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Abstract

In this work we propose a trust-region algorithm for the problem of minimizing a function within
a convex closed domain. We assume that the objective function is differentiable but no derivatives are
available. The algorithm has a very simple structure and allows a great deal of freedom in the choice
of the models. Under reasonable assumptions for derivative-free schemes, we prove global convergence
for the algorithm, that is to say, that all accumulation points of the sequence generated by the algorithm
are stationary.

1 Introduction

In this work we will discuss global convergence of a general derivative-free trust-region algorithm for solv-
ing the nonlinear programming problem

minimize  f(x)
subjectto x € Q,

ey

where Q c R" is a nonempty closed convex set and f : R" — IR is a differentiable function. Although the
objective function is smooth, we assume that its derivatives are not available. This situation is commom in a
wide range of applications [8], particularly when the objective function is provided by a simulation package
or a black box. Such practical situations have been motivating research on derivative-free optimization in
the recent years [8, 10].

There are many derivative-free methods with global convergence results for handling the problem (1).
When the feasible set is defined by linear constraints, the problem can be solved by GSS method (Generating
Set Search) presented in [18]. This method encompasses many algorithms, including Generalized Pattern
Search [19]. In [2], the authors proposed an inexact-restoration scheme where the GSS algorithm is used
in the optimality phase, therefore avoiding the evaluation of the gradient of the objective function. In
[13, 17], the authors present Augmented Lagrangian methods for generally constrained problems. In [17],
the subproblems are linearly constrained and solved by GSS algorithm. In [13], any class of constraints can
be considered on the subproblems, since one can provide a suitable derivative-free algorithm for handling
them.

Here we consider the class of derivative-free trust-region methods, which has been pioneered by Win-
field [30] and exhaustively studied for unconstrained and box-constrained problems by Powell [21, 22, 23,
24, 26], Conn and Toint [11], Conn, Scheinberg and Toint [7], Conn, Scheinberg and Vicente [10], Fasano,
Morales and Nocedal [14], Gratton, Toint and Troltzsch [16], and for linearly constrained problems by Pow-
ell [25]. Global convergence results for the unconstrained case are presented in [10, 16, 26]. In these works
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the models are based on polynomial interpolation. Essentially, the difference between them consists in the
interpolation set updating.

With regard to derivative based trust-region methods, for both constrained and unconstrained problems,
well-established algorithms with global convergence results can be found in the literature, for example in
[4, 5, 6, 20, 27]. When the derivatives of the objective function are not available, there are also trust-region
methods with good practical performance [1, 24, 28, 29]. However, until now, theoretical results have not
been established for the constrained case. As far as we know, this work is the first one to present global
convergence results for a class of derivative-free trust-region methods for constrained optimization.

The proposed algorithm considers quadratic models that approximate the objective function based only
on zero-order information. Nevertheless, the gradient of the models must represent adequately the gradi-
ent of the objective function at the current point. This property can be achieved by many derivative-free
techniques, most of them based in polynomial interpolation [3, 9, 10, 12].

At each iteration, the algorithm considers the Euclidean projection of the gradient of the model at the
current point onto the feasible set €. The model is minimized subject to Q and to the trust region, in the
sense that an approximate solution of this subproblem must satisfy a Cauchy-type condition. This solution
will be accepted or rejected as the new iterate according to the ratio between the actual and predicted
reductions, a classical trust-region procedure. In particular, the proposed algorithm can be applied for
solving unconstrained problems. In this case, the considered projection is reduced to the norm of the gradient
of the model. Furthermore, the classical condition on the Cauchy step can be used as an acceptance criterion
for the solution of the subproblem.

The paper is organized as follows. In Section 2, we propose a derivative-free trust-region algorithm. In
Section 3, we present its global convergence analysis. Conclusions are stated in Section 4. Throughout the
paper, the symbol || - || denotes the Euclidean norm.

2 The algorithm

In this section we present a general trust-region algorithm for solving the problem (1) that generates a
sequence of approximate minimizers of quadratic constrained subproblems. The algorithm allows a great
deal of freedom in the construction and resolution of the subproblems.

At each iteration k € IN, we consider the current iterate x* € Q and the quadratic model

0u(d) = F() + (697 d + %dTde,

where g* € R"” and G € R™" is a symmetric matrix. Any quadratic model in this form can be used, as long
as it provides a sufficiently accurate approximation of the objective function, in the sense that g& = VQy(0)
and Gy, satisfy Hypotheses H3 and H4 discussed ahead. We assume little about the Hessian of the models,
just symmetry and uniform boundedness, allowing that even linear models may be used by setting G = 0.
We do not use Taylor models because we are interested in the case where, although derivatives exist, they
are not available.

