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Abstract

This paper proposes and develops new linesearch methods with inexact gradient infor-
mation for finding stationary points of nonconvex continuously differentiable functions
on finite-dimensional spaces. Some abstract convergence results for a broad class of
linesearch methods are established. A general scheme for inexact reduced gradient
(IRG) methods is proposed, where the errors in the gradient approximation automati-
cally adapt with the magnitudes of the exact gradients. The sequences of iterations are
shown to obtain stationary accumulation points when different stepsize selections are
employed. Convergence results with constructive convergence rates for the developed
IRG methods are established under the Kurdyka—t.ojasiewicz property. The obtained
results for the IRG methods are confirmed by encouraging numerical experiments,
which demonstrate advantages of automatically controlled errors in IRG methods
over other frequently used error selections.
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1 Introduction

Consider the unconstrained optimization problem formulated as follows:

minimize f(x) subjectto x € IR" (1.1)

with a continuously differentiable (C'-smooth) objective function f : R” — R.
One of the most natural and classical approaches to solve (1.1) is by using linesearch
methods; see, e.g., [8, 10, 24, 38, 40, 45]. Given a starting point)c1 € IR", such methods
construct the iterative procedure

= Xk 4 1d® forall k € N, (1.2)

where #; > 0 is a stepsize at the kth iteration, and where the direction d* satisfies the
condition

(d*, v b)) <o.

The classical choice for the direction is ¥ = —V £ (x*) when the resulting algorithm
is known as the gradient descent method; see the aforementioned books and the refer-
ences therein. If f is twice continuously differentiable (C2-smooth) and the Hessian
matrix V2 f (x¥) is positive-definite, then d¥ is chosen by solving the linear equation

—V £y = v Fbdk,

and it is known as a Newton direction [10, 21, 24]. Additionally, more general choices
of descent directions widely used are the gradient related directions [10, Page 41],
directions satisfying an angle condition [1, Page 541], etc. Together with the descent
directions, stepsizes are usually chosen to ensure the decreasing property of the entire
sequence { f (xk)} or sometimes only its tail. Well-known stepsize selections are con-
stant stepsize, diminishing stepsize (not summable), stepsizes following Armijo rule,
and Wolfe conditions; see, e.g., [1, 8, 10, 24, 38, 40, 45].

The stationarity of accumulation points generated by linesearch methods with gra-
dient related directions and stepsizes following the Armijo rule is established in
[10, Proposition 1.2.1]. When the Lipschitz continuity of the gradient is additionally
assumed, the same type of convergence is achieved if either the stepsize is constant
and directions are gradient related, or the stepsize is diminishing and directions sat-
isfy more involved conditions [10, Proposition 1.2.3]. The global convergence of
some linesearch methods to an isolated stationary point relies on the Ostrowski con-
dition; see [42] and [21, Theorem 8.3.9]. If there is no guarantee on the isolation
of stationary points, algebraic geometry tools introduced by Lojasiewicz [36] and
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Kurdyka [33] are used for linesearch methods with directions satisfying the angle
conditions and the stepsize following the Wolfe conditions; see [1, Theorem 4.1].
While rates of convergence of general linesearch methods are not considered, some
specific methods achieve certain convergence rates for particular classes of functions.
For instance, the gradient descent method achieves a local linear rate of convergence if
the objective function is twice differentiable with Lipschitz continuous Hessian as in
[38, Theorem 1.2.4], and the (generalized) damped Newton method attains a superlin-
ear convergence rate of under the positive-definiteness of the (generalized) Hessian and
some additional assumptions; [27, Theorem 4.5]. Furthermore, a linear rate of conver-
gence for the gradient descent method is achieved under either the Polyak—Lojasiewicz
condition as in [43] and [26], or under the weak convexity of the objective function
as in [48].

Due to its simplicity, the gradient descent method is broadly used to solve various
optimization problems; see, e.g., [13, 17, 18, 39, 49]. However, errors in gradient
calculations may appear in many situations, which can be found in practical prob-
lems arising, e.g., in the design of space trajectories [2] and computer-aided design of
microwave devices [23]. Moreover, many nonsmooth optimization problems can be
transformed into its smoothed versions by using Moreau envelopes [47] and forward-
backward envelopes [50]. Nevertheless, gradients of smoothed functions cannot be
usually computed precisely, and therefore, various gradient methods with inexact gra-
dient information have been suggested. We mention the following major developments
in this vein:

e Devolder et al. [20] introduce the notion of inexact oracle and analyze behavior
of several first-order methods of smooth convex optimization employed such an
oracle. Nesterov [37] develops new methods of this type for nonsmooth convex
optimization in the framework of inexact oracle.

e Gilmore and Kelley [23] propose an implicit filtering algorithm to deal with certain
box constrained optimization problems, where the objective function is a sum of
a C'-smooth function with Lipschitz continuous gradient and a noise function.

e Bertsekas shows in [10, pp. 44-45] that if the objective function is C'-smooth
with a Lipschitz continuous gradient and if the error of inexact gradient is either
small relative to the norm of the exact gradient, or proportional to the stepsize,
then convergence behavior of gradient methods is similar to the case where there
are no errors.

Recently, [22] proposed a frequency-domain analysis of inexact gradient descent
methods; [51] analyzed accelerated gradient methods with absolute and relative noise
in the gradient; [35] presented a zero-order mini-batch stochastic gradient descent
methods. All the convergence results for inexact gradient methods mentioned above
assume that the objective function is either C'-smooth with a Lipschitz continuous gra-
dient, or convex. To the best of our knowledge, general methods of solving nonconvex
C'-smooth optimization problems with inexact information on non-Lipschitzian gra-
dients are not available in the literature. One of the reasons for this is that verifying
the descent property of the sequence of function values without the Lipschitz continu-
ity of V f via the Armijo linesearch requires exact information on gradients. To deal
with inexactness, we need a descent direction that allows us to replace the Armijo
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linesearch procedure by another one not demanding exact gradients. In addition, a
practical inexact gradient method that uses constant stepsize for a general nonconvex
C!'-smooth function with the Lipschitz gradient is also not established. Although an
inexact gradient method with constant stepsize is proposed in [10, pp. 44-45] by using
an error smaller than the norm of the exact gradient, the problem of how to control
this error while the exact gradient is unknown is still questionable.

Having in mind the above discussion, we introduce new inexact reduced gradient
(IRG) methods to find stationary points for a general class of nonconvex C'-smooth
functions. Although our proposed methods address smooth problems, some moti-
vations for them partly come from a certain nonsmooth algorithm and generalized
differential tools of variational analysis. Specifically, to find a Clarke stationary point
of a nonsmooth locally Lipschitzian function, the gradient sampling (GS) method,
introduced by Burke et al. [14] and modified by Kiwiel [30], approximates at each
iteration the e-generalized gradient by the convex hull of nearby gradients. In the GS
method, the negative projection of the origin onto this convex hull is chosen as the
descent direction and the stepsizes are chosen from the backtracking linesearch as in
[30, Section 4.1]. Although the GS method works well for nonsmooth problems, using
them for smooth functions seems to be challenging due to, in particular, the necessity
to solve subproblems of finding projections onto convex hulls. However, replacing
the e-generalized gradient by the Fréchet-type e-subdifferential makes our methods
much simpler and suitable for smooth problems. Indeed, the latter construction for a
C'-smooth function at the point in question is just the closed ball centered at its gra-
dient with radius . Thus, the projection of the origin onto this ball has an explicit and
simple form. The descent direction chosen by this projection also allows us to replace
the exact gradient by its approximation and to use a linesearch procedure that does not
require exact gradients. Developing this idea, we design our inexact reduced gradient
methods with non-normalized directions together with some stepsize selections such
as backtracking stepsize, constant stepsize, and diminishing stepsize. To the best of
our knowledge, the IRG methods that we propose and develop in this paper are com-
pletely new even in the exact case. It should also be emphasized that the proposed IRG
methods are not special versions of the GS one since the latter needs exact gradients
at multiple points in each iteration, while the IRG methods need only one inexact
gradient. Moreover, the iterative sequence of the GS method is chosen randomly,
while IRG iterations are designed deterministically. Our main results include the
following:

e Designing a general framework for IRG methods and revealing their basic prop-
erties. The inexact criterion used in IRG methods is universal and appears in
various contexts of nonsmooth optimization as well as in its smooth derivative-free
counterpart.

e Finding stationary accumulation points of iterations in the IRG methods with
backtracking stepsizes as well as with either constant stepsizes, or diminishing
ones under an additional descent condition on the objective functions.

e Obtaining the global convergence of iterations in the IRG methods with con-
structive convergence rates depending on the exponent of the imposed Kurdyka—
Lojasiewicz (K L) property of the objective functions.
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These results are achieved by using our newly developed scheme for general line-
search methods described in the following way. To begin with, some conditions are
proposed to ensure the stationary of accumulation points in general linesearch methods.
If the KL property is additionally assumed, then the global convergence of the iterative
sequence to a stationary point is guaranteed. Moreover, the rates of convergence are
established if the stepsize is bounded away from zero.

