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A DERIVATIVE-FREE ALGORITHM FOR INEQUALITY
CONSTRAINED NONLINEAR PROGRAMMING VIA SMOOTHING
OF AN ¢, PENALTY FUNCTION*
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Abstract. In this paper we consider inequality constrained nonlinear optimization problems
where the first order derivatives of the objective function and the constraints cannot be used. Our
starting point is the possibility to transform the original constrained problem into an unconstrained
or linearly constrained minimization of a nonsmooth exact penalty function. This approach shows
two main difficulties: the first one is the nonsmoothness of this class of exact penalty functions which
may cause derivative-free codes to converge to nonstationary points of the problem; the second one is
the fact that the equivalence between stationary points of the constrained problem and those of the
exact penalty function can only be stated when the penalty parameter is smaller than a threshold
value which is not known a priori. In this paper we propose a derivative-free algorithm which
overcomes the preceding difficulties and produces a sequence of points that admits a subsequence
converging to a Karush—Kuhn—Tucker point of the constrained problem. In particular the proposed
algorithm is based on a smoothing of the nondifferentiable exact penalty function and includes an
updating rule which, after at most a finite number of updates, is able to determine a “right value”
for the penalty parameter. Furthermore we present the results obtained on a real world problem
concerning the estimation of parameters in an insulin-glucose model of the human body.
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1. Introduction. We consider the following problem:

min  f(z)
(1) st. g(z) <0,
Az <b,

where x € R", f: R® - R, g: R — R™, A € RP*" b € RP, and we assume that
f and g are twice continuously differentiable on R™. We denote by a;'—, i=1...,p,
the rows of matrix A and by

F={zxzeR": Az <), g(x) <0}

the feasible set of problem (1). We assume that the derivatives of the objective and
nonlinear constraint functions can be neither calculated nor explicitly approximated.
Indeed, in many engineering problems the analytic expressions of the functions defin-
ing the objective and constraints of the problem are not available and their values
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are computed by means of complex simulation computer programs. For further mo-
tivations on the necessity of using derivative-free methods we refer the reader to the
survey paper [14].

In the literature, some globally convergent derivative-free methods for the solution
of problem (1) have been proposed. In [20] a pattern search algorithm is used within
a sequential augmented Lagrangian approach. Essentially, the method embeds the
pattern search algorithm proposed in [18], within the augmented Lagrangian method
[6], which is the basis for the subroutine AUGLG in the LANCELOT optimization
package. More recently, in [15] a generating set direct search augmented Lagrangian
algorithm is proposed which explicitly handles the linear constraints.

In [1] the filter method proposed in [10] is adapted to include a pattern search
minimization strategy. Basically, the method employs a “filter” for acceptance of the
points produced by the pattern search local optimizer.

In [2] a so-called extreme barrier approach is employed. Namely the constrained
problem is converted to an unconstrained one by setting the objective function value
to infinity for infeasible points. To minimize this extreme barrier function, the authors
propose an extension of the generalized pattern search class of algorithms which allows
local exploration in an asymptotically dense set of directions. More recently, in [3]
Audet and Dennis propose a mesh adaptive direct search algorithm which uses a
progressive barrier strategy and allows infeasible starting points.

Similarly to [20, 15, 2] and [3], in this paper we propose an algorithm which is
based on the idea of employing a derivative-free method to solve a linearly constrained
reformulation of problem (1). Our approach differs from the preceding ones in that
we use the fact that one can solve problem (1) by minimizing a nonsmooth exact
penalty function over a set defined by the linear constraints of problem (1). How-
ever, nonsmooth exact penalty functions cannot be straightforwardly combined to a
globally convergent derivative-free algorithm. Indeed, the following theoretical and
computational aspects should be carefully taken into account.

e Ill-conditioning of merit functions. This aspect makes the minimization of
such functions a difficult task, especially for derivative-free codes which use
only evaluations of the objective function.

e Nondifferentiability of the penalty function. The lack of differentiability may
have negative effects on the convergence of derivative-free methods to sta-
tionary points of the penalty function. Indeed, most of the unconstrained
derivative-free methods require the objective function to be at least continu-
ously differentiable.

e Equivalence between stationary points of the penalty function and KKT pairs
of problem (1). An exact penalty function enjoys its exactness properties only
if the penalty parameter is below a certain threshold value which is not known
a priori. This aspect is crucial also in the case where derivatives are available.

As regards the first point, we introduce a new exact penalty function which penal-
izes only the nonlinear constraints and does this penalization in such a way to reduce
as much as possible the ill-conditioning.

The nondifferentiability of the new penalty function is tackled by employing the
smoothing technique proposed in [4, 31]. In particular, in order to find a stationary
point of the penalty function by minimizing the smooth approximation, we adapted
the method proposed in [21] to solve linearly constrained finite minimax problems.

As for the last point, the properties of the smooth approximation allow us to
define a suitable updating rule for the penalty parameter e. This rule, after a finite
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number of reductions, is able to find a right value for € so as to convey the desirable
exactness properties to the penalty function.

To conclude, we propose a globally convergent algorithm which is based on the
derivative-free minimization of a smooth approximation of a nondifferentiable exact
penalty function which does an /., penalization of the constraints. Moreover, this
new algorithm exploits the structure of the problem by allowing an explicit handling
of the linear constraints.

In regards to a possible practical interest of the proposed approach, we recall
the encouraging results described in [12]. In fact, [12] reports an extensive numerical
testing and comparison which point out significant computational advantages in using
a smooth approximation of an exact ¢, penalty function in the field of derivative-free
methods.

Even though the main aim of this paper is the definition of a new algorithm and
the study of its theoretical properties, we also show that a rough implementation of
the method is able to solve successfully a real world problem concerning the estimation
of parameters in an insulin-glucose model of the human body. This result seems to
confirm further the conclusion of [12].

This paper is organized as follows. In section 2, the exact penalty function ap-
proach is introduced and discussed. Section 3 is devoted to the description of a smooth
approximation technique along with some preliminary properties. In section 4, the
derivative-free method is presented and its global convergence is studied. Section 5 is
devoted to the solution of the constrained parameter estimation problem. Finally, in
section 6, we draw some conclusions.

We end this section by introducing some notations which will be used in the rest

o —
of this paper. Given a set S, we denote by S and S, respectively, the interior and the
closure of §. By || - || we indicate the Euclidean norm. The following index sets will
be used in this paper:

In(z) :={i:gi(x) =0}, In(x):={i:gi(x) >0}, L(x):={i:g(x) <0},
J(x):={j: ajTa: =b,}.

2. An exact penalty function approach. As already said in the introduction,
the first step of our approach is that of defining and using a penalty function which
will be more tractable from a computational point of view. Namely, a penalty function
which

(i) has a structure that presents fewer nonlinearities than previous exact penalty
functions [9];

(ii) allows direct handling of linear and bound constraints thus penalizing only

the nonlinear ones.

As regards point (i), nondifferentiable globally exact penalty functions were in-
troduced in [9] for nonlinear programming problems of the form

min  f(z)
(2) st.  g(z) <0.

In order to prove the relevant exactness properties, it is necessary to introduce a
compact relaxation of the feasible set F.
Thus, following [9], given a vector & € R™ such that «; > 0,7 =1,...,m, the set

Dy ={x € R":g(x) <a}
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is considered. Then, on the interior of set D, the penalty function

Q(x;G)Zf(x)—Flmax{O, 91(@) gm(2) }

€ a1 —gi(z)" " am — gm(2)

can be defined, where the terms «; — g;(x) make Q(z;€) go to infinity when = ap-
proaches the boundary of D, thus guaranteeing the compactness of its level sets.

In [9], it is shown that Q(x;€) is a globally exact penalty function for problem (2);
that is, a value €* > 0 for the penalty parameter exists such that for every e € (0, €*]
the solution of problem (2) is equivalent to the solution of

[e]
(3) min Q(x;€) s.t. x €Dq,
which, essentially, amounts to an unconstrained minimization of Q(z;¢), due to the

fact that Zoja is an open set. More precisely, a value e* > 0 for the penalty param-
eter exists such that for every e € (0,€*], every local (global, stationary) point of
problem (3) is a local (global Karush-Kuhn-Tucker (KKT)) point of problem (2) and
conversely.

However, we note that the structure of Q(z; ¢€) is such that two contrasting effects,
tied with the choice of parameters o and €, may arise. Indeed, rewriting

Co) 91(%) gm ()
Qi) = o) {0, s

two conflicting requirements become apparent. On the one hand, in order to limit
the ill-conditioning of the penalty function near the boundary of the compact set D,
sufficiently large «;’s should be chosen. On the other hand, the exactness properties
follow only when the constraints are sufficiently penalized, that is, when the terms
e(a; — gi(z)) are sufficiently small on all D,. Hence, choosing large a;’s requires very
small values of € thus increasing the ill-conditioning of the penalty function whenever
at least one term (a; — g;(z)) exists which is not excessively large. Besides, reasonable
values for e preclude the possibility of choosing large values for the «;’s, that is, the
possibility of choosing sets D, having the boundary sufficiently away from the feasible
region.

In order to overcome the preceding difficulties, we introduce the following new
penalty function:

Z(w:€) = f(x) + max {o, <% + m) a@),. .., (% + m> gm(aj)} ,

where the terms g;(z)/e (needed to achieve the exactness properties) and g;(x)/(a; —
gi(z)) (required to guarantee the compactness of the level sets) are split in such a way
that they no longer interfere one another. Introducing the functions

Gilaye) = (1 + a_;g(x)) giz), i=1,...,m,

go(x;€) =0, Z(x;€) can be rewritten in the compact form

Z(wie) = f(@) ++ _max (i)

€ i=0,1,...,

As regards point (ii), the need for an “ad-hoc” handling of the constraints arises
every time they can be partitioned into two subsets of “difficult” and “easy” con-
straints. A more traditional approach to problem (1) would be that of penalizing all
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the constraints by adding to the objective function a penalty term for every constraint.
However, every penalty term increases the nonlinearities and the ill-conditioning of the
penalty function. This, in turn, would surely result in a difficult problem to solve es-
pecially for a derivative-free method. On the other hand, many efficient derivative-free
methods exist which are able to solve linearly and bound constrained optimization
problems by explicitly handling the linear and bound constraints [19, 22, 30]. For
this reason, instead of problem (2), we consider problem (1) and penalize only the
nonlinear constraints.

To this aim, we shall prove that a threshold value e* > 0 exists such that, for all
e € (0,€¢*], problem (1) is equivalent to

min  Z(z;e€)
(4) s.t. Az <b,

o
xr €D, .

Note that the new structure of the penalty function along with the presence of
the linear constraints and, hence, the fact that Z(x;¢) is to be minimized on the set

{x € R": Az <), x 67304}, makes the analysis of [7, 9] not readily applicable.
Therefore, in the following subsections, we analyze the theoretical properties and
connections between problems (4) and (1), by adapting the analysis carried out in
7, 9.

In what follows we denote

SQZY(J)aﬂ{xER": Az < b}.

2.1. Definitions and assumptions. In order to state the equivalence between
problems (1) and (4), we introduce the following assumptions which we require to
hold true throughout this paper. They are standard assumptions in a constrained
context.

Assumption 1. The set S, is compact.

Assumption 2. At any point z € S,, a vector d € T(x) exists such that

Vgi(z)'d <0 YV is.t. gi(x) >0,
where
(5) T(x)={d€R":a;d<0VjeJ(x)}

is the cone of feasible directions with respect to the linear inequality constraints.

The first assumption is needed to guarantee that the penalty function has compact
level sets while the second one guarantees that the feasible region of problem (1) is
not empty with a nonempty interior.

As concerns problem (1), the presence of the linear inequality constraints allows
us to define necessary optimality conditions under somewhat weaker assumptions than
usual. In particular, under Assumption 2 it is possible to state the following (KKT)
necessary conditions for local optimality of problem (1).

PROPOSITION 1. Let T € F be a local solution of problem (1). Then,

V@) +Vg(@A+ATa=0,
(6) ATg(x) =0, X>0,
il (Az —b)=0, >0,

for some vectors A € R™ and fi € RP.
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Proof. The proof follows by considering Propositions 3.3.11 and 3.3.12 in [5] along
with the Motzkin theorem of the alternative [23]. a

As regards problem (4), we recall that the directional derivative DZ(x,d;€) of
Z(z;¢) at x € S, along direction d € R™ exists and is given by (see, for instance, [4])

DZ(z,d;e) = Vf(x )Td+ = max {Vg(z;e)'d},

€ i€B(x;e)
where
Blaie) = {i € (OLeccoim) i) = _pox {3,000
and
€Q;
Vgix;e :<1+7Z>Vgix, i=1,...,m.
(:€) @ @) ) Vi

Therefore, the usual definition of stationarity for problem (4) can be given as
follows.
DEFINITION 1. A point T € S, is a stationary point of problem (4) if

DZ(z,d;¢) >0 YV d € T().

By exploiting the particular structure of problem (4), that is, the expression of
the penalty function Z(x;e€), it is possible to state a different characterization of its
stationary points.

PROPOSITION 2. For any given € > 0, a point T € S, is a stationary point of
problem (4) if and only if for each i € B(T;€) there exists \; satisfying

(7) X=0, > N=1,
1€ B(Z;€)
-
1
(8) Vi@ +- D ANVa(xe) | d>0 VdeT(z).
€
1€ B(Z;€)

Proof. First let us assume that T € S, is a stationary point of problem (4). Then
(7) and (8) follows by considering Propositions 3.3.10 and 3.3.11 of [5].

On the contrary, let Z € S, be a point which satisfies conditions (7) and (8); then
we can write

1
< T Z AV NG
0< | Vf(z)+ . EBE(. ))\1ng(3:,6) d

IN

L )T
Vf(z) d+“612?3<6 {Vgi(z;e) d} EBX(: ))\

(Vr@Ta+ ;o (Vi@ Tay)

€ i€B(Z;e)

for all d € T'(z), which shows that Z is a stationary point of problem (4). O
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2.2. Exactness properties. The exactness properties of the penalty function
Z (x; €) heavily hinge on the following lemma, which is a slight modification of Theorem
2.2 of [13).

LEMMA 1. Let & € {x € R": Az <b}. Then, an open neighborhood B(Z; p) of
% and a direction d € T(Z) exist such that, for all i € I(Z), we have

(9) Vgi(z)Td < -1 VaeB(zp)N{xreR": Az <b},
(10) Vii(z;e)Td < —1 Ve B(@;p) NSy, Ve>0.

Proof. By Assumption 2, a vector 2 € T'(%) exists such that Vg;(2) "2 < 0 for all
1 € I;(Z). Hence, by continuity, a p > 0 exists such that

Vgi(z)"2 < —v/2
for all z € B(&;p) N {x € R"*: Ax < b} and i € I;(&), where

—y = ma){){Vgi(i)Té} < 0.

i€l (2

Thus (9) follows by choosing d = 22 /7.
For x € B(&; p) N S we can write

(ai — gi(x))?

(x T
Vi) d (i — gi(x))2 + ev;

=

Vii(ze)Td < —1 Vie I (%),

so that, considering

(a; — gi(x))? + ey

(0w — gi(2))2 >1 Viel(z), Ve>0
we have
(11) Vii(ze)Td < -1 Viel(#), Ve>0
which proves (10). 0

The analysis of the exactness properties of Z(z; ¢) follows the same reasonings used
in [7] and [9]. For the sake of clarity, here we report only the statement of the main
results and refer the interested reader to the appendix for a thorough development
and analysis of the exactness properties.

The following propositions establish a connection between stationary points of
the exact penalty function Z(z;¢) which are feasible and KKT pairs of problem (1).

PRrROPOSITION 3. Let € F. Then, for any € > 0, if T is a critical point of
Z(w;€), there exist multipliers X\ € R™ and ji € RP such that (%, \, 1) is a KKT triple
for problem (1).

For sufficiently small values of the penalty parameter €, a one-to-one correspon-
dence between KKT pairs of problem (1) and critical points of the penalty function
Z(x;€) exist.

PROPOSITION 4. There exists an € > 0 such that, for all e € (0,€*], if T € S,
is a critical point of Z(x;¢€), there exist multipliers X € R™ and fi € RP such that
(z,\, 1) is a KKT triple for problem (1) and conversely.

Finally, the last proposition describes a connection between local and global min-
imum points of the penalty function and problem (1).

PROPOSITION 5. There exists an €* > 0 such that, for all € € (0,€*],
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(a) if ze € Sy is a (strict) local unconstrained minimum point of Z(x;¢€), then x.
is a (strict) local constrained minimum point of problem (1);

(b) if x* € Sy is a global unconstrained minimum point of Z(x;€) on Sq, then x*
is a global solution to problem (1) and conversely.

3. Smooth approximation and preliminary results. In this section we con-
centrate on the derivative-free approach to the solution of problem (1). As already
argued, in order to solve this problem we resort to a reformulation of problem (1) by
means of the exact penalty function Z(zx;¢), so that, on the basis of the exactness
properties studied in the preceding section, we can concentrate on the solution of the
linearly constrained problem (4).

To tackle the nondifferentiability of function Z(x;¢), we adopt a smoothing tech-
nique [4, 31] which consists of solving a sequence of smooth problems approximating
the nonsmooth one in the limit. Let x> 0 be a smoothing parameter, and define

Z(x; py€) = f(z)+pln <§: exp (%)) = f(x)+pln (1 + iexp <%>> )

1=0 =1

We report some properties of Z(x; u1, €) [31] that exploit the fact that Vjo(z;€) =

PROPOSITION 6.
(i) For any given x € R™ and ¢ > 0, Z(x; p, €) is increasing with respect to p and

(12) Z(x;e) < Z(x; ) < Z(xs€) + plnm.

(ii) Z(w;p,€) is twice continuously differentiable for all u >0, ¢ > 0, and

ViZ(z;p,€) = Vf(r)+ %Z Ai(x; p, €)V §i(x; €)
i=0
(13) = V@) + = 0 Al s ) Vil o),

i=1

a | =
-MS

V2Z(z;p,€) = V2 f(x) + (Ni(zs; p, €V Gi(as€))

i=1

1 m
(14) _QZ (3 1, €)Vgi(w;€)V i (3 e)T)

1 _m m T

—2 <Z)‘l x; 1, €)V g (x5 e) <Z)‘l x; 1, €)V g (x; e)) ,
i=1 =1
where
o (2129)

(15)  N(aipme) = pie €(0,1), i=0,1,...,m,

1+ Zexp <7gj($; 6))
=1 pe

and Y00 o Nil@; p,e) = 1.
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Thus, having introduced the smoothing function Z(z; u,¢€), we consider the fol-
lowing smooth approximating problem:

1 Z
(16) nin Z(z; p €),

where the approximating parameter p and the penalty parameter € will be adaptively
reduced during the optimization process.

Considering problem (16), it is important to study the connections that Z(x; u, €)
has with the original constrained problem. In particular, Z(x; u,€) should be able,
when minimized, to drive the algorithm away from infeasible points with respect
to the nonlinear inequality constraints. Indeed, the following proposition states an
important result needed to prove convergence of the algorithm. Namely, on every
z € S, a sufficiently small neighborhood of & exists such that in every infeasible point
belonging to this neighborhood a direction d € T'(#) exists such that the directional
derivative of the smooth approximating function along direction d is negative and
uniformly bounded away from zero, for € sufficiently small.

PROPOSITION 7. Let & € S, and pupax > 0 be any given scalar. Then, ¢(&) >0
and o(&) > 0 exist such that for all x € B(&;0(2)) NSy and satisfying g(x) £ 0, and
for all e € (0,€e(2)] a direction d € T(Z) ewxists such that

1
\VACS Td< —— =
(@i €) d < 2¢(m + 1)

for all p € (0, uprax).

Proof. Let B(&;p) and d be the neighborhood and the direction considered in
Lemma 1. By continuity, we can find a neighborhood B(%;0(z)) C B(&; p) such that
for i ¢ I(Z) and x € B(&;0(&)), we have g;(x) < 0; it follows that I (x) C I.(Z) and
I,(%) C I,(x) for x € B(Z;0(%)).

Now let © € B(&;0(2%)) N Sy be an infeasible point with respect to the nonlinear
inequality constraints. Then, there must exist at least an index ¢ € I;(z) such that
gi(x) > 0, which implies Ir(z) # ¢. By recalling expression (13), we can write

VZ(x;p,e) d=Vf(x)'d

1
- Ni(@; 11, €) Vi (z3€) T d i (@ 1, €) Vi (z3€) T d
+ - iEIZ@) (3 1, €) Vi (w3 €) +ielz(i) (w3 1, €) Vi (5 €)

By Lemma 1 we have that V§;(x;¢)d < —1, 4 € I(2), so that we can write

(A7) VZ(z;p,e) d < Vf(z)'d

—|—% Zx\ﬂ:u,)nga:e Z)\x,u,

i€l (%) i€l (2)

Let 7 € I:(2) be an index such that g;(x;€) = max;cy, (3){9i(z;¢)}. It is easily
seen that 3, ;) Ai(@; 1, €) = Ai(@; p, €), and, since

exp(di(x: ) 1) i -
exp(G@ fue) ~ - LS thomh
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then

Ae(s i, €) >

Hence we get
(18) > Nil@wipe) = 1/(1+m).
€L, (2)
By considering (17) and (18), we get
(19) VZ(xip,e)'d<Vf(x)'d

1 1
- (s pt, )V i (s 6) Td — ——
+ = e;) (z; 11, €) Vi (5 €) T

Now, since I,,(z) C I, (x), for z € B(&;0(%)), by expression (15), it follows that,
for any given p > 0 and x € B(#;0(&)) NSy not feasible,

lim A;(z; p,€) =0, i€ I,(z).

e—0t

Hence, by the boundedness of V§;(z;¢)Td and Vf(z)7d, an €(2) > 0 exists such
that for all € € (0, e(Z)] we have

(20) g(f) N 1, ) Vi (s e)Td < P Ve (0, uarax]
T 1

The result follows from (20), (21), and (19). O

In order to guarantee the global convergence of the algorithm in the case where
first derivatives are unavailable, it is necessary to get alternative information by sam-
pling the objective function along a suitable set of search directions. Specifically, we
follow the approach proposed in [22], which uses a set of search directions that posi-
tively span a “v-approximation” of the cone of feasible directions; or in other words,
the cone of feasible directions with respect to the v-active linear constraints.

Formally, for any v > 0 and z € S,, we define the set of indices of v-active linear
constraints by

J(x;v) ={j: a;-rx >b; — v},
and the v-approximation of the cone of feasible directions by
T(x;v)={de R": ade <0VjeJ(xv)l.

The following proposition (see [22]) describes some properties of sets J(x;v) and

T(z;v).
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PROPOSITION 8. Let {xi} be a sequence of iterates converging towards a point
T € Sy. Then, there exists a value v* > 0 (depending on T only) such that for every
v € (0,v*] there exists k,, such that

(22) J(x;v) = J(T),
(23) T(zp;v) =T(2)

for all k > k..

Proof. See the proof of Proposition 1 in [22]. O

The first step toward defining a derivative-free method for the solution of problem
(16) is to associate a suitable set of search directions with each point xj, produced by
the algorithm. This set should have the property that the local behavior of the objec-
tive function in each direction in the set provides sufficient information to overcome
the lack of the gradient. Formally, we introduce the following assumption.

Assumption 3. Let {x}} be sequence of points belonging to Sy, {ri} a sequence
of positive scalars, and {Dy} a sequence of sets of search directions defined as

Dy ={pt:|pill=1, i=1,...,m} v k.
Then, for some constant v > 0,
cone{D, NT (xx;v)} = T(xg;v) Yv e |0,7].

Moreover, U?:o Dy, is a finite set and 7, is bounded.

Assumption 3 is quite a standard assumption in a derivative-free context and is
needed to guarantee that the search directions are well defined and able to capture
sufficiently well the local geometry of the feasible set. An example on how to compute
a set of directions satisfying the above assumption can be found in the paper [19].

The proposition which follows is essential to prove convergence of the proposed
algorithm to a KKT point. In particular, it points out the minimal requirements
on the sampling of the smoothed penalty function Z(x; u,€) along the directions pi,
i =1,...,7%, and on the updating of both the smoothing parameter u and penalty
parameter € which are able to guarantee that feasibility of problem (1) is attained in
a finite number of steps.

PROPOSITION 9. Let {ui} be a sequence of smoothing parameters and {ex} a
sequence of penalty parameters. Let {xp} be a sequence of points and T be a limit
point of a subsequence {xy} i, for some infinite set K C {0,1,...}, such that T € S,.
Let {Dy}, with Dy = {p},...,p}*}, be a sequence of sets of directions which satisfy
Assumption 3 and Ji, = {i € {1,...,r} : pi € T(xx;v)} with v € (0, min{w,v*}],
where v* and U are defined in Proposition 8 and Assumption 3, respectively. Suppose
that the following conditions hold:

(i) for each k € K and i € Jy, there exist y. and scalars £ > 0 such that

(24)  yp + &Pk € Sar  Z(Yk + &bk s €r) = Z (Y ks k) — 0(Ep);
(ii) and, furthermore, {ux} i is a bounded sequence and

o im0 el il _
k—oo,ke K ’ k—oo,ke K HE€ER

0.
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It results that a k > 0 exists such that, for all k € K and k satisfying k > k, xy is
feasible for problem (1).

Proof. As a first step, we show that for every bounded sequence {dy} C T'(zx;v)
of directions, an infinite set K C K exists such that

lim _ eVZ(xg; pg, ek)Tdk > 0.
k—oo,ke K

By assumption the limit point Z belongs to S, thus an open neighborhood B(Z)
of T exists which is strictly contained within S,. Therefore, by points (i ( ) and (ii), we
have that, for k& € K sufficiently large and for all i € Ji, x, yi, and y! + £ p! belong
to B(Z).

By applying the mean-value theorem to (24), we can write

(26) —o(&}) < Z(yi+ &k bk, k) — Z(Yhs pwer) = LV Z (uj; e, k) ' Py 0 € T,

where ”k = ylC +t fkpk, with L‘Z € (0,1). By using the mean-value theorem again and
the Cauchy—Schwarz 1nequauhty7 we can write

EV Z (uly; ey €r) TPl = ELV Z (s s €x) "Dl + Ep(uly, — i) TV Z (5 ks €1)Pl
< GV Z (o bk €)' Dk + Enlluk, — wll[| V2 Z (G ks €x)Pi

where @} = xy + i (ul — x1), with £ € (0,1). By considering expression (14) of
V2Z (i} ; g, ex) and the triangle inequality, we get that

ENVZ (U pryer) Py < EENV Z(y; iy €r) D

S 1
& llug, — k|| HV2 k||+_ Z)\ Ulwﬂkaﬁk)v gj(uk,ek)p
j=1
1 liis . i y o
e Z (i ks €x) V.35 (i €6) V35 (s ) "ok — [ D N (i3 i, €8) V35 (i €x)
k|52 —
— j=1
.
m
> il i ) V5 (i x) | Pl
j=1

Since {zx}x converges, it follows from Assumption 3 and (15) that, for all ¢
and j, {x} i, {ai}, {\;(@%; pr, ex)}, {pt} are bounded sequences. Therefore, by the
continuity assumption on f(z) and g(x), we can find positive constants c1, co, and c3
such that
(27)

EVZ (uj; s e) ' Pl < &LV Z(wh; s ex) D) + &L (01 oot mCa) [|ug, — |-
k
By (24), (26), and (27), we obtain

o(&)
&

, 1 .
VZ(’Ik;Mk,Gk)TPZ + <61 + . 63) lup, — xi| > —

k
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from which, taking into account (13), we can write

.
1 & ,
(28) Vf(xe) + G—Z/\j T3 i, €6) VG5 (ks €x) | D
j=1
C C : o i
# e 24 ) g 2 28,
€k M€ &k

Since ui, = yi + 4 & pt, with ti € (0,1), and, by Assumption 3, pi, i € Jy, are
bounded, we have that

( 1
c +
€

and from (28) we obtain

| 1 1 - L
) ot~ < ( TRE —) (vh—aell+€0) Vi€ .
€k ukek

.
1 & . .
(29) Vf(ffk)-F—E Nj (ks pes €6) VG (Trs ex) | P
Ekal
i O(flic)
tlea+2+ +&) > -kl
(o0 24 22 ) s =l + ) > -2

Now, let {dj} be the generic and bounded sequence of directions such that {d;} C
T(xk;v). By Assumption 3 and by Corollary 10.2 of [19], we know that, for every
index k € K, ﬂk > 0,1 € Jg, and ¢ > 0 exist such that

(30) dr = Bipi and |Bi] < elldgl|.
i€ Jg

By multiplying (29) by €8, i € Ji, and summing up, we get, for every index
kekK,

(31) exVf(xe) + D Ni(wns i e0) Vi (erier) | Y Bipk

j=1 i€Jy
1 i i &k
=Y a((ax ) sk sl + 60+ 25 )
. €k &
i€ Jy
Recalling the boundedness of sequences {xy}, {\;j(zx; pk, ex)}, j = 1,...,m, an
infinite set K C K exists such that
(32) lim =z, =z,
Hipd-4
(33) im (2 g, ) = A, G=1,...,m.
e R

By Proposition 8, for all k € K sufficiently large, we have that T(xy;v) =T(),
so that, considering the boundedness of sequence {dy}, a direction d € T(Z) exists
such that

(34) lim d, = d.

k — oo
ke K
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Furthermore, given the fact that ry is bounded, a finite set J C {1,2,...} exists
such that, for k € K and sufficiently large, J;, = J.

Now, taking the limit for k — oo, k € K in (31), and recalling assumption (ii),
the boundedness of 3%, and the expression of V§j(z;€), we obtain

T

(35) kﬁ(li)%ekekVZ(xk;uk,ek)Tdk = j;;\ngj(:f) d>0.

Let us now suppose by contradiction that an infinite set K C K exists such that
limy jeq @k =T and g(zr) £ 0 for all k € K. By virtue of Proposition 7, given
the fact that (25) holds and recalling that, by assumption, v € (0, min{#, v*}] so that,
by Proposition 8, T'(xx; ) = T(Z), we have that a k € K and a direction d € T(z)
exist such that

- 1
: Td< ————.
ekVZ(xk,uk,ek) d < 2(m n 1)

By setting dj, = CZ, for all k € K , the above relation constitutes a contradiction with
(35) thus completing the proof. O

4. A derivative-free method and global convergence result. In this sec-
tion we define an algorithm for the solution of problem (1). The main tools are the
nondifferentiable exact penalty function Z(z;e€) defined in section 2 along with its
exactness properties and the smooth approximating function introduced in section
3. Hence, it would be plausible to employ the algorithm proposed in [21]. Roughly
speaking, the latter algorithm inexactly solves a sequence of problems (16) when the
smoothing parameter p is driven to zero at a suitable rate. The convergence analysis
carried out in [21] guarantees that a subsequence exists which converges towards a
stationary point of problem (4). However, it should be noted that the mentioned re-
sult is unsatisfactory in that a proper value for the penalty parameter € is not known a
priori (namely, € should be smaller than the threshold €* introduced in Propositions 4
and 5). This implies that a stationary point of problem (4) might have no connections
with a solution of problem (1).

In this section, by exploiting Proposition 9, we define a derivative-free algorithm
for problem (1) which hinges on a suitable automatic updating rule of the penalty
parameter that in a finite number of steps is able to find a value below the mentioned
threshold e*.

The method that we propose uses as a building block the algorithm proposed
in [21]. For the sake of clarity, we report a single iteration of the method therein
proposed and refer to it as iteration map M.
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Iteration map M (x, u,a%, €, q1) — (i, fi, &°, @™me®)

Data. v >0, 6 € (0,1).
Step 1. (Computation of search directions)
Choose a set of directions D = {p',...,p"} satisfying Assumption
3.
Step 2. (Minimization on the cone{D})
Step 2.1. (Initialization)
Seti=1,9" =z, & =a’.
Step 2.2. (Computation of the initial stepsize)
Compute the maximum steplength &’ such that A(y‘+a‘p’) < b
and set &' = min{a‘,a'}.
Step 2.3. (Test on the search direction)
If (di >0 and Z(y' + &'p'; u,€) < Z(y'5 p,€) — 'y(di)2
and y' + &'p’ € S, ), then
compute o' = expansion step(a‘, &*,y*, p')
and set &'t = af;
otherwise set o' = 0 and &'t = #a’.
Step 2.4. (New point)
Set yit! = i + aipt.
Step 2.5. (Test on the minimization on the cone{D})
If ¢ = r, go to Step 3;
otherwise set ¢ =4 + 1 and go to Step 2.2.
Step 3. (Iterate outputs)
Set & = gyt
Set & = &'t and amr = . max 1{di}; choose i =
min{p, (&"™"*)% }}.

return (Z, ji, &%, a™).

Therefore the expansion step in Step 2.3 is defined as follows:

Expansion step (&, &', y%, p') — o
Data. v > 0,0 € (0,1).
Step 1. Set a = &°.
Step 2. Let @ = min{a’, (a/d)}.
Step 3. If y* +ap’ € S, or a = &' or
iy o~ i 12
Z(y' +ap'spe) 2 Z(y'spye) — v (@)
return o.
Step 4. Set a = @ and go to Step 2.

We note that the iteration map M takes, as input arguments, current values for
the iterate z, the smoothing parameter p, the initial step size a°, the penalty pa-
rameter €, and exponent ¢; and returns, as output arguments, the newly computed
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iterate #, smoothing parameter ji, initial stepsize for subsequent calls &", and maxi-
mum stepsize &"%*. For a thorough description of the iteration map M we refer the
interested reader to [21].

On the basis of the iteration map M so far described, we can define our derivative-

free method for the solution of problem (1).

Algorithm. DeFCon
Data. & € S,, @) > 0, €0 > 0, fimaz > 0, v > 0,5 € (0,1), 8 € (0,1),
0<q1<g<1,and 7 € (0,1).
Step 0. Set o = fmaz, To =T, j =0, and € = ¢;.
Step 1. Set k = 0.
Step 2. (Main iteration)
Compute M (zy, fik, 6‘27 €:q1) = (Tht1s fht1, 6‘2+17 dinff)
Set k =k + 1.
Step 3. (Penalty parameter testing)

< min{e, max{0, g1(zx), ..., gm(xx)}}, then set e =

If Z(Z; pg, €) < Z(xk; pr, €), then set g = T else xg = xy.
Set €41 =¢,7 =7+ 1, po = and go to Step 1.
Else go to Step 2.

As mentioned earlier in this section, the crucial aspect of Algorithm DeFCon
resides in Step 3, that is, in the penalty parameter testing and updating formula.

We remark that the requirement that 0 < ¢; < g2 < 1 is essential to prove
convergence. In particular, ¢g; € (0, 1) is required to prove convergence of the method
proposed in [21]; g2 € (0, 1) is needed to prove that the penalty parameter is updated
only a finite number of times. Finally, g1 < g2 is essential to prove that a feasible
point is obtained in the limit by Algorithm DeFCon.

The quantity (&)?**)? can be viewed as a stationarity measure of the current
iterate with respect to the smoothing function (see [16]). Then, on the basis of
the analysis carried out in [16], we can say that (&7'**)% /u, roughly measures the
stationarity of the current iterate with respect to problem (4). Thus, the rationale
behind the penalty parameter updating is to decrease ¢ whenever an improvement of
the quality of the solution of problem (4) does not correspond to a reduction of the
infeasibility of the current iterate with respect to problem (1). Note, in particular,
that if x is feasible with respect to the nonlinear inequality constraints, then the
penalty parameter is left unchanged.

The following proposition is an important result in that it guarantees that the
penalty parameter e is reduced finitely many times.

PropPoOSITION 10. Let J = {0,1,...} be the index set generated by Algorithm
DeFCon at Step 3. Then, J is finite.

Proof. Suppose that, each time that the penalty parameter satisfies the condition
tested at Step 3 and before incrementing the counter j, the following quantities are

stored: o = @'**, 55 = @}, of = af foralli =1,...,rp 1 + 1, wh = yj_, and
dé- = p};71 forall ¢ =1,...,rg—1, and t; = rp_1, 2; = T, pj = pk. For the sake of

completeness, we set p_1 = lmaz-
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Reasoning by contradiction, we suppose that J is infinite. By the test of Step 3
of Algorithm DeFCon we have that

oMaT)qz
(9™ < €53
Pj
hence
(o'maw)e
J
€jr1 = T——— < TE;
J 0 J
so that we get
(36) jlgiolo €; =0.

Let {z;} be the sequence produced by Algorithm DeFCon. Then, by Assumption
1, an accumulation point z € S, exists. Let us relabel {z;} the subsequence which
converges to Z. Suppose, furthermore, that zZ € 0D,,. By the instructions at Step 3 of
Algorithm DeFCon, iteration map M, and by point (i) of Proposition 6, we get that

(37) Z(z5¢5) < Z(zj3p50¢5) < Z(a§s 1) €5) < 22§ pj-1.€)),

where we denote by {x,(f )} and {u,(f )} the sequences produced by Algorithm DeFCon
when € = ¢;.

Furthermore, by the second test at Step 3 of Algorithm DeFCon and by relation
(12), we get

(38) Z(2); pj1,€)) < Z(F;pjo1,€5) < Z(E¢5) + pj1 Inm.

Hence, by (37) and (38) and multiplying by €;, we obtain
(39) €;Z(zj;€5) < €, Z(T;€5) + €;p5—1 Inm.

Since, when j — 00, zj — z € 0D,, an index i € {1,...,m} must exist such that
9i(2j) — «; so that g;(z;;€;) — +00. Therefore, we get that

(40) lim €;Z(zj;¢;) = lim max{0,§1(z;€;), ..., gm(2j;€;)} = +o0.
J—00 j—o00

Noting that, by the expression of §;(x;€), im;_ §i(Z;€;) = g:(%), i =1,...,m,
we can write that
(41) lim €;Z(Z;¢;) + €;pj—1 Inm = max{0, g1 (Z), ..., gm(Z)} < +o0.
j—)OO
Thus, (39), (40), and (41) prove that Z cannot be on 9D,; therefore z € S,.

Now, the test and the instructions at Step 3 of Algorithm DeFCon yield that for
every index 7,

gMmaz gz
(42) (JT < min {e,maX{O,gl(zj), . ,gm(zj)}} <e=gj,
J
which, recalling that the sequence {p;} is bounded above, implies that lim;_, (o7 )42
= 0; hence
(43) lim o** = 0.

j—oo 7
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Now we show that lim;_.. w; =Zzforalli=1,...,¢;. To this aim, recalling the

definition of ¢}"** and the instructions at Step 2.3 of iteration map M, we can write

||w;—z]|| <tjot Vie{l,... t},
which, by (43) and by the boundedness of ¢;, by Assumption 3, yield

(44) jlggo [wl =zl =0 Vie{l,... &}

Hence, by the fact that z; — Z, we obtain that
(45) wi—z Vi=1,...t;

By (45), (43), and the fact that z € S, we have that, for sufficiently large values
of j, wi + Gid} € So and wi + okdl € S,. We recall that point (i) of Proposition 6
n [21] holds. Therefore, by the instructions of Step 3 and (44), we obtain that, for
sufficiently large values of j, either

gt g ) L 2
wi + Fjd; € S and Z | wj + ?j gy €5 | > Z(w)ipjy€5) = ?j
or
. i . . — . . i 2
w; +03d; € Sq and Z (w; + o;d;;pj,ej) > Z(w}; pj,€5) — (U;—)
are satisfied. Now, setting 5;- = % in the first case and 5;- = 5; in the second one, we
have, for sufficiently large values of j,

(46) w; +&5d; € So and Z (wj —|—£jdj;pj,ej) > Z(wj;pj,ej) — (fj) .

From the updating formula for »* in Step 2.4 of iteration map M, we note that

i—1 i—1
(47) lwj = 2ill < 3_of <03 & <ot max {g}
=1 =1

from which we get that

(48)  max (& [z —wjll} < max{l,0t;} max {¢G} <t; max {5}, 05}

From (42), we have that, for every index 7,

i:l,.a.'}ftj{(a';)%v (09)2} = (07)% < pje;,

which implies that
(49) (g% > e,

so that, by (48) and (49), we obtain max;—=1, .+, {&}, [|z; — wi|} < ti(ejp;)t/ %, from
which, recalling that 0 < g2 < 1, we get

maxi—1,...1;{&}, [z — wi[|} _

J=ee €iP;

0.

(50)



A DF ALGORITHM FOR NONLINEAR PROGRAMMING 19

By considering (36), (46), and (50), we have that the hypotheses of point (ii) of
Proposition 9 are satisfied so that a 7 > 0 exists such that, for all j > 7, z; is feasible
for problem (1).

On the other hand, by the instruction of Step 3 of Algorithm DeFCon, we have
that, for every index 7,

(U;mw q2

o <maX{O,gl(Zj),---agm(zj)}v
j

which means that z; € S, and g(z;) £ 0, for every index j. The latter contradicts
what has just been proved, namely, that z; is feasible for problem (1) for j sufficiently
large, thus completing the proof. d

The previous proposition guarantees that, after finitely many times, the test at
Step 3 of Algorithm DeFCon is never satisfied so that the penalty parameter € stays
fixed at its last value, say €z, and {¢;}, {#;}, {p;} are all finite sequences. Therefore,
from now on, we shall assume that € = ¢;.

The following proposition describes some properties concerning the sequences of
points and of objective function values generated by Algorithm DeFCon and the
sampling technique adopted.

PROPOSITION 11 (see [21]). Let {x}, {pr} be the sequences generated by Algo-
rithm DeFCon when € = €;. Then

(a) {xr} is well defined;

(b) the sequence {xy} is bounded;

(e) the following limits hold:

1) i, apa, ek} =0,
(52) Jm max {ak} =0,
(53) khm _max ka—ka =0.

As shown in [21], by carrying out the convergence analysis, a significant role is
played by the index set K defined as follows:

(54) K ={k: pr1 < px}

Indeed, the following proposition shows that every accumulation point of the
sequence {zx} i is a KKT point for problem (1).

PROPOSITION 12. Let {x} be the sequence generated by Algorithm DeFCon when
€ = €5. Then the sequence {x1} is bounded and every accumulation point T of {xy}k,
where K is defined by (54), is a KKT point for problem (1).

Proof. First of all we prove that Z is feasible for problem (1). Since € is no longer
updated, from the instruction of Step 3 of Algorithm DeFCon we know that, for every
index k € K,

(agr)™

0 < min {Gja maX{O, gl(xk+l)7 s 7gm(xk+l)}} <
HE+1

and, by the instruction at Step 3 of iteration M,
( ma$)q2

«
k+1 __ (~xmax\q2—q
——— = (a)* T,
HEk+1
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which, taking the limit for k — oo, k € K, recalling the results of Proposition 11, and
the fact that ¢; < g2, implies that

(55) k_g{nkeK max{0, g1(Zr+1)s- - gm(Trs1)} = 0.

Now let  be an accumulation point of sequence {zji1}k; that is, an infinite
index set K C K exists such that

lim x4 =2
k—oo,ke K

On account of relation (55), we have that

lim  max{0,g1(k+1);-- s Gm(Tht1)} =0,
k—oo,ke K
which means that z is such that z € F.
By employing (53) of Proposition 11 and the definition of iteration M, we have
that

lim ||z — zk41|| = 0.
k—oo
Hence, we know that
lim zp,= lim 2541,
k—oo,ke K k—oo,ke K

so that lim,_, gz 2p =7 € F.

Finally, we show that Z is a KKT point for problem (1). By the instructions of
iteration map M, every point x; € S,: whose closure is compact by Assumption 1.
Hence, the sequence {xy} is bounded and therefore it admits limit points.

Now let Z be any accumulation point of the subsequence {zy}x, where K is
defined by (54). By the first part of the proof, we know that z € F. Furthermore, by
Corollary 1 of [21], we have that Z is a stationary point of the exact penalty function
Z(x;€), so that, by Proposition 3, Z is a KKT point for problem (1). O

5. Case study: Constrained parameter estimation for glucose kinetics
model. The aim of this paper is mainly theoretical. Thus, the development of an
efficient code based on the proposed algorithm and the analysis of its numerical per-
formance are beyond the scope of the present paper. We refer to [12] for a numerical
experimentation on standard test problems. In [12] an asynchronous parallel generat-
ing set search approach has been used to minimize many different penalty functions.
The influence of the penalty function has been analyzed from a computational point
of view. In particular, Griffin and Kolda employ as penalty functions the nondif-
ferentiable ¢4, /s, and £ plus their smoothed versions si, so, and ss.. All of these
penalization techniques are compared against the standard /2 differentiable penalty
function. An extensive numerical experimentation is carried out on a large set of test
problems from the CUTEr collection [11]. The conclusion of [12] is that the use of a
smooth approximation s, of an /., exact penalty function leads to a derivative-free
algorithm which shows a good compromise between quality of the final point and
number of function evaluations required to get convergence.

Encouraged by these results we wanted to understand if the proposed derivative-
free algorithm was able to efficiently solve a real world application. To this aim, we
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used a rough MATLAB implementation of Algorithm DeFCon to solve a problem
connected with the study of an insulin-glucose model of the human body. To solve
the problem we also used the constrained nonlinear minimization MATLAB routine
fmincon and the freely available derivative-free MATLAB package NOMADm [2]. The
latter is a recent implementation of a class of mesh-adaptive direct search (MADS) al-
gorithms for solving nonlinear and mixed variable optimization problems with general
nonlinear constraints. In particular, the employment of fmincon is useful to under-
stand to what extent the unavailability of the derivatives can be overcome by finite
difference approximations. On the other hand, the comparison with the derivative-
free package NOMADm is needed to point out that the proposed algorithm is at least
as efficient as an existing derivative-free code.

The study and understanding of circulatory models of glucose kinetics are of great
importance in medicine and biology. Such models study the response of body tissues
to an impulsive injection of a glucose bolus of known quantity. The intravenous
glucose tolerance test (IVGTT) is a simple and standardized test that allows one to
measure the reaction of the organism to the mentioned impulsive perturbation of the
steady state. IVGTT has a documented ability to assess the functioning of the key
organs involved in glucose homeostasis. Moreover, it is a powerful tool in the study
of diabetes mellitus in that it is able to provide information on beta-cell function and
insulin sensitivity (both peripheral and hepatic).

The IVGTT experimental protocol used prescripts the following operations [27]:

e Collection of 3ml blood basal samples at —30, —15, and 0 min. to glucose
injection.

e Injection of a 300mg/kg glucose bolus at 0 min. immediately after the col-
lection of the last basal sample.

e Infusion, at 20 min. from injection, of 0.03U /kg insulin at a constant rate for
5 minutes.

e Collection of 3ml blood samples at 2, 3, 4, 5, 6, 8, 10, 15, 20, 25, 30, 40,
60, 80, 100, 120, 140, 160, 180, 210, and 240 min. from injection of glucose,
for measurements of glucose, glucose tracer, insulin, and C-peptide concen-
trations.

In the circulatory model of glucose kinetics studied in [24, 26, 25], the body tissues
are lumped into two blocks. The heart-lungs block represents the heart chambers
and the lungs, i.e., the tissues in between the right atrium and left ventricle. The
periphery block represents all the remaining tissues, nourished by the entire arterial
tree originating from the left ventricle (including the heart tissues nourished by the
coronaries).

The dynamics of the exogenous arterial glucose concentration during the IVGTT
can be modelled by the following system of ordinary differential equations:

(56a) %“;(t) = “AGA(t) + A [Gl (t) + Ga(t) + J/F] ,

(56b) delt(t) = (1) + 9|1~ B, —Z(1)] Galt),

(56¢) dc’;l?t(t) = —asGa(t) + as(1 —9) 1 — By —12(1)| Ca(t),
(56d) dZ—P — _BZ(t) + ﬂ[l(t) - Ib}, Z(0) = 0.
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Here, G 4(t) denotes the exogenous arterial glucose concentration, the sum be-
tween G1(t) and Ga(t) denotes the mixed-venous glucose concentration, Z(¢) denotes
the increment from the basal level of whole-body insulin fractional extraction, I(t) is
the insulin concentration during the exam, J = 300 mg/kg is the known intravenous
glucose infusion, F = 2688ml- min~' -m~2 is the cardiac output, A = 3.84min"" is
the reciprocal of the mean heart-lungs transit time [17] and is patient-independent,
and I is the basal value of insulin concentration and is patient-specific; we used
Iy = 50 pmol/l. The numerical solution of the system of ODE (56) requires that the
insulin concentration increment I(¢) — I, in (56d) is available at every time instant.
For this purpose, the measured values of I(t) — I have been smoothed and interpo-
lated by a continuous function of time as detailed in [28]. Finally, a1, as, 3,7,9, Eb
are the model parameters to be estimated in such a way that G 4(t) approximates as
well as possible the measurements gathered during the IVGTT. The model parame-
ters, as suggested by biomedical engineers, can be sensibly bounded both from below
and above as follows:

05<a; <5  001<ap <05,  03<9<09,  001<B<1,
0.01 < Ej <0.1, 5-100°<~y<5-107"%

Let us define ¢ = (2,3,4,5,6,8,10,15, 20, 25, 30, 40, 60, 80, 100, 120, 140, 160, 180,
210,240) T, and let g; denote the exogenous glucose concentration measured at time
t; during the IVGTT. Then

21
f(alv a2, 67 Vs 19) Eb) = Z(GA(tZ) - gl)z
i=1

is the sum of squared errors between model prediction and actual measurements.
Moreover, among all the possible models, we are interested in those for which the
mean periphery transit time ¥/a; + (1 — 9)/az is greater than or equal to 2.5 min-
utes. This time limit is necessary to prevent models that are not representative of a
human patient with medium body mass index. Thus, we end up with the following
constrained problem:

min f(aq, as, 8,7, 9, Ep)
sit. glar,az,9) =9/aq + (1 —9)/az > 2.5,
0.5 <o <5,
0.01 < as < 0.5,
03<19<009,
0.01< 8 <1,
0.01 < E, < 0.1,
5-107° <y <5-107%

The circulatory model of glucose has been implemented in MATLAB/Simulink
[29]. The solution of the system of ODE (56), which is at the basis of the model, is
done numerically with a precision £ that can be set by the user.

We started our experimentation by comparing the outcomes of Algorithm DeF-
Con with that of the constrained nonlinear minimization MATLAB routine fmincon
and of the derivative-free package NOMADm, selecting a precision level of the ODE
solver £ = 1073, We ran fmincon and NOMADm by using default values for their
parameters apart from the tolerances in the stopping criterion which we set to 1076
as for Algorithm DeFCon. Moreover, both fmincon and NOMADm were ran by ap-
propriately specifying the scale of the optimization variables.
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Initial values for the parameters, as suggested by biomedical engineers, are
Lo [ oo | B8 [ v [ 9 [ E |
| 1.0089 | 0.40794 | 0.16481 | 3.932-107% | 0.84496 | 0.020991 |
In Figure 1 we report the actual measurements of exogenous glucose during IVGTT

as crosses and plot the curve G 4(t) obtained in correspondence to the initial values
of the parameters as listed above.

20

X samples

Galt)

18

16

141

12

10F

mmol/1

0
-50 150 200 250

Fic. 1. Initial configuration.

Starting from this initial point, the proposed derivative-free algorithm (DeFCon),
NOMADm, and the MATLAB routine fmincon yield the results reported in Table 1,
where (n.it.) and (n.f.) denote, respectively, the number of iterations and number

TABLE 1
Results obtained by Algorithm DeFCon, NOMADm, and fmincon for & = 1073,

| | DeFCon | NOMADm | fmincon |

n.it. 46 144 12
n.f. 627 480 245
aj 2.0228 1.3995 0.80479
aj 0.11881 0.081768 0.011788
B* 0.055959 0.010513 1.0
~* 1.6529 -10—% | 1.4906 - 10—* | 5.0-10~°
v* 0.7409 0.84496 0.9
El’: 0.01 0.052241 0.01
I 2.0959 5.4409 27.6094
g* 2.547 2.5 9.6017
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of functions evaluations. of, a3, 5*,7*,9*, and E} represent the final values of the
model parameters to be estimated. Finally, f* and g* represent, respectively, the
final values of the objective function and of the nonlinear constraint (which should be
greater than or equal to 2.5). Looking at the results it can be noted that, even though
all the methods manage to achieve feasibility of the final point, Algorithm DeFCon
and NOMADm are able to produce a point whose objective function value is much
better than that produced by fmincon. Algorithm DeFCon and NOMADm produce
almost the same points. Indeed, the parameter values obtained by Algorithm DeFCon
and NOMADm yield almost the same curves G4(t) even though Algorithm DeFCon
reaches a better objective function value than that achieved by NOMADm, which
converges in fewer function evaluations. As concerns the result computed by fmincon,
it yields a curve G 4(t) which is substantially different in terms of approximation of
the glucose measurements (see Figure 2) from that yielded by Algorithm DeFCon
and NOMADm. Comprehensibly, this better behavior of Algorithm DeFCon and
NOMADm over fmincon is achieved at the expense of a higher computational burden
and points out the noisy nature of the approximation problem which is at the basis
of the inefficiency of fmincon.

25 T
X samples
fmincon
—-— NOMADm
ook DeFCon
_, 15F b
=
o
g
g
10 1
5F A
0 o BV
-50 150 200 250

Fic. 2. Optimal curves.

The inefficiency of the MATLAB solver fmincon along with the modest number
of iterations and function evaluations to get convergence might indicate that the ODE
solver tolerance is too high for estimation of first order derivatives by finite differences
to be reliable. Hence, we tried to solve the problem with increasing precision levels
for the ODE solver; namely we set the precision ¢ = 1074,107°,107% and compared
the results in Table 2.

As concerns the above comparison, we first note that there is only a slight change
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TABLE 2
Comparison between Algorithm DeFCon, NOMADm, and fmincon.

e 10-6 | 105 |
[ [ DcFCon | NOMADm | fmincon || DeFCon | NOMADm | fmincon |
nit. o7 1211 21 68 1253 9
.t 1410 3408 316 994 3542 157
of 2.1468 1.9386 2.2779 2.1659 1.9386 0.58594
ol 0.12418 0.11473 0.049484 0.12401 0.11473 0.012527
B8* 0.067333 0.046646 0.95153 0.067373 0.046646 1.0
~* 1.5-10—% 1.5-10"% 5.0 109 1.5-10"% 1.5-10"4 5.0 100
9* 0.73186 0.75805 0.86005 0.73182 0.75805 0.9
B} 0.01 0.020991 0.033761 0.01 0.020991 0.01
r* 2.0061 2.3219 63.7352 2.0075 2.3217 69.183
g* 2.5002 2.5000 3.2058 2.5005 2.5000 9.5193
[e T 10— T
| [ DeFCon [ NOMADm [ fmincon |

nit. 57 187 9

0t 827 562 146

EH 2.1261 1.5948 0.5

oy 0.12318 0.001778 0.036089

B* 0.06504 0.015396 0.01

~* 1.5-10" 7 1.5-10—7 5.0-10 %

9* 0.73407 0.81762 0.89948

BT 0.01 0.046137 0.01

7 2.0146 1.1823 103.9875

9* 2.504 2.5001 1.5842

in the points produced by Algorithm DeFCon and NOMADm. Namely, as the ODE
solver precision £ increases, Algorithm DeFCon and NOMADm, though requiring
more iterations and function evaluations to converge, produce points which are very
close to each other. This is confirmed by the objective and constraint function val-
ues which gain more and more accuracy as the precision £ becomes finer. However,
Algorithm DeFCon seems to be more efficient than NOMADm when the precision £
is less than or equal to 10~°. Slightly better results both for Algorithm DeFCon and
NOMADm can be obtained by performing a tuning of their parameters.

On the contrary, fmincon exhibits a more unpredictable behavior converging to
points that are largely different from each other in terms of parameter, objective, and
constraint function values. The outcomes of fmincon seem to be unrelated to the
precision level of the ODE solver apart for the fact that the computational burden
increases as £ gets finer. This inefficiency of fmincon is most probably due to the
lack of derivative knowledge on the problem which fmincon tries to overcome by
computing gradients by finite difference approximation. This, in turn, makes fmincon
more subject to the numerical noise introduced by the ODE solver thus explaining
the apparent instability of the code.

