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On the oracle complexity of first-order and derivative-free
algorithms for smooth nonconvex minimization

C. Cartis* N. I. M. Gould" and Ph. L. Toint?}
18 October 2010

Abstract

The (optimal) function/gradient evaluations worst-case complexity analysis available for the
Adaptive Regularizations algorithms with Cubics (ARC) for nonconvex smooth unconstrained opti-
mization is extended to finite-difference versions of this algorithm, yielding complexity bounds for
first-order and derivative free methods applied on the same problem class. A comparison with the re-
sults obtained for derivative-free methods by Vicente (2010) is also discussed, giving some theoretical
insight on the relative merits of various methods in this popular class of algorithms.

Keywords: oracle complexity, worst-case analysis, finite-differences, first-order methods, derivative
free optimization, nonconvex optimization.

1 Introduction

We consider algorithms for the solution of the unconstrained (possibly nonconvex) optimization problem
min f(x) (L.1)
x

where we assume that f: IR" — IR is smooth (in a sense to be specified later) and bounded below. All
methods for the solution of (1.1) are iterative and, starting from some initial guess x¢, generate a sequence
{z1} of iterates approximating a critical point of f. A variety of algorithms of this form exist, and they
are often classified according to their requirements in terms of computing derivatives of the objective
function. First-order methods are methods which use f(z) and its gradient V, f(z), and derivative-free
(or zero-th order) methods are those which only use f(x), without any gradient computation. This paper
is concerned with estimating worst-case bounds on the number of objective function and/or gradient calls
that are necessary for the specific methods in these two classes to compute approximate critical points
for (1.1), starting from arbitrary initial guesses xg. These bound in turn provide upper bounds on the
complexity of solving (1.1) with general algorithms in the first-order or derivative-free classes.
Worst-case complexity analysis for optimization methods probably really started with Nemirovski
and Yudin (1983), where the notion of oracle (or black-box) complexity was introduced. Instead of
expressing complexity in terms of simple operation counts, the complexity of an algorithm is measured
by the number of calls this algorithm makes, in the worst-case, to an oracle (the computation of the
objective function or the gradient values, for instance) in order to successfully terminate. Many results
of that nature have been derived since, mostly on the convex optimization problem (see, for instance,
Nesterov 2004, 2008, Nemirovski, 1994, Agarwal, Bartlett, Ravikummar and Wainwright, 2009), but also
for the nonconvex case (see Vavasis 19925, 1992a, 1993, Nesterov and Polyak, 2006, Gratton, Sartenaer
and Toint, 2008, Cartis, Gould and Toint 20094, 2010a, 20106, 2010¢, or Vicente, 2010). Of particular
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interest here is the Adaptive Regularizations with Cubics (ARC) algorithm independently proposed by
Griewank (1981), Weiser, Deuflhard and Erdmann (2007) and Nesterov and Polyak (2006), whose worst-
case iteration complexity(!) was shown in the last of these references to be of 0(6’3/ 2) for finding an
approximate solution x, such that the gradient at z, is smaller than € in norm. This result was extended
by Cartis et al. (2010a) to an algorithm no longer requiring the computation of exact second-derivatives,
but merely of a suitably accurate approximation(®). Moreover, Cartis et al. (20100, 2010¢) showed that,
when exact second derivatives are used, this complexity bound is tight and is optimal within a large class
of second-order methods.

The purpose of the present paper is to use the freedom left in Cartis et al. (2010a) to approximate the
objective function’s Hessian to explore complexity bounds for finite-difference methods in exact arith-
metic, and thereby establish lower bounds on the oracle complexity of methods for solving unconstrained
nonconvex problems, where the oracle consists of evaluating objective-function and/or gradient values.
The ARC algorithm and the associated complexity bounds are recalled in Section 2. Section 3 investi-
gates the case of a first-order variant in which the objective-function’s Hessian is approximated by finite
differences in gradient values, while Section 4 considers a derivative-free variant where the gradient of
f is computed by central differences and its Hessian by forward differences. These results are finally
discussed and compared to existing complexity bounds by Vicente (2010) in Section 5.

2 The ARC algorithm and its oracle complexity

The Adaptive Regularization with Cubics (ARC) algorithm is based on the approximate minimization,
at iteration k, of (the possibly nonconvex) cubic model

mi(s) = (gr, 5) + 3 (s, Bis) + 4on s, (2.1)
were (-,-) denotes the Euclidean inner product and || - | the Euclidean norm. Here Bj is a symmetric
n X n approximation of V. f(xr), or > 0 is a regularization weight and

gr = Vami(0) = Va f (k). (2.2)

By “approximate minimization”, we mean that a step s is computed that satisfies

{9k, sk) + (sk, Brsk) + ox||sk]|® <0, (2.3)
<S/€,Bksk> + 0'].3”81@”3 >0 (2.4)
my(sk) < mi(sy) (2.5)

with
sy = —ajgr and af = argmi%mk(—ozgk), (2.6)

and
[Vami(si)ll = gk + Brsk + oxllskllskl| < xo min[L, [[skll] lgll, (2.7)

for some given constant kg € (0, 1).

