GLOBAL CONVERGENCE OF GENERAL DERIVATIVE-FREE
TRUST-REGION ALGORITHMS TO FIRST AND SECOND ORDER
CRITICAL POINTS
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Abstract. In this paper we prove global convergence for first and second-order stationary points
of a class of derivative-free trust-region methods for unconstrained optimization. These methods
are based on the sequential minimization of quadratic (or linear) models built from evaluating the
objective function at sample sets. The derivative-free models are required to satisfy Taylor-type
bounds but, apart from that, the analysis is independent of the sampling techniques.

A number of new issues are addressed, including global convergence when acceptance of iterates is
based on simple decrease of the objective function, trust-region radius maintenance at the criticality
step, and global convergence for second-order critical points.
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1. Introduction. Trust-region methods are a well studied class of algorithms
for the solution of nonlinear programming problems [2 [§]. These methods have a
number of attractive features. The fact that they are intrinsically based on quadratic
models makes them particularly attractive to deal with curvature information. Their
robustness is partially associated with the regularization effect of minimizing quadratic
models over regions of predetermined size. Extensive research on solving trust-region
subproblems and related numerical issues has led to efficient implementations and
commercial codes. On the other hand, the convergence theory of trust-region methods
is both comprehensive and elegant in the sense that it covers many problem classes and
particularizes from one problem class to a subclass in a natural way. Many extensions
have been developed and analyzed to deal with different algorithmic adaptations or
problem features (see [2]).

One problem feature which frequently appears in computational science and en-
gineering is the unavailability of derivative information, which can occur in several
forms and degrees. Trust-region methods have been designed since the beginning of
their development to deal with the absence of second-order derivatives and to in-
corporate quasi-Newton techniques. However, the design and analysis of rigorous
trust-region methods for derivative-free optimization, when both first and second-
order derivatives are unavailable and hard to approximate directly, is a relatively
recent topic [I Bl [7, 12].

In this paper we address trust-region methods for unconstrained derivative-free
optimization. These methods maintain linear or quadratic models which are based
only on the objective function values computed at sample points. The corresponding
models can be constructed by means of polynomial interpolation or regression or by
any other approximation technique. The approach taken in this paper abstracts from
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the specifics of model building. In fact, it is not even required that these models are
polynomial functions as long as Cauchy and eigenvalue decreases can be extracted
from the trust-region subproblems. Instead, it is required that the derivative-free
models have a uniform local behavior (possibly after a finite number of modifications
of the sample set) similar to what is observed by Taylor models in the presence of
derivatives. We call such models, depending on their accuracy, fully linear and fully
quadratic. Tt is shown in [4 [5] how such fully-linear and fully-quadratic models can
be constructed in the context of polynomial interpolation or regression.

In recent years there have been a number of trust-region based methods for deriva-
tive-free optimization. These methods can be classified into two categories: the meth-
ods which target good practical performance, such as the methods in [7, [12], and
which, up to now, had no supporting convergence theory; and the methods for which
global convergence was shown, but at the expense of practicality, such as described
n [2, B]. In this paper we are trying to bridge the gap by describing an algorithmic
framework in the spirit of the first category of methods, while retaining all the same
global convergence properties of the second category. We list next the features that
make our algorithm closer to a practical one when compared to the methods in [2] [3].

The trust-region maintenance in this paper is different from the approaches in
derivative-based methods [2]. In derivative-based methods, under appropriate condi-
tions, the trust-region radius becomes bounded away from zero when the iterates con-
verge to a local minimizer [2 Theorem 6.5.5], hence, its radius can remain unchanged
or increase near optimality. This is not the case in trust-region derivative-free meth-
ods. The trust region for these methods serves two purposes: it restricts the step
size to the neighborhood where the model is assumed to be good, and it also defines
the neighborhood in which the points are sampled for the construction of the model.
Powell in [12] suggests to use two different trust regions, which makes the method and
its implementation more complicated. We choose to maintain only one trust region.
However, it is important to keep the radius of the trust region comparable to some
measure of stationarity so that when the measure of stationarity is close to zero (that
is the current iterate may be close to a stationary point) the models become more
accurate, a procedure that is accomplished by the so-called criticality step [3]. The
update of the trust-region radius at the criticality step forces it to converge to zero,
hence defining a natural stopping criterion for this class of methods.

Another feature of our algorithm is the acceptance of new iterates that provide
simple decrease in the objective function, rather than a sufficient decrease. This fea-
ture is of particular relevance in the derivative-free context, especially when function
evaluations are expensive. As in the derivative case [9], the standard liminf-type re-
sults are obtained for general trust-region radius updating schemes. In particular, it is
possible to update the trust-region radius freely at the end of successful iterations (as
long as it is not decreased). However, to derive the classical lim-type global conver-
gence result [I3] (see also [2, Theorem 6.4.6]) an additional requirement is imposed on
the update of the trust-region radius at successful iterations, to avoid a cycling effect
of the type described in [I4]. But, because of the update of the trust-region radius
at the criticality step mentioned in the previous paragraph, such provisions are not
needed to achieve lim-type global convergence to first-order critical points even when
iterates are accepted based on simple decrease. (We point out that a modification to
derivative-based trust-region algorithms based on a criticality step would produce a
similar lim-type result. However, forcing the trust-region radius to converge to zero
may jeopardize the fast rates of local convergence in the presence of derivatives.)
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In our framework it is possible to make steps, and for the algorithm to progress,
without insisting that the model is made fully linear or fully quadratic on every
iteration. In contrast with [2] and [3], we only require (i) that the models can be
made fully linear or fully quadratic during a finite, uniformly bounded, number of
iterations and (ii) that if a model is not fully linear or fully quadratic (depending
on the order of optimality desired) in a given iteration then the new iterate can be
accepted as long as it provides decrease in the objective function (sufficient decrease
for the lim-result). This modification slightly complicates the convergence analysis,
but it reflects much better the typical implementation of a trust-region derivative-free
algorithm.

As far as we are aware, we provide the first comprehensive analysis of global
convergence of trust-region derivative-free methods to second-order stationary points.
It is mentioned in [2 Pages 321-322] that such analysis can be simply derived from the
classical analysis for the derivative-based case. However, as we remarked above, the
algorithms in [2] B] are not as close to a practical one as the one suggested here and,
moreover, the details of adjusting a ‘classical’ derivative-based convergence analysis
to the derivative-free case are not as trivial as one might expect, even without the
additional ‘practical’ changes to the algorithm. We observe, for instance, that it is not
necessary to increase the trust-region radius on every successful iteration, as it is done
in classical derivative-based methods to ensure lim-type global convergence to second-
order critical points (even when iterates are accepted based on simple decrease of the
objective function). In fact, in the case of the second-order analysis, the trust region
needs to be increased only when it is much smaller than the measure of stationarity,
to allow large steps when the current iterate is far from a stationary point and the
trust-region radius is too small.

The trust-region framework we propose and analyze is sufficiently general to cover
a wide class of derivative-free methods. The focus of the paper, however, is on global
convergence (convergence to some form of stationarity from arbitrary starting points).
We provide no analysis for local rates of convergence. As a result, the fully-linear
models constructed with n 4+ 1 points, 2n + 1 points or (n 4 1)(n + 2)/2 — 1 points,
for instance, are treated exactly the same by our theory, while it is clear that the
corresponding local convergence rates might differ significantly. As mentioned earlier,
the theory supporting global convergence to first-order stationary points presented
in this paper only requires that fully-linear models are constructed in a finite and
uniformly bounded number of iterations. While fully-quadratic models are required
for global convergence to second-order stationary points they may require an excessive
number of sample points (of the order of n?). Our framework does not enforce fully-
quadratic models on every iteration, but does not eliminate the necessity of these
models to achieve second-order global convergence. In cases when n is too large to
allow for the use of fully-quadratic models, underdetermined quadratic models can be
successfully used and the first-order global convergence theory applies.

The paper is organized as follows. In Section [2] we review the basic concepts of
trust-region methods needed in this paper. The properties of fully-linear and fully-
quadratic models are discussed in Section[3} Then, in Section [d] we introduce a general
derivative-free trust-region method. The corresponding analysis of global convergence
for first-order stationary points is given in Section[5} The second-order case is covered
in Section |§| (algorithm description) and in Section [7| (analysis of global convergence
to second-order stationary points).



Notation. There are several constants used in this paper which are denoted by
k with acronyms for the subscripts that are meant to be helpful. We collected their
definition in this subsection, for convenience. The actual meaning of the constants
will become clear when each of them is introduced in the paper.

Kfea  ‘fraction of Cauchy decrease’
Kfeq  ‘fraction of eigenstep decrease’
Kfoa  ‘fraction of optimal decrease’

Kblg ‘bound on the Lipschitz constant of the gradient of the models’
Kblh ‘bound on the Lipschitz constant of the Hessian of the models’
Kef ‘error in the function value’

Keg ‘error in the gradient’

Keh, ‘error in the Hessian’

Kphm  bound on the Hessian of the models’

2. The trust-region framework basics. The problem we are considering is

min f(z),

where f is a real-valued function, assumed once (or twice) continuously differentiable
and bounded from below.

