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Abstract

In nonlinearly constrained optimization, penalty methods provide an effec-
tive strategy for handling equality constraints, while barrier methods provide
an effective approach for the treatment of inequality constraints. A new al-
gorithm for nonlinear optimization is proposed based on minimizing a shifted
primal-dual penalty-barrier function. Certain global convergence properties are
established. In particular, it is shown that a limit point of the sequence of it-
erates may always be found that is either an infeasible stationary point or a
complementary approximate Karush-Kuhn-Tucker point, i.e., it satisfies reason-
able stopping criteria and is a Karush-Kuhn-Tucker point under a regularity
condition that is the weakest constraint qualification associated with sequen-
tial optimality conditions. It is also shown that under suitable additional as-
sumptions, the method is equivalent to a shifted variant of the primal-dual
path-following method in the neighborhood of a solution. Numerical exam-
ples are provided that illustrate the performance of the method compared to a
widely-used conventional interior-point method.
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1. Introduction

This paper presents a new primal-dual shifted penalty-barrier method for solving
nonlinear optimization problems of the form

mi;leig}}ze f(z) subject to c(x) >0, (NIP)
where ¢ : R” — R™ and f : R" — R are twice-continuously differentiable. Barrier
methods are a class of methods for solving (NIP) that involve the minimization
of a sequence of unconstrained barrier functions parameterized by a scalar barrier
parameter  (see, e.g., Frisch [18], Fiacco and McCormick [13], and Fiacco [12]).
Each barrier function includes a logarithmic barrier term that creates a positive
singularity at the boundary of the feasible region and enforces strict feasibility of
the barrier function minimizers. Reducing p to zero has the effect of allowing the
barrier minimizers to approach a solution of (NIP) from the interior of the feasible
region. However, as the barrier parameter decreases and the values of the constraints
that are active at the solution approach zero, the linear equations associated with
solving each barrier subproblem become increasingly ill-conditioned. Shifted barrier
functions were introduced to avoid this ill-conditioning by implicitly shifting the
constraint boundary so that the barrier minimizers approach a solution without the
need for the barrier parameter to go to zero. This idea was first proposed in the
context of penalty-function methods by Powell [35] and extended to barrier meth-
ods for linear programming by Gill et al. [22] (see also Freund [17]). Shifted barrier
functions are defined in terms of Lagrange multiplier estimates and are analogous to
augmented Lagrangian methods for equality constrained optimization. The advan-
tages of an augmented Lagrangian function over the quadratic penalty function for
equality-constrained optimization motivated the class of modified barrier methods,
which were proposed independently for nonlinear optimization by Polyak [34]. Ad-
ditional theoretical developments and numerical results were given by Jensen and
Polyak [30], and Nash, Polyak and Sofer [32]. Conn, Gould and Toint [7,8] general-
ized the modified barrier function by exploiting the close connection between shifted
and modified barrier methods. Optimization problems with a mixture of equality
and inequality constraints may be solved by combining a penalty or augmented La-
grangian method with a shifted /modified barrier method. In this context, a number
of authors have proposed the use of an augmented Lagrangian method, see e.g.,
Conn, Gould and Toint [7, 8], Breitfeld and Shanno [4, 5], and Goldfarb, Polyak,
Scheinberg and Yuzefovich [26].

It is well-known that conventional barrier methods are closely related to path-
following interior methods (for a survey, see, e.g., Forsgren, Gill and Wright [16]). If
x(p) denotes a local minimizer of the barrier function with parameter p, then under
mild assumptions on f and ¢, x(u) lies on a continuous path that approaches a
solution of (NIP) from the interior of the feasible region as p goes to zero. Points on
this path satisfy a system of nonlinear equations that may be interpreted as a set of
perturbed first-order optimality conditions for (NIP). Solving these equations using
Newton’s method provides an alternative to solving the ill-conditioned equations
associated with a conventional barrier method. In this context, the barrier function
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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 [6], Wachter and Biegler [37], Forsgren and Gill [15], and
Gertz and Gill [19].

An important property of the path-following approach is that the barrier pa-
rameter p serves an auxiliary role as an implicit regularization parameter in the
Newton equations. This regularization plays a crucial role in the robustness of
interior methods on ill-conditioned and ill-posed problems.

1.1. Contributions and organization of the paper

Several contributions are made to advance the state-of-the-art in the design of al-
gorithms for nonlinear optimization. (i) A new shifted primal-dual penalty-barrier
function is formulated and analyzed. (ii) An algorithm is proposed based on using
the penalty-barrier function as a merit function for a primal-dual path-following
method. It is shown that a specific modified Newton method for the unconstrained
minimization of the shifted primal-dual penalty-barrier function generates search di-
rections identical to those associated with a shifted variant of the conventional path-
following method. (iii) Under mild assumptions (e.g., no Kurdyka-Lojasiewicz type
assumption is needed), 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 point (KKT), i.e., it satisfies reasonable stopping criteria and
is a KKT point under a complementary approximate KKT reqularity condition. This
regularity condition is the weakest constraint qualification associated with sequential
optimality conditions. (iv) The method maintains the positivity of certain variables,
but it does not require a fraction-to-the-boundary rule, which differentiates it from
most other interior-point methods in the literature. (v) Shifted barrier methods
have the disadvantage that a reduction in the shift necessary to ensure convergence
may cause an iterate to become infeasible with respect to a shifted constraint. In the
proposed method, infeasible shifts are returned to feasibility without any increase
in the cost of an iteration.

The paper is organized in seven sections. The proposed primal-dual penalty-
barrier function is introduced in Section 2. In Section 3, a line-search algorithm is
presented for minimizing the shifted primal-dual penalty-barrier function for fixed
penalty and barrier parameters. The convergence of this algorithm is established
under certain assumptions. In Section 4, an algorithm for solving problem (NIP)
is proposed that builds upon the work from Section 3. Global convergence results
are also established. Section 5 focuses on the properties of a single iteration and
the computation of the primal-dual search direction. In particular, it is shown that
the computed direction is equivalent to the Newton step associated with a shifted
variant of the conventional primal-dual path-following equations. In Section 6 an
implementation of the method is discussed, as well as some numerical examples that
illustrate the performance of the method. Finally, Section 7 gives some conclusions
and topics for further work.
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1.2. Notation and terminology

Given vectors = and y, the vector consisting of x augmented by y is denoted by (z, y).
The subscript ¢ is appended to vectors to denote the ith component of that vector,
whereas the subscript & is appended to a vector to denote its value during the kth
iteration of an algorithm, e.g., x; represents the value for x during the kth iteration,
whereas [z |; denotes the ith component of the vector zj. Given vectors a and b
with the same dimension, the vector with ¢th component a;b; is denoted by a - b.
Similarly, min(a,b) is a vector with components min(a;,b;). The 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—_,ap) giving the number of positive, negative and zero
eigenvalues of A. The vector g(x) is used to denote Vf(z), the gradient of f(x).
The matrix J(z) denotes the m x n constraint Jacobian, which has ith row Ve;(z)7.
The Lagrangian function associated with (NIP) is L(z,y) = f(z) — c(z)"y, where
y is the m-vector of dual variables. The Hessian of the Lagrangian with respect to
z is denoted by H(x,y) = V3f(x) — Y1, y;V2e;i(x). Let {a;}j>0 be a sequence of
scalars, vectors, or matrices and let {3;};>0 be a sequence of positive scalars. If
there exists a positive constant v such that |loy|| < v8;, we write a; = O(B;). If
there exists a sequence {v;} — 0 such that ||a;|| < v;8;, we say that o; = o(5;).
If there exists a positive sequence {o;} — 0 and a positive constant S such that
Bj > Boj, we write 8; = £2(0;).

2. A Shifted Primal-Dual Penalty-Barrier Function

In order to avoid the need to find a strictly feasible point for the constraints of
(NIP), each inequality ¢;(z) > 0 is written in terms of an equality and nonnegative
slack variable ¢;(z) —s; = 0 and s; > 0. This gives the equivalent problem

inimi bject t —s5=0 > 0. NIP
minimize f(z) subject to c(x)—s=0, s> (NIPs)

The vector (z*, s*,y*,w*) is called a first-order KKT point for problem (NIPs) when

c(x*) —s* =0, s* >0, (2.1a)
g(z*) = J(@@)y* =0, y —w" =0, (2.1b)
s*ew* =0, w* > 0. (2.1c)

The vectors y* and w* constitute the Lagrange multiplier vectors for, respectively,
the equality constraint ¢(x) — s = 0 and non-negativity constraint s > 0. The vector
(Tk, Sk, Yk, wi) Will be used to denote the kth primal-dual iterate computed by the
proposed algorithm, with the aim of giving limit points of {(xk, Sk Yks wk)};O:O that
are first-order KKT points for problem (NIPs), i.e., limit points that satisfy (2.1).
An important concept related to the design of efficient algorithms for computing
first-order KKT points for problem (NIPs) is that of perturbed optimality conditions.
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An appropriate set of perturbed conditions for (2.1) is given by

g(z) — J(x)'y =0, y—w=0,
c(x) —s=p"(y" —y), 5 >0, (2.2)
s - w=p"(w" —w), w >0,

where y? € R™ is an estimate of a Lagrange multiplier vector for the constraint
c(x) —s =0, w? € R™ is an estimate of a Lagrange multiplier for the constraint
s > 0, and the scalars u” and p? are positive penalty and barrier parameters,
respectively. (The interpretation of u” and pu” as penalty and barrier parameters is
discussed below.) In the neighborhood of a first-order KKT point it is well-known
that 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. At the same time, to ensure convergence to a
first-order KKT point from an arbitrary starting point, an algorithm must include a
strategy for deciding when one iterate is preferable to another. These considerations
motivate the formulation of the new shifted primal-dual penalty-barrier function

M(z,s,yw;y” wh 5", 1”) = f(z) — (c(z) — s)Ty"

N
(A) (B)
1 2 2
+2/TPHC( z) — 5| o lle(@) = s+ p"(y = y°)
(&) (D)
—Z,qufln(si—f—uB)—Z,uw In (wi(s; + 1)) szsl—ky
=1 =1
B () )

It is shown in Section 5.3 that in the neighborhood of a minimizer of (NIPs) satisfying
certain second-order optimality conditions, the Newton equations for a zero of the
perturbed optimality conditions (2.2) are equivalent to the Newton equations for a
minimizer of M. Also, it is shown in Section 3 that if the parameters y?, w”, u”,
and p” are updated appropriately, then stationary points of M have properties that
may be used in the formulation of a globally convergent algorithm for (NIPs).

