7, = %Tk_l, and @70 = % Ths, or gt = % obs1, depending on
which of the inequalities (2.14) holds. In addition, the regularization parameter is computed

as
o [ (s, max(r6)7). i max () > 0 (215
r o .
% pE o, otherwise,
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for some fixed v € (0,1), and where 7 = r(xg, yx) is the first-order optimality measure (1.2).
Note that the definition (2.15) implies that the sequence {x}'} is not necessarily monotonic.

If the conditions for a V-O-iterate do not hold, (zy,yx) is checked to determine if it is an
approximate second-order solution of the bound-constrained problem

minimize M (x,y;y;_q,h_1) subject to z > 0. (2.16)
x?y

Specifically, (z, yx) is tested using the conditions

| min(@y, Ve M (@, Ys s Y15 He—1 )] < Th—1, (2.17a)
||VyM(f’3ka Yk ;yf_l,u}?_l)ll < Tk—lﬂl}g—lv and (2.17b)
§k < Tk—1, (2.17c)

where 7,1 is a positive tolerance. If these conditions are satisfied, then (z,yy) is called
an M-iterate and the parameters are updated as in a conventional augmented Lagrangian
method; i.e., the multiplier estimate y;_, is replaced by the safeguarded value

Yj, = max ( — Ymax€, MIN( Yk, Ymax€ ) ) (2.18)

for some large positive constant ym,ax, and the new regularization parameter is given by

— 2.19
s 1 iy, otherwise. ( )

n {min(%,ug_l, max (rk,fk)w), if max(r, &) > 0;
2

In addition, a new tolerance 7 is computed such that 7, = %’Tk_l. Numerical results given
by Gill, Kungurtsev and Robinson [18] indicate that M-iterates occur infrequently relative to
the total number of iterations.
Finally, if neither (2.14) nor (2.17) are satisfied, then v/ =y |, up = pg_4, Pur = e,
max __ max

ot = ¢gix,, and 1, = T,_1. As the multiplier estimates and regularization parameter are
fized at their current values in this case, the kth iterate is called an F-iterate.

2.3. Definition of the line-search direction

Once p7f and y; have been computed, the line-search directions s, and dj, are computed. This
section provides more details of the computation of the local and global descent directions,
and direction of negative curvature introduced in the overview of the step computation. The
computations are summarized in Algorithms 2 and 3 below.

The local descent direction. A local descent direction is computed if Bx (x,y, ; p1g) is
positive definite and vy, is a V-O-iterate (in which case y7 = y,). Under these conditions,
dj, = U3, — vy, where ¥y, is the unique solution of the QP subproblem

€

minimize Qg (v;yj, ;) subject to [v]4, =0, (2.20)
v

where Q. (v;yg, ) is the quadratic model (1.11). Given a feasible point 1720) such that

[172:0)]& =0, and [@(ko)]ﬁ = [q)k]ﬂ’ (2.21)
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the vector v), is computed in the form 17(k0) + Aﬁg)), where [Aﬁ;go)] 4. = 0and [Af)g))] 7. satisfy

the equations B | iﬁko)] = —[VQk(f)éO) Uiy )] 7. This direction is used in the line search
if it satisfies the conditions

[k +dili >0, i =1:n, [VQu(v, +dpyfs ui)la. > —tye, and VM[d, <0, (2.22)

where t; is a small positive scalar computed in Algorithm 2. The condition on the e-active
components of VO, relaxes the analogous gradient condition on the active components of VQy,
in (2.4) associated with solving (1.13), and serves to reduce the possibility of unnecessary QP
iterations in the neighborhood of a solution. In the companion paper [18, Theorem 3.1] it
is shown that, in the limit, a local descent direction is used at every iteration, and that the
iterates are equivalent to those of a conventional stabilized SQP method. These properties
facilitate a proof of superlinear convergence under mild assumptions.

If the conditions for computing the local descent step are not satisfied, or the local descent
step does not satisfy the conditions in (2.22), then a global descent direction is found by
solving the convex QP problem (2.6). If the local descent step has been computed, then the
QP solver for the global descent step can reuse the factorization needed to solve the equations
for [AUA(]CO)]FE.

The global descent direction. The global descent direction is d = vy — vy, where v}, =
(Zk, Yx) is the unique solution of the strictly convex QP problem (2.6). This subproblem
may be solved using a conventional active-set algorithm in which each iteration requires the
solution of a linear system of equations with matrix in regularized KKT form. Let @k(v)

denote the objective of the QP (2.6) defined with parameters y; and pj. Given an initial
~0)

feasible point vko for problem (2.6), active-set methods generate a feasible sequence {1’1(,3 ) }is0
such that @k(@(k])) < @k(@(k]_l)) and 1’)§€]) minimizes @k(v) on a “working set” W; of the
nonnegativity constraints. The first working set W is the e-active set Ac(zy, ;. 1)), which

defines the initial feasible point v’éo) as in (2.21).

The direction of negative curvature. The nonzero vector s,(gl) = (u,(gl),w,(:)) computed

as a by-product of the computation of £ in Algorithm 1 is a direction of negative curvature
for the quadratic model Qg(v;y;_;,u7_,). In Algorithm 3, s,(cl) is rescaled to provide the

(2)
k

direction s; used in the line search. First, an intermediate direction s;’ is computed such

that

(2.23)

1 @ . e, R\T (1)
2 2 2 —(U , W )7 if VM(U ey ) S >07
s,(g)z(u;),w,(c)):{ kWi k2 Yk Pi) Sk

(u](gl) , w,(cl) ),  otherwise,

which implies that sg) is a non-ascent direction for M (v;yy, uf) at v = (xk, yi). The direction

sl(f) is then scaled again by a positive o to give a direction si such that: (i) vg + sx + di
is feasible for the nonnegativity constraints, and (ii) the primal portions of s and dj have
comparable norms. (Only the primal part of s; is influential in the scaling because the
dual part w,(:) of the base vector SS) = (ug), w,(gl)) is a function of the primal part u,(:), see

Section 2.1.) The choice of oy not only ensures that s; and dj have approximately equal weight
in the definition of vy + si + d, but also gives a sensibly scaled s when Hsg) || is arbitrarily
large or small. As only the primal variables are subject to nonnegativity constraints, the
scalar o, must be chosen to satisfy

2 2 ~ ~ 2
[7, + %U;(f ) +pili = [z + O'kuz(g) + Ty — 2] = [T + O-k:u](g )]i >0,
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Algorithm 2 Computation of the primal-dual descent direction dj.

1: procedure DESCENT DIRECTION(Zy, ¥y, ¥i» Mi»> Ji, H)

2 Constants: 0 < A < min{y,1 -~} < 1;

3 B = B(xy,y,:1;); Compute a positive-definite B from B;

4 VMy = VM (2, y 98 10 te = r(@w )

w00l =00 [0, = [l

6 if (By, is positive definite and vy is a V-O-iterate) then

7 (45", = 05 Solve By, [A],, = [V, (51")]5; 6, =7, + A5,;

8 dy, = V), — vy;

9: if (vi + dy, is feasible and VM[d, < 0 and [VQy (v, + di)],. > —tke) then
10: return d; [local descent direction]
11: end if
12: end if

3 [A5],, =0 Solve B, [A5],, = —[VOQ,(5,)]..
14: Compute &y > 0 and 1721) such that 1721) = 172:0) + aOAﬁ,f) is feasible for the bounds;

15: Solve the convex QP (2.6) for Uy, starting at 172”;
16: dy, = Uy, — vg; [global descent direction]
17: return d;;

18: end procedure

where Ty, is the primal solution of the subproblem (2.6). The value of oy, is chosen as large as

possible subject to the restriction that the resulting primal step ||0ku,(€2)|| is no greater than
the primal step ||Z; — zx|| (= ||px|]) from the QP subproblem. The curvature estimate &,
computed by Algorithm 1 is included in the bound to give an appropriately scaled direction
when ||pg|| is small or zero. These considerations lead to the definition

o} = argmax {0 L3+ oul? >0, [oul? | < max(&, |7k — ka)} . (2.24)
a>0

The direction of negative curvature used in the line search is then
2 2 2
s = (ug, wy,) = Uk(ugC ),wlg )) = (fksfC ). (2.25)

The computation of the vector s is summarized in Algorithm 3.

Algorithm 3 Feasible direction of negative curvature for the merit function.

1: procedure NEGATIVE,CURVATUREJ)IRECTION(s,(cl), &, xy, dy, Jy, Hy)

@ —S](gl), if VM(vk;yf,pg)ng) > 0;
2: Sk = (1)

s;. 7,  otherwise;
3 Let p, and uf) be the first n components of d; and s](f);
2 2
4 O) = argmax;> {o txT gt Uul(c ) >0, Haulgg )|| < max(§, ||pk||)}7
> 5k = U’“S’(CZ); [scaled curvature direction]
6: return si;
7: end procedure
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The direction s; is zero if no direction of negative curvature exists for Qp, in which case
the value of & computed by Algorithm 1 is zero. However, the next result considers one
important situation in which oy is positive and s is nonzero.

Lemma 2.2. Ifdp =0 and & > 0, then o, > 0 and s # 0.

Proof. A positive &, in Algorithm 1 implies that the vectors u._, u,(:) and u,(f) are nonzero.

This gives a nonzero 3,(:) regardless of the value of w,(:). The definition of 322) in (2.23) can
only change the sign of u,il), and hence s,(f) must be nonzero also.