As noted in Cartis et al. (2010a), conditions (2.3) and (2.4) must hold if s; minimizes the model
along the direction si/||sk||, while (2.7) holds by continuity if s, is sufficiently close to a first-order
critical point of my. Moreover, (2.5)-(2.6) are nothing but the familiar Cauchy-point decrease condition.
Fortunately, these conditions can be ensured algorithmically. In particular, conditions (2.3)—(2.7) hold
is si is a (computable) global minimizer of my, (see Griewank, 1981, Nesterov and Polyak, 2006, see also
Cartis, Gould and Toint, 2009¢). Note that, since V,my(0) = V. f(xx), (2.7) may be interpreted as
requiring a relative reduction in the nom of the model’s gradient at least equal to xg min[1, ||sk]|].

The ARC algorithm may then be stated as presented on the following page.

(DThat is its oracle complexity for a choice of the oracle corresponding to the computation of the objective function and
its first and second derivatives.

(2)This method also abandonned global optimization of the underlying cubic model and avoided an a priori knowledge
of the objective function’s Hessian’s Lipschitz constant, two assumptions made by Nesterov and Polyak (2006).



Cartis, Gould, Toint: Complexity of first-order and DFO methods for minimization 3

Algorithm 2.1: ARC

Step 0: An initial starting point xq is given, as well as a user-defined accuracy threshold € € (0, 1).
Set k= 0.

Step 1: If ||V, f(xr)] < e, terminate with approximate solution zj.

Step 2: Compute any Hessian approximation Bjy.

Step 3: Compute a step s satisfying (2.3)—(2.7).

Step 4: Compute f(xg + sx) and

P flaw) = flew +s1) (2.8)
—mk(sk)

Step 5: Set

ey = L TS i pe =,
k1 Tr otherwise.

Step 6: Set

(0, 0] if pp > n9, [very successful iteration]
Oks1 € [0k, 110K] if < pr <o, [successful iteration] (2.9)
[V10k, Y20k] otherwise. [unsuccesstul iteration]

Step 7: Increment k by one and return to Step 1.

In this algorithm, we assume that the constants satisfy 7o > v > 1, 1 > 12 > n; > 0 and o¢ > 0.
We denote by

S = {k > 0| iteration k is successful or very successful in the sense of (2.9)}
the set of successful iterations, and
Sj={keS|k<j} and U; ={0,...,5}\S;, (2.10)

the sets of successful and unsuccessful iterations up to iteration j.

It is not the purpose of the present paper to discuss implementation issues or convergence theory for
the ARC algorithm, but we need to recall the main complexity results for this method, as well as the
assumptions under which these hold.

We first restate our assumptions.

A.1: The objective function f is twice continuously differentiable on R"™ and its gradient and Hessian
are Lipschitz continuous on the path of iterates with Lispchitz constant L, and Lp, respectively,
ie., for all k> 0 and all « € [0, 1],

IVaf(zr) = Vo f (zn + asp)|| < Lo skl (2.11)

and
IVaaf (k) = Ve f(xk + asp)|| < Luallskl|. (2.12)

A.2: The objective function f is bounded below, that is there exists a constant fioy such that

f(x) 2 flow

for all x € R"
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A.3: For all k£ > 0, the Hessian approximation B}, satisfies
| Brll < &5 (2.13)
and
(Ve f(2x) = Bi)sill < koullsel® (2.14)

for some constants kg > 0 and kgy > 0.

We start by noting that the form of the cubic model (2.1) ensures a remarkable bound on the the
stepnorm and model decrease.

Lemma 2.1 Suppose that (2.3), (2.4) and (2.5) hold. Then

3
lsull < - mae 1B /oo (2.15)

and
mk(sk) < —édkHSkH?). (216)

Proof. See Lemma 2.2 in Cartis et al. (2009a) for the proof of (2.15) and Lemma 4.2 in Cartis, Gould
and Toint (2009b) for that of (2.16). a

For our purposes it is also useful to consider the following bounds on the value of the regularization
parameter.

Lemma 2.2 Suppose that A.1 and that (2.13) hold. Then there exists a constant k, > 0 independent
of n such that, for allk >0

o < max [00, %] . (2.17)

If, in addition, (2.14) also holds, then there exists a constant omayx > 0 independent of n and e such that,
for allk >0
0k < Omax- (2.18)

Proof. See Lemmas 3.2 and 3.3 in Cartis et al. (2010q) for the proof of (2.17) and Lemma 5.2 in
Cartis et al. (2009q) for that of (2.18). Note that both of these proofs crucially depends on the identity
(2.2), which means they have to be revisted if this equality fails. a

Without loss of generality, we assume in what follows that e is small enough for the second term in the
max of (2.17) to dominate, and thus that (2.17) may be rewritten to state that, for all £ > 0

op < 22 (2.19)
€

If (2.18) holds, then, crucially, the step si can then be proved to be sufficiently long compared to the
gradient’s norm at iteration k + 1.

Lemma 2.3 Suppose that A.1 and A.3 hold. Then, for all k > 0, one has that, for some kg > 0

independent of n,
skl = £V I Ve f (@i + si)l- (2.20)

Proof. See Lemma 5.2 in Cartis et al. (2010a). a

The final important observation in the complexity analysis is that the total number of iterations required
by the ARC algorithm to terminate may be bounded in terms of the number of successful iterations
needed.
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Lemma 2.4 Suppose that A.1 and A.3 hold and, for any fized j > 0, let S; and U; be defined in (2.10).
Assume also that
0 > Omin (2.21)

for some opin > 0. Then one has that

0l < (0514 1) 1o (222 . (2.22)

Omin

Proof. See Theorem 2.1 in Cartis et al. (2010a). Observe that this proof uniquely depends on the
mechanism used in the algorithm for updating oy, and its independent of the values of g, or By. O

Combining those results and using A.2 then yields the following oracle complexity theorem.

