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Abstract

An adaptive regularization algorithm using high-order models is proposed for solving partially-
separable convexly constrained nonlinear optimization problems whose objective function con-
tains non-Lipschitzian ¢4-norm regularization terms for ¢ € (0,1). It is shown that the al-
gorithm using an p-th order Taylor model for p odd needs in general at most O(ef(p“)/p)
evaluations of the objective function and its derivatives (at points where they are defined)
to produce an e-approximate first-order critical point. This result is obtained either with
Taylor models at the price of requiring the feasible set to be ’kernel-centered’ (which inclu-
des bound constraints and many other cases of interest), or for non-Lipschitz models, at the
price of passing the difficulty to the computation of the step. Since this complexity bound
is identical in order to that already known for purely Lipschitzian minimization subject to
convex constraints [5], the new result shows that introducing non-Lipschitzian singularities in
the objective function may not affect the worst-case evaluation complexity order. The result
also shows that using the problem’s partially-separable structure (if present) does not affect
the complexity order either. A final (worse) complexity bound is derived for the case where
Taylor models are used with a general convex feasible set.
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1 Introduction
We consider the partially-separable convexly constrained nonlinear optimization problem:

: — (1T, |4
min f(e) = Y £iU) + Y Ui (1)
1EN i€H
where F C R" is a non-empty closed convex set, N'UH def M, NNOH=0,q¢€(0,1), U; a (fixed)
n; X n matrix with n; < n and such that

n; =1 and UinT =0 for i,j € H,j #1, (1.2)

and f; : B — R. Without loss of generality, we assume that, for each ¢ € M, U; has full row
rank and ||U;|| = 1, and that the ranges of the U} for i € N/ span R" so that the intersection of
the nullspaces of the U; is reduced to the origin®). In what follows, the “element functions” f;
(1 € N) will be nice “well-behaved” smooth functions with Lipschitz continuous derivatives. We
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MIf the {UT'}ien donot span R™, problem (1.1) can be modified without altering its optimal value by introducing

an additional identically zero element term fo(Upzx) (say) in N with associated Up such that N;car ker(U;) C
range(UOT). It is clear that, since fo(Upx) = 0, it is differentiable with Lipschitz continuous derivative for any order
p > 1. Obviously, this covers the case where N = (.
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also require (initially at least(®)) that the feasible set is "kernel centered’, in the sense that, if Py[-]
is the orthogonal projection onto the convex set X, then, for i € H,

Pyer()[F] € F  whenever  ker(U;) N F # () (1.3)

in addition of F being convex, closed and non-empty. As will be discussed below (after Lemma 4.2),
we may assume without loss of generality that, ker(U;) N F # 0 (and thus Pyey(u,)[F] € F) for all
1 € ‘H. 'Kernel centered’ feasible sets include the whole space R"™, boxes (corresponding to bound
constrained problems), spheres/cylinders centered at the origin. For example, the following box
constrained Lz-L;/, minimization problem

; 2 b)2 ot
min Z(le bi)* + A Z |U; x| (1.4)
ieN i€H

where U; € R i e M, F = {a|{ <z < u} with £ € —R?, u € R} and £ < u, N =
{1,...,K1}7H = {Kl + ].,...,Kl +K2} with Kl,KQ >1, b; € Rand A > 0.

Problem (1.1) has many applications in engineering and science. Using the non-Lipschitz re-
gularization function in the second term of the objective function f has remarkable advantages
for the restoration of piecewise constant images and sparse signals [23], and sparse variable se-
lection, for instance in bioinformatics [8, 22]. Theory and algorithms for solving g-norm regularized
optimization problems have been developed in [7, 9].

The partially-separable structure appearing in problem (1.1) is ubiquitous in applications of
optimization. It is most useful in the frequent case where n; < n and subsumes that of sparse
optimization (in the special case where the rows of each U; are selected rows of the identity matrix).
Moreover the decomposition in (1.1) has the advantage of being invariant for linear changes of
variables (only the U; matrices vary). Partially-separable optimization was first considered in
Griewank and Toint in [21], studied for more than thirty years (see [14, 15, 24] for instance) and
extensively used in the popular CUTEst testing environment [17] as well as in the AMPL [13],
LANCELOT [11] and FILTRANE [18] packages, amongst others. In particular, the design of trust-
region algorithms exploiting the partially-separable decomposition (1.1) was investigated by Conn,
Gould, Sartenaer and Toint in [10, 12].

Focussing now on the nice multivariate element functions, we note that using the partially-
separable nature of a function f can be very useful. We let z; = U;x € R™, for i € M, and
fz(x) =3, fi(x), for any T C M. In particular, we denote

@) E S fiU) =Y file) and  ful2) €Y fiUin) = Y fila).
ieN ieN i€H i€H

When we use derivatives of far(x) with order larger than one in the context of the p-th order
Taylor series

p
Ty, (2,9) = Ina) + 3 5 Vifw(@)ls) (15)
Jj=1
it may be verified that
Vifn(@)sP = Vi, fila)[Uis) - (1.6)
1EN

This last expression indicates that only the [N tensors {V7 f;(x;)}ien of dimension n? needs to
be computed and stored, a very substantial gain compared to the n’-dimensional V7 fxr(z) when
(as is common) n; < n for all 4. It may therefore be argued that exploiting derivative tensors of
order larger than 2 — and thus using the high-order Taylor series (1.5) as a local model of f(z+s)
in the neighbourhood of z — may be practically feasible if f is partially-separable. Of course the
same comment applies to fy(z) whenever the required derivatives of f;(z;) = |z;|? (i € H) exist.

(@We will drop this assumption in Section 5 by using a model defined in (5.1).
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Interestingly, the use of high-order Taylor models for optimization was recently investigated by
Birgin et al. [2] in the context of adaptive regularization algorithms for unconstrained problems.
Their proposal belongs to this emerging class of methods pioneered by Griewank [20], Nesterov
and Polyak [26] and Cartis, Gould and Toint [4] for the unconstrained case and by these last
authors in [5] for the convexly constrained case of interest here. Such methods are distinguis-
hed by their excellent evaluation complexity, in that they need at most O(e~(P+1/P) evaluations
of the objective function and their derivatives to produce an e-approximate first-order critical
point, compared to the O(e~2) evaluations which might be necessary for the steepest descent and
Newton’s methods (see [3] for details). However, most adaptive regularization methods rely on a
non-separable regularization term in the model of the objective function, making exploitation of
structure difficult®®. We note that complexity issues for non-Lipschitzian problems have already
been investigated [6, 19, 25], but the Lipschitz assumption on the derivatives is then replaced by
a (weaker) Holder condition. Our ambition here is to assume considerably less, since our purpose
is to cover severe sigularities as present in cusps and norms of fractional index, for which Hélder
conditions fail.

Contributions. The main purpose of the present paper is to establish that first-order worst-case
evaluation complexity for nonconvex minimization subject to convex constraints is not affected
by the introduction of the non-Lipschitzian singularities in the objective function (1.1). This
requires several intermediate steps. The first is to derive, in Section 2, new first-order necessary
optimality conditions that take the non-Lipschitzian nature of (1.1) into account. These conditions
motivate the introduction of a new 'two-sided’ symmetric model of the singularities which is then
exploited in the proposed algorithm. Because the new necessary conditions involve the gradient of
a partial objective with a number of singular terms itself depending on the approximate solution
(see Theorem 2.1 below), this prevents the aggregation of all terms in (1.1) in a single abstracted
objective function. As a consequence, complexity bounds must be derived while preserving the
additive partially-separable structure of the objective function. Our second step is therefore to
show, in Section 3, that first-order worst-case complexity bounds are not affected by the use
of partially-separable structure. In Section 3.1, we then specialize our analysis to a wide class
of kernel-centered feasible sets and show that complexity bounds are again unaffected by the
presence of the considered non-Lipschitzian singularities. The final step is to show in Section 5
that (weaker) complexity results may still be obtained if one considers feasible sets which are not
kernel-centered. All these results are discussed in Section 6 and some conclusions are presented in
Section 7.

Notations. In what follow, || - || denotes the Euclidean norm and ||T||, the recursively induced
Euclidean norm on the p-th order tensor T' (see [2, 6] for details). The notation T'[s]* means that
the tensor T is applied to i copies of the vector s. For any set X, |X'| denotes its cardinality.

