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Yet another fast variant of Newton’s method
for nonconvex optimization

S. Gratton? S. Jerad' and Ph. L. Toint?
20 1T 2023

Abstract

A second-order algorithm is proposed for minimizing smooth nonconvex functions
that alternates between regularized Newton and negative curvature steps. In most cases,
the Hessian matrix is regularized with the square root of the current gradient and an
additional term taking moderate negative curvature into account, a negative curvature
step being taken only exceptionnally. As a consequence, the proposed method only re-
quires the solution of a single linear system at nearly all iterations. We establish that
at most O (| log e =3/ 2) evaluations of the problem’s objective function and derivatives
are needed for this algorithm to obtain an e-approximate first-order minimizer, and at
most O (|loge| €7?) to obtain a second-order one. Initial numerical experiments with two
variants of the new method are finally presented.

Keywords: Newton’s method, nonconvex optimization, negative curvature, adaptive regulariza-
tion methods, evaluation complexity.

1 Introduction

It is not an understatement to say that Newton’s method is a central algorithm to solve
nonlinear minimization problems, mostly because the method exhibits a quadratic rate of
convergence when close to the solution and is affine-invariant. In the worst case, it can
however be as slow as a vanilla first-order method [7], [12, Section 3.2] even when globalized
with a linesearch [35] or a trust region [14]. This drawback has however been circumvented
by the cubic regularization algorithm [36] and its subsequent adaptive variants [8, 9], [12,
Section 3.3]. For nonconvex optimization, these latter variants exhibit a worst-case O (6_3/ 2)
complexity order to find an e- first-order minimizer compared with the O (6_2) order of
second-order trust-region methods [26], [12, Section 3.2]. Adaptive cubic regularization was
later extended to handle inexact derivatives [40, 41, 2, 1], probabilistic models [1, 13], and
even schemes in which the value of the objective function is never computed [24].

However, as noted in [33], the improvement in complexity has been obtained by trading the
simple Newton step requiring only the solution of a single linear system for more complex or
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slower procedures, such as secular iterations, possibly using Lanczos preprocessing [6, 8] (see
also [12, Chapters 8 to 10]) or (conjugate-)gradient descent [29, 4]. In the simpler context
of convex problems, two recent papers [33, 17] independently proposed another globalization
technique. At an iterate x, the step s is computed as

s = —(Vif(@) + NeIn) "'V f(2) (1.1)

where A\, ~ +/||VLf(z)|. This new approach exhibits the best complexity rate of second-order
methods for convex optimization and retains the local superlinear convergence of standard
Newton method, while showing remarkable numerical promise [33]. Devising an algorithm
for nonconvex functions that can use similar ideas whenever possible appears as a natural
extension.

In the nonconvex case, the Hessian may be indefinite and it is well-known that negative
curvature can be exploited to ensure progress towards second-order points. Mixing gradient-
related (possibly Newton) and negative curvature directions has long been considered and can
be traced back to [32], which initiated a line of work using curvilinear search to find a step
combining both types of directions. The length of the step is typically tuned using an Armijo-
like condition [32, 20, 34]. Improvements were subsequently proposed by incorporating the
curvilinear step in a nonmonotone algorithm [19], allowing the resolution of large-scale prob-
lems [31] or by choosing between the two steps based on model decrease [22]. Alternatively,
negative curvature has also been used to regularize the Hessian matrix, yielding the famous
Goldfeld-Quandt-Trotter (GQT) method [21]. Unfortunately, this method also involves more
complex computation to find the step and has the same global convergence rate as first-order
algorithms [39].

One may then wonder if it is possible to devise an adaptive second-order method using a
single explictly regularized Newton step when possible and a negative curvature direction only
when necessary, with a near-optimal complexity rate. The objective of this paper is to show
that it is indeed possible (and efficient). To this aim, we propose a fast Newton’s method that
exploits negative curvature for nonconvex optimization problems and generalizes the method
proposed in [33, 17] to the nonconvex case. The new algorithm automatically adjusts the
regularization parameter (without knowledge of the Hessian’s Lipschitz constant). It first
attempts a step along a direction regularized only by the square root of the gradient only, as
in the convex setting [17, 33]. In that sense, it is inspired by the “convex until proved guilty”
strategy advocated by [5]. If this attempt fails, the method either uses an appropriately
regularized Newton step taking the smallest negative eigenvalue of the Hessian also into
account or simply follows the negative curvature otherwise. We prove that this method
requires at most O ( |loge| e3/ 2) iterations and evaluations of the problem data to obtain an
e-approximate first-order critical point, which is very close to the optimal convergence rate of
second-order methods for Lipschitz Hessian functions [10]. We also introduce an algorithmic
variant of the new method which is guaranteed to find a second-order critical point in at most
O (|log €| €7?) iterations.

The paper is organized as follows. Section 2 describes the algorithm and one of its variants
and compares it with recent work on second-order methods. Section 3 states our assumptions
and derives a bound on its worst-case complexity for finding first-order critical points, while
Section 4 presents the second-order algorithmic variant and analyzes its complexity. Section 5
then illustrates the numerical behaviour of the propsed methods. Some conclusions are finally
drawn in Section 6.
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Notation The following notations will be used throughout the paper. The symbol ||.|| denotes
the Euclidean norm for vectors in IR™ and its associated subordinate norm for matrices.
Amin (M) denotes the minimum eigenvalue of a symmetric matrix M, while I,, is the identity
matrix in IR". For a real x € IR, we define [z]y = max(x,0). For two vectors =,y € R", we
denote xTy their scalar product.

2 Adaptive Newton with Negative Curvature

We consider the problem of finding approximate first-order critical points of the smooth
unconstrained nonconvex optimization problem

min, f(a) (2.1)

and discuss our algorithm called AN2C (for Adaptive Newton with Negative Curvature) on the
following page. The algorithm, whose purpose is to compute first-order critical points, is
presented in the framework of adaptive regularization methods [3, 8] [12, Section 3.3] and
proceeds as follows. At each iteration, a regularized Newton step is first attempted using a
regularization based on first-order information only. If the associated matrix is indefinite, a
more elaborate second-order step is computed using the EigenNewtonStep subroutine. In this
case, a (more strongly) regularized Newton step is computed when the negative curvature is
less than a fraction of the square root of the product of the gradient norm with the regular-
ization parameter. If this latter condition fails, the algorithm uses a step along the negative
curvature direction to compute the trial step. The details are given in Algorithms 2.1 and
2.2, on the next page and on page 5, respectively.

The s{°™ notation in (2.2) stresses the connection with the regularization technique pro-
posed in the convex framework [33, 17]. Indeed, the system (2.2) is well posed in a region where
the Hessian is positive definite and condition (2.4) is then always satisfied. We emphasize
that checking conditions (2.3) to (2.5) is possible and cheap compared to the computation of
the smallest eigenvalue in the EigenNewtonStep procedure. This is in particular the case for (2.4)
since a Cholesky factorization delivers the necessary information. The test (2.5) is required
as to avoid steps whose magnitude is too large compared to the gradient (the motivation for
its particular form of the test will become clear in Section 3).