Theorem 2.5 Suppose that A.1-A.3 hold, that € € (0,1) is given and that (2.21) holds. Then the ARC
algorithm terminates after at most

Ns e gy [mge*’/ﬂ, (2.23)
successful iterations and at most
N, [nse*?’/ﬂ (2.24)
iterations in total, where
def def
k§ = (f(@0) — fiow)/(mas), as= (Ominky)/6 (2.25)
and def def
Ks = (1+K8)(2+KE), kg = log(0max/Omin)/ log 71, (2.26)

with kg and G defined in (2.20) and (2.18), respectively. As a consequence, the ARC' algorithm terminates
after at most Ni gradient evaluations and at most Ny objective function evaluations.

Proof. See Corollary 5.3 in Cartis et al. (2010a). O

The bound given by (2.23) is is known to be qualitatively(®tight and optimal for a wide class of second-
order methods (see Cartis et al. 20100, 2010¢). Also note that the constants in (2.25) and (2.26) do not
depend on n.

3 A first-order finite-difference ARC variant

The objective of this section is to extend the ARC algorithm to a version using finite differences in
gradients to compute the Hessian approximation Bj. If the accuracy of the finite-difference scheme is
high enough to ensure that (2.14) holds, then one might expect that a worst-case iteration complexity
similar to (2.23)-(2.24) would hold, thereby providing a first worst-case oracle complexity estimate for
first-order methods applied on nonconvex unconstrained problems.

For defining this algorithm, which we will refer to as Algorithm ARC-FDH, we only need to specify the
details of the estimation of By. If we compute this latter matrix by using n forward gradient differences
at xj with stepsize hy of the form

Vof(zr) = Vaf((zr + hiej)
hi

(3.1)

(where e; is the j-th vector of the canonical basis) and symmetrize the result, it is well known (see
Nocedal and Wright, 1999, Section 7.1) that

IVazf(xr) — Brll < Keughi (3.2)

(3)The constants may not be optimal.
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for some constant k., € [0, Ly]. The only remaining issue is therefore to define a procedure guaranteeing
that
hi < ks

Skl|- (3.3)

for some k,, > 0 and all £ > 0. As we show below, this can be achieved if we consider Algorithm
ARC-FDH on the current page, where 3 € (0,1) and &,. > 1.

Algorithm 3.1: ARC-FDH

Step 0: An initial starting point xq is given, as well as a user-defined accuracy threshold € € (0, 1).
If |Vif(xo)|| < e terminate. Otherwise, set &k = 0, j = 0 and choose an initial stepsize
h070 € (0, 1]

Step 1: Estimate By ; using n gradient differences of the form (3.1), using the stepsize hy ;.
Step 2: Compute a step si ; satisfying (2.3)—(2.7).

Step 3: Compute V, f(xg + sg ;). If |Vaof(zk + sk,;)|| <€, terminate with approximate solution

T + Sk,j-
Step 4: If
hk,j > Kns sk,j”v (34)
set Mg j+1 = Y3hg,j, increment j by one and return to Step 1. Otherwise, set s, = s ; and
hi = hg ;.

Step 5: Compute f(xg + sx) and

fxr) — f(og + si)

k= . 3.5
p —— (3.5)
Step 6: Set
o 4wk se i pp >,
LAE T R otherwise.
Step 7: Set
(0, ok] it pr > n2, [very successful iteration]
Okp+1 € [0k, T10K] if 1 < pp < o, [successful iteration] (3.6)
[v10k, Y20k] otherwise. [unsuccessful iteration]

Step 8: Set hyy10 = hy and j = 0. Increment k by one and return to Step 1 if p;, > 1, or to
Step 2 otherwise.

By convention and analogously to our notation for s; and Ay, we denote by By, the approximation By, ;
obtained at the end of the loop between Steps 1 and 4. Clearly, the test (3.4) in Step 4 ensures that
(3.3) holds, as requested. Observe that, because the norm of the step is a monotonically decreasing
function as a function of o, (see Lemma 3.1 in Cartis et al., 2009¢), it decreases at an unsuccessful
iteration, which might then possibly require a new evaluation of the approximate Hessian in order to
preserve (3.3). Observe also that the mechanism of the algorithm implies that the positive sequence {hy}
is monotonically decreasing and bounded above by hg g < 1.

It now remains to show that this algorithm is well defined, which we do under the additional assump-
tion that the (true) gradients remain bounded at all iterates. Since the sequence {f(zx} is monotonically
decreasing, this condition can for instance be ensured by assuming bounded gradients of the level set

{z e R" [ f(z) < f(x0)}-
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A.4: There exists a constant x,,, > 0 such that, for all £ > 0
Hvx.f(xk)” < Kubg-

Lemma 3.1 Suppose that A.1, A.4 and (2.21) hold, Then (2.13) holds with

def
K = MaxX|Keg + Ly \/FoFune ] = /Fo s

and, for all k >0,
(1 — Iig) €

max [4;{137 Kg + 3, /Ukﬁubg} ’
Proof. We first note that (2.11) ensures that ||V, f(xr)]| < Ly for all £ > 0 and therefore that
1Brill <1Br,j = Vaaf (i)l + IVaaf(@0)l] < Ko + Lg < max[ Ko + Lgs /Ko Fung ], (3-8)

where we used the triangle inequality, the bound hy ; < hoo < 1 and (3.2). Hence (2.13) holds. Observe
now that (2.2) and the mechanism of the algorithm then implies that, as long as the algorithm hasn’t
terminated,

llskll > (3.7)

gkl > €. (3.9)
We know from (2.7) and (2.2) that, for all £ > 0,

kg min[L, [|sk ] lgxll = [[Vami(0) + Bisk + okllskllskll > gkl — | Brsk + okllskllskll,
and thus, using (3.9), that
| Brsk + okllskllskll > (1 — ka)llgell > (1 — ro)e.