As in traditional derivative-based trust-region methods, the main idea is to use a
model for the objective function which one, hopefully, is able to trust in a neighbor-
hood of the current point. The model has to be fully linear in order to ensure global
convergence to a first-order critical point. One would also like to have something
approaching a fully-quadratic model, to allow global convergence to a second-order
critical point (and to speed up local convergence). Typically, the model is a quadratic,
written in the form

my(z +5) = my(zg) + s gr + %STH]CS, (2.1)

where x, is the current iterate, g, € IR", and Hj is a symmetric matrix in IR™*".
The derivatives of this quadratic model with respect to the s variables are given by
Vmg(xy, + 8) = Hps + g, Vmp(zx) = gr, and V2my,(zx) = Hy.

At each iterate k, we consider the model my(zy + s) that is intended to approx-
imate the true objective f within a suitable neighborhood of z; — the trust region.
This region is taken for simplicity as the set of all points

B(zp; Ar) = {z € R": ||x — x| < Ak},

where Ay is called the trust-region radius, and where || - | could be an iteration
dependent norm, but usually is fixed and in our case will be taken as the standard
Euclidean norm.

Thus, in the unconstrained case, the local model problem we are considering is
stated as

i , 2.2
seimin, m(Tk + 5) (22)

where my(zx + s) is the model for the objective function given at (2.1) and B(0; Ay)
is our trust region, now centered at 0 and expressed in terms of s = z — xy,.
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The Cauchy step. If we define
th = argmingo.., _tg, e Bapia,) M (@ — L),
then the Cauchy step is a step given by
sk = —t.gk- (2.3)

A fundamental result that drives trust-region methods to first-order criticality is
stated below (see [2, Theorem 6.3.3] for a proof).
THEOREM 2.1. Consider the model and the Cauchy step . Then,

ma(on) = s+ 55) = Hlanlmin| 120 o). (2.0

where we assume that || gi||/|| Hi|| = +o0 when Hy = 0.

In fact, it is not necessary to actually find the Cauchy step to achieve global
convergence to first-order stationarity. It is sufficient to relate the step computed to
the Cauchy step and thus what is required is the following assumption.

ASSUMPTION 2.1. For all iterations k,

my(zr) — mi (T + sg) > Kgea [mr(zr) — mi(zr + s3)], (2.5)

for some constant Ks.q € (0,1].
The steps computed under Assumption will therefore provide a fraction of
Cauchy decrease, which from Theorem [2.1| can be bounded below as

K .
mi(zg) — mp(zp 4 s1) > 24| g|| min { g ,Ak] : (2.6)
2 || Hp||

If my(xz, + s) is not a linear or a quadratic function then Theorem is not
directly applicable. In this case one could, for instance, define a Cauchy step by
applying a line search at s = 0 along —gj, to the model my(x+s), stopping when some
type of sufficient decrease condition is satisfied (see [2, Section 6.3.3]). Calculating a
step yielding a decrease better than the Cauchy decrease could be achieved whenever
possible by approximately solving the trust-region subproblem, which involves now
the minimization of a nonlinear function within a trust region.

The eigenstep. When considering a quadratic model and global convergence
to second-order critical points, the model reduction that is required can be achieved
along a direction related to the greatest negative curvature. Let us assume that Hy
has at least one negative eigenvalue and let 7, < 0 be the most negative eigenvalue of
Hj,. In this case, we can determine a step of negative curvature sj;, such that

(s8)"(gr) < 0, lsgll = Ak, and (sp)THu(sp) = mAL. (2.7)

We refer to s} as the eigenstep.

The eigenstep sj is the eigenvector of Hj corresponding to the most negative
eigenvalue 73, whose sign and scale are chosen to ensure that the first two parts
of are satisfied. Note that due to the presence of negative curvature, s; is
the minimizer of the quadratic function along that direction inside the trust region.
Also we do not have to insist that we use the eigenvector corresponding to the most
negative eigenvalue, any direction with sufficient negative curvature would be suitable,
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whereupon the lemma that follows would provide a fraction of the same decrease.
The eigenstep s} induces the following decrease in the model (the proof is trivial and
omitted).

LEMMA 2.2. Suppose that the model Hessian Hy has negative eigenvalues. Then
we have that

mg(zr) — mg(zk + s5) > —%TkAi. (2.8)

The eigenstep plays a role similar to that of the Cauchy step, in that, provided
negative curvature is present in the model, we now require the model decrease at
Tk + si to satisfy

mi(zr) — mi(xk + sk) > Kfealmr(xr) — mi(ze + sp)),

for some constant kf.q € (0,1]. Since we also want the step to yield a fraction of
Cauchy decrease, we will consider the following assumption.
ASSUMPTION 2.2. For all iterations k,

my(zr) — mi (@K + Sk) > Kfod [mu(zx) — min{my (zx + si), mi(zx + sp) 1}, (2.9)

for some constant Kfoq € (0,1].

A step satisfying this assumption is given, for instance, by computing both the
Cauchy step and, in the presence of negative curvature in the model, the eigenstep,
and by choosing the one that provides the larger reduction in the model. By combin-

ing (2.4), (2.8), and (2.9, we obtain that

() — mu(z + sp) > ”J‘;dmax{|gk|mm[”g“|||,m} ,TkAi}. (2.10)
k

In some trust-region literature what is required for global convergence to second-order
critical points is a fraction of the decrease obtained by the optimal trust-region step
(i.e, an optimal solution of ) Note that a fraction of optimal decrease condition
is stronger than for the same value of Kf,q.

If my (zx +5) is not a quadratic function then Theorem and Lemmaare not
directly applicable. Similarly to the Cauchy step case, one could here define an eigen-
step by applying a line search to the model my(z; + s), at s = 0 and along a direction
of negative (or most negative) curvature of Hy, stopping when some type of suffi-
cient decrease condition is satisfied (see [2, Section 6.6.2]). Calculating a step yielding
a decrease better than the Cauchy and eigen decreases could be achieved whenever
possible by approximately solving the trust-region subproblem, which, again, involves
now the minimization of a nonlinear function within a trust region.

3. Conditions on derivative-free models. Since we cannot use Taylor mod-
els, the most obvious replacement is a polynomial interpolation model. In fact, in
what follows we may use polynomial interpolation or regression models (see [4} [5])
depending upon the underlying basis and the number of function values available.
What one requires in these cases for the theory to hold is Taylor-like error bounds
with a uniformly bounded constant that characterizes the geometry of the sample
sets.

In this paper we will abstract from the specifics of the models that we use. We will
only impose those requirements on the models that are essential for the convergence
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theory. We will then indicate that polynomial interpolation and regression models, in
particular, satisfy our requirements.

We will now discuss the assumptions on the models which we use to prove the
convergence of our derivative-free trust-region framework.

Fully-linear models. For the purposes of convergence to first-order critical
points, we assume that the function f and its gradient are Lipschitz continuous in
regions considered by a potential algorithm. To better define this region, we suppose
that xo (the initial iterate) is given and that new iterates correspond to reductions in
the value of the objective function. Thus, the iterates must necessarily belong to the
level set

L(zo) = {z e R": f(z) < f(zo)}.

However, when considering models based on sampling it is possible (especially at the
early iterations) that the function f is evaluated outside L(zg). Let us assume that
sampling is restricted to regions of the form B(zy;Ay) and that Ay never exceeds a
given (possibly large) positive constant A,,q.. Under this scenario, the region where f
is sampled is within the set

Lenl(xo) = L('TO)U U B(I§Amaw) = U B(I§Amax)-
z€L(z0) z€L(zo0)

For fully-linear models and global convergence to first-order critical points we require
the existence of the first-order derivatives and their Lipschitz continuity.

ASSUMPTION 3.1. Suppose xg and Aq. are given. Assume that f is continuously
differentiable in an open domain containing the set Leni(xo) and that V f is Lipschitz
continuous on Len(xo).

Now we discuss the corresponding assumptions on the models, by introducing the
abstract concept of a fully-linear model.

DEFINITION 3.1. Let a function f : R™ — R, that satisfies Assumption [3.]], be
given. A set of model functions M = {m : R™ — R, m € C1} is called a fully-linear
class of models if:

1. There exist positive constants ke, Keg, and kpg such that for any x € L(xo)
and A € (0, Apqz] there exists a model function m(xz+s) in M, with Lipschitz
continuous gradient and corresponding Lipschitz constant bounded by Ky,
and such that

e the error between the gradient of the model and the gradient of the func-
tion satisfies

IVi(@+s)—Vm(z+3)|| < kegd, Vse B(0;A), (3.1)

and
o the error between the model and the function satisfies

If(z+8) —m(x+s)| < kep A%, Vs € B(0;A). (3.2)

Such a model m is called fully linear on B(x;A).