2 First-order necessary conditions

In this section, we first present exact and approximate first-order necessary conditions for a
local minimizer of problem (1.1). Such conditions for optimization problems with non-Lipschitzian
singularities have been independently defined in the scaled form [9] or in subspaces [1, 8]. The
above optimality conditions take the singularity into account by no longer requiring that the
gradient (for unconstrained problems, say) nearly vanishes at an approximate solution x. (which
would be impossible if the singularity is active) but by requiring that a scaled version of this
requirement holds in that | X V1 f(z.)| is suitably small, where X, is a diagonal matrix whose
diagonal entries are the components of z.. Unfortunately, if the i-th component of x. is small but
not quite small enough to consider that the singularity is active for variable 4 (say it is equal to 2¢),
the i-th component of V1 f(z) can be as large as a multiple of e~!. As a result, comparing worst-
case evaluation complexity bounds with those known for purely Lipschitz continuous problems
(such as those proposed in [2] or [6]) may be misleading, since these latter conditions would never
accept an approximate first-order critical point with such a large gradient. In order to avoid these
pitfalls, we now propose a stronger definition of approximate first-order critical point for non-

(3)The only exception we are aware of is the unpublished note [16] in which a p-th order Taylor model is coupled
with a regularization term involving the (totally separable) g-th power of the ¢ norm (¢ > 1).
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Lipschitzian problems where such “border-line” situations do not occur. The new definition also
makes use of subspaces but exactly reduces to the standard condition for Lipschitzian problems if
the singularity is not active at x., even if it is close to it.

Given a vector z € R™ and € > 0, denote

1
Cla,e) E i e | |Uix| < e}, R(z,0 = () ker(U;)= | span {U]} (2.1)
icC(,€) i1€C(x,€)
and ot
W(x,e) = N U(H\C(x,¢)). (2.2)
(When C(z,¢) = 0, we set R(z,e) = R".) For convenience, if € = 0, we denote C(x) %ef C(z,0),
R(z) dof R(z,0) and W(x) def W(z,0). Finally note that, although f(x) is nonsmooth if H # 0,

Jw(a,e)(x) is as differentiable as the f;(x) for i € N and any € > 0. This allows us to formulate
our first-order necessary condition.
Theorem 2.1 If z, € F is a local minimizer of problem (1.1), then

Xf(zs) =0, (2.3)

where, for any x € F,

xrlx) = min Vifw(w)(x)Td . (2.4)
r+deF
deR(w),||d]|<1
Proof. Suppose first that R(x.) = {0} (which happens if z. = 0 € F and span;c,{U'} = R").

Then (2.3)-(2.4) holds vacuously. Now suppose that R(x,) # {0}. By assumption, there exists
0z, > 0 such that

= min{fy(z. +d) + Y |Ui(w. +d)|" | 2o +d € F, ||d] < 2.}

i€H

< min{fu(@ +d) + Y |Uilze + )| |2+ d € F, d € R(x.), ||d] <6z}
i€H

= min{fy(z. +d) + > Uime+d)|? |z +d e F, deR(x), ||d]| < b},
i€H\C ()

where we used (2.1) to derive the last equality. We now introduce a new problem, which is problem
(1.1) reduced to R(z.), namely,

ming  fwe,) (@ +d) = (@ +d) + e Uil + )Y, (2.5)
s.t. Ty +d € F and d € R(z.), '

whose gradient V} W) (%« +d) is locally Lipschitz continuous in some (bounded) neighbourhood
of x,. Since we have that

W) (@) = () + Z Ui |? = far(ws) + Z Uiz |? = f(z.),
€M\ () ien

we obtain that fyy(,.)(2x) < min{fyy(e,) (2« +d) | 2. +d € F, d € R(z,), ||d|| < ..} and z, is
a local minimizer of problem (2.5). Hence no feasible direction from z, is a descent direction for
Jw(a.) (@« 4 d), which is to say that

Vit (@)Td >0, z.,+deF,deR(zs). (2.6)

In addition, {d =0} C{d | z.+de€ F,de R(z,), |d| <1} C{d | z. +d e F,d e R(z.)}
which, combined with (2.6), gives the desired result (2.3)-(2.4). O
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We call z, a first-order stationary point of (1.1), if =, satisfies the relation (2.3) in Theorem 2.1.
For € > 0, we call z. an e-approzimate first-order stationary point of (1.1), if x. satisfies

X (xe,€) def min V. ,o(@)hd| < e (2.7)

Te+dEF
dER (T €),]1d] <1

Note that x¢(z) = xs(«,0). This optimality measure is identical to that used in [5] for the smooth
convexly-constrained case, but applied here on the subspace R(z., €). In particular, both measures
coincide if H = 0.

Theorem 2.2 For each € > 0, let x. be an e-approximate first-order stationary point of (1.1).
Then any cluster point of {x}eso is a first-order stationary point of problem (1.1) as e — 0.

Proof.  Suppose that z, is any cluster point of {z.}¢~o. Then there must exist an infinite
sequence {ex} converging to zero and an infinite sequence {x¢, }r>0 C {®c}eso such that z, =
limg_s 00 ¢, and z, is an eg-approximate first-order stationary point of (1.1) for each k£ > 0.
If R(z.) = {0}, (2.3) holds vacuously and hence z, is a first-order stationary point. Suppose
therefore that R(z.) # {0}, implying that the dimension of R(x,) is strictly positive and hence
that H \ C(z.) # 0. First of all, we claim that there must exist k. > 0 such that

C(xe,,€er) CCay) for k> k.. (2.8)
To prove this inclusion, choose k, sufficiently large to ensure that

|ze, — || +€x < min |Ujzy|, for k> k., (2.9)
FEH\C(z4)

the right-hand side of this inequality being strictly positive by definition of C(z,). Without loss
of generality, suppose that k. = 1. Now consider an arbitrary k > k, and an index ¢ € C(x,, €x).
Using the definition of this latter set, the identity ||U;|| = 1 and (2.9), we then obtain that

Uize] < [Uile = ze )| + [Vize] < floe —@ell +ex < _min Usz.]

This in turn implies that |U;xz.| = 0 and i € C(x.), proving (2.8). Using (2.1), we see that (2.8)
then implies that, for all k,
R(zx) C R(xe,,€) and W(zy) C W(xe,, €x)- (2.10)

For any fixed k, consider now the following three minimization problems:

mind V}wa(xf ',ek)(wek)Tda
(4, k) { st oz, +deF,de R, e |ldl <1, (211)

ming Vifw(;pe ,ek)(xﬂc)Td’
R I Y (212

and

ming vifW(x*)(xék)Td’
(C.F) {t o +de F,de Rz, ] < 1. 219

Since d = 0 is a feasible point of all three problems (A, k), (B, k) and (C, k), their minimum values,
which we respectively denote by ¥4k, U5, and d¢, are all nonpositive. Moreover, it follows
from the first part of (2.10) that, for each k,

Upk > DAk (2.14)
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It also follows from (2.8) and (1.2) that Vifw(wewek)(ac*)Td = VL fw.(z«)"d for all k and all
d € R(x,), and thus (2.14) becomes

Yar <Ipr =Vcy forall k. (2.15)

In addition, standard perturbation theory for convex problems (see [12, Theorem 3.2.8], for in-
stance) implies that
xrla) = T [, (2.16)

Now the definition of z, implies that —e;, < ¥4 for all k. Hence, combining this inequa-
lity with the non-positivity of the minimum values, (2.15) and (2.16) gives that 0 < xs(z.) =
limy s o0 |9c k| < limg_yo0 € = 0, which completes the proof. O

3 A partially-separable regularization algorithm

We now examine the desired properties of the element functions f; more closely. Assume first
that, for ¢ € A/, each element function f; is p times continuously differentiable and its p-th order
derivative tensor V2 f; is globally Lipschitz continuous with constant L; > 0 in the sense that, for
all x;,y; € range(U;),

IVE filwi) = Vi fi(yi)llp < Lillzi — will- (3.1)
It can be shown (see (4.5) below) that this assumption implies that, for ¢ € NV,
1
i(x; +8;) =Tf, p(xi,8) + ——T1:L;||s; P+ with 7| <1 and s; =U;s. 3.2
i+ 50 = Ty plases) + bl e (32

Because the quantity 7;L; in (3.2) is usually unknown in practice, it is impossible to use (3.2)
directly to model the objective function in a neighbourhood of z. However, we may replace this
term with an adaptive parameter o;, which yields the following (p+ 1)-th order model for the i-th
“nice” element 1

mi(x;, 8;) = Tr, p(x4,8:) + ——— 4|si p+17 ieN). 3.3
(@0030) = Tyl s + ooy ol (e ) (33)

There is more than one possible choice for defining the element models for i € . The first(*)
is to pursue the line of polynomial Taylor-based models, for which we need the following technical
result.

