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SHARP WORST-CASE EVALUATION COMPLEXITY BOUNDS FOR
ARBITRARY-ORDER NONCONVEX OPTIMIZATION WITH
INEXPENSIVE CONSTRAINTS*

CORALIA CARTISt, NICHOLAS I. M. GOULD¥, AND PHILIPPE L. TOINT?

Abstract. We provide sharp worst-case evaluation complexity bounds for nonconvex mini-
mization problems with general inexpensive constraints, i.e., problems where the cost of evaluat-
ing/enforcing of the (possibly nonconvex or even disconnected) constraints, if any, is negligible com-
pared to that of evaluating the objective function. These bounds unify, extend, or improve all known
upper and lower complexity bounds for nonconvex unconstrained and convexly constrained problems.
It is shown that, given an accuracy level €, a degree of highest available Lipschitz continuous deriv-
atives p, and a desired optimality order ¢ between one and p, a conceptual regularization algorithm

1

requires no more than O(eiﬁfij;*'l) evaluations of the objective function and its derivatives to com-
pute a suitably approximate gth order minimizer. With an appropriate choice of the regularization,
a similar result also holds if the pth derivative is merely Holder rather than Lipschitz continuous. We
provide an example that shows that the above complexity bound is sharp for unconstrained and a
wide class of constrained problems; we also give reasons for the optimality of regularization methods
from a worst-case complexity point of view, within a large class of algorithms that use the same
derivative information.

Key words. nonlinear optimization, complexity analysis, regularization methods
AMS subject classifications. 90C30, 68Q25, 65K05, 49M37, 90C60
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1. Introduction. Ever since the seminal paper by Vavasis [23] on the complex-
ity of finding first-order critical points in unconstrained nonlinear optimization was
published 25 years ago, the question of the optimal worst-case complexity of opti-
mization methods has been of interest to mathematicians and also, because of its
strong connection with deep learning, to computer scientists. Of late, there has been
a growing interest in this research field, both for convex and nonconvex problems.
This paper focuses on the latter class and follows a now substantial’ research trend
that derives bounds on the worst-case evaluation complexity (or oracle complexity)
of first- and (more rarely) second-order-necessary minimizers? of nonlinear nonconvex
unconstrained optimization problems [23, 20, 16, 21, 5]. These papers all provide upper
evaluation complexity bounds: they show that, to obtain an e-approximate first-order-
necessary minimizer (for unconstrained problem, this is a point at which the gradient
of the objective function is less than € in norm), at most O(e~2) evaluations of the
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objective function® are needed if a model involving first derivatives is used, and at most
O(e~3/?) evaluations are needed if using second derivatives is permitted. This result
was extended to convexly constrained problems in [7]. A broader framework allowing
the use of Taylor series of degree p was more recently proposed in [2], in which case
the worst-case evaluation complexity bound for e-first-order-necessary unconstrained

minimizer is shown to be O(efppi), thereby generalizing the previous results for this
case. Complexity for obtaining e-approximate second-order-necessary unconstrained
minimizers was considered in [21, 5], where a bound of O(e~?) evaluations was proved
to obtain an e-second-order-necessary minimizer using a Taylor’s model of degree two,

and a bound of O(e_%) evaluations was shown in [9] for the case where a Taylor
model of degree p is used. Defining gth-order-necessary minimizers for ¢ > 2 was
considered in [12], where the difficulty of stating and verifying necessary optimality
was discussed. In particular, it was concluded in this latter reference that defining
and computing e-approximate gth-order-necessary minimizers for ¢ > 2 is likely to
remain elusive, essentially because of the nonlinearity and lack of continuity of the
kernels of the derivatives involved. A more general Taylor-based definition of opti-
mality was introduced instead, which allowed to show an upper bound of O(e_(‘”l))
on evaluation complexity for convexly constrained problems, in particular improving
on the bound of O(¢~%/2) stated in [1] for the case p = ¢ = 3.

The unconstrained and convexly constrained cases where the assumption of Lip-
schitz continuity is replaced by the weaker S-Holder continuity (8 € (0, 1]) have also

been studied for ¢ = 1 in [15, 8, 10]. These references show that at most 0(67%)
evaluations are needed for obtaining an e-first-order-necessary minimizer.

While upper complexity bounds are important as they provide a handle on the
intrinsic difficulty of the considered problem, they do so at the condition of not being
overly pessimistic. To address this last point, lower bounds on the evaluation com-
plexity of unconstrained nonconvex optimization problems and methods were derived
in [4, 20] and [13], where it was shown that the known upper complexity bounds are
sharp (irrespective of the problem’s dimension) for most known methods using Tay-
lor’s models of degree one or two. That is to say that there are examples for which the
complexity order predicted by the upper bound is actually achieved. More recently,
Carmon et al. [3] provided an elaborate construction showing that at least a multi-

ple of e~ %% function evaluations may be needed to obtain an e-first-order-necessary
unconstrained minimizer where derivatives of order at most p are used. This result,
which matches in order the upper bound of [2], covers a very wide class of potential
optimization methods* but has the drawback of being only valid for problems whose
dimension essentially exceeds the number of iterations needed, which can be very large
and quickly grows when € tends to zero.

Contributions. The present paper aims at unifying and generalizing all the
above results in a single framework, providing, for problems with inexpensive or no
constraints, provably optimal evaluation complexity bounds for arbitrary optimality
order, all relevant model degrees and levels of smoothness of the objective function.
By “inexpensive constraints,” we mean general set constraints whose enforcement
and evaluation® cost is negligible compared to the cost of evaluating the objective
function. As a consequence, the evaluation complexity for such problems is meaning-
fully captured by focusing of the number of evaluations of this latter function. This
class of minimization problems contains important cases such as bound-constrained

3And its available derivatives.
4In particular, it covers randomized methods, which we do not consider in this paper.
5Constraints’ values and that of their derivatives, if relevant.
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problems and convexly constrained problems (when the projection onto the feasible
set is inexpensive) but also allows possibly nonconvex or even disconnected feasible
sets.

In order to achieve these objectives, we first revisit the Taylor-based optimality
measure of [12] and define (e,d)-gth-order-necessary minimizers, a notion extending
the standard e-first- and e-second-order cases to arbitrary orders. We then present a
conceptual regularization algorithm using degree p models and show that this algo-

+8
rithm requires at most O(e~ Pgﬁﬁ) evaluations of f and its derivatives to find such
an (e,0)-gth-order-necessary minimizer when the pth derivative of f is assumed to be
B-Holder continuous. (If the pth derivative is assumed to be Lipschitz continuous, the

bound becomes O(efpfiﬁl).) This bound matches the best known lower bounds for
first and second order and improves on the bound in O(e~(¢*1) given by [12]. We
then show that this bound is sharp in order for unconstrained problems with Lipschitz
continuous pth derivative by completing and extending the result of [3] in two ways.

+1
The first is to show that the lower worst-case bound of order € "7 evaluations for
obtaining a first-order-necessary minimizer using at most p derivatives is also valid
for problems of every dimension, and the second is to show that this bound can be

_ ¥l

generalized to a multiple of ¢ 7=+ for obtaining a gth-order-necessary minimizer of
any order ¢ < p. In particular, this result matches in order the upper bound obtained
in the first part of the paper and subsumes or improves known lower bounds for first-
and second-order-necessary minimizers. While our lower bounds are derived for reg-
ularization algorithms applied to unconstrained problems, we also indicate that they
may be extended to a much wider class of minimization methods and to a significant
class of constrained problems.

The paper is organized as follows. Section 2 introduces the (possibly constrained)
minimization problem of interest and the concept of (¢,§)-approximate gth-order-
necessary minimizers. It also presents a variant of the Adaptive Regularization algo-
rithm using degree p Taylor’s models (ARp) whose purpose is to find such minimizers.
Section 3 then provides an upper bound on the evaluation complexity for the ARp
algorithm to achieve this task. Section 4 then discusses specialization of this result
to the case where e-approximate second-order-necessary minimizers are sought. The
complexity upper bound of section 3 is then proved to be sharp in section 5 for the
Lipschitz-continuous cases where the feasible set contains a ray. Some conclusions are
finally presented in section 6.

