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ADAPTIVE REGULARIZATION ALGORITHMS WITH INEXACT
EVALUATIONS FOR NONCONVEX OPTIMIZATION

STEFANIA BELLAVIA} GIANMARCO GURIOLI] BENEDETTA MORINIf AND PHILIPPE L. TOINTS

Abstract. A regularization algorithm using inexact function values and inexact derivatives is proposed and
its evaluation complexity analyzed. This algorithm is applicable to unconstrained problems and to problems
with inexpensive constraints (that is constraints whose evaluation and enforcement has negligible cost) under
the assumption that the derivative of highest degree is S-Holder continuous. It features a very flexible adaptive
mechanism for determining the inexactness which is allowed, at each iteration, when computing objective function
values and derivatives. The complexity analysis covers arbitrary optimality order and arbitrary degree of available
approximate derivatives. It extends results of Cartis, Gould and Toint [Sharp worst-case evaluation complezity
bounds for arbitrary-order monconvexr optimization with inerpensive constraints, arXiv:1811.01220, 2018] on the
evaluation complexity to the inexact case: if a g-th-order minimizer is sought using approximations to the first p
derivatives, it is proved that a suitable approximate minimizer within e is computed by the proposed algorithm in

__ptB8 _ _p+B
at most O (e~ P—9+7 ) iterations and at most O(|log(e)|e” P—4+5 ) approximate evaluations. An algorithmic variant,
_ _p+B
although more rigid in practice, can be proved to find such an approximate minimizer in O(| log(e)| + € P—’I+f3)
evaluations. While the proposed framework remains so far conceptual for high degrees and orders, it is shown
to yield simple and computationally realistic inexact methods when specialized to the unconstrained and bound-

constrained first- and second-order cases. The deterministic complexity results are finally extended to the stochastic
context, yielding adaptive sample-size rules for subsampling methods typical of machine learning.

Key words. Evaluation complexity, regularization methods, inexact functions and derivatives, subsampling
methods.

1. Introduction. Evaluation complexity of algorithms for nonlinear and possibly noncon-
vex optimization problems has been the subject of active research in recent years. This field
is concerned by deriving formal bounds on the number of evaluations of the objective function
(and possibly of its derivatives) necessary to obtain approximate optimal solutions within a user-
specified accuracy. Until recently, the results had focused on methods using first- and second-order
derivatives of the objective function, and on convergence guarantees to first- or second-order sta-
tionary points [28, 22, 23, 18, 10]. Among these contributions, [23, 10] analyzed the “regularization
method”, in which a model of the objective function around a given iterate is constructed by adding
a regularization term to the local Taylor expansion, model which is then approximately minimized
in an attempt to find a new point with a significantly lower objective function value [20]. Such
methods have been shown to possess optimal evaluation complexity [13] for first- and second-
order models and minimizers, and have generated considerable interest in the research commu-
nity. A theoretically significant step was made in [6] for unconstrained problems, where evaluation
complexity bounds were obtained for convergence to first-order stationary points of a simplified
regularization method using models of arbitrary degree. Even more recently, [12] proposed a con-
ceptual unified framework subsuming all known results for regularization methods, establishing
an upper evaluation complexity bound for arbitrary model degree and also, for the first time, for
arbitrary orders of optimality. This paper additionally covers unconstrained problems and prob-
lems involving “inexpensive” constraints, that is constraints whose evaluation/enforcement cost is
negligible compared to that of evaluating the objective function and its derivatives. It also allows
for a full range of smoothness assumptions on the objective function. Finally it proves that the
complexity results obtained are optimal in the sense that upper and lower evaluation complexity
bounds match in order. In [12], all the above mentioned results are established for versions of
the regularization algorithms where it is assumed that objective function values and values of its
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derivatives (when necessary) can be computed exactly.

In practice, it may sometimes be difficult or impossible to obtain accurate values of the
problem’s function and/or derivatives. This difficulty has been known for a long time and has
generated its own stream of results, among which we note the trust-region method using dynamic
accuracy on the objective function and (possibly on) its gradient (see Sections 8.4.1.1 and 10.6 of
[16] and [3]), and the purely probabilistic approaches of [24] and [7].

Since unconstrained cubic regularization methods have become popular in the machine learn-
ing community due to their optimal complexity, several contributions have considered building
those function and derivative’s approximations by “subsampling” the (very many) nonlinear terms
whose sum defines the objective functions typical of machine learning applications (see [1] for
a survey of optimization problems in this area). Inexact Hessian information is considered in
[15, 4, 29, 30], approximate gradient and Hessian evaluations are used in [11, 14, 26, 31], function,
gradient and Hessian values are sampled in [21, 5]. The amount of inexactness allowed is controlled
dynamically in [11, 14, 21, 15, 4].

Contributions. The present paper proposes an extension of the unifying framework of [12]
for unconstrained or inexpensively-constrained problems that allows inexact evaluations of the
objective function and of the required derivatives, in an adaptive way inspired by the trust-region
scheme of [16, Section 10.6]. This extension has the advantage of preserving the optimal complexity
of the standard regularization methods and, as in [12], evaluation complexity results are provided
for arbitrary model degree and arbitrary order of optimality. In particular, the proposed framework
allows all combinations of exact/inexact objective functions and derivatives of any order (including
of course degrees and orders one and two, for which simple specializations are outlined). We also
consider an interesting but practically more restrictive variant of our algorithm for which an
improved complexity can be derived. We finally consider a stochastic version of our framework
and derive rules for sample size in the context of subsampling methods for machine learning.

The paper is organized as follows. Section 2 recalls the notions of high-order optimality pro-
posed in [12] and introduces the general Adaptive Regularization algorithm with model of order p
allowing Dynamic Accuracy (ARpDA). The details of how to obtain the desired relative accuracy
levels from known absolute errors are examined in Section 3. The evaluation complexity of obtain-
ing approximate minimizers using this algorithm is then analyzed in Section 4. The algorithmic
variant of the algorithm is discussed in Section 5. The general framework is specialized to first-
and second-order optimization in Section 6, showing that practical implementation for low order
is simple and computationally realistic. The stochastic evaluation complexity and sampling rules
for machine learning applications are finally derived in Section 7. Conclusions and perspectives
are presented in Section 8.

Notations. Unless otherwise specified, || - || denotes the standard Euclidean norm for vectors
and matrices. For a general symmetric tensor S of order p, we define

def
Il % g ISTP| = max(Slonse ) (1)

the induced Euclidean norm. We also denote by V7 f(z) the j-th order derivative tensor of f
evaluated at x and note that such a tensor is always symmetric for any j > 2. V2f(z) is a
synonym for f(z). [a] and |a] denote the smallest integer not smaller than o and the largest
integer not exceeding «, respectively. If ¢ is a non-negative integer and /3 a real in (0, 1] we define
(i+8)! =TI, (¢+p). For symmetric matrices, Amin[M] is the leftmost eigenvalue of M. Pr[event]
finally denotes the probability of an event. Finally globmin s f(z) denotes the smallest value of
f(z) over x € S.

2. High-order necessary conditions and the ARpDA algorithm. Given p > 1, we
consider the set-constrained optimization problem

Lréig fa), (2.1)
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where F C IR"™ is closed and nonempty, and where we assume that the values of the objective
function f and its derivatives must be computed inexactly. We also assume that f € CP#(IR"),
meaning that:

e f is p-times continuously differentiable,
e f is bounded below by fiow, and

e the p-th derivative tensor of f at z is globally Holder continuous, that is, there exist
constants L > 0 and g € (0, 1] such that, for all z,y € R",

IV f(z) = VEF W)l < Lz —y)”. (2.2)

The more standard case where f is assumed to have Lipschitz-continuous p-th derivative is re-
covered by setting 8 = 1 in the above assumptions (for example, the choices p = 2 and 8 = 1
correspond to the assumption that f has a Lipschitz continuous Hessian). In what follows, we
assume that g is known.

If we denote the pth degree Taylor expansion of f around x evaluated at s by

we may then define the Taylor increment by
ATJ(J@, s) = Tg(a:, 0) — Tzf(x, s). (2.4)

Under the above assumptions, we recall the crucial bounds on differences between f and its
derivatives and their Taylor’s expansion.

LEMMA 2.1. [12, Lemma 2.1] Let f € CP#(R™), and Tg(x, s) be the Taylor approximation
of f(x + s) about = given by (2.3). Then for all z,s € R",

[f(@+s) =T (z,9)| < Is[|7+7, (2.5)

_L
(p+B)!

IV2f (x + ) = VIT] (z, 5)llp;) < Is|P*P=7. (i =1,...,p). (2.6)

L
(p—7+0)!

We also follow [12] and define a g-th-order-necessary minimizer as a point € R" such that,
for some § € (0,1],

¢ (2) < f(a) - globmin T (2,d) = 0. (2.7)
z4-de
lldl|<é

Observe that, in the unconstrained case, this definition subsumes the usual optimality criteria for
orders one and two, since, if ¢ = 1, (2.7) gives that, for any § € (0,1] (and in particular for § = 1),

$hq(@) = IV f ()6, (2.8)
and first-order optimality is thus equivalent to
IVaf(@)ll = 0.
Similarly, for ¢ = 2, (2.7) is equivalent to

IVaf(@)[ =0 and Anin[V3f(2)] > 0. (2.9)
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Its properties are further discussed in [12], but we emphasize that, for any ¢ > 1 and in con-
trast with other known measures, it varies continuously when z varies continuously in F. In the
unconstrained case, solving the global optimization problem involved in its definition is easy for
q = 1 as the global minimizer is analytically given by d. = —d V. f(z)/||V.f(z)|, and also for
g = 2 using a trust-region scheme (whose cost is essentially comparable to that of computing the
leftmost eigenvalue in (2.9)). However this task may become NP-hard for larger ¢. This makes
‘})q(x) an essentially theoretical tool for these cases. In any case, the computation of qb?q(m)
does not involve evaluating f or any of its derivatives, and its cost therefore does not affect the
evaluation complexity of interest here.
If we now relax the notion of exact minimizers, we may define an (e, §)-approximate g-th-
order-necessary minimizer as a point x € R"

$%.4(x) < exq(0), (2.10)
where
of g O
Xa(6) = 7 (2.11)
=1 "

provides a natural scaling. Again this notion reduces to familiar concepts in the low-order uncon-
strained cases. For instance, we verify that for unconstrained problems with ¢ = 2, (2.10) requires
that, if d is the global minimizer in (2.7) (the solution of a trust-region problem),

max [0, — (Vo f(z)"d+ 1d" V2 f(z)d)] < (6 + 16%),

which automatically holds for any § € (0,1] if |[VLf(2)| < € and A\pnin[V2f(2)] > —e. We note
that, when assessing whether z is an (e, 0)-approximate g-th-order-necessary minimizer, the global
minimization in (2.7) can be stopped as soon as AT({ (x,d) exceeds exq(6), thereby significantly
reducing the cost of this assessment.