Lemma 3.1 We have that, for i € H and all x,s € R™ with U;x # 0 # U;(z + s),

00 j—1
1 (7 » 4
i+ sil " = |2l "+ ¢ ) il (H(q - 5)) |i| 7 (i, si), (3.4)
j=1 =1
where
S; ’Lf(EZ>0 and x; +s; >0,
def | —8; if ;<0 and z; +5; <0,

i, si) = —(2x;+s8;)  if ;>0 and z; +s; <0, (3.5)

2x; + 85 if v; <0 and x; +s; > 0.

Proof. If y € R, it can be verified that the Taylor expansion |y + z|? at y 20 and y + z € R4
is given by

[y + 2] :yq+q2% lH(qé)l Y7z (3.6)

j=1 =1

Let us now consider ¢ € H. Relation (3.6) yields that, if x; > 0 and x; + s; > 0,

00 1 j—1 o
i+ sil7 = |zl + gy i [H(q - z)] |2;|97s7. (3.7)

j=1"" Le=1

(4) Another choice is discussed in Section 5.
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By symmetry, if we have that if x; < 0 and z; + s; < 0, then

> (-1) [ i
s+ sil = m|" + gy i [T@—=0 | laiss]. (3.8)

j=1 =1

Moreover, if x; > 0 and z; + s; < 0, then

< (_1) [1=L , ,
i+ sil = — @il "+ ¢ ) ( jl) [H(q - g)] | = @il 977 (22 + s3)7 . (3.9)
j=1 ’ =1

Symmetrically, if z; < 0 and x; + s; > 0, then again,

x 1 [t A _
‘$¢ + Sl"q = | *xi‘q +qz ﬁ [H(q — é)‘| ‘ — l‘i|q7j(2:17i + Si)j (310)

j=1 =1

(3.4)-(3.5) then trivially results from (3.7)-(3.10) and the identity | — ;| = |z;]. O
We now slightly abuse notation by defining
Tya p(xi, 8i) if ;>0 and x; +s; >0,

def T(,m)q’p(l‘i, —Si) if z; <0 and x; +s; <0,

T‘.|q,p(l'i7$i) = (311)

T(_w)qm(*J?i, 2x; + Si) if z; >0 and x; +s; <0,
Tya p(—x4, 225 + ;) if ;<0 and z; +s; > 0.

We are now in position to define the regularized “two-sided” model for the element function f;
(i €M) as
def
mz(xl,sl) = qu(l’i,si). (312)
Figure 3.1 illustrates the two-sided model (3.11)-(3.12) for z; = —1, p=3, ¢ =

[N

L L L L
-3 2 -1 0 1 2 3

Figure 3.1: The square root function (continuous) and its two-sided model with p = 3 evaluated
at ©; = —1 (dashed)

We may now build a model for the complete f at x on R(x,¢€) as

m(z,s) = Z m; (x4, 8i). (3.13)

1EW(z,€)

The algorithm considered in this paper exploits the model (3.13) as follows. At each iteration
k, the model (3.13) taken at the iterate © = xy is (approximately) minimized in order to define
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a step s € R(zp,€). If the decrease in the objective function value along si is comparable to
that predicted by the Taylor model, the trial point xx + si is accepted as the new iterate and the
regularization parameters o;  (i.e. o; at iteration k) possibly updated. The process is terminated
when an approximate local minimizer is found, that is when, for some k& > 0,

Xf(xp,€) <e (3.14)
In order to simplify notation in what follows, we make the following definitions:

Ck déf C(l'k,E), Rk dﬁf R(.Tk7€), Wk dﬁf W(.’Ek,ﬁ)7

and
C+ dif (xk+sk,6), R; déf R(xk+sk,e), W,j déf W(xk+sk,e).

Having defined the criticality measure (2.4), it is natural to use this measure also for termina-
ting the approximate model minimization: to find s, we therefore minimize m(zy, s) over s € Ry,
until, for some constant # > 0 and some exponent 7 > 1,

X (Thy Sk, €) = X, (ks 5,€) Smin | 3¢7  min  |U(ag + sp)|", 0|5k (3.15)
k ZEHF]W
where
def .
Xm. o (Th, Sy €) = min  Vimy,+(zr, s5)7d| . (3.16)
Wi T+sp+deEF k
deR ] ||d] <1

We also require that, once |U;(xy + s)| < € occurs for some ¢ € H in the course of the model
minimization, it is fixed at this value, meaning that the remaining minimization is carried out
in R(zx + s,€). Thus the dimension of R(zy + s,€) (and therefore of R(xy,€)) is monotonically
non-increasing during the step computation and across iterations. Note that computing a step
s satisfying (3.15) is always possible since the subspace R(xp + s,€) can only become smaller
during the model minimization and since we have seen in Section 2 that y,,(zk,sx) = 0 at
any local minimizer of myy(z,+s,e)(Zk,s). This model minimization is in principle simpler than
the original problem because the general nonlinear f; have been replaced by locally accurate
polynomial approximations and also because the model is now Lipschitz continuous, albeit still
non-smooth. Importantly, the model minimization does not involve any evaluation of the objective
function or its derivatives, and model evaluations within this calculation therefore do not affect
the overall evaluation complexity of the algorithm.

We conclude this section by introducing some useful notation and describing our algorithm.

def def
Define z; j, = U,x), and Sik = U, sp. Also let

def def

6fir = filwin) = filwin+sin)s Ofx = Sy (@r) = fry+ (zx + 51) = > 5fik
ZEV\/,:r
def def
omy e = mi(xi 5, 0) — m (T g, Sik), Omy = mws(xk,O) mW+ Tk, Sk) Z om; i,
zGW,:r
and

5T,
T, = walj’p(xk,())—walj,p(xkask)

= [TfN,p(xk,O) = Tpyp(@hs s1)] + [ﬂ-\j{\c:’p(ﬂ«"m@) \|g{\c+ (Tk, sk)] (3.17)

= 5mk+( +1 , > oiklsiglPt
ieN
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The partially-separable adaptive regularization algorithm is now formally stated as Algorithm 3.1
on the following page.

Note that an g € F can always be computed by projecting an infeasible starting point onto
F. The idea of the second and third parts of (3.21) and (3.22) is to identify cases where the
model m; overestimates the element function f; to an excessive extent, leaving some space for
reducing the regularization and hence allowing longer steps. The requirement that pr > n in both
(3.21) and (3.22) is intended to prevent a situation where a particular regularization parameter
is increased and another decreased at a given unsuccessful iteration, followed by the opposite
situation at the next iteration, potentially leading to cycling. Other more elaborate mechanisms
can be designed to achieve the same goal, such as attempting to reduce a given regularization
parameter at most a fixed number of times before the occurence of a successful iteration, but we
do not investigate those alternatives in detail here. Observe also that it would have been possible
to use a single regularization parameter oy, large enough to ensure that the model overestimates the
objective function f. However this might lead to excessive overestimation for the better behaved
fi, potentially decreasing the quality of the model as an approximation to f. This can be avoided
by our more flexible proposal.

We note at this stage that the condition s, € R, implies that C, C C,:' and W,j' C Wy.
Note that Algorithm 3.1 considerably simplifies in the Lipschitzian case where H = (), since
fwe (@) = fam(z) = f(z) for all k > 0 and all x € F = Fo.

