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Abstract. An alternative strategy to solve the subproblems of the Method of Moving Asymp-
totes (MMA) is presented, based on a trust-region scheme applied to the dual of the MMA
subproblem. At each iteration, the objective function of the dual problem is approximated by a
regularized spectral model. A globally convergent modification to the MMA is also suggested, in
which the conservative condition is relaxed by means of a summable controlled forcing sequence.
Another modification to the MMA previously proposed by the authors [Optim. Methods Softw.,
25 (2010), pp. 883-893] is recalled to be used in the numerical tests. This modification is based
on the spectral parameter for updating the MMA models, so as to improve their quality. The per-
formed numerical experiments confirm the efficiency of the indicated modifications, especially

when jointly combined.
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1 Introduction

This study proposes a new strategy for solving the subproblems of the Method
of Moving Asymptotes (MMA) by means of its dual formulation, using a trust-
region technique. The MMA 1is a very popular method within the structural
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152 SOLVING THE DUAL SUBPROBLEM OF THE MMA

optimization community and applies to the inequality constrained nonlinear pro-
gramming problem with simple bounds as follows:

minimize  fy(x)

subject to  fi(x) <0, i=1,...,m, (D)
x;nmijfx}mx, j=1,...,n,

where x = (xy,...,x,)7 € R" is the vector of the variables, x}ni“ and x7™

are given real numbers for each j and fy, f1,..., f,, are real-valued twice

continuously differentiable functions.

The original version of the MMA [16] was introduced in 1987 by Svanberg,
as a generalization of the convex linearization method (CONLIN) [9], with-
out global convergence. In 1995, Svanberg [17] proposed a globally conver-
gent version. Several other MMA versions have appeared since then, see for
instance [5, 20, 22, 23] and references therein. In 1998, Svanberg [18] devel-
oped a primal-dual interior-point method for solving the subproblems, in which
a sequence of relaxed Karush-Kuhn-Tucker (KKT) conditions are solved by
Newton’s method. In 2003, Ni [15] proposed a globally convergent algorithm
that combines the method of moving asymptotes with a trust-region technique,
in order to solve bound-constrained problems. In its more recent version [19],
the MMA was merged into the Conservative Convex and Separable Approx-
imation (CCSA) class of methods, which are globally convergent.

In the current work, the dual problem associated with the MMA subproblem
is stated and analyzed. The explicit expression of the dual objective function
is accessible due to the separability of the rational models of the MMA. The
intrinsic features of such a function are highlighted, namely being concave and
continuously differentiable. The discontinuities of the second-order derivatives
are discussed as well. Motivated by such features, we have proposed a trust-
region approach for solving the dual of the MMA subproblem by means of
a quadratic model that has a spectral regularization term. The solution of the
trust-region subproblem has a closed form.

Another contribution of this work is related to the conservative condition
responsible for defining the current outer iterate and ensuring the global con-
vergence of the method. A relaxed conservative condition is proposed, based
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on a summable controlled forcing sequence [13], so that the maintenance of
global convergence of the MMA with this modification is proved. The modified
MMA algorithm together with its convergence results are presented in [11].

In the numerical experiments, a third modification of the MMA previously
proposed by the authors [10] is incorporated. This modification, also consid-
ered in the algorithm and theoretical results of [11], is based on the spectral
parameter for the updating of a key parameter of the method, that ensures strict
convexity of the model functions. The second-order information provided by
the spectral parameter is included in the model functions that define the ratio-
nal approximations of both the objective function and the nonlinear constraints
at the beginning of each iteration, so as to improve the quality of the models.
The computational results corroborate the proposed modifications, especially
when jointly combined.

The structure of this paper is as follows. In Section 2, the basic ideas of
the MMA are presented, and the relaxed conservative condition is described.
In Section 3, a discussion of the dual problem associated with the MMA sub-
problem is provided together with details of our trust-region approach applied
to the dual of the MMA subproblem. The numerical results are given in Sec-
tion 4, and final remarks, in Section 5, conclude the text.