It remains to show that o}, is positive. The assumption that dj. is zero implies that Ty, the
solution of the QP subproblem (1.14), is identical to x; and ||ZTy — x|l is zero. The positive
value of & provides a strictly positive upper bound on oy, that will be achieved provided there
is no index i € F(x,,y,, pr_;) such that [zy]; = 0. This is assured by the definition of the

e-active set from (2.1), and the fact that pf ; > 0. 1

2.4. The flexible line search and penalty-parameter update

The flexible line search defined in Algorithm 4 is a generalization of the line search used in the
first-order primal-dual method of Gill and Robinson [20]. (The idea of a flexible line search
was proposed by Curtis and Nocedal [13] in the context of minimizing an /; penalty function.)

Given a primal-dual search direction Avy = dj, + s, and a line-search penalty parameter
p, consider the univariate function ¥y, (s p) = M (vg, + vy 3y, o). (The multiplier estimate
Yy, remains fixed during the line search and is omitted as a parameter of ¥,.) The line search
is based on approximating Wy (« ;i) by the line-search model function

Ur(as i, b)) = W(0;5 1) + (05 1) + 5 (6 — 1)a” min (0, AvfB(vy s pji—y) Avg),  (2.26)

where ¥} denotes the derivative with respect to a. The scalar ¢, is either 1 or 2, depending on
the required order of the line-search model. The value £;, = 1 implies that ¥}, is an affine func-
tion, which gives a first-order line-search model. The value £, = 2 defines a quadratic ¥y and
second-order line-search model. The choice of line-search model for Algorithm 4 is motivated
by superlinear convergence considerations. In particular, it allows the acceptance of a unit
step in the neighborhood of a solution, which is a key result in establishing the asymptotic
equivalence between Algorithm 5 and a conventional stabilized SQP method (see [18, Theo-
rem 3.4]).

A conventional line search requires that the step oy produces a ratio of the actual and
predicted reduction in ¥ that is at least v4, where 75 is a scalar satisfying 0 < v¢ < 1. The
reduction requirement may be written in terms of the Armijo condition

(05 1) — W s 1) = s (0 (05 s €) — oy s 1, i) ).

The flexible line search defined in Algorithm 4 requires that «ay, satisfies the modified Armijo
condition

V(05 k) — ook s i) > s (30 ity €)= Wy (ouge s 1, 0y) ) (2:27)
for some value of pf such that y; € [uf, 1] In practice, the step may be found by reducing
ay, by a constant factor until either py (o ;5 ik, €k) > vs or prloy s g, €k) > vs, where

(s, b)) = (W(05 ) — Wr(as ) / (0 (05 i, £) — g gt € ).
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Algorithm 4 Flexible line search.

1: procedure FLEXIBLE LINE_SEARCH(d, S, Vi, My i Hi—1s L Ji Hy)
2 Constant: s € (0, %),

3 Compute VM = VM (z1, Y5 Ui » 14);

4: if s, =0 and d;, = 0 then

5: ar =1;

6 else if (dy #0 or VM7Ts, <0 or pf = puf |) then

7 ap = 1;

8 while py (a5 pf,€,) < vs and pg(og; pug, b)) < s do

9: o = 50;

10: end while

11: else [dk =0, sg 7é 0, {k > 0]
12: &= — sIVM (vy, 598, ui) sy / ||lug |1 [by definition, s = (ug, wy)]
13: if ' > v¢&, then

14: ap =1;

15: while p, (o ; 1, 4)) < s and pi (o ; ik, ) < vs do

16: ap = %ak;

17: end while

18: else

19: ap = 0;

20: end if

21: end if

22: return oy > 0

23: end procedure

The Armijo procedure is not executed if di = s = 0, or di, = 0 and the curvature of
the merit function M (v, ;y;, py) along the vector si is not sufficiently large compared to
the curvature of the quadratic model. The condition for negligible curvature involves the
calculation of the scalar

& = sk VM (v syt i)/ llunell® = —uie (H (i, G) + (L 1) I (i) () g/ | (2.28)

(cf. (2.11)), where yj, = 7 + (7, — y) and 7, denotes the vector 7(x sy, ui). If the Armijo
procedure is not executed (i.e., ap = 0, or o = 1 with d = s, = 0) then vi41 = vg. In this
case, it must hold that u; < p ;| (see Lemma 2.3(2) and Lemma 2.4(3)). The analysis will
show that the property limj_,o pff = 0 and the definitions of V-, O-, and M-iterates are key
in establishing the convergence results for Algorithm 5.

On completion of the line search, the line-search penalty parameter pj41 is computed and
the iteration ends. The choice of ugyi is motivated by the goal of decreasing the penalty
parameter only when the trial step indicates that the merit function has not been sufficiently
reduced. In particular, 41 is computed as

Mk, if pk‘(ak‘a:u’k‘afk) Z Vs, OT dk‘ = Sk = 07 or g = Oa
Pkl = { (2:29)

max (%,uk, p1y), otherwise.
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2.5. The main algorithm

The stabilized second-order primal-dual SQP algorithm is formally stated as Algorithm 5. The
algorithm is terminated if one of two sets of conditions holds. The first is

?”(-%'k,yk) < Tstops gk < Tstops and ,Ullgll < Tstops (2-30)

where Tyop IS a given positive stopping tolerance, r(z,y) is defined in (1.2), and &, is computed
in Algorithm 1. When the conditions in (2.30) hold, then (zj,yx) is an approximate second-
order KKT point for (NP). The motivation for the second set of termination conditions is to
identify convergence to an infeasible stationary point (ISP), i.e., a minimizer of

mi;leiﬂr{%ize %Hc(m)”% subject to >0 (2.31)

at which the constraint ¢(x) = 0 is violated. The first-order optimality conditions for (2.31)
may be written in the form

Hmin (2, J(x)Tc(:E)) H =0, (2.32)

which motivates the second set of termination conditions:
min (||e(zy) |, Tstop) > pis || min (zx, J(z) e(zk)) || < Tstops With k an M-iteration. (2.33)

If these conditions hold, then the constraint violation is bounded below by uf (7 > 0) and
v = (o, yx) is an M-iterate that approximately satisfies (2.32). The requirements that k
is an M-iteration and pf is small relative to min (||c(zy)||, Tstop) have the practical benefit
of reducing the likelihood of premature termination when progress towards an approximate
second-order KKT point is still possible. The termination conditions (2.30) and (2.33) consti-
tute the conditions used in Steps 10 and 25 of Algorithm 5.

Discussion. Each iteration of Algorithm 5 requires the solution of equations involving the e-
free rows and columns of B (vy ; py_;) and Bz, (vy ; if). The solve with B, (vy ; ug_) is used
to compute the least-curvature estimate & in Step 8. Solves with By, (vy ; pf) are required to
compute the local descent step and the solution of the QP subproblem. This implies that if
pi # pg_q it is necessary to compute the factorizations of two matrices in regularized KKT
form at each iteration. If the computation of & is omitted, and the line search is defined in
terms of the descent step d only, then one KKT factorization is required at each iteration.
Moreover, the analysis of [18] shows that this variant of Algorithm 5 is a globally convergent
stabilized SQP method for finding first-order solutions.

2.6. Properties of the main algorithm

The next lemma establishes some properties associated with the key computational steps of
Algorithm 5.

Lemma 2.3. Let di, and s be vectors computed by Algorithm 5.
(1) If dx, =0, then

(a) mln(kag(xk) - J(xk)Tyk’) = 07 and W(xka y]f? Hg) = Yps
(b) if the kth iterate is a V-O-iterate, then r(xk,yr) = 0;
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Algorithm 5 Second-order primal-dual SQP algorithm.

1: procedure PDSQP2(z1, Y1)

2 Constants: {7sop, 75} C (0, %), 0<y<l,and 0 < ¢, € 1;

3 Choose y5 € R™, {75, 95", 966} C (0,00), and 0 < pff < py < 005

4 k=1;

5: loop

6: Compute the e-free set Fe(xy, y,, pp_,) from (2.3);

7 Jy = J(z); Hy = H(xg, yr);

8 (s,(:),fk) = LEAST_CURVATURE ESTIMATE(x,, Yy, 1Y 1, Ji, Hy); [Algorithm 1]
9: Compute r(xg, yx) from (1.2);

10: if (termination condition (2.30) holds) then

11: return the approximate second-order KKT point (xg, yx);

12: end if

13: if (¢v(zx,yk) < 5O75%,) then [V-iterate]
14: =00 YR =Y T = Tl

15: Set py as in (2.15);

16: else if (¢o (7, Y, &) < 3 orep) then [O-iterate]
17 B = 208K UK = Y TE = Thous

18: Set pff as in (2.15);

19: else if ((xy,ys) satisfies (2.17a)—(2.17c)) then [M-iterate]
20: Set yy as in (2.18); 7, = %Tk_l;
21: Set py as in (2.19);
22: else [F-iterate]
23: YUk = YK-1i Tk = Tho1s MRS R
24: end if
25: if (termination condition (2.33) holds) then
26: exit with the approximate infeasible stationary point zy.
27: end if
28: Compute the e-free set Fe(x;,y,., ui) from (2.3);
29: dj, = DESCENT_DIRECTION(Zy, Yy, Yr., tis Ji Hy); [Algorithm 2]
30: 5k = CURVATURE,DIRECTIDN(SI(;), &y, dy, Iy, Hy)s [Algorithm 3]
31: if (dr # 0 and s =0 and (zg, yx) is a V-O-iterate) then
32: b, =1;
33: else
34: b = 2;
35: end if
36: pe = max(pu, py);
37: v, = FLEXIBLE_LINE_SEARCH(d, 51, Yy, gy Mg Bp—15 Cir Jir H ) [Algorithm 4]
38: Set ppy1 as in (2.29);
39: Vkt1 = (Tht1, Y1) = Uk + apdy + agsi;
40: k=k+1;
41: end loop

42: end procedure
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(c) if the kth iterate is an M-iterate and ||Yk|loo < Ymax, then r(zk, yx) = 0.
(2) If di, = sk =0, then & = 0, the kth iterate is not an F-iterate, and pu < pg_;.

