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Abstract. We propose a derivative-free cubic regularization method for solving nonlinear systems of
equations without available derivatives. The novel feature of the method is that, based on locally in-
terpolation models, the search direction in each iteration is allowed to be a solution of a model-based
cubic regularization approximation formulated by the special structure of equations that ensures a sig-
nificant improvement. We present a set of wild conditions that the search direction must be satisfied so
that the global convergence of the method for solving the nonlinear equations is guaranteed. The global
convergence and the fast local convergence rate of the proposed method are established, and numerical
experiments are provided to illustrate the reliability of the proposed method.
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1. INTRODUCTION

In this paper, we consider iterative methods for finding the solutions of the following nonlin-
ear equations
F(x)=0, (1.1)
where F(x) = (f1(x), f2(x),..., fu(x)) " : R" — R”, and the Jacobian of F is not available or
requires a prohibitive amount of storage. (1.1) has been extensively investigated as a unified
mathematical model in industrial and applied mathematics; see, e.g., [1, 2, 3, 4, 5] and the ref-
erences therein. Recently, various algorithms have been introduced for solving problem (1.1).
For the algorithms with their fast local superlinear convergence properties, such as, the Gauss-
Newton method, the Newton’s method, the trust region method, and quasi-Newton method, we
refer to [6, 7, 8,9, 10, 11, 12, 13] and the references therein. However, many real-world appli-
cations which can be modeled as the nonlinear equation have a theoretical and computational
difficulties, that is, the objective functions are of the black-box type so that first order derivatives
are not available [14, 15]. This fact has led to the improvement of derivative-free methods in
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the literautre. In some practical applications, the derivative-free methods are an important task
in order to solve the problem; see, e.g., [12, 16] and the references therein. In [17], Conn et
al. proposed an algorithm for optimizing a nonlinear function without constraints and available
first-order derivatives based on approximating the objective function by a quadratic polynomial
interpolation model and using this model within a trust region framework, and then extended
this algorithm to solve certain constrained optimization problems.

This approach built quadratic functions for individual constraints and combined them into
a penalty function later. This approach is more efficient for constrained derivative-free opti-
mization problems than combining the constraints into a penalty function first and building an
interpolation model for the unconstrained problem. In [18], the global convergence of a trust re-
gion derivative-free method for the solution of nonlinear programming problems was extended
to cover a wide class of derivative-free methods. However, their focus is only on global conver-
gence without the analysis for local rates of convergence. Recently, Zhang et al. [19] took full
advantage of the least-squares problem structure by constructing individual models interpolat-
ing each function to least-squares objective rather than to the objective itself whose approach
is similar to [17]. The algorithm was proved to be locally convergent in [20]. The algorithm
proposed in this paper belongs to model-based derivative-free methods. Adaptive regularized
methods have been recently studied as an alternative to classical globalization techniques for
nonlinear constrained and unconstrained optimization; see, e.g., [21, 22, 23]. To the best of
our knowledge, the use of a cubic overestimator of the objective function as a regularization
technique for the computation of the step was first considered by Griewank [24] as a means for
constructing the affine-invariant variants of the Newton’s method which are globally convergent.

Recently, Cartis, Gould, and Toint [25] considered a similar idea that they proposed an adap-
tive regularization algorithm by using Cubics (ARC) for unconstrained optimization. At each
iteration of the approach, an approximate global minimizer of a local cubic regularization of
the objective function is determined for ensuring a significant improvement in the objective as
long as the Hessian of under mild assumptions. The ARC iterates show excellent global and
fast convergence, see, e.g., [25, 26] for special methods. The goal of this paper is to connect
the approximation technique, the particularly polynomial interpolation, with the adaptive cu-
bic regularization algorithm for solving unconstrained problem (2.1). Taking advantage of the
derivative-free approximation technique, we present an adaptive cubic regularization algorithm,
which is a combination of the adaptive cubic regularization methods and the derivative-free
methods. We first build the corresponding quadratic models to approximate each component
function f;, i = 1,...,n by means of the polynomial interpolation, which is only based on the
objective function values computed at sampling points to form the least-square problem. De-
fine our local cubic model for the polynomial interpolating least-square problem with a cubic
term, called regularization weight. Updating the coefficient of the regularization weight of the
local cubic model at each iteration, an improved step is determined, which is the approximate
global minimizer of the model, and this gives an estimate of the decrease in the cubic model,
accurately predicting the behavior of the interpolating least-square problem along these steps.
The updating of the interpolating radius is connected with the coefficient of the regularization
weight implicitly. The global convergence and the fast local convergence rate of the proposed
algorithm are established under some conditions. All these clearly display that the adaptive
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cubic regularization approach is efficient for (2.1). We finally present some numerical results to
show the effectiveness of the main results.

The outline of the paper is as follows. Section 2 gives basic definitions of the interpolation
models and introduces the derivative-free adaptive cubic regularization algorithm. Section 3
recalls some basic properties of the interpolation models and shows the global convergence of
this new algorithm. The local convergent results are established in Section 4. The numerical
performances of our algorithm are provided in Section 5, the last section.

As a general rule for notations, || - || is the 2-norm for a vector, and the induced 2-norm for a
matrix. x; denotes the ith component of a vector x € R". The subscript k denotes an index for a
sequence.

2. PRELIMINARIES
A typical method for solving (1.1) involves solving the following optimization problem

. def 1 2
min &x) = S ||F (x)[|* = Zﬁ : 2.1)
where || - || denotes the Euclidian norm.

