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1. Introduction

Analyzing the evaluation complexity of algorithms for solving the nonlinear nonconvex optimiza-
tion problem has been an active research area over the past few years: we refer the interested reader
to [1-7,9,12-17,20-25,28-39,42,45-49,51-54] for contributions in this specific area. The main focus
of this thriving domain is to give (sometimes sharp) bounds on the number of evaluations of a
minimization problem’s functions (objective and constraints, if relevant) and their derivatives that
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are, in the worst case, necessary for the considered algorithms to find an approximate critical point
of a certain order. It is not uncommon that such algorithms involve costly internal computations,
provided the number of calls to the problem functions is kept as low as possible.

In nearly all cases, complexity bounds are given for the task of finding e-approximate first- or
(more rarely) second-order critical points, typically using first- or second-order Taylor models of
the objective function in a suitable globalization framework such as those that use trust regions
or regularization. Notable exceptions are [1] where e-approximate third-order critical points of
unconstrained problems are sought, [6,7,18-20] where e-approximate first-order critical points are
considered using Taylor models of order higher than two for unconstrained, convexly-constrained,
least-squares and equality-constrained problems, respectively, and [22] where general e-approximate
gth order (g > 1) critical points of convexly constrained optimization are analyzed using Taylor
models of degree q.

Because the present contribution focuses on problems involving a mixture of convex inequality
and nonlinear equality constraints, it is useful to set the stage by considering earlier research in this
constrained framework. In [15], the worst-case evaluation complexity of finding an e-approximate
first-order critical point for smooth nonlinear (possibly nonconvex) optimization problems under
convex constraints was examined, using methods involving a second-order Taylor model of the
objective function. It was then shown that at most O(e¢~3/?) evaluations of the objective function
and its derivatives are needed to compute such an approximate first-order critical point. This result,
identical in order to the best known result for the unconstrained case, assumes that the cost of
computing a projection onto the convex feasible set is negligible. It comes however at the price of
potentially restrictive technical assumptions (see [15] for details). The analysis of [21] then built on
this result by first specializing it to convexly constrained nonlinear least-squares and then using the
resulting complexity bound in the context of a two-phase algorithm for a problem class involving
general constraints. If €p and €p are the primal and dual criticality thresholds, respectively, it was
shown that at most O(e, Y 265 3 2) evaluations of the problem’s functions and their gradients are
needed to compute an approximate critical point in that case, where the Karush-Kuhn-Tucker (KKT)
conditions are scaled to take the size of the Lagrange multipliers into account. Because of the proof
of this result is based on the bound for the convex case, it suffers from the same limitations (not to
mention an additional constraint on the relative sizes of ¢, and ¢p, see [21]). Another more general
approach was presented in [46] leading to the same complexity bounds, but at the price of solving a
subproblem involving the Jacobian of the original nonlinear constraints. The bounds derived in [28]
for a trust-funnel algorithm also consider a scaled KKT condition and are of the same order. The worst-
case evaluation complexity of constrained optimization problems was also recently analyzed in [6],
allowing for high-order derivatives and models in a framework inspired by that of both [7]and [17,21].
At variance with these latter references, this analysis considers unscaled approximate first-order
critical points in the sense that such points satisfy the standard unscaled KKT conditions with accuracy
€p and ep. None of these papers considers e-approximate second-order points for equality constrained
problems, except [9] where first- and second-order optimality were proved for trust-region method
defined on manifolds.

The goal of this paper is twofold. The first objective is to fill this gap by deriving complexity
bounds for finding e-approximate second- and third-order critical points for the inequality/equality-
constrained case. The second is to examine higher-order optimality conditions and to expose the
intrinsic difficulties that arise for criticality orders beyond three.

Our presentation is organized as follows. Necessary conditions for higher-order criticality for
nonlinear optimization problems involving both convex set constraints and (possibly) nonlinear
equality constraints are proposed and discussed in Section 2. A new two-phase algorithm is then
introduced in Section 3, whose purpose is to compute e-approximate critical points of orders one
and two for such problems, and its evaluation complexity is analyzed in Section 4 as a function of the
complexity of an underlying inner algorithm for solving subproblems occurring in each of the two
phases. A discussion of the results and some conclusions are finally presented in Section 5.

Basic notation. Our notation is as follows. y” x denotes the Euclidean inner product of the vectors x and
y of R" and ||x|| = (x"x)!/? is the associated Euclidean norm. The cardinality of the set S is denoted by
|S].1f T1 and T, are tensors, T ®T is their tensor product and || T | is the recursively induced Euclidean
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(or spectral) norm of the gth order tensor T. If T is a symmetric tensor of order g, the g-kernel of the
multilinear g-form

T ¥ T, ..., 0]

q times

is denoted ker?[T] def {v € R" | T[v]? = 0} (see [10,11]). Note that, in general, ker?[T] is a union of
cones.! If X is a closed set, X° denotes its interior. The vectors {e;}_, are the coordinate vectors in R".
If {ax} and {by} are two infinite sequences of positive scalars converging to zero, we say that a, = o(by)
if and only if limy_, , ax/bx = 0. The normal cone to a general convex set C at x € C is defined by

Ne(x) (s e R |sT(z—x) <0 forall zec)

and its polar, the tangent cone to C at x, by

Te(x) = NZ(x) £
Note that ¢ C T¢(x) for all x € C. We also define P¢[-] to be the orthogonal projection onto C (for an
introduction to the relevant properties of convex sets and cones, see [40, Chapter 3] or [50, Part I] for
an in-depth treatment.)

{seR"|sTv <0 forall veNg(x)}.

2. Necessary optimality conditions for constrained optimization

We consider the smooth constrained problem in the form

minf(x) subjectto c(x)=0 (2.1)
XeF

where ¢ : R" — R™ is sufficiently smooth and f and 7 € R" is a non-empty, closed convex set.
Note that this formulation covers the problems involving both equality and inequality constraints,
the latter being handled using slack variables and the inclusion of the associated simple bounds in the
definition of F.

We start by investigating the necessary optimality conditions for problem (2.1) at x, expressed
in terms of the derivatives of the problem’s function at x,.. Our technique considers paths x(«) of the
form

j
xe) =x. + ) als+ o) (2.2)
i=1
forj e {1,..., q} and where @ > 0.

Definition: We say that the path x(«) is F-feasible if x(«) € F for all « sufficiently small, and that it
is feasible when it is F-feasible and c(x(«)) = 0 for all « sufficiently small.

We define the jth order descriptor set of F at x by

J
D) E (1., 5) € R™ [ x(@) =x+ Y o5 +o(e) € F [, (2.3)
i=1
which is the set of all (s1, . . ., s;) such that a corresponding F-feasible path x(«) exists. It results from
this definition that D}(x) = Tx(x), the standard tangent cone to F at x, and that

: i1 .
De(x) ={(s1,...,8)) | (51,....8-1) € Df (x) and sj € TH(X,S1,...,5-1)} (2.4)
1 The 1-kernels are not only unions of cones but also subspaces. However this is not true for general g-kernels, since both

(0, 1)" and (1, 0)" belong to the 2-kernel of the non-negative symmetric 2-form x;x, on R2, but their sum does not. ker'[x] is
the usual orthogonal complement to the vector x, ker?[M] is the standard nullspace of the matrix M.
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Table 2.2
The sets P(j, k) fork <j < 4.

il k—

1 2 3 4

1 {1}

2 {(2)} {(1,1)}

3 {(3)} {(1.2),2.1)} {(1,1,1)}

4 {(4)} {(1,3)(2.2)3.1))} {(1,1,2),(1,2,1),(2,1,1)} {(1,1,1,1)}

where, for j > 2, the £-th order tangent cone to F at x in the directions sy, .. ., sj_; is defined by
To(X, 1, -+ ., Sj—1) = (s € R" | X(ar) = X + Za"sk + ofsj + o(e!) € F,
k=1

generalizing the notion of second-order tangent cone of [8], itself inspired by [26,43]. We also have
that

si e Tr(x) for ie{l,...,ip}, (2.5)

where iy is the index of the first nonzero s;, if any, or iy = j otherwise. The necessary optimality
conditions for problem (2.1) that we seek involve the index sets P(j, k) defined, for k < j, by

k
def . .
PULKE (G ) € {1 ) Y =) (26)
For k < j < 4, these are given by Table 2.2.
Theorem 2.1. Suppose that f and each of the {¢;}]_, are q times continuously differentiable in an open

set containing F, and that x, is a local minimizer for problem (2.1). Then c(x,) = 0 and, for all feasible
paths x(«) of the form (2.2) (if they exist), we have that

j
1
ZF > Vst sq] | 20 (2.7)

k=1 (€1, lg)EP(LK)

=

forallj e {1,...,q} such that

1 . .
> 0 Yo VI EIIseys sy ][ =0, (=1, 1) (2.8)
k=1 \(€1,0nrlp)EP(i k)
Moreover, we have that, forallj € {1, ..., q},
1 X . .
ZE Yo Vi) asg ]| =0, (=1,...]). (2.9)
k=1 " \(£1,....Lx)eP(i,k)