Having defined what we mean by high-order approximate minimizers, we now turn to des-
cribing what we mean by inaccurate objective function and derivatives values. It is important to
observe at this point that, in an optimization problem, the role of the objective function is more
central than that of any of its derivatives, since it is the quantity we ultimately wish to decrease.
For this reason, we will handle the allowed inexactness in f differently from that in V7 f: we will
require an (adaptive) absolute accuracy for the first and a relative accuracy for the second. In
fact, we can, in a first approach, abstract the relative accuracy requirements for the derivatives
Vif(z) into a requirement on the relative accuracy of AT/ (z,s). Let w € [0,1] represent a
relative accuracy level and denote inexact quantities with an overbar. For what follows, we will
thus require that, if

Eﬁ(z,s,w) :T]{(xk,O,w) —T£($k,s,w), (2.12)
then
AT (2, 5,0) — AT (x, )] < AT (, 5,0). (2.13)

It may not be obvious at this point how to enforce this relative error bound: this is the object of
Section 3 below. For now, we simply assume that it can be done in a finite number of evaluations

of {Vi.f(x) "_, which are inexact approximations of {V7 f(z)}}_,.

Given an inexactly computed ﬁg(m,s,w) satisfying (2.13), we then have to consider to
compute our optimality measure inexactly too. Observing that the definition (2.7) is independent
of f(x) because of cancellation, we see that

$§7q(m,w) = max O,globmaxﬁg(a:,d,w) . (2.14)
faf<s
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Under the above assumptions, we now describe an algorithm allowing inexact computation of
both the objective function and its derivatives whose purpose is to find (for given ¢ and a suitable
relative accuracy w) a point zj satisfying

Ora(0:0) < T3 oxa(0) (2.15)

for some optimality radius § € (0,1]. We will show that, at termination, the computed approxi-
mation z. is an (e, §)-approximate g-th-order-necessary minimizer.
This algorithm uses a regularized Taylor’s model defined at iteration k by

def 75 p+B
ma(s) & T 5,000 + T s (216)
This model is then approximately minimized and the resulting trial point is then accepted or
rejected depending on whether or not it produces a significant decrease. This is detailed in
Algorithm 2.1 on the following page.
Some comments on this algorithm are useful at this stage.

1. That Step 2 may not be able, for ¢ > 2, to compute a nonzero step (and should then
cause termination) can be seen by considering the following one-dimensional example.
Let p=¢q=3,F =R, wp =0and 61 = 1 and suppose that Ts(xy,s) = s> — 253
and also that o = 24. This implies that my(s) = s? — 253 + s* = s%(1 — 5)? and we
immediately see that the origin is a global minimizer of my(s). But a simple calculation
shows that ¢5’fq’1 = T3(x,0) — T3(xk,1) = 1 and hence termination will not occur in
Step 1if e < 1/x3(1) = 4/7. As a consequence, as was pointed out in [12], the possibility
of a zero s; cannot be ignored in Step 2. In this case, it is not possible to satisfy (2.19)
and the algorithm terminates with zc = . It has been proved in [12, Lemma 2.6] that
this is acceptable (see also Lemma 2.4 below).

2. Our assumption (2.13) is used three times in the algorithm: in Step 1 for computing
qbfkq "(x1,wy) and in Step 2 when computing s, and (bmk (8, Wi
3. As indicated above, we require a bound on the absolute error in the objective function

value: this is the object of (2.21) and (2.22), where we introduced the notation f (zx,ws)
to denote an inexact approximation of f(xzy). Note that a new value of f (zx,ws) should

be computed to ensure (2.22) in Step 3 only if £ > 0 and wk_lﬁg(xk_l, Sk—1,Wk—1) >
wkﬁi (zk, Sk, wk). If this is the case the (inexact) function value is computed twice per
iteration instead of just once.

4. At variance with the trust-region method with dynamic accuracy of [16, Section 10.6]
and [3], we do not recompute approximate values of the objective function at xj once the
computation of s is complete (provided we can ensure (2.13), as discussed in Section 3).

5. If skl > per= 7=a%5 in Step 2, then the (potentially costly) calculation of cbmk (8K, wi) 1s
unecessary and d; may be chosen arbitrarily in (0, 1].

6. We call iteration k successful when pr > 11 and x41 = xx + si. The iteration is called
unsuccessful otherwise, and zp4+1 = ) in this case. We use the notation
Se={j€{0,....k} [ pj = m} (2.26)
to denote the set of successful iterations of index at most k.
7. As indicated above, ensuring (2.13) may require a certain number of (approximate) eval-
uations of the derivatives of f. For a single iteration of the algorithm, these evaluations
are always at the current iterate xy.

8. It is worth noting that from (2.17), (2.18), (2.24) and (2.25), together with the positivity
of o9 and o,

0<wp <Ky <1 (2.27)



Algorithm 2.1: Adaptive Regularization of order p with Dynamic Accuracy

(ARpDA)

Step 0: Initialization. An initial point x¢ € F and an initial regularization parameter
oo > 0 are given, as well as an accuracy level ¢ € (0,1) and an initial relative
accuracy wg > 0. The constants k,, 0_1, 0, p, 91, 12, Y1, Y2, v3 and oy, are also
given and satisfy 8 > 0, u € (0,1], 6_1 € (0,1], omin € (0,00],

O<m<np<l, 0<y <1<y <73, (2.17)
1
a€(0,1), £, €(0,iam] and wy=min [nw, —} (2.18)
00
Set k= 0.

Step 1: Compute the optimality measure and check for termination. Compute
aifgl(xk,wk). If (2.15) holds with 6 = dx_1, terminate with the approximate
solution x. = x}.

Step 2: Step calculation. Attempt to compute a step si # 0 such that xj + s € F and
an optimality radius d; € (0, 1] by approximately minimizing the model m(s) in the
sense that
and

! 5 4 B
Sg|| > per=9¥8 or Skywk) < ——————— x4 (0k). 2.20
skl = p Prmyq(Sky W) < g1 ) Xq(0k) (2:20)
If no such step exists, terminate with the approximate solution z. = .
Step 3: Acceptance of the trial point. Compute f;(zx + sk, wx) ensuring that
- 5/
|fr(@r + sk, wi) = flar + sk)| < we| AT, (zk, 55, wr)|- (2.21)
Also ensure (by setting f, (zx,wr) = fr_1(2k, wr_1) or by (re)computing f (2, ws))
that ;
|fr(@r,wi) — f(2r)] < wi| AT, (2, sk, wi)|- (2.22)
Then define
Frl@r,wi) = Fr(@r + sp,we
ATp (.Z'k, Sk, wk)
If pr, > m1, then define xx 11 = xf + Sk; otherwise define zy 1 = .
Step 4: Regularization parameter update. Set
[ma’x(a-mina Vlak)v Uk] if Pk Z 2,
Ok+1 € 0 [Oks120%] if pr € [m,m2), (2.24)
(V20K V30%K] if pr <m.
Step 5: Relative accuracy update. Set
. 1
Wg+1 = min |:l€w, ] . (2.25)
Ok+1

Increment k& by one and go to Step 1.




Bellavia, Gurioli, Morini, Toint: Adaptive Regularization Algorithms with Inexact Evaluations 7

We now state some properties of the algorithm that are derived without modification from
the case where the computation of f and its derivatives are exact.

LEMMA 2.2. [10, Theorem 2.1] The mechanism of the ARpDA algorithm ensures that, if
0k < Omax, (2.28)
for some opax > 0, then
1 ]- max
k+1<|$k|(1+ | Og%>+ log (U > (2.29)
log o log o a0

This shows that the number of unsuccessful iterations must remain a fixed proportion of that of
the successful ones.

LEMMA 2.3. [12, Lemma 2.5] Suppose that s} # 0 is a global minimizer of my(s) under the
constraint that zj + s € F, such my(s}) < my(0). Then there exist a neighbourhood of s},
and a range of sufficiently small § such that (2.19) and the second part of (2.20) hold for any
sk in the intersection of this neighbourhood with F and any §j in this range.

The above lemma thus ensures that the algorithm is well-defined when s # 0. The lemma below
shows that it is reasonable to terminate the algorithm whenever a nonzero descent step cannot be
computed.

LEMMA 2.4. [12, Lemma 2.6] Suppose that the algorithm terminates in Step 2 of iteration &
with z. = x. Then there exists a ¢ € (0, 1] such that (2.15) holds for z = z. and w = wy.

3. Enforcing the relative error on Taylor increments. We now return to the question
of enforcing (2.13). For improved readability, we temporarily ignore the iteration index k.

3.1. The accuracy checks. While there may be circumstances where (2.13) can be enforced

directly, we consider here that the only control the user has on the accuracy of H{)(x, s,w) is by
enforcing bounds {¢;}”_; on the absolute errors on the derivative tensors {Vif(x) 1. In other
words, we seek to ensure (2.13) by selecting absolute accuracies {e;}%_; such that, when

V(@) = VE @)y <5 for G & {1} (31

the desired accuracy requirement follows.

In all cases described below, the process can be viewed as an iteration with four main steps.
The first is to compute the relevant approximate derivative satisfying (3.1) for given values of
{g; }5}:1- The second is to use these approximate derivatives to compute the desired Taylor incre-
ment and associated quantities. Tests are then performed in the third step to verify the desired
accuracy requirements and terminate if they are met. If not the case, the absolute accuracies
{e; }§:1 are then decreased before a new iteration is started.

As can be expected, a suitable relative accuracy requirement will be achievable as long as

AT?; (z, s,w) remains safely away from zero, but, if exact computations are to be avoided, we may

have to accept a simpler absolute accuracy guarantee when ﬁg(x, s,w) vanishes.

We then formalize the resulting accuracy tests in the VERIFY algorithm, stated as Algo-
rithm 3.1 on the next page.

Assume that for a vector v,,, a bound § > ||v, ||, a degree 7, the requested relative and absolute
accuracies w and & > 0, the increment AT, (z,v,,,w) are given. We intend to use the algorithm for

H(J; (2,04, w), ﬁ;ﬁ (x,v,,w) and ﬁ?k (2,v,,w). For keeping our development general, we use
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the notations AT, (z,v,,w) and AT} (z,v,,) without superscript. Moreover, we assume that the
current absolute accuracies {(;}j_; of the derivatives of T'.(x, v,,,w) with respect to v, at v, =0

are given. Because it will be the case below, we assume for simplicity that AT, (x,v,,w) > 0.