6. Conclusions. In this paper we presented a derivative-free algorithm for the
solution of inequality constrained nonlinear programming problems. The method
is based on the derivative-free minimization of a smooth approximation of a new
(nondifferentiable) £, exact penalty function. We proved that the method is globally
convergent towards a KKT point of the constrained problem. In order to stress the
ability of our method to tackle real world problems, we reported the results obtained
on a constrained problem concerning the parameter estimation of an insulin-glucose
model of the human body. A comparison with another derivative-free optimization
routine shows the effectiveness of the proposed method.

The convergence properties and the theoretical analysis of the proposed method
has been carried out in the case where only inequality constraints are present. The
method can be adapted to handle both equality and inequality constraints, preserving



26 G. LIUZZI AND S. LUCIDI

its convergence properties but at the expense of some nontrivial technicalities which
considerably complicate the analysis. Furthermore, we remark that the realization of
an efficient code was not the main aim of this paper. For this reason a fine tuning of
the parameters and an efficient computation of the search directions have not been
done but are the subject of continuing work.

Appendix.

Proof of Proposition 3. Since T € F, then B(Z;¢) = Io(z). Therefore, by Propo-
sition 2, we have

-
=112

Aillas —gi@) " +eai) g ov) a0 vaer().
e(a; — gi())?

Vi@ + >
i€Io(T)

Then, by setting 5\1 = AI((?(I;%éf()%j;eal), 1€ Io(i‘), and 5\1 =0,1 € {1, .. ,m}\

Iy(Z), we have that there does not exist any direction d € R™ such that

T

V@) + Y AVgi(z) | d<o,

’iEIo(ii)
ade <0 Vje J@).

Hence, by using the Motzkin theorem [23], we have that yo > 0 and p; > 0,
j € J(Z), exist such that

yo | Vf(z)+ Z ;\ngi(:E) + Z ajp; = 0.

i€Io(T) jeJ(T)

The result follows by taking f; = p;/yo for j € J(z), and g; = 0 for j ¢
J(T). 0

In order to complete the proof of the exactness results of the penalty function
Z(x;€), we need some technical results which are reported in the following proposi-
tions.

PROPOSITION 13. Let & € Sy; then there exist numbers (&) > 0 and o(&) > 0
such that, for all € € (0,€e(2)] and for all x € B(&,0(&)) NSy and g(x) £ 0, there
exists a direction d € T(%) satisfying DZ(x,d;€) < 0.

Proof. By Assumption 2, we have that the hypotheses of Lemma 1 are satisfied
at & for I = I.(Z). Let B(%,p) and d € T(&) be the neighborhood and the direction
considered in Lemma 1. We have that d € T'(%) is such that

(58) Vii(z;e)Td < —1

for all ¢ € I;(Z). By continuity, we can find a neighborhood B(Z,o(Z)) C B(Z, p)
such that, for ¢ ¢ I:(%) and = € B(Z,0(Z)) N Sa, we have g;(x) < 0; it follows that
L (x) C I;(z) for x € B(Z,0(%)) N Sa.

Now let z € B(Z,0(Z)) NS, be an infeasible point, that is, g(z) £ 0. Then, there
must exist at least an index i € I (%) such that g;(x) > 0 and g;(x;€) > 0, so that it
results in B(z;€) C I (z).

Therefore, recalling the expression of the directional derivative of Z(x;¢€) and (58),
we get
DZ(x,dye) =V f(zx)' d+ ! max {V;(z;€)"d} < Vf(z)'d— 1,

€ i€B(x;€) €
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from which it follows that a value (&) > 0 exists such that, for all € € (0,€(Z)] and
x € B(Z,0(%)) NS, with ¢ F, it must hold that

DZ(x,d;e) < 0,
which concludes the proof.

0
PROPOSITION 14. Let A € R™ and i € RP be multipliers such that (T, A, [i) is a
KKT triple for problem (1). Then the following bound holds:

IXllg < VF(@)" =
where z € T(Z) is a vector such that
(59) , Qe I().
Proof. From the fact that (z
satisfying (59), we have

>/\
=

, ) is a KKT triple, it follows that, for any z € T'(Z)

Y Z u]a z>0.
i€lo(z) jed(z)

ViE)z=—

Therefore, the following linear program and its dual are both feasible and bounded

min  Vf(z)"z
(60) Vgi(;i)—rz <-1, i€ Io(f),
asz <0, j e J@),
max Z U;
v 1€1o(T)
(61) Z Vgi(Z)u; + Z a;v; = =V f(Z),
i€Io(T) jeJ(T)
u,v > 0.

Let z* and (u*,v

) be optimal solutions of (60) and (61), respectively. Recalling
that every KKT multipliers (A, p) of problem (1) satisfy the constraints of problem
(61), we then have

Mg <AL < DY uf =VF@) =" <Vf@)2
’iEIo(f)

for any z € T(Z) satisfying (59). 0

PROPOSITION 15 (see [7, Proposition 8]). A number A exists such that |Al|oc < A
for all KKT triples (z,\, i) of problem (1)

Proof. The proof follows using Proposition 14 and the same reasoning of Propo-
sition 8 in [7]. 0

Now, we can finally prove Propositions 4 and 5
Proof of Proposition 4.

“If "-part: it follows from Proposition 10 in [9]
“Only if ”-part: as (T, \, i) is a KKT triple for problem (1) we can write

(62) Vi)

Z \iVgi(Z Z itia;
i€y () jeJ(T)
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Recalling that £ € F and that, by definition, go(z;¢) = 0, so that B(Z;e) =

Iy(z) U {0}, the directional derivative of Z(z;¢) along direction d can be written as
follows:

DZ(w,di€) = Vf(x )Td+% max {Vgi(zi0)7d)
1€ ze

=Vf(z )Td—|— - max {max{Vg;(Z;€) d,0}}.

€ i€lp(x)

By using (62) in the above expression we get

DZ(z,d;e) = ! max {max{Vg;(z;¢) d,0}} — Z \iVgi(z)"d+ Z fhja ;rd

€ i€lo(2) i€Io(T) JjeJ(T)
1 _
> - Irlla(x {max{Vg;(z;¢)"d,0}} — Z i max{Vg;(z)"d,0} + Z ﬂja;rd
i€ly w
1€1o(T) JjeJ(T)

Whenever d € T(Z), by definition of T'(Z), we get

[t

DZ(%,d;e) > = max {max{Vj;(zZ;¢) d,0}} — Z X\ max{Vg;(z)"d,0}.

€ i€lp(T) ielo(n)
By considering the expression of V§;(z;€), it results, for i € Iy(Z),
A= € _
Vgi(Ze) = 1+ — | Vgi(T),
Q;
so that we obtain

DZ(z,d;e) > ! max {maX{Vgl(a: €)Td,0}} —

€ i€lp(T)

§i(z;€) " d,0}.

i€1o ()

Now, recalling Proposition 15, we have that

_ o J AT _
Z i _+€max{Vgi(x,e) d,0} < max {max{ng(x,e) d,0}} Z Ai

ich@ " €h(@) ielo(z)
< max {max{Vg;(Z;¢€)"d,0}}mA,
€1 ()

so that we can say that Z is a critical point of problem (4) for all € € (0, ¢*], where
e =1/mA.

Proof of Proposition 5. The proof follows by considering Propositions 3 and 13
and [8,9]. O
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AN ADAPTIVE LINEAR APPROXIMATION ALGORITHM FOR
COPOSITIVE PROGRAMS*
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Abstract. We study linear optimization problems over the cone of copositive matrices. These
problems appear in nonconvex quadratic and binary optimization; for instance, the maximum clique
problem and other combinatorial problems can be reformulated as such problems. We present new
polyhedral inner and outer approximations of the copositive cone which we show to be exact in the
limit. In contrast to previous approximation schemes, our approximation is not necessarily uniform
for the whole cone but can be guided adaptively through the objective function, yielding a good
approximation in those parts of the cone that are relevant for the optimization and only a coarse
approximation in those parts that are not. Using these approximations, we derive an adaptive linear
approximation algorithm for copositive programs. Numerical experiments show that our algorithm
gives very good results for certain nonconvex quadratic problems.

Key words. copositive cone, copositive programming, quadratic programming, approximation
algorithms

AMS subject classifications. 90C05, 90C20, 15A48, 15A63, 05C69
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1. Introduction. In this paper we are concerned with the topic of conic formu-
lations and relaxations for binary and quadratic problems. Semidefinite relaxations
have been proposed as a strong method to obtain good bounds for many combinatorial
optimization problems. Quist et al. [21] suggested that one might get tighter relax-
ations by looking at cones other than the semidefinite one. Bomze et al. [3] were the
first to observe that certain combinatorial problems like the maximum clique problem
can equivalently be reformulated as a linear optimization problem over the cone of
so-called completely positive matrices. A matrix A is called completely positive if it
can be decomposed as A = BBT with an entrywise nonnegative matrix B. There is a
large amount of papers on complete positivity in the linear algebra literature (a good
survey is [1]), but the optimization community has only recently become aware of the
connections between the fields.

The completely positive cone C* is the dual cone of the cone C of copositive
matrices. Formally, these cones are defined as

C={AeS:2"Az >0 forall z € R}}

(where S is the set of symmetric n x n matrices), and
k
cr = ZUiUiTZUi eR} foralli=1,...,k
i=1

Both C and C* are closed, convex, pointed, full dimensional, nonpolyhedral cones. It
can be shown that the interior of C is the set of strictly copositive matrices: int(C) =
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{A €8 :aTAz > 0 for all z € R} \ {0}}. The interior of C* has recently been
characterized in [10]. The extremal rays of C* are known to be the rank one matrices
vol with v > 0, while characterizing the extremal copositive matrices is an open
problem. Both cones are related to the cones A of nonnegative symmetric matrices
and St of symmetric positive semidefinite matrices, since

COST+N and C*CSTNN.

Interestingly, for n X n-matrices of order n < 4, equality holds in the above relations,
whereas for n > 5, both inclusions are strict; see [1]. In contrast to A" and S, the
cones C and C* are not tractable: It is known that testing whether a given matrix is
in C is co-NP-complete (cf. [16]). Consequently, restating a problem as an optimiza-
tion problem over one of these cones does not resolve the difficulty of that problem.
However, we believe that getting a good understanding of the conic formulations will
help to improve the solution strategies for both binary and nonconvex quadratic prob-
lems. Moreover, in some cases copositive formulations motivate stronger semidefinite
relaxations.

Up to now, the list of problems known to have representations as completely
positive programs has grown to include standard quadratic problems [3], the stable set
problem [15, 9], the quadratic assignment problem [20], and certain graph-partitioning
problems [19]. Burer [6] showed the very general result that every quadratic problem
with linear and binary constraints can be rewritten as such a problem. More precisely,
he showed that a quadratic binary problem of the form

min 27 Qx +2cTx
T
i

x>0,
T € {0,1}, Jje B,

s.t. a;jx=0b;, i=1,...,m,

(with @ not necessarily positive semidefinite) can equivalently be written as the fol-
lowing linear problem over the cone of completely positive matrices:

min  (Q, X) 4+ 2cTz
s.t. alx=b;, i=1,...,m,

(a;al , X) =02, i=1,...,m,

T :ij, jEB,

1 =z N
(m X)ec.

This means that any nonconvex quadratic integer problem can equivalently be written
as a linear problem over a convex cone, i.e., a convex optimization problem which has
no nonglobal local optima. It is an open question whether problems with general
quadratic constraints can similarly be restated as completely positive problems.

In this paper we develop an algorithm to solve the dual problem, i.e., the opti-
mization problem over the copositive cone which can be stated in the form

max (C,X)
(CP) s. t. <Ai,X>:bi, 7;:1,...7m
XelC

with C, A; € R®*™ b, € R.
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Our approach is based on new polyhedral inner and outer approximations of the
copositive cone which we show to be exact in the limit. In contrast to previous ap-
proximation schemes, our approximation is not necessarily uniform for the whole cone
but can be guided adaptively through the objective function, yielding a good approx-
imation in those parts of the cone that are relevant for the optimization and only a
coarse approximation in those parts that are not. Using these approximations, we
derive an adaptive linear approximation algorithm for copositive programs. We show
that our algorithm gives very good results for certain nonconvex quadratic problems.

Note that (CP) is related to the problem of testing whether a given matrix is
in C*: From the fact that the cone C is the dual of C* we have

A¢C* e IXeC: (A, X)<0
SIXeC: I+EX)=1,(4X)<0
& min{(4,X): I+ E,X)=1,X €C} <0.

(Here I denotes the identity and E the all ones matrix, and (I + F, X) = 1 serves as
a normalization constraint.) This minimization problem is of the form (CP), so an
algorithm to solve (CP) can be used to decide whether or not A € C*. It is an open
question how a matrix A known to be in C* can be factorized into A = BBT, cf. [2]
and [14] for attempts to answer this question.

1.1. Notation. Throughout the paper we use the following notation: The non-
negative orthant is denoted by R}, and the unit vectors are denoted by e;. For a given
vector v or matrix M, the relations v > 0 and M > 0 will be understood entrywise.
We write S to denote the cone of symmetric matrices, N = {A € S : A > 0} to
denote the cone of (entrywise) nonnegative matrices, and ST = {A € §: A > 0} to
denote the cone of positive semidefinite matrices. Dimensions of the cones will always
be obvious from the context and therefore not stated explicitly. As usual, the inner
product in § is defined as (A, B) := trace(AB).

1.2. Relations to previous work. Since we will compare our algorithm to
existing approaches, we briefly summarize previous work on copositive programming.
Copositivity of a matrix is defined by positivity of a quadratic form, whence previous
approaches have used various conditions which ensure positivity of polynomials.

For a given matrix M € S, consider the polynomial

Clearly, M € C if and only if Py;(x) > 0 for all x € R™. A sufficient condition for
this is that Pys(z) has a representation as a sum of squares (sos) of polynomials.
Parrilo [17] showed that Py (z) allows a sum of squares decomposition if and only
if M € ST + N, yielding again the relation ST + A C C. Using similar reasoning,
Parrilo [17] defined the following hierarchy of cones (cf. also [15] and [4]) for » € N:

K= {M €S : Py(x) <Z xf) has an sos decomposition } .
i=1

Parrilo showed ST+ N = K% ¢ K' C ..., and int(C) C U,y K", so the cones
K" approximate C from the interior. Since the sos condition can be written as a
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system of linear matrix inequalities (LMIs), optimizing over X" amounts to solving a
semidefinite program (SDP).

Exploiting a different sufficient condition for nonnegativity of a polynomial, de
Klerk and Pasechnik [15], cf. also Bomze and de Klerk [4], define

Ccr o= {M €S : Py(x) <Z xf) has nonnegative coefficients } .
i=1

de Klerk and Pasechnik showed that N'=C° Cc C' C ..., and int(C) C |J, ¢y C". Each
of these cones is polyhedral, so optimizing over one of them is solving an LP.

Refining these approaches, Pefia et al. [18] derive yet another hierarchy of cones
approximating C. Adopting standard multiindex notation, where for a given multi-
index B € N we have 3] := 1 + --- + 3, and 2 := 2" ... 20 they define the
following set of polynomials

E = Z P2l (Ps 4+ Ng)x: Ps € ST, Ns e N
BEN™,|B]=r

With this, they define the cones

Q" = {MES:CETMCE <Zx12> EST}.

i=1

They show that C" C Q" C K" for all r € N, with Q" = K" for r = 0,1. Similar
to K7, the condition M € Q" can be rewritten as a system of LMIs. Optimizing over
Q" is therefore again an SDP.

It is a common feature of all these approximation hierarchies that they approx-
imate C uniformly and do not take into account any information provided by the
objective function of the optimization problem. Moreover, in all these approaches the
system of LMIs (resp. linear inequalities) gets large quickly as r increases, meaning
that the dimension of the SDPs increases so quickly that current SDP-solvers can
only solve problems over those cones for small values of r, i.e., r < 3 at most.

In contrast to this, in our approach the approximation of C can be guided through
the objective function in such a way that a fine approximation is reached in those
regions of C which are relevant for the optimization, and little computational effort
goes to approximating those regions of C which are not. The dimension (i.e., the
number of variables) of the linear subproblems in our algorithm is constant, though the
number of constraints grows. Moreover, solving a relaxation of a copositive program
over one of the cones introduced above provides in general just a relaxation and no
information on the quality of the corresponding bound (an exception is [4]). Our
approach works not only with inner approximations of C, but simultaneously with
outer approximations. Therefore, it provides exact information on the approximation
error and the accuracy of the solution.

We are not aware of comparable approximation schemes for the (dual) cone C*.
A recent attempt to solve optimization problems over C* is a descent algorithm by
Jarre et al. [13]. We remark that another recent contribution to the field of copositive
programming is a unified theory of KKT type optimality conditions and duality by
Eichfelder and Jahn [11].
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1.3. Outline of the paper. We start in section 2 by reviewing criteria for
copositivity of a matrix. Based on these criteria, we develop inner and outer polyhe-
dral approximations of C in section 3. With these cones, we state our algorithm for
copositive programs and prove convergence (section 4). In section 5 we discuss how
the algorithm can be fine-tuned and which details make an implementation efficient.
Finally, we present numerical results in section 6.

2. Criteria for copositivity. In this section, we review some conditions for
copositivity that we developed in [5]. These conditions will be the basis for approx-
imations of the copositive cone C which we introduce in the next section. We start
with the following:

OBSERVATION. Let || - || denote any norm on R™. We have

(a) A is copositive < zT Az >0 for all x € RY with ||z =1,

(b) A is strictly copositive < zT Az >0 for all x € R with ||z]| = 1.

If we choose the 1-norm || - ||1, then the set A% := {z € R? : [jz|; = 1} is the
so-called standard simplex. The copositivity property then translates to

zTAx >0 forall ze A,

i.e., we search for conditions which ensure that the quadratic polynomial 27 Az is
nonnegative over a simplex. A convenient way to describe polynomials with respect
to a simplex is to use barycentric coordinates: Let A = conv{vy,...,v,} be a simplex
and

T = zn:/\ivi with 1= zn:/\i.
i=1 i=1

Then Aq1,..., A, € R are called the barycentric coordinates of x with respect to A.
The representation of the quadratic form in these coordinates reads

n T n n
$TAZIJ = (Z /\ZU1> A Z )\jvj = Z ’UiTAUj/\i/\j.
=1 j=1

ij=1

The polynomials A?,...,A2 and 2\;\; (i # j) appearing in this representation are
called Bézier—Bernstein polynomials, and the coefficients v Awv; are the corresponding
Bézier—Bernstein coefficients. Since all \; are nonnegative on A, the next lemma is
immediate:

LEMMA 2.1. Let A = conv{vy,...,v,} be a simplex. If vI'Av; > 0 for all
i,j €{1,...,n}, then 2T Az > 0 for all x € A.

If A is the standard simplex A® = conv{ey,...,e,}, then this lemma shows that
A is copositive if 0 < el Ae; = a;; for all i,j. This is the well-known property that
any (entrywise) nonnegative matrix is copositive. This condition can be refined by
looking at so-called simplicial partitions of A:

DEFINITION 2.2. Let A be a simpler in R™. A family P = {Al,...,A™} of
simplices satisfying

A=JA"  and it ATNint AT =0 for i #j

is called a simplicial partition of A. For convenience, we denote by Vp the set of all
vertices of simplices in P, and by Ep the set of all edges of simplices in P.
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Simplicial partitions are a useful tool in many branches of applied mathematics.
A good survey on this topic including convergence results is [12].

It is easy to see that a simplicial partition can be generated through the following
“radial” subdivision of A = conv{vi,...,v,}: let w € A\ {v1,...,v,}, which is
uniquely represented by

wzzn:)\ivi, with )\120, Zn:)\i::l.
=1 =1

For each index i with \; > 0, form the simplex A’ obtained from A by replacing
the vertex v; by w, i.e., A* = conv{vy,...,v;_1,w,Vi11,...,0,}. The collection of all
those A’ is a simplicial partition of A. If w is a point on one of the longest edges
of A, the above procedure is called bisection of the simplex along the longest edge.
Generating a nested sequence of subsimplices of A through midpoint bisection along
the longest edge has the nice property that this sequence converges to a singleton.
This property is sometimes referred to as “exhaustiveness”. It can be generalized
from midpoint bisection to settings where the bisection point is an almost arbitrary
point on one of the longest edges; see [12] for a detailed discussion.

Using this concept, the following theorem gives sufficient conditions for coposi-
tivity which generalize the aforementioned relation that A is copositive if all a;; > 0:

THEOREM 2.3. Let A€ S, let P be a simplicial partition of AS.

(a) If uTAv > 0 for all {u,v} € Ep and v'Av > 0 for all v € Vp, then A is

copositive.
(b) If uT Av > 0 for all {u,v} € Ep and vI'Av > 0 for all v € Vp, then A is
strictly copositive.

Proof. To show (a), it is sufficient to prove nonnegativity of 27 Az for x € A%,
So choose an arbitrary € A%, Then x € A for some A € P. By assumption,
uT Av > 0 for all combinations of vertices of this simplex A which, by Lemma 2.1,
implies 7 Az > 0. Part (b) is shown analogously. d

We define the diameter §(P) of a partition P to be

O(P) = max |lu—ol.
(P) = max fu—o]

Once a partition gets finer and finer, one will eventually capture more and more strictly
copositive matrices. In the limit we get a necessary condition for strict copositivity:

THEOREM 2.4. Let A € S be strictly copositive. Then there exists € = ¢(A) > 0
such that for all finite simplicial partitions P of AS with §(P) < & we have

uTAv > 0 for all {u,v} € Ep  and T Av >0 for allv € Vp.

Proof. The detailed proof can be found in [5]. It relies on strict positivity of
the bilinear form 7 Ay on the diagonal of the compact set A% x AS, followed by a
continuity argument. O

Observe that the € in Theorem 2.4 certainly depends on the matrix A, i.e., there
is not a single € that works uniformly for all strictly copositive A. Indeed, the ¢ relates
to how “ill-conditioned” A is.

3. Polyhedral approximations. In this section, we present polyhedral inner
and outer approximations of the cone C.
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3.1. Inner approximation of C. We use the sufficient condition of Theorem 2.3
to define inner approximations of C. As before, consider a simplicial partition P =
{AY,...,A™} of A% and let Vp denote the set of all vertices of simplices in P, and
Ep the set of all edges of simplices in P. For a given partition P, define

Ip:={AcS:vTAv >0 forall v € Vp,
ul Av >0 for all {u,v} € Ep}.

Note that given the vertices u,v, an expression of the form u”Av > 0 is a linear
inequality for the entries of A. Therefore, Zp is a polyhedral cone.

Obviously, Zp depends on the partition P. If P; and Ps are two simplicial parti-
tions of the same simplex, we call Ps a refinement of Py if for all A € P; there exists
a subset Pa C P which is a simplicial partition of A.

We have the following properties:

LEMMA 3.1. Let P, Py1, Py denote simplicial partitions of AS. Then

(a) Ip is a closed convex polyhedral cone,

(b) Zp CC, i.e., Ip is an inner approximation of C,

(c) if P2 is a refinement of P1, then Ip, C Ip,.

Proof. (a) is obvious from the definition. (b) follows from Theorem 2.3. To
prove (c), let A € Ip,, let A% € Py, and let u,v be two arbitrary vertices of A2
(possibly equal). We have to show u” Av > 0. Since P, is a refinement of Py, there
exists a simplex Al € P; with A2 C Al. Therefore, v and v are convex combinations
of the vertices v1,...,v, of Al ie, u=>"" \v; and v =1 | pwiv; with A, pu; >0
forallie {1,...,n}and > ;" Ay =1=>>"", . Since v] Av; > 0 for all 4,5 due to
A € Ip,, we have

ul Ay = Z /\iujU;‘FAvj > 0.
i,j=1

Therefore, A € Ip,. O

Ezample 3.2. If P = {A®}, ie., the partition consists only of the standard
simplex, then

Ip={AeS:a;; >0 foralli,j=1,...,n} =N,

i.e., Zyasy equals the cone N of nonnegative matrices.

Consider instead the partition Py = {A!, A?} which is derived from P by bisecting
the edge {e1,e2} at the midpoint w := %(el +e3). We get Al = conv{w,esa,...,e,}
and A? = conv{ej,w,es,...,e,}. For the definition of Zp, this means that the

inequality el Aes > 0 (i.e., a2 > 0) corresponding to the bisected edge is removed
and replaced by a number of new inequalities. More precisely,

Ip, ={A€S:a; >0 forall {,j} #{1,2},
a1 +app >0 foralli=1,...,n,
a1 + 2aiz + asg > 0}.
This defines a larger cone, i.e., a better approximation to C. Observe that the system

defining Zp, is redundant. This property will cause some difficulty later in the paper,
cf. section 5.2. A reduced representation is

Ip,={A€S:a;; >0 forall {3,5} # {1, 2},
a1 +arz >0,
aso + aig > 0}.
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This is a reduction from n? + n — 1 to n? inequalities; i.e., already O(n) inequalities
are redundant after a single bisection step.

The next theorem shows that a sequence of simplicial partitions {P;} yields a
sequence of polyhedral inner approximations {Zp, } that will eventually approximate C
with arbitrary precision, provided that the diameter §(P) of the simplicial partition
goes to zero.

THEOREM 3.3. Let {P,} be a sequence of simplicial partitions of A® with §(Pg) —
0. Then we have

intC C U Ip, CC, and consequently C = U Ip,.
LeN LeN

Proof. Take A € intC, i.e., A strictly copositive. Then Theorem 2.4 implies
that there exists o € N, such that A € Zp, . Therefore A € (J,cyyZp,, and hence
intC C JyeyZp,. From Lemma 3.1, we have Zp, C C for all £ € N, so J,cnyZp, € C.

Finally, C = |J;ey Zp, since C = int C. a
This shows that our approach generates a sequence of approximating polyhedral
cones N' = Ip, C Ip, C ... C C in a similar way as the approaches described in

section 1.2. To compare our approximations to the hierarchy of polyhedral cones C"
by Bomze and de Klerk [4], observe that C° = N = Zyas. For C, it is shown in [4]
that A € C! if and only if
ai; > 0, ie{l,...,n},
ai; + 2a;; > 0, i # 7,
a;j + ajk + ag; > 0, 1< j<k.

To see the difference between the approaches, consider dimension n = 2 for simplicity,
in which case the above system describing C' reduces to

(3.1) a1 >0, a2 >0, a1 +2a12>0, a+2a12>0.

Consider the partition P; = {conv{e,v},conv{v,es}} with v = 2(e; + es). The
corresponding system of inequalities for Zp, is then

(3.2) a;; > 0, i€{1,2},
(3.3) aip + a2 > 0,
(3.4) agz +aiz > 0,

plus the redundant inequality vZ'Av > 0. Obviously, system (3.2)—(3.4) is implied
by (3.1), and therefore Zp, O C'. As the matrix A = (1, 7') fullfills (3.2)-(3.4)
but not (3.1), we have Zp, # C'. It is easy to see that for v = Ae; + (1 — A)ex with
A€ [%, %] we have Zp, 2 Cl, whereas for the other values of A\ we get Zp, 7 C!. These
arguments extend to higher dimensions, but get much more technical there.
Comparing our approximation with ST+, it is clear that there is no partition P
such that Zp D ST + N because in dimension n = 2 we have St + N = C, while Zp
is a polyhedral subset of C. However, depending on the subdivision strategy it is

possible to construct partitions with Zp ¢ ST + N.

3.2. Outer approximation of C. As before, consider a simplicial partition P
of A%, let Vp denote the set of all vertices in P, and define

Op:={AcS:v"Av >0 forallve Vp}.
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It is easy to see that, similar to Zp, the set Op is polyhedral, as well. In analogy to
Lemma 3.1, we have the following properties:

LEMMA 3.4. Let P, Py, Py denote simplicial partitions of AS. Then

(a) Op is a closed convex polyhedral cone,

(b) Op D C, i.e., Op is an outer approzimation of C,

(c) if Pz is a refinement of P1, then Op, C Op,.

Proof. (a) is obvious from the definition. (b) If A € C, then 27 Az > 0 for all
r € A®. Since Vp C A9, the statement follows. (c) We have Vp, C Vp,. Therefore,
the set of inequalities describing Op, is a subset of the set of inequalities describing
Op,, and hence Op, C Op,. d

Ezample 3.5. If P consists only of the standard simplex, i.e., P = {A®}, then

Op={A€S:a; >0 for all i}.

This corresponds to the well-known fact that a copositive matrix necessarily has
nonnegative entries on the diagonal. Observe that Oasy is not pointed.

Performing a midpoint bisection of the edge {e,es} gives the new vertex w :=
%(el + e2) and the resulting partition Po yields the set

OP2 = {A €S :ay; > 0for all i,a11 + 2a21 + age > 0},

a smaller set and better approximation to C.

The sequence of outer approximations {Op,} converges to the copositive cone as
the partitions P, get finer.

THEOREM 3.6. Let {P;} be a sequence of simplicial partitions of A® with §(Py) —

0. Then we have
c=() 0.

Proof. Lemma 3.4(b) implies C C (), Op,. To see the reverse, take A ¢ C. Then
#T Az < 0 for some z € AS. From continuity it follows that there is an e-neighborhood
N.(Z) of Z such that

(3.5) T Az <0 for all z € N.(%).

Let P € {P;} be some partition with §(P) < €. Then there is a simplex A € P with
Z € A, and hence a vertex v of A with ||Z —v|| < &, s0 v € N.(Z). From (3.5), we see
that v7 Av < 0, whence A ¢ Op. Therefore, A ¢ [,y Op, - O

3.3. Approximations of the dual cone C*. Recall that the dual cone of C
is the cone C* of completely positive matrices. By duality, the dual cone of an inner
(resp. outer) approximation of C is an outer (resp. inner) approximation of C*. Indeed,
it is not difficult to see that for any partition P of A®

17*3 = Z Auv(u’UT + ’UUT) —+ Z AUU’UT . Auv; AU c R+ 2 C*
{u,v}eEp vEVE

is an outer approximation of C*, and
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is an inner approximation of C*. From Theorems 3.3 and 3.6 we immediately get
that if {P,} is a sequence of simplicial partitions of A% with §(P;) — 0, then the
approximations converge, i.e.,

c'=(Zp, and C =[]O5,

£eN LeN

4. An adaptive approximation algorithm for copositive programs. We
now turn to the problem of solving an optimization problem over the copositive cone.
The difficulty of such a problem lies in the cone condition. If the copositive cone
is replaced by a linear inner or outer approximation, we get a linear program whose
optimal value is a lower, respectively upper, bound of the optimal value of the original
problem. We first state our algorithm and illustrate its behavior with a small example.
After that, we study convergence of the algorithm.

4.1. Algorithm framework. We state the algorithm for copositive programs
of the form

max (C,X)
(CP) s. t. <Ai,X>:bi, 7;:1,...7m
X ecC.

Given a solution accuracy € > 0, Algorithm 1 computes an e-optimal solution

of (CP), i.e., a feasible solution X with 1+|<<CC)§::;2>_|J<r\C(g>)(>I < &. Note that the algo-

rithm also provides the valid lower (resp. upper) bounds (C, X7T) (resp. (C, X©)).

ALGORITHM 1 e-approximation algorithm for (CP).

1: set P = {AS}
2: solve the inner LP

max (C,X)
(ILP) s. t. <Ai,X>:bi, 7;:1,...7m
Xelp

let X7 denote the solution of this problem
3: solve the outer LP

max (C, X)
(OLP) s. t. <A1,X>=b“ i:l,...,m
X e Op

let X© denote the solution of this problem
<07X0>_<01XI>

1+[(C,XO)[+[(C,X7T)

STOP: X7 is an e-optimal solution of (CP)

end if

choose A € P

bisect A = Al U A?

set P — P\ {A}U{A! A?}

10: go to 2.

4: if

I < ¢, then
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/

I 4 I J
(a) Gap: oo (b) Gap: 1.0000 (c) Gap: 0.2143
N\ NS NS
AN N N
AN AN AN
(d) Gap: 0.0478 (e) Gap: 0.0118 (f) Gap: 0.0030

Fic. 4.1. Iterations for Example 4.1.

In this prototype algorithm it is not specified how a simplex is selected in Step 7
or how the bisection is performed in Step 8. Here lies some freedom which allows us
to guide the partitioning procedure adaptively in a way that is advantageous for the
optimization. The choice of the partitions also influences the convergence behavior
and finiteness of the algorithm.

We will discuss these points later in more detail in section 5. First, we illustrate
the behavior of this algorithm with a small example:

Ezxample 4.1. Consider the problem

ws ((61)%)
v (2 1))

X ecC.

The sequence of iterations is displayed in Figure 4.1. In this simple example, the
cone C of symmetric copositive matrices is a cone in R®. The feasible set is therefore a
two-dimensional set which is displayed with the curved line in the figure. The upward
arrow indicates the direction of the objective function. The solid line represents the
inner approximating cones Zp, whereas the dashed lines represent the outer approxi-
mating cones Op. The symbols x and + indicate the subproblem optimal solutions
(computed by an interior point solver in this example). For the starting partition,
the outer approximation is unbounded, a consequence of the fact that Oyas) is not
pointed. “Gap” denotes the difference (C, X©) — (C, X7T).

Observe that the feasible set is approximated with high accuracy in those parts
which are important for the optimization, whereas the irrelevant parts are not refined.
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4.2. Convergence. We proceed to investigate convergence of Algorithm 1. Con-
vergence of this algorithm relies on convergence of the approximating cones Zp,
and Op, as described in section 3. Therefore, we need the assumption that 6(P;) — 0
as £ — oo for the partitions generated in the algorithm. Note that by construction of
Algorithm 1 we have the monotonicity Zp, C Zp,,, and Op,, , C Op,.

Further, observe that feasibility of (CP) implies feasibility of (OLP), but not nec-
essarily feasibility of (ILP). Therefore, we need assumptions which imply that (ILP)
will eventually become feasible in the course of the iterations. This is done by assum-
ing that there exists a strictly feasible point by which we mean a solution X of the
linear system (A;, X> =b; foralli=1,...,m with X € int(C).

Moreover, the feasible set of the outer approximation problem (OLP) may be
unbounded even if the feasible set of (CP) is compact; cf. Example 4.1. The next
theorem shows, however, that in this case the feasible set of the outer approximation
eventually becomes bounded as the algorithm progresses.

THEOREM 4.2. Assume the feasible set of (CP) is bounded and contains a strictly
feasible point. Assume further that in every iteration of Algorithm 1 the selection of
A and the bisection into A = A' U A? is performed in such a way that the generated
sequence {Pe¢} of partitions fulfills §(P;) — 0 as £ — oo. Let (ILPp,) (resp. (OLPp,))
denote the inner (resp. outer) approximation LPs corresponding to partition {P;} in
Steps 2 and 3 of Algorithm 1, and let XZ¢ (resp. X©¢) denote the optimal solutions
of ILPp,) (resp. (OLPp,)). Then

(a) there exists Ly € N such that the feasible set of (ILPp,) is nonempty and
bounded for any £ > {y; the corresponding optimal solution X*¢ is then feasible
for (CP);

(b) there exists £1 € N such that the feasible set of (OLPp,) is nonempty and
bounded for any £ > ly;

(c) both sequences {X*t} and {X©¢} have accumulation points, and any accu-
mulation point of either sequence is optimal for (CP).

Proof. Let X* denote an optimal solution of (CP), and let X be a strictly feasible
solution of (CP). Let A := {X € S : (A4;,X) = b; fori = 1,...,m} denote the
subspace of points satisfying the linear constraints. We use the notation max(P) to
denote the optimal value of a maximization problem (P).

(a) Since Zp, C C for any ¢ € N, the feasible sets of (ILPp,) are all bounded.

As X is a strictly copositive matrix, it follows from Theorem 3.3 that there
exists £y € N such that X € Zp,,- Since also X € A, the feasible set ANZIp,,

of (ILPp,, ) is nonempty, and so are the feasible sets of (ILPp,) for all £ > éo
Therefore, any such (ILPp,) has an optimal solution XZ¢ which, by Zp, C C,
is feasible for (CP).

(b) Since (CP) is feasible, the feasible set AN Op, of any (OLPp,) is nonempty,
as well. To show boundedness, assume by contradiction that A N Op, is
unbounded for all £ € N. Take an arbitrary X € ANC. Then by polyhedrality
of AN Op,, the set

Dy:={DeS:|D|=1,X+aD e ANOp, for all « > 0}

is nonempty for any ¢. The monotonicity Op, 2 Op, , implies Dy D Dyyq
for all £. Moreover, closedness of A N Op, implies closedness of Dy, whence
all Dy are compact. Using a theorem of Cantor, we infer that the intersection
of all Dy is nonempty, i.e., there exists D € (,cyDe. But then {X +aD :
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a >0} C ANOp, for all ¢, and therefore

{X+aD:a>0}C ((ANOp,)=AN()Op, = ANC.

LeN LeN

This contradicts the assumption that A N C is bounded, and consequently
there exists ¢; € N such that . AN Op, is bounded for all £ > ¢;.

(c) We first show the statement for the sequence {XZ¢}. An accumulation point
exists because the sequence {X7Z¢}y>, is contained in the compact feasible
set of (CP). Let X? denote an accumulation point of {XZ¢}. From the inner
approximation property, we have (C, XZ¢) < max(CP) for all £ > £, so the
same must hold for the accumulation point, i.e.,

(4.1) (C, X*) < max(CP).

To see the converse, consider points Zy := AX* + (1 — )\))? for A € (0,1).
By construction, Zy is strictly feasible for (CP), i.e., strictly copositive. By
Theorem 3.3, for each such A there exists £y € N such that Z) € Zp, for all
¢ > 0. Therefore,

(C, X?*) = sup max(ILPp,) > lim (C, Z)) = (C, X*) = max(CP).
(€N A7

Combined with (4.1), this proves that X is optimal for (CP).

Next, we show the statement for the sequence {X©¢}. An accumulation point
exists because the sequence {X©¢},~,, is contained in the compact feasible
set of (OLPp,, ). Let X4 denote an accumulation point of {X“¢}. From the
outer approximation property we have (C, X©¢) > max(CP) for all £, so the
same must hold for the accumulation point, i.e.,

(C, X*) > max(CP).

The reverse inequality follows from X4 € sen Op, = C, which shows that
X4 is an optimal solution of (CP). O

If the assumptions of Theorem 4.2 are not fulfilled, the situation gets more in-
volved:

If the feasible set of (CP) is empty because A = (), then (OLP) is infeasible
in the very first iteration. If the feasible set of (CP) is empty because A does not
intersect C, then obviously all inner approximations (ILPp,) are infeasible, as well, but
unfortunately infeasibility of (ILP) is no certificate of infeasibility of (CP). Detection
of infeasibility of (CP) is only possible if (OLP) is infeasible. We observed that in
numerical examples, infeasibility of (CP) was detected through infeasibility of an outer
approximation (OLPp,) in the course of the iterations. In exceptional cases, however,
this may fail: If the set A is parallel to an face of C induced by the hyperplane
H :={X € C:vTXv =0}, then the outer approximations remain feasible unless the
partitioning process eventually generates v as a vertex in Vp by pure chance.

If (CP) is feasible but has no strictly feasible point, i.e., the feasible set is contained
in the boundary of C, then clearly all outer approximations are feasible, but the inner
approximations are most likely all infeasible, unless the inner approximation happens
to touch the boundary of C in the right portion.

If (CP) is unbounded, then in most practical cases the inner approximation will
also be unbounded in some finite iteration. In any case, we have the following;:
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THEOREM 4.3. Assume that (CP) has a strictly feasible solution. If (CP) is
unbounded, then

lim max(ILPp,) = occ.

£—o00

Proof. If (CP) is unbounded, then there exists a sequence {X,} of feasible solu-
tions such that lim,_..(C, X,,) = co. Let X be a strictly feasible solution of (CP).
Then X, := %X + %Xn is strictly feasible for all n € N, and

lim (C, X,,) = 0.
By Theorem 2.4, for each n € N there exists an index ¢,, such that X,, € Zp, . Now
the assertion follows. a

5. Fine-tuning the algorithm. As mentioned, Algorithm 1 contains freedom
in Steps 7 and 8 where the partitioning process of A® is guided. In this section, we
discuss how the partitioning is performed in each iteration. Moreover, we consider the
problem of redundancies appearing in the subproblems, and we show how the starting
partition can be tuned given a known heuristic solution.

5.1. Selecting and subdividing A. Generating a sequence of partitions {Py}
of A% with §(P;) — 0 results in a sequence of cones {Zp,} and {Op,} that approx-
imate C uniformly arbitrarily well. For optimization purposes, however, this is not
efficient. We would rather like to obtain a high approximation accuracy in those parts
of the feasible set which are relevant for the optimization, and we would like to invest
as little computational effort as possible into uninteresting parts. Therefore, we use
information gained through the objective function.

First note that, once an edge {u,v} is chosen for bisection, it makes sense to
partition all simplices containing this edge at the same time. Otherwise, {u, v} would
remain an edge in Ep, and the corresponding cone Zp would not change. We bisect
all simplices at the new vertex w := Au + (1 — \)v. Experiments with various values
of \ showed no big effects, whence we simply use A = %, i.e., we perform midpoint
bisection throughout.

Furthermore, observe that, when an edge {u,v} € Ep is splitted, the correspond-
ing inequality u” Xv > 0 is removed from the system describing Zp and replaced
by several new inequalities (cf. Example 3.2). All other inequalities present before
the bisection step are also present after bisection. As the optimal value of an LP
does not change if an inactive constraint is removed, it makes sense to consider for
splitting only edges {u,v} € Ep corresponding to active constraints, i.e., edges with
uT X%y =0 (where X7 is the solution of (ILP) in Step 2 of the algorithm). Only in
this way can we hope to improve the solution of the inner approximation.

We call an edge {u,v} € Ep with u” XZv = 0 an active edge and choose in Step 7
of Algorithm 1, the longest of the edges active in X7 for bisection. The next lemma
states that such an edge always exists:

LEMMA 5.1. In Step 7 of Algorithm 1, there always exists {u,v} € Ep with
uT X%y = 0.

Proof. The proof relies on the fact that the optimal value of an LP does not
change if constraints which are inactive at the solution are omitted. The solution X7*
of problem (ILP) clearly fulfills X% € Zp, i.e., u' XZv > 0 for all {u,v} € Ep and
vTXTy >0 for all v € Vp. Assume by contradiction that all constraints uI'Xv>0
with {u,v} € Ep are inactive. Then the solution of (ILP) does not change if those
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constraints are omitted. But this means that X7 also solves (OLP), whence the
algorithm stops in Step 4 with a zero gap. O

Selecting in Step 7 of Algorithm 1 one of the longest active edges may not result
in a sequence of partitions {P,} with §(P;) — 0. Instead of §(P,), we now have to
monitor the length a(Py) of the longest active edge in P,. If this quantity goes to
zero, then the algorithm converges:

THEOREM 5.2. Assume that (CP) has a strictly feasible point and a bounded
feasible set. Let {P} be a sequence of simplicial partitions generated from Py = {AS}
by bisecting one of the respective longest active edges {ug,ve}. Assume further that
the length o(Pe) of the respective longest edge in Py goes to zero as £ — oo. Then

glir{)lo max(ILPp,) = max (CP).

Proof. Convergence Theorem 4.2 cannot be directly applied since we do not
necessarily have 6(Py) — 0 as £ — oo. However, we show that there exists a sequence
{R¢} of partitions which fulfills max(ILPp,) = max(ILPg,) for all £ € N, and §(R;) —
0 as £ — oo.

Consider P, for some £ € N, and let X* be the solution of the inner approximation
problem (ILPp,). Since a(P;) denotes the length of the longest active edge in Py,
edges in P, with length greater than a(P;) are necessarily inactive.

We construct Ry from Py by splitting all edges in P, which are longer than a/(Py).
If necessary, we repeat this process until no edge of length greater than «(Py) remains.
All edges which are in P, but not in R, were splitted in the process of constructing R.
Therefore, they had length greater than «(P;) and thus were inactive with respect
to the optimal solution of (ILPp,). Let (AUX) be the linear program which has the
same constraints as (ILPp,) except for those induced by an edge from Ep, \ Eg,.
Removing inactive constraints from an LP does not change the optimal value, so
max(ILPp,) = max(AUX). Adding constraints cannot increase the optimal value, so
max(ILPg,) < max(AUX) = max(ILPp,). On the other hand, R, is by construction a
refinement of Py, so we immediately get max(ILPp,) < max(ILPg,) from Lemma 3.1.
Consequently, the two values are equal.

Observe that §(R¢) < a(Py). Now the assumption a(Py) — 0 implies §(R,) — 0
as ¢ — 00, so {R,} fulfills the prerequisites of Theorem 4.2, and hence

lim max(ILPp,) = lim max(ILPg,) = max (CP),
{— 00 {—00
and the proof is complete. O

In practical implementations of our algorithm, it may happen that «(P,) # 0 such
that convergence is not guaranteed. However, we never observed nonconvergence in
our test instances (cf. section 6). If convergence does not occur, it may be necessary
to alternate between bisection of the longest edge and bisection of the longest active
edge to maintain convergence.

Observe that Theorem 5.2 ensures convergence of the inner approximations but
not of the outer approximations. Therefore, the adaptive algorithm which splits along
the longest active edges might have a positive gap. In our experiments, this seemed
unproblematic. However, if the outer approximations fail to converge, a remedy is
to use additional points for the outer approximation in such a way that these points
eventually become dense in AS.

5.2. Handling redundancies. Given a partition P, the description Op :=
{A e S:vlAv > 0 forallv € Vp} does not contain any redundant inequalities.
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S S
v
U v w U w
(a) The inequalities induced by (b) The inequality induced by
vertex v and edge {s,v} are re- edge {s,v} is redundant.

dundant.

Fic. 5.1. Two situations where redundancies occur.

This follows from the fact that for any v € Vp and H := {X € S : vT Xv = 0} the set
H N Op is a facet of Op. Indeed, assume v7 Xv = 0 does not define a facet of Op.
Then there exist vertices vy, ...,vs € Vp different from v, and a € R% such that

S
’UUT = E Oél"Ui’UiT.
i=1

But this contradicts the fact that vv” is an extremal ray of C*.

Consequently, the description of Op contains no redundancies. Note that every
bisection step generates precisely one additional vertex. Therefore, a partition P
with m simplices has |Vp| = n + m vertices. This means that the size of the linear
systems describing Op grows moderately during the iterations of our algorithm.

In contrast to this, the representation

Ip:={AcS:vTAv >0 forallv e Vp,
uPAv >0 for all {u,v} € Ep}

contains a lot of redundancy, as has already been shown in Example 3.2. Redundancies
are generated in situations as the following:
Example 5.3.
(a) For some partition P, let s,u,v,w € Vp, and let v = Au + (1 — \)w with
some A € (0,1). Assume that {s,u}, {s,v}, {s,w}, {u,v}, {v,w} € Ep. See
Figure 5.1(a) for a picture of this setting.
Then the inequalities u” Av > 0 and w” Av > 0 imply

(M + (1= Nw)? Av >0 & vTAv >0,

whence the latter inequality is redundant. Likewise, uTAs > 0and wT As >0
imply v7 As > 0, showing that this is a redundant inequality, too.

(b) The situation is similar if we have v = As + pu+ (1 — A — p)w with A, p, (1 —
A — ) > 0 (see Figure 5.1(b)).
As before, sT Av > 0 is a convex combination of the inequalities sTAs > 0,
sTAu >0, and sT Aw > 0, and is therefore redundant.
More complicated examples can be constructed analogously.
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U U p1(u) u p2(u)
v p1(v) v pa(v) v
(a) {u,v} €1 (b) {u,p1(v)}, {u,p2(v)} € 1 (e) {vsp1(w)}, {v,p2(u)} € 1

F1G. 5.2. The three cases where e{u,v} is true. Edges which belong to the set I are drawn bold.

Observe that situations like in the example occur in abundance by construction
of the partition. In order to speed up our algorithm, it is therefore essential to find
a way to deal with these redundancies. Note that an n-dimensional simplex has
n + 1 vertices and ("H) edges. Hence, for a partition P with m simplices, we have
[Ve| + |Ep| = 3m(n+ 1)(n + 2), so the full system describing Zp would have that
many constraints. This number grows too quickly, so we have to be careful to keep
the system irredundant.

Unfortunately, we can not simply eliminate redundant inequalities and forget
about them, since a redundant constraint may become irredundant in later iterations.
This happens if a redundant inequality is a convex combination of others, and an edge
corresponding to one of the “parent inequalities” is bisected in a later iteration. This
phenomenon makes it necessary to keep track of the history of all vertices and edges
in the partition. We do this by introducing suitable maps.

DEFINITION 5.4. Assume that for all £, partition Pyyq1 is generated from Py
through bisection of an edge in Ep,. We call two vertices u,w € Vp parents of v, if
the edges {u,v} and {v,w} are edges of the partition P and there exists A € (0,1)
such that v = u+ (1 — N)w. We call a map

p:Vp —=Vp xVp

with the property that p(v) are parents of v a parent map.
For a given set I C Ep and for {u,v} € Ep, we define the boolean function e as

true if {u,v} el
or {u,p1(v)}, {u,p2(v)} € 1

or {val(u)}v {vaQ(u)} S I
false else.

e:{u,v} —

(See Figure 5.2 for an illustration). We write ey if it is necessary to emphasize that
e depends on the set I.

Note that for a partition P there may exist several parent maps. In what follows
it does not matter which one is used. The most natural one (which we use in our
implementation) is the “historical” parent map; i.e., if edge {u,v} is splitted at the
point w, we define p(w) = (u,v).

The next lemma states that if e{u, v} is true, then {u,v} is a redundant edge.
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LEMMA 5.5. Let p be a parent map and let u,v € Vp. If e{u,v} = true, then
there exist {u1,v1}, {ug,va} € I and X € (0,1) such that

ul Av = Muf Avy + (1 — N)ud Avy ~ for all A€ S.

Proof. This follows immediately from the definitions. d
DEFINITION 5.6. Let {u,v} € I. An edge {s,t} € Ep is said to depend on {u, v},
if er(s,t) = true and ep\ ({0} (s, t) = false.
We use the set I to generate a less redundant description of Zp. We start with
I = {{es,ej} : 4,5 = 1,...,n}. If the partition is refined by splitting the edge
{u,w} € I at the point v = Au + (1 — N\)w with some A € (0,1), then the set I is
updated as follows:
e remove the edge {u,w} from I,
e insert the edges {u,v} and {v,w} into I,
o for all {s,t} € Ep: if {s,t} depends on {u,w}, then insert {s,¢} into I.
The next lemma shows that the set I is indeed sufficient to describe the cone Zp:
LEMMA 5.7. If P is generated from the standard simplex by bisections and the
updating procedure for I described above is used, then

Ip =Ir:={X €S:u"Xv >0 for all {u,v} € I}.

Proof. We have I C Ep because the only edge leaving Fp also leaves I, and every
edge inserted into [ is an element of Ep. Thus, Z; O Zp.

Let {u,v} € Ep. Then {u,v} € I or e{u,v} = true. Obviously the update
procedure maintains this property. Using Lemma 5.5, it follows that Z; C Zp. d

The third point of the update procedure requires knowledge of Ep, whence we
have to store also this information. The set Ep can also be updated efficiently:

Set £ = {{es,e;} 4,5 =1,...,n; i # j}. Then obviously F = Exsy. If an edge
{u, v} is bisected at a point w, the set F is updated as follows:

e remove the edge {u,v} from E,
e insert {u,w} and {w,v} into E,
o if {u,s} € F and {v, s} € E, then insert {w, s} into E.

The next lemma implies that this update procedure works, i.e., ' = Ep.

LEMMA 5.8. Let {u,v}, {v,w},{w,u} € Ep. Then there is a simplex A € P such
that u, v, and w are vertices of A.

Proof. If u,v,w € A%, then conv{u,v,w} C A®. Since P is a partition of A%
there exist A',..., A™ € P such that conv{u,v,w} C |J;*; A’. Let m be minimal in
the sense that conv{u, v, w} is not covered by any subset of {A!,... A™} and assume
m > 1. Then there exists a vertex s € Viar . am} \ {1, v,w} with s € conv{u,v, w}.
Since P is constructed through bisections, there must be a vertex on one of the edges
{u, v}, {v,w}, {w,u}. This contradicts {u,v}, {v,w},{w,u} € Ep. a

5.3. Tuning the starting partition. Many interesting copositive programs
arise from dualization of a completely positive program of the form

min (C, X)
(CP*) s.t. (4, X)=0b;, ie{l,...,m}
X ecC*.

This holds in particular for many combinatorial problems. For example, the stability
number «(G) of a graph G = (Vg, Eg) fulfills (cf. [15])

1 . . _ *
el =min{(Q, X): (F,X)=1,X € C*},
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where @ = (Ag + I) and Ag is the adjacency matrix of G. Often a good feasible
solution X of (CP*) can be obtained through some heuristic procedure. For instance,
for any stable set S C Vi take the vector = to be a suitably scaled version of the
characteristic vector of S, and take X to be za”.

The dual of (CP*) is a copositive program of the form

m
max Z biy;
i=1

i=1
ZeClC,yeRm.

This form is equivalent to (CP); i.e., each copositive program can be transformed
from one form to the other.

By weak duality, for any feasible solution X of (CP*) the value (C, X) is an upper
bound for the copositive problem, so it is desirable to initialize Algorithm 1 with an
outer approximation Op, yielding a bound not worse than (C, X). The next lemma
states that this is always possible.

LEMMA 5.9. Let X be feasible for (CP*). Then there exists a simplicial partition
P such that the optimal value of the outer approximation (OLPp) is at most (C, X).

Proof. Since X € C*, it can be decomposed as X = Y, _, vgvl with vi,... v, €
R%. Set wy, := ”;’ﬁ Then wy, € A®, and therefore there exists a simplicial partition
P such that wy,...,w, € Vp. Let (Z,y) be an optimal (dual) solution of the outer
approximation, ie., (C —Y."" | y;4;) = Z € Op. This implies

wg <C—ZyiAi>wk>0 forall ke {1,...,7}
i=1

& | || 2w (C—ZyiAZ) w >0 forall k € {1,...,7}
=1

k=1 =1
& (C,X) = wilAi, X) >0
i=1
<~ <07X> 2 Zy’tbla
i=1
which was to be shown. O
The partition P with wy,...,w, € Vp can be generated iteratively by performing

a radial subdivision as described in section 2 for each of the w; at a time. Observe
that in order to construct P it is necessary to have the decomposition X = >, _; VUL
(with v > 0 for all k) of the completely positive X. Determining this decomposition
for general X € C* is a nontrivial task. However, in the combinatorial applications we
have in mind (max clique, QAP, 0/1-quadratic programming), every feasible solution
corresponds to a rank-one completely positive matrix X which can be utilized as
described above.
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6. Numerical results. We implemented our algorithm in C++ and tested our
implementation on a Pentium IV, 2.8GHz Linux machine with 1GB RAM. As a
solver for the linear subproblems we used COIN-OR Linear Program Solver (CLP,
Version 1.3.3).

We first report results obtained for some instances of the standard quadratic
optimization problem, i.e., the problem of minimizing a nonconvex quadratic form
over the standard simplex:

6.1 in 27 Q.
(0 e

This is a well-studied problem which can be restated as the copositive program

max A
s.t. Q—AF €C,
A€ R.

We first discuss the behavior of our algorithm on four examples taken from [4].
These authors solve the problems by using the LP-based approximations C” and the
SDP-based approximations K" discussed in section 1.2. As mentioned there, these
approaches provide only one-sided bounds on the optimum, without any information
on the solution quality. An exception is [4], where approximation estimates are given.
Those bounds, however, require knowledge or a good estimate of the range (maximum
minus minimum) of the quadratic form over A%.