Proof. Consider a feasible path of the form (2.2). Substituting this relation in the expression f (x(«)) >
f(x4) (which must be true for small « > 0 if x, is a local minimizer) and collecting terms of equal
degree in «, we obtain that, for sufficiently small «,

q J 1
0<flx@)—fx)=) o k,( > fo(x*)[sel,...,szk]) +o(a?) (2.10)
1 (2

=1 k=1 \(eq.) GePk)

where P(i, k) is defined in (2.6). For this to be true, we need each coefficient of &/ to be non-negative
on the zero set of the coefficients 1, ..., j — 1 (i.e., satisfying (2.8)), which proves (2.7)-(2.8).
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Similarly, substituting (2.2) in the expression c¢(x(«)) = 0 and collecting terms of equal degree in
«, we obtain that, for sufficiently small «,

. J 1
O=cxa)=) o> k‘( > Vi )se, s(k]> + o(a); (2.11)
j "\

,,,,, £)EP,k)
This imposes each coefficient of o/ to be identically zero, yielding (2.9). O

As is clear from its proof, this theorem may be interpreted as stating necessary optimality conditions
for the unidimensional problem of minimizing f (x(c)) subject to c(x(«)) = 0. The necessary conditions
stated by Theorem 2.1 remain very implicit in that they do not directly show the dependence
on F. This dependence is however present since we only consider feasible paths, which must be
F-feasible. Our focus on feasible paths also means that Lagrange multipliers do not appear. Our next
steps will bring us closer to standard optimality conditions, but they require a constraint qualification
assumption because Theorem 2.1 does not ensure the existence of feasible paths.

AS.0 (Constraint Qualification) Letx, € F,j € {1,...,q}and(s1,...,sj) € D’}(x*) be given such that
(2.9) holds. Then there exists a feasible path of the form (2.2).

When g = j = 1 and F is described by a set of inequalities, AS.O is implied by the LICQ first-order
constraint qualification.? This can be shown using the implicit function theorem: assuming that the
set F is defined by a set of inequalities, defining c 4(x) to be the subset of equality and inequality
constraints active at x, and given s; such that Vxl ca(xs)[s1] = O, there exists a feasible path with
tangent s.

We now introduce the Lagrangian function associated with (2.1)

A y) € )+ ex), (2.12)

where y € R™, and the subspace

M(x) & ker' [V]e(x)] N ker [Vif (x)]. (2.13)

Theorem 2.2. Suppose that f and each of the {¢;}] ; are q times continuously differentiable in an open
set containing F, and that x, is a local minimizer for problem (2.1) at which AS.0 holds. Then we have that
c(x,) =0and, forally, e R"andallj € {1, ..., q},

J
1
Yl X VEARydls.sal | 20 (2.14)

k=1 """ \(tq,....ex)eP.k)

forall(sy,...,s5) € D’}(x*) and such that

i
Z% > VAR YISy, syl | =0, (=15 1), (2.15)
k=1 (01, i )EP(ik)
and (2.9) hold. In particular, we have the following.
e Ifqg =1, then
Vi A(Xe, y:)511 >0 forall y, eR™, s; €T, (%), (2.16)
e Ifq = 2, then

Vi A Yl + 1VEAR, Y1 = 0. forall y, € R™, sy € TOM(x,).  (2.17)

2 Stating that the normals to active constraints are linearly independent.
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Proof. AS.0 implies that, if x, is local minimizer of problem (2.1), then (2.7)-(2.8) in Theorem 2.1 must
hold for any of the feasible paths whose existence is implied by any choice of (s1, ..., ) € qu(x*)
subject to (2.9). Adding now (2.7) and (2.8) to the inner product of an arbitrary y, € R™ with (2.9)
yields (2.14) and (2.15), respectively. Let us now specialize this result to the case where ¢ = 1 (for
which conditions (2.15) and (2.9) are void). Observing that P(1, 1) = {(1)} (see Table 2.2), we see that
(2.14) implies (2.16). Consider now the case where g = 2 and assume that (2.15) and (2.9) hold. The
latter implies that

s € ker' [V} c(x,)],
while the former implies that
s1 € ker' [V} A(x,, y.)l. (2.18)

Using these observations and the fact that s; € 7, because of (2.5), we obtain that the range of s;
defining feasible paths is further restricted to

s1 € To Nker' [V} c(x,)] N ker' [A(x,, y+)] = To N M(xy).

Moreover, using the fact that P(2, 1) = {(2)}, P(2, 2) = {(1)} (see Table 2.2) and (2.18), (2.14) then
ensures that (2.17) must hold. O

We note that, as the orderj grows, (2.14) and (2.9) for i = j may be interpreted as imposing conditions
on s; (via the derivative tensors of A and c at (x,,y.) and x,, respectively), given the directions
{s,-}ﬂ;} satisfying (2.15) and (2.9) fori € {1, ...,j — 1}. Note also that this theorem imposes implicit
constraints on y, in the sense that, for instance, (2.16) ensures that, if s; is chosen in 7T, the inequality
on the left of this relation must hold for any y,, but it does not say that this inequality must hold for any
choice of s; without restricting the possible y,. This appears more clearly in the next corollary, which
covers some well-known cases and in which the restrictions on s; appearing in (2.16) and (2.17) are
exchanged for restrictions on y,.

Corollary 2.3. Suppose that f and each of the {c;}]; are twice continuously differentiable in an open set

containing F and that x, is a local minimizer for problem (2.1) at which AS.0 holds. Then we have that
c(x4) = 0 and, for some y, € R™,

— VI ARy € Ny B NE(x). (2.19)

Moreover, if x, € F°, the interior of F, then V2 A(X., y.) is positive semi-definite on ker' [V} c(x,)].

Proof. Using the fact that the normal cone A, is the polar of 7,, we immediately deduce from (2.16)
that (2.19) holds. If we also assume that x, € F°, (2.19) unsurprisingly reduces to V! A(x,, y) = 0,
while, forj = g = 2, (2.14) gives that V2 A(x,, y.) must be positive semi-definite on the subspace
defined by (2.9), that is M(x,) = ker'[V]}c(x,)]. O

The conditions stated in Corollary 2.3 for ¢ = 1 or 2 are standard (for (2.19), see [27, Theorem 3.2.1,
p.46], forinstance, and Fig. 2.1 for anillustration). For more general cases, the complicated conditions
(2.14),(2.15) and (2.9) appear not to have been stated before and merit some discussion.

It was observed in [22, Section 3] that the necessary optimality condition for the essentially
unconstrained case where x,, € F° (implying \V;, = {0}) combines more than a single derivative tensor
and s; for orders four and above. If equality constraints are present this situation already appears at
order three (and above). Indeed, it can be verified that the necessary conditions (2.14), (2.15) and (2.9)
for ¢ = 3 and A, = {0} (and hence V! A(x,, y.) = 0 because of (2.19)) can be written as

VZA(Xy, yi )1, S21 + LV A%, y)ls1P = 0 (2.20)
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Fig. 2.1. The condition (2.19) with A/, shown as a dashed half line. Note that n, = —V)} A(Xs, ¥s) # Pnr, [—V)}f(x*)].
Source: adapted from [27].

forall's; € T, Nker' [V} A(x., y.)] N ker’ [V2 A(x,, y*)] and
Vicx)s2] + 1VEcx 11> = 0, Vie(x)ls3] + Vic(x)Is1, 21 + 1Vie(x)si]® = 0. (2.21)

These conditions do not require that the second term of the left-hand side of (2.20) vanishes, but
instead that it must balance the first term. This is at variance with the unconstrained case, since
second-order necessary conditions then ensure that V2 A(x,, y,) is positive semidefinite on R" and
therefore admits a square root. Thus V2 A(x,, y,)[s1, $2] = [VfA(x*,y*)%sz]T[VfA(x*,y*)%sl] =
0 since s; must belong to l<er2[VfA(x*, ys)]. However, this argument no longer applies in the
constrained case because V,?A(x*, ¥.) is only positive semidefinite on a strict subspace of R" and the
square root may fail to exist, as is illustrated by the following example.

Example. Consider the problem

minx; + X5 + X3 —x3 subjectto c(x) = =0,

xeR3

( —X1 — X3+ X1%2 + X3 )
X1+ X3 4+ X1%2 + X3

for which the origin is a high-order saddle point.
Comparing the constraints’ expression with (2.2) for ¢ = 3, we see that

Si=¢e, Sy=—e; and s3=e;3

define a feasible path since then

—o 2 2 3 3
_ _ o —a—a’ + o N
X() = 33 and c(x(a)) = < NI S S ) =0.
Now,
1 0 0
Vof(x)=| 2x + 3x3 Vix)=( 0 2+6x,
-1 0 0

) and [V f(X)]22 = 6.
0
1
0

0
0
0
VIC(X):< —T4+x —2%+x 1 ) Vfﬁ(X)Z(

— 3 —
14+ x; 2% +x; 1 2 0 ) ’ VXC1(X)—0,

010
Viox)=[ 1 2 0 ) and Vle(x)=0.
0 0 0
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Fig. 2.2. The contour lines of f(x1, x2, 0) (left) f(0, x2, x3) (center), f(x1, 0, x3) (right) and the two constraints intersecting at
the origin (thick)

Moreover,
Vi c(0)[s2] + 3 Vic(0)[s1]?

