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ABSTRACT: In order to be provably convergent towards a second-order stationary
point, optimization methods applied to nonconvex problems must necessarily exploit
both first and second-order information. However, as revealed by recent complexity
analyzes of some of these methods, the overall effort to reach second-order points
is significantly larger when compared to the one of approaching first-order ones. In
addition, there are other algorithmic schemes, initially designed with first-order con-
vergence in mind, that do not appear to maintain the same first-order performance
when modified to take second-order information into account.

In this paper, we propose a technique that separately computes first and second-
order steps, and that globally converges to second-order stationary points. Our
approach is shown to lead to an improvement of the corresponding complexity bound
with respect to the first-order optimality tolerance. Although the applicability of
our ideas is wider, we focus the presentation on trust-region methods with and
without derivatives.

KEYwORDS: Worst-case complexity, global rates, first-order stationarity, second-
order stationarity, decoupling, trust-region methods.

AMS SUBJECT CLASSIFICATION (2010): 90C30, 90C26, 90C56.

1. Introduction
1.1. Problem description and motivation. We consider a smooth un-
constrained optimization problem

min f(x), (1)

SIING
where f: R" — R is assumed to satisfy the following assumptions.
Assumption 1.1. The function f is twice continuously differentiable, with

Lipschitz continuous gradient and Hessian (and let Ly2y be the Lipschitz
constant of the Hessian).
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Assumption 1.2. The objective function f is bounded below by a value fioy
on the level-set Li(xg) = {x € R": f(z) < f(xo)}.

When the objective function is nonconvex, algorithms may exploit both
first and second-order information at a given point in order to make progress
towards a (local) minimum, at which it is known that the gradient must
be zero and the Hessian matrix must be positive semidefinite. Therefore,
exploiting directions making an acute angle with a non-zero negative gradient
or negative curvature directions corresponding to negative eigenvalues of the
Hessian matrix is essential in guaranteeing convergence to such a point. That
is also instrumental to the derivation of complexity results, which consists in
estimating the worst-case number of iterations (and, often as a by-product,

the amount of calls to f and its derivatives) needed to reach an iterate xj at
which

[ Aanin (V2 ()] N (2)
= max {—)\min(VQf(a:k)), 0} < €g

hold, for some given tolerances e¢, eg € (0, 1).

As complexity analyses were originally proposed in a convex setting, most
of the recently developed results for nonconvex optimization have focused on
the worst-case complexity of reaching approximate optimality conditions of
only first order (i.e., ||V f(zk)|| < ec). Still, several algorithms were studied
from a second-order complexity viewpoint and results related to the satis-
faction of (2) have been obtained [5, 6, 3, 11, 18, 14, 19] (see also [7] for a
generalization to even higher orders)!.

These algorithms can be classified in two categories. The first one en-
compasses classes of second-order globally convergent trust-region methods
(with derivatives [6] and without [14, 20]), direct-search algorithms [19] for
derivative-free optimization, and the general nonlinear stepsize control frame-
work of [18]. In those methods, the complexity bounds for the sole satisfac-
tion of the first criterion in (2) are generally of the form O(e;?). When both
criteria in (2) are considered, the bound is typically the maximum of two
quantities related to the corresponding criteria: O (max {55 2zl e 3}) for
derivative-based trust-region methods; O (maX {55 3 en 3}) for direct search.

IVf(xp)]| < ec and

1We also mention here the recent development of new frameworks inspired by accelerated gradi-
ent techniques that provide second-order guarantees while aiming at satisfying approximate first-
order optimality [1, 4], despite the fact that these methods cannot be viewed as full second-order
schemes.
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In the remaining cases ([18] and [14, 20]), only the case e¢ = &g is considered,
and a bound of O (6E 3) was derived. The presence of a maximum in the
above bounds is related to the satisfaction of both conditions in (2). In that
sense, one may view the first term as characteristic of first-order optimality
(related to the gradient norm), and the second as relevant for second-order
consideration (tailored to the minimum Hessian eigenvalue). One then ob-
serves that the part related to the first-order term worsens in each of those
frameworks compared to the case in which only first-order aspects are con-
sidered. It indeed becomes O(eg2eg!) for trust-region methods and O(g;?)
for direct search.

