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Abstract

Line search algorithms for nonlinear programming must include safeguards to enjoy
global convergence properties. This paper describes an exact penalization approach
that extends the class of problems that can be solved with line search SQP methods.
In the new algorithm, the penalty parameter is adjusted at every iteration to ensure
sufficient progress in linear feasibility and to promote acceptance of the step. A trust
region is used to assist in the determination of the penalty parameter (but not in the
step computation). It is shown that the algorithm enjoys favorable global convergence
properties. Numerical experiments illustrate the behavior of the algorithm on various
difficult situations.

1 Introduction

Exact penalty methods have proved to be effective techniques for solving difficult nonlinear
programs. They overcome the difficulties posed by inconsistent constraint linearizations
[13] and are successful in solving certain classes of problems in which standard constraint
qualifications are not satisfied [2, 3, 22, 20, 10, 18]. Despite their appeal, it has proved
difficult to design penalty methods that perform well over a wide range of problems; the
main difficulty lies in choosing appropriate values of the penalty parameter. Various ap-
proaches proposed in the literature update the penalty parameter only if convergence to an
undesirable point appears to be taking place; see e.g. [28, 19] and the references therein.
This can result in inefficient behavior and requires heuristics to determine when to change
the penalty parameter.

Recently, a new strategy for updating the penalty parameter has been proposed in the
context of trust region methods [6, 8]. In that approach, the penalty parameter is selected
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at every iteration so that sufficient progress toward feasibility and optimality is guaranteed,
to first order. This requires that an auxiliary subproblem (a linear program) be solved in
certain cases. A particular implementation of this approach has been incorporated into the
active-set method of the KNITRO [9, 30] package and has proved to be effective in practice.
The technique just mentioned relies on the fact that the optimization algorithm is of the
trust region kind.

In this paper we describe line search penalty methods for nonlinear programming. Unlike
trust region methods, which control the quality and length of the steps, line search methods
can produce very large and unproductive search directions in the neighborhood of points
where standard regularity conditions are not satisfied, and this situation can lead to failures
that would not occur with a trust region method. By relaxing the constraints and ensuring
that steady progress toward the solution is made, the proposed method enjoys the same
type of global convergence properties as trust region methods. The global analysis thus
shows that use of exact penalty methods can have a regularizing effect without a trust
region or an explicit regularization term.

To achieve these goals, the algorithm solves a linear program with an auxiliary trust
region that helps determine the adequacy of the penalty parameter. The algorithm is
nevertheless a pure line search method because the step computation does not depend on
the auxiliary trust region—only the choice of the penalty parameter depends on it. In fact
the the auxiliary trust region radius may be fixed at an arbitrary value without affecting
convergence properties.

The new algorithm incurs an additional cost compared with classical line search meth-
ods. At those iterations in which the penalty parameter must be adjusted, an auxiliary
linear program must be solved and the SQP step must be recomputed one or more times
using larger values of the penalty parameter. This extra cost may, however, not be signif-
icant because warms starts can be employed in the solution of these additional quadratic
programs. Furthermore, the hope is that the new strategy yields savings in iterations and
improves the robustness of the method. An attractive feature of the new algorithm is that
it treats all problems (regular or deficient) equally and does not need to resort to special
iterations when progress is not achieved.

In the next section, we present the new line search SQP algorithm, giving particular
attention to the dynamic strategy for updating the penalty parameter. The convergence
properties of the algorithm are analyzed in Section 3, and numerical experiments are re-
ported in Section 4.

2 A Line Search Penalty Method

Penalty methods attack the general nonlinear programming problem

minimize  f(x) (2.1a)
subject to  gi(x) >0, i €Z, (2.1b)
hi(x) =0, i €& (2.1c)



by performing an unconstrained minimization of the exact penalty function

Or(x) = f(2) +mo(2), (2.2)

where v(z) is a measure of constraint violation and 7 is the penalty parameter. The penalty
approach proposed in this paper is applicable to a variety of line search methods; for con-
creteness we focus our discussion on sequential quadratic programming.

We use the 1-norm of the constraint violation as the measure of infeasibility for the
nonlinear program (2.1). Thus the penalty function is defined by (2.2) with

o) = Ylgi(@)])” + 3 i), (23)
i€L €€
where [g;(x)]” = max{—g;(z),0} is the negative part of g;(z).

It is well known (see for example [21]) that when multipliers exist, stationary points of
the nonlinear problem (2.1) are also stationary points of the exact penalty function (2.2)
for all sufficiently large values of m. Conversely, and more important from the standpoint
of practical penalty methods, any stationary point of the exact penalty function (2.2) that
is feasible for problem (2.1) is a stationary point of (2.1).

Exact penalty methods attempt to find stationary points of the nonlinear program (2.1)
by minimizing the penalty function (2.2), and use the exogenous penalty parameter 7 as
a control to promote feasibility. Two key questions arise: a) How can we find stationary
points of the nonsmooth exact penalty function ¢, for a fixed value of 77 b) How should
we update the penalty parameter 77

The first of these issues is well understood [13]. We can search for stationary points
of the penalty function by taking steps based on a quadratic model of ¢,. To define this
model we first construct the following piecewise linear model of the measure of constraint
violation v at an iterate xj:

mi(d) =Y [Voi(ze) d+ gi(i)]” + D |Vhilee) d + ha(zy)|- (2.4)
icZ =
Next, we define a piecewise quadratic model of ¢, at x; as

i (d) = f(z) + Vf(zp) d+ 3d"Wid + 7 my(d), (2.5)

where W}, is a symmetric positive definite matrix that approximates the Hessian of the
Lagrangian of the nonlinear program (2.1). We compute the search direction dj by solving
the problem
minimize g¢f(d). (2.6)
d

In practice, we recast (2.6) as the smooth quadratic optimization program

minimize f(zp) + V() Td+ TATWid + 73 cc(ri+8) + 13 erti (2.72)

d,r,s,t
subject to  Vhi(zp)ld + hi(xp) =i — 55, i €E, (2.7b)
Vgi(zr)Td + gi(zy) > —t;, i €T, (2.7¢)
r,s,t > 0. (2.7d)



Once the solution dj, of problem (2.6) is found, a line search is performed in the direction
dy, to ensure that sufficient decrease in the exact penalty function (2.2) is achieved at the
new iterate.

The positive definiteness assumption on Wy is common in line search methods, where
Wi is obtained through a quasi-Newton update or by adding (if necessary) a multiple of
the identity to the Hessian of the Lagrangian of problem (2.1). Note that the quadratic
subproblem (2.7) is always feasible, and we show in this paper that the introduction of the
surplus variables r, s, t, together with the positive definiteness of Wy, provide a regularization
effect to the algorithm.

The second challenge in penalty methods concerns the selection of the penalty parame-
ter. If 7 is too small, the penalty function (2.2) may be unbounded below, and the iterates
will diverge unless the value of 7 is corrected in time. If 7 is too large, the efficiency of
the penalty approach may be impaired [8]. The goal of this paper is to propose a dynamic
strategy for updating the penalty parameter in a class of line search methods for nonlinear
programming.

To describe this strategy, we denote the solution of (2.6) by di () to stress its dependence
on the penalty parameter. At iteration k, we first solve (2.6) using the current penalty
parameter 7, to obtain di(m;). We are content if the linearized constraints are satisfied,
i.e., if my(dk(mg)) = 0. In this case, the penalty parameter is not changed and we define
the search direction as dj = dj (7). Thus, no regularization is needed in this case and the
search direction dj, coincides with that computed by a classical SQP method (in which r, s, ¢
are always zero).

On the other hand, if my(d(m)) > 0, we assess the adequacy of the current penalty
parameter by computing the lowest possible violation of the linearized constraints in a
neighborhood of the current iterate. This is done by solving the problem

minimize my(d), subject to ||d|lco < Ag, (2.8)
d

where A > 0 is given. This problem is equivalent to the linear program

minimize Y (ri + )+ > _ti (2.9a)

dyr,s,t i€ i€T
subject to  Vhi(zp)Td+ hi(zy) =i —si, i €E, (2.9b)
Vgi(zr) d+ gi(zy) > —ti, i €T, (2.9¢)
ldlloc < Ag, (2.9d)
r,s,t > 0. (2.9¢)

We denote the solution of this problem by d;”. A new penalty parameter m > m is
now determined such that the solution di(m4) of problem (2.6) yields an improvement in
linearized feasibility that is commensurate with that obtained by the step d}*, as measured
by the model my. This strategy is specified more precisely in Algorithm I, which is the new
line search penalty method.



Algorithm I: Line Search Penalty SQP Method

Initial data: 1,71 >0, p >0, €1 € (0,1], e2 € (0,€1), 7 € (0,1), n € (0,1), and
0 < Amin é Al S Amax'

For k=1,2,..

1. Find a search direction di(m) by solving the subproblem (2.6) with m = 7. If
di(m) = 0 and v(zg) = 0, STOP: zj is a KKT point of problem (2.1).