When computing a vector si”™ satisfying (2.3) to (2.5) is not possible, a call to the
EigenNewtonStep procedure is made. In this procedure, the notation szag (2.9) refers to the
combined use of a regularized Newton and negative curvature information. Having computed
[—Amin(Hp)]+, the Hessian can then be sufficiently regularized to ensure the existence and the
descent nature of the step resulting from (2.9). Note that we do not impose an exact solution
of the linear system but allow termination of the linear algebra solver provided condition
(2.10) holds. As it turns out, [—Amin (Hj)]+ could have been replaced by kcv/ok| gkl in (2.9)
and the remainder of the complexity analysis would remain valid. An interesting connection
can be established between the regularization in (2.9) and the GQT method [21], as the
regularization parameter (\/ok||gx|| + [—Amin(Hk)]+) is very similar in spirit to that used
in this method. Also observe that, in most cases, the “approximate minimum curvature
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Algorithm 2.1: Adaptive Newton with Negative Curvature (AN2C)

Step 0: Initialization: An initial point z¢ € IR", a regularization parameter oy > 0
and a gradient accuracy threshold e € (0, 1] are given, as well as the parameters

Omin > 0, Ko, kg >0, kg > 1,61 € (0,1), 2 € [0,1), s3 € [0,1),

O<m<l<y<vy3and 0<m<m<l,

Set k= 0.

Step 1: Compute current derivatives Evaluate gy -y Vif(xy) and Hy def

V2 f(xy). Terminate if
lgrll < e.

Step 2: Step calculation Attempt to solve the linear system

(i + v/Raorllgell L) s = —gi (2.2)

conv

such that the system residual ry, = (Hy + \/Ka0k||gk|| 1) 557" + gr satisfies

o < min 52/ aonllgnll 55 ., sollgnll) (23

and
Hy, + \//ﬁaak”ng[n = 0. (2.4)
conv

If such an s{°"” can be computed and

1
||Szom;|| < ( +/’€9) Hng’ (25)
<1 RaOk
set s, = 577", Else define s; by
s = EigenNewtonStep(gx, Hk, 0k, KC', K9, S3)- (2.6)

Step 3: Acceptance ratio computation Evaluate f(z + s;) and compute the ac-

ceptance ratio
oo = J @) = f @k + k) @7)
—(glsk + %sLHksk)

If pi, > m1, set k1 = xp + 5 else v = x.

Step 4: Regularization parameter update Set

[HlaX (Uminv 'Ylo'k) 7Uk] lf pk Z 772’
Okt1 € | [ok: 120%] if pp € [01,12), (2.8)
[Y20k, v30%] if pp < 1.

Increment k& by one and go to Step 1.
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Algorithm 2.2: EigenNewtonStep(gx, Hg, ok, k', Ko, S3)
Compute Apin (Hg).

If —Amin(Hz) < kev/orllgxll,

approximately solve the following linear system

(e + (Vorllgell + [“Amin (HOL L ) 577 = —gs. (2.9)

to ensure the residual condition

. |
Il | (ot (Vorlland + i HOE) 56 |,
< min (ss/oxllgrlllsy ™l mollgx
and set s, = Szeig‘
If —Amin(Hg) > so v/ okl gkl
compute v such that
9ok <0, flugll =1 and viHuv, < —kcv/ okl gk, (2.11)

and set

curv _ kCv O-k”ngUk. (212)

Sk = Sg
Ok

Return sg.
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direction” vy is already available when computing Apin(Hy). It can be also retrieved via a
Lanczos procedure as proposed in [38, Lemma 9].

Once the step has been computed, the mechanisms of the algorithm for accepting/rejecting
the new iterate (Step 3) and updating the regularization parameter (Step 4) are typical of
adaptive regularization algorithms (see [12, Section 3.3.1], for instance).

An important feature of the AN2C algorithm is that, if a direct solver is used for (2.2) and
(2.9), the process to compute the step s does not involve any inner iterative method beyond
the (typically rare) computation of [—Amin(Hk)]+, and only requires at most (and hopefully
just one) linear-system solve.

We finally note that the computation involved in (2.2) to (2.5) are introduced solely in
order to limit the need of possibly costly second-order information. Exploiting this feature, we
also define a (potentially more costly) variant of AN2C, which we call AN2E, where no attempt
is made in Step 2 to solve the system (2.2) and to verify (2.4), but where (2.6) is used at
every iteration.

Before analyzing the complexity analysis of the AN2C method, we further explore its basic
properties and discuss its relations with closely related nonconvex optimization algorithms.
The method proposed in [15] differs from AN2C as it first takes a gradient step followed by a
negative curvature one. [30] checks a condition before choosing between a gradient descent
and a negative curvature direction. Note that this condition requires the knowledge of the
smoothness parameters whereas AN2C is fully adaptive. Another related method is that of
[38]. At variance with AN2C, this latter algorithm checks various conditions before choosing
a specific direction (gradient, Newton, negative curvature) and performs a linesearch. [16]
proposes a trust-region algorithm (at variance with adaptive regularization) that solves the
trust-region subproblem by a combination of conjugate gradients and negative curvature.
Note that their condition on the residuals of this subproblem [16, Inequality (27)] can be
related to both (2.3) and (2.10).

Following well-established practice, we now define

def
SEk>0|zpp=ar+spt={k>0]|pr >m},

the set of indexes of “successful iterations”, and

S, ¥ snio,... Kk},

the set of indexes of successful iterations up to iteration k. We further partition S; in three
subsets depending on the nature of the step taken, so that

neig def __ _neig def . def .
51 40 5 Lo = s79), Sp L 5 (s = s0T0), SE 9 Sn {s = ).

We also recall a well-known result bounding the total number of iterations of adaptive regu-
larization methods in terms of the number of successful ones.

Lemma 2.1 [3, Theorem 2.4],[12, Lemma 2.4.1] Suppose that the AN2C algorithm is
used and that o < omax for some omax > 0. Then

l 1 max
k< |SK] (1 n Og”) + log (" ) . (2.13)
log o log 2 00
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This result implies that the overal complexity of the algorithm can be estimated once
bounds on oy, and |Si| are known, as we will show in the next section.
We now state a simple relation between ||s;“||, % and ||g|| inspired by [33].

neig

Lemma 2.2 For all iterations k£ where s, is computed, we have that

g = — (Hic+ (Vorlgell + [ Amin (HE)] 1)L ) 5577 + 17 (2.14)
and
i) < (1-+ w1251 (2.15)

Similarly, when s{°"*" is computed,

g = = (Hi+ /a0l gl L ) s + 7. (2.16)

Proof. Equation (2.14) results from (2.9) and the definition of the residual. The (2.15)
bound is deduced from (2.14), the fact that Hy+(\/ ok gk ||+ [—Amin (Hk)]+) I is a positive
definite matrix with

Amin (Hy + (v orl gl [_)\min(Hk)]Jr)In) > Vol gkl

and that HrzeigH < Kg||gr|| because of (2.10). If k € S, (2.16) is obtained from (2.2)
and the definition of the residual r{*"". |

The next lemma gives a lower bound on the decrease of the local quadratic approximation.
In standard adaptive regularization algorithms, this decrease automatically results from the
minimization of the model (See [3] for instance). In our case, we need to use the properties

of s77™, s¢“" and szezg to obtain the desired result.