Algorithm 3.1: Verify the accuracy of AT, (x,v,,w)
flag = VERIFY(&, AT (2, v, @), {G Yy w0, g)
Set flag = 0.
o If
AT, (7,v,,w) =0 and max (; <&, (3.2)
je{l,...,r}
set flag = 1.
e Else, if
AT, (x,v,,w) >0 and Z CJ(SJ < WAT (2,0, w), (3.3)
Jj= 1
set flag = 2.
e Else, if
AT, (z,v,,w) >0 and Z CJ(SJ < Ex.(6), (3.4)
Jj= 1
set flag = 3.

Let us now consider what properties are ensured for the various possible values of flag.

LEMMA 3.1. Suppose that

H[ﬁ(az,%)h_o [V%T (x,vw)] G for je L) (3.5)

’L)WZOH J
and w € (0,1). Then we have that
o if

max <, 3.6
jepax G s € (3.6)

then the VERIFY algorithm returns a nonzero flag, o
e if the VERIFY algorithm terminates with flag = 1, then AT, (z,v,,w) = 0 and

|AT, (z,v,w) — AT (z,v)| < Exr(lv])  for all v, (3.7
e if the VERIFY algorithm terminates with flag = 2, then AT ,.(z,v,,w) > 0 and

|AT, (z,v,w) — AT, (z,v)| < WAT,(z,vy,w),  for all v with [jv]| <4, (3.8)

e if the VERIFY algorithm terminates with flag = 3, then AT,.(z,v,,w) > 0 and

maxﬁ (z,vy,w 3

AT, (z,v,w) — ATT(x,’U)H < 2x.(0) for all v with |Jv]| < 4.
w
(3.9)

Proof. We first prove the first proposition. If AT, (x,v,,w) =0 and (3.6), then (3.2) ensures
that flag = 1 is returned. If AT,.(z,v,,w) > 0, from (2.11) and (3.6), we deduce that

Z B < max Gl <6u)

je{1,..
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also causing termination with flag = 3 because of (3.4) if it has not occurred with flag = 2
because of (3.3), hence proving the first proposition.

Consider now the three possible termination cases and suppose first that termination occurs
with flag = 1. Then, using the triangle inequality, (3.5), (3.2) and (2.11), we have that, for any
U’

_ "¢ :
|AT (2, v,w) = AT, (z,v)[ < ij,llvllj < Exr([lvll)
=17
yielding (3.7). Suppose now that flag = 2. Then (3.3) holds and for any v with ||v]| <4,
_ G =G _
|AT, (z,v,w) — AT (z,v)| < Z j—J‘HvHJ < Z j—J!(SJ < WAT, (2, vy, w),
j=1 j=1
which is (3.8). Suppose finally that flag = 3. Since termination did not occur in (3.3), we have
that

0 < WAT,(z,v,,w) < Exr(0). (3.10)

Furthermore, (3.4) implies that, for any v with ||v]| < 9,

|AT, (z,v,w) — AT (z,v)| < Z %HUH] < Z %51 < gxr(é).
! el

Jj=1

This inequality and (3.10) together imply (3.9). O
Clearly, the outcome corresponding to our initial aim to obtain a relative error at most w corre-
sponds to the case where flag = 2. As we will see below, the two other cases are also useful.

. bk . . .
3.2. Computing ¢f’jq "(xk,wr). We now consider, in Algorithm 3.2, how to compute the

optimality measure 5?? "(xp,wy) in Step 1 of the ARpDA algorithm.
We immediately observe that Algorithm 3.2 terminates in a finite number of iterations, since it
does so as soon as flag > 0, which, because of the first proposition of Lemma 3.1, must happen
after a finite number of passes in iterations using (3.12). We discuss in Section 3.4 exactly how
many such decreases might be needed.

We now verify that terminating the ARpDA algorithm as indicated in this modified version
of Step 1 provides the required result. We start noting that, if xy is an isolated feasible point (i.e.
such that the intersection of any ball of radius d;_1 > 0 centered at zj with F is reduced to xy),
then clearly dy = 0 and thus, irrespective of wy and dx_1 > 0,

—_— —0k_
O (wr) =0 = AT (g, di,wn) = by (2, w1), (3.13)

—5h_
which means that gzbf’jq "(xk,wy) is a faithful indicator of optimality at xy.

LEMMA 3.2. If the ARpDA algorithm terminates within Step 1.4, then

¢5j«]f;1($k) < exq(0k-1) (3.14)

and xy is a (€, d;—1)-approximate g-th-order-necessary minimizer. Otherwise Algorithm 3.2
terminates with

(1= wi)Brs (@nwr) < 60 (ax) < (1+wi)dyy  (anwh). (3.15)

Proof. We first notice that Step 1.2 of Algorithm 3.2 yields (3.5) with 7, = T/, r = ¢ and
{6z = {5j7i5}g:1. Furthermore, w = wi € (0,1), so that the assumptions of Lemma 3.1 are
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Algorithm 3.2: Modified Step 1 of the ARpDA algorithm

Step 1: Compute the optimality measure and check for termination.

Step 1.0: The iterate z;, and the radius ;1 € (0, 1] are given, as well as constants
~e € (0,1) and k. > 0. Set i = 0.
Step 1.1: Choose an initial set of derivative absolute accuracies {5]-,0}?:1 such that

gjo < ke for je{l,...,p}. (3.11)

Step 1.2: If unavailable, compute {Véf(:ck.)}?:l satisfying

IV2f (@) = Vif(@)ly) < eja. for j€{L,....q}.
Step 1.3: Solve
globmaxﬁﬁ(wk, d,wy),

zp+deEF
lldll<8k—1

to obtain the maximizer di and the corresponding Taylor increment
ﬁqf(xk,dk,wk). Compute
flag = VERIFY <(5k,1,ﬁg(:pk, di, wg), {61‘};1':1’ Wi, gwke).
Step 1.4: Terminate the ARpDA algorithm with the approximate solution x. = x
if flag =1, or if flag = 3, or if flag = 2 and (2.15) holds with § = d;_1. Also

go to Step 2 of the ARpDA algorithm if flag = 2 but (2.15) fails.
Step 1.5: Otherwise (i.e. if flag = 0), set

Ej,i5+1 :’7553‘,1‘5 fOI‘ ] S {17...,]7}, (312)

increment i, by one and return to Step 1.1.

satisfied. If x is an isolated feasible point, the lemma’s conclusions directly follow from (3.13).
Assume therefore that xj is not an isolated feasible point and note first that, because Step 1.3

finds the global maximum of ﬁ(};(mk,d, wy), we have that ﬁg(xk,dk,wk) > 0. Suppose now
that, in Step 1.3, the VERIFY algorithm returns flag = 1 and thus that ﬁ(]; (zh, dg,wy) = 0.
This means that xzj is a global minimizer of Tg(xk, d,wy) in the intersection of a ball of radius

0r—1 and F and ﬁg (zk,d,wr) <0 for any d in this intersection. Thus, for any such d, we obtain
from (3.7) with & = Lwye that

AT (wy,d) < AT (ax, d,wp) + | AT (21, dywr) — ATS (24, d)| < 3wnexq(Sx1),

which, since wy < 1, implies (3.14). Suppose next that the VERIFY algorithm returns flag = 3.
Then ﬁg(mk,dk,wk) > 0 and thus di # 0. Using the fact that the nature of Step 1.3 ensures

that ﬁ(};(xk,d, wi) < ﬁg(ack,dk,wk) for d with ||d|| < §x—1 we have, using (3.9) with £ = Jwe,
that, for all such d,

ATS (v, d) < ﬁg(xk,d,wk)—&-‘ﬁg(xk,d,wk)—Aqu(xk,d)‘
< AT, (wr,diwr) + | AT (wr, dywr) = AT (., d)|
< EXq((Sk—l)
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yielding (3.14). If the VERIFY algorithm returns flag = 2, then, for any d with ||d|| < dx_1,
5/ 7 7
AT (ax, d) < BT (2, d, wp) + ’ATq (25, d,wp) — Aqu(xk,d)‘ < (1 + w) AT (., dy, wi).
Thus, for all d with ||d|| < §x_1,
max [O, Aqu(:c;wd)} < (1 4 wg) max {0,@5(3%, d;wwk)} =(1+ wk)aéf’;;l(xk,wk). (3.16)

But termination implies that (2.15) holds for § = d§;_1, and (3.14) follows with this value of 4.
Finally, if the ARpDA algorithm does not terminates within Step 1.4 but Algorithm 3.2 terminates,
it must be because the VERIFY algorithm returns flag = 2. This implies, as above, that (3.16)
holds, which is the rightmost part of (3.15). Similarly, for any d with ||d|| < dx_1,

Aqu(l‘k, d)

Y

AT, (vx, dywr) — | BT (@, dy ) — AT (wp,d)|
Hg(xk,d,wk) - wkﬁg(ifkadk7wk)~

Y

Hence

globmax Aqu(xk,d) > globmax [ﬁg(xk, d,wr) — wkﬁg(xk,dk,wk)}

T +deF x+deF
ld]| <k —1 Il <6k —1

= (1 — wk)ﬁg(xk,dk,wk).

Since ﬁg(xk, dg,wy) > 0 when the VERIFY algorithm returns flag = 2, we then obtain that,
for all ||d|| < dg—1,

max {O,globmax Aqu(xk, d)] > max [O, (1- wk)ﬁg(xk, di,wp)| = (1 — wk)ifffq_l(wk,wk),

T +deF
lldll <65 -1

which is the leftmost part of (3.15). O

3.3. Computing s;. We now consider computing s at Step 2 of the ARpDA algorithm.
The process is more complicated than for Step 1, as it potentially involves two situations in which
one wishes to guarantee a suitable relative error. The first is when minimizing the model

- ~~/ Ok
mi(s) = f(xp, wi) — AT (2, $,wi) + ————||s|PH?
k(s) = flor,w) »(Thy 8, W) o )!H |
or, equivalently, maximizing
—mi(s) = —F(@ro wi) + AT (g, 8, 008) — — 25|77, (3.17)
" v+ D)

and the second is when globally minimizing the model’s Taylor expansion taken at zj + s in a
neighbourhood of diameter d;. The first of these situations can be handled in a way very similar

—6
to that used above for computing qbf’fq "(x1) in Step 1: given a set of approximate derivatives, a
step s is computed such that it satisfies (2.19) and (2.20), the relative error of the associated

ATg (zk, Sk, wk) is then evaluated and, if it is insufficient, the accuracy on the derivative approxi-

mations improved and the process restarted. If the relative error on ﬁi(mk, Sk,wy) is satisfactory

5
and the first test of (2.20) fails, it remains to check that the relative error on q’)nfk’q (sg,wy) is also

satisfactory. Moreover, as in the original ARpDA algorithm, we have to take into account the pos-
sibility that minimizing the model might result in a vanishing decrease. The resulting somewhat
involved process is formalized in Algorithm 3.3 on the following page.
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Algorithm 3.3: Modified Step 2 of the ARpDA algorithm

Step 2: Step calculation.