Let S and W denote diagonal matrices with diagonal entries s and w (i.e.,
S = diag(s) and W = diag(w)) such that s; + u” > 0 and w; > 0. Define the
positive-definite matrices

Dp=p"I and Dy=(S+pI)W1,

and auxiliary vectors

1
WYZWY(IE,S):yE—E(C(SL‘)—S) and 7" =7a"(s) = pu?(S+ pfI)t
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Then VM (x, s,y, w; y?, w”, u”, u?) may be written as

g— JT(T('Y + (7Y — y))
(7TY — y) + (7TY - 7rW) + (w — ’/TW))
—Dp(m" —y) ’
—Dg(n" —w)

VM = (2.3)

with g = g(x) and J = J(z). The purpose of writing the gradient VM in this form
is to highlight the quantities 7¥ — y and #" — w, which are important in the anal-
ysis. Similarly, the penalty-barrier function Hessian VM (z, s, y,w ; y®, w®, u”, u®)
is written in the form

H+2JTD;YJ —2JTD;1 JT 0
onr —2D;Yg 2D+ Dptwtovy -1 I
V M — J- —I DP O 9 (2'4)
0 I 0 Dy;w=tmov

where H = H(z, 7" + (7 —y)) and II" = diag(m").

In developing algorithms, the goal is to achieve rapid convergence to a solution
of (NIPs) without the need for x” and pu” to go to zero. The underlying mechanism
for ensuring convergence is the minimization of M for fixed parameters. A suitable
line-search method is proposed in the next section.

3. Minimizing the Shifted Primal-Dual Penalty-Barrier Function

This section concerns the minimization of M for fixed parameters y”, w®, u” and
1?. In this case the notation can be simplified by omitting the reference to y”, w”,
u? and p® when writing M, VM and VM.

3.1. The algorithm

The method for minimizing M with fixed parameters is given as Algorithm 1. At
the start of iteration k, given the primal-dual iterate vy, = (zg, Sk, Yk, wg), the search
direction Avy, = (Axy, Asy, Ayg, Awy,) is computed by solving the linear system of
equations

H}) Avy, = —VM (vy,), (3.1)

where HM is a positive-definite approximation of the matrix V2M (zy, sk, Y, W)
(The definition of H}' and the properties of the equations (3.1) are discussed in
Section 5.) Once Avy has been computed, a line search is used to compute a step
length ay, such that the next iterate viy1 = v + apAvy sufficiently decreases the
function M and keeps important quantities positive (see Steps 7-12 of Algorithm 1).

The analysis of subsection 3.2 below establishes that under typical assumptions,
limit points (z*, s*, y*, w*) of the sequence {(:ck, Sk Yk, wk)};io generated by
minimizing M for fixed y”, w?, u”, and p” satisfy VM (z*, s*, y*, w*) = 0. However,
the ultimate purpose is to use Algorithm 1 as the basis of a practical algorithm
for the solution of problem (NIPs). The slack-variable reset used in Step 14 of
Algorithm 1 plays a crucial role in the properties of this more general algorithm (an
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analogous slack-variable reset is used in Gill et al. [21]). The specific update can be
motivated by noting that Si.1, as defined in Step 13 of Algorithm 1, is the unique
minimizer, with respect to s, of the sum of the terms (B), (C), (D), and (G) in the
definition of the function M. In particular, it follows from Step 13 and Step 14 of
Algorithm 1 that the value of sgy; computed in Step 14 satisfies

Sgy1 2 §k+1 = C($k+1) —pu” (Z/E + %(wk-ﬂ - Z/k+1))a

which implies, after rearrangement, that

(Tpqr) = Spp < " (y7 + %(wk—i-l — Yps1))- (3.2)

This inequality is crucial below when p” and y” are modified. In this situation,
the inequality (3.2) ensures that any limit point (z*,s*) of the sequence {(xg,sk)}
satisfies ¢(z*) — s* < 0 if y” and w41 — Y41 are bounded and p” converges to
zero. This is necessary to handle problems that are (locally) infeasible, which is a
challenge for all methods for nonconvex optimization. The slack update never causes
M to increase, which implies that M decreases monotonically (see Lemma 3.1).

Algorithm 1 Minimizing M for fixed parameters y”, w?, u”, and u®.

1: procedure MERIT(zg, So, Yo, Wo)

2 Restrictions: sy + pfe > 0, wy > 0 and w? > 0;

3 Constants: {n,~v} € (0,1);

4: Set vy (ZL‘o, S0, Y0, ’LU());

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

6 Choose H} = 0, and then compute the search direction Avy, from (3.1);
7
8

9

Set ay + 1;
loop
: if s + apAsg + pPe > 0 and wy + apAwg, > 0 then
10: if M (v, + o Avg) < M (vg) + na VM (vg)TAvg, then break;
11: Set ap + yag;
12: Set vgy1 < v + apAvg;
13: Set 5,44 < (x4 ) — 1” (y" + %(wk_s_1 - yk+1>)?
14: Perform a slack reset sgi1 < max{sgi1,Sk+1};
15: Set Vg1 ¢ (Tha1s Skt 15 Y1, Wet1);

3.2. Convergence analysis

The convergence analysis of Algorithm 1 requires assumptions on the differentiability
of f and ¢, the properties of the positive-definite matrix sequence {H;'} in (3.1),
and the sequence of computed iterates {xy}.

Assumption 3.1. The functions f and c are twice continuously differentiable.

Assumption 3.2. The sequence of matrices {Hﬁl}k>0 used in (3.1) are chosen to
be uniformly positive definite and bounded in norm.
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Assumption 3.3. The sequence of iterates {xy} is contained in a bounded set.

The first result shows that the merit function is monotonically decreasing. It is
assumed throughout this section that Algorithm 1 generates an infinite sequence,
i.e., VM (vg) # 0 for all & > 0.

Lemma 3.1. The sequence of iterates {vy} satisfies M(vg41) < M(vg) for all k.

Proof. The vector Avy, is a descent direction for M at vy, i.e., VM (vp)T Avy, < 0,
if VM (vy,) is nonzero and the matrix H}' is positive definite. Since H}' is positive
definite by Assumption 3.2 and VM (vy) is assumed to be nonzero for all £ > 0,
the vector Awy is a descent direction for M at wvg. This property implies that
the line search performed in Algorithm 1 produces an «j such that the new point
Vg1 = Vg + apAuy satisfies M (vg1) < M(vg). If follows that the only way the
desired result can not hold is if the slack-reset procedure of Step 14 of Algorithm 1
causes M to increase. The proof is complete if it can be shown that this cannot
happen.

The vector Siy1 used in the slack reset is the unique minimizer of the sum of
the terms (B), (C), (D), and (G) defining the function M, so that the sum of these
terms can not increase. Also, (A) 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 its components, which means that (E) and (F) 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. 1

Lemma 3.2. The sequence of iterates {vy} = {(mk, sk,yk,wk)} computed by Algo-
rithm 1 satisfies the following properties.

(i) The sequences {sx}, {c(xr) — sk}, {yr}, and {wi} are bounded.

(ii) For all i it holds that

liminf Pel; >0 d liminf ; > 0.
1%12151 [sk 4+ un’el; >0 an 1212151 [wg i >

(i) The sequences {m" (zk, )}, {m" (sk)}, and {VM (vr)} are bounded.

(iv) There exists a scalar Moy such that M(xg, Sk, Yk, Wk) > Migw > —00 for all
k.

Proof. For a proof by contradiction, assume that {sj} is unbounded. Since sj +
uPe > 0 by construction, there exists a subsequence S and component ¢ such that

]lginé [sk]i =00 and [si]; > [si]; forall jand k € S. (3.3)
€

Next it will be shown that M must go to infinity on S. It follows from (3.3),
Assumption 3.3, and the continuity of ¢ that the term (A) in the definition of M
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is bounded below for all k, that (B) cannot go to —oo any faster than ||sg| on S,
and that (C) converges to oo on S at the same rate as ||s;||?. It is also clear that
(D) is bounded below by zero. On the other hand, (E) goes to —oo on S at the rate
—In([sk]i + ©?). Next, note that (G) is bounded below. Now, if (F) is bounded
below on S, then the previous argument proves that M converges to infinity on S,
which contradicts Lemma 3.1. Otherwise, if (F) goes to —oo on S there must exist
a subsequence S; C S and a component j (say) such that
Jim 5%+ pZe]jlwp]; = oo and (3.4)
(s + pleljlwk]; > [sk+ p’elilwg]; for all l and k € 8. (3.5)

Using these properties and the fact that wi > 0 and sx + p?e > 0 for all k by
construction in Step 9 of Algorithm 1, it follows that (G) converges to oo faster
than (F) converges to —oo. Thus, M converges to co on S;i, which contradicts
Lemma 3.1. We have thus proved that {s;} is bounded, which is the first part of
result (i). The second part of (i), i.e., the uniform boundedness of {c(xg) — sk},
follows from the first result, the continuity of ¢, and Assumption 3.3.

Next, the third bound in part (i) will be established, i.e., {yx} is bounded. For a
proof by contradiction, assume that there exists some subsequence S and component
7 such that

Ilgier% [lyr]i| = 0o and |[yx]i| = |[yk];| forall j and k € S. (3.6)
Using arguments as in the previous paragraph and the result established above that
{sk} is bounded, it follows that (A), (B) and (C) are bounded below over all k, and
that (D) converges to 0o on S at the rate of [y ]? because it has already been shown
that {s;} is bounded. Using the uniform boundedness of {s;} a second time and
w” > 0, it may be deduced that (E) is bounded below. If (F) is bounded below
on S, then as (G) is bounded below by zero we would conclude, in totality, that
limges M (vy) = oo, which contradicts Lemma 3.1. Thus, (F) must converge to —oo,
which guarantees the existence of a subsequence S; C S and a component, say 7,
that satisfies (3.4) and (3.5). For such k € S; and j it holds that (G) converges
to oo faster than (F) converges to —oo, so that limges, M(vg) = oo on Si, which
contradicts Lemma 3.1. Thus, {y} is bounded.