2. For this class M there exists an algorithm, which we will call a ‘model-
improvement’ algorithm, that in a finite, uniformly bounded (with respect to
x and A) number of steps can



o cither establish that a given model m € M is fully linear on B(x; A) (we
will say that a certificate has been provided and the model is certifiably
fully linear),

e or find a model m € M that is fully linear on B(x; A).

If a model is fully linear on B(x; A) with respect to some (large enough) constants
Kef, Keg, and kpg and for some A € (0, Apaz], then it is also fully linear on B(z; A)
for any A € [A, Ajaz], With the same constants. This result is stated next. The
proof is omitted since it can be derived easily from the proof of the fully-quadratic
case (see Lemma [3.4)).

LEMMA 3.2. Consider a function f satisfying Assumption [3.1] and a model m
fully linear, with respect to constants key, keg, and kpg on B(x; A), with x € L(x)
and A < Az

Assume also, without loss of generality, that keq is no less than the sum of Ky
and the Lipschitz constant of the gradient of f, and that key > (1/2)keg.

Then m is fully linear on B(x;A), for any A € [A, Apaz), with respect to the
same constants Kef, Keg, and Kplg-

For the remainder of the paper we assume, without loss of generality, that the
constants Key, Keg, and rpg of any fully-linear class M which we use in our algorithm
are such that Lemma [3.2] holds.

The algorithmic framework which we describe and analyze in Sections [4| and
relies on a fully-linear class M. To prove global convergence all that is needed is that
the models used in the algorithm belong to such a class and that Assumption [2.1
is satisfied. We allow as much flexibility for the choice of models as we can, while
retaining the convergence properties.

As a consequence of this flexibility some of the model classes that fit in the
framework are usually of no interest for a practical algorithm. For instance, consider
M = {f} — a class consisting of the function f itself. Clearly, by Definition [3.1|such
an M is a fully-linear class of models, since f is a fully-linear model of itself for any x
and A and since the algorithm for verifying that f is fully-linear is trivial. However,
in derivative-free optimization, m = f is not expected to be a quadratic function.
We already discussed in Section [2| how to compute Cauchy steps and eigensteps for
non-quadratic models based on existing model gradients (which in this case would
amount to gradients of the function f itself). And, even if some model gradient is
available to extract, for instance, some form of fraction of Cauchy decrease by line
search, improving this decrease by approximately solving the trust-region subproblem,
min f(zr +s) s.t. s € B(0; Ag), seems a problem nearly as complicated as the original
one.

Another source of impractical fully-linear classes is the flexibility in the choice
of a model-improvement algorithm. The definition requires the existence of a finite
procedure which either certifies that a model is fully linear or produces such a model.
For example, Taylor models based on suitably chosen finite-differences gradient eval-
uations are a fully-linear class of models, but a model-improvement algorithm needs
to build such models ‘from scratch’ for each new x and A. In a derivative-free algo-
rithm with expensive (and often noisy) function evaluations this approach is typically
impractical. However, our framework still supports such an approach and guarantees
its convergence, provided that all necessary assumptions are satisfied.

To justify the usefulness of our framework we will show at the end of this section
that, reasonable, practical fully-linear model classes exist, i.e., such classes for which
the fraction of Cauchy decrease is easy to obtain and improve by approximately solving
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the trust-region subproblem, and for which there exists a practical model-improvement
algorithm.
First, we extend Definition to fully-quadratic classes of models.

Fully-quadratic models. For global convergence to second-order critical points,
we will need an assumption on the Hessian of f.

ASSUMPTION 3.2. Suppose xg and Apqe are given. Assume that [ is twice
continuously differentiable in an open domain containing the set Leni(xo) and that
V2f is Lipschitz continuous on Len(20).

We will now introduce formally the concept of fully-quadratic classes and models.

DEFINITION 3.3. Let a function f, that satisfies Assumption[3.3, be given. A set
of model functions M = {m : R" — R, m € C?} is called a fully-quadratic class of
models if

1. There exist positive constants Key, Keg, Keh, and Kpp, such that for any x €
L(zo) and A € (0, Apaz] there exists a model function m(x + s) in M, with
Lipschitz continuous Hesstan and corresponding Lipschitz constant bounded
by Kpin, and such that

o the error between the Hessian of the model and the Hessian of the func-
tion satisfies

IV2f(xz+8) — VZm(x + )| < kend, Vs e B(0;A), (3.3)

e the error between the gradient of the model and the gradient of the func-
tion satisfies

IVf(z+s)— Vm(z+s)|| < key A Vs € B(0;A), (3.4)

and
e the error between the model and the function satisfies

|f(x+5) —m(z+s)| < kep A% Vs € B(0;A). (3.5)

Such a model m is called fully quadratic on B(xz;A).
2. For this class M there exists an algorithm, which we will call a ‘model-
improvement’ algorithm, that in a finite, uniformly bounded (with respect to
x and A) number of steps can
o cither establish that a given model m € M is fully quadratic on B(x; A)
(we will say that a certificate has been provided and the model is certifi-
ably fully quadratic),
e or find a model m € M that is fully quadratic on B(x;A).

We will now show that if a model is fully quadratic on B(x;A) with respect to
some (large enough) constants Kef, Keg, Ken, and Ky and for some A € (0, Amazl,
then it is also fully quadratic on B(x;A) for any A € [A, A4z, with the same
constants.

LEMMA 3.4. Consider a function f satisfying Assumption [3.9 and a model m
fully quadratic, with respect to constants Kef, Keg, Keh, and Kpp 0N B(x; A), with
x € L(wg) and A < Apas-

Assume also, without loss of generality, that Kep is no less than the sum of Kyp
and the Lipschitz constant of the Hessian of f, and that keg > (1/2)ken, and kep >
(1/3)Keg- B

Then m is fully quadratic on B(x; A), for any A € [A, Apaz], with respect to the
same constants Keg, Keg, Keh, and Ky, -



Proof. Let us consider any A € (A, Aoz Consider, also, an s such that A<
[s]| < A, and let & = A/||s||. Since x + ¢s € B(z;A) then, due to the model being
fully quadratic on B(z; A), we know that

IV2f (2 +0s) = V2m(z + 0s)|| < wenA.

Since V2f and V?m are Lipschitz continuous and since k., is no less than the sum
of the corresponding Lipschitz constants, we have

IV2f(x +s) — V2f(x 4 0s) — VZm(x + 0s) + V2m(z + s)|| < ken(||s]| — A).

Thus, by combining the above expressions we obtain
IV2f(x+s) = VZim(z + 8)|| < kenlls| < kenA. (3.6)

Now let us consider the vector function g(a) = V f(z+as)—Vm(z+as), a € [0, 1].
From the fact that m is a fully-quadratic model on B(x; A) we have [|g(0)|| < kegAZ
We are interested in bounding ||g(1)]|, which can be achieved by bounding ||g(1)—g(6)||
first. By applying the integral mean value theorem componentwise, we obtain

/9 /(o)

lg(1) — g(0)]| = < /9 g ()]da.

Now, using (3.6 we have
1 1
[ 1g@lda< [ sV + as) = Ve + as)| da
0 0
1 —
< / aken|s|da = (1/2)ken(lls|* — A%).
0
Hence from key > 1/2kep we obtain
IV +s) = Vm(z+s)l| < lg(1) = g@O)] + gl < kegllsl® < regA? (3.7)
Finally, we consider the function ¢(a) = f(x + as) — m(z + as), a € [0,1]. From

the fact that m is a fully-quadratic model on B(z;A), we have |¢(0)| < keyA%. We
are interested in bounding |¢(1)|, which can be achieved by bounding |¢(1) — ¢(0)]

first by using (3.7):

1 1
’/ & ()da g/ 11V £ (z + as) — Vm(z + as)|| da
0 0

1
< [ aruglstda = 13y 1s]? - &),
Hence, from kep > (1/3)Key we obtain

[f(z+s) =m(z+s)| < [6(1) = d(O)] +[6(O)] < kerllsl® < repA’.

The proof is complete. O

For the remainder of the paper we assume, without loss of generality, that the
constants Kef, Keg, Keh, kpin Of any fully-quadratic class M which we use in our
algorithm are such that Lemma holds.
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The discussion after the definition of fully-linear class of models applies to the
fully-quadratic case almost word for word. In particular, this means that there is much
flexibility in the definition of the fully-quadratic class of models which allows for both
practical and generally impractical choices. We justify our definition by showing that
the classical choice of derivative-free models — quadratic interpolation polynomials
— form a practical fully-quadratic class (and, hence, a practical fully-linear class as
well).

