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A FAST GRADIENT AND FUNCTION SAMPLING METHOD FOR
FINITE MAX-FUNCTIONS*

ELIAS SALOMAO HELOUT, SANDRA A. SANTOS!, AND LUCAS E. A. SIMOES?

Abstract. This paper tackles the unconstrained minimization of a class of nonsmooth and
nonconvex functions that can be written as finite max-functions. A gradient and function-based
sampling method is proposed which, under special circumstances, either moves superlinearly to a
minimizer of the problem of interest or superlinearly improves the optimality certificate. Global
and local convergence analysis are presented, as well as illustrative examples that corroborate and
elucidate the obtained theoretical results.
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1. Introduction. Problems involving continuous nonsmooth functions arise in
many fields of science [37, 45, 46], playing a primary or a secondary role (e.g. subprob-
lems) in different areas. A wide class of problems needs to cope with one or more min-
imizations of convex nonsmooth functions [42, 44], which has been successfully solved
by well established optimization algorithms known as Bundle Methods [1, 26, 35].
However, a significant amount of problems involve minimizations of nonsmooth func-
tions that are also nonconvex [12, 13], a property that usually introduces an undesir-
able complexity to the implementation of the aforementioned method. Nevertheless,
we can also find algorithms based on bundle ideas [16, 27] for such functions.

Recently, an algorithm known as Gradient Sampling (GS) [5, 28] has gained atten-
tion for providing good alternatives to the difficulties that the Bundle Methods need
to deal with if the function is not convex (see [35, 43] and references therein). Basi-
cally, the functioning of GS is very close to the steepest descent method for smooth
functions, since it works in every iteration with a descent direction computed just
with first order information and it finds the next iterate by a line search procedure
(in fact, when a nonnormalized version of GS is used to solve a smooth optimization
problem, its step asymptotically recovers the direction taken by the steepest descent
method). In contrast to the Bundle Method, the GS does not work with a memory of
the past iterations, but it tries to gain information about the function by computing
gradients at some sampled points obtained in each iteration. This behavior is less
complex than keeping a history of the last iterations, since in the nonconvex case, it is
hard to determine whether a past iteration is contributing to construct a good model
of the objective function or it is so far from the current iteration that its incorporation
to the model might lead to an erroneous information. As a counterpart, by evaluating
the gradients at the sampled points, the GS has a significant cost per iteration.

Since we can interpret the GS algorithm as a generalization of the steepest descent
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method, it is reasonable to think that, in the best-case scenario, the method would
have linear local convergence [22]. Therefore, this leads to a natural question: would
it be possible to have a GS algorithm that can be understood as a generalization of
Newton’s (or quasi-Newton) method for nonsmooth functions, meaning that it would
locally converge faster than linearly?

This manuscript has the intent to start answering this question. As we shall see,
the answer is, at least, partially affirmative. In fact, there are recent studies that
have introduced GS-like algorithms with quasi-Newton techniques [8, 9, 10], however
there are no proofs nor numerical results that corroborate a rapid local convergence.
Therefore, our affirmative answer is directly linked to the property that, in a good
sampling condition and, for a special class of nonsmooth functions, the method will
move superlinearly in some sense.

One might view our method as a GS algorithm that incorporates some elements
of Bundle Methods developed over the years [19, 34], but still keeps the GS facilities
to handle nonconvex functions. This last characteristic is in agreement with Kiwiel’s
expectation [28]

“We believe, however, that deeper understanding of their [GS and
Bundle Methods] similarities and differences should lead to new vari-
ants.”

In order to prove a rapid local convergence result, the theory developed in this
manuscript is based on the VU-decomposition of the space [32, 38]. However, the
method does not need to compute an estimate of such spaces. Roughly speaking,
we show that our trust-region algorithm emulates the quasi-Newton techniques into
the U-space (a subspace where the objective function is locally smooth), whereas it
combines effective cutting-plane features [15, 25] into the V-space (the orthogonal
complement of the U-space). For this purpose, we need not only to evaluate the gra-
dients at the sample points, but also their respective function values. This procedure
does not produce a significant increase in computational time, since, in most cases,
the computational effort of evaluating the function value is fundamental in evaluating
the gradient as well, so, by computing the gradient, one can obtain the function value
essentially for free.

As a consequence of our attempt to move superlinearly to the solution of the
optimization problem, the iterations of the proposed algorithm are more expensive
when compared to the GS method. Therefore, although the global convergence of
our algorithm is proven, the method should be viewed as an accelerator of the local
convergence speed of the GS algorithm. Consequently, we propose that a potential
user should use the GS method in the first iterations and switch to our algorithm
in the final iterations. Fortunately, by the way the GS was designed, this transition
moment can be well determined.

Finally, we believe that the results obtained in this text are a step further into the
study of a practical algorithm with rapid local convergence to minimize nonsmooth
and nonconvex functions (important studies on the matter for nonsmooth and convex
functions can be found in [29, 30, 31, 39]). The pursuit for such an algorithm has
raised many researchers’ efforts (an enlightening review can be found in [40]) and up
to our knowledge there is no method in the literature that fulfills those features. A
future work assessing its performance in an extensive class of nonsmooth functions
is needed to determine how efficient the proposed algorithm is. For now, we limit
ourselves to the global and local convergence theory and the presentation of some
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illustrative examples.

For clarity, before we start to expose the main ideas of this study, we present
some notations that appear along this manuscript:

e co X is the convex hull of X;

cl X is the closure of X;
int X is the interior of X’;
|X] is the cardinality of X’;
B(x,r) is the Euclidean closed ball with center at = and radius r;
| - || is the Euclidean norm in R"™;
||| g := VaT Hz, for any symmetric positive definite matrix H;
e is a vector with ones in all entries;
Plz € X] is the probability of = to be in X, whereas Plx € X | z € )] is the
conditional probability of = to be in & given that x € Y.

2. Basic concepts and the GS algorithm. The GS method has the goal of

solving the following unconstrained optimization problem

(1) min f(x),

zER™

where f : R® — R is a locally Lipschitz function, continuously differentiable in an
open dense subset with full measure D C R™. The function f is not necessarily convex.

For a map with the properties above, it is possible to define the Clarke’s subdif-
ferential set for f at x [6, 7]. This set can be interpreted as a generalization of the
gradient for nonsmooth functions.

DEFINITION 2.1 (Subdifferential set, subgradient, stationary point). The set given]]
by

j—o0

Of(z) == co{ lim Vf(z;) | x; =z, E’D}

is called the Clarke’s subdifferential set of f at x and any v € Of () is known as a
subgradient of f at x. Moreover, if 0 € Jf(x), then we say that x is a stationary point
for f.

A set that fits best with the idea of sampled points and is more general than the
previous one can be defined [18].

DEFINITION 2.2 (e-Subdifferential set, e-subgradient, e-stationary point). The e-
subdifferential set of f at x is given by

Ocf(x) == co 0f (B(z,¢)).

Any v € O.f () is known as an e-subgradient of f at x. Moreover, if 0 € O f(z), then
we say that x is an e-stationary point for f.

With a great importance for our study, we present the generalized directional deriva-
tive for the function f [6].

DEFINITION 2.3 (Generalized directional derivative). The generalized directional
derivative of a continuous locally Lipschitz function f: R™ — R at x in the direction
v € R™ is given by

fo(x;v)liihnggp Iﬁ%ﬁtﬁ%l:iiﬁﬁ)_
tl0
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Finally, it is possible to link Definition 2.3 with the subdifferential set. Indeed,
the following relation holds [6]

fo(z;v) = max{s’v | s € f(x)}.

With the above sets in mind, one can interpret the sampled points used in GS method
as an attempt to approximate the e-subdifferential set of f at x [4, Theorem 2.1].

For a more complete idea of the GS functioning, we present the nonnormalized
version of the GS algorithm [28].

Algorithm 1 Nonnormalized version of the GS method.

Step 0. Given zp € D, m € N with m > n + 1, fixed real numbers 0 < vy < 1y,
0 <eopt <€oand 0<0,,0.,v,8<1,set k=0.

Step 1. Choose {k 1,...,Tkm} C B(zk, €;) with randomly, independently and
uniformly sampled elements. If {zy1,...,Zkm} ¢ D, then STOP!

Step 2. Set Gy, = [Vf(2k), Vf(zk1),-.., VF(Trm)] and find gr = Gx\*, where \F

solves

1
min §ATG£GkA

st. efA=1,1>0.

Step 3. If || gk|| < Vopt and €; < €opt, then terminate. Otherwise, if || gx|| < v, then
€pt1 = Oc€r, Vir1 = Ouvg, t, = 0, T+1 = 1 and go to Step 6.

Step 4. Do a backtracking line search and find the maximum ¢, € {1,v,72,...}
such that

f(@p + tidi) < f(zr) — Btllgr]|®, where dp = —gg,
and set €x+1 = € and Vg1 = vi.
Step 5. If i + txdi, € D, then set xp1 = x) + tpdi. Otherwise, find
Try1 € Bar + tpdy, min{ty, ex}|di]|) N D,

such that f(zps1) < f(zx) — Btellgrl?-
Step 6. Set k < k + 1 and go back to Step 1.

Since the sampled points are chosen in an uniform and independent way, one
can show that the GS method, with probability one, will never stop due to Step
1. Moreover, it is possible to show that if xx € D, then the vector di used at
Step 4 is a descent direction for f at x [5], which evinces the importance of Step 5
for the finiteness of the line search procedure (in fact, this procedure is a delicate
matter [21]). Moreover, given the random nature of the method, nondeterministic
results of convergence with probability one are expected [28].

Once we have presented some basic notions about nonsmooth functions and the
GS methods, we are able to proceed with the main ideas of this paper.

3. Motivation and the new algorithm. Henceforward, we will be interested
in solving a class of problems more structured than (1). Let us consider the minimax



A FAST GRADIENT AND FUNCTION SAMPLING METHOD )

optimization problem

) min (1) = ax (0},

where the functions ¢; : R® — R are all of class C2, but they are not necessarily
known. Here, we only ask that the function f may be represented as a maximum
of functions, i.e., the functions ¢; are not inputs for the method. This situation is
distinct from the case in which the functions that comprise f are known. For such a
case, many studies have been developed (see [14] and references therein).

