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Abstract

Stabilized sequential quadratic programming (sSQP) methods for nonlinear optimization
generate a sequence of iterates with fast local convergence regardless of whether or not
the active-constraint gradients are linearly dependent. This paper concerns the local con-
vergence analysis of a sSSQP method that uses a line search with a primal-dual augmented
Lagrangian merit function to enforce global convergence (Report CCoM 13-04, Center for
Computational Mathematics, University of California, San Diego, 2013). The method is
provably well-defined and is based on solving a strictly convex quadratic programming sub-
problem at each iteration. It is shown that the method has superlinear local convergence
under assumptions that are no stronger than those required by conventional stabilized
SQP methods. The fast local convergence is obtained by allowing a small relaxation of
the optimality conditions for the quadratic programming subproblem in the neighborhood
of a solution. In the limit, the line search selects the unit step length, which implies that
the method does not suffer from the Maratos effect. The analysis implies that the method
has the same strong first- and second-order global convergence properties that have been
established for augmented Lagrangian methods, yet is able to transition seamlessly to
sSQP with fast local convergence in the neighborhood of a solution. Numerical results on
some degenerate problems are reported.
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1. Introduction

Sequential quadratic programming (SQP) methods are an important class of methods for
minimizing a smooth nonlinear function subject to both equality and inequality constraints.
This paper concerns the local convergence properties of a new stabilized SQP method for the
solution of a nonlinear optimization problem written in the form

(NP) mi;leiﬂr@ize f(x) subject to c(x) =0, z>0,

where ¢: R" — R™ and f: R™ — R are twice-continuously differentiable. For problem (NP),
the vector g(z) is used to denote Vf(x), the gradient of f at x. The matrix J(z) denotes
the m x n constraint Jacobian, which has ith row Vc;(z)T, the gradient of the ith constraint
function ¢; at x. 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 x
is denoted by H(z,y) = V3f(z) — Yt y: V().

At each iteration of a conventional line-search merit-function SQP method, a sufficient
decrease in a merit function is obtained by performing a line search in the direction of a
solution of a quadratic programming (QP) subproblem in which a local quadratic model of
the Lagrangian is minimized subject to the linearized constraints. The merit function is
designed to provide a measure of the quality of a given point as an estimate of a solution
of the nonlinearly constrained problem. (For a recent survey of SQP methods, see Gill and
Wong [18].) Stabilized sequential quadratic programming (sSQP) methods are designed to
improve the poor local convergence rate that can occur when a conventional SQP method is
applied to an ill-posed or degenerate problem. Given an estimate (z, yx) in the neighborhood
of a primal-dual solution (z*,y*) of problem (NP), sSQP methods compute a new solution
estimate based on the properties of a QP subproblem of the form

minimize glap) (x — xp) + 5 (e — 2p) " H (zg, yo) (@ — zx) + guklly]l? 1)
subject to  c(wk) + J (@) (@ — k) + pk(y —yr) =0, =0, '

where py is a positive scalar of the order of the distance of (zp,yx) to the set of solutions
of (NP). The QP subproblem associated with a conventional SQP method corresponds to
the value pp = 0. The terms in the objective and constraints of (1.1) associated with py
serve to bound the change in the dual variables and provide a sequence of iterates with fast
local convergence regardless of whether or not the active-constraint gradients are linearly
dependent. The first sSQP method was proposed by Wright [34], who established a super-
linear rate of convergence of the solutions {(zx,yx)} of (1.1) under the assumptions of strict
complementarity and the satisfaction of the Mangasarian-Fromovitz constraint qualification.
These assumptions were relaxed in a subsequent analyses by Hager [20], and more recently
by Ferndndez and Solodov [10], and Solodov and Izmailov [25]. Independently, Fischer [11]
proposed an algorithm in which an auxiliary QP problem is solved for the multiplier estimate
of the conventional QP subproblem. This method also has superlinear convergence under
appropriate assumptions. The analysis of a conventional sSQP method concerns the sequence
{(zk,yx)} of solutions of the QP subproblem (1.1). Other methods related to sSQP identify
an estimate of the optimal active set and then solve an equality constrained or inequality
constrained QP defined in terms of a subset of the constraints. Constraints omitted from the
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estimated active set are allowed to be violated slightly. Wright [35, 36] includes only a sub-
set of the linearized constraints in an inequality constrained sSQP subproblem. Wright [37],
and Oberlin and Wright [33] use an auxiliary inequality constrained subproblem to estimate
the optimal active set and then solve a sSQP subproblem with only equality constraints. Iz-
mailov and Solodov [22] also use an auxiliary subproblem, but solve an unstabilized equality
constrained problem using a rank detection method to treat any linear dependence in the
linearized constraints.

All of these sSQP methods can be shown to exhibit fast local convergence under suitable
assumptions. It should be noted that, with the notable exception of Wright [37], previous
analyses of sSQP methods, while being elegant, do not pertain to a consistent, well-defined
algorithm. They show only that if a specific local solution of a nonconvex QP subproblem
is found, then these solutions converge at a superlinear rate. Unfortunately, in a practical
method, there is no guarantee that a nonconvex QP solver will find the specific solution
required for the theory. This problem is in addition to the well-known difficulties associated
with solving a nonconvex QP, i.e., the potential for multiple and unbounded solutions. (See
Kungurtsev [28, Chapter 5] for a discussion of these issues.)

Although sSQP methods exhibit fast local convergence, they come with little or no global
convergence theory, which implies that stabilized methods must start by solving the QP sub-
problem associated with a conventional (globally convergent) SQP method and switch to the
stabilized QP strategy when it is determined that the iterates are in the proximity of a solu-
tion. Moreover, as mentioned above, many sSQP methods require the solution of an auxiliary
inequality-constrained subproblem at each outer iteration, usually a linear program (LP).

In a companion paper [15], the authors propose a globally convergent sSQP method that
does not require a switch to a conventional SQP method or the solution of an auxiliary
inequality constrained subproblem. The method is based on using a primal-dual augmented
Lagrangian merit function in conjunction with a line search to enforce global convergence.
At each iteration, an estimate of the solution is computed by minimizing a strictly convex
local quadratic model of the augmented Lagrangian subject to simple bound constraints. This
subproblem is formally equivalent to a QP problem that is closely related to the QP subproblem
associated with sSQP. The purpose of this paper is to establish the local convergence properties
of the algorithm proposed in [15].

The principal contributions are the following. (i) A local descent step is proposed that is
based on allowing a small relaxation of the optimality conditions for the bound-constrained
subproblem. It is shown that this step provides iterates that are equivalent to those from a
conventional sSQP method when close to the solution. This equivalence holds under condi-
tions that are no stronger than those required to establish the superlinear convergence of a
conventional sSQP method. (ii) A local convergence analysis is given that does not require
the assumption of a constraint qualification or strict complementarity condition. (iii) It is
shown that the step length of one is selected in the limit, which implies that the method does
not suffer from the Maratos effect (see Maratos [30]). As far as we are aware, this is the only
stabilized SQP method with this property. (iv) Although exact second-derivatives are used,
the method does not require the solution of a nonconvex QP subproblem—a problem that is
known to be NP-hard. In addition, the local convergence theory makes no assumptions about
which local solution of the QP subproblem is computed. (v) Preliminary numerical results
indicate that the method has good global and local convergence properties for degenerate
problems under weak regularity assumptions.
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Overall, the analysis implies that the method of [15] has the same strong first- and second-
order global convergence properties that have been established for augmented Lagrangian
methods, yet is able to transition seamlessly to sSQP with fast local convergence in the neigh-
borhood of a solution.

The remainder of the paper is organized as follows. This section concludes with a summary
of the notation, and the definition of a first- and second-order KKT pair. Section 2 contains a
brief review of the second-order primal-dual sSQP method for which global convergence was
established in [15]. The local convergence properties of the method are established in Section 3.
In Section 4, methods are discussed for solving the sSQP subproblems, and numerical results
are provided.

1.1. Notation

Unless explicitly indicated otherwise, || - || denotes the vector two-norm or its induced matrix
norm. Given vectors a¢ and b with the same dimension, the vector with ith component a;b; is
denoted by a « b. Similarly, min(a,b) is the 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 x and y, the vector consisting of the elements of
x augmented by elements of y is denoted by (x,y). The value of a scalar-, vector- or matrix-
valued function F' with arguments = and y will be written as either F'(x,y) or F(v), where v
is the vector (z,y). The ith component of a vector labeled with a subscript will be denoted
by [ - i, e.g., [v]; is the ith component of the vector v. For a given f-vector u and index set
S, the quantity [u]s denotes the subvector of components u; such that j € {1,2,...,£}NS.
Similarly, if M is a symmetric ¢ x ¢ matrix, then [ M ]s denotes the symmetric matrix with
elements m;; for 4, j € {1, 2, ..., £} NS. Let {a;};>0 be a sequence of scalars, vectors or
matrices and let {3, };>0 be a sequence of positive scalars. If there exists a positive constant
7 such that |la;|| < v6;, we write a;j = O(;). If there exists a sequence {7;} — 0 such that
llaj|| < B4, we say that a; = o(f;). If there exist positive constants y; and 72 such that

NB; < llajl| < 7285, we write o = O(8;).

1.2. Background

A vector z* is a first-order KKT point for problem (NP) if there exists a dual vector y* such
that
c(z*) =0, x* >0,

o* . (g(x*) . J(:U*)Ty*) —0, g(z*) — J(x*)Ty* > 0. (1.2)

These conditions may be written in the equivalent form r(z* y*) = 0, where

r(xz,y) = H (c(a:),min (x,g(a;) — J(x)Ty)) H . (1.3)

Any (z*y*) satisfying (1.2) or, equivalently, r(z* y*) = 0, is called a first-order KKT pair.
For arbitrary vectors 2 and y of appropriate dimension, the scalar r(z,y) provides a practical
estimate of the distance of (z,y) to a first-order KKT pair of problem (NP). If, in addition,
(x*,y*) satisfies the condition p’H (z* y*)p > 0 for all p such that J(z*)p = 0, with p; = 0
for all 4 such that «} = 0, then (2% y*) is referred to as a second-order KKT pair. In general,
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the Lagrange multiplier associated with a first-order KKT point is not unique, and the set of
Lagrange multiplier vectors is given by

V(") ={y € R": (2", y) satisfies (2" y) = 0}. (1.4)

2. The Primal-Dual Stabilized SQP Algorithm
The algorithm is based on replacing problem (NP) by a sequence of problems of the form

minimize M (z,y: v, subject to = > 0, 2.1
2ERN yeR™ (T.Y 5 Yie» 1) J =z (2.1)

where M (z,y; i, 1,) is the primal-dual function

M(z,y; vk ) = f(2) —c(:x)Ty,f+2;k||c(:v)H2+ lle(@) + .y = )%, (2.2)

241,
with pj a positive penalty parameter and y;) an estimate of a Lagrange multiplier vector
for problem (NP). The method has an inner/outer iteration structure in which each outer
iteration involves the minimization of a quadratic model of M subject to the nonnegativity
constraints. The inner iterations are then those of the active-set method used to find an
approximate bound-constrained minimizer of the quadratic model. If the Hessian of M is not
positive definite, a direction of negative curvature for M is computed. A direction obtained
by solving the QP subproblem is combined with the direction of negative curvature (if one
is computed) to give a search direction for a line search designed to find a step of sufficient
decrease in M (x,y; vy, 1)

Each outer iteration involves the definition of two related QP subproblems associated with
the primal-dual function (2.2). The objective function in both subproblems is defined in terms
of the gradient VM and a matrix that approximates the Hessian V2M. For given values of 3"
and p, the gradient and Hessian of M at (z,y) may be written in the form

g(z) = J(@) (7 (259", p) + (w2 59", 1) — y)))

VM (z,y 5y 7u)=< uly — m(x5y®, 1)

and

x,m(x;y” m(x;y? — 271\l T (2 ava
v2M<$,y;yE7u):<H<, (39 1) + (n(asy" 1) — ) + 20 @) (2)  J(2) )

J(x) wl

where 7 is the vector-valued function 7 (x;y”, u) = y* — c(x)/p.

Let (zk,yr) be the kth estimate of a primal-dual solution of problem (NP). Let v and vy
denote the (n 4+ m)-vectors of primal and dual variables (z,y) and (zy,yr). Given a second
positive penalty parameter )} such that p)f < p,., the change in M at v, may be approximated
by the quadratic function Q, (v;yg, iy), where

Qr(v3;y”, pu) = VM (v, 39", ") (v — o) + 3(v — vp) ' Bl n™) (v —vg),  (2.3)

and the matrix B(v, ; uf) is obtained by replacing 7(z ; v, 1) by yk in the leading block of
the Hessian matrix V2M (z, ;. ;y7, uf), ie.,

H(xy, yr) + %J(M)Tr](fﬂk) J(ﬁk)T>

2.4
J (k) py 24

B("Ek?yk;ﬂl}:) = <
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The matrix B(z,y, ;) is independent of m and therefore does not involve y. Gill, Kun-
gurtsev and Robinson [15, Corollary A.1] show that if (x* y*) satisfies certain second-order
sufficient conditions for an optimal solution of problem (NP), then, for the values vy = (z*, y*)
and y; = y,, there exists a positive f such that for all 0 < puf < f1, the point (z* y*) satisfies
the second-order sufficient optimality conditions for the QP subproblem

minimize Q(v;yy,p;) subject to [v]; >0, i=1:n. (2.5)
v

The benefit of using B(xy, y,, ; uf) and not VM (2, y, ; y£, uk) in the definition of the quadratic
function (2.3) is that the QP subproblem (2.5) is formally equivalent to the QP subproblem

minxirjlize glan) (@ — ax) + 5(x — xp) TH (2, 1) (2 — 21) + 50¢ )12 (2.6)
subject to  c(zy) + J(xp)(z —xx) + pi(y —ye) =0, >0 '

(see Gill and Robinson [17]). A comparison of this subproblem and (1.1) indicates that setting
Y = Y, in the definition of (2.3) and forcing pf — 0 as (v, yx) converges to a primal-dual
solution (z*,y*) will induce the method to behave like a sSQP method and thereby inherit
the same fast local convergence rate.