From a practical viewpoint, our IRG methods automatically adjust the errors
required for finding approximate gradients, which will be shown to have numeri-
cal advantages over decreasing errors, e.g., &g = k—” as p > 1, that are frequently
used in the existing methods [10, 20, 23]. To elaborate more on this issue, observe
that since the magnitude of the exact gradient is small near the stationary points and
is larger elsewhere, decreasing errors that do not take the information of the exact or
inexact gradients into consideration may encounter the following phenomena:

e Over approximation, which happens when the magnitude of the exact gradient is
large but the error is too small. In this case, the procedures of finding an approximate
gradient may execute longer than needed to obtain a good approximation of the
exact gradient.

e Under approximation, which happens when the magnitude of the exact gradient is
small but the error is too large, which may lead us to an approximate gradient that
is not good enough. As a consequence of using such an approximate gradient, the
next iterative element can be worse instead of being better than the current one.

In contrast to methods using decreasing errors, our IRG methods, by performing
a low-cost checking step in each iteration to determine whether the error for the
approximation procedure should decrease or stay the same in the next iteration, use
errors that automatically adapt with the magnitudes of the exact gradients to avoid the
aforementioned phenomena and exhibit a better performance. Note that the bounded
errors are not compared here for inexact gradient methods since they are even worse
than the decreasing errors in the sense that employing them may cause the divergence
in sequences of iterates, gradients, and function values as illustrated in [44, Section 4].

The rest of the paper is organized as follows. Section2 discusses basic notions
related to the methods. A unified convergence framework for general linesearch meth-
ods is developed in Sect. 3. In Sect. 4, we introduce a general form of IRG methods and
investigate their principal properties. Our main results about the convergence behavior
of the IRG methods with different stepsize selections are given in Sect.5 by adapting
the convergence framework of Section 3. The numerical experiments conducted in
Sect. 6 support the theoretical results obtained in Sect. 5 and show that the IRG meth-
ods with the new type of automatically controlled errors have a better performance in
comparison with the inexact proximal point method in the Least Absolute Deviations
Curve-Fitting problem taken from [11]. In Sect. 6, we also compare numerically the
performance of our IRG methods with those of the reduced gradient method and the
gradient decent method employing the exact gradient calculations for two well-known
benchmark functions in global optimization. The last Sect. 7 discusses some directions
of our future research.
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2 Linesearch Methods and Related Properties

First we recall some notions and notation frequently used in what follows. All our con-
siderations are given in the space IR with the Euclidean norm || - || and scalar/inner
product (-, -). Weuse N := {1,2,...},IR;, and R := R U {00} to denote the collec-
tions of natural numbers, positive numbers, and the extended real line, respectively.

The symbol x* % ¥ means that x* — Fask — oo withk € J  IN. ForaC!-smooth
function f : R" — IR, x is a stationary point of f if V f(x) = 0. The function f is
said to satisfy the L-descent condition with some L > 0 if

L
FO) = fEO+(VI@),y=x)+ Sy = x||* forall x,y € R". (2.1)

We see that L-descent condition (2.1) means that the graphs of the quadratic functions
frx®) = f()+(Vf(x),y —x)+ % |ly — x||? lie above that of f for all x € R".

L
This condition is equivalent to the convexity of — || x ||2 — f(x) [52, Lemma 4], while
being a direct consequence of the L-Lipschitz continuity of V f, i.e., the Lipschitz con-
tinuity of V f with constant L; see, e.g., [ 10, Proposition A.24] and [24, Lemma A.11].
The converse implication holds when f is convex [6, 52] but fails otherwise. A major
class of real-valued functions satisfying the L-descent condition but not having the
Lipschitz continuous gradient is given by
1
f&x) = 5 {Ax, x) + (b, x) + ¢ — h(x),

where A isann x n matrix, b € R", c € R and & : R" — IR is a smooth convex
function whose gradient is not Lipschitz continuous, e.g., i(x) := ||[Cx — d |14, where
C is an m x n matrix and d € IR™. Indeed, we can find some L > 0 such that the
matrix LI — A is positive-semidefinite, where [ is the n x n identity matrix. It follows
from the second-order characterization of convex functions that

L, /1 1 .
5 lx]1* = 3 (Ax,x)+ (b, x)+¢c) = E((LI — A)x,x) — (b, x) — ¢ is convex.

L
Combining this with the convexity of &, we get the convexity of 0} ||x||2 — f(x),

which means that f satisfies the L-descent property (2.1).

Even when V f is Lipschitz continuous with constant L > 0, f can satisfy the
L-descent condition with L < L. For example, consider the univariate function f
together with its gradient V f given by

%xz if|x|<%,
3.2 02
—5X +3x -1 1f§§x§1,
fx) = 3 2

3xr—=3x—1 if —1<x=<-%,

2 .
x| — & if x| > 1
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aphfyp, with @ € (=2/3,2/3)  \

gph 3. with € [2/3,1]

gphfs/, with 2 € (1, 400) \

gphf
Fig.1 An illustration for f and f3/2 x
3 : 2
5% if x| < 5,
—3x+3 iff<x<l,
and Vf(x)={-3x-3 if -1 <x < -3,
1—x ifx > 1,

—1—-—x ifx <.

The latter representation implies that L = 3 is the smallest constant for the Lipschitz
continuity of V f. Meanwhile, we see in Fig. 1 that f satisfies the L-descent property
with L = 3/2.

Next we recall by following [10, Section 1.2] some basic stepsize selections for the
iterative procedure (1.2). The stepsize sequence {#} satisfies the Armijo rule if there
exist a scalar 8 and a reduction factor y € (0, 1) such that for all Xk € IN we have the
representation

e =max {t | (K +1d*) < fOE)+ B (VRN dY), t =1y, 9% ) 22

This stepsize selection ensures the nonincreasing property of the entire sequence
{ F(x5) } However, Armijo stepsizes may be small and thus require a large number of
stepsize reducing steps in order to make just small changes of the iterative sequence.

To significantly simplify the iterative sequence design, it is possible to consider a
constant stepsize, 1.e., ty := o for all k € IN. For this rule, the nonincreasing property
of { f (xk)} is not ensured in general but holds under the L-descent condition (2.1)
whenever « is chosen to be sufficiently small with respect to 1/L, see, e.g., [10, 40].
However, even when the L-descent condition is satisfied for f, while an approximate
value of L is unknown, using constant stepsizes becomes inefficient. In such a case,
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it is possible to use the diminishing stepsize selection, i.e.,

oo
t 4 0 as k — oo and Ztkzoo. 2.3)
k=1

Drawbacks of the latter selection are the eventual slow convergence due to its small
stepsizes and the absence of the descent property for the iterative sequence { f (xk)}.

Now, we formulate a general type of directions that plays a crucial role in our
subsequent analysis of various linesearch methods.

Definition 2.1 Let {x*} be a sequence in R". The direction sequence {d*} is called
gradient associated with {xk} if we have the implication

whenever d* 2 0 for some infinite set J C IN, itholds that V f (xk) 2 0.

24
It can be easily checked that if either
T
or there exists some constant ¢ > 0 such that
Hv £y H <¢ Hd" H for all sufficiently large € IN, (2.6)

then {dk} is gradient associated with {xk}. Many methods such as the gradient
descent, the generalized damped Newton method [27, 28], and the methods appeared
in [10, Proposition 1.2.3] satisfy (2.6), while (2.5) can be considered as a standard con-
dition for inexact gradient directions. It should be also mentioned that the notion of
gradient associated directions is different from the notion of gradient-related directions
proposed by Bertsekas in [10].

Finally in this section, we discuss two versions of the fundamental KL property
playing a crucial role in the results on global convergence and convergence rates
established in what follows. The first version, which is mainly used in the paper, is
due to Absil et al. [1, Theorem 3.4].

Definition 2.2 Let f : IR” — IR be a differentiable function. We say that f satisfies
the KL property at x € IR if there exist a number > 0, a neighborhood U of x, and a

nondecreasing function v : (0, n) — (0, co) such that the function 1/ is integrable
over (0, n) and we have

IVl = ¥ (fx) = (@) 2.7

forall x € U with f(x) < f(x) < f(X)+n.
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Remark 2.3 By using rather standard arguments, we observe that for a smooth func-
tion f, the KL property from Definition 2.2 is weaker than the KL property of
f at X introduced by Attouch et al. in [5]. It has been realized that KL property
in the sense of Attouch et al., and hence, the one from Definition 2.2, is satisfied
in broad settings. In particular, it holds at every nonstationary point of f; see [5,
Lemma 2.1 and Remark 3.2(b)]. Furthermore, it is proved at the original paper by
Lojasiewicz [36] that any analytic function f : IR” — IR satisfies the KL property
at every point X with ¢(r) = Mt'~? for some g € [0, 1). Typical smooth functions
satisfying this property are semialgebraic functions and also those from the more
general class of functions definable in o-minimal structures; see [12, 33]. For other
examples of functions satisfying the KL property, we refer the reader to [5, 34] and
the bibliographies therein.