3.1. Motivational example. Suppose we have f(z) = |z| = max{z, —z} and
we want to start an iteration of Algorithm 1. If

m=2, ¢ =1, €opt < 1, zo9=0.5, To,1 < 0 and To,2 > 0,

then f/(zo1) = —1, f'(x0,2) = 1 and go = 0 in Step 2. Consequently, by Step 3, we
skip Steps 4 and 5 and go directly to Step 6, which starts a new iteration. Although
this routine indicates that we have an €p-stationary point for f, this procedure does
not allow us to move. Moreover, it prevents the algorithm to take an action when it
has a complete information about the function, that is, when we have points sampled
in the sets

X" ={z€eR|z<0} and XT={r R |z > 0}.

As a consequence, we see that the method only gets a chance to move when either xy,
and the sampled points are all in X~ or all in X . Moreover, in this scenario, the
GS method behaves exactly as the steepest descent method.

This undesirable behavior can be explained by the lack of information about the
function values at the sampled points. Indeed, taking a careful look into the quadratic
optimization problem that is solved in Step 2, it is possible to see that its dual problem
is given by

1
min 2z + Ede

Y4

s.t. G;‘gd < ze,
where z € R and d € R". Equivalently, considering xj o := zx, the same direction dj,
can be obtained if we solve

1
. NT g 2T
(3) min max {f(xk)—l— Vi(zk:) d+ 2d d}.

Notice, however, that if we use the function values of each sampled point instead of
f(z1) and an enriched second-order information (other GS-like methods use different
second-order approaches [8, 9]), i.e., if we solve

1
4 i ; )" d— )+ -d" Hd
(4) g&%&ﬁfn{f@k,wrvf(%,) (wr +d—2pi) + 5d" Hy }
we would have a better model for the function f than the original one (closer to a
cutting-plane method). Furthermore, the new quadratic optimization problem allows
us to move when we have sampled in both “faces” of f, that is, in X~ and X*. Lastly,
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observe that in (4), we do not use the objective function value at the current iterate
xy, neither the gradient V f(xy). As we shall see later, these omissions do not prevent
the algorithm to converge and introduce an advantage over the GS method, since the
differentiability check inside Step 5 is no longer necessary.

Unfortunately, this new quadratic programming problem comes at a price: the
vector dy might not be a descent direction for f at x (especially under a bad sampling
condition), a property that is always true if we solve (3). Therefore, to have an
algorithm that uses the function values at all sampled points, we must overcome this
issue.

3.2. New algorithm. In order to surpass the difficulty of not having a descent
direction under a bad sampling, we replace the Armijo’s line search by a trust-region
procedure. Besides, aiming at a smooth problem, instead of dealing with (4), we solve
at each iteration the following quadratic optimization problem

1
min z+ —d? Hyd
d,z 2

6 . fut Gl ze
[dllo < Ay,

where fi. = [f(z1,1) + Vf(ae)" (2 —2p1), -0 f(@rm) + Vi (@rm)" (@ — zm)]"
Gr =[Vf(zr1) ... Vf(xgm)] and ||d||cc < Ay stands for the trust-region constraints,
for some Ay > 0. Consequently, its dual optimization problem, after a changing of
variables, can be viewed as

o1
max A" f - 5(GiA + ) TH NG + w) — Agllwll

st. Me=1
A>0,

where A € R™ and w € R™ are the dual variables. With these modifications in mind,
we introduce the proposed algorithm (Algorithm 2), also referred as GraFuS, which
stands for Gradient and Function Sampling. Together with the exhibition of our new
method, we must highlight that the generated sequence of function values might not
be monotone decreasing (the reason for this choice will be better explained in the
local convergence subsection). Additionally, with the same argument used for the GS
method, GraFuS, with probability one, will never stop at Step 1.

In order to guarantee the global convergence of the method, we suppose, from
now on, the following assumption.

ASSUMPTION 1. For every k € N, the matriz Hy € R™™™ is symmetric positive
definite and there exist positive real numbers < and S such that

slld||* < d¥ Hyd <3||d|)?, for all d € R™.

Glossary of Notation

k: outer iteration counter vi: optimality certificate

[: inner iteration counter Vopt: optimality certificate tolerance

TR current iterate o and d: constants for updating vy

m: number of sampled points €x,: related to the current sampling size
YA: constant related to the trust region Ay ;: current trust-region size

ve: constant related to the sampling size  6: reduction factor for € ; and Ay ;
p: parameter of step acceptance o power related to the sampling size
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Algorithm 2 Gradient and Function Sampling-based method (GraFuS).

Step O.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Set k,l =0, 20 e R", 1 <09 <2, meN with m >n+ 1 and fixed real
numbers v > 0,74 >0, 0 < 19,60,p,0 <1, 0 < vopt < v and o > 1. Define
the initial sampling radius as €p,0 = ¥/ and the maximum step size as

A0.,0 = 7Alo-
Choose

{#ho1s - T} C B (i, (en,))
with randomly, independently and uniformly sampled elements.
If {xﬁcyl, o ,xﬁcym} ¢ D, then STOP! Otherwise, set fi,; € R™ with

(i), = FGhg) + VI @x —aly) 1< <m,

and
Gri = [V(@)1), - VI (@)

Find (dg,, zk,;) and (Mg, wg,i) that solve, respectively, (5) and its dual
problem, where Hy, € R™*"™ is a symmetric and positive definite matrix.

If HH,;le)l/\k)lH > v, and Ay < 400, then proceed to the next step.
Otherwise,

o if ||diilloo < Ak : choose opy1 € [1,2], set the optimality certificate
Vg1 = min{maX{HHgle_,l/\k’lH, (I/k)g}, 5I/k} and
go to Step 6.

o if |diilloc = Ay set Apir1 = +00, Grir1 = Gty friv1 = fri,
l < 1+ 1 and go back to Step 2.

Compute
Aredy; == f(zx) — f(ak + diy)

and

1
Predk_,l = mlaX {f(argw) + Vf(:l?égyl)T(Ik — xéz)} — <Zk,l + gd;ﬂldek,l> .

If Aredkyl < pPredk_,l, then set Ak,lJrl = HAM, €k 141 = 96]@_’1,
[ < 1+ 1 and go back to Step 1. Otherwise, set vi+1 = v and 041 = 0.

If V41 < Vopt, then terminate. Otherwise, set zy+1 = =i + di 1,
€k+1,0 = VeVit1, Dkt+1,0 = YAVk+1, k < k+ 1, 1 < 0 and go back to Step 1.

The updating procedure of the matrices Hy is a delicate matter, since a bad
sampling at one single iteration might damage some required properties for the con-
vergence theory. For that reason, we give a detailed explanation of how one may
update Hy, properly in Subsection 5.1.
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4. Convergence. Before we proceed with the convergence analysis, we should
state a property for the functions ¢; that define f. It is a common assumption when
we are dealing with nonsmooth functions of the kind defined in (2), cf. [11, 38].
Considering that

I(x) :={i | ¢i(x) = f(2)},

the required hypothesis follows.

ASSUMPTION 2. For all x € R"™ with |Z(x)| > 2, the gradients {V¢;i()}icz(x)
compose an affinely independent set, that is,

Z a;Vi(x) =0 and Z a;=0 <= «; =0, forallieI(x).
i€Z(x) i€Z(x)

Remark 4.1. Tt is worth pointing out that Assumption 2 can be viewed as a way
to guarantee that, for any fixed j € Z(x), the set

{Voi(r) = Vé;(2) iz}

is linearly independent for all x € R™ with |Z(x)| > 2 (the proof is provided in
Lemma 4.2 below). This association will be of great importance for both the global
and the local convergence results.

Additionally, if z, is a local minimizer for f, Assumption 2 also gives us that there
exists only one possible convex combination of the gradients V¢, (x.), with ¢ € Z(x,),
that generates the null vector.

4.1. Global convergence. First, we present a technical lemma guaranteeing
that at most n + 1 functions will assume the maximum of f at a fixed point z € R™.
In addition, we prove that, for each ¢;, with j € Z(z), there is a sufficiently small
open set such that ¢; strictly assumes the maximum value at this specific set.

LEMMA 4.2. Under Assumption 2, let © be any point in R™ and j be any fized
index in Z(x). Then, |Z(z)| < n+ 1. Moreover, there exists € > 0 such that for
all € € (0,€), we can find a set Cj(x,e) C B(x,€) with int(C;(x,¢€)) # O, for which
x ¢ Cj(z,€) and

¢;(x7) > max ¢;(x?), for all 27 € Cj(z,€).
1<i<p

i#j

Proof. First, let us prove that |Z(z)| < n+1. If |Z(x)| = 1, the statement trivially
holds. Therefore, we assume that |Z(z)| > 2. Besides, we suppose without any loss of
generality that Z(z) = {1,...,r}. Then, let as,...,a. € R be any real numbers such
that

T

> ai (Véi(x) — Véu(x)) =0.

=2

Then, it follows that
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and, by Assumption 2, we have as = ... = a,, = 0. Consequently,

A= {Voi(x) = Vo1 (2) }icz(a)\ {1}

forms a linearly independent set. So, |A| < n, which implies that |Z(z)| < n + 1.
Now, for the other result, we also have that, if |Z(x)| = 1, then the proof is
straightforward by a continuity argument. So, let us suppose that |Z(x)| > 2 and
Z(z) = {1,...,r}. By Assumption 2, given a fixed s € Z(x) and any j € Z(z) with
j # s, we have that v; := V¢;(z) — Vs (x) cannot be written as a linear combination
of {v; | i € Z(x), i # j} (to see this, just use the same arguments that we have used
to prove |Z(x)| < n+ 1 and notice that the set formed by the vectors v;’s is linearly
independent). Thus, it is possible to find a unitary d; € R™ such that vadj > 0 and

vldj =0, i#j with i€ Z(x).'
Consequently, it follows that V¢;(z)"d; > Vés(z)?d; and
Voi(x)'d; = Vos(x)'dj, i#j with i€ I(z).
So, since ¢; € C?, for all i € Z(x), we have that for all fixed w; € R" it follows that
¢i(x + e(dj +wy)) = di(x) + V()T (dj +w;) + O(e*), i € I(x), i #j,
;@ + e(dj +wy)) = ¢;(2) + eV (x)" (dj + wy) + O(e?).

