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Abstract

A parametric class of trust-region algorithms for constrained nonconvex optimization
is analyzed, where the objective function is never computed. By defining appropriate
first-order stationarity criteria, we are able to extend the Adagrad method to the newly
considered problem and retrieve the standard complexity rate of the projected gradient
method that uses both the gradient and objective function values. Furthermore, we pro-
pose an additional iteration-dependent scaling with slightly inferior theoretical guarantees.
In both cases, the bounds are essentially sharp, and curvature information can be used to
compute the stepsize. The adaptation of the algorithm to the convex constrained case is
discussed, and initial experimental results for noisy bound-constrained instances illustrate
the benefits of the objective-free approach.

Keywords: First-order methods, objective-function-free optimization (OFFO), Adagrad, con-
vergence bounds, evaluation complexity, second-order models.

1 Introduction

It is a truism to say that adaptive-gradient methods such as Adagrad, ADAM and cousins
are at the heart of machine learning algorithms, and the literature covering them is vast
(see [29, 17, 35, 27, 37, 34, 15] to cite only a few significant contributions). In line with
current technology for neural network training, most of these minimization methods have been
considered for nonconvex unconstrained problems. While this is adequate for a broad category
of applications, it is however difficult to use them in a context where a priori information on
the problem at hand is available, often in the form of constraints. Admittedly, these a can be
taken into account by adding penalty terms to the loss/objective function, a technique often
used in the Physically Informed Neural Networks (PINNs) branch of research (see [6, 36]
for instance), but this introduces new hyper-parameters needing calibration and does not
guarantee that constraints are strictly enforced. Moreover, a sufficiently severe penalization
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of the constraints typically deteriorates the problem’s conditioning, possibly resulting in slow
convergence, especially if first-order methods are used. This suggests that there is a scope
for a more direct approach. The present short paper proposes a step in that direction by
considering adaptive gradient algorithms for nonconvex problems which have bound or convex
constraints.

Nonconvex optimization with convex constraints is not a new subject, but, to the author’s
knowledge, nearly all available algorithms use objective function values to ensure global con-
vergence by assessing the effectiveness of a move from one iterate to the next (see, for instance,
[13, Chapter 12] for a description of suitable trust-region methods and [8, Section 14.1] for an
analysis of their complexity). This can be inconvenient in deep learning applications where
sampling techniques cause significant noise ([22] provides a convincing illustration of this ar-
gument). Exceptions where the function values are not used in the globalization strategy
are the papers [10] and [1]. The first studies a stochastic zero-th order (DFO) algorithm
for problems with convex constraints based on the Malahanobis metric where the gradient is
approximated by finite-differences and proves that, in expectation, the norm of the projected
gradient (in that metric) decreases like k~/4, where k is the iteration counter. This study
is motivated by applications in adversarial training (see the references in [10] for details).
The second paper considers a purely first-order stochastic version of AMSgrad for weakly
convex problems with convex constraints and obtains a similar rate of global convergence.
It also mentions applications in adversarial training and reinforcement learning. Although
both approaches are based on projections, no specific mention is made of the special case
of bound constraints, despite the fact that such constraints are an integral part of efficient
formulations of more complex problems with nonconvex constraints. Our aim in the present
paper is to complete this picture by considering a general class of adaptive algorithms for
general nonconvex problems including the popular Adagrad method, but also allowing the
use of curvature information, should it be available at a reasonable cost. The algorithm we
will introduce never evaluates the objective function (as is the case of the popular aforemen-
tioned Adagrad, ADAM and their variants). We refer to this feature by the OFFO acronym,
for Objective Function Free Optimization.

Our proposal is deterministic(!) and is based on the combination of two existing algorith-
mic approaches: trust-region based projection methods [13, Chapter 12] (more general and
more flexible than pure projected gradient methods) and a recent reinterpretation of adaptive-
gradient methods as a particular class of (the same) trust-region techniques [23]. We claim
that this combination, although only moderately complex technically, yields a useful class of
optimization algorithms, in particular given the interest of the deep-learning community in
methods capable of handling nonconvex functions and convex constraints.

A related approach is that using variants of Frank-Wolfe algorithm [19] to minimize a
potentially nonconvex function subject to convex constraints, whose complexity was analyed
in [28]. This method performs an objective-function-free linesearch along the direction from
the current iterate to the minimizer of the first-order model in the feasible set. in this
context, the main selling point of the Frank-Wolfe algorithm has always been (see [19]) that
it replaces projection on the feasible set (a quadratic optmization problem) by a potentially
cheaper linear programming subproblem whenever the feasible set is defined by a set of linear
inequalities. Further developments (see [5]) have looked at stochastic versions of the method

M1t is the authors’ opinion that a study of the deterministic case is most useful for improving one’s under-
standing of an algorithm’s behaviour in more general stochastic contexts.
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replacing the linesearch by either a fixed stepsize rule of a “function agnostic” rule based on
iteration number only. Some of these variants ([40] or [32] and references therein) make use
of the definition of the feasible set as a technique to bias the search direction towards (various
forms of) sparse solutions. Our proposal differs from this line of work in that we propose
a “function-aware” adaptive stepsize strategy (the trust-region mechanism, possibly using
Adagrad-like adaptivity) using first-order information more locally (and thus probably more
reliably), and that we also allow taking second-order information into account when possible.
We also note that the (first-order) trust-region based step also results from an extremely
cheap linear programming computation when the constraints are bounds on the variables,
thus avoiding the general quadratic optimization cost of a projection in our case.

