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Abstract

This paper concerns the formulation and analysis of a new interior-point method
for constrained optimization that combines a shifted primal-dual interior-point
method with a projected-search method for bound-constrained optimization. The
method involves the computation of an approximate Newton direction for a
primal-dual penalty-barrier function that incorporates shifts on both the primal
and dual variables. Shifts on the dual variables allow the method to be safely
“warm started” from a good approximate solution and avoids the possibility of
very large solutions of the associated path-following equations. The approximate
Newton direction is used in conjunction with a new projected-search line-search
algorithm that employs a flexible non-monotone quasi-Armijo line search for the
minimization of each penalty-barrier function. Numerical results are presented
for a large set of constrained optimization problems. For comparison purposes,
results are also given for two primal-dual interior-point methods that do not use
projection. The first is a method that shifts both the primal and dual variables.
The second is a method that involves shifts on the primal variables only. The
results show that the use of both primal and dual shifts in conjunction with
projection gives a method that is more robust and requires significantly fewer
iterations. In particular, the number of times that the search direction must
be computed is substantially reduced. Results from a set of quadratic program-
ming test problems indicate that the method is particularly well-suited to solving
the quadratic programming subproblem in a sequential quadratic programming
method for nonlinear optimization.

Keywords: Nonlinearly constrained optimization, interior-point methods,
primal-dual methods, shifted penalty and barrier methods, projected-search methods,
Armijo line search, augmented Lagrangian methods.



1 Introduction

This paper concerns the formulation and analysis of a new primal-dual interior-point
method for the solution of the nonlinear optimization problem

T . £~ z u”
minimize f(z) subject to (£S> < (c(x)) < (u5>’ (NIP)

where ¢ : R® — R™, f : R" — R, and (¢*,¢°) and (u”*,u®) are constant vectors of
lower and upper bounds. Problem (NIP) may be reformulated as

minimize f(z) subject to c(z) —s=0, (?5() < (x) < (uj) , (NPs)
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where x and the “slack variables” s are treated as independent variables. For simplicity,
in our discussion of the theoretical aspects of the method we consider the problem

minimize f(x) subject to c¢(z)—s=0, s>0, (NIPs)
zeR™ seR™

which is equivalent to minimizing f(x) subject to the inequality constraints c(x) > 0.
The methods designed to solve (NIPs) may be easily applied to solve the more general
problem (NPs) by treating the bound constraints on x in the same way as treating
the bounds on s.

The proposed method is based on combining a new primal-dual interior-point
method with a projected-search method for bound-constrained optimization that uses
a flexible non-monotone quasi-Armijo line search. Unlike conventional interior-point
methods, which impose an upper bound on the step size to prevent the variables from
becoming infeasible, the proposed projected-search interior-point method projects the
underlying search direction onto a superset of the feasible region defined by perturbing
the constraint bounds. With this approach the direction of the search path may change
multiple times along the boundary of the perturbed feasible region at the cost of com-
puting a single direction. Projected-search interior-point methods have the potential
of requiring fewer iterations than a conventional interior-point method, thereby reduc-
ing the number of times that a search direction must be computed. The direction for
the projected search is an approximate Newton direction associated with minimizing
a shifted primal-dual penalty-barrier function. This function involves a primal-dual
shifted penalty term for the equality constraints ¢(x) —s = 0 and an analogous primal-
dual shifted barrier term for enforcing the nonnegativity constraints on the variables
s and their associated multipliers. For problems with a mixture of upper and lower
bounds on z and s, the method may be regarded as shifting both the primal and dual
variables, see Gill and Zhang [1]. This extends the shifted primal-dual penalty-barrier
function of Gill, Kungurtsev and Robinson [2], which only involves shifts on the primal
variables. It is shown that a specific approximate Newton method for the unconstrained
minimization of the penalty-barrier function generates directions that are identical
to those associated with a variant of the conventional path-following method. In this



context the penalty-barrier function is used as a merit function for assessing points
generated by Newton’s method for a zero of the path-following equations.

The projected-search method is specifically designed for the all-shifted penalty-
barrier function and generates a sequence of feasible iterates { vy, },2‘;0 such that vgy =
proj ,, (vr +aiAvy), where proj g, (v) is the projection of the vector v of primal-dual
variables onto a set {25 that is a perturbation of the feasible region. The perturbation
is chosen to ensure that every optimal solution of (NIPs) lies in {2} (see equation (15)).
Under mild assumptions, it is shown that there exists a limit point of the computed
iterates that is either an infeasible stationary point, or a complementary approximate
Karush-Kuhn-Tucker (CAKKT) point, i.e., it satisfies reasonable stopping criteria and
is a Karush-Kuhn-Tucker (KKT) point under a complementary approximate KKT
regularity condition (see Andreani, Martinez and Svaiter [3]).

Constraint shifts provide a number of important benefits. First, analogous to the
definition of the original shifted penalty method of Powell [4] (equivalent to the aug-
mented Lagrangian method) the penalty-barrier terms need not go to infinity (see,
e.g., Powell [4], Hestenes [5]). In addition, if the optimal dual variables are known,
then the problem may be solved in a single unconstrained minimization. Second, it is
not necessary for the initial values of the variables to lie in the strict interior of the
feasible region, i.e., the initial point can lie on the boundary. Similarly, dual shifts
allow a dual variable to be initialized with any non-negative value. This implies that
if the method is started at a primal-dual solution, the method will terminate imme-
diately with the optimal point. Finally, shifts introduce a regularization term in the
linear equations that are solved at each iteration. This mitigates the ill-conditioning of
the associated linear equations that may occur when strict complementarity does not
hold or the active constraints are not linearly independent at a solution (see Section 3,
equation (13)).

The focus of this paper is on the formulation and analysis of an interior-point
method for the solution of problems with a nonlinear objective function and nonlin-
ear constraints. However, a significant benefit of the proposed method is that it can
be used as part of an efficient second-derivative sequential quadratic programming
(SQP) method. In general, interior-point methods and sequential quadratic program-
ming methods are two alternative approaches to handling inequality constraints. Both
interior methods and SQP methods have an inner/outer iteration structure, with the
work for an inner iteration being dominated by the cost of solving a large sparse system
of symmetric indefinite linear equations. In the case of SQP methods, these equations
involve a subset of the variables and constraints and are related to the equations that
were solved in the preceding iteration. This implies that matrix factorization methods
can be used to update the QP solution as the inner iterations proceed. In the case of
interior-point methods, the equations involve all the constraints and variables, and the
equations must be solved from scratch at each inner iteration. Broadly speaking, the
advantages and disadvantages of SQP methods and interior methods complement each
other. Interior-point methods are most efficient when implemented with exact second
derivatives (see Gill, Saunders and Wong [6]). Moreover, they can converge in few inner
iterations—even for very large problems. As the dimension and zero/nonzero struc-
ture of the Newton equations remains fized, these Newton equations may be solved



efficiently using either iterative or direct methods available in the form of advanced
“off-the-shelf” linear algebra software. On the negative side, although interior methods
are very effective for solving “one-off” problems, they are more difficult to adapt to
solving a sequence of related problems. In contrast, SQP methods have the potential of
being able to capitalize on a good initial starting point, but are difficult to implement
when exact second derivatives are available, and require customized matrix updating
techniques. Over the years, algorithm developers have avoided the difficulty of using
second derivatives by solving a QP subproblem defined with a positive semidefinite
quasi-Newton approximate Hessian (see, e.g., Gill, Murray and Saunders [7]). Many
of the difficulties associated with using second derivatives in an SQP method would
be resolved if an interior-point method could be used to solve the QP subproblem.
However, QP solvers based on conventional interior methods have had limited success
within SQP methods because they are difficult to “warm start” from a near-optimal
point. This makes it difficult to capitalize on the property that, as the outer iterates
converge, the solution of one QP subproblem is a very good estimate of the solution
of the next. In addition, the need to solve many QP subproblems using a method that
must solve equations involving all of the constraints from scratch can be prohibitively
expensive.

The interior-point method proposed in this paper is particularly well-suited to
solving the quadratic programming subproblem in an SQP method. The shifts on
the primal and dual variables allow the method to be safely “warm started” from a
good approximate solution. In addition, the numerical results of Section 6 show that
the method requires significantly fewer iterations than an unprojected interior-point
method when applied to large set of quadratic programming problems.

The paper is organized in six sections. In Section 2 we review the method of
Gill, Kungurtsev and Robinson. Section 3 concerns the extension of this method to
include shifts on the dual variables as well as the variables s. In Section 4 a projected-
search algorithm is proposed for minimizing the all-shifted primal-dual penalty-barrier
function for fixed penalty and barrier parameters. The convergence of this algorithm
is established under certain assumptions. Section 5 presents an algorithm for solving
problem (NIPs) that builds upon the work from Section 4. Global convergence results
are also established. Some numerical results are presented in Section 6.