Taking this bound, (2.13), (2.15), (2.2) and A.4 into account, we deduce that

(1 —ro)e < kpllskl + oxllskl?
< { o+ 3max [, /oTlgell | s
< {ks +3max [ Ky, \/ThFug | | skl
proving (3.7). =

We are now able to deduce that the inner loop of Algorithm ARC-FDH terminates in a bounded number
of iterations and hence that the desired accuracy on the Hessian approximation is obtained.

Lemma 3.2 Suppose that A.1, A.4 and (2.21) hold. Then the total number of times where a return
from Step 4 to Step 1 is executed in Algorithm ARC-FDH is bounded above by

Fogmﬁ—gloge—‘ (3.10)
log s n

where kp, > 0 4s a constant independent of n and where [a] denotes the maximum of zero and the first
integer larger or equal to a. Moreover A.83 holds.

Proof. The inequality (3.7) and (2.19) give that

Ko Kubg 4k
(1 a)e < e [ 4305222 s < ) (3.11)

where we have used the bound kg > /Kokup, and the inclusion e € (0,1) to deduce the last inequality.
Now the loop between Steps 1 and 4 of Algorithm ARC-FDH terminates as soon as (3.4) is violated,
which must happen if j is large enough to ensure that

1 _
Pl ZR0) 52 o s (3.12)

hy; = Yihio <73 < .
B
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where we have successively used the mechanism of the algorithm, and (3.11). The second inequality in
(3.12) and the decreasing nature of the sequence {hy} then ensures that (3.3) must hold for all k after
at most (3.10) (with kp = Kn.(1 — Kg)/4ks) reductions of the stepsize by 73, which proves the first part
of the lemma. Finally, (3.3) and (3.2) imply also that (2.14) holds for By. This with (2.13) ensures that
A.3 is satisfied. a

We may then conclude with our main result for this section.

Theorem 3.3 Suppose that A.1, A.2 and A.4 hold, that € € (0,1) is given and that (2.21) holds. Then
Algorithm ARC-FDH terminates after at most

Nedef [nge—?’/ﬂ : (3.13)

successful iterations and at most

N, & [nseﬂ”’/ﬂ (3.14)

iterations in total, where k% and kg are given by (2.25) and (2.26), respectively. As a consequence, the
ARC-FDH algorithm terminates after at most

(3.15)

1 K + 31
(n + I)Ni +n ’70g h 2 Oge—‘
+

log 3

gradient evaluations and at most N1 objective function evaluations.

Proof. Lemma 3.2 ensures that A.3 holds. Theorem 2.5 is thus applicable and the number of
successful iterations is therefore bounded by (2.23), while the total number of iterations is bounded
by (2.24). The bound (3.15) and the bound of the number of function evaluations then follows from
Lemma 3.2 and the observation that, in addition to the computation of V. f(zx) (at successful iterations
only) and f(xy), each successful iteration involves an estimation of the Hessian by finite differences, each
of which requires n gradient evaluations, plus possibly at most (3.10) aditional Hessian estimations at
the same cost. a

Very broadly speaking, we therefore require that at most

(o] e
o([ )

function evaluations in the worst-case. This is qualitatively very similar to the bound (2.24) for the
original ARC algorithm.

We close this section by observing that better bounds may be obtained if we assume that the Hessian
has a known sparsity pattern. The finite-difference scheme my then be adapted (see Powell and Toint,
1979, or Goldfarb and Toint, 1984) to require much less than n gradient differences to obtain a Hessian
approximation, in which case the factor n in (3.16) may often be replaced by a small constant. Similar
gains can be obtained if f is partially separable (Griewank and Toint, 1982). Finally, parallel evaluations
of the gradient in Step 1 may also result in substantial computational savings.

gradient and

4 A derivative-free ARC variant

We are now interested in pursuing the same idea further and considering a derivative-free variant of the
ARC algorithm, where both gradients and Hessians are approximated by finite differences. However, this
introduces two additional difficulties: the approximation techniques used for the gradient and Hessian
should be clarified and balanced, and some results we relied on in the previous section (in particular
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Lemmas 2.2 and 2.3) have to be revisited because they depend on the true gradient of the objective
function, which is no longer available.