1o 1 0 10 010
:_( 1 o 1>e1+% el 1 =2 0 Jexler+i]|el[ 1 2 0 )ey|e
0 0 0 0 0 O

Vy c(0)is3]+ Vic(0)is1, 521 + £ Vic(0)[s: TP

(-1 1

- 1 1
1 0
2 0 e1|ey — %OT[€1]3
0 0

=0.
Thus (2.21) holds. From the values of V,/f(0) and V,¢(0), we verify that setting yo = (1, 0)T ensures
that V! A(0, yo) = 0. Hence (2.19) holds as well. Moreover, we have that

and

oo OO

0 10
ker1[V;c(O)] = ker! |:< _} 8 } )] = span{e;}, VfA(O,y0)=< 1 0 O )
0 0 O

and the only nonzero component of V,?A(O, Yo)isits(2,2,2) element which is 6. Thus (2.15) also holds
for i = 2. In addition, it is easy to check that the third-order necessary condition (2.20) holds with

2 A0, yo)ls1, 521 = —1 and  V; A(0, yo)ls1]° = 6.

This shows that the term involving V3 A(0, yo)[s1]? is not the only one occurring in the third-order
necessary condition for our example problem the second derivative term V2 A(0, yo)[s1, s2] being
equally important, as we announced. Fig. 2.2 shows the level lines of the objective function and
the constraint manifold in the (x, x3) (x2, X3) and (x1, x3) planes, illustrating the interaction of the
objective function’s curvature and feasible set. O

The third order necessary condition therefore must consider both terms in (2.20) and cannot rely
only on the third derivative of the Lagrangian along a well-chosen direction or subspace. In general,
the gth order necessary conditions will involve (in (2.14)) a mix of other terms than those involving
the gth derivative tensor of the Lagrangian applied on vectors s; fori > 1, themselves depending on
the geometry of the set of feasible arcs. At this stage, for lack of a suitable formal understanding of
this geometry, conditions (2.14)-(2.9) remain very difficult to interpret or check.
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3. A minimization algorithm

Having analyzed the necessary condition for problem (2.1) and seen that conditions for orders
above three are, at this stage, very difficult to verify for general problems, we now describe a two-
phase algorithm whose purpose is to find approximate critical points of order one and two (and
possibly three as we discuss below). Since the presentation is independent of the order g of the critical
points sought, we keep this order general in what follows.

3.1. Inner algorithms for constrained least-squares problems

The new two-phase algorithm relies on an inner algorithm for solving the convexly constrained
nonlinear least-squares problem in each of its phases. We therefore start by reviewing the existence
and properties of algorithms for solving this subproblem.

Consider first the standard convexly constrained problem

min V(x) (3.1)

where 1/ is a smooth function from R" to R and F is (as in (2.1)) a non-empty closed convex set. An
e-approximate qth order critical point for this problem can be defined as a point x such that

900 e for j=1.....q .

and some A € (0, 1], where, for F(x) o {deR"|x+deF},

¢$J»(X)

& (x) — globmin Ty j(x, d), (3.3)

de F(x)

ld<A
is the largest feasible decrease of the jth order Taylor model Ty, j(x, s) achievable at distance at most A
from x. Note that ¢$.j(x) is a continuous function of x and A for given F and f (see [41, Theorem 7]).
It is also monotonically increasing in A. Also note that the global minimization involved in (3.3) is
efficiently solvable for j = 1 because it is convex. It is also tractable in the unconstrained case for
j = 2 since it then reduces to a trust-region subproblem. It may be NP-hard in other cases, which is
consistent with the fact that identification of constrained second-order points is NP-hard.

Algorithms for finding e-approximate first-order critical points for problem (3.1), i.e. points

satisfying (3.2) for some algorithm-dependent A € (0, 1] have already been analyzed. Such al-
gorithms, of an essentially theoretical nature, generate a sequence of feasible iterates {x;} with
monotonically decreasing objective-function values {1(x,)}. The method described in [ 18] proceeds
by approximately minimizing models based on the regularized Taylor series of degree p and it can
be shown [18, Lemma 2.4]° that, as long as the stopping criterion (3.2) fails forg = 1and A = 1, a
sufficient objective-function decrease

p+1

V(%K) — Y(Xig1) = Kpr€ P (3.4)

holds for each k € S, where Kcﬁu € (0, 1) is a constant independent of ¢, and where S is the set of

“successful iterations” at which an effective step is made (i.e. x,.11 # Xi). Moreover, it can also be

shown [ 18, Lemma 2.1] that the set S cannot be too small in the sense that, for all k > 0,
k<wk?|sn{1,...,k}| (3.5)

uns

for some constant «¥_ > 0. Both k). and kY typically depend on the details of the considered
algorithm and of the Lipschitz constant associated with the highest derivative used in the objective-
function’s model. Both (3.4) and (3.5) hold under the assumption that ¥/(x) is p times continuously
differentiable with Lipschitz continuous pth derivative on the “path of iterates” Ug=o[Xk, Xk+1], in that

[max IV (xk + &) = Vv (xllp < Ly pliscll, (3.6)

3 Observe that d)‘/fj(x)/A = xy.1(x) as defined in [18, equation (2.4)], irrespective of the value of A € (0, 1].
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forall £ € [0, 1], all k € S and for some constant ¢, > 0 independent of x; and si. (Obviously, if
the pth derivative of v is Lipschitz continuous in an open set containing F or containing the level set
{x € F | ¥(x) < ¥(x0)}, then (3.6) holds.)

The algorithm described in [22] is of trust-region type with non-increasing radius. It approximately
minimizes a qth degree Taylor inside such a region, Lemma 4.3 in this reference then ensures that, as
long as (3.2) fails (for general g > 1 this time and for A being the trust-region radius at iteration k),

V(%K) — Y(Xig1) = Kper€?! (3.7)

for each k € &, where we have redefined the constant Kcﬁcr to reflect the change in algorithm. In
addition, Lemma 4.1 in the same paper also ensures that (3.5) holds for a redefined K‘;/‘/_'S. Both of
these properties again hold if 1/(x) is q times continuously differentiable with Lipschitz continuous
qth derivative on the “path of iterates” Uyso[xk, Xk+1], in the sense of (3.6) (with p replaced by q).
Summarizing, we see that there exist algorithms for the solution of (3.1) which use truncated
Taylor series model of degree q and ensure, under suitable assumptions, both (3.5) and, as long as
(3.2) does not hold for some algorithm-dependent non-increasing A € (0, 1], a lower bound on the

objective-function decrease at successful iterations of the form
V() = Y(Xes1) = Kl € for kes (3.8)

for suitable method-dependent constant Kdﬁcr € (0, 1) and parameter 7 > 1. (We have that 7 =
(p+1)/pin(34)and 7 = q+ 1in(3.7).)
Let us now turn to least-squares problems of the form

min y(x) £ §IF()I, (3.9)

(that is problem (3.1) where ¥(x) = %||F(x)||§), where F is a smooth function from R" to R™. An

e-approximate? gth order critical point for this problem can be defined as a point x such that
IFCON < e or ¢35 (x) < epA|F(x)| for j=1,2 (3.10)

and some A € (0, 1]. Note that the second part of (3.10) has the same form as (3.2) with € in the former
being replaced by €p||F(x)|| in the latter. It is now easy to verify that, whenever ||F(x;)|| > ||F(xk+1)]l
and as long as (3.10) fails for Xy 1,

IFill AFGiIl = 1Ees D = 3 AF@I+ IFGi)ID AF&I = 1F (X))

\

> HIFGONI? — HIFiern)I1? )
= Yx) — ¥(Xks1)
> ol e IFis)I 17,

where we used (3.8) with the form of the second part of (3.10) to derive the last inequality. We
will use this last formulation of the guaranteed decrease for least-squares problems as a key piece
of our evaluation complexity analysis, together with (3.5) which is needed because the algorithms
under consideration require one objective-function evaluation per iteration and one evaluation of its
derivatives per successful iteration.

3.2. The outer algorithm

The idea of the two-phase framework which we now introduce is to first apply one of the least-
squares algorithms discussed above (or any other method with similar guarantees), which we call
Algorithm INNER, to the problem

min v(x) & 1[1c(x)|2. (3.12)
XeF

4 ep is the primal accuracy for solving problem (3.9) and ep the dual one.
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(of the form (3.9) with v+ = v) for finding (under suitably adapted assumptions) an approximate
feasible point, if possible. If one is found, Algorithm INNER is then applied to approximately solve the

problem
c(x)
fx) =t

(again of the form (3.9) with ¥+ = ) for some monotonically decreasing sequence of “targets” t;
(k =1, ...). The resulting algorithm is described Algorithm 3.1. Observe that the recomputations of
O j(Xkt1, ter1) G € {1, ..., q}) in Step 2.(b) do not require re-evaluating f(x41) or ¢(x1) or any of
their derivatives.