Now, we construct the local models for our derivative-free adaptive cubic regularization al-
gorithm. Suppose that we have a A-poised set ¥ C H(z;A) with C}l g <Y< C}% 4, For each
i=1,...,n, let gi(x) € 22 be polynomial interpolating function of f;(x) on Y. Replacing f;(x)
by ¢i(x) in the objective function, we obtain

1 n
=5 L4 (%), (2.2)
i=1

which is a polynomial of degree four normally. We define our local cubic model ¢ (x,s) around
x by

O (x,s) = Q(x) +gQ(x)Ts + %STBQ(X)S + %G||s||3, (2.3)
where go(x) = J(x) " q(x) with g(x) = (g1 (x),g2(x), ..., qn(x)) " and J (x) = (Vq1(x), Vg2 (x), ...,
and Vg, (x)) " denotes the Jacobian of g(-). Bo(x) is an approximation to the local Hessian of
Q(x). In particular, let Bo(x) = J(x)"J(x). Here ¢ > 0 is a cubic parameter. For constructing
this algorithm, we employ (2.3) as an approximation to Q(x) in each iteration of our algorithm.
The cubic term of the model, called regularization weight, is rather closely linked to the size
of the third derivative, and o performs a double task. Namely, it may account not only for the
discrepancy between (2.2) and its second order Taylor expansion, but also for the difference
between the exact and the approximate Hessian of (2.2). Besides, if the reduction of ®(x) is de-
sirable, the value of o is decreased; otherwise it is increased. The global convergence and local
superlinear convergence of the new algorithm are established under reasonable assumptions.

We now derive a class of derivative-free algorithm based on the cubic regularization. Through—
out the algorithm stated below, we fix the number of points in the sampling set, i.e., |Yi| = N,
for all k > 0, where N, € [Cn s Cﬁ ] is an integer constant. We denote the resulting 1terat10ns
by xi, where k is the iteration number.

Now, we give the details of the derivative-free algorithm based on the cubic regularization
for the solution of least-squares (2.1).
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Algorithm A. A derivative-free adaptive cubic regularization algorithm.

Step 0. Choose an initial point xg and 6y > 0,0 <A <1, and N, > C;H =n+ 1. Choose
an initial set of interpolation points ¥y, where Yj is A-poised in % (xg;Ag) with xg € ¥y. Choose
€€(0,)andB>0,xka>0,0<m <M< L, 1<y <p,andy3€(0,1). Setk=0and j=0.

Step 1. Construct the polynomial interpolating model Q of ® on Y}, and obtain the informa-
tion 80k def gQ(xk) and BQ7/< def BQ(xk) with x; € Y.

Step 2. If ||gp «|| < €, let A,((O) = Ay. Possibly modify Y as needed to make sure Yy is A-poised

in A(x; Ax), where Ay = min{A,EO) .Bllgo.xll}, and go « is recalculated with the new Y} since Yx
has changed. Determine the corresponding interpolation model. It was shown in [18, Lemma
7.3] that, unless x; is a first-order stationary point, this can be achieved in a finite number of
steps.

Step 3. Compute sy

O (st) < Pr(sp), (2.4)
with
= —0 dog = i —a
Sk k8o and o = arg min P(—agox),
where @ (sx) = @ (xx,s;) with ¢(-,-) being defined by (2.3).
Step 4. Let AkJ =Ap. If
Ar,j > kamin{||sel], |go.«ll}, (2.5)
set Ag j+1 = V34 j, update Y} such that Yy is A-poised in % (xy; Ax) with Ay = Ay ;11 and x; € Y,
set j = j+ 1, and go to Step 1.
Step 5. Compute P (x; + s¢) and py, where the py is defined by

D(xg) — P + s¢)

Pr = (2.6)
0 (0) — P (k)
Set
Xk + Sk, 1 pe > M,
= 2.7
it {xk, if otherwise, @7
and
(0, o], if pr > Mo, [very successful iteration]
Oir1 €4 [0k, 710k),  if 1 < pr < 1mp, [successful iteration] (2.8)
[10k, 120k], otherwise . [unsuccessful iteration]

Step 6. If p > 1y, then let Ay, = Ay, the interpolating points set Yy is updated to take into
consideration the new point x| to form Y, | being A-poised in B (xj;1;Ar+1) With x;1 1 €
Yii1. Setk=k—+1, and go to Step 1. Or go to Step 1 directly.

Since finding a global minimizer of the model ¢ (s) may not be essential in practise (it might
be prohibitively expensive from a computational point of view), we relax this requirement by
letting s be an approximation to such a minimizer. Initially, we only require that s; ensures that
the decrease in the model is at least as good as that provided by a suitable Cauchy point obtained
by globally minimizing ¢ (s) along the current negative gradient direction of (2.2) in Step 3.
The issue A < K ||sk|| can be achieved by Step 4, which is important in the convergent analysis.
The step sy 1s accepted and new iteration xi is set to be x; + s, whenever the predicted model
decrease ¢y (0) — @ (s ) is realized by the actual decrease in the objective, ®(xy) —P(xx1). This
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is measured by computing the ratio p; in (2.6) and requiring p; to be greater than a prescribed
positive constant 1. Since the current parameter oy has resulted in a successful step, there is no
pressing reason to increase it. Indeed, there may be benefit in decreasing it if good agreement
between the model and the function is observed. Without loss of generality, we use ¢ (s) =
O (xy,s) with ¢(+,-) defined by (2.3) in the following analysis.

3. MODEL PROPERTIES AND GLOBAL CONVERGENCE

In this section, we recall some basic properties of the interpolation models and show the
global convergence for this new algorithm.

The following lemma shows that, under our assumptions of A-poisedness (by either defini-
tion) of the sampling set Y, an interpolating polynomial on Y would be at least a local fully
linear model. This lemma follows directly from [27, Theorem 5.4].

Lemma 3.1. Givenany A> 0, z € R", and Y = {y°,y!,...,y7} C B(z;A) A-poised in HB(z;A)
with C;H <Y< C,%H, let q(-) € P? be an interpolating polynomial of f onY, i.e.,
gy') = f(), i=1,...,|Y].
If f : R" — R is continuously differentiable and V f is Lipschitz continuous with Lipschitz con-
stant L in an open set containing % (0;A), then
IV£(z+5) = Valet 5)]| < R A) V241 + L),
and
[f(z+5) —q(z+5)| < Rep(n, A)(|[V2q| +L)A%,

where Koq and K,y are positive constants depending on n and A.

Give a A-poised set Y C %(z;A) with C!, | <|Y| < C2_,, foreachi=1,...,n. Suppose that

gi(x) € 22 is a polynomial interpolating model of f;(x) on Y. Then, based on above lemma,
there exist positive constants K, and K, such that, for any s € AB(0;A),

IVfi(z+s) = Vgqi(z+s)| < KegA, (3.1)

file+5) —qilz+9)| < Ky,
for all i =1,...,n, where K.y and K,y are positive constants depending only on n, A, F, and
max{||V?gi||, i = 1,...,n}. In particular, k., and K, depend either on z nor A.
Now, define conv(L,,;(xq)) to be the convex hull of L,,;(xo) with
Lepi(x0) = U PB(x;Ap) and L(xg) = {x € R" : &(x) < P(xp)},
x€L(xg)

where @ is defined in (2.1). In this paper, we also need the following two assumptions.