Step 2.0: The iterate xy, the radius d,—; € (0,1], the constants v, € (0,1), ¥ €
(0,1), the counter i. and the absolute accuracies {¢;,;. };_; are given.

Step 2.1: If unavailable, compute {V7 f (zk) _, satisfying (3.1) with ¢; = ¢ ,_ for
j E {1’ R ’p}'
Step 2.2: e Attempt to compute a step s # 0 with zx + s, € F such that (2.19)
holds.

o If this not possible, set flag, =1 and go to Step 2.3.

e Otherwise, pursue the approximate minimization of the model my(s) for
2k + s € F in order to satisfy (2.20), yielding a step sk, a decrease
ﬁg(xk,sk,wk) and, if the first part of (2.20) fails, the global maximizer
dy'* of ﬁ;ﬂk (sk,d,wy) subject to ||d]| < (Bnd xp + s +d € F, together
with the corresponding Taylor increment ATZ% (s, A", wi).

e Compute

flag, = VERIFY(||sk||,H£(xk, sty wn)s 6511, whs %wke).
If flag, = 0 go to Step 2.5.
Step 2.3: If flag, =1 or flag, = 3, compute

globmin my(s),
Tp+sEF

to obtain the minimizer sy, ﬁi (Tk, Sy WE)-
Set dj"* =0 = Aka (sk,dp"™*,wi) and compute

flag, = VERIFY(HS}CH,TTLC(CE}C, Sk, Wk ), 165 =15 Whs %wke).
If flag, = 0 go to Step 2.5.

Step 2.4: If flag, = 1 or flag, = 3, terminate the ARpDA algorithm with z. =
zg. Otherwise, if ||sg|| > ,uep—;ﬂf or if [|sg| < uep—;% and

o - I(1 — Kky) wie
flag,=VERIFY (5k, AT, (s, di, wi), {36,101, wi, M 7’“) >0,

go to Step 3 of the ARpDA algorithm with the step s, the associated
ﬁg(xk,sk,wk) and 6.
Step 2.5: Set (if flag, = 0 or flag, = 0),

€jit1 ="e€j4. for je{l,... p}, (3.18)

increment i, by one and go to Step 2.1.

Observe that, in Step 2.2, d,"* and ﬁ;ﬂ (8K, d}"™ , wy,) result from the computation of gbmk q(sk, W)
which is necessary to verify the second part of (2.20). Note also that we have specified, in the
call to VERIFY in Step 2.4 of Algorithm 3.3, absolute accuracy values equal to {3e; }?:1. This
is because this call aims at checking the accuracy of the Taylor expansion of the model and the
derivatives which are then approximated are not {V7 f(zx)}_,, but {VyT 7" (s1,0)}9_;. Tt is
easy to verify that these (approximate) derivatives are given by

p
VIT I o1, Z—”sk” [ills|+?]

, (3.19)

S=Sk

where the last term of the right-hand side is exact. This yields the following error bound.
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LEMMA 3.3. Suppose that ||si| < pe=e75 . Then, for all j € {1,...,p},

VT ™ (s, 0) — VAT (s1,,0)] < 3¢;. (3.20)

Proof. Using the triangle inequality, (3.19), the inequality ||sg|| < ue%iw < wand (2.11), we
have that, for all j € {1,...,p},

p — p ‘—j
VAT T (s, 0) — VATI™ (s, o‘gz SISk~ Z
l=j =3

<1+ xp (1)

and (3.20) follows since x,(p) < 2u. O

Again, Algorithm 3.3 must terminate in a finite number of iterations. Indeed, if after finitely
many iterations flag, = 1 or flag, = 3 at the start of Step 2.4, the conclusion is obvious. Suppose

now that flag, = 2 at all iterations. If ||sy]| < MGP*;JFB always hold, the first proposition of
Lemma 3.1 ensures that flag,; > 0 after finitely many decreases in (3.18), also causing termination.

1
Termination might of course occur if ||si|| > per=a+¥7 before this limit.

The next lemma characterizes the outcomes of Algorithm 3.3.

LEMMA 3.4. Suppose that the modified Step 2 is used in the ARpDA algorithm. If this
algorithm terminates within that step, then either xy is an (e, d)-approximate g-th-order-
necessary minimizer for some § > 0, or

o () < exp(lsil)- (3.21)

Otherwise we have that (2.19) and
ﬁg(ack, sk,wk) - ATpf(:L‘k, Sk)‘ < wkﬁﬁ(xk, sk,wk) (322)

. . a1
are satisfied. Moreover, either ||sg|| > per=a¥?, or

O(1 = k) _ OllsilP~7*7
€,
(I+ro)? " (p—a+B)!

¢mk q( k) < (1+ k) max { Xq(0%)- (3.23)

hold.

Proof. We first note that, because of (3.17) and because Step 2.2 imposes (2.19), we have that

ﬁi (zk, Sk,wk) > 0 at the end of this step. Let us first consider the case where the calls to the
VERIFY algorithm in Step 2.2 and in Step 2.3 both return flag, = 1 or flag, = 3 and note that
Step 2.1 yields (3.5) with 7, = T, » = p and {GiYj=1 = {ej.i. }i=1- Moreover, w = wy, € (0,1) so
that we can use Lemma 3.1 to analyse the outcome of the above calls to the VERIFY Algorithm.
If Step 2.3 returns ||sg|| = 0 and flag, = 1, the ARpDA algorithm stops and Lemma 2.4 ensures
that (2.15) holds for # = . for a radius 6 € (0,1). Note that VERIFY cannot return flag, = 3

since ﬁi(xk,sk,wk) = 0. Moreover, since flag, = 1 Algorithm 3.1 returns e; < iwge, for
j=1,...,p. Then, by (3.1), (2.3) it follows that

ﬁg(xk,s,wk) - Aqu(l"lmS) < —wgexq(lls]])  for all s.

N =
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Consequently, (2.14) and (2.15) yield that
Aqu(xk, 5) < ﬁg(xk, s, wk) + ‘ﬁg(xk, S,wg) — Aqu(as;.c, s)

—3 1
< @ g(Th,wi) + ikaXq(Cs)

1 1
< -
= (1 or | 2“’“) Xq(9)

for all ||s|| < §. Noting that (# + %wk> < 1 for wy € (0,1), it follows from (2.7) that zj is an

14wg
(e, 0)-approximate g-th-order-necessary minimizer. Otherwise (i.e. if Step 2.3 returns ||sg|| > 0),

we have that ﬁg(xk, Sk,wg) > 0 because of (2.19). Moreover, using the fact that s computed
in Step 2.3 is a global minimizer of my, we obtain that

Ok

(p+5)!

s]|PHP < ﬁ,{(xkﬁmwk) - 7'||3k||p+’8 (3.24)

——f g
AT (zg, 5, W) — » +kﬂ).

for all s. Thus, if ||s|| < ||sk]|, then ﬁi(wk, S,wi) < ﬁi(wk, Sk,wk ). This implies that

globmax ATﬁ(xk, S,wk) = ATIJQc (K, Sk, Wk )-
Tr+sEeF
[IsI<llsll

We may now repeat the proof of Lemma 3.2 for the cases flag, € {1, 3}, with ¢ replaced by p and
dr—1 replaced by ||sk||, and deduce that (3.21) holds.

Assume now that Algorithm 3.3 terminates in Step 2.4. This means that the VERIFY algo-
rithm invoked in either Step 2.2 or Step 2.3 terminates with flag, = 2, and we deduce from (3.8)
that(3.22) holds.

Let us now consider the case [|sg| < uepféﬂf and note that Lemma 3.3 ensures that (3.5) is
satisfied with T, = T;™*, r = q and {(;}}_; = {3¢;,. }j—,. Moreover, the triangle inequality gives

AT (sp, d) < AT, " (51, dywi) + |AT, " (sk, d,wi) — AT (sg, d)] - (3.25)

First, assume that, in Step 2.4, Algorithm 3.3 terminates because flag, = 1 is returned by
VERIFY. Then, ﬁ;nk (81, d}"™ ,wi) = 0. Moreover, using (3.25), the definition of d]'* given at
Step 2.2 of Algorithm 3.3, (3.7) and recalling that wy, < 1, we obtain that, for all d with ||d|| < dx,

AT (s, d) < BT, (s, dywor) + [ BT, (s, dyon) = ATy (s, d)|
< AT (g, d* ) + ‘ﬁ;ﬂk(sk,d,wk) - AT;nk(sk,d)]
= ﬁ;nk (Sk, d, wk) - AT(;nk (Sk, d)‘

H1 — Ky,)
T 2(1 + £y )?

< fl“;"””)) eXa01). (3.26)

wi € Xq([l]])

If, instead, termination occurs with VERIFY returning flag,; = 2, then we will show that for all
d with ||d|| < dg,

QHSkaqurﬁ

mE ANk m
AT (s, d) < (14 wi) AT (sg, di™ wi) < (1+ wk)m Xq(0k)-

(3.27)
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Indeed, from (3.25), (3.8), (2.27) and the definition of d;"* at Step 2.2 of Algorithm 3.3, we obtain
for all d with ||d|| < dk

AT;”’“ (sg,d) < (1 —‘rwk)ﬁgnk (Sk,d;;nk,wk),

< (1 4 wg) max |0, globmax ﬁ;ﬂk (sk,d,wg)
wp+s,+dEF
ldll <o

—0k
= (1 + wk)¢77:k7q(sk7wk)a

in which the equality follows from the definition (2.14). We can then conclude, using (2.20), that
(3.27) holds for all d with ||d|| < dy.