2
) def 2 def

= Hir(x, t)ll* = 1 (3.13)

min u(x, ty
XeF M(

Algorithm 3.1. oUTER: a two-phase algorithm for constrained optimization

A starting point x_; and a criticality order ¢ € {1, 2, 3} (for both the feasibility phase and the
optimization phase) are given, as well as a constant § € (0, 1). The primal and dual tolerances
O<e <1 and 0 < ¢p < 1arealso given.

Phase 1: Starting from xo = Px(x_1), apply Algorithm INNER to minimize v(x) = %llc(x)”2 subject
to x € F until a point x; € F and Aq € (0, 1] are found such that

le(xn)ll < 8ep or ¢ t(x1) < € hllctx)ll (e {l,....q) (3.14)
If ||c(x1)|| > &ep, terminate with x. = x;.
Phase 2:
1. Sett; = f(x1) — v — llc(x1)lI.
2. Fork=1,2,...,do:

(a) Starting from Xy, apply Algorithm INNER to minimize u(x, t;) as a function of x € F
until an iterate x,+; € F and Ay € (0, Ay_1] are found such that

Ir(xk1, ti)ll < Sep or  fxpgr) < Bk

, (3.15)
or ¢ (xes1 t) < e Mylirxicr )l Ge (1., q}).
(b) i. If ||r(Xks1, )l < Sep, define ¢ according to
tisr = F(Xs) — /€ — llc(aa)lI. (3.16)
and terminate with (X, t¢) = (Xgt1, tir1) if
& (Kies1. lieer) < €04 lIr(Xipr, bl for je {1.....q).  (3.17)

ii. If [|[r(Xks1, te)ll > Sep and f(Xgy1) < ti, define £ 1 according to

tkrr = 2f (Xe1) — & (3.18)

and terminate with (x, t.) = (Xg+1, tke1) if (3.17) holds.
il If ||r(Xks1, te)ll > Sep and f(xp1) > ty, terminate with (x., t.) = (Xgt1, te)

Algorithm OUTER is again of theoretical interest, and it is unlikely that it would perform well in
practice. We now derive some of its useful properties. For this purpose, we partition the Phase 2 outer
iterations (before that where termination occurs) into two subsets whose indexes are given by

Ke Z ik > 0] [r(xen, to)ll < 8ep and (3.16) is applied } (3.19)
and

Ko %k > 0] Ir(xe, t)l = 8er and (3.18) s applied ) (3.20)

The partition (3.19)-(3.20) allows us to prove then following technical results.
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Lemma 3.1. The sequence {t;} is monotonically decreasing. Moreover, in every Phase 2 iteration of
Algorithm oUTER of index k > 1, we have that

fx) =t = 0, (3.21)
Ir (X1, )l = € for ke Ky, (3.22)
I7(Xe+1, e DIl = T (Xet1, L)l < €p for ke K, (3.23)
el < ep and f(xx) — tx < €p, (3.24)
tk — ter1 = (1 —8)ep for ke K. (3.25)

Finally, at termination of Algorithm OUTER,

”r(xev te)” > SGP’ f(xe) = te
(3.26)

Ak

and d)ﬂ,]‘(xes te) < GDAz”r(XEs t)ll for je{1,...,q}.

Proof. The inequality (3.21) follows from (3.16) for k — 1 € K and from (3.18) fork— 1 € K_.(3.22)
is also deduced from (3.16) while (3.18) implies the equality in (3.23), the inequality in that statement
resulting from the monotonically decreasing nature of ||r(x, t)|| during inner iterations in Step 2.(a)
of Algorithm oUTER. The inequalities (3.24) then follow from (3.21), (3.22) and (3.23). We now prove
(3.25), which only occurs when ||r(x41, t)|| < dep, that is when

(F(Xep1) — 6)* + llcric)I1* < 8% (327)
From (3.16), we then have that
te — terr = —(F(Xep1) — te) + V1T ks B2 — G112 (3.28)

Now taking into account that the global minimum of the problem

min 9(f, ) & —f + /e — 2 subjectto f2+ 2 < w?,
(f,c)er?
for w € [0, ] is attained at (f;, ¢;) = (w, 0) and it is given by ?(f;, ¢.) = €&, — w (see [21, Lemma
5.2]), we obtain from (3.27) and (3.28) (setting w = §ep) that

tk—tir1 > €p—w=(1—-38)e for ke K,

for k € K, which is (3.25). Note that, if k € K_, then we must have that t;, > f(x,1) and thus (3.18)
ensures that t;,1 < t;. This observation and (3.25) then allow us to conclude that the sequence {t} is
monotonically decreasing.

In order to prove (3.26), we need to consider, in turn, each of the three possible cases where
termination occurs in Step 2.(b). In the first case (i), ||7(xk+1, tx)|l is small (in the sense that the first
inequality in (3.15) holds) and (3.16) is then used, implying that (3.22) holds and that f(xg+1) > tit1.
If termination occurs because (3.17) holds, then (3.26) clearly holds at (X1, tx+1). In the second case
(ii), the residual ||r(xks1, te)| is large (the first inequality in (3.15) fails), but f(xy41) < i, and i1 is
then defined by (3.18), ensuring that f(x;.1) > tyr1 and, because of (3.23), that ||r(Xg+1, ter1)| is also
large. As before (3.26) holds at (xy1, tx+1) if termination occurs because (3.17) is satisfied. The third
case (iii) is when [[r(Xk41, ti)ll is sufficiently large and f(Xk41) > t. But (3.15) then guarantees that
¢>ﬁ§(xk+1, te) < eDAJkMr(ka, te)ll forj € {1,..., q}, and the inequalities (3.26) are again satisfied at
(XI<+1 ’ tk)‘ o



80 C. Cartis, N.LM. Gould and Ph.L. Toint / Journal of Complexity 53 (2019) 68-94
4. Evaluation complexity

In order to state the smoothness assumptions for problem (2.1), we first define, for some parameter
B > 0, the neighbourhood of the feasible set given by

Cg={xerF|lcx)l =B}

We then assume the following.
AS.1 The feasible set F is closed, convex and non-empty.

AS.2 The function v(x) is smooth enough to ensure that conditions (3.11) and (3.5) hold for Algo-
rithm INNER applied on problem (3.12).

AS.3 The function u(x, t) is smooth enough in x to ensure that conditions (3.11) and (3.5) hold for
Algorithm INNER applied on problem (3.13), with constants «}.. and «*_independent of ¢.

uns

AS.4 There exist constants § > ep and fiow € R such that f(x) > fiow forallx € Cg &ef {x € F |

llc@ll < B}

AS.2 and AS.3 remain implicit and depend on the particular inner algorithm used (see Section 3.1).
For completeness, we now give conditions on the problem’s functions f and {¢;}["; which allow the
transition between assumptions on f and c and the required ones on the Phase 1 and Phase 2 objective
functions v and .

Lemma 4.1. Let p > 1. Assume that f and {c;}{1, are p times continuously differentiable and that their
derivatives of order one up to p are uniformly bounded and Lipschitz continuous in an open set containing
F. Let the iterations of Algorithm INNER applied to problem (3.12) be indexed by j. Then (3.6) holds for
VJv(x) on every segment [xj, x; + sj] = 0) generated by Algorithm INNER during Phase 1 and any
q € {1,..., p}. The same conclusion holds for Vy j(x, t) on every segment [x;, x; + s;] (j > 0) generated
by Algorithm INNER during Step 2.(a) of Phase 2and any q € {1, ..., p}, the Lipschitz constant in this latter
case being independent of t.

