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I care not whether I can achieve,
for the longed goal,

I shall despite wind and rain go.
—Guozhen Wang
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ABSTRACT OF THE DISSERTATION

Primal-Dual Path-Following Methods For Nonlinear Programming

by

Fangyao Su
Doctor of Philosophy in Mathematics
University of California San Diego, 2019

Professor Philip E. Gill, Chair

The main goal of this dissertation is to study the formulation and analysis of primal-
dual path-following methods for nonlinear programming (NLP), which involves the mini-
mization or maximization of a nonlinear objective function subject to constraints on the
variables. Two important types of nonlinear program are problems with nonlinear equal-
ity constraints and problems with nonlinear inequality constraints. In this dissertation,
two new methods are proposed for nonlinear programming. The first is a new primal-dual
path-following augmented Lagrangian method (PDAL) for solving a nonlinear program with
equality constraints only. The second is a new primal-dual path-following shifted penalty-
barrier method (PDPB) for solving a nonlinear program with a mixture of equality and
inequality constraints. The method of PDPB may be regarded as an extension of PDAL to
handle nonlinear inequality constraints.

Algorithms PDAL and PDPB are iterative methods that share the same “two-level”

xii



structure involving outer and inner iterations. In the outer iteration of PDAL, the optimality
conditions are perturbed to define a “path-following trajectory” parameterized by a set of
Lagrange multiplier estimates and a penalty parameter. The iterates are constructed to
closely follow the trajectory towards a constrained local minimizer of the nonlinear program.
If an outer iterate deviates significantly from the trajectory, then an inner iteration is invoked
in which a primal-dual augmented Lagrangian merit function is minimized to force the
iterates back to a neighborhood of the trajectory.

A similar approach is used to handle the inequality constraints in PDPB. In this
case, the trajectory is followed towards a local solution of the mixed-constraint nonlinear
program. This trajectory is parameterized by a set of Lagrange multiplier estimates and
penalty and barrier parameters associated with the equality and inequality constraints. If an
iterate moves away from the trajectory, a primal-dual shifted penalty-barrier merit function is
minimized using a trust-region method. By introducing slack variables, global convergence
can be achieved from any starting point without the need for an initial strictly feasible
point. Furthermore, numerical experiments indicate that when minimizing the shifted barrier
function, the trust-region method requires fewer matrix factorizations and iterations than a

comparable line-search method.
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Chapter 1

Introduction

1.1 Problem Description

In constrained optimization problems, the optimal value of objective function and its
corresponding solution set must be found subject to certain constraints being satisfied. One

of the most general formats used to express a nonlinear program is given by

minimize f(z)

subject to ¢y < ¢(x) < ¢y, < < xy, .
where f(z) : R™ — R is the objective function and c¢(x) : R” — R™ are the constraints. ¢
and ¢, are the lower and upper bounds of ¢(z) in R™, z, and x, are the lower and upper
bounds of x in R™. As maximizing f(z) is equivalent to minimizing — f(x), without loss of
generality, only minimizing an objective function will be considered.

Problem (1.1) can be written in the following simpler equivalent format in which each

constraint is expressed in terms of a single nonnegative function:

miniIIRElize f(z) subject to c¢(z) > 0. (NIP)
reR?

Problem (NIP) is the main focus of this dissertation.



Given a vector s of nonnegative slack variables, problem (NIP) can be written in the

equivalent form

m]iRnim%l%e f(z) subject to ¢(x) —s=0, s>0. (NIPs)
rzeR™, seR™

A special case of the problems (NIP) and (NIPs) occurs when all the constraints are

equalities. In this case the problem is

minimize f(z) subject to c(z)=0. (NEP)

z€R™

In general, problem (NEP) is easier to solve than problem (NIP) and has a number of
useful properties. Chapter 3 starts with a proposed primal-dual path-following augmented
Lagrangian method for problem (NEP) and then this method is extended with the barrier
term introduced to deal with the inequality constraints in Chapter 5.

Common types of optimization problem include linear programming (LP), where
both f(z) and ¢(z) are affine functions, and quadratic programming (QP) where f(x) is in
quadratic form and ¢(z) is affine. Optimization problems may also be categorized in terms of
the level of smoothness of the objective and constraint functions. This dissertation concerns
the formulation and analysis of algorithms for problems in which f(z) and ¢(x) are twice
continuously differentiable, nonlinear and nonconvexr. In all cases it is assumed that the
gradient and Hessian are available at any given point. Knowledge of the second derivatives
allows the formulation of methods with a superlinear or quadratic rate of convergence to a
solution.

Finally, only algorithms for finding local minimizers are considered in this disserta-

tion.



1.2 Contributions of This Dissertation

In this dissertation, Chapter 2 serves as a general background for all the subse-
quent chapters. In Chapter 3, a primal-dual path-following augmented Lagrangian method
(PDAL) is proposed for solving problem (NEP). In this method, the optimality conditions
are perturbed to define a path-following trajectory, and all the iterates are forced to follow
it towards a local constrained minimizer of problem (NEP). Once some iterate departs from
this trajectory, an augmented Lagrangian type merit function that measures the distance
between current iterate and the trajectory will be minimized using line-search method.

Like many other primal-dual methods proposed by Gill and coauthors (see [10, 12,
18, 21]), the proposed algorithms treat both the primal and dual variables as independent
variables at each iteration. This strategy is different from that of other methods that regard
the dual variables as being dependent on the primal variables and update them each time
the primal variables are modified. This can provide certain benefits, such as the ability to
control the quality of the dual variables during the solution of each subproblem, and the
ability to impose explicit bounds on the dual variables. These strategies can improve both
the efficiency and the reliability of a method.

In Chapter 5, the method of PDAL is extended to solve problem (NIP). In this chap-
ter, a new primal-dual path-following shifted penalty-barrier method (PDPB) is proposed
with some features inherited from PDAL. In the inequality constrained case the algorithm
follows a trajectory defined by perturbing the optimality conditions of problem (NIP). If an
iterate departs from the trajectory, a modified penalty-barrier function is minimized using a
combined trust-region line-search method. As in the case of algorithm PDAL, this strategy
guarantees global convergence. Unlike PDAL where line-search techniques are used, PDPB
is a trust-region method, which implies that unlike a line-search method, it is not neces-
sary to use an inertia-controlling factorization of the Hessian of the Lagrangian function.
Furthermore, it can be shown that when minimizing the shifted-barrier function, incorpo-

rating a line-search technique into the trust-region method generally requires fewer matrix



factorizations and fewer iterations, which brings certain numerical benefits.

1.3 Notation

Most of notations in this dissertation are consistent with the standard optimization
literature. f(z) specifically refers to the objective function with g(x) and H(z) being its
gradient and Hessian. c(x) specifically refers to the constraint function with J(x) being its
Jacobian matrix, whose i-th row is defined by Ve;(z)?. The subscript k means the function
takes value at iterate xy, say, gx means g(zy). I refers to identity matrix with its dimension
inferred from the context. e is a vector of all ones and e; is the ¢-th column of identity
matrix. For a symmetric matrix A, the inertia of A, denoted by In(A), is the 3-tuple (i,
i, ip) indicating the number of positive, negative and zero eigenvalues of A. The norm || -||
refers to vector 2-norm and its induced matrix 2-norm unless otherwise stated. z -y is the
element-wise product of two column vectors such that [x - y]; = z;y;, similarly, min (z,y) is
a vector with components min (z;,y;). The vector consisting of x augmented by y is defined
by (z,y). Given § > 0, an open ball at x* is denoted by B(z*,0) = {x : ||z — 2*|| < §}. The
i-th eigenvalue of a matrix A is denoted by A;(A). Finally, H > 0 and H > 0 refer to matrix
H being positive semidefinite and positive definite respectively. The { H} k>0 are said to be
uniformly positive definite if there exists some constant A > 0 such that for all £ € N and
all p € R, p" Hyp > A||p||*. If there exists a positive constant v such that ||a;|| < v8;, then

write a; = O(3;). If there exists a sequence {7;}.., — 0 such that ||o;|| < v,05;, then write

a; = o(5)).

320

1.4 Some Useful Results

In this section, some useful results will be described that will be used frequently

without proofs throughout this dissertation.



Lemma 1.4.1 (Sylvester’s law of inertia). If K is symmetric, then In(XTKX) = In(K)
for any nonsingular matriz X, where In(K) denotes the inertia of K, i.e., the number of

positive, negative and zero eigenvalues of K. ]

Lemma 1.4.2 (Inertia of the KKT matrix I). Given an n x n symmetric matrizc H and an
m x n matriz J, let r denote the rank of J and let Z € R™™™ be a matrix whose columns

span the null space of J. Consider a Karush—-Kuhn—Tucker (KKT) matriz of the form

H JT
J 0

Then the inertia of K is given by
In(K)=In(Z"HZ) + (r,r,m — 7).

The matriz ZTHZ is known as the reduced Hessian and describes the curvature of objective

function on the active constraint surface. ]

Lemma 1.4.3 (Inertia of the KKT matrix II). Given an n x n symmetric matriz H and an

m X n matriz J of rank m, let Z € R™™ be a matriz whose columns span the null space of

J. If a KKT matriz K is given by

then the inertia of K is given by
In(K) =In(Z"HZ) + (m,m,0).

If ZVHZ is positive definite, then In(K) = (n,m,0), in which case, the KKT matriz K is

satd to have the correct inertia. O

Proof. Set r = m in Lemma 1.4.2. O]



Lemma 1.4.4 (Inertia of the KKT matrix III). Given an n x n symmetric matric H and
an m X n matriz J of rank r, let the n —r columns of Z define a basis for null(J) and define

the reqularized KK'T matrix as

H JT
J —nul

If > 0 s sufficiently small, then the following statements are equivalent.

o H+ I%JTJ is positive definite.

e In(K,) = (n,m,0).

o ZTHZ is positive definite. O
Proof. Use the Schur complement and Debreu’s Lemma, which is given below. m

Notice that in Lemma 1.4.4, there is no need for J to have full rank anymore, as long
as i > 0 sufficiently small and the reduced Hessian is positive definite, K, will have the
correct inertia. The —pul term in (2,2) block is generally regarded as a regularization of the

KKT matrix.

Lemma 1.4.5 (Debreu’s Lemma). There ezists a finite p > 0 such that H+pJ* J is positive

definite for all p > p if and only if p* Hp > 0 for all nonzero p such that Jp = 0. ]

The matrix K, in (1.2) represents a “general” form of KKT matrix, where (1,1)
block represents the Hessian of Lagrangian function or its approximation and (1,2) block
represents the Jacobian of the constraints with (2,2) block being 0 or some diagonal matrix.
In the context of the augmented Lagrangian method or shifted barrier method, KKT matrix
is generally much more complicated but shares the same structure with K,,. Moreover, the
techniques used to modify the inertia of matrix in the form of K, to solve the KKT system

will also be frequently used in this dissertation.



Chapter 2

Background

This chapter provides some background results for the subsequent chapters. Sec-
tion 2.1 introduces the optimality conditions and corresponding constraint qualifications for
both (NEP) and (NIP). Section 2.2 describes Newton’s method and the commonly used
line-search strategies. The background of a conventional augmented Lagrangian method
for (NEP), which is the basis of the proposed primal-dual path-following augmented La-
grangian method, is considered in Chapter 3. Similarly, the first part of Chapter 5 describes
the conventional barrier method for (NIP) that serves as a basis for the proposed primal-
dual path-following shifted penalty-barrier method. Finally, the background theory of the
combined trust-region line-search method used to minimize the primal-dual shifted penalty-

barrier function is discussed in Chapter 4.

2.1 Optimality Conditions

2.1.1 Optimality Conditions for (NEP)

In this section the constraint qualifications and optimality conditions for a constrained
local minimizer are provided for problem (NEP). First, the definition of a constrained local

minimizer is given.



Definition 2.1.1 (Local minimizer). Let f(x) : R™ — R be the objective function and let
F =A{x:c(x) = 0} denote the feasible region. A point x* is a constrained local minimizer of

f(z) if 2* € F and there ezists an open ball B(x*,§) such that
f(z*) < f(x) forallz € B(x*,0) N F.
Furthermore, x* is a strict constrained local minimizer if
flz*) < f(x) forallz € B(x*,0) NF, x # z".

The point x* is an isolated constrained minimizer if there exists a positive § such that x* is

the unique constrained local minimizer in B(x*,0) N F. O

Definition 2.1.2 (Feasible path). Assume that x is a feasible point, i.e., c(x) = 0. A feasible

path is a twice continuously differentiable curve z(«) such that
o 2(0) ==z, c(z(a)) =0 for all 0 < a < & and some & > 0; and
e the tangent vector “Lx () is nonzero at o = 0. O

Definition 2.1.3 (Level set and Level curves). Given a function f(x): D € R" — R defined

on a convez set D, the level set L(y) associated with the scalar v, is the set

L) ={reD: f(x) <),
The boundary of the level set L(7), i.e., {x € D : f(x) =~} is called the level curve associated

with 7. ]

Definition 2.1.4 (Lagrange multipliers). Assume that x* is a constrained local minimizer
for (NEP), then the components of the vector y* such that g(z*) = J(x*)Ty* are called

Lagrange multipliers. O

Sometimes the Lagrange multipliers are called the dual variables, with the terminol-

ogy initially coming from linear programming. The Lagrange multipliers are essential in



indicating whether the primal variable x is optimal. However, in order to use y* to indicate
the optimality, certain regularity conditions or constraint qualifications must be described

first.

Definition 2.1.5 (General constraint qualification). The constraint qualification for c(x) =
0 holds at x if every p # 0 such that J(x)p = 0 is tangential to a differentiable feasible path

starting at x. L]
It is now possible to state the first-order optimality conditions for (NEP).

Theorem 2.1.1 (First-order optimality condition). If the constraint qualification holds at
x*, then z* is a local solution of (NEP) only if there exist Lagrange multipliers y*, such that

the following condition holds

g(a®) = J(@) 'y =)y Ve (o),
1=1

or, equivalently, if the columns of Z(x*) form a basis for the null-space of J(z*), then

Z(x*) g(x*) = 0. The vector Z(x)Tg(z) is known as the reduced gradient. O

A point that satisfies the first-order optimality condition is called a first-order KKT
point of (NEP). The goal is to find constrained local minimizers of the objective function,
and to distinguish between constrained saddle points, local maximizers and local minimizers.
This means that the curvature of f(z) on the constraint surface must be considered. To do

S0, it is convenient to define the Lagrangian function as follows.

Definition 2.1.6 (Lagrangian function). Given Lagrange multipliers y, the Lagrangian func-

tion L : R™™ — R s defined by

L(z,y) = f(z) —y"c().

The second-order derivative of L(z,y) with respect to x describes the curvature of



objective function f(x) on the constraint surface, and is given by

i=1
The gradient and Hessian of Lagrangian function can be expressed as

z) — J(x)" H(z, —J(z)"
VL(r.y) - g(x) = J(x)"y V2 Lir.y) = (z,y) —J(z)
—c(x) —J(x) 0

Now it is possible to define the second-order optimality conditions for (NEP).

Theorem 2.1.2 (Second-order optimality condition). If the constraint qualification holds at

x*, then x* is a local solution of (NEP) only if the following conditions hold.
o x* is feasible, i.e., c(x*) = 0;
e there exist Lagrange multipliers y* such that g(z*) = J(z*)Ty*; and
o for the y* above, p" H(x*,y*)p > 0 for all p such that J(z*)p = 0. O

A point that satisfies the second-order optimality condition is called a second-order
KKT point for (NEP). A compact statement of the last condition in Theorem 2.1.2 can be
described by the reduced Hessian Z(x*)TH(z*,y*)Z(x*) being positive semidefinite, where
columns of Z(z*) form a basis of null-space of J(z*).

The second-order sufficient condition for determining a strict local minimizer or fur-
thermore, an isolated local minimizer of (NEP) can be summarized in the following two

theorems, where no assumption on constraint qualifications is needed.

Theorem 2.1.3 (Second-order sufficient condition I). A point a* is a strict local minimizer

of problem (NEP) if the following conditions hold.
o z* is feasible, i.e., c(x*) = 0;

e there exist Lagrange multipliers y* such that g(z*) = J(z*)Ty*; and

10



o for the y* above, it holds that p" H(z*,y*)p > 0 for all p # 0 such that J(z*)p = 0, or

equivalently, the reduced Hessian Z(x*)T H(x*,y*)Z(z*) is positive definite. O

Theorem 2.1.4 (Second-order sufficient condition II). A point z* is an isolated local mini-

mizer of (NEP) if the following conditions hold.
o 1* is feasible, i.e., c(x*) = 0;
o there exists Lagrange multipliers y* such that g(z*) = J(x*)Ty*;

o for the y* above, it holds that p" H(z*,y*)p > 0 for all p # 0 such that J(z*)p = 0, or,

equivalently, the reduced Hessian Z(x*)T H(x*,y*)Z(z*) is positive definite; and
e the constraint gradients are linearly independent at x*. [

Note that the third condition in both Theorem 2.1.3 and Theorem 2.1.4 requires the
reduced Hessian to be positive definite, so the curvature of objective function f(z) on the

constraint surface must be bounded away from zero.

2.1.2 Optimality Conditions for (INIP)

In this part, the constraint qualifications and optimality conditions of a constrained
local minimizer will be provided for problem (NIP). These conditions are used frequently
Chapter 5. As before, certain constraint qualifications are needed to imply that the KKT
conditions are necessary conditions for some z* to be a first-order solution. Commonly
used constraint qualifications include linear independence constraint qualification (LICQ),

Mangasarian-Fromovitz constraint qualification (MFCQ), and Slater constraint qualification.

Definition 2.1.7 (LICQ). Denote the active set A(x) = {i: ¢;(z) =0}, LICQ holds at z*
if the active constraint gradients, {Ve¢;(z*) : i € A(z*)} are linearly independent, i.e., Jo(x*)

has full rank. O

11



Definition 2.1.8 (MFCQ). Denote the active set A(x) = {i : ¢;(x) =0}, MFCQ holds at
x* if there exists an “interior” vector p starting at x*, i.e., there exists a vector p such that

Ve (x)'p > 0 for alli € A(x*), i.e., J(z*)p > 0. O

Definition 2.1.9 (Slater CQ). The Slater constraint qualification holds if the set {—c;(x)}
is convex and there exists an “interior” feasible point, i.e., there exists T such that c¢;(z) > 0

for every index 1. ]

Generally speaking, LICQ is computationally tractable and more practical than MFCQ,
although it is a stronger condition than MFCQ. If LICQ holds at some KKT point x*, then
the Lagrange multipliers are unique because J,(z*) has full rank. On the other hand, the
Slater constraint qualification is fairly weak in the sense that it only requires that a strictly

feasible (i.e., interior) point exists.
Definition 2.1.10 (First-order KKT point). The first-order KKT conditions of (NIP) hold
at x* if there exist Lagrange multipliers y* satisfying

o c(z*) >0 (Feasibility)
e g(z*) = J(xz*)Ty* (Stationarity)
ey >0 (Nonnegativity of the multipliers)

o c(z*) -y =0 (Complementarity) O
Definition 2.1.11 (CAKKT point). In solving problem (NIP) with the slack variables s

introduced in the following form

L ) o >0
minimize f(z) subject to c(x) —s=0, s>0 (NIPs)

A point (z*,s*) satisfying s* > 0 and c(z*) — s* = 0 is said to satisfy the CAKKT condition
if there exists a sequence {(xk, Sk, Yg, wg)} with {xx} — x* and {s;} — s* such that
lim (g(zx) — J(z) yx) =0, kh_glo (yr — wy) = 0,

k—o00

(2.1)

lim (s - wg) =0, wg > 0.
k—o00
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Any pair (z*, s*) satisfying the CAKKT condition is called a CAKKT point. O

CAKKT point is useful by the following Lemma 2.1.5, which uses cone-continuity
property, the weakest constraint qualification associated with sequential optimality condi-

tions (see Andreani et al. [1]).

Lemma 2.1.5. If (*,s") is a CAKKT point that satisfies the cone-continuity property, then
(x*,s%) is a first-order KKT point for problem (NIPs). O

As before, the KKT conditions alone cannot distinguish between local maximizers,
local minimizers and saddle points unless (NIP) is strictly convex. As before, certain second-
order optimality conditions are needed. It is more complicated that when solving (NIP),

second-order constraint qualifications are also needed.

Definition 2.1.12 (SOCQ). Define the second-order feasible directions Sr(x*) as

Sp(@*)={p:p#0, g(z*)"p=0 and J,(z")p>0}.

The second-order constraint qualification (SOCQ) holds at a KKT point x* if every p €
Sp(x*) is tangential to a twice-differentiable path x(o) such that co(x(a)) > 0 for all 0 <

a < @, with some & > 0. [

Note that the first and second order constraint qualifications are distinct assumptions,
with neither implying the other. Now it is possible to describe the second-order necessary

and sufficient conditions of (NIP).

Theorem 2.1.6. Suppose both the first and second order constraint qualifications hold at a

feasible point x*. Then x* is a local minimizer of (NIP) only if

e 2" is a KKT point, i.e., c(z*) > 0 and there exists a nonempty set Y(x*) of multipliers

y* satisfying y* > 0, c(z*) -y* = 0 and g(z*) = J(z*)"y*; and

e for some y € Y(z*) and all nonzero p satisfying g(z*)"p =0 and J(xz*)p > 0, it holds

that p H(z*,y*)p > 0. O

13



Theorem 2.1.7. The point x* is a strict local minimizer of (NIP) if

o ¥ is a KKT point, i.e., c(xz*) > 0 and there exists a nonempty set Y(x*) of multipliers

y* satisfying y* > 0, c(a*) - y* = 0 and g(z*) = J(2*)"y*; and

e for some y € Y(x*) and all nonzero p satisfying g(x*)Tp = 0 and J(z*)p > 0, there

exists a constant w > 0 such that p" H(z*,y*)p > w||p||*. O

As before, there are no any requirements on the constraint qualifications in order
for the sufficient conditions to hold. Two more stronger sufficient conditions indicating the
isolated local minimizers of (NIP) using either MFCQ or LICQ can be summarized in the

following two theorems.
Theorem 2.1.8. The point x* is an isolated local minimizer of (NIP) if

o 1* is a KKT point, i.e., c(x*) > 0 and there exists a nonempty set Y(x*) of multipliers

y* satisfying y* > 0, c(z*) - y* = 0 and g(z*) = J(x*)Ty*;
o the MFCQ holds at x*, i.e., there exists a vector p such that J,(x*)p > 0; and

o for ally € Y(x*) and all nonzero p satisfying g(x*)"p =0 and J(x*)p > 0, there exists

some w > 0 such that p" H(z*,y*)p > w||p||*. O
Theorem 2.1.9. The point z* is a isolated local minimizer of (NIP) if

o 1 is a KKT point and strict complementarity condition holds, i.e., the unique Lagrange

multipliers y* has the property that yi > 0 for all i € A(z*);
e the LICQ holds at x*, i.e., J,(x*) has full row rank; and

e for every p satisfying J,(x*)p = 0, there exists some w > 0 such that p" H(x*,y*)p >

wl|pll*. O

Theorem 2.1.9 is more restrictive than Theorem 2.1.8 but is more computational

intractable, the rank of J,(z*) can be obtained by using the singular value decomposition

14



on it and the strict complementarity condition on y! can be examined by detecting if they
are sufficiently positive. The second-order sufficient conditions motivate the definition of a

second-order KKT point defined below.

Definition 2.1.13 (Second-order KKT point). A point z* is a second-order KKT point if

there exist Lagrange multipliers y*, such that
o c(z*) >0, g(z*)=J(")"y*, y* >0, c(a*)-y* =0, and
o Z(z*)TH(x*,y*)Z(z*) is positive semidefinite,
where the columns of Z(x*) form a basis for the null space of J(x*). O

In order to simplify the description of the proposed primal-dual path-following shifted
penalty-barrier method in Chapter 5, both the necessary and sufficient conditions for problem

(NEIP) will also be presented.

minimize f(z) subject to cg(x) =0, cz(z) >0, (NEIP)

TER™

where £ and Z are nonintersecting index sets, representing the equality and inequality com-
ponents of the nonlinear constraints respectively. Similarly, denote ys and yz to be the
Lagrange multipliers associated with ce and c¢z. The necessary and sufficient conditions for
some point z* to be a solution of (NEIP) can be formally described in the following two

theorems.

Theorem 2.1.10 (First and second order necessary conditions). If z* is a local minimizer

of problem (NEIP) at which the MFCQ holds, then

o ¥ is a KKT point, i.e., ce(x) = 0,cz(x) > 0 and there exists a nonempty set Y(z*) of

multipliers y satisfying yz > 0,cz(x*) - yr = 0 and g(x*) = J(2*)Ty; and

o cvery y € Y(x*) defined in the previous condition satisfies p* H(x*,y*)p > 0 for all p

such that g(z*)Tp =0, Je(z*)p = 0 and J,(x*)p > 0. U

15



Theorem 2.1.11 (Sufficient conditions for an isolated minimizer). A point x* is an isolated

local minimizer of problem (NEIP) if

o 2 is a KKT point, i.e., ce(x) = 0,cz(x) > 0 and there exists a nonempty set Y(z*) of

multipliers y satisfying yr > 0,cz(x*) - yr = 0 and g(x*) = J(x*)Ty;
e the MFCQ holds at x*; and

e for ally € Y(z*) and all nonzero p satisfying g(z*)'p =0, Je(z*)p = 0 and J,(z*)p >

0, there exists some w > 0 such that p! H(x*,y*)p > wl|p||?. O

The primal-dual path-following shifted penalty-barrier method proposed in Chapter 5
is designed to solve problems in the form of (NEIP) but with c¢z(x) = z. Finally, the following

definitions are used to characterize the rate of convergence of a sequence {z}},-, to *.

Definition 2.1.14 (Q-order convergence). The sequence {xy},, is said to converge to z*

with “Q-order at least v” (r > 1) if there exists constants > 0 and K > 0 such that
||zr1 — || < Bl|lag — 2*||" for all k > K,

i.e., ||zper — 2*|| = O(||lzx — 2*||"). In some special case, convergence with Q-order at least

2 1is called Q)-quadratic convergence. [

Definition 2.1.15 (Q-superorder convergence). {xy},~, s said to converge to x* with “Q-
superorder at least v” (r > 1) if there exists a sequence of positive constants {By},~, con-

verging to zero and some constant K > 0 such that
zer1 — || < Billze — 2*||" for all k > K,

i.e., ||tge1r — || = o||xx — =*||"). In special cases, for r =1, 2, the convergence is said to

be at least Q-superlinear, Q-superquadratic respectively. ]
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2.2 Newton’s Method and Line Search

The optimality conditions described in the previous section serve as a general guidance
for finding the local minimizers of both (NEP) and (NIP). In order to find points satisfying
the first-order optimality conditions, thus be the candidates of local minimizers, Newton’s

method or its variations provide a powerful tool.

2.2.1 Newton’s Method

Newton’s method is a well-known and effective zero-finding approach, and its modified
variants are used throughout this dissertation. Given a continuously differentiable function
f(z) : R — R, its unconstrained local minimizers can be found among the solutions of
Vf(x)=0.