Notation. Throughout the paper, ||[v|| denotes the standard Euclidean norm
of a vector v € R". For a symmetric tensor S of order p, S[v1,...,v,] is the result of
applying S to the vectors v1,...,v,, S[v]P is the result of applying S to p copies of
the vector v, and
(L.1) ISl < max |Sul?| =

= max Slvy,...,v
lvll=1 nvu\:m:uvpu:l' ool

(where the second equality results from Theorem 2.1 in [25]) is the associated induced
norm for such tensors. If S; and Sy are tensors, S7; ® S5 is their tensor product and
S’f@ is the product of S; k times with itself. For a real, sufficiently differentiable
univariate function f, f(*) denotes its ith derivative and f(9) is a synonym for f. For

an integer k and a real § € (0, 1], we define (k + 3)! def lezl(ﬁ + ¢) (this coincides
with the standard factorial if 5 = 1) and 8! = 1. As is usual, we also define 0! = 1.
If M is a symmetric matrix, Apin (M) is its leftmost eigenvalue. If « is a real, [«]

and |a] denote the smallest integer not smaller than « and the largest integer not
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exceeding «, respectively. Finally globmin s f(x) denotes the smallest value of f(z)
over x € S.

2. High-order necessary conditions for optimality and the ARp
algorithm.

2.1. A high-order optimality measure. Given p > 1, this paper considers
the set-constrained optimization problem
2.1 i
(2.1) min f(z),
where we assume that F C R" is closed and nonempty, and where f € CP#(R"),
namely, that
e f is p-times continuously differentiable,

e the pth derivative tensor of f at x is globally Holder continuous, that is, there
exist constants L > 0 and 8 € (0,1] such that, for all z,y € R™,

(2.2) IV f(z) = VEfW)lp) < Lz —yl°.

Observe that convexity or even connectedness of F is not requested. Observe also
that the more usual case of Lipschitz continuous pth derivative corresponds to g = 1.
We note that our assumption covers the continuous range of the objective function’s
smoothness from Hélder continuous gradients to Lipschitz continuous pth derivatives.
In what follows, we assume that 8 is known.

If T,(x, s) is the standard pth degree Taylor’s expansion of f about x computed
for the increment s, that is,

(2.3) Tp(w,s) € flz) + >

(2.2) provides crucial approximation bounds, whose proof can be found in the
appendix.

LEMMA 2.1. Let f € CPA(R™), and let Ty(x,s) be the Taylor approzimation of
flx+s) about x given by (2.3). Then for all x,s € R",

(2.4) f(x+s) <Tp(x, ) + Isl[P*2,

(p+p)!

(25)  IVif(x+s) = ViT(z,5)lly < IslP=+2. (i =1,...,p).

L
(p—j+B)
In order to characterize minimizers of (2.1), we follow [12] and introduce, for given
6 €(0,1] and j < p,
(2.6) ¢5 (2) Y f(z) — globmin T} (z, d)
’ fiJ - g J ) )
z+deF
lldll<s
which can be interpreted as the magnitude of the largest decrease achievable on the
Taylor’s expansion of degree j within the intersection of a ball of radius § with the
feasible set. Tt was shown in [12] that (b‘sf, ;(x) is a proper generalization of well-known
unconstrained optimality measures for low orders. In particular, for any § > 0, we
have

(2.7) ¢71(2) = VL (@)]0,
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1, .
(28) ¢5f72($> = § ‘mln[oa )‘min (Vif<x))’ 62
provided V% f(z) = 0, and also, if additionally V2 f(z) is positive semidefinite, that
(2.9) ¢§73 = || projection of V2 f(x) onto the nullspace of V2 f(z) || §°.

At variance with other optimality measures, (bj 7 (x) is well-defined for any order j > 1
and varies continuously when x varies continuously in F. The role of the “optimality
radius” ¢ in (2.6) merits some discussion. It follows from (2.7)—(2.9) that the choice of
0 = 1 is adequate for retrieving known optimality conditions in the unconstrained case
for j = 1, and j = 2 provided V.f(z) = 0, and j = 3 provided additionally V2 f(x)
is positive semidefinite. However, § becomes important in other cases. Corollary 3.6
in [12] indicates that, when F is convex, gth-order necessary “path-based” optimality
conditions hold if

5 (g
(2.10) ;i_r)r(l)%c’gij()zo for j=1,...,q.
The limit for 6 — 0 is necessary to capture the notion of local minimizer for (2.1). This
implies that § should be seen as a truly local quantity associated with z. However,
considering ¢5f7 7(x) for nonvanishing § has substantial advantages from the point of
view of optimization: while it may fail to indicate that x is a local minimizer, it does
so only by providing a direction leading to values of f below f(z), thereby helping
to avoid local but nonglobal approximate solutions. We refer the reader to [12] for a
further discussion but conclude that considering large § has strong advantages when
solving (2.1).

A special case is when z is an isolated feasible point, that is, a point which is
the sole intersection between F and any sufficiently small neighborhood of z. Such a
point is clearly a local minimizer, and this is reflected by the fact that ¢f«) o(z) =0 for
any f, any ¢, and any sufficiently small J.

The main drawback of using (b‘}’ j(l’) is, of course, that its computation requires
the global minimization of T}, (x,d) in the intersection of the ball of radius § with
F. We are not aware of an easy way to do this in general® when n > 1, which is
why our analysis remains of an essentially theoretical nature, as was the case for [12].
Note, however, that, albeit potentially very difficult, solving this global minimization
problem does not involve calculating the value of f or of any of its derivatives. In
that sense, this drawback is thus irrelevant for the worst-case evaluation complexity
which solely focuses on these evaluations.

Observe now that, if we were to relax the first-order condition V. f(z) = 0 for
unconstrained problems to |V1f(z)| < € and, at the same time, relax the second-
order condition to | min[0, Apin (V2 f(2))]| < €, we then deduce that

2 5@

7'.
— 4

1
(2.11) ¢ o(x) < ed+ 5652 =¢

A natural generalization of this observation is to define an (¢, d)-approzimate qth-
order-necessary minimizer of f as a point x such that

(2.12) 05 () < exq(6),

SA small value of § might help, but this computation remains NP-hard in most cases.
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where

Q.

e
[~]=
N‘Oq
—| =

(2.13) Xq(6) =
(=1

Because (2.12) is a new way to look at approximate optimality and is crucial for the
rest of this paper, it is worthwhile to motivate and discuss it further.

1. When e = 0, (2.12) implies that the complicated path-based necessary op-
timality conditions derived in [12] do hold. This results from the fact that
these latter conditions merely express that the Taylor’s model of order g can-
not decrease close enough to x along any feasible polynomial path emanating
from z, which is clearly the case if x is a global minimizer of the same models
in the intersection of the feasible set and a ball of radius § centered at z.
By continuity, these path-based conditions must therefore hold in the limit
under (2.12) when e tends to zero. The role of (2.12) as a condition for ap-
proximate minimization is thus coherent and consistent with known necessary
conditions.

2. Inspired by (2.10), the stronger approximate optimality condition

(2.14) ¢hi(x)<ed? for je{l,....q}

was used in [12] instead of (2.12). Our main reason to prefer (2.12) is the
following. Observe that (2.14) implies in particular that qﬁ‘sf,q(x) < €64, which
in turn implies, for § small enough for the first-order term to dominate,
that ¢%,(z) < ed?. In the unconstrained case (for example), this requires
[VLf(xr)]| < €6971, imposing an inordinate level of first-order optimality,
much stronger than the standard condition ||V.f(z)|| < e. No such diffi-
culty arises with (2.12) because the right-hand side of the condition involves
all powers of §, which is not the case of the right-hand side of (2.14). Note,
however, that the vital continuity properties of gi)‘sf’ o are not affected by the
choice of the right-hand side and are thus inherited by (2.12).
3. For given § € (0,1], (2.12) does not imply that qb‘sf’j(:r) < ex;(9) for j €
{1,...,q — 1}, although the violation of this condition tends to zero with
5.7 This slight blemish can be cured by requiring that ¢‘}’j (z) < ex,(0) for
je{l,...,q} instead of (2.12).
4. Since ¢ € (0, 1], we note that x4(d) = O(6), and so an equivalent alternative
to the termination condition (2.12) is to require that gb‘}’q(ac) < €. We use
(2.12) as it naturally occurs in subsequent proofs.
In order to further justify (2.12), we now make more explicit the “minimizing guar-
antees” provided by this approximate optimality condition, by formulating a result
analogous to Theorem 3.7 in [12]. This result gives a lower bound on the value of f(x)
in the feasible neighborhood of an (e, §)-approximate gth-order-necessary minimizer.