We now prove the final bound in part (i), i.e., that {wg} is bounded. For a
proof by contradiction, assume that the set is unbounded, which implies—using
that wg > 0 holds by construction of the line search in Step 9 of Algorithm 1—the
existence of a subsequence S and a component i such that

Ilcirg[wk]i =00 and [wy]; > [wg]; forall jand k € S. (3.7)
€
It follows that there exists a subsequence S; C S and set J C {1, 2, ..., m}

satisfying

klirél[’wk]j =o0 forallj € J and {[wg];:j ¢ J and k€ S} is bounded.
€51
(3.8)
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Next, using similar arguments as above and boundedness of {y;, }, we know that (A),
(B), (C), and (D) are bounded. Next, the sum of (E) and (F) is

(E) + (F) = —p® Y wf (2In([ s + p”el;) + In([w ];)). (3.9)
j=1

Combining this with the definition of (G) and the result of Lemma 3.1, shows that
[wi];[ sk + p"elj = O(In([wy];)) forall1 <j<m, (3.10)

which can be seen to hold as follows. It follows from (3.7), the boundedness of {s},
w” > 0, and (3.9) that (E) + (F) is bounded below by —p”w? In([wy];) for all
sufficiently large k € S. Combining this with the boundedness of (A), (B), (C), and
(D), implies that (3.10) must hold, because otherwise the merit function M would
converge to infinity on S, contradicting Lemma 3.1. Thus, (3.10) holds.

Using wy > 0 (which holds by construction) and the monotonicity of In(-), it
follows from (3.10) that there exists a positive constant «; such that

k1 In([wg ;)

In ([s), + p’el;) < ln< o],

> =In(k1) +In (In([wg ]s)) — In([wg];) (3.11)

for all 1 < j < m and sufficiently large k. Then, a combination of (3.9), the
boundedness of {s;}, (3.8), w” > 0, and the bound (3.11) implies the existence of
positive constants ko and k3 satisfying

(E) + (F) > =k — p® Y wf (2In([sg + p”e];) + In([wy.];))

jeTJ

> —kg — 1> wf (2In(k;) + 210 (In([wy i) — n([wy]5))
€T

> —kz — 1Y wf(2In (In([wg ;) — In([wi];)) (3.12)
jeJ

for all sufficiently large k. With the aim of bounding the summation in (3.12), define
B
o = [w E]z
Aflw=l,
which is well-defined because w” > 0. It follows from (3.7) and (3.8) that
2In (In ([wg i) = In ([wk];) < aln ([wg];)

for all j € J and sufficiently large k£ € S;. This bound, (3.12), and w? > 0 imply
that

>0,

(E) + (F)
> —rg — p"w/ (2In(In((wg i) — n([we ]s) = ") wf(2n(In((wy i) — In((wk ];))
JET i
> —rg — p"w/ (2In(In((wg ;) — In([we]s)) = 1) wialn([wy];)
JET i

> —rz — p"wi (2In(In((wy i) — W([wy]i) — p”aIn((wg ]i)]|w”(l;
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for all sufficiently large k € 1. Combining this inequality with the choice of « and
2In(In([wg]i)) = Wn([wy)i) < =5 Wn((wg];)
for all sufficiently large k € S (this follows from (3.7)), we obtain

(E) + (F) > —rs + gp”w In([wy];) — p"aln((wg]s) w0l
> —k3 + p” (3wf — allw”|ly) In([wg ;)

= —K3 + i,u,B ln([wk]i)
for all sufficiently large k € S;. In particular, this inequality and (3.7) together give

khEI‘IS‘ll (E) + (F) = 0.

It has already been established that the terms (A), (B), (C), and (D) are bounded,
and it is clear that (G) is bounded below by zero. It follows that M converges to
infinity on Sj. As this contradicts Lemma 3.1, it must hold that {wy} is bounded.

Part (ii) is also proved by contradiction. Suppose that {[sk + ,uBe]i} — 0 on
some subsequence S and for some component i. As before, (A), (B), (C), and (D)
are all bounded from below over all k. We may also use w” > 0 and the fact that
{sr} and {wy} were proved to be bounded in part (i) to conclude that (E) and (F)
converge to oo on . Also, as already shown, the term (G) is bounded below. In
summary, it has been shown that limges M (vg) = 0o, which contradicts Lemma 3.1,
and therefore establishes that liminf [s; + pe]; > 0 for all ¢. A similar argument
may be used to prove that liminf [wy |; > 0 for all 4, which completes the proof.

Consider part (iii). The sequence {m" (2, s)} is bounded as a consequence of
part (i) and the fact that y” and pu” are fixed. Similarly, the sequence {m" (s))}
is bounded as a consequence of part (i) and the fact that w” and p” are fixed.
Lastly, the sequence {VM (xk,sk,yk)} is bounded as a consequence of parts (i)
and (ii), the uniform boundedness just established for {m" (2, sx)} and {7" (si)},
Assumption 3.1, Assumption 3.3, and the fact that y?, w”, u”, and p® are fixed.

For part (iv) it will be shown that each term in the definition of M is bounded
below. Term (A) is bounded below because of Assumption 3.1 and Assumption 3.2.
Term (B) is bounded below as a consequence of part (i) and the fact that y* is kept
fixed. Terms (C) and (D) are both nonnegative, hence, trivially bounded below.
Terms (E) and (F) are bounded below because p” and w” > 0 are held fixed, and
part (i). Finally, it follows from part (ii) that (G) is positive. The existence of the
lower bound M, now follows. 1

Certain results hold when the gradients of M are bounded away from zero.

Lemma 3.3. If there exists a positive scalar € and a subsequence S satisfying
IVM (vg)|| > € forall k€S, (3.13)

then the following results must hold.
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(i) The set {HAka}kes is bounded above and bounded away from zero.

(ii) There exists a positive scalar § such that VM (vy,)TAvy, < =68 for allk € S.

(iii) There exist a positive scalar aumin such that, for all k € S, the Armijo condition
in Step 10 of Algorithm 1 s satisfied with o > Qtmin-

Proof. Part (i) follows from (3.13), Assumption 3.2, Lemma 3.2(iii), and the fact
that Avy, is computed from (3.1). For part (ii), first observe from (3.1) that

VM (vp)T Avy = — Avl HY Avy, < =X i (HY) || Avy |3 (3.14)

min(

The existence of § in part (ii) now follows from (3.14), Assumption 3.2, and part (i).
For part (iii), a standard result of unconstrained optimization [33] is that the
Armijo condition is satisfied for all

—VM(vk)TAvk>
o= — ", 3.15
¢ < A (3-15)

This result requires the Lipschitz continuity of VM (v), which holds as a consequence
of Assumption 3.1 and Lemma 3.2(ii). The existence of the positive ami, of part (iii)
now follows from (3.15), and parts (i) and (ii). N

The main convergence result follows.

Theorem 3.1. Under Assumptions 3.1-3.3, the sequence of iterates {vi} satisfies
limk%oo VM(Uk) =0.

Proof. The proof is by contradiction. Suppose there exists a constant € > 0 and a
subsequence S such that | VM (vg)|| > € for all k € S. It follows from Lemma 3.1
and Lemma 3.2(iv) that limg_yoo M (vg) = Mmin > —o0. Using this result and the
fact that the Armijo condition is satisfied for all k (see Step 10 in Algorithm 1), it
must follow that

lim a VM (vp)TAv = 0,

k—o00

which implies that limges o = 0 from Lemma 3.3(ii). This result and Lemma 3.3(iii)
imply that the inequality constraints enforced in Step 9 of Algorithm 1 must have
restricted the step length. In particular, there must exist a subsequence S; C S and
a component ¢ such that either

[sk + arAsp + plel; >0 and [sk + (1/7)apAsk + pPe]; <0 for k € §;
or
[w, + apAwyg ]; > 0 and [wy + (1/7)apAwg]; <0 for k € Sy, (3.16)

where v € (0,1) is the Armijo parameter of Algorithm 1. As the argument used for
both cases is the same, it may be assumed, without loss of generality, that (3.16)
occurs. It follows from Lemma 3.2(ii) that there exists some positive € such that

€ < Wit = wg + apAwg, = wi + (1/7)apAwy, — (1/7) o Awy, + oy Awy
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for all sufficiently large k, so that with (3.16) it must hold that
wg + (1/7)ag Awy, > € + (1/7) o Awg, — o Awy, = € + apAwg(1/v—1) > 0

for all sufficiently large k € Sy, where the last inequality follows from limges ax =0
and Lemma 3.3(i). This contradicts (3.16) for all sufficiently large k € S1. 1

4. Solving the Nonlinear Optimization Problem

In this section a method for solving the nonlinear optimization problem (NIPs)
is formulated and analyzed. The method builds upon the algorithm presented in
Section 3 for minimizing the shifted primal-dual penalty-barrier function.

4.1. The algorithm

The proposed method is given in Algorithm 2. It combines Algorithm 1 with strate-
gies for adjusting the parameters that define the merit function, which were fixed
in Algorithm 1. The proposed strategy uses the distinction between O-iterations,
M-iterations, and F-iterations, which are described below.

The definition of an O-iteration is based on the optimality conditions for problem
(NIPs). Progress towards optimality at vg11 = (Tkt1, Sk+1, Yk+1, Wkt1) is defined
in terms of the following feasibility, stationarity, and complementarity measures:

Xteas(Vk+1) = ||c(@p11) — Skt1]]s
Xstny (V1) = max(|[g(zrs1) — J (@ps1) Yrs ||, [[Yrt1 — wes1]]), and
Xcomp(vk—l—la :U'I?) = || min(Ql (Uk-f—l)v QZ(UIH—I’ Mﬁ)) ||’

where

q1(vg41) = max (| min(sp41, Wet1,0)|, [Sk41 - wep1]) and

2(Vi+1, HE) = maX(sz% | min(sg41 + pge, wet1,0)], [ (k41 + pie) 'wk+1|)-

A first-order KKT point vy for problem (NIPs) satisfies x(vg+1, ) = 0, where

X (v, 1) = Xteas(v) + Xstny(v) + Xcomp<”7 1) (4.1)

With these definitions in hand, the kth iteration is designated as an O-iteration if
X (U1, ) < XP, where {x;"**} is a monotonically decreasing positive sequence.
At an O-iteration the parameters are updated as y,f_H = Y1 w,fH = wy,, and
Xy = %inax (see Step 10). These updates ensure that {x;'**} converges to zero
if infinitely many O-iterations occur. The point vg1 is called an O-iterate.

