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If you find that you’re spending almost all your time on theory,
start turning some attention to practical things;

it will improve your theories.

If you find that you're spending almost all your time on practice,
start turning some attention to theoretical things;

it will improve your practice.

— Donald E. Knuth
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INTRODUCTION

In the last years, first-order methods received renewed attention, due
to the growing demand in solving large-scale optimization problems
arising in many important real-world applications (e. g., imaging, sig-
nal processing, machine learning). Their popularity is essentially re-
lated to the computational simplicity combined with low cost per
iteration and low memory requirements for solving such problems
with sufficient (but not high) accuracy.

Gradient methods are first-order iterative algorithms devised for
unconstrained optimization of differentiable functions and are based
on the use of steps proportional to the negative gradients of the objec-
tive function, until a local minimum is approached; hence, they only
require the evaluation of the objective function and the correspond-
ing gradient at each iterate. When dealing with constrained problems,
such methods are referred to as gradient projection methods; in this
case, the additional cost of applying a projection operator to ensure
the feasibility of each iterate, must be taken into account; however, in
many real applications, the computational effort required to fulfil this
task may not be excessively demanding, for example in presence of
simple constraints (e. g., bound constraints).

Steplength selection is a fundamental task for improving the effi-
ciency of gradient-based algorithms; it requires to balance the need of
accelerating the convergence rate without increasing the overall com-
putational cost. In the last decades, the role of the steplength selec-
tion strategies has been widely investigated; indeed, starting from the
seminal paper of Barzilai and Borwein (1988), many efficient steplength
selection rules have been designed, making the gradient approaches
an effective tool for solving optimization problems that handle large-
scale data and require real-time solutions. Most of these steplength
rules have been conceived for the unconstrained framework, with
the aim of exploiting some second-order information to achieve a
fast annihilation of the gradient of the objective function in inexpen-
sive way. Nevertheless, these rules have been successfully employed
also within gradient projection methods for constrained optimization,
without any prior analysis on the possible effects of the constraints
on the steplength formulation, at least to our knowledge.

The aim of this thesis is to investigate how the presence of the con-
straints can affect the spectral properties of some well-known step-
length selection rules in gradient projection method for solving con-
strained optimization problems. We focus, in particular, on two spe-
cial cases, very frequent in the applications: box-constrained prob-
lems and constrained problems subject to a single linear equality con-

ix



INTRODUCTION

straint in addition to box-constraints.

The main contribution of the thesis consists in the spectral analysis
and in the introduction of modified versions of the Barzilai-Borwein
(BB) rules in presence of special feasible regions. Indeed, we remind
that the convergence criteria do not require restrictive hypothesis on
the sequence of the steplength parameters, by simply assuming that
it is bounded below and above by positive constants; this flexibility
in the choice of the steplength can be exploited to develop updating
strategies aimed at optimizing the numerical behaviour. Hence, our
novel proposals are specifically designed in order to take account of
the information related to the first-order optimality conditions. In par-
ticular, we prove that the proposed modifications to the steplength
selection rules are able to sweep the spectra of suitable submatri-
ces of the Hessian matrix during the iterative procedure, improving
the performance of the method. Our analysis is not limited to the
BB-like rules but, in the case of box-constraints, it is extended also
to the LMSD steplength selection strategy developed by R. Fletcher
(2012). Finally, we describe the results of an extensive numerical ex-
perimentation, aimed at evaluating the practical effectiveness of the
novel strategies on both quadratic and non-quadratic test problems,
large-scale problems and real-world applications.

The thesis is organized as follows.

In Chapter 1 we remind the basic schemes of gradient methods for
unconstrained optimization and gradient projection methods for con-
strained optimization, included the variable metric approach known
as scaled gradient projection method. Then, the spectral properties
of Barzilai-Borwein rules and the LMSD approach are discussed in
detail in the context of unconstrained problems. Furthermore, with-
out claiming to be exhaustive, we also provide an overview of some
state-of-the-art steplength selection strategies.

The first part of Chapter 2 is dedicated to the spectral analysis
of the BB rules in gradient projection methods for solving box-con-
strained quadratic programming problems. We prove that, when the
active constraints start to stabilizing in the iterative procedure, the
first Barzilai-Borwein rule (BBT) is able to produce a sequence of
steplengths sweeping the spectrum of a proper submatrix of the Hes-
sian matrix, which depends only on the inactive constraints at the cur-
rent iterate. This property does not hold for the second BB rule (BB2);
therefore, our proposal consists in forcing the BB2 rule to mimic the
natural behaviour of BB1 by neglecting the quantities that depends on
the active constraints. This simple modification helps to recover suit-
able spectral properties, improving the practical performance of the
method, also when it is used within alternating strategies. The result-
ing rules are named, respectively, BoxBB2 and BoxABBnin. The sec-
ond part of the chapter is devoted to analyse the spectral behaviour of
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steplength selection strategies based on the use of Ritz values. This ap-
proach was originally proposed by Fletcher within the LMSD method,
and successively employed, after slight modifications, within a gradi-
ent projection scheme for the box-constrained framework, by Porta
et al. (2015). Since the spectral properties of both the mentioned ap-
proaches were not inspected, we propose a special analysis aimed at
highlighting the relation between subsequent gradients in a sweep.
Then we introduce an adaptive strategy, called Box-LMGP2, that al-
lows to set the length of a sweep during the iterative procedure, based
on the gradient components that provide feasible steps in a sweep.

In Chapter 3 we extend the analysis developed for the box-con-
strained case to the case of singly linearly equality constrained mini-
mization problems subject to lower and upper bounds (SLB). In par-
ticular, starting from the quadratic framework, we show that the BB1
rule produces a sequence of steplengths whose reciprocals belong to
the spectra of special submatrices of the Hessian matrix, correspond-
ing to suitable approximations of the Hessian matrix restricted to the
tangent space of the active constraints at the solution. As observed
in the box-constrained case, this property does not hold for the BB2
rule and, therefore, we introduce suitable modifications, in order to
foster a behaviour similar to that of the BB1 rule. Such modified rule
is named EQ-BB2 and is exploited also in the alternating scheme here
denominated EQ-ABBpin. Furthermore, we prove that the spectral
properties of BB1 and EQ-BB2 observed for quadratic programming
still hold also in the general non-quadratic case. The chapter ends by
reporting a further generalization of the BB rules to a variable metric
scheme.

Numerical experiments aimed at evaluating the practical effective-
ness of gradient projection scheme combined with the proposed rules
are reported in Chapter 4. The set of experiments collected in the
first section is devoted to comparing the behaviour of both standard
and modified versions of the BB rules and the limited memory ap-
proaches on box-constrained quadratic programming problems of
medium and large dimensions. The numerical results are coherent
with the theoretical analysis developed in Chapter 2, confirming also
the higher efficiency achieved by using the BB-based alternating sche-
me rather than the other rules. The general outcomes obtained in the
first part of numerical tests, are confirmed by the two successive sets
of experiments concerning, respectively, SLB quadratic programming
problems and non-quadratic problems. Furthermore, each section of
Chapter 4 contains a special discussion of the results gained on some
real-world applications related to Support Vector Machines, journal
bearing problem and imaging processing problems.

Finally, in Appendix A, some basic definitions and useful results on
projection matrices, used throughout the thesis, are presented for the
reader’s convenience.

X1



ACRONYMS

ABB
BB
BQP
GA
GBB
GLL
GMR
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SDA
SDC
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Quadratic Programming

Steepest Descent

Steepest Descent with Alignment [34]

Steepest Descent with Constant steplength [35]
Scaled Gradient Projection [15]
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NOTATIONS

My, m (R) denotes the set of all the n-by-m matrix over R; My » (R)
is denoted by M,, (R).

I, € M (R) denotes the identity matrix of order n.

Or,s denotes the r-by-s matrix with null entries.

If x,y € R™, then x'y = 31" | x4y; denotes the scalar product.
| - | denotes the Euclidean norm: ||x| = x> = vxTx.

Given two subsets of indices J < {1,2,...,n}and J < {1,2,...,m},
for any matrix A € My, m(IR), the notation Ajj indicates the
submatrix defined by the intersections of the rows and columns
with indices in J and J. Similarly, for any vector x € R™, xg
denotes the subvector whose entries have indices in J.

| - |lp denotes the norm induced by a symmetric positive definite
matrix D € My, (R): [x|p = VxTDx.

Given a symmetric matrix A € M, (R), for any non-zero vector
x € R™, Ra(x) denotes the Rayleigh quotient of A at x.
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SPECTRAL ANALYSIS IN GRADIENT-BASED
METHODS: A REVIEW OF SOME
STATE-OF-THE-ART STEPLENGTH SELECTION
STRATEGIES

Gradient methods fall into the broader class of first-order methods,
designed to address general optimization problems of type

min f(x) (1.1)
where f: R™ — R is a continuously differentiable function over the
nonempty subset O < R™. The case () = R™ is referred to as the un-
constrained case, while if Q is a subset of R™, the problem (1.1) is said
to be constrained. In the latter case, the feasible region Q) is generally
assumed closed and convex.

Gradient-based methods have been widely used for solving nonlin-
ear programming problems, revealing themselves as the most conve-
nient choice in many large-scale applications, due to their simplicity
combined with low iteration cost and low memory requirements.

Starting from an arbitrary initial guess x(°), standard gradient me-
thods for unconstrained minimization generate a sequence of vectors
xM,x(2), ..., in accordance with the general rule:

xR —x () Lo d® =0,1,2,..., (1.2)

where oy > 0 is the steplength parameter and, for Vf(x(*)) # 0, the
direction d(*) is chosen such that

vix)Ta) <o, (1.3)

i.e, d) is a descent direction. Typically, the iterative process is not
finitely convergent; it is terminated when |Vf(x(*))| < ey or |[x(**1) —
x| < e2||x¥)|, where €7 and e, are small positive scalars. The de-
scent direction (1.3) is usually defined as

d®) = —Dka(x(k)), (1.4)

where Dy is a symmetric positive definite (SPD) matrix, known as
scaling matrix. Different methods arise from different choices of the
scaling matrix [9]; in this chapter, we will deal, at first, with the sim-
plest choice Dy = I, k =0,1,2,..., which gives rise to the so-called
steepest descent (SD) method.
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Most of the popular gradient-based approaches have the desirable
feature of being iterative descent algorithms; this means that they gen-
erate a sequence of iterates able to foster a decrease in the objective
function at each iteration, that is:

fx ) < f(x¥)), k=0,1,2,..., . (1.5)

Condition (1.5) is typically achieved by imposing further require-
ments on the choice of the steplength o. As a consequence, the effec-
tiveness of gradient schemes strongly relies on appropriate selections
of the steplength «y, as well as the direction d),

A classical example of steplength selection is the minimization rule,
where the steplength is computed by means of an exact linesearch

along the steepest descent direction d(*) = —Vf(x(¥)), namely
o = arg min f(x™) + xd®)). (1.6)
=0

The steplength defined by (1.6) is the classical Cauchy steplength [18].
In general, the minimizing steplength cannot be exactly computed in
the practice and it turns out to be an inefficient strategy, due to the
expensive computations needed for implementing one-dimensional
minimization algorithms; furthermore, it often reveals poor practi-
cal behaviour and low convergence rate, as pointed out for the first
time by Akaike [1], who highlighted the phenomenon of the typi-
cal zig-zag pattern exhibited by the Cauchy steepest descent method
in the unconstrained quadratic case. As a consequence, most of the
subsequent attempts in literature were successfully directed towards
inexpensive ways to compute an acceptable steplength instead of the
optimal one. The aim of these novel steplength selection rules is to
accelerate the steepest descent method, without increasing the com-
putational costs, and avoiding the iterates falling into a two dimen-
sional subspace, which is the reason for the inefficiency of the Cauchy
steplength (see e.g. [31, 53, 73, 77, 78]).

Among the wide variety of possibilities for choosing the steplength,
we intend to give special attention to steplength selection strategies
that exploit spectral properties of the Hessian matrix of the objective
function by means of low cost approximations of second-order infor-
mation, which do not require the explicit computation of the Hessian.
These techniques, starting from the inspiring work of Barzilai and Bor-
wein [5], gave new impulse to first-order approaches and contributed
to the development of a class of methods known as spectral gradient
methods, which are still considered a valuable tool in the context of
nonlinear unconstrained optimization (see e.g. [25, 26, 30, 33-35, 45,
47, 48, 51, 72, 74, 77, 90]). Many of these steplength selections have
been successfully exploited (without any modification to their defi-
nitions) also in gradient projection methods for solving constrained
optimization problems arising from real-world applications (see e.g.
[6, 10, 15, 27, 28, 61, 68, 71, 78]).



1.1 SPECTRAL PROPERTIES IN THE UNCONSTRAINED CASE

This chapter is organized as follows. In Section 1.1 we recall the
spectral properties of some well-known steplength selection rules in
the context of unconstrained minimization, whereas in Section 1.2
we report the basics of gradient projection methods and some other
well-known algorithm for constrained optimization.

1.1 SPECTRAL PROPERTIES IN THE UNCONSTRAINED CASE

This section is devoted to describing some of the most popular step-
length selection strategies based on spectral properties of the Hes-
sian matrix. These techniques have been first designed for solving a
special instance of the general problem (1.1), given by the following
quadratic programming (QP) problem

1
min f(x) = =x'Ax—b'x +¢, (1.7)
xeR™ 2

where b € R™, c € R and A € M, (RR) is a SPD matrix. The quadratic
model (1.7) represents the natural setting for analysing how the up-
dating steplength rules are related to the eigenvalues of the Hessian
matrix and provides useful information that may enable to extend
the approach to the case of more general non-quadratic optimization
problems.

The theoretical motivation behind this approach for developing novel
strategies is related to a relevant property possessed by all the gra-
dient methods for the minimization of a strictly convex quadratic
function: that is, the solution can be reached in a finite number of
iterations by using as steplengths the sequence of the reciprocals of
the exact eigenvalues of the Hessian matrix. Indeed, let consider the
standard SD iteration

K1) () g g 00) (1.8)

applied to the minimizing problem (1.7), where gV = g(x(V)) with
g(x) = Vf(x) = Ax —b; then a recurrence formula for the gradient
can be easily derived:

k

g1 = g0 g Agt) =TT (In — 5A) ¢'©; (1.9)
j=0

let suppose, without loss of generality [44], that the matrix A has
distinct eigenvalues

O< AT <A<+ <Ap, (1.10)

and g§0) # 0 for all i = 1,...,n; by denoting with {vi,vz,...,vn} a
set of associated orthonormal eigenvectors, which form a basis of R™,
the gradient can be expressed as

n
1
g(k+1) — 2 ugk‘F )Vi/ (1.11)
i=1
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where pgkﬂ ),i =1,...,n, are suitable scalars called eigencomponents
of gt**1); in particular, since (1.11) holds true for g(®), from (1.9) we
have

3

K
g(k+1) Z (H — och)) vi; (1.12)

j=0

then, pairing the eigencomponents in equations (1.11)-(1.12) and re-
calling that Av; = Ayv;, for i = 1...,n, the i-th eigencompontent of
the gradient recurs according to the following formula

K
p. (k+1) H (1 —o5A; Ek)ﬂ — oA (1.13)

From (1.13) it follows:

o if ugk) = 0 for some i, then pgh) = 0 for h > k and the com-
ponent of the gradient along v; will be zero at all subsequent
iterations;

o if o, = 1/Ay, then ugkﬂ) =0.

As a consequence, a finite termination property of the steepest de-
scent method can be deduced: in particular, if the eigenvalues of A
are known and the first n steplengths are defined by setting in any
order

then the method converges in, at most, n iterations. However, the
eigenvalues of A are not usually available. Then, in order to take
advantage of the previous results, a lot of efforts has been devoted
in designing steplength selection strategies able to generate suitable
approximations of the inverses of the eigenvalues of the Hessian. Gra-
dient methods that share the idea of choosing the steplengths based
on the spectral properties of the underlying Hessian, rather than the
standard decrease in the objective function, are known in literature
as spectral gradient methods; as first observed by Fletcher in [43], their
effectiveness is strictly related to the ability in sweeping the spectrum
of the inverse of the Hessian matrix (see also [35, 44, 72, 80, 87]).

1.1.1  The Barzilai-Borwein rules and their generalizations

The Barzilai-Borwein (BB) rules arise from the clever intuition of com-
bining quasi-Newton properties with a SD method for the uncon-
strained minimization of a differentiable function f(x). This technique
allows to accelerate the annihilation of the gradient of the objective
function by means of a suitable sequence of steplengths «y able to
capture second-order information in an inexpensive way.



1.1 SPECTRAL PROPERTIES IN THE UNCONSTRAINED CASE

The idea of introducing second-order information within a gradient
scheme avoiding the explicit computation of the Hessian matrix is
typical of quasi-Newton methods. These methods provide a less de-
manding alternative to standard Newton’s method, ensuring a su-
perlinear convergence rate [65]; in particular, they only require the
knowledge of two successive iterates and the corresponding gradi-
ents for updating, at each step, an approximate Hessian matrix By
that solves the secant equation:

Bys(k—1) :y(k—l), (1.14)

where s(k=1) = x(k) _ x(k=1) and y(k_” = Vi(x¥)) — Vf(x*=1)). In-
deed, condition (1.14) enables to yield curvature information at each
step by mimicking the approximate relation that holds for the true
Hessian and it is exact for quadratic functions:

vZf(X(k))(X(k] _ X(k*”) ~ Vf(X(k)) . vf(x(kfn).