2 The Method of Moving Asymptotes and our modifications

Following Svanberg’s approach [16], artificial variables y = (y1, ..., y,)! are

introduced in problem (1), so that the following enlarged problem is addressed:

minimize  fo(x) + Z(Ciyi + %diyz'z)

i=1

. (2)
subjectto  fi(x) —y; <0, i=1,...,m,
xeX, y=0,
where X = {x € R”;x}ni“ <x; < x;“a",j =1,...,n}and ¢; and d; are real
numbers such that ¢; > 0 and d; > 0 fori = 1, ..., m. The constants ¢; must

be chosen large enough so that the variables y; are zero at the optimal solution,
in case the original problem has a nonempty feasible set and fulfills a constraint
qualification (e.g. Mangasarian-Fromovitz [14]).
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154 SOLVING THE DUAL SUBPROBLEM OF THE MMA

The 2002 version of MMA for solving problem (2) performs outer and inner
iterations. The indices (k, £) are used to denote the £-th inner iteration within
the k-th outer iteration.

To start, it is necessary to choose x!) € X, and then to compute y", obtaining
an initial feasible estimate (xV, y) for problem (2).

Thus, given (x®, ™), a subproblem is generated and solved. This subprob-
lem is obtained from (2), replacing the objective function and the functions
that define the inequality constraints by separable strictly convex models g(k 0
Moreover, the original box is reduced, being defined around the current point

with the aid of the parameter o). This subproblem is given next

minimize (k 9(x) + Z ciyi + d yl)
i=1
subject to gl.(k’()(x) -y <0, i=1,...,m,

(3)
xeX®, y >0,

forke{1,2,3,...}and £ € {0, 1,2, ...}, where

X® = {x €eX|x;e [x;k) —O.9q;k), xj(.k) +0.90‘;k)], j= 1,...,n}.

® o )T contains strictly positive parameters and its

The vector o ® = (0,
updating is done as in [19].

Denoting the optimal solution of subproblem (3) by (£ %9, $%-9) at the £-th
inner iteration, if the conservative condition holds at £%9 for all functions of

the problem, that is,
SiGE0) < g 0@%0), Vie{o,1,... m), @)

then we set (x %D p*+Dy = (&0 $*.0) and the k-th outer iteration is com-
pleted, after £ inner iterations. Otherwise, if gl.(k’l)(i("'z)) < fi(x®9) for at
least an index i € {0, 1, ..., m}, another inner iteration must be performed.
The model for the function f; is maintained the same for the index i such
that the approximation is conservative in X %9, that is, gl.(k’e) (x) = gi(k’“'l) (x).
For the indices for which the approximation gl.(k’e) does not fulfill the conserva-
tive condition (4) in X9 the model is modified so that the new approximation

g* Y may satisfy the conservative condition in £*-£+1.
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It is worth mentioning that the conservative condition is demanded for both
the objective function and the constraints, producing, with regards to prob-
lem (2), strict reduction of the objective function value and feasible iterates,
respectively.

In the MMA, the approximating functions are stated as

n o &0
k0 _ ij ij (k.0)
g 'm=> (-5 + w | T
u - X; — lj

j=1 \4; —X;

where the poles of the moving asymptotes lj(.k) and u(k) are

lj('k) —x® _5® and u® — (k) + G(k)

J J J

and the coefficients p(k o, ql(]k *“ and r(k Y are given by
(k.0) )2 ® pi 0o}
P = (0)? max { ( )} —
p(k ) (k)
97" = (0”)" max { ( “”)} — e

n (k,0) (k,€)
Pi + q
r[(k,f) — ﬁ(x(k)) Z < ij ij ) )

Within an outer iteration &, the only difference between two inner iterations
are the values of the parameters ,oi(k’z). These parameters are strictly positive, so
that all the approximating functions gl.(k’e) are strictly convex and every subprob-

(k,0) +

lem has a single global optimum. The updating of parameters p,” " is the one

suggested in [19].
The model functions gl.(k’[) are first-order approximations to the original func-
tions f; at the current estimate, that is, conditions

g0 ®) = fix®)  and Vg0 a®) = Vi)

must hold for alli = 0, 1, ..., m. Another condition that must be satisfied by

the approximating functions is separability, that is,
(k,0) (k,0) k,0)
g ) =g + Z g (x)).
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Such a property is crucial in practice, because the Hessian matrices of the ap-

proximations are diagonal ones, allowing us to address large-scale problems.