Lemma 2.3 Let k£ be a successful an iteration of AN2C. If £ € S, we have that

1 1—2¢
~ (fse+ pottinn) = 2522 Vol (2.17)

If k € §;"Y, then

1
- (g;Sk " QS;HkSk) > (1 - ) v/orlgel el (2.18)

Else, if k € Sg*,

1
orllskl>. (2.19)

1
- <9£8k + QSZHkSk> > 5
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Proof. Suppose first that k € S;°"”. We then obtain from (2.16) that

1
ngIC{:O’I’LU _"_ 2( COTL’U)TH SCOTL’U < ( ]iOnU)TSEOTL’U _ (SEOTLU) (Hk _"_ I‘Qagk'Hg]gHI ) conv

+ 1 (Sionv ) TH conv
2

1
< - \/WHSCORUHQ conv)Tszonv _ 5 (Szonv)TH conv
< \/ﬂaffkllgk I1s5™ 1 + 2/ Kaok | grlllls 12

+5 \/ kool gullllsi |12

Hence (2.17) follows by using (2.4), (2.3) and that ¢ € [0, 1) in the last line.

Suppose now that k € S,:,Leig. By using (2.14) and the fact that Hy + [—Amin(Hg)]+ I = 0,
we obtain that

1
TSR LR HLS < (7T (L (H [ i () )
+ (Szezg) (Hy + [~ Amin (Hg)] 4 In ) f

— [ Amin (H) L 579N = Vorllgullllsy |12

—= N

\)

)
< (TS0 — () (H o [ A (HL )57

- %[—Ammm) N |
s V/aRTgRTISE 1 — 2 1A ()L 51 — /o Tanl )

2

where we have used (2.10) to obtain the last inequality. Rearranging and ignoring the
- Amin (Hg)]+ [|s7]|% term yields (2.18).

Suppose finally that £ € S, As (2.11) and (2.12) hold, we deduce that

1 1
G4 S5 T Hs™ < 318 Pu o < — 1552w v/aellon]l < —gollsi™

yielding (2.19). O

3 Complexity analysis for the AN2C and AN2E algorithms

We now turn to analyzing the worst-case complexity of the AN2C algorithm, from which that
of AN2E will follow. Our analysis is conducted under the following assumptions.

AS.1 The function f is two times continuously differentiable in IR".

AS.2 There exists a constant floy such that f(z) > fiow for all x € R™.

AS.3 The Hessian of f is globally Lipschitz continuous, that is, there exists a non-negative
constant Ly such that

IV2f(z) = V2 < Lulle —yl| for all 2,y € R™. (3.1)
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AS.4 There exists a constant kg > 0 such that

IV2f(@)| < kp forall € {y e R"| f(y) < f(zo)}-

AS.1-AS.3 are standard assumptions when analyzing algorithms that utilize second-order
information [9, 3]. AS.4 is also standard when theoretically analyzing second-order methods
that combines negative curvature and gradient based directions [38, 15, 30], although we
recognize that requiring AS.3 and AS.4 together is slightly unusual. As it turns out, AS.4
is only needed for x being any iterate x; produced by the algorithm and these iterates all
belong to the level associated with the starting point xy because the acceptance condition in
Step 3 ensures that the sequence {f(x)} is non-increasing. If this level set is bounded or if
the sequence {z}} remains bounded for any other reason, we immediately obtain that

|Hyl| < 6p forall k>0 (3.2)

for some kg > 0, and both AS.3 and AS.4 automatically hold.

Having established a lower bound on the decrease ratio in Lemma 2.3, we next proceed to
derive an upper bound on the regularization parameter. This is a crucial step when analysing
adaptive regularization methods.

Lemma 3.1 Suppose that AS.1 and AS.3 hold. Then, for all £ > 0,

L
o < Y3 max <00> gmaxﬁ(l_H772)> s (33)

where

def aX<(1+I€0) 2(1 + ky) 3 2>‘

Smax — )
¢ (1—-¢3)" Kas1(1 —2¢

netg

Proof.  Let us compute the ratio p;, for k € S;7. By using AS.3 and the standard
error bound for Lispschitz approximation of the function (see [11, Lemma 2.1}), (2.18)
and (2.15), we obtain that

flak + s) = flaw) — gisk — gsiHisy

b= —(g7 sk + 3spHgsk)
. Lulsiy™I*
T 6(1 = <3)orllgrllllsp N7
L5yl
6(1 —c3)v/oxllgxll
_Lu(1+re) (3.5)
6(1 —g3)o%
Ly (1+ke)

Hence, if o, > B0—cs) (=)’ then pp > 19, which implies that iteration k is successful and

or+1 < oy because of (2.8). The mechanism of (2.8) in the algorithm then ensures that

LH(l +/€9) >
6(1—c3)(1—m2)/

O < ¥3 max (00, (3.6)
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Similarly, if & € S, we use AS.3, the Lipschitz approximation error bound, (2.17) and
(2.5) to deduce that

Lalse™|  Lu(l+xo)
3(1 — 22)\/Kaokllgrl] —  3kasi(l — 262)0y

1—pp>—

Using the same argument as above, we now obtain that

Ly (1 + kg) )
3kact (1 — 25)(1 — 12)

O < ¥3 max (00, (3.7)

Consider finally the case where k € S;*™. Again using AS.3, the Lipschitz approximation
error bound and (2.19) lower-bound, we derive that

| = [y + sk) — flar) — gisk — lSLHkSk > —LH||SC“”’||3 _ —Lpg
’ —grsk — 555 Hesy 650k ||s5ur)3 3o
so that I
H
o <vy3max | 09, —— | . 3.8
v < e (o0, 5 ) (39
Combining (3.6), (3.7) and (3.8) gives (3.3) with ¢pnax defined by (3.4). O

We now prove a lower bound on the decrease at a successful iteration k using negative curva-
ture. We will also bound the change in the norm ||gi41|| in term of | g/, which will be useful
later to bound the cardinal of a subset of S;“"Y U g,

Lemma 3.2 Suppose that AS.1, AS.3 and AS.4 hold and that £ € S;*" before termi-
nation. Then

3 3
flar) = f(@r) = 2:7/1% €2, (3.9)

and

Lu KBKC
ol < (G2t + "2 41) . (3.10)

Proof. Let k € S, From (2.7) and (2.19), we obtain that

m
flzr) = f(xpg1) >m < grsk — Ska8k> > 50k|!81";m||3-

3
curvH?) i (Uk||9kH)2

Using now that ||s (see (2.12)) in the previous inequality gives that

flar) = flxpe1) >

_2\F

Since ||gi|| > € before termination and that o) < omax by Lemma 3.1, we obtain (3.9).
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Let us now prove (3.10). By using the Lipschitz error bound for the gradient ([11,
Lemma 2.1]), the triangular inequality, the fact that k € S, (2.11), (2.12), (3.2) (re-
sulting from AS.4) and that before termination ||gx|| > €, we obtain that

lgk+1ll < llgk+1 — 9& — Hisil| + | Hisk + gk ||

Ly
< P sy 2 4 gl + | Hse]
Ly
< 7”82"“’”2 + llgrll + | Hesi |l

Ly
< B2 4 g 4+ wpllsg)

Ly , Hng
< =2 M IIEN
= 204 ke llgll + llgrll + kBrc N

20}, okl gk

Ly 5 KCKB
<|=— 1

giving (3.10). =

Ly KBKC
< (’% + NZATH + 1 llgell

This lemma is the only result requiring AS.4 or its weaker formulation (3.2). Moreover, this
assumption is only needed to bound || Hs§"""|| and is therefore required only along directions
of negative curvature (which we expect to occur rarely in practice).