The BB strategy for the steplength selection adopts this principle to
incorporate second-order information within the search direction: in
particular, the steplength «y is determined by minimizing the error
on a secant equation, in two alternative ways:

(k=1) _, (k—1)

Y , (1.15)

o = arg min Hof1 s
[0
or

X = arg min Hs(k_” — ocy(k_”H . (1.16)
X
In other words, the BB rules define a gradient method described by
the iteration (1.8) where the steplength is obtained by forcing the
matrix (ockIn)_] to approximate the Hessian of the objective func-
tion. From (1.15) and (1.16), respectively, two updating rules for the
steplength can be defined:

(k—=1)2
BB1 __ s [
M T e Ty ) (t.17)
and
(k=) T, (k=1)
BB2 S Yy
S Ty (19

The Barzilai-Borwein rules involved within a gradient scheme de-
fine a spectral method. Indeed, in the strictly convex quadratic case (1.7)
it can be readily seen that the steplengths (1.17)-(1.18) correspond to
the reciprocals of particular Rayleigh quotients of the Hessian ma-
trix,providing suitable approximations of its eigenvalues.
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Proposition 1.1 Let f: R™ — R be defined as in (1.7) with SPD matrix A
and let {x*)} N be the sequence generated by a gradient method of the
form (1.8). Then the BB rules (1.17)-(1.18) can be rewritten, respectively, as
follows:

(k=T 4 (k=1) -1
BB1 _ 9 g o (k=1)

0% = = (R , 1.1
Kk g(k*”TAg(k*]) (A(Q )) (1.19)
(k=1)T 7 g(k=1) -1
o2 = 2 S = (Ra(AV2g 1)), (120)

g(k—l)TAzg(k—U

where g'*=1) = Vf(x*=1). Furthermore, if Ay and A, denote, respectively,
the minimum and the maximum eigenvalues of A, then the following in-
equality holds
1 1
< M. (1.21)

< —
x x
BB1 (XﬁBZ

Proof: from the gradient scheme (1.8) we can write

stk=1) = —ockg(k_”. (1.22)

Similarly, the recurrence property (1.9) gives

y ) = —og Agll). (1.23)

Replacing the relations (1.22)-(1.23) in (1.17), we have

k=T ( k=) (k=1 T _(k—1)

BB _ (—oug! —ogeg! _ 9 g _
T (ag )T (—ogAghT) T glk-T A1)

thus the identity (1.19) is proved. Applying a similar argument to

ocEBz (1.18), we obtain (1.20). From the extremal properties of the

Rayleigh quotients (see [55], Theorem 4.2.2), it follows that L

BB1
X
T T
g(k—l) Ag(k—l) - 1 B (g(k—1) A]/Z)A(A]/Zg(k—l))
T = ]and BBZ — T <
g(k—U g(k—H oy (g(k—n Al/Z)(A1/29(k—1))

An. Finally, from the Cauchy-Schwarz inequality it follows: s (<~ )Ty (k=1) <
Is®=1)||Jy*=1|, which implies

T (k= — — _
R T Ll [Tl B Cbl
[yt=1)]2 [y=1]2 [yt
(k=1))2 (k—=1))2
< s I s H = o1

[sO=T [y =] = sk=1) Ty (=)

[m)
We remark that, if g(k_” is different from both the eigenvectors as-
sociated with the eigenvalues A7 and A,, then the steplengths oy
defined by the BB rules satisfy

1
A< — < An. (1.24)
Kk
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In [5] the authors established a first convergence result of the gradi-
ent scheme equipped with BB rules in the two-dimensional strictly
convex quadratic case; in particular, in this special case, they proved
that the gradient method (1.8) with the steplength defined by (1.18)
converges R-superlinearly with R-order equal to /2. This surpris-
ing result, however, cannot be generalized to the n-dimensional case,
where only R-linear convergence can rather be expected. In partic-
ular, in 1993, Raydan [75] proved the convergence of the BB method
for any-dimensional strictly convex quadratic problem and this result
was later refined by Dai and Liao [29], who established the following
result.

Theorem 1.1 [29, Thm. 2.5] Let f(x) be a strictly convex quadratic func-
tion. Let {x*)} o be the sequence generated by the gradient method (1.8)
with the steplength defined by (1.17) (or, equivalently, (1.18)). Then, either
g™ = 0 for some finite k, or the sequence {|g'¥)|}xen converges to zero
R-linearly.

In many applications, it is shown that BB rules are able to greatly
speed up the method, exhibiting a practical behaviour of higher or-
der; however, a theoretical explanation of this phenomenon is still
missing.

For what concern the possibility of extending the use of the Barzilai-
Borwein rules to general (continuously differentiable) non-quadratic
minimization problems, linesearch techniques are necessary to ensure
the convergence to a stationary point. At this regard, the first impor-
tant contribution was that of Raydan [76] who proposed the use of
the Grippo-Lampariello-Lucidi (GLL) nonmonotone linesearch strat-
egy [52], summarized in Algorithm 1, to force a sufficient decrease
in the objective function. The choice of a weaker nonmonotone tech-
nique rather than a standard monotone Armijo-type linesearch, is
motivated by the need of preserving some local properties of the
method related to the nonmonotone behaviour induced by the BB
rules, which is behind the effectiveness of the method. In particular,
the scheme proposed in [76], called Global Barzilai-Borwein (GBB)
method, requires to compute the steplength o, = aPB! provided that

1
it belongs to a bounded interval <€, e), € > 0, otherwise o, = 6 > 0;

then, the gradient iteration is given by
x (k1) — () 4y, g(k)) (1.25)

where d®) = —g®), vi. = y5ay, v € (0,1) and s is the first nonnega-
tive integer such that the following condition is satisfied:

.
Fx) v o d™) < frep + oy g™ d®), (1.26)
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where o € (0, 1) and the reference function value f,¢ is defined as the
maximum value of the objective function over the last M iterations
frer = max f(x(k_j)).
0<j<min(k,M—1)
Let observe that for M = 1 the standard monotone Armijo rule is
recovered:

where the steplength is set equal to « = y* &y and s is the first nonneg-
ative integer such that (1.27) is satisfied. The convergence properties
of the GBB algorithm are reported in the following theorem.

Theorem 1.2 [76, Thm. 2.1] Assume that Qo = {x: f(x) < f(x(®))} isa
bounded set. Let f: R™ — IR be continuously differentiable in some neigh-
borhood N of Qq. Let {x¥)}on be the sequence generated by the GBB

algorithm. Then either g) = 0 for some finite k, or the following properties
hold:

(i) limy o0 g™ =0
(ii) no limit point of {x™)}reN is a local maximum of f;

(iii) if the number of stationary points of f in Qg is finite, then the sequence
{(x(*) Yo is convergent.

We observe that other nonmonotone linesearch strategies are avail-
able (e.g., see [89]). For a more detailed analysis on the convergence
properties of nonmonotone linesearch methods see also [24].

Algorithm 1 Nonmonotone linesearch algorithm (GLL)

1: Initialize: x(®,g¥) ¢ R*", @ > 0, M € N, o,y € (0,1),
frer = max{f(x(¥73),0 <j < min(k, M)};
o — o
while f(x*®) — ag(®)) > frop — Gocg(k)Tg“‘) do
X — Y&
end while
Xk <— &,
return oy

It is worth noting that in the non-quadratic case we need to assume
the well-known curvature condition [65]

s(k*”Ty(k*” > 0. (1.28)

Under this assumption, the inequality «2B? < «BB! still holds and,
in addition, from Taylor’s theorem ([65, Thm. 11.1]) we have

1
ylm) :f V2 (xR s k)T gy,
0
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and, then, we obtain

1 J1 s(k_”Tvzf(x(k_”—i—ts(k_”)s(k_”dt
oBBT sk T2 ’

that is, the inverse of the steplength defined by the BB1 rule can be
interpreted as the Rayleigh quotient related to the average of the
Hessian matrix along the segment s(*~1). A similar property holds

BB2
for o "<

Improving the BB rules: the alternating strategies

Despite their nice spectral properties, the BB rules may produce a
nonmonotonic behaviour in the sequences {f(x!*))} and {|g*/||}.
Indeed, the recurrence (1.13) implies, forany i=1,...,n:

k+1 k
ug + )’ « ug |,
1
| I I e
i
e YR St

From (1.29) we may observe that:

e when «y is close to the reciprocal of an eigenvalue A;, then it
forces a remarkable reduction of \ugkﬂ )] with respect to \ugk) l;

in particular, from (1.24), the sequence ]pgk)| is monotonically
decreasing;

e if xy is close to 1/Aj, it can amplify the absolute values of the
gradient’s eigencomponents corresponding to the larger eigen-
values, in particular |u£1kJr1 ) | is increased by a factor close to the
condition number of A;

o if oy is close to 1/A,,, the effect on the reduction of small index
eigencomponents is negligible, especially when the condition
number A, /A1 is large.

As observed by Fletcher in [44], even tough this nonmonotonic be-
haviour might seem undesirable, it is somehow responsible for the ef-
fectiveness and fast convergence of the method, and it should not be
completely prevented by using technique for limiting it, but may be
properly exploited, particularly when the condition number is large.
Indeed, when an iteration occurs on which small index components
dominate the gradient g*~1), this gives rise to a small steplength oy
(from (1.19)), which in turn causes a large increase in large index
components of the gradient; the effect of this increase is to produce
subsequent large steplengths, leading to gradients in which large in-
dex components are no longer dominant, and therefore, in successive
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iterations the contribution of small index components in the gradient
can be significantly reduced as well.

A way to take advantage of the described nonmonotonic behaviour
is proposed in [9o], by considering new strategies which adaptively
select a small steplength or a large one at every iteration or in a more
dynamical way. The heuristic idea behind this approach is the follow-
ing: assuming that the eigenvalues of A can be simply classified as
the large ones and the small ones, then a certain superlinear behavior
is related to how frequently the gradient is approaching the eigenvec-
tors associated with the large or small eigenvalues of A, during the
iterative procedure.

A practical implementations of this idea results in the Adaptive
Barzilai-Borwein (ABB) scheme:

BB2

. [0.&
OCEBZ if ﬁ <T,
ABB
o = (1.30)
BBl otherwise,

where T € (0,1).
The adaptive criterion used to switch between the two steplengths is
based on the value

BB2 (g(k*”TAg(k*”>2
OCI];B] = = COSZ (d)k—'l ) ’ (1'31)
o’ JAgl D2 gtkm2

where \y_1 is the angle between g(k_” and Ag(k_”. Hence, when
«BB2
K
oBBT
of an eigenvector of A. In other words, the method tends to force a se-
quence of small steplengths a2 with the aim of reducing the larger
index eigencomponents of the gradient, until a28! becomes a suitable

approximation of the inverse of some small eigenvalue.

k—1)

~ 1 this means that g is a sufficiently good approximation

A further improvement of this approach is represented by the ABBin

strategy proposed in [47], which consists in substituting ofB? in (1.30)

with a shorter steplength, as follows:

BB2
min{ofP? |j = max{1,k — mq}, ..., k} if S < T,
k
oc‘éBBm“‘ = (1.32)
ocE Bl otherwise,

where my > 0 is a positive integer. This choice is motivated by
the idea (supported by numerical experiments) that more efficient
schemes could be obtained by improving the ability to approximate 7\1_] ,
achieving a fast reduction of the first gradient component. Then, the
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rule (1.32) is aimed at forcing steplengths that reduce large index com-
ponents of the gradient, in such a way that a following BB1 step will
likely depend on a gradient dominated by small components.

It is well-known that the alternating strategies generally outperform
other BB-based gradient methods, in particular for ill-conditioned
problems; furthermore, the ABBp,in approach has been proved to im-
prove the efficiency of the original ABB method [47, 8o, 90].

For QP problems, the R-linear convergence of both (1.30) and (1.32)
can be derived from the general result obtained for the class of me-
thods known as Gradient Methods with Retards (GMR) [25, 48]. This
approach, inspired by the BB methods, defines a family of gradient
methods which exploit the cyclic use of a steplength in some consec-
utive iterations. Given a positive integer m and a set of real numbers
qi =>1,i=1,...,m, the GMR steplength is given by

(BT Apk—1 o(Bi)

GMR
o = , 1.
K (BT Aok elBr) (133)

where ePrx = x(Bx) —x* B, € {max{0,k —m},..., k—1,k} and py €
{91,92,...,qm}, assuming that x* is the unique solution of (1.7).
Clearly, the BB rules and their alternated versions are special instances
of (1.33). Indeed, by observing that Ae(Frx) = A(x(Bx) —x*) = g(Bx),
for m =1, fx = max{0,k —m} and px = 3 we can recover the BB1
rule; similarly for py = 4 we obtain the BB2 rule. The ABB method
can be regarded as a member of GMR family for i = k—1 and
pk € {3,4}, where the switching criterion beetween the two possible
values for py is based on the ratio (1.31); in a similar way, the ABBnin
strategy is obtained with suitable choices of 3 and py based on the
value (1.31).

We report the more general convergence result, established in [25], for
the gradient method (1.8) applied to any-dimensional QP problems
of type (1.7), where the steplength satisfies the following property
(see [25, Property(A) p.9]):

Let 0 < A1 < -+ < Ay be the eigenvalues of the matrix A. The steplength
o has the Property (A) if there exist an integer m and positive constants
My = Aq and M5 such that

(i) A < o' <My,

(ii) for any integer 1 € [1,n — 1] and real number € > 0, if

1
(g2 < e and (gi57")? = Mae hold forj € [0, min{k, m} — 1]
i=1

then (X]Z1 = %)\1.,.1.

11
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Combining (i) and (ii) the following theorem can be proved as gen-
eralization of the convergence result by Dai and Liao reported in The-
orem 1.1.

Theorem 1.3 [25, Thm. 4.1] Let f(x) be a strictly convex quadratic func-
tion. Let {x¥)} e be the sequence generated by the gradient method (1.8)
where the steplength o has the Property(A). Then either g'%) = 0 for some
finite k, or the sequence {||g'¥)||}xeN converges to zero R-linearly.

Finally, the R-linear convergence of the GMR method can be derived
as corollary of Theorem 1.3, since the steplength (1.33) satisfies Prop-

erty (A) (see [25]).

We conclude this section by mentioning also the ABB,,,i variant in
which a variable setting of the parameter T is exploited, as suggested

in [15]:

BB2
min{oc;?B2 |j = max{1,k —my},.., k} if % < Ty,

Gy TR — (1.34)
ocEm otherwise,
where
EBZ
Tk/l() if “BB1 < Tk,
Ti41 = Xy (1-35)

Tk -9 otherwise,

with 9 > 1. A typical value for ¥ is 1.1. It is worthwhile observing that
this variable setting makes the efficiency of the steplength strategy
less dependent on the value of T provided by the user and, in several
applications, it allowed remarkable performance improvements with
respect to the standard ABBn, strategy (see for example [15, 61, 71,
88]).

1.1.2  The Limited Memory Steepest Descent approach

We now describe the steplength updating rule proposed by Fletcher
in [45] within the Limited Memory Steepest Descent (LMSD) method.
This approach was first tailored for the quadratic case and then adapt-
ed for general non-quadratic functions, introducing some form of
monotonicity needed to drive the gradients to zero. The basic idea of
the method is to divide up the sequence of steepest descent iterations
into groups of m iterations, referred to as sweeps, where m is a small
positive integer and, at each new sweep, to compute the steplengths
as the reciprocals of the so-called Ritz values [49] of the Hessian ma-
trix (arising from the Lanczos process [59]), assuming that m Ritz
values of the Hessian are available from the previous sweep. The Ritz
values belong to the spectrum of A and provide m approximations
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of its eigenvalues [49]. Since the Lanczos process requires the Hes-
sian matrix to be available, Fletcher suggested an alternative way of
computing the Ritz values that exploits the gradients of the objective
function related to m previous iterations. The main steps of this pro-
cedure are briefly outlined below.

At any iteration, let suppose that, in addition to x!*) and g¥), the
most recent m back gradients are available

G- [g(k—m>g(k—m+1) . g(k—n], (1.36)

where m < m is limited to an upper bound m on the number of such
vectors that can be stored. In general, it is assumed M « n.