The model proposed in [19] satisfies such a condition with gl.(g’e) = ri(k’e) and
(k,0) (k,0)
ko _ [ _Pi i)
8ij (x;) = ( *) + (k>)'
u;" —x;  x;—I

In [10], a modified version of the MMA is proposed based on the spectral
parameter, used in the updating of the parameters pi(k’e). The second-order in-
formation provided by the spectral parameter is included in the model functions
gi(k’z) that define the rational approximations of the objective function and of the
nonlinear constraints at the beginning of each outer iteration. The motivation for
proposing this idea came from the numerical observation that in many cases the
algorithm with Svanberg’s original updating stops making significant progress
in the solution of the sequence of solved subproblems. By improving the qual-
ity of the approximations this drawback was overcome. Moreover, the idea
preserves the global convergence property of the CCSA class, as proved in [11].

We have devised another modification for the MMA, based on relaxing the
conservative condition, by means of a summable controlled forcing sequence.
In this sense, we say that the relaxed conservative condition holds at the iterate
&0 if

LGERD) < gl_(kl)()e(k,i)) + u max {1, gi(k’e)()?(k’l)))} ’ (5)
foralli € {0, 1, ..., m}, where
0
S < i< oo ©)
k=1

Therefore, the conservative condition is more relaxed at the beginning of the
generated sequence, and ultimately achieved in the end. The original conserva-
tive condition is recovered if u; = 0, Vk.

When it comes to the global convergence analysis, the arguments follow the
outline of the presented in [19], with the main modifications briefly described
bellow. The whole sequence of steps of this procedure is described in detail,
together with the convergence results, and presented in [11].
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Let the functions F; be defined, for x € X and y € R™, by

Fo(x.y) = fox) + > _(ciyi + 3div}),
i=1
and
Fi(x,y)= filx) —y;, forall i=1,...,m.

The original conservative condition (4) provides strict reduction in the objec-
tive function value Fj and feasible iterates for problem (2). In Lemma 5 of [11]
we prove that, adopting the relaxed conservative condition (5), the outer iterates
of problem (2) might be infeasible and the values F{ might increase. How-
ever, the most important remark of Lemma 5 is that this occurs in a controlled
way, i.e: Fi(x®,y®) < iy y; fori > 1and k > 2 and Fo(x*+D, y*+Dy <
Fo(x®, y®) 4 i o for k > 1, where i, = i max{l, g GO},
After this lemma we have also proved that

o0
Z[Lk,,- <oo, forall i =0,1,...,m.
k=1

Due to these results, in Lemma 7 of [11], we prove that the sequence {Fy(x®,
y®)} is convergent. This result is the same one stated by Lemma 7.8 of [19],
in which the monotonicity had a crucial role on the proof. Considering this, the
whole reasoning of [ 19] remains valid based on the fact that u; — 0 ask — oo,
so that the global convergence of the MMA modified algorithm is maintained.
The actual choice for the sequence {1}, is provided in Section 4, within the
description of the numerical results.

In the section that follows, a brief analysis of the dual of the MMA sub-
problem and its properties will motivate a new strategy for solving the MMA

subproblems.

3 Solving the MMA subproblems: interior-point methods versus a trust-
region strategy
In this section, we propose a new strategy for solving the MMA subproblems

by means of the associated dual problem, using a trust-region technique. This
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new strategy is an alternative for both approaches already devised by Svanberg:
the dual and the primal-dual interior-point ones. The dual approach is based on
Lagrangian relaxation duality and was implemented with a linesearch technique
[16]. In the primal-dual interior-point approach, a sequence of relaxed KKT
conditions are solved by Newton’s method [18]. We have devised a regularized
quadratic model for the dual subproblem with the solution expressed in a closed
form.

To simplify the notation, we omit the indices £ and ¢ of the outer and inner
iterations, respectively. We denote the bounds of the variables by the values

a; and B;, e, a; = max{x?‘i“, x}k) — 0.90}“} and B; = min{x;na", x;k) +
0.90]@ }, for j = 1,...,n, so that the box constraints of the MMA sub-
problems are: a; <x; < B;forj=1,...,nandy; > O0fori =1,...,m.

Initially, we show how to obtain an explicit expression of the dual objective
function, thereby generating the dual problem corresponding to the MMA sub-
problem. We highlight some properties associated with the dual function. Then,
we propose a trust-region scheme and present the algorithm.