The instances

1 0 0000 1 1 1 1 11

01 001 1 O0O0OT1T 111

0O 01 1 01 010111

0O 01 1 1 0101011

0101 Lot o
Ql_}?é?éand@2_100111100110
0110 1 1 01 01 1 01 1 010O0
1 101 01 01 1100

1 1.1 01 01 O 11 00O

1 1.1 1 0 0 1 1 0 O0O10O0O

1 1.1 1 1 1 0 0 O O 0 1

are Examples 5.1 and 5.2 from [4] and correspond to the problem of determining the
clique number in a pentagon and an icosahedron, respectively. The optimal values
are % for @1 and % for QQ2, respectively. Our algorithm solves instance ()1 to optimality
(i.e., the gap between upper and lower bound is closed) in six iterations (0.01 sec) and
instance Q2 in 158 iterations (0.54 sec). In the latter instance we used the fact that
the reciprocal of the optimal value is integer such that both lower and upper bounds
could be rounded accordingly.

Using the approximating cones C™ and K", Bomze and de Klerk [4] obtain the
following results: for instance @1, they get the bound 0 when using C° and % when
using C'. The cones K° and K! yield the bounds % and %, respectively. Hence, for
this instance K! yields the exact solution.

For instance @s, the respective numbers are 0 for the cone C' and 0.309 for
the cone K!'. In this case, the bound obtained by using K! is not exact. To use
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higher order approximations K" with r > 1 is difficult, since the dimension of those
problems is rapidly increasing. Bomze and de Klerk do not report a bound obtained
by using k2.

The next instance

—14 —-15 —16 0 0
—-15 -14 -125 =225 -15

Qs=|-16 —-125 —-10 —-26.5 -—16
0 —-225 -26.5 0 0
0 —15 —16 0 —14

is Example 5.3 from [4] and arises in a model in population genetics. Its optimal value
is —163. Bomze and de Klerk report the bounds —21 for C*, while cone K! gives the
exact result. Our algorithm takes 44 iterations (0.03 sec) to solve the problem with
an accuracy of 1076,

Finally,

0.9044 0.1054 0.5140 0.3322 0
0.1054 0.8715 0.7385 0.5866 0.9751
Q4= 105140 0.7385 0.6936 0.5368 0.8086
0.3322 0.5866 0.5368 0.5633 0.7478
0 0.9751 0.8086 0.7478 1.2932

corresponds to Example 5.3 from [4] after homogenization. This is an example coming
from portfolio optimization. The results reported in [4] are 0.3015 for C! and 0.4839
for KC!, which is optimal. Our algorithm takes 27 iterations (0.01 sec) to obtain an
accuracy of 1076,

Next, we consider an example taken from Pena et al. [18]. For a graph with 17
vertices, they propose bounds on the clique number obtained by solving SDPs over the
cones Q" (cf. section 1.2). They state that using Q* is beyond current computational
capabilities. This is indeed a hard instance: our algorithm solves this problem to
optimality in 14,411 iterations (20 hours, 18 min, and 5 sec). In this instance we
again used the fact that the reciprocal is integer to round the bounds appropriately.

We also tested some of the max-clique instances from the Second DIMACS Chal-
lenge ([8]). The smallest instance, Johnson 8-2-4, a graph with 28 vertices, was solved
to optimality in 946 iterations (1 min and 33 sec). We also solved the Hamming 6-4
instance, a graph with 64 vertices. This instance took 2,385 iterations (57 min and
52 sec). For all other instances from this library, our algorithm produced only poor
bounds within two hours of computation time (the best lower bound was usually 3,
and the upper bound stayed at +00).

We also tried to solve other combinatorial problems like the quadratic assignment
problem using a formulation of Povh and Rendl [20]. However, for most of these
instances, our algorithm gave only trivial or weak bounds.

Finally, we generated random instances of the standard quadratic optimization
problem (6.1), where the entries of the symmetric matrix @ € R™*" were uniformly
distributed in [—n,n]. For each size, 100 instances where generated. The algorithm
was stopped when the relative gap between upper and lower bound was smaller than
1075, The results are listed in Tables 6.1 and 6.2.

The first column in the tables denotes the problem dimension, i.e., the number
of variables. The 2nd and 3rd columns describe the average and maximal number of
iterations. Finally, the last four columns give information about the cpu-time.
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TABLE 6.1
Numerical results for randomly generated instances of the standard quadratic optimization prob-
lem, obtained on a Pentium 1V, 2.8 GHz Linuz machine with 1GB RAM. All problems were solved
up to a relative tolerance of 1076.

Tterations cpu-time (sec.)

n avg ~— max init avg min max
10 4.25 38 0.0001 0.0034 0 0.04
30 3.26 26 0.0019 0.0056 0 0.05
50 3.78 40 0.0046 0.0124 0 0.11
100 3.32 34 0.0269 0.0557  0.01 0.68
200 2.97 35 0.1154 0.2202  0.04 3.02
500 3.17 27 0.5451 1.5483  0.38 14.26
750 2.92 23 1.9535 3.4373  0.88  30.24
1,000 3.14 29 2.5706 5.9362 1.48  59.89
1,500 4.33 75 5.9710 19.4610 3.51  366.35
2,000 2.85 24 11.4993 23.9875 6.26  225.21

TABLE 6.2
Numerical results for randomly generated instances of the standard quadratic optimization
problem, obtained on a 16 Dual-Core AMD Opteron™ 8220 machine with 2.8GHz frequency and
130GB RAM. Only one core was used in our computations. All problems were solved up to a relative
tolerance of 1076.

Iterations cpu-time (sec.)

n avg — max init avg min max
2,500  3.13 53 8.9037 30.3367 7.22 571.38
3,000  2.56 22 14.3911 34.5022 10.23 338.79
4,000 2.85 25 26.6361 70.8114 18.48 698.08
5,000 2.45 18 44.2364 101.155  31.18 872.96
7,000  2.45 23 91.2996 203.620  59.89  2,187.65
10,000 2.97 27 192.3010 477.258 116.08 5,184.74

The cpu-time was measured in two parts: The first part is the initialization time,
which is the time needed to set up the starting LP and feed it to the solver. The
initialization time is the same for all instances of the same size and is listed in the
column init. The second part is the actual solution time, which is the elapsed time
from solving the starting LP to termination of the algorithm. This time differs not
only with the size but also with the data of the instance. Therefore, the average,
minimum, and maximum solution times are stated in the respective columns.

As can be seen from Table 6.1, the solution times for these problems are not
bad. However, our algorithm requires a lot of memory, and for this reason higher
dimensional problems took more time on this computer due to memory swapping.
Therefore, we did some further experiments on a computer with larger memory: We
used a 16 Dual-Core AMD Opteron™ 8220 machine with 2.8GHz frequency and
130GB RAM. Our algorithm used only one of the CPUs. On this machine, we were
able to solve even higher dimensional problems in very reasonable time, as can be
seen in Table 6.2.

Observe that in all instances the number of iterations of our algorithm is very low
and comparable to interior point methods.

To provide some intuition on how difficult the problems in Tables 6.1 and 6.2 are
to solve to global optimality, we tried solving these problems with BARON [22] which
is available via the NEOS server. Obviously, it was impossible to solve 100 instances
for each dimension through the NEOS server. Therefore, we were only able to try a
few random instances, which admittedly only give a rough picture. Nonetheless, we
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believe that running 100 instances per dimension would not give an entirely different
pattern. Observe that on the NEOS server, each job is allotted a run time of 1,000
seconds only. NEOS currently uses version BARON 8.1.4.

We observed that for instances of size 10 the solution times of BARON were
similar to ours. With instances of size 30 and bigger, BARON did not succeed to
solve the problems to optimality within the given 1,000 seconds. For instances of size
250 we observed that BARON ran into memory problems and accordingly returned
an error message. So it seems that BARON cannot compete with our method for this
specific type of problems in large dimensions.

Bomze and de Klerk [4] also state some numerical results for randomly gener-
ated instances of the standard quadratic optimization problem. They did calculations
for the linear and semidefinite approximations resulting from the cones C! and K,
respectively. Compared with these results, our algorithm is much faster even in consid-
eration of the faster hardware, and is able to solve much bigger instances. Moreover,
we get a guaranteed solution accuracy of at least 1076 for all instances.

7. Conclusions. We introduced new polyhedral inner and outer approximations
of the copositive cone and presented a solution algorithm for copositive programs
which uses this approximation scheme. The advantage of our algorithm is that it
does not approximate the copositive cone uniformly, but can be guided by the ob-
jective function. Numerical experiments show that the algorithm works very well for
quadratic programs over the simplex.

Open points of interest are:

e Can we use our method to solve other types of quadratic optimization prob-
lems? We tried to solve some box-constrained problems, but were unable to
solve even medium size instances.

e Can we tailor our method towards combinatorial problems like the quadratic
assignment problem, or can we find better copositive formulations of those
problems?

Our approach can easily be extended to optimization problems involving more
general notions of copositivity in the sense of [11]. Here one is concerned with matrices
which are copositive with respect to some general cone D, i.e., matrices that induce a
quadratic form nonnegative not over R’} but over D. If D is polyhedral and pointed,
then it is easy to find a base B such that R; 53 = D. Instead of working with simplicial
partition of A%, one then has to work with partitions of B. The computational effort
of course increases if the structure of B is more complex. Also, we are not aware of
applications that necessitate optimization over D-copositive matrices, so we believe
the canonical setting is the most interesting, but see [7] for an application of the
problem of deciding D-copositivity of a matrix.

Acknowledgments. We are grateful to the referees for taking the time to pro-
vide detailed and highly valuable comments on this paper.
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CONVERGENT NETWORK APPROXIMATION FOR THE
CONTINUOUS EUCLIDEAN LENGTH CONSTRAINED MINIMUM
COST PATH PROBLEM*

RANGA MUHANDIRAMGE!, NATASHIA BOLAND?!, AND SONG WANGS

Abstract. In many path-planning situations we would like to find a path of constrained Eu-
clidean length in R? that minimizes a line integral. We call this the Continuous Length-Constrained
Minimum Cost Path Problem (C-LCMCPP). Generally, this will be a nonconvex optimization
problem, for which continuous approaches ensure only locally optimal solutions. However, network
discretizations yield weight constrained network shortest path problems (WCSPPs), which can in
practice be solved to global optimality, even for large networks; we can readily find a globally op-
timal solution to an approzimation of the C-LCMCPP. Solutions to these WCSPPs yield feasible
solutions and hence upper bounds. We show how networks can be constructed, and a WCSPP in
these networks formulated, so that the solutions provide lower bounds on the global optimum of the
continuous problem. We give a general convergence scheme for our network discretizations and use
it to prove that both the upper and lower bounds so generated converge to the global optimum of
the C-LCMCPP, as the network discretization is refined. Our approach provides a computable lower
bound formula (of course, the upper bounds are readily computable). We give computational results
showing the lower bound formula in practice, and compare the effectiveness of our network construc-
tion technique with that of standard grid-based approaches in generating good quality solutions. We
find that for the same computational effort, we are able to find better quality solutions, particularly
when the length constraint is tighter.

Key words. constrained shortest paths, Eikonal equations, optimal trajectories, network opti-
mization, global optimization
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1. Introduction. Path-planning problems in networks have been widely stud-
ied, with numerous applications in diverse fields such as telecommunications routing
(see, for example, [10]) and airline scheduling (see, for example, [1]). Continuous
path-planning problems also arise in varied contexts, such as robotics [14], highway
construction [9, 4], and military path planning [8, 12, 19, 18, 2, 21]. Our interest was
motivated by the problem of planning a path through a naval minefield, which led
us to formulate a path-planning problem in 2D Euclidean space, having the following
form.

Let F : R? — [0,00) be a nonnegative, Holder continuous function defined on a
compact, convex domain  C R2. We refer to F' as the cost function. In a military
application F' may, for example, represent the risk distribution in a spatial domain
of detecting an aircraft by radar, or of a ship detonating a mine in a naval mine-
field. Such applications are likely to yield functions F' that are nonconvex, and indeed
multimodal (see, for example, [19, 2, 21]). Note that the class of Holder continu-
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ous functions exclude functions that have discontinuities or singularities. However,
many cost functions used in the literature satisfy the Holder condition, for example,
probability of detection for submarines used by Caccetta et al. [2] and the cost func-
tions relating to weather disruptions and the reliability of the weather forecast used
by Mitchell and Sastry [16]. The total cost for a path is obtained by integrating F
along that path. While minimizing the total cost, we also wish to limit the Euclidean
length of our path: This can be used to model a practical time or fuel constraint. The
Continuous Length-Constrained Minimum Cost Path Problem (C-LCMCPP) can be
stated as follows: Find a piecewise differentiable curve in {2 between a given start
point a and end point b that minimizes the line integral of F' subject to the constraint
that the Euclidean length of the curve is less than or equal a prescribed value L.

To be more precise, let C([0,1],€2) denote all piecewise differentiable curves pa-
rameterized by s € [0, 1] such that for any p € C([0,1],Q) we have p(s) €  for all
s € [0,1]. Define

I'={peC([0,1],9) : p(0) = a,p(1) = b}.

Then the C-LCMCPP can be stated mathematically as:

1
min J[p] = / F(p(s))|[p'(5)]|ds

pel’

(11) st Eu[p]Z/O 19/ (s)lds < L,

where ||.]| denotes the Euclidean norm. The piecewise differentiability of the paths
in I make the path integrals in (1.1) well defined. An instance of the C-LCMCPP
takes the form (Q, F, L,a,b). We are interested in the general case, with no further
assumptions on F.

The C-LCMCPP could be approached directly as a continuous problem, but has
more commonly been tackled via network discretization. We discuss the former ap-
proach first. The two principal continuous approaches that are applicable are (i) vari-
ational techniques, such as solution of the Euler-Lagrange equation, or (ii) solution
of the Hamilton—Jacobi—Bellman equation. The former are discussed, for example,
by Zabarankin et al. [21] and Caccetta et al. [2]. However, variational techniques
can only ensure locally optimal solutions (see, for example, introductory remarks in
Tsitsiklis [20], and references therein). Globally optimal solutions can, in principle, be
obtained via the Hamilton—Jacobi-Bellman (HJB) equation (see [20] for an excellent
exposition). These have been extensively explored in the case without the Euclidean
length constraint, which we refer to as the C-MCPP. In this case, the problem is
equivalent to solving the Eikonal equation,

(1.2) IV7ll = F(z,y),

where 7, the value function, is the time of arrival of a disturbance propagating from
an initial set on which 7 = 0, travelling at a given “slowness” (the inverse of the
speed of propagation), F', at each point. Numerical approaches to solution of this
problem all involve discretization, and there have been several schemes proposed for
which convergence to a global optimum has been proved; we believe Cristiani and
Falcone [5] provide the most recent instance, and give a comprehensive review of
previous approaches. The method in [5] is shown to converge under the relatively mild
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assumption that the speed function (the pointwise reciprocal of our F') is Lipschitz
continuous.

For the problem of interest to us, the C-MCPP with the length constraint, we
believe no similar methods are known. Indeed, the only approach to constrained prob-
lems via the Eikonal equation that we are aware of is that of Mitchell and Sastry [16].
Their interest is finding paths for aircraft that minimize fuel consumption (i.e., path
length) subject to constraints on the probability of encountering bad weather with
a penalty relating to the reliability of the weather forecast in different regions. To
handle constraints, they recast them as objectives, incorporating them in the objec-
tive function with a multiplier; this returns the problem to one of solving an Eikonal
equation, where now the cost function, or speed, incorporates terms related to the
constraints. Their method samples from possible multipliers, and so samples from the
set of Pareto-optimal solutions for the multiobjective problem. As is noted in [16],
this will not necessarily yield an optimal solution to the constrained problem.

We now discuss approaches based on network discretization. In such approaches,
the spatial domain €2 is discretized, and represented by a set of points, including a
and b, which are used as vertices in a network. The arcs in the network restrict the
path to travel only between pairs of vertices connected by an arc, and the cost of each
arc is taken to be the integral of F' along the straight line between the two endpoints
of the arc. The problem of finding a minimum cost path in the network from a to
b is now a standard network shortest path problem, which is easily solvable, with
techniques such as Dijkstra’s algorithm [6] or the A* algorithm [11], to give globally
optimal solutions. Problems with the additional Euclidean length constraint take the
form of a Weight-Constrained Shortest Path Problem (WCSPP) in a network, which
is also now very well solved for practical purposes, for example, using the recent
approaches of Dumitrescu and Boland [7], Carlyle and Wood [3], or Muhandiramge
and Boland [17]. In either case, solving the network shortest path problem provides a
feasible solution to the continuous problem, and so yields an upper bound on its value.

For further detail of how continuous problems, particularly those arising from path
planning in a threat environment, can be modeled as network path problems, we refer
the reader to the paper of Zabarankin et al. [21], which gives an excellent exposition.
Zabarankin et al. [21] also derive analytic solutions for the case of a single point
threat, and so can demonstrate computationally that in such cases the upper bounds
generated from network discretizations are very close to the exact global optimum.
Most work along these lines rests with constructing the network discretization and
solving the corresponding network path problem: The focus is on modeling other
practical complications, such as curvature constraints. For example, Piatko et al. [19,
18] discretize with points on a square grid, with arcs from each point to either its
four, or eight, nearest neighbors. Similar networks were used by Fahlen [8], Caccetta
et al. [2], and Zabarankin et al. [21], although [8] and [21] both describe using sixteen
neighbors in the 2D case, and [21] further considers the 3D case. Curvature (turning
angle) constraints are considered in [8, 21|, while [2] permits variable speeds for path
traversal, selected from a finite set of possible speeds.

By contrast, Kim and Hespanha [12], in work on an anisotropic form of the
problem (cost depends on direction) without the length constraint, focus on finding
network constructions that provide better approximations. They develop a novel net-
work construction method that they call “honeycomb” sampling. This method selects
points at random from the spatial domain, according to a probability distribution that
ensures either the points are close together, or that a term related to gradients of the
cost function is small. The Voronoi diagram for these points is then constructed, and
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nodes on the network are sampled from the edges of the Voronoi diagram. The hon-
eycomb sampling is compared computationally with (i) a network with nodes selected
uniformly at random from the spatial domain, and (ii) a network with nodes selected
at random according to a probability distribution based on cost function gradients.
Kim and Hespanha [12] report average reductions in the cost of the network paths
found using honeycomb sampling of around 7.5% over the uniform sampling networks
and around 11% over the gradient-based sampling method. Unfortunately, [12] does
not say how their network nodes were connected (they don’t define the arcs), so it is
difficult to assess the relative computational effort for these approaches.

Network discretizations have also been explored by authors in contexts other than
that of the C-LCMCPP or C-MCPP. Kimmel and Kiryati [13] used a grid network
and local refinement procedure to find the minimum length path on a underlying
3D surface given a digitization of the surface. First, the surface was represented by a
graph with a node for each surface voxel and an edge from each node to all the surface
voxel nodes up to one unit away in each direction (a total of 26 possible different
directions). Rather than weight these links by their length, they weighted them
using a path length estimator which gives an unbiased estimate of the path length
on the actual underlying surface. They then found the shortest path in this network
using a standard network shortest path algorithm. Since grid networks suffer from
discretization bias, [13] also used a curve shortening flow method [15] to shorten the
path to a local optimum. Caccetta et al. [2] similarly combine an initial discretization
step with a subsequent local optimization step based on variational techniques. They
use a standard grid network, solve the corresponding network problem approximately,
but then take the resulting path as an initial point for an optimal control solver, to
derive a locally optimal solution.

As far as we are aware, the only work that considers the issue of how far the
solution to the network discretization problem is from that of the original continuous
problem, or considers the possibility of convergence to the globally optimal solution as
the network is refined, is that of Kim and Hespanha [12]. As mentioned earlier, they
tackle an anisotropic problem, and do not apply a length constraint. For this case,
they provide a lower bound formula. Unfortunately, their formula involves a set of
points in the spatial domain that they prove to exist, but which they don’t explicitly
show how to construct. They simply require the set to be “sufficiently dense”. Thus
they cannot readily use their formula to compute a lower bound from a path found in
a given network. Furthermore, although their network construction is motivated by
the theory they provide, it is not explicitly proved to converge to the globally optimal
solution. Indeed, since their construction relies on randomized sampling, such a proof
would have to include some kind of “almost surely” condition.

In this paper, we give a general scheme for convergence of network discretizations.
With this scheme, we show that if we solve the corresponding WCSPP with path
lengths constrained to L(1 + ), where v depends on the network construction, then
we can compute a lower bound on the global optimum of the C-LCMCPP. We prove
furthermore that this bound converges to the global optimum as the network is refined
in a way described later. We also prove that the solution to the WCSPP with path
length constrained to L (an upper bound on the global optimum of the C-LCMCPP)
also converges to the global optimum as the network is refined.

This is, of course, of theoretical interest, but from a practical point of view,
we still need to construct good network discretizations. An advantage of network
solution methods that make them useful for nonconvex problems is they find global
optima within the network. However how accurately the network solution reflects
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the continuous solution depends greatly on the structure of the network used. One
point that is not hard to see is that the standard grid networks, with arcs only
connecting points to a handful of their nearest neighbors, cannot, in general, converge
to globally optimal solutions of the C-LCMCPP. With such networks, the set of
gradients available to the network path is simply not rich enough to ensure it can
well approximate the optimal continuous path; grid networks suffer from significant
discretization bias. A complete network on a set of grid points would suffice, but a
complete network on a fine grid has an enormous number of arcs, and even efficient
shortest path algorithms are unlikely to be practical if we attempt to use complete
networks. (We note that in the unconstrained case of the C-MCPP, the method of
Cristiani and Falcone [5] implicitly considers a much larger set of tangent directions
by updating node values using the multiple neighboring node values simultaneously.
This allows them to prove convergence.)

Thus the challenge is to structure a network that is “just right”. It needs to
be rich enough to well approximate any optimal path, but not so dense as to make
solution of the network problems impractical. By structuring our network carefully,
we can overcome the discretization effects with a purely network method, avoiding the
need for a local refinement procedure. We can also guarantee that our solution will
converge to the true optimum as we refine our network. We have met this challenge
with what we call a “cellular” network construction, based on triangular tessellation
of the spatial domain, and hexagonal cells. This network is sparse, while still meeting
the conditions for convergence.

We give the results of numerical computations, showing the effects of refining the
network discretization on the lower and upper bounds computed. We also compare
the upper bounds found with those found using the standard grid approach, using
computational effort. This shows that the cellular network gives better solutions,
particularly when the length constraint is tighter.

Thus our contribution in this work is what we believe is the first approach to
a constrained continuous minimum cost path problem that is proved to converge
to the globally optimal solution, under mild assumptions on the cost function. We
also provide computable lower bounds, and a network construction that is sparse,
while still providing better approximations to the continuous solution than standard
approaches.

The paper is structured as follows: First we formalize the concept of using a
network to approximate the C-LCMCPP; next we outline the properties of network
that produce a convergent solution; and lastly we create a method of constructing
networks with these properties and give numerical results.

2. Network formulation. To solve the C-LCMCPP using a network formula-
tion we create a network G = (V, A) consisting of nodes and directed edges in €2 such
that nodes are located at the start point a and end point b and at least one network
path exists that connects a and b. A network path p from node vy to node v, in G
is a sequence of arcs p = ((vo, v1), (v1,v2), ..., (Um—1,0m)) such that (vig_1,v) € A
for all k € {1,...,m}. For convenience, we will assume that the graph has a unique
directed edge between any ordered pair of nodes so p can be equivalently written
p=(Vo,V1,..,Um—1,Vm)-

As the nodes in our network are also points in the Euclidean plane, we treat them
both as abstract network nodes, e.g., v € V and also directly as coordinate in 2-space,
e.g., ||vi — vix1]| and v € Q. The context in which a node is mentioned indicates in
what capacity it is to be treated.
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We assign each edge a cost which is the line integral of F' along the edge and a
weight which is the Euclidean length of the edge. We then solve the corresponding
weight constrained shortest path problem (WCSPP): Finding a network path from a
to b that minimizes the sum of the costs of the edges in the path while keeping the
total length of the path less than or equal to a given weight limit.

The quality of our network approximation depends a great deal on the structure of
the network. In particular, we would like the difference between the optimal objective
function value for the C-LCMCPP and the corresponding WCSPP to be as small as
possible. We would also like this difference to shrink to zero as we refine our network.
We formalize the network design into the concept of a network construction as follows.

DEFINITION 2.1. A network construction G is a method that, given an instance I
of the C-LCMCPP and a finite vector of real parameters P from a parameter domain
S, will produce a finite directed network G(I, P) which includes a and b as nodes and
in which a network path from a to b exists.

The important point is that a network construction can take many different vec-
tors of parameter values and thus produce many related networks for a given instance,
e.g., many different grid spacings for a grid network. We would like to have a network
construction that, given the right series of parameters, produces a series of networks
whose WCSPP optimal objective function values converge to the objective function
value of the C-LCMCPP. This is the focus of the next definition.

DEFINITION 2.2. A convergent network construction G is a network construction
for which for any instance I of the C-LCMCPP we can find a sequence of parameter
sets (Py, Py, ...) with Py € S for k € ZT such that the difference between the objective
function value of the solution to I and the approximate WCSPP solution using the
network G(I, P,) goes to zero as n goes to infinity. The WCSPPs may use a different
weight limit to the C-LCMCPP.

In the following section, we formulate a convergent network construction and in
the process obtain a calculable lower bound on the cost of the optimal solution of the
C-LCMCPP.

3. (9, €, k)-approximation networks. In this section, we outline the proper-
ties of a network that allow us to relate the solution of the WCSPP over the network
to the corresponding C-LCMCPP. Such properties are given by Definition 3.1, and
we call a network that satisfies these properties a (0, €, k)-approximation network. We
will give an example later of how such a network is constructed, but for now we con-
centrate on proving convergence using the abstract properties of the network without
the distraction of outlining the full network construction method.

The motivation behind the definition is that to approximate a continuous path
integral using a network path, we would ideally like the end points of the edges to be
on the path, as standard for the Riemann sum definition of a path integral. In our
case, however, we want to be able to approximate the integral for any reasonable path
in our space using a finite network; thus we cannot guarantee that the approximating
points will be directly on the path. Therefore, the best we can do is guarantee that
the approximating points are within some distance of the path.

To make this guarantee, for any path p € I, we have a sequence pg = (vo, ..., vn),
with v, € V for k € {0,1,..., N}, which forms the network approximation to the
path. To relate the network path to the continuous path it approximates, we have
the corresponding sequence (p(so), p(s1), p(s2),-..,p(sn)) of points on the path p, in
which each point, p(sk), is at most € away from the nearest corresponding node, vy,
for each k = 0,..., N. The distance between these points on the path is bounded
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below by ¢ and above by «d. The distance kd corresponds to the maximum on the
distance between points in a Riemann sum.

DEFINITION 3.1. A (6, €, k)-approzimation network G = (V, A) with 6 > 0,¢ >
0,k > 1€ R for an instance I = (Q, F, L,a,b) of the C-LCMCPP has the following
properties:

1. the set V contains a and b;

2. for each node v € V \ {b} there is a closed, connected region R, C Q such
that each R, can be enclosed by a circle of radius k0; and

3. for each p € T with Eulp] < L there is an ordered sequence of points on
the path p given by (a = p(so),p(s1),...,p(sn=1),p(sn) = b) with 0 = sg <
§1 < ... < sy—1 < sy = 1, and a path (a = vg,v1,...,0N-1,UN = D)
in the network G, i.e., a sequence with vy € V and (vp—1,vr) € A for all
ke{l,...,N}, such that:
(a) lIp(si) — p(sk_1)l| > 6, for all k€ {1,...., N},
(b) |lvk = p(sk)|] <€, for all k € {0,...,N}, and
(¢c) p(s) € Ry, for all s € [sk,skp+1] and avy + (1 — a)vgy1 € Ry, for all

a € [0,1], for each k € {0,...,N —1}.

3.1. Length relationship. Cousider a (4, ¢, k)-approximation network for an
instance I of the C-LCMCPP. For an optimal solution p* of I, we have the sequence
of points (p*(so),...,p"(sn)) on the path guaranteed by Definition 3.1 and clearly

N
(3.1) Eulp'] =) |lIp*(sx) = p"(sk-1)l.
k=1

We would now like to find, for any path p € T', the relationship between the
Euclidean length of the piecewise linear path formed by (p(so), p(s1), p(s2),--.,p(sn)),
and that formed by the corresponding network path (vg, v1,ve,...,vy) satisfying the
conditions of Definition 3.1.

LEMMA 3.2. Any (4, ¢, k)-approzimation network G = (V,A) for an instance
I =(Q,F, L,a,b) of the C-LCMCPP will have the property that for any path p € T,
there is a sequence of points on the path (p(so),p(s1),p(s2),--.,p(sn)) and a sequence
of nodes (vo,v1,v2,...,vN) wWith 0 = 59 < 51 < ... < sy_1 < sy =1 andv, € V
for all k € {0,...,N}, such that ||vy — ve—1]] < ||p(sk) — p(sk—1)||(1 + ) for all
ke{l,...,N} and v € &g where

€ 62
(3.2) g = [015 + 025—2, oo)
for some c1,co € [0,2] independent of p.
Proof. Let G = (V,A) be a (4, ¢, k)-approximation network for an instance I
of the C-LCMCPP. For any path p € T, let (p(so), p(s1) , p(s2), ...,p(sn)) and

(vo, v1,v2,...,vN) be the sequences guaranteed to exist by Definition 3.1. Let Ly =
[low — vk—1|], ok = ||p(sk) — p(sk—1)]| for k € {1,..., N}, and e = ||p(si) — vg|| for
ke{0,...,N}.

For k € {1,...,N}, if p(sg—1) # vk—1, let ai be the angle defined by p(sk),
p(sk—1) and vi_1 measured anticlockwise from the segment {p(sx—1),p(sk)}, and if
p(sk) # vk, let B be the angle defined by p(sp—1), p(sx) and v also measured
anticlockwise from the segment {p(sx—1),p(sx)}. If p(sk—1) = vk—1, i.e., eg—1 = 0, set
ay to 0 and similarly if p(sx) = vy, i.e., €x = 0, set G to 0.
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a=V,=Pp(sy) 4

Fic. 3.1. Representation of a path p and its network approrimation. Parts of the diagram
applicable to Lemma 3.2 for k = 2 are labelled. The small circles have radius € and the large circles
have radius 9.

Then from Figure 3.1, we can deduce, by decomposing the segments {p(sx—1),
vg—1} and {p(sg), vk} into components parallel and perpendicular to {p(sx—1),p(sk)}
and using Pythagoras, that

Li = (5k — €p—1 cos(ozk) — €k COS(ﬁk))Q + (ﬁk—l sin(ozk) + €k Sin(ﬂk))Q.

To get an upper bound on how much longer L; could be compared to J;, we take
the absolute value of the component contributions. We also note that 0 < e;_1, €, < €
due to Condition 3(b) of Definition 3.1. Using this, we then get

Lj, < (3% + €] cos(a)| + €] cos(Br)])* + (el sin(aw)| + €| sin(Br)])*.

The effect of the absolute value signs on the sine and cosine function can be
replicated if we make the following transformation which keeps the angles in the
range [0, 3]

Qg o € [0, g],
Oék: ™ — O Oéke[%,;(',

ap — T akE[W,Tﬂ],

21 — 041@6[37”,271'].

Using the same transformation function for G, we then expand and simplify using
trigonometric identities and then estimate Ly as follows:

L2 < 62 4 2€% + 26¢(cos(a¥) + cos(%)) + 2€% cos(aF — 3F)
= L; < \/5,% + 2€2 4 2d5e(cos(ak) + cos(B*)) + 2€2 cos(ak — GF)

k

= 5k\/1 +2 (g(cos(ak) + cos(B¥)) + 2—2(1 + cos(ak — 6’“)))
2

€2

< 5k\/1 +2 (g(cos(ak) + cos(3%)) + 52 (1 + cos(ak — ﬁk))>

62

(cos(a®) + cos(BF)) + 52

SH

< 0k (1+

€ 62
Ok (1+clfg +c’§5—2> ,

(1 + cos(a® — ﬂk)))
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where we have used ¢ > ¢ from Condition 3(a) of Definition 3.1 and the inequality
V1i+az <1+ 3, for any z > 0.

In the above, cf = cos(a¥)+cos(8*) and c§ = 1+cos(a® —5%). As ¥, g € [0, Z],
this implies both cos(a*), cos(ﬁk) € [0,1]. Also (a* — %) € [-Z, 2] so cos(aF — g¥) €
[0,1]. Thus it is clear that cf,c5 € [0 2]. We define ¢;(p) as maxye(s, . nyc} and
c2(p) as maxpe(1,.. N} ck and note that c;(p), c2(p) € [0,2].

Now, let ¢; and ¢z be the supremum of ¢;(p) and ca(p), respectively, over all paths
p € I'. We see that ¢1,ce € [0,2]. Thus

6
Ly <6 (1+Cl +CQ(52

L < 5k(1 —|—’}/),

2
where v € [c1§ + c2 55, 00).

If we return to our original definition of Ly and §; we get Ly = ||vg — vp—1|| <
2
l[p(sk)—p(sk—1)|[(14+7) = 0x(1+7) forallk € {1,..., N}, wherey € [c1$+ca%z,00) =
¢ for some ¢y, ca € [0, 2] independent of p. O

COROLLARY 3.3. Let p* be an optimal path of an instance I = (0, F,L,a,b) of
the C-LCMCPP and G be a (9, €, k)-approzimation network for I. Then the network
approzimation pg = (Vo,v1,v2,...,UN) to p*, guaranteed to exist by Definition 3.1,
satisfies Eulps] < L(1 + 1) for v € ®g where ®¢ is defined in (3.2).

Proof. Let (so,...,sn) be defined for p* as per Definition 3.1. Then

N
=> v — vl
k=1

N
SZ “(sk—1)|[(1+7) by Lemma 3.2
k=1

IN

Eulp*](1+7) by (3.1).
Now as p* is feasible for the instance I of the C-LCMCPP, we have Fu[p*] < L so
Bulps] <L(1+7). 0O

Corollary 3.3 is important because it tells us that by relaxing the weight constraint
in our network by the factor 1 + v, the network path pf that approximates the
continuous optimal solution will be a feasible path in our WCSPP approximation.

3.2. Lower bounds. Let G be a (, ¢, k)-approximation network for an instance

= (Q, F,L,a,b) of the C-LCMCPP. Then for p* an optimal solution to I, the

sequences with properties given by Definition 3.1, that is (p*(so),p*(s1),...,p*(sn))

with 0 = so < s1 < ... < sy = 1 and the network approximation p, = (vo, v1,...,vn)

to p*, are guaranteed to exist. Using the sequence (p*(sg),p*(s1),...,p*(sn)) to put
a lower bound on the optimal solution to I we get

(3.3) >Z|Ip (sk) = P (sk-)||M*(vg 1),

where M (vi_1) is the minimum value of F' on the region R,,_,. Here we have used
Condition 3(c) from Definition 3.1 that the path segment between p;_, and pj is
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entirely in the region R,, ,. Remember x > 1 and for each v € V, R, is a closed
connected region around v that is contained in a circle of radius k0.

Using the sequence (vg,v1,...,vn) to put an upper bound on the cost of the
network approximation to p* we get

N
(34) Tpe] <3 Mok = vp—1||M T (vp-1),
k=1

where M (vi_1) is the maximum value of F' on the region R,, ,. Here we again use
Condition 3(c) from Definition 3.1 to guarantee that the arc between vi_1 and vy is
entirely in the region R,, ,.

Using inequalities (3.3) and (3.4) we get

(3.5)

N
Vi — Vk—
I (50) = 51 () - S L= gty
k=1

Y

N
1" (si) = " (sh—1)[IM ¥ (or—1) = D 197 (1) = P (s1e=1) [ M (1)
k=1

M= T T

v

19" (s%) = p* (sk-)I|(M* (v—1) = M (vg-1)),

b
I
—

where v € ®g. At this stage we make the following definition.
DEFINITION 3.4. Ag = max,ey (53 (M1 (v) — M*(v)) or equivalently using the
definition of M'(v) and M*(v), A = max,cv\ (b} (Maxzer, F(z) — mingeg, F(y)).
The parameter Ag represents the maximum over all v € V' of the variation of
the underlying F' function over the regions R,. Using this definition we proceed as
follows:

(3.6)
IR
Jp*] — 1 iciy > - Z [lp* (sk) — " (sk—1)||Ac using Definition 3.4
k=1
> —EBulp*|Ag by (3.1)
> —LAg as Bulp*] < L.

Rearranging (3.6) gives us the relation

* J[p*] T
(3.7) T') > T2~ LA,

If we consider the WCSPP for network G with a relaxed weight constraint, i.e.,
finding the network path in G between nodes a and b with length less than or equal
to L(1 + ), we know that any network approximation p¢ to the optimal path p*
of instance I is feasible for the relaxed WCSPP by Corollary 3.3. Thus if ¢ is an
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optimal solution to the relaxed WCSPP, then we know J[g] < J[p¢] by the definition
of the optimality of g¢,. Then

*

lqz;] _
1+~

<

Letting J*(L) = J[p*] be the optimal objective function value of an instance I
of the C-LCMCPP and J&(L(1+ 7)) = J(gg] the optimal objective function value of
the relaxed WCSPP using the network G, we get

LTS
3.9 JHL) > 0 [Ag.
(39) (1) = S .

Using this relation, we can calculate concrete lower bounds on the solution of the
C-LCMCPP as we will demonstrate in section 5. Note that if we cannot find the
optimal objective function value of the relaxed WCSPP, any lower bound on optimal

value can replace J&(L(1 + 7)) in the formula and produce a valid, if worse, lower
bound on J*(L).

3.3. k-regular network constructions and convergence. To create a con-
vergent network construction we define x-regular network constructions in Definition
3.5. When given the right series of parameters a x-regular network construction pro-
duces a series of (9, ¢, x)-approximation networks for which § and § approach zero.
This property will help us show that x-regular network constructions are convergent
network constructions.

DEFINITION 3.5. A k-regular network construction is a network construction G
with parameter domain S for which for any instance I of the C-LCMCPP there exists:

1. A sequence of parameter vectors (Py, Ps,...), Py € S,Vk € ZT,

2. A sequence (61,02,...) with 6 > 0,Yk € ZT such that limy_.o 0, = 0 and,

3. A sequence (€1, €2, ...) with e >0,k € Z* such that limy oo § =0,
such that G(I, Py) is a (6, €k, ©)-approzimation for all k € 7.

Before we prove convergence, we need to introduce the following theorem.

THEOREM 3.6. Let J*(L) with L € [Lyn, ) be the optimal objective function
value of instance I = (0, F,L,a,b) of the C-LCMCPP, where Ly, = ||b — al| is
the minimum distance between a and b. Then J*(L) is monotonically decreasing and
continuous for L € [Luyn,o0) if F' is Hélder continuous and §) is convez.

Proof. To show J*(L) is monotonically decreasing, we note that if p*(L;) is an
optimal solution to the C-LCMCPP for weight limit L1, then for Ly > Ly, p*(L1)
is a feasible solution to the C-LCMCPP with weight limit Ls. Thus if L; < Lo,
J[p*(L1)] = J*(L1) > J*(L2) = J[p*(L2)] so J*(L) must be monotonically decreas-
ing. Due to space limitations, the proof that J*(L) is continuous is omitted. O

Note, however, that J*(L) may not be continuous if we allow obstacles as these
would result in either a discontinuity in F' or nonconvexity of €2. In fact, it is easy
to construct an example with obstacles in which the function J*(L) is discontinuous.
In this paper we do not consider obstacles; recall our initial assumption that F' is
continuous and 2 is convex.

THEOREM 3.7. A k-reqular network construction is a convergent network con-
struction.

Proof. Consider a k-regular network construction G. For any instance I =
(2, F, L,a,b), we know by Definition 3.5 that there exists a sequence of parameter
vectors, (Py, Py, ...), such that G(n) = (V(n), A(n)) = G(I, P,) is a (§(n),e(n), k)-
approximation network and lim,_, §(n) = 0 with lim,_, E(Z) =0.
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We see by rearranging (3.9) that

(3.10) Ty (L +7(n))) < (J*(L) + LAG ) ) (1 +7(n)),
where y(n) = 26223 + 2;2232 € Pg(n)-

To show that the right-hand side of (3.10) converges to J*(L), we need to
show that we can refine the network in such a way that lim, .. Age,) = 0 and

lim,,_, y(n) = 0.
Letting R, (n) be the region around the node v € V(n) \ {b} guaranteed to exist
by Definition 3.1, we see clearly from Definition 3.4,

Ag) = F(z) — Fy)),
Gm = gax  ( max Fle)— min Fly)

that zero is a lower bound on Ag,,). We know from Definition 3.1 that each region
R,(n) is contained in a disk of radius x6(n). Thus the maximum distance between
points in the set R,(n) is 2.d(n). Now as F' is Holder continuous, for any points z
and y in Q we have |F(z) — F(y)| < K||z — y||? for some positive constant K and
0 < 0 < 1. Hence we have

lim A = lim  max max F(x)— min F
n—00 G(n) n—00 vGV(n)\{b}(weRu(n) ( ) YyER,(n) (y))

< lim  max Kllargmax F(z) — argmin F(y)||° by Hélder condition

n—o0veV (n)\{b} TER,(n) yERy(n)

< lim K(2k6(n))°

<0 as lim d(n) =0.
Thus hmn_,oo AG(n) = 0. Now

2
nlin;o v(n) = nlin;o <cl% + CQ%) =0 as nlin;o % = 0.

So finally, using lim, o Agn) =0 and lim,, o y(n) = 0, we get

lim J¢;,,) (L(1+y(n)) < lim (J*(L) + LAg()(1+v(n))

Jim Ty (L1 +7(n))) < J*(L).
To show convergence we need a corresponding lower bound on limy, o0 J Gn) (L(1+

~v(n)). We know J*(L) is continuous on L € [||b — al|, o) by Theorem 3.6. A contin-
uous map of a convergent sequence is convergent, and thus

L= lim L(1+~v(n)) as nlLH;OW(n) =0
J*(L) = Jim. J*(L(1+~(n))) as J*(L) is continuous
JH(L) < lim JG,) (L(1+5(n)),

where we have used Jé(n)(i(l +7(n))) > J*(L(1+~(n))) by the optimality condition
of the continuous optimal solution. Thus

JH(L) < lim TG (L(1+v(n) < J7(L).
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So

T T (E(1+(n)) = (D).

This shows that if we choose the sequence of parameters (P, Py, ...) guaranteed
to exist by Condition 1 of Definition 3.5, then the optimal objective function values
of the WCSPP’s for the networks G(n) = G(I, P,) will converge to the objective
function value of the C-LCMCPP as n — oo. Thus we have shown a x-regular
network construction is convergent. 0

Theorem 3.7 shows us that the WCSPP solutions for a x-regular network construc-
tion using the relaxed weight constraint converge to the solution of the C-LCMCPP.
However, we can also show that the solutions to the WCSPP using the same weight
constraint as the C-LCMCPP also converge.

THEOREM 3.8. Given an instance I = (0, F,L,a,b) of the C-LCMCPP with
L > |la — b|| and a k-reqular network construction G, the solutions to the WCSPP
using the network G(I, P,) and the weight limit L will converge to the solution of I
for some sequence of parameter sets (P, Pa,...).

Proof. Choose the parameter set (Py, P, ... ) guaranteed to exist by Definition 3.5
such that G(n) = (V(n), A(n)) = G(I, P,,) is a (6(n), €(n), k)-approximation network
with lim,, e d(n) = 0 and lim,, .« % =0. Let v(n) = 2;22; + 2% € Pn).-

Choose a sequence L, and integer N such that L = L,,(1+v(n)) and L,, > ||a—b||
for all n € {N,N +1,...}. Note that lim,, .oc L, = L and L,, < L for all n € Z*.
As G(n) is a (6(n), e(n), k)-approximation network to problem instance (2, F, L, a, b),
then G(n) is also a (d(n), e(n), k)-approximation network for the problem instance
(2, F, L, a,b); this is readily seen from Definition 3.1 noting L,, < L. Hence, applying
(3.9) forn e {N,N+1,...}, we get

Jé(n) (Ln(1+7v(n)))

* L,)> — I/nA n
(L) )
G(n)(
> 2CW T A Lo(1+ =L
= T+ (n) G(n) as Lin( v(n))

Rearranging, we get

JGny (L) < (J*(Ln) + LnAgm)) (1 + 7(n)).

Taking limits and using reasoning similar to that used in the proof of Theorem 3.7,
we obtain

(3.11) lim &) (L) < (J*(Ln) + LaAg ) (1 +7(n)),

n—oo
which implies

(3.12) lim J¢,) (L) < J*(L) as J*(.) continuous.

n—oo n)

Also, the optimization problem that defines Jé(n) has a domain that is a subset
of the domain of the optimization problem that defines J* so J*(L) < Jg,, (L) for
all n € Z*. Thus lim, Gny(L) = J*(L). So clearly limp oo J5(,,) (L) = J*(L).
This completes the proof. |
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By solving the WCSPP corresponding to a given instance of the C-LCMCPP
with the original rather than relaxed weight constraint we obtain feasible solutions
to the optimization problem and an upper bound. Theorem 3.8 tells us that the
upper bounds will converge to the true continuous optimal solution as we refine our
framework.

Note that the convergence proof does not work if the length constraint is equal to
|la —bl|. In this case, there is only one possible path, being the straight line from a to
b. However, in our successive network approximations to this problem this path may
not appear in our network as all paths from a to b in our network may be slightly
longer that ||b—al|. The WCSPP would then have no feasible solution for L = ||b—al|
and thus J&(J|a — b||) would be undefined. In this case, the successive approximations
could not be said to converge.

4. A specific k-regular network construction technique. In this section
we create a k-regular network construction G that satisfies Definition 3.5. We will do
this using one network to create a scaffolding with cells of size of order ¢ and then
placing a second network used to solve the WCSPP on this scaffolding. The nodes of
the second network are placed on the boundaries of the cells with the nodes spaced
at most 2¢ apart. For reasons that will become clear later, we will call this a cellular
network construction.

Our parameter space will be the set S = {(i,j, M) € Z®¥xZ¥xZ* : (i,5) # (0,0)}
where Z9 is the set of nonnegative integers. We will first show that each network

VE_lb-al 1

constructed is a (d, €, k)-approximation network where § = %5 Jap €= van

and Kk = %.

For an instance I = (Q, F, L, a,b) of the C-LCMCPP, we construct our network
by first creating a tessellation of equilateral triangles covering all of R? such that a
and b (the start and end points) are located at triangle corners. The triangle size
and orientation is specified by the parameters i and j. Specifically, we find the side
length I;; and unit vectors d; and dp such that dz points % radians anticlockwise to
the direction of dy and a + il;;d1 + jl;;d2 = b. Using the cosine rule and referring to

Figure 4.1(a) we see that

2
b —a|*= i2ll-2j +j211-2j — 2ijli2j cos <§> ,

which we simplify and rearrange to give
L lb—al
iy = T F -
Vi2+j2 41
We can then find d; and ds using the sine rule. We construct our tessellation to
align the vectors d; and dy with the side length of the triangles given by [;;. Figure
4.1(b) shows the resulting tessellation for parameter vector (i,j) = (2,2).
We define
— @ L = ‘/EM

5 = :
2% 2 iTy g

This definition makes § the perpendicular height of the equilateral triangles that form
our tessellation.

We will view this tessellation as a network which we call T'(¢,j) = (SN, SE). To
distinguish this network from the one over which the WCSPP is solved, we call the
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Q

il

ij

(a) Construction diagram for T'(¢, j).

R
o o S N °
o) / \ b\ N
¢) Boundary supernode sets for superedges d) Boundary superedge sets for superedges
(c) y sup peredg y superedg peredg
se and sf. se and sf.

Fic. 4.1. These diagrams show the construction of and examples of the various definitions for
our scaffolding graph. The network was created using (i,7) = (2,2). Knowing (3,j) and the position
of a and b, we can easily find the length l;; and the vectors di, d2. These are used to construct our
scaffolding graph (SNq, SEq). The supernode set SNq are the black dots shown and the superedge
set SEq are dotted lines shown on the diagram.

elements of SN supernodes and the elements of SE superedges. We place a supernode
at every triangle vertex to form the set SN = {a + ml;;jdi1 +nlijds : m,n € Z}. Then
the set of superedges are defined by SE = {se = {si,sj} : si,sj € SN, ||si—sj|| = li;}.
Note that superedges are undirected.

DEFINITION 4.1. We say the superedge se = {si,sj} contains a point x € Q if
there exists A € [0,1] C R such that x = Asi + (1 — \)sj.

Naturally, we will only be interested in the part of the tessellation that covers (2.
Let the set of triangles in T'(i, j) that cover , i.e., all triangles that intersect with €2,
be denoted by Trig = {A = {{si,sj}, {si, sk}, {sj,sk}} C SE : Ise € A and Jz € Q
s.t. se contains 2}. We define a new set of supernodes SN = {sn € SN : A € Triq
with se € A s.t. sn € se}. We define SEq = {{si,sj} € SE : si,sj € SNq}. This
gives us our scaffolding graph (SNgq, SEq). We will also make the following definitions
to ease the rest of the discussion.

DEFINITION 4.2. The adjacent node set to a supernode si € SNq is the set
Adj(si) = {sj € SNq : ||sj — si|| = l;; }.

DEFINITION 4.3. The boundary supernode set of a superedge se = {si, sj} € SEq
is the set BndyNodes(se) = (Adj(si) U Adj(sf)) \ {st,s5}.

DEFINITION 4.4. The boundary superedge set of a superedge se € SEq is the set
Bndy(se) = {{si,sj} € SEq : si,sj € BndyNodes(se)}.

We will place the nodes of our network on the sections of the superedges inside
), and space the nodes such that each point in € contained by a superedge is at most
€ from a node on that same superedge. We first choose an integer M > 1 and let
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(a) Diagram of network showing how nodes (b) Diagram of network approximation to
(black dots) are placed and the leaving edges a continuous path. The triangles are the
(dashed arrows) for selected nodes. p(sk)’s and the larger circles are the corre-

sponding vy ’s.

Fi1G. 4.2. These diagrams illustrate node placement, arc choice and path approzimation in
Kk-reqular networks.

€= ﬁ&. This makes € the length of the side of a tessellation triangle divided by
2M . We then use the following procedure to place nodes on the superedges, producing
our node set V:

For each superedge se = {si,sj} € SEq,

1. If si € , place a node at a distance € along the superedge from si and
place subsequent nodes at a distance 2¢ as long as each node is placed
inside Q. If the next node to be placed is outside €2 and if the intersection
of the superedge and boundary of €2 is a distance greater than e from the
last node, or it is the first node to be placed, we place a node on the in-
tersection of the boundary of {2 and se; otherwise we do not place a node.

2. Else If sj € €, follow rule 1 but start at sj instead of si.

3. Else If si,sj ¢ Q, and there exists = € Q such that se contains z, we
start by placing a node at one of the intersections between the superedge
and the boundary of ). We then place nodes at intervals of 2¢ until the
next node to be placed would be outside 2. If the other intersection se
and the boundary of €2 is a distance greater than e from the last node, we
place a node at the other intersection of the superedge and the boundary.

4. Else If there does not exist x € ) such that se contains z, then we do
not place nodes on that super edge.

The above procedure defines our node set V. An example of the placement of nodes
can be found in Figure 4.2(a). Next, we define the edge connectivity in our network
but first we make the following definitions.

DEFINITION 4.5. For node i € V '\ {a, b} its boundary superedge set, Bndy(i),
is the set Bndy(se) where i is contained by se. This is well defined as each node in
V' \ {a,b} is contained by one and only one superedge. The boundary superedge set of
a is Bndy(a) = {se = {si,sj} € SEq : si,sj € Adj(a)}. Bndy(b) is not defined.

DEFINITION 4.6. A point x € § is contained in Bndy(j) for j € V \ {b} if there
exists se € Bndy(j) such that x is contained by se.

To create our edge set A we will place an edge from each node i € V' \ {b} to
every node v € V' \ {a} contained by Bndy(i). Note that no edges terminate at a
and that there is an edge ending at b from any node which contains b in its boundary
superedge set. Note, however, that no edges originate at b. Examples of edges are
shown in Figure 4.2(a).
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At this stage we have a network construction G that produces a network G =
(V, A) for a given instance I of the C-LCMCPP and parameter vector P € S. We
now wish to check that each network produced is a (9, €, k)-approximation network.
For any path p € T from a to b, we will construct its network approximation in
G = (V, A) in the following manner and show it satisfies the properties of Definition
3.1.
1. Let k =0, vg = a, and sp = 0 (meaning p(sp) = a).
2. Let k = k+ 1. Let sx € (sg—1,1] be the smallest value such that p(sy) is
contained in Bndy(vg_1).
3. Let vy be the closest node in V' \ {a,b} on the superedge containing p(sy).
If p(sk) is located on a supernode, it will be contained by many superedges.
In this case we choose vi to be the closest node on any of the superedges in
Bndy(vg—1) containing p(sg), breaking ties arbitrarily.
4. If b is contained in Bndy(vi—1) and if there is no s € [s, 1] such that p(s) is
contained in Bndy(v), then let vy, = vy = b (replacing the last choice of vy,
made in step 3) and s = sy = 1 and stop. Otherwise go to step 2.

For any path p € T" we have thus produced two sequences (vg,v1,...,vx) and
(p(s0), p(s1), .-, p(sn)) with v, € V for k € {0,..., N} and 0 = 59 < 51 < ... <
sn—1 < sy = 1. An example of the sequences (vg, v1,...,vn) and (p(so), p(s1), -- -,

p(sn)) for a particular path and network is shown in Figure 4.2(b).

The Euclidean distance from any point on a superedge to any point on the bound-
ary superedge set of that superedge is greater than or equal to ¢§; see Figure 4.1. We
can see that as p(sx) lies on the boundary superedge set of the superedge which con-
tains both vg_1 and p(sx—1), we have ||p(si) — p(sk—1)|| > d for k € {2, N}. Also, all
points contained by the boundary superedge set of node a are a distance greater than
d from a so ||p(s1) — p(so)|| > d as p(s1) is on the boundary superedge set on node a.
Thus Condition 3(a) of Definition 3.1 is satisfied.

The point p(sg), k € {1,...,N — 1} will be approximated by the nearest node
on the same superedge. Nodes are placed on superedges such that any point on
the super edge is at most ¢ away from a node, and thus the spacing of nodes will
satisfy the condition |lvy — p(sk)]| <€ ,Vk € {1,...,N —1}. As a = p(so) = vo and
b= p(sn) = vy, we satisfy Condition 3(b) of Definition 3.1.

By having edges run from each node i € V' \ {b} to all the nodes contained by
Bndy(i), we can see that the edges required by a network approximation (vg, v1, va,
..., UN_1, UN) to any path p € ', that is the edges (vo,v1), (v1,v2), ..., (vN_1,VN),
are in A. This satisfies Condition 3 of Definition 3.1.

To define the regions R, we make the following definition.

DEFINITION 4.7. For supernode si € SNq the closed region Reg(si) = {Asi +
(T = XN)(usj + (1 — p)sk) : A\, p € [0,1],{sj, sk} € SEq,{sj,sk} C Adj(si)}. For a
set of supernodes, we will extend the definition of Reg(.) to be the union of the set of
regions for each supernodes, i.e., Reg({si1, si2, ..., sin}) = Up_,; Reg(six).

The region Reg(si) will generally be a regular hexagon around supernode si,
except where the network is truncated near the boundary of €.

The regions R, v € V' \ {a, b} in Definition 3.1 are satisfied in our construction
by the regions Reg(se) N Q where se is the superedge containing node v with the
exception of the case where b is contained by the boundary superedge set of se, in
which case R, is given by Reg(seUsb; Usba) NQ2 where sby and sby are the superedges
in the boundary superedge set of v that contain b. Examples of the regions near node
b are given in Figure 4.3. For node a, R, = Reg(a) N Q except in the unlikely case
that the boundary of @ contains b. In this case R, = Reg({a} U sby U sby) N Q where
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F1G. 4.3. Diagrams of the shapes of the regions around end node b.

sb; and sby are the superedges in the boundary superedge set of a that contain b.
Each of the regions can be enclosed in a circle of radius at most \%5. This means x
for our construction is %.

For path p, the section of the path from p(sig_1) to p(sk) and the points on the
edge from v,_1 to vy given by Avg_1 + (1 — X)vg, for A € [0, 1] are entirely contained
in the region R,, , for k € {1,..., N}. This satisfies the need for the regions R, for
v € V'\ {b} and Condition 3(c) of Definition 3.1.