While adaptive-gradient methods for constrained nonconvex problems appear to be little
explored, this is not the case for problems featuring a convex objective function, for which
various methods have been proposed (see [2, 26, 18] for instance). Unfortunately, these
methods are difficult to adapt to the nonconvex setting because they typically hinge on an
acceleration technique that, so far, require convexity.

Our short paper is organized as follows. Because of its pervasiveness and simplicity, we
first focus on optimization with bound constraints and propose a class of OFFO adaptive-
gradient methods for this case in Section 2. We then specialize this class in Section 3 to
derive a suitably modified Adagrad algorithm and analyze its evaluation complexity. We also
propose, in Section 4 another specialization of our class, in the spirit of [23]. We then discuss
why and how our proposal can be extended to more general convex constraints in Section 5.
Some conclusions and perspectives are finally discussed in Section 7.

2 First-order minimization methods with bound constraints

The first optimization problem under consideration is given by

min f(x) (2.1)

reF

where f is a smooth function from IR" to IR and
F={zeR"|{ <z <u for ie{l,...,n}}. (2.2)

The component-wise lower bounds {¢;} ; and upper bounds {u;}?_; in (2.2) satisfy ¢; < w;
for i € {1,...,n}. The values ¢; = —oco and u; = +oo are allowed. In what follows, we also
assume the following:

AS.1: the objective function f(x) is continuously differentiable;

AS.2: its gradient g(z) def

that is

V.f(z) is Lipschitz continuous with Lipschitz constant L > 0,
lg(z) =gl < Liz -yl
for all z,y € R"™;

AS.3: there exists a constant fi,, such that, for all x € F, f(z) > fiow-
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AS.1, AS.2 and AS.3 are standard for the complexity analysis of optimization methods seeking
first-order critical points, AS.3 guaranteeing in particular that the problem is well-posed. Note
that we do not assume the gradients to be uniformly bounded, at variance with [38, 15, 39, 23].

Because the purpose of the method we are about to describe is to compute approximate
first-order critical points for problem (2.1), we first review what we mean by this statement.
Given a vector x € F, we first define

Xi(z, a) = §;(z,a)|g(z);| where 6;(z,a)=max{d € [0,a] | z—dsignlg(z);]e; € F}, (2.3)

with g(z) = VLf(x) and o > 0. Observe that x;(z, a) is the maximum decrease of the linear
model g(z)”'s achievable along the i-th coordinate vector while preserving feasibility and the
inequality |s;| < «, that is

Xi(#, @) = | min {g(x)Ts such that s = —dsign(gix)ei, 6 <« and z+se€ F}|  (24)

Hence x;(z,1) = |gi x| when F = IR" (i.e., the problem is unconstrained) or when the distance

from = to the bounds exceeds one along its i-th coordinate. Moreover y;(x) def Xi(z,1) can
be interpreted as a continuous and backward stable first-order criticality measure for the
one-dimensional problem

mﬁl {f(a: + te;) such that ¢; < x; +te; < uz}
te

(see [24]). As it is standard to define an (unconstrained) e-approximate first-order critical
point at a point x such that

we extend this notion here by defining a box-constrained e-approximate first-order critical
point as a vector x € F such that

(2.5)

a backward stable condition whose left-hand side is continuous. If ¢ = 0, (2.5) defines an
exact first-order critical point.

Of interest here are iterative methods which generate a sequence of iterates {zj}r>0
where the step from xj to xx11 depends on the gradient of the objective function at x; and
on algorithm-dependent weights {wy = w(xo,...,zr)} whose main purpose is to control the
step’s size. These weights are assumed to be bounded below by a strictly positive constant,
that is

AS.4: for each i € {1,...,n} there exists a constant ¢; € (0, 1] such that, w;; > ¢ for all
k>0,

Given an iterate zj, we add a subscript k£ to and drop the argument zj from quantities
of interest to indicate they are evaluated for x = xy, so that

gk = Vif(zr), 6ir(a)=0di(rg,a) and xix = xi(wg, 1)
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for instance.

We now state the ASTR1B algorithm (for Adaptively Scaled Trust Region using 1rst order
information with Bounds), a variant of the ASTR1 method of [23] capable of handling bound
constraints.

Algorithm 2.1: ASTR1B

Step 0: Initialization. A starting point z¢ € F is given. A constant 7 € (0, 1] is also
given. Set k = 0.

Step 1: Define the trust-region. Compute gx = g(x) and define

_ Xik
ik = .
Wy

(2.6)

Step 2: Hessian approximation. Select a symmetric Hessian approximation By.

Step 3: GCP. Compute a step sﬁ using

n
shy=—> 0in(Aip)sign(gix) (i€ {L,...,n}) (2.7)
i=1
and a step sg given by
s = sk, (2.8)
with
min [1 W'{%L'] if (s5)TBgsk >0
Ve = " (st Bysy b ko (2.9)
1 otherwise.
Finally select a step sy such that
i + sk € F, (2.10)
lsikl < Aip (1€ {1,...,n}), (2.11)
and
gLsp + Lsf Brsp <7 <ng3§ + %(s,?)TBks§> . (2.12)
Step 4: New iterate. Define
Ty = T + S, (2.13)

increment k by one and return to Step 1.