Assumption 3.2. Suppose that F is twice continuously differentiable and the level set L(xp) =
{xeR": d(x) < P(xp)} is bounded.

Assumption 3.3. There exists a constant kK, which is independent of the iteration number & in
the Algorithm A, such that if g;, i = 1,...,n is the polynomial interpolating model of f; on a
A-poised sampling set ¥, constructed as in the Algorithm A, then || V2g;| < &y, fori=1,...,n.
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Recall that F' is assumed twice continuously differentiable, and none of their first-order or
second-order derivatives is explicitly available. Let VF(x) be the Jacobian matrix of F(x).
Then, the gradient V@(x) and the Hessian matrix V>®(x) are given respectively by

V®(x) = VF(x) "F(x), V2®(x) = VF (x) 'VF(x +Zf, (x)V2fi(x)

where VF (x) = (Vf1(x),VA(x),..., V()T

Based on Assumption 3.2 and 3.3, the following lemmas reveal some bound results for the
considered functions, whose proofs are similar to the auxiliary Lemma 3.2 and Lemma 3.3 in
[19]. They are omitted here.

Lemma 3.4. Under Assumption 3.2, there exist positive constants Ly, Ly, and L, such that

1F ()]l < Lo,

1F(x) = F)| < Lallx =y,
IVE(x)|| < Ly,

IVF(x) = VF(y)|| < Lo|lx =y,
IV2i(x)|| < Lo, i=1,...,n,

for any x,y € conv(Ley (x0))-

Lemma 3.5. Under Assumptions 3.2 and 3.3, there exist constants Ky and Kyg, independent of
k, such thatif q;, i=1,...,nis the polynomial interpolating model of f; on a A-poised sampling
set Yy constructed as in Algorithm A, then

|gi(y)| < Kng and ||Vgqi(y)|| < Kyg, foralli=1,...,n. (3.2)
In addition, there exists a constant Ky such that
O < %, (3.3)
where 'y € Yy, and Yy, C Ly (x0).

Next, we establish the global convergence of Algorithm A. We need the following lemma to
guarantee a lower bound on the decrease in @ predicted from the cubic model. It can be obtain
from [26, Lemma 2.1], we omit the proof here.

Lemma 3.6. Let s; be the solution of (2.4). Then

lgoxll lgoxll
0 (0) — P (%) > —min ,—— : ,
(0)=ilse) = = 1Boul 4\ o

(3.4)

where gg . and B j are defined by the Step 1 of Algorithm A.
For Step 2, we have the following lemma. It was proved in [18, Lemma 5.1].

Lemma 3.7. If ||V®(x;)|| # 0, the Step 2 in Algorithm A terminates in a finite number of
improvement steps.

Next, we obtain a useful bound on the step. The proof of the following lemma is omitted
since it is similar to the one presented in [26, Lemma 2.2].
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Lemma 3.8. Let Assumptions 3.2 and 3.3 hold, and the step sy satisfy (2.4), then

g0kl

sl <3
Ok

 k>0. (3.5)

Let us assume that some iterative solver is used on each (major) iteration k to approximately
minimize ¢ (s) for the Step 3 of Algorithm A. We first express the derivative of the cubic model
Or(s) in (2.3) as

Vsi(s) = 8ok +Boxs+ oklls|s.
Set the termination criterion for its inner iterations i to be

Vs (swi) | < g min{ 1, [[sll} - [[go.ll; (3.6)

where sy ; are the inner iterates generated by the solver, and kp is any constant in (0, 1). Condi-
tion (3.6) is always satisfied by any minimizer s ; of ¢ (s) since V@ (sx;) = 0. Thus condition
(3.6) can always be achieved by an iterative solver, and the worst that could happen is to iterate
until an exact minimizer of @(s) is found. We hope in practice to terminate well before this
inevitable outcome. From (3.6), we have the following.

Assumption 3.9. ||V (si)| < xomin{1, ||s¢||} - |lgo.xll, where si def sk; with i being the last

inner iteration.

It now remains to show that the loop between Steps 1 and 4 can be finitely terminated. The
following Lemma is similar to the Lemma 4.1 of [28]. For the completeness of this paper, we
list the proof here.

Lemma 3.10. Under the conditions of Lemma 3.5, and Assumption 3.9, for all k > 0,

1—xp)€
ool > U0 @)
Ky +3n4, /0K Kng
and there exists a k(o) > 0 such that the loop between Steps 1 and 3 terminates in at most
logx(oy) +loge
Pg (o) *log w , (3.8)
log §& 4

iterations, where |a| denotes the maximum of zero and the first integer larger than or equal
to a.

Proof. From the algorithm, we see that if it has not terminated, then

[8okll > €. (3.9)
From Assumption 3.9, we see that, for all k > 0,
Ko min{1, [|s[|} - lgokll = IV (sl
> [|80.k +Boksi+ (Okllsic|l)sill
> [lggull = 1Boksk =+ (0kllsill skl
It follows from (3.9) that
1Bo ki + (Okl[selDsell = g0kl — Ko min{1, [|se]|} - lg ok
> (1 —xgmin{L, [|se[|}) - |80kl
> (1—xkg)e.
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Taking this bound, and using (3.2), (3.3), and (3.5), we conclude from Lemma 3.4 that

(1—xo)e < K7 |si|l -+ 0wl sil|*

g0l
< | 003y T2 | s

= (15 +3y/oxllzoxl) el
1
< (K}+3n4 GkKJan) sl

def 1 —xp

. .
K2 4 3n% /O K  Kng

Then, we may use this lower bound to deduce that the loop between Steps 1 and 4 terminates
as soon as (2.5) is violated, which must happen if j is large enough to ensure that

Aj=1M< W
< kamin{u(oy),1}e
< ramin{]|si[], [|goxll},
where we used Ay < 1 to have the first inequality, and (3.9) and (3.7) to derive the last inequality.
This implies that j never exceeds
Fog[KA min{(oy),1}] +loge
logys n

which proves (3.7). Define

which in turn yields (3.8) with k(0}) & kxmin{u (o), 1}. 0

Since the loop between Steps 1 and 4 always terminates finitely, Ay < Kal|s¢|| holds for all
k> 0.
Next, we give an auxiliary lemma.