THEOREM 2.2. Suppose that f is p times continuously differentiable and that Vi f
is B-Holder continuous with constant L (in the sense of (2.2) with p = q) in an open
neighborhood of radius § € (0,1] of some x € F. Suppose also that x is an (€,0)-
approximate qth-order-necessary minimizer of f in the sense of (2.12). Then

"When § tends to zero, the terms of orders j 4+ 1 and higher in the Taylor’s expansion defining
(;5; q(:):) and x4 () become negligible compared to the first j.
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(2.15) flx+d) > f(x) —2exq(d) foralld with x+deF and

. (g+PB)e =T
]l < min [a, (L) ]

Proof. Using the triangle inequality, (2.2), (2.4), and (2.12), we obtain that, for
ldll <4,

fle+d) = f(x+d) = Ty(z,d) + Ty(z,d)

2 _|f($+d) - Tq({E,d)| +Tq(x>0) - ¢6f,q(x)
L
> ———||d||FP 4 f(x) — exq(6).
>l 4 @) - o)
Thus,
L
z4+d) > flx) — ————[|d||TP1 6 — exq (6),
fa+d) 2 f@) = 5l Xq(9)
and the desired bound follows from the fact that ¢ < x4(9). d

2.2. The ARp algorithm for high-order criticality. In order to find (e, J)-
approximate gth-order-necessary minimizers, we consider applying a variant of the
ARp algorithm to (2.1). This algorithm, described as Algorithm 2.1 on the next page,
is of the regularization type in that, at each iterate xj, a step si is computed which
approximately minimizes (in a sense defined below) the model

Ok
(2.16) my(s) = Tp(xr, s) + MIISII”“’
subject to xx + s € F, where p in an integer such that p > g and o > oy, is a
“regularization parameter.”
A few comments are useful at this stage.

1. Since ok > omin by (2.22), we have that my(s) is bounded below as a function
of s and the existence of a constrained global minimizer s}, is guaranteed
because 8 > 0. To the best of our knowledge, the only methods that can use
B = 0 are universal methods [8, 15, 19], where a higher power of regularization
is required and additional precautions are taken when computing a step, and
which we do not cover here.

2. Conditions (2.19) and (2.20) essentially ensure that the step is long enough,
which will be important for proving the important lower bound on the step-
length in Lemma 3.3 below. If (2.19) holds, the possibly expensive computa-
tion of gbfgk, 4(81) in (2.20) is unnecessary and J; may be chosen arbitrarily in
(0,1].

3. Our choice to update 01 in parallel with x4 1 reflects our earlier comment
on the fact that J is a local quantity: hence ;41 should be consistent with
its corresponding value at z;4+1 = x + si, which is ;.

4. We assume the availability of a feasible starting point, which is without loss
of generality for inexpensive constraints.

5. Before termination, each successful iteration requires the evaluation of f and
its first p derivative tensors, while only the evaluation of f is needed at un-
successful ones.

6. The mechanism of the algorithm ensures the nonincreasing nature of the

sequence {f(xk)}k>0.
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Algorithm 2.1. ARp for (e, d)-approximate gth-order-necessary minimizers.

Step 0: Initialization. An initial point ¢y € F and an initial regularization param-
eter op > 0 are given, as well as an accuracy level € € (0,1). The constants
0o, @, 0, M1, M2, Y1, V2, V3, and omin are also given and satisfy

w € (0,1], >0, d € (0,1], omin € (0,00], 0 <n <12 < 1,

(2.17) and 0 <91 <1<y <73.

Compute f(xg) and set k = 0.

Step 1: Test for termination. Evaluate {V’ f(zx)}L . If (2.12) holds with § =
dr, terminate with the approximate solution z. = xj. Otherwise compute
(VP @)}

Step 2: Step calculation. Attempt to compute an approximate minimizer s of
model my(s) and an optimality radius ds € (0, 1] such that zj + s € F,

(2.18) mg(sk) < mg(0),
and either
(2.19) l|sl| > werars
or
9H5k||p—q+/3
2.20 0s < Ly (8s).
( ) mk,q(sk) — (p* q+ﬂ)' Xq( )

If such a step does not exist, terminate with the approximate solution x. = x.
Step 3: Acceptance of the trial point. Compute f(zx + sx) and define

o " T B

If pr > m, then define zpy; = xr + s and dxp1 = Js; otherwise define
Th+1 = Tk and 5k+1 = 6k.
Step 4: Regularization parameter update. Set

[max(omin, 10%), 0k) i pr > 12,
(2.22) Okt1 €% [0k, 120%] if pr € [m1,m2),
(Y20, Y30k] if pp <m.

Increment k£ by one and go to Step 1 if px > m1, or to Step 2 otherwise.

Iterations for which px > 71 (and hence xy41 = xr+si) are called “successful,” and we

denote by Sy def {0 <j <k|pj>m} the index set of all successful iterations between

0 and k. We immediately observe that the total number of iterations (successful or
not) can be bounded as a function of the number of successful ones (and include a
proof in the appendix).

LEMMA 2.3 (see [2, Theorem 2.4]). The mechanism of Algorithm 2.1 guarantees
that, if

(223) Ok < Omax
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for some opmax > 0, then

1 1 max
(2.24) k+1§|8k<1—|—|0g%|>+ 1og(°' 2 )
log 72 log 2 00

2.3. Specific properties of the ARp algorithm. We now need to verify that
the algorithm is well-defined in the sense that either a step s; and associated &5 satis-
fying (2.18)—(2.20) can always be found, or termination is justified. For unconstrained
problems with ¢ € {1, 2}, the first possibility directly results from the observation that
¢f§k,j(5k) (as given by (2.7)—(2.9) for f = my, and j € {1,2,3}) can be made suitably
small at a global minimizer of the model. In those cases §; = 1 is always acceptable.
(More details for the case ¢ = 2 are provided in section 4). The situation is more
complicated for ¢ > 3 because a global minimizer of the model (2.16) may not be a
global minimizer of its gth order Taylor’s expansion in the intersection of F and a ball
of arbitrary radius: we may have to restrict this radius for this important property
to hold. In order to clarify this issue, we first state a useful technical lemma, whose
proof is in the appendix.

LEMMA 2.4. Let s be a vector of R™. Then

; +
@25) Vsl = sl for e (0,.)
and
(2.26) 197 (s17) llpsa) = B8 (0 + B! [slP.

We next provide reasonable sufficient conditions for a nonzero step s; and an
optimality radius ds to satisfy (2.18)—(2.20).

LEMMA 2.5. Suppose that s}, is a global minimizer of my(s) under the constraint
that x + s € F such that my(s;) < mi(0). Then there exist a neighborhood of s}

and a range of sufficiently small § such that (2.18) and (2.20) hold for any sy in the
intersection of this neighborhood with F and any ds in this range.

Proof. Let s} be the global minimizer of the model my(s) over all s such that
xp +s € F. Since my(sy) < mi(0), we have that s} # 0. By Taylor’s theorem, we
have that, for all d,

Ve my (s + €d)[d]P

0 < my(sy +d) —mg(sy) Zglvfmk [d]* + (p+1)

for some £ € (0,1). Thus, using the triangle inequality, (2.16), and (2.26),
(2.27)

1 d d
-3 Ity < 30 1 ot 'L'H,HVP“ ot +6d)
=1 l=q+1
( )
l=q+1

Since s} # 0, we may then choose J, < |/si| such that, for every d with ||d|| < ds,
sk +&d]l 2 5llsi > 0 and

Nl e g g P! < OlsglP*?
2.28 \Y 2
(2.28) E IVsm(si)llg + Bo 2( —q+A)

/! ( + ) H kHB !
l=q+1

fedie
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Hence we deduce from (2.27) and (2.28) that, for ||d|| < ds,

Ol sillP~+* Ol sillP~+*

q
. l Zm s* 14
Z(!vs elsi)ld]” < 2p—q+B)! ° 7 2(p—q+B)!