After proving a lower bound on the quadratic’s decrease when k € S, we now exhibit
a relationship between the decrease on the objective function decrease and gradient both at
iteration k and k + 1 for k € S U S§"Y. Moreover, we also prove an inequality between
the norms of the gradient at two successive iterations, similar to (3.10).

Lemma 3.3 Suppose that AS.1 and AS.3 hold and that & € S,?eig U Sp™ before termi-

nation. Then
Ly (1+ k) 2

gkl < ( +24 Hc) (1+ #0) x| (3.11)

2t oy,

and

f(xr) = f(Tr41) = M Smin vV okl gk

2
((2 + k0)v/Kaokllgell + /2 + £0)2Raoklgr]] + 2LH||gk+1||>
Ly

(3.12)

where

1-2
Smin < min ( 5 21— <3> : (3.13)
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Proof. Consider first the case where k € S,:‘eig . By using the Lipschitz error bound for
the gradient, the shape of (2.14), the condition on the residuals (2.10) and the fact that

[~Amin(Hi) |+ < kov/ox]lge]] for k € S, we deduce that

g1l < llger1 — Hisp™ — gill + | Hesp™ + g

Ly . .
< st NP+ (Vorllgrll + [=Amin (HLO) 153 + (177

LH : -
< sk + (Ut me)Vorllgnlllsy™ I + s v/onllgelllsi ™. (3.14)

Using now (2.15) yields that

Ly
lowsall < (G214 k) + 1+ o+ e ) 1+ )l (3.15)

Consider now k € S;°". By arguments similar to those used for (3.14), this time with
(2.16) and (2.3), we obtain that

ge+1ll < llgrr1 — Hiesi™ = gell + [[Hesiy™™ + gl
L
< HH PN 4V Raok gk s+ el
L
HH coan2+\/m”sconvn_i_gzmusconv (3.16)

Injecting (2.5) in the last inequality yields that

Ly(1+ kg 1+
gkl < ( (tro) | ) (1 + 1) el (3.17)
261 ka0, S1

| /\

so that taking the larger bound for both (3.15) and (3.17) and using the bounds ¢ < %
and ¢3 < 1 gives (3.11).

Finally, from (3.16), (3.14), the bounds max(s3,¢2) < 1 and K, > 1, we obtain that, for
ke Sem U ST,

7||3k|| + (24 k) vV Kaok||grll skl — lgr+1]l = 0.

Hence ||sg|| is larger than the positive root of this quadratic and therefore

—(2+ k) VEakllgrll + V2 + ko) Raokllgnll + 2L llgeiall

>
E i

We then deduce (3.12) from this inequality, (2.7), the lower bounds on the quadratic
decrease for k € 'Y or k € Sf™ ((2.18) and (2.17) respectively) and the definition of
Gmin 10 (3.13). O

The bound (3.12) is not sufficient for deriving the required O (6*3/ 2) optimal complexity rate
because the decrease depends on both ||gx+1]| and ||gx||. Indeed, when ||gr+1] < ||gk||, the
left-hand side of (3.12) tends to zero. To circumvent this difficulty, the next lemma borrows
some elements of [33, Theorem 1] and partitions S;“Y U Sf™ in two further subsets. The
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minimum decrease on the objective function is of the required magnitude in the first one while
no meaningful information can be derived on the decrease on the function value in the second,
albeit the magnitude of the gradient at the next iteration is halved. The bounds (3.11) and
(3.10) are then used to bound the cardinal of the latter set.

Lemma 3.4 Suppose that AS.1, AS.3 and AS.4 hold and that S,?eigUSgom is partitioned

as
S]?;ezg U ‘S‘]‘;O”U — Sgecr U S]zlwgrad (318)
where dof )
Sieer Z {k € Sp U SE™, onllgkll < Em2Lml|gra |}, (3.19)
Sivgrad A (g, ¢ gneia j geomv gl gl > k2L || grsa |} (3.20)
with
def g0 Smax
Km = y3max | —, —— |. 3.21
m =7 <LH 6(1—772)> 320

Then, for all k& € S,?ecr,

3
2

1 Smin (0% |9k )

flak) = f(opg) 2 :
(k) = f(@h41) 2 (KmLH ((2+HC)\/@+\/(2+/¢C)2K@+$))2

Moreover,

: 1 | log (€)| + log(l|9oll)
Sdzvgrad < Sdecr 1 Seurv 1
S}, | < K|S + 210g(2)| og(e)] + Keurv | ISE" + log(2) + 1,

(3.23)
where
L
st log (72’2%2::) + % + nc) + log (1 + kyp) i} def log (2551,] K2, + "‘%Zi + 1)
n 10g(2) ) curv — 10g(2)
(3.24)

Proof. Let k € S%. Injecting the definition of S (3.19) in (3.12), we obtain that
k k

2
—(24 ko)VEa + \/Iia(2 +ro)? + 1

m
Ly

Fl@r) = f(@ra1) = mismin(owllgrl)?

Taking the conjugate both at the denominator and numerator yields (3.22).

Let k € S;Ciivgrad. Using the definition of k, in (3.21) and that of Sgivgmd in (3.20) gives
that

or gl o lgell _ llgrl
< <

g1l < - (3.25)
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where the last inequality results from the upper bound on oy in (3.3).

Successively using the fact that S = Sgec” U Sgwgrad U S, the relationship between
llgr+1]| and ||gk|| in the three cases ((3.25), (3.11) and (3.10)), the fact that o > omin in
(3.11) and (3.10), we then deduce that

€ S||9k||: II lgita
ool = llgoll ~ gy Tl
_— gitall 11 |gi+al] I g+l
ieslcciccr\{k} HgZH iesgivgrad\{k} HgZH ies;urv\{k} Hg’LH
decr k‘}‘
LH(l“v‘HG) 9 ) :||Sk \{ 1
< ||\ +—+=k 1+k X — X
K 220mm O (1+ ko) RN 5Y

+1

{ Ly o | kBkC
Ko +

201min v/ €0min

Now ¢; < 1 and thus both terms in brackets are larger than one. Moreover, obviously,

|Sdeer \ {k}| < |Sdeer| and |SE\ {k} < |SE*], so that

} ST\ {k}

|So.livgrad\{k}‘ |S;€iec7'| ‘Sgu7'v|
219k € < |:<LH(21+:"€0> _{_2_'_/{0) (1+/€9):| |: Ly /{%4_ KBKC +1:|
HQOH 2§1 Omin S1 20 min 4/ €0min

Taking logarithms gives that

ivara Ly(l+k 2 ecr
ST (K} 1og(2) < log KM + =+ HC) (1+ ,w)] S| +og(llgol)

2§12 Omin S1

L KBK
+ |log(e)| + log [ 2 ¢ 200 1} Seury|
20min €0min
We then obtain (3.23) with the values of &, and Ky stated in (3.24) by dividing this last

inequality by log(2) and using the facts that |S,§livgmd \ {k}| > \Sgwgrad\ —1 and ﬁ > 1.
O

Combining the previous lemmas, we are now able to state the complexity of the AN2C al-
gorithm. Our theorem statement relies on the observation that the objective function is
evaluated once per iteration, and its derivatives once per successful iteration.