This phenomenon is not endemic in second-order globally convergent meth-
ods. In fact, the second class of algorithms we review here, essentially based
upon the cubic regularization analysis derived in [5], does not suffer from
this deterioration. Although those frameworks may not explicitly require
the minimization of a cubic model [3, 11, 21], they all exhibit complexity
bounds of O(g;z'?) in terms of first-order optimality and O(max{e;'?" ez°})
for second-order optimality. Such results incite to investigate further the
reasons for this discrepancy.

A partial explanation may be found in the theory established for second-
order convergent (derivative-based) line-search methods [2, 15, 22, 23]. In
such studies, it has been identified that an algorithm exploiting both direc-
tions of descent and of negative curvature should not necessarily associate
those with the same step length. Indeed, it may be that one of the two criteria
of interest (namely the gradient norm or the minimum Hessian eigenvalue)
is several orders of magnitude smaller than the other. In that situation, a
method based on a unique step length may compute a very small step to
cope with the magnitude of one criterion, even though more improvement
could have been realized by performing a moderate step if one would focus
on the other one.

In trust-region methods, one may also face those issues as any computed
step is limited in norm by the trust-region radius. It may be that this radius
is forced to shrink in order to provide second-order guarantees. Such aspects
are also present in derivative-free optimization, where neither first nor second
order derivatives are available. In that setting, the step size (in direct search)
or the trust-region radius (in derivative-free trust regions) are often the only
available tools to simultaneously estimate both optimality measures. As a
result, the cost of the second-order guarantees often overcomes the first-order
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ones (see [14, 20] and [19]). On the contrary, any technique with a first-order
complexity in O(eg ') directly relates the norm of the computed step(s) and
both criteria of interest in an independent manner.

1.2. Contribution and structure of the paper. Our main motivation is
thus the study of algorithms that preserve the original first-order guarantees
while additionally taking second-order properties into account, so that the
exponent of the first-order power remains unchanged in the overall complexity
bound. For this purpose, we present a decoupling technique that dissociates
the first and second-order aspects of a given optimization method. Another
goal is to address the potential scaling differences that may arise between the
optimality measures by using different step sizes.

Our study revolves around the separate treatment of gradient-type and
Hessian-type properties of the function at a given iterate. The introduced
decoupling technique relies on duplicating elements of the algorithm that
intervene in the treatment of both properties, so as to treat each of them
separately. In doing so, we will reach a worst-case complexity bound of
O(max{eg?, e:°}).

As we will see, the idea is general enough to be embedded in a wide range
of optimization algorithms. We will however focus on trust-region methods,
covering both the derivative-based and the derivative-free cases. The struc-
ture of the paper is the following. We present the decoupling concept within
a trust-region framework in Section 2. The complexity analysis is derived in
Section 3. Some numerical experiments are reported in Section 4 to indicate
the potential of our approach. The paper is concluded with a discussion in
Section 5.

1.3. Notation. Multiple quantities (models, steps, constants) will be fea-
tured in two contexts, respectively related to first and second-order aspects.
To avoid confusion, we adopt the superscripts and subscripts C for first-order
quantities, and E to second-order ones.

The notation O(A) stands for a scalar times A, with this scalar depending
solely on the problem considered or constants from the algorithm. Norms
are meant to be Euclidean although we do not directly use this fact.
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2. A trust-region method based on decoupled steps

Our presentation of the decoupling technique will be carried on using a
basic trust-region paradigm. In the commonly adopted definition of a trust-
region method [8, 26], the optimization process consists in the construction a
model of the function around the current iterate, followed by a minimization
of this model within a trust region (typically defined as a Euclidean ball). If
the resulting decrease on the function value is sufficiently large compared to
the decrease predicted by the model, the step is accepted and the size of the
trust region may be increased. Otherwise, the iterate does not change but
the trust-region radius is decreased in an attempt to improve the accuracy
of the model by looking at a closer neighborhood [8, 26].

Trust-region methods with second-order guarantees are typically based on
the computation of a step which provides a decrease on the model within the
trust region comparable to that obtained along the direction of the negative
gradient (also called Cauchy decrease) and along the direction of an eigen-
vector corresponding to the most negative Hessian eigenvalue, if any (also
called eigendecrease) [8, Chapter 6]. The optimal solution of the trust-region
subproblem also satisfies such a property, and is sometimes considered in
second-order global convergence proofs [24, 25].