Finally, if termination occurs instead because VERIFY returns flag, = 3, we deduce from the
(3.25) and (3.9) that, for all d with ||d|| < &k,

M1 — ky,)

M <
ATT™ (sk,d) < (1 + e, )2

€Xq(0k) (3.28)

Observe now that (2.27), (2.7) (for my, at s) and each of (3.26), (3.27) or (3.28) ensures (3.23). O

Note that (3.21) may be viewed as a stronger optimality condition than (2.10) since it implies
that the p-th (rather than g-th with ¢ < p) order Taylor expansion of f around zj, is bounded below
by a correctly scaled multiple of €, and in a possibly larger neighbourhood. It is thus acceptable
to terminate the ARpDA algorithm with x. = x}, as stated in Step 2.4 of Algorithm 3.3.

3.4. The complexity of a single ARpDA iteration. The last part of this section is
devoted to bounding the evaluation complexity of a single iteration of the ARpDA algorithm. The
count in (approximate) objective function evaluations is the simplest: these only occur in Step 3
which requires at most two such evaluations.

Now observe that evaluations of {Vé f }];:1 possibly occur in Steps 1.2 and 2.1. However it is
important to note that, within these steps, the derivatives are evaluated only if the current values
of the absolute errors are smaller than that used for the previous evalutions of the same derivative
at the same point (xy). Moreover, these absolute errors are, by construction, linearly decreasing
with rate 7. within the same iteration of the ARpDA algorithm (they are initialized in Step 1.1,
decreased each time by a factor . in (3.12) invoked in Step 1.5, down to values {¢;;, }}_; which
are then passed to the modified Step 2, and decreased there further in (3.18) in Step 2.5, again by
successive multiplication with +.). Furthermore, we have argued already, both for the modified
Step 1 and the modified Step 2, that any of these algorithms terminates as soon as (3.6) holds
for the relevant value of &, which we therefore need to determine. For Step 1, this value is 1wge,
while, for Step 2, it is given by

(1 — ko) wre] (1 —Ky,)

wre| _ V(L = o) 2
A+ ro)? 2 | 21 +ry)2 k€ (3:29)

min | 1wge,

1 1 .
when |[|sg| < per=aFF and by lwpe when ||sg| > per—a¥f. As a consequence, we obtain the
following lemma.

LEMMA 3.5. Suppose that wi > wmin > 0 for all k. Then each iteration of the ARpDA
algorithm involves at most 2 (approximate) evaluations of the objective function and at most
1+ vimax(€) (approximate) evaluations of its p first derivatives, where

)= s o () vt}




16

Proof. The upper bound on the (approximate) function evaluations immediately follows from
the observation that, as mentioned at the beginning of the current paragraph, these computations
occur at most twice in Step 3 of Algorithm 2.1. Concerning the second part of the thesis we notice

that, from Lemma 3.3, in Step 2.4 of Algorithm 3.3 we have to make {V2 f(x) 521 three times

more accurate than the desired accuracy in {VT 0 (sk,0) 39—y, when [[sg| < pe =atP (the input
values for the absolute accuracy values in the VERIFY call are {3¢;}7_;). Thus, the VERIFY
Algorithm stops whenever

H(1 — Ky )wie
S max g; < ———F o
jefl,a} 6(1 + Ky)

We may thus conclude from Lemma 3.1 that no further reduction in {¢; }le (and hence no further

approximation of {Vif(xk) ?:1) will occur once i., the number of decreases in {¢; }§:17 is large
enough to ensure that

Y1 — k)

’7::6[ max Ej,O] < QWmin6

ieltipy 7T 6(1 4 k)

(Note that this inequality could hold for i. = 0.) Because of our assumption that wy > wpnin and
(3.11), the above inequality is then verified when

e = Logi%) {log (mwm“) - log(HE)H ’

which concludes the proof when taking into account that the derivatives must be computed at
least once per iteration. O

Note that, for simplicity, we have ignored the fact that only ¢ < p derivatives need to be evaluated
in Steps 1.2. Lemma 3.5 can obviously be refined to reflect this observation.

We conclude this section by a comment on what happens whenever exact objective function
and derivatives are used. In that case the (exact) derivatives are computed only once per iteration
of the ARpDA algorithm (in Step 1.2 for the first ¢ and in Step 2.1 for the remaining p — q)
and every other call to VERIFY returns flag = 1 or flag = 2. Moreover, there is no need
to recompute f to obtain (2.22) in Step 3. The evaluation complexity of a single iteration of
the ARpDA algorithm then reduces to a single evaluation of f and its first p derivatives (and
Umax(€) = 1 for all k), as expected.

4. Evaluation complexity of the deterministic ARpDA. This section is devoted to the
evaluation complexity analysis of the ARpDA algorithm in the deterministic context. We start by
providing a simple lower bound on the model decrease.

LEMMA 4.1. [12, Lemma 3.1] The mechanism of the ARpDA algorithm guarantees that, for
all £ > 0,

) Ok
AT Tky Sk, WE) > —— ||Sk ;D+B’ 4.1
» ) (p+ﬁ)!|| | (4.1)
and so (2.23) is well-defined.
Proof. We have that
— — Ok
0 <mg(0) —mg(sg) =Ty(xk,0,wr) — Tp(Tk, Sk, wk) — ———= || Sk p+5.
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We next show that the regularization parameter oy has to remain bounded, even in the presence
of inexact computation of f and its derivatives. This lemma hinges heavily on (2.13), (2.21) and
(2.22).

LEMMA 4.2. Let f € CP#(IR"™). Then, for all k > 0,
e L+3
01 < Omax def nax {ao, %(H} (4.2)
L=
and
of . 1
Wk > Wmin 4f 1hin [nw, } . (4.3)
Umax
Proof. Assume that
L
O Z * 3 . (44)
I—mn2

Also observe that, because of the triangle inequality, (3.22) (as ensured by Lemma 3.4) and (2.22),

T (ny sy wn) = TS (i) < [Fulanswr) — flan)]

+|ﬁ£(mk, Skywi) — ATS (g, si)|

IN

2wk|ﬁ£(3&k, Sk7wk)|
and hence, again using the triangle inequality, (2.21), (2.5), (2.25), (4.1) and (4.4),
| fr(@r + sk, wi) — T;{(fk; Sky Wr)|

AT, (w51 1)

= % |Fr(an + skwr) = f(@r + se)| + [ f(2r + si) — TJ(xk75k)|
ATp(xmsk,wk) -

lor — 1] <

7
+|T) (ks sk, wi) — T (i, Sk)@

[ ~f
< % |f(xk+sk) —Tg(xk,skﬂ +3kaTp($k,8k,wk):|
ATp(xk,sk,wk) -
_ ~ )
< 1 L HS ||p+,8 + SATp(xk,sk,wk)
<5 o+ ol 7
ATp(xk,sk,wk) - :
L 3
<or T ox
<l-mn

and thus that py > 72. Then iteration k is very successful in that pp > 72 and, because of (2.24),
orp+1 < 0. As a consequence, the mechanism of the algorithm ensures that (4.2) holds. Observe
now that this result and (2.25) imply that, for all k, wy is such that min[k,, o] < wi < K,
yielding (4.3). O

It is important to note that (4.3) in this lemma provides the lower bound on wy required in
Lemma 3.5. We now borrow a technical result from [12].

LEMMA 4.3. [12, Lemma 2.4] Let s be a vector of R™ and p € INy and S € (0, 1] such that
j€{0,...,p}. Then

19301512 Iy < s+, (45)
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Our next move is to prove a lower bound on the step norm. While the proof of this result is clearly
inspired from that of [12, Lemma 3.3], it nevertheless crucially differs when approximate values
are considered instead of exact ones.

LEMMA 4.4. Let f € CPP(IR™). Then, for all k > 0 such that the ARpDA algorithm does
not terminate at iteration k + 1,

sl 2 mec7=, (4.6)
where
def . (1 —-ky)(1 =N (p—qg+ ) T
Ks = min {u, [(1 + F) (L + oo + 001+ Hw))] } (4.7

Proof. Tt ||sg|| > [1e7=a77 , the result is obvious. Suppose now that
lsill < per=ars. (4.8)

Since the algorithm does not terminate at iteration £ + 1, we have that

—0k €
b q(Thp1) > qu(fsk)
and therefore, using (3.15), that
— Wk
¢, (wri) > TTon €Xq(5k) (4.9)

Let the global minimum in the definition of ¢ ,(Tr+1) be achieved at d with |[d|| < J;. Then,
using (2.7), the triangle inequality and (4.5), we ‘deduce that

OF (rea) = = > %Viﬂxkﬂ)[d}e

-V
- 9k p+B ¢
—Z£,< o)+ 5 2l L_s)[d]
+Z T G (4.10)

Now, because of (2.16), (2.7) (for my, at sx) and the fact that ||d|| < d, we have that

Zé( T )+ 2l )[dV:AT;”% D) = Grialse)

Then, as ||sk] < per—75 < 1 because of (4.8), we may use (3.23) (ensured by Lemma 3.4) and
(2.6) and distinguish the cases where the maximum in (3.23) is attained in its first or its second
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argument. In the latter case, we deduce from (4.10) that

q
_ 0 Xq(0k) -
<§ : p—L+B 5t 1 " q p—q+B
¢fq xk"t‘l — ~ p ‘€ B) ||Sk|| k ( K )(p_q ﬁ)'HSkH

q
Ok 4Bt
+§ |5 ||PT6
0(p—L+pB)! Il g

[L +or+6(1+ nw)] Xq(0k)

< sp|[P~atA; 4.11
e (a.1)

otherwise, (4.10) guarantees that
5 < Lt a)xgOr) o pgrs | YA h) 4.12
st’q(‘rk'f'l) — (p_ C]-‘rﬁ)' ||Sk|| 1 + Ko ( k) ( )

Using now (4.9), (2.27), (4.8), (4.11) and (4.12),we thus have that

(1= mu)(p = g + ) }Péﬁﬁl—mM1—m@—q+m1p*?
1+/<;w)(L+Jk+9(1+nw)) ’ (1+ ko) (L + ox)

. >=aFB (l—ﬁw)(l_ﬁ)( _ +5)' m
me{ﬂep ‘ ’[(l-l-fiw)(L‘f‘Uk +p9(1q+ ’“”w))} }

g | >mind per=avs,

where we have used the fact that § € (0,1) to obtain the last inequality. Then (4.6) follows from
(4.2). 0

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 4.5. Let f € CPA(IR"™) and ¢ € (0,1) be given. Then the ARpDA algorithm
using the modified Steps 1 (on page 10) and 2 (on page 12) produces an iterate x. such that
(2.10) or (3.21) holds in at most

[fﬁp(f(xo) — fiow) (e’%ﬂ +1 (4.13)

successful iterations,

) H [n(£(0) = fiow) (775757 ) +1] <1 + |11§§z21> n 1og172 log <a:0x> }(JLLM)

iterations in total, 27(¢) (approximate) evaluations of f and (1 + vmax(€))7(€) approximate
evaluations of {VJ FI_,, where opmax is given by (4.2), wmin by (4.3), Vmax(€) by (3.30), and
where

Jj=b

ar @48 [ 1 [+ KL+ O + 01+ 1) |
P = M (1 — @)Omin {‘up+6’ [ (1— k)1 —=9)(p—q+ P ] } (4.15)

Proof. At each successful iteration k before termination the algorithm guarantees the decrease

flaw) = faen) = [Fulenwn) — Frl@rrr,won)] - 2008T (24, s, 01)

v

nlﬁg('xk‘ysk‘vwk‘) - anlﬁg(xk‘vsk7wk‘) (416)

M (1 — @)Omin sk H;D+B

(p+B)!