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

Vk+1 = (Th41, Sk+1, Yk+1, Wr+1) 1S an approximate first-order solution of the problem

minimize M (v;yy, wy, fiy,, 4 )- (4.2)
v:(x7s7y’w)
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In particular, the kth iteration is called an M-iteration if vy satisfies

IV M (V13 Y Wi Moy 1) oo < Ty (4.3a)
IV M (g1 391> i s s 117 oo < T (4.3b)
IV M (V115 Y ws s ) oo < Tkl Diya llo, and (4.3¢)
IV M (015 Y3 W 111 1152) oo < ThlI D oo (4.3d)

where 7, is a positive tolerance, Dy, | = pu, I, and Di} | = (S, + ,u,fI)ijrll. (See
Lemma 4.3 for a justification of (4.3).) In this case vy is called an M-iterate
because it is an approximate first-order solution of (4.2). The multiplier estimates
Y1 and wy | are defined by the safeguarded values

Ypy1 = max ( — Ymax€, min(y, 1, ymaxe)) and wy,; = min(wy,, Wmaxe) (4.4)

for some positive constants ymax and wpmax. Next, Step 13 checks if the condition

Xfeas(karl) <7k (45)

holds. If the condition holds, then py , < py; otherwise, uj  « %u}j to place
more emphasis on satisfying the constraint ¢(z) — s = 0 in subsequent iterations.
Similarly, Step 17 checks the inequalities

Xcomp(vk+1vul€) <7 and Spy1 > —Tie. (46)

If these conditions hold, then pj , < pi; otherwise, uj, ; < %u,f 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 merit function parameters are changed, so that progress is
measured solely in terms of the reduction in the merit function.

4.2. Convergence analysis

Convergence of the iterates is established using the properties of the complementary
approzimate KKT (CAKKT) condition proposed by Andreani, Martinez and Svaiter
[2], as described next.

Definition 4.1. (CAKKT condition) A feasible point (z*,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 {(zj,s;,uj, z;)} with {x;} — «* and {s;} — s* such that

{g(xj) = J(aj)Tu;} — 0, (4.7a)
{u; — 2z} =0, (4.7b)

{z;} >0, and (4.7¢c)

{zj-s;} = 0. (4.7d)

Any (z*, s*) satisfying these conditions is called a CAKKT point.
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Algorithm 2 A shifted primal-dual penalty-barrier method.

1. procedure PDB(z, So, Yo, Wo)

2 Restrictions: sy > 0 and wy > 0;

3 Constants: {n,7} C (0,1) and {ymax, Wmax} C (0, 00);

4 Choose y§, w§ > 0; x§™* > 0; and {uf, 15} C (0, 00);

5: Set vy = (zo, So, Yo, wo); k < 0;

6 while ||VM (vg)|| > 0 do

7 (y”, w®, w" 1®) < (Y, Wi, tgs H7);

8 Compute vgir1 = (Tga1, Skr1, Ykt1, Wrr1) in Steps 6-15 of Algorithm 1;
9

if X(vpps 1) < x5 then 1 [O-iterate]
10: (ngnj)l(v y]f+17 ’UJ]?+1, /1’]1:4-17 /1’]?4-17 Tk+1) < (§X11§1axv yk+17 wk;+17 /’[/;:7 M]lsa Tk;);
11: else if vj4 satisfies (4.3) then [M-iterate]
12: Set (XJETs Terr) = O, 27.); Set Y, and wy | using (4.4);
13: if Xteas(Vkr1) < 7 then py | < pp else pp, ;< %,u,’; end if
14: if Xcomp(Vk41,p7) < 7 and spy1 > —7ie then
15: Hiya S 15
16: else
17: Pig1 < $uf; Reset 841 SO that s, + i e >0;
18: else [F-iterate]
19: (injul(? y]§+1> w]:Jer N]?er ;ulljer Tk+1) A (inax’ ylfa wlfa M}S) :ullja Tk);

The CAKKT condition is a sequential optimality condition that holds for every local
minimizer. Compared to other sequential conditions, it is relatively tight, i.e., there
are relatively few CAKKT points that are not local minimizers. The mechanism for
relating a CAKKT point to a KKT point is given by CAKKT-regularity, which is the
weakest known constraint qualification that ensures the following result holds.

Theorem 4.1. (Andreani et al. [1, Theorem 4.3]) If (z*,s*) is a CAKKT point
that satisfies CAKK T-regularity, then (x*,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 {(zy,si)} 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}.

The first part of the analysis establishes that limit points of the sequence of O-
iterates are CAKKT points.

Lemma 4.1. If |O| = oo there exists at least one limit point (z*, s*) of the infinite
sequence {(Tk11, Sk+1) ke and any such limit point is a CAKKT point.
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Proof. Assumption 3.3 implies that there must exist at least one limit point of
{Zks1}treo. If z* is such a limit point, Assumption 3.1 implies the existence of
K C O such that {xpi1}trexc — =% and {c(zk41)}kex — c(z*). As |O] = oo, the
updating strategy of Algorithm 2 gives {x}**} — 0. Furthermore, as x (v, i) <
X for all k € K C O, and Xfeas(v 1) < X(vp4q,p5) for all k, it follows that
{Xteas (Vg 1) Jeex — 0, ie., {c(zry1) — Skt1tkex — 0. With the definition s* =
c(x*), it follows that {ski1}trexc — limgex c(xps1) = e(x*) = s*, which implies that
(x*, s*) is feasible for the general constraints because ¢(z*) — s* = 0. The remaining
feasibility condition s* > 0 is proved componentwise. Let i € {1, 2, ..., m}, and
define

Q1 = {k: [q1(vk+1))i < [g2(vietr, pi)]i} and Qo = {k : [ga(vt1, i)]i < [q1(vk41)]i}

where ¢; and g2 are used in the definition of Xcomp. If the set K N Q; is infinite,
then it follows from the inequalities {Xcomp(Vk+1,17) ek < {X(Vkt1, 17) bheke <
{XP**}kex — 0 that [s*]; = limgno, [ sk4+1]i > 0. Using a similar argument, if the
set IC N Qy is infinite, then [s*]; = limino, [ sk+1]i = limxng,[sk+1 + pieli > 0,
where the second equality uses the limit {y}rexng, — 0 that follows from the
definition of Q3. 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. Consider the sequence (241,
Ska1, Yk+1, Wet1)kek as a candidate for the sequence used in Definition 4.1 to verify
that (z*,s*) is a CAKKT point, where

_ S i if ke Oy,
[Skt1]i = L1 B . ' (4.8)
[sk+1+pgeli if k€ Qo

for each i € {1, 2, ..., m}. If O N Qy is finite, then it follows from the definition of
Sk+1 and the limit {sky1}rex — s* that {[Sk11]itkec — [$*]i- On the other hand,
if ONQy is infinite, then the definitions of Qo and Xcomp(Vk+1, 117, ), together with the
limit {Xcomp (Vk+1, 15 ) }kex — 0 imply that {u]} — 0, giving {[Sk41 |itkex — [8* )i
As the choice of i was arbitrary, these cases taken together imply that {Sg11}rex —
s*.

The next step is to show that {(zg41,Sk+1,Yk+1, Wrt1) frek satisfies the con-
ditions required by Definition 4.1. It follows from the limit {x(vk+1, )} kex — 0
established above that {Xstny (V1) + Xcomp (Vg5 15) thek < AX(Vgyrs 15) thex — 0.
This implies that {g,  , — JkTHka}ke;g — 0 and {y,, — w4 fkex — 0, which es-
tablishes that conditions (4.7a) and (4.7b) hold. Step 9 of Algorithm 1 enforces the
nonnegativity of w;_, for all k, which implies that (4.7c) is satisfied for {wg}rex-
Finally, it must be shown that (4.7d) holds, i.e., that {w;_ -5, }xex — 0. Consider
the ith components of s, S and wy. If the set X N Q7 is infinite, the definitions of
k415 q1(Vk+1) and Xcomp (Vg 15 My ), together with the limit {Xcomp (Vkt1, 1% ) ek —
0 imply that {[w_ -5, ]i}xno, — 0. Similarly, if the set N Qy is infinite, then
the definitions of 511, g2(vkr1,15) and Xcomp(vyo s #5), together with the limit

{Xcomp (Vk11, p5) Yrexc — O imply that {[w; -5, Ji}kexng, — 0. These two cases
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lead to the conclusion that {w, ;- 5, ;}rex — 0, which implies that condition
(4.7d) is satisfied. This concludes the proof that (z*,s*) is a CAKKT point. 1

In the complementary case |O| < oo, it will be shown that every limit point of
{(}415 841) frem is infeasible with respect to the constraint ¢(z) —s = 0 but solves
the least-infeasibility problem

minimize 3| c(z) — 5|3 subject to s> 0. (4.9)
T,

The first-order KKT conditions for problem (4.9) are

J(x*)T(c(x*) - ") =0, s* >0, (4.10a)
s* - (c(z*) = s%) =0, c(z*) —s* <0. (4.10Db)

These conditions define an infeasible stationary point.

Definition 4.2. (Infeasible stationary point) The pair (z*,s*) is an infeasible
stationary point if c(z*) — s* # 0 and (z*,s*) satisfies the optimality conditions
(4.10).

The first result shows that the set of M-iterations is infinite whenever the set of
O-iterations is finite.

Lemma 4.2. If |O] < oo, then |M| = co.

Proof. The proof is by contradiction. Suppose that |M| < oo, in which case
|O U M| < oo. It follows from the definition of Algorithm 2 that & € F for all
k sufficiently large, which implies that there must exist an iteration index ky such
that

keF, yi=vy", and (7, wp,pug,pp) = (r,w”, pn”, 1) >0 (4.11)

for all £k > k. This means that the iterates computed by Algorithm 2 are the
same as those computed by Algorithm 1 for all k¥ > k. In this case Theorem 3.1,
Lemma 3.2(i), and Lemma 3.2(ii) can be applied to show that (4.3) is satisfied for
all k sufficiently large. This would mean, in view of Step 11 of Algorithm 2, that
k € M for all sufficiently large k > kp, which contradicts (4.11) since F N M = ().
|

The next lemma justifies the use of the quantities on the right-hand side of (4.3).
In order to simplify the notation, we introduce the quantities
1 -1
Thi1 = Yk — F(C(xkﬂ) —spp1) and mly = g (Sppq + pp D) " wy (4.12)
k

with S, | = diag(s,, ) associated with the gradient of the merit function in (2.3).
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Lemma 4.3. If [M| = oo then

lim |77, — = lim |7, —w = lim |7/ ;=7 ;| = lim —w =0.
keM‘FkH yk+1‘ keM|7Tk+1 k+1| ey |7Tk+1 7Tk+1‘ k€M|yk+1 k+1‘

Proof. It follows from (2.3), (4.3c) and (4.3d) that
T — Vel <7 and [mly —wiy| < 7 (4.13)

As |M]| = oo by assumption, Step 12 of Algorithm 2 implies that limy_,o 7% = 0.
Combining this with (4.13) establishes the first two limits in the result. The limit
limy_, o 7x = 0 may then be combined with (2.3), (4.13) and (4.3b) to show that

li =Tl =0 4.14
kgf\l/l Tht1 — Moy ) ( )
which is the third limit in the result. Finally, as limy_,, 7 = 0, it follows from the
limit (4.14) and bounds (4.13) that

O — 1 Y _ w — 1 Y _ _ _ w
o |Tgt1 — Thg1] o |(Tht1 = Y1) + Wrpr — Wepr) + (Wepr — T

= lim —w .
et ‘yk+1 k+1|

This establishes the last of the four limits. §

The next lemma shows that if the set of O-iterations is finite, then any limit
point of the sequence {(xg+1, Sk+1) tkem is infeasible with respect to ¢(x) — s = 0.