X(I((Ss)v

where the last inequality follows from (2.13). Continuity of my and its derivatives
and the inequality mg(s}) < mg(0) then imply that there exists a neighborhood of
s} # 0 such that (2.18) holds and

9” HP*quB
‘ZW ' < =g A 8

for all s in this neighborhood and all d with ||d|| < ds. This yields that, for all such s
with x + s € F,

q _
1 0]|s||? q+B
8s ’
s (s) =max |0, globma E — s)ld < ———— x4 (6s),
mk,q( ) X ng”<5 X ( 2 e k( )[ ] ) = (p_ Q+5)' Xq( )
T +deEF
as requested. ]

As can be seen in the proof of this lemma, §; may need to be small if any of the
tensors

Ve “mi(sg) Z ijk ]

for £ € {1,...,p+ 1} has a large norm. This may occur in particular if 5 and |/si||
are both close to zero, as is shown by the last term in the left-hand side of (2.28).
We also note that (2.20) obviously holds for s, = s}, if 2 + s}, is an isolated feasible
point.

That one needs to consider the second case in Step 2 (where no step exists satis-
fying (2.18)—(2.20)) can be seen by examining the following one-dimensional example.
Let p = ¢ = 3 and B = 1, and suppose that &, = 1, T,(xg,s) = s> — 2s®, and
or = 4! = 24. Then my(s) = s? — 2s% + s* = s%(s — 1)? and the origin is a global
minimizer of the model (and a local minimizer of 7, (xk, s)) but yet Ty (g, 0r) = —1,
yielding that (;5 ,(TK) = 1> exq(1) for € < 1/x4(1) = 7. Thus, Step 1 with d =1
has failed to 1dent1fy that termination was possible. It now remains to verify that it
is justified to terminate in Step 2 when no suitable nonzero step can be found.

LEMMA 2.6. Suppose that the algorithm terminates in Step 2 of iteration k with
xe = x. Then there exists a 0 € (0,1] such that (2.12) holds for x = x. and . is an
(e, 0)-approximate qth-order-necessary minimizer.

Proof. Given Lemma 2.5, if the algorithm terminates within Step 2, it must be
because every global minimizer s; of my(s) under the constraints x + s € F is such
that mg(sy) > my(0). In that case, sj, = 0 is one such global minimizer and we have
that, for all d,

q
1 Ok
0<m —-m = — I 4 V] + d||P+8.
(@)~ mu(0) =3 v g§q+:1~ L@l + 2]
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We may now choose ¢ € (0, 1] small enough to ensure that, for all d with ||d|| <,

P
(2.29) > %Vi-f(xk)[d]j ldlP*P | < elld]| < €xq(0),

l=q+1 :

(p +ﬁ)

which in turn implies that, for all d with ||d|| <4,

q
1
gbfq(xk) max |0, globmax( ZZ xk)[d]e> < exq(9),
ld|| <6 =1
zp+deF

concluding the proof. O

Observe that, in this proof, we could have chosen § small enough to ensure

7+ < exy(6)

(p +5)

instead of (2.29), yielding gb‘sf’p(ask) < exp(0), which is a stronger necessary optimality
condition than (2.12). Together, Lemmas 2.5 and 2.6 ensure that Algorithm 2.1 is
well-defined.

However, none of the inner step and criticality computations involve the (re-)
evaluation of f or its derivatives, and therefore the evaluation complexity bound
presented in the next section is unaffected.

3. An upper bound on the evaluation complexity. The proofs of the fol-
lowing two lemmas are very similar to corresponding results in [2], and hence we again
defer them to the appendix (but still include them for completeness, as the algorithm
has changed).

LEMMA 3.1. The mechanism of Algorithm 2.1 guarantees that, for all k > 0,

(3.1) Tp(k,0) = Tp(wh, sx) > lswlP+e,

(p+P)! +B)

and so (2.21) is well-defined.
LEMMA 3.2. Let f € CPP(R™). Then, for all k > 0,

73L]
1= ’

def
(3.2) 0k < Omax = max {00,

We are now in position to prove the crucial lower bound on the step length.

LEMMA 3.3. Let f € CP#(R™). Then, for all k > 0 such that iteration k is
successful and Algorithm 2.1 does not terminate at iteration k + 1,

(3.3) sl > Keer—e77,

where

def . (p—q+p)! 7
(3.4) Ks = min [zm (MM) ] .
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Proof. If ||s|| > weraTP (i.e., (2.19) holds), the result is obvious. Suppose now

that [|s|] < wer—at7 | which, in view of Step 2 of the algorithm, implies that (2.20)
holds. Since the algorithm does not terminate at iteration k£ + 1, we have that

(3.5) S (1) > exq(Orr1).

Let the global minimum in the definition of gb&f';;l (zg+1) be achieved at d with ||d|| <
dk+1. Since qﬁj’fq“(ackﬂ) > 0, we have from (2.6) that

Then, successively using (2.6) for f at 41, the triangle inequality, (2.16), (1.1), and
(2.25), we deduce that

(3.6)
67 (whs)
= > LV S )
=1
=2 %Vif @)+ 3 VT sl = S SV, o s0) )
=1 prlie 1
1 p O 1 »
A 2w (VLRI en) '+ o S g (Tl ) o))

<yl [v Frs) = VT, 50 )

=1

_ - l ‘ T p+B ¢
égf (v By o19)+ ol L) 4
1S (Vs )

£=1

l

||5k||p_g+ﬁ5£+1

S;E!(p—f-i-ﬂ)!

q
N Lo ¢ Tk g pttB st

Now, since ||d|| < 0k+1, and using (2.6) for my, at sg,

q q
1 1
-> Evﬁmk(sk)[d]e < max [0,— ) Evﬁmk(sk)[ [ < ookt (se)
=1 (=1

Using the fact that iteration k is successful, and thus ;11 = Js, we obtain, from
(2.20) and (3.6), that
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0X4(5k+1) Hsk”pfq«kﬁ
(p—q+B)!

¢
lsellP= 00+

q
BT O @) €3 e

= p - €+ﬁ

q
P*£+552
+ZZ:; E' p €+ﬁ HSkH k+1

(L + 0+ 0] xq(041)
(p—q+B)!

||8k ||p—q+,@,

where we have used the fact that ||sg| < wer—it8 < 1 to deduce the last inequality.
As a consequence, (3.5) implies that

e(p—q+ BN 7
||5k|| > [(LWLUM} )

and (3.3) then immediately follows from (3.2). |

The bound given in the above lemma is another indication that choosing 6 of the
order of L (when this is known a priori) makes sense. Observe also that the statement
of the above lemma is completely independent of dj 1.

We now combine all the above results to deduce an upper bound on the maximum
number of successful iterations, from which a final complexity bound immediately
follows.

THEOREM 3.4. Let f € CPP(R™), and suppose that f(x) > fiow for all z € R™.
Then, given € € (0,1), Algorithm 2.1 needs at most

{”p(f(xo) — fiow) (67%)J +1

successful iterations (each involving one evaluation of f and its p first derivatives)
and at most

. W o) — fiow) (- 55) 1 (1 ‘ 112221> N loglw log <m> J

iterations in total to produce an iterate x. such that (2.12) holds, where omax is given
by (3.2) and where

_p4B
def w+B) max {w—(p+ﬁ) [(L + Omax + 9)] e } .

v 710 min ( 7q+ﬂ).

Proof. At each successful iteration k before termination, we have the guaranteed
decrease

(39 Swn) = Jsn) 2 m(Tp(wn,0) = Tylan,sw) = (8 sl

where we used (2.21), (3.1), and (2.22). Moreover we deduce from (3.9), (3.3), and
(3.2) that

—1 def m O—min/€€+ﬂ

—1 75;131
(3.10) f(@x) = f(¥ht1) = K, €7-a78, where k," = v+ B!
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Thus, since {f(zy)} decreases monotonically,
s
F(wo) = flan) = 1yt 757 |

Using that f is bounded below by fiow, we conclude

(3.11) |Sk| < Msf ped

p—q+B
-1
Kp

until termination. The desired bound on the number of successful iterations follows
from combining (3.11). Lemma 2.3 is then invoked to compute the upper bound on
the total number of iterations. 0

In particular, if the pth derivative of f is assumed to be globally Lipschitz rather
than merely Holder continuous (i.e., if 8 = 1), the bound (3.8) on the maximum
number of evaluations becomes

7% |10g’71| 1 Omax
(3.12) Ump(f(xo) — fiow) (77577 ) +1] <1+ o . )+ e 10g< o )J

where

ptl
I L, [ O 20 1] L
71 O min (p_q+ 1)'

This worst-case evaluation bound generalizes known bounds for ¢ = 1 (see [2]) or
q = 2 (see [9]) and significantly improves upon the bounds in O(¢~(971)) given by [12]
for a more stringent termination rule. It also extends the results obtained in [7] for
convexly constrained problems with ¢ = 1 by allowing the significantly broader class
of inexpensive constraints.