Given an appropriate starting point xg, Newton’s method is an iterative method that
generates a sequence {xy} r>0+ under certain conditions, which will converge to the solutions

of Vf(x) =0 at a local quadratic rate. The Newton iteration is given by

A typical Newton’s method is described in Algorithm 2.1.

Algorithm 2.1 Conventional Newton’s Method

1: Choose xg; k + 0;

2: while not converged do

3: Evaluate f(z1), Vf(zr), V2f(21);
4: Solve V2f(x)pr = —V f(2);

5: Set Tpy1 < Tk + Pi;

6: k <+ k—+1;

7. end while
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In the context of optimization, Newton’s method may also be regarded as exploiting

the local quadratic model of f(x) at zy, i.e.,
ar(z) = f(z) + V(ze) (. — ap) + 2@ — 2) "V f () (2 — ).

Any local minimizer of g (z) must satisfy Vgi(z) = 0, i.e., V f(x)+ V2 f(zp)(z—2)) =
0, which is the same as the Newton equation (2.2). Newton’s method is attractive due to
its possible local quadratic convergence rate under certain conditions. Theorem 2.2.1 below
gives the local convergence property of Newton’s method whose proof could be found in

standard optimization books.

Theorem 2.2.1 (Local convergence of Newton’s method). Let f(z): D C R® — R be twice
continuously differentiable on an open convex set D, and assume that V f(x*) =0 for some
x* € D with V2f(x*) nonsingular. Then there exists an open neighborhood B with x* € B
such that for any xy € B, the Newton iterates {xk}kzo are well-defined, remain in B and
converge to x* with Q-superlinear convergence. If in addition, V*f(z) is locally Lipschitz at
x*, i.e., if there exists an L > 0 such that ||V?f(z) — V2 f(x*)|| < L||z — z*||, for all z € B,

then {xx},5, converges to x* with Q-quadratic convergence. U

However, besides the rapid convergence to a stationary point, Newton’s method may
also diverge or there exists some p; that is not well defined. Furthermore, Newton’s method
is intent on solving V f(z) = 0, not intent on minimizing f(x) since no requirements on the
Hessian is imposed. So it may converge to a local maximizer or saddle point unless f(x) is
strictly convex on domain D.

Moreover, in Newton’s method, the starting point x( is required to be sufficiently
close to z*, a good guess of zy can be hard if there is nothing known about z*. In this
case, to obtain global convergence, a merit function is used to gauges the quality of x; as
an estimate of z*. The idea of merit function will be discussed in later chapters.

In the next part, line search methods will be described that are often combined with

Newton’s method for minimizing the merit function.
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2.2.2 Model-Based Line Search Methods

As before, the local quadratic model of f(z) at xj can be described as
ar(z) = f(zp) + V[ ()" (2 — k) + 2z — 24)" Bz — x),

where By, is either V2 f(x}) or its approximation. Line search method ensures that f(x,1) <
f(zx), by computing a step ax > 0 such that f(zx + axpr) < f(zx). The process of finding
«y, is called line search.

A typical structure of the model-based line search method can be described in the
following Algorithm 2.2. In Algorithm 2.2, . is called the contraction factor that is used
to cut back the step a; and 7, is called the reduction factor that guarantees the actual
reduction in f(z) will be no less than 7, times the reduction predicted by model gx(z). Step

7 to Step 9 is called backtracking line search along py..

Algorithm 2.2 A Model-based Line Search Method

1: Specify constants 0 < ny < 1, and 0 < 7, < 1;

2: k<« 0;

3: while not converged do

4: pr = argming {qi (4 + d) = f(zx) + Vf(zr)"d + 1d" Byd};
5: oy — 1;

6: pe = (f(zr + cwpr) = f(@r)) [ (an(zn + cwpr) — ax(@k));

7: while p; < s do

8: Qf < Vel

9: pie = (f(zr + owpr) — f(@n)) / (ak(@k + arpr) — qe(z));
10: end while
11: Th41 < Tk + QPk;
12: k+—k+1;

13: end while
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In Algorithm 2.2, it is worthwhile pointing out that the model of reduction in f(x)
as in Step 9 needs not be the same as the model used to define p; as in Step 4. When the

model of reduction in f(z) is linear, the sufficient decrease condition becomes

f(xn + arpr) < f(r) + 10saxV f (25) i

which is called the Armijo condition. An alternative to line search method will be the trust-
region method, in which the search direction and step are computed in one shot within a
trust region, within which the model is regarded as a “trusted” model of f(z). Trust-region
method will be used in Chapter 5 as an alternative to line search for minimizing the merit

function.
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Chapter 3

A Primal-Dual Path-Following

Augmented Lagrangian Method

3.1 Introduction

In this chapter, a primal-dual path-following augmented Lagrangian method (PDAL)
is proposed for solving (NEP). This is an iterative method where at each iteration, a Newton-
like method is used to solve a perturbed optimality condition that defines a penalty trajectory
parameterized by both the penalty parameter and the estimated Lagrange multipliers. A
primal-dual augmented Lagrangian function is also defined as a merit function to guarantee
global convergence. It can be shown that this method is globally convergent and under
certain conditions, has a local quadratic convergence rate in the limit.

Section 3.2 provides the historical notes of methods for solving (NEP), which serves
as a general background. The path-following method of Armand and Omheni [3] is based
on minimizing the quadratic penalty function and is described in Section 3.3 as motivation.
The remainder of this chapter describes the proposed PDAL, and its convergence results.

Finally, numerical results from the CUTESst test collection are given in Chapter 6.
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3.2 Background

This chapter focuses on solving the following problem, where both f(x) and ¢(z) are

assumed to be twice continuously differentiable.

miniﬂrglize f(z) subject to ¢(x) =0. (NEP)
TER™

Two prominent methods, the penalty function method and the augmented Lagrangian
method are described in this section. In addition, a general background of the proposed

primal-dual path-following augmented Lagrangian method is presented.

3.2.1 The Penalty Function Method

The solutions of problem (NEP) can be obtained by solving a sequence of uncon-
strained problems parameterized by a scalar u. The class of penalty function method adopts
this idea by minimizing a sequence of penalty functions with the penalty parameters adjusted
dynamically. Among this class, the quadratic penalty method is one of the oldest idea which
may be traced back to a paper of Courant [7] in 1943 and a theoretical analysis by Fiacco
and McCormick [8, 9].

The conventional quadratic penalty function is formally defined as

1

Py(a; p) = f(x) + @I\C(I)Iﬁ

where 1 > 0 is called the penalty parameter, which is defined to penalize the sum of squares
of constraint violations.

In the conventional quadratic penalty function method, Py(x;p) is minimized as an
unconstrained problem for a decreasing sequence {p};>, — 07. Denote {x(u)};>, to
be the sequence of unconstrained local minimizers of Py(x;p), and let z* be an arbitrary
limit point of {z (1)}, then z* solves (NEP). To define the Newton iteration for finding

{#(p1x) } >0, the gradient and Hessian of the quadratic penalty function Py(z; ) are needed,
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which are given by

V Py 1) = g(2) + %J(@Tc(x)

1 1
VEPy(; ) = V2 f () + m > (ci(x) Hi(x) + ;J(x)TJ(ﬂ?)
i=1
1 T
= H(x,m)+ ;J(m) J(z),
where 7(x) = —c(x)/p is a vector of penalty multipliers. At each iterate xj, the Newton

iteration is given by

(H(m, ) + %J(a:)TJ(x)) Aw— — (g(:c) + ;J(m)Tc(w)) | (3.1)

where H(z,7) = V3f(z) = Y. mVie(x).

The conventional quadratic penalty function method has very poor numerical perfor-
mance as the penalty parameter ;1 — 07. For many years, the ill-conditioning of the Hessian
V2P (z;pn) = H(z,m) + iJ(x)TJ(x) was thought to be the cause. To see this, consider the
nondegenerate case, i.e., where J(z) has full row rank, the eigenvalues of V2P (z; 1) when
w1 is sufficiently small can be characterized as:

m eigenvalues /2 l)\ (J(z)"J(z))

H (3.2)

n eigenvalues ~ A (Z" H(z,7)Z),
where J(x)Z = 0, and columns of Z are orthonormal. A(H) denotes the eigenvalues of H
here. When p is sufficient close to 0, the conditional number cond(V2Py(z; ) ~ O(1/p),
which is unbounded as p — 07. This implies that the Newton equations associated with
finding a zero of the penalty function gradient V P(x; 1) become increasingly ill-conditioned
as u— 0.

However, this ill-conditioning is not the main reason for the poor performance of
the conventional quadratic penalty function method. To see this, define the auxiliary vari-

able w = i(J(x)Ax + ¢(z)), then the Newton equation V2Py(x;u)p = —V Py(x; i) can be
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rewritten in the following equivalent form

which is well conditioned if problem (NEP) is well conditioned.

The two relations in (3.2) indicate that when p ~ 0, Py(x; 1) has a small curvature
in the null space of J(x), denoted by null(.J(z)), but very large curvature in the space that
is orthogonal to null(J(x)). This means that Py(z; ) may vary slowly along the vectors in
null(J(z)) but rapidly along the vectors that are orthogonal to null(J(x)). This implies poor
convergence if x;, — x* in the tangent space.

Another perspective of the conventional quadratic penalty function method is to

consider the following perturbed optimality conditions

g(z) = J(x)"y

c(x) + py

=0. (3.3)

Notice that without py, the second equation in (3.3), would be the same as the first-order
optimality condition for (NEP). Thus the term py can be seen as a shift to the equality
constraints. As p > 0 decreases, the solution (z(u),y(u)) of (3.3) defines a smooth penalty
trajectory that passes through the solution (x*, y*).

When i, is updated by pgi1, i-e., prpr1 < pg, the first Newton step Axp may not
always be parallel to the tangent of penalty trajectory at x;, which makes z, + Axy generally
a poor starting point for finding the next iterate xy,,. To explain this further, consider any
(x(p),y(p)) on the penalty trajectory, i.e., (z(u), y(1)) satisfies the following equation defined
by

gla(w) = J (@ ()" y (1)

c(x(p)) + py(p)

—0. (3.4)
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Differentiating both sides of equation (3.4) with respect to u gives

A simple rearrangement gives

(H<x<u>,y<u>> n %ﬂx(u))TJ(x(u))) (1) = — L)y ().

If (g, yx) is on the penalty trajectory, i.e., zy = x(ug), yx» = y(ux), then the tangent

at xy, denoted by z’(py), is given by

1 1
<H(xk, Yr) + —J,ZJk) o' () = —— T} Y. (3.6)
Mk 223

However, the Newton step Az defined in equation (3.5) is given by

1

Hk+1

(H(wkaﬂ-k—f—l) + Jgjk) Al‘k = — (g([L’k) — J,I?Wk’-i-l)

= - (g(mk) - JkTWk + JkTWk - JkTWkH)

(3.7)
=— <J§yk _ J;fyk)
Hi+1

:—ngk (1— M )
Hk+1

The third equation holds because 7, = —ci/pur = yr on the penalty trajectory. Compare

equation (3.6) with (3.7), since 741 # 7, @'(ug) and Azy may be quite different. This
implies that along the Newton direction, z; + Ax; might move away from the penalty
trajectory and many line-search iterations are needed to drag the iterates back. Thus the
Newton step Axy, is rejected and a conventional penalty function method will be inevitably
inefficient.

A general scheme of the conventional quadratic penalty method has been given in
Algorithm 3.1. In Step 8, the Armijo-type line search is used to guarantee the sufficient

decrease condition on P(z;p) is satisfied. The positive definite matrix Ej in Step 5 is

25



introduced to serves as a “modification” of V2P (zy; 1) to make V2P (zy; 1) + Ej, positive
definite, so the Newton step p, computed form Step 6 is guaranteed to be a descent direction
of Py(x; p). In practice, Ej can be chosen to be a positive diagonal matrix, whose diagonals

are increased until V2P, (zg; 1) + Ej is sufficiently positive definite.

Algorithm 3.1 Conventional Quadratic Penalty Function Method

1: Choose constants 7, 7., v, € with 0 < 7, < %, 0<7,y<1l,and 0 < e K 1;
2: Choose xg, initial penalty parameter g > 0, and k < 0;

3: while not converged do

4: while ||V Py(zx; 1)|| > € do

5: Define positive definite matrix Ej, such that V2P (xy; 1) + Ey is positive definite;
6: Solve (V2Py(xy; 1) + Er) pr = —V Po(zg; p); > Newton step
7: Set initial step ay < 1;

8: while Py(x), + appr; pix) > Po(wr; pin) + nsa NV Po(zg; pir) T pr do

9: Qf 4 VeQlg; > Line search along p
10: end while

11: Tp41 < Tk + QpPk;

12: k<+k+1,;

13: end while

14: [l S Y > Decrease penalty parameter

15: end while

To explain the penalty trajectory intuitively, consider the following example HS7 from
the Hock-Schittkowski (HS) test collection. The HS problems are an important subclass of
the Constrained and Unconstrained Testing Environment (CUTESst) test collection, which is
a commonly used environment for testing optimization algorithms (see Chapter 6 for more

details). This example is used repeatedly throughout this chapter.
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Example 3.2.1. Consider the following nonlinear equality constrained problem HS7 in two

variables.

minimize In(1+ r]) — o
(HS?) z€R

subject to (1+23)*+ 13 —4=0.
The unique isolated local (and also global) minimizer of HS7 is x* = (0,+/3) with unique
optimal Lagrange multipliers y* = —+/3/6, computed from g(z*) = J(z*)Ty*. The level

curves of P(x; ) for a sequence of decreasing p are shown in Figure 3.1.

Level curves of quadratic penalty function when =10 ___

X2

4 08 06 04 02 0 02 04 06 08 I

(a) p=10

(d) p=0.1

Figure 3.1: Level Curves of the Conventional Quadratic Penalty Function for Different Values of pu.

In Figure 3.1, the red elliptic is the feasible region and the blue point represents the solution
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of HS7. It can be observed that as p — 07, the level curves of P(x; p) gradually resemble the
level curves of the constraint function and a sequence of its unconstrained local minimizers

approach x* wvertically from above. ]

Theorem 3.2.1 provides the main convergence result of the conventional quadratic

function method, whose proof can be referred in Fiacco and McCormick [8].

Theorem 3.2.1. Suppose that f(z),c(x) € C?, with yp = —c(ak)/pu, being the penalty
multipliers, such that ||V P(xx; )| < e where e, — 0 as k — oo, and that {xx},-,
converges to x* for which J(x*) has full rank. Then x* satisfies the first-order optimality
conditions for (NEP) (see Theorem 2.1.1) and {yy },~, converges to the associated Lagrange

multipliers y*. ]

3.2.2 Augmented Lagrangian Method

The augmented Lagrangian method was first proposed by Hestenes [30] and Powell
[36], and then developed by Rockafellar [42], Bertsekas [5] and others. Powell derived the
augmented Lagrangian method as a shifted penalty function method for which the penalty
parameter u does not need to converge to zero. The price that has to be paid for keeping p
bounded away from zero is the need to update the estimated Lagrange multipliers at each
iteration. The augmented Lagrangian method is known to be robust in the case where J(z)
does not have full rank, i.e., gradient of the constraints are linearly dependent.

The relation of the penalty function method and the augmented Lagrangian method
can be understood by considering a problem in which the equality constraint c(x) = 0 is

replaced by the shifted constraint c¢(z) — py” = 0, i.e.,
minimize f(z) subject to c(x) — py”® =0, (PNEP)

zeR”™

where y” is the estimated Lagrange multipliers. Then the penalty function for solving
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problem (PNEP) is given by

~

Plasy® ) = f(z) + %ch — P
= )+ o (Il = 2ucle)"s + wl1°|).

For a fixed pair (y”, 1), minimizing ﬁ(x, y”, 1) is equivalent to minimizing the aug-

mented Lagrangian function defined as
E T, E 1 2
La(zsy® p) = flz) —clz)'y +@HC($)II -

The main theoretical basis of the conventional augmented Lagrangian method is
stated in Theorem 3.2.2, which also indicates that py* would be the optimal shift, where y*

is the optimal Lagrange multipliers of (NEP).

Theorem 3.2.2. Suppose x* satisfies the second-order sufficient conditions for a minimizer
of (NEP) (see Theorem 2.1.3). Let y* be the corresponding optimal Lagrange multipliers at

x*. Then there must exist a finite i > 0, for every 0 < u < fi, a solution z* of (NEP) is an

isolated unconstrained minimizer of L,(x;y*, 1). O

Proof. By definition, L,(z;y*, p) = f(z) —c(z)Ty* + iHc(z)HQ, the gradient and Hessian of

L, are given by

VL@ ) = 9(a) = I " = (o)
] 1 (3.8)
V2L (x;y* p) = H(x,y* — /:c(:z:)) + ;J(x)TJ(x).

The first-order optimality condition implies that if z* is a solution of (NEP), then
c(z*) = 0 and g(z*) — J(z*)Ty* = 0, which further implies that VL,(z*;y*, 1) = 0 and
V2L (% y* pn) = H(z* y*) + I%J(x*)TJ(a:*). The second-order sufficient conditions (see
Theorem 2.1.3) imply that the reduced Hessian ZT H(z*,y*)Z must be positive definite,
where the columns of Z form the basis of null(J(z*)). According to Debreu’s Lemma (see

Lemma 1.4.2), V2L,(z;y*, u) = H(z*,y*) + iJ(x*)TJ(x*) must be positive definite for all
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0 < p < o with some it > 0. Thus z* must be an isolated local minimizer of (NEP). O

Based on Theorem 3.2.2, Hestenes and Powell proposed that z* be found by minimiz-
ing L,(x;y", n) for a sequence of values of (y”, u). For a given pair (y”, u), La(z;y”, ) may
be minimized by either a line-search or trust-region method for unconstrained optimization.
Once the minimization is complete, (y”, i) are updated to encourage convergence. Ideally,
the update should allow y” — y* in the limit, with © bounded below.

From the proof of Theorem 3.2.2, we know that when minimizing L ,(z;y”, 1), the

associated Newton equation can be expressed by

(H(a:, m(x)) + %J(x)TJ(:U)> p=— (g(w) - J($)T7T($)) ) (3.9)

A comparison of (3.1) with (3.9) indicates that although they share the “same” structure, the
multiplier estimate 7(x) is different, with 7(x) = —c¢(z)/u in the quadratic penalty function
method and 7(z) = y” — ¢(x)/p in the augmented Lagrangian method. The primal-dual

form of the Newton equations (3.9) may be written as

Hiwn@) St [Ae) gl =J@)Ty ) (3.10)

J(@)  —pln ) \ -4y (@) + puly —y*)

where Ay = —% (J(z)Az + (c(x) + u(y —y*))). The diagonal matrix —ul,, in the (2,2)-
block of the KKT matrix serves as a regularization of the KKT system (3.10).

A complete description of the augmented Lagrangian method is given in Algorithm 3.2.
The modification of V2L, (zy; y¥, ux) by adding some positive definite Ej, is used to guar-
antee that pj is a descent direction for L,(z;y”, u). In practice, Ej can be computed “on
the fly” while computing the symmetric indefinite factorization of K, (See Forsgren and
Gill [10]). Given the decreasing sequence { B };5¢, if |[c(zri1)|| > Bi, then py is reduced to
penalize the constraint violations and enforce feasibility (see Step 13). For efficiency, the
multiplier estimate y* is frequently updated in Step 17 if the constraint violations are less

than the current tolerance ¢y,.
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Algorithm 3.2 Augmented Lagrangian Method for (NEP)

1: Choose constants 7, 7., Y, a, € with 0 < 1, < %, 0<7,v,a<l and 0 <e <K 1;

2: Choose 2o, 40, Y5, o > 0, and 5y = a|c(zo)]l;

3: Initial iteration k < O;

4: while not converged do

5: Define positive definite matrix Fj such that V2L ,(zy; yf, i)+ Ey is positive definite;
6: Solve (VQLA(ack; yE, ) + Ek) pe = =V Li(xr;yE, ur); > Newton step
7: Set initial step ay < 1;

8  while Li(xy + arpr; i, pin) > La(zw; i, ) + 15V La(zr; yi s ) pr do

9: A — VeOlk; > Line search along py
10: end while

11: Th41 < Tk + QPk;

122 if [|VL,(zes1; 95, pw)]| < x then

13: if ||c(xpy1)|| > Br then

14: Wht1 < YK > Decrease i to enforce feasibility
15: Br1 < allc(@e)l]s e < %é“k;

16: else

17: Yis1 < Yi» His1 < Mk > Update multipliers estimate
18: Br+1 < Bry €kt1 < Ek;

19: end if

20: end if

21: k+—k+1;

22: end while

Example 3.2.2. Consider applying the augmented Lagrangian method to solve problem HS7
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again. Figure 3.2 shows the level curves of L(x;y”,u) for y* = —0.289, which is the

approzimation of the optimal multipliers y* = —\/§/6, and a decreasing sequence of (.

Level curves of augmented Lagrangian function when ;. =5
— = =——

53

(a) y¥ = —0.289, p =10 (b) y” = —0.289, p =5

Level curves of augmented Lagrangian function when p =1
= —_— ——

1 I L
06 -04 02 0 0.2
x1

(d) y* = —0.289, 11 =0.1

Figure 3.2: Level Curves of augmented Lagrangian Function for Different Values of p.

In Figure 3.2, the colored level curves of the augmented Lagrangian function L ,(x;y", 1)
are given for a decreasing sequence of p. The red elliptic is the feasible region and the blue
point represents the solution of HS7. It can be shown that when p is sufficiently small, then
x* is an unconstrained local minimizer of L,(x;y*, ). This implies that =* is “contained”
in the center of level curves of L,(x;y”, u) and there is no need for reducing p to zero. The

penalty trajectory will pass through x* as p decreases to some sufficient small number.  [J
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3.3 Motivation of The Proposed Algorithm

This section describes a primal-dual path-following method for (NEP), proposed by
Armand et al. [2], which is a Newton-like method applied to a sequence of perturbed opti-
mality systems that follow naturally from the quadratic penalty approach. Their algorithm
has a “two-level”’structure in which the outer iteration involves solving a perturbed KKT
linear system and monitoring the residual. If the residual is not sufficiently small, a quadratic
penalty function is minimized in the inner iteration to obtain global convergence. It has been
shown that whenever the primal-dual pair (xy,y) converges to a regular solution (x*,y*),
if pp converges to 0 with a superlinear rate of convergence, then the algorithm reduces
asymptotically to Newton iterations and the inner iteration is no longer needed.

The first-order optimality condition for minimizing P (x; i) is given by

g(x) + %J(SB)TC(ZE) = 0. (3.11)
If y = —c(x)/p is used as an auxiliary variable, then (3.11) is equivalent to the perturbed

optimality condition for (NEP):

F(z,y;p) = = 0. (3.12)
c(x) + py

Define the primal-dual pair v(u) = (z(u),y(@)), then F(x,y; u) = 0 implicitly defines
a trajectory p — v(u) which passes through the solution (z*,y*) as p — 0. The main
idea is to define a sequence of primal-dual iterates (zy,yx) that closely path-follows this
trajectory. Specifically, in the outer iteration, the idea is to apply a Newton-like method
on F(x,y;ux) = 0 for some decreasing sequence p, > 0. A steadily decreasing sequence of
er > 0 is defined so that if the trial step ||F(z{, vy} ; ue)|| < ek, then (z, ;) is accepted as
the next iterate. Otherwise the inner iteration is called where a penalty type merit function
that measures the distance of the current iterate to the trajectory is minimized by applying

a backtracking line search to obtain global convergence.
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The merit function 1, (v) used in the inner iteration is the primal-dual penalty func-
tion proposed by Forsgren and Gill [11]. This function is the conventional quadratic penalty
function plus a term that measures the distance of the current iterate to the path-following

trajectory.

Yu(v) = f(z) +iHC($)HQ+ iHC(l’) + pyll?, (3.13)

where v > 0 is a scaling parameter to balance the penalty of the constraint violations and
the distance to the path-following trajectory. v is the primal-dual pair defined as v = (z,y).

The gradient and Hessian of v, (v) are given by

g9(@) + J(2)" (Se(@) + L(e(@) + py))

Vi (v) =
v(c(z) + py)
2 (@, ~(hela) + (c(e) + ) "
\Y ¢;4(U) =

vJ vily,

It is immediate that every primal-dual pair v = (z,y) on the trajectory defined by the
path-following equation (3.12) is a stationary point of ¢, (v). Furthermore, if the second order
sufficient conditions of (NEP) (see Theorem 2.1.3) hold at the primal-dual pair v* = (z*, y*),
then V21, (v*) must be positive definite, which guarantees that the local minimum could be
found.

In a subsequent paper [3], Armand and Omheni extended this method to a primal-dual
augmented Lagrangian method for solving the equality constrained minimization problem.
This is also a Newton-type method applied to the perturbed optimality conditions but it
based on the properties of the augmented Lagrangian function.

The next section describes an alternative perturbed optimality condition that may
also be regarded as defining an implicit penalty trajectory. A primal-dual augmented La-
grangian merit function is minimized to keep the iterates within a certain neighborhood of

the trajectory.
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3.4 Description of the Proposed Algorithm

In this section, a detailed description of the proposed primal-dual path-following aug-
mented Lagrangian method (PDAL) is given. This method shares a similar “two-level”
structure containing both the outer and inner iterations. The idea is to define a trajectory
by a perturbed first-order optimality condition and then define a merit function with the
potential of giving limit point that satisfies the second-order necessary optimality condi-
tions. PDAL is also in part motivated by the Forsgren and Gill primal-dual interior method
(See [10]), but is intended to solve only equality constrained problems from a path-following
perspective.

In the outer iteration of PDAL, a trial iterate (z;,,") is obtained by applying the
modified Newton’s method for finding the approximate solution of F'(xz,y;y”, ) = 0, which
is defined by

glx) = J(x)"y

F(x,y;y°, 1) = : (3.14)
o(r) + ply — y*)

where y” is the current Lagrange multipliers estimate and p is the penalty parameter. If
(z,y) reduces ||F(x,y;y”, u)|| sufficiently, then it is accepted as a new iterate. Oth-
erwise, the inner iteration is called where an augmented Lagrangian type merit function
M(x,y;yF, 1) defined in (3.17) is minimized to restrict next iterate back to the neighbor-
hood of the path-following trajectory.