3.1 The dual problem associated with the MMA subproblem

Considering only the main constraints, since the simple box and the non-negat-
ivity constraints will be incorporated in the minimization process, the Lagran-
gian corresponding to subproblem (3) is given by:

m m m
Lo,y ) = o)+ Y Mg + Y (civi+ 3div?) = D hiyi
i=1 i=1 i=1

= Z£f(x/’ A 4ro+Aalr+ Z (ciyi + 3diy} — hiyi)

j=1 i=1

where
r = (rlv "‘7rm)T7 p[ = (pljv "'9pmj)T7 qj = (qu7 ---anj)T,
42Ty, a2 Tg.
£j()€j,)»)=p0]+ pj +QO]+ QJ’
Uj = Xj xXj—1j
and A = (A, ..., Ay)T is the vector of Lagrange multipliers.
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The dual objective function W is defined, for A > 0, as follows:

W()") - minx,y {‘E(xaya )\')’ a/ f-x] S ﬁ]v yi Z Oa Vl’ VJ}

n o m — ’7
= r0+ATr+ZWj(k)+ZW(A) M
j=1 i=1
where
'\//\71»()0 = n}ln {Lj(xj,k); a; ijfﬂj}, j=1,...,n, (8)

W;(%) = min {eivi + %diyiz —Miyis yiz0h i=1,....m. (9
Vi

Note that the separability of the MMA primal approximations allows the
Lagrangian function £(x, y, 1) to be written as the sum of #» 4+ m individual
functions and therefore, the (n + m)-dimensional minimization problem (7)
can be split into the n + m minimization problems (8) and (9). The use of the
minimum instead of the infimum in expressions (7)-(9) is justified by the exis-
tence of the minimizers of (8) and (9). The expressions of these minimizers,
which we denote by x; (1) and y;(%;), respectively, are:

x;(A) = max {o;, min {8, x;(M)}}, for j=1,....n, (10)
where T N\1)2 T, \1/2
4 AT pH2g. 4 A2 Tg. A
x*()\) _ (pOJ + P]) 1]2+ (q01 + ‘Jj) 2“] (11)
/ (poj + AT p)YV2 + (qo; + ATgq )Y
and
Al — € .
yi(ki)=max{0, y }, for i=1,...,m. (12)

Note that x; : R” — R and y; : R — R are continuous functions of A, but
not differentiable at the points A such that x;(A) = «; and x;(A) = B;, for all
j=1,...,n,and A; = ¢;, foralli = 1, ..., m, respectively. Because there
are explicit expressions for the minimizers x; (1) of (8) and y;(4;) of (9), there
is also an explicit expression for the dual objective function (7), which is:

n T T
poj tA p;  qtA g
W) = ro + ATr + ( J J 4 10 -/)

+Z (coyiO) + 2di 7 O00) — X yi(A)
i=1
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Thus, the dual problem corresponding to the MMA subproblem (3) is given
by
ma)flmlze W) (13)
subject to A > 0.
Once the dual problem (13) is solved, the optimal solution of the MMA (pri-
mal) subproblem (3) is obtained by replacing the dual optimal solution in the

expressions of x; (1) and y; (A;).

3.2 Properties of the dual function

Before proposing our approach to solve the dual problem (13) corresponding to
the MMA subproblem (3), we comment on some properties associated with the
dual function W.

First, note that the function W : R™ — R is concave, since it is the pointwise
minimum of a collection of functions which are linear in A. Moreover, it is
continuous because x;(A) and y;(A;) depend continuously on A and /; < a; <
x;() < B; < u;. More than that, the function W is continuously differentiable
and its first-order partial derivatives with respect to the dual variables A; are given
by the constraints of the primal subproblem evaluated at x;(A) and y;(%,), i.e.,

ow
B_M(A) = gkx@) —y®)

qij

n Pis
L+
;(uj—xj()») Xj()\.)—lj

foralli = 1,...,m and A € R”, as stated in Proposition 6.1.1 of [2]. Note
that, although y does not belong to a compact set, the existence of the mini-

) +ri — yi(Ai),

mizer (12) justifies the usage of such a proposition.