Consider the approximation of gradients and Hessians first. From the discussion above, we see that
preserving (2.14) is necessary for using results for the original ARC algorithm. It is then natural to seek
a higher degre of accuracy for the gradient itself, since this is the quantity that the algorithm drives to
zero. We therefore suggest using a central difference scheme for the gradient, in which a quotient of the
form

f(xr +trei) — f(xr — tre:)
2ty

for some stepsize t; > 0 is used to approximate the i-th component of the gradient at xy. It is well-known
(see Nocedal and Wright, 1999, Section 7.1) that such a scheme ensures the bound

(4.1)

IV f(zx) = grll < Fewth (4.2)

for some constant k., € [0,Ly], where g; is now the vector approzimating V. f(xy), i.e. whose i-th
component is given by (4.1). Similarly, we may approximate the (i, j)-th entry of the Hessian at xj by
a quotient of the form

f(zp + the; +trej) — flag +trei) — fxp + teej) + f(z)
t

; (4.3)

(see Nocedal and Wright, 1999, Section 7.1), yielding the error bound

||va:mf<-75k) - Bk:” < Kenilk (4.4)

for some constant k.4, € [0, Ly|, where By is the symmetric matrix whose (i, 7)-th entry (for ¢ > j) is
given by the quotient (4.3). Note that (4.4) give the same type of error bound as (3.2) above, and we
are again interested in an algorithm which guarantees (2.14) from (4.4), i.e. such that

tk S Ris

sl (4.5)

for all £ > 0 and some constant x,. > 0.

The gradient approximation scheme also raises the question of proper termination of any algorithm
using g, rather than V, f(xy). Since this latter quantity is unavailable by assumption, it is impossible to
test its norm against the threshold e. The next best thing is to test ||gx|| for a sufficiently small difference
stepsize ti. More specifically, if

lowll < g and 1 <[5, (4.6)

egt

then (4.2) and the triangle inequality ensure that |V, f(zx)|| < €, as requested. In what follows, we
assume that we know a suitable value for k., or, equivalently, of ¢., and then use (4.6) for detecting
an approximate first-order critical point. The worst-case complexity is therefore to be understood as the
mazimum number of function evaluations necessary for the test (4.6) to hold.

Using these ideas, we may now state the ARC-DFO variant of the ARC algorithm on the following

page.

As was the convention for Algorithm ARC-FDH above, we denote by By, gx and g,j the quantities By, j,
gk,; and g,t j obtained at the end of the loop between Steps 3 and 7 (we show below that this loop
terminates finitely). It is also clear that the stepsizes tj are monotonically decreasing. We also see that
Step 7 ensures (4.5). We next verify that the Hessian approximations remains bounded and that loop
between Steps 3 and 7 always terminates after a finite number of iterations.

Lemma 4.1 Suppose that A.1 and A.4 hold. Then there exists constants kg > 1 and K,, > 0 such
that, if By ; is estimated at Step 3, then

gl < e and || Byl < k. (4.10)
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Algorithm 4.1: ARC-DFO

Step 0: An initial starting point xq is given, as well as a user-defined accuracy threshold € € (0, 1).
Choose a stepsize £ g < t.. Set k=0 and j = 0.

Step 1: Estimate go ¢ using (4.1) with stepsize ¢ ;.

Step 2: If ||go ;|| < Le, terminate with approximate solution zg.

Step 3: Estimate By ; using (4.3) with stepsize ty ;.

Step 4: Compute a step si, ; satisfying (2.3)—(2.7).

Step 5: Estimate g,';j using (4.1) with xy, replaced by xj + s ; and the stepsize ty ;.

Step 6: If ||g;j | < %e, terminate with approximate solution zy + s ;-

Step 7: If
tr,j > o min(||sp |, l|gr. ;] (4.7)
set tx j+1 = 7Y3tk,j, increment j by one and return to Step 3. Otherwise, set s, = s ; and
bty = g,5-

Step 8: Compute f(xk + sx) and

P flaw) = fr +s) (4.8)
—mk(sk)

Step 9: Set

_Jmetse i pp 2, _ g i >,
Tht1 = { Tk otherwise, and - gry1,0 = h g otherwise.
Step 10: Set
(0, 0] if pg > n9, [very successful iteration]
Oks1 € [0k, 110K] if < pr <o, [successful iteration] (4.9)
[v10%, Y20k] otherwise. [unsuccessful iteration]

Step 11: Set tr41,0 = tx and j = 0. Increment k by one and return to Step 3 if pr > m1 or to
Step 4 otherwise.

for all k > 0. Moreover, we have that
(1 — Iig) €
max [4%337 Kg + 34 /okmubg]

and there exists a k(o) > 0 such that, at iteration k of Algorithm ARC-DFO, the loop between Steps 3
and 7 terminates in at most

skl > (4.11)

1 1
gt e "
log s +
iterations. Finally, the inequalities
gk = Vo f(zr)l| £ Kegehiee 5k||27 (4.13)
lgg = Vaf(@r + su)ll < Kegetiee skl (4.14)
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and
||Bk - vmcf(zk)” < KenpFos

skl|- (4.15)
hold for each k > 0.