In fact, the path-following equation (3.14) can be obtained by considering the gra-
dient of the conventional augmented Lagrangian function L,(x;y" u) = f(z) — c(x)Ty” +
I

5:|lc()]]?, which is given by

VL) = 9(0) - T (4~ Selo))

If y = y” — c(x)/p, then VL,(z;y”, 1) = 0 is equivalent to F(z,y;y”, ) = 0, which is
exactly (3.14). So the idea is to find zeros of F(z,y;y”, u) = 0 while updating parameters y

and y” in a manner that guarantees strong convergence properties.
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3.4.1 Description of The Outer Iteration

In the outer iteration of PDAL, a Newton-like method is used for finding the zeros
of F(z,y;y”, 1) = 0. At the current iterate (z,yx), the linearization of F(x,y;y”, u) at
(g, Yk, i) With respect to (z,y, p) is given by:

H(wg,yn) —J(xn)" | [ 2f — 2 0 g(xzx) = J(zr) yr

+ (g = o) = = N
J (k) Lo, Y= Uk Yk — Yi c(zr) + pre(ye — vi)

where H (x, yy) is the Hessian of Lagrangian at (zy, yx), and (x}}, y;") is the next trial iterate.
An equivalent but symmetric linear system can be rewritten as
H(zg,yn) J()" | (o —= 0 g(xy) — J(z1) " ys

LT (g = 1) = = )
J(xr)  —pedm Yk — Yp Yk — Yi, c(xk) + ue(ye — yi,)

e

A simple rearrangement gives

H(wp,yr) J@e)" ) (2 —an) glzx) = J (@) yn (3.15)
J(e) =l ) \ Yk — Yy c(aw) + pg (e — vi))
If this KKT matrix is denoted by Kj, then (3.15) can be written as
xf =y,
K = —F(ze,u6 4", 1) (3.16)
Yk — Y

Note that the (2,2)-block of K}, is —pul,, while an updated value of p (p < py) is used
on the right-hand side of (3.16).

If the second-order sufficient conditions hold at (z,y) (see Theorem 2.1.3), then the
reduced Hessian Z(z)" H(z, y)Z(x) must be positive definite. According to Debreu’s Lemma
(see Lemma 1.4.2), there must exist a constant g > 0, such that H(z,y) + /%J(x)TJ(x) is
positive definite whenever 0 < 1 < fi. The update rule of py is based on this observation.
Specifically, if H (zy,yx) + u—lkaT Ji. is not sufficiently positive definite, then the trial u; =

min {,u,ff”, ai, %}, where o, a € (0,1). This strategy is the same as the one used by Armand
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et al. [2, 3], and it can be observed numerically that as pux — 07, the linear decrease of the
form apy is more acceptable.

Another important issue is that if K} has more than m negative eigenvalues, then the
(1,1)-block need to be modified to ensure that In(Kj) = (n,m,0) (and therefore that the
reduced Hessian is positive definite). There are many techniques of modifying matrices of
the form Kj. One example is to add a positive semidefinite matrix 7/, to the (1,1)-block
of Hy and increase 1, whenever K} has more than m negative eigenvalues. This technique
is applied in Algorithm 3.3. Other techniques include the use of the modified symmetric
indefinite factorization of K} (see, Forsgren, Gill and Murray [14], Gill and Wong [26, 27]).

Once the modified KKT system (3.16) has been solved and the next trial iterate
(e, u) obtained, if [|F(f, ui yf, i)l lne < pol P (@i i Y, 14)] oo for some 0 < p, < 1,
then (a7, y;", ) — (Trs1, Yks1, 1) and the Lagrange multiplier estimate is updated by
Y& — yf,. Otherwise the inner iteration is used to reduce ||F(z,y;y”, )|l by minimizing
the merit function using a line-search method.

Note also that the maximum number of inner iteration is limited for efficiency. It is not
worthwhile using too many inner iterations to force || F'(x}, v, yZ, 11 )||oo < €, especially in
the early iterations when vy, is far away from v*. Here {g,} is a positive sequence decreasing
to zero. For example €5 can be chosen as e = ps||F(xk, y; Yp, tk)] |0 for some ps € (0,1).
A different strategy for the choice of e, was adopted by Armand [2] where a relaxation
parameter g > 0 is introduced such that ey = ps||F (2, y; yf, e)|| + k- In this case, there
are no restrictions on the maximum number of inner iterations.

A detailed description of the outer iteration of PDAL is given in the following Algo-
rithm 3.3.
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Algorithm 3.3 Primal-Dual Path-Following Augmented Lagrangian Method (Outer)

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

. Input: (prob); > Input in CUTEst format

: Output: Solution (x*,y*, exit), exit indicates the exit code;

Choose zg, initial penalty parameter pg, and k < 0;
Choose constants 0 < ag, 05, ps, Ve < 1, 0 <ns < %, 0 < e, < 0, MaxItn, and MaxIItn;

while ||F(zk, yr; v, k)| |0 > €5 and k < MaxItn do

if H(xg,yr) + l%kaTJk # 0 then > Update penalty parameter
Choose pf, s.t. min {u,lf(’s,asuk, 1} < b < min {agpr, 1 };
H, JtF
Choose a symmetric Hy = 0, s.t. In(K}) = In = (n,m,0);
Jp  —prd
else
MZF < ks
end if
Compute (z;7,y;") by solving Ky.(z) — zg, yx — i) = —F (Tr, yr; Y2, 1yl );
Set e = ps||F(Tr, Yr; Y2 1) || sos 0 <= 0; > Stopping criteria for inner iteration
i ||F (2 v vk 1)l < €x then
(Tt Yrr 1> Yo ) = (T, 430 Ui 1)
else > Inner iteration
while ||F(2ri1, Ybt1; Y5 147 )|loo > €x and IItn < MaxIltn do
Apply inner iterations to minimize merit function M (x,y;y%, p) in (3.17);
end while
[t S 1 Y < Yrtt;
end if
k< k+1;
end while

38



3.4.2 Description of the Inner Iteration

I |F(z v vl )|l > €k, then an inner iteration is called and (z, y;") is taken to
be the starting point for minimizing the merit function M(z, y; y¢, i) of (3.17). The penalty
parameter is allowed to increase sometimes for the benefit of minimizing M(z, y; ., n) while
keeping M(z,y;y;, ) non-increasing.

As above, a merit function needs to be defined whose local minimizer lies on the
trajectory defined by F'(z,y;yg, ) = 0. It is immediate that the function M (z,y;yy, 1)

such that

M(a gyt 1) = F(x) — o@) b + ——le(@)|? + incm Fuy—gDIP (317)

2
has this property. This function is a special case of the so-called generalized primal-dual

augmented Lagrangian function proposed by Robinson [41], Gill and Robinson [25], which

is defined as

1

eI + 5 let@) + ety = I

where v > 0 is a fixed scalar that balances the augmented Lagrangian function and the
primal-dual term. The function M"(x,y;yy, 1) is equivalent to the Forsgren-Gill primal-
dual quadratic penalty function (see Forsgren and Gill [10]) defined in terms of the shifted
constraints ¢(z)—py” = 0. For simplicity, v = 1 is chosen in the merit function M(x, y;y/, 1)
without sacrificing strong convergence results.

To simplify the notation, as y; is fixed during the inner iteration, let M(z, y; y;, 1) be
denoted by M, (x,y). Similarly, define the first-order Lagrange multiplier estimate 7(z) =
yp — c(z)/p, and a typical primal-dual pair of inner iterates as (z;,y;). Here, a Armijo
line-search method is applied for minimizing M, (x,y). In contrast, a trust-region method is

applied to minimize the shifted penalty-barrier merit function in Chapter 5.

First, the gradient and Hessian of the merit function M, (x,y) need to be defined,

39



which are given by

g(x) = J(@)" (7 + (7 —y))

p(y — )

VMM(:L‘7 y) -

VM, (1, y) = H(a:,?w—y{)](—l—)ﬁj(x) J(x) J(:BI)
x 7

Lemma 3.4.1 below states that by minimizing M, (z,y) while maintaining certain
second-order requirements, it is possible to restrict the iterates within a certain neighborhood

of the path-following trajectory defined by F(x,y;yy,p) = 0.

Lemma 3.4.1. For any fized yi and p > 0, (x;,y;) satisfies F(z;,yi;yp, 1) = 0 and
H(x;, yi)—l—/%J(a:i)TJ(xi) is positive definite if and only if (z;,v;) is an isolated local minimizer

of the merit function M, (z,y). O

Proof. The path-following equation F(z,y;ys, 1) = 0 implies that g(z) — J(z)Ty = 0 and
c(x) + p(y —yg) = 0. Thus if (x;,y;) satisfies F'(z;, yi;y7, 1) = 0, then y; =y — c(x;)/p =
m(x;), i.e., y; = m. According to the second equation and together with the relation g(z;) —
J(x)Ty; = 0, F(x;, yi; 98, 1) = 0 is equivalent to VM ,(z;,4;) = 0, i.e., (z;,;) is a stationary
point of M, (z,y).

The Hessian V2M,,(z,y) at any point (x;, y;) on the path-following trajectory is given
by

H (i, y) + 2 ()" T (25) I ()"

VEM, (i, y:) = S Nk (3.18)
i K

For any (x;, ;) satistfying F'(z;, y;; y, u) = 0, if it further satisfies that H (z;, yi)—i—iJ(:ci)TJ(:ci)

is positive definite, then from the inertia relation
1
In (VQMu(xi, yl)> = (m,0,0) +In (H(ZL‘Z', yi) + —J(mi)TJ(xi)> :
i

which is obtained by observing that H (z;, yi)—i-iJ (2;)T J(z;) is the Schur complement of p/ in
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equation (3.18). Thus VM, (x;, ;) is positive definite if and only if H (x4, y;)+ iJ(wi)TJ(xi)
is positive definite. As a result, if H(z;,y;) + iJ(mi)TJ(xi) is positive definite, then (z;,y;)

must be an isolated local minimizer of M,,(z,y). O

It should be pointed out that Step 8 of Algorithm 3.3 and Step 5 of Algorithm 3.4
are used to force H(zy, yx) + %J(xk)TJ(xk) to be positive definite for every iterate (z,yx),
which guarantees that a local minimizer of (NEP) is obtained in the limit. According to
Lemma 3.4.1, it is reasonable to minimize M, (z, y) in inner iterations to restrict the iterates
towards a gradually shrinking neighborhood of the path-following trajectory.

One challenge in inner iterations is that it becomes more difficult to minimize the
merit function M, (z,y) as p — 0. The technique described in Step 2 - Step 4 of Algo-
rithm 3.4 is introduced with this goal in mind, where p is allowed to increase sometimes for

numerical benefits. Specifically, if ||y; — yi|| # 0, then define

o el

i I

1
= —— = —argmin —||c(x;) + p(y;: — yz)
Ty —ville  on 2n '

then
max {f, pi—1}, if 5 < %

i =
Mi—1, otherwise,

which is similar to the strategy used by Armand et al. [2].

From the definition of M (z,y;y/, 1), it is clear that increasing p will decrease the
penalty term I%||c(x)||2 So the choice of [i; satisfies M, (x;, vi) < M, (24, y;), i.e., increasing
the penalty parameter will not lead to an increase in the merit function while some numerical
benefits could be obtained.

It can also be shown that in the inner iteration, the Newton equations for minimizing
M, (z,y) have exactly the same structure as the Newton equations for finding the zeros

of F(z,y;yg,u) = 0 in the outer iteration. To see this, the Hessian approximation B; of
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V2M,(xi,y;) can be defined by equating m; = y; in the (1, 1)-block, which gives

H (i, y;) + 2T ()" T () ()"

2
Bi - H

It follows that the Newton equation for finding VM, (z,y) = 0 is given by

H(wi, i) + 5 ()" I (2s)  J()" | [ A, g(xi) = J ()" (7 + (7 — vi))

J(«%’z) Wil Ay; /L(yi - 7Ti)
(3.19)

Let L be the nonsingular matrix

0 1

Premultiplying both sides of equation (3.19) by L gives

H i, Yi —J xX; T A.ﬁ(]l T;) — J Z; T i
@)~z [t gt .
J(;) il Ay; p(y; — mi)
which is equivalent to the symmetric system
H%i, i JLEZ'T A.ﬁ(]l ZT; —J.fCiTi
(@) Iz [t = @ o
J(;) — il —Ay; p(y; — mi)

A comparison of equations (3.15) and (3.21) shows that the KKT matrices have
exactly the same structure while they are different only on the right hand side. If the KKT
matrix of (3.21) has more than m negative eigenvalues, its inertia must be modified using
the same technique used to modify the KKT matrix in the outer iteration (see Section 3.4.1).
Finally, an Armijo line search is used if the unit step fails to give a sufficient decrease of
M, (z,y). Theorem 3.5.1 states that the search direction d; is guaranteed to be a descent
direction for M, (z,y). A complete description of inner iteration is given in Algorithm 3.4

below.
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Algorithm 3.4 A Primal-Dual Path-Following Augmented Lagrangian Method (Inner)

1: while ||F(z, yi; 11, yF)||oo > €x and Iltn < MaxIItn do

10:

11:

12:

13:

14:

(

o HeC)l /My =yl 3 [lys = yill # 0
Define u; =
Inf, otherwise
\
> Possibly increase p;
.
max(fi, pi-1), if f; <3
Define p; =
i1, otherwise
\
H JT
Choose a symmetric H; > 0, s.t. In(K;) = In = (n,m,0);
Ji =il

Compute the Newton direction by solving K;(p;, —q:;) = —F (i, yi; Y, 1)
The search direction is given by d; = (p;, ¢;);
Set initial step a; < 1;
while M, (v; + a;d;) > M, (v;) + nsa; VM, (v;)Td; do
Q4 Ve, > Armijo line search
end while
Tip1 £ T + qipi;
Yit1 < Yi + iqs;

ITtn « ITtn + 1;

15: end while

Example 3.4.1. Consider applying the primal-dual path-following augmented Lagrangian

method Algorithm 3.3 and Algorithm 3.4 to solve problem HS7 again.

The path-following trajectories from different starting points are shown in Figure 3.5.

The level curves of the objective function are shown in colors with each function value indi-

cated. It can be observed that initially, the merit function M(x,y; yi, 1) is minimized to force
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Path-following trajectory of the primal-dual path-following
aug grang point x0 = (1,0]

Path-following trajectory of the primal-dual path-following
ian method, with staln augmented Lagrangi ing point x0 = (1.5,-2)

ian method, with starting

(a) zo = (1,0) (b) zo = (1.5, —2)

Path-following trajectory of the primal-dual path-following Path-following trajectory of the primal-dual path-following
augmented Lagrangian method, with szaln point x0 = (-2,8)

8 augmented Lagrangian method, with startin, int x0 = (-2,0
= S———— =

—
———~
——
n (0,v3)——

x2
©

.

v
————

0 -

25

(c) o = (—2,8) (d) zo = (—2,0)

Figure 3.3: Path-Following Trajectories of Primal-Dual Path-Following Augmented Lagrangian Method

the iterates into a neighborhood of x*, then the iterates become the Newton iterates in the
limit and no inner iterations are needed. In the above figure, the final iterates converge to x*
in the same “top down” manner. The numerical results show that local quadratic convergence

rate can be obtained in this example. U

3.5 Convergence Analysis

In this section, the convergence results of both outer and inner iterations are pro-

vided. Under certain mild conditions, it can be shown that in inner iterations, either
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lim inf; o |[F(2i, yi; yg, )| = 0 or the sequence {f(7x)},, is unbounded from below. The
iterates in outer iterations will converge to points satisfying the first order optimality con-
ditions if the sequence of Lagrange multipliers {yx},, are bounded and the primal iterates

are assumed to be within a compact set.

Theorem 3.5.1. In Algorithm 3.4, if the direction (p;, —q;) computed from Step 6 satisfies
Ki(pi, —aqi) = —F(xi,yi; 95, pi), where K; satisfies the condition in Step 5, then the search

direction d; = (p;, q;) is a descent direction for M, (z,y) at (x;, ;). O
Proof. The equivalent Newton step for finding VM, (z,y) = 0 is given by

H(wi,y:) ()" pi| _ _ [9lw) = @)y , (3.22)
J(xz) — il —q; Mz’(%’ - m)

A rearrangement gives

VM, (s, yi)  (pi, @i) = g(x:) ps — (21 — yi) T T () pi + pa(ys — 73) " g

2
= ——(J@pi + i) "I (w)pi = pillasll” — o7 H(ziogilpi (3,93

)

1 1
=—p; (H(xi, yi) + fj(xi)TJ($i)> pi — ;HJz‘Pi + g 3.

)

The choice of H(z;,y;) requires H(x;,y;) + /%J(a:z)TJ(xZ) to be positive definite, so for any
d; # 0 it holds that VM, (z;,y;)"d; < 0, which implies that d; must be a descent direction

for M, (z,y) at (z;,y;). O

Given that d; is a descent direction for M, (z,y) at (x;,v;), the Armijo line-search
can be performed along d; to obtain sufficient decrease on M, (z;,y;) once the unit step
is rejected. The convergence result of the inner iterations is summarized in the following

Theorem 3.5.2.

Theorem 3.5.2. Assume that for all i, it holds that J; = J(x;) and H; = H(x;,y;) are

bounded and that H; + uiiJiTJi is uniformly positive definite, i.e., p* (H; + iJZ-TJi)p > \||p||?
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for some Ay > 0 and for all p # 0. Then for any fived yi., the inner iterates converge in the
sense that

lminf || F(x;, yi; vy, )| =0 or lim f(x;) = —o0. (3.24)
1—00 1—00

Proof. The proof is by contradiction in three parts. Assume that (3.24) fails, i.e., {f(zi)};50
are bounded below and also liminf; , ||F(z;, vi; ye, i:)|| > 0. According to (3.22), since
H;, J; are bounded and p; > 0 is bounded above by some fi, and on the right hand side
liminf; o0 || F(zs, yi; v, 1:)]| > 0, so there must exist an € > 0, such that ||d;|| > ¢ for all i.

The first part is to show that there exists a positive constant #, such that

~VM,,(v))'d; > 0||d;||* for all i. (3.25)

Suppose that (3.25) does not hold, then there must exist a subsequence {ij}jzo such that
_VMM]- (Uij)Tdij < eij | |dlg | |27 (326)

for some positive sequence 6;, — 0 as j — oco. Then according to (3.23) it must hold that

T L o 1 2 2
0 < p; (Hi, + TJij Ji; )pi; + ;|\Jijpij + 1, 43,5 < 03, [y || (3.27)
and

0< Mallpi 12+ 19y, + s, 5,113 < 0l |2 (3.28)

1
"
The relation (3.28) is obtained from the uniform positive definiteness of H;. Let
J — o0 in (3.28), then it can be concluded that lim;_, |[p;,|| = 0, which further yields that
lim;_,o0 |[gi;|| = 0. So lim;_, ||d;;|| = 0, which is a contradiction to ||d;|| > ¢ for all . Thus
(3.25) holds.

The second part is to show that lim; .., v; = v* and lim; .., a; = 0. In the inner

iteration, denote v;11 = v; + oy;d;. The Armijo condition (Step 9 in Algorithm 3.4) gives

150 VM, (03) di < My, (0:) = My, (vi41) < My, (03) = My, (Vi) (3.29)
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The latter inequality is based on p; 11 > p; and that the merit function M, (v) has a smaller
value with larger p at the same v. Since —V M, (v;)Td; > 0||d;||*> > 0e||d;]], it can be

concluded that for any N > 0, it holds that

N

Znﬁslla Il <D (Mo (0) = My, (v321))

=1

= My, (v1) = My, (un1) (3.30)

<My, (v1) = f(ongr) < oo

It is obvious that f(zyi1) < My, (vn41) from the definition of M, (v). By the
assumption that {f(z;)},5, is bounded below, let N — oo, > 7%, [[aidi|| = Y772 [|vigr — vil]

is absolutely convergent. So there must exist v*, such that lim;_,,, v; = v*. It follows that
71— 00 1— 00

As ||d;]| > € for all 4, then lim; o, a; = 0.
The final part completes the proof by establishing the main contradiction. Because
lim; ,, a; = 0, the Armijo condition is violated, which means that there exists a v; = v; +ad;

with 0 < & < 1 such that
M, (0:) = My, (vi) > 0,V M, (v;)" d;. (3.32)
By the mean-value theorem, there exists v; = v; + ad;, 0 < &; < @;, such that
M, (5;) — My, (v:) = aV M, (0;)" d. (3.33)
Condition (3.32) and (3.33) together give that

VM, @) d; — VM, (v))'d; > (ns — 1)V M, (v;)"d; > 0. (3.34)
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Combining (3.25) and (3.34) yields

(1= n)0lld||* < [(VM,, () = VM, (vi) " di|
(3.35)
< VM, (0:) = VM, (0)]] - []ds]]-
The last inequality follows from the Cauchy-Schwarz inequality, and a simplification of (3.35)

gives the inequality

IV M, (03) = VM, (ui)l] > (1= n:)0lldil| = (1 = n;)0e,

because lim;_,o, ||V M, (V;) — VM, (v;)|| = 0, and (1 — n,)0¢e is a positive constant, which

leads to a contradiction. O

The following two theorems provide the main convergence results for the outer itera-

tions of PDAL.

Theorem 3.5.3. Suppose the inner iterations successfully terminate, and let {vy} k>0 be the
sequence generated by the outer iterations. Assume that both {||g(xx)||};50 and {||J(zx)]|}iso

are bounded. Then there are two possible outcomes.

e The sequence {yk}kzo 18 unbounded, in this case, the primal iterates approach a point
at which the LICQ does not hold, in other words, {xy}r>o has an accumulation point

x* at which J(x*) is rank deficient,
o The sequence {yk}k20 is bounded, in this case, limy_, c(xy) = c(z*) = 0. O

Proof. The assumption that {||g(z1)|[};>, and {|[J(z1)|[};>, are bounded is not uncommon,
for example, it can be assumed that all the iterates are within a compact set. Consider the
following two cases separately.

Case 1: If {yx};, is unbounded, then there exists a subsequence of {||yx|[};>, that goes

to infinity. By passing to a subsequence if necessary, it may be assumed without loss of
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generality that ||yx|| — oo. If ax = yi/||ykl|, J(xx) = Ji, then

|lg (@) — T yell + [1g(zn)|

175 axl| <
* [yl

— 0.

As {[|J(2x)[[} 150 is bounded and [|ax|| = 1 for all k, they have a limits J* and a* satisfying
J*a* = 0. As ||a*|| = 1, the matrix J* must be rank deficient.
Case 2: If {yr};>, is bounded. By the assumption that each inner iterations successfully

terminate, it holds that limg_, ||k — y&|| = 0, where 7, = yi — c(x) /1. It follows that

le(@i)l| =l (yr — m)l]
= |||y — 7|
< pel Uy = wrll + [lye — 7)) — 0,

as k — oo. In this case, it must hold that limy_, ¢(zg) = c(z*) = 0. O

Theorem 3.5.4. Suppose the inner iterations successfully terminate, and {Uk}kzo be the

sequence generated by the outer iterations. Assume further that {xk}kzo 18 contained in a

compact set, {Hy},~q s bounded and {Hk + #ikaTJk} 1s uniformly positive definite. If
= k>0

(NEP) is feasible, then there are two possible outcomes:

o Case 1: {[|yx||};¢ s unbounded and limy, o vy = x* such that J(x*) is rank deficient,

o Case 2: {||yr||}yso is bounded and any limit point of {vy},-, satisfies the first-order
optimality condition of (NEP). O

Proof. By the assumption {z}}, is contained in a compact set, it holds that {||g(z%)};>0
and {|[J(z1)|[} ;>0 are bounded since both the objective function f(z) and the constraints
c(x) are assumed to be twice continuously differentiable. If {|[yx||}, is unbounded, then ac-
cording to Theorem 3.5.3, {||J ()|}, has an accumulation point J* that is rank deficient.
If {[[yr||} ;>0 is bounded, then the second case of Theorem 3.5.3 gives that limy_, (7)) =
c(xz*) = 0. Step 14 in Algorithm 3.3 implies that limg o || F(2k, Yk; Y, k)| |oo = 0, thus the

first-order optimality condition of (NEP) holds as well. O
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Chapter 4

A Combined Trust-Region
Line-Search Method

In the methods considered in the preceding chapters, it may be necessary to modify
the KKT matrix to obtain the correct inertia for the line-search method. In a trust-region
method, however, no such modifications are needed and thus the local quadratic model of
objective function is allowed to be nonconvex. The price that has to be paid is that trust-
region subproblem is generally more expensive to solve. In this chapter, background of
trust-region methods will be introduced, serving as a general background for Chapter 5.

In this chapter, the combined trust-region line-search method proposed by Gill and
Gertz [16] will be described. In their method, a line-search strategy is combined with a
trust-region method where the sufficient decrease condition is imposed. The line-search step
will also be used to update the trust-region radius. This motivates applying the method to
minimize the shifted penalty-barrier function because in conventional trust-region method,
a failure in obtaining a sufficient decrease in objective function generally requires the trust-
region radius to be decreased until some progress can be made. But in the case of minimizing
the shifted penalty-barrier function, the next step also needs to remain in the strict interior

of the feasible region, so a line-search strategy to cut it back into the feasible region may save
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unnecessary iterations where the trust region radius is decreased. The combined strategy is

used when minimizing the shifted penalty-barrier function in Chapter 5.

4.1 Background on Trust-Region Methods

Iterative methods for unconstrained optimization problem could be classified into
two categories: line-search method and trust-region method. Trust-region method is robust
with strong convergence property, and unlike line-search method where inertia of the Hessian
matrix might need to be modified, could solve ill-conditioned problems. The local nonconvez
quadratic models are allowed in trust-region method, which is a huge advantage over its line-
search rivals.

At each iteration of trust-region method, the following trust-region subproblem (TRS)

needs to be solved

minimize Qy(p) = gip+ 3p" Byp subject to ||p|| < &, (4.1)
p

where 6, > 0 is called the trust-region radius, g, = V f(xy) and By is either V2f(xy)
or its approximation. There is no requirement for Bj to be positive definite since a con-
tinuous quadratic function always achieves its minimum on the compact set B(zy; ;) =
{z : ||z — z|| <} A more general restriction on trust-region radius usually takes the
form ||Nip|| < 6, where the nonsingular matrix Ny is used to scale the problem. There is
no consensus on what is the best N, and for simplicity we choose N; = [ for all k, which is
acceptable for well scaled problems.

A rough outline of a basic trust-region algorithm is given in Algorithm 4.1. At the
current iterate xy, the local quadratic model Qy of the objective function is minimized within
trust-region radius dy, which reflects how “trusted” the quadratic model can be to predict
a change in f(x). Upon finding an approximate solution pj of the trust-region subproblem

(4.1), a trial point xy + pg is tested. If the actual reduction in f(z) is within a given
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factor of the reduction predicted by the quadratic model, then f(z) is assumed to have
sufficient decrease and the trial point is accepted as the next iterate.

Moreover, if the reduction in f(x) is larger than predicted, then the trust-region
radius is increased under the assumption that within a larger trust region, an acceptable
step can be obtained. If the trial point fails to give a sufficient decrease, then it is rejected
and trust-region radius is reduced under the assumption that a smaller trust-region radius

is necessary to provide a region in which the quadratic model is accurate.

Algorithm 4.1 Basic Trust-Region Method

1: Specify constants 0 <my <72 <1, 0<m <3, 0<72<1<7s;
2: Choose xg, k < 0, 0, < 1;

3: while not converged do

4: Compute py, an approzimate solution of the trust-region subproblem (4.1);
5 pr=(flze+px) — flan)/ Qulpr);

6: if pr > m then > Sufficient decrease condition
7: Successful iteration: xj1 < T + DPg;

8: if p > n, then

9: Opr1 < max {0y, vs/[pel|};

10: else
11: Okt1 < Op;
12: end if
13: else
14: Tpy1 < Tk,
15: k1 < Yol |prll;
16: end if

17: k< k+1;

18: end while
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Most of the computational efforts in Algorithm 4.1 are spent on finding an approz-
imate solution of the trust-region subproblem (4.1). The following two lemmas given by
Moré and Sorensen [32] provide the theoretical basis for solving trust-region subproblem and

measuring the quality of an approximate solution.

