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Abstract

We present a derivative-free separable quadratic modeling and cubic regularization technique
for solving smooth unconstrained minimization problems. The derivative-free approach is mainly
concerned with building a quadratic model that could be generated by numerical interpolation or
using a minimum Frobenius norm approach, when the number of points available does not allow to
build a complete quadratic model. This model plays a key role to generate an approximated gra-
dient vector and Hessian matrix of the objective function at every iteration. We add a specialized
cubic regularization strategy to minimize the quadratic model at each iteration, that makes use
of separability. We discuss convergence results, including worst case complexity, of the proposed
schemes to first-order stationary points. Some preliminary numerical results are presented to illus-
trate the robustness of the specialized separable cubic algorithm.
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1 Introduction

We consider unconstrained minimization problems of the form

in /(@) 1)
reR™

where the objective function f : R™ — R is continuously differentiable in R"™. However, we assume
that the derivatives of f are not available and that cannot be easily approximated by finite difference
methods. This situation frequently arises when f must be evaluated through black-box simulation
packages, and each function evaluation may be costly and/or contaminated with noise [13].

Recently [4, 25, 26], in a derivative-based context, several separable models combined with ei-
ther a variable-norm trust-region strategy or with a cubic regularization scheme were proposed for
solving (1), and their standard asymptotic convergence results were established. The main idea of
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these separable model approaches is to minimize a quadratic (or a cubic) model at each iteration, in
which the quadratic part is the second-order Taylor approximation of the objective function. With
a suitable change of variables, based on the Schur factorization, the solution of these subproblems
is trivialized and an adequate choice of the norm at each iteration permits the employment of a
trust-region reduction procedure that ensures the fulfillment of global convergence to second-order
stationary points [4, 25]. In that case, the separable model method with a trust-region strategy
has the same asymptotic convergence properties as the trust-region Newton method. Later in [26],
starting with the same modeling introduced in [25], the trust-region scheme was replaced with a
separable cubic regularization strategy. Adding convenient regularization terms, the standard asymp-
totic convergence results were retained, and moreover the complexity of the cubic strategy for finding
approximate first-order stationary points became 0(5_3/ 2). For the separable cubic regularization
approach used in [26], complexity results with respect to second-order stationarity were also estab-
lished. We note that regularization procedures serve to the same purpose and are strongly related
to trust-region schemes, with the advantage of possessing improved worst-case complexity (WCC)
bounds; see, e.g., [1, 2, 5, 6, 8, 20, 22, 23, 24, 28, 32].

However, as previously mentioned, the separable cubic approaches developed in [4, 25, 26] are based
on the availability of the exact gradient vector and the exact Hessian matrix at every iteration. When
exact derivatives are not available, quadratic models which are based only on the objective function
values, computed at sample points, can be obtained retaining good quality of approximation of the
gradient and the Hessian of the objective function. These derivative-free models can be constructed
by means of polynomial interpolation or regression or by any other approximation technique. These
models are called, depending on their accuracy, fully-linear or fully-quadratic; see [10, 11, 13] for
details.

Fully-linear and fully-quadratic models are the basis for derivative-free optimization trust-region
methods [12, 13, 30] and have also been successfully used in the definition of a search step for uncon-
strained directional direct search algorithms [14]. In the latter, minimum Frobenious norm approaches
are adopted, when the number of points available does not allow the computation of a determined
interpolation model.

This state of affairs motivated us to develop a derivative-free separable version of the regularized
method introduced in [26]. This means that we will start with a derivative-free quadratic model,
which can be obtained by different schemes, to obtain an approximated gradient vector and Hessian
matrix per iteration, and then we will add the separable regularization cubic terms associated with
an adaptive regularization parameter to guarantee convergence to stationary points.

The paper is organized as follows. In Section 2 we present the main ideas behind the derivative-
based separable modeling approaches. Section 3 revises several derivative-free schemes for building
quadratic models. In Section 4 we describe our proposed derivative-free separable cubic regularization
strategy, and discuss the associated convergence properties. Section 5 reports numerical results to give
further insight into the proposed approach. Finally, in Section 6 we present some concluding remarks.

Throughout, unless otherwise specified, we will use the Euclidean norm |z|| = (z"z)"? on R”,
where the inner product z 'z = S @2, For a given A > 0 we will denote the closed ball B(x; 8) =

{yeR"||ly— x| <A}



2 Separable Cubic Modeling

In the standard derivative-based quadratic modeling approach, for solving (1), a quadratic model of
f(x) around xj, is constructed by defining the model of the objective function as

1
mr(s) = fr+gps+ §8TH]€S, (2)

where fi, = f(zk), gr = Vf(xp) is the gradient vector at xy, and Hy, is either the Hessian of f at xy,
V2f(x), or a symmetric approximation of it. The step s, is the minimizer of my/(s).