At the outermost level, the method may be regarded as a primal-dual augmented La-
grangian method for which the parameters {y;} and {u} are adjusted to give global con-
vergence. However, the sequence of penalty parameters {s} is chosen in such a way that,
in the neighborhood of a solution, the search direction is equivalent to that defined by a
sSQP method. In this context, ;) plays the role of a regularization or stabilization parameter
rather than a penalty parameter, thereby providing an O(y}) estimate of the conventional
SQP direction (see Gill and Robinson [17]).

The next four sections provide some additional details of the algorithm, with an emphasis
on those aspects related to the local convergence analysis. A complete description of the
algorithm, including step-by-step details of the main computations, may be found in Gill,
Kungurtsev and Robinson [15]. In Section 2.1 we provide details of how the parameters y;,
. and pff are defined. In Section 2.2 we consider the definition of the QP subproblem and
show that although the QP (2.5) cannot be used directly as a local quadratic model of M, it
forms the basis for two approximate convex QP subproblems, one with inequality constraints,
and the other with only equality constraints. In Section 2.3 we give a brief outline of the
flexible line search. Finally, Section 2.4 provides a brief summary of the algorithm.

2.1. Definition of the penalty parameters and multiplier estimate

At the start of the kth outer iteration, the primal-dual point (xy,yx) is known, together with
the regularization parameter pjf | and penalty parameter ;1 from the previous iteration.
The first step is to compute y; and p; 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 (x,y) to a first-order optimal pair for problem
(NP). The e-active set is defined as

Ac(z,y, 1) = {i:2; <€, with ¢=min (e, max (u,r(z,y)7))}, (2.7)

where v and ¢, are fixed scalars satisfying 0 < 7 < 1 and 0 < ¢, < 1, and r(z,y) is the
nonnegative scalar of (1.3). Similarly, the e-free set is the complement of A in {1, 2, ...,
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n+m}, ie.,
‘FE('CU7 y7 ILL) = {1727 cee 7n + m} \ A€($7 y7 ILI/)' (2'8)

The calculation of y; and pf also requires the scalar &, (£ > 0), which is an estimate of
the magnitude of the “most negative” eigenvalue of B, (v} ; jjf_,). The scalar &, is computed

as part of the scalar-vector pair (§, s,(fl)) such that

s " Blog )5 = &l 1, (29)

where u,(cl) is the vector of first n components of sl(cl). If , = 0, then s,(cl) =0. If By (v ;1)

is positive definite then (&, s,(cl)) = 0. (The calculation of £ is discussed in [15, Algorithm 1]
and Section 2.2.) The values of y; and p; also depend on the scalars Vike1r Pok—y and Tp—1
defined below. The magnitudes of qbﬁj,i’il, g},";’jl and 7;_1 reflect the distance of (zy,vg) to
an optimal point.

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 algorithm uses the feasibility

and optimality measures n(xy) and w(xg, yx, &) such that

n(zk) = ||le(zy)||, and

2.10
W(Tk, Yr, &) = max (Hmin(:pk, g(zy) — J(xk)Tyk)H ) sz) . ( )

Given n(zy) and w(zk, Yk, &), weighted combinations of the feasibility and optimality mea-
sures are defined as

ov (T, yk) = n(xk) + pw(zk, Yk, &), and
QSO(l'ka ykagk) = 57](9319) + OJ(CL'k, ykagk)a

where f is a fixed scalar such that 0 < f < 1. (With this notation, “V” indicates a measure
of the constraint violations and “O” denotes a measure of the distance to optimality.) The
assignment y,’ = y, is done if

Pv(vp) < 30U, or do(vk, &) < 3O5ES (2.11)

The point (zk,yr) is called a “V-iterate” if it satisfies the bound on ¢y (vx), and an “O-
iterate” if it satisfies the bound on ¢, (vg, k). A “V-O iterate” is a point at which one or
both of these conditions holds, and the associated iteration (or iteration index) is called a “V-

: : 9 : : s _ 1 max __ 1 /max
O iteration.” For a V-O iteration, new values are given by 7, = 57,1, and PV =3

27v,k—1
max __ 1 jmax

or ¢p* = 5¢09% |, depending on which of the inequalities (2.11) holds. In addition, the new
regularization parameter is given by

= 2.12
Hi % T otherwise, ( )

" {min (ug, max (rk,gk)’v) if max (rk,ﬁk) > 0;
where ry, = (2, y) is defined in (1.3).

If the conditions for a V-O iteration do not hold, a test is made to determine if (xp,yx) is
an approximate second-order solution of the bound-constrained problem

minimize M (z,y;y;_q,i_1) subject to z > 0. (2.13)
x?y
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In particular, (g, yg) is tested using the conditions:

H min (xkv va(xlw Yk ;yl?—lv Hllg—l)) H < Tk—1> (2.14&)
IVy M (g, e 5 1> be—1) || < 15—y, and (2.14b)
fk S Tk}—l’ (214C)

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 typical conventional augmented La-
grangian method, with the multiplier estimate y;_; replaced by the safeguarded value

y]];J = max ( — Ymax©, min( Yk, ymaxe) ) (2'15)

for some large positive scalar constant yma.x, and the new regularization parameter is given

by

(2.16)

= {min ( %,ug_l, max (ry,&.)7),  if max(ry, &) > 0;
k=

% T otherwise.

In addition, a new tolerance 7 is computed such that 7. = %Tk,l.
Finally, if neither (2.11) nor (2.14) are satisfied, then y;’ =y’ 1, pp = pg_1, oUR = oV 1,
QZX = QZ’il, and 7, = Tp_1. As the multiplier estimates and regularization parameter are

fized at their current values in this case, (zy,yg) is called an “F-iterate”.

2.2. Definition of the quadratic model and line-search direction

The bound-constrained problem (2.5) is not suitable for the calculation of a search direction
because B(v, ; uy) is not positive definite in general. A nonconvex QP can have many local
minima and may be unbounded. In addition, the certification of a second-order solution of
a nonconvex QP is computationally intractable in certain situations. These difficulties are
avoided by approximating subproblem (2.5) by the convex QP

minimize O (v;yp,ul) subject to [v]; >0, i=1:n. (2.17)
v

where Qk (viyg, ug) is the strictly convex quadratic model

Qu(vswk, uf) = VM (g 5y 1) (v — k) + 5 (v — o) " Blug s ) (v — wi), (2.18)
with E(vk ; ) a positive-definite approximation of B(vy ; iff). The matrix E(vk ; i) has the
form R ) ’ .

=R H(xp,yr) + =J(xp)' J(x J(xp
B(vk;u@:( () + 2T (@) T ax) TG o)
J(zk) ppl

where ﬁ(:vk,yk) is defined so that E(mk,yk ;1) is positive definite, and B\Fe (@, Ypo s o) is
equal to By (v, y,;p1) if Br (2, Y, ;1) is positive definite. The matrix Bis computed by
a process known as “convexification” (see [17, Section 4] for details). If the unique solution of
the subproblem (2.17) is denoted by v), then the associated direction vector starting from vy
is given by dy = Uy, — vx. The vector dj, found by solving (2.17) is known as the global descent
direction because of its crucial role in the proof of global convergence.
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An important property of the proposed method is the ability to compute a direction
dp from an alternative QP subproblem that has only equality constraints. The optimality
conditions for the QP subproblem (2.5) at an optimal point vy = vi + dj, are given by

[VQu (v, + di sy ) | = 0, [VQp (v +dy s up, i) Ja > 0, and

, (2.20)
[k +di]; >0 for i =1:n,
where [-]4 and [ -]~ denote vectors with components from the active and free sets
A(z) ={i:[z]; =0} and F(x)={1l:n+m}\ Ax), (2.21)

at U = vk + dg. If the property of strict complementarity does not hold for problem (NP),
then some of the components of y* associated with variables on their bounds may be zero,
in which case some QPs defined at zp near x* may have multipliers that are close to zero.
In this situation the QP algorithm may remove active-set indices associated small negative
multipliers at one outer iteration, only to add them again at the next. This inefficiency is
prevented using an approximate QP solution in which small negative multipliers are regarded
as being optimal.

If By, is positive definite and vy, is a V-O iterate (in which case y;) = y,.), the solution of
the equality-constraint QP subproblem

minimize Q. (v;yp,uy) subject to [v]4, =0, (2.22)
v

is unique. As in the case of a global descent direction, the solution v may be defined in terms
of a step dj from the point v, using the optimality conditions

[V, +di |4 =0, [VQu(vy, + di s k> k1) | 7. = 0, (2.23)

with no nonnegativity restriction on the components of [ VQ, (v, +d ;yi, pui) ] 4.- The unique
direction satisfying these equations is referred to as the local descent direction. When com-
puted, it is used as the vector dj in the line search only if certain conditions hold. Let ¢; be
defined such that

ty = r(zg, yp)®, where 0< X <min{y,1 -7} <1, (2.24)

and ~ is the parameter used in the definition (2.7) of the e-active set. The local descent
direction dy, satisfying (2.23) is used in the line search when the following three conditions are
satisfied:

[vk + dk]l >0,1=1:n, [va’(Uk‘ + dk ,ylf’ﬂlg)]Ae > —lge, and VMgdk <0. (225)

These conditions may be satisfied at any iterate, but are most likely to be satisfied in the
neighborhood of a solution. If the local descent direction does not satisfy the conditions (2.25)
and is therefore not selected for the line search, it is used to initialize the active-set method for
solving (2.17). In this sense, the equality-constrained subproblem (2.22) is not an auxiliary
subproblem, but one that must be solved anyway as part of the solution of the QP subproblem
(2.17) (for more details, see Section 4.1).

The line-search direction Avy is the sum of two vectors di, and s;. The vector dy, is either
the global descent direction or local descent direction as computed above. The vector s, if
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nonzero, is a direction of negative curvature for the quadratic model Q, (v;y;_,u;_;). The

vector sy has the form s = (ug, wy) and is a scalar multiple of the vector s,(cl) of (2.9) defined
such that

st B(vg s uf)s, <0, VM (vg;yf, 1) s, <0, and [vp +dg + s3] >0, i=1:n.  (2.26)

(See [15, Algorithm 3].) The direction s is zero if no negative curvature is detected, but sy
must be nonzero if £ > 0 and di = 0 (see [15, Lemma 2.2]), which ensures that the line-
search direction is nonzero at a first-order stationary point vy at which B, (z;, ¥, ;1;_;) is
not positive semidefinite.

2.3. Computation of the line-search step

Once the directions dj and s; have been computed, a flexible line search is performed based
on the search direction Avg = dj, + si. (The idea of a flexible line search was proposed by
Curtis and Nocedal [5] in the context of minimizing an [y penalty function, and extended to
the augmented Lagrangian function by Gill and Robinson [17].)

For a given line-search penalty parameter p, an Armijo condition is used to define a
reduction in the function ¥ (a;p) = M (v, + v, sy, 1) that is at least as good as the
reduction in the line-search model function

Vr(as p, be) = We(05 1) + (05 p) + 2(€, — 1)a® min (0, Ao B(zy, yy ;s 1) Avy),  (2.27)

where ¥, denotes the derivative with respect to a. The scalar ¢y is either 1 or 2, depending
on the order of the line-search model function. The value ¢, = 1 implies that ¢y is an affine
function, which gives a first-order line-search model. The value ¢ = 2 defines a quadratic ¥y,
and gives a second-order line-search model. The first-order line-search model is used when
dr, # 0, s =0, and (zg,yx) is a V-O iterate. This is crucial for the proof that the line-search
algorithm returns the step length of one in the neighborhood of a second-order solution (see
Theorem 3.2 below).

Given a fixed parameter g € (0, %), the flexible line search attempts to compute an oy
that satisfies the modified Armijo condition

(05 ) — Yo s i) = 75 (05 s €) — ey s i 4) ) (2.28)

for some p; € [uf, p;]. The required step is found by repeatedly reducing aj by a constant
factor until either py(ou ; pr, &) > s or pr(ay s ug, lk) > vs, where

pr(a; i, 0) = (Pr(0; 1) — B(a; 1) /(04 (0 iy €) — (s s, )

(Just prior to the line search, the line-search penalty parameter py is increased if necessary
to ensure that g, > ppf, ie., p, = max(uy, 1.).)

The Armijo procedure is not executed in two situations. First, if d = s = 0, then the step
length is set at o, = 1. In the second case, ay, is set to zero if d, = 0, VM (v, ;y¢, uf)T's, = 0,
and the magnitude of the curvature of the merit function M (v, ; ¥}, 1) in the direction of sy, is
not sufficiently large compared to &, the magnitude of the curvature of the quadratic model.
The magnitude of the negative curvature is considered to be insufficient if the inequality
—sEV2M (v 392, 1) sy /N lugll? < vs€k, holds, where uy the vector of first n components of sg.
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In either case, vg41 = vi and it must hold that a pj® such that pff < p | is used in the next
iteration (see Lemmas 2.3(2) and 2.4(3) of [15]).
Once oy, has been found, the penalty parameter for the next iteration is computed as

1k if pr(au s s lk) > s, or di = s = 0, or ag = 0;
=4 (229)
max (5/%7 ,u,ﬁ), otherwise.

The aim is to decrease the penalty parameter only when the merit function computed with
ui is not sufficiently reduced by the trial step.

2.4. Algorithm summary

The computation associated with the kth iteration of the main algorithm may be arranged
into seven principal steps.

1. Given (z,y) and the regularization parameter y; , from the previous iteration, com-
pute F(z, Y, p—) and B(v, ; up_;). Compute the nonnegative scalar &, and vector

s,il) such that

(T )

1
Sk ](€)||27

1
(0 3 1)t = —&llu

where £, > 0 and u,(cl) is the vector of first n components of sl(cl). If £ > 0, then &, ap-
proximates the magnitude of the “most negative” or “least” eigenvalue of By (v, ; py_;).
If & = 0, then s](;) = 0. If By (v, ; uf_q) is positive definite then (&, sg)) = 0. (See [15,
Algorithm 1].)