Lemma 4.1.1. Let §;, be a given positive constant, a vector py is a global solution of the
trust-region subproblem (4.1) if and only if ||px|| < 6k and there exists a unique o > 0 such

that the following two conditions hold

(Bp + ol)pr, = =g, o (0 — [lpkl]) = 0, (4.2)

with (By + ol) positive semidefinite. Moreover if (By + ol) is positive definite, then the

global minimizer is unique. ]

Lemma 4.1.2. Suppose the assumptions in Lemma 4.1.1 hold and let o and py satisfy (4.2)

with By, + ol positive semidefinite. Then there are three possible outcomes:
o py solves minimize,, { Q(w) : ||w|| = ||pk||},
e if 0 =0 and ||pk|| < Ok, then py solves the trust-region subproblem (4.1),
o if 0 >0 and ||pi|| = Ok, then py solves the trust-region subproblem (4.1).

Furthermore, if By + ol is positive definite, then p is the unique solution to the trust-region

subproblem (4.1) O

Detailed proofs of Lemma 4.1.1 and Lemma 4.1.2 may be found in Sorensen [43].
Lemma 4.1.2 is important from computational standpoint because it provides the termination
rules for an iterative method for solving the trust-region subproblem (4.1). An important

result of Lemma 4.1.2 is stated in the next Lemma 4.1.3.

Lemma 4.1.3. The trust-region subproblem (4.1) has no solution with ||px|| = 0x if and only

if By, is positive definite and || By, 'pi|| < . O
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Proof. If By, is positive definite and || B, 'pi|| < 0k, then Lemma 4.1.2 immediately gives
that By 'py. is the global solution. On the other hand, if solution pj, satisfies ||px|| < dx then
according to the second equation of (4.2), it must hold that o = 0 and thus By is positive
semidefinite. If By is singular, then there exists z # 0 in the null space of By such that
llpk + z|| = i, then the second part of Lemma 4.1.2 implies that py + z will be a solution

on the boundary, which is a contradiction! O

The vector z in the proof of Lemma 4.1.3 is important in computing an approximate
solution to the trust-region subproblem, which will be discussed later in describing Moré and

Sorensen’s strategy in Section 4.4.

4.2 A Combined Trust-Region Line-Search Method

Combining trust-region method with line-search strategy is attractive to avoid re-
peatedly re-solving the trust-region subproblem when sufficient decrease condition fails to
hold. Because finding a solution of the linear system in the trust-region subproblem can
constitute a significant portion of computing time, thus performing a line search along the
trust-region step can reduce the number of systems to be solved and significantly reduce the
effort.

Historically, Toint [44], Nocedal and Yuan [34] employed line-search strategy in trust-
region method to find a positive step «; such that as long as xpy1 = xp + agpr gives
f(zrs1) < f(xg), kg1 will be accepted. Thus they do not impose a sufficient decrease
requirement on any step.

Gertz and Gill [15, 17] proposed a combined trust-region line-search method where the
sufficient decrease condition on objective function is satisfied by forcing the iterates to satisfy
Armijo-type condition, or stronger Wolfe-type condition (see Gertz [15]). This method is
based on the observation that the step produced by solving the trust-region subproblem is

often a suitable trial step for line-search technique. A detailed description of this method is
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given in Algorithm 4.2, which will be used again in Chapter 5.

Algorithm 4.2 A Combined Trust-Region Line-Search Method

1: Specify constants 0 < n; < 1y < %, 0<y<l<ys 1<v<1/y;

2: Choose xg, k < 0, 0, < 1;

3: while not converged do

4: Compute pg, an approximate solution of the trust-region subproblem (4.1);

5: pr = (f(zr +pr) — f(zr))/ Qr (Pr);

6: if pp > m then

7: Successful iteration: xp 1 < T + Di;

8: if pr > 1o then

9: Choose 0y11 € [0k, max {0k, v3||pk||};

10: else

11: Opt1 < Op;

12: end if

13: else

14: Find the smallest £ in {1,2,---} such that oy, = v, * satisfies the condition that
15: (f(xr + arpr) — f(2r)/Qr (Dr) = i > Line search
16: Th41 < Tk + QgD

17: Choose 011 € [au||pell, arv||pll]; > Adjust trust-region radius
18: end if

19: k+ k+1;

20: end while

In Step 5 and Step 15 of Algorithm 4.2 where the sufficient decrease condition on
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f(z) is imposed, the model Q, (py) is defined by

Qk(px), 1if pfBypr <0
9y, (pk) =

9t pr, otherwise.

Note that if pf Bypr > 0, Q; (pr) = gi px thus the sufficient decrease condition is stronger
than the criteria used in conventional trust-region method.

The idea behind Algorithm 4.2 is that if the trust-region subproblem fails to yield a
trial point that satisfies the sufficient decrease condition, then instead of remaining at the
current point and reducing the trust-region radius until good progress could be made (as in
Algorithm 4.1), a search is made along the direction p, and the step is reduced until the
sufficient decrease is satisfied and the next trust region is updated in accordance with the
current step. The existence of steps satisfying the Armijo condition is guaranteed by the

fact that pj is either a direction of decrease or a direction of negative curvature.

4.3 Convergence of the Trust-Region Method

In this section, the first-order convergence results of both Algorithm 4.1 and Algo-
rithm 4.2 will be provided. Under certain mild conditions, it can be shown that Algorithm 4.1
produces {zy},, for which limy_, [|g(z)|| = 0. Since only the first order derivative of f(x)
is used such results are called the first-order convergence. Broadly speaking, the convergence
theory of trust-region method generally depends on how accurate an approximate solution
of the trust-region subproblem (4.1) is. One of the weak requirement was proposed by

Powell [40], who requires that the following conditions hold for some constant 7 > 0,

Qpr) < —l|gkllmin {0k, [[gell/I|Bll}  and |[p[| < 0. (4.3)

For computational efficiency, it is unrealistic to obtain an exact global minimizer

of the trust-region subproblem. Instead, only an approximate solution of the trust-region
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subproblem is needed as long as certain convergence criteria are met.

A simple but important approximate solution of the trust-region subproblem could
be obtained by minimizing the objective function along the gradient descent direction within
trust-region radius. This solution is generally known as Cauchy step pf, which is solution of

the following problem
Qi(pk) = min {Qx(p) : p = —agr, [[pl] < 0} (4.4)
Thus, the Cauchy step can be expressed as pf = afgi, where o, is defined by

9L 96/ 5 Brgk, it 9 91/ 91 Begr < 0x/||gk|| and g Brgr, > 0;

o/l gk otherwise.

The first proofs of first-order convergence for trust-region method are due to Powell

(37, 38, 39] which are summarized below.

Lemma 4.3.1. Given any norm || - ||, suppose a constant r satisfies ||p||a > &||p|| for all p,

then the Cauchy step pf satisfies the following inequality:

Q(pk) < —547||gul| min {0k, [1gill/I| Bxll} - (4.5)
Proof. See Powell [37]. O

The minimum of Qy(p) is at least as small as Q. (pf), which implies that Lemma 4.3.1

provides an upper bound on the minimum value of Qy(p).

Theorem 4.3.2. Suppose that f : D C R" — R is continuously differentiable on the con-
vex region D, and let {$k}k20 C D be a sequence of iterates generated by Algorithm 4.1.
Assume further that py, satisfies condition (4.1), {||Bk||};so are bounded above and f(z) is
bounded below on D, then either the convergence criteria is met and the iterates terminate

or liminfy_, ||gk|| = 0. O
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Under the assumptions of Theorem 4.3.2, if the gradient g(z) is uniformly continuous
in some region containing all the iterates, then Algorithm 4.1 either terminates at some
iterate where the convergence criteria is met or limy_,o ||gx|| = 0. Furthermore, Gertz [15]
proves that the line-search technique in Algorithm 4.2 will not interfere with the first-order
convergence properties of a conventional trust-region method, which is formally stated in

the following Theorem 4.3.3.

Theorem 4.3.3. Suppose the assumptions in Theorem 4.3.2 are satisfied, assume further
that g(x) is uniformly continuous in a region containing all the iterates {wy},o. If the

solution of trust-region subproblem py satisfies gipx < 0, then Algorithm 4.2 will either

terminate at some iterate where the convergence criteria is satisfied or limy o ||gr|| = 0. O
Proof. See Theorem 2.2.8 in Gertz [15]. O
However, the first-order convergence limy_, ||g(zx)|| = 0 is not sufficient in distin-

guishing between local minimizers, maximizers and saddle points simplify because of the lack
of second order conditions. Moré and Sorensen [32] provide the following theorem which es-
tablishes the second order convergence results of trust-region method. This result further
demonstrates that the performance of trust-region method depend on how accurately the

trust-region subproblem can be solved.

Theorem 4.3.4. Let f : D C R” — R be twice continuously differentiable on the level
set Q = {x: f(x) < f(xo)} and {x},>, are provided by Algorithm 4.1 with By, = V?*f(xy).
Assume there exists B1 > 0 and By > 0 such that Qx(px) < —F1|Qf| with ||pk|| < B2dk, where
Q3 is optimal value of the trust-region subproblem (4.1). If Q is compact then either the
algorithm terminates at xp with V f(x,) = 0 and V?f(x,) positive semidefinite, or {xx},-,

has a limit point x* € Q with V f(x*) = 0 and V2f(z*) positive semidefinite. O

Proof. 1tV f(x,) = 0 and V2 f(z,) is positive semidefinite for some z, € 2, then the algorithm

terminates. Otherwise Qx(px) < 0 for all £ > 0 and {z4},-, € Q are well defined. Suppose
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Pk is the solution of the trust-region subproblem (4.1), then

(V2 f(zx) + onl) pr. = —gr, (4.6)

with op > 0, V2f(zy) + o4 positive semidefinite and oy, - (0 — ||px|]) = 0. Assume the
Cholesky decomposition of V2 f(z) + 0% 1 is given by V2f(x1,) + o1 = RERy. To prove the

convergence result, the following inequality is needed

Qi(pr) < =161 (|| Repwl|* + ody) (4.7)

where 3; > 0 is constant. Inequality (4.7) can be established as follows:

Q; = gi i+ 1t V2 f (1) i
= —pp (V2 f(zk) + 0ul) pi + 301V f (21 i
= —1p V? f(z)pr — owpLDE

= — 3| Riprll* — owdy.
As Or(pr) < —p1|Q;l, then (4.7) follows. Furthermore, it is immediate that

f(@r) = f(arin) = 3ns61 ([|Raprl P + ox0}) - (4.8)

Based on the inequalities above, it can be shown that the sequence {0}, is not
bounded away from 0 by contradiction. Assume not, if o > ¢ > 0 for some constant € > 0,

then

Qu(pr) < —2B10w0; < —1Bowlpkll?/ 85 < —5Biel|pxl/ 53 (4.9)

The Taylor expansion of f(x) gives that

1 (ke + pi) — f(2k) — Qe(pi)|| < 2pxl|? max [|V?f(zr + Epp) — V2 f ()], (4.10)

0<¢<1

then (4.9) and (4.10) together show that

2

e —1] < 5— max || V2 (2 + épi) — V2f (@),

1€ 0<£<1
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where py = (f(7x + pi) — f(2x))/ Qk(pr). Inequality (4.8) implies that {4}, converges to
zero and thus {pk}kzo converges to zero as well, which implies that pp > 7. for sufficient
large k£ and then the updating rule for the trust-region radius d; implies that d; is bounded
away from zero, which is a contradiction!

So far it has been established that {0}, is not bounded away from zero. Thus
there must exist a subsequence of {Uk}kzo converging to 0. As () is compact, it can be
assumed without loss of generality that the same sequence of {xy} k>0 converges to z* in (2.
Since V2 f(x1,) + oI is positive semidefinite, V2 f(z*) must also be positive semidefinite. It

can also be shown that

V()P
R 2> ! . 4.11
1l 2 e p o+ on o
The inequality (4.8) implies that limg_,oo||Repk|| = 0, so by inequality (4.11), it can be

concluded that V f(z*) = 0. O

Gertz [15] shows that the combined trust-region line-search method described in Al-
gorithm 4.2 does not interfere with the second order convergence property. This result will
be summarized in the following theorem, whose proof can be referred in Theorem 3.2.2 and

Theorem 3.1.4 in [15], which is similar to the proof of Theorem 4.3.4.

Theorem 4.3.5. Let {xx} C Q be the sequence of iterates generated by Algorithm 4.2.
Assume that all iterates lie in a compact set. Let f(x) be twice continuously differentiable
and V f(z), V2f(x) be uniformly continuous in 2. Assume that limy_,o ||Bx — V2f(z)|| =0
and that || B|| are bounded above. Assume further that there exists o > 0 such that Q. (px) <
— 61|95l and the step length oy, satisfies the condition (f(xx + axpr) — f(2r))/Qr (k) > m
in Algorithm 4.2 with my < 5(1 — /T = B1). If &* is an isolated limit point of {x}},,, then
Vf(z*) =0 and V2 f(z*) is positive semidefinite. O

The next section will focus on methods for finding an approximate solution of the

trust-region subproblem, the subscript £ will be omitted for simplicity.
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4.4 Computing a Trust-Region Step

In this section, the strategy proposed by Moré and Sorensen [32] for solving the trust-
region subproblem will be described, and the combined trust-region line-search method based
on this strategy will be used to minimize the primal-dual shifted penalty-barrier function in
Chapter 5.

Moré and Sorensen proposed an algorithm for the solution of trust-region subproblem
(4.1) which is guaranteed to obtain a nearly optimal solution in a finite number of iterations.

Their method aims at finding an approximate solution p satisfying
Qp) — Q" < 01(2— o) max {[Q7] o2}, |lpl| < (14 01)9,

where o7 and o9 are constants in (0, 1), d is the trust-region radius.

According to Lemma 4.1.3, the solution of trust-region subproblem (4.1) is straight-
forward if it does not lie on the boundary of the trust-region. Now assume that (4.1) has
a solution on the boundary, let A\, be the smallest eigenvalue of the Hessian matrix B, and
Sy, = {z: Bz = \,z} be the corresponding eigenspace. If g is not perpendicular to S),,
then ||p,|| — 0 = 0 has a solution o € (—\,, ), where p, = —(B + o)™ 'g.

This solution can be found by solving the secular equation defined in (4.13) or its
modified version using Newton’s method. If ¢ is perpendicular to Sy, then ||p,||—d = 0 may
still have a solution on the interval (—\,,, 00) and in this case the solution can be obtained by
solving the secular equation. However, if ||p,|| — d = 0 fails to have a solution on (—\,, ),
this leads to certain numerical difficulties, which is called the hard case. In the hard case,

Moré and Sorensen propose to first obtain a direction p within ||p|| < ¢ by solving
and then determine an eigenvector z € S, satisfying

(B=MI)(p+72)=—g, llp+7zl[=0
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Then, according to Lemma 4.1.3, p + 7z will be a solution to (4.1). In practice, for com-
putational efficiency, the eigenvector z may not necessarily be computed according to the

following lemma.

Lemma 4.4.1. Assume n € (0,1) is a given constant and further assume that
B+ol=R'R, (B+ol)p=—g, o>0.
If the vector z satisfies
I+ 2l =0, [IR=|* < n(l[Rpl]* + 06%), (4.12)
then it holds that
Qp +2) < —5(L—=n)(||Rp|* + 06%) < —(1 —n)|Q"],
where |Q*| is the optimal value of the trust-region subproblem (4.1) O

Proof. See Moré and Sorensen [32]. O

Lemma 4.4.1 is important in dealing with the hard case, i.e., when o > 0 with B+o/
positive definite and the solution p of (B + ol)p = —g satisfies ||p|| < J. It states that as
long as z satisfies ||Rz||> < n(||Rp||? + 06?), then |Q(p + z) — Q*| < n|Q*| and p + z is a
nearly optimal solution to the trust-region subproblem (4.1). More precisely, we attempt to
find a vector z = 7Z that satisfies condition (4.12) and ||z]| = 1. There are two choices of T,
and once Z is found, the one with smaller magnitude is chosen because we aim to minimize
||Rz|| according to (4.12). Details of how to find such Z could be referred to Sorensen [32],
which uses the LINPACK technique for estimating the smallest singular value of a triangular
matrix R (see [6]). Lemma 4.4.1 is thus important in setting one of the terminating criteria

for trust-region subproblem, i.e., for some constant 7, whenever ||p|| < § and
|Rz[| < 71(1 = m)max {72, ||Rp||* + 0%},
then the algorithm terminates with p + 2z as the approximate solution.
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In the non-hard case, the so-called secular equation was initially introduced to find o

in (4.1), which is defined by
¥(o) = llps|| = 0. (4.13)

The zero ¢ of ¥ (o) on the interval (—\,,o0) needs to be found and ¢ = max {0,5} is

the unique value of o. the properties of secular equation are summarized in the following

Lemma 4.4.2.

Lemma 4.4.2. Define ¥(0) = ||p,|| — 0, where p, is the solution of (B + ol)p, = —g. Let
An be the smallest eigenvalue of B, then (o) is nonincreasing and conver on (—M\,, 00).

Furthermore, if g # 0, then ¥(o) is strictly decreasing and strictly conver on (—\,,00). [

However ¢ (o) has singularities at the subset of eigenvalues of —B which makes (o)
highly nonlinear at points close to ¢ which prevents Newton’s method from finding the zeros
of (o) = 0 efficiently. To avoid these numerical difficulties, a more adequate strategy is to

define ¢(o) as follows, which has no singularities near &.

where (B+o0l)p, = —g. (4.14)

One benefit of using ¢(o) over ¥ (o) is that (o) is usually approximately linear in
a large neighborhood of ¢, thus Newton’s method could be applied quite efficiently. The
properties of ¢(o) are summarized in the following lemma, whose proof will be given since

it defines the Newton iterate for finding zeros of ¢(o).

Lemma 4.4.3. Assume ¢(0) is defined in (4.14) with g # 0 and g ¢ S,,, which is the

eigenspace of \,, then the following conclusions hold.
e (o) is twice continuously differentiable on (—\,, 00),
e (o) is strictly decreasing and strictly convex on (—\,,00),

o Iflimy__x)+e(0) >0, then (o) has a unique zero on (—A,,0). O
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Proof. Part 1 is trivial, now suppose the eigenvalues of B are given by \; > Ay > --- > A,

then the second equation in (4.14) gives

n T 2
Al = (B+ol)"g|[* = 9
ool = 3+ o1yl = 3 (S22

i=1

If vl'g # 0, then

lim ¢(o) = % >0, lim (o) = —o0. (4.15)

o——An o—00
By the intermediate value theorem, there must exist at least one zero of p(o) on (—\,, ).
For all o € (=, 00), the derivative and the second-order derivative of ¢(c) are given by

T T -1
, whd d'(B+ol)™'d
(o) = ==
|dl[? ldlf?

; (4.16)

where w = —(B + o)~ 'd. Cauchy-Schwartz immediate implies that ¢”(c) > 0 and equality
holds if and only if w is a multiple of d. If so, w is also a multiple of g according to the
second equation in (4.14). So ¢'(¢) < 0 and ¢”(¢) > 0 on (—\,, c0), which implies ¢(o) is
strictly decreasing and strictly convex on (—A\,,00). Then according to (4.15), p(o) has a

unique zero on (—A\,, 00). O

Lemma 4.4.4. Assume that ¢(c) has a zero ¢ on (—\y,0), i.e., the non-hard case, then

starting from og € (—\p, ), the Newton’s iterate for calculating & can be written as

_ [lde|* (Il — 6

where R;kadk = —q, R;fuk =d and By, + 0,1 = RZRk. dJ

65



Proof. In the proof of Lemma 4.4.3, equation (4.16) gives that

p(o%)
¢ (o)

ot [l || [lde|| =&
b dz(B + Uk[)fldk )

||| 2 <||dk||—5>
= 0 +
TR AP\ 0

||| |? (Hdkn —6)
S sl 2 0

Then the conclusion immediately follows. O]

Ok4+1 = Ok —

In practice, the choice of the starting point oq € (—\,,d) has to be taken care if
nothing is known about A, and . A safeguarding scheme is needed where the parameters
AL, Au, As are defined such that Ag is a lower bound on —\,, [Ap, \y] in an interval of
uncertainty which contains the desired A, and is expected to converge to (—\,,d) with a

steadily decreasing length of the interval.
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Chapter 5

A Primal-Dual Path-Following Shifted

Penalty-Barrier Method

5.1 Introduction

In this section, a proposed primal-dual path-following shifted penalty-barrier method
(PDPB) is described for solving the nonlinear inequality constrained optimization problem
(NIP). The method has a similar structure of the primal-dual path-following augmented
Lagrangian method described in Chapter 3 but has been extended to handle the nonlinear
inequality constraints.

In this proposed method, the optimality conditions of (NIP) have been perturbed
by the penalty and barrier parameters and Lagrange multipliers estimate, which can be
seen as implicitly defining a smooth path-following trajectory towards a local minimizer of
(NIP). This method has a similar “two-level” structure where in outer iteration, the Lagrange
multipliers estimate are updated by the current dual variables and the penalty and barrier
parameters might also be decreased to enforce the feasibility and complementarity require-
ments. To guarantee global convergence, a primal-dual shifted penalty-barrier function that

gauges distance of current iterate to the trajectory is defined as merit function. This merit
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function has the property that its local minimizers lie on the path-following trajectory. Once
the iterate in an outer iteration departs from this trajectory, then inner iterations are called
and the merit function is minimized to force the next iterate back into the neighborhood of
the trajectory.

Section 5.2 provides a general background of the shifted barrier methods and path-
following methods for (NIP). The proposed algorithm PDPB is described in Section 5.3. The
convergence analysis of PDPB are provided in Section 5.4. Numerical results are given in

Chapter 6.

5.2 Background

5.2.1 Conventional Barrier Method

This chapter focuses on solving problem (NIP), where both f(z) and ¢(x) are assumed

to be twice continuously differentiable.

mini]%lize f(z) subject to c(x) >0, (NIP)
reR™

One class of methods for solving (NIP) are barrier methods. For inequality constrained prob-
lems, barrier methods are motivated by minimizing a sequence of unconstrained functions
that combine the objective function and a positively weighted “barrier” term that prevents
iterates from leaving the interior of the feasible region. In these methods, given an initial
iterate o in the set F = {x : ¢(x) > 0}, all subsequent iterates will also lie in F. For this
reason, these methods are also known as interior methods. In the 1960s, interior methods
were popular for solving nonlinearly constrained problems, and the main rigorous mathe-
matical theory associated with barrier function was established by Fiacco and McCormick,
who described the relationship between the minimizers of penalty and barrier function and

solutions of the original constrained problem (see Fiacco and McCormick [8]).
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The simplest logarithmic barrier function associated with (NIP) can be written as

Bla;p) = f(x) =)y Inei(z), (5.1)

where p > 0 is called barrier parameter.

The logarithmic terms are well defined only at points x for which ¢(z) > 0 but
becomes unbounded as x approaches points where the constraint is 0, and undefined for
which ¢(z) < 0, which creates a “barrier” near boundary. The idea of conventional barrier
method is to define a sequence of decreasing {fi},>o with p, — 07 and for a given py,
B(z; py) is minimized while maintaining ¢(z) > 0. The unconstrained local minimizer x(yuy)
of B(x; ) defines a continuously differentiable path called the barrier trajectory or central
path. The logarithmic barrier method can be seen as a path-following method that attempts
to follow this trajectory towards the local solution of (NIP).

The properties of logarithm barrier function may be intuitively illustrated by the
following example HS22 from Hock-Schittkowski test collection, which is one subclass of
Constrained and Unconstrained Testing Environment (CUTEst). This example will be used

repeatedly throughout the whole chapter.

Example 5.2.1. Consider the following nonlinear inequality constrained problem HS22 in

two variables, where the interior of feasible region is nonempty.

minimize (2, — 2)% + (22 — 1)?
z€R?

(HS22) subject to —x1 — 22 +22>0
— xf + 29 > 0.
In this problem, the unique local (and also global) minimizer is x* = (1,1). Both constraints
are active at x*, linear independent constraint qualification (LICQ)) holds, and the unique
optimal Lagrange multipliers is given by y* = (%, %), computed from V f(z*) = J(z*)Ty*.
The level curves of objective function and feasible region of HS22 are shown in Fig-

ure 5.1. The level curves of objective function have been shown in colors with smaller value
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towards its infeasible local minimizer ¥ = (2,1). The shadow gray area denotes the feasible

region, and the red dot is the local (and global) constrained minimizer.

5 p:
41
7.09
3K
ons| a't—/zzo
N2
olution (1,1)
1 .
traint, —x? >

N 1 1

-3 -2 -1 0 1 2 3

x1

Figure 5.1: Feasible Region and Level Curves of Objective Function in HS22
The conventional logarithmic barrier function B(x; ) in this example is given by
B(zyp) = (1 — 2)* + (22 — 1)* — pln(—z; — 23 + 2) — pln(—23 + 25).

The function B(z;p) is well defined everywhere in the interior of the feasible region with
the logarithmic term creates a “barrier” towards the boundary. Figures 5.2 shows the level
curves of B(z;p) for a decreasing sequence of .

It can be observed that as p — 0%, the level curves of B(x;u) will gradually resemble
the level curves of the objective function and the barrier term becomes less “weighted”. The
unconstrained local minimizer x(p) of B(x;p) will gradually approach x* = (1,1) in the
interior of the feasible region. However, on the boundary, where the barrier term tends to
infinity, the level curves of B(x;p) “jam” at * and p must be reduced to zero in order for

x(p) to converge to x*.
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5 Level curve of the ordinaly barrier function for mu = 10 Level curve of the ordinaly barrier function for mu = 1
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Figure 5.2: Level Curves of B(z; ) in the Feasible Region for Different Values of p.

To avoid this kind of “jam”, a modified barrier method is discussed in which the
barrier parameter p is bounded away from zero. In this case, the constraints are shifted
so the feasible region is enlarged to include the boundary and x* lies in the interior of the

“expanded” feasible region, see Example 5.2.2. U

If the second order sufficient conditions hold for an isolated minimizer of (NIP) (see
Theorem 2.1.8), then convergence results of the barrier methods can be summarized in the

following Theorem 5.2.1. To simplify the notation, the symbol C(x) is used to denote the
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diagonalized vector ¢(x), i.e.,

c(x)y 0 .- 0
0 Ccolx 0
C(z) = (@) (5.2)
0 0 - cplo)

Theorem 5.2.1 (Properties of the barrier trajectory). Let {u;} be a strictly decreasing
sequence of positive barrier parameters such that limy_, ur = 0. Moreover, if the second

order sufficient conditions (see Theorem 2.1.8) for an isolated minimizer hold at z*, then

the following conclusions hold:

e there is at least one subsequence of unconstrained minimizers of the barrier function

B(x; py) that converges to x*;

e possibly passing to the sub-index, suppose {xk}kzo denote such a convergent subse-
quence. Then the sequence of barrier multipliers {yx },,, defined by yy = prC (z () te

has the property that every of its component is bounded; and,
o limy ooy =7y € Y(x¥).