The n x m matrix G helps to rewrite the recurrence equations (1.9) in
matrix form as

AG =[G, g7, (1.37)
where J is the (m 4 1) x m matrix

1
Xk—m

] — Xk—m
1
X1
1
Xk—1

and oy_; is the steplength associated with the gradient g(*=V), for
i=1,...,m. Equation (1.37) can be used to compute the tridiagonal
matrix T resulting from the application of m iterations of the Lanczos
process to the matrix A, without explicitly involving this latter one. To
this purpose, let remind that the recurrence properties of the gradient
descent method (1.8) for minimizing a quadratic objective function of
the form (1.7), implies

x(K) —x(k=m) g gpan {g(k—m™), Aglk—m) A2g(k—m)  aAm-Tgll-m)1 = (1.38)

that is, the vector x*) — x(k=™) belongs to the m-dimensional Krylov

space spanned by the Krylov sequence started from g(*~™). In par-
ticular, it follows that

() — g(=m) € span {Ag(k*mJ,Azg(k*m), . .,Amg“‘*‘“)} . (1.39)

The importance of this Krylov sequence is related to its ability in
providing m distinct estimates of the eigenvalues of the matrix A: in-
deed, the Lanczos iterative process applied to A, with starting vector

g(x—™))

1 = ——————— allows to generate a matrix Q = [q1, d2, ..., ]
N )| 8 Q=i G2 eer dm

13
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whose columns are an orthonormal basis for the Krylov space (1.38)
and such that the matrix

T=Q'AQ (1.40)

is a m x m tridiagonal matrix. The eigenvalues of T are the so-called
Ritz values. From (1.39), the columns of G are a set of generators of the
m-dimensional Krylov subspace and, assuming that they are linearly
independent, we may write G = QR, where R is an upper triangular
and non singular matrix; hence, from (1.40) and (1.37) we have

T=R TGTAGR " =RTGT[GgM]JR" =R 1R, (1.41)
where the vector r is the solution of the linear system RTr = GTg(*).
Since the matrix R can be obtained from the Cholesky factorization
of GTG, then the computation of Q by means of the Lanczos process
is not required. At the beginning of each sweep, assuming that m
Ritz values 0;, 1 = 1,..., m are available from a previous sweep, the
steplengths for the next m gradient iterations are defined as the recip-
rocals of the Ritz values:

ock_Hi:e—, i=1,...,m (1.42)
i
Let observe that for m = 1 we recover as special case the BB1 rule.
Within each sweep, m steepest descent steps are computed

(k—1+1) k—1+41)

Kt .
x (k1) — o141 9" , i=1,...,m,

=x
starting from x(¥) and using the steplengths (1.42). Then, the iterate
x(k*™) is the starting vector for the next sweep and the gradients
g~ i = 1,...,m, obtained on the sweep are used to calculate
Ritz values for the next sweep. The convergence theorem proposed
in [45], follows an argument similar to that used in [75] for the BB
scheme. Furthermore, a proof of the R-linear convergence of the se-
quence {||g!®)|}xe to zero, under suitable assumptions, can be found
in [23].

Similarly to the BB-based approaches, the sequences of gradient
norms {|g*)|} and function values {f(¥)} exhibit a nonmonotonic
behaviour. Indeed, if 0y is the current Ritz value, from (1.13) we can
write

k41 Ai k) .
u§ +1) _ <]_91:> HE ) oi=1,...1n,

where A1 < 0y < A, (for the properties of the Rayleigh quotients);
then {|ugk)|} is monotonically decreasing, with slow rate when 0y is
close to Ay,; on the other hand, when 0y is close to A1, the eigencom-
ponent of the gradient corresponding to the smallest eigenvalue is
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drastically reduced, while those corresponding to the larger eigenval-
ues may increase: for example the quantity

(k)
bn |

n

A
s =1 - 5

increases by a factor close to the condition number of A.

Some issues concerning how to ensure monotonocity and how to
adapt the method to non-quadratic case are treated in [45]. With re-
gard to the former task, the author suggests to select the Ritz values
in decreasing order of size, during a sweep; if a new iterate fails to im-
prove on the value f(*) obtained at the beginning of a sweep, then the
Cauchy steplength is computed and the sweep is terminated. A fur-
ther check is implemented to guarantee the decreasing of the gradient
norm within a sweep. According to the author, imposing monotonic-
ity does not seem to reduce or particularly affect the effectiveness of
the method, in the quadratic case.

Similar strategies to ensure monotonicity are needed in the non-
quadratic case, to guarantee the convergence of the method; in ad-
dition, suitable solutions have to be found to handle the following
issues, arising in the non-quadratic case:

e the matrix T is upper Hessenberg, but not usually tridiagonal;

¢ the matrix A is no longer available to compute the Cauchy
steplength in the algorithm;

e various effects related to the existence of non-positive curvature.

Of course, there are different possibilities to address them. For what
concern the matrix T, Fletcher suggests to construct a symmetric tridi-
agonal matrix T, by replacing the strict upper triangle of T by the
transpose of the strict lower triangle, and use the eigenvalues of T to
compute Ritz-like values for the next sweep. To overcome the second
drawback, one could implement alternative linesearch strategies (for
example that suggested by Raydan [76]); however, in [45] a slightly
more elaborate search aiming to satisfy Wolfe- Powell conditions is
chosen (essentially that described in Section 2.6 of Fletcher [42]), since
it ensures that the resulting T has at least one positive eigenvalue.

Effects related to non-positive curvature can result also in the pres-
ence of some negative eigenvalues of matrix T. In this case, some pos-
sibilities are: to discard the oldest gradients and recompute a smaller
matrix T, or either terminate the sweep when a negative Ritz value
is found, or carry out a linesearch before terminating the sweep. The
last option is implemented in [45].

Finally, Fletcher in his paper mentioned the possibility of imple-
menting a preconditioned version of the sweep method and also a
version involving the harmonic Ritz values [66], which are all weighted

15
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harmonic means of the eigenvalues of A (while the standard Ritz val-
ues are weighted arithmetic means of A’s eigenvalues); in this case
the second BB rule is obtained as special instance for m = 1.

1.1.3  Other efficient steplength selection rules

We conclude this section by mentioning some other efficient steplength
selection strategies based on spectral properties, which share R-linear
convergence rate in the quadratic case.

Some of them have been proposed with the aim of generalising
the BB methods, and are based either on the alternation of Cauchy
steplength and BB steplengths, like in the Alternate Step gradient
method (AS) [25], or on their cyclic use as in the Adaptive Cyclic
Barzilai-Borwein (ACBB) [84] or the Cauchy Barzilai-Borwein method
(CBB) [77]. All these rules are special implementations of the GMR
scheme (1.33).

Recent proposals based on a different philosophy are the alter-
nating strategies SDA and SDC suggested in [34, 35] for QP prob-
lems. They are based on the idea of alternating Cauchy steplengths

SD _ Q(k)TQ(k)

kgt Ag
caping from the two-dimensional space where the steepest descent
method with Cauchy steplength asymptotically reduces.
Given an integer h > 2, the SDA method (the acronym stands for
Steepest Descent with Alignment) computes a sequence of Cauchy
steplengths o5 until a switch condition is satisfied, then it performs
h consecutive iteration with the following constant steplength

—1
1 1
~ ~SDA
X = & = + —= , 1.
k k (06%21 oc%j) ( 43)

with constant steplengths &, with the aim of es-

provided that it produces a decrease in the objective function, other-
wise the steplength 203 is used. The switch condition is defined as

|6 — d—1] < € (1.44)

where € > 0 is a small positive scalar. The rationale behind this strat-
egy is related to the following result.

Proposition 1.2 [34, Prop. 3.2] Let x* denote the solution of problem (1.7).
Under the assumptions (1.10) and

0T

.
g9 vi#0, g% vn#0,

the sequence {x'¥)} o generated by the gradient method (1.8) with con-
stant steplength

1
X =

(1.45)
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converges to x*. Moreover

(%) (0) k
N R T }\7] An — AR _ .
hlr(n —Mgk) = —ugo) hlr(n (7\n + ) T 0, h=2,...,n, (1.46)

(k)

where w; ', 1=1,...,m, are the eigencomponents ofg(k).

When the steplength (1.45) is adopted, relation (1.46) ensures that
the sequence {uﬁk)}keN, for h > 1, converges to zero faster than the
sequence {u]f}keN; as a consequence, the search direction tends to
align with the eigendirection v associated with the minimum eigen-
value A;. For k sufficiently large, the value (1.43) is an approximation
of the steplength (1.45) (see [34, Prop. 3.1]).

Given two integers h > 2 and m. > 1, the SDC updating rule [35]
computes h consecutive Cauchy steplengths and then switchs to a
different steplength, which is applied in m. consecutive iterations, in
accordance with the following scheme

- (1.47)

e {cxiD if mod (k,h+m¢) <h,
o =

o4 otherwise, with s =max{i <k : mod (i, h+m¢) =h},

where the steplength «Y is computed by means of the Yuan for-
mula [87]

—1

2
! 1 [g™] ! |
Y
of =2 —5 +t—5 | +4 —— + +
<°‘§31 O‘iD> o2 g D ag?y o

(1.48)

Let remind that the steplength (1.48) is defined as the value & such
that, for 2-dimensional convex quadratics problems, three iterations
of the SD method equipped with the steplengths

X1 = O(?D
X =
X3 = (X%D

are sufficient to find the minimizer of the objective function in exact
arithmetic. In particular, Yuan steplength o satisfies the inequalities

1

1 1

Y : SD SD

ST—F@ < &g <mm{cxk71, ot
X1 X

and tends to approximate the reciprocal of the largest eigenvalue A,
of the Hessian matrix (see [35, Thm. 3.1]). The R-linear convergence
of SDA and SDC strategies can be derived from the general result

17
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stated in Theorem 1.3, since the authors proved that both the rules
satisfy the Property (A).

We now report the steplength rule proposed in [73], which we refer to
as Golden Arcsine (GA). This method generates steplengths «y such
that the asymptotic distribution of the sequence {o%k} is close to the
distribution with the arcsine density on the interval [m, MJ:

1

/(- m)(M 1)’ mstsM

p(t) =

where m = A1 + €, M = A, + €, with small € > 0. Indeed, in this case,
the asymptotic rate of convergence of the gradient method can ap-
proach that of the Conjugate Gradient (see [73, Prop. 5]). However, in
practice, A7 and A, are unknown; then during the iterative procedure
suitable estimators of the extremal eigenvalues are computed, based
on the moments of the probability measures associated with the spec-
trum of A at each iteration. To sum up, the steplength updating rule
is defined as

ot =—,  Pr=my+ (Mg —my)zi (1.49)

where my. and My are suitable approximation of the minimum and
maximum eigenvalues of A, respectively, updated at each iteration
and the sequence {zy}xen with the asymptotic arcsine density is
given by

z1e = (1 +cos(7ruk))2, k=0,1,...,

where uy = min{vy, 1 — vy}, Uzk41 = max{vy, 1 — vy}, vk is the frac-

V541
2

tional part of (k+ 1)d, with ¢ denoting the golden ratio, ¢ = .
Another technique to build steplengths aimed at breaking the zig-
zagging pattern of the Cauchy steplength is developed in [51], and
is based on the use of the Chebyshev nodes, i.e., the roots of the
Chebyshev polynomial of the first kind.

An interesting analysis of the spectral behaviour of the mentioned
strategies within the gradient method can be found in [80].
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1.2 CLASSICAL GRADIENT PROJECTION METHODS

Let now consider the constrained version of the differentiable opti-
mization problem (1.1), where the feasible region Q is a closed and
convex subset of R™.

The basic iteration of the standard Gradient Projection (GP) method
along the feasible direction [9, Chapter 2] is defined by

K1) Z (9 |y q()
= x4y (TIQ (x(k) — ocka(x(k))) — x(k))

where T (-) denotes the Euclidean projection onto the feasible re-
gion, o € [Xmin, Xmax] is the steplength parameter and vy € (0,1] is
a linesearch parameter ensuring a sufficient decrease of the objective
function along the direction d(¥), by means of an Armijo rule (1.27)
or its non-monotone version (1.26). This guarantees the convergence
of the method; at this regard, in [27] some box-constrained quadratic
2-dimensional counter-examples were constructed in order to show
how a gradient projection scheme equipped with BB-based steplength
selection rules may fail to converge without some kind of linesearch.
However, this failure would appear to be very unlikely in practice.

We report in Algorithm 2 the main steps of a general GP method
performing a linesearch along the feasible direction. Let observe that
for M = 1 in the step 3 of the algorithm, the standard Armijo rule is
obtained.

(1.50)

Algorithm 2 Gradient Projection (GP) method

Initialize: x(®) € Q, §,0¢€(0,1),
MeN, 0<xmin < Xmax,

oo € [min, Xmaxl);

1: fork=0,1,... do
2 d0) Tl (x® — aeg(x(¥)) = x(9;
3 Vi < 1; fref < max{f(x(k_i)), 0 <i<min(k, M —-1)};
4 while f(x®) +v, . d®)) > f. .5+ kag(x(k))Td(k) do

5: Vi < 6Vk,'

6: end while

s xR (K)o gk,

8 define the steplength a1 € [Xmin, Xmax);

9: end for

In the next theorems we recall the basic convergence results for the
sequence {x®)}; N generated by Algorithm 2. We remark that Theo-
rem 1.4 refers to a GP method where a nonmonotone linsearch strat-
egy is performed as well as the Armijo rule, while the stronger results
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stated in Theorems 1.5-1.6 hold when a standard Armijo rule is con-
sidered.

Theorem 1.4 [10, Thm. 2.2] Let Xmin, Xmax be positive constants such
that 0 < Xmin < ®max- Let {&ktkeNn © [min, Xmax]) be a sequence of
parameters. Then any accumulation point of the sequence {x¥) }yon gener-
ated by Algorithm 2 is a stationary point for problem (1.1).

Theorem 1.5 [56, Thm. 1] Assume that the objective function of (1.1)
is convex and the solution set is not empty. Then the sequence {x*)}en
generated by Algorithm 2 combined with the Armijo rule,converges to a
solution of (1.1).

Theorem 1.6 [14, Thm. 3.2] Let the hypotheses of Theorem 1.5 hold and
assume, in addition, that V{ is globally Lipschitz on Q (or Vf is locally
Lipschitz and f is level bounded on Q). Let £* be the optimal function value
for problem (1.1), then

fx®) —f =0 (11) .

The analysis developed in [85] ensures the R-linear convergence of a
GP method combined with the BB rules and the GLL nonmonotone
linesearch procedure for the minimization of general strongly convex
functions. A variant of the GP method, developed to improve the
convergence rate, is the scaled GP method (or SGP method), defined
by the following iteration

XF1) 0 Ly g

1.51
=x® 4 v, <HQ/Dk (x(k) — ockD,:1Vf(x(k))) —x(k)) , (1:51)

where Dy, k = 0,1,..., is a SPD matrix whose eigenvalues lies in
the bounded interval H, u}, w = 1,and Tg p,(-) is the projection
operator onto () with respect to the Dy-norm:

Mo,b, (y) = arg min [x — y[%, - (1.52)
xeQ)
In the practice, the sequence {Dy }xen is chosen as a set of diagonal
SPD matrices. For a convergence analysis of general SGP methods we
refer to [11, 14, 15].

Many well-known gradient projection methods for constrained opti-
mization exploit the same steplength selections designed for the un-
constrained case in combination with some kind of linesearch strat-
egy [2, 10, 12, 27, 41, 58, 61, 78, 86, 91].

Among them, one of the most popular is the Nonmonotone Spec-
tral Projected Gradient method developed by Birgin et al. in [10],
which consists in a scheme of the type described by Algorithm 2,
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where the spectral steplength updating rule is provided by the BBI1
rule (1.17). The authors considered also another classical GP scheme
performing a nonmonotone linesearch on the feasible arc, instead of
the linesearch on the feasible direction considered in Algorithm 2;
however, they highlighted that these algorithms are especially effec-
tive when the projection step is easy to compute, for example when
the region Q is a n-dimensional box. A generalization of this ap-
proaches to the case where the constraints are not simple (and conse-
quently the projection step is more difficult) is proposed in [11].

A different linesearch technique is suggested in [27] within a GP
method involving BB-based steplength updating rules (called Pro-
jected Barzilai-Borwein or PBB), for box-constrained quadratic pro-
grams. In particular, based on the works [32, 82], the authors imple-
mented an adaptive nonmonotone linesearch strategy with an Armijo-
type acceptability test

-
f(x¥) + ad®) < frer + oag!™ ale)

where o € (0,1) and the reference function value f,.¢ is updated in
accordance with the following scheme:
Initialize: fref = 400, fpest = fe = f(x(?)),Le N, 1=0;
1: fork=1,2... do
if f(x(¥)) < fpest then
foest < F(x(¥)), fo — F(xI¥)), 1= 0;
else
fo «— max{fe, f(x(¥)}, L —141;
if 1l =L then
fref — fe, fo — f(x), L= 0;
end if
o: end if
10: end for

This choice seems to be motivated by practical considerations. Indeed,
the authors claimed that this adaptive nonmonotone linesearch strat-
egy is able to better preserve the properties of the spectral steplength
rules rather than the GLL technique, especially when relatively small
values of the parameter M are used in this latter one.

We now outline a variant of the PBB method, named projected
Barzilai-Borwein with fall-back (PBBF), recently appeared in [58], for
solving QP problems subject to separable convex constraints. This al-
gorithm is based on the following theorem, which gives an estimate
of the decrease of the convex quadratic objective function f defined

in (1.7).
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Theorem 1.7 [39, Prop. 5.10] Let x* denote the unique solution of (1.7),
and let A in denote the smallest eigenvalue of A. If & € (0,2||A| "] where
|A| denote the matrix norm induced by the Euclidean norm, then

f(Ma (x —xg(x))) — f(x*) < n(&) (f(x) — f(x*)), (1.53)
where (@) = 1 — &Amin and & = min{®, 2|A|~" — &}.