1.1 Notation and terminology

Given vectors x and y, the vector consisting of x augmented by ¥y is denoted by
(z,y). The subscript i is appended to vectors to denote the ith component of that
vector, whereas the subscript k£ is appended to a vector to denote its value during
the kth iteration of an algorithm, e.g., xj represents the value for x during the kth
iteration, whereas [z |; denotes the ith component of the vector xy. Given vectors
a and b with the same dimension, the vector with ¢th component a;b; is denoted by
a - b. Similarly, min(a, b) denotes a vector with components min(a;, b;). The vector e
denotes the column vector of ones, and I denotes the identity matrix. The dimensions
of e and I are defined by the context. The vector two-norm or its induced matrix
norm are denoted by || - ||. The inertia of a real symmetric matrix A, denoted by
In(A), is the integer triple (a4, a_,ag) giving the number of positive, negative and zero
eigenvalues of A. The n-vector Vf(x) denotes gradient of f(x), and the m x n matrix
J(x) denotes the constraint Jacobian, which has ith row Ve;(z)T. The Hessian with
respect to x of the Lagrangian function associated with problem (NIPs) is denoted
by H(z,y) = V3 (x) — i~ viV%;(x), where y is the m-vector of dual variables
associated with the constraints ¢(x) — s = 0.

2 Background

Given an appropriate constraint qualification, the first-order optimality conditions for
problem (NIPs) are given by

Vf(z) = J(z) "y =0, y—w =0,
clx) —s=0, 5 >0, (1)
s-w=0 w >

where the vectors y and w constitute the Lagrange multipliers for the equality con-
straints c¢(z) — s = 0 and nonnegativity constraints s > 0 respectively. Following
standard practice, any point satisfying the conditions (1) will be referred to as a
first-order KKT point.

Primal-dual path-following methods generate a sequence of iterates that approxi-
mate a continuous primal-dual path that passes through a solution of (NIPs). Points
on this path satisfy a system of nonlinear equations that represent the deviations from
a perturbation of the first-order optimality conditions (1). In a conventional path-
following approach, the perturbed optimality conditions correspond to replacing the
equality constraints and complementarity conditions of (1) by c(z) — s = py and
s - w = pe, where p is a small positive parameter such that y — 0. This method
is closely related to penalty-barrier methods for solving (NIPs). Penalty and barrier
methods involve the minimization of a sequence of unconstrained functions param-
eterized by a sequence of penalty-barrier parameters {,uk } such that pp — 0 (see,
e.g., Fiacco and McCormick [8], Frisch [9] and Fiacco [10]). Under certain conditions
on f and c the continuous trajectory of penalty-barrier minimizers associated with a
continuous penalty-barrier parameter p coincides with the primal-dual path.



In the neighborhood of a first-order KKT point, computing the search direction as
the solution of the Newton equations for a zero of the perturbed optimality conditions
provides the favorable local convergence rate associated with Newton’s method. Given
the close connection with penalty-barrier methods, solving for a zero of the perturbed
optimality conditions provides an alternative to solving the ill-conditioned equations
associated with a conventional barrier method. In this context, the penalty-barrier
function may be regarded as a merit function for forcing convergence of the sequence
of Newton iterates of the path-following method. For examples of this approach, see
Byrd, Hribar and Nocedal [11], Wiachter and Biegler [12], Forsgren and Gill [13], and
Gertz and Gill [14].

In a conventional path-following interior-point method, it is necessary to force
1 — 0 to ensure that points near the path eventually satisfy the optimality conditions
(1). However, if an augmented Lagrangian method defined with multiplier estimate
y” and penalty parameter p” is used to minimize f(x) subject to c¢(z) = 0, then
perturbed conditions of the form ¢(z) = p”(y” —y) hold at a minimizer. It follows that
1" need not go to zero if y” is chosen to converge to the optimal multipliers. Based
on this observation, the method of Gill, Kungurtsev and Robinson [2] is based on the
perturbed optimality conditions

Vf(z) = J(2) "y =0, y—w=0,
o(z) —s=p"(y" —y), 520, (2)
s - w=p’(w® —w), w >0,

where p” and p” are positive scalars and y* and w” denote estimates of the Lagrange
multipliers for the constraints ¢(z) —s = 0 and s > 0, respectively. The perturbed
complementarity condition in (2) may be written in the form (s + p?e) - w = pfw”,
which implies that if w” > 0 then s + p”e > 0 and w > 0. Gill, Kungurtsev and
Robinson show that an appropriate merit function for a path-following interior-point
method based on the conditions (2) is the shifted primal-dual penalty-barrier function

M(z,s,y,w;y",w" pu", p1") = f(z) — (c(z) — s)Ty"
1 1

+ 2u 2u”

Flle(@) = sl + 5 lle(@) = s+ u"(y = y*)|I?

m

- Z,quf In (s; + p”) — ZpBwf In (w;(s; +p”)) + Z:wl(sZ + u”).

i=1 =1 i=1

In the neighborhood of a minimizer of (NIPs) satisfying certain second-order optimal-
ity conditions, the Newton equations for a zero of the conditions (2) are equivalent
to the Newton equations for a minimizer of M. Under certain assumptions, a limit
point of the iterates generated by the algorithm may always be found that is either an
infeasible stationary point or a complementary approximate KKT point (see Andreani,
Martinez and Svaiter [3]). The reader is referred to Gill, Kungurtsev and Robinson [2]
for more details. This reference provides some numerical examples that illustrate the
performance of the method compared to the widely-used interior-point method IPOPT.



In the following section, the Gill-Kungurtsev-Robinson algorithm is extended to
include shifts on the dual variables w in addition to the shifts on the slack variables s.

3 An All-Shifted Primal-Dual Penalty-Barrier
Function

In order to use shifts for the dual variables, we consider the perturbed optimality
conditions

Vf(x) — J(z)Ty =0, y—w=0,
c(x) —s=p"(y" —y), 5>0, (3)
s w=p’(w" —w)+ p’(s" —s), w >0,

where y® € R™ is an estimate of a Lagrange multiplier vector for the constraints
c(x)—s =0, w? € R™ is an estimate of a Lagrange multiplier for the constraints s > 0,
s” € R™ is an estimate of the optimal slacks, and p” and p” are positive scalars. The
last equation of (3) may be written in the form (s+p”e) - (w+pe) = p?(s”+w?+pe),
which implies that if s + w® 4+ pufe > 0 then s + p?e > 0 and w + pfe > 0. If F(x, s,
y, w; s&, y?, w? u”, pu?) denotes the vector-valued function

Vf(x) = J(x)%y
y—w
co(z) —s+p"(y —y”)
s w—pf(w? —w+ s —s)

F(z,s,y,w;s”,y° w?, p" u’) =

then any point (z, s, y, w) that satisfies the perturbed optimality conditions (3) must
satisfy F'(z, s, y, w ; s%, y*, w”, u”, p®) = 0. Let F(v) denote the function at a given
point v = (z, s,y,w). The Newton equations for the change in variables Av are given
by F'(v)Av = —F(v), i.e.,

H(z,y) 0 —J(z)" 0 Az Vf(z) — J(z)Ty
0 0 I, -1, As | y—w
J@) L @y 0 Ay | (@) = s+ p"(y —y")
0 W+ ul, 0 S+ u°ly, Aw s-w—pf(w? —w+ s —s)

()
where S and W denote diagonal matrices with diagonal entries s; and w; such that
8; + p® > 0 and w; + u® > 0.

The next step is to formulate a penalty-barrier function M such that in a neigh-
borhood of a minimizer of M, the Newton equations for minimizing M approximate



the Newton equations (5). Consider the shifted primal-dual penalty-barrier function

1
M(z,s,y,w;s",y" w®, 1", 1) = f(2) = (c(z) — 8)Ty" + 5= le(z) — s

2uP
N~
(A) (B) )
1 .
* o le(a) = s+ u"(y — y*)|?

(D)

m
=2 pP(wf + 57 4+ p”) In(s; + p1°)

o (6)
(E)

m

= > nP(wf + 57 + p”) In(w; + p1”)
i=1

(F)

+ Zwl(sZ + p®) 42 Zsi )
i=1 i=1
———

(G) (H)

Let S” denote the diagonal matrix with diagonal entries s; and define

Sp =84+ u’lLy,, SE=85°4+p"l, and W, =W + p°I,,.

Given the positive-definite matrices



and the Hessian VM may be written in the form

H+2J(z)"D;J(x) —2J(z)TD;t J(x)T 0
—2D;1J(z) 2D+ DYWL + uf St —1, I,
J(z) —Ip D, 0

0 In 0  D,W; T + u"W; 28,

(8)
where H = H (z,7" 4 (7" —y)) and IT" = diag(7").
Given the kth primal-dual iterate vy = (zk, Sk, Yr, Wk), the search direction
Avy, = (Axg, Asg, Ayx, Awy) is computed by solving the linear equations

H}! Av,, = —VM (vy,), 9)

where H} is a positive-definite approximation of V2M (v ). For the remainder of this
section we focus on the computation of the search direction for a single iteration and
omit the subscript k. The matrix H" in the equations HY Av = —VM (v) is defined
by substituting y for 7Y, w for 7%, s for s¥ and a symmetric matrix H for H in ().
This gives

H+2J(2)"D; J(z) —2J(z)T™D;'  J@)T 0

v —2D; ) (z) 2D+ D;Y I, I
i = J(x) I, D, 0| (10)

0 I, 0 Dy

where H is chosen such that H ~ H (z,y) and H" is positive definite. A generalization
of Theorem 5.1 of Gill, Kungurtsev and Robinson [2] may be used to show that the
choice H = H (z,y) is allowed in the neighborhood of a solution satisfying certain
second-order optimality conditions.