If in addition, strict complementarity holds at x*, i.e., there is a vector §j € Y(x*) such that

y; > 0 for all i € A(x*), then the following holds:
® Yo >0;
o for sufficiently large k, the Hessian matriz V2B(xy, ) is positive definite;

o there exists a unique, continuously differentiable vector function x(u) of unconstrained

minimizers of B(z,p) for positive p in a neighborhood of 1 = 0; and,

o lim, o+ 2(p) = 2.

Proof. See Theorem 3.12 of Forsgren, Gill and Wright [13]. O
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As B(z; p) is continuously differentiable, its unconstrained local minimizer x(u) sat-

isfies VB(z(p); u) = 0. The gradient and Hessian of B(x; 1) are given by

VB(w; ) = g(x) — uJ(2)"Cla) e

V2B (z;p) = V2 f(z) — Z o Viei(z) 4+ pJ ()T C(x) 2 (z)

= cil@)
= H(x,m)+ J(x) I (2)C(z) ' J(z),

where I1(x) is the diagonalized vector w(x), m(x) = pC(x)"te , which is generally called
the barrier multipliers (by analogy with Lagrange multipliers). Then Newton’s method for

finding the stationary point of B(x; 1) can be written as
(H(e,m)+ I T@)C() (@) p = — (g(x) = J(x)T7). (53)

However, the direct unconstrained minimization of B(x;u) is not recommended be-
cause of poor convergence as p — 07. For many years the ill-conditioning of H(x,m) +
J(x)TII(z)C(x)~'J(x) as p — 0" was blamed for this poor performance. However, it now
known that the real reason is that z(u) is a poor estimate of z () when p is decreased to [,
which implies that a full Newton step cannot be taken immediately after the barrier parame-
ter is reduced. This property implies that the classical primal barrier method is unavoidably

inefficient. A more detailed analysis can be referred to Wright [45].

5.2.2 Modified Primal-Dual Interior Methods

To avoid the difficulty of minimizing B(z;u) as p — 01 in the conventional barrier
method, modified barrier method have been introduced that defines a sequence of uncon-
strained problems in which the barrier parameter p remains bounded away from zero (see
Polyak [33, 35]). These methods are based on the observation that ¢(z) > 0 is equivalent to

pln(1 + ¢;(z)/pn) > 0 for any fixed p > 0, i.e., their associated feasible sets are identical. So
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problem (NIP) is equivalent to the following modified problem

minimize f(x)

(5.4)
subject to pIn(1+ ¢;(z)/pn) > 0.

The modified problem (5.4) serves as the main motivation for the modified barrier function
M(x; \) defined in the following form
M(z:A) = f(x) = p ) Niln(L+ ei(x) /),
i=1

which is the conventional Lagrangian function for problem (5.4) with A the vector of Lagrange
multipliers. An important property of M(z; A) is that if (z*, \*) is the optimal primal-dual
pair of problem (NIP), then there exists a constant p* > 0 such that for all 0 < p < p*, z* is
a local minimizer of M(x; \*), i.e., VM (z*; \*) = 0 and VZM (x*; \*) positive semidefinite
(see Polyak [33]). So z* can be obtained in just one unconstrained minimization if A\* is
known in advance.

In practice, however, both u* and \* are generally unknown, so a sequence of M(x; \)
defined with the estimates of u* and \* needs to be minimized. The multipliers estimate
is updated at each iteration and the barrier parameter is reduced once VZM(z; ) is not
sufficient positive definite, just like the updating rule for penalty parameter in Algorithm 3.3
(see also, e.g., Polyak [35]).

In defining M(z; \), it is required that 1 + ¢;(x)/p > 0 for all 1 < i < m, ie,
c(x) 4 pe > 0, so the feasible region has been enlarged in the sense that ¢(z) = 0 is allowed,
where ¢(z) has to be strictly positive in defining B(z; ). To explain this intuitively, consider

again the following example HS22, which has been discussed in Example 5.2.1.

Example 5.2.2. To illustrate how the feasible region is enlarged in the modified barrier

method and its benefits of keeping i bounded away from 0, the example HS22 is reused as
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before. In this case, the modified barrier function M(x;\) is defined by

M(z;A) = (21— 2)* + (22 — 1)°

—pMIn(1 4 (=2 — 29 +2) /) — pAoIn(1 + (=27 + 25) /).

The feasible region and the level curves of M(z;\) are shown below where X is set to X =
(0.66,0.66), which is the approzimation of the optimal multipliers \* = (%, %) and the barrier
parameter p is set to 1071, The graph on the left shows the feasible region and the level
curves of the modified barrier function M(x;\) for p = 107! and A\ = (0.66,0.66). The
graph on the right is the “microscope” of M(x;\) around the constrained local minimizer

= (1,1).

- Level curves of the shifted barrier function for mu = 0.1 Level curves of the shifted barrier function for mu = 0.1
T T

X2
n

05

A

(a) 4 =0.1, X\ =(0.66,0.66) (b) p=10.1, A= (0.66,0.66)

Figure 5.3: Feasible Region and Level Curves of M(z;\) with p = 1071

It can be shown that the feasible region has been expanded in the larger gray region
and the level curves of M(x; \) no longer “jam” near the boundary. In fact, the constrained
local minimizer x* = (1,1) (the red point) now has been contained in the “interior” of the

level curves and the barrier parameter p need not converge to zero. [

However, equation (5.3) explicitly involves only x, the so-called primal variables. By
far the most popular interior-point methods today are primal-dual methods, which are the

next main topic.
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Consider solving VB(z(u); ;1) = 0 with the dual variables introduced. Denote y(u) =

puC(x(u)) te, then VB(z(u); 1) = 0 can be rewritten in the following form

- . (5.5)
c(x(p)) - y(u) e

In this form, (x(u),y(u)) can be regarded as tracing out the primal-dual trajectory

as u — 0%, where c¢(z(u)) > 0 and y(u) > 0 are enforced implicitly. If we define

g(x) = J(x)Ty
Fu(z,y) = : (5.6)
c(x) -y — pe
then (5.5) can be regarded as a primal-dual path-following formula defined by F},(z,y) = 0.

The corresponding Newton equation for finding the zeros of F),(z,y) is expressed as

H(z,y) —J(2)") [ Az g(x) = J(x)y
YJ() C(x) Ay c(x) -y — pe

where C(z) is the diagonalized ¢(x) and H(x,y) is the Hessian of Lagrangian.

Naturally, the primal-dual equation (5.7) does not solely constitute a complete algo-
rithm for nonlinear programming. The nonsingularity of the primal-dual system (5.7) can
only be expected in the neighborhood of a trajectory of barrier minimizers. When the prob-
lem is nonconvex and the current primal-dual iterate is far from the trajectory, there is no
guarantee that a solution of system (5.7) exists. Moreover, finding zeros of F),(z,y) is not
enough as the second-order conditions associated with minimizing the barrier method have
not been exploited.

For this reason and also to obtain the global convergence from any arbitrary feasible
starting point, a merit function that measures and ensures the progress towards the solution
(z*,y*) is needed. Consider the following primal-dual barrier function,

M, (z,y) = f(z) — uiln ci(x) — il {m (yici(m)) + (1 - yicﬁ(x)) } : (5.8)

ft [t




where y; > 0 and ¢;(z) > 0 are imposed implicitly.

The function M,,(z,y) can be seen as the classical logarithm barrier function plus a
term that measures the distance of (x,y) to the trajectory Fj,(z,y) = 0. If problem (NIP) is
nonconvex, the advantage of using M, (z,y) as the merit function over other functions, say,
M, (z,y) = ||F,(z,y)|| is that it can distinguish between local minimizers and maximizers
by enforcing second-order conditions. Lemma 5.2.2 shows that the isolated local minimizer

of the barrier function is also a local minimizer of M, (z,y).

Lemma 5.2.2. Assume that (z(u),y(p)) is an isolated local minimizer of the barrier function
defined in (5.1), then for any p > 0 sufficiently small, (x(n),y(n)) is also an unconstrained

local minimizer of M, (x,y). O

Proof. To simplify the notation, denote 7(z) = uC(x) te, and D(z,y) = Y 1C(z), where

Y is the diagonalized y. The gradient of M, (x,y) can be written as

g(x) = J(z)"(2m(z) — y)
D(y — m(x))

VMM<x7 y) =

If it holds that (z,y) = (z(n), y(w)), then m(z) = pC(x(n))"'e = y(n) and g(z(p)) —

J(xz(1))Ty(p) = 0. Since (x(u), y(p)) is an isolated minimizer of the barrier function B(x; u),

this implies

so (x(p),y(p)) is a stationary point of M, (z,y). The remainder of the proof establishes that

V2M,,(x(1), y(p)) is positive definite. The Hessian of M, (z,y) is given by

VM, (1) = H(z,2m(x) —y) J(x) |
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where II(x) is the diagonalized w(x). If (z,y) = (z(n), y(u)), then

H(x(p),y(p)  J((p)"
J(x (1)) D

VEM, (2 (), y(p) =

As V2M,,(z(p),y(pn)) is symmetric, its inertia can be obtained by considering the Schur
complement of D, and denote ﬁ(u) = H(z(p),y(p) + J(x(p)' D71 J(x (1)), then

In (V2 M, (2(), y(1))) = In (ﬁ(u)) +(m,0,0).

Since H(p) is the Hessian of B(x; 1), which is positive definite on the trajectory defined by
(5.5). Thus it must hold that

In (VM. (x(1), (1)) = (n,0,0) + (m,0,0) = (n +m,0,0).
So V2M,,(z(p), y(u)) is positive definite, which completes the proof. O

The scheme of following the trajectory defined by equation (5.6) together with using
merit function M, (z,y) in (5.8) to restrict all the iterates in the neighborhood of the trajec-
tory has the same “two-level” structure of inner and outer iterations. The barrier parameter
p is steadily reduced in the outer iterations and M, (z, y) is minimized for the fixed p in the
inner iterations.

However, there are still some drawbacks of this scheme, e.g., the treatment for equal-
ity constraints and the difficulty for finding a strictly feasible point, which is nontrivial.
Moreover, the barrier parameter p still needs to converge to zero thus certain numerical
benefits are lost.

In the algorithm proposed in the next section, we aim at path-following a perturbed
first-order optimality condition which allows both the penalty parameter ;” and the barrier
parameter u” to be bounded away from 0. A primal-dual shifted penalty-barrier merit func-
tion is used to obtain global convergence that is able to handle both equality and inequality

constraints.
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5.3 Description of the Proposed Algorithm

5.3.1 Algorithm Overview

The form of constraints in (NIP) can be treated either directly as ¢(z) > 0 or indirectly
as equality and nonnegative slack variable ¢(x) —s = 0, s > 0. The use of slack variables
avoids the need to find a strictly feasible initial point. The introduction of slack variables

gives the equivalent problem (NIPs), which is repeated here for convenience:

m]iRnim%l%e f(z) subject to ¢(x) —s=0, s>0. (NIPs)
rzeR™, seR™

Another benefit of using slack variables s is that strict feasibility with respect to
simple bounds s > 0 is easily maintained, since a step to the boundary of a general nonlinear
constraint must be calculated by iteration, leading to less efficient evaluations of constraints
at infeasible points.

Under certain optimality conditions, the vector (z*,s*,y*, w*) is said to be a first-

order KKT point for problem (NIPs) if the following optimality condition holds

c(z®) —s" =0, s* >0, (5.9)
gla*) = J(@) 'y =0,  y —w =0, (5.10)
st -w' =0, w* >0, (5.11)

where y* and w* are the optimal Lagrange multipliers for ¢(x) —s = 0 and s > 0 respectively,
and (z, s,y,w) are called the primal-dual pairs.

Similar to the idea in primal-dual path-following augmented Lagrangian method for
problem (NEP) in Algorithm 3.3 described in Chapter 3, consider the path-following equation

(5.12). F(z,s,y,w;y”, w? pu” pn?) = 0 can be seen as a perturbation on the optimality
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conditions of (5.3.2) - (5.3.4).

g(z) = J(x)"y

y—w
F(x7$>y7w;yanEnuP7,uB> = = 0, (512)

c(r) — s+ p"(y —y”)

s-w+ pf(w —w?)

where y” and w” are estimated Lagrange multipliers for ¢(z) —s = 0 and s > 0 respectively,
n” >0 and p® > 0 are the penalty and barrier parameters.

If y—9y” =0 and w— w” = 0, then (5.12) is exactly the same as the first order
optimality condition of (NIPs). As pu”(y—y”) — 0 and p”(w—w”) — 0, a zero (z, s,y, w) of
F(x,s,y,w;y?, w? pu” pu”) with s > 0 and w > 0 will gradually approximate the solution of
equation (5.9) — (5.12). So the penalty parameter x” and the barrier parameter p”, together
with the Lagrange multipliers estimates y” and w”, can be thought as implicitly defining a
path-following trajectory, and the primal-dual pairs (x, s, y, w) tends to follow this trajectory
towards a local constrained minimizer of (NIPs).

Unlike the conventional quadratic penalty function methods, which require p” — 0
(see Bertsekas [4]), the penalty parameter p” no longer needs to be reduced to zero as y” is
an increasingly accurate multipliers estimate. Similarly, the barrier parameter u” no longer
needs to be reduced to zero as the conventional barrier methods do. This can lead to certain
numeric benefits since in the conventional barrier methods, the barrier term will create a
singularity near the boundary of the feasible region if u” — 0 (see Gill [13, 22, 23]).

In the outer iteration of PDPB, if the primal-dual pairs vy = (xg, Sk, Yk, wi) fall within
current neighborhood of the trajectory defined by (5.12), then y” and w” are updated by
the current dual variables y, and wy. p” and p” might also be adjusted according to the
feasibility and complementarity violations. If, however, the current iterates departs from the
path-following trajectory, then inner iteration is called where a shifted penalty-barrier merit
function is minimized to restrict the iterates within current neighborhood of the trajectory.

The combined trust-region line-search method introduced in Chapter 4 is used to minimize
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the merit function. For further details see Section 5.3.4.

5.3.2 Description of the Outer Iteration

In the outer iteration of PDPB, it stops once the residue of ||F(vg; yp, wi, p, )] is

sufficiently close to 0. At the current iterate (xy, sk, yx, wg), if

[ (e g wi s iy - DI <l [F (e ygn wias s o), (5.13)

where n; € (0, 1) is a constant that controls the speed of || F|| converging to zero. If condition
(5.13) is satisfied, then the current iterate vy is thought to be sufficiently close to the path-
following trajectory, and this iteration is designated as an O-iteration. In this case, vy is
accepted and the multiplier estimates are updated by vy} = vy, wi = w.

The necessity for updating the penalty and barrier parameter depends on the fea-
sibility and complementarity violation. Define the first order stationary, feasibility and

complementarity measure to be Kstny(Uk), K feas(Vk)s Keomp(Vk) Tespectively, i.e.,

Kstny(Vk) = max (||9k — Tyl ly — wk”)
K feas(Uk) = |[cx — skl]

ficomp(?]k) = || min <Q1(Uk)7 q2(vk7 ,Uf)) H7
where ¢ (vy) and go(vk, g ) IN Keomp(Vk) are defined by

¢1(vg) = max (| min (sg, wg, 0)|, |k - wk|)
(5.14)
G20k, ;) = max (| min (sg + pie, we, 0)[, [(sk + pre) - wel, pie) -

Given these definitions, a detailed description of the outer iteration of PDPB is given in

Algorithm 5.1.
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Algorithm 5.1 Primal-Dual Path-Following Shifted Penalty-Barrier Method (Outer)

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

23:

24

. Input: (prob); > Input in the CUTEst format

. Output: (z*,y*, converged);

Specify constants 0 < ap, ag,m, p1, 2, 0u, Yes vs < 1 < 15

Specify constants 0 < n, < n, < %, 1 < 7, Tol, MaxItn;

Initialize xq, so, Yo, wo, Y=, w”, u*, 1, do;

Define fiseny (vx) = max (J|gx — Ji il [y — wil).

Define & feqs(vi) = ||ck — Sk||, and Keomp(v) = max (|| min (sg, wg)||, ||sk - wi|)
while || F;|| > Tol and k < MaxItn do

if ||Fe|| < m||Fk-1]| then > Outer Iteration, adjust parameters

if eras(vk) > pllifeas(vk—l) then

146,,)

g <= min ()0 appf);

end if

if Hcamp(vkz> > p?ﬁcomp(vk—l) then

146,,)

pf <= min ((uf) ) appf);

end if
Y < Yr;
Wy — Wk
else > Inner Iteration, minimize merit function
Update primal-dual pairs vy = (xy, Sk, Yk, wx) by using either trust-region method
or a combined trust-region line-search method to minimize the merit function.
end if
Update F, Kstny(Uk), K feas(Vk)s Keomp(Vk);
k< k+1;

end while
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During the outer iterations, in Step 8 and Step 11 of Algorithm 5.1, the residues
of Kfeas and Keomp are observed as they are used to determine if the penalty or barrier
parameter needs to be reduced. Define p1, ps € (0,1) to be the constants that control the
rate of convergence of K feqs, Keomp 10 2€r0. If Kfeas(Vk) > p1£feas(Ve—1), then py is reduced
to force feasibility. Meanwhile, if Keomp (V) > p2kcomp(Vk—1), then uy needs to be reduced to
enforce on the complementarity.

In Step 9 and Step 12 of Algorithm 5.1, the strategy for decreasing p” either super-
linearly in the form of pf = (uf)**%) or linearly in the form of uf = apuf, whichever is
smaller, is the same as the one that was used in Algorithm 3.3 in Chapter 3.

If condition (5.13) fails to hold, then the current iterate vy is thought to be not
sufficiently close to the trajectory. In this case, inner iteration is called and a primal-dual
shifted penalty-barrier merit function is minimized. Properties of this merit function are

discussed further in the next section 5.3.3.

5.3.3 A Shifted Penalty-Barrier Merit Function

Following the trajectory defined in equation (5.12), a merit function is needed to
measure the distance between the current iterate and this trajectory. This merit function

can be formally defined by

M(fﬂ, S>y7w;yE7wEa,uP7ﬂB) :f<£[f) - (C - S)TyE

1
2ur

1
—Jlc — s|* +

3,

||C_3+#P(y—yE)H2 (5.15)

m

= pPw! Wn(wi(si + 1)) + > wilsi + 4”),
im1 i-1

which was proposed by Gill, Kungurtsev, and Robinson (see Gill [19]), which can be seen

as more generalized form of the Forsgren-Gill penalty-barrier function (see Forsgren and
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Gill [11]) used for solving (NIP) defined by

M (2,9) =f(2) ~ Y (o) + o= 3 efa)?

ieT 2p 7

_NZ (ln (ci(z)yz) LB Ci(fE)yi) N LZ(Ci(x) + i),

H Sl

where the slack variables s are not used, and the penalty and barrier parameters are chosen
to be the same value.

When defining M (z, s, y, w; y*, w”, u”, 4”) in equation (5.15), it is required that w; >
0 and s;+p” > 0, for all 1 < i < m. The requirement s > 0 in (NIPs) has been relaxed to be
S+ p®I > 0, which can be seen as an enlarge of the feasible region like the modified barrier
methods do. Lemma 5.3.1 shows that under certain second-order conditions, point (z, s, y, w)
on the trajectory defined by (5.12) is a local minimizer of M(x, s,y, w;y”, w”, u”, u?). Thus,
this path-following trajectory can be regarded as “trajectory of minimizers” of the merit

function.

Lemma 5.3.1. Assume that both f(x) and c(x) are twice continuously differentiable, and
all the iterates satisfy w; > 0 and s; + p” > 0 for all 1 < 7 < m. Assume further that
(x,s,y,w) is on the trajectory defined by (5.12) and denote Dp = p"I,, and Dy = (S +
pP L)W=t where S and W denote the diagonalized s and w respectively. If H(x,y) +
J(x)'(Dp + Dp)~tJ(2) is positive definite, then (x,s,y,w) is an unconstrained minimizer
of M(zx, s, y,w;y”, w? u”, n?) for any fired pair (y*, w”, u”, u”). O
Proof. For simplicity, omit the notation (y”, w”, u”, u”) below since they are all fixed. Denote
the merit function M(z, s, y, w; y*, w?, u”, u”) simply by M. The proof, as before, is to show

that VM = 0 and V?M positive definite on the trajectory. First, the auxiliary vectors m”

and 7" needs to be defined as follows,

(5.16)
78 = pP(S + p” L) tw”.
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On the trajectory defined by (5.12), since S + p”I,, is positive diagonal matrix, then

the following two relations hold,

oy = —%(a(x) sy —y") =0

7 —w=—(S+ p’L,) (s w+ p(w—w") = 0.
On the other hand, the gradient of M is given by

o(e) = J@) (" + (= =)

VM(SB,S,y,w) — _(?J—w)-}-Q(ﬂ.P_ﬂ_B)
_MP(T‘_p _ y)

— (S + pP L)W Hm? —w)

If (z,s,y,w) is on the trajectory, then 7” —y = 0 and 7 — w = 0. Combined with the
path-following equation (5.12), it holds that VM(x, s, y,w) = 0, thus (z, s, y, w) must be a
stationary point for M.

It remains to show that V2M is positive definite on the trajectory. The Hessian of

M on the trajectory is given by

H(z,y) +2J(x)"D; J(z) —2J(2)TD;t J(x)T 0
2D J(x 2D +D;Y —1, I,
VM — r (@) (D" +Dy7) | (5.17)
(@) I, D, 0
O [m 0 DB

As V2 M7 is symmetric, using the Schur complement of (Dp, D) gives that

H(z,y) + J(x)" Dy I (x) —J(x)" D!
In (V2Mz) = (2m,0,0) + In
—D;lJ(x) D'+ D!
= (3m,0,0) + In (H([L’, y)+ J(2)(Dp + DB)_lJ(x))

= (3m +n,0,0).
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The last equality holds if H(z,y) + J(z)T(Dp + Dy)~'J(x) is positive definite. Thus
V2M 7 must be positive definite on the path-following trajectory, and (z,s,y,w) must be

an isolated local minimizer of M(z, s, y, w). O

Lemma 5.3.1 establishes the theoretical basis of the inner iteration of PDPB in the
sense that M (z, s, y, w; y”, w”, u”, u”) gauges the distance between the current iterate to the
path-following trajectory defined by (5.12). It follows that by minimizing M, it is possible
to restrict all iterates within current neighborhood of the trajectory.

The following Theorem 5.3.2 shows that H(z,y) + J(x)T(Dp + Dy)~tJ(z) is indeed
positive definite in a sufficiently small neighborhood of a solution of (NIPs) that satisfies
second order sufficient optimality conditions (see Theorem 2.1.11), and the strict comple-

mentarity condition holds.

Theorem 5.3.2. The Hessian V2Mry defined in (5.17) is positive definite for all u =
(x,s,y,w; y”, w?, u”, u?) that are sufficiently close to u* = (z*, s*, y*, w*;y*, w*,0,0), where
(x*, s*, y*, w*) is a solution of (NIPs) that satisfies the second order sufficient conditions and

strict complementarity. L]

Proof. As in the proof of Lemma 5.3.1, it is necessary to show that H(z,y) + J(x)*(Dp +
D)~ J(x) is positive definite for all u sufficiently close to u*. Let H = H(z,y) and J = J(z).
As (2%, s*,y*,w*) is a solution of (NIP) for which strict complementarity and the second-
order optimality conditions hold, it is immediate that

max {s",w*} >0,

p  H(z*,y")p > 0 for all p # 0 satisfying J4(2*)p = 0,
where A denotes the active set at «* defined by A = {i : [¢(2*)]; = 0} = {3 : [s*]; = 0}. Then

it holds that

H+ J"(Dp+Dg) " J = H+JY (1L + (Sa+ ¢ L)W s

+ Jg (;UP m T (SI + ﬂB[m)WI_l)il JI>
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where ZUA ={1,2,...,m} and ZN A = (. S, and Sz are the submatrices of S containing
of the row and columns from the index set A and Z respectively, with a similar meaning
for W4 and W7z. If u and u* are the quantities defined in this theorem, then the following

relations hold

lim J(z) = J(z*), lim H(z,y)= H(z",y"), (5.19)
u—u* u—u*

lim ("L, + (Sa+ " L) W3] = o0, (5.20)
u—u* v

for all 1 < i < m. Using the same argument as the Theorem 3.1 in [25], (5.18) and (5.19)
imply that H + J} (u” m + (Sa+ uBIm)le)_l J 4 is positive definite for all u sufficiently
close to u*. Combing this with the fact that JI (u”I, + (Sz + ,uBIm)WI_I)fl Jz is positive
semidefinite, we can conclude that H+J7 (Dp+Dy) ' J is positive definite for all u sufficiently

close to u*, which concludes the proof. O]

Lemma 5.3.1 and Theorem 5.3.2 together imply that under certain second order
sufficient order conditions, by path-following the trajectory (5.12) and restrict all the iterates
near the neighborhood of it using the merit function M(x, s, y, w; y”, w”, u”, u”?), we are able

to trace out to a local constrained minimizer of (NIPs).

5.3.4 Description of the Inner Iteration

In this section, the combined trust-region line-search method (Algorithm 4.2) that is
described in Chapter 4 is used to minimize the merit function M (z, s, y, w; u*, u®, y*, w”),
where (u”, u”,y” w”) are fixed. To simplify the notation, the merit function is denoted by

M(z,s,y,w) in this section. As before, the following auxiliary vectors are defined

= nf(2,8) = ¥ — = (cfx) — 5)
0
78 =n"(s) = p" (S + pu"I,) "

In a conventional trust-region method, the following trust-region subproblem (TRS)
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needs to be solved approximately at each iterate (zy, sk, Yk, W)

(TRS) miG%inIP%e PV M+ 1p"Byp
P (5.21)

subject to ||p|ly, < O,
where By, is an approximation of VZM (xy, sk, Yk, W), Tk is a positive definite diagonal matrix
to be defined later, and d; > 0 is the trust-region radius. Define the positive definite diagonal

matrices

Dp = pjl,, and Dy = (Sp+ uplL,) W,
Then the gradient of M(x,s,y,w) at (xg, Sk, Yk, wy) can be written as

9 = Ji (m + (78" = yr))
T+ (nf — — (M + (mf —w
M, (M + (T = ye)) — (w0 + (73 k))’
_DP<7TIIcD_yk)

=Dy (771]3 — wy,)

where gr = g(x) and J = J(zx). Using the same notation, the Hessian of M (z, s, y, w) at

('Ika Sky Yk, wk) 18 giVeIl by

Hy +2JF DY, —2JI'D;! JE 0
—2D74 T, 20D+ Dtw By -1, I,
VZMk _ r Yk ( P B k k ) : (522)
i -1, D, 0
0 I, 0 D,W_'IIP

where Hy = H(xy, 7k + (7f — yx)) and 12 = I15(xy,), the diagonalized column vector 7Z.
On the path-following trajectory (5.12), mf = wj which implies that the Hessian

approximation By, can be chosen by setting mf = y, and W, 'I[I[Z = I in (5.22), which
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implies the approximation of V2ZM (x4, sk, yx, wi) to be

Hy+2JED; g, —2JTD;t Jrf 0

—2D;Y, 2(D;'+ DY —1I, I,
By = r Yk ( P B ) 7 (523)

O Im 0 DB

where I:Afk = H(zg,yr). In line-search method, a further modification on ﬁk may be needed
if By, is not sufficiently positive definite. In trust-region method, however, no such further
modification on H r is needed since the quadratic model of the objective function in the
trust-region subproblem is allowed to be nonconvex.