When one aims to derive complexity results for such methods, it is nec-
essary to relate the function decrease and the step size to the optimality
criteria, namely the gradient norm and the minimum Hessian eigenvalue.
More specifically, a typical trust-region scheme such as the one analyzed
in [6] guarantees that a successful step at iteration k satisfies

Flaeen) = Fax) > O (min {196 [~ (V2 (@0)], 62}) . (3)

where 0y is the current trust-region radius. It can be additionally established
that as long as |V f(zy)| > ec or A (V2f(21)) < —eg holds, this radius is
bounded away from zero as follows

0 > O (min{ec,ex}). (4)

This results in an iteration complexity of order O(max{e;%e; ', ez°}). If only
the first-order criterion is taken into account, a similar reasoning yields a
complexity bound in O(g;?). The introduction of second-order information
appears to worsen the first-order properties of the method, which is not the
case for cubic regularization frameworks [5, 6]. This is actually due to the
trust-region radius accounting for both optimality criteria, resulting in (4).
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The goal of our decoupling technique is thus to dissociate the two properties
in order to recover O(s;?) in the second-order complexity bound.

2.1. Algorithmic framework. Algorithm 2.1 describes a decoupled version
of the traditional second-order globally convergent trust-region method. The
critical difference to the classical method is the use of two models,

1 1
mi (e +5) = fr+ (95) s + ESTHJS& mi(zp +s) = fr + (9F) s + ésTHJSS,

each devoted to capturing information related to the corresponding derivative
and approximately minimized within its own trust region. At each iteration,
the algorithm thus independently computes two steps that are only connected
by a common trust-region parameter d;. As a result, we will see later that
each trust-region radius will converge to zero if the method converges to a
(true or model) second-order stationary point. In that respect, Algorithm 2.1
follows the same idea than [13] in that it explicitly connects trust-region radii
to optimality criteria of interest so as to force the convergence of the trust-
region radii sequences. Similar ideas are adopted in the context of derivative-
free trust-region methods by the application of the so-called criticality step
(see [10]).

After the double step computation, the method chooses the best point with
respect to the function value and then computes the maximum of two de-
crease ratios (where in the numerator one has the actual variation in function
value and in denominator the decrease predicted by each step in its model).
This significantly differs from the classical approach whose complexity has
been analyzed in [6].

Algorithm 2.1. decoupled Steps in a Trust-REgionS Strategy (DESTRESS).
Choose £y € R", 0 < dg < Opmax, 0 <71 <1< v, andn > 0.
Fork=0,1,2,... do
(1) First-order trust-region step
(a) Compute a model m§ of the function f, and a step s} that
approzimately solves the first-order trust-region subproblem

ming mg(x + $)
C def C (5)
Isll < o5 = ok llgll -
(b) Set a5 = x), + s% and compute f(z%).
(2) Second-order trust-region step
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(a) Compute a model mf; of the function f. If \f < 0, compute a step
sk that
approzimately solves the second-order trust-region subproblem

{ ming mg(xy + s)

6)
def (
sl < 05 = ow[=AF], -

If Xi. > 0, no second-order step is computed.
(b) Set af = x), + s and compute f(xf).
(3) Decrease ratio and iterate update
(a) If a second-order step was computed, choose si, € argmin { f(zx+
s%), f(zp + s§)} and set

Pr — IMmMax {pza pg}

with
¢ Sflop) — flar + i) g flow) — flar + )
Pk = ) — il + 59 T (o) — mE(a £ )

Otherwise, s = s$ and pr, = pf.
(b) If pr. > m, set x1 = xp+sk and declare the iteration as successful,
otherunse declare the iteration as unsuccessful.
(4) Trust-region parameter update

Set

5o = J min{y20k, dmax} if pr > 7,
dan Y10k otherwise.

2.2. Models. Our first-order model aims to capture gradient information.
For this reason, we first require a Taylor-type bound on function values,
which will be trivially satisfied in the derivative-based case ¢ = V f(xy)
with Fe = (Lys + Bc)/2, where B¢ is an upper bound on Hjf.