Proof. For all parts of this lemma it is assumed that di = 0, in which case it must hold that
VM (v, 597, u,f)Tdk = 0. It follows from Step 9 of Algorithm 2 that d is a global descent step.

For part (1a), as di, is zero, the optimality conditions for the bound-constrained QP sub-
problem (2.6) give

_ (min (ke VM (v 3y 1)) _ (min(zy, g5 — i (7 + (i = wy))
VyM (0 3y 1) wi (Y = ) ’

where m, = m(x,, y, ). As pi is positive, it follows that
ype =7 and  min(zg, gp — Jiy) = 0. (2.34)

This completes the proof of part (1a).
As dj, is zero and the kth iterate is a V-O-iterate by assumption, it follows from the update
for y; given by Algorithm 5, the definition of 7, and part (1a) that

Yk =Y = T =y — c(xy)/pg, (2.35)

which implies that ¢(zx) = 0. Combining this with (1.2) and (2.34) gives r(xg, yx) = 0, which
proves part (1b).

If the kth iterate is an M-iterate and ||yi||oo < Ymax, it follows from the update for y; in
(2.18), and the definition of 7, that (2.35) holds. As in part (1b), this proves that c¢(zy) = 0.
Combining this result with (1.2) and (2.34) yields r(zg, yx) = 0, which establishes part (1c).

The assumption for part (2) to hold is that both dj and sj are zero. Suppose that the
curvature result does not hold, i.e., assume that & > 0. As d is zero, x} is optimal for the
QP subproblem (2.6) and Zj = x. In this case, the assumption that £ > 0 in the definitions

of u,(f) and its associated scale factor oy in (2.24) imply that o; > 0. However, if o, > 0 and

sr = 0 in the definition of 3542) (2.25), then not only is sf) =0, but also s,(cl) =0 from (2.23).
This gives the required contradiction because 5,(61)
Algorithm 1. It follows that & = 0, as required.
The proof that the kth iterate cannot be an F-iterate when both dj and s; are zero is also
by contradiction. For an F-iterate, the parameters j;} and y;’ used in the definition of the QP

subproblem are

must be nonzero for & to be positive in

pi=proy and Y =ypg. (2.36)

As the solution of the subproblem is dj, = 0 by assumption, part (1a) and the result that £ = 0
imply that (xg,yx) satisfies the conditions (2.17) for an M-iterate. This is a contradiction
because a point is classified as an F-iterate if it is not a V-O-iterate and the conditions for an
M-iterate fail to hold.

It remains to show that the regularization parameter is decreased. Assume to the contrary
that pf = pf 4. It has already been shown that zj, cannot be an F-iterate. Moreover, if
were an M-iterate then the update (cf. (2.19)) would imply that ujf < pf_;. It follows that xy,
must be a V-O-iterate. The properties of the update (2.15) associated with a V-O-iterate, and
the assumption that p; = ), imply that max (rk, fk) > 0. This is a contradiction because
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ri = 0 follows from part (1b), and it has been shown above that & = 0. As all possible cases
have been exhausted, it holds that ) < pif ;. 1

The next lemma summarizes the principal properties of the flexible line-search computa-
tion and the penalty parameter update scheme. In particular, the result of part (1) implies
that the line search is guaranteed to terminate in a finite number of steps, and as a conse-
quence, the algorithm is well-defined.

Lemma 2.4. If f and c are twice continuously differentiable, then the following properties
hold.

(1) The while-loops given by Steps 8 and 15 of Algorithm 4 terminate with oy > 0.

(2) If up < pg—1 for some k > 1, then either the while-loop given by Step 8 or the while-loop
given by Step 15 of Algorithm 4 was executed.

(3) If ap, =0, then the kth iterate is not an F-iterate and pi < pg 4.

Proof. To prove part (1), it is sufficient to establish that py(a;pug, fy) > vs for all a > 0
sufficiently small, which is equivalent to showing that n(a) > 0, where

n(a) = (05 ) — Prlos i) — vs (V05 gy ) — Vpas i, i) ) -

First, assume that ¢ = 2 in Algorithm 4. Substituting the definition of the quadratic model
from (2.26) into the definition of n(«) and performing some trivial rearrangement yields

n(a) = (05 ) — Wi uft) + sy, (0; puf) + gys@” min (0, AvgB(vy 5 ) Avy,).
Substituting the Taylor-series expansion

Uy (as ) = W(05 puf) + @y, (0 uft) + 3028(0; uft) + O(| )

gives
n(a) = alys — D05 ) + 50wy, — O(laf?), (2.37)
where wy, is the scalar
wg = s min (0, AvEB(vy, ; 1) Avy) — T (0 pufd) (2.38)
= 75 (min(0, AvfB(vy,; prf_1) Avy) = (05 ) + (s — T (05 ). (2.39)

Case 1: Consider the computation associated with satisfying the Armijo condition in Step 8
in Algorithm 4. If this loop is executed, it must be the case that the direction Avy = si + dg,
is nonzero, and at least one of the conditions dj, # 0, VM (v, ;yZ, uf)Ts, <0, and pff = pf |
must hold. Based on the values of these quantities, two subcases are considered.

Subcase 1: Suppose that di, # 0 or VM (v, ;yZ, uf)Ts, < 0. It follows that

(05 ) = VM (v s yg, 1) T Aoy = VM (v 5 98, 1) (dy, + s) < 0, (2.40)

because VM (v, ; y£, uft)Ts, < 0 by construction (see Steps 2 and 5 of Algorithm 5), and either
dy, is the solution of the strictly convex problem (2.6) if it is a global descent step, or dj, satisfies
VM (vg 3 yZ, ult)Tdy, < 0, which is a condition for the acceptance of a local descent step (see
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Step 9 in Algorithm 2). As v5 € (0, 1), it follows from (2.37) and (2.40) that n(«) > 0 for all
positive a sufficiently small.
Subcase 2: Suppose that d = 0, VM (v, ;y?, uf)Ts, = 0, and pf = pl . It follows
immediately that ¥ (0;py) = 0, and we may invoke part (la) of Lemma 2.3 to give y, =
7, = m(xy, Yy, py). This result, when combined with the assumption that p) = pf_; and
di = 0, gives

W (05 ) = iV oM (g5 98 i) s = siB (g5 k) sy (2.41)

As dj, is zero, the vector s must be nonzero. It then follows from part (2) of Lemma 2.1,
(2.23), and (2.25) that sLB(v, ;ufl |)s, < 0. Combining this result with the two identities
(2.41) and Av, = sy, the definition of wy in (2.39), and the assumption that vs € (0,1),
gives the result that wy = (vs — 1)¥(0; 1) > 0. This result, together with the fact that
?; (05 pf) = 0, and the expression for n(a) given in (2.37) implies that n(a) > 0 for all positive
« sufficiently small.

Case 2: Consider the computation associated with satisfying the Armijo condition in Step 15.
In this case it must hold that

dk = 07 Sk 7£ 07 VM(vk ;ylguu'llz)Tsk = Ov and EI? > 75€k > 0. (242)

where £/ is the scalar defined in (2.28). As a consequence, the identity ¥;(0; u;') = 0 holds,
and the expression (2.37) for n(«) may be written in the form

n(a) = %oﬂwk - O(|a|3). (2.43)

Combining the conditions (2.42), the values (u,(cl), w,gl), §,,) returned by Algorithm 1, the curva-
ture expression (2.11), and the expressions (2.23) and (2.25) defining the direction of negative

curvature, gives

_S£VQM<UI@ Yk M1 ) Sk
Al

= 5]? > 'stk

= s ul [H (g, y) + (i) I () T ()]l /[l )2
= s 8T By s i 1)s /| ulP?

=~ skBvgs i) sw/ ur®.

The last of these inequalities is equivalent to
T . R T2 .. E R _ T . R "in. R
V58K B0 s H—1)8K — S5V M (v s Yk s i) Sk = VsSkB (0 s 1) s, — i (05 1) > 0.

Combining this inequality with sz(vk;uﬁ_l)sk < 0, which follows from (2.11), and the

definition of u](cl) in Algorithm 1, shows that the scalar wy is positive in (2.38). This result
implies that the function 7(«) of (2.43) satisfies n(«) > 0 for all @ > 0 sufficiently small. This
completes the proof of part (1) when ¢ = 2.

Now assume that ¢ = 1. As a consequence, Algorithm 4 gives di # 0 and s; = 0, which
implies that (2.40) holds, as above. The same argument used for Subcase 1 of Case 1 may be
repeated, which proves part (1) for the case £ = 1.