We consider the stationarity measure at x* for the problem of minimizing Qy over the set Q defined by

m = [IPa(X* = g5 — A,

where Pg denotes the orthogonal projection onto €2, which exists because it is a closed convex set. We say
that a point x* € Q is stationary for the original problem (1) when ||Pq(x* —V f(x*))—x*|| = 0. This definition
is based on the fact that, since € is convex, a point satisfies the Karush-Kuhn-Tucker (KKT) conditions if
and only if the norm of the projection onto €2 of the gradient of the objective function vanishes at this point
[6, 27].
For proving convergence to stationary points, we assume that an approximate solution d* € IR" of the

trust-region subproblem

minimize  Qi(d)

subject to *+deQ 2)

lldll < Ak
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satisfies the efficiency condition given by

01(0) — Q(d") > cmkmin{%,m,l}, 3)

where ¢ > 0 is a constant independent of k.

Conditions of this kind are well-known in trust-region approaches and were used by several authors
in different situations. In the unconstrained case, in which Q = R”, the stationarity measure 71y is simply
||gk|| and the classical Cauchy step satisfies a similar condition, as proved in [20, Lemma 4.5] and [10,
Theorem 10.1] with and without derivatives of the objective function, respectively. Conditions of this type
also appear throughout [6], under different contexts. In [15], the authors prove the global convergence of
a filter method for nonlinear programming by assuming that an approximate solution of the subproblems
satisfies a condition analogous to (3). For bound-constrained nonlinear optimization without derivatives,
Troltzsch [29] also assumes such a condition.

Once computed an approximate solution of (2), we analyse whether or not it produces a satisfactory
decrease in the model. As usual in trust-region methods, the trial step is assessed by means of the ratio

_SOH - fE+dH
Ok(0) = On(dh)
We present now a general derivative-free trust-region algorithm with no specification on the model

update and on the internal solver for the subproblems. Later we will state assumptions to prove that any
accumulation point of the sequence generated by the algorithm is stationary.

“)

Algorithm 1. General Algorithm

Data: x° € Q, @ >0, A9 > 0,7 € (0,3).
Setk = 0.
REePEAT

Construct the model Q.

Ir Ay > amy, then

A
Aps1 = 7" d* =0 and xk*1 = Xk,
ELsE
Find an approximate solution d* of (2).
IF v > n, then
A = ¥k 4 d% and Apyp = Ax
ELse
k+1 Ag
X = xk and Ak+1 = 7
k=k+1.

Note that the model is updated whenever a new point is computed. Otherwise, the trust-region radius is
halved. We point out that any other factor could be used to perform the radius reduction. Observe that the
sequence of trust-region radii is nonincreasing. Moreover, we will prove in the next section that Ay — 0
as k — oo, what will be important in the proofs of the convergence results. This also suggests that, given
a tolerance € > 0, the condition Ay < & can be used as a stopping criterion on implementations of the
algorithm. When 7y is small, the iterate is probably close to a solution of the problem of minimizing the
model within the feasible set Q. On the other hand, if A, is large, we cannot guarantee that the model
represents properly the objective function. Hence, when Ay > amy, the trust-region radius is reduced in the
attempt of finding a more accurate model. Although we could always set @ = 1, this parameter might be
used to balance the magnitude of m; and A, according to the problem.
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3 Convergence

In this section we prove, under reasonable assumptions, that every accumulation point of the sequence
generated by the algorithm is stationary. From now on we assume that the algorithm generates an infinite
sequence " c Q.

For proving the convergence we consider the following hypotheses.

H1. The function f is differentiable and its gradient V f is Lipschitz continuous with constant L > 0, in Q.
H2. The function f is bounded below in €.

H3. The matrices Gy are uniformly bounded, that is, there exists a constant 8 > 1 such that ||G¢|| < 8 — 1
forall k > 0.

H4. There exists a constant ¢, > 0 such that
lIg" = VLGOI < cathe
forall k € IN.

Hypotheses H1 and H2 impose conditions on the objective function, whereas H3 and H4 describe prop-
erties that the interpolation models must satisfy. The first three hypotheses are usual in convergence analysis
for both, derivative-free and derivative-based trust-region algorithms. Hypothesis H4 states that the model
has to properly represent the objective function near the current point. There are algorithms able to find mod-
els with such properties without computing V f(x*), for instance [10, Chapter 6]. The proposed algorithm
allows the usage of any technique to fulfill Hypothesis H4, although in literature the most usual procedure is
polynomial interpolation [10, 14, 16, 22, 28]. Hypothesis H4 is ommited in some practical algorithms that
have good numerical results [8, 14], but in our algorithm it is a fundamental property to establish the global
convergence.