2. Terminate if the following conditions hold:

T(xkyyk) < Tstop» fk < Tstop» and M?_l < Tstops (230)

where Tyi0p is a preassigned stopping criterion. If these conditions are satisfied, x;, is an
approximate second-order KKT point.

3. Compute y; and pf for the kth iteration based on the values &, (2, Yk), Y5_1, r_1,
X s oEe*, and 7,_,. Compute new values for ¢U1%*, ¢29%, 7. (See Steps 13-24 of

v,k > Yok
Algorithm 5 [15].)
4. Terminate if x;, an M-iterate such that
min (||c(z) ||, Tstop) > s, and || min (24, J(wk)Tc(xk))H < Tstop- (2.31)

If these conditions are satisfied, x; is an approximate infeasible stationary point of the
problem min ||e(z)||? subject to z > 0.

5. Compute a positive-definite B\(vk;ufj) such that B\fe (h,yp s 08) = By (w95 07) if
the matrix B, (z,¥, ;1) is positive definite. Compute dj, = v}, — vg, where Uy is the
solution of either the equality-constraint QP subproblem (2.22) or the strictly convex
QP subproblem (2.17). In either case, dj has the form dy = (pg, qx), where the primal
components py satisfy xx + pr > 0. (See [15, Algorithm 2].)
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6. Rescale the direction s,(fl) to give a feasible direction of negative curvature s = (ug, wg)

satisfying (2.26). (See [15, Algorithm 3].)

7. Perform a flexible line search along the vector Avy = s + di, = (uk + pr, Wk + qi)-
(See [15, Algorithm 4].) Update the line-search penalty parameter py using (2.29).

3. Local Convergence

The local convergence analysis involves second-order sufficient conditions defined in terms of
the sets of strongly-active variables A, and weakly-active variables A,:

A (2,y) = {i € Alx) : [g(x) — @)y ] > 0},
Aola,y) = {i € @) : [g(x) — J(@)Ty]i = 0}.

Definition 3.1. (Second-order sufficient conditions (SOSC)) A primal-dual pair (z* y*)
satisfies the second-order sufficient optimality conditions for problem (NP) if it is a first-order
KKT pair (i.e., r(z*,y*) =0) and

pTH(ac*, Yy )p >0 forall peC(z*y*)\ {0}, (3.2)

(3.1)

where C(x*,y*) is the critical cone
Clx"y*) = null(J(ac*)) N{p:pi=0 foric A (zy"), pi >0 for ic A, (z"y*)}. 1

The analysis of Gill, Kungurtsev and Robinson [15] establishes that the global convergence
behavior of the method falls into one of two cases, depending on whether the set of V-O iterates
is infinite or finite. If there are infinitely many V-O iterates, there exists a subsequence
with limit point z* that is either a first-order KKT point, or fails to satisfy the constant
positive generator constraint qualification (CPGCQ)!. Moreover, if the Mangasarian-Fromovitz
constraint qualification (MFCQ) holds at *, then the associated subsequence of dual estimates
is bounded with limit point y* such that (z* y*) is a first-order KKT pair for problem (NP).
If the weak constant rank condition (WCRC)? holds in addition to the MFCQ (in which case,
the CPGCQ holds automatically), then (z* y*) is a second-order KKT point. In the case that
the set of V-0 iterates is finite, there are infinitely many M-iterates, and every limit point z*
of this sequence is an infeasible stationary point.

The local convergence analysis given here focuses on sequences that converge to first- or
second-order KKT pair. (An analysis of the rate of convergence associated with sequences
converging to locally infeasible points is beyond the scope of this paper (see, e.g., [4,12,29]).)

The results established in this section require the following three standing assumptions.

Assumption 3.1. The functions f(x) and c(x) are twice Lipschitz-continuously differen-
tiable.

Assumption 3.2. The index set S of V-0 iterates, i.e.,
S =A{k: (xg,yx) is a V-0 iterate },

is infinite, and there ezists a subsequence S, C S, such that limges, (zr, yx) = (¥ y*), with
(% y*) a first-order KKT pair for problem (NP).

! Andreani et al. [1, Definition 3.1]
2 Andreani et al. [2, page 532)]
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(This assumption requires that the finite termination conditions (2.30) and (2.31) are omitted.)

Assumption 3.3. If (z* y*) is the first-order KKT pair associated with Assumption 3.2, then

(i) there exists a compact set A(x*) C Y(x*) such that y* belongs to the (nonempty) interior
of A(x*) relative to Y(x*); and

(ii) (% y) satisfies the SOSC of Definition 3.1 for every y € A(x*).

The key part of Assumption 3.3 is the existence of the compact set A(x*), which guaran-
tees that the closest point in Y(x*) to every element yj of the subsequence {y} satisfying
limy 00 yp = y* is also in A(z*) for k sufficiently large. This is equivalent to there being
a set K, open relative to Y(z*), such that y* € K C A(z*). This, in turn, is equivalent to
the assumption that the affine hulls of A(z*) and )Y(z*) are identical, with y* in the rela-
tive interior of A(z*). (For example, if m = 3, and Y(z*) is a ray of the form y = a + bt
for a, b € R3, t € (—00,00), then A(z*) could be a closed interval relative to the ray, e.g.,
Alz*)={y:y=a+0bt, for t € [t;,t2].) Note that the set of multipliers Y(z*) need not be
bounded. The second-order sufficient conditions need hold only for multipliers in a compact
subset of Y(z*).

For any given y, the compactness of the set A(z*) in Assumption 3.3 implies the existence
of a vector y%(y) € A(z*) that minimizes the distance from y to the set A(z*), i.e.,

yr(y) € Argmin [jy — g]|. (3.3)
gEA(x*)

The existence of a vector y%(y) implies that the distance 6(x, y) of any primal-dual point (z, y)
to the primal-dual solution set V(z*) = {z*} x A(z*) associated with z*, may be written in
the form

O(@,y)= min (z—z,y =)l ==z -2y -y )l (3-4)
(z,y)eV(z*)
The pair (x*, yl*,(y)) satisfies the second-order sufficient conditions as a result of Assump-
tion 3.3(ii). The following result shows that the proximity measure r(x,y) may be used as a
surrogate for d(z,y) near (z*,y*).

Lemma 3.1. ( [37, Theorem 3.2]) There exists a positive constant k = k(A(x*)) such that
(ks yk) € [6(@k, yi) /K, 0(zk, yi)k | for all k € S, sufficiently large.

Proof. Under the assumptions used here, the result follows from Theorem 3.2 of Wright [37],
where Results A.2 and A.1 of the Appendix are used to establish that the exact and estimated
distance of (z,yx) to the primal-dual solution set used in [37] are equivalent (up to a scalar
multiple) to the values d(xg, yx) and r(zk, yr) given here. 1

The principal steps of the local convergence analysis are summarized as follows. First, the
properties of iterates with indices k € S, C S are considered. It is shown that for some k € S,
sufficiently large, the following results hold.

(a) The active set at z* is identified correctly by the e-active set, and the direction s; of
negative curvature is zero.
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(b) A local descent direction dj, is computed, and the conditions
(v +di]; >0, i=1:n, VMid, <0, VO (v, +dy;yf, i) 1 > —tre
are satisfied, i.e., the local descent direction is selected for the line search.

(c) The unit step is accepted by the flexible line-search, and the variables active at z* are the
same as those active at zj41.

Once (a)—(c) are established, the next step is to show that (zj41,yk+1) is a V-iterate. This
implies that the arguments may be repeated at xj11, and all iterates must be in S, for k
sufficiently large. The final step is to show that the iterates are identical to those generated
by a sSQP method for which superlinear convergence has been established.

The first result shows that for k € S, sufficiently large, the set A, correctly estimates the
active set at the limit point z*. Moreover, for these iterations, the search direction does not
include a contribution from the direction of negative curvature.

Lemma 3.2. The following results hold for all k € S, C S sufficiently large.
(i
(ii

(iii

The first-order prozimity measure r(x,y) converges to zero, i.e., limges 7(z, yx) = 0.
The e-active sets satisfy A (xy, Yp, t—1) = A(@p, Yp, pff) = A(x").

The e-free sets satisfy F (xy, Yp: t—q1) = FelTpo Ypor 1) = F(x¥).

)
)
)
(iv) If the suffiz “F” denotes the components corresponding to the index set F(x*), then the
matriz B (v, ; pg_,) s positive definite, with sg) =0 and & =0.

(v) The matriz Br (v, ; py) is positive definite and a local descent direction is computed.

(vi) The feasible direction of negative curvature sy is zero.

Proof. A point (z, yx) is designated as a V-O iterate if the optimality and feasibility measures
satisfy condition (2.11). In this case yy is set to y;, and the values for ¢J/3* or o2 are
decreased by a fixed factor. If follows that on the infinite set S of V-O iterateé, the condition
(2.11) must hold infinitely often and at least one of the functions ¢y (vy) or ¢ (vk, &) must
go to zero. The definitions of ¢y (vy) and ¢o(vg, &) in terms of the feasibility and optimality
measures 7(zy) and w(xg, yk, §) imply that limgesn(zg) = 0 and limges w(zg, yx, &) = 0.
The definition (1.3) of r(xk, yr) implies that limges r(xk, yr) = 0, which proves part (i). Since
r(zk, yx) goes to zero, Theorem 3.2(2) of [15] gives

li L 7) =1 r 7)=0.
o max (Hh—1: 7 (ks 90)") pog Tax (ke (g, yr) ")
If these limits are combined with the definition (2.7) of an e-active set, we obtain the inclusions
Az, Yy, i—q) € A(z*) and A (2, vy, 1) € A(x*) for k € S sufficiently large.

For the reverse inclusion, the definition of the e-active set (2.7) together with the inequal-
ities

max (Ml}c%fl? T'(iL'k, yk),y) > T(l‘k, yk),y and max (:u;c%a T(:Eka yk),y) > T('xka yk),ya

imply that the set A, (g, yx) = {z < T(a:k,ykW} satisfies Ay (zr,yr) € A(@), Vi 7 _1)
and A (zg, yr) C A2y, Yy, i) for k € S sufficiently large. The set A, (xy, yx) is an active-set
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estimator that is equivalent (in the sense of Result A.2) to the active-set estimator used by
Wright [37], and Facchinei, Fischer, and Kanzow [9]. This equivalence allows the application
of Theorem 3.3 of [37] to obtain the inclusions

A(IL’*) g A’y(xkayk) g Ae(xkvykvug—1)7 and A(.CU*) g A’y(xkvyk) g Ae(xk)yk’lu’g))

which completes the proof of part (ii). Part (iii) follows directly from (ii) and the definition
of the e-free set in (2.8).

For the proof of (iv) it is assumed that k£ € S, C S is sufficiently large that (ii) and (iii)
hold. From Assumption 3.3, (z*,y*) satisfies the SOSC and consequently, d”H (z* y*)d > 0
for all d # 0 such that J(2*)d = 0 and d; = 0 for every i € A(x*), i.e., d-H,(x* y*)d, > 0 for
all dr # 0 satisfying Jr(x*)dr = 0, where the suffix “F” denotes quantities associated with
indices in F(z*). Under this assumption, together with the results of part (iii), Lemma 2.2
of [17], Lemma 3 of [20], and [15, part (2) of Theorem 3.2] imply that B, (v ; ijf_,) is positive
definite for all k& € S, sufficiently large. If this matrix is positive definite, then sg) =0 and
&, = 0, as required.

As {pf} — 0 (see [15, part (2) of Theorem 3.2]), a similar argument to that used to
establish (iv) shows that Br (v ;py) is positive definite for the same values of k (see Gill
and Robinson [17, Lemma 2.2]). As By (v ;uy) is positive definite for every k € S, C S,
and k is a V-O iterate by definition, the conditions that initiate the solution of the equality
constraint QP (2.22) are satisfied, and a local descent direction is computed. This proves
part (v). Finally, part (iv) implies that s,(gl) and its scaled counterpart si is zero, which proves
part (vi). 1

The next result shows that the direction dj is nonzero for every k € S, C S sufficiently
large.

Lemma 3.3. For all k € S, C S sufficiently large, it must hold that either di # 0 or
(@e, i) = (@ y7).

Proof. The result holds trivially if di # 0 for all k € S, sufficiently large. Assume without
loss of generality that there exists an infinite sequence So C S, such that di = 0 for every
k € Sp. Parts (ii) and (vi) of Lemma 3.2 imply that A (z,,y;, 1) = A(z*) and s, = 0 for all
k € S, sufficiently large. Every k € Sy is a V-O iterate and there must exist an index ko € Sy
sufficiently large that

dk2 = Sky — 0, (xk2+1vyk2+1) = (J%vyi@)v

. (3.5)
yfg = Yky> and Ae(xkyykgvullgg) = A(JI )

As dy, = 0, parts (ia) and (ib) of Lemma 2.3 in [15] give r(zk,, yk,) = 0, which implies that
(Tky, Yk, ) is a first-order KKT point for both problem (NP) and the problem of minimizing
M(z,y;yg,, pi,) subject to z > 0. From (3.5) it must hold that 7(zx,+1,Yk,+1) = 0, and
parts (iii) and (iv) of Lemma 3.2 imply that Br(wy, 1, Yy, .15 Hy,) is positive definite, with

,(CIQ)H = 0. It follows that ¢y (g,+1,Yk,+1) = 0, and k2 + 1 is a V-iterate from
condition (2.11). As a result, y;, ., = vy, and pg, | = %,u,g, which implies that the primal-
dual pair (Tg,+1,Yky+1) = (Tk,, Yk,) is not only a first-order KKT point for problem (NP),

but also a first-order solution of the problem of minimizing M (z,y;yy, 1, g, 1) Subject to

&kor1 =0 and s
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x > 0. In particular, it must hold that dj,4+1 = 0, and sg,4+1 = 0 because &,+1 = 0. Similarly,
it must hold that A (@, 1, Yp, 115 Hieys1) = A@").