The distinctive property of the approximate Newton equations (9) is that under
certain conditions on H, their solution is also a solution of the perturbed path-following
equations (5). Consider the upper-triangular matrix

I, 0 —2J(z)'D;t 0
0 I, 2D;! —2D:1

U=1lo o I, 0 (1)
0 0 0 W+ p®1,,

The matrix U is nonsingular and it follows that the solution Av of (9) must satisfy

UH" Av = —~UVM (v). (12)



Upon multiplication by U and the application of the identity WyD, = S;, the
equations (12) may be rewritten as

H 0 —J@)T 0 Az Vf(z) — J(z)Ty
0 0 I,  —I, As | Y —w

J(x) —In D, 0 Ay | c(x) — s+ p"(y—y”)
0 W+ usly 0 S+utl, Aw s w— pf(w? —w+ s —

5)

(13)
These equations are identical to the shifted path-following equations (5) when H=
H(z,y). The solution of (13) is given by

Aw=y—w+Ay and As=-D,(y+Ay) +p W, (w" +5" ),

where Az and Ay satisfy the equations

(o L) (2a) = (o, T B ) 00

The matrix H" in (10) is positive definite if H + J(z)T(D, + D,)~'J(z) is positive
definite or, equivalently, if the (n + m) X (n + m) matrix associated with (14) has
inertia (n,m,0). If this condition does not hold for H= H(z,y), a common choice of
H is the matrix H(z,y) + 01, for some positive scalar 0 (see Section 6.1).

It should be noted that in the neighborhood of a solution, both the approximate
Newton equations H} Av,, = —VM (vy) and the KKT equations (14) are ill-conditioned
for small values of u” and p”. However, the sensitivity of the solution of (14) is
independent of the magnitudes of p” and u” (see Forsgren, Gill and Shinnerl [15],
Ponceleén [16] and Wright [17, 18]).

4 Minimizing the Merit Function using Projected
Search

In this section, we propose a projected-search algorithm that utilizes a non-monotone
flexible quasi-Armijo line search for minimizing the merit function M(z, s, y, w; s”,
y2, w? u”, pf) of (6) with fixed parameters s, y*, w”, u” and p”. The flexible
quasi-Armijo line search is a generalization of the quasi-Armijo search (see Ferry et
al [19] and Zhang [20]) that allows the acceptance of a step under a wider range
of conditions. The generalization uses the idea of a flexible line search proposed by
Curtis and Nocedal [21], and also exploits the connection between minimizing the
merit function and finding a zero of the shifted path-following function F(z, s, y,
w;s? P w? p, p?) of (4). In our description, we simplify the notation by writing
M(z,s,y,w;s? y? w p’ n?) and F(z,s,y,w;s? y? w? p” p?) as M(v;p”) and
F(v;p”), respectively.

10



4.1 The algorithm

For the merit function M (v;pu”) to be well-defined, the variables must satisfy the
implicit bounds s > —pPe, and w > —p”e. Thus, minimizing the merit function
M (v;p") is equivalent to solving the bound-constrained problem

minimize M (v;u”) subject to v > ¢, (IPBC)

with ¢ = ( — 00, —p’e, —o0, f;ﬁe), where an entry of “—00” is used to indicate that
the associated variable has no lower bound. Let proj ,, (v) be the projection of v onto
the perturbed feasible region

2y ={v:v>min{vg —o(vy—¢),0} }, (15)

with o a fixed positive scalar such that 0 < o < 1. The quantity o may be interpreted
as the “fraction to the boundary” parameter used in many conventional interior-
point methods. The proposed projected-search method for problem (IPBC) is given
in Algorithm 1. It generates a sequence of feasible iterates {vy }32, such that vy, =
proj o, (vi +apAvy), where Avy, is the search direction computed as in Section 3, and
ay is a step computed using a flexible quasi-Armijo search.

To perform the flexible quasi-Armijo search, we choose a line-search Armijo param-
eter p” such that p* > p”. At an iteration k, let ¢y (a; ) and ¢r(a; 1) denote the

functions M (proj o, (v + advy); p) and HF(pro_j o, (v + advg) ;) | A step ay, is
acceptable if all of the three conditions
Uy (e s p) < max { (05 4"), My } (16a)
Uy s 1) < max { ¢, (05 "), My }, and (16b)
¢k(ak ;IU‘P) S Nr min{¢k(0;uP)?n;nk max} (16C)
are satisfied, or
Grplag ;i) < V(05 i) + agn VM (v 5 1") T Awy, (16d)

for some value pj € [u”, p"] and some positive 7 < 1. In these conditions, Mpax
and F.x are large preassigned parameters and my is the number of iterations prior
to iteration k at which (16a)—(16¢) were satisfied. The use of the sufficient decrease
parameter of the form pj is characteristic of a flexible line search (see Curtis and
Nocedal [21]). In practice the step may be found by reducing «j by a constant factor
until (16a)-(16¢) holds, or (16d) is satisfied with either p; = p" or pj = p”. The
approximate Newton direction is a descent direction for u; = p”, but the idea is to
choose the larger value u; = p* when possible because the associated penalty-barrier
function is less nonlinear. It is shown in Lemma 5.2 that pu; = p* for all k sufficiently
large. Any ay, satisfying the conditions (16a)—(16¢) or the condition (16d) is classified
as a flexible quasi-Armijo step. Alternatively, an «j, that satisfies (16d) for puj, = p”
is simply known as a quasi-Armijo step (see Ferry et al. [19]). The conditions (16a)—
(16d) allow a step to be accepted if either (16a)—(16¢) holds, which implies that oy
gives a sufficient decrease in the norm of the shifted path-following function F (4),

11



or (16d) holds, which implies that «y satisfies a flexible variant of the quasi-Armijo
condition for the minimization of M.

The convergence analysis in subsection 4.2 below establishes the convergence of
Algorithm 1 under typical assumptions. However, the ultimate purpose is to develop a
practical algorithm for the solution of problem (NIPs) that uses Algorithm 1 as a basis
for minimizing the underlying merit function. The slack-variable reset in Step 18 of
Algorithm 1 plays a crucial role in this more general algorithm for handling (locally)
infeasible problems (see Lemma 5.5). Analogous slack-variable resets are used in Gill,
Murray and Saunders [22], and Gill, Kungurtsev and Robinson [2]. As defined in
Step 17 of Algorithm 1, S;1 is the unique minimizer, with respect to s, of the sum of
the terms (B), (C), (D), (G) and (H) in the definition of the function M. In particular,
it follows from Step 17 and Step 18 of Algorithm 1 that the value of s;11 computed
in Step 18 satisfies

Skt = S = (@) — 1k (V7 + 3 (W1 = yppn) + 17),
which implies, after rearrangement, that

(Tpp1) = Sppr < e (¥” + 2 (Wppr — Ypgr) + 17). (17)

Algorithm 1 Minimizing M for fixed parameters s”, y”, w”, p”, p® and p*.

1: procedure merit-proj(xo, so, Yo, wo, $7, w”, u”, u?, u*)
2: Restrictions: sg + p®e > 0, wg + pfe > 0, s¥ +w” + pe > 0, u* > p” > 0,
pe > 0;

3: Constants: {n.4,7.,7- } € (0,1);

4: Set vy + (o, S0, Yo, Wo);

5: while || VM (vg)]| > 0 do

6: Choose H}! > 0, and then compute the search direction Avy from (9);
7 Set ap + 1;

8: loop

9:

if (16a)—(16¢) hold or (16d) holds for ) = p* then
10: break;

11: else if (16d) holds for pj, = p” then

12: break;

13: end if

14: Set ay +— yaau;

15: end loop

16: Set vg11 < Proj o, (vi + apAuy);

17: Set 5,41  c(xyiq) — 1 (Y7 + 3(Wii1 — Ypur) + 1)
18: Perform a slack reset sp41 < max{Sg+1, Sk+1};

19: Set Vg1 4 (Tht1s Skt 1, Yh+1, Wht1);

20: end while

21: end procedure

12



4.2 Convergence analysis

The following assumptions are made for the convergence analysis:

Assumption 4.1. The functions f and c are twice differentiable.

Assumption 4.2. The sequence of matrices { H}' }r>0 used in (9) are chosen to be
uniformly positive definite and bounded in norm.

Assumption 4.3. The sequence of iterates {xy} is contained in a bounded set.

Assumption 4.3 is not a restrictive assumption. If the problem has the form (NIP),
the iterates are bounded if the upper and lower bounds are finite.

It will be shown in Section 5 (proof of Lemma 5.2) that gy is fixed for all k
sufficiently large if ;* is chosen appropriately. In this section, without loss of generality,
we assume that the parameter pf in Algorithm 1 is fixed at a value p”, with either
u" = p” or uf = pt. In order to simplify the notation, let M (v; u*) denote the function
M(z, s, y, wis®, y®, w®, 27, p", p?).

Lemma 4.1. The sequence of iterates {vy} computed by Algorithm 1 is such that
{M(vk;up)} is bounded. In particular, if ai is a step that satisfies (16d), then
M (Vg5 17) < M(vg 5 pu7).

Proof. As H}! is positive definite by Assumption 4.2 and VM (v ; ©”) is assumed to be
nonzero for all k£ > 0, the vector Avy, is a descent direction for M at vg. This property,
together with equations (16a) and (16b), imply that the line search performed in
Algorithm 1 produces an «aj such that the new point vx41 = proj, (v + apAug)
satisfies M (viy1;0") < max{M (vy;u"), Mmax }- In particular, if (16d) holds, then
M (V415 17) < M(vg; u"). Tt follows that the only way that the desired result cannot
hold is if the slack-reset procedure of Step 18 of Algorithm 1 causes M to increase.
The proof is complete if it can be shown that this cannot happen.