Proof. Since
m
Viv(x) = Z Z o jVic(x) ® Vici(x) + ci(x)Vici(x)
i=1 | €j>0, £+j=gq
(where {«,;} are suitable non-negative and finite coefficients), condition (3.6) is satisfied on the
segment [x;, x; + s;] if (i) the derivatives {V,f“i“[e’j]ci(x)}}”1 are Lipschitz continuous on [x;, x; + sj],

(ii) (V™ (x)ym, are uniformly bounded on [x;, x; + s;1, and (iii) we have that

m
D lleilx; + £5,)VEcilx + &) — cilx)Vici(x)llg < Lills;] (4.1)
i=1
for some constant L; > 0. The first two of these conditions are ensured by the lemma’s assumptions.
Moreover,

llci(xj + &sp)Vici(x; + &s5) — ci(X)Vici(x))llq
< lailx + &) — i) VR ei(x) + &57)llq
+ lci(x)] I Vaci(x; + &s;) — Vici(x))llq
and the first term on the right-hand side is bounded above by L?& lIs;ll and the second by |c;(x;)IL& [Is;ll.
Hence (4.1) holds with
m
L= (I +la()IL) < mL* + mllc(x)|IL < mL? + mllc(xo)|IL
i=1
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because Algorithm INNER ensures that [lc(x;)]| < |lc(xo)|l for all j > 0. As a consequence, the lemma’s
assumptions guarantee that (3.6) holds with the Lipschitz constant

m |:( max_ a,) P+ + IIC(XO)HL]
i=

We may now repeat, for w(x, t) (with fixed t) the same reasoning as above and obtain that condition
(3.6) holds for each segment [x;, x; 4+ s;] generated by Algorithm INNER applied in Step 2.(a) of Phase 2,
with Lipschitz constant

< (m+1)|:L2 (1+ max a,) +L] .

i=1,.

where we have used (3.22) and ¢, < 1to deduce the inequality. Note that this constant is independent
of tj, as requested. O

As the constants «}.,, and «*_ in (3.11) and (3.5) directly depend, for the class of inner algorithms
considered, on the Lipschitz constants of the derivatives of i with respect to x, the independence of
these with respect to ¢ ensures that k.., and «*_ are also independent of ¢, as requested in AS.3.

uns

We now start the evaluation complexity analysis by examining the complexity of Phase 1 of
Algorithm OUTER.

Lemma 4.2. Suppose that AS.1 and AS.2 hold. Then Phase 1 of Algorithm OUTER terminates with an x,
such that ||c(x1)|| < Sepor q),f’f, < eAz after at most

[l et max[e; ", el 7] + 1

. . N def . .
evaluations of ¢ and its derivatives, where K(U;” S 277y [ic), 171817 with «),, being the problem-

T
dependent constant defined in (3.11) for the function v(x) corresponding to (3.12).

Proof. First observe that, as long as Algorithm INNER applied to problem (3.12) has not terminated,
llc(x)ll = dee, (4.2)

because of the first part of (3.14). Let £ € Sk be the index of a successful iteration of Algorithm INNER
before termination and suppose first that ||c(x,+1)|| < 1]c(x¢)|l. Then

el — lle@e+)ll = Fllcxe)ll = 3 €p (4.3)
Suppose now that ||c(x,4+1)ll > 1llc(x¢)|l. As a consequence, we obtain that

(el = llees)ID XNl = Kger (€nllc(Xes1)I1)*
where we have also the fact that ¢, ](xH]) > €D||C(X[+1)||AJ since ¢ occurs before termination, the

fact that ||c(x¢)|| > |lc(x¢+1)| for £ € S and condition (3.11). Hence, using (4.2), we have that

-1 _m

_ 1 1
lexo)ll = lle(er)ll = Kgee2 " e I™ ™ € = 27 kg 87 €5~ €]

P 6D
Because of the definition of «,... in (3.11), we thus obtain from this last bound and (4.3) that, for all j,

- 1
el = lle(Xe1)| = 3Kge 87 min [ep, €7 ' €] ]

We then deduce that
_1 _ w
ISkl < 2[k e, 171877 llc(xo)ll max [e; ', 65" €7 ]

The desired conclusion then follows by using condition (3.5) and adding one for the final evaluation
at termination. O



82 C. Cartis, N.LM. Gould and Ph.L. Toint / Journal of Complexity 53 (2019) 68-94

Using the results of this lemma allows us to bound the number of outer iterations in ..

Lemma 4.3. Suppose that AS.4 holds. Then

f(xl) _flow +1 -1

Kyl £ ———"7—— .
IKel < 1—s €p
Proof. We first note that (3.22) and (3.23) and AS.4 ensure that x, € Cg for all k > 0. The result then
immediately follows from AS.4 again and the observation that, from (3.25), t; decreases monotonically
with a decrease of at least (1 — §)ep fork e K. O

Consider now x; for k € K and denote by X, the next iterate such that n(k) € K, or the algorithm
terminates at n(k). Two cases are then possible: either a single pass in Step 2.(a) of Algorithm oUTER

is sufficient to obtain x4 (n(k) = k + 1) or two or more passes are necessary, with iterations
k+1,...,n(k) — 1belonging to £_. Assume now that the iterations of Algorithm INNER at Step 2.(a)
of the outer iteration ¢ are numbered (¢, 0), (¢,1),...,(¢, e;) and note that the mechanism of

Algorithm OUTER ensures that iteration (¢, e;) is successful for all £. Now define, for k € K, the index
set of all inner iterations necessary to deduce X,y from xy, that is

i &ef {(k,0),...,(kex),....,(£,0)...,(¢ e, ...,(n(k) = 1,0),...(n(k) — 1, epy—1)} (4.4)

where k < £ < n(k) — 1. Observe that, by the definitions (3.19) and (4.4), the index set of all inner
iterations before termination is given by Uyex_ 7k, and therefore that the number of evaluations of
problem’s functions required to terminate in Phase 2 is bounded above by

f(xl)_ﬁow+1 1
J zml+1s (1_56[: x max [Z] | +1. (4.5)

ke 4

where we added 1 to take the final evaluation into account and where we used Lemma 4.3 to deduce
the inequality. We now invoke the complexity properties of Algorithm INNER applied to problem
(3.13) to obtain an upper bound on the cardinality of each Z;.

Lemma 4.4. Suppose that AS.1-AS.3 hold. Then, for each k € K. before termination,
Tl < (1— 8kl max[1, 6,7,

where il is independent of €p and €, and captures the problem-dependent constants associated with
problem (3.13) for all values of t;, generated by the algorithm.

Proof. Observe that (3.23) and the mechanism of this algorithm guarantee the strictly decreasing

nature of the sequence {|r(x,, tg)ll}zg,):l and hence of the sequence {||r(x.s, t¢)ll}(s)ez,- For each
k € K., this reduction starts from the initial value |[r(xk o, t)|| = €p and is carried out for all

iterations with index in Z; at worst until it is smaller than ep (see the first part of (3.15)) or
Oujlxes) < GDA],(||T(X[,5+], to)|| forj € {1,..., q}. We may then invoke (3.13) and (3.11) to deduce
that, if (k, s) € 7,

(I (i, )l = 1T Xies, G IDITXis, )l > iegeer(€nlITKics 15 8T (4.6)
for 0 < s < ey, while

r(xue,> Il — 2T (Xpes1,05 tes1)ll = 0.
As above, suppose first that ||r(Xks+1, t)ll < 1|[r(xks, te)|l- Then

I (Xies, Gl — 17 (Xes15 Bl = ST (Ries, DI > e (4.7)
because of the first part of (3.15). If ||r(Xk s+1, ti)ll > 11Ir(xks, t)|l instead, then (4.6) implies that

- -1
T (Xess il = 1T (Rics 10 )l = Kher 277 1M (Res, 61T €5

decr
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Combining this bound with (4.7) gives that
Iress 8l = ITXes i1, Gl = 27 khee ™' min [ep, 6 €] ] .
and therefore, as in Lemma 4.2, that

€p — (SEp

|Ti] < 27 kb 1718 [ } =2"(1—8)8" [kl max[1, &g ;7]

min [ep, €] €] |

. . £
and the conclusion follows with «/ 2l ymg1-n ki 7' O

decr

We finally combine the above results in a final theorem stating an evaluation complexity bound
for Algorithm OUTER in terms of the measures q&vA j*(xs ).

Theorem 4.5. Suppose that AS.1-AS.4 hold. Then, for some constants Kﬁg " and Kt independent of e, and

€p, Algorithm oUTER applied to problem (2.1) needs at most

L(Kclcﬂ lle(xo)ll + x&clf (X1) = fiow + l]) max [e; ', e,}”eD”]J +2 (4.8)

evaluations of f, ¢ and their derivatives up to order p to compute a point x. and (possibly) a t. < f(x.)
such that, when t, = f(x.),

lex)ll > dep, and )% (xe) < epAlllc(xe)ll for je{1.....q) (49)
or, when t, < f(x),
)l < e and ¢5(xe. t) < epMylir(xe. t)]| for je {1.....q). (4.10)

Proof. If Algorithm OUTER terminates in Phase 1, we immediately obtain that (4.9) holds, and
Lemma 4.2 then ensures that the number of evaluations of ¢ and its derivatives cannot exceed

Mg” llc(x0)l| max [6;],6[}_”65”” 1 (4.11)

The conclusions of the theorem therefore hold in this case. Let us now assume that termination does
not occur in Phase 1. Then Algorithm oUTER must terminate after a number of evaluations of f and ¢
and their derivatives which is bounded above by the upper bound on the number of evaluations in
Phase 1 given by (4.11) plus the bound on the number of evaluations of u given by (4.5) and Lemma 4.4.
Using the inequality q, < q and the facts that |a] + |b] < |a+ b]| fora,b > 0and |a+i| = |a] +i
fora > 0andi € N, this yields the combined upper bound

-1 -7 _—
LK££‘|||C(XO)|| max [, ', & ey

n [(1 —3)1(& maX[l,G?iﬂG[;ﬂ]] x [W Efj]iH + 2,

and (4.8) follows. Remember now that (3.26) holds at termination of Phase 2, and therefore that

€ > ||Ir(xe, L)l > Jep. (412)
Moreover, we also obtain from (3.26) that

P25 (Xe t) < e ALIr(xe. )| for je{1,....q). (4.13)
Assume first that f(x.) = t.. Then, using the definition of r(x, t), we deduce that, forj € {1, ..., q},

B2 (xe) = ¢ 5(xe) < @ Afllc(x)]
and (4.9) is again satisfied because (4.12) gives that ||c(x.)|| = |[r(Xe, te)|| > S¢€p.