Now, subtracting the first equation above from the second one and dividing the result
by €, we obtain, for all ¢ € Z(x) with i # j, that

¢j(x + e(d; + wy)) — ¢i(x + e(dj + wy))

= Vo;(x)" (dj + wy)
— Voi(x)" (dj +w;) + O(e).

Consequently, supposing that

w; € B(0,6(x)) C R™,

where

- [IVo(x) = Véi(x)]"d, }
6 o(z) == 0
) @)= (e sar | >
we must have, for all ¢ € Z(z) with ¢ # j, that

¢j(x + e(dj +w;)) — di(x + e(d; + w;))

= [Vo;(z) — Vi(x)]" d;

+ [Vo;(x) — Voi(x)]"w; + O(e)
> [Vo;(x) — Vei(x)]"d;

= Vg, (x) = Vi(z)|l|lw;]| + O(e)

> [V(b](x) —2V¢i($)]de +O(6)

1For example, setting s; as the orthogonal projection of v; over the hyperplane generated by
{vi | i € Z(x), i # j}, one can consider dj = (v; — s;)/|lv; — s;]|
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From the inequality above and noticing that [V, (z)—Vé;(z)]Td; > 0, for alli € Z(z)
with ¢ # j, it is possible to find €; > 0 small enough such that for all € € (0,¢;) the
following relation holds

oi(x + e(d; +wy)) > di(x + e(d; +wy)), i €I(x), i7#7j.

To complete the proof, notice that the functions ¢; are continuous, and therefore, it
is possible to find € > 0 such that for all y € B(z, €) the following holds

¢a(y) > (bb(y)v ac I(CL‘), b ¢ I(.”L‘)

So, setting € := min{ey, ..., €., €} and choosing € € (0,€), we have that the set

Ci(z,e) ={zx+71(d; +w;) | 0<7<€/2, wj € B(0,d(z)), jeI(x)},

where §(z) is the value defined in (6), satisfies the properties previously claimed. O

From the above result, we can see that, for any € > 0 (even when € > €, since in
this case we have B(x,€) C B(x,¢)), the following set is not empty

(7) Sj(z,€) :=int ¢ y € B(x,e) | ¢i(y) > max ¢;(y) p, 7€ I(x).

1<i<p
1#]

So, we can proceed with two additional results. They guarantee that GraFuS is
well defined, i.e., the algorithm will not cycle forever from Step 5 to Step 1. Specifi-
cally, the first result tells us that under a good set of sampled points, it is possible to
obtain Ared > pPred (the proof of the result is based on ideas from [47]).

LEMMA 4.3. Suppose that Assumptions 1 and 2 hold. In Algorithm 2, consider
fixed outer and inner iterations, denoted by k and [, respectively. Let T € R™ be a
nonstationary point for the function f: R™ - R, p € (0,1) be a fixzed real number and
S;(Z,€) be the set defined in (7) for any e > 0. Therefore, there exist A and & strictly
greater than zero such that, if the following hypotheses hold

i) zr € B(T,0);

ii) 0 < Ap < Z,‘
iii) there exist € = €(k,l) > 0 and M > 0 such that
a) for all j € I(T), we have S;(T,€) C Bag, M - Apy);
b) for all j € I(T), there exists i € {1,...,m} such that xﬁm € S;(T,e);
¢c) for alli € {1,...,m}, there exists j € I(T) such that x} ; € S;(T,€),
then

Aredy; > pPredy,;.

Proof. First, we choose h > 0 as a sufficiently small number such that for all
x € B(Z, h), we have

¢j(x) > max ¢;(x), for all j € Z(Z).
1<i<p

i¢L(T)

Since T is not a stationary point for f, we must have that 0 ¢ Of(T). Recalling that
Of(T) is a closed and convex set, it follows by the Hyperplane Separation Theorem [3,
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Section 2.5] that there exist a unitary vector v € R™ and a scalar 7 > 0 such that
sTv < —7, for all s € 0f (7).
Since the generalized directional derivative of f at T in the direction v is given by
f°(x;v) = limsup flottv) = fo)

T—T t
tl0

=max{s"v : s€df(T)},

we have that f°(F;v) < —7. Thus, there exist A € (0,h) and 6 € (0, k) such that for
all z € B (7,0) and A € (0,A), we have

(8) fz+ Av) — f(z) < —%A.

Now, let us keep this information in mind and proceed with a parallel idea. Let
us suppose that the hypotheses i), ii) and 4ii) hold for 6 and A found above. Then,
because the conditions inside ii) ensure a good sampling, we have

flay) = ma?_i){% (zx)}

JEL(T
9) = 1I<nla<>§n{f($§”) + Vf(fﬂéc,i)T(xk - 355”)} +o(Axy)
(notice that xgm € B(zp, M - Agy))
and
[k +diy) = max {¢;(zr +di)}
JEI(T)
= 125?5”{f(x§c,i) + VI (@h)" @k + dry — x5 )} + 0o(Agy)
(notice that z}, ; € B(zx, M - Ayy) and that |[di,llcc < Agy).

So, we have Aredy; = f(zr) — f(zx + di;) = Predi; + o(Ag,). Consequently, to
prove the statement, we just need to show that Ay; = O(Predy,), since we would
have, for any n = (1 — p) € (0,1), a sufficiently small A > 0 such that

Al“ed;w — Predw = O(Ak)l) > —nPreko,

which yields that Aredy; > (1 — n)Predy; = pPredg;. So, to show that such a
condition holds, we define

Z:= max {f(xf’cz) + Vf(fﬂéc,i)T(gck + Agv — xf’cz)}

1<i<m
Notice that, by the same reasoning used before, we have
(10) zZ= f(Ik + Akﬁlv) + O(Akﬁl).

Moreover, since (dy,, zx,) is the solution of the quadratic programming problem at
Step 2, we have z;; < 2+ 0(Ag,), and hence,

A%,
Predy; > 121122);1“(3:21) + Vf(a:fcyi)T(xk - :zrfm)} - (2 + 2’ UTHk’U> + o(Ag ).
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Consequently, recalling (9) and (10), it yields that
Predy; > f(zr) — f(zr + Ag1v) + 0o(Ax,1)
T
> iAk’l + o(Ag1),

where the last inequality comes from (8). Therefore, if A is small enough, we obtain
the desired result. d

With the above result, we present the following lemma, which states that if Gra-
FuS is at an iteration k& and xj is not a stationary point for f, then the index [ of the
inner iteration has an upper limit (with probability one).

LEMMA 4.4. Suppose that Assumptions 1 and 2 hold. Moreover, for an itera-
tion k, assume that xy is not a stationary point for f. Then, with probability one,
there exists | € N such that the indices of the inner iterations satisfy | <.

Proof. Let us assume, for contradiction, that such [ does not exist, i.e., | — oo at
the iteration k. Consequently, we must have, for all [ € N, that

| H, ' G| > vk

and Aredy; < pPredy;. Additionally, by the way we have designed our algorithm, we
see that

e = L5 Apy, forall k,l €N,
A

and, by the contradiction hypothesis, the following holds: Ay ; — 0 as [ = oo.

Therefore, setting T := x; in Lemma 4.3, it is straightforward to see that at
some 1. € N, if [ > 7, then hypotheses ¢) and i) of Lemma 4.3 are valid. Moreover,
considering € := (ex;)?* and M := max{y.yx"', v2yx>} for a fixed inner iteration I,
we will satisfy hypothesis éii) item a) of Lemma 4.3. Therefore, if at this specific
inner iteration [ we do not have Aredy; > pPred; , it is due to the fact that we did
not sample the points properly, i.e, the items b) and/or ¢) of hypothesis iii) were not
fulfilled. So, since I — oo by the contradiction hypothesis we have made, it is also
true that the next inner iteration will not satisfy items b) and/or ¢) and so on. We
claim that this behavior has probability zero to occur.

Indeed, let us assume a fixed j € Z(x) and notice that, by the way we have
defined d; and C;(xk, (€x,)°*) in the proof of Lemma 4.2, we have that (for (ex,;)7*

sufficiently small) B;-C’l C Cj(zk, (ex,1)*), where

ki (er,)7 o (en) [V (k) — Vi(xy)]"d;
B TS z-erfz;%?w{2|v¢j<xk>—v¢i<xk>||}

Consequently, the volume of B;?’l in R™ is given by

n

ki _ T : {[V@(m)—wi(mkﬂ%} (@,ovk)"
Vo (5) = Sz |0 296, Vo] s )

where I' is the Gamma function [24]. On the other hand, it follows that

7.‘.71/2

Vol(B(xy, (ex1)7*)) = T2+ 1) ((er,0)7 )™
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Therefore, since the sampled points are chosen in B(xg, (€x,;)7*) and

By C Ci(a, (er0)7) C Sj(@ns (era) ),

we must have, for all ¢ € {1,...,m}, that the conditional probability

~ Vol(S;(xr, (er,1)7*))
~ Vol(B(zx, (ex,1)7%))

P(2h; € Silan, (er,)™) | Thi € B(ak, (€£1)7))

must be greater than the following strictly positive number

1 in { Vo, (zx) — Vi (wr)] 7 d; }
8n i€Z(rn) 2||Vo;(zr) — Vs ()]

With this inequality, we conclude that the probability of the items b) and ¢) of hy-
pothesis iii) to occur simultaneously is strictly positive and does not depend on I.
Therefore, the probability of [ — oo is zero, which concludes the proof. ad

We are close to reach the convergence theorem of GraFuS. For that goal, we
need to prove two additional technical lemmas. Furthermore, to have a clearer proof,
from now on we will denote by [;, the largest value of the index [ at the iteration k,
established by Lemma 4.4.