The vector §;11 used in the slack reset is the unique minimizer of the sum of the
terms (B), (C), (D), (G) and (H) defining the function M (v; "), so that the sum of
these terms cannot increase. Also, the (A) term is independent of s, so that its value
does not change. The slack-reset procedure has the effect of possibly increasing the
value of some of the components of si41, which means that the (E) and (F) terms in
the definition of M can only decrease. In total, this implies that the slack reset can
never increase the value of M, which completes the proof. O

Lemma 4.2. The sequence of iterates {vp} = {(xk, Sk, Yk, wr)} computed by
Algorithm 1 satisfies the following properties.

(i) The sequences {sp}, {c(xk) — sk}, {yx}, and {wy} are bounded.

(ii) For every i it holds that

. B_1. P B_1.
lllglzlélf [sk +pfe]; >0 and hrl?zlélf [wy + pnel; > 0.

(iii) The sequences {7 (zx,si) }, {7" (s)}, and { VM (vy;u")} are bounded.
(iv) There exists a scalar Moy such that M(vg; u") > Moy > —o0 for all k.
Proof. First, we consider the case where (16¢) holds only finitely many times. For

a proof by contradiction, assume that {sx} is unbounded. As s, + p?e > 0 by
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construction, there exists a subsequence of iterations S and component i such that

Ilciné [sk]i =00 and [sg]; > [sx]; for every jand all k € S. (18)
€

Next it will be shown that M must go to infinity on S. It follows from Assumption 4.3
and the continuity of f that the term (A) in the definition of M is bounded below for
all k. Similarly, Assumption 4.3, the continuity of ¢ and (18) implies that (B) cannot
go to —oo any faster than ||sx|| on S, and that (C) converges to co on S at the same
rate as ||sx||%. It is also clear that (D) is bounded below by zero. On the other hand,
(E) goes to —oo on & at the rate —In([sx]; + p”). Next, note that (H) is bounded
below. Now, if (F) is bounded below on S, then the preceding arguments imply that
M converges to infinity on S, which contradicts boundedness of M established in
Lemma 4.1. Otherwise, if (F) goes to —oo on S, then (G) converges to oo faster
than (F) converges to —oco. Thus, M converges to oo on &, which again contradicts
Lemma 4.1. These arguments imply that {sy } is bounded, which establishes the first
part of result (i). The second part of (i), i.e., the uniform boundedness of {c(zy)— sy },
follows from the first result, the continuity of ¢, and Assumption 4.3.

The next step is to establish the third bound in part (i), i.e., that {y } is bounded.
For a proof by contradiction, assume that there exists some subsequence S and
component ¢ such that

lim |[ye]i| =00 and |[yxls| >|[yx];| for every j and all k € S.
keS

Using arguments similar to those of the preceding paragraph, together with the result
established above that {sj} is bounded, it follows that (A), (B) and (C) are bounded
below over all k, and that (D) converges to oo on S at the rate of [y ]? because {sy }
is bounded, as has been shown above. Using the uniform boundedness of {sk } and
the assumption that s +w” 4+ p” > 0, it may be deduced that (E) is bounded below.
If (F) is bounded below on S, then (G) is also bounded, and as (H) is bounded below
by zero we would conclude, in totality, that limges M (vr) = oo, which contradicts
Lemma 4.1. Thus, (F) must converge to —oo, which implies that (G) converges to
oo faster than (F) converges to —oo, so that limges M (v ;p") = oo on S, which
contradicts Lemma 4.1. Thus, { Yk } is bounded.

We now establish the final bound in part (i), i.e., we show that { Wi } is bounded.
The boundedness of { , }, { s } and { y } imply that (A), (B), (C), (D) and (H) are
bounded and that (E) is bounded below. For a proof by contradiction, assume that the
set is unbounded, which implies the existence of a subsequence S and a component i
such that

li ; = 00.
lim [wg]i = 00

Then (F) converges to —oo, while (G) converges to oo faster than (F) converges to
—00, so that limges, M (v ;") = oo on S, which contradicts Lemma 4.1. It follows
that { W } is bounded.

Part (ii) is also proved by contradiction. Suppose that {[sz + p”e]; } — 0 on
some subsequence S and for some component i. As before, (A), (B), (C), (D), (G)
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and (H) are all bounded from below over all k. We may also use w” 4+ s” + p” > 0
and the fact that { Sk } and { Wy, } were proved to be bounded in part (i) to conclude
that (E) and (F) converge to oo on S. It follows that limges M (v ; ) = oo, which
contradicts Lemma 4.1, and therefore establishes that liminf [ sy + p”e]; > 0 for every
1 <4 < m. A similar argument may be used to prove that liminf [wy + p®e]; > 0 for
every 1 < i < m, which completes the proof.

Part (iii) and Part (iv) can be proved similarly as in the proof of Lemma 3.2(iii)
and (iv) in [2]. O

Certain results hold when the gradient of M (v;u”) is bounded away from zero.
Lemma 4.3. If there exists a positive scalar € and a subsequence of iterates S
satisfying

IVM (vg ;s 1”)|| > € for all k €S,

then the following results must hold.
(i) The set { || Avg|| }res is bounded above and bounded away from zero.
(ii) There ezists a positive scalar § such that VM (vy ; u”) T Avy < =68 for all k € S.

Proof. See the proof of Lemma 3.3 in [2]. O

Next we establish the main convergence result for Algorithm 1.
Theorem 4.1 (Flexible quasi-Armijo search). Under Assumptions 4.1-4.3, there
erists an iteration subsequence S such that

li M (v, 5 ) = 0.
klé’gv (vkaM) 0

Proof. First, consider the case where there exists an infinite subsequence of iter-
ates S such that the line-search conditions (16a)—(16c) hold for all £ € S. Then
the line-search condition (16¢) implies that limges ||F(vg;p”)|[] = 0. By (12),
F(vg; 1”) = Up,VM (vg ; 1), where Uy, is a matrix of the form (11). Lemma 4.2(ii)
implies that { |Uk|l} is uniformly bounded away from zero, which ensures that
limkeg VM(’Uk 5 ILLP) =0.

Now assume the complementary case where the subsequence of iterates such that
the line-search conditions (16a)—(16¢) hold is finite. This implies that there exists ko
such that for all & > ko, the line-search condition (16d) must hold. Thus, all the
subsequent iterates { Vg }k> ko lies within the level set

L(M (v, ;17)) & {v € Q: M(v;p") < M(vg, 5 1°) },

where {2 represents the open set in which the merit function M (v ; u") is well defined,
ie.,

= {v = (z,s,y,w) : v > f}, with ¢ = (— oo,—,uBe,—oo,—uBe).
Notice that the value of M (v;pu") is +00 on the boundary of 2. Then by the conti-
nuity of the function M(v;u”), the level set £(M (vg, ;")) is a closed subset of (2.

Moreover, Assumption 4.3 and Lemma 4.2(i) imply that the set of iterates { Vg }k>k0
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is a bounded subset of £(M (vg, ; 1”)). Hence, there exists a compact subset of {2 such

that { (o } k> ko lies within the compact subset. It follows that
2 : o .
"o k>k£{lllrgli§n{ [U’f}z M]z } > 0.

We show by contradiction that limy_,o, VM (v ; 4”) = 0. Suppose there exists a con-
stant € > 0 and a subsequence G such that | VM (v ; u”)|| > € for all k € G. It follows
from Lemma 4.1 and Lemma 4.2(iv) that limg_co M (v ; u") = Mpin > —o0. Using
this result and the assumption that the line-search condition (16d) is satisfied for all
k sufficiently large, it must follow that

lim a VM (vg ; p1*) T Ay, = 0,

k—o0

which, together with Lemma 4.3(ii), implies that limgeg o = 0. For each k, define
Br £ ai /v, Then limgeg B, = 0 and the backtracking procedure in Algorithm 1
implies that the condition (16d) does not hold for the step 8i for all k sufficiently
large. This means that the more stringent quasi-Armijo condition does not hold, i.e.,

M (proj o, (vi + BrAuvg) s 1”) > M (v 5 17) + aun VM (v, ; 1”) T Avy (19)
for all k sufficiently large. By Lemma 4.3(i), we also have limgeg ||Sx Avk|| = 0. Thus,
there exists k such that every component of By Avy, satisfies |[ BxAvy Js| < oy for all
k> kin G. It follows that v + By Avi € 2, which implies proj 2, (Vk + BrAvg) =
v, + BrAvg. Now let G denote the indices k > max { ko, k } of iterations at which a
reduction in the initial step length was necessary, i.e., G’ = {k o <1, keg, k>

max{ko,l;: } } As ay, converges to zero, G’ must be an infinite set. The inequality
(19) implies that

M (vk, + BrAvg s 1”) > M(vg; ") + Brna VM (vg 5 1”) T Awg
for all k in G’'. Adding —Bx VM (v, ; u*) T Avy, to both sides and rearranging gives
M (vi + B g ;s 1) = M(vg s ") — B VM (vg 5 1”) T Avg > =B (1 — na) VM (vg 5 p”) T Auy,
> Br(1—n,)d, forall ked'.
(20)
The Taylor expansion of M (v + BrAuvg ; u) gives
M (v + BrAvy s 1) = M (vg 5 1") = B VM (v ; ") " Avy,

1
= B / (VM (v, + 7Bk Avg s 1) — VM (vy, ;[LP))TAUk dr. (21)
0

If || - | » denotes the norm dual to || - ||, i.e., |[v]|» = max,o [vTu|/||ul, then
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| (VM (vi, + 7Bk Avg s ") — VM (vg 5 17)) T Avy|
< (VM (vi + 78, Avg s 1) — VM (vg 5 1) [[ o || Avge |-

If this inequality is substituted in (21), it then follows from (20) that

1
(I1=n4)d < / (VM(U;C + 7B Avg s 1) — VM (v, ;MP))TAUk dr
0

< Jmax VM (v + 7Bk Avg s ) — VM (v 5 1) || Avg ], for all k € G'.