In the derivative-free case this is achieved by the use of a fully linear model
in a ball of radius d;. The second assumption tightens the accuracy of the
model gradient g¥ to its size. Again, it is trivally satisfied when ¢gf = V f(x},),
this time with C¢ = 0. In the derivative-free setting this is achieved by means
of a criticality step where a fully linear model is computed in a ball of radius
proportional to ||g¢|| (see [9]).
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Assumption 2.1. For every index k, the corresponding first-order model m$
satisfies

imi(zy, + s) — flar + )| Fo(6%)?, Vs € B(0,67),

|9i = V()| < Cellgill,
where Fo > 0 and Ce > 0 are constants independent of k.

IA

As in the classical case with or without derivatives, we will also need an
uniform upper on the model Hessians.

Assumption 2.2. There exists Be > 0 such that the first-order model Hes-
sian sequence satisfies
vk, ||HE|l < Be. (7)

Similarly, our second-order model aims to capture Hessian information.
Now we require the use of a fully quadratic model and tighten the accuracy
of the minimum eigenvalue A; of the model Hessian (when negative) to its
magnitude.

Assumption 2.3. For every index k, the corresponding second-order model
my satisfies

[mig(zr +s) = flap+s)| < Fe(6;)’, Vs € B(0,05),

[ = Ml < Ge[-¥8, i XE<o,
where Fg > 0 and Cg > 0 are positive constants independent of k.

When using a Taylor model (g8 = V f(xy), Hf = V?f(zy)), one trivially
has FE = Lv2f/6 and CE = 0.

In the derivative-free case the first assumption is achieved by the use of
a fully quadratic model in a ball of radius d and the second one by a crit-
icality step where a fully quadratic model is computed in a ball of radius
proportional to [=Af], when A} is negative (as in [9]). We must point out
here that the strict satisfaction of the second assumption in a derivative-
free context would be hard to do in a finite number of iterations within a
criticality-type step. However, we observe that in order to still garantee the
result (Lemma 3.2) where such assumption is used, one can relax it as

€E

“—Aﬂ+—{—Aﬂ+‘§ Ce[-M],+3 if A< e
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where eg > 0 is the second-order tolerance for the derivation of the complexity
bound.

In the derivative-based case, where again the models are quadratic func-
tions based on the first and second-order Taylor expansions of f around the
current iterate, an iteration of the DESTRESS algorithm requires one gra-
dient and one Hessian evaluation, together with two calls to the objective
function.

2.3. Subproblem solution. On the first-order side, we impose on the ap-
proximate subproblem solution the classical requirement of first-order con-
vergent trust-region methods.

Assumption 2.4. At each iteration k of Algorithm 2.1, the approximate
solution of the trust-region subproblem (5) satisfies a fraction of Cauchy de-
crease, i.e., the first-order step st satisfies
- 1lgil
o) = il + o) > g min { 12 of | ®)
k
where ¢ € (0, 3] and we set ||gf||/||Hf|| = oo whenever ||HE| = 0.
Note that with our specific definition of the first-order trust-region radius,
(8) reduces to

) 1
o) = mla+ o) = 7o min { om0} ©
k

A similar requirement is imposed on the second-order side.

Assumption 2.5. At each iteration k of Algorithm 2.1, the approximate so-
lution of the trust-region subproblem (6) satisfies a fraction of eigendecrease,
i.e., when [=Xj], > 0 the second-order step sj. satisfies

2
mig(wr) — mip(ee +s5) > 7 [=AR]L [6F] (10)
where 1z € (0, 1].
As before, we observe that our definition of 0} yields
mE(wr) —mE(xy + sf) > 7 [-AE]° 67 (11)

Assumptions 2.4 and 2.5 are typically satisfied, respectively, by a step
along the direction of the negative gradient (also called Cauchy step) and a
step along the direction of an eigenvector associated to A} > 0 (also called
eigenstep).
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2.4. Basic results for step acceptance. The model properties we enforced
are instrumental to guarantee progress towards a solution of problem (1). In-
deed, when the models are chosen to be sufficiently accurate approximations
of the objective function and the trust-region radii are sufficiently small, steps
associated with the subproblems will produce satisfying decrease in the func-
tion value and be accepted as new iterates. This is the sense of the following
lemmas.

Lemma 2.1. Let Assumptions 1.1, 2.1, 2.2, and 2.4 hold. If ||g5|| > 0 and
1 Tc(l )
5t < min{ o EO =D, (12)

C

then the k-th iteration is first-order successful and the first-order trust-region
parameter 1s not decreased.