LEMMA 4.5. Let us consider the GraFuS algorithm under Assumptions 1 and 2.
If there exists an infinite index set K C N such that Pred, Zk/Ak 7. . 0, then
’ Y kek

G Mo, | =0

Proof. First, notice that the quadratic programming problem presented in (5)
satisfies the Slater’s condition. Indeed, if one considers dj, = 0 and z; = max{ fk} +1
in (5), then we see that all inequalities are strictly satisfied. Thus, since the problem
is also convex, we can guarantee that the quadratic programming problem satisfies
strong duality. So, we have

1 ~
oL g = T F
2 t gy Hedeg, = App, Jud,

1 T
~3 (Gk,ik )‘kjk + wk,lk) Hy (Gk,ik )‘k,ik + Wk,h)

- Ak,ik”ijkHl-

Thus, defining

1 T
3 (Gk,ik)‘kik +wkik) Hy, (Gk,f;/\kjk +wk,7k) + A7, lwp g, s
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it yields
klkfklk Ok Zk,zk+2de Hydy, 7, :>ak_/\kl fklk
_ (Zk,lk + 2dkl dek,lk)
= ap < Predkjk

(since Ay 7, > 0 and eT)\kjk =1)

a Pred, 7
oM Kl

Bt~ By
«
= k — 0.
Ay, kek
Consequently, by Assumption 1 and (11), we obtain |G, 7 Ap7, || — 0. O
’ ’ keK

Finally, we present the last result before our main statement of the global con-
vergence analysis.

LEMMA 4.6. Suppose that Assumptions 1 and 2 hold and GraFuS has generated
an infinite sequence {x} C R™. Moreover, assume that there exists a cluster point
T of this sequence that is a stationary point for f. Then, with probability one, the
sequence {v} must converge to zero.

Proof. By hypothesis, we have that 0 € df(Z). Moreover, all the functions that
comprise f are of class C2. So, it is possible to find, for any given 41,02 > 0, nonempty
and open sets X, ..., X,, C D and a fixed vector A\ € R satisfying A > 0 and e”\ = 1
such that

(12) X; C B(T,61), for all j € {1,...,m},
and
(13) ZXij(xj) < by, for all (z1,...,2m) € X1 X -+ X Xy

By contradiction, let us assume that {vy} does not go to zero, i.e., there exists
7 > 0 such that vy = 7 for all £ € N sufficiently large. This condition yields that
€0 = VeV and Ao = AV for all £ € N large enough. Moreoveir, noticing that
Lemma, 4.5 also holds if we consider the inner iteration 0 instead of [, we have that

Predi o
14 — =M

(14) Aro
for some p > 0. Otherwise, |Gk 0Ak,0]] would go to zero, implying that v would also
go to zero.

Defining K as an infinite index set such that {zy }reixc converges to T, it is possible
to find 07 small enough such that (12) holds and

(15) X; C B(zk, (€x,0)°%), for all j € {1,...,m} and k € K large enough.

So, let us suppose that for some k& € K sufficiently large, we have xk € &, for all
je€{1,...,m}. Then, considering A, ¢ and wy ¢ the solutions obtamed at Step 2, we
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must have
~T = 1-1 1 - ~
A fro— 5)\ GroH Gro) < /\;;F,ofk,o
L (Gro TH-!
k06,0 + wko) Hy (GroXeo + wko)

_ 5(
— A ollwk,oll1-

Adding

e { (o) }

to both sides of the inequality that comes from multiplying the previous one by (—1)
and considering the strong duality of the quadratic problem that is solved in Step 2,
we have

_ T 1— _
Prodyo < max {(fk 0) }—)\Tfko—i‘—)\TGkonleo)\-
T agi<m ] T2 ’ ’

Since f(T) = ¢:(T), for any i € Z(T), it is possible to select a sufficiently small ¢y,

such that (12), (15) and
~ _T ~
ax { (fk,O)j} =X Jfro

are valid for any k € K large enough. Moreover, by Assumption 1, it is possible to
choose d sufficiently small such that (13) holds and

YAV
< F

1 B -
= uyen oH 'GroX < uy,
2 ’ ’ 4
for any k£ € K large enough.
As a result, there are 01,02 > 0 sufficiently small and k& € K sufficiently large,
such that, if x%)j € X;, for all j € {1,...,m}, we have
Predy 0 VAT p
5 S /14 =,
Ako 20k0 2

Since we have supposed that v, does not go to zero, it implies that GraFuS never
samples in the nonempty and open set X; X --- X A, during the iterations k& € I,
since, otherwise, we would have a contradiction with (14). This is an event that has
probability zero to occur. Therefore, with probability one, the sequence {v;} must
converge to zero. a

Now, we present the main result of this subsection. Using the result below, we
can prove the global convergence of GraFuS.

THEOREM 4.7. Under Assumptions 1 and 2, suppose that f has bounded level sets
and GraFuS produces an infinite sequence {x} with vop = 0. Then, with probability
one, the sequence {vy} converges to zero.

Proof. We split the proof in two complementary cases:
i) There are an infinite set of indices K; C N and a real number € > 0 such that
€kI, >cforall ke K.
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i1) The sampling radius along the iterations satisfy €, I k—>N 0.
"k ke

Initially, let us suppose that case i) holds. So, noticing that € lp < Velks forall k € N,
and that {v}} is a monotonically decreasing sequence, we see clearly that there must
exist 7 such that v, > 7, for all k£ € N. Therefore, by the way GraFuS was designed,
it means that for a sufficiently large index k and any inner iteration [, the inequality

| H; ' G| < vk

will never hold, and consequently, the sequence generated by the values f(z)) will
decrease monotonically. Additionally, we claim that there exists g > 0 such that
Ay 0 < Pred; g, for all £ € N. Indeed, if this statement were false, there would

exist an infinite set of indices K such that
Predki /Akz —)~ 0.
ok "k ek
However, by Lemma 4.5, it would yield that
G, A7 1] — 0.
H k;lk ka || ke’a

Therefore, we would have v, — 0, and consequently, that ¢, . =0, which is a
contradiction with case 4). Thus, there must exist 1 > 0 such that A, 7.0 < Pred 7,
for all k£ € N sufficiently large. Moreover, since

e = L5 Agy, forall k,l €N,
A

we see that A, 7 > (ya/7e)€, for all k € K1. Consequently, since we have

Ared; ;> pPred, ; , for all k € Ky sufficiently large,
we obtain

(16) flzk) = f(xps1) > puv—AE, for all k € Ky sufficiently large.

€

Now, since f has bounded level sets, there must exist an infinite set of indices Ko C Ky
such that

xr — &, for some & € R”.
keKs

So, considering si, (k) as the index in Ko that comes right after k& € Ko and recalling

that, for the case at hand, it is possible to find a sufficiently large ke K2, where the

sequence of function values will be a decreasing sequence for all £k € N and k£ > k, it

yields that

S ) fas) < X (e - (re,w)

kEK2,k>k keKa,k>k
= f(xk) — f(&) < o0.

However, this is a relation that goes against (16). Therefore, the case 4) is an impos-
sible event and we must consider case i1).
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So, suppose that case i) holds and, by contradiction, that the sequence {v;} does
not converge to zero. Again, we must have that the inequality

| H ' G|l < vk

will never hold for &k sufficiently large, and consequently, the sequence generated by
the values f(zy) will decrease monotonically. Thus, there must exist at least one
cluster point T of {z)}. Consequently, there is £ C N such that

Now, because of Lemma 4.6, T is not a stationary point for f. Then, we choose §, A
as presented in Lemma 4.3 for the point . Since vy, remains bounded away from zero
by our assumption and ¢, 1, — 0, we have, by the way we have designed GraFusS,

that €, 7, Just keeps going smaller because I, — co. As a consequence, there exist
k', l' € N such that for all &k > k&’ we have

Ale = A = (6‘y> YaVE < Z and €k, 11 = €:= (6‘1,> YeVk = "Z_ZA

Moreover, since T is a cluster point for the sequence of iterates, we can find k> kK
such that for all k¥ > k and k € K, we have

vy € B(T, min{é? §}/4) C B(Z, min{é"*,5}/4)

So, for all j € Z(T), we have
z), € B (T, min {¢7%,6} /4) and S;(Z, min{¢, 6}/4) C B (wk, iA) .
A

Therefore, the hypotheses i), ii) and 4ii) item a) of Lemma 4.3 are all satisfied.
Thus, since I}, — 0o, we must have that items b) and/or ¢) of hypothesis #ii) are not
satisfied for every k > kandl=1. However, this is an event with probability zero of
happening, since the sets S;(Z, min{e, 0}/4) are open and not empty. Consequently,
with probability one, the sequence {vy} must converge to zero. ad

In the light of the above theorem, the next corollary ensures that GraFuS will
find, in a finite number of iterations, an e-stationary point under any given tolerance.
Furthermore, it justifies calling v, an optimality certificate.

COROLLARY 4.8. Under Assumptions 1 and 2, suppose that f has bounded level
sets and the parameter value vopy in GraFusS is strictly positive. Then, with probability
one, GraFuS terminates in a finite number of iterations. Moreover, there exists v € R™
such that

v € Def (z;) with |Jv]| < D=3y,

where k is the final iteration of GraFuS, € := ~ev; and < is the constant presented in
Assumption 1. In other words, x; is an €-stationary point under the tolerance .

Proof. The proof follows immediately from Theorem 4.7, Assumption 1 and by
the way GraFuS was designed. d
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The next result guarantees that if the sequence {z} produced by GraFuS is
bounded, then we also obtain an asymptotic result.

COROLLARY 4.9. Under Assumptions 1 and 2, suppose that GraFuS produces an
infinite and bounded sequence {xy} with vop, = 0. Then, with probability one, there
is at least one cluster point of this sequence such that it is a stationary point for f.