In [25], instead of using the standard quadratic model associated with Newton’s method, the
equivalent separable quadratic model

i) = fi+ QLo v+ 30 Dy 3)

was considered to approximate the objective function f around the iterate xj. In (3), the change of
variables y = Qgs is used, where the spectral (or Schur) factorization of Hy:

Hy, = QpDrQ}, (4)

is computed at every iteration. In (4), @k is an orthogonal n x n matrix whose columns are the
eigenvectors of Hy, and Dy is a real diagonal n x n matrix whose diagonal entries are the eigenvalues
of Hy. Let us note that since Hj, is symmetric then (4) is well-defined for all k. We also note that (3)
may be non-convex, i.e., some of the diagonal entries of Dj, could be negative.
For the separable regularization counterpart in [26], the model (3) is kept and a cubic regularization
term is added: .
1 1
m(y) = fi+ (Qioe) Ty + 5y Dy +ong D il (5)
i=1
where o > 0 is dynamically obtained. Note that a 1/6 factor is included in the last term of (5) to
simplify derivative expressions. Notice also that, since Dy is a diagonal matrix, models (3) and (5)
are indeed separable.
As a consequence, at every iteration k£ the subproblem
. SR
min m
Inin my (y)
is solved to compute the vector ¥, and then the step will be recovered as s = Qryk.
The gradient of the model m;%(y), given by (5), can be written as follows:

Ok ~
vmB(y) = Qi gk + Dry + - Uk

where the i-th entry of the n-dimensional vector uy, is equal to |y;|y;. Similarly, the Hessian of (5) is
given by

VPmi®(y) = Dy + oy diag(|yil)-
To solve meR(y) = 0, and find the critical points, we only need to independently minimize n one-
dimensional special functions. These special one-variable functions are of the following form

h(z) = co+c1z + caz® + cslz]>.

The details on how to find the global minimizer of h(z) are fully described in [26, Sec. 3].
In the next section, we will describe several derivative-free alternatives to compute a model of type
(2), to be incorporated in the separable regularized model (5).



3 Fully-linear and Fully-quadratic Derivative-free Models

Interpolation or regression based models are commonly used in derivative-free optimization as surro-
gates of the objective function. In particular, quadratic interpolation models are used as replacement
of Taylor models in derivative-free trust-region approaches [12, 30].

The terminology fully-linear and fully-quadratic, to describe a derivative-free model that retains
Taylor-like bounds, was first proposed in [13]. Definitions 3.1 and 3.2 provide a slightly modified
version of it, suited for the present work. Throughout this section, A,,4: is a given positive constant
that represents an upper bound on the radii of the regions in which the models are built.

Assumption 3.1 Let f be a continuously differentiable function with Lipschitz continuous gradient
(with constant Ly).

Definition 3.1 [13, Definition 6.1] Let a function f : R™ — R, that satisfies Assumption 3.1, be
given. A set of model functions M = {m : R* — R, m € C'} is called a fully-linear class of models if:

1. There ewist positive constants key and keg such that for any x € R" and A€ (0, Apaz] there
exists a model function m(s) in M, with Lipschitz continuous gradient, and such that

e the error between the gradient of the model and the gradient of the function satisfies
IVf(z+s)—Vm(s)| < kegA, Vs B(0;A), (6)

and

e the error between the model and the function satisfies
If(z+s) —m(s)] < Key A% Vse B(0;A).

Such a model m is called fully-linear on B(z;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

e cither establish that a given model m € M is fully-linear on B(a:;ﬁ) (we will say that a
certificate has been provided),

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

For fully-quadratic models, stronger assumptions on the smoothness of the objective function are
required.

Assumption 3.2 Let f be a twice continuously differentiable function with Lipschitz continuous Hes-
sian (with constant L ).

Definition 3.2 [13, Definition 6.2] Let a function f : R™ — R, that satisfies Assumption 3.2, 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 kef, Keg, and kep such that for any x € R" and A e (0, Aoz
there exists a model function m(s) in M, with Lipschitz continuous Hessian, and such that



o the error between the Hessian of the model and the Hessian of the function satisfies
IV2f(z+s) — V*m(s)]| < ken A, Vs € B(0;A), (7)

e the error between the gradient of the model and the gradient of the function satisfies
IVf(a+s) — Vm(s)| < regA% Vs € B(0;A), (8)

and

e the error between the model and the function satisfies
If(x+s)—m(s)] < kKey A3, Vse B(0;A).

Such a model m is called fully-quadratic on B(x; &)

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 s fully-quadratic on B(x; 5) (we will say that
a certificate has been provided),

e or find a model m € M that is fully-quadratic on B(x; ﬁ)

Algorithms for model certification or for improving the quality of a given model can be found in [13].
This quality is directly related to the geometry of the sample set used in its computation [10, 11].
However, some practical approaches have reported good numerical results related to implementations
that do not consider a strict geometry control [3, 17].

4 Derivative-free Separable Cubic Regularization Approach

In a derivative-free optimization setting, instead of (2), we will consider the following quadratic model

. 1+~
mi(s) = fr+gns+ §8THkS,

where g = Vmy(zx) and H;, = V%my,(x) are good quality approximations of g and Hy, respectively,
built using interpolation or a minimum Frobenius norm approach (see Chapters 3 and 5 in [13]).
Hence, analogous to the discussion in Section 2, by using the change of variables y = Qk , where
Hy, = QkaQk, , with Qf an orthogonal n X n matrix whose columns are the eigenvectors of Hy,, and
Dy, is a real diagonal n X n matrix whose diagonal entries are the eigenvalues of H &, the equivalent
separable quadratic model

mE(y) = fi+ QLo Ty + 3y Dy )

is used for the approximation of the objective function f around the iterate xy. We then regularize (9)
by adding a cubic or a quadratic term, depending on having been able to compute a fully-quadratic
or a fully-linear model, respectively:

n

- T 1 1
mpt(y) = fr+ (Qige) v+ JY Dky+0k;Z|yz| ;
Ti=1



where p € {2,3} and o} > 0 is dynamically obtained.
As a consequence, at every iteration k£ the subproblem

min 75 F(y) subject to < < Iyl < A, (10)
yER™ Ok
is solved to compute the vector yj, and then the step will be recovered as s = Qry.