Polynomial models. Given a function f that satisfies Assumption let us
consider the set of all quadratic functions that interpolate f at exactly (n+1)(n+2)/2
distinct points. Given z and A, let Y € B(x; A) be a set of interpolation points.

DEFINITION 3.5. Given a set of interpolation points Y = {y°,y*, ..., yP}, with
p=(n+1)(n+2)/2 -1, a basis of p+ 1 polynomials {;(x), j = 0,...,p, of degree
< 2, is called a basis of Lagrange polynomials if

Gly') = 6y = { (1) ZZ z;j

A set Y is called poised if and only if the basis of Lagrange polynomials exists and
is unique (see [0, Chapter 3]). Given A > 0, we say that a poised set Y is A-poised
in B(z;A) it Y C B(z; A) and

A > max max |{;(x+ s)|.
0<i<p ||s|<A

It is known (for example, see [4]) that if ¥ is A—poised in B(z;A) then the corre-
sponding interpolating polynomial m(z + s) exists, is unique, and satisfies (3.3)~(3.5)
(for this given x and A < A4, and for some constants kef, Keg, and ke, which de-
pend only on A, n, and the Lipschitz constant of V2f in the Assumption . Hence,
we conclude that any quadratic polynomial which interpolates f on any A-poised
interpolation set Y is an element of the same fully-quadratic class.

We now discuss possible model-improvement algorithms to construct A—poised
interpolation sets with uniformly bounded A. There are two main requirements for a
set Y to be A-poised in B(z;A):

1. Y C B(z; A).

2. maxo<;<p Max|s|<A |£1(I + S)| < A.
The first condition is easy to check and to enforce, at least in theory, by replacing
at most p points (it is usually assumed that x € Y, hence at least one interpolation
point is always in B(z;A)).

Ensuring the bound on the Lagrange polynomials, on the other hand, requires
significant effort. In [4] two algorithms are proposed based on QR or LU factorizations
of a multivariate version of a Vandermonde matrix to determine whether a given
set Y is A-poised. It is shown that if the pivot values encountered during such
a factorization remain (in absolute value) above a certain fixed positive threshold,
then the set is A—poised for some large enough A, whose value depends on the pivot
threshold. Each pivot corresponds to an interpolation point, in fact it is a value of a
certain polynomial, let us call it a pivot polynomial, at this interpolation point. At
each step of the factorization algorithm such a pivot polynomial is generated, and
is evaluated at all remaining interpolation points. The point which gives the largest
pivot value is selected and if the pivot value is above the threshold, then the point it
accepted and the next factorization step begins. If the pivot value is too small, then
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a new point is generated. It is shown in [4] that if the threshold is reasonably small
(smaller than 1/4 in the quadratic case), then it is always possible to find a point in
B(x; A) for which the absolute value of this pivot polynomial is above the threshold.
Moreover, such a point can be obtained by a simple enumerating scheme. Hence, if
small pivots are encountered during the factorization, then the ‘unacceptable’ points
are replaced by ‘acceptable’ ones and after the factorization is completed the resulting
set Y is A—poised, with A independent of x and A.

Let us discuss whether such procedure is ‘practical’. Derivative-free optimization
problems typically address functions whose evaluation is expensive, hence a practical
approach should attempt to economize on function evaluations. The first question
about the pivoting algorithm is whether too many interpolation points need to be
replaced at each iteration.

If an interpolation point is outside B(x;A), then it has to be replaced. Our
algorithmic framework allows replacing only one point per iteration, hence allowing for
the possibility of further progress even before a fully-quadratic model is constructed.
Another situation when an interpolation point needs to be replaced is when a new
iterate is found and needs to be included in the interpolation set. In this case the
factorization algorithm will simply start by choosing the new iterate to generate the
first pivot and then proceed by choosing points which produce the best pivot value
until the factorization is complete. The remaining unused point will be the one which
is replaced.

If at a given step of the factorization algorithm one cannot find an interpolation
point which gives the pivot value above the threshold then a new interpolation point
needs to be generated. Our framework again allows generating only one such new
point per iteration. In practice, it turns out that if care is taken when replacing ‘far
away’ points, it is rarely necessary to replace points because of bad pivot values. It is
often beneficial to replace points anyway to improve overall poisedness, but this can
be done in an economical manner, in the sense that at most one point per iteration
gets replaced. Hence we claim that this procedure is reasonably efficient in practice
in terms of the number of function evaluations.

In terms of the linear algebra cost involved in completing the factorization proce-
dure, this cost can be as high as O(n®) per iteration to recompute all (n+1)(n+2)/2—1
pivot values. This cost is acceptable for many derivative-free applications, where the
cost of function evaluations is dominant and the dimension n is not large. However,
there are some cases when n is of the order of 100 and the cost of a function evaluation
is not as high as the cost of linear algebra per iteration.

An alternative method of maintaining interpolation models was suggested by
Powell in [10], [T1], and in [12]. His method is based on considering the absolute value
of the Lagrange polynomials as the criterion for the acceptance of new interpolation
points. There are two possible situations when interpolation points are replaced.

1. A new interpolation point has to be included in the interpolation set (because
it is the new iterate). It replaces an interpolation point whose corresponding
Lagrange polynomial has a large absolute value at the new point.

2. A model is suspected of being inaccurate. Then a point furthest from the cur-
rent iterate is replaced by a point within B(z; A), which maximizes, possibly
approximately, the absolute value of the corresponding Lagrange polynomial.

Both of these actions are aimed at keeping points within B(x; A), and at reducing
the maximum value A of the Lagrange polynomials. This approach is efficient in
that it only replaces one or two points per iteration and the update of all Lagrange
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polynomial coefficients requires at most O(n?) per iteration. However, in addition
we need to globally optimize an absolute value of a Lagrange polynomial. See [G]
Chapter 6] for more details.

In [12] Powell suggests using 2n + 1 points to construct quadratic models based
on the minimization of the Frobenius norm of the change of the model Hessian. This
ensures the reduction of the linear algebra per-iteration cost, while still providing
adequate quadratic models. Similar techniques can be used in conjunction with the
algorithm in [4] to reduce the cost of the linear algebra. If appropriate care is taken,
the models based on 2n + 1 points can be guaranteed to be fully linear.

We conclude this section by noting that the case of fully-linear models fits into a
similar framework. In fact, linear interpolation models can be chosen to satisfy the
requirements of Definition (see []). In addition, linear and quadratic regression
polynomial models can also be chosen to satisfy the requirements of Definitions
and respectively (see [B]). We have therefore shown the existence of several classes
of models which fit into our algorithmic framework.

The purpose of our abstraction of fully-linear and fully-quadratic models is to
allow for the use of models different from polynomial interpolation and regression,
as long as these models satisfy Assumptions and and fit the Definitions
and [3.3] The abstraction highlights, in our opinion, the fundamental requirements for
obtaining the appropriate convergence results.

4. Derivative-free trust-region methods (first order). We now formally
state the first-order version of the algorithm that we consider. We point out that the
model my and the trust-region radius Ay are only set at the end of the criticality step
(Step 1). The iteration ends by defining an incumbent model m;’; and an incumbent
trust-region radius A}fi’l for the next iteration, which might then be changed or not

by the criticality step.

ALGORITHM 4.1 (Derivative-free trust-region method (1st order)).

Step O (initialization): Choose a fully-linear class of models M and a correspond-
ing model-improvement algorithm (see, e.g., [4]). Choose an initial point z
and A4z > 0. We assume that an initial model mf)d’ (with gradient and
possibly the Hessian at s = 0 given by ¢i®® and HJ, respectively) and a
trust-region radius Aéd’ € (0, Ajpaz) are given.

The constants 19, 171, 7V, Vine €, B, 4, and « are also given and satisfy the
conditions 0 < ng < m < 1 (with 1 #0), 0 < v < 1 < Yine, € > 0,
uw>pF>0,and @ € (0,1). Set &k = 0.

Step 1 (criticality step): If [|gi®| > . then my = mi®® and Aj = Al
If || gic®|| < €. then proceed as follows. Call the model-improvement algorithm
to attempt to certify if the model m}fb is fully linear on B(zy; A}fb). If at
least one of the following conditions holds,

e the model mi is not certifiably fully linear on B(zy; Ai?),

o AF" > pllgill,
then apply Algorithm (described below) to construct a model my(xg + )
(with gradient and possibly the Hessian at s = 0 given by g5 and Hy,, re-
spectively), which is fully linear (for some constants ke, keg, and kg, which
remain the same for all iterations of Algorithm on the ball B(zy; Ay),
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for some Ay, € (0, || l] given by Algorithm In such a case se
my, = 1y and A, = min{max{Ay, B|gkl/}, AK"}.

Otherwise set my, = }fb and Ag = Ald’

Step 2 (step calculation): Compute a step s that sufficiently reduces the model
my, (in the sense of (2.5)) and such that zj, + s, € B(wg; Ag).