2. If my(dg(mg)) =0, set w4 = 7, and go to Step 6.
3. Solve the linear programming subproblem (2.8) to get d;”. If
0 < mg(0) = my(di"), (2.10)
STOP: zj, is an infeasible stationary point of the penalty function (2.2).
4. Update the penalty parameter:

(a) If my(d") =0, find 7 > 7, + p and a corresponding vector di(74) that
solves (2.6), such that

mi(di(m4)) = 0. (2.11)
(b) Else set mq = 7. If the following inequality does not hold
my(0) — my(d(m)) = €1[my(0) — my(di”)]; (2.12)

then find 7 > 7, + p and a corresponding vector di (74 ), such that (2.12)
is satisfied.

5. If the following inequality does not hold
a4 (0) = q " (di(m)) = eam [my(0) — my(di”)], (2.13)

then increase w1 (by at least p) as necessary, until the solution dg(7m) of (2.6)
satisfies (2.13).

6. Set dp = di(my), and let 0 < ai < 1 be the first member of the sequence
{1,7,72,...} such that

Ory (21) = Omy (21 + awdi) > nolgi(0) — g (di)]- (2.14)

7. Set Ak;+1 € [Amin’AmaX]'

8. Let mpy1 = 7y and xpy1 = xp + agdy.




It is worth emphasizing that Algorithm I is a line search method. The global convergence
results established in the next section are based on the properties of line search methods
together with the regularization effects of the penalty approach. The trust region constraint
in (2.8) plays an indirect role, since it only influences the choice of the penalty parameter.

Note that since the Hessian W, in the piecewise quadratic model (2.5) is positive definite,
qp is strictly convex. Therefore the solution of problem (2.6), which we denote by dj (), is
unique. The model m(d) is convex, but not strictly convex.

The overall design of Algorithm I is based on the following three updating guidelines,
which we call the steering rules and are an adaptation of the strategy given in [8] to the
line search setting:

1. If it is possible to satisfy the linearized constraints in a neighborhood of the current
iterate, we compute such a step. This is achieved by enforcing condition (2.11). In
other words, if a classical SQP step exists and is not too long, we would like to use it.

2. If the linearized constraints are locally infeasible, we will be content with taking a step
that achieves at least a fraction of the best possible local feasibility improvement. We
impose this requirement through condition (2.12). Note that (2.12) could be satisfied
with the current penalty parameter 7, in which case no extra quadratic subproblems
(2.6) need to be solved.

3. Not only feasibility but also improvement in the penalty function has to be commen-
surate with the improvement in feasibility obtained with di”. This is guaranteed by
condition (2.13). We note that it is not necessary to re-solve problem (2.6) when
condition (2.13) is violated because an appropriate value of the penalty parameter is
readily computed. First, if my(0) — my(d;”) = 0 then (2.13) is satisfied for any «
because di(m) is the minimizer of ¢. Otherwise, my(0) > my(d;"), which implies
that my(0) > 0. Let w4 be the value of the penalty at the beginning of Step 5 of
Algorithm I, let dy = di(74) and define

TdEWidy + V() Tdy
(1 — €2)mp(0) — my(dy) + eamy(di”)

T =

+p. (2.15)

(Note that (2.11) or (2.12), together with the relations 0 < ez < €1 < 1, imply that
the denominator is positive.) Then, by writing d = d(7) we have from (2.15) that

exlmi(0) — mu(d)] < —Vf(an)Tds — 2T Wids + #[mi(0) — my(d)]
— Gi(0)— g (dy)

< i (0) — g (d),

N

where the last inequality follows from the fact that d is the minimizer of qifr. Therefore
condition (2.13) is satisfied if the penalty parameter is given by (2.15).

We show in Lemma 3.5-(b) that if the penalty parameter is increased in Step 5 to satisfy
(2.13), it will still satisfy conditions (2.11) and (2.12).



When the penalty parameter is updated in Algorithm I, the main cost is in the repeated
solution of the quadratic program (2.6) for different values of 7 in Step 4(b); the linear
program (2.8) is solved only once. We expect, however, that warm starts can greatly
accelerate the solution of these quadratic programs and that the savings in total iterations
will overcome any extra cost incurred in some iterations.

The choice of penalty parameter 7y in Algorithm I ensures that dy, is a descent direction
for the penalty function (see Lemma 3.5 (c¢)). Note that in the right-hand side of (2.14) we
use the decrease in the piecewise quadratic model qZ*, instead of the directional derivative
of the penalty function. This accounts for possible kinks in the merit function near the
current iterate that could be overlooked by a standard Armijo line search and result in
jamming.

The constraint ||d||sc < Aj in problem (2.8) is not a trust region in the usual sense, and
the value of Ay is not critical to the performance of the algorithm. The function my(d) is
always bounded below and the radius Ay, is used only to ensure that ||d}"|| is of reasonable
size in case there is an unbounded ray of minimizers of my(d). In fact, the radius Ay could
be kept constant and the convergence properties of Algorithm I would not be affected. In
practice, however, it may be advantageous to choose Ay based on local information of the
problem, as discussed in Section 4.

3 Convergence analysis

In this section we study the global convergence properties of Algorithm I. We make the
following assumptions about the sequence of iterates {x;} and the matrices W}, generated
by the algorithm.

Assumptions 1.

A1l. The functions f,g;,7 € Z, and h;,7 € £, are twice differentiable with bounded deriva-
tives over a bounded convex set that contains the sequence {z}.

A2. The matrices W}, are uniformly positive definite and bounded above, i.e., there exist
values 0 < fin < fmax Such that

Lain [P < T Wip < e P, (3.1)
for an p € R™.

We denote the directional derivative of a function f at z in the direction p by D f(x;p).
A point x is said to be a stationary point of the penalty function if D¢, (x;p) > 0 for all
directions p. A point Z is called an infeasible stationary point for problem (2.1) if v(z) > 0
and Dv(z;p) > 0 for all p. We say that problem (2.1) is locally infeasible if there is an
infeasible stationary point for it.

The first lemma provides useful relationships between the directional derivatives of the
functions ¢, and v and their local models, g™ and m.



Lemma 3.1 Given a point xp, the directional derivatives of v and ¢ along a vector p
satisfy
Do(zy; p) = Dmy(0; p) (32)

and
D¢r(zk;p) = Dgj (05 p). (3.3)

Proof. Given x; and a vector d € R™, let us define the sets

GE(d) = {ieT:Vgi(zr) d+gi(z) <0}, (3.4)
Go(d) = {i€Z:Vgi(xr)"d+gi(zx) =0},
Gk(d) = {ieZ:Vg(rp)'d+ gi(zy) >0},

which determine a partition of Z. Similarly, we can define a partition H* (d), H§(d) and

HE (d) of € induced by the value of Vh;(xg)Td + hi(zy).
The directional derivative of my(-) at d in the direction p is given by

Dmy,(d;p) = Z [ Vgi(zr)" Z Vgi(z)" (3.5)
i€GE(d) i€G* (d)
+2Vha:k p—i—Z\thk p\—Zthk
ieHk (d) i€HE(d icHF (d)

On the other hand, we have that

Du(aisp) = > [Vailen)™p]” = Y Vailan)”
i€Gk(0) i€gk (0)
+ Y Vhi(a)p + D [ Vhi(a)Tpl = > Vhila)Tp
ieHk (0) i€HE(0) i€HE (0)

The equality (3.2) follows by comparing this expression with (3.5).

Given a direction p, we have that D¢, (zp;p) = Vf (k) p + Dv(xy;p). Also, for any
d we have that Dq¥(d;p) = (Vf(zr) + Wid)Tp + Dmy(d; p). By evaluating Dq¥(d;p) at
d = 0 and using (3.2) we obtain (3.3). O

The next result is well known (see e.g. [4, 21]). For a given point x,, we define the
model (2.5) at x, by ¢f, and denote its solution by d. (7). Similarly, m. denotes the model
(2.4) at x..

Theorem 3.2 The following three statements are true:

(a) x« is a stationary point of the penalty function ¢r(x) if and only if dy«(w) = 0 solves
problem (2.6).

(b) If x« is a stationary point of ¢r(x) and v(xy) =0, then x, is a KKT point of (2.1).

(c) x, is a stationary point of the infeasibility measure v(x) if and only if, for any A > 0,
any solution d** of the linear feasibility problem (2.8) satisfies

m(d*) = m,.(0). (3.6)



Proof. (a) By definition, dy(7) = 0 is the minimizer of ¢J(d) if and only if Dg7(0;p) > 0
for any direction p. The result follows from (3.3). (b) See [26, Theorem 17.4].

(c) Given A > 0, let d"* be a solution of (2.8). Since d = 0 obviously satisfies ||d||c < A,
we have that m,(d"") < m.(0). Also, from (3.2) we have that z. is stationary for v(z) if
and only if 0 is stationary for m.(d), which holds (by convexity of m) if and only if 0 is
an unconstrained global minimizer of m,(d). Therefore, m,(0) < m.(d) for any d, and in
particular for d = d“F. We conclude that (3.6) holds. O

This theorem justifies the stopping tests in Algorithm I. If Algorithm I stops at Step 1,
Theorem 3.2 (a) and (b) imply that the current iterate xj, is a KKT point of the nonlinear
program (2.1). If the algorithm stops at Step 3, then Theorem 3.2 (¢) and v(xy) > 0 imply
that x; is an infeasible stationary point. If neither stop test is satisfied, we need to show
that that Algorithm I will generate a new iterate x;1 and that it is always possible to meet
the requirements in Steps 4 and 6. This is done in Lemma 3.5; first we need to establish
two auxiliary results.