We illustrate some concepts of this algorithm with a special case of problem (1.1)

min (Uix) + A ;]9 3.25
i 3 (Vi) + 23l (3.25)
from [1]. For this problem, H = {|N|+1,...,|N|+n}, U; = €] fori € H and Tj.ja ,(;, s;) reduces
to Tya (s, 5;) because of the (kernel centered) non-negativity constraint. In Step 1, f(xy) and
its derivatives {V} fi(zx)}j_y,i € Wy are evaluated, where Wy, = N'U {|z; x| > ¢}. In Step 2,
Ri = Nja, pj<eker(e;). In (3.15), Wi = N U {|zi + sik| > €}

4 Evaluation complexity for ’kernel-centered’ feasible sets
We start our worst-case analysis by formalizing our assumptions for problem (1.1).

The feasible set F is closed, convex and non-empty.

AS.2 Each element function f; (i € N) is p times continuously differentiable in an open
set containing JF, where p is odd whenever H # ().

The p-th derivative of each f; (i € ) is Lipschitz continuous on F with associated
Lipschitz constant L; (in the sense of (3.1)).

AS.4 There exists a constant fioy such that far(x) > fiow for all x € F.

AS.5 There exists a constant x> 0 such that | V2 far(2))|| < kp for all x € F and all
je{l,...,p}

Note that AS.4 is necessary for problem (1.1) to be well-defined. Also note that, because of AS.2,
AS.5 automatically holds if F is bounded or if the iterates {x)} remain in a bounded set. It is
possible to weaken AS.2 and AS.3 by replacing F with the level set £ = {z € F | f(x) < f(xo)}
without affecting the results below. As can be seen in the proof of Lemma 4.7, AS.5 may also be
weakened by replacing F with {x+s € F |z € £ and ||s|| <1} or strengthened by assuming the
boundedness of the level set £ = {z € F| f(z) < f(x0)}.

We first observe that our assumptions on the partially-separable nature of the objective function
imply the following useful bounds.



Chen, Toint, Wang: Evaluation complexity of non-Lipschitzian optimization

10

Algorithm 3.1: Partially-Separable Adaptive Regularization

Step 0: Initialization: x¢ € F and {0;,0}:en > 0 are given as well as the accuracy € € (0, 1]
and constants 0 < v < 1 <y < 2, n € (0,1), 8 > 0, opin € (0, min;epr 04,0 and

Kuig > 1. Set k= 0.

Step 1: Termination: Evaluate f(zx) and {V. fwy, (zr)}. If xf(zk, €) <€, return z. = zy,

and terminate. Otherwise evaluate {V7 fy, (xx)}}_s-

Step 2: Step computation: Compute a step s € Ry such that zy + s, € F, m(xg, sx) <

m(zy,0) and (3.15) holds.

Step 3: Step acceptance: Compute
_ fk
Pk 5T,

and set xp11 = oy if pp <, Or T = ) + Sk if P > 7.

Step 4: Update the “nice” regularization parameters: For i € N, if

fil@ig + six) > mi(Tik, 5ik)
set
Tikt1 € V1041, V20 k|-

Otherwise, if either

pe=>n and 0f;x <0 and Ofix < 0myp — Kuigld fil

or
pe>n and O0fir >0 and O0fir > 0m, i + Kuigld fi
then set
Oik+1 € [MaX[Oimin, Y00ik], T4 k)
else set

Oik+1 = O k-

Increment k£ by one and go to Step 1.

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
(3.23)

(3.24)
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Lemma 4.1 There exist a constants ¢ > 0 such that, for all s € R™ and all v > 1 and for any
subset N C X C M,

Cllsall” < D sl < X lsxll”s where sx = Papan, ury ()- (4.1)
ieX

Proof. Assume that, for every ¢ > 0 there exists a vector s¢ in span;c{U]} of norm 1 such
that max;cx ||Ussc|| < s||sc]] = ¢. Then taking a sequence of {¢;} converging to zero and using
the compactness of the unit sphere, we obtain that the sequence {s,} has at least one limit point
so with ||sg]| = 1 such that max;cy |Uiso|| = 0, which is impossible since we assumed that the
intersection of the nullspaces of the U; is reduced to the origin. Thus our assumption is false and
there is constant ¢ > 0 such that, for every s € span,;c»{U} },

max [|s;|| = max [|Uis|| > qumin[Us][|s]],
1EX ieX

where ¢uin[U;] > 0 is the smallest singular value of U;. If we now set ¢ = min;ex Smin[U;], the first
inequality of (4.1) then follows from ), [|s:[|" > max;ex ||s:]|” > ¢¥||s/|V. We have also that

> lsill < | X max [Uss]” < || max (|Uill1s])"

iEX
which, with the identity ||U;]| = 1, yields the second inequality of (4.1). a
Taken for v = 1 and X = N, this lemma states that >, || -|| is a norm on R™ whose equivalence

constants with respect to the Euclidean one are ¢ and |[A]. In most applications, these constants
are very moderate numbers.

We now turn to the consequence of the Lipschitz continuity of V2 f; and define, for a given k£ > 0
and a given constant ¢ > 0 independent of ¢,

def

Ore = {i € W,j AH | min[|x; k|, [Tk + Sik

1> ¢} (4.2)

Note that O ¢ = H \ |C(xk, @) UC(x) + sk, ¢)}

Lemma 4.2 Suppose that AS.2 and AS.3 hold. Then, for k > 0 and Lmax = max;en Li,

1 )
il o+ i) = i 1) oy [Tk D L = ol with il <1, (4.3

for alli € N. If, in addition, ¢ > 0 is given and independent of €, then there exists a constant
L(¢) independent of € such that

IVaSnon . @k + sk) = ViTlgio, , 0@k s6)ll < L@)llsk - (4.4)
These results hold irrespective of the parity of p.

Proof. First note that, if f; has a Lipschitz continuous p-th derivative as a function of Uz,
then (1.6) shows that it also has a Lipschitz continuous p-th derivative as a function of z. It is
therefore enough to consider the element functions as functions of x; = U;z.

AS.3 and (3.1) imply that

Tik )
filzip + sik) =T p(Tik, Sik) + ijaXHSi,ka+1 with |7 %] <1, (4.5)

for each ¢ € N (see [2]) (4.3) then follows from (3.3).
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Consider now ¢ € O ¢ and assume first that ; , > ¢ and x; ; + s, > ¢. Then f;(x;) = x? is
infinitely differentiable on the interval [z;k,z;k + Six] C [¢,00) and the norm of its (p + 1)-st
derivative tensor is bounded above on this interval by

p+1

[T@-2o

£=0

def

L(9) g1 (4.6)

We then apply the same reasoning as above using the Taylor series expansion of z! at x; and,
because of the first line of (3.11), deduce that

Tik(p+ 1)Ly () |sie[PT! with |73 %] <1, (4.7)

1
i\Tik + Sik) = MilTik, Sik) + 757
fil@ig + i) (o sik) + T2

and
IVLfi(@ik + sik) = VTl o p(@ig, sin)ll < La(@)]sikl?, (4.8)

hold in this case (see [2]). The argument is obviously similar if z; , < —¢ and z;  + s; 6 < —,
using symmetry and the second line of (3.11). Let us now consider the case where x;; > ¢ and
Tik + Sik < —¢. The expansion (3.4) then shows that we may reason as for x;; < —¢ and
Tk + Sik < —¢ using a Taylor expansion at —z; (which we know by symmetry) and the third
line of (3.11). The case where z;; < —¢ and z; ; + s, > ¢ is similar, using the fourth line of
(3.11). As a consequence, (4.7) and (4.8) hold for every i € Oy with Lipschitz constant Ly (¢).
Moreover, using (4.1) and the definitions (4.6),

Y. LilsilP*t < max [Loas, La(e)] Y [lsilP*

1ENUO, ¢ 1ENUO ¢

and (4.4) then follows from (4.8) and (4.1) with L(¢) %< | M| max [Lumax, L3 ()] - O

Note that there is no dependence on ¢ in L if H = (). We now return to our statement that
ker(U;)NF #£0 (4.9)

may be assumed without loss of generality for all i € . Indeed, assume that (4.9) fails for j € H.
Then j € Oy ¢, for all k > 0, where &; > 0 is the distance between ker(U;) and F, and we may
transfer j from H to AN (possibly modifying Luay)-.

The definition of the model in (3.13) also implies a simple lower bound on model decrease.