Next we present the convergence result for linesearch methods under the fulfillment
of the KL property, which is taken from [1, Theorem 3.4].

Proposition 2.4 Let f : R” — R be a C'-smooth function, and let the sequence of
iterations {xk} C R” satisfy the following conditions:

(H1) (primary descent condition). There exists o > 0 such that for sufficiently large
k € IN we have

FO9) = fFY z o [ Vrah)| [ - ]
(H2) (complementary descent condition). For sufficiently large k € IN, we have
[f(xk+1) — f(xk)] — [xk+1 — Xk].

If x is an accumulation point of{xk} and f satisfies the KL property at X, then x5
as k — oo.

Although the convergence of linesearch methods under the KL property is widely
exploited, the convergence rates of such methods under conditions (2.8) below have not
been established. The following result presents convergence rates of general linesearch
methods under these conditions. It should be noted that the proofs in [4, 41] for
the convergence rates of proximal-type methods under the KL property cannot be
generalized directly to Theorem 2.5. To the best of our knowledge, the results in
[26, 43] are the closest to this theorem. However, the known results consider only
the convergence of the exact gradient method for smooth functions with Lipschitz
gradients under the Polyak—t.ojasiewicz (PL) property [43]. Since the exact gradient
method is a special case of the linesearch method, while the PL property is a special case
of the KL property, we conclude that Theorem 2.5 has a broader range of applications
than the results in [26, 43]. The proof of this result can be conducted similarly to the
corresponding one from [3, Theorem 1] and thus is omitted.
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Theorem 2.5 Let the sequences {xk} C R", {tx} C R4 and the numbers 8 > 0, ¢ >
0 be such that x**' # x* for all k € IN, and that we have

2
Y A ] L R
k k
for sufficiently large k € IN. Suppose that the sequence {t} is bounded away from 0,
that x is an accumulation point of {xk }, and that f satisfies the KL property at X with

Y (t) = Mt9 for some M > 0 and q € (0, 1). The following convergence rates are
guaranteed:

(i) Ifq € (0, 1/2], then the sequence {xk} converges linearly to Xx.
(ii) Ifq € (1/2, 1), then there exists a positive constant o such that

k

.
Hx —)EH < ok 2T for sufficiently large k € IN.

3 A Unified Convergence Framework for Some Linesearch Methods

In this section, we establish properties for a general class of linesearch methods of type
(1.2), which provide major tools for convergence analysis of IRG methods in Sect.5.
One of the most important results desired for linesearch methods is as follows:

every accumulation point of {x*} is a stationary point of f. 3.

By the continuity of the gradient mapping, the desired property (3.1) automatically
holds if for each accumulation point x of {xk} we can find an infinite set J/ C IN such

that x* —]> xand V f (x%) —J> 0. If the exact information on the gradient is unknown,
while {dk} is gradient associated with {xk }, i.e., (2.4) is satisfied, then property (3.1)
is satisfied when

xk 2 % and d* A 0 for some infinite set J C IN. 3.2)

We are going to show that (3.2) holds whenever 0O is an accumulation point of {dk }
and

o0
3 ka“ — xk H : Hd" H < 0. (3.3)
k=1

The following new result gives us a unified convergence analysis for many linesearch
methods.

Lemma 3.1 Let {xk} and {dk} be sequences satisfying (3.3). If X is an accumulation
point of {xk} and if 0 is an accumulation point of {dk } then there exists an infinite
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set J C N such that
x4 % and a5 o0. (3.4)

Proof 1f x* — X as k — oo, the conclusion obviously holds, so suppose that x¥ — x.
It suffices to show that for any § > O sufficiently small and any N € IN there is a
number ky > N such that

[x*¥ — %|| <& and [|d*V| < 8.

Fix such § > 0 and N € IN. Since 8 is sufficiently small and x*¥ — %, suppose that
the set

Ay = {k > N | |x* —%|| > 8} is infinite.

As ¥ is an accumulation point of {x*} and 0 is an accumulation point of {d*}, we get
that

Ay :=1{k>N||x* —X|| <8} isinfinite,
Ay:={k >N | |x* = %] < 8/2} is infinite,
Ag:={k > N | ||a"|| <8} is infinite.

It suffices to verify that A» N A4 # §. Suppose on the contrary that A; N A4 = @, i.e.,
d¥|| > & forall k € Aj.

By (3.3), we have the estimates

o0
N e N R N
k=1 keAr
> 5 Z ka+1 _ka’
keAr

which ensure the series convergence

3 ka“ —ka < 0. (3.5)

keAr

Taking any number K € A3, we also have K € A;. Since A is infinite and/fh, Ao
form a partition of the set {N, N + 1, ...} including K, there exists anumber K € A
with K > K suchthat K, K +1,..., K — 1 € A;. Then, we have the estimates

~

o8 ] 2 o8 o] < o] 252
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Using the triangle inequality and (3.5) gives us

K-1
82<HxK—xK”< ‘x1+1_xz < warl_xz) K=o ).
2= =2 =
i=K i>K,ic€A>
which brings us to a contradiction that completes the proof of the lemma. O

Remark 3.2 Let us now present some observations in Lemma 3.1.

(i) Lemma 3.1 develops a unified convergence analysis framework for linesearch
methods (1.2) under a general condition on the directions d* without specifying
a class of functions f and stepsizes ;. Note to this end that Bertsekas develops
in [10, Section 1.2] some general schemes for linesearch methods (1.2) with
specific classes of functions, directions, and stepsizes, while Absil et al. [1,
Theorem 4.1] present convergence properties of linesearch methods for smooth
functions under the angle and Wolfe conditions for directions. Devolder et al.
[20] develop schemes only for convex functions. To the best of our knowledge,
the framework presented in Lemma 3.1 is more general than the other schemes
mentioned above.

(ii) Since Lemma 3.1 does not require any assumption on f, its usage is not limited
to linesearch methods for smooth functions. Convergence analysis of differ-
ent nonsmooth optimization methods can be found in [15, 30-32, 41] and the
references therein.

(iii) If 0 is not an accumulation point of {d¥}, then (3.3) implies that {x¥} is conver-
gent. Indeed, the negation of the statement that O is an accumulation point of
{d*} yields the existence of ¢ > 0 and K € IN such that

Id*|| > ©forall k> K.

It follows from (3.3) that
o o
D e N N R
k=K k=K

which implies that {x*} is a Cauchy sequence, and thus, it converges.

Next we recall the classical results from [21, 42] that describe important properties
of the set of accumulation points generated by a sequence satisfying the Ostrowski
condition; see (3.6).

Lemma 3.3 Let {xk } be a sequence satisfying the Ostrowski condition

lim [x**! —x*| = o0. (3.6)
k—o00
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Then, the following assertions hold:

a If {xk} is bounded, then the set of accumulation points of {xk} is nonempty,
compact, and connected in R".
Gi) If {xk } has an isolated accumulation point, then this sequence converges to it.

Now, we are ready to establish the main result of this section revealing major
convergence properties of a general class of linesearch methods.

Theorem 3.4 Let {xk} be a sequence generated by a linesearch method (1.2) such
that:

(a) {dk} is gradient associated with {xk };
(b) 0is an accumulation point of {dk} ;

(0.¢]
(© Y nlld"|* < 0.
k=1
Then, every accumulation point of {xk} is a stationary point of f. Moreover, if {tx} is
bounded from above, then the following assertions hold:

a 1 {xk} is bounded, then the set of accumulation points of {xk} is nonempty,
compact, and connected.
i) If {xk} has an isolated accumulation point, then this sequence converges to it.

Proof Let x be an accumulation point of {xk}. Note that (c) is equivalent to (3.3)
under the linesearch relationship x**! = x¥ + 1d* in (1.2). Applying Lemma 3.1
with taking into account (b) and (c), we can find an infinite set J C IN such that

x* % % and @* L 0. Then, (a) implies that V £ (x*) 5 0. Employing the continuity

of V f, we have

V(@) = lim Vixk =o,

k=00

which tells us that X is a stationary point of f. Suppose now that {#;} is bounded from
above by some 7 > 0. Using (c), we immediately get

o0 o0 o0

k+1 k2 20 9k 112 k12
Do =P =Y a1 < o) nlldt|? < oo
k=1 k=1 k=1

This leads us to ||xk+1 — xk “ — 0 and verifies assertions (i) and (ii) by applying

Lemma 3.3. O

Theorem 3.4 also allows us to ensure the stationarity of accumulation points gen-
erated by linesearch methods (1.2) applied to functions satisfying the L-descent
condition (2.1), where the stepsize is either constant or diminishing, and where
the direction is gradient associated while satisfying the following sufficient descent
condition

(Vfx5, dby < —k||d¥))? forall k e N (3.7)
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with some constantx > 0. Note that condition (3.7) is different from the gradient asso-
ciated condition from Definition 2.1, since from (3.7) we only have that V f (xk ) —J> 0

yields d¥ 20 but the reverse implication may not hold. In addition to the gradient
descent and generalized Newton methods discussed above, there exist many other line-
search methods using direction (3.7), e.g., the boosted difference of convex functions
algorithm as in [3, Proposition 4]), the inexact Levenberg—Marquardt method asin [19,
Algorithm 3.1]), and the GS method for nonsmooth functions with non-normalized
direction given in [30, Section 4.1].