Proof: Since we have p; > pf, it suffices to prove that pf > n. One has:

o — 1] ‘f(xk) — [k + sp) — mg(ae) + mi(ae + 57)

my(wy) — my (v + s7)
im (x4 s5) — f(ar + s7)]
imi(zr) — mi(zy + sp)]

Fe [05)°
rollgfll min { ok o }
Fo o5
7ol g8 min { 1421, g¢ }
Fuo®

7cl g
S 1 - n,

IA

[
k
C
HilP

IA

IA

where the last two inequalities are direct consequences of (12). u

Lemma 2.2. Let Assumptions 1.1, 2.3, and 2.5 hold. Suppose that at itera-
tion k, A\f <0 and Step 2 of Algorithm 2.1 is reached with

(1 —n) E

OF < —— [N 13
kK = FE [ /4;:|_|_ ( )
Then, the k-th iteration is second-order successful and the second-order trust-
region parameter is not decreased.
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Proof: Similarly to the proof of Lemma 2.1, one then has:

fa) = f g + sp) — mi(zx) + mi (g + s7)

my(x) — mi(zy + s§)

mi(zr; + s§) — flan + s3)

[mig () — my(zk + si)]

Fg [0F)”

75[—AE] [0F)

g [67]
Te[—Af)+
< 1-mn,

r—1] =

IA

IA

hence p, > pf > 1. u

3. Worst case complexity

As an auxiliary result, we can exploit the results of Lemmas 2.1 and 2.2
to provide lower bounds on the trust-region parameter at points sufficiently
away from second-order stationarity (or model stationarity in the derivative-
free case).

Lemma 3.1. Let Assumptions 1.1, 2.1, 2.5, 2.4, and 2.5 hold. Suppose that

by the k-th iteration, the method has not reached a (true or model) second-

order stationary point, meaning that VI < k either || gf|| > 0 or [-AF]+ > 0.
Then, for every |l <k, one has

o > ﬂmin i el =n) 7e(l —n) (14)
= V2 B  Fo ' Fg .

Proof: For the purpose of deriving a contradiction, suppose that [ is the first
iterate such that

1 7e(l—n) =(l-n)
0, — : 1

By the updating rules on the trust-region parameter, we have that d;,1 > 10y,

SO
1 7(l—n) 7(l-n)
5 -
1 < mln{BC, 7 , .

also holds. Given that we have not reached a model second-order stationary
point by assumption, we know that either ||gf|| > 0 or [-AF]+ > 0.
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Suppose first that ||gf|| > 0. Then one has

: 1 (1l —n)
6 = 9ll¢f|| < min{ —, ——— °ll. 16
= alafl < min{ o = Lt (16
We thus have from Lemma 2.1 that iteration [ is successful and the trust-
region parameter is not decreased. As a result, d;,1 > ¢;, which contradicts
the assumption that [ is the first iteration index satisfying (15).

Suppose now that [—AF]; > 0. In that case,

o < @ [, (17)

and by Lemma 2.2, iteration [ is successful without decreasing the trust-
region parameter. One then draws the same contradiction than in the first
case. From both cases we conclude that (15) cannot hold, and thus for every
[ <k,
1 1c(1—n) =(l—n)
min ¢ —, : < 01 < Yl
/1l {Bc Fo F = 0141 X 7200

hence the result. ]

Our goal is now to bound the number of iterations that Algorithm 2.1
needs to reach an (ec, eg)-approximate second-order stationary point, that is
a point at which both

IV f ()l < ec (18)
and
[Ai]e < ek, (19)
hold, with (g, gg) € (0,1)?. To establish such a worst-case complexity bound,
we define k. as the first integer such that both (18) and (19) hold. Besides,
we let S. and U. denote the set of successful iterations and unsuccessful
iterations, i.e., the set of iterations of index less than or equal to k. for which
pr > n and pp < n, respectively.

Lemma 3.2. Let Assumptions 1.1, 1.2, 2.1, 2.8, 2.4, and 2.5 hold. Then,

f(xO) - flow
C

S| < max {e5°, 65"}, (20)

where

: Tck TE/*€2
C = nmin { (H—Ci)?’ (1—&-02)3 } ) (21)
{L Te(1-7) TE(l—n)} .