If f(x.) > t. (the case where f(x.) < t. is excluded by (3.26)), we see that the inequality
llcxl < IIr(xe, )] < €p, and (4.13) imply (4.10). O
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Note that the bound (4.8) is O(e “?"~1) whenever €, = €, = €. Also note that we have used the same
algorithm for Phase 1 and Phase 2 of Algorithm OUTER, but we could choose to use different methods
of complexity 7, and m,,, respectively, leading a final bound of the form

0 (max [ep e e ] + max [ep , 617”"65”"]) . (4.14)

Different criticality order may also be chosen for the two phases, leading to variety of possible
complexity outcomes.

It is important to note that the complexity bound given by Theorem 4.5 depends linearly on f(x1),
the value of the objective function at the end of Phase 1. Giving an e-independent upper bound on
this quantity is in general impossible, but can be done in some case. A trivial bound can of course be
obtained if f(x) is bounded in a neighbourhood of the feasible set, that is {x € F|||c(x)|| < B} for
some $ > 0. This has the advantage of providing a complexity result which is self-contained (in that
it only involves problem-dependent quantities), but it is quite restrictive as it excludes, for instance,
problems with equality constraints only (¥ = R") and coercive objective functions. A bound is also
readily obtained if the set F is itself bounded (for instance when the variables are subject to finite
lower and upper bounds) or if one assumes that the iterates generated by Phase 1 remain bounded.
This may for example be the case if the set {x € R" | c(x) = 0} is bounded. For specific choices of the
convexly-constrained algorithm applied for Phase 1 of Algorithm OUTER, an ¢,-dependent bound can
finally be obtained without any further assumption. If Phase 1 is solved using the trust-region based
algorithm of [22] and x; is produced after k. iterations of this algorithm, we obtain from the definition
of the step that ||sx|| < Amax for all k > 1. In the same spirit, if the regularization algorithm of [20] is
used for Phase 1 and x; is produced after k. iterations of this algorithm, we obtain from the proof of
Lemma 2.4 in [20] and the definition of successful iterations that

ncr
V(%) = v(Xo) = v(x1) = Y [v(%) = v(Xes1)] =0 m Z IsillP*,
ke Sk, keS
giving that
1
sell < <(><op+1>) e
N 110 min

Hence ||x; —Xp|| is itself bounded above by this constant times the (¢p-dependent) number of iterations
in Phase 1 given by Lemma 4.2. Using the boundedness of the gradient of v(x) on the path of successful
iterates implied by AS.2 then ensures (see the Appendix) the (extremely pessimistic) upper bound

fx1) = f(xo) + 0 (max[e; ', 7" &7 ]) . (4.15)

Substituting this bound in (4.8) in effect squares the complexity of obtaining (x., t.).

Assuming that f(x;) — fiow can be bounded by a constant independent of ¢, and €p, Table 4.3 gives
the evaluation complexity bound for achieving first-and second-order optimality for the problem
with additional equality constraints, depending on the choice of underlying algorithm for convexly-
constrained optimization. In this table, q is the sought criticality order and p is the degree of the Taylor
series being used to model the objective function in the inner algorithm. The table also shows that the
use of regularized high-degree models for optimality orders beyond one remains to be explored.

We now consider the link between the necessary conditions derived in Section 2 and the results of
Theorem 4.5. For future reference, we start by giving the full expressions of the first four derivatives
of u(x, t) as a function of x:

G(X)Vyci(x) + (f(x) — )V f(x), (4.16)

NE

Veulx, t) =
1

NE

VIul 1) = Y[ Vi) @ Vi) + c(0Via) | + Vi ® Vi) + (0 — OV () (4.17)

1
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Table 4.3
Evaluation complexity bounds for Algorithm ouUTER as a function of the underlying
algorithm for convexly-constrained problems, for e-independent f(x;) — fiow and € =

€p = €p.
TR-algo Regularization
q (r=4q) p=q p=q+1 p>q
1 o(ﬁ) o(ﬁ) 0 6*2) o(e*¥)
2 0(6_5) ? ? ?
q o(e*@qﬂ)) ? ? ?

1) = Y [3 VEaWBVia(M+a (V0| +3 VFNS VI (+ (- OV () (4.18)
i=1

Ma

Viux, t) = [4 V3ci(x) ® V,c(x) + 3 Vici(x) ® Via(x) + C,-(x)Vfc,-(x)]

(4.19)
i=1
+4 V(%) ® Vif(x) + 3VEf(X) © VEf(x) + (F(x) — )V (%)
where ® denotes the external product.
We finally establish the consequences of Theorem 4.5 in terms of the functions involved in problem

(2.1). Because these results make repeated used of Theorem 3.7 in [22], we first recall this proposition.

Theorem 4.6 ([22, Th. 3.7]). Suppose that v, a general objective function, is q times continuously
differentiable and that V1 is Lipschitz continuous with constant Ly 4 in an open neighbourhood of a
point x. € F of radius larger than A.. Suppose also that, for some €,

¢)1/,](xe) =< EA]; fOT ] = 1,...,q.
Then

leAd
Y(xe +d) > Y(x) — 2e At foralld € F(x.)such that |d| < (qLé )q
v.q

Theorem 4.7. Suppose that AS.1-AS.4 hold and that, at (x., t.) and for some A. > 0, conditions (4.9)
hold if f(x.) = t. or conditions (4.10) hold for {1, ..., q} iff(x¢) > t..
@A) Iff(x) = tcand, forj € {1,...,q}, Viv is Lipschitz continuous with constant L, ; in a
neighbourhood of x. of radius larger than A, then, foreachj € {1, ..., q},
le(xll > Sep and [lc(xe + d)]| > llc(xe)ll — 2eplic(xe )] A (4.20)
foralld € F(x.) such that

1

1 < (el )
=(&L :

(ii) Iff(x.) > t., then, for

(x)
- , 421
Vo= fxo -t (421)

one has that

¢4 o) < AL YD and $35(xe.ye) < @ ALI(LYDI (=2.3).  (422)
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where aﬁfj differs from qbﬁfj in that it uses the feasible set F(x. )N M(x. ) instead of F(x. ). Moreover,
if f and c have Lipschitz continuous jth derivatives with constants L j and L. j, respectively, then

lexe)ll < dep and f(xe +d) = f(xe) — 26pllyell — 2epAL[I(1, 1) (4.23)
for all d such that d € M(x.) N F(x.) whenever j = 2,3, ||c(xc + d)|| < €, and

1

il ep A o

ld) < (=225 ) | (4.24)
V2 max[Ly, L]

Moreover, the second bound in (4.23) can be simplified to
flxe +d) = f(xe) = 260 AL[I(1, yD (425)
forany d such that d € M(x.) N F(x.) wheneverj = 2,3, (4.24) holds, and for which c(x. +d) = 0
orc(x. +d) = c(xe).
Proof. Consider first the case where f(x.) = t. (and thus ||c(x.)|| > §ep because of Theorem 4.5). Note

that we only need to consider the case where ||c(x. + d)|| < |lc(x¢)|l. We have that, for d € F(x,.),

llc(xe + d)II? — llc(x)II> _ v(xe +d) — v(xe)
€ d)|| — € = =
lete Al = el = 2 o T el = et

and the second part of (4.20) then follows from (4.9) and Theorem 4.6 applied to the function v.
Consider now the case where f(x.) > t. (and thus ||c(x.)| < €p because of Theorem 4.5). Focus
first on the case where j = 1. Theorem 4.5 then ensures that

B2 (% 1) < €0 AcIr(xe, t)]].
Using now (4.21) and
1 c(xe)
flxe) —te flxe) —te
one has that (4.22) holds for j = 1. Moreover, applying Theorem 4.6, we obtain that
Alxe +d. ye) = AlXe, ye) — 26pAc||(1, y0)ll
forall d € F(x.) such that

Vo (Xe, te) = J(xe)T + Vof (%) = J(x) Ve + Vif (xe) = Vi Alxe, te). (4.26)

(1, yOlle A

ldl < /—————.
Lf,1 + ”ye ”Lc,l

Using now the fact that, for any a > 0, \/2(1 + a?) > 1 + a, we obtain that

1T+ lyell
(1L, yDll = —==. (4.27)
€ \/j
Hence we deduce that, for all d € F(x,) satisfying
A
ld]l < o (428)