We have the following effective consequence of Theorem 3.4.

Corollary 3.5 Let {xk } be a sequence generated by a linesearch method (1.2). Suppose
that inf f (x*) > —o0, and that we have the conditions:

(a) f satisfies the L-descent condition (2.1) for some L > 0;

(b) the sequence {dk} is gradient associated with {xk} and satisfies (3.7) for some
Kk > 0;

(¢) the sequence {t} is not summable, i.e.,

o
Ztk = 00, (38)
k=1

and there are numbers § > 0 and N € IN such that

-4
th < forall k> N. 3.9)

Then, every accumulation point of {xk } is stationary for f, and the assertions (i),
(ii) in Theorem 3.4 hold. Moreover; if {t;} is bounded away from 0, then V f (x¥) — 0
as k — oo.

Proof 1t follows from (3.9) in condition (c¢) that
Lty 1)
Kk —— >— forall k> N.
2 2

Since f satisfies L-descent condition (2.1), we deduce from (3.7) and the latter
inequality that

PO < P09 4 <Vf(xk),dk>+L_tlg HdkHZ
< 1y e [+ 2 [t
-t (- 2)

< fxby — Etk Hdk H forall k > N. (3.10)
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8
Then, summing up the relationships Etk ||dk ||2 < f(xk) — f(xk“) overk = N, N+

1, ... and using the assumption inf f(x¥) > —o0 give us

° 2
3 i HdkH < 0. 3.11)

Now, we show that 0 is an accumulation point of {dk}. Suppose on the contrary that
there exist a positive number # and a natural number K > N such that

Hdk H >u forall k> K.

Using this together with (3.11) implies that Y r- , % < 0o, which contradicts (3.8).
Therefore, 0 is an accumulation point of {dk}. Combining the latter with (b), (3.11),
and (3.9) allows us to confirm that all the assumptions of Theorem 3.4 are satisfied.
Thus, every accumulation point of {x;} is a stationary point of f, and both assertions
in (i) and (ii) hold.

If finally {r;} is bounded away from 0, it follows from (3.11) that d* — 0 as
k — oo. Since the sequence {d*} is gradient associated with {x*} by (b), we get
Vf(xk) —o. O

By employing the iterative procedure x**! = xk 4 #,d*, the conditions in (2.8)
can be rewritten as the following estimates:

fu%—faﬂhzﬂaW#W and |V £ = et

4 General Scheme for Inexact Reduced Gradient Methods

In this section, we design a general framework for our novel IRG methods and establish
their basic properties prior to constructing particular methods of this type with various
stepsize selections. Now, we are ready to formulate our general algorithmic framework
(the Master Algorithm) for IRG methods without considering yet particular stepsize
selections.

Algorithm 1 (general framework for IRG methods)

Step 0 (initialization) Select an initial point x'

reduction factors wu, 0 € (0, 1).

€ R", initial radii &1, r; > 0, radius

Step 1 (inexact gradient and stopping criterion) Choose g* such that
k k
¢ - vroh e .0
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Step 2 (radius update) If ||gk H < rr + &, then set ryy (= Urg, Er+1 = O¢g,
d* =0, and go to Step 3. Otherwise, set ry41 1= 7k, €k+1 ‘= &, and

] e
7]

Step 3 (stepsize) Choose #; > 0 by a specific rule.

df = — 4.2)

Step 4 (iteration update) Set x¥*+1 := x* 4 k.
Step 5 Increase k by 1 and go back to Step 1.

Let us make some comments on the constructions of Algorithm 1. The first remark
concerns the novelty in the choice of errors and directions.

Remark 4.1 We have the following observations on the error criterion used in
Algorithm 1:

(i) The inexact criterion (4.1) is universal and appears in many contexts even when
only information on function values is available as in derivative-free optimiza-
tion [16]. In addition, as shown in [20, Section 2.2], condition (4.1) is also
satisfied if f is convex, smooth, and equipped with a first-order oracle, which
covers various well-known models in nonsmooth optimization, e.g., Nesterov’s
smoothing techniques, Moreau—Yosida regularization, augmented Lagrangians
as in [20, Section 3] and [29, Example 1].

(i) From (4.1), the radius &; can be considered as an automatically controlled error
for the calculation of V f (x*), which does not need to decrease after each iter-
ation. This is different than the choice ey = ck=? for p > 1, ¢ > 0 frequently
used in the well-known methods [10, 20, 23]. Moreover, Steps 1 and 2 also show
that ||V f (xk) || < rr + 2&¢ when g is reduced. Therefore, we can conclude
intuitively that |V £ (x¥) | is decreasing when g is decreasing.

(i) In the exact case when g€ = V f(x¥) for all k € IN, we label our methods as
the reduced gradient (RG) ones, which are different from the standard gradient
descent method. Indeed, it follows from Step 2 that d* is either O or is given by

dk=_<HVfuhu—w

V£ (x5). 4.3
IV FGR) ) F&) @3

Therefore, the vector d* in (4.3) has the same direction as —V f (x¥), but its
length is HVf(xk) || reduced by ¢ for each k € IN.

Further we discuss and illustrate behavior of Algorithm 1 at the major steps of
iterations.

Remark 4.2 Notice first that:

() If d* # 0, it follows from (4.2) and the definition of projections that d¥ =
—Proj(0, B(gX, &x)).
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Note : Vf(2*3) := Vf(2?) = Vf(z*),
Vf(ah), Vf(z*?) are unknown.

Fig.2 An illustration for IRG methods

(ii) An illustration for Algorithm 1 can be seen in Fig. 2.
Let ¢! be an approximate gradient of V f(x!) at the 1st iteration. Then, Fig.2
shows that the two balls IB%(gl, e1) and B(0, r1) do not intersect. This means by
Step 2 that r, = r1, &2 = €1, and dl = —Proj(0, IB%(gl, £1)). Then, we have a
new point x2 = x! 4 r1d" after choosing the stepsize #; > 0 as in Step 3 and
Step 4.
At the 2nd iteration, it can be seen in Fig.2 that the two balls ]B%(gz, &) and
B(0, ;) intersect each other. Thus by Step 2 of Algorithm 1, the radii 2, &> are
reduced to r3 = urpy and €3 = O¢&;, while the direction d? is zero. The latter
means that the iterative point x> stays the same, i.e., x> = x> from Step 4.
At the 3rd iteration, although V f (x3) = V f(x?), we still need to recalculate
an approximate gradient g3 with a new error &3. In this iteration, the two balls
B(g3, £3) and B(0, r3) do not intersect, and hence, the procedure is similar to
that at the first iteration.

(iii) For each k € IN, we have from Step 2 and Step 3 the equivalences

A =5k = dF = 0 = 1 = wrk = 11 = g = Hgk H < re + .
(4.4)

The next proposition verifies the decent property of Algorithm 1.

Proposition 4.3 In Algorithm 1, {dk} satisfies the sufficient descent condition with
constant 1, i.e.,

<Vf(xk), d"> < Hd" H2 forall k €. (4.5)
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Proof Note that (4.5) automatically holds if ¢ = 0. Supposing that d* 0 and using
the construction of d¥ in Step 2, we have the expression

—d* = Proj(0, B(g", &1)).

It follows from (4.1) that |[g¥ — Vf(x*)| < e, which means that Vf(x*) €
B(g*, ex). Invoking the projection description for convex sets yields

(o +d5 VR + dk> <0,

which is in turn equivalent to

) <o

and thus verifies the claim in (4.5). O

Now, we introduce the notion of null iterations and establish some properties of
such iterations related to the IRG methods.

Definition 4.4 The kth iteration of Algorithm 1 is called a null iteration if x*+1 = x*.
The set of all null iterations is denoted by

N = {k eIN | xkH :xk}.
The next proposition collects important properties of null iterations.
Proposition 4.5 Let {xk} , {gk} , {dk} ,{ex}, and {ry} be sequences generated by

Algorithm 1. The following assertions hold:

(i) k € N if and only if either one of the equivalent conditions in (4.4) holds.
(ii) ¢ | Oifand only if ri. | O, which is equivalent to the set N being infinite.
(iii) If \V is finite, then we have

Hgk” >ry +éeny and HdkH > rN

forallk > N, where N := max N + 1.

