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Abstract

Nonlinear programming problems with equality constraints and bound constraints on the variables are considered.
The presence of bound constraints in the definition of the problem is exploited as much as possible. To this aim
an efficient search direction is defined which is able to produce a locally and superlinearly convergent algorithm
and that can be computed in an efficient way by using a truncated scheme suitable for large scale problems.
Then, an exact merit function is considered whose analytical expression again exploits the particular structure
of the problem, by using an exact augmented Lagrangian approach for equality constraints and an exact penalty
approach for the bound constraints. It is proved that the search direction and the merit function have some strong
connections which can be the basis to define a globally convergent algorithm with superlinear convergence rate
for the solution of the constrained problem.






1. Introduction

We are interested in the solution of smooth constrained optimization problems. In particular, we consider problems
with equality constraints and upper and lower bounds on the variables, that is

min  f(x)
st. h(z)=0 (1)
I<z<u

where x € R"™, f: IR® — IR, h: R" — IR™ with m < n, and [,u € IR". We denote by
F={zeR":h(z)=0,l <z <u}
the feasible set of Problem (1). In the paper we assume that
—oo <l <u<oo
and that f and h are twice continuously differentiable functions.

Remark 1. By virtue of the assumption on the bounds | and u, the set {x € R" : | < x < u} is compact. Hence,
the feasible set F is compact as well and, if F # 0, the problem admits a global solution.

Any nonlinear constrained optimization problem can be stated as an equality constrained problem with lower or
upper bounds on the variables. Hence, apparently, requiring every variable to be bounded both from below and
above could be too restrictive an assumption and, as a result, the problem could lose some generality. However, it
is always the case in practical applications that all the variables have either explicit or hidden bounds. Problem (1)
allows to model these applications, at the very most, by making explicit hidden bounds or introducing fictitious
(large) ones. In addition, we remark that this model is the one adopted by most interior point methods.

We denote by L(z,\) the Lagrangian function of Problem (1) restricted to the equality constraints,
L(z,)) = f(z) + A" h(2),

where A € R™ is the vector of Karush-Kuhn-Tucker (KKT) multipliers associated to the constraints h(z) = 0.
Then, the complete Lagrangian function for Problem (1) can be written as:

Lz, M\ p,0) = Lz, \) 4+ p (Il —2) + 0 (z — u),

where p,o € IR" are KKT multipliers associated, respectively, with the lower and the upper bound constraints.
We denote by (Z, X, p,5) € R*"™™ a KKT-tuple for Problem (1), namely a point such that Z is feasible and:

At a given point x € IR"™ we associate the sets of indices:

[.0(:8) = {’L DXy = li},
Uo(z) ={i: zi = ui},
Mo(l’) = {Z < x < ui}.

It is clear that if x € F, then {Lo(x),Uo(z), Mo(x)} constitutes a partition of the index set {1, ..., n}; in particular
Lo(x),Uo(x) are the index sets of those variables, respectively, at their lower and upper bounds, while Mo(x) is
the set of free variables, that is, those for which the bound constraints are not active.

With reference to a KKT-tuple (Z, ), p, &), let us also consider the following index sets:

Ly(z,p) ={i € Lo(Z): pi >0},
U (Z,5) = {i €Uo(T) : 7; > 0}.
Then, the strict complementarity condition holds at (Z, X, 5, ) if Lo(Z) = L4 (%, p) and Up(T) = U (T, ).

In recent years many algorithms have been proposed for the solution of nonlinearly constrained optimization
problems, see e.g. the references [5, 6, 3, 2, 12, 10, 8, 1, 7, 14, 17, 13] for augmented Lagrangian and penalty



methods, and [21, 30, 4, 11, 20, 22, 23, 29, 31] for a selection of recent papers on filter methods. Most of
these methods are based on the idea of computing, by means of some local and possibly efficient algorithm, a
search direction which is then used to update the current iterate. A globalization strategy is needed to promote
convergence of the method to stationary points of the constrained problem and relies on the connections between
the search direction itself and a suitable merit function. Furthermore, the mentioned connection should guarantee
that the globalization strategy does not deteriorate the possible efficiency of the search direction. In this paper
we are particularly interested in studying these theoretical connections with reference to a particular choice of a
local search direction and of an exact merit function. This idea has been recently investigated in the paper [13]
where an exact augmented Lagrangian function is used as a globalization strategy for the solution of large scale
problems.

In this paper we exploit as much as possible the presence of bound constraints in the definition of Problem (1).
To this aim we define an efficient search direction which is able to produce a locally and superlinearly convergent
algorithm [5, 6, 18, 13, 26] and can be computed in an efficient way by using a truncated scheme suitable for large
scale problems [13]. Then, we consider an exact merit function whose analytical expression again exploits the
particular structure of Problem (1) [14, 16, 12] by taking advantage of the presence of lower and upper bounds
on the variables. We prove that the search direction and the merit function have some strong connections which
can be the basis to define a globally convergent algorithm to solve Problem (1).

In the paper we shall make use of the following notation. We denote by || - || the 2 (Euclidean) norm. We denote
by E and I, respectively, the n X n and the m X m identity matrix.
Given a vector v € IRP, we indicate by diag{v} the p X p diagonal matrix with entries v;, 1 < i < p in the main
diagonal. Given a vector y € IR and a vector v € IRP with components v; > 0, we denote ||y||2 = y”diag{v}y =
1 ViYi-
Given two vectors v, w € IR?

- the operation max{v,w} is intended component-wise, namely max{v, w} denotes the p-dimensional vector

with components max{v;,w;}, i =1,...,p;

- vow denotes their Hadamard product, that is the p-dimensional vector with components v;w;, i = 1,...,p.
For short notation, the Hadamard product w o w of a vector w by itself is denoted by w? and, given a positive
scalar g, the vector with components 1/w] is denoted by w™?.
Given an n x m matrix Q we denote by ¢f the i-th row of Q.
Let K C {1,...,n} be an index subset, v € IR" be a vector and @ be a n X m matrix. We denote by v the
subvector of v with components v; such that i € K and by Qx the submatrix of Q made up of the rows g} with
i € K. For the transpose of Qx, (Qx)”, we adopt the short notation Q%. Moreover, let H C {1,...,m} be an
index subset, we denote by Qx,~ the submatrix made up of the elements ¢;; with ¢ € K and j € H. Note that
we can write:

Q= ExQ I
If {K1, K2} constitute a partition of the index set {1,...,n} we can write:
vk, = Ex,v, 1=1,2
v = E,av;cl + E,av;cr
Let K C {1,...,n} be an index subset, we will denote by K the subset {1,...,n}\K.

In the paper we shall make use of the following definitions.

Definition 1 (Linear independence constraint qualification (LICQ)) A point x € F satisfies the LICQ
if the gradients of the active constraints are linearly independent. Due to the bound constraints, this is equivalent
to requiring that the matriz Vh(x) s () 15 full rank.

Definition 2 (Extended Mangasarian-Fromowitz constraint qualification (EMFCQ)) Given a point x €
R"™, it satisfies the EMFCQ if there exist no w;, ¢ € Iy = {i : i —u; > 0}, ws, ¢ € I = {i : l; — x; > 0}, vj,

j=1,...,m, such that
Zvthj(x) + Z wie; — Zﬁ/iei =0
j=1

i€ly iel;

with w; > 0,1 € Iy, w; >20,i€ I}, andwvj, 5 =1,...,m, W, © € Ly, Wi, © € I; not all zero.



Definition 3 (Strong second order sufficient condition (SSOSC)) A KKT-tuple (Z, )\, p,5) satisfies the
SSOSC if the inequality ~
y' ViL(@ A p,5)y >0
holds for all vectors y € R",y # 0, with
yi =0, i€ Ly(Z,p) VUL (Z,0),

and such that
Vhi(@) Ty =0, j=1,...,m.

The paper is organized as follows. In Section 2 we introduce the new exact penalty-augmented Lagrangian
function for Problem (1) and state its main exactness properties. In Section 3 we propose a procedure for the
computation of a truncated Newton-type direction for Problem (1) and show some interesting properties enjoyed
by the direction. Section 4 is devoted to the analysis of the connections between the truncated direction and the
exact merit function. Namely, for sufficiently small values of the penalty parameter and sufficiently close to a
KKT-tuple, the truncated direction is a good descent direction for the merit function. In Section 5 we describe
the overall exact penalty-augmented Lagrangian (ExPAL) solution algorithm for Problem (1) and give its main
convergence properties. In Appendix A we report the proofs of a technical analytical result. In Appendix B we
give an explicit expression for the directional derivative of the merit function. Other technical results are proved
in Appendix C.

2. An exact penalty-Lagrangian function

In this section we give the expression of the merit function P(z, \;¢) that we employ for solving Problem (1) and
we report its main properties. Following with minor modifications the approach described in [14] and [15], the
merit function is obtained by combining an exact augmented Lagrangian approach for the equality constraints, and
a continously differentiable exact penalty approach for the bound constraints, making use of suitable multiplier
functions for the bound constraints. We point out that the evaluation of the multiplier functions for the bound
constraints does not require any matrix inversion, as instead usually happens for the multiplier functions employed
in continuously differentiable exact penalty functions for general constraints.

2.1. The merit function P(z,\;¢)

The merit function is defined on a open relaxation of the feasible set, namely on the set
S={zeR": l—-a<z<u+t+a}

where « is a positive vector in IR™.