The constraint ||y||cc < A, where A > 0 is a fixed given parameter for all k, is necessary to ensure
the existence of a solution of problem (10) in some cases. Indeed, since some diagonal entries of Dy,
might be negative, for p = 2 the existence of an unconstrained minimizer of the objective function
in (10) is not guaranteed. In the case of p = 3 and any o} > 0, the existence of an unconstrained
minimizer of the same function is guaranteed. Nevertheless, if some diagonal entries of Dy, are negative,
and oy, is still close to zero, imposing the constraint ||y||cc < A prevents the obtained vector y from
being too large, and therefore avoids unnecessary numerical difficulties when solving (10).

The additional constraint ||y|lec > G% relates the stepsize with the regularization parameter and is
required to establish WCC results. A similar strategy has been used in [8] when building models using
a probabilistic approach. As we will see in Section 4, this additional lower bound does not prohibit the
iterative process to drive the first-order stationarity measure below any given small positive threshold.

In this case, by solving n one-dimensional independent minimization problems in the closed in-
tervals [—A, —¢/o] and [{/0, A], we are being more demanding than the original constraint. These
one-variable functions are of the form

h(z) = co+c1z+ c2? +eslz)?.

The details on how to find the global minimizer of h(z) on the closed and bounded intervals [-A, —& /0]
and [£/o,A], for A > 0 and £/0 > 0, are similar to the ones described in [26, Sec. 3]. A practical
approach for the resolution of (10) will be suggested and tested in Section 5.

The following algorithm is an adaptation of Algorithm 2.1 in [26], for the derivative-free case.

Algorithm 1
Let a > 0, ggma > 0, n > 1, and £ > 0 be algorithmic parameters. Assume that o € R" is a given
initial approximation to the solution of problem (1). Initialize k < 0.

Step 1: Choose 0} = 0gmany and A > %

Step 2: Build a quadratic polynomial model my(s) = fx + g,;rs + %sTﬁks, by selecting points in
B(xy, f—k) (fully-linear, minimum Frobenious norm models or fully-quadratic polynomial models can
be considered, depending on the number of points available for reuse or on the effort allowed in terms
of number of function evaluations). Set p = 2 (respectively p = 3) if the computed model is fully-linear
(respectively fully-quadratic).

Step 3: Compute a solution Sg.;q; of

1 1= N -
Minimize g s + =s ' Hys + Tk Z |[Q4 s]s|P subject to < < 1@ sllee < A, (11)
2 p! izl Ok

where Hj, = Qkﬁk()g is a Schur factorization of Hy.



Step 4: Test the sufficient decrease condition

F@r+ smia) < flzr) — > [[Qn seriatlil”- (12)

=1

If (12) is fulfilled, define sx = S¢pial, Thr1 = Tk + Sk, update k <— k + 1 and go to Step 1. Otherwise
set Opew = Mok, update o < Tnew, and go to Step 2.

Remark 4.1 The upper bound constraint in (11) does not affect the separability nature of Step 3, since
it can be equivalently replaced by ‘(Q;—b‘)z‘ < A for all i. However, the lower bound in (11) affects the
separability of Step 8. Two strategies have been developed to impose the lower bound constraint in (11)
while maintaining the separability approach. These strategies will be described in Section 5.

In the following subsections, the convergence and worst-case behavior of Algorithm 1 will be
analyzed independently for the fully-linear and fully-quadratic cases.
4.1 Fully-linear Approach

This subsection will be devoted to the analysis of the WCC of Algorithm 1 when fully-linear models
are used. For that, we need the following technical lemma.

Lemma 4.1 [29, Lemma 1.2.3] Let Assumption 3.1 hold. Then, we have

flets) — @) - V@) Ts| < Z2)sP (13)

As it is common in nonlinear optimization, we assume that the norm of the Hessian of each model is

bounded.

Assumption 4.1 Assume that the norm of the Hessian of the model is bounded, i.e.,
|ll < rge WE>0 (14)
for some Kz > 0.

We also assume that the trial point provides decrease to the current model, i.e., that for p = 2 the
value of the objective function of (11) at s is less than or equal to its value at s = 0.

Assumption 4.2 Assume that
n

1 ~ o ~

~T T k T 2

9k Strial + §5trialHkStrial + ? Z;[Qk; Strial]i
1=

IA
o

(15)

Clearly, (15) holds if sg.q is a global solution of (11) for p = 2. Hence, taking advantage of our
separability approach, the vector sy obtained at Step 3 of Algorithm 1 satisfies (15).

In the following lemma, we will derive an upper bound on the number of function evaluations
required to satisfy the sufficient decrease condition (12), which in turn guarantees that every iteration
of Algorithm 1 is well-defined. Moreover, we also obtain an upper bound for the regularization
parameter.