(iv) If N\ N is finite, then V f(xX) = 0 and {xk}k>K is a constant sequence,
where we denote K := max{IN\ N} + 1. Otherwise, x is an accumulation point
of {xk} if and only if it is an accumulation point of {xk}kelN\N’ and therefore

- N\W _
x* — % if and only if x* L> X.

Proof Assertions (i) and (ii) follow directly from Definition 4.4. To verify (iii), observe
that for any natural number k > N, the kth iteration is not a null one and then deduce
from (i) that

Ek+1 = €k = EN, Tkl =rr =7y, and Hgk” >ry+ & =rN+EN.
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Together with Step 2 in Algorithm 1, this ensures that
o =[] o> =

which readily justifies assertion (i).
The proof of (iv) is a bit more involved. Supposing that the set IN \ A is finite, we
have that k € N for all k > K. This means by (i) that

P xk, &x+1 = Ok, rr41 = ury, and Hgk ” < rr + & whenever k > K.

This tells us that x* = xX forall k > K, and that & | 0, r | 0, and g5 — 0 as
k — oc. Taking the limitas k — oo iin ||g" — V f(x%)| < & gives us V f(x¥) — 0,
which yields V f (xX) = 0.

Supposing otherwise that the set IN \ N is infinite, we obviously get that every
accumulation point of {xk} KeN\W is an accumulation point of {xk}. Conversely,

taking any accumulation point ¥ of {x¥}, it suffices to show that

forany § >0, N € IN thereexists ky € N\ N, ky > N with kaN _)EH <.

To verify this, fixing § > 0 and N € IN and remembering that X is an accumulation
point of {x*}, we find K > N such that [xX —%| < 8. If K € IN\ V/, choose
ky := K. Otherwise, using that IN \ A is infinite allows us to find K € IN \ A for
which K, K +1,..., K — 1 € N. This ensures that

and therefore, with ky := K, we get that |x*¥ —%| < 8. Since 8 was chosen
arbitrarily, this clearly shows that x is an accumulation point of {x } keN\W and thus
completes the proof. O

The last proposition here establishes relationships between convergence properties
of the sequences {g*} and {d*} in Algorithm 1.

Proposition 4.6 Let {gk} , {dk}, {ex}, and {ri} be sequences generated by Algo-
rithm 1. Then, for any k € IN we have the estimates

[ =1 <] wer e

Consequently, the following assertions hold:

() ex | 0 ifand only if there is an infinite set J C N such that g* Lo
(ii) For any infinite set J C IN, we have the equivalence

¢Loe=daLo.
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Proof Fix any k € IN. If k € \V, then we get by Proposition 4.5(i) that d* = 0 and
Hgk || < & + 1. Otherwise, Step 2 in Algorithm 1 yields ||dk || = Hgk || —&r < ||gk H
In both cases, (4.6) holds.

To deduce (i) from (4.6), suppose that g; | 0 as k — oo. By Proposition 4.5(ii) we
have that r; | 0 and the set A\ is infinite. Then, for any § > 0 and N € IN there is
k > N with k € N\ such that

Hng <rp+ep <é,

where the first inequality follows from (4.4). Thus, we can construct an infinite set

J C IN such that g , 0. If conversely the sequence {€;} does not converge to 0,
then the set V is finite by Proposition 4.5(ii). Using Proposition 4.5(iii) confirms that
{ gk } is bounded away from 0, which tells us that such an index set J does not exist.

To verify now assertion (i), observe that assuming g& = 0 implies by the first

inequality in (4.6) that ¥ 4 0. Conversely, suppose that d* A 0 and deduce from
Proposition 4.5(i) that the set A is infinite. Then, it follows from Proposition 4.5(ii)
that & | O and ry | 0 as k — oo. Using the second inequality in (4.6), we arrive at

gk =4 0 and thus complete the proof of the proposition. O

Finally in this section, we deduce from the obtained results the following desired
property of the direction sequence {d*} in Algorithm 1.

Corollary 4.7 The sequence {dk} in Algorithm 1 is gradient associated with {xk}.

Proof 1t follows from Proposition 4.6 that the convergence d* A 0 yields gk 2 0
and ¢ | 0. Thus, we get V £ (x¥) A 0 by taking into account ||gk — Vx5 || < &

from (4.1). This shows therefore that the sequence { dk } is gradient associated with
{x}
X" 1. O

5 Inexact Reduced Gradient Methods with Stepsize Selections

In this section, we develop novel IRG methods with the following selections of stepsize
rules: backtracking stepsize, constant stepsize, and diminishing stepsize. Address first
an IRG method with the backtracking linesearch. Choose a linesearch scalar § €
(0, 1), a reduction factor y € (0, 1), and an artificial stepsize of null iterations T €
(0, 1). Consider the Master Algorithm 1 with the stepsize sequence {t;} in Step 3
calculated as follows. If d¥ = 0, then put # := t. Otherwise, we set

no=max {1 | fOt +1db) < FOR) = pr|dt |7 r=1, v, YA ) G

The next proposition shows that the stepsize sequence {#;} is well defined.
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Proposition 5.1 If d* + 0, then there exists a positive number t such that
FOE +1d%) < f*) = Be|[d¥|? forall 1 € 0,7),

which ensures the existence of ty in (5.1).

Proof Suppose that d* # 0 and get by Proposition 4.3 that (V f (x¥), d*) < — ||d* Hz
By the differentiability of f at x*, for each t > 0 sufficiently small we have

POk 4 1dY) — Fby = t<Vf(xk), d"> +o(t) < —t Hd" H2 +o()
oo o)

Since o(¢)/t — O ast | 0 and since (8 — 1) Hdk Hz < 0, there exists £ > 0 such that

FOK 4 1d5y < £y — Br HdkHZ forall ¢ € (0, 7].

Therefore, the selection of #; in (5.1) is well defined. O

Now, we are ready to establish a major result about the stationarity of accumulation
points of the iterative sequence generated by Algorithm 1 with the backtracking line
search.

Theorem 5.2 Let {xk} be the sequence of iterations generated by Algorithm 1 with
the sequence of stepsizes {ty} being chosen via the backtracking linesearch as in (5.1).
Assume in addition to the inexact gradient condition (4.1) that ||gk — Vf(xk) || < Pk
with px | 0 as k — oo. Suppose furthermore that inf f(x¥) > —oc. Then, the
following assertions hold:
(i) ex L Oandry | Oas k — oo.
(ii) Every accumulation point of {xk} is a stationary point of f.
(iii) If the sequence {xk} is bounded, then the set of accumulation points of {xk} is
nonempty, compact, and connected.
av) If {xk} has an isolated accumulation point, then the entire sequence {xk}
converges to this point.

Proof From the choice of {t;} and Step 4 in Algorithm 1, for every k € IN we have

pu [ = roy - raten, 52)

Since inf f(x%) > —o0, summing up on both sides of (5.2) over k = 1,2, ... and
using the relation x*T! = x* + r,d*, we get that

o0 o0
3 Hdk H2 <oo and Y ka“ — xk H : Hdk H < 0. (5.3)
k=1
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To verify assertion (i), recall by Proposition 4.5 (ii) that the convergence g; | 0 is
equivalent to 7 | 0 and to the set of null iterations N being infinite. Assume on the
contrary that AV is finite. By Proposition 4.5(iii) with N = max A/ + 1, we have

Hgk” >ry + &y and HdkH >ry forall k= N. G4

Then, (5.3) gives us Y po & < oo and thus 7 | 0 as k — oo. Choosing a larger
number N if necessary, we get that #y < 1 for all k > N. For such £, it follows from
the exit condition of the algorithm that

—y~ g [ d* H2 < fOK 4y nd) — £x6). (5.5)

By the classical mean value theorem, there exists some ke [xk , xk 4+ y_ltk d* ] such
that

Fek 4y by = £ =yl (a5 VD).
The latter equality together with (5.5) tells us that
k ~k k|2
<—d VI )> <B Hd H forall k> N. (5.6)

Using (5.3) and (5.4), we have 3¢ ||x**! — x| < oo, and thus, {x*} converges to
some X € R”. The continuity of V f ensures that V f (x¥) — V f£(x). Then, employing
lg* = VFER)| < px — 0yields g5 — V f(¥) as k — oo. It follows from Step 2
that

LT
i P I Y

Letting k — oo leads us to the equalities

&
Ngk forall Kk > N.

k- IVl —en o i}
d* — g = NG V f (%) = Proj(0, B(V £ (X), en)). 5.7

Using 7 | 0, we getthat ¥ — X, and thus V f (i¥) — V f(x) ask — oo. Combining
the latter with (5.6), (5.7), and the projection characterization verifies the estimates

121% < (&, V£@) < Bllgl*. (5.8)
This tells us that g = 0, which contradicts the condition || g|| > ry by (5.4). Therefore,
we arrive at ¢ |, O and r¢ | 0 as k — oo, which completes the proof of assertion (i).