We also note that it is possible to weaken the assumption that V2 f must satisfy
the Holder inequality (2.2) for every x,y € R™ (as required in the beginning of sec-
tion 2). The weakest possible smoothness assumption is to require that (2.2) holds
only for points belonging to the same segment of the “tree of iterates” Ug>o[zk, Tr+5k]
(this is necessary for the proof of Lemma 2.1). As this path joining feasible iterates
may be hard to predict a priori, one may instead require (2.2) to hold in the whole of
F, which must then be convex to ensure the desired Holder property on every segment
[z, zk + sk].

4. Seeking c-approximate second-order-necessary minimizers. We now
discuss the particular and much-studied case where second-order minimizers are sought
for unconstrained problems with Lipschitz continuous Hessians (that is, p > ¢ = 2,
F =R" and f =1). As we now show, a specialization of Algorithm 2.1 to this case
is very close (but not identical) to well-known methods. Let us consider Step 1 first.
The computation of ¢‘;’“2(xk) then reduces to

(4.1) ¢, (w1,) = max lo, — globmin (v; Flon)Td+ 2dTV2 f(xk)dﬂ ,
’ ldl|<ox 2

which amounts to solving a standard trust-region subproblem with radius J, (see [14]).
Hence verifying (4.1) or testing the more usual approximate second-order criteria

(4.2) IVAf(@e)] < € and Awin(V2f(21)) = —¢
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have very similar numerical costs (remember that finding the leftmost eigenvalue of
the Hessian is the same as finding the global minimizer of the associated Rayleigh
quotient). If we now turn to the computation of sy in Step 2, Algorithm 2.1 then
computes such a step by attempting to minimize the model

(4.3) Ty (zk, s) + HlsP,

Ok
(p+ 1)
as has already been proposed before for general p [2, 9]. Moreover, the failure of
(2.12) in Step 1 is enough, when ¢ < 2, to guarantee the existence of nonzero global
minimizers of T, (zx,s) and my(s) and thus to ensure that a nonzero s is possible.
The approximate model minimization is stopped as soon as (2.19) or (2.20) holds, the
latter then reducing to checking that

(4.4)

s _ . 1 T, 1 oo e o

001, a(s1) = max [0, — globmin (Vimy(si)Td+5d"Vimi(si)d) | < 70 xa(6,)
lldl| <6, 2 (p—1)!

for some J, € (0, 1]. For each potential s, finding d5 € (0, 1] requires solving (possibly
approximately)

4IE

1
— globmin (Vimk(sk)Td + QdTvgmk(sk)d) < TR x2(0s)-

[CIEH B
While this could be acceptable without affecting the overall evaluation complexity
of the algorithm, a simpler alternative is available for ¢ = 2. We may consider
terminating the model minimization when either (2.19) holds or
(4.5)

1
0 > globmin (Vimk(sk)Td + deV§mk(sk)d) > —
lal<1 :

9||sk||p_1 ( ) _ _39”8ka_1
p-1r 2p— D!

The inequality is guaranteed to hold when sy, is close enough to s}, a global minimizer
of the model my(s), since then V1imy(s;) = 0 and VZmy(s}) is positive semidefinite,
and then d = 0 provides the global minimizer of the second-order Taylor model of
mg(s) around sg. Verifying (4.5) only requires at most one trust-region calculation
for each potential step and ensures (4.4) with 6 = 1, making the choice dxr; = 1
acceptable. The cost of this technique is comparable to that proposed in [9] where an
eigenvalue computation is required for each potential step. Combining these observa-
tions, Algorithm 2.1 then becomes Algorithm 4.1.

If p = ¢ = 2, computing s; in Step 2 amounts to approximately minimizing
the now well-known cubic model of [17, 21, 24, 5]. In addition, if s is the exact
global minimizer of this model, the above argument shows that (4.5) automatically
holds at si, and checking this inequality by solving a trust-region subproblem is thus
unnecessary. The only difference between our proposed algorithm and the more usual
cubic regularization (ARC) method with exact global minimization is that the latter
would check (4.2) for termination, while the algorithm presented here would instead
check (4.1) with §; = 1 by solving a trust-region subproblem. As observed above,
both techniques have comparable numerical cost.

The bound (3.12) then ensures that Algorithm 4.1 terminates in at most O(e_%)
evaluations of f, its gradient and Hessian. This algorithm thus shares® the upper

8For a marginally weaker (see footnote 7 and Theorem 2.2) but still necessary and, in our view,
more sensible approximate optimality condition.
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Algorithm 4.1. ARp for e-approximate second-order-necessary minimizers.

Step 0: Initialization. An initial point ¢y € F and an initial regularization param-
eter og > 0 are given, as well as an accuracy level € € (0,1). The constants
w, 0, n1, N2, V1, Y2, V3, and oy, are also given and satisfy (2.17). Compute
f(zo) and set k = 0.

Step 1: Test for termination. Evaluate {V.f(zx)};_;. If ¢fo(z) < exa(1),
with ¢}72(xk) given by (4.1) and x2(1) by (2.13), terminate with the ap-
proximate solution z. = z. Otherwise compute {VZ f(xy)}r_5.

Step 2: Step calculation. Compute a step s # 0 by approximately minimizing
the model (4.3) in the sense that (2.18) holds and

||sk]| > wer2¥F or (4.5) holds.

Step 3: Acceptance of the trial point. Compute f(zy + sx) and define py as in
(2.21). If p. > m1, then define xy 1 = x) + si; otherwise define zy41 = .

Step 4: Regularization parameter update. Compute 041 as in (2.22). Incre-
ment k£ by one and go to Step 1 if px > 71, or to Step 2 otherwise.

complexity bounds stated in [9] for general p with different values of € for first and
second order, and in [21, 5] for p = 2.

5. A matching lower bound on the evaluation complexity for the
Lipschitz continuous case. We now intend to show that the upper bound on evalu-
ation complexity of Theorem 3.4 is tight in terms of the order given for unconstrained
and a broad class of constrained problems with Lipschitz continuous pth derivative
(i.e., B =17). This objective is attained by defining a variant of the high-degree Her-
mite interpolation technique developed in [12] and then using this technique to build,
for any number p of available derivatives of the objective function and any optimality
order ¢, an unconstrained univariate example of suitably slow convergence (i.e., for
which the order in e given by (3.12) is achieved). This example is then embedded in
higher dimensions to provide general lower bounds.

5.1. High-degree univariate Hermite interpolation. We start by investi-
gating some useful properties of Hermite interpolation. Let us assume that we wish
to construct a univariate Hermite interpolant 7 of degree 2(p 4+ 1) of the form

2p+1

(5.1) 7(T) = Z it
=0

on the interval [0, s] satisfying the 2(p + 1) conditions

(5.2) 700) = £, 7O(s) = for i€{0,....p},

where fo(i) and fl(i) are given. The values of the coefficients cy,...,c, may then be
obtained by

(2)
ciz% for i € {0,...,p}

9A example of slow convergence for general 8 and p > 1 + 3 is provided in [10].
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while the remaining ones satisfy the linear system

(5.3)
1 2 2 2p+1 0) _ (0)
ao,0sP™ ap1sPTE oo agp_187P appstPT Cpt1 0,s
1 2p—1 2 1 1
aios?  agesPtt oo agp 187 az ps°P Cpi2 fl( ) T( )(O s)
= )
2 +1
ap,08 ap1s” e app1sP apps” C2p+1 fl(p) - T]Sp)(O, s))
where

— il "':(p+j+1—i.