Lemma 4.3 For all k>0, sp #0, (3.18) is well-defined and

1
5Tk Z (p—|— 1)' Omin Z HSZ‘JCHP—H. (410)
’ ieEN

Proof. The bound directly follows from (3.17), the observation that the algorithm enforces
dmy > 0 and (3.23). Moreover, Xm(zk,0,€) = xr(zk,€) > €. As a consequence, (3.15) cannot
hold for s = 0 since termination would have then occured in Step 1 of Algorithm 3.1. Hence
at least one ||s; x| is strictly positive because of (4.1) and (4.10) therefore implies that (3.18) is
well-defined. a

We now verify that the two-sided model (3.12) overestimates |z|? for all relevant x; and s;.

Lemma 4.4 Suppose that AS.2 holds. Then, for i € H and all x;,s; € R™ with x; # 0 # x; + 4,
we have that
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Proof. Since i € H by assumption, this implies that H # (), and thus, by AS.2, that p is odd.
From the mean-value theorem, we obtain that

-1
|xi+5i|q=|$i\q+qu:i ]H(q—f) |24 777 ﬁq 0| |Uiz|7P~ 1 (@i 5P
j=1j! =1 1 (p+1)!
(4.12)

for some z such that, using symmetry, z € [z,z + s] if (U;z)(Ui(z +s)) > 0or z € [—z,2 + s
otherwise. As a consequence, we have that |U;z| > min|[|z;|, |z; + s;]] > 0. Remember now that
p is odd. Then, using that ¢ € (0,1), we have that pu(z;, s;)P™ >0 and [[)_,(¢—¢) <0. The
inequality

P j—1
1 ) )
i+ sil? < il + ¢ il [H(q - 4)] |23 |97 (s, 5:) (4.13)

j=1 =1

therefore immediately follows from (4.12), proving (4.11). ad

We next investigate the consequences of the model’s definition (3.12) when the singularity at the
origin is approached and show that the two-sided model has to remain large along the steps when
241 is not too far from the singularity.

Lemma 4.5 Suppose that p > 1 is odd, q € (0,1), i € H, |z;| € (,1], and |x; + s;| > €. Then

Proof. Following the argument in the proof of Lemma 4.2, it is sufficient to consider that z; > 0
and z; +s; > 0. From (3.11) (where p(z;,s;) = s;), we have that

. lH(q —e)] zd It (4.15)

l=1

Vl Tra p(w4,8;) = qz

J:1

Define s; = Bz;. This gives that (4.15) now reads

vizTﬁcq D xv:ﬂxz = qz

=

[ﬁ(q - E)] gt it (4.16)

from which we deduce that
Vi mi(2:,0) = VI Ty p(2;,0) = gz! . (4.17)

Suppose first that s; < 0, i.e. 5 € (—1,0), and observe that 3571 < 0 exactly whenever

j—1
=1
and thus, using ; < 1 and (4.17), that
Vimi(z,s;) > qrd™t = V!mi(z;,0) for B e (-1,0). (4.18)

Suppose now that 8 € (0,4). Then (4.16) implies that

viiTzq,p(xivﬁmi) > qxg_l_qz




Chen, Toint, Wang: Evaluation complexity of non-Lipschitzian optimization 14

Observe now that

and therefore

p _ o - .
VTl ) 2 st (1= 3007 | > ant ™ (1= 20 | =t (10 1)
=2

Using (4.17), this implies that
1
Vi Tya (i, B;) > 5v;qu,p(:@,(}) for B € [0,1]. (4.20)
Suppose therefore that
8>3 (4.21)
We note that (4.16) gives that
V;iqu71(a:i, 5i) = gz?™! and V;iTIq,Hg(xi, si) = Viiqu,t(ﬂUn s;) + qx?_lht(ﬁ)

%

for t € {1,...,p — 2} odd, where

t t+1
h(p) = & [H@—@ B+ Hm—a] g
o =1 (4.22)
= 7 [H(q_@] g <1+q _t(i+11)5>~
/=1

It is easy to verify that h.(8) has a root of multiplicity ¢ at zero and another root

t+1 2
= cl1, ,
fos t+1—gq < 2q>

where the last inclusion follows from the fact that ¢ € (0,1). We also observe that h,(8) is a
polynomial of even degree (since ¢ is odd). Thus

t+1
he(8) >0 forall 8> t—|—41—7—q and te{1,...,p} odd. (4.23)
Now
V! Tha (2, Ba;) V! Tha ooy, Ba;) V! Thoi (2, Bri)
T = T +hp—2(B) = ———1 + h;(B)
ax; qax; ax; j=1,j odd
p—2 p—2 p—2 :
= 1+ Y B+ Y mB) =1+ Y h(B)
j=1,7 odd j=1,7 odd j=1,7 odd
h;(B)<0 h;(B)>0 h;(B)<0
(4.24)
where we used (4.16) to derive the third equality. Observe now that, because of (4.23),
et p=2bodd|m(8) <0} = {jefl, ..p—2}odd|s< i)
y (4.25)

= {je{1,...,to}||j odd}
for some odd integer ty € {1,...,p — 2}. Hence we deduce from (4.22) and (4.24) that

1 ‘ ‘ to+1 J
Vi Toa p(@i, B:) 14 Z % [H(q _ g)‘| B (4.26)
j=1"7" Le=1

qg—1
qT;

Y
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Moreover, since hi(8) < 0 for t € {1,...,tp} odd and observing that the second term in the first
right-hand side of (4.22) is always positive for ¢ odd, we deduce that the terms in the summation
of (4.26) alternate in sign. We also note that they are decreasing in absolute value since

1 t+1 . t t t+1
|1 )‘ﬂ“ i |la-0ls = a-0)# (5708 -)

and (4.23) ensures that the term in brackets in the right-hand side is always negative for ¢ € (0, 1)
and t € {1,...,t0} odd. Thus, keeping the first (most negative) term in (4.26), we obtain that

VAT (o B) 2 2l (L4 (0= 18) 2 5V Ty (00,0) > GVA Toa (0, 0), (427

where we used (4.16) to deduce the second inequality. Combining (4.18), (4.20) and (4.27) then
yields that (4.14) holds for all 8 € (-1, 00), which completes the proof since s; = Sz;. ad

Our next step is to verify that the regularization parameters {o; ; }icnr cannot grow unbounded.
Lemma 4.6 Suppose that AS.2 and AS.3 hold. Then, for alli € N and all k > 0,

ik € [Tmin; Tmax), (4.28)
where Omax df Yo(p 4+ 1) Linax-

Proof. Assume that, for some i € N and k > 0, 0, 1 > (p+ 1)L;. Then (4.3) gives that (3.19)
must fail, ensuring (4.28) because of the mechanism of the algorithm. a

We next investigate the consequences of the model’s definition (3.12) when the singularity at the
origin is approached.

Lemma 4.7 Suppose that AS.2 and AS.5 hold and that H # (). Let

1
fri
2
w % a (4.29)
4max(L + Mo ax])
max\ =gz, |PRN pl max

and suppose, in addition, that

skl <1 (4.30)
and that, for some i € H,

2] € (0,). (4.31)

Then
HPR{Z-}[Vim(xk,sk)}H > 142wt and sign (PR{i}[Vim(xk, sk)]) =sign(z;k + sik) (4.32)
where R4y def span{U'}.
Proof. Consider ¢ € H. Suppose, for the sake of simplicity, that
zir >0 and x5+ 85 > 0. (4.33)
We first observe that Lemma 4.5 implies that
V;imi(xiyk,sivk) > %qViimi(xiyk,O) for all s; 5 # —x; k. (4.34)

Moreover,

Vj LI () sk + ] z oerserllserlP!

P
Vomn (s s1) = Vi far (@ Jrz
j:2 ZGN
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and thus, using the contractive property of orthogonal projections, (4.30), AS.5 and (4.1), that

P Vima(os sl < IVl
<l + 0 - D) + Deloa (435)

N

PREN + Famax-

A

We next successively use the linearity of Pr(;}[], the triangle inequality, (4.34), the facts that
U =1,

Ve mi (@i, sik)l = 2qlwie|™" > tqw?™" and  ||UTVEmi(@in, sip)| = talzie|",

the bound (4.35), and (4.29) to deduce that

1Priy [Vim(ze, sl = |Prnp[Vima (e, s6) + VED  my(@nn, sju)ll
JEH
[Priy [Vimar(ze, sk) + Y USVE mj(an, sin)l
JEH
| Priiy [Vamar (@, s6)] + ULV mi(xi g, i)

> [T it si)ll = [ Prgay Vimac(ae, soll
Z %quq—l - |:p"{/\/' + |pj\{|0max:|
> 1wl

which proves the first part of (4.32) and, because of (4.34), implies the second for the case where
(4.33) holds. The proof for the cases where

[ziyk <0 and @ip+s6<0| or mp(xir+sik) <0

are identical when making use of the symmetry m;(z;) with respect to the origin. O

Note that, like opax, w only depends on problem data. In particular, it is independent of e.
Lemma 4.7 has the following crucial consequence.