The ASTR1B algorithm, like ASTR1, allows the user to provide (and use) second-order
information in By, should it be available. There is no need for By, to be the exact Hessian of
f at xp, and (limited-memory) quasi-Newton approximations are acceptable. If By, is chosen
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to be indentically zero on every iteration, the ASTR1B algorithm is then a “purely first-order”
optimization method.

Albeit computing a step sj, satisfying (2.10)-(2.12) may seem formidable at first sight, this
is actually a simple task, and even more so if By = 0. Indeed, the step sé (which minimizes
the linear model g,{s in the intersection of the trust-region and the feasible set) is easily
obtained from (2.7) since, using(2.3),

min [A; g, u; — ;] if g <0
5i,k(Ai,k) = min [Ai,lm T; — Ez] if gik > 0 (2.14)
0 lf gi,k = 0

for i € {1,...,n}. If By =0, we have that s, = sg = sﬁ. Otherwise the step sg is computed
using (2.8) and (2.9), the latter possibly involving a single matrix vector product, and may
be seen a “generalized Cauchy point” (see [23]), that is a step minimizing the quadratic
model along a good first-order descent direction while preserving feasiblity with respect to
the bounds and the trust-region. Any step preserving (2.10) and the bound (2.11), and
decreasing the value of the quadratic model ggs + %STBks is then acceptable as sg. Such an
improved step may be computed for instance by using truncated projected Krylov techniques.
This “generalized Cauchy point technique” has been first proposed in [11] and variants have
been used extensively since(?), for instance in the LANCELOT [12], BOX-QUACAN [16], TRON
[30] and GALAHAD [20] packages.

As stated, the algorithm does not impose any restriction on By, but it is clear that if
curvature can be arbitrarily large, then the step can be arbitrarily small and convergence
may be impeded. In the convergence theory below, we therefore assume that

AS.5: There exists a constant kg > 1 such that ||Bg| < kg for all £ > 0.

Also observe that, at variance with “projected gradient methods” using function values
(see [13, Section 12.2.1]), the ASTR1B algorithm does not use explicit projection onto the
feasible set, nor does it perform approximate minimization of the quadratic model on the
left-hand side of (2.12) along the “projected-gradient path” when Bj is nonzero. This has
the advantage, which we judge crucial in potential neural-network training applications, of
avoiding more than a single Hessian times vector product,

Because there are many possible choices for the weights w; j in the ASTR1B algorithm, the
latter may effectively be seen as a class of more specific methods, two of which we investigate
in Sections 3 and 4.

All results in this paper crucially depend on the following two lemmas, which derive lower
bounds on the decrease of the first-order Taylor model of f in the neighbourhood of an
iterate zj and on the value of f itself. The first is a substantially modified version of [13,
Lemma 12.2.2], while the second is an adaptation of [23, Lemma 2.1].

@ 1n the non-OFFO context.
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Lemma 2.1 Suppose that AS.1 and AS.4 hold. Then, at each iteration &k > 0 generated
by the ASTR1B algorithm,

2
.| Xk .
|gi7ks£k| > min [wz ,Xi,k] (tef{l,...,n}) (2.15)
/1’7
and
19k 5| > Sminllsk || (2.16)

where ¢pin = minie{l,--qn} Si-

Proof. Let i € {1,...,n} and observe that (2.3) and (2.7) ensure that s*, = 0 and
Xik = 0 whenever g;;, = 0, so that (2.15) and (2.16) trivially hold in this case. We
therefore assume that g; ;, # 0 for the rest of the proof and let d; ;, = u; — x; 1 if g; 1 <O,
or d; , = x; — ¥; if g; ), > 0. Note that (2.7) implies that

‘SiL,k\ <Ak (2.17)
for all 7 and k.

If |sfk| > 1, then d; , > 1 and |g; x| = xix. Moreover (2.7) implies that A; ; > 1. We thus
obtain that

1936513 ] > X min[d; o, A k] > Xk (2.18)
Suppose first that \sifjk\ = A, j, then, using (2.6), AS.4 and (2.17),

2 2
L X,k Xik Xi k 2 L \2

i kSl = |G = = Wi p—— > GAZ L = g(s7)°. 2.19

’gl,k z,k’ |gl,k‘wi,l€ Wik 1,kwﬁk Z Silk gZ( 'L,k) ( )
If now ]sZLk| =d; 1, one has d; j, < Z)’i, which yields
Xi,k

195 k50| = |ginldik = Xigdig = wi wz. kdi,k > wipds ), > ci(shy)? (2.20)

Z’

Suppose now that ]sZLk| <1.1If ’3sz’ = A, and d; > 1, then again |g; x| = X and, using
(26),

sz
i stk = Xig i = wf’}g, (2.21)
z’
while using (2.6), AS.4 and (2.17) now gives that
2 2
X,k Xi k
‘gi’kSiL,k‘ = XikDik = Z'k = wi,kw; > giAZ%k > §i(3£k)2- (2.22)
2 ik