V
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where we used (2.18), (2.21), (2.22), (2.23), (4.1) and (2.24). Moreover we deduce from (4.16) and
(4.6) that

Fx) — o) > e where 2 0 Ji”?ifw (4.17)
Thus, since {f(x)} decreases monotonically,
Fwo) = flanin) 2wyt 75757 |,
Using that f is bounded below by fiow, we conclude that
Skl < Kp(f(2o) — fiow)e™ FEam (4.18)

until termination, and the desired bound on the number of successful iterations follows. Lemma 2.2
is then invoked to compute the upper bound on the total number of iterations, and Lemma 3.5 to
deduce the upper bounds on the number of evaluations of f and its derivatives. O
We emphasize that (4.13) was shown in [12] to be optimal for a quite wide class of minimization
algorithms. The slightly weaker bound (1 + Vmax(€))7(€) may be seen as the (very modest) price
to pay for allowing inexact evaluations.

Focusing on the order in € and using (4.14), we therefore obtain the following condensed result
on evaluation complexity for nonconvex optimization.

THEOREM 4.6. Let f € CP#(IR™). Then, given € € (0,1), the ARpDA algorithm using the
modified Steps 1 (on page 10) and 2 (on page 12) needs at most

__p+B . . . .
o (e Pfqﬂi) iterations and (approximate) evaluations of f
and at most

5
@) (| log(e)|e™ CEE ) (approximate) evaluations of the p first derivatives

to compute an (e, §)-approximate g-th-order-necessary minimizer for the set-constrained prob-
lem (2.1).

In particular, if the p-th derivative of f is assumed to be globally Lipschitz rather than merely
Holder continuous (i.e. if 5 = 1), these orders reduce to

+1
0 (67 Pfﬁl) iterations and (approximate) evaluations of f

and at most

) <| log(e)|e™ Pﬁﬁl) (approximate) evaluations of the p first derivatives.

As indicated in the comment at the end of Section 3, all O(|log(e)|) terms reduce to a constant
independent of € if exact evaluations of f and its derivatives are used, and the above results then
recover the optimal complexity results of [12].

We conclude this section by commenting on the special case where the objective function
evaluations are exact and that of the derivatives inexact. We first note that this case is already
covered by the theory presented above (since (2.21) and (2.22) automatically holds as their left-
hand side is identically zero), but this remark also shows that the ARpDA algorithm can be
simplified by replacing the computation of f(x + s, ws) by that of f(x) + s;) and by skipping
the verification and possible recomputation of f(zy,ws) entirely. As consequence, the ARpDA
algorithm only evaluates the exact objective function f once per iteration, and the maximum
number of such evaluations is therefore given by 7(¢) instead of 27(¢), while the maximum number
of (inexact) derivatives evaluations is still given by (1 + vimax(€))7(€).
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5. A variant of the ARpDA algorithm. We now describe a variant of the ARpDA algo-
rithm for which an even better complexity can be proved, but at the price of a more restrictive
dynamic accuracy strategy. In the Step 1.0 of the ARpDA algorithm, we allow the choice of an
arbitrary set of {Ejp}f:l with the constraint that €;0 < k. for j € {1,...,p}. This allows these
accuracy thresholds to vary non-monotonically from iteration to iteration, providing considerable
flexibility and allowing large inaccuracies even if these thresholds were made small in past itera-
tions due to local nonlinearity. A different, more rigid, strategy is also possible: suppose that the
thresholds {e;0}/_, are not reset at each iteration, that is

Step 1.1 is only executed for k = 0. (5.1)

This clearly results in a monotonic decrease of each €; across all iterations. As a consequence,
Vmax(€) in (3.30) now bounds the total number of reductions of the ¢; over all iterations, i.e. on
the entire run of the algorithm. We then deduce that the total number of approximate evaluations
of the derivatives is then bounded by vpax(€) + 7(€) (instead of (1 + vmax(€))7(€)) and we may
establish the worst-case complexity of the resulting “monotonic” variant as follows.

THEOREM 5.1. Let f € CP#(R™) and ¢ € (0,1) be given. Then the ARpDA algorithm
using the modified Steps 1 (on page 10) and 2 (on page 12) as well as the modified rule (5.1)
produces an iterate z. such that (2.10) or (3.21) holds in at most (4.13) successful iterations,
7(€) iterations in total, 27(€) (approximate) evaluations of f and vmax(€) + 7(€) approximate
evaluations of {Vif}ﬁ':l, where 7(¢) is given by (4.14), k,, is given by (4.15), omax by (4.2),
Wmin by (4.3) and vmax(€) by (3.30).

As above, this complexity bound can be condensed to

+8
O(e” Pﬁﬁﬂ) iterations and (approximate) evaluations of f (5:2)
5.2
5
O (|log(e)| + € pfhﬁ) (approximate) evaluations of the p first derivatives,

typically improving on Theorem 4.6. When p =2, ¢ =1 and 5 = 1, the ARpDA variant using the
more restrictive accuracy strategy (5.1) requires at most

O<| log(e)| + 673/2)

(approximate) evaluations of the gradient, which corresponds to the bound derived for the ARC-
DFO algorithm of [11]. This is not surprising as this latter algorithm uses a monotonically decreas-
ing sequence of finite-difference stepsizes, implying monotonically decreasing gradient-accuracy
thresholds.

One should however notice that the improved bound (5.2) comes at the price of asking, for
potentially many iterations, an accuracy on {Vi f }57:1 which is tighter than what is needed to
ensure progress of the minimization. In practice, this might be a significant drawback. We will thus
restrict our attention, in what follows, to the original ARpDA algorithm, but similar developments
are obviously possible for the “monotonic” variant just discussed.

6. Application to unconstrained and bound-constrained first- and second-order
nonconvex inexact optimization. Because of its wide-ranging applicability, the framework
discussed above may appear somewhat daunting in its generality. Moreover, the fact that it
involves (possibly constrained) global optimization subproblems in several of its steps may suggest
that it has to remain conceptual. We show in this section that this is not the case, and stress
that it is much simpler when specialized to small values of p and g (which are, for now, the most
practical ones) and that our approach leads to elegant and implementable numerical algorithms.
To illustrate this point, we now review what happens for p < 2.

We first discuss the case where one seeks to compute a first-order critical point for an un-
constrained optimization problem using approximate function values as well as approximate first
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derivatives. For simplicity of exposition, we will also assume that the gradient of f is Lipschitz
(rather than Holder) continuous. In our general context, this means that we consider the case
where g =1, p=1, S =1 and F = R". We first note that, as pointed out in (2.8),

d)‘}’l(x) = valﬁf(a:)Hd and 6(;’1 = [|[VLf(z)||0 irrespective of § € (0,1], (6.1)

which means that, since we can choose § = 1, Step 1 of the ARpdA algorithm reduces to the
computation of an approximate gradient V% f(zy) with relative error wy and verification that e-
approximate optimality is not yet achieved. If that is the case, computing s at Step 2 is also
extremely simple since it is easy to verify that

* 1 1 £
Sk = S}, = *;kvif(xk)-

Lemma 2.3 then ensures that this step is acceptable for some d; € (0, 1], the value of which being
irrelevant since it is not used in Step 1 of the next iteration. Moreover, if the relative error on
V15 f(xy) is bounded by wy, then

AT (zr, 55) — AT (wi,s6)] < [VEF(ze) — Vif(@ )||||V f(w)|
< w

= wkﬁl (xk, Sk)

and (2.13) automatically holds, so that no iteration is needed in Algorithm 3.3. The resulting
algorithm, where we have made the modified Step 1 explicit, is given as Algorithm 6.1 (AR1DA)
on the next page.
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Algorithm 6.1: The AR1DA Algorithm

Step 0: Initialization. An initial point £y € R"™ and an initial regularization parameter
oo > 0 are given, as well as an accuracy level € € (0, 1) and an initial relative accuracy
wp > 0. The constants «, Ky, ke, N1, N2, V1, Y2, V3 and oy, are also given and satisfy
Omin € (0, 09],

O<m <<, 0<y1 <1<y <ns,
1
ke € (0,1] a€(0,1), £y, € (0, am] and wy = min [I{w, } .
o0

Set k = 0.
Step 1: Compute the optimality measure and check for termination. Initialize
€1,0 = ke and set 1 = 0. Do
1. compute V1 f(zy) with [|[VLf(zx) — VL f(zx)| < &1, and increment i by one.
2. if |[VLf(zp)| < €/(1 + wyg), terminate with z. = xy;
3. if er; Swi|[ Vi f(ak)ll, go to Step 2;

4. set €1,441 = V:€1,; and return to item 1 in this enumeration.
Step 2: Step calculation. Set

sk =—Vif(ae)/ox and AT (wk, s5,01) = [VEF(20) |2 /o

Step 3: Acceptance of the trial point.
Compute f(z + sk, wy) ensuring that

ian + stawr) — f(an+ s6)| < Wil BT (2, 55 w0)]. (6.2)
Also ensure (by setting f, (24, wr) = f1_1 (T, wr_1) or by (ve)computing f}.(zx,ws))
that
[Folwrsn) = )] < BT (o, s, (6.3)
Then define

Frlzr,wr) = Fr(@r + sk, wi)

Pk = —7 . (64)
ATl (xk:a Sk, Wk;)
If pr. > m1, then define xx11 = xk + Sk; otherwise define z; 1 = .
Step 4: Regularization parameter update. Set
[max(omin, Y10k),0%]  if pr > 2,
Okt1 € [0k, 120%] if pi € [m,n2), (6.5)
(20K, V30K] if pr <mi.
Step 5: Relative accuracy update. Set
1
Wgt1 = min {/{w, ] . (6.6)
Ok+1

Increment k£ by one and go to Step 1.