Proof. Consider iteration k. As in Lemma 3.2, we obtain that | By ;|| < ks and therefore that the
second inequality in (4.10) holds. The proof of the first is similar in spirit:

def
lgrll < llgx = Vaf @)l + Ve f (@)l < Fage + Funs = Fus
where we used (4.2), the inequality tx; < tgo < 1 and A.4. Observe now that the mechanism of the
algorithm implies that, as long as the algorithm isn’t terminated,

gkl = 3e. (4.16)

As in the proof of Lemma 3.1 (using (4.16) instead of (3.9)), we may now derive that (4.11) holds for all
k. Defining
def 1-— Ko

0 p—
1) maX[4HB,HB+3\/UkTubg]

this lower bound may then be used to deduce that the loop between Steps 3 and 7 terminates as soon
as (4.7) is violated, which must happen if j is large enough to ensure that

tkg = "t <73 < K minu(on), 3] € < womin][se], llgel], (4.17)

where we used (4.16) to derive the last inequality. This implies that j never exceeds

o s .31 + e
IOg’}/g +,

which in turn yields (4.12) with (o) 4 .. min [1(ok), 3]. Since the loop between Steps 3 and 7 always
terminates finitely, (4.5) holds for all k£ > 0 and the inequalities (4.13)—(4.15) then follow from (4.2) and
(4.4). a

Unfortunately, several of the basic properties of the ARC algorithm mentioned in Section 2 can no longer
be deduced from existing theory. This is the case of (2.19), (2.18) and (2.20), which we thus need to
reconsider.

The proof of (2.19) is involved and needs to be restarted from the Cauchy condition (2.5)-(2.6). This
condition is known to imply the inequality

llgx |l g ||
1+ || Bl ok

f(@k) —mi(sk) > kel grl| min (4.18)

for some constant k¢ € (0,1) (see Lemma 1.1 in Cartis et al., 2009a). We may then build on this relation
in the next two useful lemmas inspired from Cartis et al. (2009a).

Lemma 4.2 [See Lemmas 3.2 in Cartis et al., 2009a] Suppose that A.1 and A.4 hold, and that

108v/2 def
Vor|lskll > 1—7 (Lg + “egt“i(“ubg + Kege) + K5) = Kup. (4.19)
— N2

Then iteration k of Algorithm ARC-DFO is very successful and

Ok+41 S 0. (420)
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Proof. From (4.19), we have that g, # 0, and thus (4.18) implies that f(xg) > mg(sg). It then
follows from (4.8) that

ef
pe > v S flan + k) = flan) — malmi(se) — faw)] < 0.
We immediately note that, for k£ > 0,

ve = f(xr + sk) — mp(xx) + (1 = n2)[mi(sk) — fzr)].

We then develop the first term in the right-hand side of this expression using a Taylor expansion of
f(xg + sg), giving that, for k > 0,

flan + sk) — mi(sk) = (Vo f (k) — grs sk) — 2{(sk, Brsk) — 3ok sel (4.21)

for some & in the segment (xy,x; + s;). But we observe that

[Vaf(k) —gell < [IVaf(&k) = Vaf (i)l +IVaf(zr) — gkl
< Lglisell + Kewti,
< Lyllsll + feger? llsell llg |
< [Lg + ek (Ve f (@) | + [V f(zr) — gr ]l sk
< Ly + ekl (Fung + Kege)] 15l

where we successively used the triangle inequality, (2.11), (4.2), the negation of (4.7), A.4 and the
inequality t; < 1. Thus the Cauchy-Schwartz inequality, (4.21) and the second inequality of (4.10) give
that, for £ > 0,

FQ@r 4 s6) = mi(sr) < [Lg + Fogeh? (Rung + Fage) + ] [[1]1%. (4.22)
The proof of the lemma then follows exactly as in Lemma 3.2 in Cartis et al. (2009q), using (4.18), with
(4.22) playing the role of inequality (3.9) and Ly + KoK (Kung + Kege) Playing the role of k. O

We may then recover boundedness of the regularization parameters.

Lemma 4.3 Suppose that A.1 and A.4 hold. Then there exists a k, > 0 such that (2.17) holds for all
k> 0.

Proof. The proof is identical to that of Lemma 3.3 in Cartis et al. (2009a), giving k. def YokZ,. O

Again, we replace (2.17) by (2.19) and, since k, does not depend on kg, possibly increase ky to ensure
that kg > Kokue Without loss of generality. Armed with these results, we may return to Lemma 4.1
above and obtain stronger conclusions.

Lemma 4.4 Suppose that A.1 and A.4 hold. Then these exists a constant k; > 0 such that the return
from Step 7 to Step 3 of Algorithm ARC-DFO can only be executed at most

[log ki + 2 log e—‘
+

4.23
log s ( )

times during the entire run of the algorithm.

Proof. Replacing (2.17) into (4.11), we obtain that, for all & > 0

_ _ 3/2
e Q-ra)e > Lm0l o, e,

max [4/{]3, kg + 3 noﬁubg/g] o dkg

Thus no return from Step 7 to Step 3 of Algorithm ARC-DFO is possible as soon as j > 0, the total
number of times this return is executed, is large enough to ensure that

I

teg = Tt <74 < muemin [, be] < wmin ey lgi,
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where we have derived the last inequality using the fact that ||gy ;|| > i€ as long as the algorithm has
not terminated. This imposes that

1
i< M min [log (K. k.. ) + 2 loge, log (Lk..) + loge],

and the desired bound on j follows with x; = k,, min[x.., 1]. O
We may also revisit the second part of Lemma 2.2 in the derivative-free context. Our proof is directly
inspired by Lemma 5.2 in Cartis et al. (2009q).

Lemma 4.5 Suppose that A.1 and A.4 hold. Then there exists a omax > 0 independent of € such that
(2.18) holds for all k > 0.