Lemma 3.11. Let Assumptions 3.2, 3.3, and 3.9 hold, and

216 ) 2\ def
\/Gng ,k” > — \/ﬁLoKe Ka+Loly + L7+ K7) = KiB. (3.10)
Then the iteration k of the Algorithm A is successful with py > 1, and
Ok+1 < O, for all k sufficiently large. (3.11)
Proof. From (3.10), we have /o [lgox]| > &7 > [|J(xx) "I (x¢) | = || Bo||- Thus, (3.4) becomes
V3 llgoull?
P (sx) — 9 (0) < _¥3 llsoul® <0. (3.12)

24 /oy

It then follows from (2.6) and (2.8) that

P> M <= e = Dy + s¢) — D) — Mo (sx) — 4 (0)] < 0.

Note that, for k£ > 0, r;, can be rewritten as
re =P +sk) — Ge(se) + (1 —m2) [Pr(sx) — 9k (0)].
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We then develop the first term on the right-hand side of this expression by using a Taylor ex-
pression of ®(x; + sy ), given that, for k > 0,

1 1
CI)(Xk +Sk) — ¢k(sk) = Vq)(ghk)TSk — ggvksk — ESkTBQ,kSk — §Gk”skH3> (3.13)

for some &; € (xg,xx + sx). Observe that

IVO(E1 ) —gokll = [IF (&%) VF(Ex) —qlx) T (x|
= ||F(&x) ' VF(Ex) — F(x) T ()

= [|F(&x) " VF(E1x) — F(xi) "I () + F (xi) " VF (x)
—F(x¢) ' VF (x) + F (&1 ) "VF (xe) — F (&) TVF (i) |

= [P0 T (VF () = I (0) + F (&0 T (VF (&) = VF (x0))

+ (F&0) ~Fx0) VF(x)|

< (VnLoKegka+LoLa +L7) |||
-l (3-19)

where kg def VILoKegka + LoLo + L3, || &1 & — x|| < ||k ||, and the last inequality we used (3.2),
and the fact that Y is A-poised in B(xy; Ay) with x; € Y; and A; < K ||sk||. Thus, the Cauchy-
Schwarz inequality, (3.3), and (3.13) yield that, for kK > 0,

D (xx + 1) — Pr(se) < e llsl

In view of (3.12), (3.13), and (3.14), Lemma 3.8 provides the following upper bound for ry,

namely,
180l V3(1-m2)
< == Oy — —— =/

which together with (3.10) implies r, < 0. Thus iteration k is successful, and (3.11) follows
from (2.8). This completes the proof. 0

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

Lemma 3.12. Let Assumptions 3.2—3.9 hold. If the number of successful iterations is finite,
then
lim [|[V®(x;)|| = 0. (3.15)
k—>+o0
Proof. Let us consider the iterations that come after the last successful iteration. After the last
successful iterate is computed, indexed by, say kg, the construction of the algorithm implies that

Xko+1 = Xko+i oo xs for all i > 1. Since there are no more successful iterations, i.e., px < Ny,
for all sufficiently large k > ko + 1, it follows that oy increases by at least y;, and oy — oo, as
k — oo, k > ko + 1. We then note that limy_,. ||[gok|| = 0. If ||go || was bounded away from
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zero, k would be a very successful iteration by Lemma 3.11, which yield a contradiction. From
Lemma 3.8, we also have

g0kl
Ok

skl <3 — 0, ask — oo, k> ko+ 1.

Now, for each k > kg + 1, we have

IV (1) — g0l < VitkesLoA < vikegkaLolsill
Observe that
VO (x) || < [[VO(xx) — 8ol + g0k

The two terms on the right-hand side converge to zero from the analysis above, and (3.15)
follows. O

The next lemma gives an upper bound on o when gg x is bounded away from zero. We now
show that if the model gradient ||gp «|| converges to zero on a subsequence, so does the true
gradient ||V®(x)||.

Lemma 3.13. For any subsequence {k;} such that

liminf||go4; || = 1
iminfllgo ;| =0, (3.16)
it holds that
liminf || V®(x;,)|| = 0. (3.17)
Jortee !

Proof. From (3.16) and the mechanism of Step 3, we see that ¥;, C % (xkj ; Akj) CH (xkj ;B 80k; I
is A-poised for all large j. From Lemmas 3.4 and 3.5, and (3.1), we have
IV filxk;) = Vailxi) || < Keghi; < KegBligo; |-

As a consequence,
V() || < [[VP(xk;) = 8ok, | + 1804l

< (VnLokeg 4 1)llg0.4,1l;

for all j sufficiently large. Due to |[gg ;|| — 0, we obtain that (3.17) holds. O
We denote the index of all successful iterations of the Algorithm A by
7Y {k>0: k successful or very successful in the sense of (2.8)}. (3.18)
Theorem 3.14. Let Assumptions 3.2, 3.3, and 3.9 hold. Then

liminf || V®(x;)|| = 0. (3.19)
k—5+o0

Proof. If there are finitely many successful iterations, then Lemma 3.12 implies that (3.19)
holds. Now let us assume that infinitely successful iterations occur. Suppose that (3.16) does
not hold, i.e., there exists a € > 0 such that

180l > €, (3.20)
for all large k. We first prove that oy is bounded above, that is,

2
V2Kip

O §max{60, }, forallk=0,...,]. (3.21)
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For any k € {0,...,j}, due to ||gg k|| > €, we conclude from Lemma 3.11 the implication

2
K
Oy > % = Oj+1 < O. (3.22)

Thus, when oy < '}/QKI%B/S, (3.22) implies o} < ’YZKI%B/S, V k€ {0,...,j}, where the factor p,
is introduced for the case when oy is less than k7,/€ and the iteration k is not very successful.
Letting k = 0 in (3.22) gives (3.21) when oy > yzkgB /€. Next, we derive a contradiction to
(3.21). Since ®(x;) is bounded below by zero, it follows from the algorithm, (2.6), (3.3), and
(3.20) that