We introduce the vector functions
riz) = a—-l+uz,
s(z) = at+u-—ax.

Note that in terms of the functions r(x), s(z), the set S can be described also as S = {x € R" : r(z) > 0, s(x) >

0}.
We will make use of the following continuously differentiable multiplier functions p(z,A) and o(z,\) associated
respectively with the lower and upper bound constraints, already considered in [14, 15]:

p(z,A) = [(I— z)? + (z — u)2] o(x—u)?oViL(z,\)
oz, = —[1-2)°+ @@ —u)?] o (1 —z)% o ViL(z,\);

however, for convenience, we will adopt for the multiplier functions the following expressions:

p(z,\) =w(x)o(l —z) %o V.L(z,\)
a(z,\) = —w(z) o (x —u) "% o V. L(z, \),



with .

w(z)=(1—-2)’0[(l—2)*+ (z —u)?] o(x—u)
It is worth noting that, if (Z,\, p,5) is any KKT-tuple for Problem (1), then the vector functions p(z,\) and
o(z, \) are such that:

p(Z,\) =p, o(Z,\) =a.
Then, the continuously differentiable merit function P of concern here can be written as:
P(z,X;e) = f(z) + A" h(z) + p(a, \) ¢z, X €) + o (2, \) pu(@, Ase)

1
T3z {Hh(m)l\2 +161(@, A )7 ay -2 + N6u (@ Ase)l3ay—1 | + (e, M1,

where

¢l(x7>‘;5)
d)u(lﬂ, )‘a E)

max{l — z, —er(z) o p(x,\) },

max{x —u, —es(x) oo, )\)}7

and
p(z,\) = Vh(z)" [w(z) o Vo Lz, N)] + [|A(z)[|*A.

The structure of the function P derives from the one of the classical Augmented Lagrangian Function (see ([25]),
([28])), its distinguishing points are:

- the multiplier functions p(z,\) and o(x, A) that estimate the multipliers p and o associated with the bound
constraints;

- the barrier terms r(z)~"' and s(z)”' that guarantee that an unconstrained minimization of the penalty
function produces points which belong to the relaxation of the feasible set S;

- the term ||(z, A)||* which forces the variable A to satisfy the KKT conditions and prevents unboundedness
of sequences {\*}.

2.2. The gradient of P(x, \;¢)

The function P is continuously differentiable. It can be verified that its gradient is given by:
1
VoP(z,\je) = th(x)h(x)
1. _
+ [Vzp(x,)\) — gdlag{r(x) 1}] d1(x, \;€)

n [vxa@m n gdiag{su)-l}] bul N )

—2_157"(9”)_20‘751(307 A 5)2-5-2%8(90)_20%(907 Ae)?

+2Vap(z, N p(x, A)
VaP(z,A;e) = h(z)+ Vao(z,N)ou(z, A;€) + Vap(x, N)di(z, A; €)
+2v/\50(w? )\)90(37: )‘)7

where



Vi = V2L(z,\)diag{w(x)}Vh(z) + 2Vh(z)h(z)\T

+ Z V?h;(z)diag{w(z)} Vo L(z,\)i)
fé(giag{w(xf o[(l—=
Ve = Vh(z)Tdiag{w(z)}Vh(z

3 — (2 —u)"%] 0 Vo L(z, \)}Vh(z)

)
)+ lIh@)I*1 (3)

Vap(z,\) = V2 L(z, N)diag{w(z) o (I — z) "%} + ®(z, \)
Vaeo(z,\) = =V2L(z, \)diag{w(z) o (x — u) ">} + &(z, )
Vap(z, \) = Vh(z)Tdiag{w(z) o (I — z) 72}

<
>
2

z,\) = —Vh(z)Tdiag{w(z) o (x — u)~?}
with
Oz, \) = —2diag{(u—1)o(l—z) ow(x)?o(x—u)"2oV.L(z,\)}.

2.3. Exactness properties of the function P(z, \;¢)

In this subsection we summarize the exactness properties of the merit function P(z, \;¢). These properties can
be proved, with minor changes, as in [14] and [15]. In essence, function P(xz,\;¢) is exact in the sense that for
sufficiently small values of the penalty parameter €, a correspondence can be established between KKT-tuples
of Problem (1) and stationary points of P(z, \;e), as well as between local/global solutions of Problem (1) and
local/global minimizers of P(z, \;¢).

More precisely, let us introduce the following assumptions:

Assumption 1. Every xz € F satisfies the LICQ.

Assumption 2. Every point x € S\ F satisfies the EMFCQ.

The following proposition states the relevant exactness properties of the merit function P(x, A;¢).

Proposition 2.1. Let P(z,\;€) be the merit function defined in subsection 2.1. Then,
(i) For all e > 0, if (Z,\, p, ) is a KKT-tuple of Problem (1) then (Z,)) is a stationary point of P;

(ii) for all € > 0, if (z,A) € S x R™ is a stationary point of P such that h(Z) = 0, ¢1(T, X;e) = 0 and
du(T, N;€) =0, then (T, \, p(T, N),0(Z, N)) is a KKT-tuple of Problem (1).

Assume further that Assumptions 1 and 2 hold:

(iii) a value € > 0 ewists, such that for all € € (0,&], if (T, \) is a stationary point (local/global minimizer) of P
then (Z, A, p(T, A),0(Z, ) is a KKT-tuple (local/global minimizer) of Problem (1);

(iv) a value &€ > 0 exists, such that for all € € (0,&], if  is a global minimum point of Problem (1) with KKT
multipliers X, p, &, then (Z,\) is a global minimum point of P in S x ™.

Given a point (2%, A%) € S x R™ let us denote by Q(z°, A% ¢) the level set:

Q(z°, X% e) = {(x,\) € S x R™ : P(z, \;¢) < P(z°,\%; e)}.

In addition to the above exactness properties, in the following proposition we report some properties that are
needed for the definition of an algorithm exploiting the merit function.

Proposition 2.2. Assume that Assumptions 1 and 2 hold.
(i) Let (x°,\°) be a given point in S x R™, then there exists a value & > 0 such that, for any ¢ € (0,&], the level

set Q(x, A% ¢) is compact. In particular, there exist positive constants c¢1(xz°, A\°) and c2(z°, \°) such that

Q0 A% ) C () xS, A < E%cl(m“,x)) +ea(a® A0 );

moreover, if 2° € F then c1 ($07 AO) =0.

(ii) A value & > 0 ewists, such that for all € € (0,8], and all (z,\) € Q(2°, A% ¢) we have:

VP, X e)ll = Ih(@)] + [[d(z, As )l + [|du(z, A; ).



3. An efficient search direction
As already said in Section 1, we solve Problem (1) by making use of a line search procedure for minimizing the
exact penalty-Lagrangian function P(z, A;€) in the product space (z,\) € IR* x IR™.

In this section we prove that the approach proposed in [5] can be adapted to propose a good descent direction
d = (dz,dy) € R* x R™ for the minimization of function P(z, \;e) (see also [18, 13]). This direction can be
evaluated by solving (possibly approximately) a linear system.

As we will see, the direction is able to provide, under weak assumptions, local convergence with superlinear
convergence rate to the minimization procedure, provided that the penalty parameter ¢ is small enough.

3.1. A property of the multiplier functions p(x, \),o(x, \)

In this subsection we are concerned with the multiplier functions p(z, A), o(z, A) that appear in the definition of
the merit function P. They can be used to provide an estimation of the bound constrains active at the solution.
More precisely, let us introduce the index sets L(x, ), U(z, \) and M(z, A) defined as:

L(x,A)={i:l; —xi > —eri(z)pi(z,\)},
Uz, \) ={i:xs —us > —esi(x)os(x, \)} (4)
Mz, \) ={1,....,n}\ (L(z,\) UU(z, \)).

By the same arguments developed in [18], it is possible to prove the following proposition which shows that, at
least in a neighborhood of a KKT-tuple, the preceding sets of indices can be used to estimate the indices of the
active and nonactive bounds.

) be a KKT-tuple for Problem (1). Then there exists a neighborhood B(z,\) of

Proposition 3.1. Let (Z,\, 7,5
€ B(z,\):

(%, ) such that for all (z,\)

E+(£7ﬁ) g ‘C(va) g EO(E)v
Z/{+(i', 6) < U(ZE,)\) < Z/[Q(i'), (5)
Mo(i’) QM(x,)\) C {’L pi =0, o4 ZO}A

Moreover if the strict complementarity holds at (%, X, p, &), then, for all (z,\) € B(Z,\) it results

L(x,A) = Lo(Z),
Uz, ) =Uo(2),
M(z,\) = Mo (7).

O

The proposition states that in a neighborhood of a KKT-tuple we can identify exactly the binding bounds with
strictly positive multipliers. Hence if strict complementarity holds, our estimate is actually exact.

Note that, far from a KKT-tuple, it may happen that £(z, \) (U (z, \) # {0}, that is the sets £ and U could be
not disjoint. In the following we will assume that £(z,A) and U(z, \) are always disjoint, by putting in only one
set the common indices, if any.

For simplicity, in the following we will denote by M|z, \) the index subset defined as

M(z,XN) = L(z,\) UU(z, \).
By these notations, M (x, \) collects the indices of variables z; estimated to be non-binding, and Mz, \) collects
the indices of variables x; estimated to satisfy a lower or on an upper bound at the solution of Problem (1).