Part (2) follows directly from the definition of the penalty parameter update (2.29) and
the structure of Algorithm 4.
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For part (3), if a = 0, then it follows from the elseif statement in Step 6 of Algorithm 4
that p;f # pif_,. It follows that the kth iterate cannot be an F-iterate and p;’ < pff 4. 1

The principal focus of the next section is the global convergence of Algorithm 5 under
the assumption that the finite termination conditions given by Steps 10 and 25 are omitted.
This allows the discussion of the properties associated with the infinite set of iterations gen-
erated by the algorithm. The only finite termination result is Theorem 3.4, which establishes
that Algorithm 5 will terminate after a finite number of iterations if the algorithm includes
the termination condition (2.30) for an approximate KKT point and condition (2.33) for an
approximate ISP.

3. Global convergence

The following four assumptions are made about the iterates, the properties of the problem
functions, and Algorithm 5. Unless there is an explicit statement to the contrary, every result
given in this section requires that Assumptions 3.1-3.4 hold.

Assumption 3.1. The sequence of matrices {ﬁ($k7yk)}k20 is chosen to satisfy
Hﬁ(xkayk)n < ﬁmax and  Amin (f](mk,yk) + (1/NI§)J($k)TJ($k)) > Amins

for some positive f[max and A, and oll k> 0.

Assumption 3.2. The functions f and c are twice continuously differentiable.

Assumption 3.3. The sequence {xy }r>0 is contained in a compact set.

Assumption 3.4. The termination conditions of Steps 10 and 25 are omitted from Algo-
rithm 5.

The global analysis proceeds as follows. First, certain properties of the iterates are estab-
lished under Assumptions 3.1-3.4. Second, these properties are used to show that without
Assumption 3.4, finite termination of Algorithm 5 occurs for any positive stopping tolerance.
This result does not require the assumption of a constraint qualification. Finally, under the
assumption of a weak constraint qualification, the properties of the limit points of an infinite
sequence of iterates are investigated.

The next theorem extends the result by Gill and Robinson [20, Theorem 3.1] to allow for
the computation of directions of negative curvature. The proof gives properties of the iterates
that must hold when every iterate is an F-iterate for sufficiently large k. These properties
will be used to show that there must exist an infinite set of V-O-iterates or M-iterates.

Theorem 3.1. Let {vp} = {(wk,yx)} denote the sequence of iterates generated by Algo-
rithm 5. Suppose that there exists some k such that the kth iterate is an F-iterate for every k
in the set S = {k : k > k}. The following results hold.

(1) There exist positive constants T, u", and p, and a constant vector y* such that

=1, pp=p", pr=p, and yp =vy"” foralkesS. (3.1)
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(2) The sequences {dy}, {yx}, and {m(zk,y", u")} are uniformly bounded for all k € S.

(3) The sequences {&}, {sk}, {Ave} (= {dr + sx}), {B(v, ;1) }, {V2M (v 397, ™)},
{Av] B(v, s p®) Avg }, and { AvEV2M (v, 5 yf, p®) Av, } are uniformly bounded for all k €
S.

(4) The sequence {||dg|| + ||sk||}res s bounded away from zero.
(5) If limges: VM (vy ;4% u™)Tdy, = 0 for any subsequence S’ C S, then

lim dj, = li Ly ) — il = lim || B(og s p®) — VM (vg ;9% 1) = 0,
lim dy, = lim [|w(2r, y*, 1%) — yxll = lim | B(vg; 1) (v 39", 1)l

and &, > 7 for all k € S’ sufficiently large.

(6) There exists a positive € such that

VM (vg 34", u™)Tdy, < —ep or sIB(vy;p")s, < —ep  forallk € S.

Proof. First note that since k is assumed to be an F-iterate for all £ > 75, it may be assumed
without loss of generality that every descent direction dj is of a global descent step. This is
permitted because a requirement for computing a local descent step is that iteration k is a
V-O-iterate.

Part (1) follows from the definition of S, the structure of Algorithm 5, and (2.29).

Part (2) follows from the statement and proof of Theorem 3.1 of Gill and Robinson [20].

The first step in the proof of part (3) is to show that the set { }xes is uniformly bounded.
From the definition of & in Algorithm 1, it must hold that

0< &= —u" (Hlag ) + (1) (wn) T )y |

< —u"T H(ay, yo)ul” /1ol |12 < —Ain(H (25, i), for k € S. (3.2)

From part (2), the set of multipliers {yi }xes is uniformly bounded, which, together with the
inequality (3.2) and Assumptions 3.2 and 3.3, imply the required uniform boundedness of
{&k tres-

The proof that the sequence {si}res is uniformly bounded involves showing that the
vectors uy and wy that constitute s = (ug,wy) are bounded. The result for {u }res follows
from the uniform boundedness of the sequences {& }res and {dy }res shown in part (2), and
the definition of uy from (2.25) and (2.24). For the sequence {wy, }res, the expressions (2.23),
(2.24), and (2.25) that define wy, in terms of w,(gl), and the definition of w,(gl) in Algorithm 1
give

2 1 1
lwgll = llogw || = llogwM || = 1(on/u™) I (z))ul”|
1 9 1 1
= Euakﬂxk)u,i | = il sl < 5T @)l e

The combination of this inequality with Assumptions 3.2-3.3, and the uniform boundedness
of {ug }res implies that {wy }res is also uniformly bounded. This completes the proof that
{ Sk }res is uniformly bounded.

The uniform boundedness of {V2M (v ; y®, u®) }res and { B(vy ; u) }res follow from their
respective definitions (1.10) and (1.12), Assumptions 3.2-3.3, and part (2) of this theorem.
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This result and the boundedness of {di}cs, {sk}es, implies the uniform boundedness of
AvIB(vy 5 uf) Avy and AvINV2M (v, ;yE, ™) Av, on the subsequence S. This completes the
proof of part (3).
Part (4) is proved by contradiction. Assume that there exists a subsequence S; C S such
that
lim d =0 d =0. 3.3
fig b =0 and g s .
The solution vy of the bound-constrained QP subproblem (2.6) can be written in terms of the
vector d = Uy — vk = (Th — Tk, Yk — Yk)- As pf = p' for k € §; € S from part (1), the QP
optimality conditions can be written in the form

(Z(f) = Bvg; p™)di + VM (039", p%),  with  min(Z, z) = 0, (3.4)

From part (3), the matrix B(vy ; 4*) is uniformly bounded on &, which implies that with the
assumption (3.3) and the limit limgegs, d = 0, the optimality conditions (2.17a) and (2.17b)
must be satisfied for £ € Sy sufficiently large. If there existed a subsequence of &; for which
§k < 7, then eventually condition (2.17c) would also be satisfied, which would violate the
assumption that all iterates are F-iterates for k > k. As a consequence, it may be inferred
that & > 7 for all k € §; sufficiently large.

If & > 7 > 0 for all k£ € S; sufficiently large, then Algorithm 1 will compute a nonzero
u,(gl) for all k € &; sufficiently large. As u,(f) is j:u,(:) from (2.23), u,(f) is also nonzero for the
same values of k. Let ¢, denote the value of € that defines the e-active set (2.1) at (xg, yx).
From this definition of €, it must hold that €, > min(uj_,,€q) = min(p", €,) > 0. Moreover,
the assumption (3.3) that limges, dr = 0 implies that for every j € Fe(zg, yr, ), the lower
bound [Z}]; > e > 3 min(u”,e,) must hold for all k € Sy sufficiently large. If this lower

bound is combined with the inequality & > 7 > 0 and the property that [u,(f)] j = 0 for
j € Ac(xg, yr, u*), it follows from the definition of o in (2.24) that there must exist some

positive 1 such that |Jug| = Haku,(f)H > 4y for all k£ € S; sufficiently large. This contradicts
the assumption (3.3) that limges, sy = 0 because uy, forms the first n components of s;. This
contradiction implies that (3.3) cannot hold, which proves part (4).

For the proof of part (5), assume that there exists a subsequence &' C S such that

lim VM (v, 39", 1) di = :
kIEI‘IS'l’V (vk;ay ) ) k=0, (3 5)

and define the nonsingular matrix Uy = (é -/ ’;R)JkT ) As d = 0 is feasible for (2.6) and

dr, = (P, qx) = (T — g, Yk — yi) is computed from the unique solution vy = (Zy, yx) of the
strictly convex QP (2.6), it follows that
—VM (v 3y, ™)y, > 3dEB vy 1) dy

= YU UL B (v s UL U d

T, ~
1 Pk Hp+ -%JFg, 0 Pk

=_ 7 cf. (2.7
2 (% + HIRJk:pk> ( 0 wt ) \ak + M%Jkpk (cf. (2.7))

5 Aminllell® + 2w + 1/ 1) Jeprl %),

Y
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where A i,

> 0 is defined in Assumption 3.1. Combining this inequality with (3.5) yields

lim pr, =0 and (gr + (1/1") Jkpr) =0,

lim

keS’ keS’

in which case limges g = 0 because the sequence {Ji} is uniformly bounded by Assump-

tions 3.2-3.3. As pp and ¢ are the primal and dual components of di, it must be the case
that

lim dj, = .
fiag de =0 o0

which is the first result of part (5). If the result (3.6) that limges di = 0 is combined with
the QP optimality conditions (3.4) and the definition of V, M (v ;y”, n®) in (1.9), then

li ) E7 ) — :Ov
L (e, y®, 1) = yill

which is the second result. Combining this result with the definitions of V?M and B and
Assumptions 3.2-3.3 gives

lim, [|[V2M (v 9%, 1") — B(og s p")|| = 0,

keS’
which is the third result.