Since the dual problem can be written explicitly, and the associated primal
problem displays a relatively simple algebraic form, the second-order partial
derivatives of the dual function can be written in a closed form:

R2ZW B n Pij qij ax; /
ANk =2 [((u, —x;(0))2 (x;) — W) <a—,\k0\)ﬂ — i),

Jj=1

where we have abused on the notation by referring to dx;/dA;(1), as x;(A) is
not differentiable at all points. The value of such a derivative assumed by a free
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variable x; (1), i.e., ; < x;(A) < B;, may be different from the value of this
derivative when the variable x; () is fixed, i.e., x;(A) = «; orx;(A) = B;, which
is obviously zero. This means that the second derivatives of the dual function
are discontinuous whenever a free primal variable becomes fixed, or vice versa.
From the primal-dual relationships (10), we see that the dual space is partitioned
in several regions separated by second-order hypersurfaces of discontinuity.
These surfaces are defined by x;‘.‘(k) = o, and x;‘.‘(k) = pB;, where x;’f(k) is
given by (11).

3.3 Trust-region method

In this subsection we present a strategy to solve the dual subproblems of the
MMA, using a trust-region scheme. Consider then the dual problem corre-
sponding to the MMA subproblem as the minimization of function W (1) subject
to no other constraints than non-negativity requirements on the dual variables:

minimize W ()\)
subjectto A >0,

(14)

where W (L) = —W(X). The quadratic model for the function W, adopted at
each iteration £ of the trust-region algorithm is:

mr) = WAD) + Vo) —a®) + In®a —2®)3,  (15)

where n® is the spectral parameter associated with the function W at the cur-
rent iterate, that is, ) .
B _ (s(k))Tt(k)

(16)

(s T gk

with
s®=® &0 and B =vweE®) - vweED).

The second-order term in the quadratic model m can be interpreted as a quad-
ratic regularization term of a linear model of the function W in the proximal
sense, where the spectral parameter 17(’2) has the flavour of an adaptive regular-
ization parameter [12]. This interpretation justifies the second-order term of the
model, since the Hessian matrix V2 W is discontinuous. Furthermore, models
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similar to (15) have been considered, as in [1] where the quadratic term of the
model includes the spectral parameter in order to speed up a procedure based on
the projected gradient, and in [21] where spherical quadratic convex approxima-
tions are employed in gradient-only optimization methods.

At each iteration k, we should minimize the model 2} subject to a trust region
and to the nonnegativity of the dual variables. Any norm may be used to define
the trust region, but since the feasible set of (14) is an orthant, the choice || - ||oo
fits better in the sense that the constraints of the trust-region subproblem are
simple-bounded ones.

Therefore, we obtain the problem

minimize mz(A)

(17)

subject to &(E) <A< X(k),
where &(i};) = max{0, )Ll@) — A(’;)}, X,.(k) = )\l@ + A® and A® > 0 is the
trust-region radius. The solution A e R™ of problem (17) is given by the closed
form . .

). = min {X(’”, max :&("), a0 ﬁVW(M’”)}} . (18)
n
A model algorithm based on the trust-region framework is given next for

completeness.

Algorithm: A trust-region approach applied to the dual of the MMA sub-
problem

Given AV, AW > 0,0 < v <w < 1,0 <y <y <1 < p, for
k=1,2,... until convergence

1. Compute n® using (16) and A as in (18).

2. Compute W()AL) and

wO®y — W@

mp(A®) —mp(h)

3. Set A
A, if 6 > v

PG )
A® - otherwise.
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4. Set
[A(E), )/ZA(I;)], if ;> w [very successful iteration]
AFD ¢ A(/;), if v <6 <w [successful iteration]
[VOA(];), 2 A(E)], otherwise. [unsuccessful iteration]

In the first iteration of our algorithm, to compute the spectral parameter 1",
we need another estimate A?) distinct from the initial estimate A("). This estimate
1@ is computed by perturbing AV, i.e., A@ = A1) + ¢. In the numerical tests,
we have used ¢ = 1073,

We have stated a summary of the algorithm used in the numerical experiments.
The choice adopted in this work for updating the trust-region radius is based on
[6, 7]. For further algorithmic details, see [11].

Despite not being our primary motivation, it is worth mentioning that (18)
coincides with the first Spectral Projected Gradient (SPG) trial point (cf. [3])
for problem (14) within the bound constraints of (17). For further details on
the SPG, see also [4] and references therein. Instead of adopting the linesearch
procedure of the SPG algorithm, we use a trust-region scheme. As usual in
methods that employ spectral gradients, better practical results are obtained by
not imposing sufficient functional decrease at every iteration. In this sense, the
acceptance condition of the Step 3 provides a nonmonotone decrease for the

function W because 6; > v may be seen as the relaxed Armijo-like condition
WG < WD)+ VW ) G = 20) + ZnPpd =201,
whenever m;(A®) > mz(%).