To justify assertions (ii)—(iv), recall from Corollary 4.7 that {d* } is gradient associ-
ated with {xk } Since g | 0, we deduce from Proposition 4.6 that 0 is an accumulation
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point of {dk}. Combining these facts with (5.3) and #x < 1 whenever k € IN ensures
that all the assumptions of Theorem 3.4 are satisfied. Therefore, we verify assertions
(ii)—(iv) and finish the proof of the theorem. O

Next we consider problem (1.1) with the objective function f satisfying the L-
descent condition for some L > 0. The following result establishes convergence
properties of IRG method, which uses either diminishing or constant stepsizes.

Theorem 5.3 Let {xk} be the sequence generated by Algorithm 1, where

(a) f satisfies the L-descent condition;
(b) either {t;} is diminishing, i.e.,

o
10 as k— o0 and Yt =00, (5.9)
k=1

or there exist 8,8 > 0 such that §' < and

2-46
I € |:8’, T] forall k € IN. (5.10)

Assume that inf f(x*) > —oo. Then, all the conclusions of Theorem 5.2 hold.
Moreover, if {t} is chosen as (5.10), then V f (x*) — 0 as k — oc.

Proof We know from Remark 4.7 that the direction sequence { dk} is gradient associ-
ated with {xk } Furthermore, Proposition 4.3 tells us that {dk } satisfies the sufficient
descent condition (3.7) with the constant k = 1. Note that if {#;} is chosen as either
(5.9) or (5.10), then we always get that

> 2-34
Ztk =o00 and f < I for sufficiently large k € IN.
k=1

Combining these facts with the imposed L-descent condition on f yields the fulfill-
ment of assumptions (a), (b), (c) in Corollary 3.5. Therefore, conclusions (ii)—(iv) of
Theorem 5.2 hold. The proof of Corollary 3.5 also ensures that 0 is an accumulation
point of {dk}. Thus, it follows from Proposition 4.6 that g; | 0. Using Proposi-
tion 4.5(ii), we have r; | 0, which verifies conclusion (i) of Theorem 5.2. If {#;} is
chosen as (5.10), its boundedness away from 0 is guaranteed, and so Corollary 3.5
yields V f (x¥) — 0 as k — 0o and thus completes the proof of the theorem. O

The final part of our convergence analysis of the proposed IRG methods applies the
KL property to establishing the global convergence of the entire sequence of iterations
to a stationary point with deriving convergence rates. We start with the following
simple albeit useful lemma.
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Lemma5.4 Let {xk} be the sequence generated by Algorithm 1 with 6 < [1. Assume
that e | O and ry | 0 as k — oo. Then, there exists some N € IN such that

HVf(xk)” <3 Hd"” forall k¢ N, k>N, (5.11)

where the set N is taken from Definition 4.4.

Proof 1t follows directly from the assumptions of the lemma that there exists a natural
number N such that ey < ry forall k > N. By Step 2 of the algorithm, for any k > N
with k ¢ N we have |[g¥| > r¢ + ¢ with the direction d* calculated in (4.2). Thus,
for such k we get the estimates

HdkH = Hng — &k > Tk +€k — & = Fg > &. (512)
It follows from (4.1) in Step 1 and from (5.12) that

[vre] = o] + o0 =[] #2002 3]

.

which verifies the conclusion of the lemma. O

The following two theorems provide conditions ensuring the global convergence
of iterative sequences generated by Algorithm 1 with different stepsize selections
to a stationary point of f. The first theorem concerns the IRG methods with the
backtracking stepsize.

Theorem 5.5 Let {xk} be the iterative sequence generated by Algorithm 1 with the
backtracking linesearch under the condition 0 < . Suppose in addition to the inexact
gradient condition (4.1) that ||gk — Vf(xk)H < px with pr | 0 as k — oco. Assume
furthermore that {xk } has an accumulation point x, and f satisfies the KL property
at x. Then, % is a stationary point of f, and x* — X as k — .

Proof Since x is an accumulation point of {xk}, we can find some infinite set J C

N such that x¥ kA x. It follows from the choice of {#} in (5.1) that {f(xk)} is
nonincreasing, which implies that

. ky _ - ky _ £ _
Iggﬂ{lf(x)—;relgf(x)—f(x)> 0o.

Therefore, the results of Theorem 5.2 tell us that x is a stationary point of f and that
ex 4 0,7¢ | 0ask — oo. We employ Proposition 2.4 to verify that x* — ¥ along the
entire sequence of iterations. Indeed, the imposed assumptions and the convergence
e 4 0, rr | 0as k — oo guarantee that all the requirements of Lemma 5.4 are
satisfied. Pick N € IN such that (5.11) holds. The choice of {#;} in (5.1) ensures the
lower estimate

O — A = B |d*|? forall k e IN. (5.13)
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Combining this with (5.11) and the relation x**! = x* + ;4 yields
FO5y — FOfY > g HVf(xk)H : ka“ —xk H forall k¢ N, k> N. (5.14)

Observe that when k € N, both sides of (5.14) reduce to zero, and so (5.14) is
satisfied. Therefore, assumption (H1) in Proposition 2.4 holds. Moreover, for k > N
the conditions f (x**1) = f(x¥) and (5.13) imply that & = 0, and hence, x**! = x*.
Thus, assumption (H2) in Proposition 2.4 is satisfied as well. Applying the latter
proposition, we arrive at x — X as k — 0o and complete the proof. O

The second theorem of the above type addresses the IRG methods with diminishing
and constant selections of the stepsize sequence {#;}.

Theorem 5.6 Let the objective function f satisfy the L-descent condition (2.1) for
some L > 0, and let {xk} be the sequence generated by Algorithm 1 with 6 < u, and
either diminishing (5.9) or constant stepsizes (5.10). Assume in addition that X is an
accumulation point of the sequence {xk} and that f satisfies the KL property at X.

Then, X is a stationary point of f, and we have the convergence x* — x as k — oc.

Proof Observe first that the assumptions imposed here yield those in Theorem 5.3
and Corollary 3.5 but inf f(x*) > —oo. Similarly to the proof of Corollary 3.5,
we can show that {f(xk)}k>K is nonincreasing for some K € IN. Since x is an
accumulation point of {xk }, similarly to the proof of Theorem 5.5, we deduce that
inf f(x¥) = f(X) > —oo, which verifies the remaining assumption. Therefore, x
is a stationary point of f and g | O, ry | 0 as k — oo. The latter convergence
together with the imposed assumptions guarantees the fulfillment of all the conditions
of Lemma 5.4. Let N € IN be such that (5.11) holds. Let 6 > 0 be the constant given
in (5.10). From the proof of Corollary 3.5, we find some N| > N such that

S 2
FO5 = f6E = S ”d" ” forall k > Nj. (5.15)
The relation x¥*1 = x* 4 ,d* and (5.11), (5.15) tell us that

FOR = ok > g ”Vf(xk)H kaH —xk H whenever k ¢ N, k > Nj.
(5.16)

Similarly to the proof of Theorem 5.5, we get x¥ — X as k — oo and thus complete
the proof. O

We will see below that the boundedness of stepsizes away from 0 plays a crucial
role in establishing the rate of convergence of the IRG methods. This property auto-
matically holds for constant stepsizes while may fail for diminishing ones. The next
proposition shows that the property is satisfied for the backtracking stepsize selection
provided that the gradient of the objective function is locally Lipschitzian around accu-
mulation points of iterative sequence. Observe that this property is strictly weaker than
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the (global) Lipschitz continuous of V f. Indeed, C2-smooth functions have locally
Lipschitzian gradients but do not need to have a globally Lipschitzian one as, e.g., for

fx) = x*

Proposition 5.7 Let {xk} be a sequence generated by Algorithm 1 with the back-
tracking stepsize. Suppose in addition to the inexact gradient condition (4.1) that
Hgk — Vf(xk) || < pr with pr | 0 as k — o00. Assume moreover that there exists

an infinite set J C IN such that {xk}kej converges to some X € R" and that V f is
locally Lipschitzian around x. Then, the stepsize sequence {ty};c; is bounded away
from zero.