Lemma 3.3 Suppose that Assumptions I hold. At any given iterate xx, and for all m > 0,
the minimizers dy(m) of qf (d) are contained in a compact ball

BY={d:|d| <r*} with 7= ki + rolldy]], (3.7)

for some global constants k1 and ko and where dy denotes the minimum norm minimizer

of my(d).

Proof. Let dj be the minimum norm minimizer of my(d); it is well defined because my(d)
is a piece-wise linear convex function that is bounded below. If ||d|| is large enough that
Hmin”dH Z SHVf("Bk)” and Hmin||dH2 2 2/~’Lmax”d||27 then by (31)

V() d+ V() d+3dWid < |V filllld] + 1V Felllld] + 5= d]|?
1

min min min 5 min
<t a2 o tagn [ fomin |2 )2+ b g
< bgnd)?
< id'wad,

and therefore
flar) + Vi) d+ 3d"Wid > f(ay) + Vf(zg)'d+ $d"Wid.

Thus, for all B
d]| > max{8||V f (@x) |/ ttmins v/ 2pbme/ Henin ]|} (3.8)

and all # > 0 we have

ar(d) = f(zx) + Vf(ze)'d+ 3d"Wid + mmy(d)

> f(l’k) + Vf(mk)TCZ-l- %dTWkCZ-F ka(d) = qg(d),



since d is a minimizer of my. Therefore, no minimizer di(7) can be larger in norm than the
right hand side of (3.8). To establish (3.7), we let £; be an upper bound for ||V fi||, define

R1 = 8"ZVI/,Umin and ko = \/ 2,Umax/ﬂmin- U

The following result shows that by choosing 7 sufficiently large, the direction d(7) can
attain any achievable level of linear feasibility.

Lemma 3.4 At any iterate xy, for all all © sufficiently large the minimizer d(7) of qf,
also minimizes my(d).

Proof. It is clear from (2.4) that the piecewise linear function my(d) may be expressed as
d) = Ta+ 3:
mi(d) = max{a; d + G},

where M is a finite index set, the vectors a; are in R"™ and the ; are scalars. It follows
(see e.g. [28, p.66]) that for any d € R™ the subdifferential dmy(d) is the convex hull of the
active support functions at d, i.e.

Omy(d) = conv{a;|j € M and a,;-pd + 85 = my(d)}.

Since a vector d minimizes the convex function my if and only if Omy(d) contains 0, then
if d is not a minimizer of my, it follows that Omy(d) is a closed convex set not containing 0,
which implies that

o(d) £ min{||al||a € Omy(d)} > 0.

Now since dmy(d) is defined by the active set {j € ./\/l|a]Td + B = mi(d)} and only a finite
number of possible sets Omy(d) exist as d ranges over R", the function o(d) takes on only
a finite set of values. Therefore

o ?%{n {o(d)|0 ¢ Omy(d)} > 0. (3.9)
E n
Now by Lemma 3.3, there is a compact ball B* containing the minimizers of qr, for
all w. Therefore, for all such minimizers di(mw) we have |V f(xr) + Widi(m)|| < B, for

some constant (. Consider some 7 > (/o) and the minimizer dj(7) of ¢;;. Any vector
g € 0qj (di (7)) may be expressed as

g =V f(zg) + Widi(7) + Ta for some a € Imy(di(7)).
If di(7) does not minimize my, it follows from (3.9) that
lgll = ®llall = IV f (@) + Widi(7)|| = For — B > 0.

This means 0 ¢ dg contradicting the fact that dj(7) is a minimizer of ¢]. Therefore dj(7)
must minimize mg. ]

For the remainder of the analysis, it is useful to define the model
gl (d) = fu + VfLd+ 3d"Wid, (3.10)

so that
ai* (d) = g (d) + mpma(d). (3.11)
We now prove that Algorithm I is well defined.

10



Lemma 3.5 Suppose that xy is neither a KKT point of nonlinear program (2.1) nor a
stationary point of the infeasibility measure v(zx). Then,

a) If Algorithm I executes Step 4, it is always possible to find a value w4 and a corre-
sponding vector dj(m4) such that condition (2.11) holds if my(d"") = 0, or condition (2.12)
holds if mg(d*") > 0.

b) If Algorithm I executes Step 5, it is always possible to find a value w4 and a corre-
sponding vector dy(m4) such that condition (2.13) holds.

c) At Step 6, dj. is a descent direction for ¢, (x) at x. Therefore, there exists ay, such
that condition (2.14) is satisfied.

Proof. (a) By Lemma 3.4, for 7 sufficient large di (74 ) is a minimizer of my(d) and hence
my(di(m4)) < my(di”); this implies (2.11). Moreover, since €; < 1, we have that

mi(0) — my(di(m)) > mi(0) — my(di”) > e1[my(0) — my(dy”)],

so that (2.12) is satisfied.

b) We have already shown in Section 2 that (2.13) is satisfied if the penalty parameter
is chosen by (2.15). We now show that if the penalty parameter is increased in Step 5, this
new value of 7 still satisfies (2.11) and (2.12).

Let my > 1. Then by (3.11) and the fact that dj(7) is the minimizer of ¢, we have

gl (di.(m1)) + momi(di(m1)) > qf (di(ma)) + mamy(di(m2)) (3.12)
gl (di(m1)) + mmi(di(m)) < qf (di(ma)) + mimp(di(m2)). (3.13)

v

Hence
(g — m1)my(di(m1)) = (w2 — m1)mi(di(m2)),

which implies that my(dg(m1)) > mg(di(m2)). We conclude that my(dg(m)) cannot increase
as m is increased.

(c) If zy, is neither stationary for ¢,, nor for v(z), then at Step 6 we must have dj #
0. This is a consequence of the logic of Algorithm I and of Theorem 3.2, parts (a) and
(c). Recall that dj is defined to be the minimizer of ¢;* and hence ¢, ' (dy) < g (0).
Furthermore, since g;, " (d) is strictly convex and dj # 0, we have that g; " (dx) < ¢; " (0) and
thus dj, is a descent direction for ¢, " at 0. By (3.3), we have

D¢, (zr;di) = Daqp ' (0;dx) <0,

and therefore dj, is also a descent direction for ¢, (x) at x3. Since the constant 7 is chosen
n (0,1), it follows that ¢, (z1 + ady) < ¢r, (x1) +anDer (xy; dy) for all sufficiently small
a >0, or

Gry (Tk) — Ony (T + ady) > —anDor, (vx; dy).
From (3.3) and the convexity of ¢& . (d), we have that

—anDor (zr;d) = —anDql (0:dy) > omlgy(0) — g " (di)].

11



We conclude that there always exists a sufficiently small steplength «j that satisfies condi-
tion (2.14). O

We now establish the first convergence result. It gives conditions under which Algo-
rithm I identifies stationary points of the penalty function.

Theorem 3.6 Suppose that Algorithm I generates an infinite sequence of iterates {xy} and
that Assumptions I hold. Suppose also that {my} is bounded, so that mp, = 7 for all k large.
Then any accumulation point x, of {zk} is a stationary point of the penalty function ¢z(x).

Proof. Note that, whenever 7 is increased in Algorithm I, it is increased by at least p > 0.
Therefore, if {7} is bounded, there is a value 7 such that m; = 7 for all sufficiently large
k.

Let x, be a limit point of {z}}, which exists because Assumption Al states that {zj}
is bounded. Let I be an infinite subset of indices such that {zj}rex — z«. The sequence
of matrices {Wy} is also bounded, by Assumption A2. We restrict K if necessary so that
{Wi}kex — Wi, where W, is a limit point of {W}}. Then, from the continuity of the func-
tions f, g;, h; and their gradients, and from the definition (2.5), we have that the sequence
of models q};r, k € K converges (pointwise) to a function ¢7.

Each of the functions ¢f, as well as the limiting function ¢, are strictly convex and
have a unique minimizer. We want to prove that the minimizer of ¢7(d) is d, = 0, for then
Theorem 3.2 (a) implies that z, is a stationary point of ¢z.

We proceed by contradiction. Assume that d, # 0, or equivalently, that ¢7 (0) —q7 (d.) >
0. From the pointwise convergence of the functions ¢, we know that there exists ¢ > 0
such that

ar(0) — qf (dy) — q7(0) — ¢7 (dy) = 2¢ > 0.