The next lemma provides the theoretical basis for defining the positive definite diag-
onal T} defined in (5.21) and for finding the approximate solution Awvy of the trust-region

subproblem.

Lemma 5.3.3. Avy is a global solution of the trust-region subproblem (5.21) if and only if

Avll, < 6 and there exists o, > 0, such that
I T =
(B + oxTy) Avy, = =V My, and oy(0) — ||AkaTk) =0, (5.24)

with By, + 0T} positive semidefinite. For any global minimizer Awvy, the value of oy is
unique. Furthermore, if a global minimum is achieved for more than one Avy, then oy is
independent of Avg. Moreover, if By + o1} is positive definite, then the global solution Auvy

18 also unique. ]

The first equation in (5.24) together with the structure of By, defined in (5.23) imply

that the positive definite diagonal T} may be set as

I, 0 O 0
0 I, O 0

Tk = )
0 0 D, O

0 0 0 Dg
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where [, and I,,, are the identity matrices of size n and m respectively. With this choice of

Tk, (Bg + 01Tk ), = —V.My, can be written as

Hy +2JT D3 Iy + op 1, —2JF D! Jr 0 Ay
Ji -1, (1+o0x)Dp 0 Ay
0 I, 0 (1+o0r)D5g Awy,

(5.25)

For simplicity, let B(oy) = By + oxT}.
However, the matrix B(oy) never needs to be factorized and equation (5.25) will never
be solved explicitly in order to find Avy. Instead, an equivalent equation could be obtained

by multiplying the following Lj to both sides of equation (5.25).
L, 0 —2JI'D;? 0
0 I, 2D;' —2D!
0 0 I, 0

0 0 0 I,

which gives the following equivalent unsymmetric system

Hy+oul, 0 —(1+204)J7 0 Ay g5 — Ty
0 ol (L4 200)1, —(1+4+204)1, Asy, Yk — W
J —I, (1+o0k)Dp 0 Ay, —Dp(m" — yp)
0 I, 0 (14 0x)Dp Awy, —Dy(m" — wy)

(5.26)

Equation (5.26) can be symmetrized by “transferring” the factor —(1 + 20y) into Ay, and
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Awy,, which gives the following equivalent symmetric system:

ﬁk + o1, 0 Jg 0 Axy, gk — ngk
0 oply, —1, I, As —w
k k _ Yk k ’ (5.27)
Jk _[m —d’kDp 0 —A@\k —Dp(ﬂ'P — yk)
0 [m 0 —d’kDB —Aﬁ)\k —DB(ﬂ'B — U)k>

where 6, = (1 + o1)/(1 + 20%), Ayr = (1 + 20%)Ayx, and Awy, = (1 + 204) Awg. Denote
further that the KKT matrix in (5.27) to be N (o). Equation (5.27) is a symmetric and
well-scaled system where —d, D, and —d, Dy can be regarded as a regularization on N (o).

In fact, (5.27) can be solved in an equivalent equations in a smaller size by using the

block elimination, which gives the following equations

AWy, = (Iy + 0161 D5) " (0x Dp (7" — wi,) + AGr — wi + yi)

(5.28)
ASk = DB(ﬂ'B — wk) — OA'kDBAﬁJ\k,
where Az, and Ay, satisfy the equations
Hy + oy, —Ji Axy, 9k — T Y
=— , (5.29)
Jk OA—k’<DP+DB) A@\k Ty
where in equation (5.29), the following auxiliary variables are defined.
Dy =Dy (I, + 0x64Ds)”"
Ny =61 Dp(04 D (" = wi) = wi + y) = Di(n” — wi) = Do(w” — ),
An equivalent symmetric system of equation (5.29) is given by
=— : (5.30)
Jk —OA']C(DP—FDB) —Aj/g\k 77y

Denote the KKT matrix in (5.30) to be K(oy). Then equation (5.30) together with (5.28)

are the only linear systems that we indeed solve. After Ay, and Awy is obtained, then we
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can compute Ay and Aw using the following equations
A@\k = (1 + 20k)Ayk7 and Aﬁ)\k = (1 + 20'k)A’UJk

Instead of solving equation (5.25), which is in the (n + 3m) dimensional space, we can solve
the equivalent symmetric KKT system (5.30) in a smaller space of dimension (n+m). Thus
certain numerical benefits could be obtained.

Another advantage is that when the trust-region subproblem is solved, B(oy) is re-
quired to be positive semidefinite, and fortunately, the inertia of B(oy) can be deduced from
the inertia of K(o%). The inertia relations of In(B(oy)), In(N (o)) and In(K (o)) can be

formally stated in the following Lemma 5.3.4.

Lemma 5.3.4. Let B(oy), N(oy) and K (oy) be the KKT matrices defined in equation (5.23),
(5.27), and (5.30). Denote the auiliary Hy, to be Hy = Hy, + oI, + él—kJ,?(Dp + Dy) V.

Then the following inertia relations hold:

In(B(0})) = (3m,0,0) + In(H},)
In(N(oy)) = (m,2m,0) + In(Hy)

In(K (ox)) = (0,m,0) + In(Hy).

Proof. As B(oy), N(ox) and K (o) are all symmetric, the proof can be done by repeatedly
using the Schur complement to deduce the inertia of each of them. From equation (5.30),

K(oy) is defined as

because Dy + D 5 1s a positive diagonal matrix and 75 > 0, computing the Schur complement
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of the (2,2) block gives
~ 1 ~
(K (o) = Om,0) 10 (Aot ouly + LI (D, 4D,
k
— (0.m,0) + In(Fy),

where Hy, = Hy, + 011, + 2 JT(Dy + Dy) U

The same argument can be applied to obtain the inertia of N(oy), which is defined

as follows
Hy,+ol, 0 JT 0
0 Uklm _Im ]m
N(ox) =
Iy —1,, —oiLDp 0

As D, and Dy are positive diagonal matrices and 65 > 0, the inertia of N(oy) can be

obtained by computing the Schur complement, which gives
Hy, + oil, + L JED T, —1 JID
In(N(oy)) = (0,2m,0) + In
—&LkDIZle ol + %(D;l + Dgl)
N 1 R
= (m,2m,0) + In (Hk + o1, + é—JZ(DP + DB)‘1Jk>
k

= (m,2m,0) + In(Hy).

Since o1, + Uik(D;1 + D) is a positive definite diagonal matrix, computing its Schur
complement gives the second equation.

The last part is done using the exactly same argument to obtain the inertia of B(oy),
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which is defined by

Hy, +2J' DV Iy + oy 1, —2JT D! JT 0
Bloy) = —2D; 2(D;Y + DY) + op L —I I,
Jk I, (1+01)Dp 0

0 1, 0 (1+04)Dy

Since D, and Dy are positive diagonal matrices and 65 > 0, the inertia of B(oy) can be
obtained by computing its Schur complement, which gives
Hy, +oxl, + L JED T, —LJID;?

In(B(og)) = (2m,0,0) + In
—5 Dyl J; ol + (D' + DY)

~ 1 ~
= (3m,0,0) + In (Hk + ol + A—JE(DP + DB)_ljkr)
Ok
= (3m,0,0) +In(ﬁk).

Then the conclusions follow immediately. O

Lemma 5.3.4 is useful in that there is no need to factorize B(c;) € R(+3m)x(n+3m)
in order to check if it is positive semidefinite, which is required when solving the trust-
region subproblem. We only need to factorize K (o}) € R >*(+m) wwhen solving the linear
equation (5.30) and the inertia of B(oy) can be obtained as a byproduct.

The practical way for computing the inertia of K (o)) can be done by doing LDLT
decomposition on K (0}), i.e., PTK(0y)PT = LDL", and the number of negative eigenvalues
of K(oy) is the number of 2 x 2 blocks and negative 1 x 1 blocks of D. If K(o}) has more
than m negative eigenvalues, which means that B(oy) is not positive semidefinite, then oy
needs to be increased and K'(oy) needs to be refactorized and the linear equation (5.30) be
solved again.

Algorithm 5.2 gives a complete description of the inner iteration of PDPB, corre-

sponding to Step 16 to Step 17 of Algorithm 5.1, which applies a combined trust-region
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line-search method to minimize the merit function.

Algorithm 5.2 A Primal-Dual Path-following Shifted Penalty-Barrier Method (Inner)

1: while ||Fy|| > | Fi_1|| do

2:

3:

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

21:

22:

Find an approximate solution Awy of the trust-region subproblem (5.21);
Set initial step ay < 1;
while s;, + pje + apAsi > 0 or wy, + apAwy, > 0 fails do > Ensure feasibility
Q= Vs Ok
end while
pr. = (M(vp + o dvg) — M(vr))/ Qy; (o Avy);
if pr > ns then
Vg1 Vg + o Ay
Sgi1 ¢ Mmax (Sk+1, Cer1 — M (Y7 + %(wk+1 — ka))); > Reset slack variables
if pr > n. then
Ok < max (Velk, Ye|lawAvi||1.);
end if
else > Line search along Awvy
Br < 1
while (M (vy, + arfBrAvy) — M(vr))/Q; (arBrAvy) < ns do
B < VsPk:
end while

U1 < Uk + 0 B Avg;

Skl ¢ Max (Sk+1, i1 — g (UE + 5 (W1 — yk+1))); > Reset slack variables
Choose 0y, € [||arBrAvk|r, , V|| o Br Avk |1, ]; > Adjust trust-region radius
end if

23: end while
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In Algorithm 5.2, Step 3 to Step 6 enforces that s; + pfe > 0 and wy > 0 for all k.

If either condition is violated, a line search is needed to find the step a4, that satisfies

Sk + ppe + agAsg >0
(5.31)

wy + apAwg, > 0.

As si and wy, are column vectors, the condition (5.31) is easier to implement than finding
ay, such that c(zy + apAxy) > 0, since many unnecessary infeasible constraint evaluations
may be needed. This is another advantage of introducing the slack variable s.

In Step 7, the model Q, (py) = g,{pk—i-% min (0, p! Hy.py,) is used to enforce the Armijo-

type condition, where 7, € (0, 1),

M(v, + o Avg) — M(vk) < nsQy (apAuy), (5.32)

which is the same condition that has been used in Algorithm 4.2.
If apAvy, gives a sufficient decrease on M(z,s,y,w), then vy = vp + o Avg is
accepted as the next iterate. Otherwise, an Armijo-type line search is used to find S € (0,1)

such that the Armijo condition
M (v + . Avg) < M(vg) + 159, (o B Avg ),

is satisfied. The existence of such Sy has been proved in Lemma 5.4.2. Thus ay[;Avy gives

a sufficient decrease on M. Also, the next trust-region radius is adjusted by

Or € [||awBrAv| |1, v||owBeAvi|| 1, ] 5

which is based on the previous line-search step. This strategy for updating the trust-region
radius is the same as the one used by Gill and Gertz (see Algorithm 4.2).
Finally, in Step 10 and Step 20 of Algorithm 5.2, the slack reset whenever the primal-

dual pair v, is updated is given by

Sk+1 < mMax (3k+17 Crr1 — My Yy, + %(wkﬂ - yk+1))) .

96



This slack reset is especially useful to handle problems that are locally infeasible which is a

challenge for nonconvex optimization problems. This result is summarized in Theorem 5.4.7.

Meanwhile, for inner iterations, we also tried applying the conventional trust-region

method to minimize M(x,s,y,w), as is shown in Algorithm 5.3. The difference between

these two methods is that in Algorithm 5.3, once a; Av,, fails to yield a sufficient decrease

on M (Step 8, Algorithm 5.3), then trust-region radius Jj, is reduced and the trust-region

subproblem is solved again until a sufficient decrease could be obtained.

Algorithm 5.3 A Primal-Dual Path-following Shifted Penalty-Barrier Method (Inner)

1: while [|Fy|| > 11| Fi_i|| do

2:

3:

10:

11:

12:

13:

14:

15:

16:

Solve the trust-region subproblem (5.21) approximately to find a direction Awvy;
Set initial step ay < 1;
while s;, 4+ pfe + apAsi > 0 or wy, + apAwy > 0 fails do > Ensure feasibility
Qp < Vs
end while
pr = (M(v + apAuvg) — M(vp))/ Q. (axAug);
if p, > ns then
Vg1 < U + o Auy;
Skl ¢ Max (skH, Chr1 — My (yf + %(wk+1 — ka))); > Reset s,
if p, > n. then
Ok 4= max (Yedy, Vel [ Av|7,);
end if
else
O < Yelk; > Reduce trust-region radius

end if

17: end while
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It is worthwhile to note that each time vy, is updated, the slack variable s; needs to be
reset (Step 9, Step 16 in Algorithm 5.2, and Step 10 in Algorithm 5.3) as well for efficiency.
The same slack-variable reset strategy has been used by Gill et al. [24]. This slack reset

implies that

ot — Skr1 < iy, (W + 3 (Wit — Yrg1)) (5.33)

which ensures that any limit point (z*,s*) of (zy, sy) satisfies c(2*) — s* < 0if {y;};, and
{Wk41 — Yps1 } k>0 are bounded and f; converging to 0, which is suitable to handle the locally
infeasible problem. Lemma 5.3.5 below shows that the slack reset will not lead to an increase

for the merit function M(z, s, y, w).

Lemma 5.3.5. Define 5, = cpy1 — pf, (y,f + %(wkﬂ — yk+1)), then the slack reset sy 1 in
Step 20 of Algorithm 5.2, defined as sk+1 = max (Sgr1, Sk) will not lead to an increase in the

merit function M(z, s,y,w). O

Proof. Since the slack reset procedure has the effect of possibly increasing the value of some
of its components, which means the term — > | p®w? In(w;(s;+p%)?) in M will not increase

(see the definition of M in (5.15)). Denote the rest part of M by M, ie.,

—

M(x7s7yaw;yanE7,uP7,uB) = f($) - (C - S)TyE
1 1 m
gl 8P+ g le— s+ 7y~ P+ 3w+ ),

i=1

Then it holds that

o~

Ve, 5,9, w) = 4 +w + %(2@ (@) — iy — )

—~

2
VsM(z,5,y,w) = P > 0.
Thus setting Vsﬂ/l\(x, s,y,w) = 0 gives

§=c(x) = p"(y" + 3(y —w)).
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Also M is strictly convex with respect to s, so 5§ minimizes M\(x, s,y,w). Thus after
(k1 Sk+1, Yk+1, Wer1) 1S obtained, and for fixed py,yy in inner iteration, a further slack

reset S, = Cpp1 — [y (y,’f + %(wkﬂ — yk+1) will not lead to an increase in M. O

Example 5.3.1. Consider problem HS22 that has been used in Example 5.2.1. The proposed
primal-dual path-following shifted penalty-barrier method has been used to solve this problem

again and the trajectories are shown in Figure 5.4 corresponding to different starting points.

¢

ory from the feasible starting point (-1,-1) to solution (1,1
= 4 oLl

@

.

-2 -1 0 1 2
x1 X

-1 0
1

(a) xg = (—3,2) (b) zp = (—1,-1)

Path-following trajectory from the feasible starting point (3,5) to solution (1,1

5 pe-t-2A1 10 OWII ¥ Path-following trajectory from the feasible starting point (0,1) to solution (1,1
3 2 =

5 !
% 7

&
o
Xo
~
w
&
o
Xo
~
w

(c) zo = (3,5) (d) 2o = (0,1)

Figure 5.4: Different Path-Following Trajectories Starting From Either Feasible or Infeasible Points.

The first three graphs in Figure 5.4 show path-following trajectories associated with
infeasible starting points and the last one shows the trajectory with a feasible starting point.

Initially, the merit function M(x,s,y, w;yg, we, iy, pb) 15 minimized to drive the iterates
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into some neighborhood of x*, then the iterates are Newton iterates in the limit and inner

iterations are no longer needed. [

5.4 Convergence Analysis

In this section, convergence results are presented for the proposed primal-dual path-
following shifted penalty-barrier method. First, a convergence analysis of the inner iteration
Algorithm 5.2 are discussed. Lemma 5.4.1 from Moré and Sorensen [31] is needed to show

that the merit function M is monotonically decreasing.

Lemma 5.4.1. Suppose ®(5) : R — R be twice continuously differentiable on the open
interval I containing the origin, and assume that ns € (0,1). Then there must exist an

B >0 such that
() < @(0) +n. (¥(0)8 + 32(0)5%) ,
for all B € [0, 8] provided that either ®'(0) < 0, or ®'(0) = 0 and ®"(0) < 0.
Proof. See Lemma 2.2 in Moré and Sorensen [31]. O

Lemma 5.4.2. Assume that Algorithm 5.2 generates an infinite sequence, i.e., VM (vg) # 0
for all k > 0, and the sequence {Ik}kzo is contained in a compact set. Assume further that
M is bounded below. If either VME Av, < 0 or VMT Avy = 0 and Avf VM Av, <
mAvE B, Avy, where n; € (0,1), then for any constant oy € (0,1), there must exist an

Br € (0,1), such that By satisfies the Armijo condition
M (i, + o Av) — M(v) < 15Qy (anBrAvy),
corresponding to Step 16 in Algorithm 5.2. O

Proof. Define ®(3) = M (vg + axSAv), which is twice continuously differentiable. Then the
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first and second derivative of ®(/3) at zero is given by
d'(0) = ay VM Auy,
"(0) = af Avi VEM,, Ay,

where VM, = VM (v) and VZM,, = VZM (vy,). Since Awy, is the solution of the trust region
subproblem, which satisfies the positive semidefinite system (By+o Ty ) Avy = —V. M. Thus
it holds that

(I)/(O) = OékVMZAUk = —akAv,?(Bk + Uka)AUk S 0.

If By + 04T} is positive definite, then for any Av, # 0, ®’(0) < 0. Otherwise, for
positive semidefinite By + 0,1}, and Avy satisfying Av,?f(BlC + 03 Ty) Av,, = 0, it must hold
that ®'(0) =0, i.e.,

Av,{BkAvk = —JkAv,{TkAvk < 0.

According to the assumption Av} VZM; Avy, < ny Avl By Ay, it holds that
" (0) = ai Avi VM Avy, < ma; Avi BrAvy, < 0.
According to Lemma 5.4.1, it holds that
®(B) < (0) + 1 (¥'(0)8 + 52"(0)57) ,
which is equivalent to
M(vp + apfr ) — M(vy) < 1sQy (arfBrldug),
which completes the proof. O

According to Lemma 5.4.1 and Lemma 5.4.2, it has been shown that the sequence of
iterates {vy },>, satisfies M(vgy1) < M(vy) for all k. The next theorem gives the properties
of the primal-dual pairs of the iterates generated by Algorithm 5.2, which provides a complete

description of the properties of the merit function M(x, s,y, w; y”, w”, u”, u”) for fixed pair
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(y”,w”, p”, u”). This proof is similar to the proof of Lemma 3.2 in Gill et al. [20].

Theorem 5.4.3. Assume that f(z),c(z) are twice continuously differentiable, {xy},~, are
contained in a compact set. Then the iterates {Uk}kzo generated by Algorithm 5.2 satisfies

the following properties, where (y”, w”, u”, n”) are all fized,
o the sequence {s}, {ck — sk}, {yr}, {wr} are uniformly bounded,
o for alli, it holds that iminfy>o[s, + p”e]; > 0 and lim infy>owy]; > 0. O

Proof. To simplify the notation, denote ¢, = c(z), fr = f(zx) and My = M(vy). First
prove the sequence {sj} are uniformly bounded. Suppose not, since s; + p”e > 0 by con-

struction for all k, then there must exist a subsequence §, and a component i, such that
}cing[sk]i =00, and [sg]; > [sx]; for all j,
€

Using the assumptions that {:L‘k}kzo are contained in a compact set and f is continu-
ous, it must hold that {fi},.s are bounded below and {(ck — sk)TyE}kes cannot go to
—oo faster than {|[s||},cg- Also {2,%1’”61% — skH?} 7 +00 in the same rate as ||sy||?,
ke
577 [weli([sk)i + “B)}kes are bounded below, and {2%13”0/6 — s+ p"(yp — yE)||}k < are
€
bounded below by 0. If — {>°" | p”w In([wg]s([sk]i + 1£”))} s is bounded below, then there
must exist §; € S and a component j satisfying
li Byl . _
Lim [sy, + p”elslwil; = +oo,

(5.34)
[sk + pPeljlwil; > [sk + pPe]e[wy]e for all £ and k€ S;.

These limits imply that {d 7" [wg]i([skli + 1”)},cs, converges to +oo faster than the se-
quence {— > 7" pPwf In([wg]i([sk]i + 7)) },es, converges to —oo. Then it must follow that
limges My = 400, which contradicts Lemma 5.4.2. Tt follows that the sequence {s;} is
uniformly bounded.

It can also be shown by contradiction that {y;} are uniformly bounded. If this were
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not the case, then there must exist a subsequence S and a component ¢ such that
lim [[yi| = +oo, and |[yeli] = [[y];| forall j,

For k € S, the sequence {fi}, {(cx — sk)Ty"}, {Q%PHCIc — skH2} are uniformly bounded,
{Q%PH% — sk + " (yp — yE)||2}k€S converges to +oo at the rate of [y.]? since {si} is uni-

formly bounded. The sequence {—> 7", p"wf In([sg]; + 1”) is uniformly bounded below

tres
because w” > 0, and {> ", [wi]i([sk]i + 1”)},cg is bounded below by zero trivially, thus if
{—=>20 pPw In(fwi]i([sk]s + 7)) }.cs is bounded below, then it follows that limyes My, =
+00, which contradicts Lemma 5.4.2. Thus {—> " p"w/ In([wei([se]i + p”))},cg must
converge to —oo, so condition (5.34) is satisfied for some subsequence &; € S and a com-
ponent j. Then for k € S; and this j, it holds that {> ", [wi]i([sk]i + 1”)}, s, converges
to +oo faster than the sequence {— > ", pPw! In([wili([skli + 1)) },cs, converging to —oo,
which contradicts Lemma 5.4.2 again. So {y;} must be uniformly bounded.

Next we show that {wy} is uniformly bounded. If not there must exist a subsequence

S and a component i such that

Elgl[wk‘]i = +oo, and [wy]; > [wy]; forall j, (5.35)
€

It follows that there must exist S; € S and J C {1,2,...,m} satisfying the condition

%irg [wy]; = +o0 forall jeJ, and {[wi];:j¢ T, ke S} is bounded.
€01

As {s;} and {yx} are uniformly bounded, then for k € S, the sequence { fi.}, {(cx — sx)"y"},
{m%Hck — skHQ}, and {Q%PHC;g — sk + 1" (yx — yE)||2} are bounded. Then from condition
(5.35), it follows that {—>"" | p”w/ In(([sk]i + p*)*[wki) },cs is asymptotically bounded be-

low by {— 7", p*wf In([wi];)}, s Thus it must hold that

[wi];([sk]; + %) = O(In([wy];)) for all j e {1,2,...,m}, (5.36)

otherwise limges My = 400, which contradicts Lemma 5.4.2. It follows from (5.36) that
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there must exist a constant x; > 0 such that

K1 1n([wk]z‘)>

il + ) < In (2P

= In(x1) + In(In([wk];)) — In(we];),

for all 1 < j < m and k sufficient large. Define a = [w”|;/4||w”||; > 0, which is well-defined

because w” > 0 by construction. Then it holds that
2In(In([uwels)) — In(fuw;) < o n(fw,), (5.37)
for all j € J and sufficient large k € §;. Then there exist positive constants ks, k3 satisfying
— 2’”: pPwf In (([si]; + %) fwels) > =Ko — p” Z w; (2In([s]; + p”) + In([w];))
i=1 jET

> —hy — p® > w? (2In(k1) + 2n(In(fuwg]:) — n(fuw];))
JjeT

> —ry — p” Yy wi (2In(n([wgl)) — ([wi];))
jed

> —k3 — p w; (2In(In([wy];)) — In([wy);)) -

Combining these values with condition (5.37) gives

— Z,quf In (([sk)i + 1”)?w);)

i=1

> —y — p"wf (2In(In([wi]) — n(fwis)) = > wf (2In(n([we;)) — In([wy];))
JET jF#i

> —ry = p"wf (2In(n([wli)) = W([wi) = Y wialn(w;)
JET gF1

> —rg — prw; (2In(In(fwel;)) — n(fwrls)) = p"an(fwg]:)|[w"],

(5.38)
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holds for sufficiently large k € &;. Condition (5.38) together with condition (5.37) gives
— 1
=3 i (sl ) 2 s+ S (), (539
i=1

which implies that

lim (— Z p wf In (([sk): + ,uB)Q[wk]i)> = 400. (5.40)

k€S —
It follows immediately that limges, My = +o00, which contradicts Lemma 5.4.2. Thus it
must hold that {wy} is bounded.

Based on the results of part 1, part 2 can also be established by contradiction in a sim-
ilar argument. As before, for all k € S, the sequence {fi}, {(cx — s1)Ty"}, {Z%PHCIC - skHz},
{QI%PHCIC — sk + 1" (yp — yE)Hz}, and {> 1" [wgli([s];: + 1”)} are all bounded. If it holds that
lim infges[sk+p”el; = 0 for some subset S and some component 4, then condition (5.40) holds,
so limyes, My, = 400, which contradicts to Lemma 5.4.2. Thus liminf;>q[s, + p”e]; > 0 for

all 4. Similarly, it holds that lim inf;>q[wy]; > 0 for all 7. O

Based on Theorem 5.4.3, we can further prove the following Theorem 5.4.4, which is

used for the proof in the main convergence result of Theorem 5.4.5.

Theorem 5.4.4. Assume all the assumption in Theorem 5.4.3 holds, then the iterates
{Uk}kzo generated by Algorithm 5.2 further satisfies the following properties, where the pair

(y”, w?, u”, u?) are all fized,
o {1}, {Wf}, and {NVM(v)} are uniformly bounded,
o there must ezist a scalar My, satisfying M(vy) > Moy > —00 for all k. O

Proof. To show part 1, by the definition of n; = 7" (zg, sk) = y* — (cx — sx)/p”, it is
immediate that {7} are uniformly bounded since {c; — s} are uniformly bounded and
y”, u” are fixed. Similarly, 78 = 78 (sy) = p”(Sk + p”I)~'w®, since liminfy>q[s, + pel; > 0

for all 4, {s;} are uniformly bounded, and w”, u” are fixed, {Wf} are uniformly bounded.
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Finally, the uniform boundedness of {VM(v;)} immediately follows based on the uniform
boundedness of {si}, {cx — sk}, {yr}, {wr}, {7f}, {7F} from its definition in (5.22).