Step 3 (acceptance of the trial point): Compute f(zj + si) and define

f(ar) — flog + si)

my(zr) — me(er + sk)

Pk =

If pr, > m or if both pr > 1o and the model is fully linear (for the positive
constants Kef, Keg, and kpg) on B(xy; Ag), then x4 = 1 + s and the
model is updated to include the new iterate into the sample set, resulting in
a new model m}ffl (with gradient and possibly the Hessian at s = 0 given
by g,’ﬁ’l and H_,iil_’l, respectively); otherwise the model and the iterate remain
unchanged (mi?, = my, and zp41 = x).
Step 4 (model improvement): If p, < 71 use the model-improvement algorithm
to
e attempt to certify that my is fully linear on B(zy; Ak),
e if such a certificate is not obtained, we say that my is not certifiably
fully linear and make one or more suitable improvement steps.
Define mi, to be the (possibly improved) model.
Step 5 (trust-region radius update): Set

[Aka min{'}/incAka Amax}] if Pk = M,
N {vAx} }f pr <m and my is fully linear,
+1 {A} if pp <m and my
is not certifiably fully linear.

Increment & by one and go to Step 1.
The procedure invoked in the criticality step (Step 1 of Algorithm[4.1) is described
in the following algorithm.

ALGORITHM 4.2 (Criticality step: 1st order). This algorithm is only applied
if |9ic®|| < €. and at least one of the following holds: the model mi is not certifiably
fully linear on B(zy; AlY) or Al > || gic®||. The constant o € (0,1) is chosen at
Step 0 of Algorithm [{.1.

Initialization: Set i = 0. Set m,(co) = m}fb.

Repeat Increment ¢ by one. Use the model-improvement algorithm to improve the
previous model m,(j_l) until it is fully linear on B(zy; a’~1AP) (notice that
this can be done in a finite, uniformly bounded number of steps given the
choice of the model—lmprovement algorithm in Step 0 of Algorithm |4.1]). De-
note the new model by mk Set Ay = ot~ lAwb and my = m,(C).

Until A, < N||9 ||

Note that if ||gi®|| < €. in the criticality step of Algorithm ! 4.1land Algorithm .
is invoked, the model my is fully linear on B(xk,Ak) with Ap < Ag. Then, by
Lemmam my, is also fully linear on B(xg; Ay) (as well as on B(xg; ullgkl))-

INote that Ay is selected to be the number in [Ay, ALt] closest to 3| gk |-
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We will prove in the next section that Algorithm [£:2] terminates after a finite
number of steps if ||V f(x)|| # 0. If ||V f(xr)|| = 0, then we will cycle in the criticality
step until some stopping criterion is met.

An analogue of this step can be found in Powell’s work (e.g., [12]), and is related
to improving geometry when the step s is much smaller than Ay, which occurs when
the gradient of the model is small relative to the Hessian. Here we use the size of the
gradient as the criticality test. Scaling with respect to the size of the Hessian is also
possible, as long as arbitrarily small or large scaling factors are not allowed.

After Step 3 of Algorithm we may have the following possible situations at
each iteration:

1. pr > m, hence, the new iterate is accepted and the trust-region radius is
retained or increased. We will call such iterations successful. We will denote
the set of indices of all successful iterations by S.

2. m > pr > no and my is fully linear. Hence, the new iterate is accepted and
the trust-region radius is decreased. We will call such iterations acceptable.
(There are no acceptable iterations when 79 = 1, € (0,1).)

3. m > pr and my is not certifiably fully linear. Hence, the model is improved.
The new point might be included in the sample set but is not accepted as a
new iterate. We will call such iterations model-improving.

4. pr < no and my is fully linear. This is the case when no (acceptable) decrease
was obtained and there is no need to improve the model. The trust-region
radius is reduced and nothing else changes. We will call such iterations un-
successful.

5. Global convergence for first-order critical points. We will first show
that unless the current iterate is a first-order stationary point then the algorithm
will not loop infinitely in the criticality step of Algorithm (Algorithm . The
proof is very similar to the one in [3| Lemma 5.iii] but we repeat the details here for
completeness.

LEMMA 5.1. If Vf(z) # 0, Step 1 of Algorithm will terminate in a finite
number of improvement steps (by applying Algom'thm

Proof. Assume that the loop in Algorithm is infinite. We will show that
V f(zk) has to be zero in this case. At the start, we know that we do not have a
certifiably fully-linear model m or that the radius A exceeds j||gi®||. We then

define ml(CO) = m}fb and the model is improved until it is fully linear on the ball

B(zy; a®Al) (in a finite number of improvement steps). If the gradient g,il) of the

resulting model mg) satisfies u||g,(€1) | > a®Ai®, the procedure stops with

A = a®Af < ullgl.

Otherwise, that is if p| g,(gl) | < a®A® the model is improved until it is fully linear on
the ball B(xzy; aAiCb). Then, again, either the procedure stops or the radius is again
multiplied by «, and so on.

The only way for this procedure to be infinite (and to require an infinite number
of improvement steps) is if

pla’ll < AR,
for all 4 > 1, where g,(:) is the gradient of the model m,(f). This construction implies
that lim; 1o ||g](:)H = 0. Since each model m,(;) was fully linear on B(xy; af~LAl)
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then (3.1) with s =0 and = = ) provide
IVFx) =9Il < rega'™ A

for each ¢ > 1. Thus, using the triangle inequality, it holds for all 7 > 1
i i LY ic1pie
970l < 1950 = o+ 1] < (g + 1) 0 af2

Since a € (0, 1), this implies that V f(zx) = 0. O

We will prove now the results related to global convergence to first-order critical
points. For minimization we need to assume that f is bounded from below.

ASSUMPTION 5.1. Assume f is bounded below on L(xg), that is there exists a
constant Ky such that, for all x € L(xg), f(x) > K.

We will make use of the assumptions on the boundedness of f from below and on
the Lipschitz continuity of the gradient of f (i.e., Assumptions and, and of the
existence of fully-linear models (Definition . For simplicity of the presentation, we
also require the model Hessian Hj, = V2my(x) to be uniformly bounded. In general,
fully-linear models are only required to have continuous first-order derivatives (Kppm
below can then be regarded as a bound on the Lipschitz constant of the gradient of
these models).

ASSUMPTION 5.2. There exists a constant Kppm > 0 such that, for all x; generated
by the algorithm,

[Hell < Kbhm-
We start the main part of the analysis with the following key lemma.
LEMMA 5.2. If my, is fully linear on B(xg; Ay) and

1 Kpea(l —m)

Aj < min : g,
Kbhm dke s
then the k-th iteration is successful.
Proof. Since
A, < Lol
Kbhm

the fraction of Cauchy decrease condition (2.5)—(2.6) immediately gives that

K . K
mn(n) = s+ on) = g i [ 12 | = Sty

m

On the other hand, since the current model is fully linear on B(xg; Ag), then from
the bound (3.2)) on the error between the function and the model and from (5.1f) we
have

f(xr) — mi(wk)

f(l‘k + Sk) — mk(xk + Sk) n ’
mk(xk) — mk(xk —+ Sk)

mk(xk) — mk(xk —+ Sk)
4/‘3@}"Ai

K fedllgrl| Ak

1—m,

lor — 1]

IN
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where we have used the assumption Ay < Kfeqllgrl|(1 —m1)/(4key) to deduce the last
inequality. Therefore, py > 11, and iteration k is successful. O

It now follows that if the gradient of the model is bounded away from zero then
so is the trust-region radius.

LEMMA 5.3. Suppose that there exists a constant k1 > 0 such that ||gi|| > K1 for
all k. Then, there exists a constant ko > 0 such that

A > ko

for all k.
Proof. We know from Step 1 of Algorithm (independently of whether Algo-
rithm [4.2 has been invoked) that

A > min{g]gell, A}
Thus,
Ay > min{Bk;, Ai}. (5.2)

By Lemma and by the assumption that ||gx|| > x1 for all k, whenever Ay falls
below a certain value given by

K1 Kfeak1(l —m1)
"{bhm,7 4"$ef

Ko = min ,
the k-th iteration has to be either successful or model improving (when it is not
successful and my, is not certifiably fully linear) and hence, from Step 5, Aﬁ’l > Ay.
We conclude from this, , and the rules of Step 5 that A, > min{A¥®, Bk, yRe} =
KR9. |

We will now consider what happens when the number of successful iterations is
finite.

LEMMA 5.4. If the number of successful iterations is finite then

Jim [V (@) = o.

Proof. Let us consider iterations that come after the last successful iteration.
We know that we can have only a finite (uniformly bounded, say by N) number of
model-improving iterations before the model becomes fully linear and, hence, there
is an infinite number of iterations that are either acceptable or unsuccessful and in
either case the trust region is reduced. Since there are no more successful iterations,
then Ay is never increased for sufficiently large k. Moreover, Ay is decreased at least
once every N iterations by a factor of 4. Thus, Ay converges to zero.