Lemma 4.4. If |O| < oo, then every limit point (x*,s*) of the iterate subsequence
{(@rg1, Sk41) Jrem satisfies c(x*) — s* # 0.

Proof. Let (z*,s*) be a limit point of (the necessarily infinite) sequence M, i.e.,
there exists a subsequence X C M such that limgex (Tgy1, sk+1) = (¥, s*). For a
proof by contradiction, assume that c¢(xz*) — s* = 0, which implies that

lim [c(zg41) — sk41]| = 0. (4.15)
kek

A combination of the assumption that |O| < oo, the result of Lemma 4.2, and
the updates of Algorithm 2, establishes that limg_,., 7% = 0 and

X = x"* >0 for all sufficiently large k € K. (4.16)

Using |O| < oo together with Lemma 4.3, the fact that I C M, and Step 9 of the
line search of Algorithm 1 gives

I}/}in’aC lyk+1 — w1l =0, and wgyq >0 for all £ > 0. (4.17)
€
Next, it can be observed from the definitions of ;" ; and V, M that

T T
Iki1 — b1Vt = Jrr1 — Jrr1 Cmppr + Uk — 2m41)
T T
= Ok+1 — Jk+1 (27713/-1-1 - yk+1) - 2Jk+1(yk+1 - 7"1:-1-1)

T
= VxM(vk—l-l; ylfa w,fwzf,uzf) - 2Jk+1(yk+1 - 7T1§+1)7
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which combined with {zxt1}rex — =¥, limg o0 7 = 0, (4.3a), and Lemma 4.3 gives

li —Jr =0. 4.18
klenlé (9k+1 k+1yk+1) ( )

Next, we show that s* > 0, which will imply that (z*, s*) is feasible because of
the assumption that ¢(z*) —s* = 0. The line search (Algorithm 1, Steps 7-12) gives
1 THype > 0forall k. If limy oo p = 0, then s* = limpeic 5, > — limpexc pge =
0. On the other hand, if limy_, ;) # 0, then Step 17 of Algorithm 2 is executed a
finite number of times, p = p” > 0 and (4.6) holds for all k € M sufficiently large.
Taking limits over k € M in (4.6) and using limg_,o, 7, = 0 gives s* > 0.

The proof that limgei Xcomp(Vk+1, 5 ) = 0 involves two cases.

Case 1: limy_ oyt # 0. In this case pj; = p” > 0 for all sufficiently large k. Com-
bining this with | M| = oo and the update to 73 in Step 17 of Algorithm 2, it must be
that (4.6) holds for all sufficiently large k € IC, i.e., that Xcomp(Vk+t1, ptf) < 71 for all
sufficiently large k € K. As limj_,oc 7 = 0, we have limpex Xcomp (Vit1, 1) = 0.

Case 2: limy oy, = 0. Lemma 4.3 implies that limgex (7, — w; ;) = 0. The
sequence {S, | + i ! }rex is bounded because {u } is positive and monotonically
decreasing and limyek s, = %, which means by the definition of 7", ; that

0=lim (S, + pR D) (mly = wiy) = lim (niwp; = (Spgr + e Dwypy). (4.19)

Moreover, as |O| < oo and wy > 0 for all k by construction, the updating strategy
for wy in Algorithm 2 guarantees that {wj} is bounded over all k (see (4.4)). It
then follows from (4.19), the uniform boundedness of {w}}, and limp_,o py = 0
that

0= }ﬁlgé ([5k+1 Ji + Ml?) [ Wyt i- (4.20)

There are two subcases.

Subcase 2a: [s*]; > 0 for some i. As limpex[s,,]i =[s"]; > 0 and limy o0 pf =
0, it follows from (4.20) that limgex[w), ;]; = 0. Combining these limits allows us
to conclude that limgeic[ g1 (vig+1)]i = 0, which is the desired result for this case.

Subcase 2b: [s*]; = 0 for some ¢. In this case, it follows from the limits limy_,o p) =
0 and (4.20), wg41 > 0 (see Step 9 of Algorithm 1), and the limit limpex[sky1]i =
[s*]; = 0 that limgex[g2(vit1, 17 ) |s = 0, which is the desired result for this case.

As one of the two subcases above must occur for each component ¢, it follows that
limpex Xcomp (Vk+1, 14,) = 0, which completes the proof for Case 2.

Under the assumption c¢(z*) — s* = 0 it has been shown that (4.15), (4.17),
(4.18), and the limit limpex Xcomp(Vk+1, ;) = 0 hold. Collectively, these results
imply that limpex x(Vit1, ;) = 0. This limit, together with the inequality (4.16)
and the condition checked in Step 9 of Algorithm 2, gives k € O for all k € K C M
sufficiently large. This is a contradiction because O N M = (), which establishes the
desired result that c(z*) —s* #0. 1

The next result shows that if the number of O-iterations is finite then all limit
points of the set of M-iterations are infeasible stationary points.
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Lemma 4.5. If |O] < oo, then there exists at least one limit point (z*,s*) of the
infinite sequence {(Tp41,Sk+1)}tkem, and any such limit point is an infeasible sta-
tionary point as given by Definition 4.2.

Proof. If |O] < co then Lemma 4.2 implies that |M| = oo. Moreover, the updating
strategy of Algorithm 2 forces {y;/} and {w; } to be bounded (see (4.4)). The next
step is to show that {sxi1}rerm is bounded.

For a proof by contradiction, suppose that {sgi1}ress is unbounded. It fol-
lows that there must be a component i and a subsequence X C M for which
{[sk+1itrexc — oo. This implies that {[7;",; |i}kex — 0 (see (4.12)) because {wy; }
is bounded and {y}} is positive and monotonically decreasing. These results to-
gether with Lemma 4.3 give {[7, ]i}kex — 0. However, this limit, together with
the boundedness of {y; } and the assumption that {[sy+1]i}kex — oo implies that
{[e(xk+1) Jitkex — oo, which is impossible when Assumption 3.3 and Assump-
tion 3.1 hold. Thus, it must be the case that {sg+1}rea is bounded.

The boundedness of {sgi+1}rerm and Assumption 3.3 ensure the existence of at
least one limit point of {(zx11, Sg+1) tkem. If (2, %) is any such limit point, there
must be a subsequence K C M such that {(zx+1, Sk+1) ek — (2%, s%). It remains
to show that (x*, s*) is an infeasible stationary point (i.e., that (x*, s*) satisfies the
optimality conditions (4.10a)—(4.10b)).

As |O| < o0, it follows from Lemma 4.4 that ¢(z*) —s* # 0. Combining this with
{mt} — 0, which holds because K C M is infinite (on such iterations 751 %Tk),
it follows that the condition (4.5) of Step 13 of Algorithm 2 will not hold for all
sufficiently large £ € K € M. The subsequent updates ensure that {u,} — 0,
which, combined with (3.2), the boundedness of {y; }, and Lemma 4.3, gives

{c(xkﬂ) — Sk-i-l)}kelc < {Mi};(yf + %(wkﬂ-l - yk+1)}k€IC — 0.

This implies that ¢(z*) — s* < 0 and the second condition in (4.10b) holds.

The next part of the proof is to establish that s* > 0, which is the inequality
condition of (4.10a). The test in Step 14 of Algorithm 2 (i.e., testing whether (4.6)
holds) is checked infinitely often because |[M| = oco. If (4.6) is satisfied finitely
many times, then the update pj, ; = %uf forces {11} — 0. Combining this with
Sk+1 + p e > 0, which is enforced by Step 9 of Algorithm 1, shows that s* > 0, as
claimed. On the other hand, if (4.6) is satisfied for all sufficiently large k € M, then
phe1 = 1% > 0 for all sufficiently large k& and limgex Xcomp(Vk+1, ;) = 0 because
{m} — 0. It follows from these two facts that s* > 0, as claimed.

For a proof of the equality condition of (4.10a) observe that the gradients must
satisfy {VeM (vg1;59;,wp, 1y, 1) ek — 0 because condition (4.3) is satisfied for
all k € M (cf. Step 11 of Algorithm 2). Multiplying VM (vy1;y7, wi, ., 14 ) by
p,» and applying the definition of ;| from (4.12) yields

{Ml?g(xkﬂ) - J(ka)T (:U’licjﬂ-l:+1 + Mg(ﬂky-s-l - yk+1)) }kzelc — 0.

Combining this with {zy41}kex — 2%, {p;} — 0, and the result of Lemma 4.3
yields

{ - J(xk+1)T(Ml}:7rky+1)}ke;g = { - J(a:k_,_l)T(ugy,f - c(mk+1) + Sk+1)}kelc — 0.
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Using this limit in conjunction with the boundedness of {y;’}, the fact that {yu} —
0, and {(g+1, Sk+1trec — (2%, s*) establishes that the first condition of (4.10a)
holds.

It remains to show that the complementarity condition of (4.10b) holds. From
Lemma 4.3 it must be the case that {7 | — 7},  }rex — 0. Also, the limiting
value does not change if the sequence is multiplied (term by term) by the bounded
sequence {uy, ()1 + py 1) }kex (vecall that {sgi1}kex — s*). This yields

{u;’fuiwif - P’JIIS(SkH +urDyg + (Slc+1 + M£I>(C<$k+1) - SkH)}kelC — 0.

This limit, together with the limits {p; } — 0 and {sp11}rex — s*, and the bound-
edness of {y; } and {w/} implies that

{(Skar + 1k D) (c(zp11) = Spp1) e = O- (4.21)

As c(x*) — s* # 0, there must exist a constraint index ¢ such that [c(z*) —s*]; # 0.
Combining this with {(xx11, sk+1) brex — (2%, %) and (4.21) shows that {[sky1 ] +
pg tkeic — 0. As s* is nonnegative, it follows that {u} }rex — 0, However, as {p} }
is a monotonically decreasing sequence, it must hold that {x]} — 0. Using this
fact, (4.21), and {(z41, Skt+1) tkex — (2%, s*) it follows that s* - (c(z*) — s*) = 0,
and the first condition in (4.10b) holds. This completes the proof. 1

The overall convergence result can now be established.

Theorem 4.2. Under Assumptions 3.1-3.3, one of the following occurs.