[

+oo > Z[q)(xk)—q)<xk+l)]

k=0
> ) [@0u) — D))
ke
> Y mok(0) — drlsi)]
ke
me . | e V3 [€
Z k;miln{K—},T gk}

Hence, 0 — o, k € ., as k — oo. Now, it contradicts (3.21). Hence, (3.16) holds. Then (3.19)
follows from Lemma 3.13. This completes the proof. 0

Corollary 3.15. Let Assumptions 3.2, 3.3, and 3.9 hold. Then

lim [|[V®(x;)|| = 0. (3.23)
k—s+o0
Proof. If there are finitely many successful iterations, then Lemma 3.12 implies that (3.23)
holds. Now, we assume that . is infinite. Suppose, for the purpose of establishing a contradic-
tion, that there exists a subsequence {k;} C .# such that

VO (xk)|| > &o, (3.24)

for some & > 0, and for all i (we can ignore the other iterates since x; does not change during
such iterations). From Lemma 3.13, we obtain that ||gg«|| > €, for some & > 0, and for all i
sufficiently large. Without loss of generality, we pick € such that

€
e< — . (3.25)
2(2 + KegﬁLO)
The proof of Theorem 3.14 then ensures the existence for each k; in the subsequence of a
first iteration ; > k; such that ||gg || < €. By removing elements from {k;}, without loss of
generality and without a change of notation, we obtain that there exists another subsequence
indexed by {/;} such that

lgoxll > &, for ki <k <1;, and [[gg4,|l <€, (3.26)

for sufficiently large i, with inequality (3.24) being retained.
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Let # & {ke ¥ ki <k <}, where {k;} and {l;} are defined above. Since k C .7, it

follows from (2.6), (2.7), (3.4), Assumptions 3.2-3.9, and (3.26) that

1€ . )
CID(xk) —<I>(xk+1) > nTmm ;,

J

ﬁ 180l

ke, (3.27)
4 (7%

Since {®(x;)} is monotonically decreasing and bounded from below by zero, it is convergent.
Hence, the left-hand side of (3.27) converges to zero as k — oo. Thus, (3.27) implies

||ng|| _>0’ k_>oo7 k€<%/
Ok

Due to the limit above, the bound (3.27) asymptotically becomes

V3me |llgox
Bn) — Plax 1) > 1E, los]

, for all k € 2 sufficiently large.

Together with the relation above, Lemma 3.8 and the definition of .#” provide the bound

V3ne
D(xy) — Pxyr1) > 721

Summing up the inequality above over k with k; < k < [;, and employing (2.7) and the triangle
inequality, we obtain

||s||, for all k; <k < l;, k € ¢, i sufficiently large.

72 Lzl
[P (xr,) — P(xz,)] skl
V3me k—kgey

li—1

= Y [ xl

k—ki kE.S
> lxx, —xz, ] (3.28)

v

for all i sufficiently large. Since {®(x;)} is convergent, {®(xy,) — P(x;)} converges to zero as
i — co. Thus (3.28) implies that ||x;, —x;,|| converges to zero as i — co. Now,

VO (x| < [[VP(xk,) = V) || + V() — 8ol + llg0u

The first term of the right-hand side tends to zero because of Lemma 3.4 and is thus bounded by
¢ for i sufficiently large. The third term is bounded by € from (3.26). For the second term, we
use the fact that, from (3.25) and the mechanism of the criticality step (Step 3 of Algorithm A)
at iteration /;, the set of interpolation points Y7, is A-poised in %(x;;A;,), where A, < Bllgo. |-
As a consequence, we obtain from these bounds and (3.26) that

1
V@) < (2+ KeeBLo)E < 560,

for i large enough, which contradicts (3.24). Hence, our initial assumption must be false and
the theorem follows. UJ
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4. LocAL CONVERGENCE

In this section, we discuss the local convergence properties of the Algorithm A under some
suitable conditions. In this section, we have the following additional assumptions.

Assumption 4.1. Assume that F(x,) = 0, where x, € R" is the solution of (2.1).
Assumption 4.2. Assume that VF (x,) is nonsingular.
We begin the discussion with the following lemma.
Lemma 4.3. Under Assumptions 3.2—4.2, we have that
kh_r)roloﬂF(xk)H =0, and ]}1_r>130\|ng]\ =0. 4.1)
In addition, there exists constants Ly > 0 and Ly > 0 such that
[/ (xic) = VF (xie) | < La|[F (x| (4.2)
and | V2®(x¢) — Bo| < La|| F (xt) .

Proof. Assumption 4.2 implies VF (x;) is nonsingular for all k sufficiently large. Thus, with
Lemma 3.4, the eigenvalues of VF (x;) are bounded. From Corollary 3.15, and Assumption 4.2,
we have A% ||F (x)|| < [[VF () TF (x) || = [V (xi)|| — 0, k — oo, where A7 is the leftmost
absolute eigenvalue of VF (x;). It now follows from Lemma 3.5 that

lgoxll = llgo (el = 17 (x) g (el = 1 (u) " F () || < wey||F (o) - (4.3)

Hence, we have that (4.1) holds. Now, by (4.2), it follows from the Step 3 of the Algorithm A
that Y is A-poised in A (xi; B||go.xl|)- By (3.1), (4.3), Assumptions 3.2, 3.3, and Lemma 3.4,
we have

17 (xe) = VF (i) || < VnkegAy
< VnkeBllgoll
< nKeg Kng||F (xi) |
< La|[F(x) ],
where L3 def nkeeB Ky, and B is defined in the Step O of the algorithm. Furthermore, from
Lemma 3.4 and the inequality above, we obtain
[V2®(x) — Byl
= VPP () + X AV we) ) )]

IVF ()T VE () — I () Tl + 3 L) - V2G|

<
=
< |IVF(x) "VF () = VF (i) " (i) + VF () T () = T (xie) "I (i) ||+ L2 Y 1 fi ()|
=
< |IVE@) - (IVF () = T Ge) [| + [ o) || - [[VEF Geie) = I Go) || + L2 [|F () ||
< LiL3||F (xp) || + &7L3 || F (x) || + v/nLa || F (xi) |

Laf[F ()],



14 XIAOJIN HUANG

n
where Ly & L1 L3 + k)L + \/nLy and || - ||; denotes the 1-norm, i.e., ||x||; o Y |xi- O
i=1

To be able to guarantee convergence properties for the proposed algorithm, further require-
ments are needed to be placed on s;. The strongest conditions are, of course, the first and second
order (necessary) optimality conditions that s; satisfies provided it is the (exact) global mini-
mizer of ¢(s) over R". The choice of s, however, may be in general prohibitively expensive
from a computational point of view, and thus, for most practical purposes, inefficient. Thus, the
conditions we require on s; in what follows, are some derivations of first- and second- order
optimality when s; is computed in each subspace including gg x (not only the previous results
still hold, but we can prove further convergence properties).