3.2. Search direction definition

In order to define the search direction we introduce a suitable system of equations. This system is obtained by
“transforming” the equality and inequality KKT conditions into equations by means of efficient estimates of the
active constraints at a KKT-tuple. In this way the system has the property that its solutions are KKT-tuples of



the nonlinear programming problem, and vice versa. By using the sets of indices defined in subsection 3.1, the
system of equations is given by
(VxL(a@ )‘))M(ac)\)
h(z)

(l — :E)L(z)\)

(T — Wi
The importance of the preceding system of equations relies on the fact that its solutions are strictly connected to
the KKT-tuples of Problem (1). In fact we have the following result.

F(z,\) = =0. (6)

Proposition 3.2. (i) Bvery KK T-tuple (Z,\, p,&) of Problem (1) is such that (Z,)\) is a solution of system (6).

(ii) Every solution (Z,)\) of system (6) is such that (%, X, p(Z,\),0(z,))) is a KKT-tuple of Problem (1).

Proof. Point (i) Recalling Proposition 3.1 it easy to verify that if (%, A, p, &) is a KKT-tuple of Problem (1) then
(Z,\) is a solution of system (6).

Point (ii) Now we state the converse result. If (Z,\) is a solution of system (6) then

(VaL(Z, X)) 0, i € M(Z, ), (7)
hj(z) = 0, i=1,....,m,
(l—z) = 0, i€ L(T,N), (8)
(Z—u)si = 0, i eU(zZ,N). (9)
By using (7) and (2) we get that
pi(Z,A) =0, oi(Z, ) =0, i€ M(z,N). (10)

Then (8)-(9) and the definitions of £(Z,\), U(Z, \), given by (4), yield

pi(£7 5‘) >0, (&S £(£7 5‘)7 (11)
oi(Z,A) >0, i € UZ,N) (12)
Now (9) and (2) imply: B
pi(Z,A) =0, i €U, N), (13)
while (8) and (2) imply: B B
oi(zZ,A) =0, i€ L(Z,N\). (14)
Then (10) and the definition of the set M(Z, \) imply that
(I-2); <0, (Z —u); <0, i€ M(Z,N). (15)
By using (8), (9), (10), (11), (12), (13)-(15) we have that
1-2<0 ZT-u<0 (16)
p(,3) = 0, (@A) >0,
p(va)T(lif) =0, U(E7S‘)T(i’7u) =0

pi(fv ):‘) = VIL(jvj‘)Qh (S ‘C’(fv ):‘)7
ci(Z,\) = =(Va L(Z,N)i, 1 €UT,N)
and this, together with (16), implies that (Z, X, p(Z, \), o (Z, \)) is a KKT-tuple for Problem (1) O

For simplicity, let us now denote by the apex k the quantities evaluated at (z*, )\k); in particular for the sets in
(4) we have:
L£F = £(* \F), ur =uk, \F), MF = M(2%\F).

If the sets £F, U* and M" were constant in a neighborhood of the point (z*, \¥) the Newton direction (d¥, d%)
for the equation (6) at the point (¥, A*¥) would be obtained by solving:

ViLk . VRS (Vo LF) n

(VAH)T 0 de | _ h* (17)
. 0 dx | — =2 |-
E 0 (l’k - u)uk



10.

However, in the neighborhood of the point (z*, \*) the sets £*, U* and M are not constant unless (z*, A*,
p(x®, \F), o(z®, \F)) stays in a neighborhood of a KKT-tuple which satisfies the strict complementarity condition.
A distinguishing feature of our approach consists in proving that the direction (dz,dx) obtained as solution
of system (17) is efficient in terms of convergence and rate of convergence even if the strict complementarity
assumption is not satisfied.

Before going into details, we observe that system (17) can be written in a more compact form. Indeed the
components in £*,U* of the direction d, can be obtained directly as:

(dz)ﬁk = (l — l’k)ﬁk
18
(dz)uk = (U — l’k)uk ( )
whereas, writing dz = E\ 1 (de) pqr + E7q(da) 51, the components (dz),x and (da) can be obtained by solving

the reduced system

ViLk . VhE .
PRV { (e aa } = —F@" ") (19)
(VRE ) 0

where

Bk, Af) = [ (V3 Dt () s+ (VL) g } .

B+ (V)T (d)

We remark that the dimension of the linear system (19) is m + |M?¥|, that is the number of equality constraints
plus the number of variables estimated to be not binding. We observe that the non-singularity of the coefficient
matrix of system (17) is equivalent to the non-singularity of the matrix in the Lh.s. of (19):

(20)

Vil e Vi
(VR )T 0 '

We point out that non-singularity of matrix (20) can be ensured also in a neighborhood of a point that satisfies
LICQ and SSOSC [19]. In particular, we have:

Remark 2. If (Z,)\,p,5) is a KKT-tuple that satisfies the LICQ and the SSOSC; by repeating the proof of
Proposition 3.1 of [18], we can conclude that there exists a neighborhood B(Z, ) of (%, ), such that the matriz
(20) is non singular for all (z,\) € B(z, ).

3.3. An inexact computation procedure for the direction d

In this subsection we require the following assumption to hold true:
Assumption 3. The matrix Vh e (2¥) is full rank.

When dealing with large dimensional problems, it is convenient to resort to some approximate, rather then exact,
solution of system (19), that can be evaluated with less computational effort, provided that good convergence
properties are retained. In this subsection we describe a suitable inexact computation procedure for evaluating
the direction d* at a point (z*, \¥).

For the solution of system (19), taking into account its structure, and in particular the presence of the null
submatrix in the last m equations, we follow the approach proposed in [9]. This approach needs Assumption 3
which we suppose to hold true throughout this entire subsection.

The computation is based on the decomposition of the vector (d.)a+ into a horizontal component d, € ?R‘Mkl

belonging to the null space /\/’((Vh’jwk)T) and a vertical component d, € gRlM"| belonging to the range space
R(Vhfwk), ie.
(dx)Mk =do+dy

(do Vh5)"do = 0. (21)

with

By this decomposition we obtain the vertical component d, as an exact solution of the last m equations of system
(19):
T
(VRS ) do = =" — (VR0) ™ (d2) o (22)



11.

in particular, we take d as the minimum norm solution of equation (22), that is:

—1
dl = = Vil (VR TR ) (B + ()" (@) s ) -

Then we can introduce the projection operator P* on the null space of (Vhljvlk)T, given by
P* = By pir — Ve ((thAk)TijAk)_1 (VRE )T (23)
By noting that P*Vh . dx = 0, we can break the first [M"| equations of system (19) into a system of 2|M"|
equations, which, omitting the arguments, can be written as:
P* (viLﬁAk’M,ﬂ(dz)M,ﬂ + V2L o () g +szj4k) _— (24)
(Epge pir — Pk)(viLﬁAk’M,ﬂ(dz)w + V2LE o (da) o + VS d + szﬁAk) _— (25)

Recalling that (ds) ox = do + dw, once obtained d,, equation (24) constitutes a system of |MF| equations in the
horizontal component d,. This system represents the core of the computation and we solve it with increasing

accuracy. In particular, we let d, solve equation (24) with a residual error vector 7% € ]R‘Mk‘7 namely we let:
PUVALS s = =P (VALY s + VAL g (@5 + VaLhe ) + 7%,

where 7% will be driven to zero fast enough to guarantee a superlinear rate of local convergence.

Having calculated the component (d'f;)Mk7 we can compute d¥ by solving exactly system (25).

The Inexact Computation Procedure (ICP) of the search direction can be summarized in the following way.

Inexact Computation Procedure (ICP)

The direction d* = (d¥, df) is given by:

() er = (L= o) or,
() = (u—2z")yn,
2)

(dE) jqre = db + db, where:

-1
ds = =V (i RS ) (R4 (Vhl) () ) (26)
d* satisfies
PkV?CLljwk’Mkdlé = —pF (V?CLI;Vlk’Mkdﬁ + v?cLlj\Ak,Mk (dz)/\}lk + szlj\/lk) + Tk; (27)
-1
&= — (vh;kTthM) (V" )" (viL;k’M,ﬂd’; + sz;k) . (28)
By letting
y’c =Pk (viLlj\/lk’Mkdf + ViLﬁAk’Mk(dﬁ)Mk + VxLIj\/tk)7 (29)

equation (27) can be written in a more compact form:
P*VALY o ards = —y* + 7.

Remark 3. In the following we suppose that whenever d* is referenced, Assumption 3 holds.
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3.4. A truncated procedure to compute d,

In the procedure ICP, it remains to explain how to obtain a solution d¥ of system (27). Since, as already said,
the main aim of the paper is the definition of an algorithm suitable to tackle large scale problems, we resort to a
truncated conjugate gradient-type method.
We note that, by posing
H* = V2L aqr (2, NF)
and
d’; =Py

where v € RIM*T and P* is given by (23), system (27) can be rewritten as a symmetric system of the type
PYHFPRy = —yF 4 7, (30)

with y* defined in (29).
Essentially, the computation of d¥ is based on the use of a CG-type algorithm for computing a stationary point
of the quadratic function

w) = ") v+ %UTPkaPkU.