This argument may be repeated at every (zy,yx) such that & > ko + 1, and it must hold
that (xx,yx) = (Z,y) for some (Z,7), and that A (z,,y,, uy) = A(z*) for every k > ko. It
then follows from Assumption 3.3 that (z,y) = («* y*), which completes the proof. ]

For a local convergence analysis, Lemma 3.3 implies that there is no loss of generality in
making the following additional standing assumption.

Assumption 3.4. The direction dy is nonzero for oll k € S, C S sufficiently large.
Lemma 3.4. It must hold that p; = r(xg, yr)” > 0 for all k € S, C S sufficiently large.

Proof. Part (iv) of Lemma 3.2 gives & = 0 for all £k € S, C S sufficiently large. In
addition, r(zk,yr) must be nonzero, otherwise the definition of r(xy,yx) would imply that
c(xr) = 0, yi = y, (because k € S), w(x,y7, 1y) = Y, VM (2, vy y5, 1) = 0, and
min (:ck, VM (1, ;5 U uﬁ)) = 0. In other words, if r(zg, yx) is zero, then (xy,yx) satisfies
the first-order conditions for a minimizer of M (z,y;y;, p) subject to > 0. This implies
that there is no nonzero descent direction at (xy,yx), which contradicts Assumption 3.4. It
follows that r(z,yx) is nonzero. The values & = 0 and r(zy,yx) > 0 in the definition of ]
in (2.12), and part (i) of Lemma 3.2 imply that pf = r(z,,y,)Y for v € (0,1) and k € S, C S
sufficiently large. ]

Much of the local convergence analysis involves establishing that, in the limit, the algo-
rithm computes and accepts the local descent direction at every iteration. The next result
concerns the properties of the equality-constrained subproblem for the local descent direction.

Lemma 3.5. If vy = (xk, yx) is a point at which the conditions for the calculation of a local
descent direction are satisfied, then the following results hold.

(i) The bound-constrained problem (2.22) for the local descent direction is equivalent to the
stabilized QP subproblem

minimize g(wx) (e = o) + (@ — 2)H o, ) (@ — 1) + Sl

3.6
subject to  c(z;) + J(z) (@ — x)) + pfi(y —y,) =0, EL z=0, (3.6)

where E 4, is the matriz of columns of the identity matrix with indices in the e-active set

Ae.

(ii) If dx, = (pk,qr) denotes the local descent direction, and zx = g(zy) — J (1) yk, then the
optimal solution to (3.6) may be written in the form (x4 Pk, Yk + Q. [ 2k | a. +wi), where
(K, q, wi) satisfy the nonsingular equations

H(zi,ye) J(zk)T Ea, Pk g(zy) — J(z)ye — 28
J(zk) —pil 0 —q, | =— c(zk) ,
Ez; 0 0 —Wg [$k ]Ae

with zi = EAeEz;ezk, i.e., zi is the projection of zp, onto the null space of Ez:e.
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Proof. Part (i) follows from the specialization of Result 2.1 of Gill and Robinson [16] to
the equality-constraint case. The equations of part (ii) are then the optimality conditions
associated with (3.6). It remains to show that the equations are nonsingular. The vector
(Pk, qx) is the unique solution of (3.6) if the primal-dual Hessian of problem (3.6) is positive
definite on the null-space of the constraints, which in this case is the set of vectors satisfying
J(z,)p + piq =0 and Ei p = 0. This corresponds to the requirement that

p=\" (Hr(xry) 0\ (p 1
Fe Fe\Lky Yk Fe\ T T T
( q ) ( 0 ,UJ]?I> < q > _prer (xk’yk)p}'e + ;ﬁp}}‘]}} (7) JJ—} (‘Tk)p]-'e > 0.

Gill and Robinson [16, Lemma 2.2] establish that H, (z,,y,) + (1/pf)Jx (z,)" T () is
positive definite if By, is positive definite, which is one of the conditions that must be satisfied
for a local descent direction to be computed. ]

The next result establishes that two of the three conditions (2.25) for the acceptance of
the local descent direction are satisfied for all k € S, sufficiently large.

Lemma 3.6. For all k € S, C S sufficiently large, a local descent direction dy = (pg,qr) 1S
computed that satisfies the following conditions:

(i) max{[|pel, lgkl} = O(6(zk, yx)); and

(i) zp+pr >0, [VQu (v, +dp s yr, 1) |4, = —tye, where ty, is the positive feasibility param-
eter (2.24), and [-]4, denotes the vector of components with indices in the e-active set
Ae(xk;v Yg Ml};)'

Proof. Lemma 3.5 implies that the local descent direction (py, qx) satisfies the equations

H(xp,ye) J(xr)" Ea, Pk g(xr) — J(xe)Typ — 21
J () —pil 0 —qr | = — c(xr) : (3.7)
ET 0 0 —wy, [k ],

where [ 2 | 4, +wy, is the vector of multipliers for the constraints E% z = 0 of problem (3.6). Let
fix denote the scalar iy, yx, z) = [[(9(zx) — J (1) "y — 21, c(xx), [z ]a) |1 The equations
(3.7) constitute a perturbation of the linear system

H(xpyr) J(zp)T  Ea, Pk g(z) — J(z) ye — 28
J(wk) —ﬁkf 0 —Z]Vk = — c(a;k) 5 (38)
EZ 0 —I) \—wg Er

which characterize the optimality conditions for the sSQP subproblem associated with the
equality constrained problem

minimize f(z) subject to c(z) =0, and [z], = Eix =0. (3.9)
€T

The matrix of (3.8) is nonsingular and the equations have a unique solution (see Izmailov and
Solodov [25, Lemma 2]). In addition, it follows from Wright [37, Lemma 4.1], Result A.3 and
Lemma 3.1 that the unique solution of (3.8) satisfies

| (D> @) | < N (P @, W) || = O (k) = O(6(wks yi)) = O (r(zhe, yie))- (3.10)
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The underlying quadratic program associated with (3.7) satisfies the second-order sufficient
conditions for optimality. Under this condition, Izmailov [21, Theorem 2.3]) establishes the
Lipschitz error bound for the perturbed solutions as

| (e — Pr» ak — @) || < [|(Pk — Dies Qe — Qier Wi — W) ||
= O(||pwwy + (g — fg) (ak — @) |l)-

Lemma 3.4 gives pf = (2, yx)” for v € (0,1). It then follows from Result A.3, the bound
(3.10) and Lemma 3.1 that

1Pk = Prs @k — Gi)|| = O(6(zr, ) + (@, ye) @k — Gell)- (3.11)

The triangle inequality, (3.11), and (3.10) imply the existence of constants ki and kg that
satisfy

okl + llarll < [lpx — Pl + llax — qrll + [|Pxll + x| (3.12)
< K16(k, yr) + Kar @k, yk) 7 llax — axll- (3.13)

Part (i) of Lemma 3.2 implies that 1 — kor(zy,y,)? > 4 for k € S, sufficiently large. This
inequality may be used to derive the bound

Ik — el + Sllax — @l + 1Dxll + |kl
< lpk = Pl + (1 = ror(zr, y) ) gk — @l + ||Pe]l + l|ax]l-

This upper bound may be simplified using the bound on ||px — pk|| + ||ax — k|l + ||kl + |||
from (3.12)—(3.13), giving

1Pk — Drll + 3llae — Gell + 15x]] + |Gkl < 516 (e, yi)-
2

The quantity 3(|[px|l+ ||gx||) may be bounded using similar arguments used for (3.12). In this
case,

sUpell + llarll) < llpx — rll + 5llax — Gll + D&l + 126l < r10(zk, yr),
which implies that max{||pk||, [|qx]|} = O(6(zk,yx)), and proves part (i).

The second inequality to be established for part (ii) may be written in the equivalent form
[VM}, + Bpdy |4, > —tge, where VM, = VM (v ;yi, i) and By = B(vy, py). The proof
requires estimates of the components of the vector [ VM + Bydy]4.. After simplification,
the substitution of the quantities By, VMy and di = (pg,qr), together with the identity
J(zy)p), + pia, = —c(zy,) from (3.7) give

1 1
[ VM + Brdg |a. = |21 + EJ(xk.)Tc(xk) + H (g, ye)pr + Ej(xk)TJ(wk)pk " (3.14)
k k €

where z;, = g(z) — J(w)Tyr. The first part of the proof involves the estimation of a lower
bound on the vector zj, + (1/uf)J(zx) " c(z)). The definition of y5(-) and the fact that (z* y*)
is a first-order KKT pair for problem (NP) implies that the vector g(z*) — J(z*)Ty%(y,) is
nonnegative, with

—z]i = —[g(zx) — J(x)yr s
(1) Ty — (9(2*) = J (&) Y5 (wp)) ],
o) — J(xe) e + (@) Ve () — (@) Ty (o) — 9(a®) + T (@) Y5 () 1i-

IN A
|
o
g
!
<
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From Assumptions 3.1-3.3, ||J(z)|| is bounded independently of £ and the functions g and
J are Lipschitz continuous. It follows that there exist positive constants k3, k4, and k5 such
that

—[2k]i < Ksller — 2™ + Kallyr — yp(y) | < K50 (2k, yr), (3.15)
where the last inequality follows from the definition (3.4) of d(zk,yr). As the sequence of
iterates satisfies limyes, (xk.yx) = (2% v*) and limges, y5(y,) = y*, for k € S, sufficiently
large, the assumptions needed for Lemma 3.1 apply, and

—[z1]i < Ksd(xk, yi) < Ker(Th, Yi), (3.16)

for some positive constant kg. The combination of the inequality (3.16), the definition of
r(Tk, yk), and the result py = r(x,y)” of Lemma 3.4 imply that there exists a positive
constant k7 such that

_ Gl (2x, yr)

1
25 + —RJ(a:k)Tc(:nk) > —Ker(Tk, Yr)

uF i r(Tk, Yi )
= —kgr (T, Yr) — || (@p) 1 (e, k) 7
> —rrr (T, ye) Y > =S (e, k)t (3.17)

for all 7, and every k € S, sufficiently large, where the last inequality follows from the as-
sumption 0 < A < min{y,1 —~} < 1.

The (1/uf)pf J(x,)TJ(x,)p, term of (3.14) may be bounded in a similar way using the
definition pf = (2, yx)” and the bound on ||py || from part (i). The assumption that H (z, yx)
and J(zy) are bounded, the estimate §(zy, yi) = O(r(zk, yx)) of Lemma 3.1, and the definition

of Ae (xk7 yk7 /.L;:) give
[H (zk, yi)pr + (1/ 1) I (x) T (zi)pe]; = O (r(aw, ) ™) < Sr(aw, ), (3.18)
for all k € S, sufficiently large. A combination of (3.14), (3.17) and (3.18) yields

(&
00

[VM}, + Byrdy )4, > [Zk + /;:J(wk)TC(CIJk)} [H(l’k, Yk)Pk + lj;jJ(xk)TJ(CCk)Pk]

Ac H Ac

Z _T(xka yk))\e = _tkev

for all k € S, sufficiently large, which proves the second result of part (ii).
The first result of Lemma 3.2(iii) implies that F(x, y,, uy) = F(z*) for k € S, sufficiently

large. If the limit limgegs,[2k ]z = [2"]7 > 0 is used in conjunction with the definition
[z + pr Ja. = 0, and the estimate ||[pr -] = I[Pk ]zl = O(&(wk,yk)) of part (i), it follows
that z + pr > 0 for k € S, sufficiently large, as required. 1

Part (ii) of Lemma 3.6 implies that two of the three conditions needed for the acceptance of
the local descent direction are satisfied. It remains to show that the third condition VM k,T d, <
0 holds. Two technical results, Lemmas 3.7 and 3.8 below, are required.

Lemma 3.7. For all k € S, C S sufficiently large, a local descent direction d, = (pg,qx) s
computed such that (T, Yr) = (xx + pr, Yk + qx) satisfies

8(Zk, ) = 1Tk — 27l + 1 — v @)l = O (8w, y) ), (3.19)

with y5(-) defined in (3.3).
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Proof. The proof utilizes a result of Izmailov [21, Theorem 2.3| that provides a bound on the
change in the solution of a problem perturbed by a quantity . If the second-order sufficient
conditions hold at a primal-dual solution (z*, y*) of a problem P, then the primal-dual solution
(Z,y) of a perturbed problem P(g) satisfies

|2 — 2|+ inf 7=yl =O(el) (3.20)

yeY(z*)

For the purposes of this theorem, the unperturbed problem is an equality-constrained variant
of problem (NP) for which the optimal active set has been identified. Parts (ii) and (iii)
of Lemma 3.2 imply that A(z*) = A.(x;,y., py), and F(z*) = F(xy, Y., pp) for k € S,
sufficiently large. Let F, denote the matrix of columns of the identity matrix with indices in
A(z*). At any iteration with k € S,, consider the perturbed problem

minimize f(z)+ a:Tsl(Cl) subject to ¢(z) + 622) =0, Elz=0, (3.21)
x

where z-:g) and 6;62) are perturbation vectors such that e, = (521), 61(3)) with

<5;(€1)> _ <9($k) — J (@) g — (9(@x) — T (@) Gr) + H (. yp) (Tk — fEk)) (3.22)
> c(xx) + T(y) (@, — 21) — c(@r) + 12Ty — vE) ' '

The following simple argument shows that the perturbations go to zero as k — oo for k € S..
Part (i) of Lemma 3.6 implies that limgegs, (Tx — 2k, Yk — yx) = limges, (px, qx) = 0 for k € S,
sufficiently large. Moreover, because limyes, (zx,yx) = (2% y*) and y; = y, for k € S,, it
must be the case that limges, €, = 0.

The proof of (3.19) is based on applying the bound (3.20) for the values (z,y) = (Zk, Uk)-
In this case, under Assumption 3.3, it holds that

0(Zk, Yr) = 12k — " + 156 — yp Wl = Ik — 27|+ inf |7k —yll = O([lexl))-
yeA(z*)

Three results must be established in order to apply this result. First, (z*, y*) must satisfy
the second-order sufficient conditions for the equality-constrained problem (3.21) with £, = 0.
Second, (Zy, ) must be an optimal solution for the perturbed problem (3.21) with pertur-
bation (3.22). Third, the perturbation (3.22) must be bounded in terms of (xg, yx).