In what follows, we require that s; satisfies

8ok + 8¢ Bo s+ ollsil> =0, k>0, (4.4)
and
S;—BQkSk + Gk||Sk||3 > 0, k>0. 4.5)

The next lemma presents some suitable choices for s; that achieve (4.4) and (4.5) from [25].
We omit its proof here.

Lemma 4.4. Suppose that sy, is the global minimizer of §(s), for sy € £, where ;. is a subse-
quence of R". Then s satisfies (4.4) and (4.5). Furthermore, letting Ay denote any orthogonal
matrix whose columns form a basis of £}, we have that A;BQ,kAk + okl|sk|| is positive semi-
definite, s € R". Then s; achieves (4.4) and (4.5).

Cauchy point (2) satisfies (4.4) and (4.5) since it globally minimizes ¢; over the subsequence
generated by —gp . To improve the properties and performance, it may be necessary to min-
imize ¢y over (increasingly) larger subspaces (that each contain gp ; so that (2.4) can still be
achieved). The following lemma gives a lower bound on the model decrease when (4.4) and
(4.5) are satisfied.

Lemma 4.5. If s satisfies (4.4), then ¢ (0) — @ (sx) > %skTBQJ(sk.

Requiring that s; satisfies (4.4) may not necessarily implies (3.4), unless sy = —gg x. Never-
theless, when minimizing ¢ globally over successive subspaces, condition (3.4) can be easily
ensured by including gp x in each of the subspaces. This is the approach we take in our im-
plementation of the Algorithm A, where the subspaces generated by Lanczos method naturally
include the gradient. Thus, we assume the Cauchy condition (3.4) still holds.

The following theorem shows that all iterations are ultimately very successful provided some
further assumption on the level of resemblance between the approximate interpolating Hessians
Bg x and the true Hessians V2®(x;) holds as the iterates converge to a local minimizer.

Theorem 4.6. Let Assumptions 3.2—4.2 hold, and let sy satisfy (4.4) where VF (x,) is nonsin-
gular. Then there exists Ryin > 0 such that

Ky
sl <

|F (xz)]|, for all k sufficiently large. (4.6)

min

Furthermore, all iterations are eventually very successful, and oy, is bounded from above.
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Proof. Since VF (x,) is nonsingular, then it is VF (x;) for all k sufficiently large. From Lemma
3.4, we have that V2 fi(xx), i=1,...,nis bounded from above. Together with the second term
of (3), we obtain that V2®(xy) is positive definite. In particular, there exists a positive constant
R.yin such that

sp V2D (xy) sy

A > 2Rpmin, for all k sufficiently large.
Sk

Thus, thanks to Lemma 4.3 and Lemma 3.4, we obtain that, for all sufficiently large k,

2Rmin||sk||2 S S;VZCI)OC]()S](
= 5 (V2®(xi) —Bo)sk + 54 Bo ks
< Ruin|5icl)* + 1V (i) s |-

Moreover, since sy satisfies (4.4), we conclude from Assumptions 3.2 and 3.3 that

17 Ce)sicll> = s¢ Boask < —8ousk < lgoll - lsell < w7 IIF ()| - [lsll-

With the two relations above, we obtain bound (4.6). To prove iteration k is a very successful
iteration, we need to prove the inequality holds. From the Taylor mean theorem, we have

D(xy + 5x) — Pe(sx)
= D) + V() T+ 55 VP (Erk )k

1 1
- (00)-+ st 35! Bousit +3aull

1 1
= F(x¢) T (VF (x) —J (xx) ) sk + ?Z(qu’(ﬁz,k) —Bo i)Sk — §Gk||sk||3a

where &) i € (x,x + sx). Observe that the first term of the last equality above can be bounded
as following

F () (VF () = J () sk < v/nkegKallF (x| - |l skl|*, & > 0. (4.7)
From the second term, we have

V2D (& k) — Bosll < V2@ (xi) — V2O (&) || + || V2P (xi) — Boll, k > 0.
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The first term is bounded as following

IV2@(x) = V2@(E2,0)

VF () V() + Y Fi0) V2 i) — VE(Eag) VF (Eag) — Zﬁészﬁ<<§2k>
i=1

IN

IVF () TVF (x) = VF (§24) T VF (&0 || + Zfz i) V2 fi(x)

i=1
HVF(fk)TVF(Xk) VF(Xk)TVF(éz k) +VF(x¢) VF (&) — VF (&,

+L2§,|fi(xk)|+L22|fz &)l
[VF (xi)]| - HVF(xk) VF (& )| +IIVF (S0l - [[VF (xi) = VF (&) |
+Lo || F (x ||1+Lzz|fi o) — filxk) + fi(xx)|

i=1

i (&) V2 fi(E2x)
=1
W) VF (&)l

IN

IN

2L1 Lo ||k — x|l + Lol F (x) 11+ Lo Y i) | 4+ L2 Y 1 fi(ak) — fi(oe) |

IN

IN

2Ly Lo || g — Xkl +2v/nLa ||F (xi) || + nLiLa| & 4 — Xk
< @4 m)ilallés —xill + 2VALIF (x0)].