Lemma 4.2 Let Assumptions 3.1, 4.1, and 4.2 hold and assume that at Step 2 of Algorithm 1 a
fully-linear model is always used. In order to satisfy condition (12), with p = 2, Algorithm 1 needs at
most

log ([2 <a + 58 4 g+ HTH)} /Usmall>

1 16
logn + (16)

function evaluations, not accounting for the ones required for model computation. In addition, the
mazimum value of oy for which (12) is satisfied, is given by

L K7
Omazr = maX{Usmall7277 (0‘4'2{]"‘589“‘ 2H>} (17)

Proof First, we will show that if

L K7
O-k22<a+2g+ﬁeg+ 2H> (18)

then the sufficient decrease condition (12) of Algorithm 1 is satisfied for p = 2.
In view of (15), we have

5 1 ~ Ok L
f(l'k + Strial) - f(xk) < f(l‘k + Strial) - f(xk) - gl;rstrial - is;l;mlHkstrial - ? Z[Q;—Strial]?
i=1

’f(l'k + Strial) - f(xk) - Vf(xk)TStm'al‘ + ‘(vf(xk) - gk)TStria”

n
Ok ~
- 7 E [Qgsﬁmz]%
i=1

IN

1 ~
T
+ ’ 5 Strial Hk Strial

Thus, by using (6), (13), (14), and ||S¢riar]] > U% (due to Step 3 of Algorithm 1), we obtain

n

L g R Ok ~
F@rt siria) = F(ox) < Fliswwiall + ey sl + 5 Nstriarl® = 5 3_[Qi striatl?
1=1

L K7 O'kn~
<(;+%+;>MMW—2;w%mE

L Ky O L.
= <2g + Reg + 2H - ;) Z[Qgstrial]?

i=1

n
< —a ) [Qp sriall?
=1

where the equality in the third line follows from the fact that Q is an orthogonal n x n matrix and
$0 [[sriall|® = ||C~Q;—sm-al||2 = Z?Zl[Q;smal}?, and the last inequality holds due to (18).

Now, from the way o is updated at Step 4 of Algorithm 1, it can be easily seen that for the
fulfillment of (12) with p = 2 we need

log ([2 (a + L4k + %H)} /asma”>

+1
logn




function evaluations, and, additionally, the upper bound on oy at (17) is derived from (18). O

The following assumption, which holds for global solutions of subproblem (11) (with p = 2),
is central in establishing our WCC results. For similar assumptions required to obtain worst-case
complexity bounds see [2, 24].

Assumption 4.3 Assume that, for all k > 0,

~ é‘ ~
HQ;StrialHoo = ;k7 or HQl—lg—strialHoo = Aa
N 1 ~ Oh e, ~
or ||V g,;rs—kfsTHks—i-—kZ[Qgs]? < Billstriall, (19)
2 2 i=1
S=Strial

for some By > 0.

Under this assumption, we are able to prove that, when the trial point is not on the boundary of
the feasible region of (11) (with p = 2), then the norm of the gradient of the objective function at the
new point is of the same order as the norm of the trial point.

Lemma 4.3 Let Assumptions 3.1, 4.1, 4.2, and 4.3 hold. Then, we have

- é’ -
”Q;crstrialHoo = ;k or ”Q;crstrialHoo = A’ (20)

or
||Vf($k + Strial)H < Hl||5trialH7

where K1 = Ly + Keg + K + Omaz + B1, and omaee was defined in Lemma 4.2.

Proof Assume that none of the equalities at (20) hold. We have V% (siriat) = Gk + HiStrial +
7(Striar), Where

A 3T AT T
7'<3trial) = Uka ([Qk Strial]h ceey [Qk Strial]n)
Now, by using Assumption 3.1, (14), and (6), we have

Hv.f(l‘k + Strial) — Vsr”nfR(stml)H = HVf(QS‘k =+ Strial) - (f]k + ﬁkstrial =+ T(Strial)) H
< [Vf(@k + striar) — V@)l + [V (k) — il
o |[istriad | + 17 (striat) |

< (Lg + Keg + Kgp + Umaz) HstrialH-
Therefore, in view of (19), we have

||Vf($k + Strial)H < ||Vf(33k + Strial) - vsng(st’rial)” + ||vsng(Strial)H
S (Lg + K/eg + K/f[ + Omax + 51) ||St7‘ial”)

which completes the proof. O

Now, we have all the ingredients to derive an upper bound on the number of iterations required by
Algorithm 1 to find a point at which the norm of the gradient is below some given positive threshold.



Theorem 4.1 Given € > 0, let Assumptions 3.1, 4.1, 4.2, and 4.3 hold. Let {xy} be the sequence
of iterates generated by Algorithm 1, and fmin < f(zo). Then the number of iterations such that
IV f(xg+1)| > € and f(zkr1) > fmin is bounded above by

f(xO) - fmin

i , (21)
amin { (mfaz) ) (,51)2}
where Omar and k1 were defined in Lemmas 4.2 and 4.3, respectively.
Proof In view of Lemma 4.3, we have
skl > min{ng’ IV f(@p11)ll }
O K1
Hence, since |V f(xg4+1)| > € and A > U%, we obtain
sl > min{g, 6} > min{ < ,6} .