The continuity of VM implies that there exists some 75 € [0, 8¢] such that

mas |[VM (oget i Avis 1) =V (03517 = [IVM (ot A5 1) VM (0517 .

Then
(1 =14)0 < ||[VM (v, + 7 Aok ; 1) = VM (vg 5 1) || o || Avge . (22)

However, ap Avg, — 0 implies 7, Avi, — 0 for k € G, and the continuity of VM gives
VM (vg, + 1 Avg 5 7)) — VM (vg 5 17) || — 0.

Lemma 4.3(i) implies that the right-hand side of (22) converges to zero, which gives
the required contradiction. O

5 Solving the Nonlinear Optimization Problem

In this section, a projected-search interior-point method for solving the nonlinear
optimization problem (NIPs) is formulated and analyzed. The method incorporates
the projected-search algorithm presented in Section 4 with strategies for adjusting the
parameters in the definition of the merit function. These parameters were fixed in
Algorithm 1.

5.1 The algorithm

The proposed method is given in Algorithm 2. The method uses the distinction among
O-iterations, M-iterations and F-iterations, which are described below.

The definition of an O-iteration is based on the optimality conditions for prob-
lem (NIPs). Progress towards optimality of the iterate vi41 = (Tk41, Sk+1, Yk+1,
wg+1) is defined in terms of the following feasibility, stationarity, and complementarity
measures:

Xfeas(’UkH) = Hc(ﬂfk+1) - 5k+1||,
Xstny (Vk1) = max (|| Vf (zr41) — J (@rt1) " yrrall, 19rt1 — wisa|]), and

Xcomp(vk+1a pr) = Hmin(ql (Uk+1)a QQ(Uk+1’ NZ))

)
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where

01 (vky1) = max(| min(8k+1>wk+1ﬂ0)|7 |Sk+1 ) wk+1|)7 and

o (Vg i1, ) = max (pfe, | min(s,,  + ppe, wy g + ppe,0)],[(sp1 + pie) - (weyy + pre)l)).

A first-order KKT point vy for problem (NIPs) satisfies x (v, ug) = 0, where

X(Ua :U’) = Xfeas (’U) + Xstny (U) + XCOmp(U? /’L)' (23)

Given these definitions, the kth iteration is designated as an O-iteration if
XUkt py) < X2, where {X’,?ax} is a monotonically decreasing positive sequence.
At an O-iteration the parameters are updated as y;,, = vy, ., wi,, = w,,,; and
Xeil = 1yihex (see Step 11 of Algorithm 2). These updates ensure that { xpax }
converges to zero if infinitely many O-iterations occur. The point vg41 is called an
O-iterate.

If the condition for an O-iteration does not hold, a test is made to determine if

Vk+1 = (Tpt1, Sk+1, Yk+1, Wk+1) 18 an approximate first-order solution of the problem

minimize M (v sg, yi, Wi, i, 1)- (24)
v=(z,5,yw)

In particular, the kth iteration is called an M-iteration if vy satisfies

Ve M (Vg1 5 85 Uk Whs i ) oo < Ths (25a)
Vs M (Vg1 3 85 Yk e ke Bk oo < T (25b)
IV M (Vg1 58k Ui Wis s 1) lso < Tkl Dy llocs and (25¢)
Vo M (Vi1 5 85 Ui s Wi o 1) oo < Thl[ D1 oo (25d)

where 7, is a positive tolerance, Dy, = ppl, and Dy = (S +pgd) (W) +up D)~
In this case vy41 is called an M-iterate because it is an approximate first-order solution
of (24). The estimates s;_ ;, yr,, and w;; are defined by the safeguarded values

55+1 = min (max(O, Sk+1)7 Smaxe)a
yl?—i—l = Imax ( ~ Ymax©s min(yk—i-l? ymaxe))’ (26)
wl?—i—l = min (wk+1v wmaxe)

for some large positive constants Smax, Ymax and wmax. Next, Step 15 checks if the
condition

Xfcas(vk+1) § Tk (27)
holds. If the condition holds, then i, | < ug; otherwise, uy | < %,ug to place more
emphasis on satisfying the constraints c¢(z) — s = 0 in subsequent iterations. Similarly,
Step 16 checks the inequalities

Xcomp(karl?p’Z) < Tky  Sk+1 > —Tke, and Wh1 = —Tge. (28)
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If these conditions hold, then pj,, < puy; otherwise, uy, ,; « %,ug to place more
emphasis on achieving complementarity in subsequent iterations.

An iteration that is not an O- or M-iteration is called an F-iteration. In an F-
iteration none of the parameters in the merit function are changed, so that progress
is measured solely in terms of the reduction in the merit function.

Algorithm 2 An all-shifted projected-search interior-point method.

1: procedure pdProj(zo, so, yo, wo)

2 Restrictions: so > 0 and wg > 0;

3 Constants: {7,,7, } C (0,1) and { ¥max, Wmax, Smax } C (0,00);
a: Choose yg; x§™ > 0; { g, puf } C (0,00); and pf > pf;

5: Choose w§ and s§ such that wg§ + s§ + pge > 0;

6 Set vo = (2o, S0, Yo, Wo); Kk + 0;

7 while || VM (vg)]| > 0 do

8 (%, y" w®, 1", 1) < (s, yis we, i 1E);

9 Compute vg41 in Steps 6-19 of Algorithm 1;

10: if x(vpp1 7)) < X3 then [O-iterate]

n " 1 .
11: (X;gnfi(a y[i.q_l? w[i_t,_lv :u£+17 Mg+17 Tk;-‘,—l) — (§X7€nax, yk+1v wk+1» /iZ» ﬂga Tk))’
12: Spa1 +max{0,s,,; };
13: else if vy satisfies (25a)—(25d) then [M-iterate]

' ax 1 ; ; ; :
14: Set (XPET Tha 1) = OG0, 573);  Set spy 1, Y1 and wy,, using (26);
15: if Xfeas(Vky1) < 7 then py | < py else py %ug end if
16: if Xcomp(vkﬂ,uz) < Tk, Sk4+1 = —Tre and wgy1 > —Tge then
17: K1 < Hgs
18: else

1,8,

19: Bl < SHE
20: Reset s, and wg41 so that s, +pug, e > 0and wy +pg e > 0;
21: end if
22: else [F-iterate]
23: (ernf)lca Sz+1, y]§+17 w]€+1a H£+1, ,Ui+1a Tk+1) <~ (ernax, SZ, y]ga w1€7 ,u£7 .uzv Tk)a
24: end if
25: Update pj,, as in (29);
26: end while

27: end procedure

Reducing the barrier parameter p” in Step 19 of Algorithm 2 may cause a slack
variable s; or a dual variable w; to become infeasible with respect to its shifted bounds.
In Step 20, if a multiplier w; becomes infeasible after p” is reduced, it is reinitialized as
max { Yi, %wi } To remedy the infeasibility of a slack variable s;, suppose p® and i”
denote a shift before and after it is reduced, with s;+u” > 0 and s;+i” < 0, a strategy
is proposed in Section 5.4 of [2], which temporarily imposes an equality constraint
s; = 0. This constraint is enforced by the primal-dual augmented Lagrangian term
until the nonlinear constraint value ¢;(x) becomes larger than i, at which point s; is
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assigned the value s; = ¢;(x) and allowed to move. On being freed, the corresponding
Lagrange multiplier w; is reinitialized as max{yi,e}, where € is a small positive
constant.

Given an initial value p§ > pf, in Step 25 of Algorithm 2, the line-search parameter
py, is updated as

PR if (o s pg) < V(05 pg) + arnady, and pp, .y = py;
Hi+1 = 1,1 ,,pr .
max{ SHE> My } otherwise,
(29)
where 0, = VM (v, ; u”)T Av,. This updating rule guarantees that uk > u? for all k.

5.2 Convergence analysis

Convergence analysis for Algorithm 2 follows a similar procedure as in Section 4.2
of [2], which uses the properties of the complementary approximate KKT (CAKKT)
condition proposed by Andreani, Martinez and Svaiter [3], as described below.
Definition 5.1 (CAKKT condition). A feasible point (x*,s*) (i.e., a point such that
s* >0 and c(x*) — s* = 0) is said to satisfy the CAKKT condition if there exists a
sequence { (z;,s;,u;,2;) } with {z; } — 2* and {s; } — s* such that

{ Vf(z)) = J(xj) s } =0, (30)
{wj—2z} -0 (31)

{z} >0, and (32)

{z-s;}—0. (33)

Any (z*, s*) satisfying these conditions is called a CAKKT point.
Theorem 5.1 (Andreani et al. [23, Theorem 4.3]). If (z*, s*) is a CAKKT point that
satisfies CAKKT-regularity, then (z*, s*) is a first-order KKT point for (NIPs).