Now, for each j, let i; be the index of the first iteration after the j-th iteration
for which the model m; is fully linear. Then

lzj — x| < NA; —0

as j goes to +o0.
Let us now observe that

IVF@)I < V() = V@)l + IV (@) = g6, [T+ llgs; Il
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What remains to show is that all three terms on the right-hand side are converging
to zero. The first term converges to zero because of the Lipschitz continuity of V f
and the fact that |lz;; —z;|| — 0. The second term is converging to zero because of
the bound on the error between the gradients of a fully-linear model and the
function f and the fact that m,. is fully linear. Finally, the third term can be shown
to converge to zero by Lemma [5.2} since if ||g;; || was bounded away from zero for a
subsequence, then for small enough A;; (recall that A;; — 0), i; would be a successful
iteration, which would then yield a contradiction. O

We now prove that the trust-region radius converges to zero, which is particularly
relevant in the derivative-free context.

LEMMA 5.5.

lim A, = 0. (5.3)
k—+o00

Proof. When S is finite the result is shown in the proof of Lemma Let us
consider the case when S is infinite. For any k£ € S we have

f(@g) = f(@p1) = mmg(or) — me(og + sg)].

By using the bound on the fraction of Cauchy decrease (2.6)), we have

inl ]
| Hy|”

Rfed
2

f@x) - fane) > m ||gk||min[

Due to Step 1 of Algorithm we have ||gx|| > min{e., u=1Ax}, hence

min{e., p 1Ak}
[ H|

Flan) = flan) > m"g“imm{ec,umk}mm{

,Ak] :
Since S is infinite and f is bounded from below, the right-hand side of the above
expression has to converge to zero. Hence limges A = 0, and the proof is complete
if all iterations are successful. Now recall that the trust-region radius can only be
increased during a successful iteration, and it can only be increased by a ratio of at
most Yine. Let k ¢ S be the index of an iteration (after the first successful one). Then
Ak < Yinels,, where sy is the index of the last successful iteration before k. Since
Ag, — 0, then Ay, — 0, for k¢ S. O

The following lemma now follows.

LEMMA 5.6.

lim inf [|g, ]| = 0. 4
lim nf || gi[| = 0 (5.4)

Proof. Assume, for the purpose of deriving a contradiction, that, for all &,

lgell = k1 (5.5)

for some k1 > 0. By Lemma [5.3] we have that A, > kg for all k. We obtain a
contradiction with Lemma [5.5 O

We now show that if the model gradient ||gi|| converges to zero on a subsequence
then so does the true gradient ||V f(xg)]|.

LEMMA 5.7. For any subsequence {k;} such that

i flge, ]| = 0 (5.6)
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it also holds that

i [V (o)

| = o. (5.7)

Proof. First we note that, by , llgk; || < e. for i sufficiently large. Thus, the
mechanism of the criticality step (Step 1) ensures that the model my, is fully linear
on a ball B(zy,; Ag,) with Ay, < ullgk, || for all ¢ sufficiently large (if Vf(zy,) # 0).
Then, using the bound on the error between the gradients of the function and
the model, we have

IVF(@r) = gr:ll < KegBri < Keghillgn -

As a consequence, we have

IV £ (k)

‘ < va(l‘kl)_gkl

+ gkl < (Kegr +1)]lgr,

)

for all ¢ sufficiently large. But since ||gx,|| — 0 then this implies (5.7). O
Lemmas [5.6] and [5.7] immediately give the following global convergence result.
THEOREM 5.8. Let Assumptions and[5.9 hold. Then,

PV ) = 0

If the sequence of iterates is bounded then this result implies the existence of one
limit point that is first-order critical. In fact we are able to prove that all limit points
of the sequence of iterates are first-order critical.

THEOREM 5.9. Let Assumptions [5-1, and[5-3 hold. Then,

Jim V(@) = 0.

Proof. Lemma [5.4] establishes that in the case when S is finite the theorem holds.
Hence, we will assume that S is infinite. Suppose, for the purpose of establishing a
contradiction, that there exists a subsequence {k;} of successful or acceptable itera-
tions such that

[Vf(zr)l > e > 0, (5.8)

for some €g > 0 and for all ¢ (we can ignore the other types of iterations, since 3 does
not change during such iterations). Then, because of Lemma we obtain that

lg:ll = € >0,

for some € > 0 and for all ¢ sufficiently large. Without loss of generality, we pick €
such that

. €0
< —_— . .
e < mln{2(2+ﬁegu>,ec} (5.9)

Lemma then ensures the existence, for each k; in the subsequence, of a first
iteration ¢; > k; such that ||g, || < €. By removing elements from {k;}, without loss of

19




generality and without a change of notation, we thus obtain that there exists another
subsequence indexed by {¢;} such that

llgpll > € for k; <k < €; and ||ge,| < e (5.10)

for sufficiently large ¢, with inequality (5.8)) being retained.
We now restrict our attention to the set I corresponding to the subsequence of
iterations whose indices are in the set

UiENU{k eENg: k; <k< fi},

where k; and ¢; belong to the two subsequences given above in .

We know that ||gx|| > € for k¥ € K. From Lemma limg oo Ay = 0 and
by Lemma [5.2] we conclude that for any large enough k£ € K the iteration k is either
successful, if the model is fully linear, or model improving, otherwise.

Moreover, for each k € X NS we have

Flaw) = Flanen) = mmi(ee) = meCe+ )] > =52 |gx min ngf H ’Ak]'

2
(5.11)
and for any such k large enough, Ay < ——. Hence, we have for k € KNS sufficiently
large,

2

MK fed€

Ag < far) = f(@es)]-

Since for any k € KC large enough the iteration is either successful or model improving
and since for a model improving iteration z = xy11 we have, for all ¢ sufficiently
large,

£i—1 £;—1
(2 T 2
ok, —well < D Ml —apal <) A < [f(zr:) — f(ze,)]-
j=ki j=ki el
JEKNS JEKNS

Since the sequence {f(xy)} is bounded below (Assumption [5.1)) and monotonic de-
creasing, we see that the right-hand side of this inequality must converge to zero, and
we therefore obtain that

lim ||zg, — @, ]| = 0.
1——+00

Now,

IVF(@e )l < IV (@r) = V@)l + IV (2e) = gell + llge -

The first term of the right-hand side tends to zero because of the Lipschitz continuity
of the gradient of f (Assumption 7 and is thus bounded by € for i sufficiently
large. The third term is bounded by € by . For the second term we use the fact
that from and the mechanism of the criticality step (Step 1) at iteration ¢;, the
model my, is fully linear on B(xy,; ||ge,||). Thus, using using and (5.10), we
also deduce that the second term is bounded by k.g4pe (for ¢ sufficiently large). As a
consequence, we obtain from these bounds and that

IVf (@)

| < (24 kegi)e < 2o
20



for i large enough, which contradicts (5.8]). Hence our initial assumption must be false
and the theorem follows. O

REMARK 5.1. This last theorem is the only result for which we need to use the
fact that x, = xK41 at the model-improving iterations. So, this requirement could be
lifted from the algorithm if only a liminf-type result is desired. The advantage of this
1s that it becomes possible to accept simple decrease in the function value even when
the model is not fully linear. The disadvantage, aside from the weaker convergence
result, is in the inherent difficulty of producing fully-linear models after at most N
consecutive model-improvement steps when the region where each such model has to
be fully linear can change at each iteration.

6. Derivative-free trust-region methods (second order). In order to
achieve global convergence to second-order critical points, the algorithm must at-
tempt to drive to zero a quantity that expresses second-order stationarity. Following
[2, Section 9.3], one possibility is to work with

op' = max {{|gkll, = Amin(Hr)} ,

which measures the second-order stationarity of the model.

The algorithm follows mostly the same arguments as those of Algorithm One
fundamental difference is that o} now plays the role of ||gx||. Another is the need to
work with fully-quadratic models. A third main modification is the need to be able
to solve the trust-region subproblem better, so that the step yields both a fraction of
Cauchy decrease and a fraction of the eigenstep decrease when negative curvature is
present. Finally, to prove the lim-type convergence result in the second-order case,
we also need to increase the trust-region radius on some of the successful iterations,
whereas in the first-order case that was optional. Unlike the case of traditional trust-
region methods [2 Page 158] that seek second-order convergence results we do not
increase the trust-region radius on every successful iteration. We only insist on such
an increase when the size of the trust-region radius is small when compared to the
measure of stationarity.

We state the version of the algorithm that we consider.