Theorem 3.5 Suppose that AS.1- AS.4 hold. Then the AN2C algorithm requires at
most s
|Sk| < kil log(e)[e™2

successful iterations and evaluations of the gradient and the Hessian and at most

1 1 max
ke [ 14 7| 0871 \log(e)|e_% + log Fmax
log vo log 3 a0

evaluations of f to produce a vector x, such that ||g(z.)|| < € where k, is a constant only
depending on the problem.
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Proof. First note that we only need to prove an upper bound on [S¢’| and |S{“™| to
derive a bound on |Sg| since

Sel = 18|+ 57+ oo (3.26)
and a bound on |SZiUgTad| is given by (3.23). We start by proving an upper bound on
|Sg*|. Using AS.2 and the lower bound on the decrease of the function values (3.9), we
derive that, for £ € S,

3
F(@0) = fiow =S f(zi) — f(wir1) > Flag) = flzipr) > |Seurv) EC (3

and hence that

‘Sgurv| < 2(f(330) - flgw)\/ Omax 6_%. (3.27)
mko
Similarly for k € S, using AS.2, (3.22), the fact that o > omin and ||gx| > € before
termination yields that
|S]?ECT‘771 gmin(o'mine)%

f(@o) = fiow = Z f(zi) = f(wigr) > .
iesger (Litim(VFa@+ c) + a2+ 50)? + 1)

where Kk, is defined in (3.21). Rearranging the last inequality yields that

(Lrrm a2+ 5) + a4 5+ =)’ i (3w

| S]cglecr| < ;
nlgmingrilin
Combining now (3.27) and (3.28) with the upper-bound (3.23) on \Sgivgrad|, we deduce

that A ,
ST < s i grad] 10g(€) ]2 (3.29)

where Kgjygraq only depends on problem constants. Summing (3.27), (3.28), (3.29) to
bound |Sk| in (3.27) then gives that

|Sk| < x| log(e)]e2, (3.30)

proving the first part of the theorem. The second part is then deduced from (3.30)
combined with Lemma 2.1. O

The O (] log(e) e=3/ ?) complexity order in € only differs by the factor | log(e)| from the optimal
order for nonconvex second-order methods [10], a factor which is typically small for practical
values of e. The AN2C algorithm thus enjoys a better complexity order than that of past
hybrid algorithms [15, 30, 21] for which the order is O (6_2). However, it is marginally worse
than that of the more complex second-order linesearch of [38] which attains the optimal order.
Moreover, we see in the proof of Theorem 3.5 that the |loge| term appears because of (3.23)
and (3.27) and we may hope that the number of 5§ iterations is typically much less than its
worst-case O (6*3/ 2) in practice. The trust-region algorithm of [16] has the same complexity
as AN2C.

We conclude this analysis by noting that Theorem 3.5 also applies to the AN2E algo-
rithm introduced on page 6. Indeed trial steps are then computed solely via (2.6) in this
method and the fact that S is therefore empty does not affect our arguments. Hence the
O (| log(e)]e=3/ ?) complexity order in € also holds for the AN2E algorithm.
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4 Finding second-order critical points

Can the AN2C algorithm be strengthened to ensure it will compute second-order critical points?
We show in this section under the same assumptions as that used for its first-order analy-
sis. The resulting modified algorithm, which we call SOAN2C (for Second-Order AN2C) makes
extensive use of the Step of AN2C, and is detailed on the current page.

Algorithm 4.1: Second Order Adaptive Newton with Negative Curvature
(SOAN2C)

Step 0: Initialization: Identical to AN2C[Step 0] with ¢ € (0,1] now replaced by
€1 € (0,1] and e € (0,1].

Step 1: Compute current derivatives Evaluate g, and Hy. Terminate if
”ng S €1 and )\min(Hk) Z —€9. (4.1)
Step 2: Step calculation If ||gk|| > e,

def
Sk = Sio = AN2C[Step2] (gk7 Hkv Ok, Ka, KCy K9, S1, §2,§3) . (42)

Else compute v such that

glok <0, |lugll =1 and Hug = Amin(Hg) vk, (4.3)
and set N (H
Sp = s5° def ka_ (4.4)
Tk

Step 4: Acceptance ratio computation Identical to AN2C[Step 4].

Step 5: Regularization parameter update Identical to AN2C[Step 5].

Because the step may be computed using (4.2), the notations defining the partitions of
|Sk| are still relevant, but we complete them by introducing

S Y SN {sp =5, SPY SN {s =50}, S80S\ and S/ s\ S

In addition, for m > n > 0, we define

Snm défSﬁ{n,...,m}
and we naturally extend this notation using superscripts identifying the subsets of S,, ,, cor-
responding to the different iteration types identified above. We also introduce two index
sequences whose purpose is to keep track of when s; = s£° (4.2) or s, = s7° (4.4), in the
sense that

Sk :5£0 for k € U {pi,...,qi — 1} and s, =s;° for k€ U{qi,...,piﬂ — 1}
120,p; 20 >0
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Formally,

. . _ .
Do = { 0 if lgol >er g 40 = { inf{k >0 |lgrll < e} if [lgoll > &1

. . 4.5
1 gl < e 0 it ool <. D)

Then

def . def . .

pi = inf{k > qi_1 | |lgx|| > e} and ¢ = inf{k > p; | |gxll < e} for i>1. (4.6)
The following lemma states an important decrease property holding when (4.4) is used. We
also verify that the bound on the regularization parameter derived in the last section still
applies.

Lemma 4.1 Suppose that AS.1 and AS.3 hold. Let & € §°°. Then

1 1
spHysy > UkHSkHS- (4.7)

_gksk b

Moreover, the upper bound (3.3) still holds for all £ > 0.

Proof. We obtain from (4.3) and (4.4) that
1 1 1 1
grsi’ + 5 (i) Hesi? < Sllsi? IPoiHioe = 5131 Amin (Hk) < =S ok]ls7°]7,

which gives (4.7). As in Lemma 3.1, we now use AS.3, the standard Lipschitz error bound
for the function (see [11, Lemma 2.1]) and (4.7) to deduce that
flxe+ sk) — flan) — gisk — 350 Hesk . —Lg|sP|®  —Lu
1 - Pk - Z )
—gisk — 5s] Hysy 6(30%| s3I ) 3ok

Thus, if o > W’ we have that pr > 12 and k is a successful iteration. We may then
use the argument of Lemma 3.1 and the fact that ¢pax introduced in (3.4) is larger than
two to deduce that (3.3) also holds for the SOAN2C algorithm. 0

We now prove a lemma analogue to (3.2) but this time using a negative-curvature step as
described in (4.3)-(4.4). We will also bound the sequence of |/g,,||.