The estimate (1.53) is exploited within the PBBF method to achieve
a sufficient decrease in the objective function, avoiding the use of a
standard linesearch strategy. In particular, the algorithm generates
the projected BB iterations until there is either the improvement of
the objective function, or there are K consecutive iterations without
improvement. In the first case, an additional GP iteration with a fixed
steplength & € (0,2/Amax] is carried out to perform the acceptability
test for achieving a sufficient decrease of the objective function at the
next iteration; in the second case, the new iterate is defined by the
fixed steplength GP iteration from the best of the last K iterations,
again with & € (0,2/Amax]). The R-linear convergence of the sequence
{f(x(¥))} generated by the PBBF scheme can be derived from Theo-
rem 1.7 (see [39, Thm. 2]).

The mentioned methods and, in general, spectral gradient methods
for constrained optimization share a lack of attention on the spectral
properties of the steplength selection strategies related to the feasible
region. In our opinion, this issue deserves an appropriate analysis,
since most of these strategies have been designed for achieving a fast
annihilation of the gradient of the objective function, which is not
the main goal in constrained optimization. Therefore, a better under-
standing of the role of the steplength in gradient projection methods
may be useful for improving first-order approaches in constrained
optimization, at least for some special set of constraints.

Before concluding, we recall that QP problems subject to special
closed and convex feasible set, such as box-constraints, can be ad-
dressed by means of other efficient techniques based on a different
philosophy, which generally combine active set strategies with gra-
dient projection method (see, e.g., [17, 38, 64, 79]). Among them, we
will mention the Modified Proportioning with Reduced Gradient Pro-
jections (MPRGP) method [38, 39], which will be considered for some
numerical experiments in Chapter 4. For this scheme, the R-linear
rate of convergence is proved not only for the decrease of the cost
function, but also for the norm of the projected gradient (see [39]).



A SIMPLE CASE: STEPLENGTH SELECTION IN GP
METHODS FOR BOX-CONSTRAINED PROBLEMS

This chapter is devoted to investigate how some steplength selection
rules designed in the context of unconstrained optimization can be
adapted to gradient projection methods for solving box-constrained
problems. Indeed, the observations made at the end of Chapter 1
make clear that the study of the role of the steplength in gradient
projection methods has to be deepened, based on the idea that the
presence of the feasible region might influence the spectral properties
of the methods. To this purpose, we will proceed by first investigat-
ing the behaviour of the methods in the quadratic case, with the aim
of extending the analysis to general non quadratic box-constrained
optimization problems.

The chapter is organized as follows. In Section 2.1 we recall the first-
order optimality conditions for a quadratic problem subject to box-
constraints. In Section 2.2 the spectral properties of the BB rules are
investigated, highlighting the relationship between the reciprocals of
the steplengths generated by the rules and the spectrum of a spe-
cial submatrix of the Hessian matrix. In Section 2.3 we propose a
limited memory approach that combine the LMSD strategy with a
gradient projection method, taking into account the presence of the
box-constraints.

2.1 OPTIMALITY CONDITIONS

Throughout the chapter we will consider the following box-constrain-
ed quadratic programming (BQP) problem

1
minf(x) = =x"Ax—b"x +¢, (2.1)
xeQ 2

where A € My (R) is an SPD matrix, b € R", ¢ € R, and, given
{,u e R™ with ¢ < u, the feasible region is defined by

O={xeR"™: {<x<u}. (2.2)

We assume Q # J. Problem (2.1) has a unique solution x*, satisfy-
ing the Karush-Khun-Tucker (KKT) first-order optimality conditions,
which can be rewritten as

g(x*)i =0 for £ <xf<uy,
g(x*)i <0 for x¥=uy, (2.3)
g(x*); =0 for xi=¢{;
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We remind that g(x) denotes the gradient of the objective function
at x: g(x) = Vf(x) = Ax — b. Hereafter, we define N = {1,2...,n},
I ={ie Nty <xf <u}and A* = {i € N:x} = ,xf = u;}.
Apart from trivial cases, we assume ¢J < J* < N and denote m = #J%,
O<m<n.

We observe that the KKT conditions can be reformulated in terms of
the projected gradient. Indeed, for any x € Q, let denote the active set
at x by A(x) = A¢(x) u Au(x), where Ag(x) = {i e N: x4y = {1} and
Au(x) = {i e N: x4 = ui}. The part of the gradient which violates the
KKT conditions can be decomposed into the free gradient ¢ and the
chopped gradient 3, which are defined component-wise as

@i(x) =gi(x) forie N\A(x), @i(x)=0 forie A(x),

Bilx) =0 forle NAR), Bilv) = { meO ol fort E A
min{0,g;(x)}  forie Ag(x).
(2.4)
The projected gradient is defined by
g"(x) = @(x) + B(x). (2.5)

Clearly, the KKT conditions (2.3) at the solution x* can be rewritten
as follows:

gP(X*) = On,] . (26)

Condition (2.6) suggests a useful stopping criterion for practical im-
plementations of GP methods. In particular, since (2.6) cannot be sat-
isfied exactly in practice (especially for large-scale problems), it can
be reasonable to require the weaker condition

lg” ()] < e, (2.7)

for small € > 0 and x € Q). The following result guarantees that any
feasible vector x that satisfies (2.7) is near the solution.

Proposition 2.1 [39, Lemma 5.1] Let x* be the solution of (1.7) where A
is a SPD matrix and let g¥ (x) denote the projected gradient at x € Q. Then
lg” (x|

x = x*3 < 2(f(x) = (x*)) < |¢" (M) a1 < 5
min

where Ayin denotes the minimum eigenvalue of A.

2.2 SPECTRAL ANALYSIS OF THE BB RULES RELATED TO THE RE-
DUCED HESSIAN MATRIX

Our analysis starts by considering the GP method described by Al-
gorithm 2 for solving problem (2.1). In order to inspect the spectral
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properties of the BB rules (1.17)-(1.18) we need to investigate how
the gradient projection step influences their definitions. We will first
study the BB1 rule and then, by proceeding in a similar way, we will
develop the analysis for the second selection rule BB2.

As already observed, in the unconstrained case the effectiveness of
the BB-based rules results in a fast annihilation of the gradient, which
must be equal to zero at the solution. In the box-constrained case, in
accordance with the KKT conditions (2.3), only the gradient’s compo-
nents corresponding to the inactive variables are zero at the solution.
This simple observation suggests to implement a novel strategy able
to foster a reduction of the components of the gradient related to the
variables that remain inactive during the iterative procedure; at the
same time, the components corresponding to the active variables of
the current iterate are discarded; this procedure continues until the
solution is reached and, consequently, the subset of the active box-
constraints has stabilized.

In other words, to take advantage of the spectral properties induced
by the BB rules, we have to properly select the second-order informa-
tion to rely on. As a consequence, the effectiveness of the steplength
selection in the constrained case depends on its ability in sweeping
the spectrum of a particular submatrix of the Hessian rather than the
whole Hessian matrix.

Surprisingly, this ability is inherently owned by the BB1 rule, as
we will show in the next results, while the BB2 steplength does not
seem to inherit such ability and needs appropriate modifications to
preserve the spectral properties.

For the sake of clearness, we now introduce two subsets of indices
that are indispensable to our analysis and will be extensively used
throughout the chapter.

Let {x(k)}keN be the sequence generated by the GP algorithm. At
the k-th iteration, the set of indices N may be partitioned into the
following subsets:
g _{- N: (x5 Zp Ak ®) o o
k-1 =131€N: (x5 =lax; =4)vI(x =Ui AX{ =W,
Je—1 =N\ Jx—1.
(2.8)

Therefore, during the iterative procedure two families of subsets of N
arise, namely (Jx—1)wen and (Jx—1)yepn, Which tend to approximate
the corresponding sets A* and J* related to the solution, as k in-
creases.

REMARK It worth noting that the subset Jyx_1 in (2.8) is equivalent
to a special instance of the so-called binding set defined for a general
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constrained minimization problem of the form (1.1), as follows (e. g,
see [17] p.112 - Eq. (6.5)):

B(x)={ieN:ie A(x),&(x) =0)}, xe€Q, (2.9)

where £(x) is an estimate (computed by the algorithm) of the La-
grangian multiplier associated to the constraints at x. In particular,
if Q) is the box-constrained set (2.2) and the Langrangian multipliers
are chosen by the first-order estimates, then (2.9) corresponds to the
following set

k=1) _, (k—1) (k—1)

B(x) ={ieN: (xg Ch =0) v (x; =Uui A ggkq) <0)}, (2.10)

which in turn is equivalent to Ji_1.

Turning back to the BB1 rule, it can be readily observed that when
some variables remain active along two subsequent iterations, they
do not contribute to the computation of the steplength used to recover
the next iterate. Indeed, if at the k-th iteration the subset Ji_1 is not

empty, then s]-(k_” =0 for all j € Jx_1, and we can write
(k—=1)
por _ sV I3, I”
X = T = T . (2.11)
glk—1) y(k—1) (k—=1) (k—1)
Sjk—] Jx—1

Equation (2.11) provides a significant interpretation of the first BB
rule in the box-constrained case; indeed, similarly to the unconstrained
case, the updating rule B! corresponds to the least-squares solution
of a suitable secant equation

BB1 1.(k=1) (k—nHz (2.12)

X = arg mm H x Sjkfl - ygk7]
&

In other words, «P! is defined by forcing the matrix (axI,,) ™' to ap-
proximate the submatrix Aj,_ 5, , of A defined by the intersection
of the rows and columns with indices in Ji_;. We will refer to the
matrix Ag,__, g, , as the reduced Hessian matrix at the (k — 1)-th itera-
tion.

Now, we are able to prove that the spectral properties induced by
the BB1 rule are preserved with respect to the submatrix Aj,_, g, ,.
In particular, the next theorem shows that the inverse of x2B! belongs
to the spectrum of the reduced Hessian matrix.

Theorem 2.1 Let {x®) }yc be the sequence generated by the GP method
(1.50) for solving problem (2.1), where A is a SPD matrix. Let Jy_; be the
subset of indices defined in (2.8); then we have

1
Amin(AJk,1,ﬂk,1) < W < }\max(AJk,1,Jk,1 )/ (2'13)
k

where Amin (Ag,_,9._,) and Amax(Ag,_, 3,._,) are the minimum and the
maximum eigenvalues of Ag,_, 3, _,, respectively.
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Proof: We assume that, at the iteration (k — 1), the rows/columns of A
and the entries of any vector are reordered so that Jy_; is related
to the first indices and Jx_71 contains the last indices; by dropping
for simplicity the iteration counter k — 1 from Ji_; and Jx_1, we can
write

(k—=1)
X A A
x(k=1) = ?k_” , A= i’j Y (2.14)
Xg Agg Asg
In view of the GP iteration, we have that the entries of the iterate x(*)
are
k-1 k-1 k—1 .
(k) x£ ) 4+ Vi_1 (pg ) _ xg J) foriel,
Xi = (k—1) (2‘15)
X3 forie,
where pgk_” = max({;, min(xgk_” — O—1 ggk_] ),ui)),i ed.
Let p(*=1) denote the vector of length #J with entries pgk_]), ied
Then, the vector s(*=1) can be partitioned as follows
(k=1) (k—1) (k=1)
S Vi —X
slk=1) — J = k-1(p J ) . (2.16)
stk 1) 0
d

In view of (2.15), any entry ggk),i =1,...,n, of the gradient g™ has
the following expression:

n
" Kk
QE )= Zaijx§ -
=1
K1 K1 K1 K1

= Zaij(x§ )+Vk—1(P]~( )—X]g )))"‘Zaijx)g by

jed jed
K1 K1 K1
= 9£ )+Vk—12aij(pj( )—XJF .
jed

Consequently, from (2.16), we can write

gk-]) (k—1)
d

I . (2.17)
k—1
Agosy

/\ljs

(k=1) (k) (k=1)

Y -9

From definition (2.11), the value of ocEB] can be written as

. ST (k1)
J J
X = 77 (2.18)
(Sg ))TAg,asé )

and, therefore, afP! is the reciprocal of a Rayleigh quotient of the sub-

matrix Agg. From the extremal properties of the Rayleigh quotients
the thesis (2.13) follows. o
Theorem 2.1 confirms the natural ability of the BB1 rule in capturing
the spectral properties of the reduced Hessian matrix, rather than the
whole Hessian, consistently with the information deriving from the
KKT conditions at the solution.
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REMARK We observed that the presence of the projection operator
to ensure the feasibility of each iterates in GP schemes does not al-
low to prove the validity of any recurrence formula for the gradient’s
components. This might prevent the desirable sweeping process ex-
hibited by the BB-type methods in the unconstrained quadratic case.
Nevertheless, based on the previous analysis, we may argue that the
BB1 rule still plays a role in reducing the gradient components with
indices belonging to Jx_1. In particular, under the special assumption

k
(()

that J, = Jx_7 and pgk) =(x; = (xkggk)),i € Ji, we have

(k+1) (k) (%) (k) (k)
gjk = gjk +Ajk/jksjk = gjk - Vk“kAjerkgjk *
Let r = #Jy, by denoting with yq,...,y: and uy,...,u, the eigen-
values and the associated orthonormal eigenvectors of Aj, g, respec-
tively, we can write

T T
(k+1) —(k+1) (k) - (k)
99, = Z A w and gy ” = Z Hi Ui
iz

i=1
Hence, similarly to the unconstrained case, we obtain the following
recurrence formula for the gradient’s eigencomponents:

(k1) - .
HEH ) — u?‘)ﬂ —VioYi), 1€y

As a consequence, in this special case, if the selection rule (2.18) pro-

vides a good approximation of "y a useful reduction of ]ngkﬂ )| can
i
be achieved.

Let now inspect how the subsets of indices Jx—1 and Jy_7 can affect,
at each iteration, the definition of the BB2 rule. As in the proof of The-
orem 2.1, let assume that at the iteration (k — 1) the rows/columns of
A and the entries of any vector are reordered so that Jy_; is related
to the first indices and Jx_1 contains the last indices.

T T _
If Ju_1 # &, we have s!*=1) y(k*” = sét_]” UI(J]:_:)’ whereas the
norm |[y*=")|2 can be splitted into the sum Hyg::”HZ + Hyét:]”HZ.
Therefore, the steplength (1.18) can be written as
(k=1) T (k=1
oBB2 _ 941 Jx—1 (2.19)
N NI 19
lyg 15+ lyg |
and, in view of (2.17), we have
(k=1)T (k=1)
S Aj _1IJe_1S
oPB2 = . Ty - TleTokeod iy . (2.20)
=T A2 sU= =T o7 Ao . gD
et T Te—1 Tt T 01 1 Ik—1 T Ik=1k—1 20y

Both the expressions (2.19)-(2.20) emphasize that the steplength pro-
vided by the second Barzilai-Borwein rule does not correspond, in
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general, to any Rayleigh quotients of Aj, , 5, ,, and, consequently,
1/aBB2 might be outside of the spectrum of the current reduced Hes-
sian at x(*=1),

A simple way to correct (2.19) consists in redefining its value as fol-

lows

S(k—nT (k—1)
choxBBZ: T Y3,

k—1
lys= )2

For the modified BB2 rule (2.21), hereafter called BoxBB2, the follow-
ing result holds.

(2.21)

Theorem 2.2 Let {x®)}1cN be the sequence generated by the GP method
(1.50) for solving problem (2.1), where A is a SPD matrix. Let Jy_1 be the
subset of indices defined in (2.8), then we have

1 1
Amin(Ajk,1,Jk,1) < OCBB] < o(BoxBBZ < )\max(Ajk,1,Jk,1 )/ (2‘22)
k

where Amin (Ag, _, 9._,) and Amax(Ag,_, 3,._,) are the minimum and the
maximum eigenvalues of Ag,_, 5, _,, respectively.

Proof: from the definition (2.17) of ygt;” readily follows

1
)‘min(Aquﬂkq) < W < )\maX(Aququ ).
k

Similar arguments to that used in Theorem 2.1 show the remaining
inequalities. o

To provide a first insight about the different effect produced by the
steplength updating rules BB1, BB2 and BoxBB2 on the GP method,
we show the results obtained on a quadratic toy problem subject to
lower bounds of size n = 20, with ten active constraints at the solu-
tion. The eigenvalues of the Hessian matrix are logarithmically dis-
tributed in the interval [1,500] and the spectral condition number is

equal to 500.
For the GP implementation we refer to Algorithm 2, with the follow-
10-10 106 9% 9"
ing parameters setting: &in = 107", & = , g = —————.
gp g Xmin max 0 g(O)TAg(O)

The feasible initial point x(®) is randomly generated with inactive en-
tries. The stopping criterion is based on the projected gradient (2.5),
which allows to check the possible violation of the KKT conditions;
in particular, we set

lg” (x™))| < tol]g(x(@)], (2.23)

where tol = 1078,
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Figure 1: Distribution of { } (red crosses) with respect to iterations for

BB1 (top panel), BBZ (middle panel) and BoxBB2 (bottom panel)
on a toy problem of size n = 20.
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In Figure 1 the reciprocals of the the steplength o generated by each
updating rule are reported (red crosses) with respect to the iterations,
together with the eigenvalues of the Hessian matrix (green dotted
lines) and the eigenvalues of the reduced Hessian matrix (black cir-
cles). In each panel of the figure, the blue lines correspond the max-
imum and the minimum eigenvalues of the whole Hessian matrix,
whereas the blue circles at the right of each panel are used to plot the
eigenvalues of the submatrix Agx gx.