For the first part it must be shown that (z* y*) satisfies the second-order sufficient condi-
tions for problem (3.21) with no perturbation. The first-order KKT conditions for (3.21) are

g(x) — J(x)Ty + 5541) —E z,=0, c(x)+ ag) =0, and Flz=0. (3.23)

If &, = 0 then (2% y*) satisfies these conditions, which implies that the primal-dual pair
(z* y*) is a first-order KKT point. The second-order conditions for problem (NP) imply that
pTH(z*,y*)p > 0 for all p such that J(z*)p = 0 and p; = 0 for every i € A(z*). These
conditions also apply for problem (3.21) when €, = 0, which imply that (z* y*) satisfies the
second-order sufficient conditions for the unperturbed problem.

Next, it must be shown that (Zj,yx) is an optimal solution for the problem (3.21) with
perturbation (3.22). By definition, the point (Ty,yx) satisfies the optimality conditions for
the equality-constrained problem (2.22). If y;7 = y,, then these conditions are

9(@r) + H(zp, ye) (@ — x5) — J(2) e — Eaza =0,

7 " . (3.24)
c(xg) + J(zk) (@ —zk) + (Y, —y) =0, and E, 7, =0,
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where z4 = [21,]4 with zx = g(zx) — J(zx)Tye (cf. (3.7)). These identities may be used to
show that (Zy,yx) satisfies the optimality conditions (3.23) with ¢j, defined as in (3.22).

It remains to bound the perturbation norm ||| from (3.22). The Taylor-series expan-
sions of g(xx) = g(ax + px) and J(Ty) = J(xx + pk), together with the assumption that
{VZ%i(xk) }res, is bounded, give

9(xr) — g(@i + pr) + H (e, yr)pr — (J (@) — J (@ + pr) " Tr
= [Tk — w1 V(@r)pe + Olpxl®) = O(llpelllFe — vll) + O(lpell?),  (3.25)
=1

which bounds the norm of the first block of (3.22).

Three properties of the iterates are needed to bound the norm of the second block. First,
a Taylor-series expansion of ¢(zy +py,) gives c(zx) — c(xr, +pr) +J(x)pr = O(||pr|?). Second,
as S, contains only V-O iteration indices, the rule for updating y;’ described in Section 2.1
gives y = y, for all k € S,. Third, Lemma 3.4 gives ui = r(x;,y,)", which implies that
Lillve — yill = 7(@k, Yk)7|Yk — ykl|. The combination of these results gives

lex | = Olpkl1®) + Olpkllgr — yrll) + OCr(zx, yi) |[Gr — yiel)-

Writing qx = Yr — Yk, using the results that r(xy, yx) = O(d(xg, yx)) (from Lemma 3.1) and
that max{||px|,|lgel|} = O(6(zk,yx)) (from Lemma 3.6(i)), and the definition 0 < v < 1,
gives
ekl = O(8(zg, yi)? + 0(zh, yi) ) = O (0 (g, yi) '),
which gives the required bound (3.19). 1
The second technical lemma concerns the properties of the vector of approximate multi-

pliers (x5 i, 1g)-
Lemma 3.8. Let 1, denote the vector w(x, ;yy, puy). For every k € S, C S it holds that

(@) llyw — mll = O(lle(xp)ll/1g) and

(i) VM (v 595, 1) — Bl = O(lle(zp)ll/ 1) -

Moreover, it follows that limges, ||yx — mk|| = 0 and limgeg,

VEM (v sy 1) — Byl = 0.

Proof. Asy, =y forall k € S, C S, the definition of 7y, gives ||yr — || = |lc(x;)|| /1. This

estimate in conjunction with the definitions of V2M and B imply that part (ii) also holds.
Lemma 3.4 and part (i) of Lemma 3.2 give limyes, 7(2k, yx) = 0, with pf = r(zg, yx)” and

1—~>0forall k€S, CS sufficiently large. These results may be combined to give

0< lim M < lim ML;%) = lim ok k) _ lim 7 (ak, yr)' 7 = 0.
kES. ,U:k keS. lU/k kES. T('/I;k‘;yk)fy kES,

It follows from (i) that limyes, ||yx — 7&|| = 0. Moreover, as {V%;i(xk) }res, is bounded, it
must hold that limyes, ||[V?M (v),;y2, uf) — By | = 0, as required. 1

Given Lemmas 3.7 and 3.8, we show that the last of the conditions in (2.25) required for
the acceptance of the local descent direction is satisfied, i.e., that the local descent direction
is a descent direction for the merit function.
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Lemma 3.9. For any & satisfying 0 < ¢ < 1, and all k € S, C S sufficiently large, o local
descent direction dy, = (pg,qr) is computed that satisfies

VM (v yis i) dy, < —0diBydy — el dil* and VM (vy; g, pi)dy, <0, (3.26)

for some positive constant ¢. In particular, dy, is a strict descent direction for M(v;yy, ui)
at V.

Proof. Throughout the proof, the gradient VM (z,,v, ;yi, i) and approximate Hessian
B(xy,y; ;1) are denoted by VM and By, respectively. In addition, it is assumed that
k € S, C S is sufficiently large that parts (ii) and (iii) of Lemma 3.2 hold; i.e., A (x}, y,., 1) =
A(z*), and F_(xy, yp, pr) = F(z*). With this assumption, [ By |4, [ Bk ] and [ By |4, = denote
the rows and columns of the matrix By, associated with the index sets A(z*) and F(z*).
The definition of dj, from (2.23) gives [ VM}, + Bydy | » = 0, which, in partitioned form, is

[Bileldy )= + [ Br sl di)u = —[VMy ] (3.27)
Similarly, the scalar ngkdk may be written in the form
diBidy = [di 151 Bl [di )5 + 20 By lasldi s + [ B laldi L)' [dy ) (3.28)
Combining (3.27) and (3.28) yields

—[ VM, 2 dy ] = di Bydy, — ([ B larldy]r+ [ By, ]aldy]) " [dy ]
= dj, Bydy, — [ Bydy 15[ dy. ] 4 (3.29)

which implies that, for any & satisfying 0 < ¢ < 1, it must hold that
VMdy + 6diBydy, = (6 — 1)dj, Bydy, + [ Bydy 5[ dy, ] o+ [ VM 5[ dy 4 (3.30)

The proof involves constructing a bound on each of the terms of the right-hand side of this
identity. These bounds are characterized in terms of the index sets A, (z*, y*) and A, (z*, y*)
defined in (3.1), together with the set Fo(z*,y*) = Ao(z*,y*) U F(z*,y*). In what follows,
[ Bk |4, and [ By ]z, denote the matrices of rows and columns of By associated with the index
sets A, and Fo, with similar definitions for [ By |4, and [ By |4, 7, etc. The index sets Fo
and A, define a partition of {1, 2, ..., n+m}, and dLB,d, may be partitioned analogous to
(3.28) as

diBydy, = [dy, 15[ Byl s L di Ly + ([ Bro L, [diLay + 20 Bilay iz ldi]5) [y ]y (331)

The second-order sufficient conditions given in Definition 3.1, [15, Theorem 1.3 and part 2
of Theorem 3.2], together with a continuity argument imply that, for all k € S, sufficiently
large, By, is uniformly positive definite when restricted to the set C = {(p,q) € R"*™ : p,, =
0 and p,, > 0}. The relation (—d)’By(—d) = d"Bid implies that if d satisfies d,, < 0 and
da4, =0, then d"Byd > 0. For the particular vector d = (0, [d},]4,, [d},]) = (0,[d;]5,) for
which [d} 4, <0, it follows that

[ 5[ Bi | Ldi ], = msll[di )5, |I%, for some w5 € (0, 1), (3.32)
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and all £ € S, sufficiently large. This inequality provides a bound on the first term on the
right-hand side of (3.31). An estimate of the second and third terms may be determined using
a bound on the magnitude of the components of [ Bxdy | 4, where, by definition,

[ Brdy | a, = [(H(C% Yk) + ;J(xk)TJ(JTk))Pk + J(ka)TQk]

k At

For k € S, sufficiently large, Lemma 3.4 implies that pj = r(zk,yx)”. In addition, as
|H (xk,yx)|| and ||J(zg)| are bounded on S, it follows from the bounds on ||px|| and ||gx|]
given by Lemma 3.6(i), and the equivalence r(zy, yx) = O(6(zk, yx)) of Lemma 3.1, that the
magnitude of the components of [ Bxdy |4, are estimated by

[ Brdi ], | = O(r(@p, ye)' ™) = O(6(zp, yi) ' 7). (3.33)
A similar argument gives the bound
[([BiJag Ly Ly + 20 By Lay Ly )mg) Tl g | = OO (@, )7 [y ) (3.34)
The application of the bound (3.32) and estimate (3.34) to (3.31) gives
~di By, < —rs||[dy )7, 1* + wod (wrs i) [ L s (3.35)

for some positive kg independent of k, which serves to bound (¢ — 1)d;‘gBkdk, the first term of
the right-hand side of (3.30).

The second and third terms of (3.30) are estimated by bounding components from the
index set A,. The estimate (3.33) gives

[ Budy 1%, [di ) a, < m106(2ks y)' [y ], |l for some k19 € (0, 1). (3.36)
A Taylor-series expansion of VM (v, ;y”, uf) at y* = y; (= y,) gives
VM = VM (v 39" + (Y —y"), 1) = VM (039", i) + Oy — y71))- (3.37)

A Taylor-series expansion of the inner product [ VM (v;y*, uf) ]Z;Jr[dk ] a, AtV = v* gives

(VM (o sy i) 1% [y L, = [y s, (VM@ + (0 — o) 157 if) L,

1
= [ %, (VM (0" 557 pif) L, + 0(%\\[dm+u o = o)
In order to bound the last term on the right-hand side, we substitute the value pf = (g, yi)”
implied by Lemma 3.4, and apply the estimate r(zx, yx) = @(5(azk,yk)) from Lemma 3.1. If

the resulting value is used with the value [[[d} ] ., [| = O([|dk||) = O(6(zk, yx)) of Lemma 3.6(i),
then

[VM (v 5 y*, ) T, Ly ], = [di a, [VM(0% 5%, i) 1, + O(8 (s i)' low — 0*])).

This estimate can be combined with (3.37) to obtain

(M) [dy ], = [d )2, VM0 35% 1) L, + O (g yi) oy — v*])
+ Ol L, Il — w*1)- (3:38)
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As v* = (2% y*) is a primal-dual KKT pair for problem (NP), it follows from the definition of
Ay that [VM (v* ;9% pui) |a, = [g(z*) — J(z*)Ty* |4, > 0. Combining this with [d} ]4, <0
from the first equality of (2.23) yields

[VM (v* 5y, ) ]Z;Jr[dk Ja, < —kull[dg]a, |l for some positive k1. (3.39)
As v < 1, the limit 6(zg,yr) — 0 and estimates (3.38)—(3.39) imply that
[VMk]§+[dk]A+ < —%/@11||[dk],4+|| for k € S, sufficiently large.
The combination of this inequality with (3.36) gives

[ Bydy, 1%, [di )a, + VM) [y ], < m100(zg, u) Ty Jag | = 3ellldy]agll, (3:40)

for all k£ € S, sufficiently large.

Finally, consider the last two terms of (3.30) associated with the set Ag. As k € S,
it holds that y; = y, and 7, = w(z;y7, 1)) = Yy, — c(x,)/py. Let yi denote the vector
Uk = T+ (T — yk) = Y, — 2¢(z,)/py. The definitions of VM), and By, together with the
definition dy, = (pk, qx) and the identity c(x;) + J(x;)p, + 1iq, = 0 from (3.6) give

[ VM, + Bydy ] 4,

= [g(zx) — J(z) Gk + H(p, y)px + iRJ<$k)TJ(xk)pk + J (k) ar ] 4,
k

ZMWHNMV%+H@mkalgﬂmﬂﬁwﬂmﬂm%

= [g(zr) = J (@) Ty + H(zp, yi)pe — J(@5) ar |4y

(3.41)

It follows from (3.41) and a Taylor-series expansion with respect to = of g(z) — J(2)(yx + qx)
that
[VMy, + Brdi 4, = [9(vk + pr) — T (zs + i) (yk + ai) + o] (P, Qk)”)]AO
= [9(@k) = J (@) Gx + oIl (pr, ) D], (3.42)

where (T, Jr) = (x + Pk, Yk + qx). The definition of r(x,y) and part (ii) of Lemma 3.6 give

(%, Yr) > | min ([Z ] — J(@K)" T )i)|
0,[g ( ) J(xk)Tﬂk]i)‘, for all i € A,. (3.43)

‘ min

There are two possible cases for each i € A,, depending on the sign of [g(Zx) — J(Tk) Uk J:-
If [g(zx) — J(Z ) Uk ]i = 0, then the property that [d]; < 0 for every i € A implies that
[9(@1) — J (@) Yk ;[ dr]; < 0. The expression for | VM}, + Bydy Js[dy ); from (3.42), and the
result that ||(pg, qk)|| = (6(:ck,yk)) from Lemma 3.6(i) gives

[ VM, + Budi Jildi )i = [9(@, T5e] [ Ji + olll (o, ax) D[y
=o(0 wk,yk)! H~
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Alternatively, if i € A, and [g(Zk) — J(Zk) Gk Ji < 0, then [ VMy, + Bydy ];[ dy )i satisfies
[ VM, + Bdy, Ji[ dy |:
= [9(@r) = J (@) T + o[l (pr> @) 1) il di ]
< r(Zk, Ur)|[dic Ji| + 0 (6 (@, yr)) | [di ]i| ((3.43) and Lemma 3.6(i))
S H(;(fk, g/]k) ‘ [ dk ]z‘ + 0((5(:Ek, yk)) Hdk ]z‘ (Lemma 3.1)
= O((S(mk, yk)H'Y)Hdk]i\ + 0(6(xk,yk))‘[dk]i‘ (Lemma 3.7)
= 0(0(zk, yk)) |[ di Ji]-
A combination of the two cases provides the estimate
(VM + Bdi |5, [y ]y < 0(0(z, ) 11 L - (3.44)
It now follows from (3.30), (3.35), (3.40), (3.44), and limges, di = 0 that there exist positive
constants k12, K13, and k14 such that
VMjdy, + 6diBydy, < —kaall[dy )7 |1* + m136 (zn, ye) 7 [ dy ), |
— k14l dy Ja, | + 0(8(xr, yi)) Il dy ] |-
As limges, (xg, yx) = 0, it must hold that r136(zk, yp)' ™) < %H14 for all k € S, sufficiently
large, which gives
VT, + 0d By, < ol [ L mnalld L, |+ 0(8(akow) MLl (3.5