Observe that (5.3) can be rewritten as

sP S Cpt1 f10) O)(O s)
sP~1 A 5 iz | | AV =150, 9)

p . : = :
1 ") \eapa 1 =10, 5))

with A, is the matrix whose (4, j)th entry is a; j, which only depends on p. It was
show in [12, Appendix] that A, is nonsingular. Therefore

1 [ 0) T(O)(O 8)}

Cp+1 8 sp /1
Cp+2 s _ 4t Spl, [f(l) T,S”(o, 5)}
. - p .
1
C2p+1 P (P) T(P) (0 8)
We therefore deduce that, for any 7 € [0, 5] ,
p
p+1+41
w0 (7) Z zi)cp-i-lﬂ
- (p+1+3)! i+1) —1
S22 (Iep+14il sF1) s
i=0 ’

#9190,

p+1)(2p+1) ||A 1H ‘max
OO sp_j"l‘l

p! =0,...,p

IA

The mean-value theorem then implies that, for any 0 < 7 < 7y < s and some
56 [7_277—1] g [O,S],

78 (1) = 7 (72)

5.4
(54) |71 — 7

= [+ (g)]

max |7PV(7)]
T€[0,s]

1)(2
(p+ )('p+ ) HA 1||OO max
p! J=0,....p

IN

(J) T;EJ)(O s)
sp—j+1 ’

IN

This development thus leads us to the following conclusion.
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THEOREM 5.1. Suppose that {fe(j)} are given for £ € {0,1} and j € {0,...,p}.
Suppose also that there exists a constant ky > 0 such that, for all j € {0,,...,p},

(5.5) fl(j) - ngj)(O,s) < kpsPTITL

Then the Hermite interpolation polynomial w(7) on [0, s] given by (5.1) and satisfying
(5.2) admits a Lipschitz continuous pth derivative on [0, s], with Lipschitz constant
given by

et (p+1)(2p+1)

!
L, A ooy

which only depends on p and Ky.
Proof. The proof directly results from (5.4) and (5.5). ad

Observe that (5.5) is identical to (2.5) when S =1 and n = 1. This means that
the conditions of Theorem 5.1 automatically hold if the interpolation data { fi(J )} is
itself extracted from a function having a Lipschitz continuous pth derivative.

Applying the above results to several interpolation intervals then yields the exis-
tence of a smooth Hermite interpolant.

THEOREM 5.2. Suppose that, for some integer k. > 0 and p > 0, the data {f,gj)}
and {xy} is given for k € {0,...,k.} and j € {0,...,p}. Suppose also that s =
ZTpt1 — 2k € (0, k5] for k € {0,...,ke} and some ks > 0, and that, for some constant
k>0 andke{0,... k. —1},

(5.6) f;ii)l - é?g(xk,Sk) < kypsh It

where Ty, p (x5, 8) = > b, f,gi) st/i!. Then there exists a p times continuously differen-
tiable function f from R to R with Lipschitz continuous pth derivative such that, for
ke{0,..., k},

fP (@) = £ for j€{0,....p}.
Moreover, the range of f only depends on p, Ky, max f,io), and ming flgo)‘
Proof. We first use Theorem 5.1 to define a Hermite interpolant 7 (s) of the form
(5.1) on each interval [z, Tr11] = [xk, x +sx] (k € {0,...,k.}) using féj) = f,gj) and
1(J) = f,gi)l for j € {0,...,p}, and then set

f(@r + s) = mi(s)

for any s € [0, si]. We may then smoothly prolongate f for z € R by defining two
additional interpolation intervals [z_1, o] = [—s-1,0] and [z, ,z, + sk.] with end
conditions

f—lzf(go)a Jeet1 = ,ﬁf) and ffjl)z ,ﬁj)H:o for je{l,...,p},

and where s_; and s, are chosen sufficiently large to ensure that (5.6) also holds on
intervals —1 and k.. We next set

éo) for x<z_q,
fx) =< m(r—=xr) for z€ [zk,zpy1] and k€ {-1,...,n},
,gg) for x>z, + sk,. O
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5.2. Slow convergence to (¢,0)-approximate gth-order-necessary min-
imizers. We now consider an unconstrained univariate instance of problem (2.1).
Our aim is first to show that, for each choice of p > 1 and ¢ € {1, ..., p}, there exists
an objective function f € CP(R) (i.e., 8 = 1) for problem (2.1) which is bounded
below and such that obtaining an (e, d)-approximate gth-order-necessary minimizer
may require at least

_ _p+1
€ p—atl

evaluations of the objective function and its derivatives using Algorithm 2.1, matching,
in order of € € (0,1], the upper bound (3.12). Our development follows the broad
outline of [13] but extends it to approximate minimizers of arbitrary order. Given
a model degree p > 1 and an optimality order ¢ € {1,...,p}, we first define the

sequences {flgj)} for j € {0,...,p} and k € {0,..., ke } with

(5.7) ke = Fingﬂ
by
ke—k
(5.8) wp =¢€ W
as well as
(5.9) U =0 for je{l,....q—1}U{g+1,...,p}
and
(5.10) @ — (e 4 wp) ¢! xq(1) < 0.
Thus
~ K o
(5.11) »(Tk, s Zk— J ( — (64 wi)xq(1)s?
j=0 .

and, assuming d§; = 1 for all k (we verify below that this is acceptable),

(5.12) &% (1) = (€ + wi) Xq(6k).

We also set o, = p! for all k € {0,...,k.} (we again verify below that is acceptable).
Note that

5.13) wi € (0,¢] and ¢5f’jq(xk) > exq(0k) for ke {0,..., k. —1}

5.14) wr, =0 and qS‘}’jq(xkE) = exq(0r)

and (2.12) holds at xy_). It is easy to verify using (5.11) that the model (2.16) is
then globally minimized for

(
(and (2.12) fails at xy), while
(
(

A7)
(g —1)!

(5.15) s, = l 1 . [g(e + wi)xq(1)]7=T > erart (k€ {0,..., kJ}).
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Hence this step satisfies (2.19) if we choose w = 1. Because of this fact, we are free
to choose J, arbitrarily in (0, 1], and we choose d; = 1. The step (5.15) yields that

mi(s1) = 117 = (e + wi)xa(Dlae + w0 )xa (DT + —lale+ ) o (D] 75
(5.16) = £ — C(g.p)lale + wr)xq (D)7,
where
def p—q+1
(5.17) ap) & Ty € (0.,

Thus myg(sk) < mi(0) and (2.18) holds. We then define

p+1

p+1 _pPr-
(5.18)  f" =22ax (D)7 and D) = £ = (g, p)lale +wi)xg(1)] 7T,

which provides the identity

(5.19) mi(sk) = fi

(ensuring that iteration k is successful because pr = 1 in (2.21) and thus that our
choice of a constant oy is acceptable and also that, provided we choose §y = 1 to
ensure (5.12) for k = 0, the value ¢ = 1 is admissible for all k). In addition,

using (5.18), (5.13), (5.17), the inequality k. < 1 + ¢~ 7=+ from (5.7) gives that, for
ke{0,... k},

+1
F = 1O > 1O~ k¢ (g, p)[2gex (1)) 7
> 0 koerteit [quqg)]ipfﬁil
(0) p+1 p+1
> fo - (1 + ep—att ) [2QXq(1)] p—atl
+1
> £ = 22ax, (V)] 75

and hence that

(5.20) ©) ¢ [o, 2[2qxq(1)]7pﬂil} for ke {0,... k.
We also set

k-1

o =0 and x = Zsi.

i=0
Then (5.19) and (2.16) give that
(5.21) A~ Ty(oe s0)] = el

+ p_|_ 1

Now note that, using (5.11) and the first equality in (5.15),

T (wp, 58) = . st Tz = -
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where [} is the standard indicator function. We may now verify that, for j €
{1,...,q—1},

(5.22)
W) _70) _lo—10 =D it <y 1y11s, it
fitr — T (e, s1) | = p (@, sK)| < G— ) |sk] < (g—1)!skl ;
while, for j = ¢, we have that
(5.23) A = T (@, )| = | ~(a = D1 4 (g = D1 = 0
and, for j € {¢+1,...,p},
(5.24) ‘f,gjjl — Tz, sk)‘ —|0—0| =0.

Combining (5.21), (5.22), (5.23), and (5.24), we deduce that (5.6) holds with xk; =
(¢ — 1)!. We may thus apply Theorem 5.2 with § =1, k; = (¢ — 1)!, and k;, = 1 and
deduce the existence of a p times continuously differentiable function f from R to R
with Lipschitz continuous derivatives of order 0 to p which interpolates the { f,gj )} at
{zy} for k € {0,...,k.} and j € {0,...,p}. Moreover, (5.20) and Theorem 5.2 imply
that f is bounded below and that its range only depends on p and ¢g. In addition,
(5.19) ensures that every iteration is successful and thus, because of (2.22), that the
value o, = p! may be used at all iterations.

This argument allows us to state the following lower bound on the complexity of
the regularization algorithm using a pth degree model.