The first part of the analysis concerns the conditions under which limit points of
the sequence { (g, Sk) } are CAKKT points. As the results are tied to the different
iteration types, to facilitate referencing of the iterations during the analysis we define

O = { k : iteration k is an O-iteration },
M= { k : iteration k is an M-iteration }, and
F = { k : iteration k is an F-iteration }

Lemma 5.1. If |O| = oo there exists at least one limit point (z*,s*) of the infinite
sequence { (Th+t1, Skt1) }/ceo and any such limit point is a CAKKT point.

Proof. Assumption 4.3 implies that there must exist at least one limit point of
{ Tht1 }ke(’)- If 2* is such a limit point, Assumption 4.1 implies the existence of L C O
such that {zp41 Jrex — % and { c(ap41) frex — c(z*). As |O] = oo, the updat-
ing strategy of Algorithm 2 gives { x}*** } — 0. Furthermore, as x (v, , pf) < X2
for all k € K C O, and Xgeas(vj41) < X(vp4q,p5) for all k, it follows that
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{ Xfeas (Vg4 1) }kelc —0,1i.e., {C(xk+1)_8k+1 }ke)g — 0. With the definition s* = ¢(z*),
it follows that { Ska1 }ke;g — limgex c(zr41) = c(z*) = s*, which implies that (z*, s*)
is feasible for the general constraints because c¢(z*) — s* = 0. The remaining feasibility
condition s* > 0 is proved componentwise. For any 1 < ¢ < m, define

Q1= {k : [ql(karl)]i < [Q2(Uk+1>/ig)]i} and Qy = {k : [Q2(Uk+17,u§)]z‘ < [ql(Uk:Jrl)}i }»

where ¢; and ¢ are used in the definition of Xcomp. If the set K N Q; is infinite,
then it follows from the inequalities {Xcomp(vkﬂ,uﬁ) Peex < {x(vpg1, 18) Prex <
{Xglax }ke;g — 0 that sf = limgno, [Sk+1]; = 0. Using a similar argument, if the set
K N Qy is infinite, then s; = limxno, [skt1]; = limgkng, [5,,.; + piel; > 0, where
the second equality uses the limit {.Uﬁ }kEKﬂQ2 — 0 that follows from the definition
of Qy. Combining these two cases implies that s} > 0, as claimed. It follows that the
limit point (z*, s*) is feasible.
It remains to show that (z*,s*) is a CAKKT point. Let

enlo=q bk EREO
' [Sks1 togeli ke Qy

and

~ B {max{[wkﬂ]i,()} if k € Qy;

[Wk11]; = B .

[wiyq + piel; it ke Qs,

for every 1 < ¢ < m, and consider the sequence (Tgy1, Sk+1, Yk+1, Wrt1)kekc a8 a
candidate for the sequence used in Definition 5.1 to verify that (z*,s*) is a CAKKT
point. If O N Q, is finite, then it follows from the definition of 5511 and the limit
{ skt1 frex — s that { [Spy1]i frex = 575 als0, { Xeomp (Vkg1s #5) Fhex — 0 implies
that lim infgexc[wr41 ] > 0, therefore { [Wgt1 —WEt1 )i }ke’c — 0. On the other hand,
if ON Qy is infinite, then the definitions of Q2 and X comp (V41 1, #7), together with the
limit {XCOInp(Uk+1ﬂ:LLZ) }kgc — 0 imply that {Mﬁ } — 0, giving { [Sk+1 i }ke;g — 87
and { [Wg+1 — Wit ) }ke’c — 0. As the choice of ¢ was arbitrary, these cases taken
together imply that {§k+1 }ke;g — s* and {'Ujk;+1 — Wil }ke;c — 0.

The next step is to show that {(mk+1,§k+17yk+17wk+1) }ke)g satisfies the con-
ditions required by Definition 5.1. It follows from the limit {X(U,H_l,ug) }keIC -0
established above that { Xqny (Vg41) + Xeomp (Ves1s #5) Frek < { X (Vpy1s E) Jrex —
0. This, together with the limit {wkH — W1 }ke)C — 0, implies that {Vf(xk_H) —
J(@k11) "Ypiq Jrex — 0 and {y,.; — w,; frex — 0, which establishes that con-
ditions (30) and (31) hold. The nonnegativity of w, , for all k is obvious from
its definition, which implies that (32) is satisfied for {wk }ke)c- Finally, it must be
shown that (33) holds, i.e., that {w@,,, - §,,1 }rex — 0. Consider the ith com-
ponents of 3, and wy. If the set K N Qp is infinite, then the definitions of 5541,
q1(vk+1) and Xeomp (Vpy1> #7), together with the limit {Xcomp(vkﬂ,,uz) brex —
0, imply that {[u?k_H “Spg i };mgl — 0. Similarly, if the set K N Qy is infi-
nite, then the definitions of 5x11, g2(vky1, ;) and Xeomp(Vyi 1, 45), together with
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the limits {Xcomp(vk+1,u2) }ke’c — 0 and {'lz)k-+1 — Wk }ke;g — 0, imply that
{1®41 * 51 li frekng, — 0. Thus, these two cases lead to the conclusion that
{ Wy 1 * Spyq }eex — 0, which implies that condition (33) is satisfied. This completes
the proof that (z*,s*) is a CAKKT point. O

In the complementary case where |O| < oo, it will be shown that every limit
point of the iteration subsequence {(mk+1,sk+1) }keM is infeasible with respect to
the constraints ¢(x) — s = 0 but solves the least-infeasibility problem

minimize 1| c(z) — s||3 subject to s> 0. (34)
x,s

The first-order KKT conditions for problem (34) are

s*) =0, s* >0, (35a)
s*) =0, c(z®) —s* <0. (35Db)
These conditions define an infeasible stationary point.

Definition 5.2 (Infeasible stationary point). The pair (z*,s*) is an infeasible sta-
tionary point if c(z*) — s* # 0 and (x*,s*) satisfies the optimality conditions
(35).

Lemma 5.2. If |0| < oo, then |[M| = co.

Proof. The proof is by contradiction. Suppose that |[M| < oo, in which case |OUM| <
0o. It follows from the definition of Algorithm 2 that k € F for all k sufficiently large,
i.e., there must exist an iteration index k;, such that

k 6 ‘F’ yi = yE) a’nd (Tk7w£7u£7ui) = (T7wE7uP7#B) > O (36)

for all k > k. The updating rule for {u,’g} implies that pj will be fixed at some
ut > pf, and pf is then fixed at the value p* for all £ sufficiently large. It follows from
Theorem 4.1 that there exists a subsequence of iterates S such that

lim,_ || VM (vg)]| = 0.
k—S

Then Lemma 4.2(i) and Lemma 4.2(ii) can be applied to show that (25) is satisfied
for all k£ € S. This would mean, in view of Step 13 of Algorithm 2, that S € M with
|S| = oo, which contradicts (36) because F N M = . O

For the next lemma, we introduce the quantities

1 _
7r,l’+1 =Yp — F(C(xlwl) - 3k+1) and 71'IZVJrl = Mg(skJrl + ppl) 1(wf —Sp41 T+ k),
k

with S, ,, = diag(s;, ) associated with the gradient of the merit function in (7).
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Lemma 5.3. If |[M| = co then

li o =0.
k»le% ||7"k+1 yk-i—l”

Moreover, if there exists a subsequence of iterates K C M such that limgex s = s* >
0, then

li i — =1l r1 — Tl = 1 — =0.
e 741 — Wi P [megr — eyl e [Yk1 — Wi |
Proof. Tt follows from (7) and (25c¢) that

||7T1§+1 - yk+1H < Ty (37)

As |[M| = oo by assumption, Step 14 of Algorithm 2 implies that limg_o, 7% = 0.
Combining this with (37) establishes the first limit in the result.

Furthermore, if there exists a subsequence K C M such that limgex sp = s* > 0,
then the updating rule of Algorithm 2 for s, implies that limgex (sj — s;) = 0. The
limit limg oo 7% = 0 may then be combined with (7), (25b) and (25¢) to show that

li I =0 d 1 b =7l = 0. 38
klen)% ||7Tk+1 wk+1” an klen)% H7Tk+1 7Tk+1|| (38)

Finally, as limg_,oo 7% = 0, it follows from the bound (37) and limits (38) that

1' _ — 1' _ Y Y _ w w _ — 0.
o 1Yk+1 — Weiall P (W1 = Thg1) + (Thg1 — Teg1) + (T — W)l

This establishes the last of the four limits. O

Lemma 5.4. If |O| < oo, then every limit point (x*,s*) of the iterate subsequence
{ (@rs1,Sk41) Frem satisfies c(z*) — s* # 0.

Proof. The proof is similar to the proof of Lemma 4.7 in [2] but with some modified
technical details.