Theorem 4.6 then guarantees that the AR1DA Algorithm will find an e-approximate first-order
minimizer for the unconstrained version of problem (2.1) in at most 0(6’2) iterations and approx-
imate evaluations of the objective function (which is proved in [12] to be optimal) and at most
O(\ log(e)|e_2) approximate evaluations of the gradient. Note that

1. the accuracy requirement is truly adaptive and the absolute accuracy €1 ; may remain
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quite large as long as || VL f(zy)|| itself remains large, as shown by item 3 in Step 1. Note
that, in the worst case, Step 1 terminates whenever €1; < ewy/(1 + wi) as one of the
following situation occurs: either |[V1f(z)|| < ¢/(1+wy) and it terminates in Step 1.2, or
IVif(x)|| > €/(1+wg) > e1,;/w, and termination occurs in Step 1.3.

2. The accuracy requirement for computing f does not depend on the absolute accuracy of
the gradient, but only on its norm (squared). At initial iterations, this may be quite large.

3. The ARIDA Algorithm is very close in spirit to the trust-region with dynamic accuracy
of [16, Sections 8.4.1.1 and 10.6] and, when values of f are computed exactly, essentially
recovers a proposal in [8]. It is also close to the proposal of [24], which is based on an
Armijo-like linesearch and has similar accuracy requirements.

We now turn to the case where one seeks a first-order critical point for an unconstrained
problem using approximate gradients and Hessians (under the assumption that the exact Hessian
is Lispchitz continuous). As for the case p = ¢ = 1, we have that (6.1) holds, making the
verification of optimality in Step 1 relatively easy. Computing si is now more complicated but
still practical, as it now implies minimizing the regularized quadratic model my, starting from xj
until a step s is found such that

1 =0
Isill > pez or Gy, (s, wi) = [Vamu(si)ll < $0]si

(as proposed in [10], see also [20, 23, 9, 17]), with the additional constraint that, for s; # 0,

~7t
AT2 (ack, Sk, wk)

xe(lsal) 6.7

< wgk

max[sl,i, 82’2‘]

where
ATy (wr, sk, wi) = —VLF (1) s, — 15T V2 f (k) 5.

The resulting algorithm AR2DA is quite similar to ARIDA and is omitted for brevity. We
note that

1. Algorithm AR2DA is guaranteed by Theorem 4.6 to find an e-approximate first-order min-
imizer for the unconstrained version of problem (2.1) in at most O(e_?’/ 2) iterations and
approximate evaluations of the objective function (which is proved in [12] to be optimal)
and at most O(|log(e)|e~3/2) approximate evaluations of the gradient and Hessian.

2. As for AR1DA, the absolute accuracies required by AR2DA on the approximate function,
gradient and Hessian only depend on the magnitude of the Taylor increment, which is
typically quite large in early iterations. The relative errors on the latter two remain
bounded away from zero.

3. The absolute accuracies required on the approximate gradient and Hessian are comparable
in magnitude, although (6.7) could be exploited to favour one with respect to the other.

The case where p = 2 and ¢ = 2 (i.e. when second-order solutions are sought) is also compu-

tationally quite accessible: calculating the optimality measure a(;ljl(xk,wk) or ai:kg(sk,wk) now
involve a standard trust-region subproblem, for which both exact and approximate numerical
solvers are known (see [16, Chapter 7] for instance), but the rest of the algorithm — in particular
its adaptive accuracy requirement — is very similar to what we just discussed (see also [12]).
Theorem 4.6 then ensures that resulting method converges to an e-approximate second-order-
necessary minimizer for the unconstrained version of problem (2.1) in at most 0(6*3) iterations
and approximate evaluations of the objective function and at most O(\ log(e)\e*?’) approximate
evaluations of the gradient and Hessian.

We conclude this section by a brief discussion of the case where ¢ = 1 and p € {1,2} as
before, but where F is now defined by bound constraints. It is clear that evaluating and enforcing



Bellavia, Gurioli, Morini, Toint: Adaptive Regularization Algorithms with Inexact Evaluations 25

such constraints (by projection, say) has negliglible cost and therefore falls in our framework. In

this case, the calculations of Ef’fl (zg,wy) or anfk’l(sk, wg) now involve simple linear optimization
problems*, which is computationally quite tractable. If p = 1, Step 2.2 and 2.3 involve convex
quadratic optimization, while they involve minimizing a regularized quadratic model if p = 2. All
results remain the same, and the ARpDA algorithm is then guaranteed to find a bound-constrained
approximate first-order approximate minimizer in at most 0(6*2) or 0(6*3/ 2) iterations and
approximate evaluations of the objective function (which is proved in [12] to be optimal) and at
most O(|log(e)|e2) or O(|log(e)|e~3/2) approximate evaluations of the gradient and Hessian. The
same algorithms and results obviously extend to the case where F is a convex polyhedral set or
any closed non-empty convex set, provided the cost of the projection on this set remains negligible
compared to that of (approximately) evaluating the objective function and its derivatives.

7. A stochastic viewpoint on ARpDA.

7.1. Probabilistic complexity. In this section we consider the case where the bounds
{ej}}—1 on the absolute errors on the derivative tensors {Vif(z) “_, are satisfied with proba-
bility at least (1 —¢), with ¢ € (0,1). This may occur, for instance, if the approximate derivative
tensors are obtained by some stochastic sampling scheme, as we detail below. We therefore assume
that

Pr[uvg;f(mk)—vg;f(xk)umggj}2(1—@ for each j € {1,...,p}. (7.1)

We also assume that inequalities (2.21) and (2.22) in Step 3 of the ARpDA algorithm are satisfied
with probability at least (1 —t), i.e.

Pr[\?k(wk + sy wr) = flee +sp)| < so] >1-t, (7.2)
and
Pr (il wn) = flan) < eo| 21—t (7.3)

where we have defined ¢ def wﬂﬁg (g, Sk, wi)|. Clearly, different values for ¢ could be chosen

in (7.1), one for each index (tensor order) j € {1,...,p}. Similarly, different values of ¢ in (7.2)
and (7.3) could be considered. However, for the sake of simplicity, we assume here that all the
inequalities involved in (7.1)—(7.3) hold with the same fixed lower bound (1 —t) on the probability
of success. We also assume that the events in (7.1)—(7.3) are independent.

Stochastic variants of trust-region and adaptive cubic regularization methods have been ana-
lyzed in [2, 7, 14, 29, 31]. In [7, 14], complexity results are given in expectation, while the analysis
is carried out in probability in [2, 29, 31]. We choose to follow the high-probability approach of
[29, 31], where an overall and cumulative success of (7.1)—(7.3) is assumed along all the iterations
up to termination.

We stress that Algorithms 3.2 and 3.3 terminates independently of the satisfaction of the
accuracy requirements on the tensor derivatives. This is due to the fact that termination relies on
the inequality (3.6). Moreover, during the iterations of either of these algorithms before the last,
it may happen that the accuracy on the tensor derivatives fails to be achieved, but this has no
impact on the worst-case complexity. Satisfying the accuracy requirement is only crucial in the
last iteration of Algorithm 3.2 or 3.3 (that is in Steps 1.2 and 2.2). Let &,.(S) be the event: “the
relations

IV f (1) — Vif(ze)llj <ej forall je{l,...,r}

hold for some j at Step S of the last iteration of the relevant algorithm”. In Step 1.2, inexact
values are computed for the first ¢ derivatives, and the probability that event £,(1.2) occurs is

*Formerly known as linear programming problems, or LPs.
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therefore at least (1 —¢)?. Similarly, the probability that event &£;(2.2) occurs is at least (1 — t)P.
Finally, at Step 3 of the ARpDA algorithm, the probability that both (2.21) and (2.22) hold is at
least (1 —t)2. Then, letting for ¢ € {1,...,k}, &, be the event: “Inequalities (2.13), (2.21) and
(2.22) hold at iteration 4, of the ARpDA algorithm”, the probability that &) occurs is then at
least (1 —¢)PT972. Finally, letting £(k) be the event: “£y) occurs for all iterations i € {1,...,k}
of the ARpDA algorithm”, we deduce that

P[ } Pr

ﬂ 5[111 — t)k(ptat2)

Thus, requiring that the event £(k) occurs with probability at least 1 — ¢, we obtain that

Pr [g(k):| Z (1 — t)k(p+(]+2) =1- E, i.e., t=1-— (1 —E) k(p£q+2) =0 <M) .

Taking into account that, when (2.13), (2.21) and (2.22) hold, the ARpDA algorithm terminates

in at most k = 0(67 Pfﬁﬁ) iterations (as stated by Theorem 4.6), we deduce the following result.

THEOREM 7.1. Let f € CP#(IR™). Suppose that the probabilistic assumptions of this section
hold and that, at each of iteration of the ARpDA algorithm, the probability ¢ satisfies

— p+B
o et (7.4)
(p+q+2) )" '

Then, given € € (0, 1), the conclusions of Theorem 4.6 hold with probability at least (1 —t).

As a consequence, when p = ¢ = 2 and § = 1 we have to choose t = O (éfe3), while, when
p=gq= =1, we have to choose t = O (1 7¢?).

We stress that the above analysis is unduly pessimistic in the case where p = ¢ = 1. Indeed, as
already noticed in Section 6, no reduction in {e;} is necessary at Step 2, as (2.13) is automatically

enforced whenever the relative error on the first derivative V1% f(z) is bounded by wy. Noting that
this last event has probability at least 1 — ¢, we can conclude that Pr(;;) > (1 —t)* and to get
the optimal complexity O( _2) with probability at least 1 — ¢, we need to choose t = O (% feg).
We also emphasize that the purpose of Theorem 7.1 is limited to offer guidance on desirable value
of t and not to prescribe an algorithmically binding bound. Indeed some of the constants involved
in the bound of Theorem 4.6 (and thus of Theorem 7.1) are typically unknown a priori (which is
why we have not been more specific in (7.4)).