Proof. The result follows immediately from Theorem 4.7. Notice that replacing
the boundness of the level sets by the boundness of {1} does not invalidate the proof
of Theorem 4.7. Additionally, defining the infinite index set

K:={keN| v <w},

we have that, since {zy} is bounded, there must exist a point Z € R"™ and an infinite
index set K C K such that

Therefore, since vy — 0 and there exists vy € R™ such that

Ok € O(yovp) f (@) with [log]| T vy, for any k € K,

we have the desired result (see item 4ii) of [28, Lemma 3.2]), i.e., 0 € Jf(T) with
probability one. a

In the next subsection, we show that, under a good sampling, the method super-
linearly either moves to a local minimizer of f or reduces the optimality certificate.
For such a goal, our analysis will involve the concept of U and V spaces.

4.2. Local convergence. In this subsection our efforts will be focused in en-
lightening the role played by the quadratic programming problem (5). In fact, under
special circumstances, it is possible to see this quadratic problem as a local approxi-
mation of a new optimization problem that involves the smooth functions ¢;. Under
this new perspective, we can analyze the local convergence of the proposed method
and obtain interesting results. However, since our method has a random nature and
a good local information about the function is restricted to a good set of sampled
points, it is reasonable to think that a good rate of convergence will not be achieved
at every iteration. Therefore, the results presented here will be sustained on hypothe-
ses that guarantee a good sampling. Additionally, the following definition presents
key concepts for our analysis (a more general definition can be found in [32]).

DEFINITION 4.10 (U, V-spaces). Suppose that f : R™ — R is the continuous ob-
jective function of problem (2) and x is any point in R™. Then, we define

Uz) == {s € R" | [Vgi(z) — V¢;(w)]"s = 0, ¥i,j €L(x), i#j}
and V(z) :=U(z)* as the smooth and nonsmooth subspaces of f at x, respectively.

To accomplish the aim of this subsection, under Assumption 2, we start supposing,
without any loss of generality, that

Z(xs) ={1,...,7 + 1}, for some r < n.

Moreover, we assume that x, € R™ is a local minimizer of the optimization problem
presented in (2) and that z, is also a strong minimizer for f [39, Section 5.1].
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ASSUMPTION 3. The local minimizer x. of problem (2) is a strong minimizer,
i.e., 0 € ri0f(xy) and there exists p > 0 such that

r+1
(17) dr <Z (M), V2¢i(x*)> d> p|d||?, for all d € U(x.),

i=1
where A\, € R™1 is the unique vector such that

r+1 r+1

A >0, Z ;=1 andz V(bzzzr* )=0.

Below, we present our first technical result that will prove helpful for the subse-
quent statements.

LEMMA 4.11. Suppose that Assumptions 1, 2 and 3 hold and {x\} is an infinite
sequence generated by GraFuS with v, — 0 and x, — x.. Then, there exists an
infinite index set I C N such that, for any fized k € IC, the following holds:

i) for each j € {1,...,m}, there exists i € I(x.), such that

Vi (2it,) = Vor (aft,)
i1) for each i € I(xy), there exists j € {1,...,m}, such that
a) Vf (a:,”) Vo, (x,”)

b) ()\kjk)j > 0, i.e., the constraint

f(:bkj)—i—Vf(:EkJ)T(xk—i—d—xk )Sz

s active at the optimal solution of the quadratic programming that is
solved in Step 2.
Proof. We claim that, for a sufficiently large k € N, the following infinite index
set

(18) K:ZZ{/CEN|V;€+1<I/;€,]€ZE}

has the required properties. Indeed, recalling that e o — 0 (since v, — 0), 2 — .
and ¢; are all continuous functions, then, for any large outer iteration, there exists
W C R™ such that

:Efw»EW, forall j € {1,...,m} and | € N,

where W is a neighborhood of z, such that only the functions ¢;, with i € Z(x.,),
assume the maximum in this set, which gives us 7).
Now, by the way we have designed Step 3, there exists A € R such that

||H,€_1ijk5\|| < v, for any k € K.

Additionally, because we assume that 0 € ri 0f (2, ) and Assumption 2 holds, it follows,
by [23, Remark II1.2.1.4], that

(19) > AiVéi(z.) =0= X >0, foralli € Z(z.).
i€Z(z4)
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Therefore, since the functions that comprise f are assumed to be of class C2, it is not
possible to have vy, — 0 without having i), item a).

Finally, let us suppose for contradiction that there exists i € Z(z,) such that, for
any j € {1,...,m} with Vf(x,”) Vi(x) 0 ;) and k € K, we have (A, 7 ); = 0. So,
since the trust region constraints are not actlve for the (outer, inner) iteration pair
(k,zk), whenever k € K, and recalling that )‘kjk is the optimal solution of

. 1
T T AT -1
/{161%572 A fkjk—§/\ ijka GL1A
st. Me=1

A>0,

we see, by implication (19), that, if k presented in (18) is sufficiently large, there must
exist M > 0 such that

M < 2Afl Gri Hy'Gri A, for all k € K.
This implies that A, 7 cannot be the optimal solution, since any A e R™, with
|H, ‘G, 7k5\|\ < v, will give a better function value whenever k € K is large enough
(i.e. vk is small enough). In conclusion, we must have that i), item b), holds. O

Along this subsection, every time we refer to the set written as KC, we are referring
to the set K defined in (18). Moreover, recalling the result obtained above and rear-
ranging properly the sampled points, we can suppose, without any loss of generality,
that

Vf (xk Z) Vo, (;Ck l) and ()\kjk)i >0, for all k € K and i € Z(z.).

Additionally, for the sake of simplicity, we assume from now on that, for k € K,
(Ap1)i = 0, if i & Z(z,). We lead the reader to the Appendix of this study to see
that the same local convergence result presented in this subsection can be obtained
without this additional assumption. We also stress that when k € IC, the trust-region
constraints are not active for the last inner iteration .

So, for any k € K, one can rewrite (5) as the following optimization problem

1
min+1 z+ §dTH;€d
(20) (d,z)€R ] .,
. O (3:,“) + V¢, (3:2’“)1) (a:k—kd—:z:,”) =z 1<i<r+1.

Alternatively, it can also be viewed as

m \V 4 1
i L T
(21) e bre1 (wk T“) +Vor (‘Tk T+1) (xk +d - r+1) +5d" Hid

s.t. (I)k + Jkd =0,
where i)k € R" with
- T i
(Dr)i := @ (;Ck 1) + Vo, (;Ck ) ( T — ;Ekkl)
_ _ T _
- |:¢T+1 (Iﬁckﬂq_l) + V¢T+1 ('rggk)’,q_l) (.Ik - xgglir+1):| ) 1€ {15 s 7T}7



A FAST GRADIENT AND FUNCTION SAMPLING METHOD 21

and

Vo (azzk )T—w (xfk )T
1 k1 r+1 k,r+1

W\« i r
Vor (o) = Vo (af, )
So, the minimization problem (5) can be viewed as a quadratic approximation of

(22) B o le)
s.t. ®(x) =0,

where

$1() = bry1()
O(z) := :

60(z) — Gpia (2)

With this initial analysis, we are ready to understand why we have chosen to
design a method that produces a sequence of function values that is not monotonically
decreasing. When one tries to move superlinearly to a solution of a smooth constrained
optimization problem, the Maratos effect [36, 41] must be taken into consideration.
Sometimes, a good movement towards x, might be not accepted because the candidate
for the next iterate does not improve the function value. Normally, a correction step is
made to prevent this undesirable property to happen and the superlinear convergence
can be assured.

We have seen above that the quadratic problem that is solved in Step 2 can be
seen as a smooth constrained optimization problem and one might expect that we can
do the same correction step to ensure a superlinear movement towards the solution.
However, since we suppose that we do not know the functions ¢;, such a correction
becomes very hard to perform. One could try to numerically approximate Ty during
the execution of the algorithm to create a correction step, but this estimation can be
very tricky. For these reasons, we have chosen, for some specific iterations, to accept
the step computed by our method without giving attention to the function value. As
we will see later, this choice allows us to maintain a superlinear convergence result.

Notice that for any s € U(x), we have that f behaves smoothly along s at z, since
the s-directional derivatives of ¢; are all the same for i € Z(x). Consequently, the
kernel of the Jacobian of ®(x) will be of great importance to us, because it tends to
recover the smooth subspace of f at x, when x approaches x,. Therefore, we denote
by J, the Jacobian of ®(z) and by Z7 the matrix whose columns form a basis for the
kernel of J,. Moreover, from now on, our analysis will be restricted to the case that
re{l,...,n—1}. The cases r = 0 and r = n will be treated later (see Remark 4.15).

In light of Remark 4.1, due to Assumption 2, it is possible to see that the map
Jr : R — R” is surjective for all  in a small neighborhood N of z,. Hence, for
x € N, there must exist J3 € R™" such that J,J7 = I,. Moreover, by [2, Lemma
14.3], one can see that there is only one map

7 :R" — R(v—7)xn
T Ly
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such that Z,J3 is a null matrix, Z,Z3 = I,,_, and the following relations hold

So, we may divide R™ into two subspaces, generated by the columns of Z7 and J3,
respectively.

Now, coming back to the optimization problem (22), we define its Lagrangian
function L£(z,A) : R" x R" — R as

(24) L(x,\) = ¢ri1(z) + N D ().