Let (z*,s*) be a limit point of (the necessarily infinite) sequence M, i.e., there
exists a subsequence K C M such that limgex (g1, sk+1) = (¥, s*). For a proof by
contradiction, assume that c¢(z*) — s* = 0, which implies that

lim le(zr+1) = sr4al = 0. (39)

First, we show that s* > 0, which will imply that (z*, s*) is feasible because of the
assumption that c¢(x*) — s* = 0. The line search in Algorithm 1 gives s, | + uje >0
for all k. If limy 0o pf, = 0, then s* = limgex s,y > — limgexc e = 0. On the other
hand, if limy_,oc uf, # 0, then Step 19 of Algorithm 2 is executed a finite number of
times, p; = p” > 0 and (28) holds for all k € M sufficiently large. A combination of the

23



assumption that |O| < oo, the result of Lemma 5.2, and the updates of Algorithm 2,
establishes that limg_,, 7 = 0 and

XE2 = x> 0 for all sufficiently large k& € K. (40)
Taking limits over £ € M in (28) and using limy_,o, 7 = 0 gives s* > 0.
Using |O| < oo together with Lemma 5.3, the fact that limgexe sp = s* > 0 with
K C M, and Step 16 of the line search of Algorithm 1 gives

]llenlé |Yrs1 — wryall =0, and wyq + pypyqy >0 for all k> 0. (41)

Next, it can be observed from the definitions of 7, ; and V, M that

Vf(@g41) — J($k+1)Tyk+1 = Vf(@4q1) — J($k+1)T(27T1§+1 + Y1 — 27py1)
= Vf(xk+1) - J($k+1)T(27T1§+1 - yk+1) - 2J(xk+1)T(yk+1 - 7T1§+1)

= VwM(Uk+1 ;ylljvw£7/’6£7uz) - ZJ(xk-l—l)T(yk-&-l - le:,+1)7

which combined with {ka }ke)c — x*, limg_ oo 7 = 0, (25a), and Lemma 5.3 gives
lim { V(@) = J(@r1) Tyt } = 0. (42)

The proof that limkex Xcomp (Vgy1> Hr) = 0 involves two cases.

Case 1: limy_,o0 17 # 0. In this case puf = p? > 0 for all sufficiently large k. Combining
this with | M| = oo and the update to p} in Step 19 of Algorithm 2, it must be that (28)
holds for all sufficiently large k € K, i.e., that Xcomp(vkﬂ, py) < 7, for all sufficiently
large k € KC. As limy oo 7 = 0, it must hold that limpex Xcomp (Vg1 i) = 0

Case 2: limg o0 i = 0. Lemma 5.3 implies that limgex (7, — wy,,) = 0. The
sequence { Sy gl } ke is bounded because { 15 } is positive and monotonically
decreasing and limgex s, ; = s, which means by the definition of 7}’ and the
updating rule for s;_ , in (26),

0= Em (Sp1 + 1 D) (M — wigr) = Mm (pgwg — (Spy + e Dwyga). (43)
€K ke
Moreover, as |O| < oo and wy > 0 for all k by construction, the updating strategy

for wf in Algorithm 2 guarantees that { wf } is bounded over all k (see (26)). It then
follows from (43), the uniform boundedness of { wf }, and limj_,oc pf = 0 that

0= lim ([sypals + i) lwpale = Mo (Ispals + 00) (wiali + ). (44)

There are two subcases.

Subcase 2a: s > 0 for some i. As limgexc[8,,q )i = 57 > 0 and limy o0 1 = 0,
it follows from (44) that limgexc[w;, ;)i = 0. Combining these limits allows us to
conclude that limgex[ g1 (vgr1)]: = 0, which is the desired result for this case.
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Subcase 2b: s7 = 0 for some i. In this case, it follows from the limits limy_,o p =
0 and (44), wiy1 + p; > 0 and the limit limgex[spr1]i = s = 0 that
limpex[q2(vg 15 #g)]; = 0, which is the desired result for this case.

As one of the two subcases above must occur for each component i, it follows that
l£l€rrlé Xcomp (Uk+1’ /”Lg) = O’

which completes the proof for Case 2.

Under the assumption c¢(z*) — s* = 0 it has been shown that (39), (41), (42),
and the limit limpex Xcomp (Vg 1> #7) = 0 hold. Collectively, these results imply that
limgex X (Vg4 1, ) = 0. This limit, together with the inequality (40) and the condition
checked in Step 10 of Algorithm 2, gives k € O for all k € K C M sufficiently large.
This is a contradiction because @ N M = (), which establishes the desired result that
c(x*) —s* £0. O

Lemma 5.5. If |O] < oo, then there exists at least one limit point (x*,s*) of the infi-
nite sequence { (Thy1s Spyr) }keM; and any such limit point is an infeasible stationary
point as given by Definition 5.2.

Proof. The proof is similar to the proof of Lemma 4.8 in [2] but with some modified
technical details.

If |O] < oo then Lemma 5.2 implies that |[M| = oco. Moreover, the updating
strategy of Algorithm 2 forces { yf } and { wf } to be bounded (see (26)). The next
step is to show that { Sk+1 }ke/vl is bounded.

For a proof by contradiction, suppose that {spi1}resm is unbounded. It
follows that there must be a component ¢ and a subsequence K C M for
which { [Sk+1 i }ke;g — 00. When Assumption 4.3 and Assumption 4.1 hold,
{ e(zrs1) trexs { Vf(@h11) }rex and { J(Tr41) Jrex must be bounded. This implies
that {[7),]i }rex is unbounded. On the other hand, by (7), (25a), together with
the limit limg_, o, 7 = 0 and Lemma 5.3,

0 1. VIM ) E’ E7 P7 4
kg}\l/l | (Uk+1 Yr» Wi Mgy 1) ||

= l}énj\l/l ||Vf(33k+1) - J($k+1)T7T1§+1 - J(xk+1)T(7Tl§+1 - yk+1)||

Jim 97 (@) = T (@rs1) " | = 0,

which contradicts the unboundedness of { [} 11 Ji } rex - Thus, it must be the case
that { sg41 }rear is bounded.

The next part of the proof is to establish that s* > 0, which is the inequality
condition of (35a). The test in Step 16 of Algorithm 2 (i.e., testing whether (28)
holds) is checked infinitely often because |M| = oco. If (28) is satisfied finitely many
times, then the update pj,, = %,uﬁ forces {,uﬁﬂ } — 0. Combining this with sg1 +
ppe > 0 shows that s* > 0, as claimed. On the other hand, if (28) is satisfied for
all sufficiently large k& € M, then pj,, = p® > 0 for all sufficiently large k and
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limkex Xecomp (Vgy15 Hr) = 0 because {7} — 0. It follows from these two facts that
s* >0, as claimed.

The boundedness of {3k+1 }ke m and Assumption 4.3 ensure the existence of at
least one limit point of { (Tk+1, Sk+1) }k€M~ If (z*,s*) is any such limit point, there
must be a subsequence K C M such that { (41, Sk+1) }ke;g — (z*, s*). It remains
to show that (z*,s*) is an infeasible stationary point (i.e., that (x*,s*) satisfies the
optimality conditions (35a)—(35b)).

As |O| < o0, it follows from Lemma 5.4 that c(z*) — s* # 0. Combining this with
{ Tk } — 0, which holds because K C M is infinite (on such iterations 7441 %Tk), it
follows that the condition (27) of Step 15 of Algorithm 2 will not hold for all sufficiently
large k € KK C M. The subsequent updates ensure that {ufe } — 0, hence { Hr, } —0
by the updating rule for { s } , which, combined with (17), the boundedness of { yf },
and Lemma 5.3, gives

{c(z 1) = spprthex < {uk (Wi + 3wy — Yeyr) + 42) Frex — 0.

This implies that c¢(z*) — s* < 0 and the second condition in (35b) holds.
The rest of the proof is the same as in the proof of Lemma 4.8 in [2]. O

Theorem 5.2. Under Assumptions 4.1-4.3, one of the following occurs:

(i) |O| = oo, limit points of { (Tr+1,5k+1) freo ezist, and every such limit point
(z*, s*) is a CAKKT point for problem (NIPs). If, in addition, CAKKT-regularity
holds at (x*,s*), then (z*,s*) is a KKT point for problem (NIPs).

(if) |O] < oo, M| = oo, limit points of { (x41,5k+1) ke exist, and every such
limit point (z*,s*) is an infeasible stationary point.

Proof. Part (i) follows from Lemma 5.1 and Theorem 5.1. Part (ii) follows from
Lemma 5.5. Also, the exclusive conditions on |O| imply that only one of these two
cases must occur. O

6 Numerical Experiments

Numerical results were obtained for Algorithm pdProj, which is a MATLAB imple-
mentation of the projected-search primal-dual interior-point method proposed in
Sections 3-5. For comparison purposes, results are also given for two primal-dual
interior-point methods that do not use projection. The first is Algorithm pdbAll,
which is a method that shifts both the primal and dual variables. The second is Algo-
rithm pdb, which is an extension of the primal-shifted method of Gill, Kungurtsev and
Robinson [2].

Algorithms pdb and pdbAll are implemented with a flexible Armijo line search in
which the step length is chosen to satisfy the conditions (16a)—(16d) with ¢ (o ; 1) and
o (a; p) given by M (v +aAvy ;1) and ||F (v, 4+ adovy ; 1) ||. Exact second derivatives
were used for all the runs.
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6.1 Implementation details

The iterates were terminated at the first point that satisfied the conditions ep(z,s) <
7p and ep(z, s,y,w) < Tp, where e, and e, are the primal and dual infeasibilities

o (1. 8) — min{O, s} a
229 = | (et e (1. 1)) | 5
and
IVf(z) = J(2) Tyl /o
eD(x,s,y,w) = ”w_y”oo ) (45b)
w - min{l, s} -

with ¢ = max { 1, [|Vf(z)||, max { 1, ||ly| }|J(#)||lo }- These quantities provide a mea-
sure of the scaled distance to the primal and dual optimality conditions (1). Similarly,
the iterates were terminated at an infeasible stationary point (z,s) if ep(x,s) > 75,
min {O, s} < 7p and e,(x, s) < Ting, where

e (z,s) = HJ(IIZ)T(C(I‘) —s) - min {1, s}”oo /o. (46)
All three MATLAB implementations were initialized with identical control param-

eters that were chosen based on the empirical performance on the entire collection of
problems. A summary of the values is given in Table 6.1.