We observe that the inverses of the steplengths produced by the
BB2 method may sometimes fall outside the spectrum of the reduced

Hessian matrix, showing also a curious pattern; on the other hand,
1

o
the spectrum of the reduced Hessian matrix. In particular, the mod-
ification introduced within the BoxBB2 rule clearly acts as a correc-
tion factor for the BB2 rule, providing also a reduction of the itera-
tions needed to satisfy the stopping criterion. This general trend will
be confirmed by numerical experiments on randomly generated test
problem of larger size (see Chapter 4)).

the sequences { } generated by BB1 and BoxBB2 are able to sweep

In view of Theorem 2.2, we propose to exploit the BoxBB2 rule within
the alternating strategy (1.32), for an effective combination of short
and long steps also in the framework of gradient methods for con-
strained optimization. Hence, we denote by BoxABB i the modified
ABBnin selection in which the BB2 rule is replaced by the BoxBB2:

BoxBB2

o
3 BoxBB2 . . K
) min { o; .]:max{l,k—m(x},...,k} if —Sa
BoxABB min __ { BB1
o> = ) o (2.24)
oBBI otherwise

where T € (0,1) and m is a nonnegative integer.

Furthermore, we will denote by BoxVABB pin the variant of BoxABB pin
inspired by the rule (1.34) (1.35) with & = 1.1.

We compare the spectral behaviours of the updating strategies ABB pin,
BoxABB min and BoxVABB pin within the GP method on the toy prob-
lem. The results obtained for my = 2 are shown in Figure 2. We ob-
serve that the sequence {o%k} generated by standard ABBp, performs
poorly, due to the bad behaviour of the original BB2 steplength. The
ehnancement achieved by using the modified rule BoxBB2 within the
alternating strategies is clear from the corresponding panels in Fig-
ure 2: in both cases, the steplength sequences belong to the spectra of
the reduced Hessian matrices, and the numbers of iterations needed
to satisfy the stopping criterion are reduced by half with respect to
standard ABBnin rule, with a slight improvement for BoxVABB pin. In
Figure 3 are reported the performances of the alternating strategies
for m, = 4; in this case, the standard ABB;, rule shows a behaviour
similar to the previous one, while the modified rules are negatively
affected by this choice, resulting in an higher number of iterations.
A possible explanation is that using steplength values computed at
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too far iterations, when the inactive set is not yet stabilized, may not
be appropriate. This suggest to exploit small values for the memory
parameter my, in order to preserve the property that the inverse of
the steplength is in the spectrum of the current reduced Hessian.



2.2 SPECTRAL ANALYSIS OF THE BB RULES
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Figure 2: Distribution of < with respect to iterations for ABB,n (top panel),
BoxABBin (m1ddle panel) and BoxVABB,j, (bottom panel), with
My = 2, on a toy problem of size n = 20.
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(bottom panel), with my = 4, on a toy problem of size n = 20.
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2.3 A LIMITED MEMORY APPROACH IN GP METHODS FOR BQP
PROBLEMS

In this section we investigate the spectral properties of the gradient
projection method combined with the steplength selection rule based
on Ritz values, proposed in [45].

When we solve a problem of type (2.1) by means of the GP method
(1.50), the procedure to build the matrix G defined in (1.36) using
the whole gradients may not be convenient; indeed, in this case, the
recurrence (1.9) does not hold; as a consequence, the matrix obtained
by procedure (1.41) may not exhibit a tridiagonal structure, but it is
an upper Hessenberg matrix.

The previous analysis on the BB-based rules suggests that suitable
rules based on the information related to the inactive constraints can
improve the performance of the method. Indeed, when the set of the
inactive variables starts to get settled, a recurrence formula for the
gradient’s components can be recovered again. A first attempt at sug-
gesting a possible way to employ the limited memory steplength se-
lection rule in the framework of box-constrained optimization was
done in [69]. In particular, the authors proposed to consider a gener-
alized matrix T, called T, defined as

T= R—TGT [G g(k+m)] T ]’i—][

where the vector §(¥) is given by

(k) ggk) if §; < ng) <ug
gi = , , (2.25)
0 otherwise
G = [g™) gkt ... glktm=T)] R is such that RTR = GG and J is
the (m + 1)-by-m lower bidiagonal matrix

1
Xk Vi

J= &Yk : ) (2.26)
Xk4+m—1Vk4+m—1
1
L Xk4+m—1Vk+m—1 |

However, in [69] the spectral properties of the steplengths generated
by the suggested approach were not inspected. Thus, we propose a
special analysis, clarifying the relation between subsequent gradients
in a sweep. The idea is to introduce an adaptive strategy for setting
the length of a sweep during the iterative procedure, based on the
gradient components which provide feasible steps in a sweep. This
technique is consistent with the strategy we have adopted for the gra-
dient projection method equipped with BB-based rules: we select only
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some portions of the gradient to compute the steplengths, attempting
to approximate the inverse of the eigenvalues of a proper submatrix
of the Hessian matrix of the objective function, instead of considering
the whole Hessian matrix.

At any iteration, let consider the following subsets of N:

Fr={ieN: <x§k)—ockg£k) <uil, (2.27)
27
B =N\ Fy .
REMARK We observe that the subsets defined in (2.27) are different
from the subsets Ji and Jx introduced in the previous section; in
particular, we have

Fr<cIe and Jx < By, k=0,1,....

Based on (2.27), the entries of the iterate x'**1) generated by the GP
method (1.50) are

ie?k,

) (k) (k) _ XEM)

MR + vk (Xi — XkG;

(
1
' ng) + Vi (ygk] — ng)) i€ By,

1

(2.28)

where

Yi = (k) (k)

—Xkg; > Uy

(k) & ifx“” - ockgik) <4,
ui if x.

1

As a consequence, for any i = 1,...,n, the new gradient components
are given by

k+1 (k+1)
Z aij%; bi =

(k) k k k k
= Z au( —vkocw]f )>+ Z aij (X]( )_Vk(xj( )—Vj( ))>_bi:

jeFx jeBy
5 k) _ Y(k)
= 95 : — Vk&k Z aijg]g — Vk Xk Z al] S J
jeFk jeBy
From the previous equation we can write
(k) (k) _(k+1) : (k)
o k k+1 XV k
AF 597, = [szk 97, } | T Asap (2.29)
Xk Vi

where p(¥) is a vector with n entries defined component-wise as

0 ie ffk,
pgk) = (k) _, (k) (2.30)

X —Yi .
T 1€ ka.
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At the next iteration, using the same argument employed to obtain (2.29),
we get

1
(k+1) _ [ (k+1)  (k+2) K1 Vi1
1

(k+1)
Agii T 97, Tyt Fr !

- A?kH,Np

Xk+1Vk+1

(2.31)

with the obvious definitions for Fy 1 and By 1. Under the assump-
tion Jx N Fxy1 # J, we consider the following subsets of indices
by taking into account all the possible cases that may occur at the
(k + 1)-th iteration:

Fxst) = FunFerr,

—x

-rf(k,kJr]) = F\(Fx 0 Frepr),
—k+1

?(gkﬂ) = T\ (T n Frepr).

From (2.29) and (2.31), we may write

A (k) (k+1) | _
Fokr1F (k1) 93(1(,,(“) Flkt1)
1
XK Vi 0
_|: ) (k+1) (k+2) } 1 1
gfﬂk,ku) 93"kk+1 Fex+1) Vi Ok +1 Vit 1
0 1
X1 Vi1
_ k k+1
Ag:(k,kJr])rN [p( ) p( )} +
k k+1
_ - A _ (k1)
Tk T k1) “Fiorny k1) F o) Frorit)

The argument can be generalized to a sweep of length m starting

from the iteration k. By defining F yym_1) : k““ K3 s, we have
Ag:(k,k+m71]rg:(k,k+m 1 [9? Klbmo1) gt:::;j?]] =
[93" Kkim—1) g?:::])) él((:l::m—m} T+
— A e N [p(kJ . p(k+m—1)] +
- [A:’r(k/k+m—1)f3r](<k,k+m—ﬂ g%l,kmq) o A?(k/ﬂm—”'?]((‘:g;l—” 9%351:_;11)) ’

where J is the (m + 1)-by-m lower bidiagonal matrix given in (2.26).
If x5 € Fkym—1), forj=0,...,m—1, the term
(k+j)

A =k+j g =k+
Flikrm—1)T krrm_1 Frrrm1) T frrmo1
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does not contribute to the previous relation, which can be rewritten as
A [ (k) (k—l—m—])} _
T kk+m—1)/3:(k,k+m—]] g:}d(k,ker.fl) g(kk+1n 1)

(k+m—1) (k+m) }
9? (Kk+m—1) Flkrm-1) F e k+m—1 ]+

k+mf1)] i

(2.32)

AT N [P p'

In order to preserve the validity of (2.32) and correctly neglect the
B (k-+5) 0

gr(k,kerf] ]13:112,41?4»1717] ggj[k k+m—1) ?tilm 1 ! J Tt

pose to interrupt a sweep and to restart the collection of new re-

stricted gradient vectors when the condition

term A m — 1, we pro-

Fir; € Forsmot)y 1=0,...,m—1, (2.33)

is not satisfied. In this way we develop a technique which adaptively
controls the length of the sweep, up to the given value m. Typically,
at the beginning of the iterative process, this condition does not hold
and the length of the first sweeps is equal to 1, at most; however, as
the number of iterations increases, the components that are going to
be projected onto the feasible set ) tend to stabilize and, as a con-
sequence, condition (2.33) starts to occur for a growing number of
iterations.

Hereafter, let suppose that (2.33) holds. The equality (2.32) may be
considered as a possible extension of the equation (1.37) that holds in
the unconstrained framework. Hence, in presence of box-constraints,
we suggest to avoid the storage of m back whole gradients vectors, by
considering m back gradients restricted to the set of indices Fy y 4 m—1)-
Driven by these considerations, our implementation of the limited
memory steplength rule for the constrained case is based on the fol-
lowing submatrix of the matrix G:

(k+m—1)
G ktm—1) [95kk+m] Qg[k,:mfn . (2.34)

Given m > 1 and the m x m matrix R(y x4 m—_1) such that

T T
R(k,k+mf1)R(k,k+m*]) = G(k,k+mf1)G(k,k+m*1)’

we propose to compute, at each new sweep, m steplengths as inverses
of the eigenvalues of the symmetric matrix

7 - T
Tiek+m—1) *Rkkﬂn 1)G(kk+m 1)A (kam—1)F (ktm—1) G(kk+m 1)R(kk+m 1) (2 35)

with the aim of approximating the inverses of the eigenvalues of the

matriX Ag o T ome -
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REMARK This idea mimics the approach proposed for the BB-based
rules in the box-constrained case. Indeed, under the special assump-
tionsm =1, Fx_1 = Fr and vir_1 = 1, in view of Y(Bkk) = X(Bkk), the
recurrence (2.29) can be simplified as

k+1)

( )
97,

k k
= g;k) — VkockAgklgkgér .
Let denote with {81,...,8:} and {wq,..., w;}, respectively, the eigen-
values and the associated orthonormal eigenvectors of Ag,_g, where
o k+1 (k4T k _(k
T = {F); by writing gét; b=y al* w; and gérk) =3 wl My,
we obtain the following recurrence formula for the eigencomponents:

_(k+1 _(k
E—l—) Hg)(

1— vk(xkéi).

This means that if the selection rule provides a good approximation
of %, a useful reduction of |;1£k+1 ) | can be achieved.

We underline that, if m = 1, ay is computed in order to estimate the
inverse of an eigenvalue of Ag,_ , 5, ,; obviously, if Fx_1 = Fi, ax

can also provide a good approximation of 5% and thus reduce the cor-

responding component | a£k+] ) |

In view of (2.32), the matrix T(k,k+mf1) defined in (2.35) has the fol-
lowing form

Tikrm1) = Riome ) Sliesmt) [Gtsm 1) 95 | TR ermor+
- RFka+m—1)G(Tk,k+mf1]A?[k,mm—H'N' [p(k) P(k+m7”] R(ktk+m—1) =
= [R[k,k+m—1)/ r[k,k+m—])] TRHQ,qu)"‘
R 1) Gl me 1) AT s N {p(k) .. .p(k+m71)} R mot)s

(2.36)
where the vector (i x ;. m_1) is the solution of the system

T T (k+m)
R(k,ker_] )Tk, k4+m—1) = G(k,ker—Ug?(k,ker,n'

From a practical point of view, we want to avoid to explicitly use
the matrix A{}“(k rmo 1N hence, we do not consider the exact rela-
tion (2.32), but its inexact version where the term

k)

p(k+m71)}

Ag(k,k+m—l N [p(

is neglected. For this reason, we do not compute the eigenvalues of

T(k x+m—1) but the eigenvalues of the symmetric part of the matrix

ip—1
Z(k,k+m—1) = [R(k,k+m—1),T(k,k+m—1)] IR(k,k+m—1)‘

To explain the relation between the eigenvalues of T(krkﬂn_]) and
those of the symmetric part of Z x;m_1), we start to clarify the
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details of our approach in the easier case of m = 1, where T( K k+m—1)
reduces to a scalar.

In this case, at iteration k+ 1 only one gradient is available Gy = ggi).
We are interested in computing

Tk = RETG{Agk,ngkRE],
where
KT (k Kk Kk Kk Kk
GLGK = oft) o = /(a5 T\ (9510l = RIR.

Then, using (2.29), the matrix Ty is given by

1

—T,~T k (k+1 Xk Vi k -1 _
RCTGL [ o) oY) | T Asart R =
_“k‘vk
)7 (k) (k+T1)
_ 97, 97, — 97, (%) 1
- _A:}"k,j\fp T - (2'37)
)T (k) Xk Vi ®)T (k)
95, 97, 97, 97,
)T (k)
_ g?k Agkr?kggk
N T )
95, 97,

Hence, in the special case m = 1, if we consider the exact expres-

sion of Az, g, Gk given by the right-hand side of (2.29), we obtain as
()T

(k
. . ~ 95, Asps
unique eigenvalue of Ty the value ———*

)

9 1 .
o7 %< which is the inverse
T Ik
of the Rayleigh quotient of the matrix Az, 7, .

However, in practice we compute the scalar

(95T Az 5,95 (95T Az, )
Ze= = + (2.38)
(K)yT (k) ()T . (k)
(95, )97, (95, )95,

that is a value in the spectrum of Ag, g, affected by en error, due
to the presence of the second term at the right-hand side of equa-
tion (2.38). An estimation of this error, at iteration k + 1, is given by
|Ag, ™|
Pks — o
(k)
lgg, |

From equations (2.28) and (2.30), the following results hold

by _ ey = x| wo, _ e = x|
(R — Ky K d Ky k
o= ol = =2 = and gy | = =
As a consequence,
(k (k (k+1)
s s sy | _ Az ips|  IAgs b, —xg)l
- k+1 (k)
loz, | loz, | o x|
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From this bound on py, we can state that, when k is sufficiently large
so as the components to project onto the feasible region are almost
settled, the error py is negligible and the steplength o1 is approx-
imating the inverse of an eigenvalue of As_g, . In the more general
case m > 1, we compute the eigenvalues of the symmetric part of

Z(x x+m-1) given by

- 1
L ktm—1) = 7 (Z(k,mmq) + Z(Tk,Hm_])) . (239)

Then, from equation (2.36) we have
Zirerm-1) = Term-n)+
LT Gl A (K) ... plk+m=T)] R]
2 (kk+m—1) 2 (kk+m-1)" Ferrm-1) N [P - P (kk+m-1)) T (2,40)
] R, T (x) (k+m—1) TAT G R!
(kk+m—1) [P 7P Fikrm—1)N " 2k+m=1) " k4m—1) )

A result of perturbation matrix theory (see Corollary 6.3.4 [55]) en-
sures that

“n|l, (2.41)

N (Zickrm-1) =N (Tagkrm-1)| < [Zogkrm-1) —

where A (C) is the j—th eigenvalue of C. By denoting with ||D|¢ the
Frobenius norm of a matrix D, the right-hand side of (2.41) can be
bounded from above as

|Zacrrm—1) = Taekem-1 <
\H (k,k-+m— 1) kk+m 1A'J"kk+m 1)N{P(k) p(k+m 1] kk+m 1 H\
< Aiemna [p00 o O] [IRGL <
< |Agpmona] [P0 - PO IRGL ) <
<A [P0 o pOrmD] | IRG )l <
<Py 5 P 1
where in the second inequality we used
IR kk+m 1) kk+m 1 H_\/”Rkker 1) Tkk+m—1)G(k/k+m 1 R(lijrm 1) =T

We can conclude that, if m is relatively small, the matrix Z(k,k+m—1)
approaches the matrix T(klk+m,1) as the number of iterations k in-
creases.