Thus for any instance I = (2, F, L, a,b) of the C-LCMCPP, the network G(I, P)
for P € S produced by our cellular network construction will be a (J, €, x)-approxima-
tion network.

We now wish to show that our cellular network construction is a k-regular network
construction. For any instance I = (2, F, L,a,b) of the C-LCMCPP, consider the
network G(I, (k,0,k)). This network will be a (Jx, €k, £)-approximation network for

_ lla—b|v3 _ lla—bj| _ 4
Op = s €k = 2k2,andﬁ—\/§.

Noting the requirements of Definition 3.5, we see that for any instance I of
the C-LCMCPP there is a sequence of parameter vectors (Pr, P», Ps,...) = ((1,0,1),
(2,0,2), (3,0,3),...), a sequence of § values (61,02,03,...) = (”a_g”\/g, ”a_Z”\/g,

W, ... ) with limj_o 8 = 0, and a sequence of € values (€1, €, €3, ... ) = (@,
lla—bl| Jla—bl|
)

...) with limp o0 §= = 0, such that G(I, Py) is a (O, ek, #)-approximation
network. Thus the cellular network construction outlined in this section is a x-regular
network construction with x = %.

5. Numerical experiments. In this section we will test our xk-regular network
construction method numerically. We implemented the lower bounds scheme in two
different ways. Both schemes use Mathematica to calculate the node positions but
differ in the method of calculating edge costs. In the Gaussian scheme, we used
Mathematica to explicitly calculate the edge costs in the network using three-point
Gaussian quadrature. These edges are then exported to a WCSPP solver written in
C++. The trapezoidal scheme instead uses Mathematica to calculate function values
at each node which are then exported to the WCSPP solver which calculates edge costs
on the fly using the trapezoidal rule. The Gaussian scheme is more accurate, especially
for smaller networks, whereas the trapezoidal scheme is faster as it utilizes the fact the
edges share start and end positions and thus needs fewer function evaluations. The
number of function evaluations is equal to the number of nodes for the trapezoidal
scheme, whereas it is a multiple of the number of edges for the Gaussian scheme. The
trapezoidal scheme also allows larger networks as the edges are not stored explicitly.
Note that while it would be possible to calculate edge costs on the fly using Gaussian
quadrature, this was not implemented.

For both schemes, Ag was found by numerically finding the maximum and min-
imum value of F(z) for each region R,, v € V' \ {b} using Mathematica. Note that
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Fic. 5.1. Contour plot of functions Fi(x,y) and Fa(z,y) overlaid with the nodes of cellular
network with parameters (i,j, M) = (24,0,24). The lighter regions have higher function values.
The shading scale on the two plots is not the same. Some parts of the region which are not length
feasible have not been meshed. The edges are not shown to avoid cluttering the diagram. The
paths corresponding to the upper bound in the cellular network are the solid white lines. The paths
corresponding to the relazed weight constraint L(1 + ) are the long dashed lines. Both problems
were solved using the Gaussian scheme. We also calculated the upper bound paths given by a grid
network of 721 by 721 nodes which are shown as the short dashed lines. We can see that the cellular
network produces a smoother path than the grid network. Note that the paths are all piecewise linear
and have not been smoothed in anyway.

all nodes on the same superedge share the same region R,; thus only one calculation
per superedge is required. We used a y calculated by the formula

2 2

5.1 44
(5.1) gl \/§M+3M2’

where M is the number of nodes per side length. Note that we have used the pes-
simistic choice of ¢; = ¢o = 2 in (3.2) to calculate v. The calculations were performed
on a Pentium 4 2.4GHz with 512Mb RAM running under Linux.

We use two test functions. The first is Fy(z,y) = x. For the second we define a
constituent function:

1 (@1=61)%+ (23 —¢2)2
G r) = —=e" o2
¢1)¢>2)<7( ) ) )

and use the following as our test function,
Fy(x) =G3.3.5(x)+0.5(G1.3,4,.4) + Gs1.2.4x) +Gr.21.2.4(2)).

For both F; and F» our region ( is the closed square with corners at (0,0) and
(1.6,1.6). The start point a is (0,0) and the end point b is (1.6,1.6). The weight limit
L is 1.1 times the distance between the start and end nodes or approximately 2.489
units. Both functions are plotted in Figure 5.1.

Figure 5.1 shows an example of a network and path that results from our cellular
network construction for both Fy(x,y) and Fx(z,y). The solid white lines are the best
upper bound paths, found by solving the WCSPP calculation using L as the length
constraint. This is our approximate solution to the C-LCMCPP for this network. To
obtain a lower bound, we use the relaxed weight constraint L(1 + v) and solve the
WCSPP to get a lower bound path, which are the long dashed lines. The objective
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(a) Upper and lower bound. (b) Number of nodes vs number of

edges.

Fic. 5.2. The upper and lower bounds for the C-LCMCPP for the function Fi(xz,y) vs the
number of nodes. The squares are the lower bounds for i = M and the triangles are the results when
i and M are optimized for an approximately constant number of nodes. The stars are the upper
bounds for the i = M case and the diamonds are the upper bounds for the optimized i and M case.
We can see that the optimization offers an improvement on the lower bound. We can also see a
diminishing return on the improvement to the lower bound as we use more nodes. The number of
edges vs the number of nodes is also given in (b) in which the stars indicate the i = M case and the
diamonds indicate the © and M optimized case.

function values corresponding to these paths are J&(L(1 + +)) which are used in the
lower bounds formula given by (3.9).

For comparison we have shown the paths that result from using a grid network
with edges to the 8 nearest neighbors, shown as the short dashed line. We can see that
the paths are not smooth compared to the ones obtained via the cellular construction.
The number of nodes in the grid network was chosen to approximately equal the
average node density of the cellular network. The objective function values of the
grid network are also higher than that of the cellular network: 1.58602 vs 1.44257 or
9.9% higher for Fy(z,y) 1.783 vs 1.734 or 2.8% higher for F(z,y).

Figures 5.2(a) and 5.2(b) give the results of C-LCMCPP using successively larger
networks to improve the lower bound. The trials were aborted at approximately
300,000 nodes and 150,000,000 edges when the WCSPP’s became too big to solve
effectively due to computational memory limitations.

Two methods of choosing ¢ and M were tested. In the first, we set ¢ = M and
in the second we chose ¢ and M so that they provided the best lower bound for an
approximately constant number of nodes. To do this we note that for our cellular
network

|V| ~ K,i?M and

V]
(5.2) i~ KL

We approximate Ag by

K

(5.3) Mg~ =

Substituting (5.2), (5.3), and the formula for v, (5.1), into the lower bounds formula,
(3.9), gives

JeL+7) - K,M
V3M T 3M?
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Fi1c. 5.3. The upper and optimum lower bounds for the C-LCMCPP for the function Fa(x,y)
vs the number of nodes. The squares are the lower bounds calculated using the Gaussian scheme
and the triangles are the lower bounds calculated using the trapezoidal scheme. The diamonds and
the stars are the upper bounds calculated using Gaussian and trapezoidal scheme, respectively.

Given previous lower bounds calculations we can estimate the values of J&(L(1+1)),
K and K, and then given a number of nodes |V| we can calculate an approximately
optimal value of M and use (5.2) to find i. We then vary 4 around this approximate
optimal value to find a local optimum and report this value as the optimal ¢ and M
combination for a particular number of node in Figure 5.2.

The lower bound calculated by (3.9) steadily improves from being negative to
becoming positive at 2,717 nodes and 227,909 edges when ¢ = M = 13 and increases
to within 21.5% of the upper bound at 318,946 nodes and 156,815,926 nodes when
i = M = 64. Optimizing the choice of i and M results in a slight increase of the
best lower bound to within 19.5% of the least upper bound using a network with
(i, M) = (108, 21) having 299,910 nodes and 49,165,143 edges.

Even though the smaller networks produce useless negative lower bounds, they
produce competitive upper bounds. The upper bound for i = M = 7 calculated
using a network of 404 nodes and 14,383 edges was 1.452 which was within 1% of
the best upper bound of 1.442 produced for i = M = 64 with 318,946 nodes and
156,815,926 edges. We can see that the upper bound converges at a much faster rate
than the lower bound. In light of the results of Zabarankin et al. [21], who compare
grid network solutions to analytic solutions available in specific cases, we believe the
upper bounds we compute to be very close to the corresponding global optima.

In Figure 5.3 we find the upper and lower bounds for a given number of nodes
using the optimal choice of ¢ and M for the function Fs(x,y). The accuracy of the
numerical integration is important in the smaller networks, which have longer edges;
thus the Gaussian scheme was used for small numbers of nodes. When the size of
the networks became prohibitively large for the Gaussian scheme we switched to the
trapezoidal scheme. The accuracy of the trapezoidal scheme improves noticeably
when the length of the edges is decreased; for example, for (i, j, M) = (74,0, 6), which
produces a network with 40,358 nodes and 1,869,186 edges, the Gaussian scheme
produces an upper bound of 1.73661 and the trapezoidal scheme produces an upper
bound of 1.73614, a difference of less than 0.03%. The best lower bound found in this
case was within 27.4% of the best upper bound. The trapezoidal scheme was also
much faster with the above instance running in 1h51m using the trapezoidal scheme
as opposed to 7Th27m using the Guassian scheme.
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TABLE 5.1
Percentage improvement in the upper bound when changing from a 8-nearest neighbor grid
network to a cellular with similar number of edges. The results are averaged over 15 different
functions. The standard deviation of the percentage improvement in the upper bound is given as std
dev and N° indicates the number of instances in which the cellular network produced a better result
than the grid network out of the 15 instances.

@, ) (6,03) | (12,0.6) | (24.0,12) | (30,15)
grid width 21 88 364 572
|A| cell 3279 60508 1053426 2611897
|A| grid 3280 60900 1055604 2610612
L = 2.489 | % mean UB gain | 9.3 12.8 11.5 11.5
std dev. 17.8 16.2 16.4 16.4
Ne 9 15 15 15
L = 2715 | % mean UB gain | 0.0 7.4 9.0 10.1
std dev. 13.4 8.0 8.4 11.3
Ne 8 15 15 15
L =2.942 | % mean UB gain | -6.1 0.5 2.2 1.9
std dev. 8.3 1.9 1.7 1.9
Ne 4 11 13 12

Surprisingly, the majority of the computational time was spent on evaluating
F(z,y) and/or evaluating line integrals, exporting data to the WCSPP solver, and
calculating A rather than solving the resulting NP-hard WCSPP. As we were focused
on pushing the lower bound as high as possible, we tested some problems with ex-
tremely long run times. For example, the time for a complete run, that is, calculating
the node positions, calculating A, calculating the edges weights, exporting the edge
data to the WCSPP solver, and solving two WCSPPs (for the upper and lower bound)
for Fy(x,y) for (i,4, M) = (143,0,12) using 300,170 nodes and 28,302,752 edges was
close to 10 hours giving an upper bound of 1.734 and a lower bound of 1.259. However,
we were able to obtain reasonable upper bounds in much shorter times; for example,
it took only 6min 7sec to do the same calculation with (4, j, M) = (14, 0,4) to get an
upper bound of 1.754, though the network was not large enough to provide a positive
lower bound.

Though calculating lower bounds can involve extreme computational effort, if we
are looking only for feasible solutions, then we can use much smaller networks and
get reasonable results. Given that the upper bound for cellular networks seems to
converge quite rapidly, we compared the values of the upper bound, thus the best
feasible solution found for the problem, to the upper bounds produced by 8 nearest
neighbor grid network with a similar number of edges. We again set ) to the closed
square with corners at (0,0) and (1.6, 1.6) and the start point to a = (0, 0) and the end
point to b = (1.6,1.6). We used three different weight limits for each function: 1.1,
1.2, and 1.3 times the distance from the start to end point, respectively. Besides using
the functions F; and F5, all the other functions we used were a sum of 15 Gaussians
of the form G4, 4,,0(x) with uniformly random centers, (¢1,¢2) € €2, and o uniformly
random in the range [.1,.3].

Table 5.1 shows us that, as we would expect, in the majority of cases, the upper
bound produced by the cellular network is lower than that produced by a grid network
with a similar number of edges. The clearest trend is the mean percentage improve-
ment of the cellular network over the grid network improves as the weight constraint
is made tighter. The cellular networks also tend to do better than the corresponding
grid network when the networks are made larger.

We can also see that the variability of the improvement increases with the tighter
weight constraint. This may be due to the weight constraint forcing the choice of high
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cost arcs in the grid network as paths in the grid network are longer than they need
be due to the restrictions in the number of directions available.

6. Conclusion. We have produced a network approximation method to the con-
tinuous length constrained minimum cost path problem (C-LCMCPP) for which we
can show the network approximation converges to the continuous solution as the net-
work is enlarged in an appropriate manner. We then defined (4, €, k)-approximation
networks and showed that for such a network, a lower bound can be calculated. We
went on to define a x-regular network construction, which can produce a sequence
of (0, ¢, k)-approximation networks such that the lower bound (and upper bound)
converges to the continuous optimum.

Having developed the theory, we then created a specific example of a k-regular
network construction, which we dubbed a cellular network construction, and tested
it computationally. We were able to calculate lower bounds that came within 19.5%
of the best upper bound. We also found that the cellular networks produced upper
bounds that converged rapidly and that corresponded to smoother paths with lower
objective function values than the solutions produced by grid networks.

In the future, we wish to improve the lower bounds further. One possible method
is a nonuniform triangulation of space so that node placement better reflects the
contours of the underlying function. We also wish to explore the potential of iteratively
eliminating regions of space using lower bounds; this would allow better lower bounds
to be obtained for the same computational effort.

We may also look at restricting the underlying function to be a triangulated
surface to simplify function evaluations, given that this is the way many surfaces in
practical situations are represented. The function triangulation could be made to
coincide with the triangulation of the cellular network. Implementing this method of
function evaluation in C++ would offer a significant speed up to the algorithm over
using analytical functions in Mathematica.

The cellular network concept may also be applied to higher dimensional spaces.
One could imagine the cells becoming interlocking polytopes with nodes placed on the
facets of these polytopes. While the theory underlying such a construction may be
relatively straightforward, the number of nodes required by the discretization would
grow enormously. However, given that the upper bounds for two dimensional networks
converge rapidly, it may be possible that useful upper bounds for higher dimensional
problems are attainable.

Lastly, we may wish to change the length constraint to a constraint with the same
form of the objective function. This would allow more versatility in the application
of the theory to practical situations. The main challenge here would be proving
that suitably relaxing the constraint guarantees that a network approximation to an
optimal path exists.

Acknowledgment. We would like to thank Tim Robinson for setting us on this
path.
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Abstract. We propose a new regularization scheme for mathematical programs with comple-
mentarity constraints (MPCC) by relaxing all the constraints of the complementarity system. We
show that, under the MPCC-linear independence constraint qualifications (MPCC-LICQ), the La-
grange multipliers exist for this regularization. Our method has strong convergence properties under
MPCC-linear independence constraint qualifications and some weak conditions of the strict com-
plementarity. In particular, under MPCC-LICQ), it is shown that any accumulation point of the
regularized stationary points is M-stationary for the MPCC problem, and if the asymptotically weak
nondegeneracy condition holds at a stationary point of the regularized problem, then it is strongly
stationary. An algorithm for solving the proposed regularization is presented and numerical experi-
ments are reported. Some comparisons with other methods are discussed with illustrative examples.
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1. Introduction. We consider the following mathematical program with com-
plementarity constraints (MPCC):

min  f(x)
s.t.
g(z) <0, h(zx) =0,
(1.1) Gy(z) >0, Hyz)>0,
Gi(z)Hi(z) <0,
[=1,2,...,n,

where f : R" - R, g : R" — R", h : R — R", and G,H : R" — R"
are continuously differentiable. This problem plays an important role in many fields
such as engineering design, economic equilibrium, and multilevel games, and has at-
tracted much attention in the recent literature. The major difficulty in solving (1.1) is
that its constraints fail to satisfy the Mangasarian Fromovitz constraint qualifications
(MFCQ) at any feasible point [5]. This implies an empty or an unbounded KKT
multipliers set, so that the standard methods may encounter difficulties, or even fail
for solving this problem.

Over the past years, many papers that dealt with MPCC appeared in the lit-
erature. Some of them have gone into the search for the existence and the sta-
tionarity characterizations of its solution, while others proposed a number of ap-
proaches to solve MPCC, for example, the sequential quadratic programming method
[1, 2, 10, 11, 17, 23], the branch and bound approach [3], the smoothing implicit
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(a) Fischer-Burmeister (b) Scholtes

F1G. 1.1. The smooth regularizations [12, 28].

programming approaches [6, 23], and interior point methods [4, 8, 20, 22, 23]. In
parallel, considerable efforts have investigated the search of the regular approxima-
tions of MPCC to apply usual nonlinear programming algorithms. Fukushima and
Pang [12] and Facchinei et al. [9] suggested a smoothing family, by replacing the com-
plementarity system with the perturbed Fischer-Burmeister function [18]; see Figure
1.1(a):

&1(Gi(), Hi(x),1) = Gi(x) + Hy(z) — \/G}(x) + H(x) + 1 =0.

Hu and Ralph [15] presented a penalty method where the complementarity term
Gi(z)H;(z) <0 is moved to the objective in the form of an [;-penalty function:

min f(x) + pz Gi(x)H;(x).
1=1
Scholtes [28], see Figure 1.1(b), presented a regularization scheme where the comple-
mentarity term G;(x)H;(z) < 0 is changed to
Gilx)Hi(z) <t, 1=1,...,n

and the relaxation parameter ¢ is driven to zero.
Subsequently, Demiguel et al. [8], see Figure 1.2(a), proposed the following regu-
larization:

Gi(z) > —t1, Hi(z) > —t1, Ga)H(x)<t, 1=1,...,n.

Lin and Fukushima [21], see Figure 1.2(b), considered the following regularization
scheme,

Gi(x)Hy(z) <t (Gi(z) +t)(Hy(z) +t) > 2, 1=1,2,...,n,.

All these methods use regularizations that transform the thin and nonsmooth,
nonconvex feasible region into a thick and smooth one, and because of the smoothing
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(GO H) )=

G(A)H (x)=1t G(x)/H(x):rz

(a) Demiguel et al. (b) Lin and Fukushima

F1G. 1.2. The smooth regularizations (8, 21].

TABLE 1.1
The stationary points of the smooth regularizations for the problem (1.2).

Ref. case 1 case 2
9, 12] =(L §),n=0-1 @ ym) =vi (s 1, &%)
=(51)n=1-3 @,y m) =vi(1, 5, Z -3
8,28] | (= w) =21, D+ (/i-1) @ -1 (@ y) = Vi1, 1)
for ¢ S 15 (p1, p2, m) = (0, 0, 1) (1, p2, m) = (07 0, 1:/‘;/2)
@ =30, nE(Ji-2)a - | @e=0y
[21] fort < %, (m,m2)=(1, 0) (m,m2 ) = (2, 0)
(@ 9) = (1 -t -y, COVCOI0) | (4, ) — (21, —2)
fort <1, (m,n2) = (0, —1) (n1,m2 ) = (07 #)

aspect, the sequence of stationary point generated by these methods may converge to
a stationary point where the associated Lagrange multipliers are of the wrong signs
(C-stationary), as illustrated by the following example.

Example 1. Consider the following problem:

min l(x —1)2+ %(y —1)?

(1.2) st. x>0, y>0, zy<0.

Let w1, 2, m,m1, and 72 be the Lagrange multipliers corresponding to the constraints
of the different regularization schemes described above. Table 1.1 summarizes the
stationary points of each regularized problem:

It is clear that all stationary points in case 1 converge to (1, 0) and (0, 1) which
are the good stationary points of (1.2) with good signs for the Lagrange multipliers
(S-stationary), but the solutions in case 2 converge to a point (z, y) = (0, 0) which is
only C-stationary for the problem (1.2), that is, a stationary point where its Lagrange
multipliers are of wrong signs.
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Another difficulty in dealing with the smooth regularization is that the regularized
problem may fail to have a stationary point even if the MPCC problem has one, as
the following example illustrates:

Ezxample 2.
min —y

(1.3) st. x>0, y>0, zy <O0.

Every point on the positive z-axis is a local minimizer of (1.3), but the smooth regular-
izations have no stationary point. It is easy to verify that the second-order necessary
optimality condition does not hold at solutions in case 2 for the smooth regularized
problems in Example 1 and at any point of the z-axis for the original MPCC prob-
lem (1.3). Consequently, the previous smooth regularizations need some second-order
condition to ensure that stationary points exist for the regularized problem and also
that such points are not spurious C-stationary points of the MPCC. This necessity
to resort to second-order conditions in order to obtain first-order stationary results is
undesirable.

In this paper, we present a new regularization scheme NLP(¢) where the comple-
mentarity system is relaxed to inequalities with a relaxation parameter ¢, see Figure
1.3:

min  f(z)
s.t.
(z) <0, h(z) =0,
(14 %l(ﬂf) > —t, Hz)=-t,
(Gi(z) —t)(Hi(z) —t) < 0,
[=1,2,...,n

With the proposed regularization (1.4) we do not have to assume any second-order
condition to ensure the existence of the regularized stationary points or that such
points are not attracted by unwanted C-stationary points of the MPCC. We will show
that, under the MPCC-linear independence constraint qualifications (MPCC-LICQ),
the standard linear independence constraint qualifications (LICQ) hold for each feasi-
ble point of the problem (1.4) except the points x which satisfies G, (z) = H;,(z) =t
for some [y. However, we show that the Lagrange multipliers exist at these points.
Global convergence results will be derived under fairly general conditions. It is shown
that a cluster point of the stationary points of (NLP(¢)) is M-stationary under the
MPCC-linear independence constraint qualification (MPCC-LICQ). The convergence
to the strong stationary point is deduced if we suppose some nondegeneracy condi-
tions. We further provide some conditions which guarantee that a local minimizer of
the MPCC is a limit point of the local minimizers of (NLP(¢¥)) as t* decreases to zero.

The existence of the Lagrange multipliers is the main motivation to consider an
active set method for solving this regularization scheme. An interesting idea, for
reducing the relaxation parameter ¢, similar to the so-called elastic mode, is to use
an explicit penalization of the parameter . For a given penalty parameter p, this
penalized problem can be written as follows:

min  f(z) + pt

s.t.
() <0,  h(z) =0,
(1.5) .z;l x) > —t, H(x)> —t,
(Gi(z) —t)(Hy(z) —t) <0,
[=1,2,...,n.
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G(x)

Kadrani et al.

F1G. 1.3. Our nonsmooth regularization (1.4).

A similar analysis for the regularization scheme (1.4) may also be extended to this
variant. The main difference with the elastic mode as proposed in [2] is that our ap-
proach relaxes the complementarity constraints and keeps them explicit as constraints,
but the elastic mode [2] removes the complementarity term from the formulation (1.1)
by adding an l;-penalty ¢ (G(z))T H(x) to the objective function, where ¢ is a posi-
tive parameter. Moreover, the sequence of first-order points (¥, t*) of the formulation
(1.4) has an accumulation point that is M-stationary under MPCC-LICQ and strongly
stationary if the penalty parameter p* is bounded, while the elastic mode in [2] has
similar convergence results but with a sequence of second-order points.

The paper is developed as follows. In section 2, we review various stationar-
ity concepts of the MPCC (1.1) and we show that, under the linear independence
constraint qualifications of MPCC (MPCC-LICQ), the standard linear independence
constraint qualifications hold for this regularization except some particular points. In
section 3, the existence of the Lagrange multipliers is shown for every feasible point
of the regularized problem. In section 4, we define a weak stationarity of MPCC used
in our convergence analysis. It is shown that, under some conditions, the KKT points
of the problem NLP(¢) converge to the strongly stationary point of the MPCC as the
relaxation parameter decreases to zero. In section 5, we investigate the properties of
the attractors. In section 6, the extension of the proposed regularization is discussed.
In section 7, we present a practical algorithm for MPCC problem (1.1) and the con-
vergence results of the penalized problem. The active set method applied to original
MPCC (1.1) and the proposed regularization is discussed. We conclude the paper in
section 8.

We will use the following notations. A letter with superscript or subscript & is
related to the kth iteration. We denote by e, the vector of length ¢ whose entries are
all 1, that is, e; = (1,1,...,1)7. The notation O(-) is used in the usual sense. We
often have to deal with different index sets for the active constraints of the MPCC or
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regularization problems. Here is a list of them:

Ip =Ip(x) ={i: Fy(x) =0}, TE =TE(x,t) = {i: Fy(x)£t=0},
I=IcNZy, Iey =ZIc UL, I~ =1,NTIy, Iglizzguzf,,
I* =T N Ig-, Toom =T Ul T =T N, Lo = Lo Ui,

with F* = F(2¥), F* = F(2*), and F € {9, G, H}.

2. Stationarity concepts, constraints qualifications, and strict comple-
mentarity. In this section, we recall some notions from the MPCC theory and its
regularization which we will use in the sequel. We give the different types of sta-
tionarity and the constraint qualifications for MPCC (1.1) in subsection 2.1 and the
first-order stationarity conditions for the NLP(¢) in subsection 2.1.

2.1. Stationarity, linear independence constraint qualification, and strict
complementarity for MPCC. A feasible point z* of (1.1) is called critical or weakly
stationary [26], if there exist MPCC multipliers v*, 7*, uf, ub satisfying:

vwﬁ(x*a V*7W*7MT7M§) = 07
0<v*Lg(z*) <0,

pi L G(z*) >0,

w3 L H(z*) >0,

(2.1)

where L(z,v, 7, p1, pi2) is the MPCC Lagrangian of (1.1) at (z*,v*, 7%, u}, p3):
Lz, v,m 1, p2) = f(2) + v g() + 77 h(w) — pi G(z) — pg H(z).

Scheel and Scholtes [26] give the following types of stationary point z*:
C-stationarity:

(2.2) v > 0and pj us, >0 for alll € T%;
M-stationarity:
(2.3) v >0and for all | € Z* either pj,; > 0 and ps5,; >0, or uj us, =0,

B-stationarity: the points for which d = 0 is a solution of the problem ob-
tained by linearizing all the data of (NLP) with the exception of the complementarity
constraints G(x) o H(z) <0,

S-stationarity:

(2.4) vi > 0and py,; > 0,u5, >0 foralll € Z*.

If a point is a strong stationary point, then it is also a stationary point of any other
type [26]. Also, a stationary point of any type is a weak stationary point [26].

Remark. C-stationarity and M-stationarity actually are Fritz—John points for
MPCC with a vanishing objective multiplier. The reason for considering these various
weaker stationarity concepts is that such points are potential attractors of methods
based on the penalization or the regularization [8, 9, 12, 15, 16, 21, 28|. S-stationary
is what we look for. As developed in the sequel, C-stationary may be avoided using
the MPCC structure.

DEFINITION 2.1. The MPCC-LICQ is satisfied at the x* if the following set of
vectors is linearly independent:

{Vg;(z¥)|ie Ig*} U {th(ft*)} U{VGi(z")|l € Zg+-} U{VH (z")|l € Ip-}.
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We now give two varieties of strict complementarity at a weak stationary point
[25], which we will use in the sequel.
DEFINITION 2.2. Let x* be a weak stationary point for MPCC.
e The upper level strict complementarity (ULSC) holds at x*, if there exists
MPCC multipliers satisfying (2.1) with piy, 14y, o 7 0 for all m € Z*.
e The lower level strict complementarity (LLSC) holds at x*, if there exists
MPCC multipliers satisfying (2.1) and Z* = ().

2.2. Stationarity conditions for NLP(t). In this subsection, we discuss the
exact and inexact first-order stationarity conditions for NLP(¢). We define the La-
grangian function for this problem as follows:

Li(x,v,, p1, p2,1 +Z%gz +Z7Tjhj($)_ZN17l(Gl(x)+t)
(2.5)

_Z,UQ,Z(HI +t + an m _t)(H ( )_t)'
=1

The first-order necessary optimality conditions for the problem NLP(¢) are then if x
is a local minimum of NLP(¢), then there exists v, m, u1, n2, and 7 such that

vmﬁt(xvl/aﬂ-v,ula,u% ) - 0
0<vlgx)<
(2.6) 0<p L (G(z)+t- 66)20
0<pyl (H(z)+t-e) >0,
0<nL[(Gx)—t-e)(H(x) =t e)] <O,
within an algorithmic framework, we will need the following notion of approximate
stationarity.
DEFINITION 2.3. We say that x is an e-stationary point of NLP(t) if there exist
multipliers v, 7, 1, 2, 1 satisfying

||Vm£t(9€7V77T7M1aM2a77)||oo <e
0< va(x) < anTg(x) > —€
Ih(@)| <€ |[nTh(z)] <€
(2.7) 0§u1,(G(x)+t-e)>Ou1(G()—i—t-ec)ge,

0, (G(@) — - eo) (H(x) — t-e.) <0,
nT [(G(x) —t-e)(H(z) —t-e)] > —e.

We next discuss constraint qualifications for problem (NLP(t)). We denote
(2.8) D = {x : 3l such that G;(x) =t, Hj(x) =t} .

The following result shows that the MPCC-LICQ implies the LICQ of NLP(t) for
sufficiently small ¢.

THEOREM 2.4. Suppose that MPCC-LICQ holds at a feasible point x* of the NLP
(1.1), then there exists a neighborhood U of =* and a scalar t* > 0 such that for every
t € (0,t*) the LICQ holds at every feasible point x € U\ D of NLP(t).

Proof. We have the following relations:

I, C I,
(2.9) Thn Uy € Zavne,
It NZIgy =0,
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which hold for all z in ¢ and ¢ in (0,t*) for sufficiently small t* > 0. Indeed, for such
t, the active gradients of NLP(t) at a feasible point = € U are

Vgi(z), i€y,

()7 jzla"'7n€7

VG[(QJ), lEZg,

VH,(x), TEIIJ;,
(z)

(Hm () =t)VGm(2) + (Gm(2) = )VHm (), m Loy,

We then note that if m € Iy N (Z4 UZ;;) we have

—2tVH,,(x), iftme Zéra
V((Gm(z) = t)(Hm(z) — 1)) =
—2tVGp(z), ifmeTf.

In view of the MPCC-LICQ assumption and (2.9), the equation

> viVgilx) + Zﬂth = > uaVGi(z) = Y praVH(x

(2.10) s leT} rez}
+ Y [m(Ho(@) = )VG (2) + 0n (G (2) = 1)V Hpo (2)] = 0
meZLg
implies that v; = 7; = w1 = pr2 = 29t = nm(Hm(x) - ) = N (Gm(z) — t) = 0.
Finally, if m € Iy \ I/, we have either Gy, (z) = t or H,,(z) = t but not both,
because x ¢ D by assumption. Hence 7, = 0. O

3. Existence of Lagrange multipliers for the NLP(t). This section deals
with the existence of Lagrange multipliers for a stationary point x of the regularized
problem NLP(¢) under the MPCC-LICQ. Let P(Z~) be a set of parts of Z=. We
associate with an index set I € P(Z7) the ordinary nonlinear program N LPr(t):

min  f(z)
s.t.
6(z) <0, h(z) =0,
(3.1) Gi(z) > —t, Hj(x) > —t, 1¢7-,
(Gil@) = )(H(x) -t <0, 1¢T,
G.(x)>t, —t<H.(x)<t, rel,
Hy(z) >t, —t<Gp(z)<t, mel,

where I¢ denotes the complement of I in Z7=. We denote by Fnrp,(+) and Fyrp(s) the
feasible sets of the programs (3.1) and NLP(¢) respectively, and obtain the relations

Fnip(t) C Fnrpw) = U Fnrp(t)
1eP(T-)

locally around the point x. In particular, z is a local minimizer of program NLP(¢) if
and only if it is a local minimizer of the problem (3.1) for every I. Since the stationary
points of the problem (3.1) do not belong to the set D, the following lemma is an
immediate consequence of the Theorem 2.4.

LEMMA 3.1. Suppose that x* satisfies MPCC-LICQ, then there exists a neighbor-
hood U of z* and a scalar t* > 0 such that for every t € (0,t*) LICQ holds at every
feasible point x € U of problem (3.1).
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LEMMA 3.2. Let x be a solution of NLP(t) for every I € P(Z~). Suppose that
the LICQ holds at x for NLP(t), then for m € I~ the Lagrange multipliers pi1 m and
Ha,m associated, respectively, to the constraints Gy, (x) and Hy,(x) vanish.

Proof. x is a local minimizer of the NLP;(t) which satisfies the LICQ, implies
the existence and uniqueness of the Lagrange multipliers (v, 7, 11, pi2, ) such that

Vi) =-Y uVgl(z) - chjwj(x) + ) paVGi(x) + Y e VH(x)
j=1

i€ly leZ, €Ty,
- Z M (Hm — 1) VG () — Z M (G — )V Hi ()
(3.2) meTF\I~ meZ i\~
' - Z (11,m VG (@) + p2,mVHn(2)),

meL—

vz, >0, MI,IC:, >0, //427121 >0, 771)15 >0, 77271;1 >0,
pir <0, por >0, pi7e >0, pg e <0,
x is also a local minimizer of the N LPy.(t) which satisfies the LICQ, then there exists

the only Lagrange multipliers (7,7, /i1, fi2,7) such that we have the same conditions
as (3.2) with this small modification in the two last lines

ft1,r >0, fiar <0,
p1,re <0, fig,;re > 0.
Hence, under the LICQ we have
v, = V1, m; =757 =1,...,nc,
Hizn = Hizs, Moz, = Hozos
(3.3) Mz ="zi ki = i

0>p1r=p1120, 0< por=pizr <0,
0> prge =p1,0¢e 20, 0=Z po e =pg e <0.

From the two last lines in (3.3), we deduce that
wiz- =i1z- =0, poz- =pg7- =0. u

THEOREM 3.3. Let {tk} be a sequence of positive scalars tending to zero, let
{xk} be a stationary point of NLP(t) tending to x*, and suppose MPCC-LICQ holds
at x*. Then, for every sufficiently large k there exists Lagrange multipliers

Vf, 1€ Lgr 71';’?, 7=1,...,n¢,
k + k +

Pl L E L, K3y T ELf,

Moy M E Loy

for NLP(t*) at 2%, and they are unique if m € Towgn \ Iy, -

Proof. Let x* be a stationary point of the regularized problem NLP(¢*). Then
there exists a nonvanishing vector of the Lagrange multipliers (ak, vk ok kb 77’“)

such that the Fritz—John conditions are satisfied:

VL(ak,Vk,wk,u’f,u’;,nk) =0,
k k k
VI >0, HLI&C >0, “ZI;k >0,

(3.4)

k k
Mgr 200 My 20,
G H
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where

VL(a,v, 7, 1, p2,m) = aVf@)+ Y viVgi(z) + > Vh(x)
j=1

=

=" waVG@) + D i (Hy — 1)V Gl (2)
€Ty mGIg

= 2 VH(2) + Y (G — )V Hp ().
leTy, meT}

The constraint (Gy,(z%) — t*) (Hy(2%) — tF) < 0 is active, if one or both of the
functions G,, and H,, is equal to t* at z*. If there is no index such that both functions
G,, and H,, are equal to t* at z¥, i.e, 7, = 0, then the result is a consequence of
the Theorem 2.4, since the LICQ holds at z* for sufficiently large k. Consequently,
o® and the Lagrange multipliers (Vk,wk,u’f,ulg,nk) are unique. We now consider
the case when there exists at least one index m such that G,,(z%) = G,.(2*) =
th, ie, I, # 0. The point z¥ is a stationary point of the NLP(t*), then z* is a
stationary point of NLP(t*) for every I € P(Z, ). Since x* satisfies MPCC-LICQ,
then from Lemma 3.1, the LICQ holds at z* for the problem NLP;(t*) for every
I € P(Z, ). Lemma 3.2 implies that the Lagrange multipliers I 1 and fo 1 vanish

and (V%k,uk _pF__nF . nF__ ) areunique. Hence, the stationarity conditions
stz Peg o hod e T

of the NLP;(t*) at 2" are as follows:

VICL(I,V",W’“,#’f,u’i,n’“) =0,
(35) Vi 20 Mg 20 g, 20
. k k
771)1+k 2 07 ,'72’I+k 2 07
k @ =0 k H_O
:U“LI’: ] ,u271-; -

which implies that z* is a KKT point of the NLP(t*). O
We give in the following a limiting behavior of an approaching sequence of the
stationary points sequence for the regularized problem (NLP(¢)).

4. Convergence results. In this section, we consider the limiting behavior of
problem (NLP (%)) as t* — 0. We denote by F the feasible set of problem (1.1). The
next theorem establishes the relations between the solutions of the original problem
MPCC and those of the regularization NLP(¢), under some classical MPCC condi-
tions. We start by giving a sufficient condition which guarantee the convergence to
B-stationary point of MPCC.

DEFINITION 4.1. A sequence {x*} is asymptotically weakly nondegenerate, if
{aF} — 2% as {t*} \, 0, and there is a t* > 0 such that for t € (0,t*) one has

Gi(z*) A )
-1< (") <1, i€ (T \IhH) NI,
and

H,(a*
< EE i€ (To\Th) NI

- Gz(l‘k)

This definition is similar to the one given by Liu and Sun [22] as well as Fukushima,
Liu, and Pang [11]. It means that for all i € (Z;, \ Z2w) U (Zge \ Z;;)) NZ* the
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functions G; and H; tend to zero with the same order. We note that the asymptotically
weak nondegeneracy condition is a key assumption for our convergence result. This
condition is not excessively stringent because it is implied by the lower level strict
complementarity, (Z* = ), and the upper level strict complementarity, (u; ,u; o #
0,7 € Z%), and is weaker than both; see example 4 below.

THEOREM 4.2. Let {tk} C (0,+400) be convergent to 0, {ek} be a nonnegative
convergent sequence with ¥ — 0, and =¥ be €*-stationary point of NLP(t*) for each
k. Let x* be any accumulation point of the sequence {xk} We suppose that the
MPCC-LICQ holds at x*. Then the following statements hold:

1. @* is M-stationary for the problem (1.1) with unique multipliers v*, *, ui, 5.
2. If {xk} is asymptotically weakly nondegenerate, then x* is strongly stationary
for (1.1).

Proof. Suppose without loss of generality that {a:k} — x*. Since all the func-
tions involved in the problem are continuous, and F is closed, hence z* € F. Let
(I/k, 7k u’f, ué, 77’“) be multipliers associated with 2*. From e*-stationarity conditions
(2.7) at point z¥, we have

Vfgl(ﬂr’“) > (g(a")Tvk > —
pi(Gi(a®) + %) < (G(a* )+t'“ o) i <€
uzr(H (%) +1%) < (H(2") +1* - eo)Tps < €
0k (G (2F) — tF)(H,, (2F) — tF) > [(G”C —th.e) o (HF —tF -ec)] n* > —€*.
(4.1)
It follows that the multipliers associated with nonactive constraints are

Vzk = O(ék), i ¢ Z k3 7751 = O(ek)v ¢ Gka’
/J’]fl = O(ek)v l ¢ Gk? /1']5,7’ = O(ek)v ¢

)

For sufficiently large k, we construct a matrix M (z*) whose columns consist of the
vectors

VQZ(xk)v Zezg*a ( k ’ j: 1,...,7’l@,
VG (z*), 1€Zg-; VH.(z%), reIg-,

this matrix converges to, as k — +o00, M (z*) with columns

v.gl(m*)v ZeZg*a th(ﬂf*), ]: 1)"'7n67
VG (z*), l€Ig~; VH.(z%), €Iy~

By (2.7), we have

(Vgh) vk = >~ vfvgl + O("),

’iEng

(VGMTuk = > pf VGF +O(%), (VHM) ps = Y pi VH} + O(e"),
€1y, rezt,

(VON)Tn* = 3 ab (HE —)VGE + Yl (Gh — ) VHS, 4+ O(h),
mEng mEI;Ik

(4.2)
where ®F = (G(2F) —tF-e.) o (H(xF) —t¥ - e.). Thus, taking into account these facts,
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we can write the first row of (2.7) as follows

VH) = 3 A+ SRk~ 3 V6 - 3, v

(4.3) i€ j=1 €T}, relf;
+ > im(Hy — VG Y 0 (G —t*)VH, + O(e),
mGng mGI;Ik

we can restate the relation above as follows:

—Vf(zF) = Z vV gi(x®) + Zﬂ'thj(xk)
iEng Jj=1

- > (i VGi(a®) + p3, VH ()
1T hy i \T g )T

- ) (11, VGu(a®) =i (Gi(a") — ")V H ()]

1€, NI, NI*
- (15 VH Y (2%) —nf (Hi(z") — t*)V G ()]
€T}, NI, NI
- > [=nf (Hi(z") = t*)VGi(a*) — 0V H, ()]
lE(ng\I;;k)ﬁI*
(4.4) - Y [oVGIER) =i (Gula") — ) VH ()]
lE(I;k\ng)ﬁI*
— > EVGEN - Y (i) — ) VG(h))
1€T 5\ T g 1€Z,\Thx
- > s VHEN - Y —nf(Gieh) - )V H (")
zezgk\zm €T, \To
- > 0VG(2*) — > OV H;(zF) + O(€*)
leIG*\(ngUng) leIH*\(I:Ik Uz )
Uk
T(.k " k
= M) | 5 |+ o),
Ak
where 6%, ¥ are given by
Ng,l
Ko
=0 o (Hror(zF) — % - erpr)
(4.5) sk — | mivo (Hiv(a®) =t -erv) 7
Oy
M]fyl
n o (Hyrr (%) —t% - eyrr)

Ovrrr
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k
Ko 1
—nfr o (Grr(z*) —t" - err)
k
Ko rrr
Orv
4.6 k— ,
“6) T oGyt —tt-ey)
k
Ko rx
nx o (Gx(zF) —t" - ex)
Oxr
and
I= (Iérka \Zéka) Nz,
II =1}, NI, NI, I =1}, NI, NI,
@) IV = (Zo \Z) NI, V=T \IH) NI,
' VI=1%} \ZIy-, VII =T, \ Iy,
VIII =T, \Ic-, IX =T, \ Ig-,
X =T\ (I}, UZ), XI =T\ (I}, UTy,).

The matrix M (z*) converges to the matrix M (z*) which has full column rank, because
the multipliers v*, 7%, §*, ~* are unique, see Theorem 3.3, and converge, respectively,
to the unique MPCC multipliers v*, 7, u}, p3 at x*. Thus, the weak stationarity
conditions of the MPCC (1.1) are satisfied at 2*. The rest of the proof is to show that
either pf u5, > 0, or puj u5, = 0 for each [ € Z*. For such [, we have five possible
cases, that is, the first five sets in (4.7):

In the first case, we have 5{“ = /‘51 > 0 and ’ylk = Nﬁz > 0, then 5{“ — 20
and ’ylk — Hig = 0 as t* — 0. The second and the third case, we have, respectively,
(0F = piy > 0,77 = 2t*nf > 0) and (6F = 2t"nf > 0,7 = s, > 0), then &7 and +f
converge to the positive values.

In the fourth and the fifth case we have one of the two multipliers JF or 4 is
equal to 0. Then 5{’“%’“ = 0. Consequently, z* is M-stationary.

The second statement follows immediately from the first claim. Indeed, under
the asymptotically weakly nondegenerate assumption we have, respectively, —t* <
Hy(z¥) <tk for l € (T, \Z};) NI* and —t% < Gi(a*) < t* for | € (T, \Zh) NI*.
Then, the multiplier formulas in the fourth and fifth case will be, respectively, 5{“ =
—nf(Hy(2%) — %) > 0, vF = 0 and 6F = 0, 4 = —nF (G, (2*) — t*) > 0. Therefore, z*
is strongly stationary for the original MPCC. O

Remark. If the ULSC assumption is considered, the fourth and the fifth case in
the part (1) cannot occur, which yields that xj;, > 0 and y;, > 0.

The asymptotically weak nondegeneracy hypothesis is not easy to bypass.

Ezample 3. The point (z,y) = (1,0) is a solution of the program

min 22
s.t.

—xy + 3y° — 2u,
(48) £>0, y>0,
zy <0,

which is a strongly stationary point. However, the stationary points of the regularized

scheme (NLP(t))
min 2?2
s.t.

—zy + 3y° — 2u,
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are (z,y) = (1,0) and (z,y) = (¢, 3). The first stationary point converges to the
optimal solution, while the second converges to (0,0) which is M-stationary point
with multipliers 1 = =2 of x > 0 and ps = 0 of y > 0. The point (¢, %) is not an
asymptotically weak nondegenerate point.

The following example shows that the asymptotically weak nondegeneracy condi-
tion is weaker than the upper level strict complementarity condition employed in the
literature [15, 16, 28].

Ezample 4. The origin with multipliers (s}, u3) = (0,0) is the unique strongly
stationary point of the program

min  (z +y)? + 17,
s.t.
(49) cry>0, y>0,

y(r+y) <0.

We note that the upper level strict complementarity is not satisfied at (z*,y*) = (0,0)
because pjps = 0. For a small ¢ > 0, the regularized problem NLP(¢) of the program
(4.9) has (x,y, u1, pe,n) = (¢£,0,0,0,2) as a stationary point which satisfies the weak
nondegeneracy condition. The point (z,y,d,7) with 6 = —n(y —t) = 2t and v =
—n(x +y —t) = 0 converges to (z*,y*, ui, nu3) = (0,0,0,0) as ¢t tending to zero.

5. Characterization of attractors. In this section we describe a situation
where the sequence of local minimizers {z*} of NLP(¢*) with {t*} \_ 0 is attracted
to a local minimizer of the MPCC. Consider the following example:

min  x(1 — y?),

s.t.
>0, y=>0,
zy < 0.

The local and global minimizers of MPCC are the whole positive y-axis. However, the
stationary points of our regularized problem NLP(t), for a small value of ¢t < 1, are
1. (z, y) = (¢, —=t), and (u1, p2, n) = (0, 2t2, 1552);
2. (z,y)=(t 0), and (u1, p2, n) = (0, 0, 1/¢);
3. (z, y) = (=t, 1), and (u1, p2, n) = (1 — 12,0, t);
which all converge to the same point (z*, y*) = (0, 0). This shows that further condi-
tions, in addition to MPCC-LICQ, are necessary to guarantee that a local minimizer
is a limit point of a sequence of stationary point z* of NLP(t) with ¢ = t*.

The next theorem shows that whether x* is a strict local minimum of the MPCC,
the regularization method may generate a convergent sequence {xk} — x*. We denote
by B(z*,r) the closed ball centered at z* with radius r.

THEOREM 5.1. Let x* be a locally unique B-stationary point of the MPCC. Then,
there exists 1 > 0 and t > 0 such that for each t € (0,1] there exists a local minimum
of the regularized problem NLP(t) in the ball B(x*,r).

Proof. Since z* is a strict local minimum of the MPCC, then there exists a r > 0
such that for all feasible point x # 2™ of the MPCC in B(z*, ), we have f(z*) < f(x),
which implies that there exists a « > 0 such that

(5.1) f@®) + o< fla),

for all feasible point = which satisfies ||z — 2*|| = r. Now, we show that for any
B € (0, ) there exists a ¢ > 0 such that for any ¢ € (0,¢ ] we have

f@®)+ 6 < f(=),
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for any feasible point x for the regularization problem NLP(¢) that lies on the bound-
ary of B(xz*,r). Suppose by contradiction that there exists a sequence of feasible
points {xk} of the regularized problem NLP(t), with ¢ = t*, and a positive scalar y
in (0, «) such that

f(@*) < f(2*) + 7, for all &,

with ||ac”C —a*|| = r. Let T be a limit of the sequence {xk} as t* — 0. By the
continuity of the objective and constraint functions, the point T is feasible for the
MPCC and we have

lim f(e*) = f(2).

k—oo

Therefore,
f(@) < f@®) +
this yields

f(@) < ")+ < f@7) +a,

which is a contradiction with (5.1). Hence, for any 8 € (0, «) there exists ¢ € (0,¢*]
such that

f(@) = f(z%) + B,

for any ¢ € (0,?] and any feasible point = for the the regularization problem NLP(¢)
with ||z — z*|| = r. Thus

flx) > fa"),

for any x feasible for the NLP(¢) that lies on the boundary of B(z*,r). Since z* is
feasible for the problem NLP(¢) with || — 2*|| < r and it is in the interior of B(x*,r),
we conclude that the global minimum z(¢) of the NLP(¢) with || — 2*|] < r lies in
the interior of B(z*,r). Consequently, z(t) is a minimum local of the NLP(¢) in the
interior of B(z*,r). O

We give now the sufficient condition for the sequence generated by the regulariza-
tion (1.4) to be attracted to a B-stationarity point z*. In addition to MPCC-LICQ, we
assume that the MPCC satisfy the strong second-order sufficient condition (MPCC-
SSOSC) at z*, as used in [28],

d"V3 Ll vt 7t ps)d > 0,
for every nonvanishing d with

Vaegi(x*)Td=0, i:vf>0,
Veh(z*)Td =0,
V.Gj(x*)Td=0, j: ui; # 0,

VoHi(@*)Td =0, k:pu3, #0.

THEOREM 5.2. Suppose that x* is a B-stationary point of the MPCC at which
MPCC-LICQ and MPCC-SSOSC hold. Let © be an infinite set of t in a sufficiently
small neighborhood of zero, and S(t), with t € ©, be a set of stationary points x(t) of
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(1.4) which are asymptotically weakly nondegenerate. Then, there exists r > 0 such
that O # S(t) N B(z*,r) — 2*, as t € © and t \, 0.

Proof. Before starting the proof of the theorem, we mention that we showed
in Theorem 2.4 that MPCC-LICQ implies the LICQ holds at any feasible point of
NLP(t) for a small ¢ > 0, except the points x such that G;(x) = H;(x) = t for some [.
But we showed in Theorem 3.3 if these points are stationary, the Lagrange multipliers
exist. The MPCC-LICQ and MPCC-SSOSC assumptions and the B-stationary imply
that z* is a strict local minimum point of MPCC [28]. It follows from Theorem 5.1
that there exist 7 > 0 and ¢ > 0 such that for each ¢ € (0,¢] there exist a local
minimum of the regularized problem NLP(¢) in the ball B(z*,r). This implies that
S(t)NB(x*,r) # (. Since the stationary points of NLP(¢) are supposed asymptotically
weakly nondegenerate, it follows from Theorem 4.2 that the sequence of stationary
points of NLP(¢) in the ball B(x*,r) converges to a B-stationary point Z of MPCC;
thus z = z*. |

Notice that if the ULSC assumption is supposed to hold at x*, we have the
same result in the above theorem, since the ULSC implies the asymptotically weak
nondegeneracy condition.

6. Extension. In this section, we present a generalized scheme GN LP(t) of the
regularization NLP(t)

min  f(z)
s.t.
g(z) <0, h(z)=0,
GNLP(t) Gl(l’) > 1,4,
Hy(x) > 4t
(Gl(x) — 7'271t)(H1 (CC) — To lt) <0,
[=1,2,...,n,

where 7 and 75 are two constant vectors.

The advantage of this regularization is to find easily an initial point z° strictly
feasible for GNLP(t) with ¢ = to. It suffices that 20 satisfies g(2°) < 0 and h(2°) =0
and to choose the vectors 7 and 75 such that

Gl($0) Hl(xo) }

T, > —min{—,—

to to
(6.1) . Gi(wo) Hi(xo) Gi(o) Hi(xo)
min{ ! O, ! 0}<TQ[<IH&X{ ! O, ! O},
to to ’ tO tO
[=1,2,...,nc.

We show that the convergence results of section 4 remain valid for this generalized
regularization. In fact, we adapt the proof of the Theorem 4.2 to this generalized
scheme, and the multipliers ¢ and v will be written as follows:

le,l

le,u

—nfrr o (Hrrr(zF) — % - 73 111)
niy o (Hry (%) — % - 75 1v)
Oy ’
#If,w

n o (Hyrr(a®) — - mvip)
Ovirr

5k
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k

Ko 1

= o (Grr(a®) —t% - 15 11)
k

Ko rrr

k Orv

n o (Gy (zF) —th - m )
k

Ko rx

N o (Gx(zF) —t% - 73 x)

Oxr

We show that either pj ;. pu3, > 0, or pj us5, = 0 for each I € Z*. To this end, we
have to prove it for each case of the five cases that we have. In the first case, we
have 5{“ = /‘51 > 0 and ’ylk = Nﬁz > 0, then 5{“ — py; = 0 and ’ylk — o = 0 as
th — 0. In the second and third cases, we have, respectively, (6F = MIlCJ > 0,4 =
—nF(=711 — m2)tF > 0) and (0F = —nf(—71,; — m)tF > 0,9F = ,u’il > 0). Since
71 and 7 are chosen as in (6.1), then 71 + 7o € R'*; thus 6/ and 7/ converge
to the positive values. In the fourth and the fifth case we have either 5{“ = 0 or
’ylk = 0. Then 5{“"/{“ = 0. Consequently, z* is M-stationary. Now, we suppose
that the sequence of stationary points of GNLP(t) satisfies the asymptotically weak
nondegeneracy condition. This implies that for each | € (Z, \ Z}.) NZ* we have
ok = —nlk(Hl(xk) — 7'27[tk) >0, ’ylk = 0 because —Tg)ltk < Hy(zF) < 7'27[tk, and for
cach | € (T \ ZS) NI we have 6F =0, ~f = —nf(Gi(z*) — 72,t%) > 0 because
—TotF < G(a*) < 1o,tF. Then, the multipliers in the fourth and fifth case are
positive, which implies that x4, > 0 and p74 > 0. Therefore, x* is a B-stationary
point for MPCC.

7. How to solve the regularization. In this section, we briefly present a
global algorithm for solving the regularization scheme, and we report some numerical
experiments on the tests of the MacMPEC collection.

7.1. Algorithm and formulation details. Our primary interest in this paper
is to propose a regularization method that possesses strong convergence properties
and enables us to compute a solution of the MPCC problem by solving a sequence of
nonlinear programs. We note that the geometric shape of the approximation region
Gi(x) > —t,Hi(z) > —t,(Gi(x) — t)(H;(x) —t) < 0 is a union of two boxes that
intersect at a point « which satisfies G;(x) = H;(x) = t; it would not be easy to apply
the interior-point approach for solving the regularized problem NLP(t) especially if
the initial point (2°,¢°) is in one box and the solution is in the other one. In order
to demonstrate that our approach is useful from a practical point of view, we present
a general scheme of an algorithm which uses the active set method for solving the
regularization.

The formulation of the algorithm, Figure 7.1, is general and the rule for updating
the relaxation parameter t is not discussed yet. The classical update strategy is that
we solve the problem NLP(¢) for each fixed ¢t. The process is then repeated as t \ 0.
However, the question is how a sequence of parameters {t"} can be updated such that
t* N\, 0. To this end, we solve a penalization approach based on the regularization
NLP(t). By introducing the slack variables, the problem (1.1) can be equivalently
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Algorithm 1: General Scheme of a Practical Algorithm for MPCCs

Initialization: Choose a positive sequence {tk} — 0 and a stopping complementarity toler-

ance € . Let z0 be an initial feasible point of NLP(#°) and set k = 1.
Repeat
a). Choose stopping tolerance €* (stationarity tolerance);
b). Apply the active set algorithm to approximately solve the problem NLP(t*),
until the conditions (2.7) are satisfied for some z* with Lagrange multipliers
(AR LNTLT. L)
c). Let k «— k+1,
Until the stopping criterion for the MPCC holds.