V2 max[L 1, Le 1] ,
we have that

flxe +d) + yic(xe +d) = f(xe) +yc(xe) = 2e0Ac]|(1, y{)l (4.29)
and hence, using the Cauchy-Schwarz inequality, that

fxe +d) = f(xe) — [Iyelllle(xe) — c(xe + d)ll — 2ep AcI(1, ye)ll-
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If one additionally requests that ||c(x.+d)|| < €p, then, from the first part of (4.10), ||c(xc)—c(xc+d)|| <
2¢p and therefore f(x. +d) > f(xe)—2ep[|yell —2ep Ac||(1, y1)|| forall d € F(x.) such that (4.28) holds.
Also note that, if d exists such that c(x. +d) = 0, x. +d € F and (4.28) holds, then (4.29) ensures that

fxe +d) = f(x) = 2ep AclI(1, y)' | (4.30)

since ch(xG) > 0 because f(x.) — t. > 0. Similarly, if d exists such that c(x. + d) = c(x¢),d € F(x)
and (4.28) holds, then (4.29) ensures that (4.30) also holds.
Now turn to the case where f(x.) > t. and j = 2. Observe now that, because of (4.17) and (2.13),

VZARXe, yold)? = vau(xe, te)ld]* forall de M(x.). (4.31)
f(xe) - te

Now, ¢lffz(x€) < epA?|r(xe, t.)|| implies that
Ve, tld] + 3 Vi p(xe, tldP = —ep AZ||r(xe, o)

foralld € M(x.) N F(x.), and thus, dividing by f(x.) — t. > 0 and using (4.26) and (4.31),
Vi Alxe, yold] + § Vi Alxe, yOldP? = e AZ[(1, ye)

foralld € M(x.) N F(xc). This in turn ensures that (4.22) holds for j = 2. Applying Theorem 4.6 for
the problem defining ¢, we deduce that

A(Xe‘i‘d,}’e)i A(X€7y€)_26DA§”(]7y€)” (4'32)

for all d such that d € M(x.) N F(x¢). As a consequence, using (4.27) as above, we have that (4.23)
holds forj = 2 and all d € M(x.) N F(x.) such that

2ep A2 }
ldj < [ —=22 ) (4.33)
V2max[Ly , L 2]

Applying the same reasoning as above, we deduce that

fxe +d) = f(xe) = 2eplye |l — 26 A2]I(1, ye)l
if one additionally requests that ||c(x. + d)|| < ep. We may also, as for j = 1, deduce from (4.32) that
fxe +d) = f(xe) — ZeDAfll(l,ye)ll for any d such that d € M(x.) N F(x.) and (4.33) holds and for
which c(x. + d) = 0 or c(x. + d) = c(x¢).
We finally turn to the case where f(x.) > t. and j = 3. It can be verified that, for s; € M(x,),
V2 1u(xe, to)s1, 521 = Vic(xe)s11.V, c(xe)s2] + Vif (% )s11.Vof (xIs2 ]
+(f(xe) — te )V)%A(Xe, Ye)ls1, s2] (4.34)

(f(xe) — t)VEA(X, ye)lst, 521

and
Veulxe, t)lsi1® = 3[2111 VEci(x s 2. Vyici(xe)sil + Vif(xe)ls11>. Vi f (xe)[sﬂ]
F((Xe) = L)V Alxe, ye)lsil? (4.35)
= (f(x) = t)V Alxe, ye)lsi .
At termination we have that ¢ﬁf3(x€) < eDAg IIr(xc, to)|l, and thus, for all d € F(x.),
Vy i(Xe, td] + 3V ulxe, LI + 3V u(xe, t)IA) = —ep AZJIr(xe, £l
As forj = 1and 2, and for every d € M(x.) N F(x.), the above relations imply that
Vy Alxe, yld] + 3V AQxe, YOI + §V{ AWxe, yoldP = —en AZI(1, yO)II,
and therefore that (4.22) holds for j = 3. Applying Theorem 4.6 again, we now deduce that
Al +d,y) = Alxe,ye) — 20 AZ[(1, yo)l|
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foralld € M(x.) N F(x.). As for the previous cases, this implies that (4.23) holds for j = 3 and, using
(4.27) once more, for all d € M(x.) N F(x,) satisfying

1

Bep A3 ’

ldj < [ ——2% ) . (4.36)
V2max[Ls 3, Lc 3]

The inequality (4.25) is obtained as for the cases wherej = 1,2. O

We verify that (4.22) for j = 1 is the scaled first-order criticality condition considered in [21]
(Theorem 4.7 thus subsumes the analysis presented in that reference) and is equivalent to

[P (x)[— Vi AlXe, YOIl < epAcll(1, ¥,

which corresponds to a scaled version of the first-order criticality condition considered in [6].
4.1. Beyond third-order optimality?

We have now proved that, if an approximate qth order critical point for the convexly constrained
problem can be obtained by an inner algorithm at a given evaluation complexity, then the same
result holds for the critical points of ||c(x)|| whenever Algorithm OUTER terminates with an infeasible
stationary point of the constraint violation (either at Phase 1 or at (4.9)). When Algorithm OUTER
terminates with (4.10), we have shown in Theorem 4.7 that similar results hold for criticality of orders
one, two and three.

As indicated already, the situation becomes considerably more complicated for higher orders. The
first difficulty, which we covered in Section 2, is that the conditions (2.14), (2.15) and (2.9) involve,
for higher orders, the geometry of the feasible arcs in a way which is hard to exploit. Moreover, the
fact that we could derive, in Theorem 4.7, some lower bounds on the objective function values by
exploiting information at orders one up to three is strongly dependent of the observation that, in the
suitable subspace,

1

flxe) —te
(see (4.26),(4.31),(4.34) and (4.35)), which in turn ensures that minimizing u(x, t) with respect to x
on the said subspace also results in minimizing A(x, y) with respect to x on the same subspace.” Is
this crucial property maintained for high orders? We now show that the answer to this question is
negative for orders four and beyond, due to the ever more distant relationship between Viu(xe, t.)
and VL A(x.,y.) when j grows, which is apparent when considering the expressions (4.16)-(4.19).
Indeed, the terms

Vip(Xe, to) = VIA(Xe, ye) (=1,2,3) (4.37)

m

° [Z(Vfc,—(X) ® VZc(x)d* + (Vif(x) ® VIf (x))[d]“}

= f(xe)%tf |:Z<qu—(x)[d]2>2 n (fo(x)[d]z)z]
i—1

i=

(4.38)

in (4.19) would only vanish in general if d € kerz[fo(x)] n kerZ[Vfc(x)]. Although this is formally
reminiscent of the definition of M(x) in (2.13), this crucial inclusion now no longer follows from
lower-order conditions.

This is illustrated by what happens on the problem

min —x; — X3 + X1, — 1x] subjectto &+x, +x2 —x1%, =0 (4.39)
X1,X1

5 For order three, it is fortunate that terms in (4.34) and (4.35) involving the second derivatives always appear in product
with terms involving the first, which is the reason why the minimization subspace at order three is not smaller than that at
order two.
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Fig. 4.3. Contour lines for (4.39) (left), u(x, t.) (center) and A(x, y. ) (right)with the constraint shown as a thick curve.

for some ¢ € (0, 1]. If we consider x. = (0, 0) and t, = —¢ (yielding y. = 1), then one can verify
(see the Appendix) that u(0, t.) satisfies the necessary conditions for a fourth order minimizer at the
origin while the problem itself has a global (fourth order) constrained maximizer. Fig. 4.3 shows the
contour lines of the objective function with the constraint set superimposed as a thick curve (left), the
contour lines of u(x, t.) (center) and A(x, y.) (right).

It is worthwhile to note that the above discussion has wider implications. Indeed the first of the
problematic terms in (4.38) not only occurs in the function wu(x, t) used in this paper, but also when
applying to problem (2.1) a quadratic, £; or £, penalty function, a classical augmented Lagrangian
approach, or a sequential quadratic programming method using a merit function depending on such
penalty terms. The same difficulty may also occur if more general penalizations of the type p(v(x)) (for
some increasing smooth function p from R* to R™) are employed. Indeed, consider the derivatives of
p(v(x)). One verifies that

Vipw(x)) = p" )V +6p”(v(x)V2iv(x) ® [VIv(x)]*®
+4p" (v(x))V2v(x) ® V,lv(x) + 3p"(v(x))[ Vv (x)]*®

+p' (v(x))Vgv(x)
whose last term, together with

m

Vi) =) [4 V(%) ® Vici(x) + 3[ViG(x)1® + ci(X)V;‘C.-(X)},

i=1

indicates that the troublesome terms involving [V2¢;(x)]*® do not vanish unless p’(v(x)) also vanishes
with v(x).