If |sfk\ = A, and d; < 1, then x; r = |¢i x|d; x and, using (2.17) again,

Ak
d;

9i,kSi k| = 19i.k|R0k = Xik Z Xi,kRik = .
\9ik5E] = 1kl A > i kA ’ (2.23)
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We also deduce, using (2.6), (2.17) and AS.4, that, in this case,

X3k x2
|gi7k5]~:’ = lA’ = Aik2§i(s£k)2. (2.24)
i, i,k:

Finally, if |sF,| < 1 and |sF, | < A, x, then one of the bounds on variable i must be active
at xp + s£ and thus
|gi,kSiL,k| = Xi,k> (2.25)

and we obtain, using once more (2.6), (2.17), AS.4 and the inequality |sl,| < 1, that

Xi k
’gz k:sz k‘ = Wy sz

> Gk > silsigl > si(sip)?. (2.26)

i,k

Combining (2.18), (2.21), (2.23) and (2.25) then yields (2.15), while combining (2.19),
(2.20), (2.22), (2.24), (2.26) and the inequality gives that, for all i and &,

|9igesiel = <i(six)?. (2.27)

But (2.7) implies that gi,ksﬁk < 0 for all ¢ and k, and thus that, for k& > 0,

n
TSk = ‘zmslu S gushil
=1

The inequality (2.16) then follows by summing (2.27) for ¢ € {1,...,n} and using the
definition of ¢yin. O

Lemma 2.2 Suppose that AS.1, AS.2, AS.4 and AS.5 hold. Then, at each iteration
k > 0 generated by the ASTR1B algorithm,

n 2
Xi

+ (ke + L) wék. (2.28)
i=1 Lk

f(@p1) < flo Tgmm me [ s Xk

Proof.  We now consider the quadratic model and suppose first that (sﬁ)TBksﬁ > 0
and v, < 1. Then, we deduce from (2.8), (2.9), (2.16) and AS.5 that

gls? + 1(s9) Bsy = min, [g] (vsF + 1 (ysE)T Bi(vsh)]

(g% s8)?
— g 2.2
2(s1)T Byst (2.29)

Smin | /T oL
< _2%1;|9k5k|

If now (s; )TB]S <0orv; =1, then (2.8) and (2.7) give that

gi s+ 3(s2) Bis = gl st + 1(sE)" Brst < 1gi st <0 (2.30)
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and (2.29) then again follows from the bounds kg > 1 and ¢; < 1 for i € {1,...,n} (see
AS.4).

Successively using AS.1-AS.2, (2.12), (2.29) and (2.6) therefore yields that, for j > 0,
f(zje1) < flz)) + g5 55+ &) Bjsj — 35 Bjsj + 5L s

< Jwy)+ 7 (of o7+ 4T Bys? ) + b + L) s
TSmin o sz
< flzy) — = Zmin [wz"k,Xi,k
=1

2KB

2

n
7+%("€B + L) Z Alz,]
i=1

TSmin — sz; - sz
< f(z;) — =22 min | —=, x; x| + (kg + L ==
< f( ]) 2Ip Win Xi.k 2( B )szk
i=1 ’ i=1 b
which completes the proof. O

3 Adagrad with bound constraints and second-order models

In the unconstrained case, the well-known Adagrad algorithm [17] (in particular reframed
as a trust-region method [23]) uses weights given by w;; = /¢ + Z?:o g?,. We pursue
the analogy mentioned above between g;; in the unconstrained case and x;j in the box-

constrained case by defining weights as follows. For given ¢ € (0,1] and ¥ € (0, 1] let, for all
i€{l,...,n} and for all k£ > 0,

1
k 2
def
Wik € [mvi,k,vi,k] where v; ), = €+ZX?,J' : (3.1)
=0

The weights used by the well-know Adagrad algorithm are thus recovered by setting ¢ = 1.
When applied to unconstrained problems, ASTR1B with (3.1), 9 = 1 and By = 0 is therefore
identical to the (deterministic) Adagrad method, and thus generalizes this method to the box-
contrained case.

Note that, for all £ > 0 and all s € {1,...,n}, the first part of (3.1) implies that

. 1 X2 X2
Xk < — and min Z’k,xik >V L (3.2)
wik ~ V0 i, Wi k
so that we may rewrite the bound (2.28) as
2 n 2
T¢min N~ Xik Xik
< -— — 41 L : 3.3
f(@rs1) < flag) Sy Z wir + 3 (ks + )Z w2, (3-3)
=1 ’ =1 b
from which we deduce, by summing over iterations 0 to k, that
E n _2 kn 2
g Xij X
g DDt < flwo) = flawn) + (ke + L) YD 5k (34)
26p =~ w; — 2
j=0 i=1 ’ j=01i=1 ~%J
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Theorem 3.1 Suppose that AS.1-AS.3 and AS.5 hold and that the ASTR1B algorithm
is applied to problem (2.1) with its ’Adagrad-like’ weights given by (3.1). Then

adag
average Xii < (3.5)
7€{0,...k} ; bJ E+1’

with To % f(x0) — fiow and

2

_orgo 1<8m:3(nB+L)>2 . (3.6)

Kadag = Max ¢ ¢, —e™rB+L) =
2 2¢ 5
792

93

TS
wol——"
! ( 8nkg(kp + L))

where W_; is the second branch of the Lambert function [14].