FiG. 7.1. General description of the algorithm for solving (1.4).

written in the form

min  f(z)

s.t.
g(x)+s=0, s>0,
h(z) =0,

(7.1) Gi(x) —y1, =0, H(z)—y21 =0,

Y1020, w2, >0,
y1,1y2, < 0,
[=1,2,...,n

This problem has the same properties as (1.1). Instead of solving (7.1), we solve the
following penalized problem:

min \Ijr,p(xayvsvt) = f(x) + %¢($7y7 8) + pt
s.t.

s >0,

yig+t2>20, y2;+t2>0,

(Y10 —t) (Y2, — 1) <0,

1=1,2,...,n,

(7.2)

where ¢(z,y,s) = ||(g(z) + s, h(x), G(z) — y1, H(z) — y2)||*, with 7 and p are the
positive penalty parameters. The process is then to decrease r to zero and to increase
p to infinity, if necessary, which involves that the variable ¢ decreases to zero. The
difference between the elastic mode [2, 10] and our formulation is in the nature of
the penalization and relaxation of some constraints. The strategy of the elastic mode
as in [1, 2] is to move the complementarity terms Gj(x)H;(z) = 0,1 = 1,2...,n,
from the constraints to the objective function, by adding an /;-penalty function and
relax the other constraints as follows: g(z) < (e,,, C(en, > h(x) > —(e,,, where
is the elastic variable which is also penalized. Our penalty method is applied to a
new regularization scheme which relaxes the complementarity constraints and keeps
them explicit as constraints. With our technique, the sequence of first-order points
(2, t*) of the problem (1.4) has an accumulation point that is M-stationary under
MPCC-LICQ and strongly stationary if the penalty parameter p* is bounded. The
similar convergence properties have been deduced with second-order solutions of the
regularized problem in the case of the elastic mode [2].

To solve the problem (7.2) we apply an active set method with a more flexible
updating of the penalty parameter p. The main steps performed by an active set
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Algorithm 2: Active set regularization approach for MPCCs

Step 0.: Set 20 = (29,°,5%,¢9) with (20,2°,s°,) € R™ x R?" x R™ and t° ¢ Rt
an initial fea51ble point (y°,s°,9) of (7.2). Choose an initial penalty parameters
0 > 0,p% > 0, constants ¢ > 0,m > 1,7,¢ € (0,1),x € (0,1) and the stopping
tolerances € > 0, € >0. Let 71=0,k=1.

Step 1. Starting from (&7,57,57,17) = (zF,y*, s*,t¥), using the active set method to
solve approximately the problem (7.2). If the iterate (%3, g%, 5% %) satisfies
the € —statlonary conditions of (7.2), go to the step 2. Otherw1se

If % > emlaz and

(7.3) i > Cmax{t LR 77"}

then set pF <—crp
(zF, yk, sk, tk) = (@ k; QJ' 5k tki i), j<—j+1andg0tOStep1

Step 2. Set (xht1 yhtl htl ghtly — (ghi gki 5k #%5). If €* < € and Erela:v < 6,7 stop;
else set rkt1 = grk, ef;lm = m1n{¢k+1,rrk+1} and
pk+1 — Upk7 if gt < Erela;v’
ok, otherwise.

Let k — k+ 1, and go to Step 1.

F1a. 7.2. Description of the Active Set Algorithm for MPCC.

method, the inner algorithm, are as follows: (i) Determine the set of the active con-
straints VW and the active submatrix. (ii) Define a descent direction, (iii) if some
relaxing rule allows it, relax one or more constraints leading to the computation of a
new direction, and (iv) perform a line search along the direction. For our case, this
algorithm is slightly modified to define W. In particular, the relaxed complementarity
constraint (y1,; —t)(y2,; —t) < 0 is considered active if one or both of its terms y; ; —¢
and y2; —t vanish and neither is considered in the maximum steplength computation.
Our updating strategy of the penalty parameter p is different from those used by the
classical penalty method. Indeed, the traditional penalty method updates p only after
the problem (7.2) is solved and the relaxation variable ¢ is decreased sufficiently, while
in our algorithm, Figure 7.2, we use the information on the current relaxation vari-
able t and some previous iterations of the active set algorithm to update the penalty
parameter p. This strategy is used in the context of the interior-penalty method in
[20], and it is as follows: If the relaxation parameter ¢ is relatively small according to
some tolerance €,¢;q,, the penalty parameter p is not increased. Otherwise, we look
back at some previous iterations and check whether the current relaxation variable is
less than a fraction of the maximum value of the m previous iterations.

The analysis of the inner algorithm is beyond the scope of this paper. We assume
that the active set algorithm is always successful and algorithm 2 is able to proceed
to step 2 for each r*. To ensure the global convergence of the active set method we
used the constraint relaxation rule of Dembo and Sahi [7].

Next, we use the following notations to denote the active index set of the penalized
problem (7.2):

T ={i: sf =0}, I;?:{l: yy, £t =0}, I ={l: Yy, =0}, j=1.2

Now we show that as k — oo, the e*-stationary points of (7.2) converge to a strong
stationary point of MPCC if the penalty parameter p* is bounded.
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PROPOSITION 7.1. Let {r¥} and {p*} be, respectively, a decreasing and a nonde-
creasing penalty parameter sequences with k, and let (z*,y*, s* t*) be a €*-stationary
point of (7.2) for each (r*, pF), with €* \, 0. Suppose that (x*,y*,s*,t*) is a clus-
ter point of {(z*,y*, s*,t*)} that is feasible for (7.1). Assume that the MPCC-LICQ
holds at x* for (7.1). Then,

1. «* is an M-stationary point for (1.1).
2. If {p*} is bounded, then x* is a strong stationary point for (1.1).

Proof. The first part has been given by Theorem 4.2 but its proof will be
slightly modified. Without loss of generality, we assume that {(z*,y*,s* t¥)} —
(z*,y*,s*,t*) and {e*} — 0. Let (vF,uk, u5,n*) be the Lagrange multipliers of
(7.2) at (z¥,y*, 5%, t¥) for given p* and 7*. The e*-stationary conditions of (7.2)
at (2 y*, s* t*) are the following:

g k k MNe
gi(z") + s; hj(x
Vst = 3 - G gy 1 30 g o
i=1 j=1
ne oy (zF _yk e [ (g _yk
_§ Gl T T)k SV, G(ak) =Y A) ~ va )k 2LV Hy(aF) + O(eh),
=1 =1 "
(7.4)
75)p—2u11+ Db+ Y nfwh - )+ D il — ) + 0,
lez+ lez+ lez”, lez,
2 yl y2
— Gl(ﬂik)
ko 1717 k +
Wiy = : + O(€"), lerf,
k
k o y2,l - Hl(x ) k +
=+ O(), eIy,
k
yr, — Gi(z") _
(7.6) —nf(yk, —tF) = . O(F), l1e T,
k k
Yo — H(z") _
—nf(yh, — 1) =P+ O(h), 1€ T,

(K k
vk _ g+ 57 )k+51 +0("),  ieTu.
T

By the same reasoning as in the proof of Theorem 4.2, the multipliers v*, §*, ~

converge, respectively, to the unique MPCC multipliers v*, 6*, v* of the problem
(7.1) at (z*,y*, s*,t*), and we also have

k

m SIS ok = im 5 L oy =

(7'7) keKCN 7(";( k) ke]ICCQNHZ k)
. Y1, — il ky % . Yo, — HI\T ky %
it e o= o e e ol = i

Thus, the limit point (x*,y*, s*,¢*) is M-stationary for the problem (7.1). By the
feasibility assumption, we have t* = 0 and ¢(z*,y*, s*) = 0, which implies that
T,: = Ig+, I3 = Tp~, and Iy« = Zy«. Therefore, z* is M-stationary point for the
problem (1.1).

2) Suppose that {p*} is bounded, then there is a k such that p* = p* and t* =0
for all k > k. Hence, for all & > lAc, we have I;r,f = I;f and I;r,g = I;;, which implies
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TABLE 7.1

Solutions and optimal values of the problem (1.2).

p pl =0.25 p? =05 pF=1
(29,9) (=1, 1) (22,12 (z*,t%)
f° f! f? fr
case 1 | (—0.5,0.5,0.5) | (0.69,0.98,0.69) | (0.52,1.00,0.52) | (0.00,0.99,0.00)
1.25 0.04653 0.11459 0.5
case 2 | (—0.3,0.5,0.5) | (0.69,0.98,0.69) | (0.52,1.00,0.52) | (0.00,0.99,0.00)
0.97 0.04658 0.11358 0.5
case 3 (0.4,2,0.5) (0.67,0.98,0.67) | (0.51,1.02,0.51) | (0.00,0.99,0.00)
0.68 0.05297 0.12201 0.5
case 4 (0.5,0.5,0.5) (0.64,1.06,0.64) | (0.48,0.92,0.48) | (0.00,0.99,0.00)
0.25 0.06652 0.13814 0.5
case 5 | (0.5,—0.5,0.5) | (0.98,0.69,0.69) | (1.00,0.52,0.52) | (0.99,0.00,0.00)
1.25 0.04653 0.11459 0.5
case 6 (1,0.5,0.5) (1.06,0.65,0.65) | (1.00,0.49,0.49) | (0.00,0.99,0.00)
0.125 0.05908 0.12893 0.5

5{“ = u’f)l — nl]‘“ygk and ’ylk = ;/2’“71 — nlkyLk. Equation (7.5) can be written as follows:

PP = (D D A =200 wfus + D nfut) + O(F).

ler;f lel-yg ler;f lEIyg

(7.8)

Then, the first part of the equation (7.8) will be bounded as k — +o0, because {pk} is
bounded and (v*,6*,7*) is bounded by MPCC-LICQ assumption. This implies that
the second part of (7.8) is bounded, for k& > k sufficiently large. Since t* = 0 then, for
k > k sufficiently large, we have nfyk, = nfy}, =0, for all | € Z,x N T, Hence, for
all k > k sufficiently large, 6F = py,; > 0and yf = p5,; >0 with I € Zx NZ,x. Thus,
we have 0F — 67 > 0 and vF — 7 > 0 for any [ € Iy NZIys, so (2%,91,93,8%,0) is
strongly stationary for the problem (7.2). By the feasibility assumption, the point z*
is strongly stationary for (1.1). O

We note that the cluster point of the stationary points generated by the regulariza-
tion method is feasible for the original problem (7.1), but this is not automatically true
for the penalty method (7.2). This seems unavoidable for exterior penalty methods.
A common assumption used to avoid infeasible cluster points is related to coercivity
conditions on the underlying functions.

7.2. Numerical illustrations. We wrote an experimental code implementing
Algorithm 2. No attempt to refine or optimize the code was made. The purpose
of this section is not to test the code, but to validate our theoretical convergence
results. Nevertheless, several problems from MacMPEC collection [19] are solved; see
Table 7.2 below. We first apply the algorithm to Example (1.2) with different values
(positions) of the starting point, and we show that, unlike the smooth regularizations
[8, 21, 28], our regularization is not attracted by the C-stationary point. The initial
parameters in algorithm are selected as p' = 0.25, 0 = 2, and € = 27% x 10!, The
optimal solutions are (1,0) and (0,1). Our algorithm solves this problem successfully
at p* = 1 and does not make the change in the working set in cases 4 and 6, while in
the other cases there is only one change as illustrated in Table 7.1. (z*,t*) is the point
(x,1,5,t) at the kth iterate and f* the value of the objective function at this point.

These results confirm that the algorithm converges to a strong stationary point of
MPCC (1.2). For more illustrations, we chose some problems from MacMPEC collec-
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TABLE 7.2
Numerical results on some problems from MacMPEC collection.

Name n n; Ne P f* ¢* p* nbW
bard1 5 8 1 3 24.999 2.07e-10 64 9
bard3 6 8 3 1 —18.685 1.38e-06 128 7
bilevel3 11 13 6 3 —12.6842 0.28e-06 8 13
dempe 3 2 1 1 31.249 0.14e-06 8 3
design-c-1 12 9 6 3 1.8605 0.10e-07 8 8
design-c-4 22 23 10 8 0.17e-04 0.10e-07 64 9
desilva 6 8 2 2 —1.000 0.20e-07 2 6
ex9.2.1 10 14 5 4 24.98265 0.22e-06 32 17
ex9.2.2 9 14 4 3 99.98847 0.70e-06 16 18
ex9.2.3 14 21 8 4 4.99579 0.40e-05 16 22
ex9.2.4 8 9 5 2 0.49750 0.30e-06 2 9
ex9.2.5 8 11 4 3 4.96044 0.40e-04 4 9
ex9.2.6 16 22 6 6 —1.25251 0.30e-05 4 28
ex9.2.7 10 14 5 4 24.82729 0.80e-04 32 17
ex9.2.8 6 9 3 2 1.49951 0.90e-06 2 14
ex9.2.9 9 13 5 3 1.99583 0.11e-04 2 13
gnash10 13 26 4 8 —230.8742 0.99e-05 128 65
gnashll 13 26 4 8 —129.9389 0.529e-06 | 256 69
gnash12 13 26 4 8 —36.9331 0.10e-07 256 32
gnash13 13 26 4 8 —7.0629 0.24e-06 256 49
jrl 2 2 0 1 0.48198 0.33e-05 2 2
jr2 2 2 0 1 0.49726 0.74e-05 2 2
kthl 2 3 0 1 0.0 0.10e-15 2 1
kth2 2 3 0 1 0.0 0.10e-15 2 1
kth3 2 3 0 1 0.5 0.10e-15 2 1
nashl 6 8 2 2 0.00 0.10e-07 16 4
outrata3l 5 10 0 4 3.2064 0.38e-06 4 13
outrata32 5 10 0 4 3.4439 0.68e-05 8 10
portfl-i-1 87 98 13 12 0.69e-04 0.69e-04 4096 | 36
qpec-100-1 105 | 202 0 100 | 0.1222 0.26e-04 256 105
qpec-100-4 120 | 204 0 100 | —3.189 0.12e-04 256 215
qpec-200-2 220 | 404 0 200 | —24.307 6.22e-04 160 208
ralph2 2 3 0 1 0.0 0.10e-15 2 1
scholtesl 3 3 0 1 2.00 0.171e-27 | 2 3
scholtes2 3 3 0 1 14.98522 0.61e-07 4 1
scholtes3 2 3 0 1 0.0 0.10e-15 4 1
scholtes4 3 5 0 1 1 0.12e-04 4096 | 5
scholtesb 3 5 0 1 1.0 0.10e-15 4 4
stackelberg 3 5 1 1 —3267.37490 | 0.90e-04 8 4

tion [19]; these problems are transformed in the form (7.2) and coded in Scilab [27].
Table 7.2 summarizes the results, where n, n;, n., and p are the numbers of variables,
general inequality constraints, general equality constraints, and complementarity con-
straints, respectively. f* is the optimal value of the objective function at the solution.
¢* measures the feasibility residual in the optimal point (x*, y*, s*,¢*). p* is the value
of the penalty parameter when the algorithm terminates; we start with p® = 1. The
last column, nbW , indicates the number of working set changes.

We note from Table 7.2 that algorithm 2 does well on almost all problems of
relatively small and medium sizes. In particular, algorithm 2 converges to an approx-
imate strong stationary point of MPCC for all the solved problems except ex9.2.2
and Scholtes4 which do not possess a strong stationary point. The algorithm has
trouble with problem ez9.2.2, and it was unable to reach the accuracy. These first
numerical results are interesting since they confirm our theoretical convergence prop-
erties and show that the algorithm based on the active set approach seems a relevant
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TABLE 7.3
Solutions and optimal values of the problem (7.9).

iteration (z1,22,23,1) PR ) Yy p | maz o

1 (—0.86,0.99,0.00, 0.86) 0.68000 0.15e-04 | 0.223 0.55 0.1
(—0.99,0.99,0.00,0.99) | 0.62e-04 | 0.10e-05 0.4 1.00 0.4
(—0.99,0.99,0.00,0.99) | 0.62e-03 | 0.10e-04 0.8 1.00 0.8
)
)

(—0.00, 0.99, 0.00, 0.00 0.40e-01 | 0.40e-06 | 0.99 26.1 51.2
(—0.00, 0.99, 0.00, 0.00 0.10e-07 | 0.10e-08 | 0.99 26.1 51.2

O | W N

way to overcome the absence of constraint qualification at degenerate points of the
regularized problem.

7.3. Discussion. In this subsection, we discuss the active set method applied
to the original formulation of MPCC and the proposed regularization, and we ex-
plain that the method does not encounter the difficulty with the degenerate points
of our regularization. We also discuss briefly the active set method related to the
decomposition method.

The nonregularity of the feasible points of MPCC (1.1) has two major drawbacks
on the direct application of the active set method. On the one hand, the set of the
Lagrange multipliers may be empty, and on the other hand, the linearization of the
constraints can be inconsistent arbitrarily close to a stationary point as the following
example illustrates:

min x1 + xo
s.t.
(7.9) 2 —1>0,

0§(E1J.$220.

Its solution is z* = (0,1) with NLP multipliers v* = 0.5 of 23 —1 > 0, u} = 1 of
z1 > 0, and n* = 0 of 122 < 0. This solution is a strongly stationary point of (7.9).
The linearization of the constraints about a point 2° = (e1,1 — €3), with €1, €2 > 0,
close to the solution z* gives a quadratic program (QP) that is inconsistent, see [10].
To overcome this difficulty the authors modified the pure SQP method by including
a restoration phase that can be invoked if QP is inconsistent. This procedure allows
one to find a next iterate z"¢** with z1¢**25** = (0, but the convergence results
established are of a local nature and the global convergence is not fully explored in
[10]. By starting with the initial point (z1, 22, s,t) = (1,0.5,1,0.5), Algorithm 2 finds
the optimal solution of (7.9) in four iterations. Table 7.3 summarizes the results given
by the algorithm where the notations PR and max\, respectively, mean the primal
residual and the maximum of the Lagrange multipliers.

The global convergence of SQP algorithm with elastic mode has been studied in
[2]. It was shown that the generated sequence has an accumulation point which is
C-stationary under MPCC-LICQ and M-stationary point if the generated sequence
is a sequence of inexact second-order points. In contrast, without second-order as-
sumptions, the sequence generated by our approach has a cluster point which is M-
stationary under the MPCC-LICQ and strongly stationary if the penalty parameter
p is bounded.

In contrast to the MPCC formulation, we showed that the Lagrange multipliers
exist at any feasible point z = (z, y, s, t) of the regularization scheme (1.5) and they are
unique for all feasible points z such that (y,t) ¢ D, = {(y,t)|3l : yiy —t = 0,4 =1,2}.
Therefore, the active set method behaved well with the proposed regularization. In
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the degeneracy case, D, # 0, the set of the Lagrange multipliers corresponding to the
points z such that (y,t) € D, is unbounded, but this lack of regularity cannot create
problems when applying the active set method. Indeed, let z be a stationary point
for the problem (7.2) such that (y,t) € D,, and we assume without loss of generality
that there is a unique lo such that yi1;, —¢ = y2,, —t = 0. In this case we have
M1, = M2, = 0 and regardless the value of the r;, the quantities n;,(y1,, —t) and
M (Y2,1, — t) vanish. Therefore, equations (7.4) and (7.5) become as follows:

n;

Vo) = 3 - PENG gy 3 )
j=1

r
i=1

S Gl =g, ) - 202G () 4 0G0,

1=1,1%lo
p=> it Yy peat Y mlya—t)+ D myg—1)+O0(e).
€T, LT, 1€Zy, \{lo} 1€Ty,\{lo}

Thus, the relaxed constraints related to the complementarity constraint /o do not
appear in the stationarity conditions of the penalized problem (7.2). This means that
the point z, with y1;, —t = y2,, —t = 0, is a nondegenerate stationary point for a
relaxed problem

min VU, ,(z,y,s,t) = f(z) + 21—T¢)(x,y, s) + pt
s.t.
s >0,
Y1+t >0, y2;,+1t>0,
(Y11 —t)(y24 — 1) <0,
le{1,2,....,n.3\{lo}.

Consequently, the degenerate case of the penalization (7.2) can be treated as a non-
degenerate case for the problem (7.10) which is a relaxed problem of (7.2). We note
that in all problems tested from MacMPEC collection [19], we did not encounter such
a case. We conjecture that this case may occur only for some pathological cases of
the MPCC problems. On the other hand, the inconsistency difficulty for solving the
regularization scheme (1.5) does not appear for the active set method and the problem
(7.9) is successfully solved.

Another aspect of the active set for MPCC is related to the idea of identify-
ing active constraints in inequality constrained optimization. It aims to specify two
subsets Zg and Ty with Zg UZy = {1,2,...,n.} to decompose the complementar-
ity constraints according to Zg and Zy, and to compute a stationary point to the
subproblem:

(7.10)

=0, [€lg, Gi(x) >0, ZEIH\Ig,
0, ZEIH, Hl($)20, ZEZG\IH.

However, the important question is how to choose Zg and Zp effectively, especially
when the iterates are far from the solution. The linear case, of course, is very special
because correct identification is easier and can often be obtained (relatively) far from a
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solution, but in the nonlinear case, correct identification is in general quite local. Re-
cent developments in decomposition methods for the linear case show that the global
convergence to a M-stationary point can be guaranteed by assuming MPCC-LICQ
everywhere (uniform MPCC-LICQ) [13], while the convergence to B-stationary point
can be achieved under an additional assumption that every M-stationary point is iso-
lated [14]. We note that our regularization approach is not based on the decomposition
method.

8. Conclusion. In summary, the feasible domain of an MPCC is thin (no in-
terior) and nonconvex-nonsmooth. Usual regularization both smoothen and thicken
the domain. Smoothing introduces spurious solutions. We proposed a thick, but still
nonconvex-nonsmooth regularization that avoids such spurious solutions. Despite its
nonsmooth-nonconvex nature, we proved that our regularized problems possess KKT
multipliers, and regularized solutions are shown to converge to strong stationary points
under weaker assumptions than other published regularizations, in particular without
using any second order optimality condition. The proposed regularization has nei-
ther the inconsistency difficulty nor the decomposition problem and it is useful from
a practical standpoint. The numerical experiments confirm the convergence results
and demonstrate that the active set approach is an adequate method for solving this
regularization.
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Abstract. This paper gives stability results for nonlinear optimal control problems subject to a
regular state constraint of second-order. The strengthened Legendre—Clebsch condition is assumed
to hold, and no assumption on the structure of the contact set is made. Under a weak second-
order sufficient condition (taking into account the active constraints), we show that the solutions are
Lipschitz continuous w.r.t. the perturbation parameter in the L2 norm, and Hélder continuous in the
L®° norm. We use a generalized implicit function theorem in metric spaces by Dontchev and Hager
[SIAM J. Control Optim., 36 (1998), pp. 698-718]. The difficulty is that multipliers associated with
second-order state constraints have a low regularity (they are only bounded measures). We obtain
Lipschitz stability of a “primitive” of the state constraint multiplier.
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1. Introduction. This paper deals with stability analysis of nonlinear optimal
control problems of an ordinary differential equation with a second-order state con-
straint. State constraints of second-order occur naturally in applications: For ex-
ample, in the problem of the atmospheric re-entry of a space shuttle, with the bank
angle as control, the constraints on the thermal flux, normal acceleration, and dy-
namic pressure are second-order state constraints; see [7]. Stability and sensitivity
analysis of solutions of optimal control problems is of high interest for the study of
numerical methods, such as, e.g., continuation algorithms (see [4]), and to analyze the
convergence of discretization schemes and obtain errors estimates (see, e.g., [10]).

For a class of general constrained optimization problems in Banach spaces, when
the derivative of the constraint is “onto” and a second-order sufficient condition holds,
Lipschitz stability of solutions and multipliers can be obtained by application of Robin-
son’s strong regularity theory [27] to the first-order optimality system. For optimal
control problems, this theory does not apply because of the well-known two-norm
discrepancy (see [24]). Stability results for optimal control problems using variants
of Robinson’s strong regularity in order to deal with the two-norm approach have
been obtained in [8, 17, 11] for control constraints, and [19] for mixed control-state
constraints.

Lipschitz stability results for state constraints of first-order have been obtained
by Malanowski [18] and Dontchev and Hager [9]. The difficulty of pure state con-
straints is the low regularity of multipliers, which are bounded Borel measures. These
multipliers can be identified with functions of bounded variation, and for first-order
state constraints, it is known that, under standard hypothesis, they are more regular
(they are Lipschitz continuous functions; see Hager [14]). This additional regularity of
multipliers is strongly used in the analysis in [18] and [9]. In those two papers, strong
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second-order sufficient conditions were used (which do not take into account the active
constraints). The sufficient condition was recently weakened by Malanowski [21, 20].

For higher-order state constraints, the multipliers associated with the state con-
straints are only measures, and are not continuous w.r.t. the perturbation parameter
(for the total variation norm). For this reason, the frameworks of [18] or [9] are
not directly applicable. The only stability and sensitivity results known for state
constraints of higher-order are based on the shooting approach; see Malanowski and
Maurer [22] and Bonnans and Hermant [5]. Such results require strong assumptions
on the structure of the contact set.

The main result of this paper is a stability result for regular second-order state
constraints, with no assumption on the structure of the contact set. The control is
assumed to be continuous and the strengthened Legendre—Clebsch condition to hold.
We use a generalized implicit function theorem in metric spaces by Dontchev and
Hager [9], applied to a system equivalent to the first-order optimality condition (the
alternative formulation). This formulation involves alternative multipliers that are
“integrals” of the original state constraint multipliers, and therefore are more regular.
We obtain Lipschitz continuity of solutions and alternative multipliers in the L? norm,
and Holder continuity in the L* norm, under a weak second-order sufficient condition
taking into account the active constraints.

This paper is organized as follows. In section 2, the problem, optimality con-
ditions, assumptions, and the admissible class of perturbations are introduced. In
section 3, the second-order sufficient optimality condition is presented. In section 4,
the main stability results for the nonlinear optimal control problem are given. Sec-
tion 5 is devoted to stability analysis of linear-quadratic problems, which is used to
prove the main theorem in section 6. Finally, the conclusion and comments are given
in section 7.

2. Preliminaries. We consider the following optimal control problem:

(2.1) P) min / Cult), y()dt + d(y(T))

(u,y)EUXY
(2.2) subject to (s.t.) y(t) = f(u(t),y(t)) foraa. te[0,T], y(0)=yo,
(2.3) 9(y(t)) < 0 Vte[0,T]

with the control and state spaces U := L>(0,T;R™) and Y := WH>°(0,T;R"™). The
following assumptions are assumed to hold throughout this paper and will not be
repeated in its various results.

(AO) The data £ : R™ xR®” - R, ¢ : R® — R (resp., f : R x R" — R", ¢
R"™ — R) are C? (resp., C3, C*) mappings, with locally Lipschitz continuous
second-order (resp., third-order, fourth-order) derivatives, and f is Lipschitz
continuous.

(A1) The initial condition yo € R™ satisfies g(yo) < 0.

We consider in this paper state constraints of second-order. This means that the
first-order time derivative g") : R™ x R™ — R of the constraint, defined by

9V (u,y) = gy (v) f(w,y),
does not depend on the control variable u, i.e., g&l) = 0 (hence, we write ¢! (y) =
gV (u,y)), and the second-order time derivative g(®) : R”™ x R™ — R, defined by

9P (u,y) = g{V () f (u,),
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depends explicitly on the control, i.e. gu ;é 0.

Remark 2.1. For hnear-quadratlc control problems of type (5.1)—(5.4) (see sec-
tion 5), with dynamics given by 2(¢) = A(t)z(¢) + B(t)v(t) and state constraint by
C(t)z(t) + d(t) < 0, the state constraint is of second-order means that C'(¢t)B(t) =0
on [0,7] and (C(t) + C(1) () B(t) 2 0.

Remark 2.2. In this paper the state constraint is assumed to be scalar-valued
for simplicity. The results are directly generalizable to several state constraints
g1s - - -, gr of second-order (and even of higher-order [23, 15] ¢; > 2 fori=1,...,7; see

Remark 2.3 further) under the assumption (see [23, 3]) that the gradients of the

nearly active constraints Vg

trajectory.

Notation. We denote by subscripts Fréchet derivatives w.r.t. the variables u, y,

e, fy(u,y) = Dyf(u,y), fyy(u,y) = yf(u y), etc. The derivative with respect

to the time is denoted by a dot, i.e., §y = dy =y, The set of row vectors of di-
mension n is denoted by R™. Adjomt or transpose operators are denoted by the
symbol ". The Euclidean norm is denoted by | - |. By LT(O T) we denote the
Lebesgue space of measurable functions such that [ju|l, = fo lu(t)|"dt)Y/" < oo
for 1 < r < oo, [Jufls = supessy 7 [u(t)] < oco. The space W*7(0, T) denotes the
Sobolev space of functions having their s first weak derivatives in L"(0,7T"), with the
norm [lulls, := 325_ [u?[|,. We denote by H* the space W*2. The space of con-
tinuous functions over [0, 7] and its dual space, the space of bounded Borel measures,
are denoted, respectively, by C[0,T] and M0, T]. The set of nonnegative measures is
denoted by M [0,T]. The space of functions of bounded variation over [0,7T] is de-
noted by BV[0,T], and the set of normalized BV functions vanishing at 7" is denoted
by BVr[0,T]. Functions of bounded variation are without loss of generality (w.l.o.g.)
assumed to be right-continuous. We identify the elements of M0, T'] with the distribu-
tional derivatives dn of functions n in BV [0, T]. The support and the total variation
of the measure dn € M[0,T] are denoted, respectively, by supp(dn) and |d77| M- The
duality product over M[0,T] x C0,T] is denoted by (dn, x) fo . We de-
note by Bx(z, p) (resp., Bx) the open ball of the space X with center x and radius
p (resp., the open unit ball of the space X). We write B, for Br-, r = 2, 00.

We call a trajectory an element (u,y) € U x Y satisfying the state equation (2.2).
A trajectory satisfying the state constraint (2.3) is said to be feasible. The contact
set of a feasible trajectory is defined by

(2.4) I(g(y)) = {t € [0,T]: g(y(#)) = O}.

Under assumption (A0), the mapping i — Y, u +— y,,, where y,, is the unique solution
of the state equation (2.2), is well defined. This leads us to the following abstract
formulation of (P):

i)(u,y) are uniformly linearly independent along the

(2.5) g}:_lz{{l J(u), G(u) € K,
with the cost function J(u fo U, Yy )dt + &(yu(T)), the constraint mapping
G(u) = g(yu), and the constralnt cone K := C_[0,T] is the cone of continuous

functions taking nonpositive values over [0,T]. The polar cone to K, denoted by K,
is the set of nonnegative measures M [0, T'.

Finally, throughout this paper the time argument ¢ € [0, T is often omitted when
there is no ambiguity.
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2.1. Optimality conditions and assumptions. Let us first recall the well-
known first-order necessary optimality condition of problem (P). The Hamiltonian
H:R™ x R" x R™ — R is defined by

(2.6) H(u,y,p) = L(u,y) +pf(u,y).

We say that a feasible trajectory (u,y) is a stationary point of (P), if there exists
(p,m) € BV([0,T];R™) x BVr[0,T] such that

(2.7) —dp = Hy(u,y,p)dt + g, (y)dn,  p(T) = ¢, (y(T)),
(2.8) 0= H,(u(t),y(t),p()) a.e. on [0,77],
(2.9) dn € Nk(g(y)).

Here Nk (g(y)) denotes the normal cone to K at point g(y) (in the sense of convex

analysis). If g(y) € K, then Nk (g(y)) is the set of nonnegative measures in M [0, T

having their support included in the contact set (2.4); otherwise Ng(g(y)) is empty.
The Lagrangian L : U x M[0,T] — R of problem (2.5) is defined by

T
(2.10) L(u,n) = J(u) + (dn, G(u)) = J(u) +/0 9(yu(t))dn(2).

We may write the first-order optimality condition as follows: (u,y = y,,) is a stationary
point of (P) iff there exists n € BVp[0,T] such that

(2.11) D, L(u,n) =0, dn € Nk (G(u)).

The costate p is then obtained in function of u, y = vy, and n as the unique solution
in BV ([0, T]; R™) of the costate equation (2.7).

Robinson’s constraint qualification [25, 26] for problem (P) in abstract form (2.5)
is as follows:

(212) de >0, EBC[O,T] - G(U) + DG(’U,)Z/{ - K.
This condition is equivalent to the existence of some v € U such that
DG(u)v <0 on I(g(y)).

It is well known that a local solution (weak minimum) of (P) satisfying (2.12) is a
stationary point of (P).

Alternative formulation. For the stability analysis, it will be convenient to write
the optimality condition using alternative multipliers 2 and p?, uniquely related to
(p,m) in the following way:

(2.13) nt(t) = /(m dn(s) = —n(t), n*(t) = /tT n'*(s)ds,
(2.14) p*(t) = p(t) = n' (g, (y(®) — *(Dg{V (u(t),  t€[0,T].
We see that n? belongs to the set BVZ[0, 7, defined by

(2.15) BV2[0,T] := {£ € WH>(0,T) : £(T) = 0, £ € BVy[0,T]}.
Define the alternative Hamiltonian H : R™ x R™ x R™ x R — R by

(2.16) H(u,y,p*0?) = H(u,y,p*) +1°9@ (u,y),
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where H is the classical Hamiltonian (2.6). Using these alternative multipliers,
it is not difficult to see by a direct calculation (see [23] or [3, Lemma 3.4]) that
a feasible trajectory (u,y) is a stationary point of (P) iff there exists (p2,n?) €
Whee (0, T;R™) x BV2[0,T] such that

(217) _pQ = f{y(uvyapza 7]2)3 pQ(T) = (by(y(T))a
(2.18) 0= Hy(u,y,p%,n°) a.e. on [0,T7],
(2.19) dn* € Nk (g(y))-

The definition of these multipliers p?, n? is inspired by the ones used in the alternative
formulation for the shooting algorithm (see [23, 15, 22, 5]) though p?, n? are continuous
over [0, T] while the ones in the shooting algorithm have jumps.

Remark 2.3. The results of this paper have a natural generalization to a state
constraint of higher-order ¢ > 2, considering in the analysis alternative multipliers
(n?,p?) of order g defined below and the resulting alternative formulation of optimality
condition of order ¢g. These alternative multipliers of order ¢, n? € BV[0,T] with

BVE0,T) := {£ € WI™1°(0,T) : €9(T) =0VYj =0,...,q— 2, £97Y € BV[0,T]}

and p? € WH°°(0, T; R™) are defined by

T
nl(t) = / dn(s), 7’ (t) = / n]_l(s)ds, i=2,...,q,
(.7 ¢
q

pU(t) = p(t) = Y0’ (g P (y(t)).

Jj=1

Assumptions. Let (u,y) be a local solution of (P). We denote by Q := I(g(y))
the contact set of the trajectory (u,y), and for a small o > 0, let Q, denote a
neighborhood of the contact set

(2.20) Oy :={t €[0,T] : dist{¢t,Q} < o}.

We assume that (u,y) satisfies the assumption below.

(A2) The state constraint is a regular second-order state constraint; i.e., g&l) =0
and

(2.21) 38,0 >0, [gP(u(t),g(t)| = B for aa. t € Q.

In view of (Al), it will be assumed w.l.o.g. in what follows that ¢ is small enough so
that

(2.22) Qy Ca,T] for some a > 0.

Given v € L"(0,T;R™), 1 < r < oo, we denote by z, the unique solution in
WLr(0,T;R™) of the linearized state equation

(2.23)  2(t) = fy(a(), ()20 (t) + fulu(d),y(t))o(t) ae. on[0,T], 2,(0)=0.

Note that the derivative of the constraint mapping is given by DG(@)v = gy (7)z.
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LEMMA 2.4. Let (@,y) be a feasible trajectory of (P) satisfying (A2). Then for
all r € [1,400] and all € € (0,0), with the o of (2.21) satisfying (2.22), the linear
mapping

(2.24) L7(0,T;R™) — W2T(Q), v (95(5()20 ()l

where |, denotes the restriction to the set S, is onto, and therefore has a bounded
right inverse by the open mapping theorem.

If w is continuous over [0, T], then Lemma 2.4 is satisfied with ¢ = o.

Proof. We recall only the main ideas of the proof, given in [3, Lemma 2.2]. We
have that

S0 O)20) = o) (5020,

%{gy@(?ﬁ))zv (6)} = gy (@(t), 5(1)=o () + 9 (@(t), 5(¢) o ().

Since by (A1) and hypothesis (2.21), gq(f)(ﬁ(t), g(t)) is nonsingular on a left neighbor-
hood of 2., the result follows from Gronwall’s lemma. a
By the above lemma, assumption (A2) (together with (Al)) implies that (@, )
satisfies Robinson’s constraint qualification (2.12), and hence (@,7) is a stationary
point of (P), with multipliers (p, 7). Moreover, Lemma 2.4 implies that the multipliers
(p,7) associated with (u,y) are unique. We assume, in addition, the following:
(A3) @ is continuous on [0,7], and the strengthened Legendre—Clebsch condition
holds:

(2.25)  Fa >0, v Hu(a(t), g(t), pt))v > av)®> Vte[0,T] Yo € R™.

Remark 2.5. A stronger assumption than (2.25), which implies the continuity of
@ (see [3, Proposition 3.1]), is the uniform strong convexity of the Hamiltonian:

Ja >0, v Hy(a,5(t),5(t)v > alv|> Vvt e 0,T] Vi,v e R™.

Denote by p? and 72 the alternative multipliers related to p and 7 by (2.13)—(2.14).
Assumption (2.25) can be rewritten, using the alternative multipliers p? and 72 instead
of p and 7 and the alternative Hamiltonian (2.16), by

(2.26)  Ja >0, v Huu(a(t), 5(t), p2(t), 72(t))v > afv|> ¥Vt € [0,T] Vv € R™.

LEMMA 2.6. Let (4,q) be a stationary point of (P) satisfying (A2)—(A3). Then
e Whe(0,T;R™).

Proof. By (A3), implying (2.26), and the implicit function theorem applied to
relation (2.18), there exists a C! function T such that @(t) = Y (y(t),p(t), 7*(t)).
Since 7, p2, 7> € W it follows from the chain rule that @ € W1°°, O

Remark 2.7. More precisely, we have that under the assumptions of Lemma 2.6,
u € BV?([0,T];R™), where BV2[0,T] := {u € W1>°(0,T) : 4 € BV[0,T]}. Indeed,
differentiation of (2.18) w.r.t. time shows that (omitting arguments (a, 7, p*, 7?))

0 = ﬁuua"‘-guyf_ﬁyfu'*'ﬁzgf)

Since 72 = 77 € BVr[0,T] and H,, is uniformly invertible by (2.26), we obtain the
result.
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2.2. Perturbed optimal control problem. We consider perturbed problems
in the following form:

ea) (P omin / 04 (u(t), y(£)dE + 6 (y(T))
(2.28) st gt = ful),y(t) ae on[0,T], y(0) =yl
(2.29) g"(y(t) < 0 Vtelo,T).

Here 4 is the perturbation parameter, belonging to an open subset My of a Banach
space M.

DEFINITION 2.8. We say that (P*) is a stable extension of (P), if the following
hold:

(i) There exists i € My such that (P*) = (P).

(ii) The mappmgs R™ x R™ x My — R, (u,y,p) — *(u,y); R" x My — R,
(y, 1) = ¢(y); Mo — R™, pu> yg (resp., R™ x R™ x My — R™, (u,y, p) — f(u,y);
R™ x My — R, (y,p) — g“( )) are of class C? (resp., C3, C*), with locally Lipschitz
continuous second-order (resp., third-order, fourth-order) derivatives, uniformly w.r.t.
n e MO.

(iii) The dynamics f* is uniformly Lipschitz continuous over R™ x R™ for all
e My.

(iv) The state constraint is not of first-order, i.e., (g")gl)(
R™ x R™ x M.

Given a stable extension (P*) and (u, ) € U x My, we denote by y# the unique
solution in Y of the state equation (2.28), and we have the abstract formulation of

(P*)

u,y) =0 for all (u,y, pn) €

(2.30) Inelz{{l JH(u), G*(u) € K,
with J#(u fo 0 (u, yt)dt + o* (yH(T)) and G*(u) = ¢g*(y”). When we refer to

the data of the reference problem (P), we often omit the superscript f.

3. Second-order sufficient optimality condition. Let (@, %) be a stationary
point of (P), with multipliers (p,%). Let V := L?(0,T;R™). The quadratic form
involved in the second-order optimality conditions, defined over V, is as follows:

/ D, 2 H (1,9, 9) (v, 20)2dt + ¢y (5(T)) (20(T), 20(T))
(3.1)

+ / Gyy(Y) (20, 20)d.
0
Recall that z, is the solution of the linearized state equation (2.23). Here the notation

D(Qu)y)zH(a,g,ﬁ)(v,zv) stands for D(u Dy H (@G, D)((v,20), (v, 20)). The critical
cone C(u) is the set of v € V satisfying

(3:2) 9y(4(t))z,(t) =0 on supp(d),
(3-3) 9y(H(t)zs(t) <0 on I(g(y)) \ supp(dn).

A sufficient second-order optimality condition for (P) is (see [2, Theorem 18] for
scalar-valued control and constraint and [3, Theorem 6.1] for vector-valued ones)

(3.4) Qv) >0 Vv € C(a) \ {0}.
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When the strengthened Legendre—Clebsch condition (2.25) holds, (3.4) implies that
(u,7) is a local solution of (P) satisfying the second-order growth condition

(3.5) Fe,p >0, J(u)ZJ(ﬂ)—i—cHu—ﬂH% VuelU:Gu) €K, ||lu—i]e < p-

This condition involves two norms: L? for the growth condition, and L* for the
neighborhood.

We will use, in the stability analysis, a natural strengthening of the sufficient
condition (3.4), omitting the inequality constraint (3.3) in the critical cone. So let
the extended critical cone C() be defined as the set of v € V satisfying (3.2) (and
hence, C(i) C C(@)). The strong second-order sufficient condition used in the stability
analysis is as follows:

(3.6) Q) >0  Yvel(a)){0}.

Although we call the above condition the strong second-order sufficient condition (in
comparison with (3.4)), it takes into account the active constraints so it is weaker than
the second-order sufficient condition used in [9] that assumes the strict positivity of
Q over the whole space V \ {0}.

The strengthened Legendre—Clebsch condition (2.25) implies (see [6, Proposition
3.76(1)]) that the quadratic form Q is a Legendre form (see [16]), i.e., a weakly lower
semicontinuous (weakly l.s.c.) quadratic form with the property that if a sequence v,
weakly converges to v in L? (v, — v) and if Q(v,) — Q(v), then v,, — v strongly.

LEMMA 3.1. Let (u,y) be a stationary point of (P). An equivalent expression for
the quadratic form Q defined by (3.1), using the alternative multipliers (p*,72) given
by (2.13)—(2.14) instead of (p,7) and the alternative Hamiltonian (2.16), is

T
37 Q) = /0 DRy H (@, 5, 9%, 7%) (v, 20)%dt + 6y (5(T))(20(T), 20(T)).
Proof. Let v € V. Denote by Q(v) the right-hand side of (3.7) and set A :=

O(v) — Q(v). In view of the relations (2.13)(2.14) between (p%,7%) and (p,7), we
have

T T
A= / (®* — p)D*f(u,7)(v, z,)*dt + / D?g®) (u,5)(v, 2,)*77dt

0 0
T

- / Gy (@) (20, 20) 7
T T

. / 79y (@) D2 £ (5, 5) (0, z0)2dt — / 729\ () D (1, 5) (v, 2)2dt

T T

+ /O D?¢ (@, ) (v, 2,)*pdt — /0 9y () (20, 20)di.

The integration by parts formula in BV [12, p. 154] shows that (the calculus is anal-
ogous to Lemma 3.6 in [5])

s g [ 4 7 it dt 7 T
| @000 = [ o @)z + Loy () 20
T
= /0 {9yyy () (s 205 20) + 294y (Y) (D f (@, §) (v, 20), Zv)}ﬁldt

T T
= [ @ Cuzna~ [ o@D @m0
0 0
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Similarly, we obtain that
T T
/ ) 0) 2t = / D9 (@, 9) (v, 2% dt
0 0

T
- / o) (9) D2 (. 9) (v, )7L,

Summing the two above equalities, we obtain that A = 0, which completes the
proof. |

4. Stability analysis for the nonlinear problem. According to Definition 5.16
in [6], adapted to our optimal control framework, we consider the following definition
of uniform second-order growth condition.

DEFINITION 4.1. Let (u,y) be a stationary point of (P). We say that the uniform
second-order (or quadratic) growth condition holds if, for all stable extensions (P*)
of (P), there exists c,p > 0 and a neighborhood N of [, such that for any stationary
point (ut,y*) of (P*) with uw € N and ||u* — oo < p,

(4.1) JH(u) > JH(uh) + ¢||lu — u“||§ Yueld: GH(u) € K, ||u—1il|e < p-

The next proposition (proved in subsection 4.2) shows that the strong second-order
sufficient condition (3.6) implies the uniform second-order growth condition. There-
fore, if a stationary point for the perturbed problem (P*) exists, then the latter is
locally unique in a L*-neighborhood of @, and is a local solution of (P*).

PROPOSITION 4.2. Let (u,7) be a stationary point of (P) satisfying (A2)—(A3)
and the strong second-order sufficient condition (3.6). Then the uniform second-order
growth condition holds.

The difficult part in the stability analysis here is to prove the existence of a sta-
tionary point for the perturbed problem. For some general optimization problems,
Robinson’s constraint qualification (2.12) and the uniform quadratic growth condi-
tion imply, for a certain class of perturbations, the existence of a stationary point for
the perturbed problem; see Bonnans and Shapiro [6, Theorem 5.17]. The proof uses
Ekeland’s variational principle [13]. However, this result does not apply to our non-
linear optimal control problem, due to the two-norms discrepancy, but it does apply
to linear-quadratic problems (see the proof of Theorem 5.4). For the general nonlin-
ear problem, in order to obtain the existence of a stationary point for the perturbed
problem, we need to use a variant of Robinson’s strong regularity theory [27].

The main result of this paper is the next theorem (proved in section 6).

THEOREM 4.3. Let (4, y) be a local solution of (P), satisfying (A2)—(A3) and the
strong second-order sufficient condition (3.6). Then for all stable extensions (P*) of
(P), there exist c,p,r,k > 0 and a neighborhood N of [i, such that for all u € N,
(P*) has a unique stationary point (ut, y*) with ||[u* — |l < p and unique associated
alternative multipliers (p>*,n>"), and for all p, i’ € N,

(42) " = utll, ly" =y Mz, 19 =P e, 102 =0 2 < Kllu— ],
(4.3) [[u* = u* [loo, 4" = 4" 1,00, 1P** = P> I[1,00, 03" = 0> ||oo < Rllp— '[|P2.
Moreover, (ut,y*) is a local solution of (P*) satisfying the uniform quadratic growth
condition (4.1).

The above theorem is obtained by application of a generalized implicit function
theorem by Dontchev and Hager [9] (Theorem 4.8 of this paper) to the alternative
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formulation (2.17)—(2.19) in suitable functional spaces described in subsection 4.3. In
order to show that the main assumption of this theorem is satisfied (assumption (iv)
of Theorem 4.8), we have to show that a perturbed linear-quadratic optimal control
problem has a unique solution which is Lipschitz continuous w.r.t. the parameter. For
this, we will use Proposition 4.2 (or more precisely, its analogous statement adapted
to linear-quadratic problems). Before giving the proof of Proposition 4.2, we first
need to study the stability of multipliers (Proposition 4.4).

4.1. Stability of multipliers. The next result shows that under the constraint
qualification (A2), the stability of multipliers could be deduced from the stability of
solutions. Given r € [1,+occ], we denote by | - ||2,r« the norm of the dual space to
W2r(0,T), i.e., for dn € M[0,T] we have

— ad Lo 2@dn()
||d77||2,r* = p{ H(I)|

PROPOSITION 4.4. Let (@,§) be a stationary point of (P) satisfying (A2). Then
for every stable extension (P") of (P), there exists v > 0 such that for every station-
ary point (u,y) of (P*), with (unique) associated multipliers (p,n) and alternative
multipliers (p?,n?) given by (2.13)~(2.14), the following hold:

@) If | — alls v — tlloe < v, then dn is uniformly bounded in M]0,T].

(ii) There exists k > 0 such that, for all ||u — il], ||v — t||co < v, we have

, e WT(0,T),®#0 } .
2,r

ldn = dllz,1e, 177 = Tllec < #(llu—llo + [l — Al)).

Moreover, when ||u — fil], ||lu — @||oo — 0:

(iil) dn weakly-* converges to dij (dn = dij) in M[0,T);

(iv) nt — 7t in L1;

(v) p* and n? converge uniformly to p? and n?, respectively.

The proof of the above proposition uses the lemma below.

LEMMA 4.5. For all 1 <r < oo, with ' :=r/(r — 1) (I’ = 00), there exists a
positive constant C' such that

(4.4) €]l < Clldéflare  VE € BVZ[0,T).

Proof. Let ¢ € L"(0,T). Set ®'(t) := fot ¢(s)ds and ®(t) := fot ®!(s)ds. Then
® € W2r(0,T), and ||®]2., < C|l@lly, with C =1+ T//r + (T/3/r)?. Since &(T) =
§(T) = 0, the integration by parts formula in BV [12, p. 154] implies that, for all
¢ € BVZ0,T),

T T . T .
/0 p(DEME = / BLBE()AL = / B(1)dE (1)
Therefore,

T
t)E(t)dt

= wp Mo PO _

pELT,pZ0 el PeW2." d£0 @]

| S @ ()dé ()]

2,r

3

which gives the result. O
Proof of Proposition 4.4. Let (P*) be a stable extension of (P). Note first that
for ||u — || and ||ju — @||co small enough, assumptions (A1) and (A2) hold for (PH).
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This implies the uniqueness of the multipliers (p, n) associated with a stationary point
(u,y) of (PH). Since (u,y) satisfies Robinson’s constraint qualification (2.12), point
(i) follows from [6, Proposition 4.43].

Let us show (ii). Since (u,y = y¥) is a stationary point of (P*), we have that

DJ*(u) + DG*(u)Tdn = 0, dn € Nk (G*(u)).

It follows that DG(u)" (dj — dn) = DJ*(u) — DJ(a) + (DG*(u) — DG(w)) "dn, and
hence, for all v € L1(0,T),

(4.5) (dif — dn, DG(a)v) = (DJ*(u) — DJ(@))v + (dn, (DG*(u) — DG(@))v).

Fix ¢ € (0,0) with the o of (2.21) satisfying (2.22). By Lemma 2.4, the linear
mapping defined in (2.24) for » = 1 is onto. Since DG(@)v = gy(§)zy, by the open
mapping theorem, there exists a constant C; > 0 such that, for all ® € W?21(0,T),
there exists v € L'(0,T) such that DG(a)v = ® on Q. and ||v||; < C1[|®||2,1. For
o= g, ||u—@|| oo small enough, the contact set I(g*(y)), and hence the support of the
measure d7, are included in the set Q.. Therefore, (dn — d7j, DG(a)v) = (dn — d7, P).
Consequently, by (4.5),

[(dn — dij, )| < |(DJ#(u) = DJ(@))v] + [dn|sm || (DGH(u) — DG(1))v]|oo-

By point (i), |dn|a¢ is uniformly bounded, and it is not difficult to check that
|(DJ¥*(u) = DJ(u))v], [(DG*(u) = DG(@)v]leo < C(llu =l + [l — Al I[]1,
where C' denotes (possibly different) positive constants. Therefore, we obtain that

[{dn — dn, @) < C(Jlu = tlloo + [l — EIDIIv]]x
< CC([lu = tlloo + Il = 2IDID]2,1-

Consequently, ||dn — di||2,1« < CCi(||u — @||oc + || — &]|), and since, by Lemma 4.5,
I7? = 7l < Clldn — 7|21+, this proves (ii).

Now consider a sequence p,, — [i, and let (uy,y,) be a stationary point of (PH»)
such that u,, — @ in L, with (unique) multipliers (p,,7,) and alternative multipliers
(p2,m2). Since W21(0,T) is dense in C[0,T], we deduce easily from point (i) that
dn, = dij in MJ0,T], which shows (iii). By the compactness theorem in BV [I,
Theorem 3.23], it follows that n} — 7! in L', which shows (iv). Finally, since n?
is given by (2.13), (iv) implies that n2 — 7? uniformly. By (2.17) and Gronwall’s
lemma, we conclude that p2 — p? in W1, which achieves the proof of (v). |

4.2. The uniform second-order growth condition (proof of Proposition
4.2). The proof of Proposition 4.2 uses the auxiliary result below. Given A, B C
[0, T, denote by exc{A, B} the Hausdorff excess of A over B, defined by

(4.6) exc{A4, B} := sup inf |t — s,
tcA SEB

with the convention exc{f), B} = 0.

LEMMA 4.6. Let dij € M[0,T], and a sequence (dn,) C MJ0,T] be such that dny,
weakly-* converges to dij in M[0,T]. Then e, := exc{supp(d7),supp(dn,)} converges
to zero when n — +00.
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Proof. The result follows from classical compactness arguments. By contradiction,
assume that the result is false. Then there exist eg > 0 and a subsequence, still
denoted by dn,, such that for all n € N* e,, > ¢, i.e., there exists ¢, € supp(d7)
such that for all s € supp(dn,), |t, — s| > €o. Since the sequence (t,)nen+ C [0,T]
is bounded, assume w.lo.g. that ¢, — ¢ € [0,7]. Since supp(d7) is closed, t €
supp(d7). For n large enough, [t, — | < £¢/2, and hence, for all s € supp(dn,),
[t —s| > [tn — s| — |tn — | > €0/2. Let ¢ be a continuous function, with support in
[t —e0/2,t + €0/2], and such that fOT wdi] # 0. Since dist{¢,supp(dn,)} > £¢/2 for
all large enough n, fOT @dn,, = 0. But dn, = d7, implying that fOT odn, — fOT pd1,
which gives the desired contradiction. O

Remark 4.7. We may equivalently reformulate Lemma 4.6 as follows: if dn,
weakly-* converges to dij in M0, T], then

supp(dij) C limsup supp(dny),
n—-+o0o
where the lim sup is in the sense of Painlevé-Kuratowski.

Proof of Proposition 4.2. We argue by contradiction. If the uniform second-
order growth condition does not hold, there exist a stable extension (P*), a sequence
Iy — [, a stationary point (uy,, y,) of (P#*) such that u,, — @ in L°°, with multipliers
(Pn, 7n) and alternative multipliers (p2,7n2), and a feasible point (i, ) of (P#») such
that

(4.7) TH (n) < T (un) + o[ — unll3).
Introducing the Lagrangian of (P#*), L*(u,n) = J*(u) 4+ (dn, G*(u)), and using that
dny, € Nk (G* (uy)), (4.7) implies that

LE (i, nn) — L (un,mn) < TP () — JH (un) < o(|dn — un”%)

Set &5, := ||t — unll2 — 0 and v, := &, * (@, — uy). A second-order expansion of the
Lagrangian shows that L (@, n,) — LP* (upn, ) = €2 QM7 (v,) + o(g2), where the
quadratic form O#n is defined like (3.1) for the stationary point (uy,y,) of (P#n).
Therefore, dividing the above inequality by €2, we obtain that

(4.8) OFn (v,) < o(1).

Since ||v,|l2 = 1 for all n, taking a subsequence if necessary, we may assume w.l.o.g.
that v, — ¥ weakly in L? for some ¥ € V when n — +oo. Since, by Lemma 3.1,
QFn can also be expressed by (3.7), and (uy, yn, p2,n2) — (4,7, p,7%) uniformly by
Proposition 4.4(v), and since vy, is bounded in L?, it follows that Q"= (v,,)—Q(v,,) — 0.
Therefore, writing that Q#»(v,) = Q(v,) + (Q*" (v,) — Q(vn)), and using that Q is
a Legendre form and hence weakly l.s.c., we obtain by (4.8) that

(4.9) Q(v) < 0.

Moreover, since v, — ¥ weakly in L?, and (u,yn) — (4, ¥) uniformly, the lin-
earized state z,, the solution of

Zn = [1" (Uny yn)2n + fI7 (Uns Yn)vn  ace. on [0,T],  2,(0) =0

converges weakly to Z := z; in H', and hence uniformly. Since G*"(i,) € K, we
have that 0 > GF~(4,) — G*n(uy) = €, DG* (un)vy + €7y on supp(dn,), with
[[7nlloc = O(en). Since DG*" (upn)vn = g™ (Yn)zn, it follows that

(4.10) 9y" (Yn)zn + 1 <0 on supp(dny).
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Since %gy"(yn(t))zn t) = (g“")g(,l)(yn)zn is uniformly bounded over [0, 7], the func-
tions g4 (yn)zn are uniformly Lipschitz continuous over [0, T]. Therefore,

sup  gy(¥)z < Hgy(ﬂ)i - 95" (Yn)znlloo + ||(9Hn);(/1)(yn)zn”ooen + sup g;jn (Yn)zn
supp(dm) supp(dnn)

<o(l)+ O(e,) + O(en),

where e,, := exc{supp(d7),supp(dn,)} is defined by (4.6). Since dn, — d7j by Propo-
sition 4.4(iii), it follows from Lemma 4.6 that e, — 0. Therefore, we obtain that

(4.11) 9y(9)2 <0 on supp(dp).