None of the linear or quadratic penalization approaches can therefore be expected to reliably produce
critical points of orders four or more. Innovative techniques are thus needed if one is interested to
compute high-order critical points of (2.1) of higher order. One possible research direction is to follow
the propositions formulated in [20] and to exploit penalization terms of order higher than two in the
definitions of v and wu, for which an improved evaluation complexity bound is already available for
the subproblem solution.

5. Conclusions and discussion

We have formulated and analyzed, in Section 2, the necessary conditions for high-order optimality
in nonlinear optimization problems involving both convex set constraints and nonlinear equalities.
We have also discussed the difficulties inherent to their form for third-order critical points and higher.

We then have shown in Sections 3 and 4 that the evaluation complexity of finding an approximate
g-th-order scaled critical point (q = 1, 2, 3) for alarge class of smooth nonlinear optimization problem
involving both equality and inequality constraints is at most O(er}’” €, ) evaluations of the objective
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function, constraints and their derivatives, where €™ is the order of the guaranteed objective function
decrease during the successful iterations of an underlying inner algorithm for convexly constrained
least-squares problems. We refer here to an “approximate scaled critical point” in that such a point is
required to satisfy (4.9) or (4.10), where the accuracy is scaled by the size of the constraint violation or
that of the Lagrange multipliers. In particular, the above results provide the first evaluation complexity
bound for second- and third-order criticality in the case involving general inequality and equality
constraints.

This result also corrects an unfortunate error® in the first-order analysis of [21], that allows a
vector of Lagrange multipliers whose sign is arbitrary (in line with a purely first-order setting where
minimization and maximization are not distinguished). The present analysis now yields the multiplier
with the sign associated with minimization.

Interestingly, an O(epe;, (p+1)/p min[ep, €p]~P+1/P) evaluation complexity bound was also proved by
Birgin, Gardenghi, Martinez, Santos and Toint in [6] for first-order unscaled, standard KKT conditions
and in the least expensive of three cases depending on the degree of degeneracy identifiable by the
algorithm.7 Even if the bounds for the scaled and unscaled cases coincide in order when ¢, < ¢p,
comparing the two results for first-order critical points is not straightforward. On one hand the scaled
conditions take into account the possibly different scaling of the objective function and constraints. On
the other hand the same scaled conditions may result in earlier termination with (4.10) if the Lagrange
multipliers are very large, as (4.10) is then consistent with the weaker requirement of finding a John'’s
point. But the framework discussed in the present paper also differs from that of [6] in additional
significant ways. The first is that second-order critical points are now covered in the analysis. If we
now restrict the scope to first-order, the present paper provides a potentially stronger version of the
termination of the algorithm at infeasible points (in Phase 1): indeed the second part of (4.9) can be
interpreted as requiring that the size of the feasible gradient of | c(x)|| is below €p, while [6] considers
the gradient of ||c(x)||? instead. The second is that, if termination occurs in Phase 2 for an x, such that
¢fﬁ(x€) is of order €pep Ay (thereby covering the case where f(x.) = t; discussed in Theorem 4.5) and
xe € FO, then |Pr[—V]v(x)lll = |[Viv(x.)]l is of the same order and Birgin et al. show that, in this
case, the Lojaciewicz inequality [44] must fail for c in the limit for €; and ¢, tending to zero (see [6] for
details). This observation is interesting because smooth functions satisfy the Lojaciewicz inequality
under relatively weak conditions, implying that termination in these circumstances is unlikely. The
same information is also obtained in [6], albeit at the price of worsening the evaluation complexity
bound mentioned above by an order of magnitude in €p. We also note that the approach of [6] requires
the minimization, at each iteration, of a residual whose second derivatives are discontinuous, while all
functions used in the present paper are p times continuously differentiable. A final difference between
the two approaches is obviously our introduction of ¢ﬁ.’; in the expression of the criticality condition
in Theorem 4.5 for taking the inequality constraints into account.

Will regularization-based methods provide better evaluation complexity bounds when using
polynomial models of higher order? Can the limitations of penalty approaches for finding high-
order solutions for equality constrained problems be circumvented? These and many other questions
remain open at this stage.
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Appendix
Details of the derivation of (4.15)

For the trust-region algorithm,

f(x’;)sf(xlw( max ||V,3v<s)||> Amax |k et 7640 | + 1)

§€Vjesxj.xj41]

For the regularization algorithm,

fx) < f(x0)+(w)mx
max V()] ch'é'nc(an max [e;, e[,frq;pﬁ-qH " 1} |

§eUjes X Xjt1]

Details for the example (4.39)

We prove the validity of the statement made after the definition of problem (4.39), namely that
(0, t.) satisfies the necessary conditions for a fourth order minimizer at the origin while the problem
itself has a global (fourth order) constrained maximizer.

Let T3(x) = x, + x% — 2x1x; and define, for some ¢ € (0, 1],

f(x) = —T5(x) — 1x] and c(x) = e + T3(x). (A1)
and thus, for a given multiplier y,

A(x,y) = —Ts(x) — 1% + yle + T3(x)] (A2)
We have that

VIT3(x) = ( 2’1‘1__2?(’]‘2 ) . VITy(x) = ( _3 _(2) ) and V3Ts(x) = 0. (A3)
Thus, at the origin and for t, = —¢

c(0)=¢ =f(0)—t. and Vic(0)= ViT3(0) = —VIf(0) for j=1,2,3. (A4)

As a consequence, the choicey = 1, (A.2) and (A.3) ensure that A(x, 1) = ¢ — %x‘} as well as
ViA0,1)=0, VZ2A(0,1)=0, V7 A0,1)=0, V{A®0,1)= Vef(0)=—12e%*
(A.5)
Using (4.16)-(4.19) and (A.4), we also have that, fort = —e¢,
V, (0, t.) = (c(0) — f(0) + t)V,T3(0) = (¢ — 0 — e)e; = 0, (A6)

VZ2u(0,t.) = 2 V.T5(0) ® V,T3(0) = 2ese5, Vu(0,t)=6V2T3(0)® V,T3(0) =0 (A7)
and, using the last equation in (A.5),
Vin(0.t) = 6V2T3(0)® V2T3(0) + c(0)Vic(0) + (f(0) — t.)V,f(0)

®2
_ 12[( B _é> _86?4] (AS8)

(Notice the contribution of the first term in the bracketed expression, potentially dwarfing that of the
second for sufficiently small €.)
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Let us attempt to verify (2.19)-(2.9) with ¢ = 4 for the problem of minimizing w(x, t.) with
s1 € ker’[V2u] = span {e;}. We have that (2.19) holds because of (A.6). We also obtain, from (A.6)-
(A.8), that, for s; = re; for some 7 € R and for any choice of s, s3, 54 € R",

V20, te)ls2] + 1 V21(0, t)[s1]* = 0's, + ezehe; =0,

‘I,'3 ‘[3
V2 (0, te)lss] + TV (0, t)s1, s2] + EVfu(o, t)ls1]® = 0"s3 + tshesee; + E0[s1]3 =0

and
! (0, te)sal + V2u(0, te)ls1, s3]+ 2VEu(0, te)s2 ]
+1V3u(0, t)ls1, s1, 521 + o Ver(0, t.)[s1]4

= 075y + +rsTeseler + 1(els;)? + 507 [es, e1, 5]

2
1 -1
+;§1|: e?( 1 o >e1 —si| t4eler)*

1(elsy)* + 1(1 — e)ri(eler ).
The choice of s, s3 and s4 is however constrained by (2.9) for i = 1, 2, 3, in that those vector must
also satisfy the equations

V) c(0)[s1]1 =0 = tejey,

(A9)

V)c(0)s2] + 1VZc(0)[s1)* = 0 = e)s, + t2e! ( ) e1,

Vi c(0)s3] + Vic(O)ls1, 2] + 1VEc(O)s1] = 0 = 353 + 22(er — e2)"s, + 770" [eq .
and
c(0)[sa] + VZc(0)[s1, 531 + +1 VZc(0)[s21* + 1 V7c(0)[s1, 51, 521° + 24 Vic(0)[s1]*
=0=elss +elsy(els, — 27%) + 2rels; — 472,

The second, third and fourth of these conditions impose constraints on the values of e}s,, els; and
e§s4. In particular, the second implies that egsz = —12, which we may then substitute in (A.9) and
deduce that

¢ (0, t)[sa] + V2u(0, to)ls1, s3] + 1 VEu(0, to)[s2]?
+1V2 (0, t)ls1, 51,521 + 2 Veu(0, t)sq1* (A.10)
= %1:4-1-(% —a)rt=(1- %8)‘[ > 0.

We therefore obtain that, for all ¢ € (0, 1], x, satisfies the necessary conditions of Theorem 2.1 with
q = 4, except that c¢(x,) = e. However (A.5) shows that A(x, y.) is a polynomial of degree 4 with a
global maximizer at the origin, independently of the value of ¢. Letting ¢ tend to zero and using the
fact that all quantities in the example depend continuously on this parameter then allows to conclude.
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