The proof of the first result of part (5) establishes the limit limges: d, = 0 (see (3.6)). An
argument analogous to that used in the proof of part (4) may be used to show that if there
is a subsequence of S’ such that & < 7, then some subsequent iterate is an M-iterate, which
would be a contradiction. This implies that & > 7 for all k € &’ sufficiently large, which
completes the proof of part (5).

Part (6) is established by contradiction. If the result does not hold, there must exist a
subsequence &1 C S such that for all k£ € Sy, the regularization parameter p} is fixed at p”,
with

khergl VM (vy, 5 9%, u™)Tdp =0 and khergl sFB(vy,; u™)s;, = 0. (3.7)

The proofs of parts (4) and (5) establish the existence of a positive §; such that

|si|| > 01 for k € S; sufficiently large. (3.8)

The combination of this bound, the definitions of s (2.25) and s,(f) (2.23), and part (2) of
Lemma 2.1 yields

()T

SgB(Uk sp)s = a,%sk B(vy, ;MR)SQ) 2 (T

1
W= 0ksy Blug; ,UR)SJ(C :
= 1 ~ 2
< a2, |[ulV |2 = 020, |ul |

= 0||ui]|?> <0, for k € S; sufficiently large. (3.9)

The scalars {f} must be bounded away from zero on S;. Otherwise, the definition of 0y,
would imply that Amin(Hy, + (1/u")JEJ,) converges to zero on some subsequence of Si,
which would imply that & converges to zero on the same subsequence. This contradicts
the result of part (5) above, and implies that {6} must be bounded away from zero on Si.
Combining this with (3.9) and (3.7) gives

li —0. 3.10
m (3.10)
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The following simple argument shows that this result leads to the required contradiction.
Under the assumption (3.7) that limges, VM (vg ;y%, u®)1dy = 0, the result of part (5) implies
that limgegs, di = 0. However, if limges, di, = 0, then the same arguments used to show that
|Isk|| is bounded away from zero in the proof of part (5) may be used to show that that there
exists a d2 > 0 such that |ug| > d2 for all k& € &; sufficiently large. This contradicts the
implication (3.10). It follows that the initial assumption (3.7) cannot hold, which completes
the proof of part (6). 1

Theorem 3.2. Consider the infinite sequence {vy}, where v = (vk,yx) is generated by Al-
gorithm 5. Then

(1) the union of the index sets of V-O- and M-iterates is infinite; and

(2) the sequence of regularization parameters satisfies {u;’} — 0.

Proof. The proof of part (1) is by contradiction. If the number of V-O- and M-iterates is
finite, then there must exist an index k such that the kth iterate is an F-iterate for all k > k.
In this case, the result of part (1) of Theorem 3.1 may be invoked to conclude that (3.1) holds
for the set S = {k : k > E} It will be shown that this result implies the existence of an
infinite subsequence §; C S and a fixed positive values u® and k such that

M (v 597, 1) < M(vg;y°, 1) —k for k € Sy. (3.11)

This may be combined with (3.1) to conclude that M decreases monotonically for every F-
iterate. Moreover, it must hold that limg_,o, M (vg;y®, u") = —oo. This is impossible given
Assumptions 3.2-3.3, and the contradiction implies that the theorem must hold.

If every iterate is an F-iterate for the set S = {k : k > k}, then part (1) of Theorem 3.1
gives pi = p, Algorithm 5 gives £, = 2, and Algorithm 2 gives dj, is a global descent step
for every k € S. The inequality (3.11) is established by considering the Armijo acceptance
condition (2.27) associated with the flexible line search described in Section 2.4. Suppose that
the values pu" = p™ and ¢ = 2 are used in the condition (2.27), in which case the line search
is equivalent to a conventional Armijo backtracking line search. For all k € S, this condition
may be written in the form

Pr(as ) <05 ™) + v (Ul 1, b)) — (05 17, 4y)) (3.12)

where ¥y (a; ) = M(vi + alug;yg, 1), Avy = di + si, and g (a; pf, 4y) is the quadratic
model (2.26). Expanding the left-hand side of (3.12) using a Taylor-series expansion and
performing some rearrangement yields

(1= 76) @05 ") + 5o (T (05 1) = st (05 1", b)) < —O(Jerf*[| A ]|?). (3.13)

There are two cases to consider.

Case 1: W} (0; ™) = VM (vg ; 4%, u*)TAvy, < —6 for some § > 0 and all k large.

It follows from parts (2) and (3) of Theorem 3.1 that {¥}'(0;u") bres, {5 (051", lk) bres,
{d }res, and {sg }res are uniformly bounded. These results together with the assumption
that ¥, (0; ") < —¢ imply the existence of a positive & such that (3.13) is satisfied for all
0 < a < @ and all k € S sufficiently large. Thus, a conventional backtracking line search



A Stabilized SQP Method: Global Convergence 27

would terminate with an o > amyi, for some api, > 0 and all k sufficiently large. However,
the use of a value of p” (u” > u®) in the flexible line search allows for the early termination
of the backtracking loop, and it must hold that the resulting value must satisfy ap > amin.
The combination of part (1) of Theorem 3.1, the acceptance criterion (3.12), the definition of
i implied by (2.29), the assumption that ¥} (0; p®) < —4, and the bound oy > auin, yields
the inequality

Wi (s 1) < (05 1) + 75 (05 1) + vsai o (05 ", 41)
< (05 1) — Ysamind, for all k sufficiently large.

If S is the set of k sufficiently large such that ¥, (0;p") < —0, then the final inequality is
equivalent to (3.11) with kK = ygamind.

Case 2: A subsequence S; C S exists such that limgegs, ¥, (0; 1) = 0.

Algorithm 5 provides directions sy and dj, that satisfy the inequalities VM (v, ; 4%, u)T's; <0
and VM (v, ;y®, u*)Td, < 0. Under the given assumption that limges, %7 (0; ) = 0, it must
hold that

lim VM (v ;9%, ™) dy, = 0. (3.14)
keSS

The combination of this result with part (6) of Theorem 3.1, indicates that there must exist
an €, > 0 such that

sIB(vy ;™) sp < —ep  for all k € Sy sufficiently large.
This inequality, in combination with (3.14) and parts (3) and (5) of Theorem 3.1 implies that

AvlB(vy, ; ) Avy, < —3ep for k € S sufficiently large. (3.15)

As ¥, (0; ™) < 0 by construction, and vs € (0, 1), a sufficient condition for the inequality
(3.13) (or the equivalent Armijo condition (3.12)) to hold is that

L (03 1) = 450405 1", 04 ) < =O(la] | Avy ). (3.16)
However, the definitions of ¢, and ¥y, and parts (1)—(3), and (5) of Theorem 3.1 imply that

V(03 1) = s (05 1", ) < 5(1 = 75) Avg Bl s 1) Avy
—%(1 —s)ep for k € S sufficiently large,

IN

where g € (0,1). This inequality allows the sufficient condition (3.16) to be restated as
—2(1=7s)er < =O(|ev| | Avg||?)  for k € Sy sufficiently large.

Parts (2) and (3) of Theorem 3.1 imply that {d;} and {si} are uniformly bounded on ;.
It follows that there exists a positive scalar & independent of k such that (3.13) is satisfied
for all 0 < a < @ and all k € S sufficiently large. As in the previous case, this implies that
Qk > Qpin for some api, > 0 and all k& € &7 sufficiently large, where o4 is the step length
given by the flexible line search. It remains to show that (3.11) holds for some positive k. A
combination of the descent condition (3.12), part (1) of Theorem 3.1, the line-search penalty
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parameter update (2.29), the descent property ¥, (0; ") < 0, the bound ay > amin, and the
uniform bound Av]'B(v; ; u®)Av, < —3ep of (3.15), gives

Wi (a3 1) < W05 1) + 750,04 (05 ") + sy (05 1™, )
<05 p) — %’ysafninep for all k € &; sufficiently large,

which is equivalent to (3.11) with & = $ysa2,;,

For the proof of part (2) it is necessary to show that the sequence of regularization parame-
ters satisfies { ) } — 0. The update rule (2.19) decreases uj} by a fraction for M-iterations and
it remains unchanged during F-iterations. It follows from these properties and part (1) that
if the number of V-O iterations were finite, then the result of part (2) would hold. Therefore,
for the remainder of the proof it is assumed that the number of V-O iterations is infinite. Let
Sy denote the set of V-iterates, and, without loss of generality, assume that Sy is an infinite
set. As the set Sy is infinite, it follows from the bound ¢y (vg) < %¢I‘21?i1 of (2.14) and the
associated value of ¢yi* in Algorithm 5 that limges ¢y (zk,yr) = 0. The definition of ¢, then
implies that

EF'

li =0, i i — J(z)"y)|| = 0, and i =0.
Jim c(zy) =0, Jim | min (zx, g(zx) — J(zx) yx)l| = 0, an Jin &
These identities imply that the first-order condition (1.2) holds for all k € S, sufficiently large,
giving limges 7(2k, yx) = 0. This will force the regularization parameter update (2.15) to give
{pg} — 0, which completes the proof. 1

The previous result establishes that the union of V-O and M-iterations is infinite. The next
result establishes that the number of V-O iterations is finite only when there is an infeasible
stationary limit point associated with the constraint violation.