Since & € (xg,xx + k), we have ||& x —

4.3, gives ||y x — xx|| — 0. This, together with the continuity of fj,i =1,...,n and Lemma

4.3, implies ||[V2®(x;) — V2®(& )| — 0, as k — oo. It now follows from the limit above and
Lemma 4.3 that

IV2@(E ) — Boxl| = 0, k — oo, (4.8)
Relation (4.4) implies
B T 1T 1 3
O (0) — O(sk) =  —80 xSk — 75 BokSk — 30%l|skl
1 1
= Sl—chQ,ksk+Gk||5k||3_Esl—chQ,ksk_gGkHSk”s
1
> —S;BQkSk
2 bl
1
> §||J(xk)sk”2
> L Reallsel?
= 5fmin Skl -

It now follows from Assumptions 4.1 and 4.2, (4.7), (4.8), and the inequality above that
1 1
re = Flx) (VF(x) —J(x))se+ ?Z(qu’(ﬁz,k) —Boi)sk— §<71<HS1<||3
+(1 = 12)[9x(51) — 9x(0)]

B (il 5+ 1720(5) — V2 B(E0 10| — (1 = o) i)

< 0,

IN



A DERIVATIVE-FREE CUBIC REGULARIZATION METHOD 17

for all k sufficiently large. Hence, all iterations are eventually very successful. Since o is not
allowed to increase on the very successful steps of the Algorithm A, and every k sufficiently
large is very successful, oy is bounded from above. UJ

Lemma 4.7. Let Assumptions 3.2—4.2 hold. Then, for each k € ., with . defined in (3.18),
there exists an increasing positive single variable real function L(oy) > 0 with the real variable
oy, such that

[1 = (VnkegKallF (o1l + %a) ] g0 11| < L(G)|IF (xe)]I?, (4.9)
for all sufficiently large k € ..

Proof. Letting k € .7, we have x| = x; + sx. From Assumption 3.9, we have
180 k+1ll < 1180 k+1— VP +si) | + VP (xkc + 1) — Ve (sie) | + | Vs 0x (i) |

< ||g0h+1— VP(xi +s1) || + | VP (xx + 1) — Visr () || + Ko min{1, ||s]|} - [[gol]-(4.10)

Since Y. is A-poised, we conclude that
1801 = VR +si)l| < ([F(xgn) | [ (o) = VF (1)

< VnKegKallF (xes 1) - I8 01 I (4.11)

From Taylor’s theorem and Lemma 4.3, we obtain
VD (e + 1) — Vs (1) |

<[V (xe) — 8ol +

1
’/0 [V2<I>(xk+ a)sk) —BQJ(} Skda)H + O'k||sk||2
< [F ()| - IIVF () — I (i) || + orellsel|* + || [V2@ (k) — B si|

1
+H/0 (V2D (x; + osi) — V2P(xi) ] do || [|si|

< LI+ oulsel + LallF () - s
Hissl [ 1@+ mitallos] +2vas F(s) ] do
< L3||F (x) 1>+ oellsell + Lall F ()] - [l |
R NCATE A @.12)

From (3.1), Lemma 3.4, and Lemma 4.3, we have

< |80k — VO (xi) || + [|VP(xi) — VP (xi + s | + [| VR (xk +5x) — 8ot 1]l + 180411
2 2
< L3||F (xi) |7+ La||F (i) [ - Nlswel| 4 L sk || + v/nkeg KallF (et ) || sl =+ |80 k1]

”gQJc

which implies that, for all £ > 0,

< KoL3||F (xi)) |* + Ko La||F (xi) || - [l sicll + ko L3]|s¢]|*
/1Ko Keg Kol F (xi1) || - 15kl + Ko lgok+11l- (4.13)

kg min{1, ||s||} - |lgok
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Therefore, substituting (4.11), (4.12), (4.13) into (4.10), we obtain that, for all kK > 0,

80t < Vikegkall F (x| - 1801 1| + Lal|F (xe) [|* + Ol [sie]|* + LallF (xe) || - [ sl
+(2+n)L1L2
2
+KoLt||sk||* + Ko v/nKegKal | F (xic1) || - |15l + Ko | g0, k1
(2—|—n)L1L2
2
+ [La+2v/nLy + koLo | ||F (x¢) || - Ikl + (1 + Ko ) L3 || F (x) ||*
/1 Keg K| F (xiq1)| - [l

Isell® +2v/nLa | F ()| - [lsell + ko Ls[|F () 1> + ko La || F (x| - 1w

= (VnKegKl|F (xir1) || 4+ o) - |80 k11 + [ + ox + KeLﬂ 512

(2 + n)L1L2
2

+ (Lot 2v/La + KoLa] [|F (|- lsell + (1 + Ko) sl F ()
v/ Kok 1 o) | L el e

< (ViikegkalIF e ) + K6) - gt [l + [ ot KQL%} el

24n)LiLy
% + o+ KeLﬂ [5]|?

+ [V/nKoKegka + La+2+/nLs + ko Lo ||F (x¢) || - |l sel| + (1 + Ko ) L3 || F (xi) |
< (VnkegKallF (i)l + o) - g a1l

= (Ve RallF (i )I| + o) 180t 1|+ [ﬁxe KegkaL +

nkK 24n)LiL>
+—\/_ i \/EKQ K‘egK'ALl + —( ) + O, + K‘@Lﬂ ”F(xk) HZ
Rmin 2
nK?2

+R2ng' (VKo Kegka + La + 2/nLs + Ko Lo || F (x¢)||* + (1+ ko) La | F (x¢) ||

min
= (VnkegKallF (1) || +%0) - 1801 ]| + LG I F (s |17, (4.14)

where L(oy) is defined as following

V1K

24n)L1L
w—l—ck—}—KgL% +(1+K9)L3
Rmin 2
N,

+R2 ' [v/nKg Keg KA+ Lg+ 2y/nly + xgLs] .