Therefore, there is a number ky such that for all k > kg, with k € K, we have that m, = 7
and

0 (0) — a () = g7 (0) — g (ds) > €. (3.14)
It is not difficult to show (see e.g. Lemma 3.4 in [6]) that for any a € [0, 1],
[$7(zk + ady) — g (ady)| < e1lady]?, (3.15)

for some positive constant ¢;. Recalling that ¢ is a convex function, noting that ¢z (xy) =
g7 (0), using (3.14) and (3.15), and assuming that ay < (1 —n)e/(c1||dx||?), we obtain

bz (k) — Or(ap + ardy) > (g7 (0) — qf (ody)] — ¢z (zk + cdy) + qf (ardy)
> axlgf (0) — ¢f (di)] + craildi?
= naglgq (0) — g (d)] + (1 = n)arlgf (0) — gf (d)] — craildi?
> naglqi(0) — gf (di)] + (1 — n)ake — cra || di ||
> naglqr (0) — g (dy)]-

12



Thus, for such oy the sufficient decrease condition (2.14) is satisfied, which implies that
Step 6 of Algorithm I will always select oy, satisfying

ag > min{7(1 — 77)6/(61||dk||2), 1}. (3.16)

Now we argue that optimality of di implies it satisfies the bound

2|V f || + 27_ka(0)‘

di| < 3.17
|| k” min /-’Lmin ( )
This is clear since if (3.17) is violated,
_ 1
ai(d) = flar) + Vi di+ 5d" Wid + 7my(d) (3.18)
1

> fox) = IV Fullldill + 5 snlll] (3.19)

> f(ar) + 7mi(0) (3.20)

= q;(0), (3.21)

which would mean dj, does not minimize ¢f .

Together with (3.16), the bound (3.17) implies there is a constant ca > 0 such that
ay > co for all k. Now, using this bound on «y, together with (3.14), it follows that Step 6
of Algorithm I guarantees that

br (1) — Pr(wk + crdy)
nc2€. (3.22)

This relation implies that ¢z(zy) — oo, which contradicts Assumption Al. This implies
that the hypothesis ¢7(0) — ¢7(d,) > 0 is false, and therefore that z, is a stationary point
of ¢ﬁ. ]

Now that we have established that, when the penalty parameter is bounded the algo-
rithm will locate a stationary point of ¢, the next result shows that such s stationary point
is either a KKT point of the nonlinear program (2.1) or a stationary point of the infeasibility
measure.

Theorem 3.7 Suppose that Algorithm I generates an infinite sequence of iterates {xy},
that Assumptions I hold, and that {my} is bounded. Let x. be any accumulation point of
{zr}. Then either: (a) v(xzy) =0 and z, is a KKT point of (2.1); or (b) v(zx) > 0 and x,
is a stationary point of v(x).

Proof. Let z, be a limit point of the sequence {zy}. Since 7 is bounded there is a scalar
7 such that m; = 7 for all large k. From Theorem 3.6 we have that z, is a stationary point
of ¢z (z).

(a) If v(z4) = 0, then by Theorem 3.2 (b), z, is a KKT point of problem (2.1).

(b) In the case when v(x,) > 0 we want to show that (3.6) holds for some A > 0. Let
KC be an infinite subset of indices for which x, — z, for kK € K. Let W, be a limiting
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matrix of the sequence {Wj}rex, and let ¢7(d) be the corresponding piecewise quadratic
model. Restricting K further, if necessary, we obtain pointwise convergence of the models,
ie., ¢f(d) — ¢F(d) for k € K. As before, let dj, denote the minimizer of ¢f (d).
Since x4 is a stationary point of ¢z(z), by Theorem 3.2 (a) we have that the minimizer
of ¢™(d) is d» = 0. From the pointwise convergence of the models, it follows that dy — 0,
which in turn implies that
47 (0) — g (dy) — 0. (3.23)

This limit together with (2.13) imply that my(0) — my(d;") — 0 for k € K.
We also have pointwise convergence to a limiting piecewise linear model, i.e., my(d) —
my(d), and hence

= li _ LP
0 = Hm_ [mi(0) —mu(dy”)
= lim [m(0) —min gy <a, mi(d)]
> li . '
=k cokek [m(0) — min g <A, me(d)];

where the last inequality follows from the fact that Algorithm I requires that Ay > A, > 0.
Therefore, 0 < v(zs) = my(0) = My (d""(A,)) and by Theorem 3.2 (c) we conclude that
x, is a stationary point of infeasibility for v(z). O

Now we consider the behavior of the algorithm when the penalty parameter increases
without bound. The first result focuses on the development of the penalty parameter in a
vicinity of an infeasible stationary point.

Lemma 3.8 Suppose that Algorithm I generates a sequence {xy} that satisfies Assump-
tions I. Let x, be a cluster point of this sequence such that v(zy) > 0, and suppose that
my(0) — my(di”) > 0. Then, along any subsequence {xy}rex that converges to x. the
penalty parameter is updated only a finite number of times.

Proof. We will show that for any subsequence that converges to such a point z,, Step 4(a)
cannot be executed infinitely often, and that for z;, sufficiently close to z,, (2.12) and (2.13)
are satisfied for sufficiently large 7. This will prove the result because the penalty parameter
is only increased in Steps 4 and 5 of Algorithm I.

As a preliminary observation note that, since we assume

m«(0) — mu(di”) > 0, (3.24)
there exist constants » > 0 and ¢ > 0 such that
mp(0) — my(di) > ¢, forall o3, € B* 2 {x: ||zp — | < 7} (3.25)

Now we study the situations in which the penalty parameter is increased in Algorithm I.
This increase can happen in Steps 4(a), 4(b) or 5 of Algorithm I, and we study each case
separately.

14



Case (i) Consider an iterate xj where Step 4(a) is executed. By (2.13) and (3.25), for any
such k

07 (0) — qf (dulry)) = camiC. (3.26)

Now, by the Lipschitz continuity assumptions in Al, one can show [7, Lemma 3.4] that
there is a constant ¢; such that for any x; and any 7

|pn(xp + ady) — ¢F (aud)| < e1(1 + )| ady]|?. (3.27)

Let us consider the sufficient decrease condition (2.14). From the equality ¢, (z5) = g; " (0),
the convexity of g ", (3.27) and (3.26), we have, for z;, € B,

Gr (Tk) = Ory (wp + ady) — nalg"(0) —qpF (di)]

g7 (0) — g (adk)] = [pr, (z + ady) — g (ady)]

—nalgy(0) — g " (d)]

algy " (0) = qi* (di)] — er(1 + 7)) |ad||* — el (0) — g (di)]
a(l—n)gp " (0) = gp " (d)] — e1(1 + 74) [|ady |

a(l = n)eamiC — cx(1+ 7)o |dy |-

AVARAVARIV]

The right hand side is nonnegative if o < (1 — n)eam (/c1(1 + 74 )||dx||?>. Therefore Step 6
of Algorithm I will always choose

ag > min{1, 7(1 —n)eam (/e (1 +ms)l|di %}, (3.28)

where 7 is the contraction factor used in Step 6 of the algorithm.

Since when Step 4(a) is executed my(d;") = 0, we have that d;” is an unconstrained
minimizer of my and is thus no smaller in norm than the minimum norm minimizer dj
mentioned in Lemma 3.3. By applying Lemma 3.3, we obtain the bound ||dx| < k1 +
Kol |diP || < K1+ K2l since ||dF|| < A,..; see Step 7. Using this bound in (3.28) gives

1—
Qg > min {17 ( 77)7-627T+C )2} > C2,

c1(1+mp) (k1 + K2Anax

for some constant ¢y > 0. This bound, together with (2.14) and (3.26) implies that there is
a constant c3 > 0 such that for any x € B*,

Grpsr (@Thg1) < brpy (Th) — C3TR41- (3.29)
Now, consider the scaled penalty function
20n(@) = 2 f(2) + v(2),

and note that since {f;} is assumed bounded below and the algorithm is unaffected by
adding a constant to f, we may assume without loss of generality that f(zj) > 0 for all k.
This assumption and the fact that {m;} is nondecreasing, imply that

Flxy) +o(zx) < 2 flag) +v(zg). (3.30)

Tk+1

15



By the sufficient decrease condition (2.14) we have that, for all k,
P(Thy1) < o7 O(xk)-

= Tk+1

Thk+1

By combining this expression with (3.30) we have

¢($I€+1) < iqb('wk‘)v

1
Tk+1

which shows that the sequence {i f(zk)+v(z)} is monotone decreasing for all k. Consider
now an iterate xj € B* at which Step 4(a) is executed. By combining (3.30) with (3.29) we
obtain, for such xy,

f@rsn) +v(@e) < 2 f(aw) + vlar) — e

Tk+1

This contradicts Assumption A1 that implies that the sequence {ﬂ—lk f(xp)+v(xg)} is bounded
below. We conclude that Step 4(a) can only be executed finitely often for x; € B*.

Case (ii) Next, consider Step 4(b). First note that, since Wy is positive definite, the
lowest value of the quadratic model q,{j (d) (defined in (3.10)) is attained at the Newton
step, —W, 'V fx. Thus by (3.1) we have

dd) > fu— VWV + IV ITW WV
= fk—ivfkTWk 1ka
> fi = IV Sl b (3.31)

Also, since the linear program (2.8) is constrained by a trust region whose radius cannot
exceed A, we have from (3.10)

Vv

L (di") < i+ IV el A + S tman A2, (3.32)

By combining (3.31) and (3.32) and recalling that ||V fx|| is bounded (by Assumption Al),
we deduce that there is constant v such that, for all x

ql (d*7) — g (dy.(my,)) < v. (3.33)
Now since dj, () minimizes ¢r,, by (3.10) we have that
af (di(mp)) + mem(di(mx)) < gl (A7) + mpmy(d*7).
Combining this relation with (3.33) gives
T[me(0) — me(di(mi))] > mg[ma(0) — mg(di”)] — qk H(d™") + gf (di(mx))
> mg[mp(0) — mg(di”)] —
> mme(0) — mg(di”)](1 — &),
)

because (3.25) implies that —v > —v[my(0) —my(d;”)]/¢. If the penalty parameter is large
enough that

T > =) (3.34)
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then
my(0) — my(dy(mx)) > e1[my(0) — mg(d™")], (3.35)

and condition (2.12) will be satisfied. Therefore, 7 cannot be increased infinitely often in
Step 4(b), for xj, € B*.