Proof.  Given the inequality (3.4), the proof of the theorem is a variation on that of
[23, Theorem 3.2|, where the i-th component of the gradient g; ;. is replaced by x;, the
criticality measure for the i-th variable. It is detailed in the Appendix for the sake of
completeness. O

As noted in [23], it is possible to give a weaker but more explicit bound on k.4, by using an
upper bound on the value of the involved Lambert function. This can be obtained from [9,
Theorem 1] which states that, for z > 0,

(W_i(—e™ ™| < 1+ V2z + 2. (3.7)

Remembering that, for v; and 7, given by (A.5), log (72) > log(3) > 1 and choosing = =
log <%) —1>01in (3.7) then yields that

(@) @) e

It is also possible to extend the definition of sﬁ in (2.7) by premultiplying it by a stepsize
g € [Qmin, 1] for some apyi, € (0, 1]. Our results again remain valid (with modified constants).

Observe that, if the algorithm is terminated as soon as (2.5) (as we argued in Section 2),
it must stop at the latest at iteration

k= /idddg —2, (3.9)
This corresponds the the e-order O(¢~2), the standard complexity order of first-order methods
using function values (see [8, Chapter 2]).

It also results from [23, Theorem 3.3] (applied for ¢ = 1) that the complexity bound
given by Theorem 3.1 is essentially sharp (in the sense of [7]), because this is the case for its
unconstrained variant. More precisely, we have the following result.



Gratton, Jerad, Toint: Complexity of first-order methods for problems with bounds 11

Theorem 3.2 The bound (3.5) is essentially sharp in that, for each n € (0,1], there
exists a univariate function f; satisfying AS.1-AS.3 and AS.5 such that, when applied
to minimize f, without constraints from the origin, the ASTR1B algorithm with (3.1),
By, = 0 and ¥ = 1 produce a sequence of gradient norms given by x1,0 = go = —2 and
Xik:g,%:kl%%forkZL

Proof. See [23, Theorem 3.3] and note that

4 1 Zk:~1 44 ¢(1+2n)

WS T g1

average X3 E=

+
jG{O,...,k‘} k’ + 1 k’ + 1 = ]

where (() is the Riemann zeta function, which is well-defined and finite for arguments
exceeding one. O

4 A “diminishing stepsizes” variant

We assume, in this section, that the weights w;j are chosen such that, for some power
parameter 0 < v < p < 1,all i € {1,...,n} and some constants ¢; € (0,1] and 6§ > 0,

max|[g;, v; ] (k+ 1) < w; p < max[g,v;,] (k+1)* (k>0), (4.1)
where, for each 7, the v; ;, satisfy the properties that
Vikt+1 > Vik implies that Vi k1 < ‘XUQ_H’ (4.2)

and
vig > VO xik| (4.3)

for some ¢ € (0,1]. The motivation for considering these alternative class of variants is the
interesting numerical performance [23] of the choice

vU; = max ;a4
BT {0k X

which satisfies (4.2) and (4.3). This choice of weights ensures that

Xi,j 1
AV) T
wij /9

and, as in the previous section, (2.28) implies (3.4). We then obtain the following result.
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Theorem 4.1 Suppose that AS.1, AS.2, AS.3 and AS.5 hold and that the ASTR1B algo-
rithm is applied to problem (2.1), where the weights w;  are chosen in accordance with
(4.1), (4.2) and (4.3). Then, for any 7 € (0, 70¢min) and

1

L v

o (et B (4.9
§min(7—§min - 77)

there exist a constant ., a subsequence {k;} C {k}7",; and an index k; (where r, and
k¢ only depend on the problem and the algorithmic constants) such that, for all k, > k,

n .
k H# 2 1
Cmin 3 <D 2l £ L) (4.5)
7€{0,....k¢} P ke — Jn kg
Proof. The proof is again a variation of the proof of [23, Theorem 4.2] where the

i-th component of the gradient g; ;. is replaced by x; r, the criticality measure for the i-th
variable. The proof is also simpler than that in [23] because our choice of weights w; j is
slightly more restrictive. The details are once more given in the Appendix. O

Because jy and k. only depends on v and problem’s constants, Theorem 4.1 gives some
indication on the rate of convergence for iterations beyond an a priori computable iteration
index. The formulation of the theorem is nevertheless weaker than that of Theorem 3.1 since
(4.5) only holds for iterates along the subsequence {k¢} and there is no guarantee that the
bound given by the right-hand-side is valid at other iterations. Fortunately, the index k;, in
this right-hand side is an index in the complete sequence of iterates, which does not depend
on the subsequence. A stronger result not involving subsequences has been proved in the
unconstrained case under the stronger assumption that gradients remain uniformly bounded
[21, Theorem 4.1], and its extension to the bound constrained case is possible much in the
same fashion that Theorem 4.2 of [23] has been adapted here.

When p and v tend to zero, the k-order of convergence beyond jy (as stated by (4.5))
tends to O(1/v/k¢), which the order derived for the methods of the previous section and is the
standard k-order for first-order methods using evaluations of the objective function, albeit
the value of jy might increase. Moreover this result is essentially sharp, as implied by the
following theorem.