LEMMA 5.3. Given any p € Ng and q € {1,...,p}, there exists a p times contin-
wously differentiable function f from R to R with range only depending on p and g
and Lipschitz continuous pth derivative such that, when the reqularization algorithm
with pth degree model (Algorithm 2.1) is applied to minimize f without constraints, it

takes exactly
ké = ’76717:0%‘1‘}’1—‘

iterations (and evaluations of the objective function and its derivatives) to find an
(€,0)-approzimate qth-order-necessary minimizer.

This implies the following important consequence for higher dimensional prob-
lems.

THEOREM 5.4. Given any n € No, p € Ng, and q € {1,...,p}, there exists a p
times continuously differentiable function f from R™ to R with range only depending
on p and q and Lipschitz continuous pth derivative tensor such that, when the regu-
larization algorithm with pth degree model (Algorithm 2.1) is applied to minimize f
without constraints, it takes exactly

(5.25) ke = [gp%ﬂ

iterations (and evaluations of the objective function and its derivatives) to find an
(e, 0)-approximate gth-order-necessary minimizer. Furthermore, the same conclusion
holds if the optimization problem under consideration involves constraints provided
the feasible set F contains a ray.

Proof. The first conclusion directly follows from Lemma 5.3 since it is always pos-
sible to include the unimodal example as an independent component of a multivariate
one.



534 C. CARTIS, N. I. M. GOULD, AND PH. L. TOINT

The second conclusion follows from the observation that our univariate example
of slow convergence is only defined on RT (even if Theorem 5.2 provides an extension
to the complete real line). As a consequence, it may be used on any feasible ray. 0O

We now make a few observations.

1. In the above example, we have restricted our attention to the Lipschitz con-
tinuous case where = 1. It is possible that it could be extended to cover
a more general choice of 5 € (0,1]: for example, [6] develops precisely such
examples for second-order methods and Hélder continuous functions.

2. Theorem 5.4 generalizes to arbitrary values of ¢, the bound obtained in [3]
for the case ¢ = 1 and also shows that, at variance with the result derived in
this reference, the generalized bound applies for arbitrary problem dimension
but depends on ¢, p, and gq.

3. For simplicity, we have chosen, in the above example, to minimize the model
my(s) globally at every iteration, but we might consider other pairs (s, ds). A
similar example of slow convergence may in fact be constructed along the lines
used above!? for any sequence of acceptable!! model reducing steps and asso-
ciated optimality radii (in the sense of Lemma 2.5), provided the optimality
radii remain bounded away from zero. This means that our example of slow
convergence applies not only to Algorithm 2.1 but also to a much broader
class of minimization methods containing all known methods using Taylor se-
ries that attempt to achieve approximate qth order criticality as defined here;
note that much in the definition of the example’s function is independent of
the algorithm and one could, for instance, replace regularization with trust
region or linesearch (of course, the complexity would be worse for the latter
two if one uses standard frameworks; see next paragraph). Moreover, it is
also possible to weaken the constraints on the step further by relaxing (5.19)
and only insisting on acceptable decrease of the objective function value in
Step 3 of the algorithm.

In [3], the authors derive their upper bound for ¢ = 1 for the general class of
“zero-preserving” algorithms, which are algorithms that “never explore (from
x) coordinates which appear not to affect the function,” that is, directions
d along which Tp(xk,-) is constant. This property is obviously shared by
Algorithm 2.1 because it attempts to reduce the Taylor’s expansion of f
around the current iterate (the presence of the isotropic regularization term
is irrelevant for this).

4. Our example does apply, for instance, to a linesearch method using univariate
minimization along a descent search direction computed from the Taylor ex-
pansion of f, which is another zero-preserving method. Note, however, that
such a method, just as every other linesearch method along descent directions
(including possibly randomized coordinate searches), is bound to fail when
attempting to compute approximate minimizers of order beyond three for
problems whose dimension exceeds one,'? because then the Taylor expansion
at a nonoptimal point need no longer decrease along straight lines. This is
demonstrated by the following old example [18, 22]. Let

10At the price of possibly larger constants.

HRemember that § = 1 is always possible for ¢ = 1. It thus unsurprising that no such condition
appears in [3].

127 inesearch methods remain relevant for unidimensional problems, obviously, which is why we
have mentioned them in relation with our slow convergence example.
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oree) = (32— a2) (@3 = a2).

Then f(0,0) = 0, and the origin is not a minimizer since f decreases along
the arc zo = %x% (the origin is a saddle point in this case). Yet the ori-
gin is a strong local minimizer along every straight line passing through the
origin, preventing any linesearch method based on descent directions from
progressing from (0, 0).
Let us now consider an alternative unconstrained minimization method which would
attempt to reduce the unregularized model (that is, (2.16) with o, = 0) in order to

find an unconstrained first-order minimizer. It is easy to see that if one chooses
1 _ _ (i) _ ; _ (P) _
L =—(e+wr), f,'=0forie{2,...,p—1} and f,"7 =p!,

the same reasoning as above yields that the largest obtainable decrease with this

model occurs at
1
S =
p

€+ w 7
O = m(s) = -1 ()T

This then implies that at least a multiple of ¢ 77 evaluations may be needed to find
p+1

and is given by

approximate first-order-necessary minimizers, which is worse than the bound in €™ »
holding for the regularized algorithm. This is consistent with the known lower O(e~2)
bound for first-order points that holds for the (unregularized) Newton method (and
hence the trust-region method), both of which use p = 2. Adding the regularization
term thus not only provides a mechanism to limit the stepsize and make the step
well-defined when T, (xg, s) is unbounded below but also amounts to increasing the
“useful degree” of the model by one, improving the worst-case complexity bound.

Summing up the above discussion, we conclude that an example of slow conver-
gence requiring at least (5.25) evaluations can be built for any method whose steps
decrease the regularized (o > omin) or unregularized (o = 0) model (2.16) and
whose approximate local optimality can be measured by (2.20) for some constant
and 0 = 1 (which we can always enforce by adapting w and (5.9)). For orders up to
two, this includes most variants of steepest-descent and Newton’s methods including
those globalized with regularization, trust-region, a linesearch, or a mixture of these
(see [13] for a discussion). General linesearch methods are excluded for high-order
optimization as they may fail to converge to approximate minimizers of order four
and beyond.

Finally, one may wonder at what would happen if, for the interpolation data
(5.9)—-(5.10), the model

g m
mi(s) = Ty(ws, s) + - ls]

were used for some m > p+1, resulting in a shorter step. The global model minimizer
would then occur at s = [g(e + wi)xq(1)]*/ ™1 and give an optimal model decrease
equal to [g(e +wr)xq(1)]™ =Y (m — q) /m. However, (5.6) would then fail for j = 0,
and the argument leading to an example of slow convergence would break down.



536 C. CARTIS, N. I. M. GOULD, AND Pu. L. TOINT

6. Summary, further comments, and open questions. For any optimality
order ¢ > 1, we have provided the concept of an (¢, §)-approximate gth-order-necessary
minimizer for the very general set-constrained problem (2.1). We have then proposed
a conceptual regularization algorithm to find such approximate minimizers and have
shown that, if V2 f is f-Holder continuous, this algorithm requires at most 0(6_%)
evaluations of the objective function and its first p derivatives to terminate. When
VP f is Lipschitz continuous, we have used an unconstrained univariate version of the
problem to show that this bound is sharp in terms of the order in e for any feasible
set containing a ray and any problem dimension.

In view of the results in [8, 15], one may wonder at what would happen if the
regularization power (i.e., the power of ||s|| used in the last term of the model (2.16))
were allowed to differ from p + 3. The theory presented above must then be reexam-
ined, and the crucial point is whether a global upper bound o« on the regularization
parameter can still be ensured as in Lemma 3.2. One easily verifies that this is the
case for regularization powers r € (p,p + f]. Arguments parallel to those presented
above then yield an upper bound of O(e” 77 ) evaluations,'® recovering the bound
given in section 3.3 of [8] for ¢ = 1. The situation is, however, more complicated (and
beyond the scope of the present paper) for » > p + (3, and the determination of a
suitable general complexity upper bound for this latter case has not been formalized
at this stage, but the analysis for ¢ = 1 discussed in section 3.2 of [8] suggests that
an improvement of the bound for larger r is unlikely.

Although the results presented essentially solve the question of determining the
optimal evaluation complexity for unconstrained problems and problems with general
inexpensive constraints, some interesting issues remain open at this stage. A first such
issue is whether an example of slow convergence for all € € (0,1) can be found for
feasible domains not containing a ray. A second is to extend the general complexity
theory for problems whose constraints are not inexpensive: the discussion in [11]
indicates that this is a challenging research area.