For the purpose of our analysis, we shall consider the set of indices of the successful iterations defined
by

S={keN|y=n}. ®)

In the following lemma, the constants ¢y, L, 5 and ¢, are the ones defined in (3) and in Hypotheses H1,
H3, H4, respectively. The lemma establishes that if the trust-region radius is sufficiently small, then the
algorithm will perform a successful iteration.

Lemma 3.1. Suppose that Hypotheses HI, H3 and H4 hold. Consider the set

K =1keIN|A; < min Q,E,(mk,l , (6)
B 4c

B

L+CQ+—
where ¢ = —Y Ifke K, thenk € S.
1

Proof. By the Mean Value Theorem, there exists #; € (0, 1) such that

FOE+d5 = FOR + VA + 6.dYT 5

Therefore, by Hypotheses H1, H3 and H4,

|F(5) = FO* + d5) — 0k(0) + Ox(db)|

I
VA + nd - g) d+ S@ Gy

-
-

VIR + 1db) — gF =V k) + v f(xk))Tdk + %(dk)Tde"

IA

1
IIVf(xk+tkdk)—Vf(xk)I|+IIVf(xk)—gkII) || + EHdk”z”Gk”

IA

(
(

1
tLlld*l| + c2 ) lla¥| + Eﬁlldkllz-
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Since ||d¥|| < Ag and 1 € (0, 1), we have that
|f(5) = £GF +d") = 0u0) + Ou(d)] < coA;. ©)
where co = L + ¢2 + ’g

From (6), for every k € K we have that Ay < am and consequently 7 > 0. Then, it follows from (3)
that Q¢(0) — Qi(d*) # 0. Thus, from expressions (4), (7) and (3), forall k € K

FOM = FO* + d) — 0n0) + Ou(d)

e — 11 =
0k(0) — Qx(d")
CoA%
- ES
C1Tyminy§ —, Ak, 1}
¥
C‘A%

e '
T min< —, Ag, 1}
{,3

By (6),
A 1
A; = min E,Ak,l and ok < -.
B e 4
Therefore |y — 1| < 4—1; and hence y; > % > 7. Consequently the iteration k is successful. O

The next lemma provides a weak convergence result for the problem of minimizing the model within the
feasible set Q. We prove that the sequence of projected gradients of the models onto Q has a subsequence
converging to zero.

Lemma 3.2. Suppose that Hypotheses HI to H4 hold. Then

liminf 7y = 0.

k— o0

Proof. The proof is by contradiction. Without loss of generality, suppose that there exists & > 0 such that
for all k € IN, m; > &. Take A = min {Ig, 4£, ae, 1} where 3 is the constant of Hypothesis H3, c is defined in
c
Lemma 3.1 and « > 0 is given in the Algorithm 1.
If Ay < A, then k € K, with K given in (6). By Lemma 3.1 the iteration k is successful and thus

Ais1 = Ax. It~ follows that the radius of the trust region can only decrease if Ay > A, and in this case,
Ay A
Apy1 = — > 3
Therefore, for all k € IN, _
A
Akme{EJw}. ®)

If S is finite, then A; converges to zero, contradicting (8). On the other hand, if § is infinite, we have
from (3) that for all k € S,

FO8) = O+ d)
7| Qk(0) - Q@]

. Tk
71]C1 T Min E,Ak,l

FOO) = FGHD

v

v

Then, using (8) and the contradiction assumption that 7r; > &, we conclude that f' () — f (x**1) is bounded
away from zero. However, by Hypothesis H2, the sequence (f(x*)) is bounded below, and as it is also
nonincreasing, it follows that f(x*) — f(x**!) — 0, providing a contradiction what concludes the proof. 0O
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Hypothesis H4 says that the smaller Ag, the better the models represent the objective function. Therefore,
it is reasonable to expect that the trust-region radius converges to zero. In the following lemma, we show
that the proposed algorithm has this property.

Lemma 3.3. Suppose that Hypotheses HI to H4 hold. Then the sequence (Ay) converges to zero.

Proof. Consider the set of indices
]N,Z{kE]N|Ak>a’7Tk}.