7.2. Sample size in subsampling for finite-sum problems. In what follows, we now
focus on the solution of large-scale instances of the finite-sum problems arising in machine learning
and data analysis, that are modelled as

min f(x Z i (7.5)

zeF

with N > 0 and ; : R® — IR. Restricting ourselves to the cases where p < 2, we discuss the
application of Algorithm ARIDA and AR2DA to problem (7.5). In this case, the approximation
of the objective function’s value and of first and second derivatives is obtained by a subsampling
procedures, i.e. these quantities are approximated by randomly sampling component functions ;.
More precisely, at iteration k these approximations take the form:

Frlzn,wi) = D, | Z Yi(zr),  Frlon+spwr) = Dy, | Z Vi(zr + k),
1 2

i€Dy 1 1€Dg,2
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VL (z) > Vigi(zx), and V2 f(a \’H | > V2ihi(a),

1€k 1€EH

IQI

where Dy 1, Di2, Gk and Hy, are subsets of {1,2,...,N}. The question then arises of estimating
the cardinality of these sample sets in order to ensure that the approximations of the objective
function’s value and its first and second derivatives satisfy (7.1) for j = 1 and j = 2, (7.2) and
(7.3). This issue can be addressed using the operator-Bernstein inequality given in [27]. In the
next theorem we derive our final result concerning the sample sizes for subsampling the objective
function and its derivatives up to order two.

THEOREM 7.2. Suppose that there exist non-negative constants {"%,j}?:o such that, for
z € R" and all j € {0,1,2}

J o). < . . .
max [V ()| < k(o) (76)

Let t € (0,1) and suppose that a subsample Ay is chosen randomly and uniformly from
{1,..., N} and that, for some j € {0, 1,2}, one computes

Vi f( Vi (x
(=) |Ak|Z vil

1E€EA
with
4 : 2 ; 1
|Ag| > min {N, { u3(2) ( o (7) + ) log (d>-‘ } , (7.7)
Ej €j 3 t
where
2, if j=0,
d= n+1, if j=1,
on, if j=2.

Then condition (7.1) holds for = xj, with probability at least (1—t) if j € {1,2}, or, if j = 0,
each of the conditions (7.2) and (7.3) holds with probability at least (1 —¢) for = 3, + s
and x = xj, respectively.

Proof. Let Ay C {1,...,N} be a sample set of cardinality |Ax|. Consider j € {0,1,2} and
| Ax| random tensors Z,(x) such that,

Pr[Zu(z) = Vid(x)] = % (i e{l,...,N}).

For u € Ay, let us define

X (20 - Vif@), V@Y 5 Y 2

and

XS X = A (VEf (@) - Vif(a).

uE Ay

Since (7.5) gives that

1N .
~ 2 Vavi(x) = Vi f(w),
i=1
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we deduce that
N .
X.) Z (Vigi(z) — Vif(z)) =0, u€ A

Moreover, assuming Z, (z) = VI, (z) for some [ € {1,..., N} and using (7.6), we have that

N -1
¥ Ky j (@) < 2k 5(2),

X< | S Vi@ - Y Vi)

ie{l,...NI\{l}

<2

so that the variance of X can be bounded as follows:

v(X) = max [ B(XXT)|, | E(XT X)]]

— max H Z (X, XT) E(XTX,) }
u€Ag

< max Z IEXLXD D IEB(X L X, )H
TuEAy u€ Ay

<max | > B(|IX,X[), Y B(|X)Xu])
_UE.Ak uEAg -

< Y E(IXul?) < 4l AklR 5 (2),

uEAy

in which the first and the third inequalities hold because of the triangular inequality, while the
second is due to the Jensen’s inequality (note that the spectral norm || - || is convex). Therefore,
according to the Operator-Bernstein Inequality stated in [27, Theorem 6.1.1], we obtain that

2
2l Al

Pr(IVif@) = Vif@)l = ;] = PrIXI = 4] < de tes@Crstia) ()

withd=2if j=0,d=n+11if j =1 and d = 2n if j = 2. Then, bounding the right-hand side of
(7.8) by t, taking logarithms and extracting |Ax| gives (7.7). O

In particular, Theorem 7.2 gives the lower bounds

Dys| > min {N, [4/%,]‘(58) (2/11/;,3'(35) + 1) log (2>—‘ } . =12, (7.9)
’ o o 3 t

o min o, [ 10522 (2520501 s () &

| Zmin{N, [4”1/;;(%) <2ﬁ‘g( ) 4 1) log <2:>H (7.11)

The adaptive nature of these sample sizes is apparent in formulae (7.9)—(7.11), because they depend
on z and €;, which are themselves dynamically updated in the course of the ARpDA algorithm.
Depending on the size of N, it may clearly be necessary to consider the whole set {1,..., N} for
small values of {¢; }?:0. If the cost of evaluating functions 1;, for 1 < i < N, is comparable for all

and

i, the cost of evaluating f (zx,ws) amounts to the fraction |Dy 1|/N of the effort for computing
the exact value f(xy). Analogous considerations hold for the objective function’s derivatives.

In particular, whenever N is large enough to ensure that (7.9)—(7.11) do not require the full
sample, the size of the sample used to obtain a single approximate objective function value is
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O(eq 2). Analogously, gradient and Hessian values are approximated by averaging over samples
of size O(e;?) and O(e5?), respectively. In Step 3 of the ARIDA algorithm, the choice go €

[’yewkHV%f(xk)HQ/ak, wk||Vfcf(:Ek)||2/ok] is required to ensure that (6.2)-(6.3) are satisfied. With
this choice, iteration k of the ARIDA algorithm requires O(||V4 f ()| %) 1s-evaluations (O(e~4)

h-evaluations in the worst case). Similarly, eg = O(wy||AT5 (2, sk, w)||) is needed at iteration k
of the AR2DA algorithm. As a consequence, and if the algorithm does not terminate at iteration
k + 1, it follows from Lemma 4.1 and 4.4 that O(e_(3/(3_q))2) 1;-evaluations may be required in
the worst case. Finally, using Lemma 3.5 and (3.29), we claim that each iteration of the AR1IDA
and AR2DA algorithms requires at most O((1 + vmax(€))e~?) evaluations of component gradients
and component Hessians, where vyax(€) has been defined in (3.30). These bounds turn out to be
better or the same as those derived in [7], [14] or [31]. Although they may appear discouraging, it
should be kept in mind that they are valid only if N is truly large compared with 1/e (for instance,
it has to exceed O(e™*) to allow for approximate functions in the AR1DA Algorithm). In other
words, the sampling schemes (7.9)—(7.11) are most relevant when 1/¢ remains modest compared
with N.

We emphasize that the per-iteration failure probability ¢ given in (7.4) is not too demanding
in what concerns the sample size, because it only occurs in the logarithm term of (7.7). The same
is true of the impact of the value of the unknown constants hidden in the O(-) notation in (7.4).

The implementation of rules (7.9)-(7.11) requires the knowledge of the size of the functions v;’s
and their first and second order derivatives. If only global information is available, the dependence
on z may obviously be avoided by choosing a uniform upper bound ky ; for all x € F, at the
cost of a lesser adaptivity. Similar bounds on the sample size used to approximate gradients and
Hessians up to a prescribed probability have been derived and used in [25] where it has also been
observed that there are problems where estimations of the needed uniform upper bounds can be
obtained. In particular, let {(a;,b;)}, denote the pairs forming a data set with a; € R™ being
the vector containing the features of the i-th example and b; being its label. In [25] the authors
considered the minimization of objective function (1/N) Y~ (®(aTz) — b;aTx) over a sparsity
inducing constraint set, e.g., F = {z € R" | ||z|1 < 1}, for cumulant generating functions ®
of different forms, and explicitly provided the uniform bound k1. Taking into account that x
belongs to the set F, uniform bounds for the objective function and the Hessian norm can also be
derived.

Uniform bounds are available also in the unconstrained setting for binary classification prob-
lems modelled by the sigmoid function and least-squares loss, i.e. problems of the form (7.5) with
F=R" and

1 2
i (x) (bl 1+€_a?m> , i=1...,N. (7.12)
Let v;i(z) = (1 + e’“iT”E)’1 and note that b; € {0,1} and v;(x) € (0,1) for any x € R™. Then,
|¢i(x)| < 1, for any z € R". Moreover, uniform upper bounds y, ; for Vi;(z), j = 1,2 can be
easily derived and they are reported in Table 7.1 along with the expression of the first and second
order derivatives of 1;(z). The computation of these bounds requires a pre-processing phase as
the norms of the features vectors {a;}; of the data sets are needed.

Derivatives K,
V() —(bi —vi(z))(1 — vi(x))vi(x)a; L la]]
Vagi(z) | vi(x)(1 —vi(x))(Bvi(@)* — 20i(x) (1 + bi) + bi)asa] | &llas]?
TABLE 7.1

First and second order deriwatives of (7.12) and corresponding uniform bounds

8. Conclusion and perspectives. We have provided a general regularization algorithm
using inexact function and derivatives’ values, featuring a flexible adaptive mechanism for spec-
ifying the amount of inexactness acceptable at each iteration. This algorithm, inspired by the
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unifying framework proposed in [12], is applicable to unconstrained and inexpensively-constrained
nonconvex optimization problems, and provides optimal iteration complexity for arbitrary degree
of available derivatives, arbitrary order of optimality and the full range of smoothness assumptions
on the objective function highest derivative. We have also specialized this algorithm to the cases
of first- and second-order methods, exhibiting simple and numerically realistic methods. We have
finally provided a probabilistic version of the complexity analysis and derived associated lower
bounds on sample size in the context of subsampling methods.

There are of course many ways in which the proposed algorithm might be improved. For
instance, the central calculation of relatively accurate Taylor increments may possibly be made
more efficient by updating the absolute accuracies for different degrees separately. Further tech-
niques to avoid unnecessary derivative computations (without affecting the optimal complexity)
could also be investigated.

The framework proposed in this paper also offers obvious avenues for specializations to specific
contexts, among which we outline two. The first is that of algorithms using stochastic approx-
imations of function values and derivatives. The technique presented here derives probabilistic
conditions under which properties of the deterministic algorithms are preserved. It does not pro-
vide an algorithm which is robust against failures to satisfy the adaptive accuracy requirements.
This is in contrast with the interesting analysis of unconstrained first-order methods of [24] and
[7]. Combining the generality of our approach with the robustness of the proposal in these latter
papers is thus desirable. The second interesting avenue is the application of the new results to
multi-precision optimization in the context of very high performance computing. In this context,
it is of paramount importance to limit energy dissipation in the course of an accurate calculation,
and this may be obtained by varying the accuracy of the most crucially expensive of its parts
(see [19] for unconstrained quadratic optimization). The discussion above again provides guidance
at what level of arithmetic accuracy is needed to achieve overall performance while maintaining
optimal complexity. Both these topics are the object of ongoing research and will be reported on
at a later stage.
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