Ber Fe 7 Ig

ks = Lmin
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Proof: Let k < k. be the index of a successful iteration. Then, either (18)
or (19) does not hold.
In the first case,

— g8 = V£ )|+ IV L@ < |6

which by Assumption 2.2 implies then

Ec
1+Co

lgill =

Hence, using (9),

7'06(2:/{5

1
mcg; _mcg; —|—sc > T CQmin{—,(S} > —,
k( k) k( k k) = CHng Be k( = (1+Cc)2

where we also applied the result of Lemma 3.1 together with the fact that
Ky < 1/BC

In the second case, we know from Assumption 2.2 that A\F < 0. Hence, we
obtain

18], = ]+ < [

which by Assumption 2.2 implies then

€E
.2 g

As a result,

mip(xr) — mi(ze + sg) > 78 [- NS 0 > ENeAE

Putting the two bounds together, we obtain that the function decrease at
the k-th iteration satisfies

TcESKS Tgéglﬁ;g }

(1+Cg)? (1+ Cg)?

o) = For) = pmin (22
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By considering the sum of the decreases across all iterations and using As-
sumption 1.2, we obtain:

F@o) = fiow = > flaw) = fl@re)

k<k.

= > flaer) = fleen)
keS,

2 9
S.| nmin ,
15l {<1+0E>2 <1+OE>3}

> |S.|Cmin {e, 5},

Vv

hence the result. ]

Lemma 3.3. Under the assumptions of Lemma 3.2, one has

U:| < log,, (65" ks) —log,, (72)|S-]. (23)

Proof: From the update formulas on 9, one has

U.| |S;
. < o Uy

Taking logarithms, one obtains

—log(1)|U:| < log(dg) — log(dr.) + log(72)|S:|.

After division by —log(+;1) > 0, this becomes:

Ue| < —log,,(d) +log,, (9%.) — log,, (72)[ S|

Since ¢y, satisfies (14) and ks is given by (21), we obtain the desired result =

We finally obtain our complexity bound by applying k. = |S.| + |U.|. The
result is given below in Theorem 3.1.

Theorem 3.1. Let Assumptions of Lemma 3.2 hold. Then, the number of
iterations needed to attain an (ec,cg)-approximate second-order stationary
point 18

O (max {652,8];3}) : (24)

where the constant in O(-) does not depend on e¢ or eg, but on fiow, f(x0),
FCJ FE; CC: CE; Tc, TE, V1, V2, N, and 50'
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To end this section, we point out that Theorem 3.1 implies a liminf-type
global convergence result of the form

lim iololf max { |V f(@p) ||, = Amin (V2 (21)) } .

k—

4. A numerical illustration

In order to illustrate the effect of our approach, we selected a benchmark of
58 nonconvex problems from the CUTEst collection [16] for which negative
curvature was detected around the initial point (see [2]). We implemented
a standard trust-region method (denoted by trdb) and Algorithm 2.1 in
MATLAB. For both methods, we used exact second-order Taylor models,
and we computed Cauchy steps and steps along eigenvectors corresponding
to the most negative eigenvalue (if any): as pointed above, those steps satisfy
the necessary requirements for our complexity analysis. We set the initial
trust-region parameter to dp = 1 (note that in the case of the classical trust-
region framework, this represents the value of the trust-region radius). In
addition, we set v, = v, ' = 0.5, n = 0.25, and payx = 00.

We build performance profiles [12] using the number of iterations as perfor-
mance metric. Note that it also corresponds to the number of gradient and
Hessian evaluations. In order to enlighten the specificities of our method, we
adopt the standard approach of removing from the profiles the problems for
which both methods had the same performance.

During our experiments, we found out that both methods quickly reached a
region where the second-order criterion was satisfied for all iterates (the Hes-
sian had no negative eigenvalues or a slightly nonpositive one): the variation
in our profiles was thus essentially caused by a change upon the tolerance on
the norm of the gradient. Therefore, we will restrict the presentation of the
results to a single choice of the second-order tolerance, namely eg = 1073,

Figure 1 and 2 correspond to the profiles obtained by considering the tol-
erances (ec,cg) as used in our convergence analysis. One observes that the
destress algorithm is generally more efficient than the trdb method in that
it requires less iterations to reach an approximate stationary point (therefore
the destress curve lies above the trdb curve on the y-axis). However, the
classical trust-region approach is the highest curve as the ratio gets larger,
indicating that it is able to solve more problems within the given budget.
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F1GURE 1. Performance of standard and decoupled trust-region
methods given a budget of 500 iterations.