We now report a first result on the behaviour of the the described
approach on the toy problem of size n = 20 considered in Section 2.2
In particular we compare the behaviour of the GP method combined
with
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* the original limited memory steplength selection rule that col-
lects the whole back gradients, here named LMGP;

¢ the modified limited memory steplength selection rule suggested
in [69], which considers the modified gradients given in (2.25),
named Box-LMPGT;

¢ the modified LM steplength selection rule suggested in this sec-
tion exploiting the matrix G x4 m—1) defined in (2.34), which
we refer to Box-LMGP2.

The considered methods share a monotone Armijo linesearch (1.27)
and the stopping criterion defined by (2.23), with tol = 1078.

In Figure 4-5-6 we report the behaviour of {o%k} (red crosses) with
respect to the eigenvalues of the Hessian matrix (green dotted lines)
and the restricted Hessian submatrix (black circles) at each iteration k,
for m = 3,5,7. We observe that the inverses of the steplengths pro-
duced by the LMGP method may sometimes fall outside the spec-
trum of the restricted Hessian or even the spectrum of the whole
Hessian, while the other two approaches are able to restrain this ef-
fect. In particular, the sequence {o%k} generated by the Box-LMGP2
scheme, belongs to the spectra of the current restricted Hessian matri-
ces, providing also a reduction of the iterations needed to satisfy the
stopping criterion. Indeed, the effectiveness of the Box-LMGP2 proce-
dure allows an earlier stabilization of the active set, with respect to
the other two approaches, and seems to be less sensitive to the length
of the sweep thanks to the adaptive strategy.
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Figure 4: Distribution of o%k (red crosses) with respect to iterations for
LMGP (top panel), Box-LMGP1 (middle panel) and Box-LMGP2
(bottom panel) on a toy problem of size n = 20, for m = 3.
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Figure 5: Distribution of {o%k} (red crosses) with respect to iterations for

LMGP (top panel), Box-LMGP1 (middle panel) and Box-LMGP2
(bottom panel) on a toy problem of size n = 20, for m =5.
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Figure 6: Distribution of {“ik} (red crosses) with respect to iterations for

LMGP (top panel), Box-LMGP1 (middle panel) and Box-LMGP2
(bottom panel) on a toy problem of size n = 20, for m =7.






STEPLENGTH SELECTION IN GP METHODS FOR
SINGLY LINEARLY CONSTRAINED PROBLEMS
SUBJECT TO LOWER AND UPPER BOUNDS

This chapter is dedicated to extend the spectral analysis of the GP
method to a more general class of constrained optimization problems,
which differs from the previous one due to the presence of an addi-
tional linear equality constraint:

QB*ML (3.1)

where f(x): R™ — R™ is continuously differentiable function,

Q={xeR": {<x<u vix=el (3-2)
and {,u,v € R™, e € R. The feasible region Q) is assumed not empty.
We refer to (3.1) as the general SLB problem. The study of this mini-
mization model is quite relevant since it allows to formalize real-life
applications in different areas, such as imaging, signal processing,
machine learning and portfolio optimization (see for example [7, 8,

57, 67, 83]).

The chapter is organized as follows. In the first section we briefly
recall the optimality conditions in the quadratic case; in Section 3.2
we introduce the main properties of the Hessian matrix restricted to
the tangent space of the active constraints at the solution, which is
involved in the spectral analysis of the BB rules of Section 3.3. Finally,
the analysis is extended to the non-quadratic case and variable metric
GP schemes.

3.1 OPTIMALITY CONDITIONS

We start our analysis from the simpler case of a SLB quadratic pro-
gramming problem (SLBQP) of the form:

. _ T T
gélgl’)lf(x) = 5% Ax—b'x+c, (3.3)

where A € M, (R) is a SPD matrix, b € R™, ¢ € R, and the feasi-
ble region Q) is defined as in (3.2). Problem (3.3) admits a unique
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solution x*, satisfying the KKT optimality conditions, i.e. there exist
VP* e R and pu*,v* € R™ such that
(

g(x*) - ll)*v - "‘L* +V* = O/

T, %

vix* =e,
9 (3.4)
u*(x*—?,):(), X*_€>0/ H*BO,

(V¥ (u—x*) =0, u—x*>=0, v¥ =0,

where the products between vectors have to be intended component-—
wise. We denote N = {1,2...,n}, J* = {ie N: x{ ={;, x{ =uy}, and
J* = N\ J* with cardinality m = §J*. Apart from trivial cases, we
assume that 0 < m < n, i.e. @ < J* < N, and that v and the columns
of the identity matrix of order n with indices in J* are linearly inde-
pendent. Consequently, the entries of v corresponding to J* are not all
equal to zero. For the sake of simplicity, we assume that the rows and
columns of A and the entries of any vector are permuted so that J* is
related to the first m indices and J* contains the last n — m indices.
As for the box-constrained case, we will show that the reciprocals of
the steplengths defined by the BB rules are related to the spectrum
of special matrices obtained by restricting the matrix A to the sub-
spaces depending on the constraints that become active during the
iterative process. To this end, we first introduce the definition of Hes-
sian matrix restricted to the tangent space of the active constraints at
the solution and then we suggest a possible way to approximate this
matrix during the iterations of gradient projection schemes.

3.2 THE HESSIAN MATRIX RESTRICTED TO THE TANGENT SPACE
OF THE ACTIVE CONSTRAINTS AT THE SOLUTION

Let S* be the surface defined by the active constraints at the solution.
The tangent space T7*(x*) to the surface S* at x* is defined as

T (x*) = {xe]Rn : [onm,q} 13*] X = Onm+1,1}
v

= range(lo Lo ]) N ker(vh). (3.5)

Let 7% = T%(x*). Taking into account that the dimension of the surface
of the active constraints is (n — m+ 1), we have that the dimension of
T* is (m — 1). We can consider the matrix A* € M, (R) given by

A* =AY (3.6)

where U* denotes an n x (m — 1) matrix whose columns are an or-
thonormal basis of T*. We call A* the Hessian matrix restricted to
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the tangent space of the active constraints at the solution, hereafter
named restricted Hessian matrix. Let observe that this matrix is the ob-
vious generalization to the SLB case of the reduced Hessian matrix
arisen in the box-constrained framework.

In order to characterize the SPD matrix A*, some useful results on
projection matrices are collected in the following lemmas (see Ap-
pendix for the proofs).

Let V and W be two subspaces of R™ such that R" = V@ W.

Lemma 3.1 A matrix P € M, (R) is a projection matrix onto V = range(P)
along W = ker(P) if and only if

P2 = P. (3.7)

Let P be a projection matrix onto V along W and let x =v+w,veV,
w € W. The matrix Q = I, — P satisfies Qx = (In — P)x = w and

Qz = (In_P)z :IT‘L_2P+P2 :In_P:Q/
then Q is a projection matrix onto W along V. We also have
PQ =P(ly—P)=P— P> =0,

implying range(Q) < ker(P); from Lemma 3.1, range(Q) = ker(P).
Similarly QP = O, then range(P) = ker(Q).

Lemma 3.2 Let V be subspace of R™ and let V* denote the complement
subspace of V. A matrix P € M, (R) is an orthogonal projection matrix
onto V along V* if and only if

P2=P and P'=P. (3.8)
Furthermore, the eigenvalues of P are 0 or 1.

The following result descend from the previous lemmas and gen-
eral results on spectral decomposition of symmetric matrices.

Lemma 3.3 Let u € R™ be a non-zero vector and let 'V be the subspace
T

uu

ulu

of R™ spanned by the vector u: V = range(u). Then, the matrix V =
is the orthogonal projection onto V. Moreover, it holds that

(a) the spectral decomposition of V is

V=W [Om—l,m—1 Om]—],l ] WT,

Ol,mfl

where W = [W w} is an orthogonal matrix of order m such that
W e My m-_1(R), w € R™; the subspace range(V) = range(w) is
the one-dimensional eigenspace associated to the eigenvalue 1, whereas
ker(V) = range(VV) is the eigenspace of dimension m — 1 associated
to the eigenvalue 0;
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(b) Let P =1, — V. The spectral decomposition of P is

Im—1 Om-1,1] \/T.
P=W O],mll S Iw
the subspace range(P) = range(W) is the eigenspace of dimension
m — 1 associated to the eigenvalue 1 and ker(P) = range(w) is the
one-dimensional eigenspace associated to the eigenvalue 0;

(c) P = WWT and V = ww’, with WIW = I,,_1 and ww = 1,
w =y, furthermore W is an orthonormal basis of range(P) =
V+ =ker(u’).

By using the notation v’

= {v}* Vg*} and applying Lemma 3.3 with
U = Vg« it is possible to construct the matrix U* involved in (3.6).
Indeed, if P* denotes the orthogonal projection onto ker(vl,), from
part (c) of Lemma 3.3, there exists a matrix W+ e M, m-1(R) whose

columns are an orthonormal basis of ker(v..). Consequently, the ma-

trix U* = [o w } provides an orthonormal basis for 7%, since any

n—m,m—1
vector x € T7* can be expressed as xI = [x}* Xg*} with xq+ € ker(v}*)
and Xgx = On—m,1 .

The spectrum of A* plays a crucial role in the analysis of the steplength
rules, as we will see in the next section.

3.3 SPECTRAL ANALYSIS OF THE BB RULES RELATED TO APPROX-
IMATING RESTRICTED HESSIAN MATRICES

Since both the matrix A (and consequently A*) and the solution x* of
problem (3.3) are not generally available, we need to provide a way
to realize a sequence of suitable approximations of A* during the it-
erations, in order to highlight the relationship between the spectra of
these approximating matrices and the BB rules.

Let consider the set of indices introduced in (2.8), and assume that
the rows/columns of A and the entries of any vector are reordered so
that Jy_1 is related to the first my = fJy_; indices and Jx_1 contains
the last n — my indices.

Let Px_1 be the orthogonal projection onto ker(v}k_] ):

1
T
Prar =1y — Vo4V, - (3.9)
vjk,1vjkfl

From part (c) of Lemma 3.3, there exists a matrix Wi._1 € My, m.—1(R)
such that

P =W 1 W), (3.10)
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and the n x (my — 1) matrix
- Wi
Ug 1 = [ o ] (3.11)
n—my,my—1
is an orthonormal basis for the subspace

T

‘-Tk—1 _ {X cR™ - [on—mk,mk Iﬁkl] X = On—mk+1,1 } . (3.12)
A%

Therefore, the SPD matrix U] ;AU _; represents an approximation
of the matrix (3.6) at the iteration k.
Recalling that y*—1) = g(¥) — g(k=1) we introduce the vector:

tm1 = gk — v — (g1 —py_qv) =y — (P = hr_1)v, (3.13)

where the quantities \_1 and 1y are defined as

k—1 k
vl 95, vl 95,
=190k 0190
Y1 =—F———, 3 (3.14)
vjk,1vjk71 vjk,]vjkfl

The values (3.14) correspond to approximations computed, respec-
tively, at iterations k — T and k of the Langrange multiplier {* asso-
ciated to the equality constraint (see KKT conditions (3.4)). We notice
that quantities similar to t(k=1) were also considered in the frame-
work of interior point methods [54].

(k=1)
Ty
The vector (3.13) can be partitioned as =) — [ (:_:)] , where
Yo
(k=T1) (k=T1) X T (k=1)
tjkq = Pk—ﬂijf1 = Wk—1Wk—1yjk71 . (3-15)

To better understand the role of tétj” within the definitions of the

BB steplength rules, we need to prove the following lemma.

Lemma 3.4 Given s(¥=1) = x(®) —x(k=1) gpng t(k=1) g5 iy (3.13), it holds
that

(a) s(k*”Tv =0;
T
(b) Sgt_]” Vi1 :0,'

T (e 0T (ke (k=T (k—1)
(C) S(k 1) y(k 1) — S(k 1) t(k 1) — Sf]k7] jk7] .
Proof: (a). s~1 )Ty = 0 since both x(*~1) and x(¥) satisfy the equality
constraint vix = e. T
(b). We show that sé::” vy, _, = 0. Indeed,
T T T T
0=sk=1"y = Z sgk Dy Z sgk iy = Z sgk Ry

iEjk_1 iegk_1 iEjk_1
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where the last equality holds since s g:;” = On—m,,1 from the defini-

tion of Jy_1.
(c). From parts (a), we have that

T _ T _ T _
o= T (k=1) _ ((k=1) (y(k 1)_(¢k_¢k_1)v) — sl Ty lke=1))

(3.16)
(k=1)

and, since s~ = On_m,,1, the last equality follows easily. o
Lemma 3.4 allows to state that the classical formulation (1.17) of the
first BB rule provides a steplength depending only on the indices
belonging to the subset Jy_1:

(k=T (k=1
oBBT — S(k_])Ts(k_” . S Jy—1 (3.17)
K ste=Ty=1) (=1 T (k=1) >
Jx—1 Jx—1

As in the box-constrained case, the rule o8B! computes the steplength

by capturing, in a natural way, the information related to the current
inactive constraints, discarding the effect of those constraints that re-
main active in the last two iterations. The original BB2 rule does not
fulfill a similar property, due to the special form of its denominator.
By analogy with the modified rule (2.21), we suggest the following
rule

T _
o(EQ—BBZ — S(k 1) y(k 1) (3 18)
k (k=1 T, (k=1)" '
ti] J
k—1 k—1

It is worth noting that the BB rules (2.11)-(2.21), obtained in the box-
constrained framework, are special instances of (3.17) and (3.18), in
the case where the SLBQP problem (3.3) reduces to (2.1) . Therefore,
the following theorem extends the result of Theorem 2.2 to the case
of SLBQP problems, showing that the reciprocals of af8! and cxﬁQ'BBz
give spectral information related to the approximating restricted ma-

trix Uy_;AUy_1, at each iteration.

Theorem 3.1 Let {x(®) }1cn be the sequence generated by the GP method
(1.50) for solving problem (3.3), where A is a SPD matrix. Let Ji._1 be the
subset of indices defined in (2.8) and then we have

)\min(u{_1Aﬂk—1) < @ < ﬁ < }\max(u{_]Aﬂk—l) (3‘19)
k

where Anin (U] A1) and Anax (U] AUyx_1) are the minimum and
the maximum eigenvalues of Uy_4 AUy _1), respectively, and U] _, is de-
fined as in (3.11).

Proof: In the following, we drop for simplicity the iteration counter
k —1 from Jy_1 and Jx_1. In view of the gradient projection iteration

(1.50), we have that the entries of the iterate x¥) are
(k) ng_” + Vi—1 (r§k_” — ng_”) foriel],
L (k=1) (3-20)

X; forie,
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where rgk_” = (Mo (x™* 1) —x_1g*=1));,1 € 9. The vector s(k—1)

can be partitioned as follows

) k—1) (k—=1)

Vi (61 k)

Og,1

N
slk=1) — ?k_” (3.21)
i

Any entry ggk),i = 1,...,m, of the gradient g(*) has the following
expression:

n
K K
g = Zaijx§ by
=1
k-1 k-1 k-1 k-1
= Y aylx] )+ka1(T§ )—X]-( )))Jrzaijxj( '~
jed jed
k-1 k-1 k-1
= 91(' )—i—\/k_]Zaij(Tj( )_Xj( ))-
jed

Consequently, from (3.21), we can write

) (k=1)

Aj,jsj
) 1) . (3.22)
Yy Ag,38g

(k—1
(k=1) _ [ Y7
- (k—1

Y

Furthermore, from Py_1 = Pﬁ_] it follows that

(k=1) 1 T (k=1) _ (k=T)
Py_184 = (Ig — v}vjvgvj> Sg = sy . (3-23)
Hence, from (3.23) and (3.10) we observe that

k1) T (k=1) — s(k—HT (k—1)

st g Sq = sék_])

T
(k=1) _ o7 (1)
Proisy = [Wiysy 2 (3.24)

From (3.15), (3.22), (3.23), (3.10) and (3.11), we obtain

T T (e
s =TTy (k=1 :Sgk 1) tgk 1)

k-1)T
=

k—1)
k k—1
= S84 Pk_]Ajljsg ) ( )
3-25

T (k—1)

= sy Pr_1Ag9Pr_154
T 5 % % % k—1

= VT W W A g Wi W s

k-1 T % ~ ~ % k-1
= sV W U AT W sl

From (3.24) and (3.25), we can conclude that 1/aPP! is the Rayleigh

quotient of the matrix U} ;AU _; at the vector Wy _, sgk_” ; then,

from the extremal properties of the Rayleigh quotient, we have

}\min(ﬂ—]g_1 Auk—] ) <

N

W )\max(ul_] Aﬂk—] )

k

53



54 STEPLENGTH SELECTION IN GP METHODS FOR SLB PROBLEMS

Similar arguments to that of (3.25), enable to write
-1 x ~ ~ % -1
57 = Wiy O Al Wi, (3.26)

As a consequence, recalling that WE_1 Wi_1 = I;n_1, we obtain

k-1 T, (k-1 k-1 T\ % " - % k-1
tg ) t:(] ):sg ) Wk,1(U{,1AUk,1)2W]L1s§ ), (3.27)

Since ﬂ{_1 Aly_; is a SPD matrix, we can introduce the vector
_ ~ ~ ~ k—1
21 = (O A1)V 2W s, (3-28)

so that the scalar product in (3.27) can be written as

7T (k=1 1\ T~ ~ _
T ) — 0T AT g2, (3-29)

and

k=1 T (k=1)

T
s y _ =T (k1)

Hence, 1/ ocEQ'BBZ is the Rayleigh quotient of the matrix U} ;AUx_4
at the vector z(*~1) and the following inequality holds
~ - 1 ~ ~
Amin (U1 A1) < —pgpy < Amax (Ut All-1)- - (3:30)
k

Finally, from the Cauchy-Schwarz inequality, it follows that

T e (k=1)T, (k=1)
1 :S(k ") y(k " _ ke J—1
oBBl o (ke-1) Tg (k1) (k=DT (k=1
Jk—1 Jk—1
(k=1) 1. (k=1) (k=1) 110 (k=1)
Isg., "Mts 1 ltg_, Mlits, "
= .31)
ISR s ) 63
Jx—1 Jx—1 Jx—1
k=1)T (k1) k=1)T (k—1)
tjk—] tf]k—1 _ th_1 Tk_1 _ 1
(=D (k=1) (k=) Ty(k=1) — FQBB2”
Jx—1 Jx—1 k

REMARK The spectral properties described in Theorem 3.1 are use-
ful to highlight the ability of the BB steplength updating rule to foster
a reduction of the quantities \ggk_” —Px_1vi|, 1 € Jx_1, which is a
remarkable skill since at the solution x* we have gq« (x*) — P*vgx =0,
as prescribed by the KKT conditions. The next theorem is crucial to
prove the mentioned ability.
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Theorem 3.2 Let assume that Jy_1 = Jy and
< (”Q(X(k_]) — k-1 g[k_] ))> <y, ie k1.
1

The following equality holds:

K k-1
Pkgﬁk) = (Im, — &k 1Vk—1Px—1Ag, 19, Pk_1) qugék_] .