Proof. Using (2.1), the Cauchy-Schwarz and the triangle inequalities, (4.13), (2.12) and (4.15), we
know that

f(@e+sk) —mu(se) < (IVaf(zr) — gull skl
+1 (IVaxf(&r) = Ve f(xr)| + I Vaz f(2x) — Bill] lsill?
— Loy lskl
< [Rembine + 2 (Lo + Keneins) — 20k |81

for some & € [,z + si). Thus, using (4.8) and (2.16),

pr—1= f(@e + sk) — mu(sk) < Fogthivs $(LH + Kenekics) — 30 <1-1p
F —my(sk) - 0k - ?
as soon as
o 2Hegt"<‘ts + LH + KemeFs

T—13m2
As a consequence, iteration k is then very successful and g1 < og. It then follows that (2.18) holds
with
’72(2'%egt/<fts + LH + KthKts)
L—3m2

Omax = Max |0,

O

It then remains to show that, under (4.13)—(4.15), an analog of Lemma 2.3 holds for the derivative-free
case.

Lemma 4.6 Suppose that A.1 and A.4 hold. Then there exists a constant kg > 0 such that, for all

k>0,
skl > Kgy/llgi |- (4.24)

Proof. We first observe, using the triangle inequality, (4.14) and (2.7), that
gl < llgd = Vaf (e + so)ll + Vo f(@r + k) = Vomp(s)ll + [[Vomp(si)l

= . (4.25)
< Regebinal 8]+ (Ve f (2k 4 sx) — Vamg(sg) || + g min[1, [|sg]]] lgxl]-
for all £ > 0. The second term on this last right-hand side may then be bounded for all £k > 0 by
1
IVaf(@r +sk) = Vamr(s)|l < [Vaf(ar) — gull + || / [V (r + ask) — Bi] s da|| + ok || sk
0
1
< || / {[vm(xk + ask) - me(xk)] + [vx:cf(xk) - Bk]} Sk da”
0
IV f(xr) — gl + onllskl|®
< max,e[o,1] IVaa(zr + ask) = Vo f () || skl
+(’€th + ’iegt)ﬁts sk||2 + Jmax||3k||2
S [LH + (Hth + Hegt)/ﬂs + Umax] H5k||27

(4.26)
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where we successively used the mean-value theorem, (2.1), the triangle inequality, (2.12), (4.13), (4.15)
and (2.18). We also have, using the triangle inequality, (4.13), (2.11) and (4.14), that

lgrll < llge = Ve f (@)l + [ Vaf (2]l

AN

< Regehis|Skl]? + Vo f (2 + si)|l + Lg||sk|
< Reghiol|skl? + Ve f (2 + s6) — g |+ 1937 | + Lglskl
< 26egkillskl? 4 g || + Lgllskll-

which implies that, for all k£ > 0,
ko min[L, [|s ] gkl < (2k0fesi s + Ko Lg)llsill* + rollg |- (4.27)
Therefore, substituting (4.26) and (4.27) into (4.25), we obtain that, for all k£ > 0,
g 1| < ewhicsllsill® + (Lo + (Bee + o) s + Omas] [ 58l|* + (260kkiec + 0 Lg)|Ikll* + soll gy |1

and thus
(1= ko)l || < [KoLg + L + fee(Feme + 260 (1 + K0)) + Tmax] [|51 ]|

for all £ > 0. This gives (4.24) with

o def 1 — kg
g tkogLg(L+ ko) + L + Ku(Keme + 260g (1 + K0)) + Omax

O

We are thus in principle again in position to apply the oracle complexity results for the ARC algorithm.
Unfortunately, Theorem 2.5 may no longer be applied as such (as it requires the true gradient of the
objective function), but our final theorem is derived in a very similar manner.

Theorem 4.7 Suppose that A.1, A.2 and A.4 hold, that € € (0,1) is given and that (2.21) holds. Then
Algorithm ARC-DFO terminates after at most

Ng g 4 [fcge—i”/ﬂ , (4.28)

successful iterations and at most
N, &f L{Se—?’/ﬂ (4.29)

iterations in total, where kg and kg are given by (2.25) and (2.26), respectively. As a consequence, the
ARC algorithm terminates after at most

(4.30)

2 2 2 1 3]
(N0 = N0+ 2) 4 N | PRE2 ]y [ gt S )
+

2 2 log v
objective function evaluations.

Proof. Let
Ke={k > 0| min[||gkl], lgr+1]] > L€}

We the deduce from the definition of successful iterations, (2.16) and (4.24) that

1
fler) — f(®rg1) = —mmp(sg) > 4*80min771/€363/2 for all k€ KN Sky1.
The mechanism of Algorithm ARC-DFO ensures that the iterates remains unchanged at unsuccessful
iterations. If Algorithm ARC-DFO does not terminate before or at iteration k, we have that K. NSk41 =
Sk+1. Summing up to iteration k, we therefore obtain that

1

fxo) = fane) 2 iezs: [f(zi) = f(@i1)] 2 @Uminn1/ff’,€3/2|3k+1|
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Using now AS.2; we conclude that
< 48(f(.130) B flow)

OmintKge3/?

|Sk+1

from which (4.28) follows with
48(f (o) = fiow)

S __
Rg = - 3 -
Uminnlﬁg

We then use Lemma 2.4 to deduce (4.29). In we ignore the estimations of By ; in Step 3 after a return
from Step 7, we now observe that each successful iteration involves up to