By Remark 4.1, the feasible set of problem (22) satisfies the linear independence
constraint qualification and thus there is only one A\, € R" such that V,L(z., As) is
the null vector. So, in possession of this vector A\, we define g : R™ — R"™", where

(25) 9(@) = 257V ol(w,0) D ZITV0, 41 (2).
Moreover, for not overloading the proofs that will follow, we also define
fr—1,a T
(26) A :=1I,—-Z] H " Z] =~ Hy,
with
2 T
Hk = Z:k HkZ:k-

Below, we present a theorem that establishes the exact solution d I obtained

in (5) whenever it is equivalent to (21). For this result and the subsequent ones, we
define

1
27 T,.7 = max ka}—ka.
(27) ool 1<i<rt1 ||kt

THEOREM 4.12. Under Assumptions 1, 2 and 3, suppose we are at a fized ouler
iteration k of GraFuS and at the last inner iteration indeved by li. Then, if k €
K, where K is the index set defined in (18), and z, € N, where N is the small

neighborhood in which the map J, is surjective, we have that

_
dkjk B dk?jk + dk,zk’
where
Ay = =25 Hybg(an) + i and d) o= —ARJ5, ®(xx) + py
with

Fr— T_— ~
o =—2Z3 H'Z3 ' Py, and p} = —AJ3, pr,
for some p,, € R™ and pr, € R" satisfying
17l =0 (riz,) and 1ol =0 (721, ) + 0 (r3,) © (I ])

with 7,7 defined in (27).
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Proof. First, we consider the Karush-Kuhn-Tucker conditions of problem (21),
which tell us that the solution dj 7, must satisfy

(28) O + Jpdy g, =0
and
(29) Vo (2,41) + Hedyj, + JEA=0,

for some A € R”. Since the functions that comprise f satisfy ¢; € C2, for i €
{1,...,p}, we have, by relations (28) and (29) that

0= ®(xr) + Jopdy g, + [ék - @(;vk)] n [jk - Jmk] dyg

(30)
= ®O(xy) + ‘]Ikdkjk ~+ Pk
and
(31) Vori1 (wx) + Hrdy g, + JEA+7, =0,

where ||pr|| = O (ngk) +0 (Tkjk) o (Hdk,ik ||> and ||| = O (Tkjk). Then, because
ApJy, is a right inverse for Jy, (see [2, Section 14.2] or simply use the fact that
Ju, Zy, = 0), it is possible to decompose R" in two subspaces generateduby the

columns of Z7 and AxJ; . As a consequence, we can consider two vectors dy; and
sbk

d:z such that there exist oy and ay that imply
sk

o qu 128
dy g, = dpg, T dig
with
U 74 \ 2 <
dkjk = kaoq,{ and dkjk = Akakay.

Hence, looking at relation (30), we obtain that
ay = —P(zk) — pr,
which yields

dy; = —ApJg, ®(xx) + py, with p) = —ApJ7, pi.

. o L T
Finally, pre-multiplying relation (31) by Z3, *, we have

glen) + 23, Hy |23, av — ApJ3, () + pr)] + 23,7y = 0.
Then, since Z;‘kTHkAk = 0, we complete the proof by noticing that

— Fr— T— o —
ay = —H; g(ar) - H 1Z§k Pr = dzjk =-Z;.H, Lglen) + ks

where p}f = —ijﬁngqkTﬁk. O

x
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Below, we present the last technical result before providing the key theorem of
this subsection. As an hypothesis of this statement, we assume that the matrices Hy,
must converge to a matrix H,, where

(32) H,=V2 L(zs, )+~ J,., for some v > 0.

By Assumption 3, we see that the Hessian of the Lagrangian must be a positive
definite matrix with respect to the subspace U(x.). So, for v > 0 sufficiently large,
H, becomes also a positive definite matrix.

THEOREM 4.13. Under Assumptions 1, 2 and 3, suppose that xp — x., where
. € R™ is a local minimizer for [ presented in (2). Assume that k € K, where K
is the index set defined in (18), and zy € N, where N is the small neighborhood in
which the map J, is surjective. Also, close to x., suppose that the maps
9. R Rnx(nfr) J: R — RnXT
and
x zZ3 x —  J3
are all Lipschitz continuous functions and that the reduced gradient given in (25) sat-
isfies g € C1 with g’ being also a Lipschitz continuous function close to x.. Moreover,
assume that H, — H, with H, being the matriz presented in (32). Additionally,
suppose that, close to x., we have ||Hy — H.|| = O(||zr — x«||). Then, the following
relation holds

k1 = 2ull = Ollan — 2ull?) + 6 + pi, for k €K,

with p% and pY from Theorem /.12.
Proof. First, let us define Tg41 := xg +d:7 , with & € K. Now, observe that, from
bk
the definition (26), for zj close enough to x,., we have ||Ar — A«|| = O(||lzr — z4]|),
where

Ao=1,-Z2 H7'z: "H,, with H, .= Z] "H. Z7 .

Using this fact, considering the Taylor expansion of the map ® around z. and re-
membering that ®(z,) = 0 in the equality (*) below and noticing that J< is Lipschitz
continuous and a bounded map around z, in (xx), we have, for a sufficiently small
neighborhood of z,, that

Tr1 — o = T — T4 — ApJy ®(x) + p))

oy~ - A3 T, (wk — 22) + O(||zk — 2.]°) + py

=ap — 2y — AJL T, (v — 22) + O]z — 2 ||?) + X
= Ak (5, = T5) + (Ax = A) T2 ] o (e — )

Dk — e = ATE Ty (wn — 2) + Ok — 2. |?) + Y

Consequently, taking into account the relation (see [2, Section 14.5])
g'(w:) = 23, Vi L(wa, A)

in (e), the Lipschitz property around z. of the maps Z< and H'in (ee), the rela-
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tion (32) in (A) and the relation (23) in (AA), we have

_ v u_
Thtl — T = Tk + dkjk + dk,ik T

= Tpai1 — Tu — ijHk_lg(:zk) + pz,f (recall that Zyy1 := xp + d:jk)

© Thp1 — Tu — Z;'kfik_lZ;'*TViwﬁ(x*, M)z — 4)

+O([lzk — z.|) + o

(22 Tpg1 — To — 2y, fl;lZ;'*TVin(x*, M) (T — 24)

+O([lor — 2.]*) + o}

A

Y dir — e — 25 BV 23 T Haa — 22) + Ok — a|2) + ol
= Au(wg — 20) = Ay Jo (k= 22) + O(||zg — 2.]%)

+ ol ok
= A = J2 Jo ) @p — x.) + O(||lzy — l|?) + o4 + p)

W) 4,22 Zy (a0 — 2.) + Ol — 2a|?) + P + o).

Hence, since A,Z3 =0, it yields that

k1 = 2all = Ollan — @ ]*) + 2K + ¥,

which concludes the proof. a

Finally, we are able to prove the most important result of this manuscript, which
ensures that, under special circumstances, the method either moves superlinearly to
a minimizer of the problem or superlinearly reduces the optimality certificate.

THEOREM 4.14. Under Assumptions 1, 2 and 3, suppose that {x} is an infinite
sequence generated by GraFuS with vy, — 0 and that we are under the conditions of
Theorem 4.13. Then, if o, > 1 for all k € K, we have

min { VkH, iss = 2| } — 0.
vg ek — || ) kek

Proof. Suppose, by contradiction, that there exist an infinite index set K C K
and M > 0 such that

(33) min { Pkl ) [z i1 = .| } > M, for all k € K.
Ve ok — .|
Therefore,
V41

> M, for all k € K,
Vg

which yields, by the way the algorithm was designed, that
|H ' Grg, Mg, | = Mg, for all k € K.

Now, since €, = O(vy) and d,, 7, = —Hk_le 7. AL A is a valid relation for the primal-
dual variables that solve the quadratic programming problem that appears in Step 2
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(when the trust-region constraints are not active), we have that
ex = O(||d 7, 1) = O(|zk+1 — zx)), for all k € K.

Therefore, because (33) is assumed, we have

— — T 1 M+1
oo el e 1 M1
ey —ol = o=l ST M T M

which assures that e = O(||xg+1 — x«]||). Consequently, since o > 1, it yields that

ok
e =0 ((en) ) = ollansa — 1),
and, by Theorem 4.12, we see that
16kl = o(llksr — 2|]) and [[B, ]| = ol[|wrs1 — @),

which ensures, by Theorem 4.13, that

ki1 = zall = Olax — 2. |1*) + 0 (|l zxs1 — 2.]]) , for all k € K.
So, for all k € K sufficiently large, the following holds

21 — @] = O(llaw — z.]?).

However, the above relation contradicts the initial assumption (33). Therefore, we
must have

d
min V]H_l, Iz 1 = 2. — 0.
vg | |leg — k|| ) kek
Remark 4.15. The local convergence results were developed assuming r € {1,...,n—J]

1}. For the case r = 0, we have that the method is approaching a point for which the
function f is smooth in the whole neighborhood. For such a situation, it is straightfor-
ward to see that the direction dkjk will have only the U/-component, i.e., dkjk = dzljik
with ZJ = I, for all z around z,. Now, considering r = n, we see that the method is
approaching a point where f is nonsmooth in any direction. For that case, it is also
clear that the direction dkjk will have only the V-component, i.e., dkjk = d:ik with
Ay = I, for all x; around z,. Therefore, in both cases, the result of Theorem 4.14
will be preserved, but, for the case that r = n, the value o, does not need to be

strictly greater than one, i.e., in such a case Theorem 4.14 holds for o = 1.

5. Numerical Results. This section has the intent to illustrate the main local
convergence results obtained. However, by no means we had the ambition to present
an extensive set of tests nor to recommend our method over any other one. Here, our
main goal is to provide the reader with proof-of-concept numerical results.

All the problems were solved using Matlab in an Intel Core 2 Duo T6500, 2.10
GHz and 4 Gb of RAM. We have used quadprog as the tool for solving the quadratic
minimizations needed in each iteration, setting active-set as the algorithmic choice
and 1072 as the tolerances TolX and TolFun and 10~ (default value) as TolCon.
Moreover, for all functions we have chosen random starting points such that ||2g]|cc <
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2 and solved each of them twenty times in order to have statistical relevance of the
results.

We have solved each optimization problem with two algorithms: (i) the GS
method presented by the original authors [5] but with a nonnormalized search di-
rection (a variant introduced by Kiwiel [28], that has the advantage to asymptotically
recover the steepest descent method when applied to smooth functions) and (ii) the
GraFuS method. We have used the original GS implementation without any modi-
fication (with the exception of using a nonnormalized search direction)?. For com-
pleteness, we present the parameter values used in Algorithm 1: m = 2n; vy = 1075;
€ = 10"1; Vopt = 10-6; €opt = 107%6,=1;0. =10, vy=0.5; =0and a; = 1.