For part 2, it can be shown that each term in the merit function M are bounded
below. {fi} are uniformly bounded below by the continuity of f(x) and {z}} are contained
in compact set. {(ck — s,)"y”} are bounded since {cj, — s;} are uniformly bounded and y*
are fixed. The two penalty terms {Q%PHCk — sk||2}, and {2}+P||ck — sk + p" (yx — yE)||2} are
nonnegative, trivially bounded below by 0. {— 3" | p”w? In(([s]; + #”)?*[wg];)} is uniformly
bounded below since liminfg>o[sk + p”¢el; > 0 for all i, {wy} are uniformly bounded and
p?,w” are fixed. The last part {> " [wi]i([sk]; + 1”)} are nonnegative since wy, > 0 by

construction for all k. O

Based on Theorem 5.4.3 and Theorem 5.4.4, the next theorem provides the main

convergence result of inner iteration.

Theorem 5.4.5. Suppose all the assumptions in Theorem 5.4.3 hold, then the sequence

{0k }ys0 generated by Algorithm 5.2 satisfies limy,_,o.o VM (vg) = 0. O

Proof. The proof is by contradiction. Denote M(v) to be Mj. Suppose there exists a
constant ¢ > 0 and a subsequence S such that |[VMy|| > € for all £ € S. Then it
follows from Theorem 5.4.3 and Theorem 5.4.4 that limges My = My, > —oo. Then by
Lemma 5.4.2, the Armijo condition (Step 16, Algorithm 5.2) is satisfied for all k¥ € S. Then
it must hold that

lim ap VM} Av, = 0, (5.41)

k—o0

which further implies that limges ap = 0. This implies that there must exist a subsequence

S; € S and a component ¢, such that for all k € S, either

1
[Sk + OékASk]i + /LB > 0, and [Sk + —OékASk]i + ,MB < O, (542)

s
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where 75 € (0,1) is the line-search factor in Algorithm 5.2, or

1
[wi + apAwg]; > 0, and [wy, + —apAwy]; < 0. (5.43)

Vs

Without loss of generality, suppose condition (5.43) holds. Then there must exist some £ > 0

such that
1 1
€ < Wgy1 = Wi, + apAwy, = wy, + —apAwy, — —a Awy, + o Awy, (544)
for some sufficiently large k. So it must hold that
1 1 1
wy + —apAwy, > € + —apAwy, — o Awy, = € + O./kAwk(— — 1) > 0, (545)
s Vs Vs
which contradicts to condition (5.43), thus it must hold that limg_,o, VM (vy) = 0. O

So far the convergence analysis of the inner iterations has been established, but the
adjustment of the pair (y”, w”, ", 1”) must be done carefully in the outer iteration to enforce
a strong convergence property. To distinguish between the outer and inner iterations, it is

convenient to define

O = {k : iteration k is an outer iteration (O-iteration)}

F = {k : iteration k is an inner iteration (F-iteration)}.

First, Theorem 5.4.6 shows that any limit point of an infinite sequence of O iterations

must be CAKKT point (see Definition 2.1.11).

Theorem 5.4.6. Suppose all the assumptions in Theorem 5.4.3 hold. If |O] = oo, then

there exists a limit point (x*,s*) of the sequence {(Tp41, Sk41)}reo and any such point must

be a CAKKT point. O

Proof. By the assumption that {x}, ., are contained in a compact set, then there must exist
a subsequence K C O and one limit point of {@}}, ., denoted by z*. By the continuity of

c(x), it follows that limgex c(xg) = c(x*). As |O| = 0o, according to Step 7 of Algorithm 5.1,
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it must hold that limyex || Fi|| = 0. Then it follows that limgex(c(zx) — sx) = 0 since yf = yi
is updated infinitely many often. Define s* = c(z*), it follows that {s}, . — limpex c(xx) =
c(x*) = s*, which implies that ¢(z*) — s* = 0. For all ¢ € {1,2,...,m}, define the following

two sets:
Q1 = {k: [q1(v)]i < lga(vr, p)]i} Q2 = {k : [q2(vr, p1)]i < [qn(vr)]i}

where the definition of ¢ (vx) and go (v, 1y ) can be referred in equation (5.14). If KN Q| =
oo, then it follows from {Kcomp(Vk, U5 ) }rexe — O that [s*]; = limpexno, [sk)s > 0. Similarly, if
[N Q| = o0, then

il P —— Bol. >
57 = i, el = i on ¥ kel 2.0,

from the definition of Qy. Then it is immediate that [s*]; > 0 as claimed. Thus (z*, s*) must
be feasible.

It remains to show that (z*,s*) must be a CAKKT point. Consider the sequence
{@k, 5k, Y, Wi} e Where 5, = 55, if k€ @ and 5 = s + ppe if k € Qp. If |ON Qs < o0,
since limgex s, = %, it follows that limpex {[5k)i}ree — [57]i- However, if [O N Qp] = oo,
since limgex Keomp(Uk, p4f) = 0, then by the definition of Q,, it is immediate that {p;} — 0,
giving limpex {[5k)i }ec — [5%]i for all i € {1,2,...,m}. Thus limyex 5, = s*.

Then it can be shown that {xy, 5k, Yk, wk}kelc satisfies the definition of CAKKT point
defined in (2.1). It follows from the previous argument that limgex ||F'(vx)|| = 0, which
implies that limgex (g — J yx) = 0 and limgexc (yr, —wy,) = 0. Step 4 in Algorithm 5.2 implies
that wy, > 0 for all k, thus limgec wr > 0. Finally, if [N Q1] = oo, then the definition of
Sk, ¢i(vx) and limgeg Keomp (Vk, 1) = 0 imply that limyexcno, [y - Sk); = 0 for all 4. A similar
argument yields that limgexno, [wy - Sk]; = 0. Thus these two cases lead to the conclusion

that limgex wy - 5, = 0, which implies that (z*, s*) must be a CAKKT point. ]

Then the next theorems will show that if |O| < oo, then all limit points of the set of

F-iterations are infeasible stationary points, which is defined below.
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Definition 5.4.1 (Infeasible stationary point). The pair (z*,s*) is called an infeasible sta-

tionary point if c(x*) — s* # 0 and the following optimality conditions hold

where J(x*) represents the Jacobi of c(x) at x*. O

Theorem 5.4.7. Suppose all the assumptions in Theorem 5.4.3 hold. If |O] < oo, then
there must exist at least one limit point (x*, ) of {(xk, sk)}per, and any such limit point is

an infeasible stationary point defined in Definition 5.4.1. ]

Proof. First, it is shown that {s;},.» is bounded. If this were not the case, then there must
exist a subsequence K C F and a component ¢ for which limgex[si]; = +00. Since {wy},
are bounded and {yf}, ;- > 0 are monotonically decreasing, it follows that limyexc[mf]; = 0
by the definition of 72 in equation (5.16). A similar argument gives that limyex[nl]; = 0.
However, the boundedness of {y;} and the assumption that limgex[sx]; = 400 imply that
limgexc[c(zk)]i = 400 which is impossible since {x;} are assumed to be in a compact set and
c(x) is continuous. Thus {s;},. must be bounded.

The boundedness of {s;},.c and the fact that {x;} are contained in a compact
set imply that there must exist a subsequence K C F and a limit point (z*,s*), such
that limgex(zx, Sx) = (2%, s*). It remains to show that (z*,s*) satisfies the conditions in
Definition 5.4.1. Since {y;} are bounded and limyer |yx — wyi| = 0 if |F| = oo, then as

{1} — 0, Lemma 5.3.5 gives that for any k € K, it holds that

c(xrs1) = se < i (W8 + 5 (W1 = Yrsr)) = 0,

which implies that c¢(z*) — s* < 0. If |F| = oo and step 7 in Algorithm 5.1 is satisfied
infinitely many times, then the update pf ; = 1uf forces {uf.} — 0. Since s, + pfe > 0
by construction, thus s* > 0 as claimed.

For a proof of J(z*)T(c(z*) — s*) = 0, notice that the gradient of the merit function
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M must satisfy

lim V, P WP uf U’ = 0.
lim M (Vks1; Yie s W g, 147 )

As |F| = oo and according to Lemma 5.3.1, multiply V.M (vgy1;y7, wi, pur, p) by py gives

that

ger}lc (m’ig(wkﬂ) — J(zp)" (Nliﬂlf—f—l + g (T — yk+1))) =0,

because limgex v, = ™ and limgex g, = 0. Then it holds that

lim (7o) (4E40)) = T (=T (open)T (R — lnan) + si)) = 0.

This limit, together with the fact that the sequence {y/} is bounded, {u;} — 0, and
{(@rs1, S41) bree — (2%, %) imply that J(z*)"(c(a*) — s*) = 0.

Finally, it remains to show that s*- (¢(z*) —s*) = 0. From the preceding argument, it
holds that limgex (7, — 7/,;) = 0. The boundedness of the sequence {1}, (Sp1 + g 1) }pexc

yields the following relation

lim (g pcy; — p (Sheer + i Dy + (S + e d)(elzr1) = $841)) = 0.

Moreover, as limgex sp = s*, {p } — 0 and {y;}, {w;} are bounded. It holds that
}glc(skﬂ + pp D) (c(hi1) — sp41) = 0. (5.46)

Because c¢(z*)—s* # 0, there must exist a component 7, such that [c(z*)—s*]; # 0. Combining
this with the fact that limgex(zg, sx) = (2%, s*) shows that limgex[sk+1]i + 1 = 0. Since
s* > 0, it must hold that {4}, — 0. As {y} is also monotonically decreasing to 0, then

it is immediate from relation (5.46) that s*(c(z*) — s*) = 0 which completes the proof. [

At the end of this section, Theorem 5.4.8 provides the main convergence results for

the outer iteration.

Theorem 5.4.8. Suppose that the assumptions of Theorem 5.4.3 hold. Then one of the

following two results must hold:
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o |O] = oo, then the limit point of {(Tr41, Skr1)}peo €vists, denoted by (x*,s*), which is
a CAKKT point of problem (NIPs). If the Cone-Continuity Property (CCP) holds at

(x*,s%), then (z*,s*) is a KKT point point for problem (NIPs).

e |O] < o0, |F| = co. Then the limit point of {(%y11, Sk+1)}per evists and every such

limit point (z*,s*) is an infeasible stationary point. O

Proof. 1t is clear one of the two cases must occur. If |O| = oo, then according to Theo-
rem 5.4.6, the conclusion immediately follows. The proof of CAKKT point under CCP is
in fact a KKT point can be found in Andreani et al. [1]. Part 2 follows immediately from

Theorem 5.4.7. O

5.5 Acknowledgement

This chapter, in part is currently being prepared for submission for publication of the
material. Su, Fangyao; Gill, Philip E. The dissertation author was the primary investigator

and author of this material.

111



Chapter 6

Numerical Implementations

In this chapter, numerical results of the proposed primal-dual path-following aug-
mented Lagrangian method for (NEP) in Chapter 3, and the proposed primal-dual path-
following shifted penalty-barrier method for (NIP) in Chapter 5 are presented. In optimiza-
tion society, CUTEst test collection is commonly used to provide a fair comparison of the
optimization algorithms. It stands for Constrained and Unconstrained Testing Environment,
previously called CUTEr, which contains a set of test problems for both linear and nonlinear,
constrained and unconstrained optimization problems (see Gould, Orban and Toint [28, 29]).
The implementation of the proposed algorithms was done in MATLAB R2015ASP1 and run
on the 2014 MacbookPro with 8 GB 1600 MHz processor.

Although each problem in CUTEst has its own individual form, the most general

format can be described as

minimize f(x)

subject to ¢ < c(x) < ey, ap < Ar < a,, 1z, <z< 1Y,

where f(x) is the objective function, A € R™*" and ¢, < ¢, a; < ay, ¢ < x, are constant
vectors that represent the lower and upper bounds of nonlinear constraints, linear constraints

and the primal variables respectively.
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Section 6.1 concerns the primal-dual path-following augmented Lagrangian method
proposed in Chapter 3. The numerical results of the primal-dual path-following shifted
penalty-barrier method proposed in Chapter 5 are given in Section 6.2. Both conventional
trust-region method and a combined trust-region line-search method have been applied for
minimizing the merit function and their performance are compared. It has been shown
that the combined trust-region line-search method generally requires fewer matrix factoriza-
tions and fewer iterations compared with the conventional trust-region method, which brings
numerical benefits for minimizing the shifted penalty-barrier function.

Table 6.1 defines the headings and their meanings for all numerical tables in this

chapter.
Table 6.1: Definition of the Headings
Heading | Meaning
prob Problem name in CUTEst
m Number of constraints
n Number of primal variables
Opt-f(x) | Optimal value of objective function
Opt-First | Norm of first order optimality
Opt-Stny | Norm of stationarity, i.e., ||g(z*) — J(z*)Ty*||
l|e(x*)]] Norm of constraint violations
OItr Number of outer iterations
FItr Number of inner iterations
CPU(s) Required CPU time (in seconds)
Conv Exit code:
1: Optimal solution found
0: Failure due to iteration limit reached
2: Converge to an infeasible stationary point
3: Failure due to time limit reached (10800 seconds)
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6.1 Numerical Results of Primal-Dual Path-Following
Augmented Lagrangian Method

This section provides the numerical results of the primal-dual path-following aug-
mented Lagrangian method (PDAL) described in Chapter 3. Problems from CUTEst in

all-equality form are tested, i.e., in the form (NEP):

minimize f(xz) subject to c(x) = 0. (NEP)

zeR™

The proposed algorithm has both “outer” and “inner” iterations, defined by “Oltr”
and “FItr” in the table. In the outer iteration, the penalty parameter and multipliers
estimate are updated, and the optimality conditions are tested. In the inner iteration,
the merit function M (x,y;yy, p) defined in (3.17) is minimized, and the penalty parameter
is allowed to increase sometimes for numerical benefits.

The default parameters are listed in Table 6.2. The specific meaning of each parameter
can be referred to Algorithm 3.3 and Algorithm 3.4 in Chapter 3.

Table 6.2: Default parameters used in PDAL

Parameter | value || Parameter | value
Qg 0.1 Es le-7
O 0.2 Ye 0.5
Ps 0.9 Qg 1.0
s 1.0e-2 o 0.1
Zo prob.x MaxIItn 10
Inf le+1b MaxItn 1500

All together, 73 out of the 74 tested problems are solved successfully with the optimal

solution found. The only failure is MSS2, which most existing software finds hard to solve.
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Table 6.3: Numerical Results of PDAL

Prob m n Opt-f (%) Opt-Stny [le(z*)]| 0Itr | FItr CPU(s) | Conv
ARGTRIG | 200 200 0.00000e+00 | 5.49084e-10 | 1.41947e-10 5 0| 0.229810 1
BT1 1 2 || -1.00000e+00 | 2.84217e-14 | 1.95399e-14 9 14 | 0.324616 1
BT2 1 3 3.25682e-02 | 2.75224e-09 | 1.46824e-09 12 01]0.067248 1
BT3 3 5 4.09302e+00 | 8.88178e-16 | 6.75581e-08 0 | 0.042930 1
BT4 2 3 || —4.55105e+01 | 6.99231e-09 | 4.80356e-15 9 11 1 0.476788 1
BT5 2 3 9.61715e+02 | 5.88132e-08 | 1.58882e-14 10 10 | 0.247276 1
BT6 2 5 2.77045e-01 | 3.41272e-08 | 1.00357e-13 12 3| 0.057052 1
BT7 3 5 3.06499e+02 | 7.82834e-08 | 8.88178e-16 42 | 118 | 0.435378 1
BT8 2 5 1.00000e+00 | 9.13233e-08 | 9.97801e-08 13 0| 0.011517 1
BT9 2 4 || -1.00000e+00 | 1.46397e-08 | 2.43629e-10 10 0] 0.008416 1
BT10 2 2 || -1.00000e+00 | 1.17402e-11 | 7.23266e-15 8 0|0.011576 1
BT11 3 5 8.24891e-01 | 4.89242e-09 | 1.58955e-11 7 11]0.013968 1
BT12 3 5 6.18812e+00 | 7.86596e-11 | 1.52906e-12 6 01]0.006814 1
BOOTH 2 2 0.00000e+00 | 1.22277e-08 | 1.56796e-09 4 0|0.067839 1
BROWNALE | 200 200 0.00000e+00 | 4.00449e-09 | 3.83438e-11 7 0 | 0.283986 1
BYRDSPHR 2 3 || -4.68330e+00 | 8.03247e-09 | 2.17039e-08 7 20 | 0.348069 1
CHANDHEQ | 100 100 0.00000e+00 | 8.83994e-08 | 1.18458e-08 15 0| 0.283138 1
CHANDHEU | 500 500 0.00000e+00 | 8.99585e-08 | 2.65607e-08 15 6.880703 1
CLUSTER 2 2 0.00000e+00 | 3.33714e-12 | 1.52494e-11 9 0.010396 1
CUBENE 2 2 0.00000e+00 | 8.30210e-09 | 2.54709e-10 0.079753 1
EIGMAXB | 101 101 || -9.67435e-04 | 5.00775e-10 | 2.12520e-15 13 60 | 0.717963 1
EIGMAXC | 202 202 || -1.00000e+00 | 1.09871e-08 | 6.63260e-15 9 10 | 0.863621 1
EIGMINB 101 101 9.67435e-04 | 1.01473e-11 | 1.83735e-15 14 63 | 0.732214 1
EIGMINC | 202 202 1.00000e+00 | 9.21129e-09 | 5.04252e-14 9 10 | 0.805016 1
GENHS28 10 9.27174e-01 | 2.22045e-16 | 3.68100e-08 4 0| 0.012480 1
GOTTFR 2 0.00000e+00 | 6.26224e-13 | 7.39327e-14 8 11 ] 0.167976 1
HATFLDF 3 3 0.00000e+00 | 3.00428e-13 | 8.21021e-17 11 20 | 0.223787 1
HATFLDG 25 25 0.00000e+00 | 1.87041e-10 | 4.81917e-12 7 10 | 0.123092 1
HEART6 6 6 0.00000e+00 | 3.42552e-18 | 1.23200e-14 40 | 260 | 6.615571 1
HEARTS8 8 8 0.00000e+00 | 9.05655e-15 | 3.33067e-16 12 30 | 0.181248 1
HIMMELBA 2 2 0.00000e+00 | 2.97834e-08 | 1.03777e-08 0| 0.066296 1
HIMMELBC 2 2 0.00000e+00 | 8.08462e-08 | 2.41950e-08 6 10 | 0.135004 1
HIMMELBE 3 3 0.00000e+00 | 8.23424e-10 | 1.81998e-10 01]0.066122 1
HS100LNP 2 7 6.80630e+02 | 1.77636e-15 | 2.84556e-14 20 10 | 0.098372 1
HS111LNP 3 10 || -4.77611e+01 | 6.10558e-08 | 3.05325e-08 10 5| 0.048769 1
HS26 1 3 2.81121e-12 | 1.72766e-08 | 2.35156e-08 20 121 0.022988 1
HS27 1 3 4.00000e-02 | 1.08568e-12 | 5.58442e-14 0.083247 1
HS28 1 0.00000e+00 | 4.43728e-16 | 4.44089e-16 3 0| 0.007645 1
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Table 6.3: Numerical Results of PDAL (continued)

Prob m n Opt-f (x) Opt-Stny [|le(z*)]| OItr | FItr CPU(s) | Conv
HS39 2 4 || -1.00000e+00 | 1.46397e-08 | 2.43629e-10 10 0| 0.037938 1
HS40 3 4 || -2.50000e-01 | 5.93110e-09 | 1.34016e-11 7 21 0.054932 1
HS42 2 4 1.38579e+01 | 1.66859e-09 | 9.03895e-10 6 0| 0.066704 1
HS46 2 5 6.19255e-10 | 8.54932e-08 | 1.39065e-09 18 20 | 1.093597 1
HS47 3 5 1.42212e-12 | 3.78873e-08 | 1.33944e-08 19 0| 0.034106 1
HS48 2 5 0.00000e+00 | 0.00000e+00 | 0.00000e+00 3 0 | 0.005807 1
HS49 2 5 3.62439e-10 | 8.30436e-08 | 4.44089e-16 18 3| 0.026359 1
HS50 3 5 1.51929e-64 | 1.28966e-17 | 6.28037e-16 10 0| 0.009258 1
HS51 3 5 2.33974e-19 | 3.84452e-16 | 2.91421e-10 0| 0.067605 1
HS52 3 5 5.32665e+00 | 8.88178e-16 | 1.47541e-11 0| 0.006888 1
HS53 3 5 4.09302e+00 | 8.88178e-16 | 6.75581e-08 0 | 0.060449 1
HS56 4 7 || -3.45600e+00 | 1.65648e-08 | 3.61299e-14 16 20 | 0.488529 1
HS6 1 2 5.04457e-17 | 7.09842e-09 | 5.90372e-11 210.079973 1
HS60 1 3 5.04457e-17 | 3.25834e-12 | 3.25834e-12 0.088096 1
HS61 2 3 || -1.43646e+02 | 1.13687e-13 | 1.15879e-12 7 10 | 0.148419 1
HS7 1 2 || -1.73205e+00 | 1.33338e-13 | 4.35207e-13 7 0.084446 1
HS77 2 5 2.41505e-01 | 2.22008e-08 | 1.17332e-09 10 210.110051 1
HS78 3 5| -2.91970e+00 | 3.49185e-08 | 3.71582e-12 1] 0.084409 1
HS79 3 5 7.87768e-02 | 1.67192e-09 | 6.57084e-09 0| 0.073266 1
HS8 2 2 || -1.00000e+00 | 7.26249e-11 | 3.70990e-11 10 | 0.110542 1
HS9 1 2 || -5.00000e-01 | 2.76909e-08 | 8.87042e-10 5 210.083123 1
HYDCAR20 | 99 99 0.00000e+00 | 7.13955e-12 | 2.54085e-13 23 | 120 | 1.304093 1
HYDCARG 29 29 0.00000e+00 | 7.57366e-09 | 8.86869e-14 15 80 | 0.489626 1
HYPCIR 2 2 0.00000e+00 | 7.07905e-12 | 4.64338e-11 6 10 | 0.094463 1
INTEGREQ | 500 502 0.00000e+00 | 1.20783e-08 | 1.22638e-07 2.251935 1
MARATOS 1 2 || -1.00000e+00 | 4.19978e-11 | 8.37632e-11 6 0.066108 1
METHANB8 | 31 31 0.00000e+00 | 2.58376e-09 | 2.99989e-11 8 0.031527 1
METHANL8 | 31 31 0.00000e+00 | 1.45873e-08 | 3.87512e-13 11 22| 0.403805 1
MSS1 73 90 || -9.00000e+00 | 7.62993e-08 | 5.46212e-16 42 70 | 1.250480 1
MSS2 703 756 || -4.80082e+02 | 2.76238e+00 | 2.94624e-01 6 10800 3
MWRIGHT 3 5 2.49788e+01 | 1.50090e-08 | 9.15513e-16 13 0.115340 1
ORTHREGB 6 27 2.20269e-26 | 3.37002e-12 | 1.46783e-14 6 0.078225 1
POWELLBS 2 2 0.00000e+00 | 1.20221e-16 | 2.27077e-16 19| 120 | 0.370171 1
POWELLSQ 2 2 0.00000e+00 | 7.27007e-09 | 3.17057e-09 6 0.088129 1
RECIPE 3 3 0.00000e+00 | 3.53080e-09 | 9.32348e-08 15 0.087483 1
RSNBRNE 2 2 0.00000e+00 | 3.23758e-10 | 1.59191e-11 5 0.083472 1
S316-322 1 2 3.34315e+02 | 4.97131e-11 | 3.86133e-11 8 31 0.100933 1
SINVALNE 2 2 0.00000e+00 | 2.62161e-09 | 2.25440e-12 5 10 | 0.152583 1
ZANGWIL3 3 3 0.00000e+00 | 1.45923e-11 | 5.94197e-11 5 0|0.061785 1
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6.2 Numerical Results of Primal-Dual Path-Following

Shifted Penalty-Barrier Method

This section provides the numerical results of the primal-dual path-following shifted
penalty-barrier method (PDPB) for (NIP) described in Chapter 5. Similar to the primal-dual
path-following augmented Lagrangian method, this method has both the “outer” and “inner”
iteration, defined by “OlItr” and “FItr” in the table. The outer iterations update the mul-
tipliers estimate and adjust the penalty and barrier parameters depending on the feasibility
and complementarity violations. In the inner iteration, a primal-dual shifted penalty-barrier
merit function M(z, s, y, w; y?, w”, u”, u”) defined in Equation (5.15) is minimized to restrict
the iterates to lie within current neighborhood of the trajectory. Problems in all-inequality

form, i.e., in the form of (NIP) from CUTEst are tested.

mini}glize f(z) subject to c(x) > 0. (NIP)
reR™

Table 6.4 lists the default parameters. The specific meaning of each parameter is
described in Algorithm 5.1 and Algorithm 5.2.

Table 6.4: Default Parameters Used in PDPB

Parameter | value | Parameter | value
ap 0.5 o 0.5
g 0.75 P1 0.5
0, 0.2 o 1.0
Vs 0.5 m 0.5
Ye 0.5 7Ns 0.05
Ve 2 Ne 0.25
YN ax 1.0e+6 tiny 1.0e-12
Tol 1.0e-5 MaxItn 1500

Both the conventional trust-region method and a combined trust-region line-search
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method have been applied for minimizing M(z, s, y, w;y”, w”, u”, 1”) and their numerical
performance are compared. A detailed description of these two methods can be referred to
Algorithm 5.2 and Algorithm 5.3.

When minimizing the shifted barrier function where the logarithm term creates a
“barrier” near boundary, the next iterate not only has to guarantee the sufficient decrease
condition be satisfied but also has to be restricted in the interior of feasible region. Some-
times, the trust-region trial step is rejected simply because it falls into the infeasible region.
In this case, it may be too expensive to reduce trust-region radius and wait for the next
iterate to become feasible. Thus, line search strategy along the trust-region step that pulls
iterates back into the interior of feasible region will be cheaper than stalling and continuously
reducing the trust-region radius.

If the tested problems are in all-equality form, i.e., the slack variable s = 0, then the
numerical results are given in Table 6.5 where conventional trust-region method is applied,
and in Table 6.6 where the combined trust-region line-search method is applied. Otherwise,
if the set F = {z : ¢(x) > 0} is nonempty, the numerical results are given in Table 6.5 and
Table 6.6 respectively. It can be observed from those tables that the combined trust-region
line-search method will generally require fewer matrix factorizations and fewer iterations
than conventional trust-region method.