1+2
+n+< 5

function evaluations, while unsuccessful iterations involves 1+ 2n evaluations. Adding the two, we obtain

a number of .
(N1 — N3)(1 +2n) + N3 {1 tont ”(n;)}

evaluations at most, to which we have to add those needed in the loop between Steps 3 and 7, whose

number does not execeed
{ n(n—i—l)} ’Tognt—i—gloge-‘
n -+ .
2 log s +

The resulting grand total is then given by (4.30). O

We may again considerably simplify this result (at the cost of a weaker bound). If we assume that the
terms in n? and n dominate the constants, we obtain that, in the worst case, at most

0 (M 1+ [|logel]+ + ’7631/2-‘ +1) (4.31)

2

function evaluations are needed by the ARC-DFO algorithm to achieve approximate criticality in the
sense of (4.6). Again, known sparsity of the Hessian or partial separability may reduce the factor n? in
(4.31) to (typically) a small multiple of n, thereby bridging the gap between ARC-DFO and ARC itself.
The potential benefits of using parallel evaluations of the objective function are even more obvious here
that for Algorithm ARC-FDH. Finally notice that automatic differentiation may often be an alternative
to derivate-free technology when the source code for the evaluation of f is available, in which case
Algorithm ARC-FDH is the natural choice.

5 Discussion and conclusions

Comparing algorithms on the basis of their worst-case complexity is always an exercise whose interest is
mostly theoretical, but this is especially the case for what we have presented above. Indeed, several factors
limit the predictive nature of these results on the practical behaviour of the considered minimization
methods. The first is obviously the worst-case nature of the efficiency estimates, which (fortunately)
can be quite pessimistic in view of expected or observed efficiency. The second, which is specific to
the results presented here, is the intrinsic limitations induced by the use of finite-precision arithmetic.
In the context of actual computation, not only it is unrealistic to consider vanishingly small values
of €, but the choice of arbitrarily small finite-differences stepsizes is also very questionable®), even
if difficulties caused by finite precision may be attenuated by using multiple-precision packages. The
following comments should therefore be considered as interesting theoretical considerations throwing
some light on the fundamental differences between algorithms, even if their practical relevance to actual

(4)Recommended values for these stepsizes are bounded below by adequate roots of machine precision (see Section 8.4.3
in Conn, Gould and Toint, 2000 or Sections 5.4 and 5.6 in Dennis and Schnabel, 1983, for instance).
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numerical performance is potentially remote. Designing and studying worst-case analysis in the presence
of round-off errors remains an interesting challenge.

We first note that the gap in worst-case performance between second-order (ARC), first-order (ARC-
FDH) and derivative-free (ARC-DFO) methods is remarkably small if one consider the associated bounds
in the asymptotic regime where € tends to zero. The effect of finite-difference schemes is, up to constants,
limited to the occurence of a multiplicative factor of size 1+ |log €|, which may be considered as modest.
The more significant effect is not depending on the e-asymptotics, but rather depending on the dimension
n of the problem: as expected, derivative-free methods suffer most in this respect, with bounds depending
on n? rather than n for first-order methods or a constant for second-order ones.

The bounds for derivative-free methods are also interesting to compare with those derived by Vicente
(2010), where direct-search type methods are shown to require at most O(e~?) iterations to find a point x,
satisfying ||V, f(xx)| < e when applied to function with Lipschitz continuous gradients(®). At iteration
k, such methods compute the function values {f(zy + axd | d € Dy}, where Dy is a positive spanning set
for R™ and ay, an iteration-dependent stepsize. If one of these value is (sufficiently) lower than f(xy) the
corresponding xx + axd is chosen as the next iterate and a new iteration started. In the worst-case, an
algorithm of this type therefore requires n + 1(9) function evaluations, and thus its function-evaluation

complexity is
1
o([zl)

Thus the ARC-DFO algorithm is more advantageous than such direct-search methods (in the worst-case

and up to a constant factor) if
1+ |loge| 1
2 -
(n +5n)[ e =0|(n =

”:O(W)'

It is interesting to note that this inequality only holds for relatively small n, especially for values of € that
are only moderately small, and for a more restrictive class of functions (A.1 vs. Lipschitz gradients).
Direct-search methods are thus very often more efficient (in this theoretical sense) than Algorithm ARC-
DFO, even if the latter dominates for small e.

Finally notice that the central properties needed for proving the complexity result for the ARC-
DFO algorithm are the bounds (4.13)—(4.15). These could as well be guaranteed by more sophisticated
derivative-free techniques where multivariate interpolation is used to construct Hessian approximation
from past points in a suitable neighbourhood of the current iterate (see Conn, Scheinberg and Vicente,
2008, Fasano, Nocedal and Morales, 2009, or Scheinberg and Toint, 2010, for instance). This suggests that
a worst-case analysis of these methods might be quite close to that of Algorithm ARC-DFO. Indeed,
if gains in the number of function evaluations might be possible by the re-use of these past points
compared to using fresh evaluations for establishing a local quadratic model at every iteration, it is not
clear that these gains can always be achieved, in particular if every step is large compared the necessary
finite-difference stepsize.

that is if
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(5)Note that this inequality cannot be used as a stopping criterion, because V; f(zy) is unknown. The complexity result
in Vicente (2010) therefore does not directly indicate how many iterations will be performed by the algorithm before its
stopping criterion is activated.

(6)The minimal size of a positive spanning set in R™.
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