4 Numerical results

This section is concerned with the description of the computational tests of
modified versions of the MMA, based on the spectral updating, the relaxed con-
servative condition, and our trust-region approach applied to the dual of the
MMA subproblem. The code was implemented in Matlab and the experi-
ments were run in a Mac Pro with two Xeon E5462 processors of 2.8 Ghz and
12 GB of RAM memory (without multiprocessing).
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Two families of academic problems were addressed, parameterized by the
number of variables n > 1, and suggested in [19]. Their general structure re-
sembles that of topology optimization problems, namely nonconvex problems
with a large number of variables, upper and lower bounds on all variables, and a
relatively small number of general inequality constraints.

Problem 1 has a strictly convex objective function and nonlinear constraints
defined by means of strictly concave functions, so that the feasible region is
nonconvex. Problem 2, on the other hand, has a strictly concave objective func-
tion and the functions that define the feasible region are strictly convex. They
are stated as

Academic problem 1: Academic problem 2:
minimize x7 Sx minimize —x7Sx
S.t. g —xTPx <0, s.t. xTPx — g <0,
n n
E—xTQxfo, xTQx—Efo,
-1=<x;<1,Vj, -1=<x;, <1,V

where the square matrices S, P and Q of dimension n are symmetric and positive
definite. Their elements are given by

S = 2+ sen(47tozl~j) o 1 +2aij Q _ 3— 2aij
Y +li—jDnn’ Y A+li—jDnn’ TV (1 +1i—j)Inn’
where (472
N U ¥ TR
(2n —2)

for all i and j. The feasible starting points for Problems 1 and 2 are x =
0.5,...,0.57 e R"and xV = (0.25, ..., 0.25)7 € R”, respectively.

The problem dimension #n varied in {100, 500, 1000, 2000} for both prob-
lems. Problems 1 and 2 are formulated as in (1), so they were initially written
in the format (2) with d; = 1 and ¢; = 1000, fori = 1, ..., m. These choices
have produced y = 0 for each outer iterate.

To establish the stopping criteria, note that the KKT conditions of the con-
sidered problems may be stated as follows, using the notation a* = max{0, a}
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and ¢~ = max{0, —a}:

(1+x;) (ﬁ(x) + Mai(x) + kzgﬁ(x))
J ]

(1— ,)(ﬁm“i(wxzﬁ()) =0, j=1l...n

9 d
i)yt = 0, i=1,2
LT =0, i=1,2,
Moo= 0, i=1,2
-1 < x; =< 1, j=1,...,n

The 2n +4 equalities displayed previously may be concisely stated as , (x, A) =
0,0 =1,...,2n + 4. As a by-product of the strategies employed to solve the
problems, the inequalities of the KKT system are always fulfilled by the primal
and dual variables, x; and A;, respectively. The outer loop finishes successfully
whenever x and X are such that

2n +4

—Z rp(x, 1))? < 10710,

p=1

The sequence {ux}pe, used in (5) to relax the conservative condition was
chosen as follows:

ST,
with
Ny =lrPll, Ny =min {[|r{P |12, 11FP 112}
and fork > 3

. k—2 k—1 k
Ni = min { |72, [, P12

where ) = r,(x®, 1) is the residue of the KKT conditions of problem (2)
at the k-th outer iteration. To ensure that the sequence N is bounded, we take
Ni = min{Ny, Npax). However, the value Npay, set at 10'? in the numerical
tests, was never reached. In this way, the sequence {u}72 | naturally fulfills the
assumption (6).
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Three strategies were adopted to solve the problems: in Strategy 1 the spec-
tral parameter was used to update the parameters p,.(k’[) at the beginning of
each outer iteration; in Strategy 2 the relaxed conservative condition (5) was
employed as the acceptance criterion so that the solution of the MMA sub-
problem becomes the next outer iterate; in Strategy 3 both strategies 1 and 2
are combined.

We have compared eight distinct instances: Svanberg’s primal-dual approach
(PD), our dual trust-region approach (TR), and the combination of these
approaches with each of the three strategies described above.

From the whole set of comparative results involving all these combinations,
and thoroughly described in [11], we have noticed that the strategies that used
the dual trust-region approach are competitive in terms of the demanded num-
ber of iterations, and more efficient when it comes to the CPU time spent, in
comparison with those that rely upon the primal-dual approach.