Lemma 4.8 Suppose that (1.3), AS.2, AS.5 and the assumptions (4.30)-(4.31) of Lemma 4.7
hold and that H # 0. Suppose in addition that (3.15) holds at xy,sy. Then, either

|zj 6+ skl <€ or |zjk+sikl >w (§EH). (4.36)

Proof. If j € HNC(xk + sk, €), then clearly |x; i + sj x| < €, and there is nothing more to
prove. Consider therefore any j € %\ ¢} € W, and observe (1.2) implies that Ry;; € R} for

j € H\C;. Hence

min Pr [Vim(xy,s)]d] = min Vlmw; (z, s1)7d
T +sp+deEF T +sp+deEF
dER (53, l1dlI<1 deR 5y, lldll<1
. 4.37
< min  Vimy,+ (i, s5)7d (4.37)
@) +s,+dEF k
deR ] |ld]| <1

Xm (Tk, Sk €)

1P|k 4 il

IN



Chen, Toint, Wang: Evaluation complexity of non-Lipschitzian optimization 17

Observe now that, because of the second part of (4.32) and the fact that n; = 1, the optimal value
for the convex optimization problem in the left-hand side of this relation is given by

|Pr;, [Vim(zk, sp)]| |da

where d, is the problem solution and d. has the opposite sign of Pr,, [Vim(zy, si)]. Moreover,
the facts that j € H and (1.3) ensure that =, + s, + d; = 0 is feasible for the optimization
problem on the left-hand side of (4.37), and hence that |d.| > |z, % + s; |- Hence, we obtain that
12w Mgk + sk < 2¢%|zjk + 5|7, and thus, since w < 1, that |z, + sj x| > WHT > w, and
the second alternative in (4.36) holds. a

The rest of our complexity analysis depends on the following partitioning of the set of iterations.
Let the index set of the “successful” and “unsuccessful” iterations be given by

Sdéf{k20|pk2n} and Udéf{k‘20|pk<n}.

We next focus on the case where H # () and partition S into subsets depending on |z; ;| and
|z, + six| for @ € H. We first isolate the set of sucessful iterations which “deactivate” some
variable, that is

S. def {keS ||k >e€ and |z, + s; x| < € for some i € H},

as well as the set of successful iterations with large steps
def
s = {k € S\Sc | llsull > 1} (4.38)

Let us now choose a constant «v > 0 such that

a:{ éw it H#0, (4.39)

otherwise.

Then, at iteration k € S\ (S U S|j5), we distinguish

Q.

To & fef {z €HN\Ck| |xikl € o, +00) and |x;k + ikl € [a,—!—oo)},

Top o {z cH\C | (|a:,;7k| € [w,+00) and |zix + sik| € (e,a))
or (|xlk| € (e,a) and |x;p + sik| € [w,—l—oo))},

Tar C{i € H\C| |zl € (6,w) and [wix + sikl € ()}

Using these notations, we further define

So X (ke S\ (S US| Tos = H\Ci}, So X {keS\ (S US| Tox # 0},

Sa E {keS\ (S US)y) | Tax #0}.

Figure (4.2) displays the various kinds of steps in So i, S¢.k, Stk and Se k.

It is important to observe that the mechanism of the algorithm ensures that, once an x; falls in
the interval [—e, €] at iteration k, it never leaves it (and essentially “drops out” of the calculation).
Thus there are no right-oriented dotted steps in Figure 4.2 and also

1. < H]. (4.40)

Crucially, Lemma 4.8 ensures that Zg , = 0 for all k¥ € S, and hence that |[Sg| = 0. As a
consequence, one has that

Se; S|js|» So, and S¢ form a partition of S. (4.41)
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Figure 4.2: The various steps in S\ S5 depending on intervals containing their origin |z; x| and
end |z; k + s; x| points. The vertical lines show, in increasing order, €, & and w. The line type
of the represented step indicates that it belongs to S, i (dotted), So i (solid), S¢.r (dashed) and
Sa i (dash-dotted). The vertical axis is meaningless.

It is also easy to verify that, if k € S and ¢ € Z¢, i, then
skl = [1Pry (s8Il = [sik] > w—a=3iw>0, (4.42)

where we have used the contractive property of orthogonal projections.
We now show that the steps at iterations whose index is in S¢ are not too short.

Lemma 4.9 Suppose that AS.1-AS.3 and AS.5 hold, that
e<a (4.43)

and consider k € S before termination. Then

Isill > (ko €)7, (4.44)
where .
ko {2(L(a) 10+ 'pA,” amax)} . (4.45)

Proof. Observe first that, since k € So C S, we have that x;41 = 2 + s; and, because € < «
and C,j C Cp, we deduce that Cp, = C,j = Ciy1 and Ry = RZ‘ = Ri4+1. Moreover the definition of
So ensures that, for all i € H \ Cy,

min {|xi7k\, |5 + slkﬂ > a. (4.46)
Hence ot
0. F Opa=H\C =H\C},
and thus et et
R. = R =R} and W.= W, =W} =NUO.. (4.47)

As a consequence the step computation must have been completed because (3.15) holds, which
implies that

X (Tks 8k, €) = Xy, (Tky Sk, €) = min  Vympy, (xk,sk)Td < 0||sk|?- (4.48)
T +sk+deF
deR,,||d|I<1
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Observe also that (4.47), (4.4) with ¢ = a (because k € So) , (4.28) and (4.1) then imply that

IVefw. (@) = Vimw, (@, k)| = [Vafvuo. (@e1) — Vimyoo. (zn, si)
P 1 g, ||p+1
< Ll + Umax_z I Villsi kPl
iEN
1
< P P
< L(a)sel” + Pl Omax Z (E| (4.49)
iEN
N
< L@lsell? + 2 ol
N
L(Oé) + |pi|| O'max:| Hskaa
and also that
Xf(@rr1,6) = |Vafw. (rs1)[drs1]]
< Vot @) ldia] = Vimw, (wr, s6)[die]| + [Vimw, (2, 1) [dita]],
(4.50)
where the first equality defines the vector djy; with
il <1 (451)
Assume now, for the purpose of deriving a contradiction, that
X (xk 176)
skl < Lo Y (4.52)
2([/(04) + 0 + ? Umax)
at iteration k € Sp. Using (4.51) and (4.49), we then obtain that
Vo tw. (@) [dir1] + Vimw, (21, i) [dir1]
< |VaSw. (@rrn)ldrr1] = Vimw, (zk, si)[di+1]|
= [(Vafw. (@rr1) = Vimw, (2, sx))[drt]| (4.53)
< IVifw. @ren) = Vimw, (@, 51| | dpra |
N
< (o) + Zl onu il
From (4.52) and the first part of (4.50), we have that
=V fw. (@rr)ldira] + Vimw, (zx, i) [di+1] < 3xp(@n41,€) = =3V fw, (@r41) [di],

which in turn ensures that Vimyy, (21, s%)[drks1] < 1VEfw, (rs1)[drs1] < 0. Moreover, by defi-
nition of xf(Tx+1,€),
Tpt1 +dipy1 € F and di41 € Riq1 = Rz

Hence, using (3.16) and (4.51),
IV imw, (25, $1)[drs1]] < X, (Th, Sk, €).- (4.54)
We may then substitute this inequality in (4.50) to deduce as above that
Xf($k+1,€) < \Vifw* (wh11)[drya] — Vimw* (Tks s1)[dr11]| + Xmw, (Tk, 5k, €)

(4.55)
< (@) + 0+ Blop s,
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where the last inequality results from (4.53), the identity xx41 = zx + s and (4.48). But this
contradicts our assumption that (4.52) holds. Hence (4.52) must fail. The inequality (4.44) then
follows by combining this conclusion with the fact that x ¢(zx41,€) > € before termination. O

We are now ready to consider our first complexity result, whose proof uses restrictions of the
successful and unsuccessful iteration index sets defined above to {0,...,k}, which are given by

Se 10, k}NS, U A0, k}\ Sk, (4.56)

respectively.