The parameter values used in GraFuS were: m = 2n; vy = 107%; vope = 1075
Ve =4; ya = 4; § = 0.90; o = 1.50; p = 1078 and # = 0.5. The value of o} in Step
1 was set as follows. We start the algorithm with o9 = 1 and, setting |A|x as the
number of entries of \ greater than 1073/(n + 1), we have updated o}, every time a
reduction on v, was performed in such a way that

= sk -
Th+1 { 1.5, otherwise

Notice that |A|x — 1 tries to approximate the dimension of the subspace V(z.).

An important aspect that we must recall here is that the iterations of GraFuS are
more expensive than those of GS. While the GS routine finds a search direction and
does an Armijo line search to find the next iterate, GraFuS constantly solves quadratic
programming problems until it finds a good set of sampled points and a good trust
region to move. Therefore, one could take advantage of the way GS was designed as
a bootstrap to start performing GraFuS iterations, deciding if the current iterate is
close to the solution indirectly by means of the size of the current sampling radius.
As a result, we only start to run the GraFuS algorithm after the second reduction
of the sampling radius in GS (i.e. when ¢, < 1072), and that is the reason why in
the figures that follow below, we see that in the first iterations both methods remain
together.

We also must stress that although the optimality certificates of Algorithms 1 and 2
are very similar, they are not the same (specially because the quadratic programming
problem of each method is different). Therefore, one might be more rigorous than the
other one. Thus, although in most problems the GraFuS method appears to be closer
to the solution, this does not mean that GS is not able to reach the same precision
(maybe a tighter optimality parameter would allow it).

Finally, the way we have chosen the matrices Hy is a delicate matter and, for
that reason, we have reserved the following subsection to explain our procedure. It is
worth pointing out that we have used BFGS ideas to update the matrices, but we do
not have any theoretical guarantee that the matrices Hy will converge to a matrix of
the form presented in (32). Nevertheless, the choice on how we update the matrices
has a strong foundation, since it uses the same reasoning of a Sequential Quadratic
Programming (SQP) updating [17] for the optimization problem that appears in (22).

5.1. Hj updates in GraFuS method. As we have seen in the last section, if
some hypotheses are satisfied, it is possible to see the quadratic programming problem
that is solved in every iteration of GraFuS as a smooth constrained optimization
problem. Moreover, the matrix that we would like to approximate (at least in its null

2The GS code can be found at http://cs.nyu.edu/overton/papers/gradsamp/alg/.
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space) is the Hessian of (24). Therefore, a natural attempt to reach that goal is to
update the positive definite matrix Hj as it is done in SQP routines. In other words,
it would be desirable to have the following relation

Hi(zy —2-) = VaLl(xg, Ay) — Vo L(x_, A2),

where £ is the Lagrangian function defined in (24) and Ay and A_ are vectors that
try to approximate the multiplier A, that fulfills (25). In addition,

VoL(z,\) = Vo, i1(x) + Z Xi(Voi(z) = Vrii(x))

i=1

=1

Therefore, defining A € R™! as \; = \;, for i € {1,...,7}, and

Arpr=1- "\,
i=1
we have 7\ = 1 and one can rewrite V,£(z, \) = G\, where

G:=[Vor(x) ... V().

Hence, if in two fixed pairs (k4,1;) and (k_,I_) of (outer, inner) iterations we have
good sets of sampled points (in the sense that the conditions ¢) and i) of Lemma 4.11
are valid), it is natural to ask that the following secant relationship holds

Hy(xp, —2r_) = Grpog Mes iy — G- M-

The problem here is how one can identify a good set of sampled points. In fact,
because of Lemma 4.11, we could say that all iterations in & must produce a good
set of sampled points, but to restrain the update of Hy just for those iterations can
lead us to very few updates during the execution of the method. So, although there is
no straightforward response, we know that a good set of sampled points is associated
with a small norm of the convex combination of its gradients. Hence, a good strategy
would be to update the matrix Hj only if such a condition is verified.

Based on the previous reasoning, we present next the routine that provides the
sequence of matrices Hy, that are used within GraFuS.

Step 0. Start setting H = I and let the GraFuS algorithm run until it finds two
pairs (ky,l4) and (k_,l_) of (outer, inner) iterations such that

1Ghe A, || < Py and [|Ge_a M| < /7

Set
Ty =1k, and x_ 1= T3

vy =Gy Ay, and vo = Gl A

Step 1. Set p:= 24 —x_ and ¢ := vy —v_. If ¢"p < 0.2p” Hp then compute a new
vector ¢ by Powell’s correction (see [2, Subsection 18.2]).
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Step 2. Update H:
Hpp™H  qq"
pTHp  ¢Tp

Step 3. Use the subsequent matrices Hy as H until the GraFuS algorithm finds
another iteration k£ and an inner iteration [ such that

H <+ H-—

HG;;,M;;,[H SV

Then, x_ x4, o4 < xf, v_ & vy, vy < Gy ;A; ;- Go back to Step 1.

Clearly, other ways of updating Hj are possible. Indeed, even the pure BFGS
update as considered in [33] can be performed (although, in such a case, we have to
assume that for all iterates the function f will be differentiable and Assumption 1 will
no longer be satisfied). We believe that an improvement on the updating of Hy may
be an important advance on the performance of GraFusS.

5.2. Illustrative examples. The functions that were solved to illustrate our
algorithm are the following [20]:
F1) Chained CB3 I

n—1
flx) = Z max {a} + 27,1, (2 — 2:)* + (2 — wi11)%, 2exp(—2; + @iy1) } 5
i=1

F2) Chained CB3 II

n—1 n—1

f(z) = max {Z (i +271) D> (=) + (2 —2i1)?),

=1 =1

n—1
> 2exp(—i + $i+1)} ;

=1

F3) Nonsmooth generalization of Brown function 2

n—1
Fa) = 3 (Ja o + a4
i=1
F4) Chained crescent I
n—1
f(z) =max {Z (22 + (Tip1 — 1)* + 241 — 1),
i=1

i=1

n—1
Z (—.”L'f — (Tig1 — 1)2 + Xijy1 + 1)} .

The first two functions are convex, whereas the last two ones are nonconvex
functions. In addition, F1 and F3 satisfy U(z.) = {0}, a condition that does not
hold for F2 and F4.

To observe the GraFuS functioning and to put it into perspective with GS, we have
comparatively examined the CPU time and the number of iterations versus f(xg)— fx,
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where f, is set as the best function value obtained by the methods in all of the runs.
Because of the nondeterministic nature of the methods, we have used the median and
quartiles (25% and 75%) of the twenty runs. As a complementary tool for assessing
how fast our method goes towards the optimal function value, in the plots with the
number of iterations, we have represented the value

with color scales along the plotted curves of GraFuS, where a brighter hue stands for
a value close to zero, and a darker color for the values near one. Notice that the values
above 1 must have a safeguard, because since our method might not be monotone,
the ratio (f(zr+1) — f«)/(f(zx) — f«) could be greater than one. The reader will see
that a few increases on the function value appears in the figures that are shown below.
This is due to the fact that the measure (quartiles) used to represent the twenty runs
somehow absorbs the nonmonotone behavior of the function values.
Additionally, we have examined the values

Vet oo |Zkt1 — 24|
Vk 2k — 2|

for k such that v 1 < vg. For this two measures, a detailed explanation must be given
on how we have plotted the corresponding curves. As we have mentioned before, we
have solved each function more than once. However, an iteration k for which vi41 < vy
occurs is not necessarily the same iteration where a second run will have vi4; < vg.
It is only possible to track these values for different runs if instead of looking at the
iteration k, we monitor the actual occurrences of vipi1 < vg. Therefore, we have
proceeded in the following way. For each run, we set the w-dimensional vectors

Tk +1 — | | Zhw+1 — 24|
ok, — el 77 ok, — 2] |

Vii+1 Vi +1
vec, RETS +] andvecm*%{
Vk1 Vi

w

where k; is the iteration that for the i-th time, vk, 41 < vk, has occurred. Moreover,
for the case that w < 30, we enlarge the vectors vec, and vec,, by copying the last
value of each vector, respectively, until it reaches 30 dimensions. This is necessary
because not every run of GraFuS will give vectors with equal dimensions. Then, the
quartiles are computed using the vectors vec, and vec,, of each run.

In Figures 1 and 2, we see the results obtained by the runs related to the first
function F1. It is possible to observe that GraFuS has a good performance in all the
measures. Not only a high precision is achieved, but one can also see

(34) min{ykJrl ||Ik+1 - .I*H }

b
ve ||k — 2|

approaching zero, in accordance with the result of Theorem 4.14. On the other hand,
although Figure 3 presents good results for the function F2, the sequence that appears
in Theorem 4.14 does not approach zero as fast as it happens for F1 (see Figure 4).
This has a reasonable explanation. Notice that the result of Theorem 4.14 is condi-
tioned by Theorem 4.13, which has, as an assumption, that the matrices H; must
converge to H, satisfying (32). However, H, must converge to the Hessian of the
Lagrangian only with respect to the subspace U(z.). Since F1 has U(z,) = {0}, the
matrices Hj, do not need to contain any kind of second-order information to guarantee
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of the vectors vec, and vecg, for the function F1. For both n =5 and n = 10, we have x+ = e.

Theorem 4.14 to hold, which is the reason why (34) approaches quickly to zero when
GraFusS is applied to this function. However, F2 has dimU(z,) = n — 2, which means
that the result of Theorem 4.14 will be conditioned to how good is the approximation
of Hy to H, at each iteration.

The function F3 has some interesting features, since it does not admit a maximum
representation. Indeed, let us consider the function h(a,b) = a*%) for @ > 0. Then,
it yields that

. Oh L R
15%1%(5,5)—161&)1(14—5)5 =1;

. Oh —1/&3 1 2\9—1/e _
151?8 8a(2 ,5)—16%1(1—1-8 )2 =0.
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So, it is possible to see that any representation of F3 that might involve a maximum
of functions cannot have smooth functions. Therefore, this function does not satisfy
the requirements of our convergence analysis. However, this does not prevent GraFuS
to have a good performance (see Figures 5 and 6).