Case (iii) Finally, consider Step 5 of Algorithm I, which enforces condition (2.13). Suppose

that my is chosen so that
v

™ =) — /)

(recall that ez < €1). If we let & = m (1 — €2/€1) then the fact that d(7) is a minimizer of
q™ implies that

(3.36)

af(0) — qf (i (7)) + 74 (1 — ea/e1) (M (0) — my(di(7)) > 0,
and therefore
g1.(0) — gL (d(7)) + 7 [my(0) — m(di(7))] > 24 [mp(0) — mu(di(7))]-
Thus,
art(0) — qp (di(@)) > eamy (my,(0) — my(di)),

since 7 satisfies (3.34) and thus (2.12). The fact that 7 satisfies (2.13) follows from noting
that —q; " (di(7)) < —q; " (dg(7+)) since d(m) is a minimizer of ¢™.

Therefore since any 7 satisfying (3.36) satisfies (2.12) and (2.13) and since 7 increases
by at least p, only a finite number of increases can occur for z;, € B*. O

We now consider the behavior of the algorithm in the vicinity of a point that satisfies

the well-known Mangasarian-Fromovitz constraint qualification (MFCQ) [25].

Lemma 3.9 Let x, be a point that satisfies MEFCQ and suppose that Assumptions I hold.
Then, there is a neighborhood N of x. and a constant rp such that, for any iterate x, € N,
there is a vector dp(xy) with ||de(zk)|| < re such that mg(de(zx)) = 0. In addition there are
constants v and (3 such that, for x, € N, the minimizer di(m) of ¢~ satisfies

gl <7 (3.37)

and such that
gl (d1) — g (d2) < Bldy — da] (3.38)

for any vectors dy,dy such that ||di|| < r, ||de|| < 7.

Proof. Let h(z) denote the vector with components h;(z), i € &€, g(x) the vector with
components g;(z), i € Z and let Vh(x)T and Vg(z)” denote their Jacobians. Since MFCQ
holds at z,, Vh(x,) has full rank and there is a direction ||dy]|| < 1 such that

Vh(z)Tdy = —h(z,) and Vg(z,)Tdy + g(x.) > 0. (3.39)
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Since Vh(x,) has full rank, for any z sufficiently near z,. the matrix Vh(z)TVh(x) is
nonsingular and the vector

dp(x) = dy — Vh(z)(Vh(x)TVh(2)) " Hh(z) + Vh(z)T dy] (3.40)

satisfies

Vh(z) dp(x) = —h(z). (3.41)

By continuity of VAi(z), the vector dr(z) is continuous, and the first condition in (3.39)
implies that the term in square brackets in (3.40) is small in norm near x,. Therefore, from
the second condition in (3.39) we have that Vg(z)Tdp(x) + g(x) > 0 for x near z.. Thus,
for z;, in some neighborhood N of z,, we have that my(dg(x)) = 0. Continuity of dr(x)
also implies that there is a constant r such that ||dp(zx)|| < 7 for all zx in N.

Since dp(x)) is a minimizer of my, we have that ||dy|| < ||de(x1)||, where dj is the
minimum norm minimizer of my, mentioned in Lemma 3.3. Thus, by (3.7) we have ||di(7)|| <
r, with r = K1 + Korp.

From (3.10), HVq,J;(d)H <|\IVF (@)l + IWk|l||d||- The right hand side of this inequality is
bounded for all x; € A due to the bounds on d,ds and the boundedness of W, stipulated
in Assumptions I . The result (3.38) then follows by a Taylor expansion of q,{ . O

For the following results, we define A* to be the set of active inequality constraints at
Ty, e, A" ={i € T: g;(x+) = 0}. The next lemma is a technical result establishing a cone
of linearized feasibility with respect to constraints not in A*.

Lemma 3.10 Suppose that Assumptions I hold and that x. is a feasible point with active
set A*. Then, there exists a constant v > 0 and a neighborhood of x., such that for any xy
in that neighborhood, for any step dj satisfying

gi(zr) + Vgi(xi)d, >0, forall i g A* (3.42)
and for any direction d, we have
gi(xx) + Vgi(xp)T (ady, + 7d) >0, for all i ¢ A*, (3.43)

if >0 and a € (0,1) satisfy )
Tlldff < (1 = o). (3.44)

Proof. Define N” to be a neighborhood of z over which g;(x) > 1g;(z.) > 0 for all i ¢ A*.
If Vgi(zx) =0 for all i ¢ A* then (3.43) holds trivially. Otherwise, the quantity

V= i %@
igA* zeN' ||Vg;(x)||

is positive. Multiplying (3.42) by any « € (0,1) we obtain

gi(zr) + Vgi(zi) T (ady) > (1 — a)gi(xy), for all i ¢ A*. (3.45)
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Now consider the composite direction ady + TJ, with 7 > 0 and d an arbitrary direction.
We have

gi(zk) + Vgi(:vk)T(ozdk + Td) > (1 —a)gi(zk) + TVgi(:ck)TcZ, for all ¢ & A*. (3.46)

If z;, € N/, then g;(z) > 0 for i ¢ A*, so that if Vgi(mk)Tci > 0, the right-hand side of
(3.46) is nonnegative. If, on the other hand Vg;(xx)"d < 0 and 7 satisfies (3.44), then

_(—a)y _ (- a)glm) _ (1-a)gila)
Sl T Vel T Vi) Td

QgAY (3.47)

hence the right-hand side of (3.46) is nonnegative. O

The next result shows that, in a vicinity of a feasible point that satisfies the Mangasarian-
Fromowitz constraint qualification and for sufficiently large values of the penalty parameter,
the step dj generated by the algorithm satisfies the linearized constraints (i.e. the vectors
r,s,t in (2.7) are all zero).

Lemma 3.11 Suppose that Algorithm I generates a sequence {x} that satisfies Assump-
tions I. Let x, be a cluster point of this sequence such that v(z.) = 0, and suppose that
MFCQ holds at x,. Then for all x, sufficiently close to x, and m sufficiently large, the
manimizer dy, of ;" satisfies my(dy) = 0.

Proof. As in the proof of Lemma 3.9, we denote by h(x) the vector with components
hi(x), i € £ and denote the Jacobian of h by Vh(z)T, and similarly for g(x) and Vg(z)T.
Since MFCQ is satisfied at x,, we have that Vh(z,) has full rank and there is a direction
|ldur|| < 1 such that

h(zy) + Vh(z)Tdyr =0 and  Vg(zy) dyr + g(z) > 0. (3.48)
Let us define
dyi(z) 2 dyy — Vh(2)[Vh(z) Vh(z)] " Vh(2) dye, (3.49)

which is well defined for  near z, because the matrix Vh(x)? Vh(x) is nonsingular since it
is close to the nonsingular matrix Vh(x,)TVh(x.). Clearly,

Vh(z)Tdy(z) = 0. (3.50)

Since z, is feasible, we have that h(x,) = 0, and thus by the first relation in (3.48) the term
Vh(z)Tdyy is close to zero for x;, near z, — and this implies that dy () is close to dyp.
Since Vh is a continuous function, dy(z) varies continuously with z, and therefore by the
second relation in (3.48) there is a constant o > 0 such that for all x near ., the vector
dF 2 dy(x},) satisfies

Vgi(zi)Tdr, > o foralli e A%, (3.51)

where, as before, A* denotes the set of active inequality constraints at x,.
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Let us define g = %minﬁ A-{gj(z«)}. Then, for z;, sufficiently near z,, we have that
v(zg) < € where € > 0 is a constant that may additionally be chosen sufficiently small to
satisfy both

gj(xy) > g—€>0 forj ¢ A", and 2e <g. (3.52)

We denote by AN a neighborhood of z, contained in the neighborhoods given by Lemmas
3.9 and 3.10, and such that for all z; € N, conditions (3.50), (3.51) and (3.52) hold and
v(zg) < €. Let us re-write (2.4) as

mi(d) = 3 lgilan) + Vo) Td ™ + 3 (o) + Vaslan)"d) + 3 (i) + Vhi ()]
i¢ A* i€ A* icE

(3.53)

The proof proceeds in three stages; each shows that one of the summations is zero for any

zr € N and for sufficiently large .