Theorem 4.10 Suppose that AS.1, (1.3) and AS.2-AS.5 hold and that

P
€ < min [oz, ( w/f@p“) } if H#0D. (4.57)
Then Algorithm 3.1 requires at most
_ptl
ks(f(z0) = fiow)e 7+ |H] (4.58)

successful iterations to return a point x. € F such that x(ze,€) <€, for

(p+1)! N

Proof. Let k € S be index of a successful iteration before termination, and suppose first that
‘H # (. Because the iteration is successful, we obtain, using AS.4, that

F(@0) = fiow = F(20) = fwasn) = Y [Fze) = Flae+s0)| 20 Y [F@e) = Tpplas,se)|- (4.60)
LES) LESy
In addition to (4.56), let us define

Sek def {0,...,k}NSe,  Sjsk o {0,...,k} NS4, (4.61)

qukdif {0 k}ﬁS@, Sokdﬁf {O k‘}ﬂSQ.

We now use the fact that, because of (4.41), S5k U S0k USex = Sk \ Sex € Sk, and (4.1) to
deduce from (4.60) and Lemma 4.3 that

f@o) = fow = mQ D [f(we)—Tf,p(wzaSe)}Jr > [f(we)—Tf,p(wzaSe)}

KESHS”,;C LESD 1

+ oy [ Tfp(l“e,é’e)}

LESy 1
.
> L(pf‘f)!{I ol i ZHSMHP+1 in lz ||3M||p+1‘|

+ |S min Z sillPT!
So.u] i [N sl

}

+1
Tmin” mln se||PT 4 |S mln se||P Tt
e 1Syl agin s + 1Sl min, ]

Y

S i pit
+ 1804l min s
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Because of (4.38), (4.61), Lemma 4.9 and (4.42), this now yields that

. b+l p+1
f(xo) = fiow > % {|S|\s\|,k| + [So k| (ko) 7 + |So kl(w — 0<>p+1}

W s},

p+1
% Sk \ Sel (roe)

where we used (4.57), the partition of Sk \ Scx in Sjj5) 1 U Sor U S x and the inequality tw < 1
to obtain the last inequality. Thus

1Sl < ws(f(@0) = fiowe™ T+ |Sel, (4.62)

where kg is given by (4.59). The desired iteration complexity (4.58) then follows from this bound,
|Se k| < |Se| and (4.40). O

p+1
P

} min [(Fc@e) , (%w)p“}

Y

We note the presence of the constants ¢ and o, at the denominator of (4.59). The first is
problem dependent and typically not much smaller than one. The second is a typical feature of
regularization methods, and is an important difference with other well-known algorithms, such as
Newton’s method for instance. In practice, o, is chosen (by the user) relatively small (1073
say). As it is central to the derivation of the complexity bound, its presence appears to be the
price to pay for obtaining an optimal worst-case complexity bound in terms of power of e.

To complete our analysis in terms of evaluations rather than successful iterations, we need to
bound the total number of all (successful and unsuccessful) iterations.

Lemma 4.11 Assume that AS.2 and AS.3 hold. Then, for all k > 0,
k < Kk%Sk| + kP,

where
a def

1 ef max
14 7|N|| o8 %0l and k" Al log (U )

log v1 log v1

Omin

Proof. Fori e N, define 7, def {j €{0,...,k} | (3.19) holds with k < j}, (the set of iterations

where o; ; is increased) and D; j et {j €{0,...,k} | (3.23) holds with k < j} C Sy (the set of

iterations where o; ; in decreased), the final mclusion resulting from the condition that pr > n in
both (3.21) and (3.22). Observe also that the mechanism of the algorithm, the fact that vy € (0,1)
and Lemma 4.6 impose that, for each i € N,

| T k| |Sk\ \.Zkl |Di k|
OminY1 Yo S 04,07 Yo S Oik S Omax-

Dividing by omin > 0 and taking logarithms yields that, for all 7 € A" and all k > 0,

| ik log 11 + |Sk|log vo < log ( max) . (4.63)

min

Note now that, if (3.19) fails for all 7 € A/ and given that Lemma 4.4 ensures that f;(z; +s;) <
mi(xz;,s;) for i € H\ C}f, then

Ofr = Z Ofik > Z Im; 1 = omy,.
iew;t iew;

Thus, in view of (3.18), we have that pi, > 1 > 1 and iteration k is successful. Thus, if iteration &
is unsuccessful, o;  is increased with (3.20) for at least one i € N. Hence we deduce that

< . < L. .
Uy | < g/\%,ﬂ < V| 5%%(|Z,k| (4.64)



Chen, Toint, Wang: Evaluation complexity of non-Lipschitzian optimization 22

The desired bound follows from (4.63) and (4.64) by using the fact that k = |Sg| + |Uk| — 1 <
|Sk| + [Uy|, the term -1 in the equality accounting for iteration 0. a

We may now state our main evaluation complexity result.

Theorem 4.12 Suppose that AS.1, (1.8), AS.2-AS.5 and (4.57) hold. Then Algorithm 3.1 using
models (3.12) for i € H requires at most

p+1

KO [lig(f(xo) — frow)e™ T+ H|| + R0+ 1 (4.65)

iterations and evaluations of f and its first p derivatives to return a point v, € F such that
Xf (er, 6) S €.

Proof. If termination occurs at iteration 0, the theorem obviously holds. Assume therefore
that termination occurs at iteration k + 1, in which case there must be at least one successful
iteration. We may therefore deduce the desired bound from Theorem 4.10, Lemma 4.11 and the
fact that each successful iteration involves the evaluation of f(zy) and {V% fw, (zx)},_;, while
each unsuccessful iteration only involves that of f(zx) and V1 fw, (zi). a

Note that we may count derivatives’ evaluations in Theorem 4.12 because only the derivatives of
fw, are ever evaluated, and these are well-defined. For completeness, we state the complexity
bound of the important purely Lipschitzian case.

Corollary 4.13 Suppose that AS.1-AS.J hold and H = (. Then Algorithm 3.1 requires at most
_p41
£ | ks(f(zo) — flow)€ K } + K0 +1

iterations and evaluations of f and its first p derivatives to return a point x. € F such that

def .
= | min V;fw(x)(m)Td <e.
z4+deF
lldll<1

Xf(xe)

Proof. Directly follows from Theorem 4.12, H = ) and the observation that R(x,€) = R" for all
x € F since C(z,¢) = 0. ]

5 Evaluation complexity for general convex F

The two-sided model (3.12) has clear advantages, the main ones being that, except at the origin
where it is non-smooth, it is polynomial and has finite gradients (and higher derivatives) over each
of its two branches. It is not however without drawbacks. The first of these is that its prediction
for the gradient (and higher derivatives) is arbitrarily inaccurate as the origin is approached, the
second being its evaluation cost which is typically higher than evaluating |z 4 s|? or its derivative
directly. In particular, it is the first drawback that required the careful analysis of Lemma 4.5,
in turn leading, via Lemma 4.7, to the crucial Lemma 4.8. This is significant because this last
lemma, in addition to the use of (3.12) and the requirement that p must be odd, also requires
the ’kernel-centered’ assumption (1.3), a sometimes undesirable restriction of the feasible domain
geometry.