(3:32)
Proof: By using equations (3.21)-(3.23) and the assumption Jx_1 = Jy,
we can write
k k—1 k—1
Pkgékj = Px (ngf1 )+A9k,1,ﬂk,185k71 ))
)+Vk—1 Pr_1Ag, 9, Pr—1 (T““” —X

(k_n), (3:33)

_ (k=1
= Pr 9914 J—1

where r(k=1) = (]‘[Q(X(k—‘) X g(k—l))>

1

(k) (k—=1) k=1) ~ ug,_,, the vector

. . (
Since Xg = Xg and {5, <

ﬂQ(x(k_” — X1 g(k_”) can be partitioned as follows

Mo(x™ "V —aeag™=1{ "\
X3
k—1
Let denote € = e — ngq xg:]] ), the vector r(¥=1) solves the problem
_ . 1 _ _
&1 = arg min EHT_ (x* D — g 1g™ My 2 (3.34)

{'r : VJT r:é}
k—1

From the KKT conditions related to problem (3.34), the vector r(*~1)

has the following expression

_ k—1 k—1
rl=T) — xgk_] ) _ ock_19§k_] )—i-

T (k=1) (k=1) ~
. Vi, (Xjk—l Xk-19g, , )Vj 4 VI, _4
T k1 TOT
vjk71vjk*1 vjk,1vjk71

vj' xék ”vg
— — — _ k—1
= x(k " —(kalggk [ 1T k] + (3-35)

Tk k-1 vl Vo,

o 1vT (k—UV ~
k=19, 195, Vi vy,

T T
\)jk,]vjkf1 vjk,]vjkfl

(k—=1)
Jx—1

k—1)

— &Xk—1Pr—1 gék_1

From equations (3.33) and (3.35), the thesis is proved. =

Assuming Jx = Jx_1, as immediate corollary of Theorem 3.2 we have

Wkwlgé‘:) = Wit (Imy—1 — (quvkqﬂl_ﬁ\ﬂkq)W{qg;(;l:;”, (3-36)
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where (3.10) is used; in this case Wy._1 = W4 and, due to the linear
independence of their columns, from (3.36) it follows that

T (k - ~ % k-1
ngék) = (Tmy— —Oék—Wk—]U{qAUk—l)WE_19§,<_1 ' (3.37)

If we denote by (A1,...,Am 1) and (&1,...,&Em, —1) the eigenvalues
and the associated orthonormal eigenvectors of ﬂ{q Aly_1, we may

ite WTglk -1k i k—1 1 (k=T
write nggk) = 2 Vg &5 and W]quékq )= o YE Jes.

i=1
For the eigencomponents ng) the following recurrence formula can
be easily derived from (3.37):

ng) = (1—06k71\/k717\i)1’£k4)r i=1...,mc—1 (338

Formula (3.38) highlights that, if ax_7 is an accurate approximation

of the inverse of an eigenvalue of ﬂ{_]Aﬂk_h since vy € (0,1], a

(k=T1)

reduction of Yi ‘ is obtained.

ng)‘ with respect to

Therefore, a reduction on the eigencomponents of W ggt) results

in a reduction on the quantities Hggt) —yvyg, ||, as the set Jy tends to
stabilize; indeed, when Jy_7 = Ji, we may observe that

(k) 0 Vi 9§k) (k)
_ k k _
95, —Wxva, = g5 — T va, vy, = Prgy
k
T (k=1)
v g
(k=1) (k—=1) Jk—19Tx_1 (k—1)
95, , —Wk—1va ., = 9y, T v, Ve =Pr_19y,, -
Jk_1 jk 1

By recalling that P*gg«(x*) = W*W#*Tg4x(x*) = 0, we can conclude
that the use of a steplength rule providing good approximations of
the inverse of the eigenvalues of U] ;AUy_1 can be a fruitful strat-
egy for accelerating gradient projection methods for problem (3.3).

We provide a first example of the spectral behaviour of the GP method
combined with the steplength updating rules BB1, BB2 and EQ-BB2,
on a SLBQP toy problem of size n = 20, with ten active constraints at
the solution and such that the eigenvalues of the Hessian matrix are
logarithmically distributed in the interval [1,500]; the spectral condi-
tion number is equal to 500.

For the GP implementation we refer to Algorithm 2, with the follow-

T
9[0) 9(0)

g0 TAg(0)’
We remind that the projection onto the feasible set () can be formu-
lated as a root-finding problem and have been effectively computed
by means of the secant-like algorithm developed in [28]. The feasible

ing parameters setting: omin = 10770, atynax = 10°, g =
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initial point x(°) is randomly generated and then projected into the
feasible region. The stopping criterion is defined as:

[xt®) —x* =1 < tol, (3-39)

with tol = 10~7. Figure 7 shows the distribution of the sequences
{o%k} generated by each rule with respect to the eigenvalues of the

matrices ﬂ{_] All_1, during the iterative procedure. In each panel,
at the k-th iteration, the black circles denote the eigenvalues of the
restricted Hessian matrix ﬂ{_1 Aly_1, whereas the reciprocals of the
steplengths oy are plotted by red crosses; the blue lines correspond
to maximum and minimum eigenvalues of the Hessian matrix A and
the blue circles on the right denote the eigenvalues of the restricted
Hessian matrix at the prefixed solution x*. These plots confirm the
ability of the reciprocals of BB1 and EQ-BB2 steplengths to sweep the
spectrum of the restricted Hessian matrices, while the reciprocals of
the steplengths produced by the original BB2 scheme are placed near
the largest eigenvalues of the restricted Hessian matrices during the
iterative procedure, and seems unable to sweep their whole spectra.

By analogy with the box-constrained case, the previous analysis
suggests that the modified BB2 rule (3.18) can be exploited within the
alternating strategy (1.32) and its adaptive version (1.34). The result-

. . . . EQ-ABB
ing updating rules will be denoted, respectively, by ockQ min-and
EQ-VABBy; .
ockQ min summarized below
EQ-BB2 o TP
. ) min{oc. : tj=max{l,k—m ,...,k} if k<1
oEQVABB i _ j ) { ”‘} oBBT “ (3.40)
oBBl otherwise

where my < 0, Tk is updated as in (1.35); for Tx = 71 the steplength
ociQ'ABBm“‘ is recovered.

We can guarantee that 1/ OLEQ'VABB‘“‘“ and 1/ ocEQ'ABBm‘“ belongs to the
spectrum of U] _; AUy _1 at any iteration only when my = 0. Indeed,
if my > 0, the inequalities (3.30) do not hold, in general, for oc;EQ'BBZ
with j = max{1,k — mg},..., k — 1. However, small values for my
are acceptable since the final active set stabilizes at some point of
the iterative process. We compare the spectral behaviours of the up-
dating strategies ABBmin, EQ-ABBpin and EQ-VABBi, within the GP
method on the previous toy problem. The results obtained for my = 2
are shown in Figure 8. We observe that the pattern shown by the se-
quence {O%k} generated by ABBpnin is negatively influenced by the
presence of the standard BB2 rule, resulting in a poor behaviour. The
improvement achieved by using the modified rule EQ-BB2 within the
alternating strategies is clear from the corresponding panels in Fig-
ure 8.
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3.3.1 The non-quadratic case

In this section we derive the spectral properties of ofB! and «
when the GP method is applied for solving a more general constrained
problem of type (3.1).

The multidimensional variant of Taylor’s theorem [65, Theorem 11.1]
allows to write the following equation:

EQ-BB2
k

:
y=1) = f V2 f(x k1) 4 ps=T))s(k=T gy, (3.41)

From (3.15) and (3.41) and by recalling that sgk - = On—m,,1,itholds

k—1 _
t:(]k 1) = [Pk—l Omk,n—mk]y(k (R
1
_ J Pk—]vzf(x(k_”+ps(k_]))Uk,],Jk,wS:(]::j:)dp~
0
From th lity s Y = P15tV and th ties of proj
rom the equality s; " = Px_1s5 ' an e properties of projec-
tion matrices, we have
-1T (=1) _ (k=11 (k=1)
sl Jy( ) AR T

k—1 ~ ~ _ _
— ng) LWk1W]I1V2f(X(k DppstkTy, g

(k—1
Wi Wi_ys5%Ddp

1
s W | (UL PR s )
1)
WT 1331: . dp. (3-42)
(k—1)

) _ T .
Since 551:_1” Wy W 1sjk = sk~ " s(k=1) from the previous

equation we can conclude that 1 /ociQ'BB1 Corresponds to a Rayleigh

quotient related to the average matrix UT sz( ) ps( =TTy

along the vector W sg::”

In order to give a similar interpretation for ociQ'BBz

linear function ¢: R™~! — R™~! defined as

, we consider the

d)(XV\/) =Zw = WlI—] Px—1 Vf(xjk—1’X3k—1 )jk—l'

where x5, € R™1, x5, , = Wy_1x7, and xg, , is defined with re-
spect to the iterations k — 1 and k. We have

Wis1$ (i) = Wisizyy, = Pt VEWC x4y, X3, g, s -

Let assume that Vf is continuously differentiable and locally invert-
ible in the intersection of Tyx_; with a neighborhood of x*=1) includ-
ing x(®); in this intersection we can define the inverse function ¢!
as

o zw) = xp = dlxi) = 2y,
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or, equivalently,

q)_1 (Zw) =Xw < WE_] Pk—] Vf(wk—1XW/ Xgy )jk—] —
= Wi_ VEWa 1%, Xg, 1 )90y = Zi-

The Jacobian matrix of ¢~ at zy3 is
(Wit VA (Wi 1% Xa, )y 3 Wae) ™,

equal to the inverse of U} ;V2f(xy,_,,xg,_,)Ux_1.

Setting
1 (k=1)y _  _(k=1) : (k=1) _ & (k=1)
¢ ' (z Zy ) = X\i o with Xg, =W k=1%o
1 (k)y (k) . (%) _\&x (k)
) (ZW ) = X\ s with X5, = Wioix,
we can write
xlk) (T = O V2D 4 ps )T p) 7 (2l — 2k ) dp

Multiplying both the sides of the previous equality by yjk Nt W1,
we have

k=T (k=1)  _ (xk=1)T 5 (k) (k—=1)
y3k1 N . k_]<x )

Since t:(]k N t:(]]: 11) = 5:: 1])

that (xEQ 552 can be interpreted as a Rayleigh quotient relative to the

average inverse of the matrix U} _; V2f(x(*=1) + ps(k*=1))T; 4 along

the vector W}y j]: ]”

T (k=T1)
Wy W] 1ygk ,» we can conclude

REMARK Inspired by the idea at the basis of the classical BB rules,
we observe that the steplength selections (3.17) and (3.18) can be inter-
preted also as solutions of the following modified secant conditions:

BB1 : -1 _(k=1) (k—1)
aq = argmina sy —ty 7 (3.43)
xeR
EQ-BB2 k-1 k—1
o P2 = arg min 5" — aty 7| (3.44)
xeR

As final remark, we observe that this analysis for general non-quadratic
case holds, with the obvious modifications, also for the BB rules de-
fined for box-constrained problems, since they are special cases of the
version here considered.
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3.3.2 Variable metric gradient projection method

In this section we consider the more general variable metric scheme
defined in (1.51) and suggest how to properly modify the BB updat-
ing rules for this case. From a theoretical point of view, the conver-
gence of the variable metric gradient projection method is still en-
sured for any value of the steplength o belonging to a compact sub-
set of R [14, Thm. 2.1]; since this condition is not restrictive, it allows
some flexibility in the definitions of novel rules.

A natural way to extend the previous ideas consists in requiring
the steplength «y to satisfy generalized secant conditions written in
terms of the norm induced by the matrix (Dy)

Te—1,Ix—1"
P-BB1 . —1.(k=1) —1 (k—=T1)
Xy = arg min HOC Sy, (Dk )jk71zjk71tjk_1 H(Dk)Jk_],Jk_]
xeR
P-EQ-BB2 __ . (k—1) -1 (k=T1)
Xy = arg mlnHSJk,1 —«(Dy )jk—lfjk—ltf]k,1 |‘(Dk)ak,1,3k,1’
xeR
(3.45)
providing the following updating rules
(k=1)T (k—1)
BBl Sgy (Do 983, (3.46)
K (k=) T, (k1) ’ '
Jk—1 Jk—1
NUSSIRCSSY
P-EQ-BB2 Tne T
og FAPB2 - — e : (3-47)
t(k—]) (D—1) t(k—])
Jx—1 k JI—19x=1t9,
Again, we may observe that
(k=0T (k—1) T
«P-BBT _ Sgy (Didae a8, _ s(1 Dystel)
k (1) T (k-1 sk=1Tyle=1) 7
Jk—1 Jk—1

while the rule (3.47) can be viewed as the modified version of the
following strategy

T
sk=1T (k=1)

Y

P-BB2 __
= . ,
y(k—” Dkly(k—”

Xy

(3-48)

which takes into account the presence of the scaling matrix but does
not consider the inactive constraints of the feasible region at each iter-
ation. Furthermore, the steplengths (3.46)-(3.47) reduce, respectively
to the standard BB1 and EQ-BB2 in case of non-scaled gradient me-
thods, i. e. when the matrix Dy is equal to the identity matrix for all k.

k-1 )Ty(k—1

It is interesting to observe that, when sl ) > 0, from the

inequality

2
k=1T, (k-1) k-7 (k—1) =1T -1 (k—1)
(Sjk,l th,1 ) < <Sjk,1 (Dk)qu/kalSjk,] ) (tjk,1 (Dk )jk—1/jk—1tjk,1 ’
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we easily obtain that ocE'EQ'BBZ < ol BB1. This suggests that the rule

(3.46) and (3.47) are suitable to be tested within a strategy generaliz-
ing the alternating scheme(3.49) to the variable metric case:

CXI’fEQ—BB 2

. P-EQ-BB2 . .
aP‘EQ‘VABBmin . {mm{ocj Q s j=max{l,k—mg},..., k} if W < Ty,

k .
oci‘BB1 otherwise,

(3-49)

where m and Ty are defined as in (1.34) and (1.35).






NUMERICAL EXPERIMENTS

This chapter is devoted to evaluating the practical effectiveness of the
proposed steplength selection rules within GP methods for solving
special constrained optimization problems. We report and discuss the
results of different numerical investigations to evaluate the effective-
ness of the techniques developed in Chapters 2 and 3. First, in order
to provide practical evidences of the theoretical analysis, we anal-
yse the spectral behaviour of the steplength rules on some selected
medium-scale quadratic problems; afterwards, we evaluate the per-
formance of the methods on a set of large-scale benchmark quadratic
test problems; then, we test the ability of the methods to solve gen-
eral non-quadratic minimization problems. Furthermore, we test our
approaches on some optimization problems arising from real-world
applications.

All the numerical experiments were carried out on a workstation
equipped with an Intel Xeon QuadCore E5620 processor at 2,40 GHz
and 18 Gb of RAM, by implementing the GP methods in the Matlab
R2019a environment.

The chapter is organized as follows. Section 4.1 is devoted to the
numerical tests on BQP problems, whereas in Section 4.2 SLBQP prob-
lems are considered. In Section 4.3 we report the results obtained on
general non-quadratic box-constrained and SLB test problems.