Ok Ki Omax K1

On the other hand, due to the sufficient decrease condition (12), we obtain
n ~
fleern) < flaw) — ) [Qf skl?
i=1
= flax) — | Qp skl
¢ 2 e\ 2
< f(zr) — amin < > 7(> .
Omax K1
By summing up these inequalities, for 0,1,..., k%, we obtain
k+1§ f(xO)_];mm ~

amin{ (). (%)}

which concludes the proof. |

Since keg = O(y/n) (see Chapter 2 in [13]), we have k1 = O(y/n). Now, if { is chosen such that
Ufaz = O(n%)’ then the dependency of the upper bound given at (21) on n is O(n). Furthermore,
for building a fully-linear model we need O(n) function evaluations. Combining these facts with
Theorem 4.1, we can derive an upper bound on the number of function evaluations that Algorithm 1
needs for driving the first-order stationarity measure below some given positive threshold.

Corollary 4.1 Given € > 0, let Assumptions 3.1, 4.1, 4.2, and 4.3 hold. Let {xy} be the sequence
of iterates generated by Algorithm 1 and assume that |V f(zr11)|| > € and f(zr11) > fmin. Then,
Algorithm 1 needs at most O (n2e_2) function evaluations for driving the norm of the gradient below €.

The complexity bound derived here matches the one derived in [18] for derivative-free trust-region
optimization methods and for direct search methods in [31]; see also [15].

10



4.2 Fully-quadratic Approach

In this subsection, we will analyze the WCC of Algorithm 1 when we build fully-quadratic models.
The following lemma is essential for establishing such bounds.

Lemma 4.4 [29, Lemma 1.2.4] Let Assumption 3.2 hold. Then, we have
T L 70 Ly, 3
fla+s) = fle) = Vi) s — 55 Vif()s) < —=|sl, (22)

and

|97 +5) Vi)~ P F@)s]) < 2ol (23)

Similarly to the fully-linear case, we assume that the trial point provides decrease to the current
model, i.e., that for p = 3 the value of the objective function of (11) at sy is less than or equal to
its value at s = 0.

Assumption 4.4 Assume that

~ 1 ~ Uk n ~
gl—lg—stm'al + §S;|;ialHk3trial + ? 2; ‘[Q;Strial]i‘?) S 0. (24)
=

We note that (24) is clearly satisfied if sy, is a global solution of (11) when p = 3. Therefore, taking
advantage of our separability approach, the vector s;.;,; obtained at Step 3 of Algorithm 1 satisfies
(24).

With this assumption, we are able to obtain upper bounds on the number of function evaluations
required to satisfy the sufficient decrease condition (12), and also on the regularization parameter.

Lemma 4.5 Let Assumptions 3.2 and 4.4 hold and assume that at Step 2 of Algorithm 1 a fully-
quadratic model is always used. In order to satisfy condition (12), with p = 3, Algorithm 1 needs at

most
log ([6 (a +/n (%H + Keg + "gh))} /asmau)

logn

+1

function evaluations, not considering the ones required for model computation. In addition, the maz-
imum value of o, for which (12) is satisfied, is given by

L K
Omar = mMax {Jsmall, 67 [a ++vn (éq + Keg + §h>] } ) (25)

Proof First, we will show that if

L e

then the sufficient decrease condition (12) of Algorithm 1 is satisfied, with p = 3.

11



In view of (22), we have

Ly
6

_ 1 ~ Ly _
< Gy Strial + §S;|;=mlHk3trial + ?HstrialHZi +(Vf(xx) — r) " Striall

1
f(xr + sriar) — fzr) < Vf($k)T5trial + *StTrszQf(xk)Strml + ||3trialH3

2
1 .
+ §|3tTrwl(V2f(l’k) — Hy)Striall-
Thus, by using (7), (8), and since [|s¢rial > 5 (due to Step 3 of Algorithm 1), we obtain

Keh

_ 1 ~ Ly
f(xk + Strial) - f(xk) S gl;rstrial + 73;I;«ialHk5trial + ?Hstrialug + /feg( 5 )QHStrialH + THStrialHS

2 ok
_ 1 ~ Ly Keh
S gl;rstrial + EslialHkStrial + (6 + Heg + ;) Hstriang-

Now, by applying (24), we have
Ok L K
k A H h
ot sra) = Fax) < =% S 1@ sl + (224 g 4 ) s
=1

which, in view of the inequality || - |3 > n/9|| - |2 (see Theorem 16 on page 26 in [21]), leads to

2
LH Reh Ok . AT 3
= \/ﬁ ? + K/eg + 7 - F Z |[Qk StTial]i|
=1

n
< —« Z ’[Q;Strial]ipa
=1

n
g ~ L K ~
f(mk + Stm‘al) - f(xk) S _Fk E ’[Ql—grstm'al]”g + \/ﬁ < é{ + Heg + eh) HQ;StM’ang
i=1

where the equality in the second line follows from the fact that, for any vector w € R™, |w|} =
S Jwil® and so || Q) striatlld = Yoy [[QF striat)il®, and the last inequality holds due to (26).

Now, from the way o is updated at Step 4 of Algorithm 1, it can easily be seen that for the
fulfillment of (26) we need

log ([6 (a +n (%H F Keg + “gh))} /asmau)

logn

+1

function evaluations, and, additionally, the upper bound on oy at (25) is derived from (26). O
The following assumption is quite similar to condition (14) given in [26], and it holds for global

solutions of subproblem (11) (with p = 3). For similar assumptions, required to obtain worst-case
complexity bounds associated with cubic regularization, see [1, 2, 6, 8, 24, 32].
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Assumption 4.5 Assume that, for all k > 0,

~ 5 ~
||Qgstrial||oo = ;k’ or ||Q;Stm'al||oo = Aa
. 1 +- " Ok ~
or vs 911—8 + §3THI€5 + Z FHQ;—S]ZP < BQHStrialH2a (27>
i=1 S$=S8trial

for some B2 > 0.