Theorem 4.2 The bound (4.5) is essentially sharp in that, for any w > 1(1 — v), there
exists a univariate function f,(z) satisfying AS.1-AS.3 and AS.5 such that the ASTR1B
algorithm with (4.1), ¢ = v and By = 0 applied to this function without constraints

produces a sequence of first-order criticality measures given by x11 = |lgx|| = m

Proof. See [23, Theorem 4.3] and the comments in the proof of Theorem 3.2 above. O
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5 Handling more general convex constraints

Let us now consider the more general problem (2.1) where f is again a smooth function from
R"™ to IR but F is now a general closed non-empty convex set. Provided that projection
onto the intersection of a trust-region and the feasible set is comptationally realistic, all the
developments described in Sections 2 to 4 remain valid with very minimal adjustemnts.

The main point is that, while we used the distance of x; ;, to the bounds ¢; and u; above, it
is now sufficient to use the distance of z; ;, from the boundary of F along the i-th coordinate
axis. Thus (2.14) becomes

min |A; ,, max{a | z;; + ce; € F} if gix <0
6ik(Aik) =< min A g, max{o |z, — oe; € F} if gir>0 (5.1)
0 if g“g =0
for i € {1,...,n}, which is very often as easy to compute as (2.14). The ASTR1B algorithm,
(which is now better referred to as ASTRICC, the CC standing for Convex Constraints) is
unmodified other than using (5.1) in (2.7). The fact that the algorithm does not use a
projected-gradient search is now even more important in the new context, because projections
on general convex sets, although known to exist, may be expensive to compute.

Thus we obtain that the conclusions of Lemmas 2.1 and 2.2, and consequently of Theo-
rems 3.1 and 4.1 remain valid. For the picture to be complete, we only have to verify that

the quantity /> 7", X%, jisa suitable first-order criticality measure for the problem invovling
general convex constraints. Fortunately, this is very easy because

n
2
Z Xigj =
=1

X1,j

X’fl,j 2
which is zero if and only if it is also the case for

le] n
: = Xij= 'géi]lg{g(xj)Td |z, +deF and ||d|e <1},

. i=1
X’ﬂ,] 1 !

a well-known continuous first-order criticality measure for the convexly-constrained problem
at x; (see [13, Theorem 12.1.6], for instance).

We may therefore conclude from this discussion that the ASTR1CC algorithm using weights
w;  defined by either (3.1) or (4.1) is indeed suitable for solving problems of this type and
does produce an e-approximate first-order critical point in at most O(e~2) evaluations of the
gradient (and possibly the Hessian) and no evaluation of the objective function at all, this
bound being essentially sharp.

6 Numerical illustration

Without any ambition of completeness, we now illustrate the behaviour of the ASTR1B algo-
rithm on a small set of 22 bound-constrained problems from the CUTEst collection (as made
available in Matlab through S2MPJ [25]). The problems under consideration are given in
Table A.2 in Appendix 7. We compare six algorithms.
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Noise | ASTRIB(0) | ASTRIB(1) | ASTRIB(3) | TRInf(0) | TRInf(1) | TRInf(3)
Performance 0% 0.54 0.48 0.48 0.87 0.90 0.90
Reliability 0% 100.0% 95.5% 95.5% 90.9% 90.9% 90.9%
1% 99.6% 100.0% 100.0% 5.5% 5.9% 5.0%
5% 100.0% 99.6% 99.6% 5.0 % 5.0% 5.5%
15% 100.0% 100.0% 100.0% not run | not run | not run
25% 99.1% 100.0% 98.2% not run not run not run

Table 1: Performance and reliability of ASTR1B variants and corresponding trust-region algo-
rithms as a function of relative noise

ASTR1B(0): the ASTR1B algorithm using (3.1) and By = 0 (i.e. momentumless Adagrad with
bounds)

ASTR1B(1): the ASTR1B algorithm using (3.1) and By given by a limited BFGS update [31]
using one secant pair;

ASTR1B(3): the ASTR1B algorithm using (3.1) and By given by a limited BFGS update using
three secant pairs;

TRInf(0): the standard trust-region algorithm using an /., trust-region and a purely linear
model (Bj = 0);

TRInf(1): the standard trust-region algorithm using an ¢, trust-region and Bj given by a
limited BFGS update using one secant pair;

TRInf(3): the standard trust-region algorithm using an f, trust-region and Bj given by a
limited BFGS update using three secant pairs.

We also ran these algorithms for an accuracy level € = 1072 on our small illustrative problem
set using 0%, 5%, 15% and 25% of relative Gaussian noise on the gradients (and objective
function for the trust-region algorithms), in order to explore their sensitivity to random
perturbations. The details of our experimental setup are presented in Appendix 7. Our
choice of considering the same level of noise on the objective-function value (when used) and
the gradient is motivated by “finite-sum” applications such as deep learning where both the
objective-function value and the gradient are computed by sampling. Although the authors
are aware that better results can be obtained for the trust-region algorithms if one is ready
to substantially increase the sample size for the objective function (see [4] or [3] for instance),
this is unnatural and considerably more expensive in the sampling context.