Lemma 4.2 Suppose that AS.1, AS.3 and AS.4 hold. Then, for k € §%°,

Flan) = flap) > e, (4.8)

Z o5 €9
Zamax

We also have that

def LHH2B KQB
|l < Kgpi = oy
o] < s % max [H%”’ (zagi_l Top

for all p; > 0 as defined in (4.5)-(4.6).
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Proof. Let k € §*. From (2.7) and (4.7), we obtain that
T 1 T m 50113
Flar) = f@ren) 2 m | —ggsk — gspHisk | 2 Sonllsi”l™

. 3
Using now that ||s;°[|> = )‘m"‘cfing)'
k

(see (4.4)) in the previous inequality gives that

Flar) — flapsn) > ”grAmm<Hk>| .

Now [Amin(Hp)| > €2 when s7° is computed and o, < opax by Lemma 4.1, from which
(4.8) follows. Observe now that (4.9) trivially holds if p; = pp = 0. Consider now p; > 0.
From the definition of p; and ¢; in (4.6), we see that p; — 1 € §%. Using the Lipschitz
error bound for the gradient ([11, Lemma 2.1]), the triangular inequality (4.3), (4.4), (3.2)
(resulting from AS.4), we obtain that

ngiH < ngi — 9pi—1 — sz—lspz—lH + HH ¢—13p1—1 +9pz—1H
Ly
< 7,‘3 P+ Ngps—all + | Hp 15504
LH|)\m1n( prl)| “B|)\min(Hpﬁl)|

+ g i—1 +
e D [
Lyk? mz
L
pL—l Upi_l
But ||gp,—1]] < e1 <1 since p; — 1 € §%, which gives (4.9). O

In addition to this lemma, all properties of the different steps derived in Section 3 remain
valid because these steps are only computed for ||gi|| > €1. In particular, (3.10) still applies
with € = €;. However, (3.23) in Lemma 3.4 may no longer hold because its proof relies on the
fact that ||gx|| > €1, which is no longer true. The purpose of the next lemma is to provide an
analogue of (3.23) for the case where SOAN2C is used by revisiting and completing its proof.

Lemma 4.3 Suppose that AS.1, AS.3 and AS.4 hold and the SOAN2C algorithm is used.
Consider the partition of Snezg U S into Sfeer U Sgwgmd defined in Lemma 3.4 with
the same Ky, (defined in (3. 21)) Then (3.22) holds for all k € Sf". Moreover,

divgrad ecr 1 curv
S < S+ (o oB(En)] + i ) IS

< | log(e1)| + log(kigpi)
log(2)

where K, and Keyry are defined in (3.24) and kg is given by (4.9).

+ 1) (1S + 1) (4.10)

Proof.  The proof of (3.22) is identical to that used in Lemma 3.4. Moreover, we still
obtain (3.25) for k € S;giwgrad, because the definition of k,, in (3.21) is unchanged and
Lemma 4.1 ensures that (3.3) continues to hold for the SOAN2C algorithm.
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We now prove (4.10). If S,fo is empty, then so is its subset Sf'°9"* and (4.10) trivially

holds. If S,{o is not empty, we see from the definitions (4.5)-(4.6) that, for some m > 0
depending on k,

m—1
Slo=10,....k}n{lgll >eat= U {pi--ai =1} Ulpm,..., k). (411)

Note that the last set in this union is empty unless k € S¥°, in which case p,, > 0. Suppose
first that the set of indices corresponding to the union in brackets is non-empty and let
i be an index in this set. Moreover, suppose also that p; < ¢; — 1. Using (4.9) and the
facts that ||gq,—1]] > €1, that the gradient only changes at successful iterations and that
Spiai—2 = Sprgr—2 U Sdivarad j gdeer e now derive that

Pi>qi—2 Pirqi—2?
qi—2
e _ N9a—ll _ H lgjall _ 11 gj+1]
Kgpi — |lgpil J=p; ;1 GESps i 195
117

g+l lgj+1ll lgj+1l
11 g5l 11 11

< gecr jessiry__ 95 segiivirai 195

Djd5—2 L Pi»d;—2
Sdecr ‘
L1+ kg 2 | D —2 1
S << (2 ) + - + kC (]‘ + K/Q) X divgrad X
2§1 Omin S1 2|Spi7qi72

‘SCUT"U

Ly KBKC pi-ai 2|
< Ke+ ——— + 1
20min V €10min

where we used (3.11), (3.10) and (3.25) and the fact that o > omin in the last inequality.
Rearranging the last inequality, taking the log, using the inequality ]Sgﬁ’qud] > |Sgi’j;5:’;“1d —
1 and dividing by log(2) then gives that

: log(€1) — log(gpi) | log(€1)]
divgrad) 1 gl€1 gpi) decr 1 curv
(|sz‘7q¢*1 | ) + log(2) - K”‘Spi,qz'—Q‘ + 210g(2) + Keurv |Spi:q1—2|

with K, and Keyry given by (3.24). Further rearranging this inequality and using the fact
that [Sp, ¢i—2| < |Sp,.qi—1| for the different types of step, we obtain that

A 1 1 1 ;
g < b a1+ (ol + e ) 555l + R ) 1y 1)

Pisqi 210g(2) Piqi 10g(2)
If now p; = ¢; — 1, then clearly ]ng};giald] < 1 and (4.12) also holds. Using the same
reasoning, we derive that, when {p,,...,k} is non-empty,
divgrad decr | lOg(El)‘ curv ‘ log(el)’ + lOg(ngz‘)
|Spm,k | < ﬁn’Spm,k‘ =+ < 210g(2) + Keurv ’ pm,k‘ + lOg(2) + 1, (413)

and this inequality also holds if {py,, ..., k} = 0 since Sgﬁim‘i C {pm,...,k}. Now adding
(4.12) for i € {0,...,m} and (4.13) to take (4.11) into account gives that

; log(e1)| | log(e1)| + log(rgps)
degrad < ki Sdecr ‘ ur Seurv gp 1 1).




Gratton, Jerad, Toint: Adaptive Regularization Newton with Negative Curvature 20

Observe now each time a ¢; is generated, the next successful step must be a second-order
step, so that m < |S7°| and (4.10) follows. O

Equipped with this last lemma and the results of Sections 3 and 4, we may finally establish
the worst-case iteration/evaluation complexity of the SOAN2C algorithm.