Following [9], the projection matrix P* can be seen as a preconditioning matrix. Preconditioned Conjugate Gradi-
ent (PCG) methods differ in the updating formulae of standard CG methods for the presence of a preconditioning
matrix P. However, all the computations for solving system (30) can be directly referred to the original variable
d® rather than to v. In this way it is possible to derive an iterative procedure that using the same computations
of a conjugate gradient method, except for an additional projection per iteration, computes d* with a controlled
accuracy.
Standard PCG algorithms generate sequences {t'}, {s'}, {r‘}, where t* is the approximated solution of system
(27) at the i-th inner iteration of the algorithm, s%, ..., s" are the conjugate directions and r* denotes the residual
¢.
The general scheme is

FH = 4 i

pitl = i iph kgt

sitl = i+l gigi
where the stepsize v* would minimize the quadratic function w along the direction s’ if w were strictly convex,
and /3" is chosen so as to maintain conjugacy among the directions s* .
Standard PCG algorithms stop
- either if the residual ||r?|| is below a given tolerance,
- orif a negative curvature direction s’ is found (namely (s°)TH*s* < 0).

The PCG procedure that we use is derived from the approach described in [24], which differs from the standard
PCG algorithms outlined above. The main difference is in the fact of computing and using as search direction, a
good truncated solution of system (27) even if negative curvature directions are met. In particular, if a negative
curvature direction s° is found, the algorithm does not stop, but continues to generate conjugate directions in
order to get better truncated solutions of system (27).

Together with the sequence {tl}, the modified PCG algorithm also generates a sequence {6} of vectors 6° € R™.
This sequence differs from {t'} only if a negative curvature direction s' is found. In this case the updating rule
is 0t = 9 — 1's?, that is, the opposite direction —s® is taken.

The new truncated algorithm stops

- either if the residual ||r?]| is below a given tolerance n*|jy*|, with n* > 0,

- orif |(s")THSs'| < e1]|s']|?, with ¢; > 0.

Then d¥ is set either to ¢* or to —t* or to 6, depending on the outcome of a suitable test able to guarantee global

convergence. Similarly to the unconstrained case, this test ensures that the produced direction satisfies an angle
condition with respect to the opposite of the initial residual —r° = y*.

The proposed iterative scheme, referred to as Preconditioned Conjugate Gradient Procedure (PCGP), is reported
in the following.
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Preconditioned Conjugate Gradient Procedure (PCGP)

Data. ¢; > 0, ¢a > 0 and n* > 0.
Initialization Set t° =0, ° =0, r° = —y*, s° = r°, and i = 0.

While ( (7] > n*[ly*]|)

; ; ; ° if i=0
If( |s'T H*s'| < e s ) set df = {r n and Return.

6 if i>0
Compute
T, i
i+l i igi i io )r
T = 4+, with v (s))THFs?’
Ti+1 _ T'L' _ ViPkaS'L7
| ' - . _ P T pitl
gl — pitl + /6’31 with ﬁl = %’
gitl 0 — st if st HR S < —ai||s'?,
0 + s’ if s'THES' > |52
Set i=1i+1
End while

If (|(v")Tt"] > c2||y"||* ) then set

g — it ()T <0
C =t i )T > 0.

else set d* =o',

Return.

In the above truncated scheme, we assume that the parameter n” is taken as:
k k \k
n =mn(z", A7), (31)

where 1 is a nonnegative continuous function such that n(z,\) = 0 if (z, ), p,) is a KKT-tuple. Moreover,
whenever d¥ = t* we have that 7% = r*.

As a direct consequence of the results proved in [24], the following proposition holds true.

Proposition 3.3. Let d¥ be calculated by PCGP, then the following inequalities hold.

"y <-al (322)
(2 ———— (32b)

where (1,2 are two positive constants not depending on the index k.
Proof. See the proof of Theorem 2.2(c) of [24]. O

Conditions (32a) and (32b) of Proposition 3.3 are the extensions to the constrained case of similar conditions used
in the truncated Newton method proposed in [24] for unconstrained minimization problems. Roughly speaking,
the direction d* should contribute in locating stationary points of the function L(Pka@)\k) and the the vector
y* can be seen as the gradient of the function L(P*z, A\¥). Then conditions (32a) and (32b) guarantee that the
direction df is a suitable bounded descent direction for L(Pz, ).

The next proposition proves that in a neighbourhood of a KKT-tuple (Z, ), 7,5) satisfying LICQ and SSOSC,
and for sufficiently small values of ¢; appearing in PCGP, the horizontal step d* satisfies the stopping criterion
of PCGP. Furthermore it shows that the truncation error can be forced to zero rapidly enough to guarantee the
superlinear convergence rate of the local algorithm.
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Proposition 3.4. Let (%,),5,5) be a KKT-tuple for Problem (1) which satisfies LICQ and SSOSC and let
{(xkl)\k)} be a sequence converging to (T,\). Then an integer k and a positive constant ¢ exist such that for all
k >k and ¢ < @, the horizontal step d¥, obtained by PCGP, is such that

@ N7l < 2" lly* 1.

(i) if n* converges to zero, then

I~ _
koo [|y*||
Proof. The proof follows by analogous reasoning as in the proof of Proposition 2.6 of [13]. m]

In next Section, it will be shown that the fact that the horizontal component d¥ satisfies (32) plays a fundamental
role in order to guarantee the global convergence of the sequence {xk} produced by the overall algorithm.

We point out that the linear algebra computations needed to evaluate d¥ as in (26) and df as in (28) can be
performed in a very efficient way, as shown in [9, 13].

3.5. Properties of the search direction d

The main aim of this subsection is to show that, if {z*, A*} is a bounded sequence, and {d"} is the sequence
obtained by the ICP and such that Proposition 3.3 holds, then there is a correspondence between the fact that
the sequence {z", \*} has limit points (Z, ) such that (Z, X, p((Z, \), 0(Z, \))) is a KKT-tuple of Problem 1 and
the fact that limy_oo||d®|| = 0. This correspondence is essential in establishing the global convergence of the
algorithm that employs d as search direction in the minimization of the function P(x, A;¢).

In order to show the correspondence we need to establish some technical inequalities that will be instrumental
also for subsequent developments. To this aim we introduce the following notation:

z=V2Ldy + Vhdx + VL.

In order to state the main theoretical result of the subsection we need to introduce a technical proposition, whose
proof is given in Appendix A for the interested reader.

Proposition 3.5. Assume that the direction d* is computed by the ICP, and that the sequence {:vk, )\k} is bounded.
Then

(i) a positive constant ¢, not depending on k, exists such that
10" = 25)cll + llpteomll + 10" + 25l + o Zomll < élld”;
(ii) a positive constant é, not depending on k, exists such that:
IVaL(z", A") = p* + 0| < &|d".
Proof. See Appendix A. m|

Now we are ready to introduce the main result concerning the truncated direction. Roughly speaking the propo-
sition states that if we have a bounded sequence of pairs {(xk , )\k)} and a sequence of directions computed by
means of Procedure ICP {d*}, then ||d*|| tends to zero if and only if every accumulation point of the sequence
{(z", \F, p(x®, X\F), o (2", A¥))} is a KKT-tuple for Problem (1).

Proposition 3.6. Suppose that Assumption 1 holds. Assume the sequence {xk, )\k} is bounded. Then,

(i) for every k, let d* be computed by the ICP. If it results that
lim 4] =0,
k—o0

then every accumulation point (Z,X, p,5) of {(z®, ¥, p(z*, X\F), o (x*, \F))} is a KK T-tuple for Problem (1).

(i) If every accumulation point (Z,X,p,5) of {(z* XF, p(z*, \F), o (z*, X\¥))} is a KKT-tuple for Problem (1)
then, eventually d* can be computed by the ICP and

lim ||d*|| = 0.
k— o0
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Proof. Point (i). Let (%, A) be an accumulation point of the sequence {(z*,\*)}, we can extract a subsequence
such that

(@™, X)) = (&, ),
k=@ N =L, U -u@E N =uM" — M@\ =M forall k.

By assumption we have that d¥ — 0, d¥ — 0. Then, by point (i) of Proposition 3.5, we have z& — pi(Z, 5\) = pc,
2y — —oy(&,\) = —6y and

Grum =0, Paup =0 (33)
Taking the limit in (17), we have that
h(z) =0, (l—-2);=0, (Z —u)y =0. (34)
Moreover, by point (ii) of Proposition 3.5, we have that
V.L(#,\) —p+6=0. (35)
Recalling (4), we get, using (34) and (33)
pe(E,X) 20, og(#,3) 20, (1= F)gup; <0, (F =)z < 0. (36)

Hence, (33)(36) imply that (&, X, 3, ) is a KKT-tuple.