Theorem 3.3. If the set of V-0 iterates is finite, then the set of M-iterates is infinite and
every limit point x. of {xk}trem satisfies c(xy) # 0 and is a KKT point for the feasibility
problem

mifeiﬂrz&ize %Hc(m)“2 subject to z > 0.

Proof. The assumptions of this theorem and part (1) of Theorem 3.2 imply that the set
M = {k : iteration k is an M-iterate}

is infinite and that all iterates are either M- or F-iterate for k sufficiently large. Let x, be
any limit point of {xj }xear, which must exist as a consequence of Assumptions 3.3. It must
be the case that

lim z, = x, for some M; C M. (3.17)
keMy

It then follows from the updating scheme used for y; during M- and F-iterates that the
sequence {y;_, }kem, is bounded. As a consequence, there must exist a vector y such that

li P =y f My C M. 3.18
kel./\n/llzyk_l y, for some My C M; (3.18)
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The next part of the proof involves showing that the point x, solves problem (2.31). The
proof involves the limits

1
I i ( g —JTE 4+ ——JT, )H:o, 3.19
i || Tk e — kY 1+M;’§,1 kCh (3.19a)
li — || =0, and 3.19b
G |me — ykl =0, an ( )

li -0, 3.19

kelﬂ2§k ( C)

where 7, denotes the vector 7(x,y;_;, #g_1). These limits follow from the definition of an
M-iterate (2.17a)—(2.17c), and the fact that {7} — 0 is enforced by Algorithm 5 when there
are infinitely many M-iterates.

Part (2) of Theorem 3.2 implies that {47_;} — 0 and the denominator of the second term
in the minimization (3.19a) becomes arbitrarily small for k& € My sufficiently large. There
are two cases to consider. First, let i be any index such that [z.]; = 0. In this case, the limits
limpepm, T = x4 from (3.17) and limpep, y5_y = yi from (3.18) imply that for any given
positive §, there is no infinite subsequence of My such that [chk]i < —4. It follows that
[J(z+)Tc(x4)]; > 0 for all i such that [z]; = 0.

The second case concerns the indices i such that [z,]; > 0. The bounded limits limgepq, T =
z, and limgen, 2 | = yP imply that g(x.) — J(2)Ty? is bounded. It follows that if
[z4]; > 0, then the property {uf ;} — 0 and the limit (3.19a) imply [J(z.)Tc(z4))i = 0
and [g(x,) — J(z4)Ty?]; = 0. Combining these two cases and using the fact that every iterate
xy of Algorithm 5 is nonnegative yields

min (., J(z.) c(z.)) = 0, (3.20)

i.e., x4 is a first-order solution to the feasibility problem (2.31) (cf. (2.32)).

It remains to show that ¢(x.) # 0. The proof is by contradiction. If ¢(x,) = 0, then it
follows from (3.19), and the definitions of the feasibility and optimality measures (2.13), that
xp, must be a V-0 iterate for all k& € My sufficiently large, which contradicts the assumption
that the number of V-O iterates is finite. It follows that c¢(x,) # 0, as required. ]

The previous results are now used to show that Algorithm 5 terminates in a finite number
of iterations when the finite termination conditions are present. Note that this theorem does
not require the assumption of a constraint qualification because the proof uses the properties
of the sequence of iterates and not the properties of the limit points of the sequence.

Theorem 3.4. If Algorithm 5 is implemented with a positive value of Tsop in the termination
conditions (2.30) and (2.33), then the algorithm will terminate in a finite number of iterations.

Proof. The proof is by contradiction. Assume that finite termination does not occur. There
are two cases to be considered.

Suppose that there are infinitely many V-O iterates given by the sequence S. It then
follows from (2.14), the updates used for V-O iterates in Algorithm 5, (2.13), and part (2)
of Theorem 3.2 that (2.30) will be satisfied for all k£ € S sufficiently large. This implies that
Algorithm 5 terminates at Step 10 after a finite number of iterations. This contradiction
completes the proof in this case.
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Now consider the case that the set of V-O iterates is finite. It follows from Assumption 3.3
and Theorem 3.3 that there must exist a subsequence M of M-iterates such that

klirj{l/l T = Ty, ||min(z,, J(x*)Tc(ac*))H =0, and c(z) #0. (3.21)
€

It also follows from part (2) of Theorem 3.2, (3.21), and (2.13) that
min(n(zg), Tstop) > p  for all k € M sufficiently large. (3.22)

The combination of this bound with the limits (3.21) and the definition of M implies that
(2.33) must be satisfied for all k£ € M sufficiently large, i.e., Algorithm 5 terminates in a finite
number of iterations at Step 25. This contradiction completes the proof. |

The analysis of convergence to second-order solutions involves a number of alternative
constraint qualifications. Constraint qualifications are crucial in this analysis because the
properties of limit points of the iterates are considered. (Compare the result to Theorem 3.4,
in which finite termination is established without the need for a constraint qualification when
Tstop > 0.) The definitions and properties are reviewed below and involve the sets {Ve;(x) :
i=1:m} and {e; : j = 1:n} consisting of the gradients of the equality constraints c(z) = 0
and inequalities z > 0.

The next two definitions are required for the formulation of the constant positive generator
constraint qualification of Andreani et al. [5, Definition 3.1], which is used in the proof of
convergence to first-order KKT points.

Definition 3.1. Let Z and J denote the index sets T C {1,2,...,m} and J C {1,2,...,n}.

(1) A positive linear combination of the vectors {Ve;(x)}ier and {e;}icy is a vector of the
form 32, ez aiVei(z) + 325 7 Biej, with B >0 for all j € J.

(2) The set of all such positive linear combinations is called the positive linear span of the
set {{Vci(x)}iez, {ei}iej}.

(3) The vectors {Vei(x) Yiez and {e;}icg are said to be positively linearly independent if the
only way to write the zero vector using positive linear combinations is to use all trivial
coefficients. Otherwise, the vectors are said to be positively linearly dependent. ]

Definition 3.2. (CPGCQ) Assume that x is a feasible point for problem (NP) and let T =
{1, 2, ..., m}. The constant positive generator constraint qualification (CPGCQ) holds at x
if there exist sets T' CZ and J C A(x) and a neighborhood B(x) of x such that the following
two properties hold: (i) the vectors {{¥Vci(z)}ier, {€iticy } are positively linearly independent,
with positive linear span equal to the positive linear span of the set {{Vei(x)}ier, {ei}ticaw)}:
and (i) for every T € B(x), any vector in the positive linear span of {{Vci(Z)}iez, {€iticaw)}
is in the positive linear span of the vectors {{Vc;(Z)}icr, {€i}tics} ]

A constraint qualification in common use is the Mangasarian-Fromovitz constraint quali-
fication (see [29,30]).
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Definition 3.3. (MFCQ) Assume that x is a feasible point for problem (NP). The Mangasarian-
Fromovitz constraint qualification (MFCQ) holds at 2 if J(x) has full row rank and there exists

a vector p such that J(x)p = 0 and p; > 0 for every j € A(x). The equivalent dual form of
the MFCQ is that the vectors {{Vei(x)}", {ei}ticaw)} are positively linearly independent.

|

The Mangasarian-Fromovitz constraint qualification is a stronger condition than the con-
stant positive generator constraint qualification of Definition 3.2. It is not, however, a second-
order constraint qualification. The weak constant rank condition defined below was introduced
by Andreani et al. [6, pg. 532] in the context of combining the Mangasarian-Fromovitz con-
straint qualification with the weak constant rank condition to define a second-order constraint-
qualification.

Definition 3.4. (WCRC) Assume that x is a feasible point for problem (NP). Given any
z, let Jx(Z) denote the submatriz of columns of J(Z) associated with F(x), the set of free
variables at = (see (2.2)). The weak constant rank condition (WCRC) holds at x if there
exists a neighborhood B(z) for which the rank of J=(Z) is constant for all T € B(x). ]

The equivalence of the following definition of an approximate KKT sequence with the
definition of Qi and Wei [33, Definition 2.5] is established by Kungurtsev [26, Result 8.5.1].

Definition 3.5. (Approximate KKT sequence) The sequence {(xy,yx)} with each xy, non-
negative is an approximate-KKT (AKKT) sequence if {zy } — x. for some x, and {r(zk,yx) } —
0, where r is the norm of the residual (1.2) associated with the definition of a first-order KKT
point. |

The next result, which concerns the properties of an AKKT sequence, is required for the
subsequent convergence analysis.

Theorem 3.5. Suppose that {(xk,yr)} is an AKKT sequence with {xy} — x« for some x..
The following results hold.

(1) If the CPGCQ holds at x, then x, is a first-order KKT point for problem (NP), i.e., the
set of dual vectors Y(x.) of (1.3) is nonempty.

(2) In addition, if the MFCQ holds at x, then the sequence {yr} is uniformly bounded,
contains at least one limit point, and every limit point is contained in Y(x).