ALGORITHM 6.1 (Derivative-free trust-region method (2nd order)).
Step 0 (initialization): Choose a fully-quadratic class of models M and a corre-
sponding model-improvement algorithm (see, e.g., [4]). Choose an initial
point zg and A, > 0. We assume that an initial model m{®® mi®(zo + s)
(with gradient and Hessian at s = 0 given by g¢i®® and HE®, respectively),
with o™ = max{||gi||, —Amin(H?)}, and a trust-region radius A} €
(0, Apnaz] are given.
The constants 79, 11, 7V, Vine €, B, 4, and « are also given and satisfy the
conditions 0 < ng < m < 1 (with 1 # 0), 0 < v < 1 < Yine, € > 0,
w>pF>0,and « € (0,1). Set &k = 0.
Step 1 (criticality step): If U,T’id’ > €, then my = mi® and Ay = Al
If a,T’iCb < €. then proceed as follows. Call the model-improvement algorithm
to attempt to certify if the model mi® is fully quadratic on B(zy; Ai). If
at least one of the following conditions holds,
o the model m_}fb is not certifiably fully quadratic on B(xy; Ai®),
o Al > ua;”’wb,
then apply Algorithm (described below) to construct a model my(xg + )
(with gradient and Hessian at s = 0 given by gx and ﬁfk, respectively),
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with 67" = max{||gk||, —Amin(H}x)}, which is fully quadratic (for some con-
stants Kef, Keg, Ken, and Kpp, which remain the same for all iterations of
Algorithm on the ball B(zy; Ay,) for some Ay, € (0, 467" given by Algo-
rithm [6.2 In such a case se

my, = g and A, = min{max{Ay, 367"}, Ai}.

Otherwise set my, = mi® and Aj, = Al

Step 2 (step calculation): Compute a step s; that sufficiently reduces the model
my (in the sense of ) and such that zj + s € B(xg; Ag).

Step 3 (acceptance of the trial point): Compute f(z; + si) and define

far) — flog + s1)

mk(zk) — mk(:rk + Sk).

If pr. > m1 or if both px > 1o and the model is fully quadratic (for the positive
constants Kef, Keg, Keh, and Kpp) on B(xg; Ay), then xp11 = x; + s, and the
model is updated to include the new iterate into the sample set resulting in

a new model mi’, (with gradient and Hessian at s = 0 given by gi’; and

Hjc, , respectively), with UZﬁCb = max{||gi?, ||, —Amin (H}))}; otherwise the
model and the iterate remain unchanged (m}fﬁl =my and T4 = Tk).
Step 4 (model improvement): If p, < 77 use the model-improvement algorithm
to
e attempt to certify that my, is fully quadratic on B(xg; Ag),
e if such a certificate is not obtained, we say that my is not certifiably
fully quadratic and make one or more suitable improvement steps.
Define mi, to be the (possibly improved) model.
Step 5 (trust-region radius update): Set

{min{’yincAkaAmaw}} if Pk =M and Ak < ﬁo.]zn7
[Ahmin{’}/incAhAmax}] if PE =M and Ak > ﬁo.;cn,

Aicb c {'YAk} if Pr <M1 and my
k1 is fully quadratic,
{Ag} if pr <m and my

is not certifiably fully quadratic.

Increment k& by one and go to Step 1.

We need to recall for Algorithm the definitions of successful, acceptable,
model-improving, and unsuccessful iterations which we stated for the sequence of
iterations generated by Algorithm[4.1] We will use the same definitions here, adapted
to the quadratic models. We denote the set of all successful iterations by S and the
set of all such iterations when A, < 8o by S4.

As in the first-order case, during a model-improvement step, A and zj remain
unchanged, hence there can only be a finite number of model-improvement steps before
a fully-quadratic model is obtained. The comments outlined in Remark [5.1] about
possibly changing x; at any model-improving iteration, suitably modified, apply in
the fully-quadratic case as well.

The criticality step can be implemented following a procedure similar to the one
described in Algorithm essentially by replacing ||gx| by o}* and by using fully-
quadratic models rather than fully-linear ones.

2Note that Ay, is selected to be the number in [Ay, At] closest to 3|51
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ALGORITHM 6.2 (Criticality step: 2nd order). This algorithm is only applied
if J;n’wb < €. and at least one the following holds: the model m}fb 18 not certifiably
fully quadratic on B(xy; Ai) or Aict > /w;c"’id’. The constant o € (0,1) is chosen
at Step 0 of Algorithm[6.1].

Initialization: Set i = 0. Set m’(€0) = mi®.

Repeat Increment ¢ by one. Improve the previous model mg_l) until it is fully
quadratic on B(zy; o' tAI®) (notice that this can be done in a finite, uni-
formly bounded number of steps, given the choice of the model-improvement
algorithm in Step 0 of Algorithm . Denote the new model by m,(j). Set
Ay = o' TA and 1y, = m,(j).

Until Ay, < p(of)®.

Note that if a,T’iCb < €. in the criticality step of Algorithm and Algorithm
is invoked, the new model my is fully quadratic on B(xx; Ag) with Ag < Ag. Then,
by Lemma my, is also fully quadratic on B(zk; Ax) (as well as on B(xg; popt)).

7. Global convergence for second-order critical points. For global con-
vergence to second-order critical points, we will need one more order of smoothness,
namely Assumption [3.2]on the Lipschitz continuity of the Hessian of f. It will be also
necessary to assume that the function f is bounded from below (Assumption [5.1)).
Naturally, we will also assume the existence of fully-quadratic models.

We start by introducing the notation

oc™(x) = maX{HVm(a:)H,—)\min(VQm(x))}
and

o(z) = max {[|VF(@)ll, ~Amin(V>f(2))} .

It will be important to bound the difference between the true o(z) and the model
o™ (x). For that purpose, we first derive a bound on the difference between the
smallest eigenvalues of a function and of a corresponding fully-quadratic model.

PROPOSITION 7.1. Suppose that Assumption[3.3 holds and m is a fully-quadratic
model on B(x;A). Then,

Mmin(V2£(2)) = Anin(V2m(z))| < KenA.
Proof. The proof follows directly from the bound (3.3) on the error between the

Hessians of m and f and the simple observation that if v is a normalized eigenvector
corresponding to the smallest eigenvalue of V2m(z) then

Amin(V2f(@)) = Amin(VPm(2)) < 0T[V2f(z) — VPm(z)]v
< V(@) = Vim(a)]|
< Ken Al

Analogously, letting v be a normalized eigenvector corresponding to the smallest eigen-
value of V2f(z), we obtain

Amin(vzm(x)) - Amin(vzf('r)) S Reh A
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and the result follows. O

The following lemma shows that the difference between the true o(x) and the
model 0™ (x) is of the order of A.

LEMMA 7.2. Let A be bounded by Apqy. Suppose that Assumption[3.3 holds and
m s a fully-quadratic model on B(x; A). Then, we have that

lo(x) — ™ (x)] < KeA, (7.1)

for some Kk, > 0.
Proof. Tt follows that

jo(z) — o™ ()] max {||Vf ()], max{~Amin(V?f(2)), 0} }
— max{|\Vm(x)||7max{—)\min(VQm(x)L0}}’
max {| |V f(z)| — [[Vm(z)]|],

’max{—)\min(VQf(x)), 0} — max{—Amin(V2m(x)), 0}’} .

IN

The first argument ||V f(z)|| — [[Vm(z)||| is bounded above by kegApmqezA, because
of the error bound between the gradients of f and m, and from the bound A <
Aoz The second argument is clearly dominated by [Amin(V2f(2)) — Amin (V2m(z))],
which is bounded above by ke, A because of Proposition [7.1} Finally we need only to
write ke = max{kegAmaz, Ken} and the result follows. O

The convergence theory will require the already mentioned Assumptions
and as well as the uniform upper bound on the Hessians of the quadratic models
(Assumption [5.2).

As for the first-order case, we begin by noting that the criticality step can be
successfully executed in a finite number of improvement steps.

LEMMA 7.3. If o(xr) # 0, Step 1 of Algorithm will terminate in a finite
number of improvement steps (by applying Algorz'thm

Proof. The proof is analogous to the proof of Lemma with || g,(;) || replaced by
(7)) and V f(x) replaced by o(x). O

We now show that an iteration must be successful if the current model is fully
quadratic and the trust-region radius is small enough with respect to o}

LEMMA 7.4. If my is fully quadratic on B(xzk; Ag) and

A, < min 1 Kroa(l —m) fffod(l—m)}gzl’

'%b}nn7 4HefAmam ’ 4"{6]0

then the k-th iteration is successful.

Proof. The proof is similar to the proof of Lemma for the first-order case,
except that now we need to take the second-order terms into account.

First we recall the fractions of Cauchy and eigenstep decreases , which
provide

my(x) — me (e + sp) > 254 max{Hng min [753:7! , Ak] ,—TkAi} .
From the expression for ¢}*, one of the two cases has to hold: either || gx|| = o}
or —T = _Amin(Hk) = U,T.
In the first case, using the fact that Ay < o}"/Kphm, we conclude that

Kfo Kfod m
mg(xg) — mg(xg + sg) > deHngAk = deok Ap. (7.2)
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On the other hand, since the current model is fully quadratic on B(zy; Ag), we may
deduce from (|7.2)) and the bound (3.5) on the error between the model my, and f that

fx) — mi(zk)

fzk + sk) — mg(zx + sk) '
_l’_
my(xg) — mg(xg + sk)

mp(zg) — me(Ty 4 s8)
4I€efAi

(Kfoaoi) Ak

4 e Ama/x

LAIC

o — 1] <

IN

Kfod0p"
< 1-mn.