Proof Assume on the contrary that {#;};; is not bounded away from zero. Then, we
find an infinite set J/ C J such that 7 —J> 0.Let T € (0, 1) be an artificial stepsize of

. . . J .
null iterations. Since #; —> 0, there exists a number N € IN such that

tw<t<1 forall k>N, kel. (5.17)

This means that k ¢ N whgnever k>N, kel. By Proposition 4.5(i), we have
d* # Oforall k > N, k € J. Then, condition (4.2) in Step 2 leads us to

a4 =" = e = |s*| foram k=N, ke . (5.18)

Since x* 2 X, the continuity of V f and the estimate ||Vf(xk) — gk || <pr —>0

yield that g* 5 V £(¥). Using (5.18), we get that the sequence {d*}
and thus,

ke 18 bounded,

P y_ltkdk — X as k A 0. (5.19)

Since V f is locally Lipschitzian around X, there exists a positive number § such
that V f is Lipschitz continuous on B(x, §) with some modulus L > 0. By (5.19) and

xk L % wefind Ny > N withx*, x¥+y~15.d* € B(x, 8) forallk > Ny, k € J. The
Lipschitz continuity of V f on B(x, §) with modulus L yields by [10, Proposition A.24]
the L-descent condition, i.e.,

L
) =) =V x =y + 5 llx = YIIP forall x,y € B(%,8). (5.20)

Fixing k € J, k>N 1, we deduce from the above that d* # 0, and ; < 1. The exit
condition for the backtracking linesearch implies that

—y18n Hd" H2 < FO* 4y db) — £, (5.21)
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Applying (5.20) for x = x* + y~1d* and y = x¥, we have that

ek 4y ndh — FOk) <y (Vf(xk)’dk>+ LVT_zt;? Hdkuz-

Combining this with (5.21) leads us to

2 Ly 22 2
o[ @] < v tu(vre.df) e =
or equivalently to the inequality

2 Ly 22 2
0<y '8 Hd" H + y_ltk<Vf(xk), dk> + % Hdk H . (5.22)
Proposition 4.3 and d* # Otell us that 0 < @ ||2 < (Vf(xk), —d*). Then, we deduce
from (5.22) the fulfillment of the estimate

0<y 'y <Vf(xk), —dk> 1y <Vf(xk), dk> + LVT_ZI’? <Vf(xk), —dk>.

Ly 5
- 2 .
Letting k —J> oo yields B > 1, which contradicts the choice of 8 € (0, 1). Thus,

we verify that the sequence {#}; is bounded away from zero, which completes the
proof of the proposition. O

Dividing both sides above by y ~#; <Vf(xk), —dk> >0,weget0 < f—1+

The last two theorems establish sufficient conditions ensuring the convergence rates
in Algorithm 1 under different stepsize selections. Having the sequence of iterations
{x*} generated by this algorithm, we obtain first from Proposition 4.5(iii) that if IN\ \/
is finite, then {xk } stops after a finite number of iterations. Thus, we consider the case
where the set IN \ A is infinite and can be numerated as {ji, jo, ...}. Construct the
sequence {zk } by

K= xJ forall k € IN. (5.23)
We have jiy1 > Jjr + 1 whenever k € IN. If the equality holds therein, then

k1 = /et Otherwise, by taking into account that the indices jx + 1, ..., jir1 — 1
correspond to null iterations, we get that

xIAl = A2 == el o et = T (5.24)
Therefore, it follows from j; ¢ A that

= x et £y = 7K forall k € IN. (5.25)
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Furthermore, Proposition 4.5(iv) tells us that X is an accumulation point of {zk} if and
only if ¥ is also an accumulation point of {x*}.

The first theorem about the convergence rates concerns Algorithm 1 with the
backtracking stepsize.

Theorem 5.8 Consider Algorithm 1 with the backtracking stepsize selections under
the condition 0 < . Let {xk } be the iterative sequence generated by this algorithm.
Suppose in addition to the inexact gradient condition (4.1) that || gk = Vb || < Pk
with px | 0 as k — oo. Assume further that {xk} has an accumulation point x, that
f satisfies the KL property at X with yr(t) = Mt for some M > 0 and q € (0, 1),
and that V f is locally Lipschitzian around x. The following convergence rates are
guaranteed for the sequence {zk} defined in (5.23):

(i) Ifq € (0, 1/2], then the sequence {zk} converges linearly to X.
(ii) If q € (1/2, 1), then there exists a positive constant ¢ such that

1—
sz - )E” < Qkf"‘qifql for all large k € IN.

Proof The imposed assumptions yield the fulfillment of those in Theorem 5.5, and so
lead us to the convergence x* — % as k — oo. Then, the local Lipschitz continuity of
V f around X and Proposition 5.7 ensure that the sequence {#} is bounded away from
Zero.

To deduce now the claimed convergence rates in (i)—(iii) from Theorem 2.5, define
7y :=tj, for all k € IN. Then, {z;} is also bounded away from zero as a subsequence
of {f;}. Furthermore, using (5.24) and the linesearch conditions, we have

@ = fEY = fOR) = fORTD = By Hd” 2
_ Bt i HZ _# szﬂ _ H2 (5.26)
Lj Tk

for all k € IN. Note that all the assumptions of Theorem 5.2 are satisfied, and so
Lemma 5.4 holds. Pick any N € IN from (5.11) and fix k > N. Then, using (5.24)
and (5.11) with taking into account that j; ¢ N for j; > k leads us to

. . 3
o] =2 -

Tk

[vren]=vsen] <

- il
Ljk
Apply finally Theorem 2.5 to {zk} and {;} while remembering that z<*! £ z* for all

k € IN from (5.25). This verifies the convergence rates (i)—(iii) claimed in the theorem.
O

The next theorem on the convergence rates addresses Algorithm 1 with the constant
stepsizes.

Theorem 5.9 Let f satisfy the L-descent condition for some L > 0, and let {xk} be
the iterative sequence generated by Algorithm 1 with the constant stepsizes (5.10)
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under the condition 0 < . Suppose that {xk } has an accumulation point X and that
f satisfies the KL property at X with yr(t) = Mt for some M > 0 and q € (0, 1).
Then, the following convergence rates are guaranteed for the iterative sequence {zk}
defined in (5.23):

() Ifq € (0, 1/2], then the sequence {zk} converges linearly to X.

(ii) If g € (1/2, 1), then there exists a positive constant o such that

1—¢
”z" - x” < 0k™ % forall large k € IN.

Proof Note that our assumptions yield the fulfillment of those in Theorem 5.6, and
thus, we have that x — ¥ as k — oo. Defining 7} := tj, forall k € IN ensures that
the stepsize sequence {1y} is bounded away from zero. Note that all the assumptions
in Corollary 3.5 hold, and let § > 0 be the constant taken from in (5.10). By the L-
descent property of f and the constant stepsize selection, we find by arguing similarly
to the proof of Corollary 3.5 a number N € IN such that

s 2
FO5 = f6H = ”d" ” whenever k > N. (5.27)

Since ji > k > N for such k, it follows that

. ) P 2
FER = FE) = F@) = Fa) = Sy, |ak|

. 28
LI /S B Y ”zk+1 .
2ljk

l
21y

Note that all the assumptions of Theorem 5.3 are satisfied. Using this result together
with Lemma 5.4 and then arguing as in the proof of Theorem 5.8, we complete the
proof of this theorem. O

6 Applications and Numerical Experiments

In this section, we present efficient implementations of the developed IRG methods to
solving particular classes of optimization problems that appear in practical modeling.
We conduct numerical experiments and compare the results of computations by using
our algorithms with those obtained by applying some other well-known methods. This

section is split into two subsections addressing different classes of problems with the
usage of different algorithms.

6.1 Comparison with Classical Inexact Proximal Point Method

This subsection addresses the Least Absolute Deviations (LAD) Curve-Fitting problem
which is formulated as follows:

minimize g(x) := ||Ax —b||; over x € R", 6.1)
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where A is an m x n matrix, b is a vector in IR, and |lul; := Y}, |ui| for any
u=(uy,...,uy) € R™. Problem (6.1) exhibits robustness in outliers resistance and
appears in many applied areas; see, e.g., [11] for more discussions. Observe that (6.1)
is a problem of nonsmooth convex optimization, but we can reduce it to a smooth
problem by using a regularization procedure. In this way, we solve (6.1) by using our
IRG method with constant stepsize and compare our approach with the usage of the
inexact proximal point method (IPPM) proposed by Rockafellar in [46].

To proceed, recall that the Moreau envelope and the proximal mapping of g are
defined by

eg(x) := inf @.(y) and Prox,(x) := argmingy(y), x € R", (6.2)
yeR yeR"

where the minimization mapping ¢, : R” — R is given by

1
Px(y) == g(y>+5||y—x||2, y € R". (6.3)

Since g is convex, it follows from [7, Propositions 12.28 and 12.30] that e, is cl-
smooth and that its gradient is Lipschitz continuous with constant 1 being represented
by

Veg(x) = x — Proxg(x) forall x € R". (6.4)

Moreover, the set of minimizers of g coincides with the set of zeros of the gradient
mapping Ve.