Proof. The proof of part (1) is given by Andreani et al. [5, Theorem 3.3].
The assumptions for part (2) include that both the CPGCQ and the MFCQ hold at ..
Let {0} and {2} denote sequences such that

0k = llyrllo and 2z = max(0, g — Jiyy) = 0.
These definitions and the assumption that {(zg,yx)} is an AKKT sequence imply that

klim (91 — Jiye — 2) = 0. (3.23)
—00
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Suppose that the dual sequence {y;} is unbounded, in which case there must exist some
subsequence S such that limges ||yk|| = co. Then, it must hold that the sequences {y/dk }res
and {zy /0 }res are bounded from the definitions of d; and z; (zx > 0), the assumption that
{zp} — =, and Assumption 3.2. It follows that there exists a subsequence §; C § and
vectors (7, Z) such that limges, (Yk, 2k)/0r = (9, Z) with Z > 0. Combining this inequality with
the limit (3.23), {0 }res, — o0 and {xp} — x,, and the Assumption 3.2 gives

0= lim (95— ik — ) [0 = —J (@) g —2 = J(@.)g+z=0. (3.24)
1

It now follows from J(z.)'y + Z = 0, Z > 0, and the dual form of the MFCQ that § =
z = 0. However, the definition of d; and the fact that {y;} is unbounded on § imply that
limges ||lyell/0x = 1. As S € S, the definition of y implies that ||y|| = 1, which contradicts
the fact that § = 0. Thus, it must hold that the sequence {y;} is uniformly bounded with
at least one limit point. Finally, the result that every limit point y,. of {yx} is contained in
Y(z,) follows as a direct consequence of the result that {(zg,yx)} is an AKKT sequence and
the definition (1.2) of a first-order KKT point. 1

A second-order KKT point is defined as a point that satisfies a set of second-order nec-
essary optimality conditions for problem (NP). However, there are a number of alternative
second-order conditions that may be used. These conditions vary in the definition of the set
of directions on which the Hessian of the Lagrangian is required to be positive semidefinite. A
standard definition is similar to the second-order sufficient conditions given in Definition 1.2,
except that the quadratic form is required only to be nonnegative. However, for this con-
dition to be verified, it is necessary to find the minimum of a quadratic form over a cone,
which is a computationally intractable problem (see, e.g., Cottle, Habetler and Lemke [11],
Majthay [28]). In practice, it is typical to use an alternative second-order condition, which is
sometimes referred to as the weak reduced positive semidefiniteness property (see, e.g., An-
dreani et al. [3], Facchinei and Lucidi [14], Moguerza and Prieto [31]). The proofs below use
the following definition of a second-order KKT point (see, e.g., Andreani et al. [4, pg. 211]).

Definition 3.6. (Second-order KKT point) The primal-dual pair (z*,y*) is a second-
order KKT point for problem (NP) if (x*,y*) is a first-order KKT pair (cf. (1.2)), and

pTH(z*,y*)p > 0 for all p € Ca(z¥), (3.25)
where C4(x) is the set of directions

Ca(zx) ={p:J(x)p=0, p;=0 for i A(z)}. 1 (3.26)
The next result establishes global convergence to second-order KKT points. In partic-
ular, it is shown that if there are infinitely many V-O iterations (Theorem 3.3 shows this
this occurs whenever infeasible stationary points are avoided), and both the Mangasarian-
Fromovitz constraint qualification and weak constant rank condition hold at a primal limit
point, then any primal-dual limit point of that sequence is a second-order KKT point. The
Mangasarian-Fromovitz constraint qualification and the weak constant rank condition to-
gether represents the weakest second-order constraint qualification used as part of a con-
vergence analysis (see Andreani et al. [7]). Consider the simple example of the nonlinear
constraint (z1 4+ 1)? — 2o — 1 = 0, with bounds zy, x2, 23 > 0. At the feasible point 2 = (0,
0, 1), the Mangasarian-Fromovitz constraint qualification and weak constant rank condition
hold, but the linear independence constraint qualification does not.
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Theorem 3.6. Let {vy} = {(xk,yr)} denote the sequence of primal-dual iterates generated by
Algorithm 5. Assume that the algorithm generates infinitely many V-0 iterates, i.e., |S| = oo,
where S is the index set S = {k : iteration k is a V-O iterate}.

(1) There exists a subsequence Sy C S and a limit point x, such that limges, T = Ty
(2) Either x, fails to satisfy the CPGCQ, or x4 is a first-order KKT point for problem (NP).
(3) If x« is a first-order KKT point for problem (NP), then the following results hold.

(a) If the MFCQ holds at x., then the sequence {yi}res, is bounded, and every limit
point y. defines a first-order KKT pair (x4, ys) for problem (NP).

(b) If, in addition, the WCRC holds at x., then (., y«) is a second-order KKT point
(see Definition 3.6).

Proof. For part (1), Assumptions 3.2 and 3.3 imply that there exists a vector x, and subse-
quence S1 C S such that

li = Zy. 3.27

fug o= @2
If the CPGCQ is not satisfied at x., then the first alternative of part (2) holds and there is
nothing to prove. For the remainder of the proof it is assumed that CPGCQ holds at x.
It follows from the properties of the subsequence Sy, the definition of Algorithm 5, and the
existence of the limit (3.27) that

{(zk, Yk) }res, is an AKKT sequence with khergl Th = Tx. (3.28)
If this result is combined with the nonnegativity of x; imposed by Algorithm 5 and the result
of part (1) of Theorem 3.5, it follows that z, is a first-order KKT point for problem (NP),
which proves part (2).

For the proof of part (3a), the assumptions that x, is a first-order KKT point and the
MFCQ holds at x,, together with the result of part (2) of Theorem 3.5 imply that the set
{yk }res, is bounded, with every limit point y, defining a KKT pair (2., ys) for problem (NP).

The result of part (3b) assumes that the WCRC holds at z, in addition to the MFCQ. It
will be shown that, under these conditions, (2, y) is a second-order KKT point and therefore
satisfies the second-order necessary conditions for optimality. Let p, be any vector such that
lp<|]] = 1 and p. € C4(x4), where C4 is defined by (3.26). As the MFCQ and the WCRC hold
at x, it follows from [6, Lemma 3.1] that there exists a sequence {py} such that

klirg Pr = Px, With pj € 6’(xk) ={p:J(xx)p=0 and p; =0 for i € A(z.)},
€01

Without loss of generality, the elements of the sequence {pj}res, may be scaled so that
|lpk| = 1. Consider the set

Clan,yr) = {p: J(z1)p =0 and p; = 0 for i € Ac(,, Y, puf_1)} -

As {zp}res, is an AKKT sequence from (3.28), and {u7} — 0 from part (2) of Theorem 3.2,
the definition of an e-active set in (2.1) implies that, for all k € Sy sufficiently large,

Ac(zp,ypo pE_y) € A(zy) and  Clag) C Clak, yr)- (3.29)
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The definition of the set S; in (3.27), and the updates made to ¢y (vx, yx) and ¢o (s, ¥y, &)
in a V-0 iterate of Algorithm 5, imply that the optimality measure w(x,y.£) of (2.13) satisfies
w(xy, Yy, &) — 0 on S;. This implies that

li =0. .
kleréllfk 0 (3.30)

If p#, is the vector of components of py associated with the e-free set F(x, v, p_,), then the

definition of pj as a vector of unit norm in the set 6’(xk) - 6(1%, yi) implies that ||pz || = 1.
In addition, the property that J(zx)pr = 0 implies that

PRH (g, yi)pk = pg(H(‘rka Yi) + (1/M£—1)Jgjk>pk

= p5(Hy, + (/1) TET 7, )b,
> N (Hr + (/1) TET, ) lp 2
> uz [Hy + (1/pi_y) 7T ] us,
- Olluz|?

where the last inequality follows from the definition of £ in Algorithm 1 and the inequality

(2.9).

Let Sy denote the subsequence So C S; such that limges, yr = y«. (The existence of this

subsequence is guaranteed by the result of part (3a).) Taking limits of (3.31) over k € Sy C S
and using (3.30) gives

— (3.31)

1
T . T .
piH (%, y,)p, = gér&pkﬂ(xk,yk)pk > khe%é —58 =0,

which completes the proof. ]

Discussion. The termination conditions (2.30) and (2.33) used in Algorithm 5 are precisely
the conditions that define an AKKT sequence. For a positive, but arbitrarily small, termina-
tion tolerance 7yop, the algorithm generates an AKKT sequence for either problem (NP) or
the infeasibility problem (2.31). As a consequence, Theorem 3.4 implies that the algorithm
terminates finitely. Analogous to a set-theoretic analysis of constraint qualifications (i.e.,
some constraint qualifications are stronger than others), there exist many alternative sets of
stopping criteria, with some stronger than others. For example, Andreani et al. [7] define the
complementary approximate KKT sequence (CAKKT), which defines the strongest sequential
condition in the literature—i.e., there exist convergent sequences with limit points that are
not local minimizers that satisfy AKKT and other sequential conditions, but do not satisfy
CAKKT (see the references in [7]). In this sense the conditions that define a CAKKT sequence
provide for a stronger stopping criterion. Algorithm 5 may be adapted to generate CAKKT
sequences by modifying the measures ¢, and ¢, of (2.13) so that n(zx) = ||c(xy)|| and

W(Zg, Yr» &) = maX(Hmin(:Uk,g(xk) - J(ffk)Tyk)H s Nz - (g(xk)_J(xk)Tyk)Hv lle(xy) « yell, sz),
and by changing the conditions that characterize an M-iterate to
| min(2g, Vo M (2, Yg s Y10 e—1))|| < -1,
@« VoM (@, Ype s Yo—1> - | < o1,
IV M (2 Y s Yi—1 Be—1) || < To1pti—1, and
§k < T—1.
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If Algorithm 5 is modified to reflect these changes, it can be shown that either a CAKKT
sequence is obtained for problem (NP) or an AKKT sequence is obtained for the feasibility
problem (2.31).