This trend is more noticeable using a large budget of 10000 iterations (Fig-
ure 2); when the budget is relatively moderate (500 iterations, Figure 1), the
two curves eventually coincide for large values of the iteration ratio.

From our results, we can infer that the decoupled approach takes advantage
of the iterations for which one optimality measure has a large value. In that
situation, a large step can be taken within the appropriate trust-region, and
this step is guaranteed to yield a decrease if the trust-region parameter (as
opposed to the trust-region radius) is small. However, when high accuracy
is required, the situation might be the opposite in that the trust-region radi:
of the decoupled strategy would then inevitably shrink, restricting the steps
to be small. Although the resulting decrease would be acceptable from a
complexity point of view, it could limit the progress made by the method on
a single iteration.



A DECOUPLED FIRST/SECOND-ORDER TECHNIQUE WITH IMPROVED COMPLEXITY 17

................
....................................

Fraction of problems solved

--trdb
~-destress

--trdb
~-destress

0 1 2 3 4 0 1 2 3 4 5 6
Ratio of iterations (log scale) Ratio of iterations (log scale)

(a) ec = 1073. (b) ec =10~*

Fraction of problems solved

1

o
=3
-

e o
S =23

Fraction of problems solved
S
)

--trdb
~~destress

1 2 3 4 5
Ratio of iterations (log scale)

(c) ec = 1076,

o

o

FI1GURE 2. Performance of standard and decoupled trust-region
methods given a budget of 10000 iterations.

To confirm this idea, we modified the destress method so that the trust-
region radii are given by df = 0, max {||g%||, ec} and 6f = 0 max {[—AF];, e}
Note that our complexity analysis using the tolerances (ec, eg) is not affected
by these changes, since it relies on iterations for which either ||gg|| > e
or [-AF]; > eg, in which case the corresponding trust-region radius is still
proportional to the optimality measure. Figures 3 and 4 depict these new
results. The new destress method yields a better profile when compared
to the standard trust-region approach on large ratios, while the efficiency
gain can still be observed for small ratios. In view of such results, it appears
that the use of a decoupling technique must be carefully thought, in order to
both retain the characteristics on the traditional approach and improve upon
them using decoupled steps when beneficial. For the trust-region framework,
it seems that the parameters influencing the trust-region radii must be chosen
according to the importance and tolerance related to each criterion.
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FIGURE 3. Performance of standard and decoupled (with alter-
native rule) trust-region methods given a budget of 500 iterations.

5. Discussion

Let us focus this discussion on the derivative-based case. The result of
Theorem 3.1 improves over the bound known [6] for a standard trust-region
approach, which we recall is

O (max {eg%5 a5 }) -

For instance, such a bound is worse than (24) whenever ;2 < 5% < €5°,
e.g., ec=10"% and g = 1073,

In terms of calls to the objective function and its derivatives, we observe
that the iteration cost of Algorithm 2.1 can be comparable to that of a
classical trust-region method enforcing second-order convergence. Indeed,
such a scheme would also require the computation of two steps satisfying the
same properties. If we compute our two models based on one gradient and one
Hessian evaluation per iteration and thus set m§ = mf, the method performs
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FIGURE 4. Performance of standard and decoupled (with alter-
native rule) trust-region methods given a budget of 10000 itera-
tions.

only one more function evaluation per iteration compared to classical second-
order convergent frameworks (see [8] and [6]). Therefore, the evaluation
complexity also benefits from our approach in terms of the dependence on
the tolerances ¢¢ and e.

Our method can be viewed as a second-order decoupled variant of the trust-
region method by Fan and Yuan [13]. We point out that the complexity
of this algorithm was only analyzed in the general framework of nonlinear
stepsize control, where worst-case complexity bounds of O (55 3) for first-
order optimality and O (EE_ 3) for a mixed criterion of first and second-order
optimality were derived [17, 18]. Although we believe, as the authors of [17],
that their first-order result can be improved to O (55 2), we claim that the
use of a decoupling technique is most likely necessary to achieve a bound as
the one established Theorem 3.1.
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We observe that the generic nonlinear stepsize control framework could be
equipped with a decoupling phase, and that this would potentially lead to
improved complexity results. In fact, many algorithms appear to be prone to
“decoupling”, and extensions of this concept to such schemes is an interesting
perspective of the present work.
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