Point (ii). Assume now that every accumulation point (Z, A, 5, 5) of {(z*, \¥, p(z*, XF), or(2*, A\F))} is a KKT-tuple
for Problem (1). By Proposition 3.1 and taking into account Assumption 1, we have by continuity that, for k
sufficiently large Assumption 3 is satisfied. Now, we proceed by contradiction. Let us suppose that

lim [}a*]| = 0,
k—oo
does not hold. In this case we can extract subsequences, that we rename again {z*, \*}, {d¥, d%}, such that
lim (2, \%) = (7, %),
k—oo
Jim (dz, d3) = (dz, d»),
lim p(a*,\") = p(&,A) = 5, (37)
k—o0
Jim o(z® N = 0(3,)) = 5,
lim ||d*|| >0,
k—o0
where (Z, X, p,5) is a KKT-tuple.
Since the number of possibly different estimates £F, M", U* is finite, also in this case we assume, without loss of

generality, that £F = £, M* = M, U* =U.
By Proposition 3.1 we have that

which implies

lim (2" —1)z =0,
klirr;o(u — xk)g =0, (38)
lim p(a, A") gy = 0
lirrgoa(x 7)\k)ﬁ-u 4 =0
Now from (18) and (38) we obtain:
lim (ds)z =0, (39)
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Then by using the fact that (Z, A, 3, 5) is a KKT-tuple, (39), (26), (32b) and (28) we have

lim d* =0,
k—oo
Jim. d¥ =0, (40)

. k
klirlgo dyx = 0.

Finally (38), (39), (40) contradict (37). o

4. Connections between the truncated direction and the merit function

In this section we show that the direction d is a descent direction for the merit function P(xz, ;&) whenever
the current point (x*, \¥) is sufficiently close to a pair (Z,A) of a KKT-tuple, and the penalty coefficient ¢ is
sufficiently small. To this aim we have to analyze the structure of the directional derivative of the merit function.
By recalling the gradient formulas (8), (9), the directional derivative VP (z, \;¢)”d is given by:

VP(z,\e)'d=d.V.P(x,\e) +di VaP(z, \; €) (41)
= édeh(x)h(x) + d3 h(z)
+2 [dfvzw(x, \) + dE Vol A)] oz, \)
+ [dXVap(a, ) + B Vap(a, )] o, Ase)
+ [dfvxa(a@ A) +di Vao(z, )\)] dulm, A €)
—Zddiag{r(e) "} 6w, s e) + TdT ding{s(2) '} bule, Ase)

— -diag{r(2) %} (e, h€)* + -ding(s(2) 2} bule, Nie)?

The following proposition establishes a technical result needed in the proof of the main result of this subsection.
The proof is reported in Appendix C.

Proposition 4.1. Let {(z®,\*)} and {d*} be bounded sequences and let d* be obtained by ICP choosing L*, U*
and M* as in (4). Then we can write for the directional derivative d” VP(x, \;€):
d’;TVxP(ack, AF €) + d';TVAP(xk, NF: g) =1 (mk7 AE e)+ wg(ack, e dPs T), (42)
where Y1 and Y2 are given in Appendiz B and
(i) the term o1 (2®, \*, d¥;€) is such that, & and v > 0 exist for which, the following inequality holds for every
e € (0,8
i (et A" dVe) < —ldf|1%s (43)
(ii) the term a2(x, N, d, T) satisfies the following inequality
ba(a®, N¥, d%5 1) < &, A)|d]| |I7]] + €2 (a, M) 1dIf?

where &1(z,\) and &(z,\) are nonnegative continuous functions and &(Z,\) = 0 if (Z, X, 0(Z, \), p(ZT, \))
satisfies the KKT conditions.

Proof. The proof of this proposition is quite technical and follows the same arguments of the proof of Proposition
3.5 of [13]. Hence, the proof is available in Appendix C for the interested reader. O

Now we can state the main result of the subsection, namely, that the truncated direction satisfies an angle
condition with the gradient of the merit function P(z, \;¢).

Proposition 4.2. Suppose that Assumption 1 holds. Let (%, ), p,5) be a KKT-tuple for Problem (1) which
satisfies SSOSC and let {(z*, \*)} be a sequence converging to (Z,)\). Assume that, in procedure ICP, we take
LF, U* and M* as in (4) and that, in PCGP, we take ¢y < & (where & is introduced in Proposition 3.4) and n®
as in (31).

Then &, and v > 0 exist such that, for all € € (0,&] and for sufficiently large k, it results

VP, AF;e)Tdr < 7%||d’c||2. (44)
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Proof. By assumption, the sequence {(z*,\*)} is convergent to (Z,A), and hence it is bounded; on the other
hand, the instructions of procedure ICP, Assumption 3 and (32b) ensure that also the sequence {dk} is bounded.
Therefore we can conclude that, for sufficiently large k, the assumptions of Proposition 4.1 hold.

By Proposition 3.1, the index sets £, U* and MP* satisfy properties (5), point (ii) of Proposition 3.6 ensures
that, for sufficiently large k, the direction d* can be computed by procedure ICP.

From (42) and points (i) and (ii) of Proposition 4.1, we have
VP A" e)Td" < un (@ A8, dYe) + 6@ NI+ g (2 A P (45)

Then, since (z*, \¥) satisfies the SSOSC, taking ¢1 < & and n* = n(z", A\F) in PCGP, we have from (45), for
sufficiently large k:

Vp(xkv Ak; 5)Tdk < (xk7 Akv dk§ 5) + gl(xkv Ak)n(xk7 )‘k)HdkHHka + fQ(xkv Ak)l‘dkl‘Q' (46)

By (32a) we have:
k2 kT, k K1,k
pullyII” < lds y™| < lldolllly” I,

from which, recalling (21), we obtain
91 < - Nkl < o s+ b = —- "],
Using this inequality in (46) we obtain:
VP(* A\ e)Td" <o (a®, A", d"5e) + p—llﬁl(xkv N )n(a®, N[ |* + &2, A°) [l (47)
Then we obtain from (47)
VP A\e)Tdt < —)|d"|P + p—llfl(l’kv N, N[ 2 + € (a®, X0) 1%

Finally, by the properties of the functions 1, ¥2 and 7, we get the result. a

In the following proposition we show that if (44) holds, then direction d* used within a suitable linesearch
technique, is able to enforce convergence to KKT tuples.

Proposition 4.3. Let {(z*, \*)} be a bounded sequence, and let d* be obtained by ICP, choosing U* and L* as
in (4). Assume that 4 > 0 exists such that , for all k, it results

VP@*, A e)Td" < —5d"|?, (48)
and that the following limit holds
Jim VP(" N e)Td" =o. (49)

Then every accumulation point (Z,)\) of the sequence {(x",\¥)} yields a KKT-tuple (%, X, p(%,\),o(%,N\)) of
Problem (1).

Proof. The proof follows from point (i) of Proposition 3.6, noting that (48) and (49) imply that limg_ ., d* = 0.
O

We point out that property (49) can easily be ensured by employing standard line-search techniques along the
direction d*.

5. The overall algorithm

In this section we introduce an algorithm model for the solution of Problem (1). It is based on the computation of
a search direction as described in Section 3.3 and on the exact penalty-augmented Lagrangian function introduced
in Section 2 as a mean to enforce global convergence.

The main iteration of the algorithmic scheme is defined as a primal-dual line-search (LS) based method:

()~ () (5)
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where p* is the step taken along the search direction p®, which is either the truncated direction d* or a gradient
related descent direction for P, that we denote by z*.

The overall Exact Penaly-Augmented Lagrangian (ExPAL) algorithm can be stated as follows:

ExPAL Algorithm model

Data. Let 2° € S, \° € R™, a > 0; e >0, ¢ € (0,1); 6 > 0; set k = 0.
While ( (x®, XF p(2®, A*), o (2, \F)) is not a KKT-tuple ) Do

Step 2. ‘ If Assumption 3 holds, compute the truncated direction d* ‘

If ( VP A e)Tdr < —%Hdk”2 ) then set p® = d* and go to Step 5,

If (||dk|\ F[[(VRF M) TV Ly + [[RFNF]| < 6 ) and (wl(x’mk,dk;a) £ —el|d*|? ) then go to
Step 4,

Step 3. ‘ Compute the gradient related direction z* ‘

If (VP(*, X5 2) T2 < —e([lgule®, 52|12 + (™, A5 )| + (") 1) )

then set p* = 2* and go to Step 5,

Step 4. ‘ Update the penalty parameter ‘

Set € = (e.
If ( P(xF, \F:e) < P(2°, 0% ¢) ) then set (z"T1 \FF1) = (2% \F),
Else set (z"T1 X\ 1) = (29 X\0).

Set k =k + 1 and go to Step 2.

Step 5. ‘Compute (P T AR = LS[(xF, AF; p*) ‘

Set k =k + 1.
End While

Roughly speaking, the algorithm can be described by the following steps.

1. In the first step, (provided that Assumption 3 is satisfied) we compute the truncated direction d* and we
assess its suitability as search direction. Namely, we check whether it is a “good” descent direction for the
exact merit function. If this is the case, p® is set equal to d® and a line search is performed along it (go
to Step 5). Otherwise, we check whether the penalty parameter is to be decreased. Indeed, as pointed out
by the theoretical analysis carried out in Section 4, d” is a good descent direction for P(z,\;¢) only if the
current iterate is sufficiently close to a pair (Z, A) of a KKT-tuple of Problem (1) and the penalty parameter
is sufficiently small. Hence, d® could be rejected as search direction either because we are “too far” from a
KKT-tuple (and we proceed to Step 3) or because the penalty parameter is too big (and we jump to Step
4).

2. At Step 3 of the Algorithm, we compute a gradient related direction z* for the exact merit function. By
definition, z* is a good descent direction but, prior to using it in a line search (Step 5), we perform a test
for penalty parameter updating. If the latter test is satisfied we proceed to Step 4 for penalty parameter
updating. Otherwise we jump to Step 5.