4. Conclusions

A stabilized SQP method has been proposed that uses a primal-dual augmented Lagrangian
merit function to ensure convergence from an arbitrary starting point. The method has the
same strong first- and second-order convergence properties that have been established for
augmented Lagrangian methods, while being able to transition seamlessly to stabilized SQP
with fast local convergence in the neighborhood of a solution. The method uses a flexible
line search along a direction formed from an approximate solution of a strictly convex QP
subproblem and, when one exists, a direction of negative curvature for the primal-dual merit
function. The superlinear convergence of the iterates and the formal local equivalence to
stabilized SQP is established in a companion paper (see Gill, Kungurtsev and Robinson [18]).
It is not necessary to solve a nonconvex QP subproblem, and no assumptions are necessary
about the quality of each subproblem solution. When certain conditions hold, an approximate
QP solution is computed by solving a single linear system defined in terms of an estimate of
the optimal active set. These conditions may be satisfied at any iterate, but are most likely to
be satisfied in the neighborhood of a solution. The conditions exploit the formal equivalence
between the conventional stabilized SQP subproblem and a bound-constrained QP associated
with minimizing a quadratic model of the merit function.

Convergence to first-order KKT points is established under weaker conditions than those
assumed in [20]. It is shown that with an appropriate choice of termination condition, the
method terminates in a finite number of iterations without the assumption of a constraint
qualification. The method may be interpreted as an SQP method with an augmented La-
grangian safeguarding strategy. This safeguarding becomes relevant only when the iterates
are converging to an infeasible stationary point of the norm of the constraint violations. Oth-
erwise, the method terminates with a point that approximately satisfies certain second-order
necessary conditions for optimality. In this situation, if all termination conditions are re-
moved, then limit points either satisfy the same second-order necessary conditions exactly or
fail to satisfy a weak second-order constraint qualification.

The main algorithm is intended for applications in which some guarantee of convergence to
second-order solutions is needed. For other applications, the negative curvature direction may
be omitted completely, or may be computed in the final stages of the optimization as a check
that the iterates are converging to a point satisfying second-order optimality conditions. In
the latter case the analysis implies that a direction of negative curvature, when it is computed,
may be used without impeding the overall convergence rate or preventing global convergence.
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A. Appendix

The stabilized SQP method proposed in Sections 1-3 is based on the result that primal-
dual points satisfying the second-order sufficient conditions of Definition 1.2 satisfy analogous
conditions for a minimizer of a primal-dual augmented Lagrangian subject to nonnegativity
constraints on the primal variables. A proof of this result follows.

Theorem A.1. If (z*y*) is a primal-dual pair for problem (NP) that satisfies the second-
order sufficient optimality conditions of Definition 1.2, then for the choice y* = y*, there
exists a positive fi such that for all 0 < p < @, the point (z*y*) satisfies the second-order
sufficient optimality conditions for the primal-dual optimization problem

minimize M (x,y;y”, ) subject to x> 0. (A-1)
x7y

Proof. As (z* y*) satisfies the second-order sufficient optimality conditions of problem (NP),
it follows that

c(z*) =0, z*>0, z*=g(*)—J@)y* >0, z*.-2"=0. (A-2)
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The second-order sufficient condition (1.7) implies the existence of a positive v such that
pTH(ac*, y)p > %’y”p”2 for all p € C(z™, y™). (A-3)

(Otherwise, for any positive 7 it would be possible to construct a sequence {px} with every
pr €S =C(z%y*)N{p:|lp|| =} and pLH(z* y*)p, — 0. As the set S is closed, there must
exist a limit point p* such that p* € C(z* y*) \ {0} and H(z* y*)p* = 0, which contradicts the
condition (1.7).)

It follows from (A-2), the definition of the gradient (1.9) with 7 = y* — ¢(x)/u, and the
assumption that y” = y*, that

VM (" gy ) = <g(x*) —g(x*)Ty*) _ <Z()> ,

Combining these conditions with (A-2) implies that (z* y*) satisfies that first-order optimality
conditions for a solution of the bound-constrained problem (A-1).

It remains to show that (z* y*) also satisfies the second-order sufficient optimality condi-
tions for the bound-constrained problem (A-1). If C,, is the set

Culz®y*)={p:pi=0 for i € A (2" y"), p; >0 for i € Ay(z"y") },

then the critical cone associated with Definition 1.2 may be written as C(z* y*) = null(J(z*))N
Cu(z*,y*). The result is established by showing that C,,(z* y*) is the critical cone for the
nonnegativity constraints of (A-1) at a first-order solution. In particular, it is shown that for
all 4 € (0, %), there exists a 1 > 0 such that for every p € (0, ), it holds that

"M (% y* 5y p)d > §ylld|| for all d = (p, ) with p € Cu(z% y*). (A-4)

For a proof by contradiction, suppose that there does not exist a g such that (A-4) holds
for all p € (0,). This implies the existence of a positive scalar sequence {uy} satisfying
limg 00 i = 0, and sequence {dy} with dy = (px, qx) satisfying px € Cp (2% y*) and

dEVM (29" 5y ) dy, < Sl dell® = Sk (A-5)

(The equality in (A-5) follows because we assume, without loss of generality, that ||dg| = 1,
which is allowed since C,,(z* y*) is a cone.) From ||di|| = 1 and py € Cy (2 y*) for all k, it
follows (possibly by passing to a subsequence) that there exists a vector d, = (px, g«) satisfying

lim dj = d, lldell = [(ps,q:)|| =1, and ps € Cp(x™ y"). (A-6)
k—o0

To simplify the notation, let g, J and H denote the quantities g(z*), J(z*), and H(x* y*).
If the first-order conditions (A-2) are used to simplify the Hessian VM (1.10) evaluated at
(z,y) = (z*,y*) and y* = y*, then the curvature condition (A-5) may be written as

2 _
Pk (H + ﬁJTJ)pk + 205 Tpg + pllael® < 371k (A-T)
Multiplying this inequality by px, and taking limits yields pl J7Jp, = ||Jp«||*> < 0, which

implies that Jp, = 0. Combining this with p, € Cy(2*y*) (see (A-6)), it must hold that
p« € C(x* y*) (see Definition (1.2)).
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The curvature condition (A-7) may be rewritten as

) p
S > pf(H + ﬁJTJ)pk + 24/ T py + pll el

T (1-2%) 7.r 1 T T
=piHp, + ——p. J Jp, + ——— piJ'Jp
RO (U= )T TR (=) TR R

+2q) T + (1 — ) lqel1* + | gk |

1 2
ZP;QFHPN'HiJPH' pr(1—7) %H + ]| ?
V(1 —7)
> piHpy + )|l (A-8)

where we have used the assumption ¥ € (0, ) and the inequality (1/ux)prJ?JIp, = (1/ ) || Tpxl/* >
0. The combination of the inequality (A-8), {pr} — p« € C(z* y*), and the second-order suf-
ficient condition (A-3), gives

37k > 17IIpkl® + e lla? - for all k sufficiently large. (A-9)

Taking limits and using limg_,oo pp = 0 yields ||p«]| = 0, which may then be combined
with (A-6) to conclude ||g«|| = 1. In addition, the inequality (A-9) implies that

v 0l 2, = 2o = 2
- > — > .
5 2 4Mllpkll + llall” = Vgl
Taking limits in this inequality and using the properties (A-6) and ||¢.|| = 1, gives the in-
equality %”y > 4, which is a contradiction. It follows that (A-4) holds for all u € (0, ),
which implies that (x* y*) satisfies the second-order sufficient optimality conditions for the
bound-constrained problem (A-1) as required. |

Corollary A.1. If (z*y*) is a primal-dual pair for problem (NP) that satisfies the second-
order sufficient optimality conditions of Definition 1.2, then, for the value vy = (xp,yx) with
xp =%, yp = y* and y; =y, there exists a positive fi such that for all 0 < pj < fi, the point
(x*,y*) satisfies the second-order sufficient optimality conditions for the QP subproblem

minimize VM (v, s yf, 1) (0 = v,) + 50 = v) T B (v, 1) (0 = v,),

subject to [v]; >0, i=1:n,
where B(v, ; ) is the matriz (1.12).
Proof. The proof follows from the identity B(v, ; ui) = VQM(vk s yr, 1y ), which holds for all
v = (z5,9%). B

The final result relates the quantity &, which estimates the magnitude of the minimum
eigenvalue of Hy, + (1/pf_;)JE J,_, to the minimum eigenvalue of a reduced Hessian matrix,
which plays a fundamental role in the second-order conditions for optimality.

Lemma A.1. If Zr,_is a matriz whose columns form an orthonormal basis for the null-space
of Jx., then
)\min(HFE + (1//‘]?—1)‘]_3-‘1‘]}'6) < )\min (ZJI;HFeZJ’e)'
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Proof. Let w = Zyv, where v is a vector satisfying |[v|| = 1 and v"ZLH, Z v =
Amin(ZL H . Z, ). The definitions of w and Z, imply that Jrw = Jz Zr v = 0, and since
Z . has orthonormal columns, it must hold that ||w| = 1. These identities and the definition
of v yield

w(Hr, + (/i) JE 5, )w
wlw

=w'Hyw=v"ZL H, Z, v=>Anin(Z}:H. Z,),

/\min(HFe + (1/ﬂl§—1)JZ€JF€) <

as required. 1
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