Theorem 4.4 Suppose that AS.1-AS.4 hold. Then the SOAN2C algorithm requires at
most

e

67)
successful iterations and evaluations of the gradient and the Hessian and at most

| log 71| -3 -3 1 Tmax
K <1 + Togny |log(e1)| max(e; 2, €,°) + Tog 73 log :;

|Sk| < | log(e1)] max(e;

evaluations of f to produce a vector x. such that ||g(z¢)|| < €1 and Apin (Hoy,

) > —€2,
where £, is a constant only depending on the problem and oy,ax is given by (3.3)

Proof. Note that the bounds (3.27) and (3.28) derived in the proof of Theorem 3.5 are
still valid because they only cover steps computed using AN2C, so that we now need to
focus on bounding S;°. Using AS.2 and the lower bound on the decrease of the function
values (3.9), we derive that, for k € §%°,

F@o) = fow = f(@i) = flwign) = Y fla) = f(mipa) =[S 207721 €,
iE€Sy, 1€SE° max

and therefore that

202 -
|S]L:O| < O-max(f(rl"lo) flow) 653. (414)

Injecting now (4.14), (3.28) and (3.27) in the bound (4.10) on Sgwgrad yields that

‘ _3
S| < iy og(er) | max(e; 2, ;%)

where k1 is a problem dependent constant. Combining the last inequality with (4.14),
(3.28) and (3.27) in |Sy| = |SF9" | + |Sgu?| + |S5°| + |S{ecr| gives that

_3
[Sk| < k| log(er)| max(e; ?, €;7)

proving the first part of the theorem. The second part follows from (3.30) and Lemma 2.1.
(]

As for Theorem 3.5, the bound, in which the e;® term is likely to dominate, differs from
standard one for second-order algorithms seeking second-order points (in O(max(el_3/ 2, )
[12, Theorems 3.3.9, 3.4.6] by a (modest) factor | log(e;)|. This factor occurs as a consequence
of (4.10), (4.14) and (3.27) and one expects that, in practice, (4.14) is smaller than O (e;)
so that Newton steps are taken most often.
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As for the first-order case, we note that an SOAN2E algorithm may easily be defined by
always using (2.5) for first-order steps in SOAN2C, and that its complexity is covered by
Theorem 4.4.

5 Numerical illustration

We now illustrate the behaviour of our proposed algorithms on three sets of test problems
from the freely available OPM collection [27]. The first set contains 119 small-dimensional
problems, the second contains 75 medium-size ones, while the third contains 59 “largish”
ones. The list of problems and their dimensions are listed in Tables 2, 3 and 4 in appendix.

We use Matlab implementations of AN2C and AN2E where the involved linear systems are
solved by using the Matlab sparse Cholesky factorization, and where we have set

Ko = 108, kq =100, kg =1,¢ =1, o =¢ = 10_107

Y1 =1, 72 =7 =107 =10"" and 7, = 0.95.

We compare AN2C and AN2E with implementations of the standard adaptive regularization
AR2 and trust-region TR2M, two well-regarded methods. All these algorithms use quadratic
approximations of the objective function (i.e. gradients and Hessians). The first three also
use the same acceptance thresholds 7; and 72 and values of 71, 72 and ~3. The TR2M meth-
ods shrinks the trust-region radius by a factor /10 and expands it by a factor 2 (see [12,
Section 11.2] for a discussion of the coherence of these factors between trust-region and adap-
tive regularization methods). The authors are aware that further method-dependent tuning
would possibly result in improved performance, but the values chosen here appear to work
reasonably well for each method. The step computation is performed in AR2 using an (unpre-
conditioned) Lanczos approach while a standard Moré-Sorensen method™®) is used in TR2M
(see [12, Chapter 9] for details). For AR2, the step computation is terminated as soon as

||gk + HkSkH < %Hsubak||5k|’2 (51)

(see [28] for a justification), while the Moré-Sorensen iterations in TR2M are terminated as
soon as |[sk| € [(1 = Osup) Ak, (1 +04u)Ar], where, in both cases, fy,, = 1073 for n < 100 and
1072 for n > 100. All experiments were run on a Dell Precison computer with Matlab 2022b.

We discuss our experiments from the efficiency and reliability points of view. Efficiency is
measured, in accordance with the complexity theory, in number of iterations (or, equivalently,
function and possibly derivatives’ evaluations): the fewer the more efficient the algorithm. In
addition to presenting the now standard performance profiles [18] for our four algorithms in
Figure 1, we follow [37, 25] and consider the derived “global” measure a1, to be L of the
area below the curve corresponding to algo in the performance profile, for abscissas in the
interval [1,10]. The larger this area and the closer Talgo 1O one, the closer the curve to the
right and top borders of the plot and the better the global performance.

When reporting reliability, we say that the run of an algorithmic variant on a specific
test problem is successful if the gradient norm tolerance ¢ = 10~% has been achieved in the
allotted cpu-time (1h) and before the maximum number of iterations (5000) is reached. The
palgo statistic denotes the percentage of successful runs taken on all problems.

M Given that our version of AN2C uses matrix factorizations, it seems more natural to compare it with a
Moré-Sorensen-based trust-region than to one using truncated conjugate gradients.
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—AN2C —AN2C

—AN2E —AN2E

—AR2 —AR2
TR2M TR2M

Figure 1: Iteration performance profiles for OPM problems (left: small, center: medium, right:
largish). We report on the vertical axis the proportion of problems for which the number of
iterations of each algorithm is at most a fraction (given by the horizontal axis) of the smallest
across all algorithms (see [18]).

small pbs. | medium pbs. | largish pbs.

algo | Talgo | Palgo | Talgo | Palgo | Malgo | Palgo
AN2C | 0.90 | 9748 | 0.85 | 94.67 | 0.81 | 94.92
AN2E 0.93 | 9748 | 0.93 | 97.33 | 0.89 | 86.44
AR2 0.93 | 94.96 | 0.93 | 93.33 | 0.90 | 86.44
TR2M | 0.91 | 94.12 | 0.90 | 93.33 | 0.83 | 91.53

Table 1: Efficiency and reliability statistics for OPM problems

Figure 1 and Table 1 suggest that the reliability of both AN2C and AN2E is a little better
than that of AR2 and TR2M for all problem sizes. They also indicate that AN2C is somewhat
slower iteration-wise than AR2 and TR2M , but AN2E is very comparable. The fact that the
computationally more expensive AN2E is often faster than AN2C in terms of iteration numbers
is not surprising. Indeed, the regularization term in (2.9) becomes ,/0%gx in convex regions,
recovering the analysis of [33, 17], whereas AN2C regularizes the problem more strongly in (2.2)
(by a factor 10 in our numerical settings) and therefore may further restricts the steplength.
AN2E may however be computationally more intensive(?) than AN2C. Which of the two algo-
rithms is preferable in practice is likely to depend on the CPU cost of calculating the Hessian’s
smallest eigenvalue.

As expected, the call (2.6) in AN2C is typically performed on very few iterations (for
less 1.3% of them for the small-problems testset) and, when used, results in a negative-
curvature step (2.12) even more exceptionally (as it turns out, never in our tests). This
means in particular that a single linear-system solve was necessary for approximately 99% of
all iterations. The AN2E variant of course called (2.6) at every iteration, but, again, (2.12) was
never actually used. Our results also confirm the general effectiveness of a relatively simple
implementation of the adaptive regularization algorithm AR2 using the test (5.1).

We also ran the SOAN2C and SOAN2E variants with ¢; = 1076 and e; = 1074, but their re-
sults are undistinguishable (for our test sets) from those obtained with AN2C and AN2E, except
for a final eigenvalue analysis at the found approximate first-order point, which confirmed in

@ Most failures of this algorithm on large problems occured because the time limit was reached.



Gratton, Jerad, Toint: Adaptive Regularization Newton with Negative Curvature 23

all cases that the second-order condition (4.1) did also hold at this point. No step of the
form (4.4) was ever taken in our runs, despite the fact that such steps are necessary in theory
(think of starting the minimization at a first-order saddle point).