3. Step 4 of the Algorithm is devoted to the updating of the penalty parameter. In this step we decrease the
penalty parameter by setting ¢ = (e (with ¢ € (0,1)). Then we set (z®T5 X1 = (2% \F) if (28, \F) €
Q(z°, X% €), otherwise we set (z*+1, A*F1) = (2%, \"). Finally the iteration index k is incremented and we
start a new iteration from Step 2.

4. At Step 5 the new iterate is determined by doing a line search along the search direction p*.
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The line-search procedure employed can be an Armijo-type procedure LS[(z*, \¥; p*)] which returns (z**1, A*+1)
as in (50), using a value ¥ which is the largest value among 1,1/2,1/4, ... such that:
" + u'p €8,
P(a® 4 pFpk NF 4 i phie) < P(a® NP e) + uP VP (R, AR e)Tpk.
with £ € (0,1/2)
Of course, the above monotone line search procedure can be substituted by any other monotone or nonmonotone

line-search scheme [24]; indeed, what really matters is that the procedure is able to guarantee that {z*} € S and
that

klim VPP N e)Tph = o, (51a)
Jim pFV P N ) TP = 0. (51b)

We remark that by “gradient related” direction, at Step 3 of Algorithm ExPAL, we mean a direction z* that
satisfies the following relations:

VP(xk,Ak;s)Tzk < fC3HVP(:vk,)\k;z-:k)H2, (52a)
1251 < e[ VP@E", A ). (52b)

The convergence of Algorithm ExPAL is addressed by the following proposition.

Proposition 5.1. Suppose that Assumptions 1 and 2 hold. Let {(ack7 )\k)} be the sequence of points produced by
Algorithm ExPAL, then:

(i) after a finite number of steps the penalty parameter € is no longer updated;
) the sequence {(z",\¥)} is bounded;
(iii) every accumulation point of the sequence {(z",\¥)} yields a KK T-tuple;

)

if (Z,N) is an accumulation point of the sequence {(z*, \F)} such that (, X\, p(Z, N), 0(Z, X)) is an isolated
KKT-tuple, then the whole sequence {(z", \¥)} converges to (Z, )).

Assume further that the sequence {(z*, \*)} converges to a point (Z,\) such that (Z, X, p(Z, ), 0(Z,\)) is a KKT-
tuple that satisfies the SSOSC, then eventually

(v) the truncated direction is taken as search direction;

(vi) the rate of convergence is superlinear.

Proof. Point (i). The proof is by contradiction. Suppose that the assertion is false. Then the penalty parameter
is updated an infinite number of times. Since the penalty parameter can be updated by the instructions either of

Step 2 or of Step 3, we have that there exist sequences {e’}, {(ac[i7 )\ei)}, {pei} such that {¢*} | 0 and either

I 1+ 1 (VA" a0 (VR )a0) + @) A + (V)0 VSOl <6, (53)
N T P L (54)

or i iy i ; i i i i i
VP@E" NP > = (ol A5 )P+ lgu( X ) + Ih))1?). (55)

Since, by the instructions at Step 4, we have that {(xli, Aei)} € Q2% X% &%), point (i) of Proposition 2.1 implies
that {z’"} is bounded.
Assume first that (53) and (54) hold. Assumption 1 implies that the matrix ((Vh(xli)M)T (Vh(:vzi)M) +

Hh(aczi)HI) in (53) is non-singular (see [27]), so that (53) yields that {)\ei} and {p* } are bounded. Therefore the
assumptions of point (i) of Proposition 4.1 are satisfied and hence we get a contradiction between the inequality
(43) of Proposition 4.1 and (54).
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In the second case, recalling (52) and point (iii) of Proposition 2.1, we have that, for sufficiently small values of

VP(xli7)\ei;5i)Tpei < —03|\VP(xZi7)\ei;5i)H2
< —es([lou(a®, X )P + (e A ) + I ),

which, for ¢ sufficiently large, contradicts (55). This completes the proof of point (i).
By the above point (i), from now on, we assume for the sake of simplicity, that e stays fixed at the value é.

Point (ii). The proof of this point follows directly from point (i) above and the compactness of Q(z°, \%; €), stated
in point (i) of Proposition 2.2.

Point (iii). Let {(z*, \F)} k be a subsequence of {(z¥, A*)} converging to (Z,)). We show that (z, X, p(Z, A),
o(Z,N)) is a KKT-tuple. In fact, by point (ii) above, the sequence {(z*, \*)} is bounded, and by property (51a)
of the line-search procedure
i PlzF \F- 2Tk — 0.

kﬁ;}rﬁeKV (", A% 8) p" =0 (56)
Moreover, since the index sets £¥, U* and M" satisfy property (5), an integer k exists such that, for all k > k,
Assumption 1 implies that Assumption 3 is satisfied. Now, if for an infinite number of k € K with k > k, p* is
the truncated direction d* which satisfies

VP N e)Tdb < —2/2|d"|°,

then Proposition 4.3 ensures that (Z, X, p(Z,\), o (Z, \)) is a KKT-tuple.
On the other hand, if for an infinite number of k € K, p” is the gradient related direction z* which satisfies the
inequalities

VP(zF AP )Tk

IN

—2(llgu(@®, NI + llon (", X5 €) I + 1n(ah)]?)),

VP, A 8T —es||[ VP(", A" 9|7,

N

then (56) implies that ~

VP(Z,\€) =0,

¢1L(j7 5‘; 8) = 07 ¢l(i7 5‘; 8) = 07 h(i) =0,
which, recalling (ii) of Proposition 2.1, show that (Z, X, p(Z, ), o(Z, A)) is a KKT-tuple.
Point (iv). We recall that, by property (51b) of the line-search procedure, it results
Jim pEV P \F ) TpR = 0.

By the properties of directions d* and z*, it follows that

klim ukpk =0,

which yields

. oh Tt — gk
A ke e J =0
Now the proof of points (iv), (v) and (vi) follows reasoning as in the proof of Proposition 4.4 in [13]. O

6. Conclusions

In this paper we have shown that a nonlinear programming problem with equality constraints and bounds on
the variables can be tackled by using an exact merit function based on an exact augmented Lagrangian approach
for equality constraints and on an exact penalty approach for the bound constraints. Such a merit function can
be used in connection with a search direction which can be computed in an efficient way by using a truncated
scheme, and which is able to produce a locally and superlinearly convergent algorithm for the solution of the
problem. At each iteration, the search direction requires only the solution of a linear system whose dimension is
equal at most to the number of the free variables plus the number of the equality constraints. The connection
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between the merit function and the search direction is established by the fact that the search direction is proved
to be a descent direction for the merit function, provided that the penalty parameter is small enough and that
the current primal-dual pair (z*, \¥) belongs to a neighborhood of a pair (Z,\) of a KKT-tuple of the problem.
This connection allows to endow the locally efficient algorithm with global convergence property. On these bases,
it is possible to describe a globally and superlinearly convergent algorithm model that exploits the particular
structure of the problem constraints so as to limit the computational burden as much as possible, thus making
suitable the algorithm for large dimensional instances. A distinguishing feature of the algorithm model is that,
due to the exactness of the merit function, the penalty parameter is updated a finite number of times, thus
preventing ill-conditioning. A numerical implementation of the algorithm model ExPAL is out of the scope of this
paper, and will be matter of future work. We point out that the implementation of algorithm ExPAL requires
analogous effort as the implementation of an algorithm for unconstrained minimization of a nonlinear function.
However, there are some points that deserve particular attention. They are: the tests at Steps 2 and 3 of the
Algorithm, that are needed to assess the goodness of both the search direction and of the current value of the
penalty parameter, and the particular choice of the gradient related direction z used when d is not of “sufficient”
descent. The ultimate performance of the algorithm can also be sensibly influenced by the implementation of
procedure ICP and in particular by the definition of the sequence {nk} needed in the implementation of PCGP
and which determines the behavior in the limit of the conjugate gradient residual. All these aspects should be
carefully taken into account in a practical implementation of ExPAL.

Appendix
A. Proof of Proposition 3.5

For simplicity we omit the iteration index k.
Preliminary from (32a) we get:
2 T
Gllyl” < =(do)" y < lldo|l Iyl
so that L
< = ||do]| -
lyll < 2 lidoll

Then, from the definition (29) of y, it follows that
1
[P (VoL all < ol + [ POV3 Lt s + V2 L (o) ) |- (57)

Point (i). We first consider the term ||(p — z)2||. Recalling the definitions (2) of the multiplier functions we have:

(-2 +(@—w?)eo(p—2)c=(x—wzoVeLle — (I —2)*+ (z—u)’)r oz
= (xfu)%o(Vszz)g - (lf:v)%ozL

=—(z—u)zo(VaLds + Vhdy)c — (I — )2 0 z¢
so that we can write:
(p—2)c=—(l-2)+@-w?)." o((&—uZzo(ViLds + Vhdx)c + 2z o (d2)z).
From the last equation we get that there exists ¢; such that
(o = 2)cll < élldll.

We now consider the term ||paq]|. We can write:

PM = WM © (l — m)/_\f o (VxL)M
=wam o (l—2) 5t o (Bam — P)(Val)m (58)
+ wam o (I —x)ni o P(VaLl)pm.