Our results are reported in Table 1. The first line of the table gives the compared per-
formance of the six methods of interest in the absence of noise, measured as the area of the
method’s curve in a performance profile counting the number of iterations to convergence for
the six methods and for an abscissa between 0 and 10, divided by 10. Hence the closest to
one, the best performance (see [33] or [22] for other uses of this synthetic measure). Clearly,
the trust-region methods using function values outperform the ASTR1B variants, whose perfor-
mance could be qualified of mediocre. But the picture changes completely when one considers
the reliability of the algorithms, reported in the remaining lines of the table as the percentage
of successfully solved problems. From this point of view, the reliability of the trust-region



Gratton, Jerad, Toint: Complexity of first-order methods for problems with bounds 15

methods becomes extremely poor as soon as some noise is added®), while that of the ASTR1B
remains remarkably constant. This observation conforts a similar conclusion obtained in [22]
for unconstrained problems.

7 Conclusions

We have combined existing optimization techniques to propose an adaptive gradient algo-
rithm for minimizing general nonconvex objective functions subject to convex constraints
and allowing the use of curvature information. We have also analyzed its evaluation com-
plexity and shown that it is (in order) identical to that of both standard algorithms using
function values for the same problem and adaptive-gradient algorithms for the unconstrained
one. Interestingly, our theoretical results do not require weak-convexity.

We view this proposal as a useful step towards efficient first-order OFFO algorithms for
nonconvex problems with nonconvex constraints, a subject of importance in “constraint-
aware” machine learning applications such as PINNs, adversarial training and other ap-
proaches. Another interesting application of the ideas developped here is the use of sparsity-
inducing norms (such as those discussed in [5]) to define the trust region geometry.
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Proof of Theorem 3.1

The proof uses the following technical lemma, partly inspired by [37, 15].

Lemma A.1 Let {a;}r>0 be a non-negative sequence, £ > 0 and define, for each k > 0,
by, = Z?:o a;. Then
k

a; &+ b
2 ) <oz (). (A
Proof. See [37], [38] or [23, Lemma 3.1]. O

Proof of Theorem 3.1 We see from (3.1) that w;  verifies AS.4 and we may thus use
Lemma 2.2 and its consequence (3.4).
For each i € {1,...,n}, we apply Lemma A.1 with a;, = x?, and £ = ¢ and obtain that,

n K Xir 1 1 a 2 n 1 Ek : En : 2
?y
E g 2 < 5 i:E 1 log E S+ ;:0 Xl < 5 log | 1+ E Xi,l

i=1 j=0 &k 1=0 i=1

and substituting this bound in (3.4) then gives that

¢ k n X2 ] n 1 k n
E E 2] § E 2

j=0 i=1 b 1=0 i=1
Suppose now that

k n 1 _ 29T
>3 12 2 max . ge | (A3)

j=0 i=1
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implying that

7=01i=1 7=01i=1
2V2h\| > D x5
=0 i=1
that is
5 k n
D D) IR
—_ Xij < 2n(kg + L) log (A.4)
Ak §=0 i=1
Now define
5
J2
o0l &f 7:7, Y2 &f 2n(kg + L) and u (A.5)
Ry

and observe that that o > 31 because 7'\/519% < 1 and kg > 1. The inequality (A.4) can
then be rewritten as

yiu < yo log(u). (A.6)

Let us denote by 1(u) def y1u — y2 log(u). Since v2 > 371, the equation ¥ (u) = 0 admits two
roots u; < ug and (A.6) holds for u € [ug, us]. The definition of ug then gives that

log(uz) — Lrup =0
72

which is
a1

uge 2% =1.
Setting z = —%uz, we obtain that
P
72
Thus z = W_l(—%) < 0, where W_; is the second branch of the Lambert function defined

over [—1,0). As —% > —1, z is well defined and thus

As a consequence, we deduce from (A.6) and (A.5) that

kK n 2 5
5 S o 1 (8nkg(ks + L) T¢2

P ———— = —_— — |/|/ _ e

Z Z XLJ 9 Ug 2 < 1 8n/§B</<'3B + L)

5
§=0 i=1 T2

2
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and
1 ([ 8nrg(rs + L)\ > 93 g
NKe(Kp TS
average _— W_i| - . . A7
j€{0,.. %c};x”_% ( 93 ) 1( SnKB(mBjLL)) k+1 (A7)
If (A.3) does not hold, we have that
Z { 1 <2F7019) 1 (A.8)
average X < maxiqg,—enlr+l } C—. .8
jeoniy 2 k+1
Combining (A.7) and (A.8) gives (3.5). O
Proof of Theorem 4.1
From (3.4) and AS.3, using wmin,; def min;e(y,. n) Wik ensures that
A X@%j wp(ks + L)
Iy > f(xO) - f(xk:-l—l) > Z Z 5 TUSmin — —————— (Ag)
=0 i1 KRWs,j Wmin,j
Consider now an arbitrary n € (0, 79¢min) and suppose first that, for some j,
L
|:Trl9§min - "B + :| S m, (Alo)
Wmin,j
i.e., using (4.1),
kg(kp + L)

Smin jV < Wmin, j < e 7]
min —

But this is impossible for j > j, for j, given by (4.4), and hence (A.10) fails for all j > jj,.
As a consequence, we have that, for k& > j,,

k n 2
Xi,j
f(@j,41) = flak) =21 Z Z WU])"
/L?]