From the mechanism of Algorithm 1, for every k € IN’, we have Ay, = Ar/2. Suppose that IN” is infinite.
Then, the trust-region radius is halved infinitely many times and, since (Ay) is nonincreasing, the whole
sequence converges to zero. On the other hand, if IN” is finite, there exists kg € IN such that Ay < am; for
all k£ > ko. But, by Lemma 3.2, (m) has a subsequence converging to zero. Therefore, the corresponding
subsequence of (Ay) converges to zero. Again, the monotonicity ensures that Ay — 0. O

Using the previous lemma, we can now prove that not only there exists a subsequence of m; converging
to zero, as stated in Lemma 3.2, but also that the convergence prevails for the whole sequence.

Lemma 3.4. Suppose that Hypotheses HI to H4 hold. Then

lim 7y = 0.

k—o0

Proof. Suppose by contradiction that for some & > 0 the set
N ={keN|m > ¢} )

is infinite. By Lemma 3.3, the sequence (Ag) converges to zero. Then, there exists kg € IN such that for all

k > ko,
E & &
A < i s T s 5 0 1 s
k< min {ﬁ e ae 862 }

where the constants 3, ¢ and ¢, are the ones given in Lemma 3.1 and « > 0 is defined in Algorithm 1.
By (9), for all k € IN’ with k > ko,

. ) Tk T Tk
Ay < min{ —, —, ,—, 1, 10
K {[3 ac 7 3o } (10)

consequently by Lemma 3.1, k € S.

Given k € IN” with k > ko, consider ¢ the first index such that £, > k and 7, < /2. The existence of
x 1s ensured by Lemma 3.2. So, m; — 7, > &/2. Using the definition of 7y, the triangle inequality and the
contraction property of projections, we have that

€

5 < PGt =g = I = IPa(xs — g — x4

IPa(xk — gh) — xk — Po(xfh — gl + x|

20Ix = x| + |1gk — g%

2llxF = x| + lIgF = VFGE) + VFR) = V) + V F(xfe) — gl
20 = x| + 1Igk = VAR + IV LR = VL] + 1V () = g,

IA I IAIANIA

Using Hypotheses H1 and H4, one gets that
g < 20K = x|+ eat + LI = x| + caAg, = (2 + DIk — x| + co(Ar + Agy).
Let us consider Cr, = {i € S| k <i < £ }. Note that, by (10), k € S, so Cy # 0. Thus

<@+ D) ) I = X+ ea(Ak + Ag).
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As € > k, it follows that Ay, < Ay and

£
5 < (2 + L) Z Ai + 2C2Ak.
lECk
Since A, < i, we have that
802

g
A; > . 11
Z P23 4aL 0 (i

iECk

Using the fact that i € S, condition (3) and Hypothesis H3, we conclude that
FOO = ety = () = )

ieCy
> > n(0i10) - 0i(d))
ieCy
> EZCA nc; min {%, A;, 1} .

By the definition of ¢, we have that &r; > £/2, for all i € Cy, and therefore
FO = £a 2 TE N mind 2 A 1bz T mind 2 N a1y
4 iECk ﬁ 4 ﬁ iECk

Therefore, by the inequality (11), for all k € IN” with k > ko,

FG8 = fa) > '7C4_1‘9mm {; 8+L4L, 1} > 0. (12)

On the other hand, by Hypothesis H2, the sequence (f(xX)) is bounded below, and since it is nonincreasing,
f(x*) = f(x*) — 0, contradicting (12) and completing the proof. O

Now we have all the ingredients for proving global convergence to first-order stationary points. In the
following theorem we establish a relation between the measure of stationarity for the original problem and
the measure of stationarity given in Lemma 3.4, which provides a strong convergence result.

Theorem 3.5. Suppose that Hypotheses HI to H4 hold, then
lim [[Pa(x* - Vf(x*)) - x| = 0.
Proof. By the triangle inequality, the contraction property of projections and Hypothesis H4, we have that
1Pa(x = V() = ¥l = [IPa(x* = VF(x) = Pa(x - ¢5) + Pa(x* — ¢) — x|

< IPo(x* = VF(x") = Pa(x* = gl + IPa(x* — ") — ¥
< VG = ghl+ IPa(x* - g5 — |
< A + 7.
Using Lemmas 3.3 and 3.4, we complete the proof. O

4 Conclusions

In this work we proposed a general derivative-free trust-region algorithm for minimizing a smooth objective
function in a closed convex set. The algorithm has a very simple structure and it allows a certain degree of
freedom on the choice of the models, as long as they approximate sufficiently well the objective function, in
the sense of Hypothesis H4. Furthermore, any internal algorithm can be utilized for solving the subproblems,
provided that it generates a sequence of points satisfying the efficiency condition (3). Under these hypotheses
and other standard assumptions, we have established global convergence of the algorithm in a neat way.
Further research is necessary in order to extend the analysis to derivative-free problems in general domains.
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