(i) |O| = oo, limit points of {(Tk+1, Sk+1) }keo exist, and every such limit point
(x*,s*) is a CAKKT point for problem (NIPs). If, in addition, CAKKT-
reqularity holds at (x*,s*), then (z*,s*) is a KKT point for problem (NIPs).

(ii) 10| < oo, M| = oo, limit points of {(Xk4+1,Sk+1) tkem exist, and every such
limit point (x*,s*) is an infeasible stationary point.

Proof. Part (i) follows from Lemma 4.1 and Theorem 4.1. Part (ii) follows from
Lemma 4.5. Also, it is clear that only one of these two cases must occur. 1

5. The Modified-Newton Equations

This section concerns the properties of the modified-Newton equations H}' Av, =
—VM (vg) of (3.1). Subsection 5.1 focuses on the properties of the modified-Newton
matrix, while subsection 5.2 discusses an efficient method for solving the resulting
modified-Newton equations for the primal-dual search direction. Finally, subsec-
tion 5.3 establishes the relationship between the computed search direction and a
shifted variant of the conventional primal-dual path-following equations. As this
section is concerned with details of only a single iteration, the notation is simplified
by omitting the dependence on the iteration k. In particular, we write v = v,
v’ =y, w' = wp, " =a), 7" =), Av = Av, ¢ = c(z), J = J(x,),
g=g(xy), Dp = pfI, Dy = (S, + pf )W, ', and HY = HM.
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5.1. Definition of the modified-Newton matrix

The choice of H" in the equations HY Av = —VM|(v) is based on making two
modifications to V2M. The first involves substituting y for 7¥ and w for 7" in
(2.4). (Lemma 4.3 and the discussion of subsection 5.3 below provide justification
for this choice.) The second modification is to replace the modified Hessian H(x,y)
by a symmetric H such that H ~ H(z,y) and H" is positive definite. These
modifications give an H* in the form

H+2J'D;lg  —2JTD;t JT 0

v -2D;YJ 2D+ Dty —I I
HY = ; _ b, 0 (5.1)

0 I 0 Dy

Practical conditions for the choice of a positive-definite H are based on the next
result.

Theorem 5.1. The matriz H" in (5.1) is positive definite if and only if

~

In(K) =In(n,m,0), where K = <Ij —(D;]i Dp)) , (5.2)

which holds if and only zfﬁ + JUDp + D)~ 1J7T is positive definite.

Proof. Let H, J, D and H, ,; denote the matrices

~ (H o\ - (J -I\ =~ (Dy 0 _(H JT
H_<O O,J_<O I>,D_<O DJ,amzhm_Q,_D>
(5.3)
Defining the nonsingular matrices 77 and 75 such that

I 0 0 I
T1—<_D—1J z> and T2—<1 D—1J>’

and using Sylvester’s law of inertia, yields

H+J'DL 0

In(H") = In(T'' H"T,) = In < 0 D

) —In(H + JTD) + (2m,0,0)
and

In(Hipg) = (7] HoTy) =0 (0 7, fpys ) = T D)4 0,2m,0),

0 H+J'D'J
These identities imply that H" is positive definite if and only if the inertia of H, ,

is (m + n,2m,0). The inertia of H, ; may be determined from the factorization
H, 4= S02ST | where

0 0 I 0 0o I 0 0
| 0 0 0 |1 =Dy 0 0
S=|_p, -1 o 1| ™ 2=\, o & JT
0 I 0 0 0 0 J —(Dy+Dy)
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The matrix S is nonsingular, and Sylvester’s law of inertia and [15, Lemma 4.1] give

(0 T H JT a
In(Hjq) =In (I _DB> +1In (J (D, +D3)) = (m, m,0) + In(K).
If In(H,,4) = (m + n,2m,0) then it must be the case that In(K) = (n,m,0), as
required. The condition on the inertia of H 4+ J*(Dp + D)~ 'J" follows from the
identity R

In(K) =In(H + J(Dp + D)1 J7) + (0,m,0) (5.4)

(see Forsgren and Gill [15, Lemma 4.1, p. 1143] for details). &

There are a number of alternative approaches for choosing H based on comput-
ing a factorization of the (n 4+ m) by (n + m) matrix K (5.2) (see, e.g., Gill and
Robinson [24, Section 4], Forsgren [14], Forsgren and Gill [15]), Gould [27], Gill and
Wong [25], and Wiichter and Biegler [37]). All of these methods use H = H(z,y) if
this gives a sufficiently positive-definite H*. The next result shows that H=H (z,y)
gives a positive-definite H* in a sufficiently small neighborhood of a solution satis-
fying second-order sufficient optimality conditions and strict complementarity.

Theorem 5.2. The matriz H" in (5.1) with the choice H = H(x,y) is positive
definite for all u = (z,s,y,w,y", w?, u” u?) sufficiently close to u* = (z*, s*, y*,
w*, y*, w*, 0, 0), when (x*, s*, y*, w*) is a solution of problem (NIPs) that satisfies
second-order sufficient optimality conditions and strict complementarity.

Proof. Let H denote the matrix H(z,y). The aim is to show that H + JT(Dp +
Dy)~1J is positive definite under the assumptions made in the statement of the
theorem. Let (z*, s*, y*, w*) be a solution of problem (NIPs) that satisfies strict
complementarity and second-order sufficiency optimality condition. It follows that

max{s*,w*} >0 and (5.5)
pTH(z*,y*)p > 0 for all p # 0 satisfying J4(z*)p = 0, (5.6)

where A = {i: [s*]; =0} = {i: [c(2*)]; = 0} and J4(z*) denotes the submatrix
of J(z*) consisting of the rows with indices in A. If the rows of J are partitioned
according to the active and inactive constraints, then

H+J"(Dp+Dp) T =H+ I (W1 + (S, +u" D)WY I,

+ T (0T + (Sp+ " WY Ip, (5.7)

where Z = {1, 2, ..., m} \ A, and S, and S, are the submatrices of S consisting
of the rows and columns from the index set A and Z, respectively, with a similar
meaning for W, and W,. If u and u* are the quantities defined in the statement of
the theorem, then the following limits hold:
lim J(x) = J(z"), lim H(x,y) = H(z",y"), and (5.8)
u—u*

u—u*

lim [T+ (S, +p* DW= oo (5.9)

u—u* w



5. The Modified-Newton Equations 24

for all 1 < ¢ < m. Using (5.8), (5.9), (5.6), and the same proof as in [23, Theorem
3.1], we can conclude that H +J% ("1 + (S, + uBI)le)_l J 4 is positive definite
for all u sufficiently close to u*. Combining this with the fact that the matrix
JE (1 + (S + uBI)Wz_l)_l J1 is positive semidefinite, the definition (5.7) implies
that H 4+ JX(Dp + Dy)~'J is positive definite for all u sufficiently close to u*.
Finally, combining this fact with (5.4) shows that the matrix H, , of (5.3) satisfies
In(H. 4) = (n 4+ m,2m,0) for all u sufficiently close to u*, which, together with
Theorem 5.2, implies that H" is positive definite for all u sufficiently close to u*.
|

5.2. Solving the modified-Newton system

The modified-Newton system (3.1) defined with H* from (5.1) should not be solved
directly because of the potential for numerical instability. Instead, an equivalent
transformed system should be solved based on the transformation

I 0 —2JD;t 0
r_ |0 I 2D, —2D;!

0 0 1 0

0 0 0 W

As T is nonsingular, the modified-Newton direction Av from (3.1) satisfies
THY Av = —TVM (z, s,y, w; y”, w”, n”, u”),

which, upon multiplication and application of the identity WDz = S + p”1, yields

H o —JT 0 Ax g—Jy
0 0 I I As y—w

= — . 1
J -1 D, 0 Ay c—s+p"(y—y") (5.10)
0o w 0 S+uPI Aw s+ w~+ pf(w—w?)

The solution of this transformed system may be found by solving two sets of equa-
tions, one diagonal and the other of order n 4+ m. To see this, first observe that the
equations (5.10) may be written in the form

H o —-J° 0 Az g—JTy
0 0 I —1 As Y —w

= — . A1
J -1 D, 0 Ay c—s+ p(y—y”) (5-11)
0 I 0 Dy \Aw W (s« w4+ p (w — w?))

The solution of (5.11) is given by
Av=y—w+Ay and As=-Wl(s-(y+ Ay) + p®(y+ Ay —w”)), (5.12)

where Ax and Ay satisfy the equations

- Ar) g—Jy
J Dp+Dy) \Ay)  \e—s+p"(y—y")+W (s y+u’y—w")))’
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or, equivalently, the symmetric equations

ﬁ JT Ax _ g—JTy
<J ‘<DP+DB>> <—Ay>_ (DP(y—wYHDB(y—WW))- (5.13)

Solving this (n+m) x (n+m) symmetric system is the dominant cost of an iteration.
The identity w + Aw = y + Ay implies that if the initial values satisfy yo = wg and
yy = w(, and the positive safeguarding values in (4.4) satisfy Ymax = Wmax, then all
subsequent iterates will satisfy w = y.

5.3. Relationship to primal-dual path-following

Consider the perturbed optimality conditions (2.2) and their associated primal-dual
path-following equations

g(x) — J(x)Ty
Fx’s7 7w; E’wE7 P’ b — y_w -
( ) Yy wosp ) c(m)—s—l—,up(y—yE)
s+ w~+ pf(w—w?)

(5.14)

o O O o

A zero (z,s,y,w) of F satisfying s > 0 and w > 0 approximates a solution to
problem (NIPs), with the approximation becoming increasingly accurate as both
w”(y —y*) = 0 and p?(w — w?) — 0. If v = (z,s,y,w) is a given approximate
zero of F' such that s + u®e > 0 and w > 0, the Newton equations for the change in
variables Av = (Az, As, Ay, Aw) are given by F'(v)Av = —F(v), i.e.,

H(xy) 0 —J@)" 0 Az g(x) = J(z)Ty
0 0 1 -1 As | y—w
J(@)  —I  p"I 0 Ay | | e@) = s+ p"(y —y")
0 w 0 S+ ufl) \Aw s+ w+ p(w—w?)

These equations are identical to the modified-Newton equations (5.10) for minimiz-
ing M when H = H(xz,y). Theorem 5.2 shows that the choice H = H(z,y) is
allowed in the neighborhood of a solution satisfying certain second-order optimality
conditions, and it follows that the modified-Newton direction used in the proposed
method is equivalent asymptotically to the shifted primal-dual path-following direc-
tions.