j_jn+1 =1
X2,
> 1’7]
J;I;maxguv” 0(j+ 1)~
Xii X
> 72 R me [ 5] Z’]]
K’B( + Jmjal i=1 Ul,]

2777(745—]77) Zmln Xw Xw (A.11)
2’£B(k+1) Je{]n+17 ok} =1 Si 'Uz,]
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But we also know from (2.28), (4.1) and (4.3) that

T19§m1nxzj jn i X?7J
f(xo) = f(2j,41) >ZZ Dt -3 (HB+L)Z > w2
] 0 =1 > ]:0 =1 [2¥}
Jn_n X2
> —gr(rn +L) ) )
=0 i=1 Vij
L
> —nKB(;Z—i_ ) jn (A12)
Combining (A.11) and (A.12), we obtain that
nkg(ks + L) . n(k — jn) . “ Xzzj Xzzj
Iy > f(xo) — f(x > — + min min | —*, —=
0= f( 0) f( k+1) = 2,19 .777 253(]{; + 1)/" jE{jn+1,...,k} ; gz Ui,j

and thus that

X3 Xij 2kp(k + 1)~ [ nkg(ke + L) . ]
min min | —>=, < — T+ ————
j€{in+1,....k} (Z [ Si Uz J ] > 77(k - jT]) 0 249 T

and we deduce that there must exist a subsequence {k¢} C {k}}°, such that, for each ¢,

I
me XZ kz, X”kz < 2rn (ke +.1) [FO + 77“1]3(&]3 +1) jn] . (A.13)
i S Vi kg 77(k£ _Jn) 29
But
w b w u .
Uhet 1) 2y 2k ke ke 2 _20mtD) gy

ke—jn  ke—dn ke—Jy  (ke—jnke  ke—Jy kT kM

where we used the facts that g < 1 and that fj is a decreasing function for ky > jy + 1.
Using this inequality, we thus obtain from (A. 13) that, for each ¢,

A (i + 1 L
me [X”“f X”“‘] < drnln + )[F09+nHB(HB+ )jn].

i1 G V; ke 29

As a consequence,

1
e [(Anlin +1) [Fo + rplantl) jn} o

ke =
T)Smin
is such that, for all ky > k,
ik, X
min ﬂaﬂ < Smin- (A15)
Siy  Uike

But (4.3) ensures that

VI Sis | ike

2 2 2
. X ; . X X
min [ Z7k‘g’ XZJC[] < min [ i,k : Z,k’g] < Cuin-
Si
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Now this inequality and the bounds ¢; € (0,1), ¥ € (0,1) and ¢min € (0, 1) together imply that
Xik, € (0,1) and hence that Xzz,ke < Xi,k,- We thus obtain from (A.15) that, for all k, > k,

n

Z Xk, 2r5 (ke + 1)*
< ;
= max|g;, \/;9] n(ke — jy)

which, because max[g;, V0] < 1, gives that, for all k; > k.,

- ke + 1)* (4K k(ks + L) .
2 Ukt VP (drs ) I ek + 1) Al
Xike = ko — j77 n 0+mn 9 Inl > ( 6)

[Fo L Ml + L) }

20 "

i=1
finally implying, because of (A.14), that (4.5) holds with

1 L
Ko = 2(jn + 1) (?) [PO + n’iB(lﬁ;Jr)jn] .

Details of the experimental setup

The test problem used and their dimension are given in Table A.2.

BQPGABIM 50 | HADAMALS 400 | NCVXBQP1 500 | OBSTCLBL 625
BQPGASIM 50 | JNLBRNG1 625 | NCVXBQP2 500 | OBSTCLBM 625
EXPLIN 600 | JINLBRNG2 625 | NCVXBQP3 500 | OBSTCLBU 625
EXPLIN2 600 | JNLBRNGA 625 | NOBNDTOR 1024 | QINGB 500
EXPQUAD 120 | JNLBRNGB 625 | OBSTCLAE 625
GENROSEB 500 | LINVERSE 999 | OBSTCLAL 625

Table A.2: The CUTEst/S2MPJ problems used for illustration

Our test were performed in Matlab R2023b on a Dell Precision with 64GB of memory
and running Ubuntu 20.04. All algorithms were stopped after a maximum number of 100000
iterations (remember we are mostly using first-order methods). All variants of the ASTR1B
algorithms use the constants given by

=1, ¥=1 and ¢=0.01.

The trust-region algorithm was used with an acceptance threshold n; = 10~%, a trust-region
expansion threshold 7o = 0.95, a radius contraction factor of  and a radius expansion factor of
2. In all cases where a nonzero By was used, the approximate quadratic model was minimized
using a truncated Lanczos iteration with a maximum number of inner iterations given by 3n
and a relative gradient accuracy request of 1074, Whenever random noise is present in the
evaluations, the gradient’s and (when relevant) the objective-function’s values are perturbed
according to

fl@) = f(x)(1+7N(0,1), [g(@)]i = [9(x)]) (1 + 7N (0,1)), (i€ {L,...,n}),

where 7 € [0,1] is the noise level and N(0,1) is the standard normal distribution. In these
cases, the reported results are based on the rounded averages of ten independent runs.