The next step of the proof is to show that the right-hand side of the inequality (3.45) is
bounded above by a positive multiple of —||dy|?>. Consider the sequence vy = (x*, yf,(g?k)),
where y5(+) is given by (3.3) and satisfies the second-order sufficient conditions for all k. The
triangle inequality and substitution of v}, for v + dj, yields

log = oell = lloy, + di = vig = dy |l = 115, — v = dill < 1105 = o]l + - (3.46)

By definition, |0, — v}|| = &(Zk,7k), and the estimate §(ZTy,Jx) = 0(5($k,yk)) given by
Lemma 3.7 implies that 6(Z, Ux) < 56(xk, yx) for k sufficiently large. In addition, the defini-
tion of 6(xk,yx) is such that §(zy, yi) < |lv, — vp||. If these inequalities are used to estimate
|ldg|| in (3.46), then

—lldgll < 15 = v}l = llog = oIl < =50 (zk, i) (3.47)

Consider the inequality (3.45). Suppose that k is large enough that the bound r12||[d}, |7 || <
k14 holds. Standard norm inequalities applied in conjunction with the estimates ||dy|| <
Ty 1z I+ 1Ty L Il 1Ty Lo Il < N[y, 1, |l and [ldy ]l > 50(zk, i) from (3.47), give

= k2|l dg ]z, 1* = gmaallldy L, |+ 0 (g, ) N[ Lol
< —rallldi Lz |1* = Fraallldy Ly | = grn2ll[di 1z | 1, | + 0(8(rs y0)) 1Ty Lo

< =gkl di )7 l1° = fraallldy ), | = Foazlldill 11y )z Il + 0(6(zr, yr)) 1l di ) ao

< —truallldy]a, || — $ra2llldy ]z 1P = 2e128 (@, ye) 1 dy 15 | + 0 (5 (@, ye)) [ di ]
< —gmallldy L |l = $ma2ll [y )z 1P = 1120 (@, i) [y gl + 0(8(rs yr)) 11 Lo
< —truallldgla, |l — 3ra2ll[dy )7 |17

< —trullldpla P = Ski2ll[di 15, 117
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These inequalities, when used with (3.45), imply that

VMjdy + diBidy, < —rrzl|[di ], |1 = srallldiJa, |+ 0(8 (g, yi)) [y Lag |
< —clldi]?, (3.48)

with é = min{i/ﬁm, %/@12}. This establishes the first part of (3.26).
To prove the second part of (3.26), the bounds on VM[!d, + ¢dIB,d, and dlB,d, given
by (3.45) and (3.35) imply that

VM[ld, = VM!d, + 6d}B,d, — 5d}B,.dy
< —ruall[dy )7 I” = gr1allldi LIl + 0 (6 (ks yn)) I di o
— Grsllldy, )7 |I* + Frod (i, yk)l’”ll[dk]ml- (3.49)

As limgegs, di = 0, there is an index k sufficiently large that Grod(xy, yp)' ™7 < i/i147 and the
bound (3.49) may be written in the form

VMpdy < —(r12 + rs) [ di 1, |17 = Frrall [di Ja, |+ 0(8(ar, yr)) 1y Lag I (3.50)

which is the inequality (3.45) with different positive constants. If the argument used to derive
(3.48) is repeated for the inequality (3.50), it follows that there is a positive constant ¢ such
that VMdek < —C||di||?>. From Assumption 3.4, dj is nonzero, which implies that dj, is a
strict descent direction for M (v;yg, puf) at vg. 1

Lemma 3.9 establishes that the last of the three conditions in (2.25) needed for the accep-
tance of the local descent direction dj holds for all k € S, sufficiently large.

Theorem 3.1. For all k € S, C S sufficiently large, it holds that:
(i) a local descent direction dy = (pk,qx) is computed;

(ii) vk + di, is feasible, [VQ, (v, + dy. sy, u) 4, = —tye, and VMd, < 0, i.e., all three
conditions (2.25) are satisfied; and

(i) A (g, yp, i) = Ale™) = Az + pr)-

Proof. Part (i) follows from Lemma 3.6. Part (ii) follows from Lemmas 3.6(ii) and 3.9. It re-
mains to prove part (iii). The equality A, (z,, y., i) = A(x*) is established in Lemma 3.2(ii).
Suppose that i € A(z*) = A (x,y,, ). The definition of the local descent direction dj in
(2.23) implies that [z + pi|; = 0, which gives ¢ € A(zp + pi). For the reverse inclusion,
suppose that ¢ ¢ A(z*), i.e.,, f > 0. In this case, the assumption that limges, 2 = z*
implies that [25]; > s} for all k € S, sufficiently large. Part (i) of Lemma 3.6 gives
max{||pk|, |ge||} = O(6(xk, yx)), and the assumption limges, (2%, yx) = (z* y*) implies that
limges, 6(2k, yp) = 0. It follows that limges, pr = 0, with [@, +p, |; > 327 + [py]; = 327 > 0

for all k € S, sufficiently large, which means that ¢ ¢ A(zy + pg)- ]

The next result shows that the flexible line search returns the unit step length for all
k € S, sufficiently large. Lemma 3.2(vi) and Theorem 3.1 imply that s = 0 and the line-
search direction Avy = dj is a nonzero local descent direction for every k € S, sufficiently
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large. In this case the modified Armijo procedure is executed at every v, with £, = 1, and
reduces to finding an «j, that satisfies the condition

M (v, 5 yg s i) — M (v + aog s yy s 1) > =750, VM (v 5 9 Mif)Tdm (3.51)
for either 1 = py, or p = pf.
Theorem 3.2. The line search computes ax =1 for all k € S, C S sufficiently large.

Proof. Throughout the proof, the quantities M (v;y;/, i), VM (v yi, i), and VZM(vk YL, 1)
are denoted by M (v), VM (v), and VM. Assumption 3.4 and part (vi) of Lemma 3.2 imply
that the first-order line-search model is used for all k € S, C S sufficiently large, i.e., the
quantity ¢ is set to one. A Taylor-series expansion of M (vg + di) gives

M+ d) = M(we) + T ()"t + 3 My + O (1)
= M () + VM (v3)"dy, + 3, VM dy + O (6 (i, yi)' 7 [ldil|),
where the bound on the last term follows from the sequence of estimates
1/ udell = 7@, yi) el = O(8(wr, ye) ™) lldill = O (8w, yi)' )

derived in Lemmas 3.4, 3.1, and 3.6(i).

Let the scalar ¢ of Lemma 3.9 be defined so that (1 — )& = 3, where 75 (0 < 75 < 3) is
the parameter used for the modified Armijo condition (2.28) defined with ¢, = 1. With this
definition, & satisfies 0 < & < 1, and Lemma 3.9 with the particular value & = %(1 —vs) 7t
gives

M (vy, + dy,) — M (vy,) — vs VM (vg) Tdy,
= (1 —7s)VM (v})dy, + 5di VM dy + O (6(wr, y) 7|y %)
[% —(1- ’Ys)&]ngkdk —(1- 75)5“dk||2
+ 5[ VMy = Bl ldi||* + O (8 (ks yie) ')
= —(1—=7s)é|ldll* + 51IV*My — Bl |di]|* + O (6 (zr, yr) ' dil1?),

IN

for all k£ € S, sufficiently large. The global convergence property of Assumption 3.3(3.2)
implies that limgegs, d(zk, yx) = 0, which gives limyeg, di, = 0 from part (i) of Lemma 3.6. In
addition, Lemma 3.8 implies that limycs, ||V?M}, — Bi|| = 0. The combination of these results
gives the estimate

M (vg, + di;) — M (vg) — s VM (vp)Tdy, < —(1 = vs)e|ldi||* + o(||di|*) < 0,

for all k& € S, sufficiently large. As limges, dp = 0 (see Lemma 3.6(i)), the computation of
ap, = 1 follows from the previous displayed inequality and the Armijo condition (3.51). ]

The next theorem shows that, for k sufficiently large, the properties established in Lem-
mas 3.1-3.9 and Theorems 3.1-3.2 hold for every k, not just those in the set S, C S.

Theorem 3.3. For any positive € sufficiently small, and any p such that 1 < p < 1++, there
exists a V-iteration index ky = ky (€) such that the following results hold for every k > ky :
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(i
(ii

) 6
(iii) k is a V-iterate; and
)

(Tht1, Y1) < 0(x, yi)P;

(iv) the results of Lemmas 3.1-3.9 and Theorems 3.1-3.2 hold.

Proof. Let the positive scalar € be sufficiently small that the results of Lemmas 3.1-3.9 and
Theorems 3.1-3.2 hold for every V-O iterate (xg, yx) satisfying ||(zr — 2% yx — y*)|| < e. (The
proof of (iv) establishes that these results hold for every k sufficiently large.)

Let (zg,yx) be a primal-dual iterate with k& € S,. Theorem 3.1 implies that the unit
step is accepted in the line search, in which case (Zg41,Yr+1) = (Tk + Dk, Yk + qx). Let & be
the positive scalar defined in Lemma 3.1. Similarly, let ¢; (¢; > 0) and ¢2 (co > 1) denote
constants such that

max{||zx+1 — 2kl |yr+1 — vrll} < c16(zp, yr), and

(3.52)
5(95k+17yk+1) < 025($k,yk)1+7-

(The existence of ¢; and ¢y is implied by the results of Lemmas 3.6(i) and 3.7.)
If p is any scalar satisfying 1 < p < 1+, let ky = ky(€) be an index in S, C S that is
sufficiently large that (zj,,yk, ) is a V-iterate and satisfies the conditions

max { |z, — (|, [yr, —y*ll; 2c18v, 2¢180 /(1 = 67) } < fe, and (3.53)
max{2ﬁp+25€71/ﬂ, O AR 7 } <1, (3.54)

where 6y = 6(xg, , Yk, ), and B (0 < f < 1) is the weight used in the definitions of ¢ (z,y) and
ov(x,y). The following argument shows that an index k, satisfying these conditions must
exist. As limges, (zx, yx) = (2% y*), it must hold that the optimality and feasibility measures
(2.10) give limges, ¢y (k, yi) = 0 and limges, ¢o(zk, yx) = 0. As Assumption 3.3(3.2) implies
that there are infinitely many V-O iterates, and the condition ¢ (vy) < %Qﬁr‘fz" for a V-
iteration is checked before the condition for an O-iteration, then there must be infinitely
many V-iterates. In addition, as limgeg, (2, yx) = 0, there must be an index k = ky such
that 0y = d(zk, yr) is sufficiently small to give (3.53) and (3.54).

An inductive argument is used to prove that parts (i)—(iv) hold for all £ > k. The base
case is k = ky,. The definition of k, implies that k = k, is a V-iteration index, and it follows
trivially that part (iii) holds. Moreover, the assumption (3.53) and standard norm inequalities
yield

1@by = by — 3 < oy — 2l + gy — 5l < Se+ e < (3.55)

which establishes part (i) for & = k. It follows immediately from (3.55) and the choice of
€ that part (iv) holds for k = ky. As part (iv) holds for k = ky, (3.52), and (3.54) may be
combined to give

5(xkv+17 ykv—i-l) < 02(5\1/'-i_’y = 025‘1/-5-7—/)55 < 567

which establishes part (ii) for k¥ = k.. This completes the base case k = ky .
The inductive hypothesis is that (i)—(iv) hold for every iterate k such that ky, < k <
ky + 7 — 1. Under this hypothesis, it must be shown that (i)—(iv) hold for k = k, + j. For
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part (i), standard norm inequalities give

Thvtj <z
k —z |+ -
(B 25| < s =1+ T = 1

[y

<.

7j—1
(xkv-i-l-&-l - xkv-i-l) + Thy — :E*H + H Z(ykv+l+l - ykv-i-l) + Yky — y*H
0 =0

=
—1
< ok 101 = g stll + k161 = vkprall) + 2ry — 271+ yey, — 7))
1=0
j—1
<201 Y 6(@hyt1s Yk +1) + 36,
1=0

<.

where the first inequality of (3.52) has been used to bound each of the terms in the summation,
and the term |zx, — 2| + |lyr, — v*|| is estimated by (3.55). It follows from the inductive
hypothesis for part (i) and (3.53) that

|

which establishes that part (i) holds for k& = ky + j.
The next stage of the proof involves establishing that part (iii) holds for k£ = ky + j. For
all £ >k, it holds that & = 0 and the feasibility measure ¢, satisfies

Jj—1 7
Thy +j >H ” 5 zp} [ 5v } 1
= 1 4 E 5P|+ e <2c1 6 + 5€ <€,
<ykv+j v =1 v - 5\p/ 2

Br(zr, yr) < dv(Tr, yr) = (k) + Bw(Tr, Yr, &) < 272k, Yr) < 266(Tk, Y& ),

where the last inequality follows from Lemma 3.1. Applying these inequalities at (zx, 1, Yky +5),
together with Lemma 3.1 and the induction assumption (ii) at (Tgy +j—1,Yky+j—1), gives

v (Thy 45 Yny+3) S 260 (T Yy +5) < 266 (Thy 41, Yhy+5-1)"
< 2R (Thy 415 Yk 1)”
= 26 (T 41y Yy 151" T (T 115 Yky +j—1)
< 2R B (@ i1y b1 —1)° T D (Thy =15 b +i—1)- (3.56)
If ¢7R%, denotes the parameter used in the condition (2.11) to test for a V-iterate, then

the assumption that (Zr, 4j—1,Yky,+j—1) is a V-iterate implies that ¢y (r, -1, Yky+j—1) <

%gbgﬁ’;ﬂil. This allows the bound (3.56) to be extended so that

1 -1
Oy (T 4> Yry+3) < (B /BT @k i1 Uy +5-1)" 7 PR g1
< (K72 ) B)6(Thy 41 Yy +j—1)" O iy
2¢cp—1 max max
< (Her oy /5)¢v2v+g 1> 2¢viv+j71-
The last of these inequalities follows from (3.54) and implies that &k, + j is a V-iterate. This

establishes that part (iii) holds for & = ky + j, as required. Part (iv) then follows immediately
from the choice of € and the fact that (i) and (iii) hold at k = ky + j.
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It remains to show that (ii) holds for &k = ky + j. It follows from the bound (3.54) and
definition of p (p > 1), that

Co(§IPYHH77P < ) 50T < o sTHT TP < 1 (3.57)

This inequality, the induction hypotheses of parts (ii) and (iv), and Lemma 3.7, together give

6(wkv+j+17 ykv+j+1) S 025(xkv+j7 yk)v+j)1+’y

1d~—
= 20 (Thy 4> Yk +5) TP (T 4gs Yoy +5)°

< (B TP (T4 Y 15)” < 0Tkt Yk 45)7s
which shows that part (ii) holds for k = ky + j. This completes the induction proof. ]

It remains to establish the rate of convergence of the primal-dual iterates to (z* y*). The
proof is based on showing that the iterates are equivalent to those of a sSQP method for which
superlinear convergence has been established.