In addition, by (4.7), DJ** (up)v, < O(ey). Since DJF (uy,) + DGHr (uy,) Tdn, =
0, it follows that (g, DG# (un)vn) = [ 68 (yn)zadnn > O(ey). Since dr, = di

and g4 (yn)zn — gy(y)Z uniformly, we obtain that fOT gy(9)2d > 0. Using that
dij > 0, (4.11) implies that

9y(y)Z2=0  on supp(dp),

i.e., o € C(a@). The strong second-order sufficient condition (3.6) and (4.9) imply then
that o = 0. But then Q(v) =0, and Q(v,) — Q(¥). Since Q is a Legendre form, we
deduce that v,, — ¥ = 0 strongly in L?, contradicting that [v,[2 =1 for all n. O

4.3. The strong regularity framework. We use the following generalized
implicit function theorem in metric spaces by Dontchev and Hager [9], which is a
variant of Robinson’s strong regularity [27].

THEOREM 4.8 (see [9, Theorem 2.2]). Let X be a complete metric space, X a
closed subset of X, W a linear metric space, A a subset of W, P a metric space, and
F:XxP—-W,N:X—=2%, £:X — W. Assume that L is continuous and that
there exists (T, 1) € X x P such that the following hold:

(i) F(z, ) € N(z).

(ii) F(z,-) is continuous at fi.

(iil) W+ := F(-,u) — L(-) is strictly stationary at x = T, uniformly in p near [,
i.e., for all € > 0, there exists v > 0 such that if |z; — Z||x, ||p— gl <v,i=1,2,

(4.12) [ (1) — U (22)[w < ellor — 22| x.
(iv) For all § € A, there exists a unique solution © € X of
(4.13) §eL(x)—N(x),
and there exists A > 0 such that, with xs the unique solution associated with 0,
lzs — zs]|x < A|6 —&'||lw V6,8 € A.

(v) F — L maps a neighborhood of (Z, ) into A.
Then for all Ay > X, there exist neighborhoods X of & in X and W of ji, such that
for each u € W, there exists a unique v € X satisfying F(x,n) € N(x); moreover,
for each p; € W, i = 1,2, if x; denotes the x € X associated with p;, then

(4.14) lze — 21l x < AL F (w1, 1) — Fon, p2)l|w



STABILITY ANALYSIS IN OPTIMAL CONTROL 117

In [9], the theorem is stated with X = X, but remains true if we replace the complete
metric space X by any closed subset X of X, equipped with the metric of X, since
X remains a complete metric space.

This theorem was used for stability analysis of optimal control problems subject
to first-order state constraints in [9]. In what follows, we describe a suitable framework
to apply Theorem 4.8 for second-order state constraints.

Remark 4.9. Our choice of functional spaces to apply Theorem 4.8 differs from
that of [9] or [18] in the spaces for the state constraint and state constraint multiplier.
Whereas in [9, 18] the state constraint is seen in W1°, we consider here rather the
state constraint in the space of continuous functions C[0,7]. Another natural choice
for the space of second-order state constraints would be W2 since the constraint
is “onto” in this space (Lemma 2.4). The reason for considering here the constraint
in C[0,T] is to have multipliers in M(0, T] instead of in the dual space of W1
or W22, For first-order state constraints it can be shown (see [14]) that the state
constraint multiplier 7 lies in W (and therefore a suitable choice for the state
constraint multiplier space is the space Lipy defined below), but this is no more true
for higher-order state constraints. Note that since W2 c Wh* c C[0,T] with
continuous and dense embeddings, and the constraint is “onto” in W2 by Lemma
2.4, the multipliers in the three possible formulations are one-to-one.

Notation. In order to apply Theorem 4.8 to prove Theorem 4.3 in sections 5 and
6, we use the following notation. Given k,[,r, 0, k" > 0, define the spaces

Lipi(0,T) := {u € W">(0,T) : [[il|o < K},
BVZ,0,T] := {& € BVE[0,T] : |d&|m < 1},

(4.15) X := Lipy(0,T;R™) x BV7,[0,T],
(4.16) X={z=w&eX:|u—-1al<r},
(4.17) W = L*(0, T;R™) x H*(0,T)

equipped with its standard norm ||0|lw := ||7]l2 + ||{]|2,2 for § = (v,¢) € W,

(4.18) A= {0 € Lipy (0, T;R™) x H*(0,T), ||8|lw < o},
P : closed neighborhood of i, contained in M,

and mappings
e F: XxP—-W,

~ 2,
f(x /1‘) = 5(%?45713”;2;772)
’ 9" (k) ’

where H* is the alternative Hamiltonian (2.16) of (P*), y* is the solution of
the state equation (2.28), and piﬁ; , is the solution of the alternative costate
equation (2.17) for (P*), i.e.,

(4.29) —p2ty = Hl (u,ylt, p2" 0?) ae. on [0,T],  p2ta(T) = ¢li(yls(T)).
e N: X —2W N(z) = {0} x (Ng-(d?) N H?(0,T)), where

o [ {p € CLI0,T): (dif,0) =0} if di? > 0,
Ni—(d") = { 0 otherwise.
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o L: X W,
(4.20) L(x) = F(&,n) — D F(z,f5)(x — T).

By Lemma 2.6, we have that (ii,7?) € X for sufficiently large k, I.
LEMMA 4.10. FEquipped with the norm

(4.21) [1(w, &)l x = l[ull2 + lI€]l2,
X s a complete metric space, and
(4.22) Jtllse < max{\/3/T|ull2, V3E|ul|Z*}  Vu € Lipe(0,T).

Proof. It was shown in [9, Lemma 3.2] that the space (Lipx(0,T),] - |2) is a
complete metric space, and the estimate (4.22) follows from [9, Lemma 3.1]. We show
now that (BVz,[0,T], | - [l2) is complete as well. Let (&,) be a Cauchy sequence in
BV2,[0,T] (for the norm || - |[2). Since L*(0,T) is complete, there exists £ € L2(0,T)
such that &, — € in L2. Let us show that the limit point £ lies in BV:,%J[O, T]. We
have that |dé,|a < 1 for all n, and since &,(T) = 0, the sequence (£,) is bounded
in BV for the norm ||n||pv := ||n]l1 + |dn|am. Therefore, by the compactness theorem
in BV [1, Theorem 3.23], there exists a subsequence &,y and ¢ € BV[0,T] such
that déw(n) X d¢ weakly-* in M[0,T] and éiﬂ(n) — ( in L'. Moreover, using the
integration by parts formula in BV [12, p. 154], we obtain that

T

T . .
T((T) = / (C(t) — €y () + / S(dC(s) — Ay () — O,

and hence ¢(T') = 0. Setting £(t) := — ftT ((s)ds, we have that £ € BV2[0,T], and
Epn) — € in L and a fortiori in L2. We deduce that necessarily, £ = £ € BV2[0,T],
the whole sequence (d&n) weakly-* converges to d¢ in M]0,T], and then

A€ aq < liminf |déa|a < L.

This shows that £ € BVZ,[0,7], and hence (BVZ,[0,71, ]| - |
space. This achieves the proof. d ] .
Note that for all & € BVZ,[0,T], we have that |[d{|ax < I, and since £(T') = 0,

it follows that [|€]sc < I, and hence BVZ,00,T] C Lipi(0,T). Therefore, we deduce
from (4.22) that

(4.23) I€lloe < max{\/3/T|]l2, V3I|E5*} Ve € BVE,[0,T].

The space X defined by (4.16) is a closed subset of X, and hence, by Lemma 4.10,
X equipped with the norm of X (4.21) is a complete metric space. We need to work
with X instead of X in order to obtain the uniqueness of a solution of (4.13) in
X, for small enough r > 0. The space of sufficiently smooth variations A C W, in
assumptions (iv) and (v) of Theorem 4.8, is defined by (4.18).

Given a stable extension (P*) of (P), our formulation is the following: For p in
the neighborhood of f, find = (u,7?) € X solution of

(4.24) F(z,p) € N(z),

2) is a complete metric

where F and N are defined as above. Then (u, y¥) is a stationary point of (P*) with
alternative multipliers (pi7l;27772) iff x = (u,n?) is solution of (4.24).
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5. Stability analysis of linear-quadratic problems. The verification of as-
sumption (iv) of Theorem 4.8 is strongly related to stability analysis of linear-quadratic
optimal control problems with a second-order state constraint, which we study in this
section. Since these results have their own interest, they are stated independently of
the rest of this paper. The problem under consideration is of the form

T
(5.1) (Ps)  min %/0 ()T S(t)v(t) + 20(t) "R(t)z(t) + z(t) T Q(t)z(t))dt

(v,2)EVXZ
T
(5.2) + /0 (a(t)z(t) + (b(t) — v(t))v(t))dt + 22(T) " @2(T)
(5.3) s.t. 2(t) = A(t)z(t) + B(t)v(t) a.e. on [0,T], =z(0)=0,
(5.4) C(t)z(t) +d(t) —¢((t) <0 on[0,T].

The perturbation parameter is here § = (v,¢) € W = L?(0, T; R™*) x H%(0,T), with
the norm ||0]lw = ||vll2 + ||{]|2,2. The control and state spaces for the linearized
problem are V := L?*(0,T;R™) and Z := H'(0,7;R"). The matrix and vectors
S(), R(+),Q(),a(-),b(-), A(-), B(-),C(+),d(-), of appropriate dimensions, are Lipschitz
continuous functions of time. In addition, C(-) and d(-) lie in the space W3, The

matrix S and @ are symmetric. We assume, in addition, in this section that (recall
(A1)

(5.5) d(0) < 0.

Given v € V, we denote by z, the unique solution in Z of the linearized state equation
(5.3). Then we may write (Ps) as follows:

(Ps)  ming°(v), I(v) €K,

with J°9(v) := fOT{%(vTSU +20" Rz, + 2, Qz) +az + (b—y)v}dt + 32, (T) T @z, (T),
M) :=Cz +d— ¢, and K = C_[0,T].

Assume that C(¢t)B(t) = 0 on [0, 7] (state constraint of second-order), and define
the matrix

Cy(t) = Ct) + C(t)A(t), Ca(t):= Cy (t) + C1(t)A(t), Na(t) := Ci(t)B(t).
Then for all v € V, we have that

2
OOz} = a0,

The alternative multipliers (72,n?) € W1°°(0,T;R™) x BV2[0,T] for the linear-
quadratic problem are defined by

{C)zu(t)} = Ca(t)z0(t) + Na(t)v(?).

T
(5.6) nW:AﬂM@ 7W%=[n@@
(5.7) (1) = 7(t) — ' (OC(1) — P(OCL (1), t € [0.T).

Let (7, Z = z5) be a stationary point of (Pp), with multipliers (7, 77) and alternative
multipliers (72, 7?). Denote the contact set by Q := {t € [0,T]: C(t)z(t) + d(t) = 0},
and a neighborhood of the contact set by Q, := {t € [0, 7] : dist{¢, 2} < ¢} for o > 0.
For linear-quadratic problems, assumptions (A2)-(A3) may be rewritten as follows:
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(A2) The state constraint is a regular second-order state constraint, i.e., C(t)B(t) =
0 on [0,77], and there exists 3,0 > 0 (o satisfying (2.22)) such that

[N2(t)] > 8 on Q,.
(A3) The matrix S(t) is uniformly positive definite over [0, 77, i.e.,
Ja>0, v S(tv>alv]? Vte|0,T]VoecR™.

Note that by Remark 2.5, (A3) is equivalent to (A3). Assumption (A2), with (5.5),
implies the following (cf. Lemma 2.4).

LEMMA 5.1. Assume that (A~2) holds. Then there exists a positive constant c
such that for all p € H%(0,T), there exists v € V satisfying

(5-8) Ct)zo(t) = o(t) onQy  and o]z < cllgllz,-

Therefore (A2) and (5.5) imply that Robinson’s constraint qualification holds, and
that the multipliers associated with (7, Z) are unique.

Propositions 5.2 and 5.3 hold for a larger set of perturbations, more precisely for
5 = (v,¢) € W, where

W = L%(0,T;R™) x C[0,T],

equipped with its standard norm [|0]|;, := ||7|l2 + [|¢|lcc. We have, of course, W C W
with continuous embedding. Identical to Proposition 4.4, we obtain the stability of
multipliers for linear-quadratic problems (with a slightly modified statement).

PROPOSITION 5.2. Let (4, %) be a stationary point of (Po) satisfying (A2). Then
there exists v > 0 such that for every stationary point (v,z) of (Ps), with (unique)
multipliers (m,n) and alternative multipliers (72,n?) defined by (5.7)~(5.6), the fol-
lowing hold:

@) If 6llyi» llv = oll2 < v, then dn is uniformly bounded in M[0,T].

(ii) There exists & > 0 such that, for all ||6]|y,, [[v — ?]|2 < v, we have

ldn = difll2,2«, [1n* = 7*[l2 < £([[v = Bll2 + 18]l ,)-

Moreover, when ||§||y;, [|[v — v[]2 — 0:

(iil) dn weakly-* converges to dij in M[0,T);

(iv) nt — it in Li;

(v) 7% and n? converge uniformly to @ and n?, respectively.

Second-order optimality conditions. Let Q denote the quadratic part of the
cost J° (independent of §):

T
= 5 v T v v T zZ z T z
se Q0 = 1] 0@TSON0 4200 RO + 0 QW)

+ 22,(T) " @2, (T).

The strong second-order sufficient condition is

(5.10) Q(v) >0 Vv € V\ {0} such that C(t)z,(t) = 0 on supp(d7).

Identical to Proposition 4.2, we obtain that the second-order sufficient condition (5.10)
implies the uniform second-order growth condition for the perturbed problems (Ps)
(here again the statement is slightly modified).
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PROPOSITION 5.3. Let (7,%) be a stationary point of (Po) satisfying (A2)—(A3)
and the strong second-order sufficient condition (5.10). Then there exist ¢,p > 0 and
a neighborhood W of O in W, such that for all 6 € W and any stationary point (vs, zs)
of (Ps) with |lvs — 7|2 < p,

(5.11) Jé(v) > jé(vg) +cllv — v5||§ YoeV: Fé(v) e K, ||lv—1|z2<p.

Stability analysis. The main result of this section is the theorem below. The
key point is to show the existence of a stationary point for the perturbed linear-
quadratic problem under the weak second-order sufficient condition (5.10), where the
active constraints are taken into account. To this end, the uniform growth condition
(Proposition 5.3), together with an abstract theorem from Bonnans and Shapiro [6,
Theorem 5.17 and Remark 5.19], is used.

THEOREM 5.4. Let (7, %) be a stationary point of (Py) satisfying (A2)—~(A3) and
the strong second-order sufficient condition (5.10). Then there exist c¢,p, A > 0 and a
neighborhood W of 0 in W, such that for all § € W, (Ps) has a unique stationary point
(vs, 2v5) with ||[vs — |2 < p and unique associated alternative multipliers (7%,n%), and

(5.12) lvs —varllz + 11 —n3 |2 < Al6—&"lw V6,6 €W.

Moreover, (vs, zv;) s a local solution of (Ps) satisfying the uniform quadratic growth
condition (5.11).

Proof. Let us show the existence of a stationary point of problem (Ps). We may
write (Ps) as

(Ps) min Lo, Av) + (b,v) — (y,v) st Cv+d—(€EK,

where A is the continuous, self-adjoint bilinear operator over V associated with the
quadratic form (5.9), b is an element in V* =V, C : v — Cz, is a linear continuous
operator V — C[0,T], and d € H?(0,T). Here, without ambiguity, we also denote by
(-,-) the scalar product over V.

Step 1. Reduction to a fixed feasible set. Let us first consider perturbations of
the cost function only, i.e., consider the problem (P,) defined by

(Py) Inel]I} (v, Av) + (b,v) — (7,0) s.t. Cv+de K.

By Proposition 5.3, the uniform second-order growth condition holds for (P,), so does
Robinson’s constraint qualification by (A~2), and the perturbed problem (P, ) includes
the so-called tilt perturbation (see [6, p. 416]), i.e., additive perturbations of the cost
function of type —(y,v) with v € V*. Therefore, it follows from [6, Theorem 5.17 and
Remark 5.19], since the feasible set of (P,) is constant, that there exist p1, p2 > 0 and
a constant A > 0, such that for all v € B3(0, p2), (P,) has a unique stationary point
vy in B (T, p1), and

(5.13) vy —vylla < Ally=4'll2 ¥7,79" € B2(0, p2).

We have of course that v = vg.
Step 2. Existence of a stationary point of (Ps). Now let § = (v,() € W. By
Lemma 5.1, there exists v¢ € V such that

(Coc)(t) =C(t) onQy  and  lucll2 < ¢[¢]

2,2
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Set 4 := v — Avc. We have that ||F]l2 < |72 + cll[AlllI<]l2,2 < p2 if [|d||w is small
enough. Therefore, there exists a (unique) stationary point vs € Ba(7, p1) of (P5),
with multiplier dn; € M0, T, satisfying the first-order optimality condition

(5.14) Avs +b—5+CTdn; =0,
' Cvs +d<0on[0,T], dns >0, (dns,Cvs+d)=0.

Since ||Cvy — CV||o < ||IC]|[Jvs — D]l2 < A|IC[[|7]]2 by (5.13), if ||6||w is small enough,
then the contact set of Cvy + d is included in 2, and hence

(5.15) supp(dnsy) C Q.

Let vs := v5 + v¢ and dns := dnsy. Note that there exists a constant a > 0 such that
(Co)(t)+d(t) < —a on [0,T]\ Q. Therefore, on [0,T]\ Q,, we obtain that (we denote
in what follows by C' different positive constants)

Cus+d—(¢=Co+d—(+Cu+C(vy — )
< —a+ [l + [[Co¢lloc + IC(v5 — V) lso
—a+ C[Cll22 + lICllllvcllz + IC[l[lvs — |2
—a+ (C +cl[CNl¢llz2 + MCH[FN2 < —a+ Clld]lw,

<
< <
and hence, if ||0]w is small enough, then Cvs +d — ¢ < 0on [0,7]\ Q5. On Q,, we
have that Cvs +d — ¢ = Cvy +d < 0. Therefore, using (5.14) and (5.15), vs obviously
satisfies

Avs +b—~+CTdns =0,
Cus+d—¢<0on[0,T], dns >0, {(dns,Cvs+d—_)=0,

i.e., vs is a stationary point of (Ps), with multiplier dns. Consequently, for ps > 0
small enough, reducing p; if necessary, (Ps) has, for all 6 € By (0, p3), a (necessarily
unique by Proposition 5.3) stationary point vs € Ba(7, p1), with (unique) multiplier
dns. That (vs, 24,) is a local solution of (Ps) satisfying the uniform growth condition
(5.11) follows then from Proposition 5.3.

Step 3. Lipschitz continuity of the stationary point. Let 6; = (v, () € Bw (0, p3),
i1 =1,2, and v, be such that

Cug, =Ciony, i=1,2, and |[jvgl2 < cllCill2,2, [lvg, —ve,ll2 < ellG — Call2,2-

It follows that |jve,|l2 < e(2|¢i]l2,2 + |[C2ll2,2) < 3cps. Setting ; = v; — Ave,, we
obtain as before that if ps is small enough, then the unique stationary point v; of
(Ps,) is given by v; = v, + v5,. Therefore, using (5.13),

[or = vall2 < Jlug, = ve, ll2 + AllFa = Fall2
<L+ AMADNG = Gllzz + Al =72l
(5.16) < C[61 = d2(|w
Step 4. Lipschitz continuity of the alternative multiplier n? given by (5.6). Using
the above notation, denote by d#; the (unique) multiplier associated with v;, and by

n? the associated alternative multiplier. Since —C T (dne —dn;) = A(va —v1) +72 — 71,
we have, for all v € V,

(5.17) [{dnz — dm, Co)| < ([[Allllvz = v1ll2 + [[v2 = nll2)l[v]]2-
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By Lemma 5.1, for all ¢ € H2(0,T), there exists v € V such that Cv = ¢ on , and

[lvll2 < ¢||¢||2,2- It follows from (5.15) that fOT o(t)(dn2(t) —dm (t)) = (dne —dm, Cv).
Therefore, we obtain in view of (5.17) that

||d772—d771||22*= sup |f0$0 dnz) dnl(tm
’ EH?, 020 llell2,2

c([Alllvz=v1ll2+[lv2=71ll2)-

Since ||73 —n?|l2 < C||dnz — dni||2,2« by Lemma 4.5, the above estimate, together with
(5.16), shows the existence of a constant A > 0 such that (5.12) holds and achieves
the proof of Theorem 5.4. O

6. Proof of Theorem 4.3. In order to prove Theorem 4.3, we have to show that
assumptions (iii), (iv), and (v) of Theorem 4.8 are satisfied, which is done, respectively,
in Lemmas 6.1 to 6.3. Throughout this section, the assumptions of Theorem 4.3 are
assumed to hold. We consider a stable extension (P*) of (P), and we use the notations
defined in subsection 4.3. Moreover, the following notations are used throughout this
section (time dependence is omitted):

S = Hyu (4,79, 9%, 772) R:=H,(a,5.p°,7°),  Q:=Hyy(a,5,p°,7%),
C:=g,(m), d:=g@, C=g"®),

C2 = 9’512)(17’7 g)a N = 91(12) (ﬂay)v a = _027727 b:= _N2ﬁ2'

All the above quantities are bounded and Lipschitz continuous over [0, T'.

Let us first make explicit the expression of the derivative D, F(Z, i)(x—Z) involved
in the definition (4.20) of £(z), with x = (u,n?) and = (%, 77%). Note that the Fréchet
derivative of the mapping (u, u) +— ¥l w.r.t. u in direction v is the solution 2/ , of

S = Ly (wyi)zu, + fi(wy)o,  2,(0) =0

and that of the mapping (z, i) — p2# (recall that p>* is the solution of (4.19)) w.r.t.
r = (u,n?) in direction h = (v,€) is the solution Wi’h of (omitting the arguments

(u, ykt, p2*,n%))

(6.1) —ih = o+ Hpyh, w60 P,
' n2h(T) = yy<yu<T>>z¢;v<T>.

Applications of Gronwall’s lemma shows that, for z in a neighborhood of ji, * = (u,n?)
in a L>-neighborhood of Z = (i, %) and a direction h = (v,¢) € X,

(6.2) 12 llee = O(loll2),  lImghllee = OIRllx),
(6.3) 280 = zawlloe = Ollu—alla + llu = alDlvl2,
(6.4) sk = 72l = Olle = @lx + e — Al x.

By the chain rule, we obtain that

3

— @)+ Rzy—q +7o_g o _m2 B+ (07 —i7°)No )
Czu—a
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where 2, _g = 25 . is the solution of (5.3) for v = u—u, and 7

U, u—10

is the solution of (6.1) for (v, &) = (u — u,n? — 7?):
—foe =R+ Qzy + 7 A+ECy, 7 (T) = 02 (T).

2 - 71.2,;2
u—u,n?=n? " "Z,(z—7)

Set v := v — @, and let § = (v,{) € A. Then (4.13) has a unique solution z =
(u,m?) € X iff the system of equations below has a unique solution (v, 2, 72, n?) with
(@+wv,n?) € X:

2= Az + Bu, z(0) =0,

—72 =R+ Qz+ m?A+n*Cy — 72Cy,  72(T) = d2(T),
0= Sv+ Rz + 7B +n*Ny — >Ny — 7,
0>d+Cz—¢,  di? >0, (dp*,d+Cz—¢) =0.

We recognize the first-order necessary optimality condition of linear-quadratic prob-
lem (Ps) in its alternative form. That is, setting dn = dn? and 7 = 72 — C5? + C179?,
we recover the “classical” optimality conditions of (P;) (note that C; = C + CA,
Cy = Cl + OlA, Ny =C1B, and CB = gq(})(a,yj) = 0)

2= Az + Bu, z(0) =0,

—di=(RTv+ Qz+ 1A — 7?Co)dt + Cdy,  «(T) = ®=(T),
0=5Sv+Rz+ 7B — 7> Ny — 7,
0>d+Cz—¢,  dn>0, (dn,d+Cz — () =0.

We see then that (v, z) := 0 is a stationary point of (Py), with alternative multipliers
72 = 0 and 7%, and classical multipliers 7 := —Cn* + C17*> and 77 = 7). The
second-order optimality condition (3.6), with the quadratic cost expressed by (3.7),
is precisely the condition (5.10) and implies that (7, Z) = 0 is a local solution of (Py).

The verifications of assumptions (iii) and (v) in Lemmas 6.1 and 6.3 are only
technical, and for assumption (iv) in Lemma 6.2, we use Theorem 5.4.

LEMMA 6.1. The mapping ¥* = F(-,pu) — L(+) is strictly stationary at © = Z,
uniformly in p near fi.

Proof. Let x1,22 € X and p € P. We have that

UH(x1) — W (22) = F(a1, p) — Fw2, p) — Do F(Z, i) (21 — 22)
1
= /0 (DzF(0x1 + (1 — 0)xo, ) — Dy F (T, 1))dO(z1 — x2).

Let = (u,n?) € X. Then by (4.22)(4.23), if « is close to & = (@, 77%) for the
norm of X, this implies that (u,n?) belongs to a L>-neighborhood of (u,7?). Hence,
y# and pi’; , remain also uniformly bounded for g in a neighborhood of . Let
xi = (u,n?) € X, i = 1,2, and given 0 € [0,1], write zg := 0x1 + (1 — 0)z2 and
similarly for the other variables. Set

(1) = D0 - DoF@ o~ ).

Let us express the first row ;. Denoting by (-) the arguments (ug,yﬁe,pig“ ,13), we
obtain that

= (H{:u() - S)(ur —u2) + (H{fy()zﬂ — Rz

Ug, Ul —UuU2 ﬁ,u17u2)

(e FUC) = 730, 0 B) + (0 — 1) ((9")17 () — Na).
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For (u;, n?) in a L**-neighborhood of (, f]2)~and 1 in the neighborhood of [, we have
that H, (1) — S = HE, (ue, ylt, . p2,n5) — HE, (@, 5, 9%, 1) is arbitrarily small in the

uu
L norm, and similarly for the terms involving the other derivatives, HY,, fl, a

(g“)q(f). Therefore, given any € > 0, for ||z; — Z||x, ||¢ — @] small enough,

Irill2 < e(llur — walla + 124, vy —uyl2 + 1720 oy ll2 + 0 —n3])2)
2, i
+ HRHOO”z’LLg,’LLl—’LLQ - z’u. ,u1— ’LI.2||2 + ||B||00||7T19,11 —xy Wf,llzl—ll)Q”Q'
Using (6.2)—(6.4) with © = z¢ and h = 21 — z2, we obtain that ||r1]2 < e]|z1 — 22| x,
whenever x1, x2 are close enough to Z in X and pu is close enough to fi. For the second
row ro, we have that

g
(1) ;s
( ) (yug) Ug, U1 —UD (gu)g(; )(y)zg,ul—u2a

= ("¢ (Ueayue) — (") P (@, 7)) (u1 — u2)

+ (g )512) (u07y59)259,ul—uz - (gﬂ)f) (ﬂvg)zg,ul—uz'

Therefore, we conclude with the same arguments that |[ral|2,2 < el|ur — ual|2, when-
ever ||z; — Z||x, ¢ = 1,2, and || — [i|| are small enough. This shows the desired
property. O

LEMMA 6.2. For k sufficiently large w.r.t. 1 in definition (4.15) of the space X, r
small enough in definition (4.16) of the space X, and small enough positive constants
o and k' in definition (4.18) of the set A, (4.13) has a unique solution x5 = (us,n3)
in X, for all § € A, and this solution is Lipschitz continuous w.r.t. 6.

Proof. We have that x = (u,n?) is solution of (4.13) iff (v := u — @, 2,) is solution
of the first-order optimality condition of (Ps) with alternative multipliers 7r12w2_772 and
n?. By the hypotheses of Theorem 4.3, (v, z) = 0 is a stationary point of (Py) satisfying
the assumptions of Theorem 5.4. Choose p small enough, so that By (0, g) is included
in the neighborhood W of Theorem 5.4. By this theorem, for all § € By (0, ), (Ps) has
a unique stationary point (vs, zy,;) with |lvs|l2 < p and unique associated alternative
multipliers (7‘(12)6)7727772,7]3). Therefore, (4.13) has a unique solution (us := @ + vs,n?)

with ||us—l|2 < p. We have to show that (us,n?) belongs to the space X. Throughout
the proof, we denote by C' different positive constants.

By Proposition 5.2(i), shrinking o if necessary, we immediately obtain that n?
belongs to the space BV, [0, T, for large enough I. Therefore, by (4.23) and (5.12),
for all § € By (0, o),

I — P lee < VBl — 7?13 < V63|63

For § = (v,() € A (then v € Lipys), let us show now that us = @ + vs € Lipg. From
the first-order alternative optimality condition of (Ps), we have that

(6.5) Svs + Rzy, + 72 2 2B+ No(ni —7%) — v =0.

v5,m3—1]
Since S is uniformly invertible by (A3), using (6.2), (5.12), and (4.22), we deduce that
[vslloo < C([2vs]loc + ||7TU577, 7172”00 + 195 = 7Plle) + [V lloo
< C@M8lw + VN3 6]3) + V3% |13
< (C() + VBR8]



126 AUDREY HERMANT

We denote here and in what follows by C(I) different positive constants that depend

on ! (but not on k). Since v € Lipy, n3,7° € BV}, C Lip, zvé,wgé p2_n2 € Whee
s sMs

S, R, B, Ny are Lipschitz continuous, and S is uniformly invertible, we can differentiate

(6.5) in time and get

S5+ 505+ Riys+ Rz +it o B+me oo B+No(> —i%) + Na (i =) =4 = 0.

VssM5 vs,MN5
Since [|zv,lloos 172, 2 _galloos 25 loos 172, o_salloc < C(vs oo + 112 = 7]l oc), and S

has the inverse uniformly bounded over [0, T, whereas [|9Z| s, [|17?||cc < [, We obtain
that

[95]l0c < C(l[0slloo + 113 = T lloo + 195 = 72 llo) + I¥lloo
< (C(1) + CBE6|21% + 2C1 + K.

Therefore, we have that ||05||cc < k/2 if, fixing a suitable [, we take k so large that
k > max{4Cl;2|i]~}, and choose g and k' in (4.18) small enough. It follows that
the solution x5 = (us = 4 + vs,n3) of (4.13) belongs to the space X. In addition, if
we choose 7 = p, with the p of Theorem 5.4, then x5 € X for ||6]|w small enough, and
is the unique solution of (4.13) in X. Moreover, by Theorem 5.4,

lus —usll2 + I3 —nirlla < o= d'llw V4,0 €A

This achieves the proof of assumption (iv) of Theorem 4.8. O

LEMMA 6.3. There exists a neighborhood of (z,[), such that F(z,p) — L(x)
belongs to A for all (x, ) in this neighborhood.

Proof. We have to show that for || —Z| x, ||u— fi|| small enough, F(z, u) — L(z) €
A, where A is our set of smooth variations defined by (4.18). Throughout this proof,
we denote by C different positive constants. For 6 € [0, 1], set xg := 0z + (1 — )T
and similarly define ug. We have that

Fla,p) - L(2) = Fla,p) - F(@. 1) - DoF (@, )z — 2)

- /0 (D F (0, j19) — Do F (7, 1)d0( — 7)

n /Olpuf(a:e,ue)dﬂﬂ_“) - ( ﬁ )

T2

Let us show that [|r1||2 + ||r2|l2,2 < 0 and [|71||cc < &’ for ||z — Z||x and ||x — f]| small

enough. By the arguments of Lemma 6.1, given any ¢ > 0, for ||z — Z||x and ||u — gl|
small enough, we have that || fol (DyF(za, o) — Dy F(Z, 3))d0(x — Z)||lw < e|lz—Z| x.
Moreover, since D, F(x, 1) is uniformly bounded for (z, 1) in a neighborhood of (Z, i)
by definition of a stable extension, we deduce that

(6.6) Ir1llz +lr2llze < ellz = 2Z[x +Cllu—all < o

for ||z — Z||x and ||p — z]] small enough. Making now explicit the expression of 71,
we obtain that (recall the notations § = HZ,, R= HI B = fi N, = (g"))

uw? uy?

™ = I:Iff(ua yﬁapi:lf,zﬂf) - 1:15(@; g7ﬁ27 772) - S(U - ﬁ) - Rzufﬁ
— 7'('37,&7772,7723 - N2(772 — ’172)
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Time derivation yields (omitting arguments and reorganizing the terms)
= (HY, = Hi )i+ (B, = HE f7) — (HY = HY )+ (998 = (7))
z_ﬁzB_S(U_ﬂ)_RZufﬁ_ﬂ'i 2_ﬁzB_N2(772_'F]2).

. .9
— Riy_q — Tu—1a,m —u,n

For (u,n?) close to (i, 7?) in X, and x in a neighborhood of ji, we have by (4.22)—(4.23)
that || (u, y{j,pi”flz,nz) — (4,7, p%,17?)| s is arbitrarily small, and hence, by continuity
of H/

uu?

etc., given any € > 0, we obtain that

[71]loe < e(llilloo + [17%llo0 + 1) + C(llZu—alloo + 175 —g,52—72lloc)
+ O(llu = alloo + 12u-alloo + 75— g2 g2 lloo + 177 = 7o)
<e(k+1+1)+Clu—allos + 7 = 7%l c)
<e(k+1+1)+C(V6k+ Vo) ||z — 23> < ¥,

if |# — Z||x and ||u — fi|| are small enough. It follows that r1 € Lipy (0,T;R™), and
with (6.6), this achieves the proof. O

Proof of Theorem 4.3. We apply Theorem 4.8 with the spaces X, X, W, A, P and
mappings F, N, £ defined in subsection 4.3. We set Z := (u,7%?). The assumptions
(i) and (ii) of Theorem 4.8 are obviously fulfilled by our hypotheses and the definition
of a stable extension. For an appropriate choice of the constants k, [, r, k', o involved
in the definition of the spaces X, X, and A, assumptions (iii), (iv), and (v) hold by
Lemmas 6.1, 6.2, and 6.3, respectively. It follows that for all 1 in a neighborhood
of fi, there exist a unique stationary point (u*,y*) of (P*) and unique associated
alternative multipliers (p?#,n?*) with (u#,n?*) in a X-neighborhood of Z, and (4.14)
is satisfied. Since, by definition of a stable extension, F is Lipschitz continuous w.r.t.
w, uniformly w.r.t. z, this implies that (4.2) holds, while (4.3) follows from (4.22)-
(4.23). Finally, by (4.3), taking if necessary a smaller neighborhood of fi, u* belongs
to the L*°-neighborhood of @ on which the uniform quadratic growth condition holds
(Proposition 4.2). Therefore, (u*,y*) is the unique stationary point of (P*) with u*
in a L*°-neighborhood of % and is a local solution of (P*) satisfying (4.1). O

7. Conclusion and remarks. In this paper, we obtain for the first time stabil-
ity results for optimal control problems with a state constraint of order greater than
one without any assumption on the structure of the contact set. For this we use a gen-
eralized implicit function theorem in metric spaces [9] applied to a system equivalent
to the first-order optimality condition, involving alternative multipliers obtained by
integrating the original state constraint multiplier. In the stability analysis of linear-
quadratic problems, we use [6, Theorem 5.17] to obtain the existence of a stationary
point for the perturbed problem under a weak second-order sufficient condition tak-
ing into account the active constraints. In this way the method for weakening the
second-order sufficient condition is different from the method used in [21, 20].

Due to the low regularity of state constraint multipliers, we use a framework that
differs from the ones used for first-order state constraints in [18] or in [9] in the choice
of the spaces for the state constraint and state constraint multiplier. We keep the
idea of [9] to use as control space the space of Lipschitz continuous functions with a
bound on the Lipschitz constant.

Though the analysis is restricted to a scalar state constraint of second-order, the
framework and results presented in this paper have a natural extension to several
state constraints of orders > 2 (see Remarks 2.2 and 2.3). Taking into account both
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components of first-order and higher-order is more delicate since then the arguments
used in [18, 9, 20] and in the present paper would have to be combined.

Making additional assumptions on the structure of the contact set, L°° Lipschitz
stability of solutions can be obtained (see [22, 5]) improving (4.3), as it is the case for
first-order state constraints (see [9, section 4]). In [22, 5] it was also shown using a
shooting approach that the solutions are directionally differentiable w.r.t. the param-
eter. It would be interesting as well to obtain sensitivity results without assumption
on the structure of the contact set, extending to higher-order state constraints the
sensivity results obtained by Malanowski [18] for state constraints of first-order.

Finally, let us note that the second-order sufficient condition (3.6) used in the
stability analysis might be weakened by taking into account the curvature term of the
constraint (see [2, Theorem 27], [3, Theorem 6.1], and [5, Theorem 4.3]).

Acknowledgments. The author thanks J. F. Bonnans for his comments on the
manuscript and the anonymous referees for their useful remarks.
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A SEQUENTIAL CONVEX SEMIDEFINITE PROGRAMMING
ALGORITHM WITH AN APPLICATION TO MULTIPLE-LOAD
FREE MATERIAL OPTIMIZATION*

M. STINGL', M. KOCVARA!, AND G. LEUGERINGT

Abstract. A new method for the efficient solution of a class of convex semidefinite programming
(SDP) problems is introduced. The method extends the sequential convex programming (SCP)
concept to optimization problems with matrix variables. The basic idea of the new method is to
approximate the original optimization problem by a sequence of subproblems, in which nonlinear
functions (defined in matrix variables) are approximated by block separable convex functions. The
subproblems are semidefinite programs with a favorable structure which can be efficiently solved by
existing SDP software. The new method is shown to be globally convergent. The article is concluded
by a series of numerical experiments with free material optimization problems demonstrating the
effectiveness of the generalized SCP approach.

Key words. structural optimization, material optimization, semidefinite programming, sequen-
tial convex programming
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1. Introduction. Free material optimization (FMO) is a branch of structural
optimization that has gained more and more interest in recent years. It represents
a generalization of so-called topology optimization (see [3]) that, nowadays, is being
routinely used in the industry. FMO has been successfully used for conceptual de-
sign of aircraft components; the most prominent example is the design of ribs in the
leading edge of Airbus A380 [12]. The underlying FMO model was introduced in [2]
and [21] and has been studied in several further articles such as, for example, [4, 33].
The optimization variable is the material tensor which is allowed to vary from point
to point. The method is supported by powerful optimization and numerical tech-
niques, which allow for scenarios with complex bodies and fine finite-element meshes.
Rather than solving the (primal) FMO problem directly, the most successful method
for the solution of multiple load FMO problems is based on dualization of the original
problem and leads to large scale semidefinite programming problems [4]. The dual
method has been implemented in a software package MOPED which has been recently
applied to real-world applications. Nevertheless, the dual semidefinite approach has
two major disadvantages. First of all, the computational complexity of the method
depends cubically on the number of load cases [14]. This makes the approach im-
practical for three-dimensional (3D) problems with more than a few (typically 3-5)
load cases. Moreover, it is almost impossible to apply the dual approach to extended
(multidisciplinary) FMO problems. This is a serious drawback, because additional
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constraints like, for instance, displacement-based constraints play an important role
in many real-world applications (compare [12, 15]). A direct treatment of the primal
problem seems to avoid both of these difficulties, but, unfortunately, no successful
algorithmic concept has been found for the solution of this problem so far.

On the other hand, during the last two decades powerful optimization methods
have been developed for the solution of topology optimization problems, based on
the so-called SIMP (solid isotropic material with penalization) approach (see [3]), a
related field of structural optimization. The most successful methods CONLIN [8],
the method of moving asymptotes [26, 27], and the sequential convex programming
method [31, 32] are all based on separable convex first-order approximations of non-
linear functions. The mathematical structure of SIMP-based optimization problems
is closely related to the structure of the primal FMO problem. The only significant
difference is that the design variables in FMO (material matrices/tensors) are defined
in matrix spaces, while the variables in SIMP-based problems (density, thickness) are
typically of real type. Motivated by this fact, we propose a new optimization method,
which generalizes the sequential convex approximation concept to functions defined
on matrix spaces. In the scope of this article we investigate theoretical as well as
numerical aspects of the new method. Moreover, we demonstrate by numerical ex-
periments that the new method offers a viable alternative and supplement to existing
methods in the field of material optimization.

This article is structured as follows: In section 2, we define the basic problem
statement and provide a brief motivation of the optimization method discussed in
this article. In section 3, we introduce so-called separable hyperbolic approximations
of functions defined on matrix spaces. In section 4, these approximations are used to
construct a globally convergent algorithm for the solution of certain convex semidef-
inite programs. Then, in section 5, we describe an algorithm used for the efficient
solution of separable convex semidefinite programs, which appeared as subproblems
in section 4. In section 6, we briefly repeat the FMO model. Finally, in section 7, we
present algorithmic details along with extensive numerical studies by means of FMO
problems.

Throughout this article we use the following notation: We denote by S? the space
of symmetric dxd-matrices equipped with the standard inner product (-, -)g« defined by
(A, B)ga := Tr(AB) for any pair of matrices A, B € S. We denote by S% the cone of
all positive semidefinite matrices in S% and use the abbreviation A =ga 0 for matrices
Ae S‘_f_. Moreover, for A, B € S, we say that A =ga B if and only if A — B =ga 0

and similarly for A <ga B. Further we make use of the operator svec : S — R? with

d := d(d +1)/2, which maps a matrix A € S? with entries (ai;j)liijzl to the vector

(a1,1,a21,022,031,032,033,--,0d,1,0d,2; - - - ,0d,d)
(notice the slightly nonstandard definition of this operator). Along with this operator
we define smat : R* — S? as the inverse operator of svec.

2. Motivation. Our aim is to solve the following generic optimization problem:

(P) min f(Y)
subject to
g(Y) <0, k=1,2,.. K,

E%S%K%th }/7;7 1=1,2,...,m,
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with
S=8%" x 8% x ... x S and (dy,da,...,dp) € N™.

We assume that, in general, m is large (10°-10°) and d; are small (2-10). That is, we
have many small-size matrix variables and matrix constraints.
In what follows F denotes the feasible domain of problem (P). Throughout the
paper we make the following assumptions:
(Al) f:S — R is convex. Moreover, f is the maximum over a finite set of twice
continuously differentiable functions. Therefore we may write

fY) = max f,(Y)

LE€Tmax

for some index set Zyax-

(A2) The functions g : S — R (k = 1,2,..., K) are continuously differentiable
and convex so that F is convex.

(A3) The interior of F is nonempty.

Problems of type (P) arise in various applications. Our main motivation is to
solve the FMO problems described in detail in section 6. However, other applications
can be found, e.g., in spline approximation [1] and sparse semidefinite programming
(SDP) relaxation of polynomial optimization problems [28].

Of course, one could try to apply an existing linear or nonlinear (convex) SDP
solver directly in order to solve (P). However, in our FMO application, the Hessian
of the objective function is a full matrix and, given the dimension of the problem, it is
prohibitive to use second-order methods with explicit derivative calculations. Experi-
ments with an SDP solver avoiding the calculation and storage of explicit second-order
derivatives by Krylov-type methods (see [16]) led to only moderate success. For this
reason we decided to develop an SDP solver that is solely based on first-order infor-
mation.

We have opted for a generalization of the so-called sequential convex approxima-
tion methods. These methods proved to be extremely efficient when solving (stan-
dard) nonlinear optimization problems arising in the field or structural optimization.
The most prominent (and well-known in the structural optimization community) rep-
resentatives are CONLIN [8] by Fleury, the method of moving asymptotes (MMA)
[26, 27] by Svanberg, and the sequential convex programming method (SCP) [31, 32]
by Zillober. All of these methods are based on separable convex first-order approxima-
tions of nonlinear functions. The mathematical structure of structural optimization
problems is closely related to the structure of our FMO problem. The only signifi-
cant difference is that the design variables in FMO are matrices of dimension 3 x 3
or 6 x 6, while the variables in structural optimization problems (density, thickness)
are typically real vectors. Motivated by this fact, we propose a generalization of the
sequential convex approximation concept to functions defined on matrix spaces.

We should emphasize that, while the sequential convex approximation methods
are efficient when solving structural optimization problems, they are still first-order
methods. Although they were applied to few other problems, too (see [30]), no sys-
tematic study or benchmark testing has been done for general large-scale nonlinear
optimization problems, as to our knowledge. A brief comparison with an SQP code
can be found in [22], using the Hock—Schittkowski collection of 306 small-scale test
problems (with up to 100 variables). Within a relatively low accuracy of the stopping
criteria, the SCP code solved 93% of all problems (compared to 100% success of the
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SQP code), while the number of function evaluations was about twice as high as for
the SQP code. As with other first-order methods, examples can be found for which
the method will behave poorly. Therefore, we do not want to make an impression
that our generalization is a universal cure for large-scale (nonlinear) SDP problems.
But, as we will see in section 7, it is efficient when solving the FMO problems.

3. A block-separable convex approximation scheme. In this section, we
will define block-separable convex approximations of continuously differentiable func-
tions

(3.1)  f: S—R, where S=8% xS x ... x 8% and (d,ds, ...,dn) € N™.

Let 7= {1,2,...,m}. On S we define the inner product (-,-)s := > ;.7 (-, )ga:, Where
(-, -)ga; is the standard inner product in S% (i € 7). Moreover, we denote by || - [|s the
norm induced by (-, -)s. Finally, we denote the directional derivatives of f of first and
second order in directions V, W € S by a%f(Y; V) and %f(Y; V, W), respectively.

DEeFINITION 3.1. We call an approximation g : S — R of a function f of type
(3.1) a convex first-order approximation at Y = (Y1,...,Y,,) € S if the following
assumptions are satisfied:

(A1) g(V) = f(V),
(A5) 5%-9(Y) = 55 f(V) for alli €1,
(A6) g s convex.

In the following, we construct a local block separable convex first-order approzi-
mation scheme for functions of type f. Our construction can be considered a gener-
alization of the classic MMA-type approximations defined, for example, in [26, 32].

We start with the following definitions.

DEFINITION 3.2. Let f: S — R be continuously differentiable on a subset B C S.
For all i € T we define differential operators entrywise by

(sz)e,j = <5}Ji)é‘a 1<1,j<d,
v

and denote by V' f(Y) and V. f(Y) the projections of V'f(Y) onto Sii and S%
respectively.
DEFINITION 3.3. Let f:S — R be continuously differentiable on a subset B C'S

andY = (Y1,Ys,...,Y,) € B. Moreover, let asymptotes L = (Ly, Lo, . .., Lm)T and
U= (U1,U,,..., Um)T be given such that

L; -<Sd,i Y; -<Sd,i U; fO’I“ allt el
+ +

and 7 := {71, 72,...,Tm} be a set of nonnegative real parameters. Then we define the
hyperbolic approximation fé’U’T of fatY as

FUTY) = 1)

+) VLY, (U = Y3)(U; = V)N Us = V3) — (Ui = Y2))

IR

@
I
=

Sdi

(VEF(YV), (Y = Li)(Yi — L)' (Yi — Li) — (Y; = Li) )ga,

IV

s
Il
-

7i (Vi = Yo)* (Ui = Y) ™+ (Vi = L)), -

i

w

>

+
.MS

s
Il
-
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The following theorem says that (3.2) is a convex approximation in the sense of
Definition 3.1.

THEOREM 3.4.

(a) fé’U’T satisfies assumptions (A4)—(AB6).

(b) é’U’T is separable w.r.t. the matriz variables Y1,Ys,...,Y,,.

(¢) Let B be a compact subset of S, T > 1, > 1 >0 for alli € Z, and compact

sets of asymptotes L and U satisfy the following condition:

(AS) v{ 5§5 }EI;L>O:VZ’€ZVY6B:{ g:f, }iufsdi.

Then fé’U’T is strongly conver on B and there is a common constant v > 0
such that for all L € L,U €U, andY € B

0 L,U,T L, U, L,U,T
ACTEUT(YS X <Y )X - Y S U0 - FEUT(Y)
for all X, Y € B. Moreover, the second-order derivative of fé’U’T s uniformly
bounded for all L € L, U €U, and Y € B in the sense that there is a constant
v > 0 such that

82 LU, 2
vay v (Y; D,D) <7|D

for allY € B and all D € S.
Proof. B
(A4) For Y :=Y we have for all i € 7

(Vi f(V), (Ui = V) (Ui = ) (U — Y-) - (U- — V),

< - ) (U Y)> d; — =0.
Consequently, the first sum in (3.2) vanishes. Analogously, we show that the
second sum vanishes and, with ((Y; — Y;)2, (U; = Yi) ™! + (Y; — L) 7')gu, =0,

we conclude that fL UT(Y) = f(Y).
(A5) Differentiating f% Uor w.r.t. Y; we obtain

a(z@- 2UTY) = (U - V)TN - E)vgf(Y)(Ui -Y) (U - Y™
+(¥i = L) (Vi = L) VEF(V)(Vi = L) (Yi = Li) ™
+ 7 (ISdi — (U =Y) N U =YX (Ui = Vi)~ )
(3.3) +7i (Isa, — (Vi = Li) 7 (Yi — Li)*(Y; = L)1)

Substituting Y := Y in (3.3), we obtain

o
oY, (Y).

L FEUTY) = VLI + VL) = V() =

(A6) Before we show convexity, we prove separability (assertion (b)). This follows
immediately from (3.3), as

(9 (9 L,U,T _
o, (ar 177 ) =
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Now, in order to prove convexity, it is sufficient to show that for all ¢ € Z, for
all Y € S, and for an arbitrary direction D € S%,

(3.4) 8}?{;@ LUT(y; D,D) = <vi <Vifé7U7T(Y),D>Sdi ,D>Sdi > 0.

Introducing the abbreviations Bf == (U; = Y;)V. f(Y)(U; - ;) and B; :=
(Y; — L))V f(Y)(Y; — L;) it follows from (3.3) that
i i pL,U,T
<V <V Iy (Y)’D>sdi ’D>Sdi
— 2(D(U, — YD, Ui - Y) B (U - V) ).,

+2(D(Y; = Li)"'D, (Y — Li) ' (=B7 )(Yi — L) ')y,

+27,(D(U; = Ys) "' D, (U; = Vi) (Us = V3)* (Ui = Yi) ™ H)ea,
(3.5) +27(D(Y; — Li) "D, (Y; — Li) 7 (Y = Li)*(Yi — Li) ™M )aa, -
Given that the matrices B;r, —B;,U;—Y;,Y;—L;, (U;—Y;)?, and (Y;— L;)? are

all positive semidefinite, we observe that all terms in (3.5) are nonnegative.

Consequently, the estimate (3.4) holds true and fé’U’T is convex. Finally,

given that (AS) holds for the compact sets £ and U, we use (3.5) to show
that

<vi <vifé)U)T(Y)’ D>sdi 7D>Sdi
> 27 (D(U; = Yy)"'D, (U = Y3) " (Ui = i) 2 (Ui = Ya) ™ )eas
+ 27, (D(Y; — L) 'D, (Y — L) "M (Y; — L)*(Y; — L) ™Y)
> 4rv3p? (D, D)ga;

Sdi

where ~ is an upper bound for the maximal possible difference of eigenvalues
of arbitrary elements in the compact sets B and £ or B and U, respectively.
Now the assertion of part (c) follows with v := mdry3u?. The uniform
boundedness of the second-order derivatives follows in an analogous way from
(3.5) with 7 := m~y2u3(2 max, 7 vep IVif(Y)]| + 47). a
Remark 3.1. Assumption (AS) in Theorem 3.4 essentially says that the eigenvalues
of all iterates have to remain bounded away from the asymptotes by a small positive
number. This is crucial for the strong convexity proof in part (c) of Theorem 3.4. A
practical choice of asymptotes is briefly discussed in section 7. For more sophisticated
choices of asymptotes in the nonlinear programming case we refer to [5, 9, 26, 32].

4. A globally convergent algorithm based on hyperbolic approxima-
tions. In the framework of this section we use the local hyperbolic approximations
defined in section 3 in order to establish a solution scheme for our generic convex
optimization problem (P):

(P) min f(Y)

Yes
subject to
g(Y) <0, k=12,...,K,
Y; <ga; Y5 <gas Y, i=1,2,...,m;

here S is defined as in (3.1). Recall that F denotes the feasible domain of problem
(P). In addition to (A1)—(A6), we will make the following assumption:
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(AT) The compact sets £ and U satisfy property (AS) for the compact set F.
Given an iteration index j and an associated feasible point Y7 of problem (P),
we define a local hyperbolic approximation of f as

j — j . Lj_,Uj,Tj
FIY) = max  fi(Y):= max (fg) y,7 " (V).
Using this function, we further define a local approximation of (P) close to Y7 as
follows:
J in £7
(P7) min f7(Y)
subject to

gp(Y)<0, k=12, K,

Ej <gas Vi <gds ?ija i=12,...,m.

Here the bounds ﬁj , Ej are chosen to be compatible with the following assumption:

(A8) Vi =gt Yi' <, Y7 =g, Vi’ <ga, V; for alli =1,2,...,m.
We denote the feasible domain of problem (P7) by F7. By construction the following
corollary is an immediate consequence of Theorem 3.4.
COROLLARY 4.1.
(a) F1(Y9) = F(V). | | . |
(b) The subdifferentials of f7 and f coincide at Y7, i.e., 0f7(Y7) =0f(Y7).
(c) f7 is conver.
(d) f7 is separable w.r.t. Y1,Ya,...Yy,.
(e) LetT > 11,72,...,Tm > T > 0. Let further compact sets of asymptotes L and
U be given such that property (AS) holds for F7. Then f7 is strongly convex
on FJ. Moreover, there is a common constant v > 0 such that for all j

AP X - Y) X - Y] < ) - ()
for all X,Y € F7.

Proof. All assertions but the last one follow directly from Theorem 3.4. It re-
mains to show that F7 is compact and convex. The convexity follows directly from
assumption (A2). Moreover, each domain F7 is compact as a closed subset of the
domain {Y€S|ﬁ4§diYi4§di E,izl,Q,...,m}. O

The following proposition states some basic properties of (P7).

PROPOSITION 4.2. Each subproblem (P?) has a unique solution Y+, Associated
with Y+ there exist Lagrangian multipliers (v T2, VI*Y) such that (YI+! v+l vitl)
is a KKT point of (P7).

Proof. The existence and the uniqueness of a solution follows from the strong
convexity of the objective function f7 on the compact set F7. Furthermore, assump-
tion (A3) implies that the Slater condition holds for (P7). Consequently a KKT point
exists. o

Now we are able to present the basic algorithm for the solution of (P).

ALGORITHM 4.3. Let initial points Y' € S and initial multipliers (v, V') €
R’i x Sy be given.

(1) Putj=1. o

(2) Choose asymptotes L7 € L, UV €U, and T > 7, 79,...,75, > 1 > 0.

(3) Solve problem (P?). Denote the solution by Y+ € S and the associated La-

grangian multipliers by (vT,VT) € Rk x S,



A SEQUENTIAL CONVEX SDP ALGORITHM 137

(4) Choose o/ =min{1,d}, where & = argmin, e, f(Y7 + (YT —Y7)).

(5) (YIT ot Vitl) = (VI 09, VI) +od (Y +, 0", VT) = (YI,07,V7)).

(6) If YI*1 is stationary for problem (P), STOP; otherwise put j = j + 1 and
GOTO (2).

Possible choices of asymptotes (step 2) will be discussed in section 7. In section
5, we will propose an algorithm for the efficient solution of the subproblem in step 3.
Practical implementations of the line search in step 4 as well as the stopping criterion
in step 6 will be given in section 7. Before we state the central convergence result for
Algorithm 4.3, we make one more assumption:

(A9) The multiplier estimates generated by Algorithm 4.3 stay bounded.
Note that in [31] the assertion of assumption (A9) is proven to hold for standard
inequality constrained nonlinear programs under the LICQ condition.