Part (i) Let dj minimize ¢;*, and suppose by way of contradiction that the first summation
is nonzero for x; € N. Then,

gi(xr) + Vg;(wp)Tdy <0 for some j ¢ A*. (3.54)

By (3.52), we have that g;(z;) > 0 for z; € N, and since (3.54) also holds, we know that
there exists a € (0,1) such that

gi(xr) + aVg;i(zy) dy = 0. (3.55)
It follows that

olgj(wr) + Vgj(ar)'d) = —(1 = a)g;(x),
which together with (3.52) and the condition a < 1 implies

gj(xr) + Vg (xp) dr, < —(1—a)(g —e). (3.56)

Define the function

af(d) £ my(d) — [gj(xx) + Vg (zr) )], (3.57)

which consists of excluding the jth inequality term from (3.53) (and therefore aé‘? (di) > 0).
For j satisfying (3.54), we have

a¥(dy) = my(dy,) + (g;(zk) + Vgj(zx)  di). (3.58)
Clearly, a;? is a convex function, which implies that for any dj

a?(adk) <(1- a)a?(O) + aa;‘?(dk),

and thus

af(adk) — a?(dk) <(1- a)(a?(()) — af(dk)) < (1 - a)e, (3.59)
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since by (3.57) af(O) = my(0) = v(zg) < €, and a?(dk) > 0. Now, we have from (3.57),
(3.55), (3.58), (3.59) and (3.56) that

m(ady) —m(dy) = af(ady) —a(dy) + (gj(xr) + Vgj(ar) " dy)
< (l—a)e—(l—a)(g—e)
= (1—04)(26—@.

Finally, by Lemma 3.9 and since ¢;* (dj) = q{:(dk) + mmy(dy),
apF (ady) — g% (di) < (1 —)fr + mp(1 — a)(2€ — g). (3.60)

By (3.52), 2¢ — g < 0, and if m;, > (r/(g — 2¢), we have that ¢;*(ady) < q;*(d), which
contradicts the fact that dj, is the minimizer of qg’“. Therefore, for z;, € N and for 7, suffi-
ciently large, there cannot exist an index j satisfying (3.54), and thus the first summation
in (3.53) is zero.

Part (ii) Next, suppose that the step dj that minimizes ¢;* is such that the second sum
in (3.53) is nonzero for z; € N, while the first sum is zero. Then

ge(xr) + Vae(ap)Tdy <0 for some £ € A*. (3.61)
As above, consider the linearized model of the constraints other than ¢:
ag(d) = my(d) — [ge(wr) + Vge(zr) d)] (3.62)

By (3.50), (3.51) we have that the vector d¥ = dy(z}) satisfies Vh;(z)TdE =0, i € £ and
Vgi(zp)Tdk > o, i € A*; furthermore, for

T < (1—a)y, (3.63)
we have by Lemma 3.10 that (3.43) is satisfied for d = d¥ and for i ¢ A*, (recall that

|ldu|| < 1). These observations show that each of the terms in (3.53) is not larger for

d = ady + 7d¥ than for d = ady, and the same is true for af since a§ consists of all but one

of the terms in my. Thus,
af(ady + 1d¥) < af(ady) < (1 — @)ak(0) 4 af (dy), (3.64)

where the second inequality follows from the convexity of alg and the condition o € (0,1).
Since ¢ € A*, we also have from (3.51) that

ge(wr) + Vaelzr) " (ady +7d¥) > go(ay) + aVge(ay) dy + 7o (3.65)

If we choose 7 > 0 small enough so that

70 < —(ge(xk) + V()" dy) (3.66)
then by (3.61)
ge(zx) + Vge(zr) de + 707 = —(ge(ar) + Vge(zr) di) — 70
= [ge(z) + Vae(ar) di] ™ — 70, (3.67)
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By making use of (3.65), the fact that [- ]~ is a non-increasing convex function, the condition
a <1 and (3.67) we have

[ge(xr) + V()" (ady, + 7d3)] ™ [ge(xk) + oV ge(zr) dy + 0]~

<
< (L= a)lge(z) + 70]” + alge(zr) + Vgelar) dy + 70]”
< (1= a)[gezr)]™ + alge(zr) + Vgelar) di + 0]~

< (1= a)ge(zp)]™ + lge(zr) + Vae(ar) di + 70~

< (1= a)[ge(ar)]” + [ge(zr) + Vae(ar) di] ™ — 70. (3.68)

Now, using (3.62) to decompose my, and then applying (3.64) and (3.68), we obtain

mp(ady +7d¥) = af(ady, + 7d%) + [ge(xr) + V()T (dy + 7d¥)]~
< (1= a)ag(0) + af(di) + (1 — a)[ge(zr)] ™ + [ge(r) + Vgelar) dp)]~ — 70
< (1 —a)mg(0) + mk(dk) —T0
< (1 —a)e+my(dy) — 7o, (3.69)

for any a € [0,1], and 7 > 0 satisfying (3.63) and (3.66). Since, by Lemma 3.9, ||dg|| < r,
we may also choose 7 small enough that ||ady, +7d¥ || < 2r. Then, if we additionally require
that (3.63) holds with equality, we have from (3.11), Lemma 3.9 and (3.69) that

¢ (ady +7d%) — i (dy) < qhady +1db) — gl (dy) —m(ro — (1 - a)e)
< Bl —1)dy + lelf,[H —m(to — (1 — a)e)
<

(£ + 10 ) o —ar (5= £,
Y Y

where we have applied Lemma 3.10 with the condition that 7 is small enough that o € (0,1).
If we choose € < y0/2, then for 7 > 26(r/y+||d%,||) /o the right hand side is negative, which
is not possible because dj, is the minimizer of ¢¥. Therefore the inequality (3.54) cannot
hold for x € N and 7, large enough.

Part (iii) Last, suppose that the step dj that minimizes g;" satisfies all the linearized
inequalities (so that the first two summations in (3.53) are zero), but is such that h(zy) +
Vh(z)Tdy # 0. Then

m(dy) = [|h(zx) + Vh(zk) " dy]l. (3.70)

Consider taking a step from dj in the direction
p = —=Vh(xp)[Vh(ap) TV h(z)] " (W) + Vh(zg) T dy) + 0dE, (3.71)
for some 6 > 0. We have from (3.50) that, for any «, 7, such that 7 < a < 1,

h(z) + Vh(zr) ady, — 7[h(zx) + Vh(zr) " dy],
= (a—7)[h(zk) + Vh(zp) di] + (1 — a)h(zi). (3.72)

h(xk) + Vh(zg)" (ady + 7p)
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Since for x; € N we have ||h(xg)|| < €, and since oy < 1, we obtain
|h(xr) + Vh(zp)T (ady + 1p)|| < (1 — 7)||A(zk) + Vh(zp) T di|| + (1 — a)e. (3.73)

By Assumption A1, the fact that Vh(x) has full rank near z, and (3.51), we have that for
i € A*, there is a constant Cy such that
—Vgi($k)TVh(a:k) [Vh(l’k)TVh(:L‘k)] ! (h(zg) + Vh(a:k)Tdk) + 0o
—Cil|h(zk) + Vh(zy) di|| + 6o
%00 > 0,
provided we choose 0 = 3C1||h(zx) + Vh(xy)?dy||/o. This bound and the fact that [ - ]~
is a non-increasing convex function, imply that for all ¢ € A*

[9i(z1) + Vgi(wr)" (ady, + 7p)] [9i(z1) + Vgi(wr) " ady)”
(1= e)lgi(er)]™ + algier) + Voi(zy) dy)
(1 —a)lgi(zk)] (3.74)

where the last inequality follows from the assumption that dj satisfies all linearized inequal-
ities. Our choice of § implies that the length of vector p is bounded as follows,

lpll < Collh(ay) + Vh(ay) " dill + 6l dy|

= | h(xr) + V(i) dil|(C2 + 3C1||dy |l /o)

Vgi(zi) p
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< Csllh(ax) + Vh(zr)" di, (3.75)
for suitable constants Cy and C3. If we choose 7 and « € (0,1) to satisfy
7Cs|h(xg) + Vh(azr) dill = (1 - ), (3.76)
then by Lemma 3.10 we have that condition (3.43) is satisfied for d = p. This observation
together with (3.73), (3.74) and the convexity of [ - |7, yield
my(ady, +71p) = |h(zi) + Vh(zp)T (ady + 1p)| + Z [9i(xk) + Vagi(zp)T (ady + Tp)]~
igA*
+ Y [gi(xx) + Vai(wr) " (ady, + 7p)]
i€ A*
< h(ax) + VAee) " (adk + 7p)|| + D lgi(xr) + Vai(zr) T (adk +7p)]
1€ A*
< (1= )|h(zx) + Vhlee) Tdil| + (1= a)e+ (1 =) > [gila)]”
1€ A*
< m(dy) = 7llh(zx) + Vh(zr) il +2(1 - a)e,

where the last inequality follows from (3.70) and the condition m(0) < e. It follows from
this inequality, the Lipschitz condition (3.38) of Lemma 3.9, (3.37) and (3.75), that

di(ady +7p) — a5(dy) < gq(ady +7p) = qf (dy) + w7 A(zk) + Vh(zr) il +2(1 — )¢
Bllrpll + (1 = a)lldll) + wl=7l[A(zx) + Vh(ar) di |l +2(1 - a)e]
B — a)r + (8C3 — 7)7||h(zk) + Vh(zp) T dy|| + 27(1 — o)e]
(BCs — m)7|| () + Vh(z) T dgl| + (Br + 2me) (1 — a).