Theorem 3.4. The iterates satisfy limg_,o0(zk, yx) = (¥, y*) and the convergence rate is
superlinear.

Proof. As e > 0 was arbitrary in Theorem 3.3, it follows that limy_, oo (zk, yr) = (¥ y*). It
remains to show that the convergence rate is superlinear. Theorem 3.3(iii) shows that the
iterates generated by the algorithm are all V-iterates for k sufficiently large. Moreover, Theo-
rem 3.3(iv) implies that Lemmas 3.1-3.9 and Theorems 3.1-3.2 hold for all k sufficiently large
(not just for £k € S, C S). It follows that for all k sufficiently large: (a) pp = r(xk, yx)”
(from Lemma 3.4); (b) A(z*) = A(xi) = Az, vy, pf) (from Lemma 3.2(ii)); and (c)
(Tkt1,Yk+1) = (Tx + Pr, Yk + qr) With every direction (pg, qx) a local descent direction (from
Theorems 3.2 and 3.1(i)—(iii)). The combination of these results gives [z ]|, = 0 for all &k
sufficiently large, where the suffix “A” denotes the components with indices in the optimal
active set A(z*). It follows that the sequence (z, yx) is identical to the sequence generated by
a conventional sSQP method applied to the equality-constrained problem (3.9), i.e., the iter-
ates correspond to performing a conventional sSQP method on problem (NP) having correctly
estimated the active set (the associated stabilized QP subproblem is defined in the statement
of Lemma 3.5). The superlinear rate convergence of the iterates now follows, for example,
from [25, Theorem 1]. ]

4. Numerical Experiments

This section describes an implementation of the algorithm described in Section 2 and in-
cludes the results of some numerical experiments that are designed to validate the algorithm.
Section 4.1 provides the details of a preliminary MATLAB implementation. Sections 4.2—4.5
evaluate the performance of the method on problems that exhibit various forms of degeneracy.

All the results included in this paper are from a variant of the method that does not test
for a direction of negative curvature until a first-order stationary point is located. Both the
global and local convergence analysis remain valid for this version.
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4.1. Implementation details

From a numerical stability perspective, it is important that every computation be performed
without forming the matrix B(v, ;) given by (2.4) explicitly. All the relevant properties of
the matrix B may be determined from the matrix

(5 ")

which is said to have “regularized KKT form.” In particular, each iteration involves the
factorization of a matrix of the form

_ (Hr(z,y)  Jr(2)"
K. = ( Jr(x) —pgl ) ' (4.1)

The (implicitly defined) positive-definite matrix B (v 5 i) (2.19) associated with the bound-
constrained QP problem (2.17) is obtained by using a pre-convexification scheme. Specifically,
the positive-definite matrix H of (2.19) has the form f[(xk, yi) = H(xk, yx) + Er+ Dy, for some
positive-semidefinite matrix Fj and positive-semidefinite diagonal matrix Dy, as described
n [17, Section 4]. If the matrix formed from the e-free rows and columns of B is positive
definite (see (2.4)), then Ej is zero, in which case, the (implicit) EFE (@), Yp s 1) is equal to
B, (z,y,; py) and the regularized KKT equations remain unmodified (see the equations (4.8)
below). The calculation of the matrix Ej, is based on an LBL” factorization of a matrix in the
form (4.1). The factorization also provides the direction of negative curvature sl(;) (2.9) used
to compute & (see, e.g., Forsgren [13], Forsgren and Gill [14], and Kungurtsev [28, Chapter
9]).

Solution of the QP subproblem. Let Qy(v) denote the convex QP objective (2.18)
defined with parameters y; and p. Given an initial feasible point UA(kO) for problem (2.17)
(i.e., a point such that [172;0) ]i >0,i=1:n), a typical active-set method generates a feasible
sequence {UA(kJ)}j>o such that Qk(@(k])) < @k(@(kjfl)) and v’éj) minimizes @k(v) on a “working
set” W; of variables fixed at their bounds. An iterate 1’)§€‘7 ) is optimal for (2.17) if the Lagrange
multipliers for the bound constraints in the working set are nonnegative, i.e.,

(VO () I, = [VM (v s yE, 1ff) + Bl s )@ = v) I, > 0, (4.2)

where the suffix “w;” denotes the vector of components with indices in the working set W;.
The initial working set Wy is defined as the e-active set A, (x;,y,,1z). The first step is to
move the current iterate vy onto the bounds in the working set. This gives the first feasible
point 17560) such that

(5., =0, and (5], = (v, (43)

where the suffices “A.” and “F.” refer to the components associated with the e-active and

~0)

e-free sets at (z,yx). In general, 9, ’ will not minimize Qk(v) on Wy, and an estimate of the

next QP iterate 1721) is computed by solving the subproblem

minimize Q4 (v) subject to [v]w, = 0. (4.4)
v

If the primal components of this solution are feasible for the bounds x > 0, then the solution
(1
Uk

is used to define 5\, Otherwise one of the violated bounds is added to the working set and
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the iteration is repeated. Eventually, the working set will include enough bounds to define
an appropriate minimizer 1721). If 77;1) does not satisfy the gradient condition (4.2) then the
index of a variable with a negative gradient is selected for deletion from W and the iterations

continue.

Computation of the local descent direction. In this case, v + dj is a solution of the
equality-constrained subproblem (2.22) and must satisfy the optimality conditions (2.23). Let
Qi (v) denote the QP objective (2.3) defined with parameters y;, and p;. The vector dy, is
computed in the form d, = 17;0) + A?)g)) — vy, Where 17§€0) is the feasible point (4.3) and Aﬁg))
is defined uniquely by the equations

(A5 ], =0, and B, [A0"], = —[VQ,(0\)],.. (4.5)

The definition of vA(kO) from (4.3) together with the form of the e-free and e-active components
of dj, yields
(i), = [ A5 5. and [y, = ~[vg]a. = ~[2x]a <0, (4.6)

where the last inequality follows from the feasibility of z; with respect to the bounds. The
~0)

benefit of computing dj in this form is that the vector 1720) + Avko is an initial estimate of
17;1) used in the active-set method for solving the inequality constrained QP (2.17). (The
conditions necessary for the computation of the local descent direction include the fact that
By, must be positive definite, which implies that B, = B, .) It follows that if the local
descent direction does not satisfy the conditions (2.25) and is not suitable for the line search,

it may be used to initialize the active-set method for solving (2.17).

The system of equations for [A'Tﬂko) |- in (4.5) may be written in regularized KKT form

as follows. Consider the matrix

I —2J. ()7
UJ-'E = l‘? ]:6( k) ’
0 I

where Jx (7)) denotes the matrix of e-free columns of J(xy). The matrix Us_is nonsingular
and can be applied to both sides of (4.5) without changing the solution. Using the definitions
(4.6) and performing some simplification yields

Hy (wr,yc)  J= (%)T [Pk ] 7.
< Jr (k) —pd ) ( —qk >
:_(wum+ﬂmw%mﬁtﬂw—Jum%uﬂ) wn
clay) + @)@ —2) +ufly—vE) )
where pg and ¢ are the vectors of primal and dual components of di, and Hx_(zp, yx) is the

matrix of e-free rows and columns of H(xg, y).
The local convergence analysis of Section 3 implies that for k sufficiently large, it must

hold that A (z, v, uy) = A(@*), [z ]a. =0, and y; = y,.. It follows that g’c\gco) = x,;, and the
equations (4.7) become

C&@mm=MWW><[WM>:_CMMPJ@W%E> (48)

Jr.(zk) —ppl —qk ()
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which represent the dual-regularized Newton equations for minimizing M on the e-active set.

Parameter definitions. The numerical experiments were performed using pdSQP, a prelim-
inary implementation of the method written in MATLAB [31]. The control parameter values
and their initial values are specified in Table 1. If pdSQP did not converge within kpax = 1000
iterations, then it was considered to have failed. The tests used to terminate the algorithm
at an approximate solution or an infeasible stationary point are given by (2.30) and (2.31),
respectively.

Table 1: Control parameter and initial values required by Algorithm pdSQP.

Parameter Value Parameter  Value Parameter  Value
Vo, 005" 1.0e+3 s 1.0e-4 Tstop 1.0e-6
€q 1.0e-6 1 1.0 I3 1.0e-5
o1 0.5 Ys 1.0e-3 A 0.2
Ymax 1.0e+6 (7 1.0e-5 To 1.0

4.2. Degenerate CUTEst problems

The local rate of convergence of algorithm pdSQP was investigated for a set of degenerate
problems from the CUTEst test set [19]. In particular, 84 problems were identified for which
the active-constraint Jacobian is numerically rank deficient at the computed solution. In
addition, 56 problems have at least one negligible multiplier associated with a variable on
its bound. In this case, a multiplier is considered as being negligible if it is less than 7op
in absolute value. A zero multiplier associated with an active constraint implies that the
property of strict complementarity does not hold. A total of 26 problems were identified that
fail both the linear independence constraint qualification (LICQ) and strict complementarity.
For these degenerate problems, the order of convergence was estimated by the quantity

EOC = log r(%k;, Yk, )/ 1og 7(Tk;—1, Y1), (4.9)

where ky denotes the final computed iterate. The results are given in Table 2. The column
with heading “Last is global” contains the statistics for problems for which the final search
direction is a global descent direction. The column marked “Last is local” gives the statistics
for problems for which the final direction is a local descent direction. Column headed “Last
two are local” contains the statistics for problems for which the final two descent steps are
local descent directions. The values in parentheses indicate the number of problems that sat-
isfy the weak second-order sufficient optimality conditions, i.e., the Hessian of the Lagrangian
is positive definite on the null space of the active constraint Jacobian matrix. In the imple-
mentation considered here, this property is considered to hold if the smallest eigenvalue of
ZTH . Z is greater than Tstop, Where the columns of Z form a basis for the null space of Jx,.

Table 2 shows that if the LICQ does not hold, but strict complementarity does, then local
descent steps are computed in the final stages and they contribute to the superlinear rate of
convergence. Moreover, superlinear convergence is typical even when the local descent step is
not computed. This observation is consistent with [28, Chapter 8], which shows that the iter-
ates generated by the algorithm pdSQP of Gill and Robinson [16] converge superlinearly when
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Table 2: The estimated order of convergence (EOC) for algorithm pdSQP on the degenerate CUTEst
test problems

‘ Last is global ‘ Last is local ‘ Last two are local I Total ‘

Problems not satisfying the LICQ
1.25 < EOC 20 (7) 16 (12) 33 (31) 69 (50)
1.1 <EOC <1.25 3 (3) 1(1) 6 (6) 10 (10)
EOC <11 3(2) 0 (0) 2(2) 5(4)
Problems not satisfying strict complementarity
1.25 < EOC 17 (6) 4(2) 16 (16) 37 (24)
1.1 <EOC<1.25 4 (4) 0 (0) 3 (3) 7(7)
EOC < 1.1 9 (7) 1 (0) 2 (1) 12 (8)
Problems not satisfying strict complementarity and the LICQ
1.25 < EOC 11 (3) 4(2) 6 (6) 21 (11)
1.1 <EOC <125 2 (2) 0 (0) 2 (2) 4 (4)
EOC < 1.1 1(1) 0 (0) 0 (0) 1 (1)

the second-order sufficient conditions for optimality hold in conjunction with the property
of strict complementarity. The results are more mixed on those problems for which pdSQP
converges to a solution at which strict complementarity fails.

4.3. The degenerate problems of Mostafa, Vicente, and Wright

In [32], Mostafa, Vicente and Wright analyze the performance of a sSQP algorithm proposed
by Wright [36] that estimates the weakly and strongly active multipliers. The authors demon-
strate that the algorithm is robust in general and converges rapidly on a specified collection of
12 degenerate problems that includes some of the original Hock-Schittkowski problems; several
Hock-Schittkowski problems modified to include redundant constraints; and several problems
drawn from the literature (see the reference [32] for additional details). All 12 problems have
either a rank-deficient Jacobian or at least one weakly active multiplier at the solution.

Algorithm pdSQP was tested on ten of the twelve problems that could be coded directly
or obtained from other sources. Of the ten cases, pdSQP converges superlinearly on seven
problems, converges linearly on two problems, and fails to converge on one problem. These
results appear to be similar to those obtained by Mostafa, Vicente and Wright using their
code sSQPa [32].