This tells us that problem (6.1) can be equivalently transformed into the problem of
finding stationary points of the smooth function f := e,. Therefore, it is possible to
solve (6.1) by using Algorithm 1 with constant stepsize, where an inexact gradient g*
of V f(x*) in Step 1 satisfying the condition (4.1) can be chosen from the conditions

g" = xF — pk with Hpk — Proxg(xk)H < &. 6.5)

Meanwhile, the iterative procedure of IPPM in [46, page 878] for solving (6.1) is given
by

o0
= ok with H - Proxg(xk)H <&, where Y & <o0.  (6.6)
k=1

Since the function ¢« in (6.3) is strongly convex with constant 1 [38, Definition 2.1.3],
the error bound for the distance between the inexact proximal point p¥ and the exact
one Prox, (x%) in (6.5) and (6.6) is satisfied if

Ok (pk) <inf @« + i, 6.7)
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2 2
where wy := %k for (6.5) and wy := %k for (6.6) by using [38, Theorem 2.1.8]. In this
numerical experiment, we run the Fast Iterative Shrinkage-Thresholding Algorithm
(FISTA) of Beck and Teboulle [9] for the dual function of ¢« until the duality gap is
below wy, which therefore ensures (6.7).
The initial points are chosen as x! := Og» for both algorithms, while the detailed
settings of each algorithm are given as follows:

e IRG: ¢ = 10,0 = u = 0.5. Two selections of the initial radius r; are 20 and
5, which correspond to versions IRG-20 and IRG-5, respectively. To simplify the

iterative sequence of Algorithm 1 when ||gk ” < ry + &, we put Xkt = pk,
k
which corresponds to the choice of stepsize ty = ”J{ﬁllk .

1
e [PPM: wy = w forallk € IN, where p = 4 or p = 2.1. These selections together

with the definition of wy in (6.7) ensure that Z}Zil 8 < oo as required for IPPM
in (6.6). We also use the labels IPPM-4 and IPPM-2.1 for these versions of IPPM,
respectively.

In this numerical experiment, we let [IPPM-2.1 run for 200 iterations and record the
function value obtained by this method. Then, other methods run until their function
values are lower than the recorded one of IPPM-2.1. We stop the methods when the
time reaches the limit of 4000 seconds. The data A, b are generated randomly with
ii.d. (identically and independent distributed) standard Gaussian entries. To avoid
algorithms from reaching the solution promptly, we consider only the cases where
m < nin(6.1).

The numerical experiment is conducted on a computer with 10th Gen Intel(R)
Core(TM) i5-10400 (6-Core 12M Cache, 2.9—4.3 GHz) and 16GB RAM memory.
The codes are written in MATLAB R2021a. Detailed information for the results is
presented in Table 1, where “Test#,” ‘iter, ‘fval,” ‘time’ mean test number, the number
of iterations, value of the objective function at the last iteration, and the computational
time, respectively. The bold text indicates the running time of the fastest algorithms in
each test. The errors wy in the inexact proximal point calculations (6.7) and the func-
tion values obtained by the algorithms over the duration of time are also graphically
illustrated in Figs. 3 and 4.

It can be seen from Table 1 that IRG-5 has the best performance in this numerical
experiment. IRG-20 is the second fastest algorithm in Tests 1, 3, 5, while it is slightly
slower than IPPM-4 in Tests 2, 4. In Test 5 with the largest dimensions m = n = 1200,
IRG-5 is around 4 times faster than IPPM-2.1, while IPPM-4 even cannot reach the
value obtained by IPPM-2.1 within the time limit. In this test, IRG-20 is also around
2.5 times faster than IPPM-2.1.

The graphs in Figs.3 and 4 show that the errors (in inexact proximal point
calculations) of IRG are automatically adjusted to be suitable for different problems:

e In Tests 1, 3, 5 with m = n, it can be seen from Fig. 4 that IPPM-2.1 is faster than
IPPM-4, which means that the use of larger errors is preferred in this case. Then,
Fig.3 shows that the errors used in IRG stagnate at most of the iterations. As a
result, the IRG methods use the errors larger than that of the IPPM methods and
thus achieve better performances.
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e In Tests 2, 4 with m < n, IPPM-4 with smaller errors performs better than IPPM-
2.1. In this case, the IRG methods decrease in almost every iteration and achieve
smaller errors in comparison with IPPM-4.

6.2 Comparison with Exact Gradient Descent Methods

In the numerical experiments presented in this subsection, we show that our IRG
method with backtracking stepsize, based on the usage of inexact gradients, performs
well compared with the famous methods employing the exact gradient calculation,
which are the reduced gradient (RG) method and gradient descent (GD) method in
the following setting:

1. The accuracy of the inexact gradient gk is low, i.e., \gk — Vf(xk) || < &, where

8k 1s not too small relative to || Vf(xk) ||
2. The accuracy required for the solution is increasing.

To demonstrate this, we choose the following two well-known smooth benchmark
functions in global optimization taken from the survey paper [25].

e The Dixon and Price function is defined by
" 2
faron®) 1= (1 = DT+ Y i (227 —xim1) L ¥ €R™.
i=2

The global minimum of this function is f_dixon = 0, and the two solutions x*, y* €

R" are

x{ =1,

xf= x"—z“ for k=2,....n
andbyy,f:x,fforallk:l,...,n—l,y;‘:—x;,“.

e The Rosenbrock 1 function defined by

n—1

Srosen(X) 1= Z |:100 (Xi+1 — xi2>2 + (x; — 1)2} , xeR"

i=1
The global minimum of this function is f_rosen = 0, and the unique solution is
(1,...,1) eR".

Since the information about the convexity and the Lipschitz continuity of gradients of
the chosen objective functions is unknown, our experiments are conducted by algo-
rithms, where stepsizes are obtained from the corresponding linesearches. We use the
following abbreviations:

e GD: Gradient descent method with the backtracking linesearch.
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e RGB and IRGB: Reduced gradient method with the backtracking linesearch and
Inexact reduced gradient method with the backtracking linesearch; see (5.1).

To generate the inexactness for testing purposes, given the gradient error §; :=
min {eg, px} as in (4.1), we create an inexact gradient gk by adding a random vec-
tor with the norm 0.58;, to the exact gradient V £ (x¥). To ensure manually controlled
errors between the exact gradients and inexact ones that do not decrease so fast, we
choose pr := 1/log(k + 1). For all the methods in our experiments, the linesearch
parameters are chosen as § = 0.7 and y = 0.5. The initial radii &1 = r; = 5 and
the radius reduction factors 6 = 0.7, u = 0.7 are also used for the RG and IRG
methods. To avoid the initial points from being identical with the solutions, we choose
x! := Or» on tests using the Rosenbrock 1 function. In the tests using the Dixon and
Price functions, we choose x! := Ir» to avoid the algorithms from going to different
solutions. The condition

IVf(x)| <v, whereeither v =0.01 or v = 0.001.

is used as the stopping criterion for all the tests. The detailed information of the
numerical experiments and the achieved numerical results is presented in Table 2.
The problem names are given in the forms Dn and Rn, where D stands for Dixon and
Price, R stands for Rosenbrock 1, and 7 is the dimension of the tested problem. In
these tables, ‘Iter,” ‘fval’ stand for the number of iterations and the function value at
the last iteration.

It can be seen that the performance of the IRG and RG methods in Tests D200 with
v = 0.01 and v = 0.001 is better than that of the GD method, while the latter is more
efficient in the other tests. It is reasonable that GD usually performs better since it
uses the exact gradient, while RGB uses the reduced gradient and IRGB uses even the
inexact one. In the worst case in Test R1000 with v = 0.01, the number of iterations
of IRGB is equal around 1.3 times that of GD. It shows that IRGB does not suffer
much from the use of inexact gradient compared with the performance of GD using
the exact gradient. Table 2 also shows that the decrease of v in 10 times results in the
increase in the number of iterations in IRGB with the rate at most 1.7, where the worst
case corresponds to the tests D500. This rate is similar to the rate obtained by the
GD method in these tests, which confirms that our IRG method with the backtracking
stepsize does not suffer from error accumulation.

The graphs below show that the errors §; of the inexact gradient used in IRGB
are automatically adjusted to be not too small or too large compared with || V £ (x%) H
This confirms the intuitive conclusion on the IRG methods discussed in Remark 4.1(ii).
Figure 5 shows that the selections of errors §x = k~7, p > 1 in the existing methods
[10,20, 23] do not fit the unexpected fluctuations in the norm of the exact gradient given
in the tests using the Rosenbrock function, which may lead to the over approximation
and under approximation issues discussed in Sect. 1.
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7 Conclusions and Further Research

In this paper, we propose and develop the inexact reduced gradient methods with dif-
ferent stepsize selections to solve problems of nonconvex optimization. These methods
achieve stationary accumulation points and, under additional assumptions on the KL,
property of the objective functions, the global linear convergence. The convergence
analysis of the developed algorithms is based on novel convergence results established
for general linesearch methods. The theoretical and numerical comparisons show that
our methods do not suffer much from the error accumulation and are able to automati-
cally adjust the errors in the exact gradient approximations to get a better performance
than the existing methods using common selections of errors.

In our future research, we aim at developing the IRG methods in different direc-
tions, which include designing zeroth-order algorithms by using practical methods for
approximating gradients, designing inexact versions of methods frequently used in
nonconvex nonsmooth optimization, e.g., the proximal point and proximal gradient
methods, and also designing appropriate IRG methods for problems of constrained
optimization. The obtained results would allow us to develop new applications to
important classes of models in machine learning, statistics, and related disciplines.

Acknowledgements The authors are very grateful to anonymous reviewers for their helpful remarks and
suggestions, which allowed us to improve the original presentation.
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