When s = 0, there will be no barrier term in the proposed primal-dual path-following
shifted penalty-barrier method, so only the penalty term is retained. In this case, the
proposed algorithm only fails to solve MSS2 due to the maximum running time limit is
reached. In the case where F = {z : ¢(x) > 0} is nonempty, this algorithm efficiently solves
most of the problems except a series of similar problems HS88, HS89, HS90, HS91 and HS92,

where it stops at a infeasible stationary point in these five special cases.
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Table 6.5:

Numerical Results of PDPB — With Trust-Region Method

Prob m n Opt-£f (x) Opt-Stny [le(z)]] OItr | FItr CPU(s) || Conv
ARGTRIG | 200 200 0.00000e+00 | 7.43711e-11 | 7.99169e-09 3 4| 0.952822 1
BT1 1 2 || -9.99780e-01 | 5.99023e-08 | 2.20984e-06 6| 751 0.861791 1
BT2 1 3 3.25682e-02 | 2.33638e-06 | 8.88559e-07 10 27 | 0.280940 1
BT3 3 5 4.09302e+00 | 4.44089e-16 | 1.90853e-07 2 8| 0.171912 1
BT4 2 3 || -4.55105e+01 | 4.02987e-08 | 2.64722e-07 2 53 | 0.195089 1
BT5 2 3 9.61715e+02 | 1.67374e-07 | 1.82205e-06 3 63 | 0.270413 1
BT6 2 5 2.77045e-01 | 1.36992e-08 | 1.92293e-09 9 23 | 0.294572 1
BT7 3 5 3.06038e+02 | 9.39800e-06 | 7.08547e-06 4] 119 | 0.347058 1
BT8 2 5 1.00000e+00 | 2.74600e-06 | 4.67786e-06 8 10 | 0.234397 1
BT9 2 4 || -1.00000e+00 | 2.48338e-08 | 2.69270e-07 6 0.181054 1
BT10 2 2 || -1.00000e+00 | 1.31836e-06 | 7.23266e-15 5 0.221727 1
BT11 3 5 8.24885e-01 | 3.98395e-06 | 3.82443e-06 4 10 | 0.233964 1
BT12 3 5 6.18812e+00 | 3.70274e-13 | 2.11061e-11 4 34 | 0.255343 1
BOOTH 2 2 0.00000e+00 | 8.20186e-16 | 1.33227e-15 1 0.074317 1
BROWNALE | 200 200 0.00000e+00 | 1.59080e-10 | 7.39680e-09 2 7| 0.634235 1
BYRDSPHR 2 3 || -4.68330e+00 | 1.72237e-09 | 1.90422e-06 5 96 | 0.351170 1
CHANDHEQ | 100 100 0.00000e+00 | 9.21653e-07 | 1.79118e-06 7 11 | 0.452917 1
CHANDHEU | 500 500 0.00000e+00 | 2.72999e-07 | 1.02360e-06 7 12 | 16.214911 1
CLUSTER 2 2 0.00000e+00 | 1.41126e-07 | 3.37438e-07 7 9| 0.115730 1
CUBENE 2 2 0.00000e+00 | 1.60289e-16 | 1.11022e-15 3 25 | 0.199684 1
EIGMAXB 101 101 || -9.67461e-04 | 3.04837e-08 | 4.51759e-08 6 | 256 | 5.822212 1
EIGMAXC | 202 202 || -1.00000e+00 | 1.23224e-07 | 3.88125e-13 3 6| 1.071794 1
EIGMINB 101 101 9.67436e-04 | 8.17435e-12 | 1.33950e-10 7| 247 | 30.551729 1
EIGMINC | 202 202 1.00000e+00 | 3.14108e-09 | 1.27017e-07 3 6 1.069688 1
GENHS28 10 9.27174e-01 | 2.99349e-15 | 5.02258e-07 1 4| 0.179981 1
GOTTFR 0.00000e+00 | 9.49538e-06 | 4.09181e-06 3 22| 0.278952 1
HATFLDF 3 3 0.00000e+00 | 9.58511e-10 | 8.87424e-09 7 143 | 0.473387 1
HATFLDG 25 25 0.00000e+00 | 4.39815e-07 | 1.23535e-06 3 10 | 0.234190 1
HEART6 6 6 0.00000e+00 | 1.12858e-07 | 1.08957e-06 311690 | 2.117593 1
HEARTS 8 8 0.00000e+00 | 5.16782e-10 | 2.87181e-08 2 133 | 0.328297 1
HIMMELBA 2 2 0.00000e+00 | 1.59941e-15 | 0.00000e+00 1 0.175033 1
HIMMELBC 2 2 0.00000e+00 | 1.75555e-06 | 5.29443e-06 1 0.158203 1
HIMMELBE 3 3 0.00000e+00 | 9.15623e-16 | 1.00000e-06 1 0.159197 1
HS100LNP 2 7 6.80630e+02 | 3.15786e-11 | 5.23143e-11 4 14 | 0.233470 1
HS111LNP 3 10 || -4.77612e+01 | 5.78432e-06 | 4.14268e-06 8 60 | 0.278535 1
HS26 1 3 1.27430e-09 | 1.35845e-06 | 4.92545e-06 10 86 | 0.265542 1
HS27 1 3 4.00000e-02 | 4.24216e-11 | 3.94214e-08 15| 122 | 0.526288 1
HS28 1 3 3.85186e-31 | 1.41307e-15 | 2.22045e-16 1 4| 0.160659 1
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Table 6.5: Numerical Results of PDPB — With Trust-Region Method (continued)

Prob m n Opt-£ (x) Opt-Stny [|le(x*)]] OItr | FItr CPU(s) || Conv
HS39 2 4 | -1.00000e+00 | 2.48338e-08 | 2.69270e-07 6 9| 0.200949 1
HS40 3 4 || -2.50000e-01 | 2.51283e-09 | 6.08638e-08 3 33| 0.227671 1
HS42 2 4 1.38579e+01 | 4.69410e-08 | 2.32192e-07 3 13| 0.212463 1
HS46 2 5 5.96648e-10 | 4.77149e-07 | 6.04114e-06 11 23 | 0.170300 1
HS47 3 5 || -2.67123e-02 | 5.54922e-08 | 2.66841e-06 8 42 | 0.187677 1
HS48 2 5 0.00000e+00 | 3.65426e-15 | 0.00000e+00 1 5| 0.180120 1
HS49 2 5 2.05086e-08 | 6.85506e-06 | 1.33227e-15 13 16 | 0.293868 1
HS50 3 5 1.91548e-18 | 3.04341e-10 | 2.92808e-09 7 10 | 0.208468 1
HS51 3 5 4.29979e-13 | 1.05241e-14 | 4.08939e-07 1 0.164597 1
HS52 3 5 5.32664e+00 | 1.53837e-15 | 4.77340e-07 2 0.243172 1
HS53 3 5 4.09302e+00 | 9.93014e-16 | 1.90853e-07 2 0.280386 1
HS56 4 7 || -3.45600e+00 | 1.07917e-06 | 8.18490e-08 3 98 | 0.314760 1
HS6 1 2 3.65538e-14 | 3.82414e-07 | 6.54531e-07 10 143 | 0.624099 1
HS60 1 3 3.25682e-02 | 8.57865e-10 | 1.95316e-10 4 50 | 0.309392 1
HS61 2 3 || -1.43646e+02 | 2.97752e-08 | 1.33597e-07 2 58 | 0.230313 1
HS7 1 2 || -1.73205e+00 | 4.85740e-11 | 2.41995e-10 6 45 | 0.332307 1
HS77 2 5 2.41505e-01 | 2.42202e-09 | 6.81452e-10 9 24 | 0.280364 1
HS78 3 5| -2.91970e+00 | 3.41112e-09 | 4.67863e-09 3 36 | 0.195700 1
HS79 3 5 7.87768e-02 | 9.36802e-06 | 3.31779e-06 3 5| 0.207189 1
HS8 2 2 || -1.00000e+00 | 8.56648e-10 | 1.67585e-08 2 7| 0.151906 1
HS9 1 2 || -5.00000e-01 | 2.44869e-14 | 1.77636e-15 4 5| 0.233552 1
HYDCAR20 | 99 99 0.00000e+00 | 6.94830e-10 | 2.70142e-12 15 | 3265 | 72.639923 1
HYDCARG6 29 29 0.00000e+00 | 1.06478e-09 | 1.23769e-08 9] 520 | 2.172299 1
HYPCIR 2 2 0.00000e+00 | 4.88113e-06 | 5.81552e-06 1 5| 0.181564 1
INTEGREQ | 500 502 0.00000e+00 | 2.44596e-10 | 3.25265e-08 2 5| 6.066171 1
MARATOS 1 2 || -1.00000e+00 | 5.16311e-08 | 9.33994e-07 4 40 | 0.211696 1
METHANBS | 31 31 0.00000e+00 | 2.06141e-07 | 1.18209e-06 3 4| 0.254157 1
METHANL8 | 31 31 0.00000e+00 | 3.72736e-11 | 9.58332e-09 7 74 | 0.743951 1
MSS1 73 90 || -1.60000e+01 | 6.32760e-09 | 2.06310e-15 19 | 1138 | 14.708731 1
MSS2 703 756 | -4.70743e+02 | 5.76711e+02 | 2.60104e-01 4| 722 10800 3
MWRIGHT 3 5 2.49788e+01 | 1.78438e-06 | 4.93969e-06 3 13 | 0.259208 1
ORTHREGB 6 27 1.67903e-17 | 1.25817e-07 | 2.55146e-12 10 | 281 1.089761 1
POWELLBS 2 2 0.00000e+00 | 2.11131e-06 | 5.74141e-10 7| 146 | 3.681982 1
POWELLSQ 2 2 0.00000e+00 | 4.15097e-09 | 7.73387e-10 9 | 3453 | 2.781519 1
RECIPE 3 3 0.00000e+00 | 1.97045e-06 | 4.34753e-10 8 13| 0.211220 1
RSNBRNE 2 2 0.00000e+00 | 8.89737e-17 | 0.00000e+00 3 25| 0.252081 1
S$316-322 1 2 3.34314e+02 | 1.89984e-09 | 1.28399e-06 6 76 | 0.249859 1
SINVALNE 2 2 0.00000e+00 | 5.84730e-15 | 2.87811e-10 2 27 | 0.194386 1
ZANGWIL3 3 3 0.00000e+00 | 3.38529e-15 | 3.81378e-15 2 9| 0.167490 1
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Table 6.5: Numerical Results of PDPB — With Trust-Region Method (continued)

Prob m n Opt-£ (%) Opt-Stny Opt-Comp || OItr | FItr CPU(s) || Conv
EXPFITA 22 5 1.13661e-03 | 4.99541e-14 | 2.60840e-11 29 53 0.766353 1
EXPFITB 102 5 5.01937e-03 | 2.24062e-13 | 2.09330e-10 24| 113 7.320574 1
EXPFITC | 502 5 2.33013e-02 | 5.51434e-11 | 9.81935e-07 26 151 | 313.492405 1
GIGOMEZ1 3 3 || -3.00000e+00 | 7.22371e-10 | 1.74803e-09 7 44 0.366754 1
GIGOMEZ2 3 3 1.95222e+00 | 4.09806e-09 | 7.50766e-09 9 17 0.325394 1
GIGOMEZ3 3 3 2.00000e+00 | 1.65262e-10 | 1.56760e-09 8 11 0.277596 1
HS10 1 2 | -1.00000e+00 | 1.59009e-09 | 1.63575e-09 8 13 0.215553 1
HS100 4 7 6.80630e+02 | 4.48219e-11 | 6.74230e-10 10 26 0.331773 1
HS100MOD 4 7 6.78680e+02 | 1.63875e-14 | 5.41995e-14 26 44 0.594596 1
HS11 1 2 || -8.49849e+00 | 3.90313e-09 | 4.00553e-09 6 11 0.242098 1
HS113 8 10 2.43062e+01 | 4.17379e-13 | 2.87606e-10 15 33 0.429074 1
HS12 1 2 || -3.00000e+01 | 9.44711e-11 | 7.36180e-11 7 23 0.301156 1
HS22 2 2 1.00001e+00 | 7.86918e-10 | 1.82354e-08 5 9 0.237382 1
HS268 5 5 3.27418e-11 | 7.07829e-12 | 2.90682e-07 24 62 0.563898 1
HS29 1 3 || —2.26274e+01 | 1.77636e-15 | 3.67949e-13 6 35 0.298755 1
HS43 3 4 || -4.39999e+01 | 5.36912e-09 | 2.63859e-08 8 32 0.311707 1
HS88 5 10 5.71642e-18 | 2.88136e-09 | 2.16212e-03 5 10 0.263530 2
HS89 1 3 5.40608e-01 | 5.54237e-09 | 4.49043e-05 7 23 0.288065 2
HS90 1 4 5.47649e-01 | 4.95812e-09 | 8.68826e-05 7 42 0.393203 2
HS91 1 5 5.70836e-01 | 1.54280e-10 | 3.89287e-05 7 49 0.470243 2
HS92 1 6 4.50754e-01 | 3.09376e-09 | 6.42206e-05 5 39 0.484255 2
MADSEN 6 3 6.16429e-01 | 2.35452e-10 | 4.39974e-09 11 39 0.378771 1
MINMAXRB 4 3| -3.20909e-09 | 2.64233e-14 | 3.77907e-09 7 72 0.433615 1
5268 5 5| 3.27418e-11| 7.07829e-12 | 2.90682e-07 24 62 0.530553 1
SPIRAL 2 3 || -7.38762e-13 | 1.16258e-10 | 2.69270e-16 9 131 0.497645 1
VANDERM1 | 199 100 || 0.00000e+00 | 1.77153e-13 | 1.19263e-11 30 58 | 27.813040 1
VANDERM2 | 199 100 0.00000e+00 | 1.77153e-13 | 1.19263e-11 30 58 | 27.597196 1
VANDERM3 | 199 100 0.00000e+00 | 3.75000e-12 | 1.29209e-11 20 44 | 20.435622 1
WOMFLET 3 3 || -8.42719e-15 | 4.21885e-15 | 1.31224e-15 8 52 0.371955 1
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Table 6.6: Numerical Results of PDPB — With Combined Trust-Region Line-Search Method

Prob m n Opt-£f (x) Opt-Stny [le(z)]] OItr | FItr CPU(s) || Conv
ARGTRIG | 200 200 0.00000e+00 | 8.06606e-09 | 7.99169e-09 3 41 1.272725 1
BT1 1 2 || -9.99128e-01 | 2.59542e-07 | 8.76799e-06 511138 | 2.315680 1
BT2 1 3 3.25682e-02 | 1.29598e-09 | 5.03859e-10 13 40 | 0.291255 1
BT3 3 5 4.09302e+00 | 4.44089e-16 | 1.90853e-07 2 8| 0.187089 1
BT4 2 3 || -4.55105e+01 | 1.20004e-09 | 5.59273e-08 2 29 | 0.218116 1
BT5 2 3 9.61715e+02 | 5.31689e-13 | 3.63165e-11 3 32| 0.217986 1
BT6 2 5 2.77045e-01 | 9.06976e-06 | 4.70017e-07 8 12| 0.211533 1
BT7 3 5 3.60382e+02 | 3.65579e-06 | 4.90734e-06 5 15| 0.193667 1
BT8 2 5 1.00000e+00 | 2.74600e-06 | 4.67786e-06 8 10| 0.211385 1
BT9 2 4 || -1.00000e+00 | 2.48338e-08 | 2.69270e-07 6 0.181574 1
BT10 2 2 || -1.00000e+00 | 3.44373e-07 | 1.31836e-06 5 0.189296 1
BT11 3 5 8.24885e-01 | 1.25108e-09 | 7.45289e-08 5 0.214555 1
BT12 3 5 6.18812e+00 | 3.65028e-07 | 2.56367e-06 5 39| 0.266790 1
BOOTH 2 2 0.00000e+00 | 8.20186e-16 | 1.33227e-15 1 0.113742 1
BROWNALE | 200 200 0.00000e+00 | 1.59080e-10 | 7.39680e-09 2 7| 0.704079 1
BYRDSPHR 2 3 || -4.68330e+00 | 6.80735e-12 | 6.21694e-11 6 76 | 0.428139 1
CHANDHEQ | 100 100 0.00000e+00 | 9.21653e-07 | 1.79118e-06 7 11| 0.752851 1
CHANDHEU | 500 500 0.00000e+00 | 2.72999e-07 | 1.02360e-06 7 12 | 16.127269 1
CLUSTER 2 2 0.00000e+00 | 1.41126e-07 | 3.37438e-07 7 9| 0.165137 1
CUBENE 2 2 0.00000e+00 | 1.55411e-13 | 9.19242e-07 5 11 0.224762 1
EIGMAXB 101 101 || -2.41391e-02 | 2.87081e-06 | 4.92425e-07 7 113 | 2.900165 1
EIGMAXC | 202 202 || -1.00000e+00 | 2.04706e-09 | 1.23224e-07 3 6 1.036842 1
EIGMINB | 101 101 8.70136e-03 | 3.17435e-06 | 3.05175e-07 6| 125 | 3.528658 1
EIGMINC | 202 202 1.00000e+00 | 3.14108e-09 | 1.27017e-07 3 6 1.209293 1
GENHS28 10 9.27174e-01 | 2.99349e-15 | 5.02258e-07 1 4| 0.197985 1
GOTTFR 0.00000e+00 | 7.71694e-06 | 3.75938e-06 3 7] 0.238518 1
HATFLDF 3 3 0.00000e+00 | 5.05935e-09 | 2.46610e-10 7 66 | 0.365711 1
HATFLDG 25 25 0.00000e+00 | 1.43030e-08 | 1.36108e-07 4 8] 0.181484 1
HEART6 6 6 0.00000e+00 | 5.55477e-12 | 4.52767e-11 3| 677 | 1.504923 1
HEARTS 8 8 0.00000e+00 | 3.34916e-07 | 7.06718e-07 2 39| 0.211308 1
HIMMELBA 2 2 0.00000e+00 | 1.59941e-15 | 0.00000e+00 1 0.140900 1
HIMMELBC 2 2 0.00000e+00 | 1.75555e-06 | 5.29443e-06 1 0.149396 1
HIMMELBE 3 3 0.00000e+00 | 9.15623e-16 | 1.00000e-06 1 0.156458 1
HS100LNP 2 7 6.80630e+02 | 5.41698e-09 | 1.85731e-09 4 22| 0.218618 1
HS111LNP 3 10 || -4.77612e+01 | 2.21969e-07 | 1.52999e-07 9 54 | 0.283487 1
HS26 1 3 3.20965e-14 | 2.02687e-07 | 2.49163e-06 10 49 | 0.323904 1
HS27 1 3 4.00000e-02 | 1.42986e-09 | 4.91685e-07 10 70 | 0.382045 1
HS28 1 3 3.85186e-31 | 1.41307e-15 | 2.22045e-16 1 4| 0.183492 1
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Table 6.6: Numerical Results of PDPB — With Combined Trust-Region Line-Search Method (continued)

Prob m n Opt-£ (x) Opt-Stny [|le(x*)]] OItr | FItr CPU(s) || Conv
HS39 2 4 | -1.00000e+00 | 2.48338e-08 | 2.69270e-07 6 91| 0.186183 1
HS40 3 4 || -2.50000e-01 | 2.99075e-08 | 5.09329e-08 4 18 | 0.189881 1
HS42 2 4 1.38579e+01 | 7.54255e-06 | 2.28365e-06 3 9| 0.175114 1
HS46 2 5 7.50615e-10 | 5.66017e-07 | 6.76763e-06 12 16 | 0.240622 1
HS47 3 5 5.71366e-10 | 2.88479e-06 | 7.22961e-07 7 21| 0.288569 1
HS48 2 5 4.93038e-32 | 3.65426e-15 | 0.00000e+00 1 5| 0.165841 1
HS49 2 5 2.05086e-08 | 6.85506e-06 | 1.33227e-15 13 16 | 0.229758 1
HS50 3 5 1.91548e-18 | 3.04341e-10 | 2.92808e-09 7 10 | 0.196628 1
HS51 3 5 4.29979e-13 | 1.05241e-14 | 4.08939e-07 1 0.140374 1
HS52 3 5 5.32664e+00 | 1.53837e-15 | 4.77340e-07 2 0.144989 1
HS53 3 5 4.09302e+00 | 9.93014e-16 | 1.90853e-07 2 0.184323 1
HS56 4 7 || -3.45600e+00 | 6.50545e-08 | 9.16030e-09 3 57 | 0.269088 1
HS6 1 2 1.12189e-13 | 6.69930e-07 | 1.16893e-06 11| 188 | 0.704800 1
HS60 1 3 3.25682e-02 | 2.40142e-06 | 9.34017e-07 4 39 | 0.276654 1
HS61 2 3 || -1.43646e+02 | 1.97692e-07 | 2.57440e-07 2 40 | 0.190021 1
HS7 1 2 || -1.73205e+00 | 2.32806e-10 | 9.09067e-10 6 28| 0.276134 1
HS77 2 5 2.41505e-01 | 1.20612e-06 | 1.07632e-07 8 13| 0.251527 1
HS78 3 5| -2.91970e+00 | 1.37457e-06 | 1.55949e-06 2 19| 0.203791 1
HS79 3 5 7.87768e-02 | 9.36802e-06 | 3.31779e-06 3 5| 0.174588 1
HS8 2 2 || -1.00000e+00 | 8.56648e-10 | 1.67585e-08 2 7| 0.162667 1
HS9 1 2 || -5.00000e-01 | 2.44869e-14 | 1.77636e-15 4 5| 0.204034 1
HYDCAR20 | 99 99 0.00000e+00 | 8.33355e-07 | 3.22427e-08 14 | 1839 | 46.196419 1
HYDCARG6 29 29 0.00000e+00 | 1.86043e-06 | 3.74133e-06 8 194 | 1.413919 1
HYPCIR 2 2 0.00000e+00 | 4.88113e-06 | 5.81552e-06 1 5| 0.181564 1
INTEGREQ | 500 502 0.00000e+00 | 2.44596e-10 | 3.25265e-08 2 5| 5.037539 1
MARATOS 1 2 || -1.00000e+00 | 7.69744e-10 | 4.25298e-09 4 23 | 0.205090 1
METHANBS | 31 31 0.00000e+00 | 2.06141e-07 | 1.18209e-06 3 4| 0.199214 1
METHANL8 | 31 31 0.00000e+00 | 1.81779e-09 | 1.30471e-08 5 11| 0.280644 1
MSS1 73 90 || -1.60000e+01 | 2.84308e-08 | 4.02030e-09 15| 750 | 11.036012 1
MSS2 703 756 | -4.70743e+02 | 5.76711e+02 | 2.60104e-01 4| 722 10800 3
MWRIGHT 3 5 2.49788e+01 | 7.62659e-06 | 2.25925e-06 3 8| 0.217571 1
ORTHREGB 6 27 1.96510e-14 | 9.90443e-06 | 8.83928e-09 8| 260 1.173991 1
POWELLBS 2 2 0.00000e+00 | 1.11824e-08 | 2.87932e-11 14 | 156 | 6.415692 1
POWELLSQ 2 2 0.00000e+00 | 8.23021e-06 | 2.09012e-06 6| 179 | 0.347545 1
RECIPE 3 3 0.00000e+00 | 1.97045e-06 | 4.34753e-10 8 13| 0.218666 1
RSNBRNE 2 2 0.00000e+00 | 1.75346e-16 | 2.22045e-15 3 13 | 0.208964 1
S$316-322 1 2 3.34314e+02 | 2.36584e-08 | 4.55391e-06 6 50 | 0.228420 1
SINVALNE 2 2 0.00000e+00 | 6.88650e-19 | 9.38963e-16 2 18 | 0.249397 1
ZANGWIL3 3 3 0.00000e+00 | 3.38529e-15 | 3.81378e-15 2 9| 0.161238 1
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Table 6.6: Numerical Results of PDPB — With Combined Trust-Region Line-Search Method(continued)

Prob m n Opt-£ (%) Opt-Stny Opt-Comp || OItr | FItr CPU(s) || Conv
EXPFITA 22 5 1.13661e-03 | 4.99541e-14 | 2.60840e-11 29 53 0.802748 1
EXPFITB 102 5 5.01937e-03 | 2.24062e-13 | 2.09330e-10 24| 113 5.884853 1
EXPFITC | 502 5 2.33013e-02 | 5.51434e-11 | 9.81935e-07 26 151 | 310.223433 1
GIGOMEZ1 3 3 || -3.00000e+00 | 3.34093e-10 | 1.23977e-09 6 50 0.399629 1
GIGOMEZ2 3 3 1.95222e+00 | 4.09806e-09 | 7.50766e-09 9 17 0.406706 1
GIGOMEZ3 3 3 2.00000e+00 | 1.65262e-10 | 1.56760e-09 8 11 0.320078 1
HS10 1 2 | -1.00000e+00 | 1.59009e-09 | 1.63575e-09 8 13 0.266225 1
HS100 4 7 6.80630e+02 | 4.48219e-11 | 6.74230e-10 10 26 0.356232 1
HS100MOD 4 7 6.78680e+02 | 4.27177e-14 | 5.64757e-14 25 40 0.557153 1
HS11 1 2 || -8.49849e+00 | 3.90313e-09 | 4.00553e-09 6 11 0.273735 1
HS113 8 10 2.43062e+01 | 4.17379e-13 | 2.87606e-10 15 35 0.404290 1
HS12 1 2 || -3.00000e+01 | 3.79642e-13 | 5.00945e-11 6 19 0.277470 1
HS22 2 2 1.00001e+00 | 7.86918e-10 | 1.82354e-08 5 9 0.237382 1
HS268 5 5 3.27418e-11 | 7.07829e-12 | 2.90682e-07 24 62 0.563898 1
HS29 1 3 || —2.26274e+01 | 1.32990e-13 | 1.51649e-12 5 22 0.319252 1
HS43 3 4 || -4.39999e+01 | 6.70764e-09 | 5.89163e-08 8 26 0.360654 1
HS88 5 10 5.71642e-18 | 2.88136e-09 | 2.16212e-03 5 10 0.312474 2
HS89 1 3 5.40098e-01 | 5.79596e-09 | 4.50112e-05 7 18 0.391706 2
HS90 1 4 5.47648e-01 | 2.96035e-09 | 8.68831e-05 7 19 0.467704 2
HS91 1 5 4.72821e-01 | 2.10720e-11 | 5.83515e-05 5 20 0.445347 2
HS92 1 6 4.90790e-01 | 5.86898e-13 | 2.69504e-05 6 24 0.514359 2
MADSEN 6 3 6.16430e-01 | 1.97249e-10 | 4.30007e-09 11 41 0.534958 1
MINMAXRB 4 3 || -4.52210e-16 | 1.40756e-10 | 2.27653e-08 6 46 0.410297 1
5268 5 5| 3.27418e-11| 7.07829e-12 | 2.90682e-07 24 62 0.632436 1
SPIRAL 2 3 || -1.36224e-11 | 9.41038e-10 | 1.36102e-14 8 73 0.419347 1
VANDERM1 | 199 100 0.00000e+00 | 7.83180e-14 | 3.28268e-12 18 41 19.142302 1
VANDERM2 | 199 100 0.00000e+00 | 1.77153e-13 | 1.19263e-11 18 41 18.721808 1
VANDERM3 | 199 100 0.00000e+00 | 2.88437e-13 | 1.26707e-12 33 47 | 24.838323 1
WOMFLET 3 3 || -2.00215e-10 | 3.06189%e-12 | 1.87451e-12 6 34 0.423700 1
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