Appendix A.

A.1. Proof of lemmas in section 2.
Proof of Lemma 2.1. We first establish the identity
(A1

)
k
Iy_1 def Al fﬂ(l _ f)kil ¢ = (k—1)!

)' def .
——~= where (k+8)! = []|(i+8) and B! =1.
GERl 11

If k = 1, the result directly follows from a simple integration. To see (A.1) for k > 1,
integrating by parts, we have that

(k-1
(1+5)

1
14801 evi—2 g (K—=1)
/0 g1 —-9r2de = 7(14_6)11@72,1%

148 !
s =[50+ 4

and thus, recursively, that

(k1) k=1 Y s . (k1)
Iy 15 = mlo,kfl+ﬁ = m/o §rithde = (k+ 8!

13We may even relax (2.20) slightly by replacing ||sg||P~9# by ||sg||" 1.
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As in [12], consider the Taylor identity

o [ G- ) de

involving a given univariate C* function v(t) and its kth order Taylor approximation

(A.2) (1) —7(1) =

k i
n(t) = S w0
=0 :

expressed in terms of the value ¥(9) = ¢ and ith derivatives ¢(9, i = 1,..., k. Then,
picking ¥(t) = f(x + ts), for given x,s € R™, and k = p, the identity (A.2) and the
relationships ¢ () () = V2 f(z + ts)[s]? and 7,(1) = T,(z, s) give that

1 ! _

i | -0 (Ve €9) - Vs ) de,
(r—1!Jo

and thus from the definition of the tensor norm (1.1), the Holder bound (2.2) and the
identity (A.1) when k = p, we obtain that

flx+s)—Tp(z,s)

1 ! _
—<p—1>!/0“*5>“

flx+s) —Tp(x,s) =

2s(e+ &) - Vs [ ]

Il

A

[l[|” dg

1 ' - p P p
< o L (=0 e (V2f@ o+ €9) = V@) B sl de
1
= =5 | - IVES e+ )~ VE @) s sl
1 ! Br1 _ c\p—1 . +B _ L +8
S e A A S e e

for all z, s € R™, which is the required (2.4).

Likewise, for arbitrary unit vectors vy, ..., v;, choosing ¥(t) = VI f(z+ts)[v1,. . .,
v;] and k = p — j, it follows from (A.2), the relationships ¢~ (t) = V2 f(z +
ts)[v1,...,v;][s]P77, and 1,_;(1) = VIT,(z,s) that
(A.3)

(Vi f(@+5) = ViTp(@, 5)[vr, - vj]
- =i / (L= P77 (VEf(w+ &) = VEf(@)) [vr, - vj][s]P ™ de.
(p—7-D'Jo

Then picking vy, ..., v; to maximize the absolute value of left-hand side of (A.3) and
using the tensor norm (1.1), the Hélder bound (2.2), and the identity (A.1) when
k=p—j, we find that

IV2f (@ + 5) = ViT, (2, )l

1 ! p—j—1 D
S / (1— &1 (V2 (o + &)

— VB f(x))[v1, .-, )] [”z} ) I[P~ de

1
} )'/0 (1—¢pi-t max [(VE f(z +&s)

- m [lor||=--=]lvp || =1
~VEF@)) [or, vl )P dé
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1 ! e »
— oy [ 9P 69— V@) - sl
< (1 ey de . Ls| L sjp-i+
—_— — - L||s = — s
“-i-D'J (p—Jj+8)
for all z,s € R™, which gives (2.5). ad

Proof of Lemma 2.3. The regularization parameter update (2.22) gives that, for
each k,

Y105 < max[y10j, Omin] < 011, J €Sk, and ya0; < 0jp1,  J €Uy,

where U), & {0,...,k} \ Sg. Thus we deduce inductively that 007|15k\,y|2uk| < o1. We

therefore obtain, using (2.23), that

Jmax
Sitog + [l og 12 < log (722
which then implies that

lo 1 max
Ur| < —|Sk] HE log (0 ),
logye  log72 a0

since 2 > 1. The desired result (2.24) then follows from the equality k+1 = |Si |+ U]
and the inequality v; < 1 given by (2.17). |

Proof of Lemma 2.4. We first observe that VI (||s|[P*#) is a jth order tensor,
whose norm is defined using (1.1). Moreover, using the relationships

(A4) Vs(lIs|7) =7ls|7"?s and V,(s®) = s VI (reR),
defining
i
(A.5) vo =1 and v [0 +2-20),
=1

and proceeding by induction, we obtain that, for some p;; > 0 with u; 1 =1,
Ve VI ([ls17+7)]

= vs

J
3 11w [P 52E-D-G-18 g ]((jl)(il))®]
=2

J
= 3 et [(p 4 B = 2(i — 1) ][22 (R2UD=GD D g -
i—2
(230 — 1) — (j — 1))||s||PHA—20-D 52-D)=(G-D-)® g I((j—l)—(i—1)+1)®}
j . . . . .
= 3 v [(p 4 B+ 2 - 20) ]2 20 g 100

=2
(23— 1) — j + 1)||s||PHA-26-D 5@GE-D-0)® g I(j—(i—l))@]
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Wi—ti1vio1(p+ B +2 = 20)|[s|[PH T2 s g U

Il
.
I Mu.
<o
L

+ 5720 — G+ Dy v s][PHA BB g [U-D®

™

=1

-

((P+B+2=20) 5 1.5 1vi 1 +(2i—j+ 1) gy v ) || s]|PTF 2 s21=D)® @ [U-D®

i=1

where the last equation uses the convention that ;o = 0 for all j. Thus we may write

j
(A.6)  VA(llsI7*?) = Vo [V (IsI7FP)] = D myavs |72 sBmD9 @ gUm0®

=1
with
piavi = P+ B+2—=20)pj—1i-1vi—1 + (20 — j + Dpj—1:vi
= [pj—1,i-1+ (20 — j+ Dpjo1 v,

where we used the identity

(A7)

(A.8) vi=((p+pB+2—2iv;q for i=1,...,j

to deduce the second equality. Now (A.6) gives that

i TN\ 2i-d
Vi (I8Pl = 3 g [P () (0T,
=1

sl

It is then easy to see that the maximum in (1.1) is achieved for v = s/||s]||, so that

J
(A.9) ISZ(UsIP*2) NIy = (Z w,m) Is|[PHE77 = ]| s||P*77
i=1
with
def d
(A].O) Uy = Zujﬂ- V.
i=1

Successively using this definition, (A.7), (A.8) (twice), the identity p;_1,; = 0, and
(A.10) again, we then deduce that

J J
(A.11) T = v+ Y (20— Dy
i=1 i=1
j-1 j
= Zﬂj—l,ﬂ/iﬂ + 2(22 —J+ Dpi—1,vi
i=1 i=1
j—1
= Zujfu [Vis1 4+ (20 — j + D))
i=1
j—1

=3 piori[(p+ B +2 =20+ 1)y + (26 — j + L]
=1
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j—1
=pP+B+1 _j)z,ufjfl,il/i
i=1
={@+B+1-j)mj-1.
Since m; = p+ f from the first part of (A.4), we obtain that 7; = (p+8)!/(p—j+5)!

which, combined with (A.9) and (A.10), gives (2.25). We obtain (2.26) from (A.
and (A.10), the observation that m, = (p + §)!, and (A.11) for j = p+ 1.

o

A.2. Proof of lemmas in section 3.

Proof of Lemma 3.1 (see [2, Lemma 2.1]). Observe that, because of (2.18) and
(2.16),

o
0 < mi(0) = mi(s) = Ty(an, 0) = Ty, sn) = =5 w7+
which implies the desired bound. Note that s # 0 as long as we can satisfy condition
(2.18), and so (3.1) implies (2.21) is well defined. d
Proof of Lemma 3.2 (see [2, Lemma 2.2]). Assume that
L
A2 o > .
( ) k=1_ 1
Using (2.4) and (3.1), we may then deduce that
ok — 1] < |f(@k + sk) — Tp(wk, sk < L <1-mn

|Tp(‘rkao) —Tp($k78k)| Ok

and thus that py > 72. Then iteration k is very successful in that pr > 7 and
ok+1 < op. As a consequence, the mechanism of the algorithm ensures that (3.2)
holds. |
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