THEOREM 4.4. If f is bounded from below in F, then assume that (Al)—(A3) and
(AT)—(A6) are satisfied. Then either Algorithm 4.3 stops at a global minimizer of (P)
or the sequence {Y7};s0 generated by Algorithm 4.3 has at least one accumulation
point and each accumulation point is a global minimizer of (P).

In order to be able to prove the convergence theorem, we make use of the following
lemmas.

LEMMA 4.5. Let Ao (V) = {0] fP (V) = fO(Y)} C Tyax. Then

(4.1) DD (Y) = conv{ VI (Y) | £ € A(Y)},

where f9)(Y) denotes the subdifferential of f9) at Y and conv is the convex hull.
Proof. Formula (4.1) is a direct consequence of Corollary 4.3.2 in [10]. O
LEMMA 4.6. If Y7 € FJ is not stationary for (P), then the direction D7 :=
Y+ — Y7 is a descent direction for f at Y7.
Proof. Using the fact that Y is a unique minimizer of (P?), we obtain the
following from Corollary 4.1(e):

(4.2 PO DI < SO~ F() <0

Consequently, we obtain the following from the first-order approximation properties
of f7:

P o
— f(Y?; D7) <. 0
oy 1 ( )

LEMMA 4.7. Algorithm 4.3 generates a sequence of feasible points Y, Y2, ...
with

FEI) < F(Y9),

Proof. The convexity of F7 and the fact that 7/ C F imply that all iterates
remain feasible. Let us now consider a subproblem at an arbitrary iteration j. Then
we have f(Y7) = f/(Y7). From assumption (A8) we know that Y7/ is a feasible point
of problem (P7). Consequently, it follows from Lemma 4.6 that D7 := Y+ — Y7 is a
descent direction for f at Y7. Now the assertion follows by construction of the line
search defined in step 4 of Algorithm 4.3. O

LEMMA 4.8. Let Y* € F be an accumulation point of the sequence generated by
Algorithm 4.3 applied to (P). Then Y* is an unconstrained minimizer of f or the line
search in step 4 of Algorithm 4.3 returns the result o = 1 for almost all j > 0.
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Proof. Given an arbitrary element ¢/ € 0f(Y?) with (—g7, D7) = 2 f(Y7; D7) it
follows from (4.2) that

<_gj7 DJ>S

(43) 1571

>v>0.

From (4.3) and the fact that ||g7||s is bounded on the compact set F, we obtain the
existence of 7 > 0 such that

L. D)s
1D 1sllg lls

Consequently, the cosine of the angle between df(Y7) and the descent direction D’
is strictly bounded from zero. Suppose now that Algorithm 4.3 generates infinitely
many iterations j, with argmina€R+f(Yj3 +aY ™) € [0;1). Then it follows from
the Theorem of Zoutendijk (see [19, Thm. 3.2]) that ||g;||s — 0. Hence we obtain
0 € 9f(Y™) and conclude that Y* € F is a minimizer of the convex function f. O

Now we are able to finish the proof of Theorem 4.4.

Proof. Suppose that Algorithm 4.3 does not stop at a stationary point. Then,
according to Lemma 4.7, it generates an infinite sequence with {Y*};~¢ in F such
that {f(Y*)}r>0 is monotonically decreasing. As f is bounded from below on the
compact set F, the sequence {f(Y*)}r>o converges. Therefore, there is at least one
accumulation point Y* of the sequence {Y*};~0.

Next we will show that Y* is a first-order critical point and thus a global optimizer
for problem (P). Proposition 4.2 guarantees that step 3 of Algorithm 4.3 is well-
defined. Moreover, from Lemma 4.8 we have, after finitely many iterations,

(YT ot V) = (Y7+ ot yithy

Lemma 4.7 and the fact that (Y, v, V1) is a KKT point of problem (P7) imply the
existence of an index j > 0 and a subsequence {Y7*}; .7 such that

o Yis € F,

o vis >0,VIs =0,

o g(Y7)Tvls =0, o

o (Y Y, Vi)y=0, Y; =Y/ V%, )=0forali=12..m.
Hence Y* is feasible. Moreover, making use of assumption (A9), we conclude that
there exist nonnegative multipliers (v*, V*) such that the triple (Y*,v*, V*) satisfies
the complementary slackness condition for (P). In order to complete the proof, we
have to show that

(4.4) dist ({0}, Oy L(Y7*,0%*, V7)) =0

for j; — oo, where L denotes the Lagrangian function associated with problem (P)
and

dist(A, B) := . r}‘n‘? 5 IX —Y|ls
€AYeE



A SEQUENTIAL CONVEX SDP ALGORITHM 139

for two sets A, B C S. Denoting by L7 the Lagrangian function associated with
problem (P7¢), the following estimate holds true:
dist (0,9y L(Y 7", 07", V7))

=dist (0,0y f7*(Y7*) — Oy f7*(Y7*) + Oy L(Y7*, 07, V7*))

<dist (0,0y f(Y7") — 9y fI=(Y77)) +dist (0,0y L7 (Y7, 07", V"))

=dist (Oy f7*(Y?*),0y f(Y?*))
(4.5) <dist (Jy f7o(YP71), 0y f7(Y7*)) +dist (dy f(Y7=71), 0y f(V72)) .
From the continuity of f we have (see, e.g., [10])

dist (dy f(Y7*~1), 0y f(Y?")) — 0

for j; — oo. Moreover, we conclude from the uniform boundedness of the second-order
directional derivatives stated in Theorem 3.4(c) that for all £ € Zax

IVf (Y= = V(Y9 =0
for j; — co. Now, applying Lemma 4.5, we obtain
dist (dy fI=(Y7*71), 0y f7=(Y7%)) — 0

for j; — oo. Consequently, (4.4) holds, Y* is a first-order critical point, and the proof
of Theorem 4.4 is complete. O

5. A modified barrier algorithm for the solution of subproblems. In
order to solve the subproblems defined in section 4 numerically, we rewrite them in
terms of real variables & = (Z1,Z2,...,Zm) € R4 x R% x ... x R%n = R This
yields the following problem:

. ZL.U,
51 i e T 0

subject to
gr(smat(z)) <0, ke{l,2,...,K},
Y <ga; smat(Z;) g Y, iel.

In this section, we work with the following additional assumption:

(A10) the functions gy : R - R (k= 1,2, ..., K) are separable w.r.t. T, T2, ..., Zp,.
The algorithm used to solve subproblems of the form (5.1) is based on a generalized
augmented Lagrangian method for the solution of nonlinear (semidefinite) programs
and described in detail in [13, 25]. We briefly recall the basics here and show how this
algorithm can be adapted to take advantage of the special structure of problem (5.1).

The algorithm described in [13, 25] is designed for the solution of general nonlinear
semidefinite optimization problems of the form
(52) min f(z)
subject to

Gi(z) <0, jeJ={12,...,J},

where f : R” — Rand G;(z) : R* — §™ (j € J) are twice continuously differentiable
mappings. The algorithm is based on a choice of smooth modified barrier functions
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®,: S — S (j € J), depending on a parameter p > 0, that satisfy a number of
assumptions (see [13]) guaranteeing, in particular, that

Gi(x) <06 ,(G;(2) <0 VjeJ.

Thus, for any p > 0, problem (5.2) has the same solution as the following “augmented”
problem

(5.3) min f(z)
subject to

®p(G;(x) <0, jeJ.
A typical choice of ®,, is
(5.4) @, (A(x)) = —p*(A(2) —pI) ™" — pl.

The Lagrangian of (5.3) can be viewed as a (generalized) augmented Lagrangian
of (5.2):

(5.5) F(z,U,p) = f(2) + Y _(Uj, @, (G;(2)))s,,

JjET

here U = (Uy,Us,...,U;)T € S™ x S™2 x ... x S™ are Lagrangian multipli-
ers associated with the inequality constraints. Defining G := (G1,Ga,...,G J)T and
®,G = (9,(G1), 2p(G2), .. .,fI’p(gJ))T, the augmented Lagrangian algorithm is de-
fined as follows.

ALGORITHM 5.1. Let z' and U be given. Let p* > 0,a' > 0. Fork=1,2,...
repeat until a stopping criterion is reached:

(1) Find 211 satisfying |V, F(z1 U pH)| < o
(2) U= Do, (Gt ).
(3) p£+1 < pf’ a6+1 < af.

The unconstrained minimization problem in step (1) is approximately solved by
the damped Newton method. Multiplier and penalty update strategies as well as local
and global convergence properties under standard assumptions are studied extensively
in [25]. Let us mention only that, imposing standard assumptions, one can prove that
any cluster point of the sequence {(z, U%)}¢~0 generated by Algorithm 5.1 is a KKT
point of problem (5.2). The proof given in [25] is an extension of results by Polyak
[20] and Breitfeld and Shanno [6].

Identifying S; with R and introducing a slack variable, it is easy to see that prob-
lem (5.1) can be written in the form (5.2). Thus Algorithm 5.1 is directly applicable
to problem (5.1). In the following, we will demonstrate how the separable structure of
(5.1) can be exploited by the damped Newton method applied in step (1) of Algorithm
5.1:

Each search direction at a point Z is computed as a solution of a linear system of
the form

(5.6) ViF(z,U% pYd = -V, F(z,U% pY).
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In order to understand the structure of the system matrix V2F (2, U*, p*), we state F
explicitly for problem (5.1) (assuming |Zpax| = 1 for simplicity):

F(a,u, U’ p") = fLo0iT (smat(e) + Y wfope(g; (@) + Y ufope(g;(@
kekCy keko
+ Z o (smat(z) — Y))

+ Z Ut s @y (Y — smat())) ;

j=1,.

here u* are Lagrangian multipliers associated with real valued constraints, ©pe is the
scalar version of @,

Ki:={ke{1,2,...,K} | gr depends on exactly one matrix variable},

and Ko ={1,2,...,K}\ K1. Now we define
= > uippelgi(@),  r(@) = Fla,u’, U ") - qlw).
keKo

Obviously, r(x) is separable w.r.t. Z1,Za,...,Z;,. On the other hand, we obtain the
following for ¢(x):

V2q(e) = 3 uf. (¢ (96(@) Vagi(@)Vagi(2) T + 2 (96(2) V2, 00() )

keKo

Now, defining 3 as a vector with entries 3. (z) := 1/(u£<p;[ (9x(x))) (k € Ky),

H'(x) := Va,r(z) + Y uiphe(91(2)) Viagn(o)
kE€Ko

and denoting by A‘(r) the matrix with columns V,gx(x) (k € Ko) we are able to
prove the following result.
PROPOSITION 5.2. Any vector d € R™ satisfying the equation

o0 (4D i ) ()= (TG

is a solution of the linear system (5.6). Moreover, the matriz H'(x) is separable w.r.t.
T1,22,...,Tm.-
Proof. From the second line in system (5.7) we see that
(5.8) y = diag(3) 1 AT (2)d.
Now, substituting y by the right-hand side of (5.8), the first row of (5.7) becomes
(H'(x) + A'(z)diag(8) "' A" (2)) d = =V F (&, U", pf),

but this is exactly system (5.6). O
Depending on the cardinality of the set Ko, the system (5.7) is solved directly or
by the following strategy:
1. Compute (H (x))"1V,.F(2,U% p*) and (H*(z))"*A%(x).
2. Solve the system

(AT (@) (H ()t A% (2) — diag(B)) y = (H'(x)) 'V F(2,U",p").
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3. Compute d = —(H*(z)) 'A% (z)y — (H (z)) "'V, F(2,U" p").
The second variant can be viewed as a generalization of the dual technique used in
the original MMA paper [26].
6. FMO. We briefly introduce the FMO problem.
Let © C R? be a 2D bounded domain® with a Lipschitz boundary. By u(z) =

(u1(z),u2(x)) we denote the displacement vector at a point = of the body under an
external load and by

1 [ Ou;(x oui(x .
eij(u(x)) = 3 ( 835) + 8;:(_ )> fori,j=1,2
7 4

the associated (small-)strain tensor. We assume that our system is governed by linear
Hooke’s law; i.e., the stress is a linear function of the strain

0i;(x) = Eijre(x)ere(u(x)) (in tensor notation),

where F is the elastic stiffness tensor. The symmetries of E allow us to write the
second order tensors e and o as vectors

e = (e11, €22, V2e12)T € R3, 0 = (011, 092, V2012)T € R3.

Correspondingly, the fourth order tensor E can be written as a symmetric (sym.)
3 x 3 matrix

Einn EBiise V2E112

(6.1) E= FEas22  V2F2912
Sym. 2E1212

In this notation, Hooke’s law reads as o(x) = E(z)e(u(x)).

Given a set of external load functions f; € [L2(T)]?, £ € L = {1,2,..., .},
where T' is a part of 02 that is not fixed by Dirichlet boundary conditions, we are
able to state for each load case ¢ € L;. a basic boundary value problem of the following

type:

(6.2) Find u, € [H*(Q))?, such that
div(o) = 0 in
o-n = fe on T,
Uy = 0 on T,
o =FE-e(u) in Q.

Here I and T’y are open disjunctive subsets of 02. Applying Green’s formula, we
obtain the following so-called weak equilibrium equation:

(6.3) Find ug € V such that

/<E($)6(W($)),€(U($))>dﬂf = / fe(z) -v(z)dz Vv eV,

Q r

where V = {u € [Hl(Q)]2 |u=0onTy} D [HIQ)]? reflects the Dirichlet boundary
conditions.

IThe entire presentation is given for 2D bodies to keep the notation simple. Analogously, all this
can be done for 3D solids.
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In FMO, the design variable is the elastic stiffness tensor £ which is a function of
the space variable = (see [2, 21]). The only constraints on E are that it is physically
reasonable, i.e., that F is symmetric and positive semidefinite. This gives rise to the
following definition:

& ={EeL®Q)*? | E=E" E=plae inQ},

where p € RT is a suitable nonnegative number and I denotes the identity matrix.
The choice of L™ is due to the fact that we allow for maximal-material/minimal-
material situations. A frequently used measure for the stiffness of the material tensor
is its trace. In order to avoid arbitrarily stiff material, we add pointwise stiffness
restrictions of the form Tr(F) < p, where p is a finite real number. Accordingly, we
define the set of admissible materials as

E={EeL>(Q)*3 | E=E" B> pl, Tr(E) < paec. in Q}.

The following result is an immediate consequence of the definition of £ (see [17]).
LEMMA 6.1. If p > 0, the bilinear form

ag:VxV —-R (w,v) — A(E(x)e(w(x)),e(v(x)))dx

is V-elliptic and bounded for oll E € .
Now we are able to present the worst-case multiple-load FMO problem:

(6.4) inf max/rfg(x)-ug(x)dx

ueV,
ges teLic
subject to

UL, U, . . ., Up,, solve equilibrium equations of form (6.3),
v(E) <v.

Here the volume v(E) is defined as [, Tr(E)dz and o € R is an upper bound on overall
resources. Moreover, the objective, the so-called worst-case compliance functional,
measures how well the structure can carry the loads fy, £ € Li.. As an alternative to
problem (6.4), one can also consider the weighted multiple-load FMO problem

(6.5) ulg Z wg/ng(a:) - ug(z)de

E€E el
subject to
UL, U2, . - ., Up,, SOlve equilibrium equations of form (6.3),
v(E) < v;

here the values wy € Ry (¢ € L.) are given weights of the associated load cases. Note
that for £ = 1 (single load FMO problem) both problems coincide.

The major concern of this article is to find an efficient procedure for the numer-
ical solution of the above FMO problems. Therefore, we continue directly with the
presentation of the discrete counterparts of problems (6.4) and (6.5). For a more
detailed analysis of the infinite dimensional problems the interested reader is referred
to [4, 29].

The most successful approach proposed for the numerical solution of problems
(6.4) and (6.5) is based on dualization and subsequent discretization; see [4, 29].
Having many advantages, this strategy turns out to have two major drawbacks:
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e The computational complexity depends cubically on the number of load cases
(see [14]). This makes the approach impractical for 3D problems with more
than a few (typically 3-5) load cases.

e It is difficult to apply the dual approach for problem statements extended
by additional constraints on the design variable E or the state variable
(see, for instance, [12, 15]). Especially in the case of nonconvexity, the dual
formulation may become useless due to the existence of a duality gap.

Motivated by this, we propose to solve a discretized version of problem (6.4) (or
alternatively (6.5)) directly. We define the following finite element scheme, which is
based on the discretization schemes used in [4, 29]:

The design space €2 is partitioned into m elements called Q;,7 = 1,...,m. For
simplicity, we assume that all elements are of quadrilateral type of the same size
h € R (otherwise we use the standard isoparametric concept; see, for instance, [7]).
We approximate the matrix function F(z) by a function that is constant on each
element, i.e., characterized by a vector of matrices £ = (E, ..., E,,) of its element
values. Hence the discrete counterpart of the set of admissible materials in algebraic
form is

(6.6) E={Ee(S™ | E=pl, Te(E) <p, i=1,....,m}.

Moreover, the discrete resource constraint takes the form
m
> Tr(E;) <V,
i=1

where V = hv and @ is the upper bound on resources introduced in (6.5). Further we
assume that the displacement vectors u,(z) (¢ € L) are approximated by continuous
functions that are bilinear in each coordinate on every element. Such functions can
be written as u¢(z) = > 1, ug,9;(x) for all £ € Ly, where ug; is the value of u, at
the 7th node and ; is a basis function with nodal interpolation property associated
with the ith node (for details, see [7]). Now each admissible displacement function
can be identified with a vector in R™, where n = 2N — #(components of u, fixed by
Dirichlet boundary conditions) and N is the number of nodes (vertices of the elements
;) in the discrete design space. For the discussion on other approximation schemes
and their relation to the Babuska—Brezzi condition, see, e.g., [23] and the references
therein.

Next we derive the discrete counterpart of ag(-,). Along with the family of basis

functions 9;,l = 1,...,n, we define a 3 x 2 matrix
o0, 10w
BT _ 8$1 28$2
A B A
a$2 26:51

and associate with each element 2; a set D; of nodes belonging to this element. We
use a Gauss formula for the evaluation of the integral over each element 2;, assume
that there are n;, Gauss integration points on each element, and denote by xfk the
kth integration point associated with the ith element. Using this, we construct block
matrices B; , € R3*™ composed of (3 x 2) blocks BJ(xZG,C) at the jth position for every
j € D; and zero blocks of the same size otherwise. Then the discrete counterpart of



A SEQUENTIAL CONVEX SDP ALGORITHM 145

ag(-,-), the stiffness matriz A, is

(6.7) AB) =" AdE), A(E)=Y BLEB,,.
i=1 k=1

Finally, assuming the load functions f; (¢ € £;.) to be linear on each element and iden-
tifying each such function with a vector f, € R™, the discrete compliance functionals
and equilibrium conditions read as

(68) ft;rua A(E)’U/g = ffa te ‘Clca

respectively. Using the assumption p > 0, it follows from Lemma 6.1 that A(FE) is
strictly positive definite, and we are able to eliminate uy, ¢ € L., from the equations
above and to rewrite the compliance functionals as

c(E) = f/ A7YE)f, forall £ € L.

Thus, after discretization, problems (6.4) and (6.5) become
e discrete worst-case multiple-load FMO problem

(6.9) min max f,' A"Y(E)f,
EcEleLlic

subject to
> Te(E) <V,
i=1

e discrete weighted multiple-load FMO problem
(6.10) min > wef ATN(E)fe

EcE €L

subject to

zm: Tr(E;) < V.
i=1

DEFINITION 6.2. Let Z; € RS for alli=1,...,m, and define
G :(RH™ - R
= (7,...,%)) — co((smat(z1),...,smat(Z,,))) .

In the following lemma we summarize some useful properties of the compliance
functionals ¢; (k € K).
LEMMA 6.3. For all £ € L. the following hold:
(a) c¢ is well-defined, infinitely often continuously differentiable, and convex on
E. Moreover, the formula

a?;- co(B) ==Y By ue(BE)ue(E) B}, w(E) = A™Y(E) fe,
g k=1

Nig

holds true for all partial derivatives of ¢y and %CZ(E) is megative semidefinite

foralli=1,2,...,m and dl Eeé.
(b) & is infinitely often continuously differentiable and convex on

X = {(5;1, e Em) | (smat(Z1), .. ., smat(Zm)) € 5}.

(¢) The Hessian of ¢ is dense.
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Proof. We start with the proof of assertion (b): The global stiffness matrix A(FE)
can be written as a linear operator of the form

m 6
A(Ey,...,Bp) = Z Z(ji)jAf(])aq(])’
i=1 j=1
where z; := svec(E;), p(j) and ¢(j) are the row and column indices, respectively,

of the element (Z;); in the lower triangular part of the matrix F;, and the matrices

API0) g6 defined as

Nig

Z(BLI@);(j)(BLk)q(j)v p(7) = qa(j)
(611) AP(]);‘J(]) — k=1

Nig

Z(Bi,k);(j)(Bi,k)q(j) + (Bir) gy (Bik)p(iys p(5) # a(h),
k=1

with (B;1); denoting the jth row of B; ;. Thus the mapping
A: RO™ = S", x— A(smat(zy),...,smat(Zy))

is linear in « := (Z1,...,Zm). Moreover, it follows from Lemma 6.1 that A(z) is
positive definite for all x € X. Taking into account that the mapping A — A~1! is
convex (infinitely often continuously differentiable) on S} (see [11]) and writing ¢, as

G(x) = (A7 (@), fof s,

the assertion of part (b) follows from the fact that ¢ is the composition of a linear, a
convex (infinitely often continuously differentiable), and a linear function.

Next we prove (a): The well definedness follows directly from Lemma 6.1. The
differentiability and convexity follow from assertion (b). Using the matrices A"
defined in (6.11) to rewrite A;(E) =37, ;< ,<3(Ei);pA7", we obtain

5 ) = BT (77, AE) ) ) = ) ),

where u¢(E) = A7'(E) f; and (E;);,, denotes the (j, p) element of the matrix E;. Us-
ing the definition of A7” we can now conclude that alEice(E) ==Y B; ue(E)ug
(E)TB;': x> and the negative semidefiniteness follows immediately from the dyadic
structure of the matrix uy(E)us(E)T.

Finally, we show assertion (¢): Using the same arguments as the proof of part
(a), we obtain

0? ;
——¢(x) = 2ug(E)TA§ ATYE) A? uy(E),
O(wi);0(xp)q g
which is in general a nonzero value. ad

The following corollary is a direct consequence of Lemma 6.3.

COROLLARY 6.4. Problems (6.9) and (6.10) are convex semidefinite programming
problems.

Remark 6.1. As a consequence of Corollary 6.4, one could try to apply an existing
nonlinear (convex) SDP solver directly in order to solve (6.9) or (6.10). This is,
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however, not recommended in practice with any SDP solver using explicit second-
order derivatives, due to Lemma 6.3(c). Experiments with an SDP solver avoiding the
calculation and storage of explicit second-order derivatives by Krylov-type methods
(see [16]) led to moderate success, as the effort for the approximation of V2¢ turned
out to be too expensive. This was the reason why we decided to develop an SDP
solver that is solely based on first-order information.

7. Numerical experiments. The main goals of this section are to
e provide algorithmic details of our implementation of Algorithm 4.3,
e present the results of numerical experiments with Algorithm 4.3 applied to
FMO problems of the form (6.9).

7.1. Algorithmic details.
The choice of the asymptotes. As a consequence of Lemma 6.3(a) the formula for
the hyperbolic approximation of ¢, (£ € £;.) in the jth iteration reduces to

(co) g (E) == co(BY)
S3

+ 3 (Ve B), (B — L)(Bi — L) (B] — L) - (B — L))
=1

(7.1) +in<(Ei—Ef)2,(Ei L))

i=1

s3

For this reason we neglect the upper asymptotes U below. We have investigated two
different types of schemes: a moving scheme and a constant scheme. For the moving
scheme we used direct generalizations of the update rules recommended in [27, 32].
In the case of the constant scheme we simply used

Lf = Lo < pl for all i € 7 and all iterates j =1,2,3,....

The result of our experiments showed that (in sharp contrast to the original MMA /
SCP approach) the moving scheme brings almost no benefit compared to the constant
one. Additionally, the constant scheme has an important advantage: The feasible set
of the subproblems can be kept during all iterations. This allows for an extensive use of
warm starts when solving the inner convex semidefinite programs. As a consequence,
we observed a significant reduction in the number of inner iterations. This is of
particular importance, because the subproblem in FMO is much more expensive to
solve than, for example, in SIMP-based problems.

For this reason we report only on experiments with the constant scheme of asymp-
totes. The most efficient constant choice we found was Ly = 0. Note that the com-
bination of Algorithm 4.3 with this simple choice applied to FMO-type problems can
be interpreted as a direct generalization of CONLIN [8]. The latter choice leads to a
further simplification of (7.1):

() (B) = co(B9) + Y (Vieo(B9), BB B - B )

=1

S3

m

> (- B ET) L€ L

i=1
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The subproblems. Using the constant asymptote scheme described above, the
subproblems of (6.9) become

7.2 i T (F
(7.2) ?é%%%ﬁ(cf)“ )

subject to
> Tr(E) < V.
i=1

During all iterations, we solve the subproblems approximately. We use the fol-
lowing strategy: We start with a moderate accuracy of € = 1072 for the KKT error
of (7.2). Whenever the calculated search direction fails to be a descent direction, we
decrease the precision by a constant factor. Lemmas 4.7 and 4.8 show that when we
solve the subproblem exactly, we end up with a descent direction of sufficient decrease.
Furthermore, it can be seen from the proof of Lemma 4.8 that the same holds true
for a perturbed solution, provided its solution is close enough to the exact solution.
Consequently, our simple strategy is guaranteed to terminate after a finite number of
steps with an acceptable descent direction.

The line search. Instead of preforming an exact minimization in step (4) of Algo-
rithm 4.3, we use a simple Armijo rule, guaranteeing sufficient descent. Our experience
shows that, already after few outer iterates of Algorithm 4.3, the step length o/ =1
is accepted in almost all iterates.

The choice of 7. The parameters 7; (¢ € Z) are chosen such that the following
condition remains valid throughout all iterations:

Vi ( B+l =61  (i€1)

for all i € Z and all ¢ € £;.. A typical choice for § is 10~

A practical stopping criterion. We use two stopping criteria for Algorithm 4.3.
The first one is based on the relative difference of two successive objective function
values. We consider this stopping criterion as achieved if the relative difference falls
below some given threshold €; (typically ¢; = 1078). The second stopping criterion
is based on the following KKT-related error measures:

err; = HVL(Yl,ul,Ql,Ul)H ,
erry = max{gp(Y") | k=1,2,...,K},
—l = .
erry = mase { ubgn (V). (UL Y- Y01 (T3, 75 - Y0 | k=1 K j=1,...m}.

where Y is the approximate solution at iterate [; L is the Lagrangian associated with

problem (P) defined in section 2; and u!, U', and T’ are the corresponding vectors of
Lagrangian (matrix) multipliers associated with the constraint functions gy and the
lower and upper matrix bound constraints, respectively. Recall that the feasibility of
Y! w.r.t. the matrix bound constraints is maintained throughout all iterations. Now
we define our second stopping criterion as

3
1
(7.3) 3 ; err; < €g,

where a typical value for €5 is 5 - 107°. Note that we stop only when both stopping
criteria are satisfied simultaneously.
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The code. We have implemented the new algorithm in the C programming lan-
guage. In what follows we refer to the resulting code as PENSCP.

7.2. Numerical studies with FMO problems. Before we start presenting the
numerical results we take a brief look at the (theoretical) computational complexity
of Algorithm 4.3, when applied to FMO problems of type (6.9).

Computational complezity. We split the whole process in two subtasks, namely,
model calculation and optimization. The model calculation includes the evaluation of
ci(E) (£ € L)), the computation of all partial derivatives and some preassembling
steps for the hyperbolic approximations. The optimization covers the solution of a
subproblem of type (7.2). Clearly, the model calculation is dominated by the fac-
torization of the global stiffness matrix A(E). The factorization is performed by a
sparse Cholesky method (see [18]) whose complexity depends linearly on the number
of nonzero entries in A(F). From this, (6.7), (6.8), and Lemma 6.3 we conclude the
following: The computational complexity of the model calculation phase depends

e [inearly on the number of elements in discretization,
e [inearly on the number of load cases.

In the optimization phase, the most time-consuming steps are the calculation
of gradients and Hessians of the hyperbolic approximations and the factorization of
(5.7). Obviously, both types of operations depend

e [inearly on the number of elements in discretization,
e [inearly on the number of load cases.
Goals of the numerical experiments. The goals of the numerical experiments pre-
sented in the remainder of this section are

e numerical verification of the linear dependence of the computational complex-
ity of Algorithm 4.3 on the number of elements,

e numerical verification of the linear dependence of the computational complex-
ity of Algorithm 4.3 on the number of load cases,

e a comparsion with MOPED3, the most recent implementation of the dual
method described in [4],

e the effect of a SIMP-like preprocessing step.

All experiments have been performed on a Sun Opteron machine with 8 Gbyte of
memory and processor speed of approximately 3 GHz.

2D examples. The goal of our first experiment is to verify the linear dependence
of the computational complexity of Algorithm 4.3 on the number of elements in the
finite element discretization. In order to do that, we solve several instances of the test
problem depicted in Figure 7.1 with an increasing number of elements. Moreover, we
compare the calculation times of PENSCP and MOPED3 on this example. The results
are summarized in Table 7.1. The meaning of columns 1 to 6 is the following: the
number of finite elements, the number of iterations performed by PENSCP, the relative
precision reached by PENSCP (w.r.t. a high quality approximation of the accurate
solution computed by MOPED3), the KKT error given by (7.3), the computation time
required by PENScP, and the computation time required by MOPED3.

For both codes we observe for a factor of 4 in the number of elements a corre-
sponding factor of 7-8 in the computational time. Thus the numerical experiment
approximately confirms an almost linear growth. Optimal density distributions ob-
tained from Experiment 1 are shown in Figures 7.2 and 7.3.

By means of our second experiment we try to verify the linear dependence of the
computational complexity of Algorithm 4.3 on the number of load cases. Therefore,
we solve the basic test with an increasing number of load cases. Again we compare
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F1c. 7.1. Basic test problem—mesh, boundary conditions, and forces.

TABLE 7.1

Ezxperiment 1. 1.250-20.000 elements.

FEs | Iter. | Precision | KKT error | Time in sec. (opt/mod) | Time in sec. MOPED3
1.250 622 5.0e-5 4.5e-5 256 (175/81) 153
5.000 489 1.2e-4 5.0e-5 1.027 (653/374) 996
20.000 522 1.3e-4 2.5e-5 7.878 (6.120/1.758) 8.732

Fi1c. 7.3. 20.000 elements, 4 load cases. MOPED3 (left), PENSCP (right).

TABLE 7.2
Experiment 2. 2-8 load cases.
# LC | Tter. | Precision | KKT error | Time in sec. (opt/mod) | Time in sec. MOPED3
2 543 1.4e-4 5.0e-5 585 (423/162) 182
4 489 | 1.2e-4 5.0e-5 1.027 (653/374) 996
8 370 1.0e-4 2.5e-5 1.319 (749/570) 7.212

the results of PENSCP to MOPED3. The results are summarized in Table 7.2. Note
that here and below # LC denotes the number of load cases.

Obviously, PENSCP shows a much better behavior than MOPED3 here. For a
factor of 2 in the number of load cases we observe only a factor of 1.4-2 in the
computational time. On the other hand, MOPED3 shows the predicted quadratic to
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FiG. 7.4. 5.000 elements, 8 load cases. MOPED3 (left), PENSCP (right).

TABLE 7.3
Ezperiment 3. Accuracy and speed of convergence.
# Accurate digits | # Iterations | Rounded function value
1 2 2
2 10 1.5
3 107 1.50
4 288 1.499
5 727 1.4987
6 977 1.49873
7 1251 1.498732

cubic behavior: For a factor of 2 in the number of load cases we observe a factor
of 6-8 in the computational time. Optimal density distributions obtained from this
experiment are depicted in Figure 7.4.

In order to get an idea about the accuracy and the speed of convergence we can
reach by our method, we tried to solve the problem depicted in Figure 7.1 to higher
precision. This time we chose four load cases and a resolution of 1250 finite elements.
The result is outlined in Table 7.3: We are able to compute seven digits of accuracy.
In this example the error diminishes approximately with linear speed of convergence.
We observed very similar results for experiments with different numbers of load cases
and finer resolutions.

The goal of the fourth experiment is to test the effect of a preprocessing strategy
on the comparatively high number of outer iterations required by PENSCP. We make
use of the following preprocessing strategy:

1. Run a few (10-20) steps of Algorithm 4.3 for a SIMP model obtained from
(7.2) by setting E; = p?I for all i = 1,2,...,m and letting
p=(p1,p2,...,pm)" be the design variable.

2. Approximate material tensors using the formula

E; ~ #ﬁzC’ Z e(ue)e(ue)’,
LeL,

where uy are displacements associated with the intermediate densities calcu-
lated in step 1 and é(uy) is a corresponding normalized small-strain tensor.
For a motivation of the above strategy we refer the reader to [33]. Using preprocessing,
we computed our basic example with
e 5.000 finite elements and 8 load cases,
e 20.000 finite elements and 4 load cases.
PENScP was stopped after 150 iterations in both cases. The resulting density plots
are depicted in Figures 7.5 and 7.6.
It seems that the preprocessing strategy significantly improved the result after
150 iterations. In both cases we could save about 60 percent of the computation time.
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F1G. 7.5. 5.000 elements, 8 LC, with preprocessing. MOPED3 (left), PENSCP (right).

F1G. 7.6. 20.000 elements, 4 LC, with preprocessing. MOPED3 (left), PENSCP (Tight).

F1G. 7.7. Problem setting. = 10.000 elements, 2 LC (top left), unfiltered density result PENSCP
(top right), and filtered density plots (bottom).

3D experiments. We performed experiments with PENSCP on two 3D examples.
In our first experiment we used a solid block discretized by approximately 10.000
finite elements. Moreover, we applied 2 load cases (see Figure 7.7, top left). PENSCP
stopped after almost 500 iterations and approximately 1.5 hours of computation time.
MoPED3 required already 8 hours. The problem setting as well as the density result
generated by PENSCP can be seen in Figure 7.7.

In our second 3D experiment we used again a solid block, this time subjected to 4
load cases and discretized by approximately 20.000 finite elements. PENSCP generated
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F1G. 7.8. Problem setting. =~ 20.000 elements, 4 LC (top left), unfiltered density result PENSCP
(top right), and filtered density plots (bottom,).

a solution in approximately 4 hours. MOPED3 failed for this example, because the
memory of 8 Gbyte was exceeded. An estimate based on the results from the 3D
experiment described above yields a computation time of approximately two weeks
for this example. The problem setting along with the density result computed by
PENScP is depicted in Figure 7.8.

8. Conclusion and outlook. We have developed a globally convergent method
for the minimization of convex nonlinear functions defined on matrix spaces over
convex sets described by (separable) convex constraints. The new method turned out
to be particularly efficient when applied to FMO problems with multiple load cases.
The key strategy of the new method is to replace the original optimization problem
by a sequence of convex semidefinite programs. The structure of these semidefinite
programs has a strong influence on the efficiency of the overall method. For example,
we have seen that an efficient solution is possible if all constraints are separable or even
linear. If this is not the case, or more generally, if one wants to deal with nonconvex
functions, the situation is more involved. The authors are currently investigating a
generalized algorithmic concept for this case (see [24]).

Acknowledgments. The authors would like to thank two anonymous referees
for their helpful comments. The 3D figures were produced using the FMStudio with
kind permission of RISC Software GmbH.
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Abstract. This paper concerns the stability optimization of (parameterized) matrices A(x), a
problem typically arising in the design of fixed-order or fixed-structured feedback controllers. It is
well known that the minimization of the spectral abscissa function a(A) gives rise to very difficult
optimization problems, since a(A) is not everywhere differentiable and even not everywhere Lipschitz.
We therefore propose a new stability measure, namely, the smoothed spectral abscissa &e(A), which
is based on the inversion of a relaxed Ha-type cost function. The regularization parameter e allows
tuning the degree of smoothness. For e approaching zero, the smoothed spectral abscissa converges
towards the nonsmooth spectral abscissa from above so that &.(A) < 0 guarantees asymptotic
stability. Evaluation of the smoothed spectral abscissa and its derivatives w.r.t. matrix parameters
x can be performed at the cost of solving a primal-dual Lyapunov equation pair, allowing for an
efficient integration into a derivative-based optimization framework. Two optimization problems are
considered: On the one hand, the minimization of the smoothed spectral abscissa é&c(A(z)) as a
function of the matrix parameters for a fixed value of €, and, on the other hand, the maximization
of € such that the stability requirement ée(A(x)) < 0 is still satisfied. The latter problem can be
interpreted as an Haz-norm minimization problem, and its solution additionally implies an upper
bound on the corresponding Hoo-norm or a lower bound on the distance to instability. In both cases,
additional equality and inequality constraints on the variables can be naturally taken into account
in the optimization problem.
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1. Introduction. Stability optimization of linear and nonlinear continuous-time
dynamic systems is both a highly relevant and a difficult task. The optimization
parameters often stem from a feedback controller, which can be used to optimize either
a performance criterion or the asymptotic stability around a certain steady state.
When robustness against perturbations of the system must be taken into account
also, the resulting optimization problem becomes even more challenging.

Assuming an adequate parameterization of the desired feedback controller, the
problem of finding a suitable steady state along with a stabilizing feedback controller
can essentially be transformed into a nonlinear programming problem. By collecting
all optimization variables in a vector x, we can summarize the described stability
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optimization problem as

(1.1) mzin Dstab(A(x)), subject to (s.t.) g(x) =0, h(xz) <0,

where A(x) is the system matrix depending smoothly on z and the function ®sgap(-)
expresses our desire to optimize stability, under the given constraints. In the field of
linear output feedback control, closed-loop system matrix A(z) will typically be of
the form A + BKC, with A the open-loop system matrix, B and C the input and
output matrices, and K containing the controller parameters x to be optimized.

The most straightforward choice for the objective function ®giap is related to the
eigenvalues of A, namely, the spectral abscissa a(A). This value is defined as the real
part of the rightmost eigenvalue of the spectrum A(A) = {z € C : det(z1 — A) = 0},
that is, a(A) = sup{R(z) : z € A(A)}.

The spectral abscissa is, in general, a non-Lipschitz and nonconvex function of A
[13, 14] and therefore typically a very hard function to optimize. Nonetheless, recent
developments have led to algorithms that are able to tackle such nonsmooth objective
functions [8, 12, 25, 26]. The extension to infinite-dimensional systems has been made
in [29]. Still, the spectral abscissa is also known to perform quite poorly in terms of
robustness against parameter uncertainties. A tiny perturbation or disturbance to a
parameter of a system that was optimized in the spectral abscissa can possibly lead
to instability.

For this reason, more robust approaches have been proposed. Amongst those,
the most prominent are Hoo-optimization [1, 2, 7, 23, 24] and, closely related, the
minimization of the pseudospectral abscissa [10, 28]. As these robust optimization
formulations are connected to maximizing the distance to instability of the system
under consideration, they inherently take the effect of perturbations into account in
the stability measure. However, their objective functions still suffer from nonsmooth-
ness and associated high computational costs in optimization. Throughout this paper,
we will use standard notation a. for the pseudospectral abscissa, not to be confused
with our symbol for the smoothed spectral abscissa, namely, &.. Another, albeit less
well-known robustness measure, is the robust spectral abscissa, denoted by «; as in [8]
and is based on Lyapunov variables.

The paper is organized as follows. In section 2, we define the smoothed spectral
abscissa, and we outline its most important properties. Section 3 discusses how to
efficiently compute this newly defined stability measure along with its derivatives. In
section 4, we explain how the smoothed spectral abscissa can be used to formulate
optimization problems dealing with robust stability, and section 5 draws a relation
with the pseudospectral abscissa. Finally, we illustrate our stabilization method by
treating two numerical examples in section 6.

2. The smoothed spectral abscissa. In this section, we introduce the notion
of the smoothed spectral abscissa as a new stability measure that is not susceptible to
nonsmoothness like the spectral abscissa and the Ho,-norm are. It can, in addition,
be attributed with certain beneficial robustness properties. We will use several well-
known principles from robust control for linear systems such as stability, Ho-norm,
controllability, and observability. See, e.g., [30] for an introduction. At the basis of
the smoothed spectral abscissa lies the following stability criterion.

LEMMA 2.1. For any submultiplicative matriz norm || - ||, matric A € R™*" is
Hurwitz stable if and only if integral fooo | exp(At)||? dt is finite.

Proof. Suppose [ || exp(At)||?dt is finite, then || exp(At)|| — 0 for ¢ — co. It
is well known that, for any norm || - ||, this is equivalent to a(A4) < 0; see, e.g., [21].
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Conversely, suppose that «(A4) < 0 and let || - || be any submultiplicative norm, then
there exists 0 < v < oo such that ||exp(At)]| < v exp(a(A)t/2) V ¢t > 0; see, e.g.,
[16, Chap. 1, sect. 3]. From this, we can derive that [ || exp(At)||*dt < —42/a(A)
< 00. d

Inspired by this observation, we let f : R™*" x R U {c0} — R U {0} be the
matrix function that uses Frobenius norm || M|% := trace (M™M) and that takes as
its arguments, next to the matrix A, also a real-valued relaxation parameter s:

(2.1) F(A,5) ::/ [VeA=Di |2 dt.
0

Here, matrices U and V are to be seen as respective input and output weighting
matrices, with (A, U) controllable and (V, A) observable. It is easy to see that f(A,s)
is nothing else than the squared weighted and relaxed Hs-norm of a system, with
transfer function Hy(z) = V (21 — (A — sI)) "' U, i.e.,

(2:2) F(A,5) = [Hf3,,.

We continue with the following properties for the function f(A,s).

LEMMA 2.2. VA € R™": {f(4,s):s>a(A)} =R*T\{0}.

Proof. If s > a(A), matrix A — sI is stable, and therefore f(A,s) is finite by
Lemma 2.1. Additionally, f(A,s) tends to infinity and to zero for s — a(A) and
s — 00, respectively. 0

LEMMA 2.3. Vs > a(A) : 0f(A,5)/0s < 0 and §*f (A, s)/ds*> > 0.

Proof. This can be verified by differentiating the integral in (2.1) with respect to
s once and twice, respectively. a

These last two properties allow us to introduce the implicit function of the relation
f(A,s) = ¢! wr.t. the relaxation argument s, as it is well defined on the whole
domain, that is, for any € > 0 and for any matrix A € R"*"™. We will call this function
the “smoothed spectral abscissa,” analogously to the smoothed spectral radius for
discrete time systems [15].

DEFINITION 2.4. The smoothed spectral abscissa is defined as the mapping « :
R x RT\ {0} = R, (4,¢€) — a.(A) that uniquely solves

(2.3) F(A,Ge(A)) = 7.

Because f(A,s) is analytic in both its arguments for any s > «(A), it follows
from the implicit function theorem that &.(A) is analytic on its whole domain € > 0,
A € R™"*". Moreover, it has the following additional properties.

THEOREM 2.5. &.(A) is an increasing function of €, that is, Od.(A)/de > 0.

Proof. Differentiating (2.3) on both sides w.r.t. €, we obtain

Af(A,Ge(A)) _ Of(A,s) 0ac(A)
de 0s Oe

from which the proposition holds by Lemma 2.3. O

THEOREM 2.6. Ve >0 : ae(A) > a(A) and limc_,¢ @ (A) = a(A).

Proof. These two properties follow from the fact that f(A,s) is finite and de-
scending for s > «(A) but tends to infinity as s approaches a(A). O

Also note that this last theorem implies that a nonpositive smoothed spectral
abscissa guarantees that the underlying system is asymptotically stable. The above
definition and properties are illustrated in Figure 2.1.

= —2<0,
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f(A,s)

al4) ad(A) s

Fi1c. 2.1. Typical behavior of function f(A, s) as a function of s. The smoothed spectral abscissa
Ge(A) is the abscissa of the point where this function reaches e~ 1.

3. Computing the smoothed spectral abscissa and its derivatives. Hav-
ing defined the smoothed spectral abscissa, we now take a look at its computation.
As explained in the previous section, this involves solving the smooth but nonlinear
equation f(A,s) = ¢! for s. Therefore, we first give some properties of function
f(A,s) regarding its evaluation and its derivatives.

LEMMA 3.1. For all s > a(A), there exist symmetric n X n matrices P and Q
such that

(3.1a) f(A,s) = trace (VPVT") = trace (U'QU),
(3.1b) % = —2trace (QP) = —2trace (PQ),
(3.1c) % =2QP,

where P and @Q satisfy the primal-dual Lyapunov equation pair
(3.2a) 0=L(P,AU,s),
(3.2b) 0=L(Q,A", V" s),
with L defined as
L(P,AU,s) =(A—s)P+P(A—sI)"+UU".
Proof. The first part follows immediately by writing out the Frobenius norm
in (2.1):
f(A,s) = trace <V / eA—sDITe(A=sD)t gy VT> ,
0

and, by the well-known fact that, since A — sI is stable, the above integral can be
identified as the trace of P, the solution of (3.2a) (see, for instance, [18, 30]). Note
that solving dual Lyapunov equation (3.2b) computes a matrix @ that solves the dual
integral

Q _ /Ooe(Ast)Tt VTV e(Ast)t dt.
0
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Since A is fixed in the partial derivative W, we can regard f as a function
of P, where P depends on s through the Lyapunov relation L(P(s), A, U, s). Rather
than computing this partial derivative directly as

9f(4,s)

— d )= dP '
T trace (VP(s)V") = trace <V Is % ) )

with 92 the solution of the Lyapunov equation (A—sI)9E +92(4—s])"—2P = 0, we

choose to use an adjoint differentiation technique. Vectorizing matrix P in an n? x 1
vector p = vec(P), we can write

. or _orop oy (ory" ot
' ds  Opds  Op \Op 0s’
where ¢ := vec(L(P, A,U,s)) represents the vectorized primal Lyapunov equation

(3.2a). Making use of the fact that vec(M XN7T) = (N ® M) vec(X), where @ denotes
the Kronecker product [17], we can make ¢ explicit in p and, as a result, arrive at the
following n? x n? linear system:

Up, AU, s) = g—ﬁp—l—vec(UUT) =0,

with g—ﬁ =(A-=sI)®I+I®(A—sI). For the dual Lyapunov equation, we similarly
obtain

g, AN VT s) = g—gq +vec(VTV) =0,

with g—é =(A—-s)"@I+1®(A—sI)". It is easily verified that g—é = g—ﬁT. Replacing

g—ﬁ in the relation ¢(q, A, V", s) = 0 and using, in addition, the fact that vec(V*V)

equals g—gT, we find that

o0t of" . of foeN!
it~ T q“a_p(a_p) |

Combining this with (3.3), along with % = —2p, finally gives

af _
ds

For the third part of the proof, i.e., the proof of the expression for the derivative
w.r.t. A, we can use the same adjoint differentiation technique. Here, we again let f
depend on vectorized matrix p = vec(P), which now depends on a = vec(A) according
to relation ¢(p(a),a,s) = 0. Using the previous results, we obtain the following
expression for a—f: := vec’ (g—ﬁ):

or _ogon _ o (ory" o _ or
(34) (3p> 9a ! 9a

q"(—2p) = —2vec(Q)" vec(P) = —2 trace (QP).

da  dpda  Ip

To find %, we first have to make ¢ explicit in a, which yields

(3.5)  L(P,a,U,s) = %a +vec(UU") =0, with % =PI+ ({I®P)II,
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where II denotes the symmetric permutation matrix that satisfies vec(A") = IIvec(A),
e.g., [ =5, , in [20]. Substituting in (3.4) gives

vec” (g—i) = (% q) = [vec(QP) + 1" vec(PQ)]" = 2vec" (QP) = vec" (2QP).

By comparison of both sides, we finally obtain that

of

a—A:2QP,

which concludes the proof. O

The relatively cheap computation of f(A,s) and its derivative w.r.t. s enables
us to efficiently solve the nonlinear equation f(A,s) = ¢! by the use of standard
root-finding methods and thus evaluate the smoothed spectral abscissa &.(A). Specif-
ically, we can use a Dekker—Brent-type method [6], provided that we establish a root
bracketing interval first, or Newton’s method if we want to exploit the availability
of the derivatives. For further elaboration on the computational issues involving the
smoothed spectral abscissa, see section 6.3.

As we will want to use derivative-based optimization methods later on to exploit
the smoothness of the smoothed spectral abscissa, we need to be able to compute also
the derivative of & (A) w.r.t. A. Fortunately, this can be done at almost no extra cost.
Indeed, the same ingredients that were needed for the evaluation of &.(A), namely, the
solutions P and @ of one primal-dual Lyapunov equation pair, give us direct access
to the derivative of @.(A) w.r.t. A, as expressed in the following theorem.

THEOREM 3.2. For fixed €, the derivative of the smoothed spectral abscissa & (A)
w.r.t. A equals

oa.(4) _ QP
0A  trace (QP)’

where P and Q satisfy the Lyapunov equation pair (3.2a)—(3.2b) for s = a.(A).
Proof. Differentiating the implicit equation f(4,s) = ¢ ! w.r.t. A and using the
chain rule, we obtain

0ac(A) __(0f(A )\ (0f(As)
8A_<8s)(8A>'
Recalling (3.1b) and (3.1c) of Lemma 3.1, the result follows directly. O

Remark 1. Suppose A depends on an m x 1 parameter vector z, then a direct
approach to compute the derivatives w.r.t. to these parameters would require solving
m + 1 Lyapunov equations with different right-hand sides, instead of m + 1 matrix
multiplications of 0A/dx with da./0A.

4. Robust stability optimization. When it comes to algorithmic optimiza-
tion, a first major advantage of the smoothed spectral abscissa criterion is that it is
differentiable everywhere and that its derivatives can be computed efficiently. This al-
lows us to use derivative-based methods without any restriction. Additionally, due to
its differentiable dependence on A and its connection with the Hs-norm, it is expected
to be a more robust measure for stability than the spectral abscissa. We will present
two smooth formulations of stability optimization problem (1.1): one that focuses on
mere stabilization and one that will turn out to perform an Hs-norm minimization.
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The first variant is to simply choose a fixed € > 0 and then solve

(4.1) mwin ae(A(z)) st g(x) =0, h(z) <0.

Here, a.(A(x)) is indirectly dependent on matrix parameter vector z, as it is implicitly
defined as the solution of the relation f(A(z),s) = e ! w.r.t. s. By decoupling this
implicit relation into a constraint, we can formulate the problem alternatively as

(4.2) mwin s, st. f(A(x),s) =et, g(x) =0, h(z) <0,

which is more amenable for an SQP optimization framework.

Should problem (4.1) or (4.2) not result in a negative optimal value for the cho-
sen €, then one can try again with a smaller e. Note also that, if the sole goal is
to achieve a stable system, one may terminate the optimization procedure once the
smoothed spectral abscissa becomes smaller than zero.

In the minimization formulation of the smoothed spectral abscissa with fixed e,
the choice of ¢ is somewhat arbitrary. As indicated by Theorem 2.6, &.(A) becomes
smoother—and thus presumably a more robust measure for stability—with increasing
values for € > 0. Thus, we might alternatively search for the largest € so that the
stability certificate & (A) < 0 still holds. This leads to a second optimization problem:

(4.3) max € s.t. @(A(z)) <0 and g(z)=0, h(z) <O0.

x,€

Since @.(A) is a continuously growing function of €, the constraint in problem (4.3)
will always be active at its optimizer (z*, €*). Hence, it is easily seen that the solution
of the first problem (4.1), with e fixed to €*, will be exactly zero and that, in addition,
its minimizer will be the same as the one for problem (4.3), namely, z*. Succinctly,

* = argmin a.- (A(z)) and Qe (A(z")) = 0.

Problem (4.3) can thus be solved by finding the ¢ for which the resulting minimal
smoothed spectral abscissa is zero, which can be implemented by bisecting with re-
spect to €. The activity of the stability constraint also leads to the following nice
interpretation of problem (4.3).

THEOREM 4.1. Any solution x* that solves problem (4.3) also solves the Hy-norm
optimization of a system with transfer function H(x)(z) := V(21 — A(x))~tU, i.e.,

z* =arg min [|[H(x)||n,, st g(z)=0, h(z) <0,

and the solution ||H(z*)||%, is equal to \/1/€*.

Proof. Taking the inverse of the objective function in problem (4.3) and incor-
porating the fact that the stability constraint will be active, this problem can be
rewritten as the minimization of the function f(A(x),0), subject to the constraints
g and h, and additionally restricting = to values for which A(x) is stable. This is,
by (2.2), equivalent to minimizing the squared Ha-norm of the system with transfer
function H. O

Remark 2. Solving problem (4.3) with the restriction &, < s (with s < 0) would
minimize the Hy-norm of a system with the shifted transfer function Hj.
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5. Relation with the pseudospectral abscissa. We will now draw a rela-
tionship between the smoothed spectral abscissa a.(A) and the pseudospectral ab-
scissa a.(A), the latter being defined as

ae(A) :==sup{R(2) : z € Ac(A)}, where A (A4) = {AX):||X — A2 <€}

For this section, we take the restriction U =V = I, so the transfer function becomes
H(z) = (21 — A)~L. Define the H.,-norm as

[Hlln. = sup [[H(z)]2.
R(z)=0

We then have the following well-known equivalency involving «.(A) and the corre-
sponding H..-norm [10]:

(5.1) a(A) <0 & |H|n, <t

We can also interpret this in terms of the H,,-norm of a shifted matrix A — sI. The
relation then becomes

(5.2) a(A=s) <0 & af(d)<s & |Hy|n <€l

where H(2) := (21 — (A —sI))™! = ((z + s)I — A)~!. In other words, the pseudo-
spectral abscissa is the minimal shift-to-the-left s for which the “shifted” H..-norm is
smaller than e~!. Similarly as in Remark 2, if follows from (5.2) that the minimization
of o amounts to minimizing the H.,-norm of the shifted system Hg, where s =
min ove.

Going back to the definition of the smoothed spectral abscissa @.(A4) and taking
into account that f is a decreasing function of s (Lemma 2.3), we derive a similar
relation as we did in (5.2):

(5.3) de(A)<s <  f(As)=|H3, <€t

Analogously, we can regard the smoothed spectral abscissa as the minimal shift s for
which [[H,]|3,, lies below the bound e~! (see also Figure 2.1). Thus, a.(A) and @.(A)
are both relaxations of the spectral abscissa in the sense that they are both induced
by placing a bound on a norm (H., and Ha, respectively) that goes to infinity when
approaching instability. This analogy enables us to relate these two robust stability
measures.

THEOREM 5.1 (relation to pseudospectral abscissa). For s > «(A) and for
U=V =1, the following holds:

(5.4a) IHolln., < 2[Hsll3,
(5.4b) agn(A) < a(A).

1

Proof. The first inequality is based on [3], where 2Amax(Q?)? is established to be
an upper bound on the H..-norm of an unweighted system with transfer function Hyg,
where @ satisfies (3.2b). Since @ is a positive definite matrix, we can deduce from
this the following:

[Hsllr7 < 2Amax(Q) < 2trace(Q).

This proves (5.4a) directly by Lemma 3.1(a) and by (2.2). Suppose then, by (5.3),
that, for s = &.(A), it is true that |[H,||7,, = e '. Using (5.4a) in connection with
(5.2), assertion (5.4b) follows. O
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This property has an important implication in terms of robust optimization. It
shows that the squared Hy-norm constitutes an upper bound on the H,,-norm, which
is directly related to the distance to instability of a system. By minimizing the first
norm, one could expect that the second norm should also go down.

On top of this rather intuitive result, (5.4b) together with (5.1) provides us with
a guarantee w.r.t. the H,,-norm once the smoothed spectral abscissa is negative.
Indeed, if we have that a.(A(z)) < 0 for some z, we are not only sure that the system
with system matrix A(z) will be a stable one, but also that this system will have an
Ho-norm that is smaller than 2/e. In other words, we can be certain that the distance
to instability of the system will be at least €/2.