Among the instances that used the dual trust-region approach, we have ob-
served that in most of the cases Strategy 1 usually needs slightly more outer
iterations to reach convergence than the pure algorithm without any modifica-
tion. However, the amount of additional inner iterations decreases in a larger
proportion, so that for both problems, the total number of solved subproblems
is smaller for the spectral strategy than for the method without further modi-
fications.

Analyzing Strategy 2, for Problem 1, we have noticed that despite the increase
in the number of outer iterations, the additional inner iterations demanded were
so few that the total number of solved subproblems is even smaller than in
Strategy 1. For Problem 2, although the additional amount of inner iterations
performed is not so small, all in all, the total effort decreases when compared
with Strategy 1 and with the original algorithm.

Focusing now on Strategy 3, the results obtained were excellent. The number
of both outer and additional inner iteration decreased by a large amount, and
consequently the CPU time spent is the least among the four instances that used
the dual trust-region approach for solving the MMA subproblem.

Additional tests were produced by randomly generating ten initial points with-
in the simple bounds of the problems, for each of the dimensions under con-
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sideration. Thus, eighty tests were solved, forty for Problem 1 and forty for
Problem 2. Each strategy was used for solving these tests, and the results cor-
roborate the previous ones. It is important to note that for each test, including
the aforementioned, with the initial point from the literature, all the strategies
achieved the same optimal solution.

In Figure 1 we depict the performance profiles [8] of the results correspond-
ing to the eighty generated tests. Figure 1(a) is concerned with the number of
solved subproblems, whereas Figure 1(b), with the CPU time spent. In both
profiles we notice that Strategies 3 PD and 3 TR are the most efficient. From
Figure 1(a) it is evident that Svanberg’s PD is more efficient in terms of the
number of solved subproblems. Nevertheless, both approaches (PD and TR) for
solving the subproblems are competitive, when compared pairwise with each of
the three strategies. When it comes to the CPU time spent, the strategies that
rely upon the dual trust-region approach were more efficient, as can be seen in
Figure 1(b).

5 Conclusions

We have proposed a new strategy for solving the MMA subproblems by means
of its dual formulation, using a trust-region technique. This alternative approach
deals with the dual problem associated with the MMA subproblem, that is a
maximization problem of a concave function under nonnegativity constraints.
We have taken advantage of the dual objective function properties, such as be-
ing concave and continuously differentiable up to first-order, together with the
existence of a closed form for the solution of the subproblem obtained with a
regularized spectral model within a trust-region scheme. Such a globalization
strategy was the key point in recasting, in a simpler way, the dual approach orig-
inally adopted by Svanberg [16], and replaced by the primal-dual approach [18].
We have also presented a modification for the MMA, based on relaxing the con-
servative condition by means of a summable controlled forcing sequence, so that
the maintenance of global convergence is proved [11]. Another modification for
the MMA, previously proposed by the authors, was recalled to be used in the
numerical tests. It is based on the spectral parameter for updating the parameters

pl.(k’e) , S0 as to improve the quality of the MMA models.
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Number of solved subproblems

Svanberg’s PD

Strategy 1 PD |]
Strategy 2 PD
Strategy 3 PD

—e—Dual TR
—— Strategy 1 TR
—&—Strategy 2 TR
—o— Strategy 3 TR
4 5
T
(a)
CPU time

Svanberg’s PD
Strategy 1 PD |7
Strategy 2 PD
Strategy 3 PD
—e—Dual TR
—*—Strategy 1 TR
—&— Strategy 2 TR
—o—Strategy 3 TR
10° 10'

log(t)

(b)

Figure 1 — Performance profiles for Problems 1 and 2.

The numerical experiments revealed that the suggested dual approach is sim-
pler and more efficient than Svanberg’s primal-dual strategy for solving the
family of test problems under consideration. Indeed, we have noticed that the
performance of our dual trust-region approach was quite similar to the one of
Svanberg’s primal-dual approach in terms of the employed number of itera-
tions, but when it comes to the CPU time demanded, our approach was by far
superior. Additionally, the performances of both the trust-region dual and the
primal-dual approaches were improved in an increasing pattern with the addi-
tion of each suggested modification, namely using the spectral updating (Strat-
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egy 1), the relaxed conservative condition (Strategy 2) and the combination of
these two ideas (Strategy 3), pointing out the potential contribution of such
modifications for the original algorithm.
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