Again, we are able to prove that, when the trial point is not on the boundary of the feasible region
of (11) (with p = 3), then the norm of the gradient of the function computed at the new point is of
the order of the squared norm of the trial point.

Lemma 4.6 Let Assumptions 3.2, 4.4, and 4.5 hold. Then, we have

107 striatlloe = ka or O] spriatllee = A, (28)

or
IV f(zk + striar)|| < K2l Striatl
Om

22 + B, and Omax was defined in Lemma 4.5.

L
where Ko = =g + Keg + Kep +

Proof Assume that none of the equalities at (28) hold. We have V3 ®(spiar) = Gr + HyStrial +
T(Strial>7 where

Ok~ (. ~ ~ . ~ - T
T(Strial) = Eka (Slgn ([Qgstrialh) [Qgstrial]%a <., 818N ([Ql—grstrial]n> [Qgstm’al]i)
Now, by using (23), (7), and (8), we have
va(xk + Strial) — vSng(Strial)H = va(xk + Strial) — (gk + ﬁkstrial + T(Stm‘al)> H

< HVf(l‘k =+ stm’al) - Vf(!l?k) - VQf(wk)strialH
+ IV (@) = el + || (V2 (@0) = ) stra

Ly o
< <2 + Keg + Keh + n;ax> Hstm‘alHQ'

+ ||T(Strial) ”

Therefore, in view of (27), we have
IVf(zr + sria)| < [IVf(@k + Stria) — vsng(strial)” + ||vsng(Strial)H

Ly o
<2 + Keg + Ken + WQLax + B2> ||3tm'alH2a

IN

which completes the proof. O

Now, we have all the supporting results to establish the WCC bound of Algorithm 1 for the
fully-quadratic case.
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Theorem 4.2 Givene > 0, let Assumptions 3.2, 4.4, and 4.5 hold. Let {x}} be the sequence of iterates
generated by Algorithm 1, and fmin < f(z0). Then the number of iterations such that |V f(zr11)|| > €
and f(zr41) > fmin i bounded above by

Vn(f(zo0) = fmin)
o (s e

where omar and ko were defined in Lemmas 4.5 and 4.6, respectively.

; (29)

Proof In view of Lemma 4.6, we have

§

ENN (7]
Ok

K2

Isg]] > min

Hence, since |V f(xg41)| > € and A > J%, we obtain

S|l > min<{ = U s min , <4
|| H )
Ok R2 Omazx R2

On the other hand, due to the sufficient decrease condition (12) and the inequality || |3 > n=|| - ||z,
we obtain

f(Trs1)

IN

flax) —a D [[QF selil®
=1

ol @ sl

IN

f(zg)

< flwg) —
By summing up these inequalities, for 0,1,...,k, we obtain
3 )
amin { (%) , (;2)3/2}

which concludes the proof. |

E+1 <

Similarly to what we saw before for the fully-linear case, since ke = O(n) and ke, = O(n) (see
Chapter 3 in [13]), we have ky = O(n®/?). By choosing £ in a way such that afﬁ = O0(y/+), the
dependency of the upper bound given at (29) on n becomes of the order O(n'/4). Additionally, for
building a fully-quadratic model we need O(n?) function evaluations. Combining these facts with

Theorem 4.2, we can establish a WCC bound for driving the first-order stationarity measure below
some given positive threshold.
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Corollary 4.2 Given ¢ > 0, let Assumptions 3.2, 4.4, and 4.5 hold. Let {xy} be the sequence of
iterates generated by Algorithm 1 and assume that ||V f(ziy1)|| > € and f(xgp41) > fmin- Then,
Algorithm 1 needs at most O (n19/46_3/2) function evaluations for driving the norm of the gradient
below e.

In terms of €, the derived complexity bound matches the one established in [7] for a derivative-free
method with adaptive cubic regularization. The dependency of the bound derived here on n is worse
than the one derived in [7]. However, we have explicitly taken into account the dependency of the
constants key and Kep on n.

5 Illustrative Numerical Experiments

In this section we illustrate the different options to build the quadratic models at Step 2 of Algorithm
1 and two different strategies to address the subproblems (10).

Model computation is a key issue for the success of Algorithm 1. However, in Derivative-free
Optimization, saving in function evaluations by reusing previously evaluated points is a main concern.
At each evaluation of a new point, the corresponding function value is stored in a list, of maximum
size equal to (n + 1)(n + 2), for possible future use in model computation. If new points need to be
generated with the sole purpose of model computation, the center, ‘extreme’ points and ‘mid-points’
of the set defined by xj + é[] — I] are considered. Inspired by the works of [3, 17], no explicit
control of geometry is kept (in fact, we also tried the approach suggested by [30], but the results did
not improve). If a new point is evaluated and the maximum number of points allowed in the list
has been reached, then the point farther away from the current iterate will be replaced by the new
one. Points are always selected in B(xy; i) for model computation. The option for a radius larger

than U%, since in our numerical implementation & = 1075, allows a better reuse of the function values
previously computed, avoiding an excessive number of function evaluations just for model computation.
Additionally, the definition of the radius as Ui ensures that if the regularization parameter increases,
the size of the neighborhood in which the points are selected decreases, a mechanism that resembles
the behavior of trust-region radius in derivative-based optimization.