6. Numerical examples. We will now put theory into practice by treating
two control examples using the smoothed spectral abscissa as the stability criterion.
First, we will illustrate the theory behind the smoothed spectral abscissa by use of
an academic example. Next, we will treat a more realistic example, namely, a turbo
generator model. We conclude by making a comparison of the computational cost of
the smoothed spectral abscissa in relation with other robust stability measures. All
computations were done with MATLAB R2008a.

6.1. A simple state feedback controlled system. Consider the following
two-parameter linear state feedback controlled system, with a closed-loop system ma-
trix A + BK, and where

01 —0.03 02 e 1
(6.1) A=1]02 005 001, B=g|-2|, K'=|mn
—~0.06 02 0.07 1 1.4

Figure 6.1 shows, as a function of the control parameters, the spectral abscissa (e = 0)
in comparison with the smoothed spectral abscissae for three different smoothing levels
(e=4,8,12-1073). For ¢ = 4- 1073, the corresponding pseudospectral abscissa, i.e.,
with an € half as large, is also plotted. In the left frame, x5 = 1.25 is held fixed. In the
right frame, both x; and x5 are free, and the boundaries of the stability regions, that
is, the regions where the respective measures are negative, are drawn. On both figures,
we clearly observe the smooth behavior of @, in contrast with the nonsmoothness of
the spectral and pseudospectral abscissa.

Fi1c. 6.1. Evolution with respect to x1 (left) and stability regions (right) of the spectral abscissa
a (with v ), pseudospectral abscissa o /o (with 0), and smoothed spectral abscissa &. (with ) of the
example in section 6.1 with smoothing parameter ¢ = 4 - 1073, In addition (with ), two smoothed
spectral abscissae for e =8 -1073 and e = 121073,
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Fic. 6.2. The minimal smoothed spectral abscissa é.e of the turbo generator model, for € ranging
from 10710 to 10~1, and the corresponding spectral abscissa o evaluated in each of the minimizers.

The ordering of @, a/o, and a as stated by Theorems 2.6 and 5.1 is also con-
firmed. On the left, the curve of the smoothed spectral abscissa is everywhere above
the other two curves and on the right, the a.-stability region is strictly contained
within the stability regions of the pseudospectral and, consequently, also of the spec-
tral abscissa.

6.2. Turbo generator model. Next, we treat problem “TG1” of Leibfritz’s
control problem database [19], which models a nuclear powered turbo generator by a
linear system of dimension 10 with four control parameters. This system has already
been used as an example in [9] for robust stability optimization using the pseudospec-
tral abscissa in combination with the gradient sampling algorithm.

Figure 6.2 shows the behavior of the solutions to a minimization of the smoothed
spectral abscissa @&, for a dense set of smoothing parameters ¢ between 10~! and
10719 i.e., ranging from relatively large to very small. It is immediately verified that
the minima of the smoothed spectral abscissa decrease monotonically for € becoming
smaller. Next to the minima, we also plotted the evolution of the corresponding
spectral abscissae evaluated at each of these minimizers. We can see that, although
« is always strictly smaller than a., it is not guaranteed to decrease monotonically,
which is, for example, the case for large €. For ¢ — 0, however, the gap between the two
becomes tighter and tighter. Of course, as the smoothed spectral abscissa converges to
the spectral abscissa when e approaches zero, the &.-minimization problem becomes
more nonsmooth and thus harder.

To analyze this, Table 6.1 shows the results of a standard BFGS minimization
of a. for 11 selected values of € and with random starting parameters x. Next to the
resulting minima for each ¢, the number of iterations (averaged out over ten random
starting points) needed to solve the respective optimization problems is listed. For
small € and consequently, poor smoothing, this number becomes huge. However,
having the smoothing parameter at hand to tune the level of smoothing, the amount
of required iterations can be drastically decreased by following a homotopy strategy,
namely, iteratively decreasing e and each time using the minimizer of the previous
problem as the starting point. This is confirmed in Table 6.1, where the number of
iterations required for this homotopy strategy and the resulting minima are listed
next to the ones for which random starting points were used.
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TABLE 6.1
Solutions to the minimization of the smoothed spectral abscissa of the turbo generator model
for 11 designated e-values (without homotopy/with homotopy) and the corresponding pseudospectral
and spectral abscissae.

logqq € ming ae () Tts. ac/p(z*) a(z*)

0 86.920558/ 86.920558 35/ 32 4.170208 9.899472
-1 23.951317/ 23.951317 37/ 33 5.267947 5.447648
-2 3.925292/ 3.925292 29/ 29 —0.327800 —0.272926
-3 —0.508181/—0.508181 34/ 62 —0.600857  —0.598826
—4 —1.107119/—-1.107119 69/ 54 —1.125056  —1.124731
-5 —1.328287/—1.328287 104/ 80  —1.427324  —1.426787
—6 —1.694445/—1.694445 102/ 65 —1.864124  —1.864049
-7 —1.938475/—1.938475 252/ 57  —1.955631  —1.955624
-8 —1.987303/—1.987303 292/125  —1.988801  —1.988801
-9 —1.996336/—1.996246 1522/ 51  —1.996542 —1.996542
—10 —1.998646/—1.998587 1827/ 47 —1.998680 —1.998680

It is known that minimization of the pseudospectral abscissa produces a balance
between the asymptotic and the initial decay rate for different e. In particular, min-
imizing o, amounts to the minimal spectral abscissa for ¢ — 0, and o, minimizes
the Hoo-norm if € is such that min, o = 0; see [10]. In our case, we obtain a simi-
lar trade-off by minimizing the smoothed spectral abscissa. For e going to zero, we
also converge to the minimal spectral abscissa, and, for a particular value of €, the
Hz-norm is minimized. By the relation ./, < @, it is reasonable to expect that
the pseudospectral abscissa, evaluated in the minimizers of min, &.(z), will also be
pushed down when @, is minimized for increasingly smaller e. This is confirmed by
the fourth column in Table 6.1.

To study the behavior of the eigenvalues and corresponding pseudospectra in the
minimizers of the smoothed spectral abscissa, Figures 6.3(a)—(d) depict the pseu-
dospectra at four é.-minimizers, namely, for € = 2-10~%~3%=%~7_ For the first value
of ¢, both the smoothed and spectral abscissa are positive and the minimizer is not
stabilizing, as seen in the spectrum plotted in Figure 6.3(a). For e = 2-1073, the
minimal smoothed spectral abscissa equals —0.0270..., which guarantees a stable
system. As seen in Figure 6.3(b), the eigenvalues are indeed all in the left half com-
plex plane. Since the minimum is very close to zero, we can expect 2-1072 to be close
to the maximal e for which a stabilizing solution can be found. Solving optimization
problem (4.3) yields an optimal value for € of 2.048-10~3, which is indeed only slightly
higher. Note that this corresponds to a minimal Hs-norm of approximately 22. A
further decrease of € results in smaller and smaller minimal smoothed spectral abscis-
sae. As observed in the two bottom frames of Figure 6.3, the rightmost eigenvalues
of the optimal spectra become more and more aligned on a vertical line, indicating
convergence to the typical spectrum configuration for a minimized spectral abscissa.
Figures 6.3(b)—(c)—(d) thus represent three instances out of the range of stabilizing
solutions that compromise between a minimal spectral abscissa on the one hand and
a minimal Ho-norm on the other hand.

From relation (5.2), we can deduce that the H.,,-norm equals v~! for which v
corresponds to pseudospectrum A, that is exactly contained in the left half complex
plane. If we have a closer look at the last three frames of Figure 6.3, we see that this
is the case for the pseudospectra with v = 1072, 10~!'6, and 1072, indicating that
the Ho-norm grows as € is decreased. So, although the H,-norm was not minimized
here, the set of smoothed spectral abscissa minimizers appears to result in the same
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F1G. 6.3. Boundaries of the pseudospectra A~ of the turbo generator model for values of
as indicated in the right-hand side color bar. The frames correspond to four sets of controller
parameters that were obtained by minimizing &e with indicated €.

qualitative H,, behavior as would be the case for a range of pseudospectral abscissa
minimizations; see [9].

Let us now investigate the Hs- and Hs.-norms of the two sets of stabilizing
minimizers, one belonging to the smoothed spectral abscissa and the other to the
pseudospectral abscissa. We denote them as functions x7(e) and x3(€), depending on
the € used in the respective minimizations. In order to be able to compare these two
functions, we introduce €1(s) and ex(s) as the epsilons that yield s as minimum, i.e.,
such that

mwin e, (s)(A()) = s,
lein Ay (s) (A(Q?)) = S.
In this way, we obtain two new functions x7(s) and 25(s) as the respective minimizers

of the smoothed and pseudospectral abscissa, with smoothing epsilons ¢ (s) and €a(s)
and thus with minima s < 0. Concisely put,

= xi(e1(s)) = argmin de, () (A(x)),

XT €1
= xa(€2(s)) = argmin ac, () (A(z)).
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F1G. 6.4. The Ha-norm (left) and the Hoo-norm (right) of the unshifted systems for minimizers
x7(s) obtained by the minimization of the smoothed spectral abscissa (with ©) and for minimizers
x3(s) obtained by the minimization of the pseudospectral abscissa (with O).

According to Remark 2 following Theorem 4.1 and (5.2), 7 (s) and x3(s), respectively,
minimize the Ho-norm and H.,-norm of a shifted system with transfer function Hg.
This justifies comparing x7 and x5 for the same s.

Because we are, in the end, interested only in the properties of the unshifted
systems, we show in Figure 6.4, as a function of s, norms ||zI — A(z}(s))|ln, and
|21 —A(25(8))||#,- In other words, we compare the Ho-norms of the unshifted transfer
function, evaluated at the smoothed spectral abscissa minimizers z7(s) on the one
hand and at the pseudospectral abscissa minimizers x3(s) on the other hand. In
the left frame of Figure 6.4, we see that the Hs-norms of the smoothed spectral
abscissa minimizers are everywhere smaller than those of the pseudospectral abscissa
minimizers, except for s very close to the minimal spectral abscissa. For s close to
zero, the difference between the two Hs-norms becomes very small and, for s = 0, the
Hjy-norm of the smoothed spectral abscissa minimizer is only just below the one of
the pseudospectral abscissa minimizer. This implies that the optimal H.,-minimizer,
being the pseudospectral abscissa minimizer x3(0), is accompanied by an Hz-norm
that is only slightly worse compared to the optimal Hs-norm.

We now make the same comparison for the Ho-norm. In the right frame of Fig-
ure 6.4, we have plotted ||z — A(xf(s))||n., for i =1,2. Again, the difference between
the H,.-norm evaluated at the pseudospectral abscissa minimizers and smoothed spec-
tral abscissa minimizers is small for s between —1 and 0. For s = 0, the optimal
H.-norm evaluated at x% is naturally smaller than the Ho-norm at z3. Surprisingly
though, for almost all of the other shifts, the H.,,-norms of the smoothed spectral
abscissa minimizers are better than the H,,-norms of the pseudospectral abscissa
minimizers.

6.3. Computational cost. Finally, we compare the computational cost of the
smoothed spectral abscissa a. with two other robust stability measures: the pseu-
dospectral abscissa a. and the robust spectral abscissa ags. Each of these measures
can be used as Pgiap in (1.1) and as such, will be evaluated several times in the inner
iterations of an optimization algorithm. Thus, the efficiency by which ®giap can be
evaluated has a direct influence on the overall efficiency of the optimization method
for solving (1.1).

The details of the numerical methods used to compute each measure are listed in
Table 6.2. From these, the criss-cross algorithm with a structure-preserving Hamil-
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TABLE 6.2
Algorithms to compute the three stability measures.

Pstab Algorithm Convergence Inner solve (software)
Qe criss-cross [11] quadratic Hamiltonian (Hapack based on [5])
as bisection [§] linear SDP (YALMIP [22], SeDuMi [27])
Qe Dekker—Brent superlinear Lyapunov (Bartels—Stewart [4])
TABLE 6.3

Timings and inner iterations of the three stability measures. The timings were done with 100
samples, and the inner iterations are given as the number of inner solves in Table 6.2.

€0 Min Mean Max
(logspace) (sec.)  (its.) (sec.)  (its.) (sec.) (its.)
ac (-15,0,20) 1.200-03 (3) 1.79¢—03 (4)  2.71c-03 (8)
1 s (-2,0,20)  5.58¢+00 (32) 6.18¢4+00 (32) 7.7le+00 (32)

Ex. Pstab

be (-15,0,20)  4.23¢—03 (7) 7.92e—03 (16) 1.57e—02 (30)

o (-12,0,20) 2.16e—03 (3) 3.09e—03 (5)  5.49¢—03 (8)
2 s (-03,0,20)  2.99e+01 (54)  1.79e++02 (149)  1.63e+03 (>999)

be (-15,0,20)  6.31e—03 (10) 1.25e—02 (22)  2.20e—02 (39)

tonian eigenvalue solver is to be preferred. To the best of our knowledge, the listed
bisection algorithm is the only known implementation for computing «is. Specifically,
we bisect until an absolute tolerance of 10€ey,,., is satisfied and in each bisection step,
we check the feasibility of an SDP with SeDuMi 1.1R3.

Regarding the smoothed spectral abscissa, we use Dekker-Brent, implemented
by MATLAB’s fzero with an absolute tolerance €pach, to find the unique root of
the function ¢(s) := 1/f(4,s) —e. The reason for using the reciprocal instead of
f(A,s) — 1/e is that the former is better behaved numerically. Most of the time, we
observed superlinear convergence. Recall that evaluating f(A, s) involves solving a
Lyapunov equation, which is done by the Bartels—Stewart algorithm, implemented by
lyap in MATLAB.

We remark that our implementation for computing @, is very preliminary, but
it seems to work well for the model problems we tried. Besides some heuristics on
setting up a bracketing interval, the procedure is quite robust. As far as efficiency
goes, there is a lot of room for improvement. An obvious improvement is the inner
loop of £fsolve where f(A,s) is evaluated for fixed A but different shifts s. Since we
solve the Lyapunov equations independently for each shift, we do not make use of the
fact that we can reuse the computed Schur factorizations in Bartels—Stewart. In exact
arithmetic, only one factorization would suffice. Furthermore, using Dekker—Brent to
solve g(s) = 0 has the benefit of robustness, but we sometimes need a lot of work to
find a bracketing interval. Since f(A4, s) is smooth and convex, a safeguarded method
based on Newton may be more efficient. However, it is beyond the scope of the current
article to implement this.

In Table 6.3 we have summarized timings for the systems that we have examined
earlier with control parameters x set to zero. However, since these three measures are
quite different, comparing them is somewhat arbitrary. In order to have an impression
of the computational cost, we computed each measure for a sensible range of its
regularization parameter € or d. It is clear from the table that the pseudospectral and
smoothed spectral abscissa are comparable in computational cost and that the robust
spectral abscissa is orders of magnitudes slower.



170 VANBIERVLIET ET AL.

7. Conclusions. A smooth relaxation of the nonsmooth spectral abscissa func-
tion was introduced as an alternative stability measure, with the advantage that
derivative-based optimization techniques can readily be used for its optimization. For-
mulae for the efficient computation and derivative evaluation of the smoothed spectral
abscissa were deduced based on the solution of a primal-dual Lyapunov equation pair.

Besides its direct minimization, which can be used to find stabilizing controllers,
a second optimization formulation was shown to be applicable to solve fixed-order Ho-
optimization problems. Moreover, a guaranteed bound on the distance to instability
was established by relating the results to the H,-norm. The robust stabilization by
use of these two optimization problems involving the smoothed spectral abscissa was
illustrated with numerical examples, and also a comparative study of the computa-
tional complexity cost was made.
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Abstract. We propose data profiles as a tool for analyzing the performance of derivative-free
optimization solvers when there are constraints on the computational budget. We use performance
and data profiles, together with a convergence test that measures the decrease in function value, to
analyze the performance of three solvers on sets of smooth, noisy, and piecewise-smooth problems.
Our results provide estimates for the performance difference between these solvers, and show that
on these problems, the model-based solver tested performs better than the two direct search solvers
tested.
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1. Introduction. Derivative-free optimization has experienced a renewed inter-
est over the past decade that has encouraged a new wave of theory and algorithms.
While this research includes computational experiments that compare and explore the
properties of these algorithms, there is no consensus on the benchmarking procedures
that should be used to evaluate derivative-free algorithms.

We explore benchmarking procedures for derivative-free optimization algorithms
when there is a limited computational budget. The focus of our work is the uncon-
strained optimization problem

(1.1) min {f(z):x € R"},

where f : R" — R may be noisy or nondifferentiable and, in particular, in the case
where the evaluation of f is computationally expensive. These expensive optimization
problems arise in science and engineering because evaluation of the function f often
requires a complex deterministic simulation based on solving the equations (for ex-
ample, nonlinear eigenvalue problems, ordinary or partial differential equations) that
describe the underlying physical phenomena. The computational noise associated
with these complex simulations means that obtaining derivatives is difficult and unre-
liable. Moreover, these simulations often rely on legacy or proprietary codes and hence
must be treated as black-box functions, necessitating a derivative-free optimization
algorithm.

Several comparisons have been made of derivative-free algorithms on noisy opti-
mization problems that arise in applications. In particular, we mention [7, 10, 14, 17,
22]. The most ambitious work in this direction [7] is a comparison of six derivative-
free optimization algorithms on two variations of a groundwater problem specified
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by a simulator. In this work algorithms are compared by their trajectories (plot of
the best function value against the number of evaluations) until the solver satisfies a
convergence test based on the resolution of the simulator. The work in [7] also ad-
dresses hidden constraints, regions where the function does not return a proper value,
a setting in which we have not yet applied the methodology presented here.

Benchmarking derivative-free algorithms on selected applications with trajectory
plots provide useful information to users with related applications. In particular, users
can find the solver that delivers the largest reduction within a given computational
budget. However, the conclusions in these computational studies do not readily ex-
tend to other applications. Further, when testing larger sets of problems it becomes
increasingly difficult to understand the overall performance of solvers using a single
trajectory plot for each problem.

Most researchers have relied on a selection of problems from the CUTEr [9] collec-
tion of optimization problems for their work on testing and comparing derivative-free
algorithms. Work in this direction includes [3, 14, 16, 18, 20]. The performance data
gathered in these studies is the number of function evaluations required to satisfy
a convergence test when there is a limit p1y on the number of function evaluations.
The convergence test is sometimes related to the accuracy of the current iterate as an
approximation to a solution, while in other cases it is related to a parameter in the
algorithm. For example, a typical convergence test for trust region methods [3, 18, 20]
requires that the trust region radius be smaller than a given tolerance.

Users with expensive function evaluations are often interested in a convergence
test that measures the decrease in function value. In section 2 we propose the con-
vergence test

(1.2) f(@o) = f(z) = (1 =7)(f(z0) — fr);

where 7 > 0 is a tolerance, z is the starting point for the problem, and fr, is computed
for each problem as the smallest value of f obtained by any solver within a given
number py of function evaluations. This convergence test is well suited for derivative-
free optimization because it is invariant to the affine transformation f — «af + 3
(a > 0) and measures the function value reduction f(xo)— f(x) achieved by z relative
to the best possible reduction f(zg) — fL.

The convergence test (1.2) was used by Marazzi and Nocedal [16] but with fr, set
to an accurate estimate of f at a local minimizer obtained by a derivative-based solver.
In section 2 we show that setting f; to an accurate estimate of f at a minimizer is
not appropriate when the evaluation of f is expensive, since no solver may be able to
satisfy (1.2) within the user’s computational budget.

We use performance profiles [5] with the convergence test (1.2) to evaluate the
performance of derivative-free solvers. Instead of using a fixed value of 7, we use
7 = 107% with k € {1,3,5,7} so that a user can evaluate solver performance for
different levels of accuracy. These performance profiles are useful to users who need
to choose a solver that provides a given reduction in function value within a limit of
py function evaluations.

To the authors’ knowledge, previous work with performance profiles has not varied
the limit p; on the number of function evaluations and has used large values for fi.
The underlying assumption has been that the long-term behavior of the algorithm is
of utmost importance. This assumption is not likely to hold, however, if the evaluation
of f is expensive.

Performance profiles were designed to compare solvers and thus use a performance
ratio instead of the number of function evaluations required to solve a problem. As
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a result, performance profiles do not provide the percentage of problems that can be
solved (for a given tolerance 7) with a given number of function evaluations. This
information is essential to users with expensive optimization problems and thus an
interest in the short-term behavior of algorithms. On the other hand, the data profiles
of section 2 have been designed to provide this information.

The remainder of this paper is devoted to demonstrating the use of performance
and data profiles for benchmarking derivative-free optimization solvers. Section 2
reviews the use of performance profiles with the convergence test (1.2) and defines
data profiles.

Section 3 provides a brief overview of the solvers selected to illustrate the bench-
marking process: The Nelder-Mead NMSMAX code [13], the pattern-search APPSPACK
code [11], and the model-based trust region NEWUOA code [20]. Since the emphasis
of this paper is on the benchmarking process, no attempt was made to assemble a
large collection of solvers. The selection of solvers was guided mainly by a desire to
examine the performance of a representative subset of derivative-free solvers.

Section 4 describes the benchmark problems used in the computational experi-
ments. We use a selection of problems from the CUTEr [9] collection for the basic
set, but since the functions f that describe the optimization problem are invariably
smooth, with at least two continuous derivatives, we augment this basic set with
noisy and piecewise-smooth problems derived from this basic set. The choice of noisy
problems was guided by a desire to mimic simulation-based optimization problems.

The benchmarking results in section 5 show that data and performance profiles
provide complementary information that measures the strengths and weaknesses of
optimization solvers as a function of the computational budget. Data profiles are
useful, in particular, to assess the short-term behavior of the algorithms. The results
obtained from the benchmark problems of section 4 show that the model-based solver
NEWUOA performs better than the direct search solvers NMSMAX and APPSPACK even
for noisy and piecewise-smooth problems. These results also provide estimates for the
performance differences between these solvers.

Standard disclaimers [5] in benchmarking studies apply to the results in section 5.
In particular, all solvers were tested with the default options, so results may change
if these defaults are changed. In a similar vein, our results apply only to the current
version of these solvers and this family of test problems, and may change with future
versions of these solvers and other families of problems.

2. Benchmarking derivative-free optimization solvers. Performance pro-
files, introduced by Dolan and Moré [5], have proved to be an important tool for
benchmarking optimization solvers. Dolan and Moré define a benchmark in terms of
a set P of benchmark problems, a set S of optimization solvers, and a convergence
test 7. Once these components of a benchmark are defined, performance profiles
can be used to compare the performance of the solvers. In this section we first pro-
pose a convergence test for derivative-free optimization solvers and then examine the
relevance of performance profiles for optimization problems with expensive function
evaluations.

2.1. Performance profiles. Performance profiles are defined in terms of a per-
formance measure t, s > 0 obtained for each p € P and s € S. For example, this
measure could be based on the amount of computing time or the number of function
evaluations required to satisfy the convergence test. Larger values of ¢, indicate
worse performance. For any pair (p,s) of problem p and solver s, the performance
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ratio is defined by

lp.s
min{t,s:s€ S}t

Tp,s =

Note that the best solver for a particular problem attains the lower bound 7, s = 1.
The convention 7, s = oo is used when solver s fails to satisfy the convergence test on
problem p.

The performance profile of a solver s € § is defined as the fraction of problems
where the performance ratio is at most «, that is,

1
size{p € P :rp s < a},

(2.1) pole) = o5

where |P| denotes the cardinality of P. Thus, a performance profile is the probability
distribution for the ratio 7, . Performance profiles seek to capture how well the
solver performs relative to the other solvers in S on the set of problems in P. Note,
in particular, that ps(1) is the fraction of problems for which solver s € S performs
the best and that for « sufficiently large, ps(a) is the fraction of problems solved by
s € §. In general, ps(c) is the fraction of problems with a performance ratio rp s
bounded by «, and thus solvers with high values for ps(a) are preferable.

Benchmarking gradient-based optimization solvers is reasonably straightforward
once the convergence test is chosen. The convergence test is invariably based on the
gradient, for example,

IVF (@) < 7lIV (o)l

for some 7 > 0 and norm | - ||. This convergence test is augmented by a limit on
the amount of computing time or the number of function evaluations. The latter
requirement is needed to catch solvers that are not able to solve a given problem.
Benchmarking gradient-based solvers is usually done with a fixed choice of toler-
ance 7 that yields reasonably accurate solutions on the benchmark problems. The un-
derlying assumption is that the performance of the solvers will not change significantly
with other choices of the tolerance and that, in any case, users tend to be interested
in solvers that can deliver high-accuracy solutions. In derivative-free optimization,
however, users are interested in both low-accuracy and high-accuracy solutions. In
practical situations, when the evaluation of f is expensive, a low-accuracy solution is
all that can be obtained within the user’s computational budget. Moreover, in these
situations, the accuracy of the data may warrant only a low-accuracy solution.
Benchmarking derivative-free solvers requires a convergence test that does not
depend on evaluation of the gradient. We propose to use the convergence test

(2.2) flx) < fr+7(f(z0) — fr),

where 7 > 0 is a tolerance, x is the starting point for the problem, and fr, is computed
for each problem p € P as the smallest value of f obtained by any solver within a given
number g5 of function evaluations. The convergence test (2.2) can also be written as

f(@o) = f(z) = (1 =7)(f(z0) = fr);

and this shows that (2.2) requires that the reduction f(zo) — f(z) achieved by z be
at least 1 — 7 times the best possible reduction f(zg) — fL.
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The convergence test (2.2) was used by Elster and Neumaier [6] but with fr
set to an accurate estimate of f at a global minimizer. This test was also used by
Marazzi and Nocedal [16] but with fr set to an accurate estimate of f at a local
minimizer obtained by a derivative-based solver. Setting fr to an accurate estimate
of f at a minimizer is not appropriate when the evaluation of f is expensive because
no solver may be able to satisfy (2.2) within the user’s computational budget. Even
for problems with a cheap f, a derivative-free solver is not likely to achieve accuracy
comparable to a derivative-based solver. On the other hand, if f7, is the smallest value
of f obtained by any solver, then at least one solver will satisfy (2.2) for any 7 > 0.

An advantage of (2.2) is that it is invariant to the affine transformation f — af+43
where o« > 0. Hence, we can assume, for example, that f;, = 0 and f(zp) = 1.
There is no loss in generality in this assumption because derivative-free algorithms are
invariant to the affine transformation f — af + 8. Indeed, algorithms for gradient-
based optimization (unconstrained and constrained) problems are also invariant to
this affine transformation.

The tolerance 7 € [0,1] in (2.2) represents the percentage decrease from the start-
ing value f(xp). A value of 7 = 0.1 may represent a modest decrease, a reduction
that is 90% of the total possible, while smaller values of T correspond to larger de-
creases. As 7 decreases, the accuracy of f(z) as an approximation to fr, increases; the
accuracy of x as an approximation to some minimizer depends on the growth of f in
a neighborhood of the minimizer. As noted, users are interested in the performance
of derivative-free solvers for both low-accuracy and high-accuracy solutions. A user’s
expectation of the decrease possible within their computational budget will vary from
application to application.

The following new result relates the convergence test (2.2) to convergence results
for gradient-based optimization solvers.

THEOREM 2.1. Assume that f : R" — R is a strictly convex quadratic and that
x* is the unique minimizer of f. If fr, = f(x*), then x € R"™ satisfies the convergence
test (2.2) if and only if

(2.3) IVF(@)llx < 72|V f (o)l
for the norm || - ||« defined by
[oll« = [[GT2 vllo,

and G is the Hessian matriz of f.
Proof. Since f is a quadratic, G is the Hessian matrix of f, and «* is the unique
minimizer,

fla) = fla*) + 5(z — ") Gz — z*).
Hence, the convergence test (2.2) holds if and only if
(z — )Gz — %) < 7(zo — )T G(20 — %),
which in terms of the square root G 3 is just
1G% (& = 2™) 13 < TG (wo — )3

We obtain (2.3) by noting that since z* is the minimizer of the quadratic f and G is
the Hessian matrix, V f(z) = G(z — z*). O
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Other variations on Theorem 2.1 are of interest. For example, it is not difficult
to show, by using the same proof techniques, that (2.2) is also equivalent to

(2.4) IVF@)IZ <7 (f(20) = f(z")).

This inequality shows, in particular, that we can expect that the accuracy of x,
as measured by the gradient norm ||V f(z)||«, to increase with the square root of
F(wo) — F(a*).

Similar estimates hold for the error in x because Vf(z) = G(z — 2*). Thus, in
view of (2.3), the convergence test (2.2) is equivalent to

lz —a*llo < 772 Jlzg — 2o,
where the norm || - ||, is defined by
1
[olle = |G= ]2

In this case the accuracy of = in the || - ||, norm increases with the distance of z from
x* in the || - ||o norm.

We now explore an extension of Theorem 2.1 to nonlinear functions that is valid
for an arbitrary starting point xg. The following result shows that the convergence
test (2.2) is (asymptotically) the same as the convergence test (2.4).

LEMMA 2.2. If f: R" — R s twice continuously differentiable in a neighborhood
of a minimizer x* with V2 f(x*) positive definite, then

*
(2.5) lim flz) = fla*) _ 1,
V@R 2
where the norm || - ||« is defined in Theorem 2.1 and G = V2 f(x*).
Proof. We first prove that

=1

VR f )P (@ — )|
(2.6) lim
z—e IVf ()]«
This result can be established by noting that since V2f is continuous at z* and
Vi) =0,
Vi) =V ) (z—a) +rx), () =o(|z—z7|).

If \; is the smallest eigenvalue of V2 f(x*), then this relationship implies, in particular,
that

(2.7) IVF(@)]le > 202 — 2|

for all  near z*. This inequality and the previous relationship prove (2.6). We can
now complete the proof by noting that since V2 £ is continuous at x* and V f(x*) = 0,

f@) = f@) + 3|V f @) 2@ = )P +ra(z),  ra(x) = of|le —2*|?).

This relationship, together with (2.6) and (2.7), completes the proof. d
Lemma 2.2 shows that there is a neighborhood N (z*) of * such that if z € N(z*)
satisfies the convergence test (2.2) with fr = f(«*), then

(2.8) IVf (@)l <y 72 (f (o) — fl@)V2,

where the constant ~y is a slight overestimate of 2/2. Conversely, if ~ is a slight
underestimate of 2'/2, then (2.8) implies that (2.2) holds in some neighborhood of z*.
Thus, in this sense, the gradient test (2.8) is asymptotically equivalent to (2.2) for
smooth functions.
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Fi1G. 2.1. Sample performance profile ps(a) (logarithmic scale) for derivative-free solvers.

2.2. Data profiles. We can use performance profiles with the convergence test
(2.2) to benchmark optimization solvers for problems with expensive function evalua-
tions. In this case the performance measure ¢, ; is the number of function evaluations
because this is assumed to be the dominant cost per iteration. Performance profiles
provide an accurate view of the relative performance of solvers within a given number
py of function evaluations. Performance profiles do not, however, provide sufficient
information for a user with an expensive optimization problem.

Figure 2.1 shows a typical performance profile for derivative-free optimization
solvers with the convergence test (2.2) and 7 = 102, Users generally are interested
in the best solver, and for these problems and level of accuracy, solver S3 has the
best performance. However, it is also important to pay attention to the performance
difference between solvers. For example, consider the performance profiles p; and py
at a performance ratio of a = 2, p1(2) ~ 55%, and p4(2) =~ 35%. These profiles show
that solver Sy requires more than twice the number of function evaluations as solver
S1 on roughly 20% of the problems. This is a significant difference in performance.

The performance profiles in Figure 2.1 provide an accurate view of the perfor-
mance of derivative-free solvers for 7 = 1073. However, these results were obtained
with a limit of py = 1300 function evaluations and thus are not directly relevant to a
user for which this limit exceeds their computational budget.

Users with expensive optimization problems are often interested in the perfor-
mance of solvers as a function of the number of functions evaluations. In other words,
these users are interested in the percentage of problems that can be solved (for a given
tolerance T) with K function evaluations. We can obtain this information by letting
tp s be the number of function evaluations required to satisfy (2.2) for a given tolerance
T, since then

ds(a) = %size{p EP tps <a}
is the percentage of problems that can be solved with « function evaluations. As
usual, there is a limit ;1y on the total number of function evaluations, and t, s = oo
if the convergence test (2.2) is not satisfied after pu; evaluations.
Griffin and Kolda [12] were also interested in performance in terms of the number
of functions evaluations and used plots of the total number of solved problems as
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a function of the number of (penalty) function evaluations to evaluate performance.
They did not investigate how results changed if the convergence test was changed;
their main concern was to evaluate the performance of their algorithm with respect
to the penalty function.

This definition of ds is independent of the number of variables in the problem
p € P. This is not realistic because, in our experience, the number of function
evaluations needed to satisfy a given convergence test is likely to grow as the number
of variables increases. We thus define the data profile of a solver s € S by

1 . tp,s
. s(@) = ——= <y,
(2.9) ds(o) |P|51ze {pEP o+ 1 a}

where n, is the number of variables in p € P. We refer to a plot of (2.9) as a data
profile to acknowledge that its application is more general than the one used here
and that our choice of scaling is for illustration only. For example, we note that the
authors in [1] expect performance of stochastic global optimization algorithms to grow
faster than linear in the dimension.

With this scaling, the unit of cost is n, + 1 function evaluations. This is a conve-
nient unit that can be easily translated into function evaluations. Another advantage
of this unit of cost is that ds(k) can then be interpreted as the percentage of problems
that can be solved with the equivalent of k simplex gradient estimates, n,+1 referring
to the number of evaluations needed to compute a one-sided finite-difference estimate
of the gradient.

Performance profiles (2.1) and data profiles (2.9) are cumulative distribution func-
tions, and thus monotone increasing, step functions with a range in [0, 1]. However,
performance profiles compare different solvers, while data profiles display the raw
data. In particular, performance profiles do not provide the number of function eval-
uations required to solve any of the problems. Also note that the data profile for a
given solver s € § is independent of other solvers; this is not the case for performance
profiles.

Data profiles are useful to users with a specific computational budget who need
to choose a solver that is likely to reach a given reduction in function value. The
user needs to express the computational budget in terms of simplex gradients and
examine the values of the data profile ds for all the solvers. For example, if the user
has a budget of 50 simplex gradients, then the data profiles in Figure 2.2 show that
solver S3 solves 90% of the problems at this level of accuracy. This information is not
available from the performance profiles in Figure 2.1.

We illustrate the differences between performance and data profiles with a syn-
thetic case involving two solvers. Assume that solver S; requires k; simplex gradients
to solve each of the first ny problems, but fails to solve the remaining ns problems.
Similarly, assume that solver S fails to solve the first n; problems, but solves each of
the remaining ny problems with ks simplex gradients. Finally, assume that ni < no,
and that k1 < k. In this case,

ni
)
ni +ng

2
)
ny + no

p1(a) p2(a)

for all & > 1 if the maximum number of evaluations iy allows ky simplex gradients.
Hence, n1 < no implies that p; < p2, and thus solver Ss is preferable. This is
justifiable because S solves more problems for all performance ratios. On the other
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F1c. 2.2. Sample data profile ds(k) for derivative-free solvers.

hand,
0, o< [O,kl) 0, a € [O,kQ)
d ) = d o) =
(@) L, a € [k1,00) 2(a) L, a € [ka,00)
ny + ng ny + ng

In particular, 0 = da(k) < di(k) for all budgets of k simplex gradients where k €
[k1, k2), and thus solver S; is preferable under these budget constraints. This choice
is appropriate because Ss is not able to solve any problems with less than ko simplex
gradients.

This example illustrates an extreme case, but this can happen in practice. For
example, the data profiles in Figure 2.2 show that solver Ss outperforms S; with a
computational budget of k simplex gradients where k € [20,100], though the differ-
ences are small. On the other hand, the performance profiles in Figure 2.1 show that
S1 outperforms So.

One other connection between performance profiles and data profiles needs to be
emphasized. The limiting value of ps(«) as @ — oo is the percentage of problems that
can be solved with py function evaluations. Thus,

(2.10) dy(k) = lim py(a),

where /& is the maximum number of simplex gradients performed in uy evaluations.
Since the limiting value of ps can be interpreted as the reliability of the solver, we see
that (2.10) shows that the data profile d; measures the reliability of the solver (for a
given tolerance 7) as a function of the budget py.

3. Derivative-free optimization solvers. The selection of solvers S that we
use to illustrate the benchmarking process was guided by a desire to examine the
performance of a representative subset of derivative-free solvers, and thus we included
both direct search and model-based algorithms. Similarly, our selection of solvers
was not guided by their theoretical properties. No attempt was made to assemble
a large collection of solvers, although we did consider more than a dozen different
solvers. Users interested in the performance of other solvers (including SID-PSM [4]
and UOBYQA [19]) can find additional results at www.mcs.anl.gov/ more/dfo. We
note that some solvers were not tested because they require additional parameters
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outside the scope of this investigation, such as the requirement of bounds by imfil
[8, 15].

We considered only solvers that are designed to solve unconstrained optimization
problems using only function values, and with an implementation that is both serial
and deterministic. We used an implementation of the Nelder—-Mead method because
this method is popular among application scientists. We also present results for
the APPSPACK pattern search method because, in a comparison of six derivative-free
methods, this code performed well in the benchmarking [7] of a groundwater problem.
We used the model-based trust region code NEWUOA because this code performed well
in a recent comparison [18] of model-based methods.

The NMSMAX code is an implementation of the Nelder-Mead method and is
available from the Matrix Computation Toolbox [13]. Other implementations of the
Nelder-Mead method exist, but this code performs well and has a reasonable default
for the size of the initial simplex. All variations on the Nelder—-Mead method update
an initial simplex defined by n+ 1 points via a sequence of reflections, expansions, and
contractions. Not all of the Nelder—-Mead codes that we examined, however, allow the
size of the initial simplex to be specified in the calling sequence. The NMSMAX code
requires an initial starting point zg, a limit on the number of function evaluations,
and the choice of a starting simplex. The user can choose either a regular simplex or
a right-angled simplex with sides along the coordinate axes. We used the right-angled
simplex with the default value of

(3.1) A¢ = max {1, ||lzo/[o }

for the length of the sides. This default value performs well in our testing. The right-
angled simplex was chosen to conform with the default initializations of the two other
solvers.

The APPSPACK code [11] is an asynchronous parallel pattern search method de-
signed for problems characterized by expensive function evaluations. The code can be
run in serial mode, and this is the mode used in our computational experiments. This
code requires an initial starting point xg, a limit on the number of function evalua-
tions, the choice of scaling for the starting pattern, and an initial step size. We used
unit scaling with an initial step size A defined by (3.1) so that the starting pattern
was defined by the right-angled simplex with sides of length Ag.

The model-based trust region code NEWUOA [20, 21] uses a quadratic model
obtained by interpolation of function values at a subset of m previous trial points; the
geometry of these points is monitored and improved if necessary. We used m = 2n+1
as recommended by Powell [20]. The NEWUOA code requires an initial starting point
Zo, a limit on the number of function evaluations, and the initial trust region radius.
We used Ay as in (3.1) for the initial trust region radius.

Our choice of initial settings ensures that all codes are given the same initial
information. As a result, both NMSMAX and NEWUOA evaluate the function at the
vertices of the right-angled simplex with sides of length Ag. The APPSPACK code,
however, moves off this initial pattern as soon as a lower function value is obtained.

We effectively set all termination parameters to zero so that all codes terminate
only when the limit on the number of function evaluations is exceeded. In a few cases
the codes terminate early. This situation happens, for example, if the trust region
radius (size of the simplex or pattern) is driven to zero. Since APPSPACK requires a
strictly positive termination parameter for the final pattern size, we used 1072° for
this parameter.
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TABLE 4.1
Distribution of problem dimensions.

np |2 3 4 5 6 7 8 9 10 11 12
Number of problems | 5 6 5 4 4 5 6 5 4 4 5

4. Benchmark problems. The benchmark problems we have selected highlight
some of the properties of derivative-free solvers as they face different classes of op-
timization problems. We made no attempt to define a definitive set of benchmark
problems, but these benchmark problems could serve as a starting point for further
investigations. This test set is easily available, widely used, and allows us easily
examine different types of problems.

Our benchmark set comprises 22 of the nonlinear least squares functions defined
in the CUTEr [9] collection. Each function is defined by m components fi,..., fn, of
n variables and a standard starting point x,.

The problems in the benchmark set P are defined by a vector (k,,np,, mp, sp) of
integers. The integer k, is a reference number for the underlying CUTEr function, n,
is the number of variables, m, is the number of components, and s, € {0,1} defines
the starting point via g = 10°7x,, where x4 is the standard starting point for this
function. The use of s, = 1 is helpful for testing solvers from a remote starting point
because the standard starting point tends to be close to a solution for many of the
problems.

The benchmark set P has 53 different problems. No problem is overrepresented
in P in the sense that no function k, appears more than six times. Moreover, no pair
(kp,np) appears more than twice. In all cases,

2<n, <12, 2<m, <65, p=1,...,53,

with n, < m,. The distribution of the dimensions n, among all 53 problems is shown
in Table 4.1, the median dimension being 7.

Users interested in the precise specification of the benchmark problems in P will
find the source code for evaluating the problems in P at www.mcs.anl.gov/ more/dfo.
This site also contains source code for obtaining the standard starting points = and,
a file dfo.dat that provides the integers (kp, np, mp, Sp)-

We use the benchmark set P defined above to specify benchmark sets for three
problem classes: Smooth, piecewise smooth, and noisy problems. The smooth prob-
lems Pg are defined by

~
5
S~—
|
(]
=
—~
8
~—"
V)

(4.1)
k=1

These functions are twice continuously differentiable on the level set associated with
xo. Only two functions (k, = 7,16) have local minimizers that are not global mini-
mizers, but the problems defined by these functions appear only three times in Pg.
The second class of problems mimics simulations that are defined by an iterative
process, for example, solving to a specified accuracy a differential equation where the
differential equation or the data depends on several parameters. These simulations are
not stochastic, but do tend to produce results that are generally considered noisy. We
believe the noise in this type of simulation is better modeled by a function with both
high-frequency and low-frequency oscillations. We thus defined the noisy problems
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F1a. 4.1. Plots of the noisy quadratic (4.5) on the boz [0.4,0.6] x [0.9,1.1]. Surface plots (left)
and level sets (right) show the oscillatory nature of f.

Pn by

m

(4.2) fla) = (L +epd(@) Y frl@)?,

k=1

where ¢ is the relative noise level and the noise function ¢ : R" +— [—1, 1] is defined
in terms of the cubic Chebyshev polynomial T35 by

(4.3) d(x) = Ts(do()), T3() = a(4a® - 3),
where
(4.4) do(z) = 0.9sin(100]|z|]1) cos(100]|z| o) + 0.1 cos(||z||2)-

The function ¢y defined by (4.4) is continuous and piecewise continuously differen-
tiable with 2™n! regions where ¢q is continuously differentiable. The composition of
¢o with T3 eliminates the periodicity properties of ¢g and adds stationary points to
¢ at any point where ¢ coincides with the stationary points (:I:%) of T3.

Figure 4.1 illustrates the properties of the noisy function (4.2) when the underlying
smooth function (e; = 0) is a quadratic function. In this case

(4.5) f@) = (1+ glle = zol*)(1 + efo(x)),

where zy = [3,1], and noise level ey = 1073, The graph on the left shows f on the
two-dimensional box around zg and sides of length %, while the graph on the right
shows the contours of f. Both graphs show the oscillatory nature of f, and that f
seems to have local minimizers near the global minimizer. Evaluation of f on a mesh
shows that, as expected, the minimal value of f is 0.99906, that is, 1 — ¢y to high
accuracy.

Our interest centers on smooth and noisy problems, but we also wanted to study
the behavior of derivative-free solvers on piecewise-smooth problems. An advantage
of the benchmark problems P is that a set of piecewise-smooth problems Ppg can be

easily derived by setting

(4.6) F@) =" |fulx)].
k=1
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These problems are continuous, but the gradient does not exist when fi(z) = 0 and
grad fi(z) # 0 for some index k. They are twice continuously differentiable in the
regions where all the f; do not change sign. There is no guarantee that the problems
in Pps have a unique minimizer, even if (4.1) has a unique minimizer. However,
we found that all minimizers were global for all but six functions and that these six
functions had global minimizers only, if the variables were restricted to the positive
orthant. Hence, for these six functions (k, = 8,9, 13,16,17,18) the piecewise-smooth
problems are defined by

(4.7) F@)=>"|falay)l;
k=1

where xy = max(x,0). This function is piecewise-smooth and agrees with the function
f defined by (4.6) for > 0.

5. Computational experiments. We now present the results of computational
experiments with the performance measures introduced in section 2. We used the
solver set S consisting of the three algorithms detailed in section 3 and the three
problem sets Pgs, Py, and Ppg that correspond, respectively, to the smooth, noisy,
and piecewise-smooth benchmark sets of section 4.

The computational results center on the short-term behavior of derivative-free
algorithms. We decided to investigate the behavior of the algorithms with a limit of
100 simplex gradients. Since the problems in our benchmark sets have at most 12
variables, we set 1y = 1300 so that all solvers can use at least 100 simplex gradients.

Data was obtained by recording, for each problem and solver s € S, the function
values generated by the solver at each trial point. All termination tolerances were set
as described in section 3 so that solvers effectively terminate only when the limit p
on the number of function evaluations is exceeded. In the exceptional cases where the
solver terminates early after k < jy function evaluations, we set all successive function
values to f(zx). This data is then processed to obtain a history vector h, € R*f by
setting

he(zr) =min{f(x;):0<j <k},

so that hg(zy) is the best function value produced by solver s after k function evalu-
ations. Each solver produces one history vector for each problem, and these history
vectors are gathered into a history array H, one column for each problem. For each
problem, p € P, fr, was taken to be the best function value achieved by any solver
within py function evaluations, fr = minses hs(z,; ).

We present the data profiles for 7 = 107% with k € {1,3,5,7} because we are
interested in the short-term behavior of the algorithms as the accuracy level changes.
We present performance profiles for only 7 = 10~% with & € {1,5}, but a comprehen-
sive set of results is provided at www.mcs.anl.gov/ more/dfo.

We comment only on the results for an accuracy level of 7 = 107° and use the
other plots to indicate how the results change as 7 changes. This accuracy level is
mild compared to classical convergence tests based on the gradient. We support this
claim by noting that (2.8) implies that if x satisfies the convergence test (2.2) near a
minimizer x*, then

IV f ()] <0.45- 1072 (f(w0) — f(a*))"/?
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Fic. 5.1. Data profiles ds(k) for the smooth problems Pg show the percentage of problems
solved as a function of a computational budget of simplex gradients.

for 7 = 107° and for the norm || - || defined in Theorem 2.1. If the problem is scaled
so that f(z*) =0 and f(xg) =1, then

IV f ()], <0.45-1072.

This test is not comparable to a gradient test that uses an unscaled norm. It suggests,
however, that for well-scaled problems, the accuracy level 7 = 107° is mild compared
to that of classical convergence tests.

5.1. Smooth problems. The data profiles in Figure 5.1 show that NEWUOA
solves the largest percentage of problems for all sizes of the computational budget
and levels of accuracy 7. This result is perhaps not surprising because NEWUOA is a
model-based method based on a quadratic approximation of the function, and thus
could be expected to perform well on smooth problems. However, the performance
differences are noteworthy.

Performance differences between the solvers tend to be larger when the com-
putational budget is small. For example, with a budget of 10 simplex gradients
and 7 = 107%, NEWUOA solves almost 35% of the problems, while both NMSMAX
and APPSPACK solve roughly 10% of the problems. Performance differences between
NEWUOA and NMSMAX tend to be smaller for larger computational budgets. For
example, with a budget of 100 simplex gradients, the performance difference between
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F1G. 5.2. Performance profiles ps(a) (logarithmic scale) for the smooth problems Pg.

NEWUOA and NMSMAX is less than 10%. On the other hand, the difference between
NEWUOA and APPSPACK is more than 25%.

A benefit of the data profiles is that they can be useful for allocating a compu-
tational budget. For example, if a user is interested in getting an accuracy level of
7 = 1075 on at least 50% of problems, the data profiles show that NEWUOA, NMS-
MAX, and APPSPACK would require 20, 35, and 55 simplex gradients, respectively.
This kind of information is not available from performance profiles because they rely
on performance ratios.

The performance profiles in Figure 5.2 are for the smooth problems with a loga-
rithmic scale. Performance differences are also of interest in this case. In particular,
we note that both of these plots show that NEWUOA is the fastest solver in at least
55% of the problems, while NMSMAX and APPSPACK are each the fastest solvers on
fewer than 30% of the problems.

Both plots in Figure 5.2 show that the performance difference between solvers
decreases as the performance ratio increases. Since these figures are on a logarithmic
scale, however, the decrease is slow. For example, both plots show a performance
difference between NEWUOA and NMSMAX of at least 40% when the performance
ratio is two. This implies that for at least 40% of the problems NMSMAX takes at
least twice as many function evaluations to solve these problems. When 7 = 1075,
the performance difference between NEWUOA and APPSPACK is larger, at least 50%.

5.2. Noisy problems. We now present the computational results for the noisy
problems Py as defined in section 4. We used the noise level e = 1073 with the
nonstochastic noise function ¢ defined by (4.3, 4.4). We consider this level of noise
to be about right for simulations controlled by iterative solvers because tolerances in
these solvers are likely to be on the order of 1072 or smaller. Smaller noise levels are
also of interest. For example, a noise level of 10~7 is appropriate for single-precision
computations.

Arguments for a nonstochastic noise function were presented in section 4, but
here we add that a significant advantage of using a nonstochastic noise function in
benchmarking is that this guarantees that the computational results are reproducible
up to the precision of the computations. We also note that the results obtained
with a noise function ¢ defined by a random number generator are similar to those
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F1G. 5.3. Data profiles ds(k) for the noisy problems Pn show the percentage of problems solved
as a function of a computational budget of simplex gradients.

obtained by the ¢ defined by (4.3, 4.4); results for the stochastic case can be found
at www.mes.anl.gov/ more/dfo.

The data profiles for the noisy problems, shown in Figure 5.3, are surprisingly
similar to those obtained for the smooth problems. The degree of similarity between
Figures 5.1 and 5.3 is much higher for small computational budgets and the smaller
values of 7. This similarity is to be expected for direct search algorithms because the
behavior of these algorithms depends only on logical comparisons between function
values, and not on the actual function values. On the other hand, the behavior of
NEWUOA is affected by noise because the model is determined by interpolating points
and is hence sensitive to changes in the function values. Since NEWUOA depends on
consistent function values, a performance drop can be expected for stochastic noise
of magnitudes near a demanded accuracy level.

An interesting difference between the data profiles for the smooth and noisy prob-
lems is that solver performances for large computational budgets tend to be closer
than in the smooth case. However, NEWUOA still manages to solve the largest per-
centage of problems for virtually all sizes of the computational budget and levels of
accuracy T.

Little similarity exists between the performance profiles for the noisy problems Py
when 7 = 1075, shown in Figure 5.4, and those for the smooth problems. In general
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F1G. 5.4. Performance profiles ps(a) (logarithmic scale) for the noisy problems Py .

these plots show that, as expected, noisy problems are harder to solve. For 7 = 1075,
NEWUOA is the fastest solver on about 60% of the noisy problems, while it was the
fastest solver on about 70% of the smooth problems. However, the performance differ-
ences between the solvers are about the same. In particular, both plots in Figure 5.4
show a performance difference between NEWUOA and NMSMAX of about 30% when
the performance ratio is two. As we pointed out earlier, performance differences are
an estimate of the gains that can be obtained when choosing a different solver.

5.3. Piecewise-smooth problems. The computational experiments for the
piecewise-smooth problems Ppg measure how the solvers perform in the presence
of nondifferentiable kinks. There is no guarantee of convergence for the tested meth-
ods in this case. We note that recent work has focused on relaxing the assumptions
of differentiability [2].

The data profiles for the piecewise-smooth problems, shown in Figure 5.5, show
that these problems are more difficult to solve than the noisy problems Py and the
smooth problems Pg. In particular, we note that no solver is able to solve more
than 40% of the problems with a computational budget of 100 simplex gradients
and 7 = 107°. By contrast, almost 70% of the noisy problems and 90% of the
smooth problems can be solved with this budget and level of accuracy. Differences in
performance are also smaller for the piecewise smooth problems. NEWUOA solves the
most problems in almost all cases, but the performance difference between NEWUOA
and the other solvers is smaller than in the noisy or smooth problems.

Another interesting observation on the data profiles is that APPSPACK solves more
problems than NMSMAX with 7 = 10~° for all sizes of the computational budget. This
is in contrast to the results for smooth and noisy problem where NMSMAX solved more
problems than APPSPACK.

The performance profiles for the piecewise-smooth problems Ppg appear in Fig-
ure 5.6. The results for 7 = 10~° show that NEWUOA, NMSMAX, and APPSPACK are
the fastest solvers on roughly 50%, 30%, and 20% of the problems, respectively. This
performance difference is maintained until the performance ratio is near r = 2. The
same behavior can be seen in the performance profile with 7 = 10~!, but now the
initial difference in performance is larger, more than 40%. Also note that for 7 = 107>
NEWUOA either solves the problem quickly or does not solve the problem within py
evaluations. On the other hand, the reliability of both NMSMAX and APPSPACK in-
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F1G. 5.6. Performance profiles ps(a) (logarithmic scale) for the piecewise-smooth problems Ppg.

creases with the performance ratio, and NMSMAX eventually solves more problems
than NEWUOA.

Finally, note that the performance profiles with 7 = 10~® show that NMSMAX
solves more problems than APPSPACK, while the data profiles in Figure 5.5 show
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that APPSPACK solves more problems than NMSMAX for a computational budget of
k simplex gradients where k € [25,100]. As explained in section 2, this reversal
of solver preference can happen when there is a constraint on the computational
budget.

6. Concluding remarks. Our interest in derivative-free methods is motivated
in large part by the computationally expensive optimization problems that arise in
DOE’s SciDAC initiative. These applications give rise to the noisy optimization prob-
lems that have been the focus of this work.

We have used the convergence test (2.2) to define performance and data profiles for
benchmarking unconstrained derivative-free optimization solvers. This convergence
test relies only on the function values obtained by the solver and caters to users
with an interest in the short-term behavior of the solver. Data profiles provide crucial
information for users who are constrained by a computational budget and complement
the measures of relative performance shown by performance plots.

Our computational experiments show that the performance of the three solvers
considered varied from problem class to problem class, with the worst performance on
the set of piecewise-smooth problems Ppg. While NEWUOA generally outperformed
the NMSMAX and APPSPACK implementations in our benchmarking environment, the
latter two solvers may perform better in other environments. For example, our results
did not take into account APPSPACK’s ability to work in a parallel processing envi-
ronment where concurrent function evaluations are possible. Similarly, since our test
problems were unconstrained, our results do not readily extend to problems containing
hidden constraints.

This work can be extended in several directions. For example, data profiles can
also be used to benchmark solvers that use derivative information. In this setting we
could use a gradient-based convergence test or the convergence test (2.2). Below we
outline four other possible future research directions.

Performance on larger problems. The computational experiments in section
5 used problems with at most n, = 12 variables. Performance of derivative-free solvers
for larger problems is of interest, but this would require a different set of benchmark
problems.

Performance on application problems. Our choice of noisy problems is a
first step toward mimicking simulations that are defined by an iterative process, for
example, solving a set of differential equations to a specified accuracy. We plan to
validate this claim in future work. Performance of derivative-free solvers on other
classes of simulations is also of interest.

Performance of other derivative-free solvers. As mentioned before, our
emphasis is on the benchmarking process, and thus no attempt was made to assemble
a large collection of solvers. Users interested in the performance of other solvers can
find additional results at www.mcs.anl.gov/ more/dfo. Results for additional solvers
can be added easily.

Performance with respect to input and algorithmic parameters. Our
computational experiments used default input and algorithmic parameters, but we
are aware that performance can change for other choices.
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