In the case where evaluating fur is very expensive and the convex F is not 'kernel-centered’,
it may sometimes be acceptable to push the difficulty of handling the non-Lipschitzian nature of
the ¢, norm regularization in the subproblem of computing sy, if evaluations of far can be saved.
In this context, a simple alternative is then to use

mi(x;, ;) = |z + 549 for i € H (5.1)
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that is m;(x;, ;) = fi(x; + s;) for i € H. The cost of finding a suitable step satisfying (3.15) may
of course be increased, but, as we already noted, this cost is irrelevant for worst-case evaluation
analysis as long as only the evaluation of far and its derivatives is taken into account. The choice
(5.1) clearly maintains the overestimation property of Lemma 4.4. Moreover, it is easy to verify
(using AS.3 and (5.1)) that

IV fy (@ + s1) = Vimyy (@, 50| = | VaSar (2 + s6) = Vima (@, 1)l < LinaxlsilP- (5.2)

This in turn implies that the proof of Lemma 4.9 can be extended without requiring (4.46) and
using O, = H \ C;". The derivation of (4.49) then simplifies because of (5.2) and holds for all
i € H\C; with L(a) = Liax, so that (4.44) holds for all k € S, the assumption (4.43) being now
irrelevant. This result then implies that the distinction made between So, S¢, Sa and S is
unecessary because (4.44) holds for all k € S = So. Moreover, since we no longer need Lemma 4.8
to prove that Sy = (), we no longer need the restrictions that p is odd and (1.3) either. As
consequence, we deduce that Theorem 4.10 holds for arbitrary p > 1 and for arbitrary convex,
closed non-empty F, without the need to assume (4.57) and with L(«) replaced by Lyax in (4.59).
Without altering Lemma 4.11, we may therefore deduce the following complexity result.
Theorem 5.1 Suppose that AS.1, AS.2 (without the restriction that p must be odd), AS.8 and
AS.4 hold. Then Algorithm 3.1 using the true models (5.1) for i € H requires at most

p+1

K ["«'fsmc(f(xo) — flow)€~ vt \7—[\] + KV +1

iterations and evaluations of far and its first p derivatives to return a point x. € F such that
X7 (e, €) <€, where

p+1

true __ (p+1)' Y2 P
e

1
1) Omin <p+

As indicated, the complexity is expressed in this theorem in terms of evaluations of fa and its
derivatives only. The evaluation count for the terms f; (i € H) may be higher since these terms
are evaluated in computing the step s; using the models (5.1). Note that the difficulty of handling
infinite derivatives is passed on to the subproblem solver in this approach.

Moreover, it also results from the analysis in this section that one may consider objective
functions of the form f(z) = far(z) + fx(z) and prove an O(efpr#) evaluation compexity bound
if far has Lipschitz continuous derivatives of order p and if my (xg, s) = fu(zr + s), passing all
difficulties associated with f3; to the subproblem of computing the step sg.

As it turns out, an evaluation complexity bound may also be computed if one insist on using
the Taylor’s models (3.12) while allowing the feasible set to be an arbitrary convex, closed and non-
empty set. Not surprisingly, the bound is (significantly) worse than that provided by Theorem 4.12,
but has the merit of existing. Its derivation is based on the observation that (4.12) in Lemma 4.4
and (4.19) imply that, for i € H \ C;,

a—p
(V2 |2+ 857 — Vi mi(zi, 80)| < q (min [|xz|, |x; + 81|D (s, 85) [P < qel™ P s, (5.3)

This bound can then be used in a variant of Lemma 4.9 just like (5.2) was in Section 5. In the

updated version of Lemma 4.9, we replace L(«a) by L., def IN| Linax +|H| ¢ and (4.49) now becomes
W]

192 i 1) = Vimyye ()| < {L + ol

This results in replacing (4.55) by

N N
s (@nin) < (Lo 104 p,' ) l5tl? < (L 46+ 'p,' )P P (5.4)
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and therefore (4.44) is replaced by

1
N P p+2—q
NE [2 (L*+e+','omax)] e
p.

We may now follow the steps leading to Theorem 5.1 and deduce a new complexity bound.

Theorem 5.2 Suppose that AS.1-AS.4 hold. Then Algorithm 3.1 using the Taylor models (3.12)
for i € H requires at most

_ (p+2—q)(p+1)

K [“Z(f(ffo) - flow)6 o+ |H|:| + Iﬁ:b +1

iterations and evaluations of f and its first p derivatives to return a point v. € F such that

Xf(xe, €) <€, where
. _ _(p+1) V] 2
HS:namingI’“ [2 L*+9+?72 ] .

Observe that, due to the second inequality of (5.4), # can be replaced in (3.15) by 6, = 0e?P~1,
making the termination condition for the step computation very weak.

6 Further discussion

The above results suggest some additional comments.

e The complexity result in O(e~(PT1/P) evaluations obtained in Theorem 4.12 is identical
in order to that presented in [2] for the unstructured unconstrained and in [5] for the un-
structured convexly constrained cases. It is remarkable that incorporating non-Lipschitzian
singularities in the objective function does not affect the worst-case evaluation complexity
of finding an e-approximate first-order critical point.

e Interestingly, Corollary 4.13 also shows that using partially-separable structure does not af-
fect the evaluation complexity either, therefore allowing cost-effective use of problem struc-
ture with high-order models.

e The algorithm® presented here is considerably simpler than that discussed in [10, 12] in the
context of structured trust-regions. In addition, the present assumptions are also weaker.
Indeed, an additional condition on long steps (see AA.1ls in [12, p.364]) is no longer needed.

e Can one use even order models with Taylor models in the present framework? The main issue
is that, when p is even, the two-sided model Tj.j4 ,,(;, 5;) is no longer always an overestimate
of |z; + s;|? when |x; +s;| > |z;], as can be verified from (4.12). While this can be taken care
of by adding a regularization term to m;, the necessary size of the regularization parameter
may be unbounded when the iterates are sufficiently close from the singularity. This in turn
destroys the good complexity because it forces the algorithm to take much too short steps.

An alternative is to use mixed-orders models, that is models of even order p for the f; whose
index is in N and odd order models for those with index in H. However, this last (odd)
order has to be at least as large as p, because it is the lowest order which dominates in the
crucial Lemma 4.9. The choice of a (p + 1)-st order model for ¢ € H is then most natural.

e A variant of the algorithm can be stated where it is possible for a particular z; to leave
the e-neighbourhood of zero, provided the associated step results in a significant (in view
of Theorem 4.10) objective function decrease, such as a multiple of c®+t/P or some e-
independent constant. These decreases can then be counted separately in the argument
of Theorem 4.10 and cycling is impossible since there can be only a finite number of such
decreases.

(5) And theory, if one restricts one’s attention to the case where H = (.
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e We have assumed in (1.1) that the same exponent ¢ is used in all element functions f;
for i € H. This can be extended without modifying the above results to the case where
filz;) = |Uiz|% for i € H and 0 < @min < ¢ < ¢max < 1. The proofs are however (even)
more technical as one then needs to take ¢min, gmax and their ratio into account.

7 Conclusions

We have considered the problem of minimizing a partially-separable nonconvex objective
function f involving non-Lipschitzian g-norm regularization terms and subject to general convex
constraints. Problems of this type are important in many areas, including data compression, image
processing and bioinformatics. We have shown that the introduction of these non-Lipschitzian
singularities and the exploitation of problem structure do not affect the worst-case evaluation
complexity. More precisely, we have first defined e-approximate first-order critical points for the
considered class of problems in a way that make the obtained complexity bounds comparable
to existing results for the purely Lipschitzian case. We have then shown that, if p is the (odd)
degree of the models used by the algorithm, if the feasible set is 'kernel-centered’ and if Taylor

models are used for the g-norm regularization terms, the bound of O(eiprl) evaluations of f
and its relevant derivatives (derived for the Lipschitzian case in [2]) is preserved in the presence
of non-Lipschitzian singularities. In addition, we have shown that partially-separable structure
present in the problem can be exploited (especially for high degree derivative tensors) without
affecting the evaluation complexity either. We have also shown that, if the difficulty of handling
the non-Lipschitzian regularization terms is passed to the subproblem (which can be meaningfull
if evaluating the other parts of the objective function is very expensive) in that non-Lipschitz mo-
dels are used for these terms, then the same bounds hold in terms of evaluation of the expensive
part of the objective function, without the restriction that the feasible set be ‘kernel-centered’. A
worse complexity bound has finally been provided in the case where one uses Taylor models for
the g-norm regularization terms with a general convex feasible set.

These objectives have been attained by introducing a new first-order criticality measure as
well as the new two-sided model of the singularity given by (3.11), which exploits the inherent
symmetry and provides a useful overestimate of |x|? if its order is chosen odd, without the need
for smoothing functions.

An obvious prolongation of our work is the derivation of worst-case complexity bounds for com-
puting an approximate second-order critical point of problem (1.1). This requires specification of
the associated necessary conditions, modifications of the algorithm, not to mention a new complex-
ity theory. While this may be possible, it is clearly non-trivial and is the object of ongoing research.
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