These early results are encouraging but the authors are aware that only further experi-
ments will allow a proper assessment of the method’s true potential, both from the number of
function/derivatives evaluations and CPU-usage points of view. Several further algorithmic
developments within the new algorithms are also of interest, including the use of an itera-
tive subproblem solver (allowed by our theory because of (2.3) and (2.10)), a possibly better
balance between (2.2) and (2.6), approximate eigenvalue computations and the use of past
information to speed them up, improved model decrease when a negative-curvature direction
is computed, as well as refinements of the regularization parameter update (2.8), possibly in
the spirit of [23].

6 Conclusions and Perspectives

We have proposed AN2C and AN2E, two second-order methods that alternate between New-
ton and negative-curvature directions for nonconvex problems. These methods differ from
the more standard trust-region and adaptive-regularization techniques in that, beyond the
required eigenvalue calculations, the involved step computation is free of further inner it-
erative processes and only requires the approximate solution of at most two (but typically
one) linear systems per iteration. We have also proved that these algorithms require at most
O (| log(e)|e=3/ ?) iterations to obtain an e-approximate first-order critical point. Our proof
builds on some elements of [33, 17] for the convex case and arguments for adaptive regulariza-
tion [3] and other nonconvex optimization methods [15, 38]. At each iteration, the algorithms
either take an explicit Newton step or negative curvature when it is sufficiently large com-
pared to the square root of the gradient. The norm of the residuals of the Newton step are
adjusted dynamically and different types of solvers can be used to solve the linear systems.
The AN2C algorithm is constructed to limit the cost of evaluating eigenvalues as much as
possible and require a single linear solve per iteration for a very large majority of problems.
We also introduced algorithmic variants (SOAN2C and SOAN2E) which are guaranteed to find
second-order critical points, and proved that they require at most O (] log(e)]e*?’) iterations
to do so. A first set of numerical experiments with the new methods indicates that they are
very reliable and competitive with standard techniques in terms of number of iterations.
Promising lines of for future work include inexact derivatives, estimating the regularization
parameter without evaluating the objective function (as in [24]), stochastic variants and the
handling of simple constraints such as bounds on the variables in the spirit of [12, Section 14.2].
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A The test problems and their dimensions

Problem n Problem n Problem n Problem n Problem n Problem n
argauss 3 chebyqad 10 dixmaanl 12 heart8ls 8 msqrtals 16 scurly10 10
arglina 10 cliff 2 dixon 10 helix 3 msqrtbls 16 scosine 10
arglinb 10 clplatea 16 dqartic 10 hilbert 10 morebv 12 sisser 2
arglinc 10 clplateb 16 edensch 10 himln3 2 nlminsurf 16 spmsqrt 10
argtrig 10 clustr 2 eg2 10 himm?25 2 nondquar 10 tcontact 49
arwhead 10 cosine 10 eg2s 10 himm?27 2 nzfl 13 tquartic 10
bard 3 crglvy 4 eigenals 12 himm?28 2 osbornea 5 trigger 7
bdarwhd 10 cube 2 eigenbls 12 himm?29 2 osborneb 11 tridia 10
beale 2 curly10 10 eigencls 12 himm30 3 penaltyl 10 tlminsurfx 16
biggsb 5 dixmaana 12 engvall 10 himm32 4 penalty2 10 tnlminsurfx 16
biggs6 6 dixmaanb 12 engval2 3 himm33 2 penalty3 10 vardim 10
brownden 4 dixmaanc 12 expfit 2 hypcir 2 powellbs 2 vibrbeam 8
booth 2 dixmaand 12 extrosnb 10 indef 10 powellsg 12 watson 12
box3 3 dixmaane 12 fminsurf 16 integreq 10 powellsq 2 wmsqrtals 16
brkmecc 2 dixmaanf 12 freuroth 4 jensmp 2 powr 10 wmsqrtbls 16
brownal 10 dixmaang 12 genhumps 5 kowosb 4 recipe 2 woods 12
brownbs 2 dixmaanh 12 gottfr 2 Iminsurf 16 rosenbr 10 yfitu 3
broyden3d 10 dixmaani 12 gulf 4 mancino 10 s308 2 zangwill2 2
broydenbd 10 dixmaanj 12 hairy 2 mexhat 2 sensors 10 zangwill3 3
chandheu 10 dixmaank 12 heart6ls 6 meyer3 3 schmvett 3

Table 2: The OPM small test problems and their dimension

Problem n Problem n Problem n Problem n Problem n Problem n
arglina 400 crglvy 400 dixmaanj 600 fminsurf 400 ncb20b 500 spmsqrt 997
arglinb 50 cube 500 dixmaank 600 freuroth 500 ncb20c 500 tcontact 400
arglinc 50 curly10 500 dixmaanl 600 helix 500 nlminsurf 400 tquartic 500
argtrig 50 deconvu 51 dixon 500 hilbert 500 nondquar 500 tridia 500
arwhead 500 dixmaana 600 dqgrtic 500 hydc20ls 99 nzfl 520 tlminsurfx 400
bdarwhd 500 dixmaanb 600 edensch 500 indef 500 penaltyl 500 tnlminsurfx 400
brownal 500 dixmaanc 600 eg2 400 integreq 500 penalty2 100 vardim 500
broyden3d 500 dixmaand 600 eg2s 400 Iminsurf 400 penalty3 500 wmsqrtals 400
broydenbd 500 dixmaane 600 eigenals 110 mancino 500 powellsg 500 wmsqrtbls 400
chandheu 500 dixmaanf 600 eigenbls 110 msqrtals 400 powr 500 woods 500
chebyqad 150 dixmaang 600 eigencls 110 msqrtbls 400 rosenbr 100
clplatea 400 dixmaanh 600 engvall 500 morebv 500 sensors 100
clplateb 400 dixmaani 600 extrosnb 500 ncb20 500 scosine 500
Table 3: The OPM medium-size test problems and their dimension
Problem n Problem n Problem n Problem n Problem n
arwhead 2000 dixmaand 2400 eg2 1600 integreq 2000 powellsg 2000
bdarwhd 2000 dixmaane 2400 eg2s 1600 Iminsurf 4900 powr 2000
broyden3d 2000 dixmaanf 2400 eigenals 2550 msqrtals 1600 rosenbr 2000
broydenbd 2000 dixmaang 2400 eigenbls 2550 msqrtbls 1600 spmsqrt 1498
clplatea 4900 dixmaanh 2400 eigencls 2550 morebv 5000 tcontact 4900
clplateb 4800 dixmaani 2400 engvall 2000 ncb20b 2000 tquartic 2000
crglvy 4000 dixmaanj 2400 extrosnb 2000 ncb20c 2000 tridia 2000
cube 2000 dixmaank 2400 fminsurf 4900 nlminsurf 4900 tlminsurfx 4900
curly10 1000 dixmaanl 2400 freuroth 2000 nondquar 2000 tnlminsurfx 4900
dixmaana 2400 dixon 2000 helix 2000 nzfl 2600 vardim 2000
dixmaanb 2400 dqrtic 2000 hilbert 2000 penaltyl 2000 woods 2000
dixmaanc 2400 edensch 2000 indef 2000 penalty3 2000

Table 4: The OPM largish test problems and their dimension