Fully-linear and fully-quadratic models can be considered at all iterations, as well as hybrid ver-
sions, where depending on the number of points available for reuse inside B(xg; é) the option for a
fully-linear or a fully-quadratic model is taken (thus, some iterations will use a fully-linear model and
others a fully-quadratic model). Fully-quadratic models always require (n + 1)(n + 2)/2 points for
computation. Fully-linear models are built using all the points available in B(z; Uik), once that this
number is at least n+ 2 and does not exceed (n+1)(n+2)/2 — 1. In this case, a minimum Frobenius
norm approach is taken to solve the linear system that provides the model coefficients (see [13, Section
5.3]).

Regarding the solution of subproblem (10), the imposed lower bound causes difficulties to the
separability approach. Two strategies were considered to address it. In the first one, every one-
dimensional problem considers the corresponding lower and upper bounds. This approach is not
equivalent to the original formulation. It imposes a stronger condition since any vector y computed
with this approach will satisty ||yl > a%’ but there could be a vector y satisfying ||y||oc > G%, which
does not satisfy |y;| > f—k,Vi € {1,...,n}. The second approach adopted disregards the lower bound
condition, only considering ||y||coc < A when solving subproblem (10). After computing y, the lower
bound condition is tested and, if not satisfied, max;—1 . 5, ly;| is set equal to f—k to force the obtained

vector y to also satisfy the lower bound constraint at (10).
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Algorithm 1 was implemented in Matlab 2021a. The experiments were executed in a laptop com-
puter with CPU Intel core i7 1.99 GHz, RAM memory of 16 GB, running Windows 10 64-bits. As test
sets, we considered the smooth collection of 44 problems proposed in [27] and 111 unconstrained prob-
lems with 40 or less variables from OPM, a subset of the CUTEst collection [19]. Computational codes
for the problems and the proposed initial points can be found at https://www.mcs.anl.gov/~more/df
and https://github.com/gratton7/0PM, respectively.

Parameters in Algorithm 1 were set to the following values: A = 10, for each iteration k, ogna =
0.1, n = 8, and o = 10~%. At each iteration, the process is initialized with the minimization of
the quadratic model (9), with no regularization term, computed by selecting points in B(zy;1). In
this case, no lower bound is considered when solving subproblem (10). If the sufficient decrease
condition (12) is not satisfied by the computed solution, then the regularization process is initiated,
considering o = ogmair- This approach allows to take advantage of the local properties of the “pure”
quadratic models. As stopping criteria we consider ||jx|| < €, where ¢ = 1075, or a maximum of 1500
function evaluations.

Regarding model computation, four variants were tested, depending on using fully-linear or fully-
quadratic models and also on the value of p in the sufficient decrease condition used to accept new
points at Step 4 of Algorithm 1. Fully-quadratic variant always computes a fully-quadratic model,
built using (n + 1)(n + 2)/2 points, with a cubic sufficient decrease condition (p = 3). Fully-linear
always computes a quadratic model, using n + 2 points, under a minimum Frobenious norm approach.
In this case, the sufficient decrease condition considers p = 2. Hybrid versions compute fully-quadratic
models, using (n + 1)(n + 2)/2 points or fully-linear minimum Frobenious norm models, with at least
n + 2 points and a maximum of (n + 1)(n + 2)/2 — 1 points (depending on the number of points
available in B(xy;1/0%)). In this case, variant Hybrid p3 always uses a cubic sufficient decrease
condition to accept new points, whereas variant Hybrid_p23 selects a quadratic or cubic sufficient
decrease condition, depending on the type of model that could be computed at the current iteration
(p = 2 for fully-linear and p = 3 for fully-quadratic).

Results are reported using data profiles [27] and performance profiles [16]. In a simplified way, a
data profile provides the percentage of problems solved by a given algorithmic variant inside a given
computational budget (expressed in sets of n,,+1 function evaluations, where n, denotes the dimension
of problem p). Let & and P represent the set of solvers, associated to the different algorithmic variants
considered, and the set of problems to be tested, respectively. If h), s represents the number of function
evaluations required by algorithm s € S to solve problem p € P (up to a certain accuracy), the data
profile cumulative function is given by

1 hp.s
ds(¢) = ’P’Hpep: np’:rl gg}‘. (30)

With this purpose, a problem is considered to be solved to an accuracy level 7 if the decrease obtained
from the initial objective function value (f(xg) — f(x)) is at least 1 — 7 of the best decrease obtained
for all the solvers considered (f(z¢) — fL), meaning:

f(wo) = f(z) = (1 =7)[f(z0) — [l (31)

In the numerical experiments reported, the accuracy level was set equal to 1075,
Performance profiles allow to evaluate the efficiency and the robustness of a given algorithmic vari-
ant. Let 7, s be the number of function evaluations required by solver s € S to solve problem p € P,
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according to the criterion (31). The cumulative distribution function, corresponding to the perfor-
mance profile for solver s € § is given by:

1
ps(c):W!{pGP:rp,sﬁg}!,

withr, ¢ = t, s/ min{t, s : 5 € S}. Thus, the value of ps(1) represents the percentage of problems where
solver s required the minimum number of function evaluations, meaning it was the most efficient solver.
Large values of ¢ allow to evaluate the capability of the algorithmic variants to solve the complete
collection.