In the case when —7;, = o, we first write

mk(xk) —mk(xk +Sk) > —%TkAz = Hf;daznAﬁ. (7.3)

But, since the current model is fully quadratic on B(zy; Ag), we deduce from (7.3)
and the bound (3.5)) on the error between my and f that

f@ + sk) — muy (ks + s1) fxy) — my(zk)
lor — 1] < +
mk(xk) — mk(xk + Sk) mk(a?k) — mk(mk =+ Sk)
4I€efA%
(Kfoao}")AF
< 1-mn.

In either case p; > 11 and iteration k is, thus, successful. O

As in the first-order case, the following result follows readily from Lemma [7.4]

LEMMA 7.5. Suppose that there exists a constant k1 > 0 such that o' > k1 for
all k. Then, there exists a constant ko > 0 such that

Ak>1€2

for all k.
Proof. The proof is trivially derived by combining Lemma [7.4] and the proof of

Lemma ]
We are now able to show that if there are only finitely many successful iterations

then we approach a second-order stationary point.
LEMMA 7.6. If the number of successful iterations is finite then

kgrfoo o(zr) = 0.

Proof. The proof of this lemma is virtually identical to that of Lemma[5.4] for the
first-order case, with ||gx|| being substituted by o}* and ||V f(xy)|| being substituted

by o(x)) and by using Lemmas [7.2] and 0
We now prove that the whole sequence of trust-region radii converges to zero.

LEMMA 7.7.

lim Ay = 0. (7.4)
k—+o00
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Proof. When S is finite the proof is as in the proof of Lemma [5.4] (the argument
is exactly the same). Let us consider the case when S is infinite. For any k € S we
have

fz) = f(@eg) = mmlzr) — m(zg + si))
> =5t s { g min [ 22 A[ —mAd )

Kbhm

Due to Step 1 of Algorithmwe have that o > min{e., u~'Ag}. If on iteration k
llgr.|| > max{—7x,0} = {~Amin(Hx), 0}, then 7" = ||gi|| and

K . _ . [min{e., ptA
o) = flonn) = m Gt minderu cpin PSS AT (rg)
If, on the other hand, ||gx|| < —7%, then ¢} = —7;, and
Kfod . -1 2
Flar) = flarer) 2 m—g— min{ec, p™" Ax}Ag. (7.6)

There are two subsequences of successful iterations, possibly overlapping, {ki}, for
which holds, and {k?}, for which holds. The union of these subsequences
contains all successful iterations. Since S is infinite and f is bounded from below, then
either the corresponding subsequence {k!} (resp. {k?}) is finite or the right-hand side
of (resp. ) has to converge to zero. Hence limges Ar = 0, and the proof
is complete if all iterations are successful. Now recall that the trust-region radius can
only be increased during a successful iteration, and it can only be increased by a ratio
of at most Yne. Let k ¢ S be the index of an iteration (after the first successful one).
Then Ay < 7vincAs,, where s is the index of the last successful iteration before k.
Since A, — 0, then Ay, — 0, for k ¢ S. O

We obtain the following lemma as a simple corollary.

LEMMA 7.8.

liminf o' = 0.
k—-+oco

Proof. Assume, for the purpose of deriving a contradiction, that, for all k,

opl > K1
for some k1 > 0. Then by Lemma there exists a constant ko such that Ay > ko
for all k. We obtain contradiction with Lemma ]
We now verify that the criticality step (Step 1 of Algorithm ensures that
a subsequence of the iterates approach second-order stationarity, by means of the
following auxiliary result.
LEMMA 7.9. For any subsequence {k;} such that

li m =20 7.7
i ok (7.7)
it also holds that
lim o(xg,) = 0. (7.8)
i——+00
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Proof. From (7.7), o} < e, for i sufficiently large. The mechanism of the crit-
icality step (Step I) ensures then that the model my, is fully quadratic on the ball
B(zg,; Ag,) with Ay, < poy? for all i sufficiently large (if o} # 0). Now, using (7.1,

o(zg,) = (o(xki)—og)—i—o,’g < (Kop+ 1oy

The limit (7.7) and this last bound then give (7.8)). O
Lemmas 7.8 and immediately give the following global convergence result.
THEOREM 7.10. Let Assumptions and[5.4 hold. Then,

liminf o(xg) = 0.
k—-+oo

If the sequence of iterates is bounded this result implies the existence of at least
one limit point that is second-order critical. We are, in fact, able to prove that all
limit points of the sequence of iterates are second-order critical. In this proof we make
use of the additional requirement on Step 5, which imposes in successful iterations an
increase on the trust-region radius Ay, if it is too small compared to o}".

THEOREM 7.11. Let Assumptions|[3.3, and[5.9 hold. Then,

li = 0.
L )

Proof. Lemma [7.6] establishes that in the case when S is finite the theorem holds.
Hence, we will assume that S is infinite. Suppose, for the purpose of establishing a
contradiction, that there exists a subsequence {k;} of successful or acceptable itera-
tions such that

o(zk,) > € > 0, (7.9)

for some €p > 0 and for all 7 (as in the first-order case, we can ignore the other itera-
tions, since x, does not change during such iterations). Then, because of Lemma
we obtain that

op > € >0,

for some € > 0 and for all ¢ sufficiently large. Without loss of generality, we pick e
such that

. €0
< _ . .
e < mln{2(2+ﬁau)7ec} (7.10)

Lemma then ensures the existence, for each k; in the subsequence, of a first
successful or acceptable iteration ¢; > k; such that o < e. By removing elements
from {k;}, without loss of generality and without a change of notation, we thus obtain
that there exists another subsequence indexed by {¢;} such that

ot > e for ki <k </{; and o) < e, (7.11)

for sufficiently large ¢, with inequality ([7.9) being retained.
We now restrict our attention to the set K which is defined as the subsequence of
iterations whose indices are in the set

UiGNg{k e NO : kl < k< £1}7
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where k; and /; belong to the two subsequences defined above in (7.11)).

From Lemmas [7.4] and [7.7] just as in the proof of Theorem [5.9] it follows that for
large enough k € IC the k-th iteration is either successful, if the model is fully linear,
or model improving, otherwise, i.e., that there is only a finite number of acceptable
iterations in /.

Let us now consider the situation where an index & is in KNS\ S;. In this case,
Ay > Bor > fe. It immediately follows from Ay — 0 for k € K that KNS\ St
contains only a finite number of iterations. Hence, k € KNS is also in S when k is
sufficiently large.

Let us now show that for k € KNS, sufficiently large it holds that Ax11 = VincAk
(when the last successful iteration in [k;, ¢; — 1] occurs before ¢; — 1). We know that
since k € Sy, then Al = ~;,.Ay after execution of Step 5. However, Ai?, may
be reduced during Step 1 of the k + 1-st iteration (or any subsequent iteration). By
examining the assignments at the end of Step 1, we see that on any iteration k+1 € K,
the radius Aj, is only reduced when Apyy > 8677, = Bop, > B¢, but this can
only happen a finite number of times, due to the fact that Ay — 0. Hence for large
enough k € L NS4, we obtain Agy1 = YineAg-

Let St = [ki, 6;—1]NSy = {j},jZ,...,j;} be the set of all indices of the successful
iterations that fall in the interval [k;,¢; — 1]. From the scheme that updates Ay at
successful iterations, and from the fact that xp = xr11 and Apy; = Ay for model
improving steps, we can deduce that, for ¢ large enough,

v— ’YZTLC
< YA < ) (W vime) T < 1A

3651 1651

Thus, from the fact that Aj+ — 0, we conclude that [z, — x| — 0. We therefore
obtain that

zlg-noo ||xk77, — Xy, || =0.
Now,

o(wr,) = (o(ar,) —o(xe,)) + (o(ze,) — 07) + 07

The first term of the right-hand side tends to zero because of the Lipschitz continuity
of o(x), and is thus bounded by ¢ for i sufficiently large. The third term is at most €
by (7.11] - For the second term we use the fact that from and the mechanism
of the crltlcahty Step Step 1) at iteration ¢;, the model my, is fully quadratic on

B(xzy,; uae . Using (7.1) and l 11}), we also deduce that the second term is bounded
by ko ue (for i sufﬁaently larg As a consequence, we obtain from these bounds

and - that
o(ar) < (2+kome < e

for ¢ large enough, which contradicts (|7.9)). Hence our initial assumption must be false
and the theorem follows. O
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