ININ TN
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Since we have chosen 7 and « to satisfy (3.76), we have

ar(ady +7p) —az(dr) < [(BCs —m) + (Br + 2me)Cs /A || A(ar) + Vh(er) " dy]
< [(BCs + BrCs/v) + m(=1+203¢/y))7(h(zy) + Vh(zy) " d|

If the neighborhood of z, is chosen small enough that eCs3/~v < 1/4, then for © > 26C5(1 +
r/v) , we have that ¢(ady + 7p) — ¢%(dg) < 0, which contradicts the fact that dj is the
minimizer of ¢,,. Therefore, we must have that h(zy) + Vh(zg)Tdg = 0, and this concludes
the proof. O

We can now prove the main convergence result of this paper.

Theorem 3.12 Suppose that Algorithm I generates an infinite sequence of iterates {xy}
and that Assumptions I hold. Then,

(a) If {7} is bounded, any limit point of {xy} is either a KKT point of the nonlinear
program (2.1) or is an infeasible stationary point;

(b) If {7} — oo, then either there is a limilt point x,. that is an infeasible stationary
point or there is a feasible limit point x, where MFCQ fails.

Proof. Part (a) follows directly from Theorem 3.7.

To prove part (b), when {m;} — oo, consider an infinite subsequence zy, k € K over
which 75 is increased without bound. Since by Assumption Al this sequence is bounded,
it has at least one limit point, say x..

Suppose that v(z,) > 0. Then by Lemma 3.8, if m,(0) — m.(d*") > 0, the penalty
parameter 7 can be increased only finitely often in a neighborhood of z.. So the fact that
Z is a limit point of the sequence xy, k € K defined above, implies that m.(0) —m.(d*") = 0,
i.e. that x, is an infeasible stationary point (see Theorem 3.2 (c)).

Suppose on the other hand that v(x,) = 0. If z, satisfies MFCQ, then by Lemma 3.11
we have that, for 7y, sufficiently large, my(dy) = 0, for all x5 in a neighborhood of z.. By
Step 2 of Algorithm I, this implies that once 7, is large enough it will no longer be increased
in this neighborhood of x,. This contradicts our assumption that x, is the limit point of
a subsequence over which the penalty parameter is increased without bound. Therefore,
MFCQ must fail at .

O

4 Numerical Experiments

We developed a MATLAB implementation of Algorithm I and tested its performance on
several difficult situations. We present results on five small-dimensional examples that
exhibit inconsistent constraint linearizations at some iterate or that fail to satisfy the linear
independence constraint qualification at the solution. One of the test problems is infeasible.
The analysis in this paper indicates that the algorithm should be very robust, and these
examples are chosen to test that robustness in cases where the theory applies and in cases
that go beyond the theory. Important issues related to the efficient sparse implementation
of Algorithm I are not addressed here as they lie outside the scope of this paper.
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To solve the subproblems in Algorithm I, we employed the codes provided by the MATLAB
OPTIMIZATION TOOLBOX. The linear program (2.9) was solved using linprog and the
quadratic program (2.7), using quadprog.

We mentioned in Section 2 that the trust region radius Ay used in the linear program
(2.9) is not crucial; in fact the convergence properties established in the previous section
hold even if this radius is kept constant. In practice, however, it may be advantageous to
choose Ay, based on local information of the problem, and in our implementation this choice
is based on the most recently accepted step. Given the search direction di and the step
length a4 at the end of iteration k of Algorithm I, we compute

af oy = b, (Tk) — Oy (21 + ardy), Prog=a;"(0) — qp* (cwdr)

and update the LP trust region radius as follows

Procedure for Updating Aj.
Initial data: m1 < m2 € (0,1), Apmin, Amax > 0.
If affed < nlpﬁed
set Apr1 = 3 llowdgll;
else if afed > ngpffed
set Ak+1 = 2HakdkH§
else
set Agy1 = [londgll;
Set Ak = mid(Amin, Api1, Amax).

The initial penalty 71 is set to 1 in all tests. Algorithm I stops in Step 1 and reports
optimality if the infinity norm of the KKT error is less than 107%. Convergence to an
infeasible stationary point is reported if Algorithm I executes Step 3 and my(0) —my(d"") <
1071, We multiply 7 by 10 whenever it is increased and set A, A1, A to 1073, 1,103,
respectively. The rest of the parameters are chosen as 7 = 0.5, 7 = 107%, ¢; = €3 = 0.1 and
m = 0.25,772 = 0.75.

The first example illustrates the behavior of Algorithm I when the linearizations of the
constraints are inconsistent. In this situation, some SQP methods trigger a switch and
revert either to a feasibility restoration phase in which the objective function is ignored, as
in FILTERSQP [15], or to an elastic mode (¢; minimization) phase, as in SNOPT [18]. There
is no switch in Algorithm I, which always takes steps based on the penalty function ¢,.
An important difference between Algorithm I and the penalty update strategy in SNOPT is
that the latter follows a traditional approach in which the penalty parameter is held fixed
during the course of the minimization, and is only increased when a stationary point of the
penalty function is approximated. Algorithm I, on the other hand, employs the steering
rules described in §2 for updating .

Example 1. The problem

minimize x; (4.1)
subject to 22 +1—129 = 0,
1 —1—23 = 0,
r2 >0, 3 =
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was introduced by Wachter and Biegler [29] to show that a class of line search interior-point
methods may converge to a non-stationary point. We use the starting point (—3,1,1); the
solution is z, = (1,2,0). The output is summarized in Table 1, which reports the iteration
number (it) the value of the penalty parameter 7y, the trust region Ay_; used to generate
the latest iterate, the number of quadratic programs (QPs) solved at the current iterate,
and the number of linear programs (LPs) solved (0 or 1). The table also prints the values
of the first two components of x, the KKT and feasibility errors, as well as the value of the

objective function f and the penalty function ¢.

Table 1: Output for Example 1.

l it ‘ Tk ‘ Ap_1 ‘ QPs ‘ LPs ‘ z1 ‘ Z2 ‘ KKT(z) ‘ feas(x) ‘ f(x) ‘ G () ‘
0] 1 -3 1 9.00E4+00 | 1.40E+401 | -3.00E4-00 | 1.10E+401
1 1 1.00E4-00 1 1 -1.5405 | 1.2432 | 2.54E400 | 4.67TE4-00 | -1.54E4-00 | 3.13E4-00
2 1 | 2.92E400 1 1 -0.9428 | 1.5316 | 1.94E4-00 | 2.30E400 | -9.43E-01 | 1.36E400
3 1 1.20E+00 1 1 -0.8115 | 1.6414 | 1.81E+00 | 1.83E400 | -8.12E-01 | 1.02E4-00
4 1 2.63E-01 1 1 -0.8043 | 1.6468 | 1.80E+00 | 1.80E4-00 | -8.04E-01 | 1.00E4-00
5 1 1.45E-02 2 1 -0.2924 | 0.8234 | 6.10E+00 | 1.55E400 | -2.92E-01 | 1.53E+401
6 | 10 | 8.23E-01 1 0 0.3538 | 0.5766 | 8.25E+00 | 1.19E+00 | 3.54E-01 1.23E+01
7 | 10 | 6.46E-01 1 1 1 1.4265 | 1.23E4-01 | 5.73E-01 1.00E4-00 | 6.73E4-00
8 | 10 | 1.70E4-00 1 0 1 2 5.73E-01 2.69E-16 1.00E4-00 | 1.00E4-00
9 | 10 | 1.15E+00 1 0 1 2 2.22E-15 2.69E-16 1.00E+00 | 1.00E4-00

The linearized constraints are not satisfied in the first few iterations, i.e., if my(dg) > 0
and Algorithm I therefore solves the linear feasibility LP subproblem. Note that progress
toward the solution is made during these initial iterations. The penalty parameter is in-
creased only once, at iteration 5, meaning that the initial penalty m = 1 adequately relaxed
the constraints at the earlier iterations. At iteration 5, the search direction has to be recom-
puted and hence two QPs are solved. Accurate optimal values for the primal variables are
found at iteration 8, but Algorithm I performs one extra iteration to determine the correct

final multipliers.

Example 2. The problem

is presented in Fletcher et al. [17] and is also discussed by Chen and Goldfarb [10]. MFCQ

minimize (x5 — 1)?

subject to x? =

i =

(4.2)

is violated at the solution z, = (0,1), and the linearized constraints are inconsistent at

every infeasible point.

Fletcher et al. [17] mention that, starting from the infeasible point (1,0), a feasibility

restoration phase is likely to converge to (0,0), which is not the solution of the problem.
We ran the FILTERSQP solver [14] and observed that it did indeed converge to (0,0).

Algorithm I does not exhibit such behavior. The sequence of iterates moves toward the
solution from the very first step, and is not attracted to the origin because the objective
function influences the choice of search direction.
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constraints are never satisfied (an LP is solved at every iteration) but the algorithm finds
that the penalty m = 1 is adequate to enforce progress. (No LP is solved in the last iteration,
because the optimality stopping test is satisfied at that point). Thus, although the linear
feasibility subproblem (2.8) of Algorithm I has some of the flavor of a feasibility restoration
phase, it is only used to determine the penalty parameter and not to compute iterates,
which is beneficial in this example. ]

Table 2: Output for Example 2.