From (23) and (28) we get:

-1
(Emm = P)(Val)m = —Vhm ((VhM)TVhM) (Vhpt) V2 Ld, — Vhdsy.
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Substituting in (58) and recalling (57), we can conclude that there exists é2 such that:
lloall < E2|ld]].
Then we consider the term ||py||. We have:
pu=wuo(l =)o (Vellu = [l = 2)i + (& —w)i] ™" o (Vo L)u o (do)ii,
and therefore we can conclude that there exists ¢3 such that:
lloull < slld]|-
By treating in a similar way the terms ||(o + 2)u||, [loc|l, loam|| we get the result.
Point (ii). As concerns ||ViL — p + o|| we have that

Vol —p+all (VoL = p+ o)l + [(Vel = p+ o) pll + [(Val — p+ o)ul|

I(VeL+0) — 2 + (22— pe)|

+ (VoL —p+0)
+ (VoL = p)y — 2u + (2u + ou)s
so that
VoL —p+ o [ (VeL +0), —zc+ (22 — pc)l

<
+ P (VL= pt o)y

+ N(Ermm —=P)(Val = p+0) 0|l
+ (VoL = p)y — 2u + (zu + ou)l|.

Let us consider the term || (VoL 4+ 0), — zc + (22 — pc)||, for which it holds that

| (VaL +0), =22+ (22 — pe)l
S (Val)y = zell + llze — pell + llocl|-

By the expression of z we have

(VaL), — zell + Iz — pell + llocl]
= || (ViLds + Vhdy) . || + llzc — pcll + lloz]|
< crlldel| + c2lldall + 12z — pell + llocll,

so that we get:

I(VeL+0) — 22 + (zc — o)
< erlldall + ealldall + 122 — pell + lloc]-

In a similar way we get for the term || (VoL — p),, — zu + (2 + ou)|| that:

1 (Val = p)y = 2u + (2u + ou)|
< eslldal| + calldall + llzu + oull + llpull-

As concerns the term ||P (VoL —p+0),, ||, by (57), we can write
[P (Val = p+0) p Il < eslldal + lloamll + lloadl])-

Finally we consider the term ||(Em,m —P) (VoL — p+ o), || for which, by (57) and the expression of dx, we can
write

[(Exm =P) (VoL = p+0) p | < collda |l + [ldall + llomll + [lpall)-

Thus, a constant c¢7 exists such that

VoL = p+ol <er(lldell + [ldrll + Iz = p)ell + llocomll + [[(z + O)ull + lovwmll) -

Now, the result follows by recalling point (i). a
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B. Expressions of ¢, and 1,

The directional derivative of the exact-augmented Lagrangian function P(z, A; ) along direction d can be written
as in (42) where ¥ and 12 denote the following quantities:

e\ dse) = 2@~ d Vh(o)"d,
~ 2l diag{r(x) "V EE () —dlding{s(r) '} L (de)
+(dE Vap(a, \) +dX Vap(z,\) EL (da)
—(dE Vo (z,\) + d3 Vao(z,\) Ef (do)u
—e(dz Vop(a,N) + di Vap(a, X)) Efgom(r(z)op(a, X) Juum
—e(dE Voo (z,A) + d} Vao(z,\) Efum(s(z)oo(z, X)) cum
+5 (A Elioa(w(@) o (1 = )72 o pl(a, A)uuat
—dTEL a(w(z) o (x —u) "2 o oz, A))cuM)
(B s (0 Mutom — EEos(o(z, M) zom )

— -dl diag{r(e) 2} BE(de o (1 - ) oo+ 5-dT ding {s(e) 2} (de © (u — 2))u

2

I

72H<Vh<x>>%<w<x> o (V2L (2, \)a + Vh(x)d)) ,, + () Pds
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Yo(x, A\, d; 7) = 2R(z, A\, d, T) (59)

+2 (((dWh(x)T + dE V2 L(w, \)diag{w(z)}Vh(z) + df | () )

-(Vh(:c)T [E5 ((z — )20 p(z, )\))u ~EY ((u —2)2oa(z, A))L]
—(W(2)"Vh(z) ds) (A — dA))

+(Vh() K lw(e) o (V3L A + Vh(z)d) 1)

(Th@) Rl = 2)? 0 pla, N + |h<x>|2dk)>
+2d7 <2Vh(m)h(x)>\T+ Z Vh;(z) (1 —2)* o p(x,\)) i)

—2diag{w(z) o (I — )" o p(z, \)}Vh(z)

—2diag{w(z) o (x —u) "' o o(x, A)}Vh(m))
: ((Vh(x))Z; (1= 2)* 0 p(a, N)], = (Vh(2))Z [(u—2)* 0 02, N)] .

H(VA@)m [ = 2)* 0 plz, N)]  — (h(x)TVh(x)sz)/\)

where the scalar R(z, A, d, 7) satisfies

R(z, A, d,7) < & (, A)ld]f[[ 7], (60)

with &1 (z, A) a positive continuous function.

C. Proof of Proposition 4.1

For simplicity we omit the iteration index k when it is not required.

We note that, from (17), we can write for h(z)

h(z) = —(Vh(z))"d,. (61)

Moreover, recalling (4), (18), we can write for the terms ¢;(x, A;€) and ¢u(x, A; €):

di(z,\;e) = EE (max{l —z, —er(z) o p(z, )}z
+Ef o m(max{l — x, —er(z) o p(x, \) Duum (62)
= EL(de)z — eEfupm(r(z) o p(z, \)uom,

dulz, Ne) = B (max{x —u, —es(zx) o oz, \)Pu
+ET  v(max{z — u, —es(z) o o(x, \)}) com (63)
= —E(de)u — eEfupm(s(x) 0 o (2, A)) com.

Thus, by using (61), (62), (63) in the expression (41) of the directional derivative, we have, after some reordering:
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VP X5e) + daTVAP( Xie) =~ [h@)F — dlVh()d, (64)
Lot diag(r(@) Y EE(do)e 2 d ding{s(x) VL (de

+(dz Vap(x, A) + di Vap(x, A) EZ (da)
—(dE Vo (z,\) + d} Vao(z,\) Ef (do)u
—&(dz Vap(x, ) + d3 Vap(z, N) Efum(r(@)op(@, A)uum

—e(dE Voo (z,A) + d} Vao(z,\) Efum(s(z) oo (z,N)) cum
5 (€ Efom(w(@) o (1 = 2) 7% 0 plw, \)uum
—dTEE p(w(z) o (z —u) "2 0 oz, A))cuM)
(B s (0 Mutom — EEos(o (2, M) zom )
—-dl diag{r(e) 2} EE(de o (1 - ) e+ 5-dT ding () 2} (de © (u = 2))u

+2(dI Vaip(w,A) + d Vag(@, X)) (@, A):

By recalling the expressions of Vz¢ and V¢ in (3), the last term of the r.h.s. of equation (64), omitting the
factor 2, can be rewritten as

(dvaW(xv >‘) + dzvx<ﬂ(x7 )\))(p(l', )‘) =

((di Vh(a)" +dE V2L, \) )diag{w(@)}Th(z) + d§|h(x)|2> p(x,\) (65a)
+dL <2Vh(m)h(m))\T+ f: V2h(x)w(z) o Vo Lz, N)i] (65b)
—2diag{w(z)? o [(1— )P — (z— u)_?’} oV.L(z, A)}Vh(x)) o(z, A). (65¢)

Let us consider the first factor of term (65a) in the above equation, its transpose can be rewritten as
Vh(m)T(w(ac) o (V2L(z, \)ds + Vh(z)dy) ) +||h(@)]2dy =
Vh(z)T (EEA [w(z) o (V2L(x, N da + VA(@)dr)]
+EL w() o (VAL(@,\)da + Vh(z)dr) 1) + [1(2)]2d,

while ¢(z, A) can be rewritten as
p(@,3) = Vh(z)" (w(@) o VoLlw, X)) + [|A(@) A =
Vh()" (EXw(@) o VeL(z, \]u
+ER[w(w) 0 Vo L(w, M) + (@) [2X
By using the two preceding relations, by adding and subtracting ||h(z)||*dx and by (27) and (28)

[VoL(z, M)y = — [VaL(z, N do + Vh(z)dr] , + 7
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the term in (65a) can be rewritten as:

(X ()" + dEV2L(w, \))diag{w(@)}Vh() + d [h(@)]* ) o(2, A) =
Hwh(w) Viuluo(a) o (VEL(z, A)ds + Vh(@)ds)|ad + [h(@)]2ds
((d Vh(z)T + dTV2L(z, \))diag{w(z) } VA(z) + d§||h(x)||2)

+

(66)
((Vh(a)) M[w 2) 0 VaL(@, Nt + [h(@)]2(A = dy)
+((Th(@) K lw(w) o (V2L s + Vh(x)da) )
((Th@)Tulw(e) 0 VaLi@, Na + [h(@)|ds) + R, A, d,7),
where the scalar R(z, A\, d, ) satisfies
R(z, A d,7) < &z, AdllI7]l, (67)

with &1 (z, A) a positive continuous function.