5.4. Infeasible shifted constraints

In Algorithm 2 it is necessary to reduce the value of the barrier parameter u”
during an M-iteration if the slacks are not sufficiently feasible or the complementarity
condition is not sufficiently satisfied (see Step 17 of Algorithm 2). In addition, as
the initial values of u* and p® may be larger than the minimum values needed to
give a positive-definite H}' (5.1) at a solution, it is prudent to reduce p” and p” if a
sequence of iterations occurs in which H}" is not positive definite. However, reducing
the value of pu? reduces the value of the constraint shift, which may cause a slack
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variable to become infeasible with respect to its shifted bound. In this section we
define a minor modification of the method that treats this situation. For reasons
discussed below, it is assumed that a barrier parameter x; is associated with every
constraint s; > 0, i.e., u® is an m-vector with positive components. Suppose that
p? and 7 denote a shift before and after it is reduced, with s; + p7 > 0 and
s; + 17 < 0. The variable s, can be returned to feasibility by imposing a temporary
equality constraint s; = 0. This constraint is enforced by the primal-dual augmented
Lagrangian term until |¢;(z)| is sufficiently small that ¢;(x) > —a?, at which point
s; is assigned the value s; = ¢;(z) and allowed to move. On being freed, the value
of w; is reinitialized as max{y;, €}, where € is a small positive constant. At a given
iteration, if my slacks are fixed, then m, = m — my slacks are free to move. In
those iterations for which some of the slack variables are fixed, the problem being
solved has the form

minimize f(z) subjectto ¢(x) —s=0, Lxs=0, Lps>0, (5.15)
z€RM sER™

where Ly and Ly are mx X m and my X m matrices formed from rows of the identity
matrix I, in such a way that Lys and Lzs give the “fixed” and “free” components
of s. While a slack is fixed, its associated barrier term is omitted from the shifted
primal-dual merit function.

The shifted primal-dual modified-Newton equations for problem (5.15) are given
in (5.16) and (5.17) below (for details on how the equations are derived, see Gill,
Kungurtsev and Robinson [20]). In the following discussion, p” denotes a vector
of shifts with the appropriate values of p7 or fi?. Any feasible s can be written
uniquely as s = Lgs »» where sy is the ny vector of free slacks. If wr and wy denote
Lagrange multipliers for the constraints Lys = 0 and Lps > 0, given x and s such
that [sp + p®]; > 0, the solution of the modified-Newton equations for problem
(5.15) can be written in terms of the quantities

1
Dleu'Pjv ﬂ—Y:yE_E(C(x>_S)7

Dp = (S, +D5)WF_17 Ty = p" - (S, +Dﬁ)_1w1€7

where D; = diag(u”), Sk = diag(sr), Wi = diag(wr), and I is the identity matrix
of order ny. Given these definitions, the equations for As, Awy and Awy analogous
to (5.12) and (5.13) are given by

7=y + Ay, As,=—Dy(Lyy—n})),  As=LLAs,, (5.16a)

Awyx = Lyy — wy, (5.16D)

§=s+ As, Aw, = —(S, + D) we + (Les+ p”) — p” - wy),  (5.16¢)
where Ax and Ay satisfy the equations

" a Ax _ g—J%
<J —(Dp + DB)) <_Ay> T (Dp(y —7Y)+ DB(y — Lgﬂ}‘f/)> ) (5'17)

with D, = LLD,L,. Since the matrix D, + Dy is diagonal, the treatment of
an infeasible shifted constraint requires no significant additional computation (cf.
(5.13)).
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6. Implementation Details and Numerical Testing

Numerical results are given for a simple MATLAB implementation of PDB (Algo-
rithm 2). Results were obtained for 140 problems from the CUTEst test collection
(see Bongartz et al. [3] and Gould, Orban and Toint [28]). The problems consist of
the CUTEst implementations of all but two of the 126 problems from the Hock and
Schittkowski (HS) test set [29], and 16 problems from the COPS test set [9,11]. The
two excluded problems are hs87, which is nonsmooth and hs99exp, which is poorly
scaled.

6.1. The implementation

Each CUTEst problem may be written in the form

minigﬁmize f(z) subject to (f;ﬁ) < (C(a;)) < <1:;) , (6.1)

where ¢ : R" — R™, f: R" — R, and (£*,¢%) and (u*,u”) are constant vectors of
lower and upper bounds. In this format, a fixed variable or an equality constraint
has the same value for its upper and lower bound. A variable or constraint with
no upper or lower limit is indicated by a bound of £10?°. For Algorithm PDB, each
problem was converted to the equivalent form

e @
subject to ¢(z) —s=0, Lxs=hy, 05 < L;s, Lys <u®, (6.2)

Exx = by, < E, x, Eyr < UX7

where s is a vector of slack variables. The quantity Ey denotes an ny X m matrix
formed from ny independent rows of [,. Similarly, £, and E, denote matrices
formed from subsets of I,, such that ELE, =0, EYE, =0, i.e., a variable is either
fixed or free to move, possibly bounded by an upper or lower bound. Note that a
variable x; need not be subject to a lower or upper bound, or may be bounded below
and above, in which case e; is not a row of Ey, E; or Ey. Analogous definitions
hold for Ly, L, and L as subsets of rows of I,,, although a given s; must be either
fixed or restricted by an upper or lower bound, i.e., there are no unrestricted slacks.
The bound constraints involving Ey and Ly are enforced explicitly as in Section 5.4.
The modified-Newton equations for problem (6.2) are derived by Gill, Kungurtsev
and Robinson [20]. As is the case for problem (5.15) the principal work at each
iteration is the solution of a perturbed reduced KKT system analogous to (5.17).
The problem format (6.2) must be extended to allow for the possibility of a
variable or slack becoming infeasible with respect to its shifted bound. An infeasible
slack variable is treated as in the previous section by temporarily fixing it on its
bound. An infeasible variable is treated by imposing the bound indirectly using the
primal-dual augmented Lagrangian. If z; is infeasible with respect to E;‘ — ,uf, the
constraint x; — E;-( = 0 is included as a temporary penalty term in M, i.e.,

1 1
—vj (2 — ) + oy = ) + o (o = 4 + i (v; = v))?,
2,uj 2uj
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where vf is an estimate of the multiplier for the constraint T; = Kj‘, and ,u;‘ is a

penalty parameter chosen so that uj < fi7. The initial values of v; and v are v; = z;
and vf = ZJE , where z; > 0 is the dual variable associated with the constraint T, >
Ef . (These quantities appear in the perturbed primal-dual optimality conditions
associated with problem format (6.2)). While z; is infeasible, its associated barrier
term is omitted from the shifted primal-dual merit function. Once z; returns to
feasibility for the shifted bound, the shifted barrier term replaces the temporary
penalty term in the definition of M with z; and sz initialized from v; and UJE .
For the purposes of deriving the KKT equations, this scheme implies that additional
constraints Ax—b = 0 are imposed, where A is a matrix of positive and negative rows
of I, and b; is either ;' or —u;. The effect of imposing the constraints Az —b =0
is to add a diagonal matrix ATDﬁA = AT diag(u”)A to the H block of the reduced
KKT equations analogous to (5.13) (see Gill, Kungurtsev and Robinson [20] for more
details).

Two alternative methods were used to modify the H-block of a KKT matrix with
fewer than n positive eigenvalues, with the choice of method depending on the size
of the problem. For the HS problems, H was modified during the calculation of the
LDLT factorization using the inertia controlling LDL” factorization of Forsgren [14]
and Forsgren and Gill [15]. For the COPS problems the Hessian was modified using
the method of Wéchter and Biegler [38, Algorithm IC, p. 36], which factors the KKT
matrix with 01, added to H. At any given iteration the § is increased from zero if
necessary until the inertia of the KKT matrix is correct. Each (possibly perturbed)
KKT matrix was factored using the MATLAB built-in command LDL, which uses the
routine MA57.

6.2. Algorithm parameters and termination conditions

The MATLAB implementation was initialized with parameter values given in Ta-
ble 1, which were chosen based on the empirical performance on the entire collec-
tion of problems. The primal-dual vector (zg, yo) was the default values supplied
by CUTEst, although the code immediately projects xg onto the feasible region to
ensure feasibility with respect to the bounds on z. The iterates were terminated at
a point satisfying the condition

HX(Uk)Hoo < Tstop; (6.3)
where x(v) is the optimality measure (4.1) defined in terms of problem (6.2).

Table 1: Control parameters and initial values for Algorithm PDB.

Parameter Value Parameter  Value Parameter  Value Parameter  Value

max

Ymax/Wmax  1.0e+5 Tstop 1.0e-4 7S 1.0 X0 1.0e+3
n 1.0e-2 To 0.5 ug 1.0e-4 v 1.0e-3
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6.3. Numerical results

Figure 1 gives the performance profiles and bar graphs that compare the number of
function evaluations needed by PDB and the interior-point solver IPOPT [36, 38, 39]
on the CUTEst HS and COPS test problems. In each case, the left figure gives per-
formance profiles for the total number of functions evaluations. (For a description
of how performance profiles should be interpreted, see Dolan and Moré [10].) The
right figure gives the “outperforming factor” bar graphs proposed by Morales [31].
On the z-axis, each bar corresponds to a particular test problem, with the problems
listed in ascending order for the HS problems and alphabetical order camshape,
catmix, chain, channel, elec, gasoil, glider, marine, methanol, minsurfo,
pinene, polygon, robotarm, rocket, steering, and torsionl for the COPS prob-
lems. The y-axis indicates the factor (log, scaled) by which one solver outperformed
the other. A bar in the positive region indicates that PDB outperformed IPOPT. A
negative dark gray bar means IPOPT performed better. A negative light gray bar
denotes that PDB was unable to satisfy the termination criteria in 500 iterations. The
results indicate that, overall, the simple MATLAB code PDB usually requires fewer
function evaluations than IPOPT, but is slightly less robust. Algorithm PDB was able
to satisfy the optimality measure for 137 (98%) of the 140 test problems. In each of
the three COPS “failures”, glider, robotarm and rocket, the iterates were termi-
nated at a point where the KKT matrix was nearly singular. In these three cases,
respectively 100%, 99% and 98% of the iterations required the Hessian to be modi-
fied. For the 124 HS problems, a grand total of 90% of the iterations computed were
O-iterates, and 7% of the iterations computed were F-iterates. An M-iterate was
computed in only 55 of the iterations required to solve all 124 HS problems. Overall,
41 of the 124 problems required the Hessian of the Lagrangian to be modified. For
the COPS problems a grand total of 72% of the iterations computed were O-iterates,
26% computed were F-iterates, and there were 16 M-iterations. The Hessian was
modified in 73% of the iterates. The results illustrate the crucial importance of
an effective modification scheme when the KKT matrix does not have the correct
inertia.