Finally, looking at the results obtained for the function F4 in Figures 7 and 8,
the analysis follows very closely the one that was presented for function F2. Since
F4 satisfies U(x.) = n — 1, as depicted in Figure 8, the value (34) does not go to zero
as quickly as it could be expected. Nevertheless, the results obtained in Figure 7 also
show a good behavior of GraFuS.

6. Conclusions. This manuscript presents an implementable algorithm for solv-
ing unconstrained nonsmooth and nonconvex optimization problems. Using the ideas
of the Gradient Sampling algorithm and taking advantage of some notions developed
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Fic. 6. The simple black line plot and the one with ) marks represent, respectively, the medians
of the vectors vec, and vecg, for the function F3. For both n =5 and n = 10, we have x+ = 0.

over the years for the Bundle Method, we were able to produce an algorithm that,
in some sense, can be viewed as a generalization of the well established Newton’s
(quasi-Newton) method for nonconvex nonsmooth unconstrained minimization.

Additionally, we believe that an important step has been taken in the direction
of obtaining a rapid method for minimizing nonconvex and nonsmooth functions.
It was shown that a rapid move towards the solution is a reliable behavior for some
iterations of GraFuS. Moreover, at least for the illustrative examples considered in the
numerical experiments, one can see that fast moves are not rare and can be expected
for a reasonable amount of iterations. However, it must be stressed that the iterations
of GraFuS are computationally expensive when compared to GS, and for this reason,
the rapid behavior of GraFuS might not be translated to a faster method for some
functions.
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Fic. 8. The simple black line plot and the one with ) marks represent, respectively, the medians
of the vectors vec, and vecg, for the function F4. For both n =5 and n = 10, we have x+ = 0.

The matters of efficiency and applicability of the method have not been treated
properly in this manuscript, since our aim here was, first, to produce a mathematical
theory that would support a rapid convergence to a solution and second, to provide
proof-of-concept numerical instances that corroborate the main theoretical results.
There are many possibilities of improvements on the algorithm (e.g. different forms
of updating the matrices Hj and efficient ways of selecting the sampled points with-
out affecting the global convergence) and we hope that future studies explore these
possibilities.

Finally, we end these final remarks with two questions that naturally arise from
some of the numerical results obtained in the previous section:

e under which conditions could we establish ||[Hy — H.|| = O(||zx — z«||) in
Theorem 4.137
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e would it be possible to have convergence results with more general assump-
tions?

Appendix. The aim of this appendix is to show that the assumption ()‘kjk ); =0,
whenever i ¢ Z(x,) and k € K, with I defined in (18), is not necessary. For this
goal, we will show that even without such an assumption, the results from the local
convergence subsection remain the same.

We divide our reasoning in two cases and remind the reader that we have assumed
I(ze) ={1,...,r+1}:

A1) The cardinality of Z(x,) is n + 1;
A2) The cardinality of Z(z,) is r + 1 with r < n.

Suppose first that A1l holds and let us consider an iterate zj sufficiently close
to x,. Moreover, assume that k € IC, where K is the index set defined in (18).
Then, looking at the optimization problem in (21), we see that any additional active
constraint will generate an additional active constraint to (21) in a way that it will be
a linear combination of the first n 4+ 1 active constraints (by Remark 4.1 and because
the rank of jk remains constant in a close neighborhood of x,). Hence, the solution
obtained with, or without, this additional constraint is the same, which yields that
the results presented at the local convergence subsection do not change for this special
case.

So, let us consider the more intricate case A2. Moreover, let us assume that
there is only one additional constraint, i.e., the number of active constraints is r + 2
(we will see that the occurrence of more than one additional constraint will be a
straightforward generalization of this simpler case). In other words, we are saying
that solving (5) is equivalent to minimize

1
min 2+ —d" Hyd
(d,z)ERn+1 2

= \T
s.t. f(xm)-l-Vf(:Eﬁc"l) (x;g—i—d—xm):z) 1<i<r+2,

where here we assume that rearrangements were done in order to have the additional
constraint as the (r + 2)-th constraint and that it has the associated sampled point
xijr 4o Therefore, for an iterate x) sufficiently close to the solution and a sufficiently
small sampling radius, we have, by the continuity of the functions ¢;, that only the
functions ¢1,...,¢r4+1 can assume the maximum at any sampled point. So, there
exists j € {1,...,r + 1} such that f(xk o) = O (zlk '+12). Consequently, recalling
that k € IC, the above minimization problem can be seen as

1
min  z+4 =dT Hyd
(d,z)ERn+1 2

- T -
st 0 (o) +Vor (aft) (se+d—af) =2 1<i<r+1

- - T
05 (ay00) + V05 (22) (e +d—alt,n) =
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whose dual optimization problem is written as

r+1

e S0 () v ()" (1)

+ Art2 [¢J (‘Tk r+2) + Vo, (xk r+2>T (xk - x%,ru)]

(35)
r+1 2
1 1 I
2 E AV + A2V (o)
i=1 H?
st eTh=1.

Therefore, we can turn this last constrained maximization problem into an uncon-
strained one by making the following substitution A,j2 =1 — Z:;l Ai. So, we have

r+1

T [ () v ) (o) - ()
e ) =] ()

T -
lk lk
+ V¢ (‘Tk r+2) (‘Tk? - xk,r+2)
r+1 2

_% Z/\ (Voilales) = Vo5 (el 10)] + Vo5(alt, 1)

—1
Hk

Since the above problem is concave and smooth, its solution X € R"*! can be
obtained by equalling the derivative of the objective function to the null vector. Con-
sequently, assuming without loss of generality that the function ¢; involved in the
additional constraint is ¢,41, we have

i, \T i T . \7T 1 T T
Vér (Ikk,l) — Vérin (zk’fr+2) Vér (zk,?1> — Vértr (””kk,r+2)

T

1 T 1 1 T 1 T
Véry1 (mkkm+1) = Vérta (%’?r+2) Véri1 (’”k’?r+1) - Véry1 (mkk,wrz)

I e \T g
P1 (@1 ) T VL (= Th T T

- - T -
L 1 L
Prq1 (mkk,TJrl) +Véri (wkk,r+1) (”k - mkk,wl)

- _ T -
Tp Th Tk
Prt1 (””k,wrz) + Véria (zk,r+2) (zk T Tkr42

- oo T -
1 1 1
Sri1 (mkk,r+2) + Vérta (“”kk,r+2) (”k - mkk,r+2)
o \7 T T
Vel (mk,l) — Vérs (“”k,r+2)
. -1 s
) : o ().

1, T T T
Véril (mk,r+l) — Vérta (wk,r+2)

. . 7 7 .
Now, changing the points z;’,.,, for ;" ., and redefining

Ik
T, 7 = max Xy . — Tk
kol " 1<i<rr2 H ki
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we get
. \7 T T . \7 1 T \T
o () o ()| (7o () ()
: ! : X =
7.\ 7 7 T . \7 T T
Vor ('Ekkr) — Vérin (mkkm+1) Vér ('Ekkr) = Vérin (%’?r+1)
ol ol

7 o \7 7 7 1 T 7

#1 (zkkl) +Vér (Ikk,l) (Ik - zkkl) — Pt (zk’fr+1) - Vérta (Ikkm+1) (Ik - zk’fr+1)
I 5 \" I . I I T Ik

pr oy | T Ver (2, Tk = P ) T O (Phepr ) T V1 (P Tk T T g1

oT

7, \© 1 T
V1 (‘Ekkl) ~Vértr (mkk,wrl)

. —1 Tk
_ : Hy 'Véri1 (mk’r+l) +o0 (Tkjk) .

. \7 T T
Vér (zk,r) —Véry1 (mk,r+l)
oT

This last linear system yields
7. \7 1 T 7, \7T T T N\T
Vér (zkkl) — Vértr (Ikkm+1) Vér (Ikk,l) - Vérta (zk’fr+1)

( M )
1 . _
- \NT - T N - T by
1 1 1 7 r
Vor ('L-klfr) — Vérin (zklfwrl) Vér (mk:k,r) = Véry1 (mkk,r+1)

- o\ - - - T -

1 1 1 1 1 1
»1 (mkk,l) +Ver (‘Ekkl) (”k - ‘Ekkl) — Prt1 (mkk,wrl) - Vérya (%’?r+1) (”k - zkk,r+1)

olk v %\, 1 olk v g r ok
pr|\og, ) T Ver (e, Tk = P | T et (Trep1 ) T VOl (Trega Tk T T g1

i, \7 1 T
V1 (‘Ekl) = Véri1 (mkm+1)

W\ T T
Vér (”kk,r) - Véry1 (zk,?rJrl)

Therefore, following the same reasoning used by us to get here, it is possible to see
that the first » components of the dual variable A € R™*! linked to the problem (20)
must satisfy the last linear system obtained above (not considering the remaining
error vector) and, moreover,

(36) A1 =1-=Y " Ai
i=1

Therefore, considering A* € R"*2 the solution of (35) and using equation (36), we
must have

)\1 )\1
A= 5\r + O (Tkjk) = j\r + O (Tkjk) .
1 1
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So, to complete our reasoning, we write the following relation between the primal-dual
variables

r+1 B B
g, = —Hy ' D NVi(@)) + Mo Vo (2, 40)
=1

—H, Z /\W@(:vi’“l) + (M Ae) V¢T+1(fc§fm+1) +0 (Tk,fk>
i=1

r+1

=l AV + 0 (n,).

=1

Hence, d; 7 is exactly the search direction obtained in (20) with an additional er-

ror vector. Therefore, the term O (Tk Zk> is absorbed by the other error vectors in

Theorem 4.13 and the result is still valid.

Finally, remember that we have considered just one additional active constraint
to the others r+1 active constraints. However, it is straightforward to see that exactly
the same reasoning can be used to prove the result for any other number of additional
constraints.
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