4.4. Degenerate MPECs

Mathematical programs with equilibium constraints (MPECs) are optimization problems that
have variational inequalities as constraints. Various reformulations of MPECs as nonlinear
programs (see, e.g., Baumrucker, Renfro and Biegler [3]) include complementarity constraints
that do not satisfy either the LICQ or the MFCQ. This feature is generally recognized as the
main source of difficulty for conventional nonlinear solvers. In the case of pdSQP, the violation
of the MFCQ implies that Theorem 3.6 of [15] cannot be used to guarantee the existence of
limit points of the sequence of dual variables. As a consequence, the primal-dual iterates
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computed by pdSQP may never enter a region of superlinear convergence. Nonetheless, as
MPECs constitute an important and challenging class of problems, this section includes results
from pdSQP on a large set of MPECs.

We evaluated pdSQP on a set of 86 MPECs obtained from Sven Leyffer at the Argonne
National Laboratory. Many of these problems are included in the MPECLib library [6], which
is a large and varied collection of MPECs from both theoretical and practical test models.
pdSQP was able to solve 78 of the 86 problems.

As discussed above, the theoretical results of Section 3 do not guarantee that the primal-
dual iterates will enter a region in which local descent steps are used. In order to study this
possibility, Table 3 gives the EOC rates defined in (4.9) for all of the MPEC problems. The
results indicate that, as predicted by the theory, the last search direction is a global descent
direction in 23 cases. Nonetheless, 20 of these cases still converge at a superlinear rate.
By comparison, of the 55 problems for which the last direction is a local descent direction,
superlinear convergence occurs in 52 cases.

Table 3: The estimated order of convergence (EOC) for pdSQP on the MPEC test set.

Last is global | Last is local | Last two are local Total

1.25 < EOC 18 (9) 17 (17) 31 (31) 66 (57)
1.1 <EOC <£1.25 2(2) 1(1) 3 (3) 6 (6)
EOC <11 3(2) 2(2) 1(1) 6 (5)

4.5. Degenerate problems from the DEGEN test set

In a series of numerical tests, Izmailov and Solodov [23,24,26] demonstrate that Newton-like
algorithms such as SQP or inexact SQP methods tend to generate dual iterates that converge
to critical multipliers, when they exist. (Critical multipliers are those multipliers y € Y(z*)
for which the regularized KKT matrix (4.1) is singular at z*). This is significant because dual
convergence to critical multipliers will result in a linear rate of convergence [24]. However,
Izmailov [24] shows that an implementation of a conventional sSQP algorithm is less likely to
exhibit this behavior, although poor performance can still occur in a small number of cases.
This has motivated the use of sSQP subproblems as a way of accelerating local convergence
in the presence of critical multipliers. However, such algorithms have had mixed results in
practice (see, e.g., Izmailov [27]). The purpose of this section is to use a subset of the DEGEN
test set to investigate the performance of pdSQP on problems with critical multipliers. The
subset of problems consists of those considered by Izmailov [23], and Izmailov and Solodov [24].

The estimated order of convergence (EOC) (cf. (4.9)) for these problems are given in
Table 4. The results are separated based on the following properties: (i) no critical multipliers
exist; (ii) critical multipliers exist but the limit point y* is not critical; and (iii) the limit point
y* is critical. The problem summaries indicate which optimal multipliers (if any) are critical. If
the final multiplier estimate is within 1073 of a critical multiplier, the multiplier is designated
as critical. As can be seen in Table 4, empirically, pdSQP converges superlinearly on 45 of
the 51 problems that do not have critical multipliers. For the 58 problems that have critical
multipliers, pdSQP converges to a critical multiplier for 46 problems, and for those 46 problems
the rate of convergence was typically slower. The slower rate-of-convergence supports the
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theory in [24], but the results indicate that on this test set, pdSQP often converges to critical
multipliers when they are present.

Table 4: The estimated order of convergence (EOC) of algorithm pdSQP on the DEGEN test set.

Critical multipliers? | y* critical? | EOC > 1.25 | 1.25 > EOC > 1.1 | EOC < 1.1
No - 36 9 6
Yes No 9 1
Yes Yes 6 29 11

5. Conclusions

This paper considers the local convergence analysis and numerical performance of a sSQP
method introduced by Gill, Kungurtsev and Robinson [15]. The method appears to con-
stitute the first algorithm with provable convergence to second-order points as well as a
superlinear rate of convergence. The method is formulated as a stabilized SQP method with
an implicit safeguarding strategy based on minimizing a bound-constrained primal-dual aug-
mented Lagrangian. The method involves a flexible line search along a direction formed from
an approximate solution of a regularized quadratic programming subproblem and, when one
exists, a direction of negative curvature for the primal-dual augmented Lagrangian. With
an appropriate choice of termination condition, the method terminates in a finite number of
iterations under weak assumptions on the problem functions. 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 either satisfies
the second-order necessary conditions for optimality, or fails to satisfy a weak second-order
constraint qualification. In the former case, superlinear local convergence is established by
using an approximate solution of the stabilized QP subproblem that guarantees that the op-
timal active set, once correctly identified, remains active regardless of the presence of weakly
active multipliers. It is shown that the method has superlinear local convergence under the
assumption that limit points become close to a solution set containing multipliers satisfying
the second-order sufficient conditions for optimality. This rate of convergence is obtained
without the need to solve a nonconvex QP subproblem, or impose restrictions on which local
minimizer of the QP is found. For example, it is not necessary to compute the QP solution
closest to the current solution estimate.

Numerical results on a variety of problems indicate that the method performs relatively
well compared to a state-of-the-art SQP method. Superlinear convergence is typical, even for
problems that do not satisfy standard constraint qualifications. Results are more mixed for
problems that do not satisfy the property of strict complementarity.

The proposed method is based on the beneficial properties of dual regularization, which
implies that it is necessary to assume a second-order sufficient condition that rules out the pos-
sibility of critical multipliers at the solution. Future research will focus on the development of
primal regularization techniques that allow superlinear convergence when critical multipliers
are present. For a local algorithm framework based on primal regularization, see Facchinei,
Fischer and Herrich [7,8].
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A. Properties of Problem Perturbations

Several of the theorems discussed in Section 3 involve the relationship between the proximity
measure r(z,y), and the quantities n(z,y) and 7(x, y) defined by Wright [37] (and also defined
below). Throughout the discussion, the scaled closed interval [« ay, « o] defined in terms of
the positive scalars ay, a,, and scale factor «, will denoted by [y, o] « .

A.1. Inequality-constraint form

The original results apply to an optimization problem with all inequality constraints. The
all-inequality form of problem (NP) is

minimize f(x)
TER™ (Al)
subject to ¢(z) >0, —c(z)>0, x>0.

Given multipliers y for problem (NP), the multipliers for the nonnegativity constraints x > 0
are g(x) — J(x)"y and are denoted by z(z,y).

Consider the primal-dual solution set V,(z*) for problem (A.1). It follows that V,(z*) =
V(z*) x Z(x*), where

V(z*) ={z"} x A(z*) and Z(z*) ={z:g(z") — J(m*)Ty, for some y € A(x*)}
The distance to optimality for the problem (A.1) is
diSt((iL’,y,Z),VZ(x*)) = min H(:Jc—f,y—g,z—Z)H

(Z,9,2)€Vz (%)

= min T—x,y—Yy,2(x,y) — z) — J(@)T9)].
i (e =2y = 7. 2(.9) — (9(2) = 1@ ) |

Result A.1. Ifdist((z,y,2), V.(z*)) denotes the distance to optimality for the problem (NP)
written in all-inequality form, then §(z,y) = @( dist((z, y, 2), Vz(:n*)))

Proof. Let y}(y) denote the vector that minimizes the distance from y to the compact set
A(z*) (see (3.3)). Consider the quantity

8z, y) = ||(z — 2% y — yi (v), 2(z,9) — 2(«" y5(y)) |-

The components of the vector (:L’ —zf Yy — y;(y)) used to define 0(x,y) form the first n +m
components of d(x,y), which implies that 6(z,y) < §(z,y). For the upper bound, the Lipschitz
continuity of J and g, together with the boundedness of y}(y) and J(x) imply that

Iz(x,y) — 2(« yr W) = lg(z) — J(x)Ty — g(a*) + J (=) Ty (v

< Lyllz — 2*[| + 17 () (y — yp )l + [|(J () = J (") yi ()] (A2)
< Lyllz — 2™ + Cilly — yp (@)l + L2Cy |z — =]
< Cud(z,y).

It follows that d(z,y) < d(z,y) + ||2(x,y) — z(z* y5:(y))|| < (14 C,s)d(x,y), which implies that
d(z,y) = O(6(z,y)), and, equivalently, d(z,y) = O(d(z,y)).
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The proof is complete if it can be shown that §(z,y) = O(dist((z,y, 2),V:(z*))). The
definitions of dist((z,y, z),V.) and d(x,y) imply that dist((x,y, 2), V.(z*)) < d(x,y). More-
over, d(z,y) = dist((z,y),V(z*)) < dist((x,y,z),V.(z*)) because there is no third com-
ponent in the definition of §(z,y). As d(x,y) = @(Q(x,y)), it must hold that d(x,y) =
O(dist((z,y, 2), V- (z*))), as required. 1

Let 7(x,y, z4) be the practical estimate of dist((x,y, 2), V.(z*)) given by

n(xvy) = ||(U1a V2, V3, U4)”1a

where v; = g(x) — J(2)Ty — 2(z,y), vo = min(z, z(z,y)), v3 = min(c(z), max(y,0)), and
vg = min(—c(z), max(—y,0)). Wright [37] shows that

77(337 y) € [1/l€7 K’] : diSt(($7y7 Z),Vz(l'*))
for all (z,y) sufficiently close to (x*,y*).

Result A.2. Consider the function n(x,y) = ||(vi,v2, v3,v4)|]1, where vi = g(z) — J(x)Ty —
z(x,y), va = min(z, 2(x,y)), v3 = min(c(x), max(y,0)), and v4 = min(—c(z), max(—y,0)).
The quantity n(z,y) defines a measure of the quality of (x,y) as an approzimate solution of
problem (NP) defined in all-inequality form and satisfies r(z,y) = O(n(z,y)).

Proof. It will be established that n(z,y) = O(r(z,y)). The vector v; is zero by definition.
The vector vy is min(z, g(x) — J(x)"y), which is the second part of r(z,y).

If ¢;(z) < 0 and y; > 0 then min(¢;(x), max(y;,0)) = ¢;i(z) and min(—c¢;(z), max(—y;,0)) =
0. If ¢;(7) < 0 and y; < 0 then min(c;(z), max(y;,0)) = ¢;(z) and min(—c¢;(z), max(-y;,0)) =
min(|e;(x)], lyi]). If ¢i(z) > 0 and y; > 0 then min(¢;(x), max(y;,0)) = min(|¢;(z)], |yi|) an
min(—c¢;(z), max(—y;,0)) = —c¢i(x). If ¢;(z) > 0 and y; < 0 then min(c¢;(z), max(y;,0)) =
and min(—c¢;(z), max(—y;,0)) = —c¢;(z).

It follows that for every ¢, one or the other of the vectors v3 or vs has a component
equal to |¢;(z)| and hence n(z,y) > r(z,y). In addition, vs or vy may have a term that is
min(|c;(z)], lyi]) < |ei(z)], and so n(z,y) < 2r(z,y). It follows that n(z,y) = O(r(x,y)), as
required. |

A.2. Equality-constraint form

Any solution x* of problem (NP) is also a solution of the problem
minimize f(z) subject to c(z) =0, and [z], = Elz =0. (A.3)
x

Furthermore, any primal-dual solution (z* y*) of problem (NP) must satisfy the SOSC for
(A.3) because the conditions for problem (NP) imply that p”H (x* y*)p > 0 for all p such that
J(z*)p =0 and p; = 0 for every i € A(z*). The primal-dual solution set U, (z*) for problem
(A.3) has the form U, (z*) = U(z*) x Z(z*), where

U(x™) ={z"} x A(z*) and Z(z") = {z4: 24 = [g(z") — J(a:*)Ty]A, for some y € A(z™)}.
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Let y and 2z, denote estimates of the multipliers for the constraints c(z) = 0 and Elz =o0.
Let 0(x,y, z4) be the distance of (z,y,z4) to a solution of (A.3), i.e.,

diSt([E, Y, ZA?“Z(x*)) = __ 7min H(.’II - f7y - y_a ZA T EA)H
(x:y,ZA)GZ/{Z(x*)

= min T—T,y—1y z) — J(2)y — (9(%) — foA
= min @ =2,y = 7. o) = I~ (o) = I L) |

= min ||(z— 2%,y -5, [g(x) — J(@)Ty — (g(z*) — J(@) ) )],

geEA(z*) |

where A(z*) is the compact subset of the set of optimal multipliers corresponding to z* for
problem (NP).
Let u(x,y, z4) be the estimate of dist(x,y, z4,U,(x*)) given by

g(z) — J(2)Ty — Esza [g(z) — J_(x)Ty]jf\ — 24
= (771G |- )

Wright [37] uses the notation 7(z,y, z4) = f(z,y, z4) and shows that for all (z,y) sufficiently
close to (z*,y*), the estimate (z,y, z4) satisfies

iz, y, za) € [1/k, k] - dist(z,y, 24, U= (27)), (A.5)
where k = k(U,(x*)) is a constant.

Result A.3. For all (z,y) sufficiently close to (z*,y*), the estimate ji(x,y,z4) = ||(g(x) —
J(@)Ty — Exza (@), )1 satisfies fi(z,y, z4) = O(6(2,y)).

Proof. For all (x,y) sufficiently close to (z*,y*), the definition of dist(z,y, z4,U,(z*)) and
the Lipschitz continuity of g and J imply that

< 6(z,y) + I[g(x) = J(2)Ty — (9(=*) = T (=) Y5 (y)) ]all
< 8(x,y) + llg(x) — J(@) Ty = (g(a*) = T (@) yr ()]
< d(w,y) + Cad(,y),

for some bounded constant C, (cf. (A.2)). The result now follows from (A.5). |

dist(z, y, 24, U ("))

Y
Y
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