Tables 2 and 3 give the results of running algorithm PDB on the 158 CUTEst
test problems. For each problem the table lists the number of general constraint
functions (“m”), the number of = variables (“n”), the number of function evaluations
(“fe”), and the number of outer iterations (“itns”). A run is considered to have
failed if PDB could not satisfy the optimality condition (6.3) in 500 iterations. The
function and iteration entries for these “failed” runs are marked with an “f”. The
column with the heading “H mods” gives the percentage of iterations for which
the Hessian H(x,y) was modified to ensure the positive definiteness of H" (see
5.1). The columns “O-itns” and “F-itns” give the percentages of O-iterates and
F-iterates required (see Algorithm 2). The column with heading “M-itns” gives the
total number of M-iterates required for each problem. (The M-iterates are not listed
as a percentage of the total number of iterations because they generally constitute
significantly less than 1% of the total iterations.)
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Figure 1: Performance profiles and outperforming factors for function evaluations.

Table 2: Results for Algorithm PDB on 124 Hock-Schittkowski problems

Problem m n fe itns | H mods | O-itns F-itns M-itns
hsi 0 2 26 23 0% 100% 0% 0
hs2 0 2 8 8 0% 100% 0% 0
hs3 0 2 4 4 0% 100% 0% 0
hs3mod 0o 2 5 5 0% 100% 0% 0
hs4 0 2 5 5 0% 100% 0% 0
hsb 0 2 6 6 0% 100% 0% 0
hs6 1 2 42 12 0% 100% 0% 0
hs7 1 2 233 49 87% 28% 1% 0
hs8 2 2 4 4 0% 100% 0% 0
hs9 1 2 11 4 25%, 100% 0% 0
hs10 1 2 10 10 0% 100% 0% 0
hsi1 1 2 8 8 0% 100% 0% 0
hs12 1 2 44 15 0% 100% 0% 0
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Table 2: Results for 124 Hock-Schittkowski test problems (continued)

Problem m n fe itns | H mods | O-itns F-itns M-itns
hs13 1 2 14 14 0% 100% 0% 0
hs14 2 2 6 6 0% 100% 0% 0
hs15 2 2 34 33 27% 48% 487, 1
hs16 2 2 9 9 0% 100% 0% 0
hs17 2 2 0% 100% 0% 0
hs18 2 2 14 14 0% 100% 0% 0
hs19 2 2 23 23 0% 73% 13% 3
hs20 3 2 19 19 52, 100% 0% 0
hs21 1 2 7 7 0% 100% 0% 0
hs21imod 1 7 0% 100% 0% 0
hs22 2 2 6 6 0% 100% 0% 0
hs23 5 2 11 11 0% 100% 0% 0
hs24 3 2 9 9 22, 100% 0% 0
hs25 0 3 37 37 70% 647, 29% 2
hs26 1 3 12 12 8% 100% 0% 0
hs27 1 3 451 43 0% 347, 60% 2
hs28 1 3 1 0% 100% 0% 0
hs29 1 3 7 6 33% 100% 0% 0
hs30 1 3 7 7 0% 100% 0% 0
hs31 1 3 5 5 0% 100% 0% 0
hs32 2 3 10 10 0% 100% 0% 0
hs33 2 3 20 12 50% 100% 0% 0
hs34 2 3 9 9 0% 100% 0% 0
hs35 1 3 7 7 0% 100% 0% 0
hs35i 1 3 7 7 0% 100% 0% 0
hs35mod 1 3 9 9 0% 100% 0% 0
hs36 1 3 7 7 0% 100% 0% 0
hs37 2 3 7 7 0% 100% 0% 0
hs38 0 4 9 8 0% 100% 0% 0
hs39 2 4 6 6 16% 100% 0% 0
hs40 3 4 3 3 0% 100% 0% 0
hs41 1 4 7 7 0% 100% 0% 0
hs42 2 4 4 4 0% 100% 0% 0
hs43 3 4 20 13 0% 100% 0% 0
hs44 6 4 18 18 447, 947, 5% 0
hs44new 6 4 18 18 447, 947, 5% 0
hs45 0 5 7 7 28% 100% 0% 0
hs46 2 5 28 16 0% 100% 0% 0
hs47 3 5 1045 107 52, 147, 85% 0
hs48 2 5 1 1 0% 100% 0% 0
hs49 2 5 7 7 0% 100% 0% 0
hs50 3 5 8 7 0% 100% 0% 0
hsb1 3 5 1 1 0% 100% 0% 0
hsb2 3 5 1 1 0% 100% 0% 0
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Table 2: Results for 124 Hock-Schittkowski test problems (continued)

Problem m n fe itns | H mods | O-itns F-itns M-itns
hsb3 3 5 6 6 0% 100% 0% 0
hsb4 1 6 11 11 0% 100% 0% 0
hsb5 6 6 9 9 22, 100% 0% 0
hsb6 4 7 587 58 32% 247, 75% 0
hsb7 1 2 96 92 22% 22% 75% 2
hsb9 3 2 424 67 53% 28% 68% 2
hs60 1 3 6 6 0% 100% 0% 0
hs61 2 3 11 28% 100% 0% 0
hs62 1 3 10 10 0% 100% 0% 0
hs63 2 3 9 9 11% 100% 0% 0
hs64 1 3 93 34 17% 67% 8% 8
hs65 1 3 14 14 0% 100% 0% 0
hs66 2 3 7 7 0% 100% 0% 0
hs67 14 3 12 12 0% 100% 0% 0
hs68 2 4 16 16 6% 100% 0% 0
hs69 2 4 9 9 0% 100% 0% 0
hs70 1 4 15 15 13% 100% 0% 0
hs71 2 4 10 10 0% 100% 0% 0
hs72 2 4 33 33 0% 69% 0% 10
hs73 3 4 16 16 0% 100% 0% 0
hs74 5 4 28 22 0% 81% 13% 1
hs75 5 4 32 26 0% 76% 15% 2
hs76 3 4 8 8 0% 100% 0% 0
hs76i 3 4 8 8 0% 100% 0% 0
hs77 2 5 9 8 0% 100% 0% 0
hs78 3 5 3 3 0% 100% 0% 0
hs79 3 5 4 4 0% 100% 0% 0
hs80 3 5 6 6 0% 100% 0% 0
hs81 3 5 8 8 127% 100% 0% 0
hs83 3 5 15 15 0% 100% 0% 0
hs84 3 5 16 16 0% 100% 0% 0
hs85 21 5 88 82 0% 247, 75% 0
hs86 10 5 12 12 0% 100% 0% 0
hs88 1 2 16 16 0% 100% 0% 0
hs89 1 3 19 19 15% 78% 0% 4
hs90 1 4 16 16 18% 100% 0% 0
hs91 1 5 17 15 20% 100% 0% 0
hs92 1 6 16 16 18% 100% 0% 0
hs93 2 6 7 7 0% 100% 0% 0
hs95 4 6 14 14 7% 100% 0% 0
hs96 4 6 14 14 7% 100% 0% 0
hs97 4 6 9 9 11% 100% 0% 0
hs98 4 6 9 9 11% 100% 0% 0
hs99 2 7 15 10 0% 100% 0% 0
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Table 2: Results for 124 Hock-Schittkowski test problems (continued)

Problem m n fe itns | H mods | O-itns F-itns M-itns
hs100 4 7 14 10 0% 100% 0% 0
hs1001np 2 7 14 10 50% 100% 0% 0
hs100mod 4 7 11 8 0% 100% 0% 0
hs101 5 7 56 53 16% 39% 56% 2
hs102 5 7 67 67 17% 31% 657% 2
hs103 5 7 a7 a7 6% 447, 51% 2
hs104 5 8 8 8 0% 100% 0% 0
hs105 1 8 23 23 a7}, 78% YA 4
hs106 6 8 25 13 0% 100% 0% 0
hs107 6 9 15 15 0% 100% 0% 0
hs108 13 9 20 14 147, 100% 0% 0
hs109 10 9 41 12 0% 100% 0% 0
hs110 0 10 4 4 0% 100% 0% 0
hsii1 3 10 18 14 147, 100% 0% 0
hs111lnp 3 10 1723 108 87% 147, 847, 1
hs112 3 10 8 8 0% 100% 0% 0
hs113 8 10 15 15 0% 100% 0% 0
hs114 11 10 15 15 0% 100% 0% 0
hs116 14 13 88 58 18% 39% 487, 7
hs117 5 15 13 13 0% 100% 0% 0
hs118 17 15 20 20 0% 100% 0% 0
hs119 16 17 17 0% 100% 0% 0
hs268 5 5 10 10 0% 100% 0% 0

Table 3: Results for Algorithm PDB on the COPS problems

Problem m n fe itns | H mods | O-itns F-itns M-itns
camshape 203 100 170 170 0% 14% 82/, 5
catmix 200 303 7 7 0% 100% 0% 0
chain 51 102 92 24 4y, 91 0% 2
channel 448 450 8 3 100Y% 100% 0% 0
elec 100 300 123 118 100Y% 19Y% 79% 1
gasoil 1298 1303 13 13 0% 100% 0% 0
glider 608 664 7797 500f 100Y% 1% 98Y% 0
marine 1392 1415 415 204 99Y% 8% 90Y% 2
methanol | 1497 1505 16 13 0% 100% 0% 0
minsurfo 0 731 10 10 10% 100% 0% 0
pinene 1095 1105 8 8 100% 100% 0% 0
polygon 324 50 1511 421 100% 5% 93% 6
robotarm 402 562 618/ 500/ 99Y% 2% 97Y% 2
rocket 502 607 5017 5007 98Y% 2% 97Y% 1
steering 400 506 9 9 0% 100% 0% 0
torsionil 0 484 8 8 0% 100% 0% 0
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7. Conclusions

A new primal-dual shifted penalty-barrier function has been formulated and an-
alyzed for solving inequality constrained nonlinear optimization problems. This
function is proposed as a merit function for a primal-dual algorithm for nonlinear
optimization with favorable convergence properties. In particular, it has been shown
that a limit point of the sequence of iterates may always be found that is either an
infeasible stationary point or a complementary approximate Karush-Kuhn-Tucker
point, i.e., it satisfies reasonable stopping criteria and is a Karush-Kuhn-Tucker
point under the cone continuity property, which is the weakest constraint quali-
fication associated with sequential optimality conditions. At each step of the al-
gorithm, a regularized KKT system is solved to obtain a descent direction for the
merit function. Under suitable additional assumptions the method is equivalent to
a shifted variant of the primal-dual path-following method in the neighborhood of a
solution. Preliminary numerical experiments indicate that the primal-dual shifted
penalty-barrier function provides an effective way of ensuring global convergence.
The results also illustrate the crucial importance of an effective modification scheme
when the KKT matrix does not have the correct inertia.
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