Lt [me [ Axr [ QPs[LPs| a1 | a2 | KKT(z) | feas(x) | fl@) [ ¢r.(2) |
0 1 1 0 2.00E4-00 | 2.00E400 | 1.00E+400 | 3.00E+00
1 1 1.00E+00 1 1 0.6667 | 0.6667 | 6.67E-01 7.41E-01 1.11E-01 8.52E-01
2 1 1.33E+00 1 1 0.4444 | 0.8736 | 3.95E-01 2.85E-01 1.60E-02 3.01E-01
3 1 4.44E-01 1 1 0.2222 | 0.952 2.59E-01 6.04E-02 2.30E-03 6.27E-02
4 1 4.44E-01 1 1 0.1111 1 6.48E-02 1.37E-02 | 0.00E+00 | 1.37E-02
5 1 2.22E-01 1 1 0.0556 1 1.62E-02 3.26E-03 4.93E-32 3.26E-03
6 1 1.11E-01 1 1 0.0278 1 4.05E-03 7.93E-04 4.93E-32 7.93E-04
7 1 5.56E-02 1 1 0.0139 1 1.01E-03 1.96E-04 1.23E-32 1.96E-04
8 1 2.78E-02 1 1 0.0069 1 2.53E-04 4.86E-05 | 0.00E+00 | 4.86E-05
9 1 1.39E-02 1 1 0.0035 1 6.33E-05 1.21E-05 4.93E-32 1.21E-05
10| 1 6.94E-03 1 1 0.0017 1 1.58E-05 3.02E-06 4.93E-32 3.02E-06
11 1 3.47E-03 1 1 0.0009 1 3.96E-06 7.54E-07 1.23E-32 7.54E-07
12 1 1.74E-03 1 0 0.0009 1 8.48E-07 7.54E-07 1.23E-32 7.54E-07

Example 3. The following problem belongs to the class of mathematical programs with
complementarity constraints (MPCCs). These problems have received much attention in
recent years because of their many practical applications [12]; they can be challenging to
solve because MFCQ is violated at every feasible point. The problem is given by

minimize x; + 2 (4.3)
subject to 3 — 1
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The solution is z. = (0,1) and is a strongly stationary point, which in the context of this
paper means that there is a finite value of the penalty parameter m, such that z, is a
stationary point for the penalty function ¢,(z), for all 7 > m,. Equivalently, there exist
multipliers at z, that satisfy the KKT conditions for (2.1) (although these multipliers are
not unique; in fact the set of multipliers is unbounded). Fletcher et al. [16] show that the
linearization of the constraints of this problem is inconsistent for any point of the form
(6,1 —0), with €, > 0.

In the results reported in Table 3, the starting point was chosen as (0.1,0.9). At the first
iteration, the linearized constraints are not satisfied; the search direction computed with
the initial penalty parameter satisfies condition (2.12), and the penalty parameter is not
increased. At the second iteration, the search direction violates the linearized constraints,
and the LP subproblem indicates that the linearized constraints can be satisfied. The

27



Table 3: Output for Example 3.

[it [ m [ Arx [ QPs [ LPs | x1 [ z2 | KKT(z) | feas() [ fl&) | or, (x) |
0 1 1.00E-01 9.00E-01 1.70E4-00 | 2.80E-01 | 1.00E+00 | 1.28E+00
1 1 1.00E+4-00 1 1 -1.17E-02 | 1.01E400 3.08E-01 1.17E-02 9.94E-01 1.01E+00
2 1 2.23E-01 3 1 -6.42E-17 | 1.01E400 | 1.00E400 | 6.42E-17 | 1.01E+00 | 1.01E+400
3 | 100 | 2.35E-02 1 0 -1.28E-16 | 1.00E+00 | 4.82E-01 1.28E-16 | 1.00E400 | 1.00E+00
4 | 100 1.11E-02 1 0 -2.57E-16 | 1.00E400 | 3.07E-05 | 2.57E-16 | 1.00E+400 | 1.00E+00
5 | 100 1.00E-03 1 0 -2.57E-16 | 1.00E400 2.36E-10 2.57E-16 | 1.00E+00 | 1.00E+400

penalty parameter needs to be increased twice so that the solution of the QP satisfies the
linearized constraints. The new iterate is feasible and from that point on, the iterates
converge quadratically to the solution.

Several specialized methods have been developed in recent years that exploit the struc-
ture of MPCCs (see e.g. [2, 3, 11, 16, 22, 23, 24, 27]. In these methods, the complementarity
constraints must be singled out and relaxed (or penalized). Algorithm I is, in contrast, a
general-purpose nonlinear programming solver that treats MPCCs as any other problem.

d

Example 4. MFCQ is also violated in a subset of the feasible region in the class of switch-off
problems, also known as problems with vanishing constraints; see Achtziger and Kanzow
[1]. An instance of such problems is

minimize 2(x1 + x32)
0, (4.4)

subject to 1
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which has a unique solution at x, = (0,—1). The feasible region is the union of the first
quadrant, where the constraints are regular (except at the origin), and a portion of the
negative xo—axis, where MFCQ is violated. The performance of Algorithm I, starting at
the origin, is summarized in Table 4.

Table 4: Output for Example 4.

(it [me [ Axy [ QPs[LPs | @ [ | KKT(x) [ feas(x) |  fl@) | ¢n (x) |
0 1 0 0 | 1.00E+00 | 0.00E+00 | 0.00E4-00 | 0.00E+400
1 1 1.00E+00 1 0 | -1 | 9.00E400 | 0.00E400 | -2.00E400 | -2.00E+00
2 | 10 | 2.00E+00 1 0 0| -1 2.66E-15 | 0.00E+00 | -2.00E4+00 | -2.00E+00

At the starting point, the direction obtained by solving subproblem (2.7) is given by
d = (—1,—1) and leads away from the feasible region. Algorithm I, however, discards this
direction because it does not satisfy the linearization of the constraints, which are satisfiable.
The penalty parameter is increased from 1 to 10, and the new search direction d = (0, —1)
not only satisfies the linearized constraints but leads straight to the solution of problem
(4.4). The second iteration is required simply to compute the optimal multipliers.
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This example shows how a prompt identification of an inadequate penalty parameter
can save a great deal of computational work. Classical penalty methods would not increase
the penalty parameter at the first iteration and would follow the initial direction (—1, —1).
The penalty function ¢, is unbounded below along this direction and a classical algorithm
would generate a series of iterates with decreasing values of x1 until the algorithm detects
that the iterates appear to be diverging. Not only would those iterations be wasted, but

extra effort would be required to return to the vicinity of the solution.
O

Example 5. The following infeasible problem has been studied by Burke and Han [5] and
Chen and Goldfarb [10]:

minimize x (4.5)
subject to 2 +1 < 0,
x <

Chen and Goldfarb report that, starting from z; = 10, their method converges to the
infeasible stationary point x, = 0 after 50 iterations, with a final penalty parameter of
7 ~ 10°. Algorithm I converges to that infeasible stationary point in 3 iterations; see
Table 5.

It may seem surprising that the final penalty parameter reported in the Table 5 is only
10, given that our analysis suggests that the penalty parameter will tend to infinity in the
infeasible case. We note, however, that = = 10 is the penalty at the beginning of iteration
3 and that Algorithm I drives the penalty parameter to infinity in Step 4. It does so, while
staying at the current iterate, and once it detects that the problem is locally infeasible, it
stops. ]

Table 5: Output for Example 5.

l it ‘ Tk ‘ Ap_q ‘ QPs ‘ LPs ‘ x ‘ KKT(z) ‘ feas(x) ‘ f(x) ‘ ¢ () ‘
0|1 10 1.01E4+02 | 1.11E402 | 1.00E+01 | 1.21E+02
1 1 1.00E4-00 1 1 4.95 | 2.55E+01 | 3.06E4-01 | 4.95E4-00 | 3.54E+01
2 1 | 1.01E401 2 1 0 4.01E4-00 | 1.00E4-00 | 8.88E-16 | 1.00E401
3 | 10 | 9.90E4-00 1 1 0 1.00E4-00 | 1.00E4-00 | 8.88E-16 | 1.00E4-01

More results obtained with our MATLAB implementation of Algorithm I are reported in
[24]. The test set used in those experiments includes both regular problems and problems
that are infeasible or do not satisfy constraint qualifications. The results in [24] indicate that
Algorithm I is efficient on problems that do not require regularization because condition
(2.11) guarantees that a pure SQP step is used whenever the linearized constraints can
be satisfied in a neighborhood of the current iterate. Therefore, for regular problems,
Algorithm I performs very similarly to a classical SQP method, except that a few extra
QPs and LPs are solved when the initial penalty parameter is too small. On the other
hand, Algorithm I is more robust and efficient than a classical SQP method on problems
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(such as those in the Examples 1-5) that require regularization. We believe that by using
warm starts, the cost of solving the additional QPs is not significant, but a careful sparse
implementation of Algorithm I is needed to measure the computational cost of various
components of the iteration.

5 Final Remarks

In this paper we have proposed a line search SQP penalty method for nonlinear program-
ming. The method updates the penalty parameter dynamically using an extension of the
steering rules described in [8] to the line search setting. The resulting algorithm is robust
and its global convergence properties are as strong as those of trust region methods. Specif-
ically, we have proved that under common assumptions all limit points of the sequence
of iterates are either KKT points, infeasible stationary points, or points of MFCQ fail-
ure. This fact shows that use of exact penalties, together with a positive definite Hessian
approximation, has a regularizing effect similar to a trust region.
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