Table 1 Control parameters for Algorithms pdb, pdbAll and pdProj.

Parameter Description Value
Smax > Ymaxs> Wmax Maximum allowed yE, wE, s¥ 1.0e+6
ug Initial penalty parameter 1.0e-4
,ug Initial barrier parameter 1.0e-4
ué Initial flexible line-search penalty parameter 1.0
o Initial termination tolerance for specifying an M-iterate 0.5
TP Primal feasibility tolerance (45a) 1.0e-4
™D Dual feasibility tolerance (45b) 1.0e-4
Tinf Infeasible stationary point tolerance (46) 1.0e-4
X0 Initial target for an O-iteration 1.0e+3
i Line-search Armijo sufficient reduction 1.0e-2
nr Line-search sufficient reduction for || F|| 0.9
YA Line-search factor for reducing an Armijo step 0.5
funb Unbounded objective -1.0e+12
Max Constants in line-search tolerance (16a) and (16b) 1.0e+12
Frax Constant in the line-search tolerance (16c) 1.0e+8
o Bound perturbation in the definition of 25 (15) 0.8
Kmax Iteration limit 500

The results were obtained for optimization problems from the CUTESst test collec-
tion (see Bongartz et al. [24] and Gould, Orban and Toint [25]). Results were obtained
for five subsets of problems from the CUTEst test collection. The subsets consisted
of all 126 problems formulated by Hock and Schittkowski ([26]) (problems HS); 139
problems with a general nonlinear objective and upper and lower bounds on the vari-
ables (problems BC); 212 problems with a general nonlinear objective, general linear
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constraints and bounds on the variables (problems LC); 648 problems with a gen-
eral nonlinear objective, general linear and nonlinear constraints and bounds on the
variables (problems NC); and 141 problems with a quadratic objective, general linear
constraints and bounds on the variables (problems QP). The NC problems include 264
feasibility problems, i.e., problems with nonlinear constraints but a constant objective
function. In an attempt to create a unique solution for comparison purposes, all the
feasibility problems were modified to find the feasible point of least Euclidean length.
For example, in terms of the problem format (NIPs) the constant objective function
was replaced by 1|z

The BC, LC, NC and QP subsets were selected based on the number of variables and
general constraints. In particular, a problem was chosen if the associated KKT system
was of the order of 2000 or less. The same criterion was used to set the dimension of
those problems for which the problem size can be specified. The only eligible problem
omitted from the test-set was lhaifam, which generated a floating-point exception
when computed at the initial point. A complete list of the problems tested, together
with additional details of the number of function evaluations and iterations needed
for each problem is given by Gill and Zhang [27].

Each CUTEst problem may be written in the general form (NIP). In this format,
a fixed variable or an equality constraint has the same value for its upper and lower
bounds. A variable or constraint with no upper or lower limit is indicated by a bound
of £10%°. The approximate Newton equations for problem (NIP) are derived by Gill
and Zhang [1]. As is the case for problem (NIPs) the principal work at each iteration is
the solution of a reduced (n+m) x (n+m) KKT system analogous to (14). Each KKT
matrix was factored using the MATLAB built-in command LDL, which uses the routine
MA57 [28]. If the inertia of this matrix was incorrect, i.e., the matrix was singular or
had more than m negative eigenvalues, the Hessian of the Lagrangian H was modified
using the method of Wachter and Biegler [29, Algorithm IC, p. 36], which factors the
KKT matrix with d,, added to H. At any given iteration the value of § is increased
from zero if necessary until the inertia of the KKT matrix is correct.

The initial primal-dual estimate (xo, yo) was based on the default initial values
supplied by CUTEst. If necessary, xg was projected onto the set {x X<z <uf }
to ensure feasibility with respect to the bounds on z. An algorithm was considered to
have converged if the iterates were terminated at a point that satisfied the conditions
(45a)—(45b) and (46) defined in terms of the constraints associated with problem
(NIP).

We note that an interior-point method that does not use shifts would require
a strictly interior starting point, which implies that the choice of default CUTEst
starting point would not be possible in this situation. Moreover, this choice of starting
point illustrates the potential benefits of using shifts for performing a warm-start.
The CUTEst QP problems ferrisdc and linspanh both have a solution at the initial
point. All three algorithms pdb, pdbA1l and pdProj recognize the initial point as being
optimal and terminate immediately.

28



6.2 Performance profiles

The runs were done using MATLAB version R2022b on an iMac Pro with a 3.0 GHz
Intel Xeon W processor and 128 GB of 800 MHz DDR4 RAM running macOS, version
12.6.8 (64 bit). The overall cpu-time required by a constrained optimization method is
dominated by the time needed to solve the KKT equations and the time to evaluate the
problem functions (i.e., the objective and constraint functions and their derivatives).
Given the difficulty of accurately measuring cpu time in a multiprocessor and multiuser
computing environment, function and iteration performance profiles provide a clear,
accurate and concise way to display the relative efficiencies of methods. Performance
profiles are particularly effective when comparing methods on problems for which the
cpu time is negligible.

Performance profiles were proposed by Dolan and Moré [30]. Let P denote a set
of problems used for a given numerical experiment. For each method s we define the
function 7y : [0,7,] — R* such that

)

1
me(T) = o |{p € P :logy(rps) < T}
p

where n, is the number of problems in the test set and 7, denotes the ratio of
the number of function evaluations needed to solve problem p with method s and
the least number of function evaluations needed to solve problem p. If method s
failed for problem p, then r, , is set to be twice the maximal ratio. The parameter
Ty is the maximum value of log,(rp s). Figures 1-5 give the function-evaluation and
iteration performance profiles for the HS, BC, LC, NC and QP test-sets respectively.
The profiles show the benefits of shifting both primal and dual variables, as well
as using a projected-search method based on the primal-dual search direction. The
proposed method pdProj outperforms the other two solvers in terms of both efficiency
and robustness. In particular, the number of times that the search direction must
be computed is substantially reduced. This reduction is most pronounced when the
problem is a quadratic program.

7 Conclusions

A new projected-search primal-dual interior-point method has been formulated and
analyzed for constrained optimization problems. The method is based on combining
a new primal-dual interior-point method with a projected-search method for bound-
constrained optimization that uses a flexible non-monotone quasi-Armijo line search.
The projected-search method projects the underlying search direction onto a superset
of the feasible region defined by perturbing the constraint bounds. With this approach
the direction of the search path may change multiple times along the boundary of
the perturbed feasible region at the cost of computing a single direction. The direc-
tion for the projected search is an approximate Newton direction associated with
minimizing a shifted primal-dual penalty-barrier function. This function involves a
primal-dual shifted penalty term for the equality constraints in conjunction with an
analogous primal-dual shifted barrier term for enforcing the inequality constraints
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Fig. 1 Performance profiles for the primal-dual interior-point algorithms pdb, pdbAll and pdProj applied
to all 126 Hock-Schittkowski (HS) problems from the CUTESst test set. The left figure gives the profiles for
the number of function evaluations. The right figure gives the profiles for the number of iterations.

and the nonnegativity constraints on their associated multipliers. It is shown that
a specific approximate Newton method for the unconstrained minimization of the
penalty-barrier function generates directions that are identical to those associated
with a variant of the conventional path-following method. In this context the penalty-
barrier function is used as a merit function for assessing points generated by Newton’s
method for a zero of the path-following equations. Numerical results from a large
number of test problems from the CUTEst test collection indicate that the use of a
projected search can significantly reduce the number of iterations, thereby reducing
the number of times that a search direction must be computed. In particular, the
numerical results indicates that the method is particularly well-suited to solving the
quadratic programming subproblem in an SQP method. In this context the work per
iteration is dominated by the cost of solving a large symmetric indefinite system of
equations for the search direction. Moreover, the shifts on the primal and dual vari-
ables allow the method to be safely “warm started” from the solution of the preceding
QP subproblem.

Future work will consider the implementation of the method within an SQP solver,
the integration of the method with iterative KKT solvers and the extension of the
method to a stochastic setting.
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Fig. 2 Performance profiles for the primal-dual interior-point algorithms pdb, pdbAll and pdProj applied
to 139 bound-constrained (BC) problems from the CUTEst test set. The left figure gives the profiles for
the number of function evaluations. The right figure gives the profiles for the number of iterations.
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Fig. 3 Performance profiles for the primal-dual interior-point algorithms pdb, pdbAll and pdProj applied
to 212 linearly constrained (LC) problems from the CUTEst test set. The left figure gives the profiles for
the number of function evaluations. The right figure gives the profiles for the number of iterations.
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Fig. 5 Performance profiles for the primal-dual interior-point algorithms pdb, pdbAll and pdProj applied
to 141 quadratic programming (QP) problems from the CUTEst test set. The left figure gives the profiles
for the number of function evaluations. The right figure gives the profiles for the number of iterations.
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