Figure 1 reports the results obtained when considering different strategies for building the quadratic
models. In this case, the stricter approach is used for solving subproblem (10), always imposing the
lower bound for each entry of the vector y at each one-dimensional minimization.

Data Profiles Performance Profiles
T T T T

1 T T
|—5—Fully-quadratic
-5~ Hybrid_p23 09r
|- &~ Fully-finear
0.8 |-+ Hybrid_p3 T

=8~ Fully-quadratic| 7
o~ Hybrid_p23
=4~ Fully-inear |
—5—Hybrid_p3

d_(©

0 5 100 150 200 250 (300 350 400 450 500

Figure 1: Data and performance profiles comparing the use of different strategies for the computation
of the quadratic models.

It is clear that the hybrid version, that adequately adapts the sufficient decrease condition to the
type of computed model, presents the best performance. The hybrid version that does not adapt the
sufficient decrease condition is no better than the fully-linear approach. Even so, both are better than
requiring the computation of a fully-quadratic model at every iteration.

For the best variant, namely the hybrid version that adapts the sufficient decrease condition, we
considered the second approach to the solution of problem (10), where the lower bound constraint is
initially ignored, being the computed solution y modified a posteriori, if it does not satisfy the lower
bound constraint. We denote this variant by adding the word projection. Results are very similar
and can be found in Figure 2.

It is worth mentioning that the modification of the final solution, which was obtained by ignoring
the lower bound constraint, was required only in seven problems, with a maximum of three times in
two of those seven problems.
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Figure 2: Data and performance profiles comparing two different strategies to address the solution of
subproblem (10).

6 Conclusions and Final Remarks

We present and analyze a derivative-free separable regularization approach for solving smooth un-
constrained minimization problems. At each iteration we build a quadratic model of the objective
function using only function evaluations. Several variants have been considered for this task, from a
less expensive minimum Frobenius norm approach, to a more expensive fully-quadratic model, or a
hybrid version that combines the previous approaches depending on the number of available useful
points from previous iterations.

For each one of the variants, we add to the model either a separable quadratic or a separable
cubic regularization term to guarantee convergence to stationary points. Moreover, for each option we
present a WCC analysis and we establish that, for driving the norm of the gradient below ¢ > 0, the
fully-quadratic and the minimum Frobenius norm regularized approaches need at most O (nlg/ 4¢3/ 2)
or O (TL26_2) function evaluations, respectively.

The application of a convenient change of variables, based on the Schur factorization of the ap-
proximate Hessian matrices, trivializes the computation of the minimizer of the regularized models
required at each iteration. In fact, the solution of the subproblem required at each iteration is reduced
to the global minimization of n independent one-dimensional simple functions (a polynomial of degree
2 plus a term of the form |z|?) on a closed and bounded set on the real line. It is worth noticing that,
for the typical low-dimensions used in DFO, the O(n?) computational cost of Schur factorizations is
insignificant, as compared to the cost associated with the function evaluations required to build the
quadratic model. Nevertheless, in addition to its use in [4], this separability approach can be extended
to be efficiently applied in other large-scale scenarios, for example in inexact or probabilistic adaptive
cubic regularization; see, e.g., [1, 8].  We would like to point out that the global minimizers of the
regularized models can also be obtained using some other tractable schemes that, instead of solving
n independent one-dimensional problems, solve at each iteration only one problem in n variables; see,
e.g., [5, 9, 28]. These non-separable schemes, as well as our separable approach, require an O(n?)
linear algebra computational cost.

We also present a variety of numerical experiments to add understanding and illustrate the behavior
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of all the different options considered for model computation. In general, we noticed that all the
options show a robust performance. However, the worst behavior, concerning the required number
of function evaluations, is consistently observed when using the fully-quadratic approach, and the
best performance is observed when using the hybrid versions combined with a separable regularization
term.

Concerning the worst case complexity (WCC) results obtained for the considered approaches, a
few comments are in order. Even though these results are of a theoretical nature and in general
pessimistic in relation to the practical behavior of the methods, it is interesting to analyze which of
the two considered approaches produces a better WCC result. For that, it is convenient to use their
leading terms, i.e., n'%/4¢=3/2 for the one using the fully-quadratic model and n2e2 for the one using
the minimum Frobenius norm model. After some simple algebraic manipulations, we obtain that for
the fully-quadratic approach to be better (that is, to require fewer function evaluations in the worst
case), it must hold that n < e 2/ or equivalently that e < 1/n''/2. Therefore, if n is relatively
small and ¢ is not very large (for example n < 9 and € ~ 107°) then the combined scheme that is
based on the fully-quadratic model has a better WCC result than the scheme based on the minimum
Frobenius norm approach. In our numerical experiments, the average dimension was 8.8 and for our
stopping criterion we fix e = 107°, and hence from the theoretical WCC point of view, the best option
is the one based on the fully-quadratic model. However, in our computational experiments the worst
practical performance is clearly associated with the combination that uses the fully-quadratic model.
We also note that if we choose a more tolerant stopping criterion (say ¢ = 1072), then for most of the
same considered small-dimensional problems we have that ¢ > 1/ n'1/2 and so the scheme that uses
the minimum Frobenius norm model exhibits simultaneously the best theoretical WCC result as well
as the best practical performance.

Finally, for future work, it would be interesting to study the practical behavior and the WCC
results of the proposed derivative-free approach in the case of convex functions.
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