L(oy) =

VKo KegKaLy +

Hence, (4.9) follows from (4.14). O
Corollary 4.8. If the conditions of Theorem 4.6 hold, then
|F (1)

— 0, as k — oo, (4.15)
I ()l
and
o I (4.16)
[0k — x|
Furthermore,

21 — x|l = O(||xx — x:||?), as k — o, (4.17)
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Proof. Since Yy is A-poised in B(xg11;Ar+1), we conclude from (3.1), and the Step 3 of
Algorithm A that

VO] < llgois1 — VPxir1)l +1180k+1l
< VnkegBIIF (X)) |- 1okt 11l + |80 i1

< (1+VnkegBI|F (s 1)) lgok1ll-

Moreover, as Theorem 4.6 gives that all iterates are eventually very successful, and o is
bounded above, say by some Opax, (4.9) holds for all k sufficiently large. Thus

[1— (VregkallF (i)l + K6) ] 1804041 < Loy |IF ()|,

for all k sufficiently large, where Lo, = L(Omax). Since VF(x,) is nonsingular, then it is
VF (xi1) for all k sufficiently large, and there exists a positive constant y such that ||VF (x;1) || <
. It follows that

IF ()l [IVF (1) VO |
[|F () | | ()l
VIV (xr1) |
= T
< YU+ VnkeBIFCar)l) 8okl
B [F ()l

¥ (14 v/1Keg BIF (i 1)11) Lo [|F ()11
[1 = (V/nKeg KallF (xie-1) | 4 Ko) | F ()|
¥ (1 VKeg BIIF (%1111 Lo

i Vsl sl )] )] 19

for all k sufficiently large. The right-hand side of (4.18) tends to zero as k — co due to ||F (xz)|| —
0, as k — oo, under Assumption 4.2. Thus, (4.15) holds. From the standard Taylor theorem of
F(x;41) and F(x;) around x,, and F(x,) = 0 with full rank VF (x,), we have

F(xps1) = F(x) + VF(834) (1 — x5),

F(x) = F(x:) + VF (8a) (x — x2),

for all k sufficiently large, where &3 € (x41,%), and &4 € (x¢,x,). From Lemma 3.4 and
Assumption 4.1, we obtain

IA

IF (oe )| < LalJxer —xs ],
[1F ()] < Lalloee — x4

Thus,
F
IFee)l _
o641 — x|
F
IFl _ o,

e — x|
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where C; and C, are some constants. Hence,

1 =2l 1E Gl [Perer = x| 1F Cag )]

lim = lim =
kvoo |2 — x| koo |2 — x| [[F (o) | {15 G|
and (4.16) holds as kK — 0. So, (4.17) follows. [

Corollary 4.8 holds in the case when the stronger conditions of Theorem 4.6 are satisfied.
Particularly, we require the stronger condition Assumption 4.2, then, the limit F(x;) — 0 is
guaranteed to hold.

5. NUMERICAL RESULTS

In this section, we report the results of the computational experiments performed in order
to assess the effectiveness of the Algorithm A. All of our experiments were performed on a
single processor of a desktop computer with Intel(R) Core (TM) 13-4150U @3.50 GHz. And
all programs are written in Matlab code, and the parameters in Algorithm A are chosen as
follows:

n=15 nr=3, =01,
m= 0.3, n = 0.8, Oy = 1,
Ao=04, k4 =09, B =0.5.

Now, we test the algorithm with the above parameters. In our algorithm, we terminated the

iteration when
||gQ,k|| < 10_57

or iteration number exceeds 200, and any run exceeding this is flagged as a failure.

The numerical results are listed in the following table. The table shows the names of prob-
lems that are denoted by “name”, the number of its variables, which is denoted by “n”, the
approximate optimal value “||F||” at the approximate solution*x,”, the value of “||gp||” at the
approximate optimal solution “x,”, and the number of outer iteration which is denoted by “k”.
We compare the text problem with two different sampling points. The left-hand side of table
1 shows the numerical results of sampling points with the natural choice of 2n + 1, and the
other side shows the numerical results of sampling points with (n+ 1)(n+2)/2. The set of the
test problems mainly consist of [29]. The remaining problems were collected from a variety of
places during the development of the Algorithm A code. The test problem HS40 is the problem
40 in Hock and Schittkowski [29]. SC206, SC207, and SC208 are the Problems 206, 207, and
208 in Schittkowski [30]. The rest problems are from [29].

We see that, for each n, the outer iteration occurs in the N, = 2n+ 1 column being very
encouraging. We can observe that the number of outer iteration of the sampling set with more
interpolating points is almost less than the other one. It’s reasonable since the latter can ap-
proximate the original problem more accurately with more interpolating points in the sampling
set. The algorithm we propose with N, = 2n+ 1 uses small sampling set that can construct a
quadratic model with less computation numbers while the number of the whole outer iteration
is increasing. In the case of the other sampling set, to construct a quadratic model needs more
computation numbers while the number of the whole outer iteration is less than the former one.
We can’t say which one is better, it depends. And here we show that the proposed algorithm is
effective and promising.
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TABLE 1. Numerical Results
Problem dim 2n+1 (n+1)(n+2)/2
k llsoll IFl k lsoll 7l
HS40 4 7 6.779569¢-006 1.805985¢-005 7 9.606303e-006  2.014731e-005
SC206 2 5 5.964599¢-006 4.291315e-007 4 6.877607e-006  7.967604e-007
SC207 2 7  6.513801e-006 3.026469¢-006 6 9.848525e-006  1.500385¢-006
SC208 2 95 7.838677e-006  5.308939¢-006 20 1.808174e-006  8.318998e-007
Ferraris and Tronconi 2 43 4.317743e-006 1.723028e-005 17 9.064597¢-006  9.640606e-006
Extended Powell singual function 4 60 3.567228e-006 1.314412e-004 57 8.841074e-006  1.789611e-004
Extended Powell singual function 8 59 5.841614e-006  1.899750e-004 9 8.210961e-006  1.212916e-004
Broyden Tridiagonal function 5 59  6.667181e-006 5.262892e-006 4 5.094843e-006  9.565117e-007
Discrete boundary value function 5 3 5.800534e-007 2.733637e-007 3 1.136031e-006  4.211831e-007
Discrete boundary value function | 10 4 3.439812e-007  1.545640e-007 3 3.421256e-007 1.615803e-007
Extended Tridiagonal 1 function 4 11 6.124970e-006  4.606700e-005 8 4.329193e-006  5.105501e-005
Extended BD1 function 4 99 7.001012e-006 9.211647e-006 | failure
POWER function (CUTE) 5 4 6.735499¢-006 1.087452e-006 4 6.938087e-006  1.119569e-006
Extended Powell function 4 4 2.208470e-007  1.404933e-007 4 3.384554e-007  1.422355e-007
Box three-dimensional function 3 12 1.959474e-007 2.906171e-006 12 1.893713e-007  1.683440e-006
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