Thus, by substituting (66) in (65a) we obtain
(dIVMP(% )‘) + dfvﬂﬁ(% A))‘P(x7 )‘) =
or B o) o (720N + T+ )
+ (@4 Vh@)" + dI V2L (@, V) diag{w(@)} V() + df | A(2)]?)
((Vh@)Z[w(@) o VoL@, N + @) - d)

+((Th(@) G lw() o (VAL \ds + Vh(z)dr) | )
((Vh@)klw(@) o VoL@, Na + [h(@)]?dr) + Rl A d,7)

2

+dT <2Vh(x)h(ac))\T+ i V2hj(z)w(x) o Vy L(x, N)i)

j=1
—2diag{(l —2) P ow(z)’ o ( —u) o [(x —u)® —(I —2)®] o V. L(z, A)}Vh(x)) oz, A).
Then, we can verify that the directional derivative of the merit function can be written as in (42)
d:VxP(x)\;a) + dATVAP(a@ Ne) =iz, A, d;e) + Yoz, N, d;7),
where 11 and 12 are the quantities given in Appendix B.
Now we can prove points (i) and (ii) of the proposition.

Point (i) of Proposition 4.1.

First we consider the term d Vh(z)Td, that appears in 1. By using (22) and the fact that VAT d, = —h(z), we
obtain
dxVh(z)"d, = —d\ h(z) = dx Vhiude + di Vi (de) - (68)
Then we consider the term
df (Efeor(p(@, uosm = Efusalo (@, X)) com)-

It can be rewritten as
(de)it(p(, N = ()20 (2, M) 2 + () M (2, X) = (2, ) ma
Noting that by the definition of p(z,A) and o(z, A) it results,
p(l’, )‘) - O'(.CE, )‘) = VIL(x7 )‘)7

we obtain that



(da) M (p(2, X) = (2, A))m = (da) 1 (Ve L) .

We can write
()M (Vo L) m = (du) i (P(VaL) pm + (Ermt,pt = PY(VaL) ).

Now we note that, by using properties (32a) and (32b), we have
a7y < =Sk ||
G

from which, by recalling the definition (29) of y and the fact that Pd, = P(ds) m we get:

(de)SP(VaL)an < — S5 ldo? — dTP (V2 Lutwady + V2 Lyt (o) xt).

2

Moreover, by recalling (25) we have
(de) ot (Batort = P)(VaL)at = —(de) ia(Eatsn — P) (V2Lad + Vhaads ) =
—(d)" (ViLde + VthA)A

Then we have from (70), (71), (72):

(o) ot (VaL)pt < —% do]l? = 2doTV2 g ady — dy T2 Lt ads
2
—(da) MV Ly i1 (dae) 4 — oy Vhpada.

Taking into account (68), (69), (73), we obtain for vr:

1 < —CQ |do||® = 2du" (V2 Lt mdo + Vhady)
2

—dy " V2L mmde — di VA (de) x4
—(de) MV L 2 (da) 54
JF(dz)Z;P(xy )‘)M - (dz)za(-’ﬂv )‘)C

~ 2 (@) [P~ ZdF diag{r(x) '} <ET (do)e + sding{r(e) " }BE (deo (1 - x»c)

fédfdiag{s(:v)’l} <ELT1 (da)u + %diag{s(x)’l}ELTz (dz o (z - U))u>
+(df Vap(z, X) +di Vap(z,\) EL (da)

—(d2 Voo (z,A) + di Vao(z, ) B (de)u

—&(dy Vap(a,A) + di Vap(a, A)) Egom(r(z)op(@, A) Juom

—5(dfvxa(m, A) + diVao(z, )\))EEUM (s(z)oo(z,A\))cum

+2 ((de)ion(w(@) o (L= 2)7 o pla, M

_(dx)zuM(w(x) o(x— u)_2 oo(z, )\))KUM)

72H(Vh(x))/TM(w(x) o (ViL(z,N)ds + Vh(z)dr) ) ,, + [[h(z)]*dx

27.

(69)

(70)

(71)

(72)

(73)

(74)
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Now we proceed by contradiction. Assume that there exist sequences {e'}, {7}, {(z*,A)} C {(z*,\*)} and

{d'} C {d*} such that
€10, 410, (@)= (@),

) d ~
d" #0, — —d #0,
[l
1/)1($1,>\l7dz;8z) > _71||d1||27
and, without loss of generality, _ _ '
L'=L, u' =u, M =M.
By (74) and (76), dividing by ||d°||? and denoting d' = d'/||d’||, we get
i, G
0>—v+>3
LR
+(d) VAL XY atmads + (d) VR () + () V2L X ) gt ()
H(d)upu(a', N/ || = () zoc (', A)/||d|

s el L @) g a) ) <E + Sding {r(e) 01— ) ) BE(d)e

~. 112 - . . ~ . ~
doll 4+ 2(d)T (VEL(z', XY pmopmds + Vh(z') pmdy)

(&) diag{s(a') '} <E + diag{s(z') o (' - u)}> B (do
—((d2)"Vap(@', X') + (d)" Vap(z', \')) EZ (da)
+((d) " Vao (@', N) + (d5)" Vao(a', \) Ef (dz)u

+e' ()" Vap(@', X') + ()" Vap(a', A)) Egum(r(z)op(a’, A)uor/ |1 d'|

+e' ((d2)" Vo (@', X)) + (d3) " Vao (', M) Ezusm(s(@') oo (2", X)) com/ | d'|

*%Z ((@)iom(w(a’) o (1 =) 0 p(a', A uva

~(d)Eum(@) o (@' —w) 7 0 alw', X)) cua) /Il

2

+2HVh(mi),T\4 (w(z') o (ViL(z', N')dy + Vh(z')d})) ,, + [Ih(z")]d;

Using (75), the continuity assumption and the fact that {(2*, A\)} is bounded and that

i

diag{r(z")"'} (E + %diag{r(aci)_1 o(l— x’)}) . diag{s(z")""} (E + %diag{s(mi)_1 o(z'—u

are positive definite for ' € S, we obtain from (77):

At
lim ——%— = 0,
imoo ||d?]|?
lim (@) = m L22)e g
i—00 i— 00 HdZ”
tim (Ao, = lim & H}'ﬁ)u "

Hence, by recalling the boundedness of {d‘}, it follows that
h(z) =0,
=1, ieL,

)

(75)

(76)

(77)



Moreover, by the definition of ¢ and £ and by (75), we obtain, for ¢ € M,
I'<i <,

so that z € F.
From the definition (26) of d,, and by (78)—(80), we get

lim ||dy || = 0.
From (77), (81), (84), (82), (83), and the boundedness of d’, we obtain that
lim ||dg||* = 0,

HVh(;z)fA[w(fc) ° (viL(;z)Jz + Vh(:E)CZA)]M ’

Now, (85), (84), (82) and (83) imply that
d, =0.

Hence, from (86) we obtain
2

=0,

V(@)L Mg (@) T

which, by recalling Assumption 1 and the fact that £ € F, implies
dx=0.

Finally, (87) and (88), contradict the fact that ||d| = 1.

Point (ii) of Proposition 4.1.

Recalling the definitions of p(z, A), o(x, ) and w(x), we can rewrite (59) in the following way:

Yo (z, N\, d; 7) = 2R(x, A\, d, Tk)
+2 (((dIVh(x)T + dE V2 L(x, \))diag{w(z)}Vh(z) + dECHh(x)H?)

.(Vh(x)T [EZ (dz o(u—z)ow(z)o(z—u)?oV.L(z, )\))M

+EF (dx o(l—x)ow(x)o (I —x) >V, L(x, )\))L

~(h(@)" Vh(@)" d) (A~ d») )

+(Vh@) i wie) o (V2L(2, \da + Vh(z)da) }M)T
(Vh@) R (1= 2)” 0 pla, ), + ||h<x>||2dx)>

+2d2 <2Vh(ac)h(ac))\T+ f: V2hj(z)w(z) o (Vo L(z,\)i;

—2diag{(l —z) *ow(z)’ o (z —u) o [(z — )’ —(1 —2)*] o Vo L(z, A)}Vh(x))

. (Vh(x)a [de o (u— z) ' ow(x) o V. L(z, )\)]u
+Vh(z)f [da o (I — z) " ow(z) o VuL(, N,

+Vh(z) i [(1— z)? o p(z, )\)}M - (h(x)TVh(x)de))\>.

=0.

29.

(89a)

(89D)
(89c)
(89d)

(89¢)

(89f)
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As concerns terms (89a)—(89d), by the continuity assumptions and by noting that (I — z)z, (v — z)u and h(z) go
to zero as x approaches a KKT point of the problem, they can be bounded from above by the quantity

E(z, N[, (90)

where £ (z, \) is a nonnegative continuous functions such that € (z, A) = 0 if (z, X, o0(Z, \), p(Z, \)) satisfies the
KKT conditions.
As regards terms (89e)—(89f), by point (i) of Proposition 3.5, they can be bounded from above by

Ex(a, )%, (91)

where, again, & (z, \) is a nonnegative continuous functions such that £o(&, X) = 0 if (Z, X, 0(Z, A), p(Z, A)) satisfies
the KKT conditions.

Finally, (89g)—(89k), by the continuity assumptions and by noting that (I — z)z, ( — w)u, h(z), (VaL(z,\))Mm
go to zero when (z, \) approaches a KKT pair of the problem, can be bounded from above by

&z, Nld]”, (92)

where, £2(z,\) is a nonnegative continuous functions such that &(z, X) = 0 if (Z, X, o(%, \), p(Z, \)) satisfies the
KKT conditions.
Finally, by (67), (90), (91) and (92) we get

P (2, N, d 7)) < &, Nld][|7]] + &=, N)]ld].
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