4.1 NUMERICAL EXPERIMENTS ON BQP PROBLEMS

In this section we provide a comparison of the spectral behaviours
of the original BB-rules and the limited memory approaches with
those of the modified versions proposed in Chapters 2 on BQP test
problems. To this aim, we start by studying how the steplengths se-
quences generated by each rule are distributed with respect to the
eigenvalues of the reduced Hessian matrices obtained during the GP
iterative process. Then, we test the efficiency of the methods on a
dataset of large-scale BQP problems, reporting the results by means
of performance profiles plots. We conclude the section with a com-
parison between the GP method combined with the BoxVABBy;, rule
and the MPRGP method on some real-world applications.
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Table 1: Spectral features of the BQP test problems subject to lower bounds

n = 1000 na =400
Amin(A)  Amax(A)  Amin(Ags 3%)  Amax(Ags g#)
BQP1 1 1000 41.78 957.19
BQP2 3.10 997.70 64.57 819.53
BQP3 1 1000 3.08 753.26
BQP4 9.40 1013.95 10 1000

4.1.1  Spectral inspection on BQP problems

We generated four test problems of the form (2.1), with size n = 103,
u = +o0, and dense SPD Hessian matrices A, characterized by the
following different distributions of eigenvalues:

BQP1: fori=1,...,n,

A+A A=A i—1
Ai = 77_‘_ + = COSs <7T(l )> ’

2 2
where A =1 and A = 103;
BQP2: fori=1,...,n,

 (Ab—Ra) A-N)
T Thoa boa®v

where A =1,A =103, a=(1—-¢)%, b= (1+c¢)? c=1/2 and

the values w; are distributed according to the Mar¢enko-Pastur

(b—a)(x—a)
27txc?

density pc(x) = ,a<x<bl62];

BQP3: logarithmic distribution in [1, 103] such that A} =1, A, = 103

and —*

is constant, generated through the MATLAB function
i1
logs pé ce;
BQP4: eigenvalues of the reduced Hessian matrix at the solution x*
with logarithmic distribution in [10,10%], generated through the
MATLAB function logspace.

For each problem, the optimal solution x* is randomly chosen from
a uniform distribution in (0,5) and it has prefixed number na of ac-
tive variables; the vector b is set as b = Ax™ and the feasible initial
point x(°) is randomly generated in order to have inactive entries.
Other spectral features of the problems are reported in Table 1. Prob-
lems BQP1 and BQP2 are suggested also in [50, 73].

The GP variants exploiting the different steplength rules are distin-
guished by means of the rule’s name (BB1, BB2, BoxBB2, BoxABB min,
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BoxVABB min), whereas the limited memory GP approaches are named

as in Section 2.2, p.43. With regard to Algorithm 2, the following pa-
(0)T 4(0)

—-10 6
g(O)TAg[O), Kmin = 10 ; Xmax = 10 ’

rameter setting is used: oy =

c=10"%5=05.

For the BB-based rules a nonmonotone GLL linesearch procedure
with M = 9 is considered, while for LMGP, Box-LMGP1, Box-LMGP2
the value M = 1 is used; furthermore, T = 11 = 0.5 and m, = 2 are
set in BoxABB pin and BoxVABB pin, whereas in the limited memory
approaches two different values for the parameter m are used, i.e.
m = 3,5. All the methods share the same stopping criterion defined
as in (2.23), with tol = 1078,

Figures 9-12 show the behaviour of BB1, BB2, ABB,, BoxBB2,
BoxABB min and BoxVABBin rules on the four test problems. In each
panels of the figures, at the k-th iteration, the black dots denote 20
eigenvalues of the reduced Hessian matrix Ag, 5, _,, with linearly
spaced indices (included the maximum and the minimum eigenval-
ues), and the red crosses correspond to the reciprocals of the step-
lengths o. The blue lines show the maximum and the minimum
eigenvalues of the Hessian matrix A and the blue circles on the right
are used to plot 20 eigenvalues of the reduced Hessian matrix at the
solution x*, with linearly spaced indices (included the maximum and
the minimum eigenvalues). Figures 13-16 report, for each problem,
the history of relative error on the solution, [x(¥) —x*| /[ x*|, the func-
tion error f(x(®)) — f(x*), and the projected gradient norm, |[g" (x(*))].
The plots in Figures 9-12 confirm the ability of BB1 and BoxBB2 rules
to produce steplengths ay, whose reciprocals belong to the spectrum
of the reduced Hessian matrix Aj,__,g9,_,, at each iteration. Further-
more, we may observe that, at the last iterations, the eigenvalues of
the reduced Hessian matrices tend to stabilize and to well approxi-
mate the eigenvalues of Ajxjx. This means that the two rules play
a role in reducing the gradient components with indices belonging
to J*, which are the gradient components that have to be zero at the
solution, as prescribed by the KKT conditions. On the other hand, the
reciprocals of the BB2 steplengths seem unable to effectively sweep
the spectrum of the reduced Hessian matrices with dangerous effects
on the performance. The benefits achieved with the BoxBB2 rule re-
flect also on the behaviour of the alternating strategies BoxABB min
and BoxVABB,in, which confirm their ability to speed up the method
within the same or (in some cases) slightly higher accuracy with re-
spect to the single rules, as it is clear from the convergence plots in
Figures 13-16.

The results obtained with the limited memory approaches are shown
in Figures 17-21. The distribution of the sequences {o%k} generated by
LMGP, Box-LMGP1 and Box-LMGP?2 rules are reported in Figures 17-
20, for each problem. From these plots we may observe that the Box-
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LMGP1 and Box-LMGP2 strategies are able to better approximate the
eigenvalues of the submatrices of A restricted to rows and columns
corresponding to the inactive components of the current iterate rather
than the LMGP algorithm; in particular, for the Box-LMGP1 method,
the choice m = 5 seems preferable, while the adaptive strategy imple-
mented by Box-LMGP2 approach seems to be less dependent on the
choice of the parameter m, confirming its ability in adaptively con-
trolling the length of the sweep. Indeed, such ability allows to con-
sider shorter sweeps at the beginning of the iterative process when
the sequence of the restricted Hessian matrices is not yet stabilized
towards Ag+ g+ and, hence, the inverses of the steplengths generated
by the strategy in a sweep could not yet provide suitable approxima-
tions of the eigenvalues of the restricted Hessian matrices involved in
the next sweep; longer sweeps are instead promoted with the stabi-
lization of the final active set. Panels in Figure 21 report the history
of the relative error on the solution, ||x*) —x*|/||x*| and the func-
tion error f(x(¥)) — f(x*), for each problem. These plots reveal how
both the modified approaches Box-LMGP1 and Box-LMGP2 are, in
general, able to accelerate the GP method with respect to the LMGP
strategy. We cannot observe a particular supremacy of one over the
other.



4.1 NUMERICAL EXPERIMENTS ON BQP PROBLEMS

BBI BB2
1000
e
0|
s
800 g
%0
0|
= 600 3
- O
400 :g
0|
-0
200 3
s
. -0
-0l
0 L
0 20 40 60
iterations iterations
BoxBB2 ABBuiy

g
9
9
bl
20|
o
o
o
Q|
o
o
Q
9
o
9
Q
Q|
9
9
o
0 20 40 60 80 0 50 100 150
iterations iterations
BoxABBu BoxVABB i
1000
800
= 600
=
400
200
0
0 20 40 60 0 20 40 60

iterations

iterations

Figure 9: Behaviour of GP equipped with BB-based steplength rules on
BQP1. Distribution of {o%k} with respect to the iterations for BBI,

BB2 (top panels), BoxBB2, ABBy,in (middle panels), BoxABB min
and BoxVABBi, (bottom panels).
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4.1.2  Numerical results on random large-scale BQP problems

In order to verify the effectiveness of the methods on a more exhaus-
tive set of large-scale problems, we used the software package down-
loadable at http://www.dimat.unina2.it/diserafino/dds_sw.htm
for generating random BQP problems of the form (1.7). Following the
procedure proposed in [63, 79], the software allows to generate test
problems with prefixed features (size, number of active constraints
at the solution, condition number, etc), which can be arbitrarly set
by the user. For our experiments. we assigned different values to the
following parameters:

* n, size of the problem;
* k(A), spectral condition number of the Hessian matrix A;
e nae [0,1), fraction of active variables at the solution x*;
e ndege {0,1,2,...,}, amount of near-degeneracy.

Then we generated two sets of test problems:

DATASET 1: 108 strictly convex BQP problems with non-degenerate
solutions, obtained setting n = 15000, 20000, 25000, na = 0.1,0.5,
0.9, k(A) =10%,10°,10°, ndeg = 1,4,7,10.

DATASET 2: 108 strictly convex BQP problems with degenerate solu-
tions, obtained setting n = 15000, 20000, 25000, na = 0.1,0.5,
0.9, k(A) =10%,10°,10°, ndeg = 1,4,7,10. The fraction of active
variables at the solution that are degenerate is equal to 0.2.

For each problem, the solution x* is randomly chosen from a uniform

(0) and

¢
is set equal to —;u

the Hessian matrix is defined as A = GDG' where G is the product
of three Householder matrices associated to randomly generated unit
vectors and D is the diagonal matrix of the eigenvalues, which are
log-spaced between 1 and k(A). Hence, the matrix A is not stored
in memory but only the operator for computing the matrix-vector
products is available. Furthermore, the levels of near-degeneracy are
obtained by setting the positive Lagrangian multipliers associated to
the active constraints equal to 10-mindeg § — 1,... na-n, where
1; € (0,1) is a random number.

The parameter setting of the methods is the same of the previous sec-
tion and the stopping criterion is defined by (2.23), with tol = 10~".
Concerning the alternating rules BoxABBpin, and BoxVABBpin, we
remark that the choice my = 2 appears preferable. The behaviours
of the BB-based steplength rules and limited memory strategies are
evaluated by means of the performance profile plots proposed in [36].
In particular, to compare the methods, we consider as performance

distribution in (—1, 1), the starting point x
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measure of interest the execution time required by each solver to sat-
isfy the stopping criterion. To this aim, for each problem p in a given
dataset P of n,, problems, we need to compute the performance ratio
Tp,s defined as the computing time of the solver s divided by the best
time of all the solvers; then, the performance profile of a solver s is
given by

Zpeﬂ? P(rP,S/ 0)

ps(e) = 7
Typ

where 0 > 1 and

1 if 7ps <0,

0 otherwise.

P(rp,S/ 6) = {

Hence, ps(0) is the probability for solver s that r, s < 0. If the stop-
ping criterion is not fulfilled by a solver within the maximum number
of 40000 iterations, the corresponding performance ratio is set equal
to a fixed value T, larger than any ratio v 5.

For all the test problems described above, the performance profiles of
the different GP versions are reported in Figures 22-29. Each profile
p(0) gives the fraction of problems that a solver is able to solve within
a factor 0 of the best time of all the solvers; in particular, the value
p(1) represents the fraction of problems for which the considered
solver is the winner, whereas the performance profile corresponding
to the largest value of 0 gives the fraction of problems for which the
considered solver is successful.

The BoxBB2 steplength rule is compared with the standard BB2
and BB1 rules in the top-left and middle-left panels of Figure 22, re-
spectively, whereas a comparison between BoxBB2 and BoxABB pin
is provided in the top-right panel; a summarizing analysis includ-
ing also the BoxVABB i, is given in the bottom-right panel of Fig-
ure 22. Figure 22 shows that, on DATASET 1 , the BoxBB2 rule is
generally preferable to the standard BB2 and BB1 selections, which
are not successful on the total amount of test problems. Furthermore,
the adaptive alternation of BB1 and BoxBB2 selections exploited in
the BoxABB min rule is still more convenient than the use of a single
steplength rule. In particular, the version BoxVABB in is able to fur-
ther improve the performance provided by the BoxABB i, thanks to
the updating formula (1.35) for the switching parameter .

The general trend shown in the bottom-right panel of Figure 22 is
confirmed also by the plots in Figure 23; indeed, this last figure high-
lights that the results are independent from the different values of
the parameter na. Finally, Figure 24 shows the performance profiles
obtained on the subsets of BQP test problems with non-degenerate
solution generated by setting ndeg = 7 (left panel) and ndeg = 10
(right panel), i. e. in the near-degeneracy case. The comparison of Fig-
ure 24 with the bottom-right panel of Figure 22 puts in evidence that
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the level of degeneracy of the constraints weakly affects the perfor-
mance of the different rules.

Performance profiles of the limited memory approaches are re-
ported in Figures 25-27. Figure 25 refers to DATASET 1; in particular,
in the top-left panel the performance profiles of LMGP (m = 3) and
Box-LMGP1 (m = 3) are reported: we can observe that the LMGP and
Box-LMGP1 methods for m = 3 are not successful on about 20% of
the problems and, hence, their version with m = 5 are preferable; on
the other hand, the adaptive strategy implemented within the Box-
LMGP2 approach enables to solve all the problems in both cases,
however the best performance is achieved for m = 5, as shown in the
bottom-left panel of the figure. The best version of the different strate-
gies are compared, in pairs, in the top-right and middle-right panels
of Figure 25; finally, the summarizing plot in the bottom-right panel
shows that the Box-LMGP1 (m = 5) approach is able to solve about
80% of the problems within the best computing time with respect to
both LMGP and Box-LMGP2 (m = 5), while this last one is still prefer-
able to the LMGP strategy. Figure 26 highlights the results obtained
on the subsets of problems characterized by different values of the
parameter na: in particular, when the number of active constraints
at the solution is equal to 0.1 -n (top-left panel) the performances
of LMGP and Box-LMGP2 improve with respect to the other cases,
where the general behaviour observed in Figure 25 is confirmed. The
performance profiles obtained for ndeg = 7 and ndeg = 10 are re-
ported in Figure 27: also in this case the level of degeneracy of the
constraints seems to weakly affect the performance of the different
rules.

In Figure 28 the runtime performance profile of the BB-based rules
and limited memory approaches are compared on the set of test prob-
lems with non-degenerate solutions (DATASET 1): we may observe
that the GP method equipped with BoxVABBpin rule clearly outper-
forms the other solvers, however the Box-LMGP1 method proves to
be competitive with BoxVABBin, while BoxLMGP2 exhibits a run-
time performance profile similar to that of BoxBB2 steplength rule.

The results obtained on the set of BQP problem with degener-
ate solutions (DATASET 2) are summarized in Figure 29. Compar-
ing the panels in Figure 29 with the corresponding profiles obtained
on DATASET 1, we can observe that the performances of the solvers
are weakly influenced by the presence of degeneracy, confirming the
overall behaviours exhibit in the non-degenerate case.
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Figure 22: Runtime performance profiles of GP method equipped with BB-
based rules on pATASET 1 of BQP test problems with non-

degenerate solutions.
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—— BB1 ! —— BB1
—=— BoxBB2 02 5 —=— BoxBB2
BoxABBuin ot T BoxABBuin | |
BoxVABB,,i, . 3 BoxVABB,,i,
I ol c . . . I I .
5 6 1 2 3 4 5 6 7 8 9

—— BBI1
—=— BoxBB2
BoxABB i,

BoxVABBy | |

6 7 8 9

10

Figure 23: Runtime performance profiles of the GP method equipped with
BB-based rules on bATASET 1 of BQP test problems with non-
degenerate solutions. Fraction of active constraints at the solu-
tion: 0.1 -n (top-left panel), 0.5 - n (top-right panel), 0.9 - n (bottom

panel).

: —— BBl
02} —o— BoxBB2
' BoxABB,yi, BoxABBi,
o1k BoxVABBy, BoxVABBuin
0 L
1 2 3 4 5 6 7 8 9 10

Figure 24: Runtime performance profiles of the GP method equipped with
BB-based rules on the subsets of DATASET 1 corresponding to the
parameters ndeg = 7 (left panel) and ndeg = 10 (right panel).
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0

—+—Box-LMGP1 m = 3

——Box-LMGP2 m =

02§

0.1

—— LMGP m =5

—+— Box-LMGP1m =5
—— Box-LMGP2 m =5

Figure 25: Runtime performance profiles of limited memory approaches on
a DATASET 1 of BQP test problems with non-degenerate solu-

tions.
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02% —+— LMGP m=5 0.24 —+— LMGPm =5
—+ Box-LMGPlm =5 —+ Box-LMGPlm =5
01 —+— Box-LMGP2m =5 01 —+— Box-LMGP2 m = 5|]
0 . - - - 0 - - - - - - .
5 10 15 20 5 10 15 20 25 30 35
[’ 0

= 05

02% —— LMGP m =5
—+— Box-LMGP1 m =5
o1 —«— Box-LMGP2 m =5
o . . . . . .
5 10 15 20 25 30 35

Figure 26: Runtime performance profiles of the GP method equipped with
limited memory approaches on DATASET 1 of BQP test problems
with non-degenerate solutions. Fraction of active constraints at
the solution: 0.1 n (top-left panel), 0.5 - n (top-right panel), 0.9 -n
(bottom panel).

02 —— LMGP m =5 02% —— LMGP m =5
o1 —<+— Box-LMGP1m =5 01k —— Box-LMGP1 m = 5| |
—— Box-LMGP2 m =5 —— Box-LMGP2 m =5
0 0
5 10 15 20 25 30 35 5 10 15 20
(4 0

Figure 27: Runtime performance profiles of the limited memory approaches
on the subsets of DATASET 1 corresponding to parameters
ndeg = 7 (left panel) and ndeg = 10 (right panel).
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Figure 28: Runtime performance profiles of the GP method equipped with
different steplength rules on the bATASET 1 of BQP test problems
with non-degenerate solutions.
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Figure 29: Runtime performance profiles of the GP method equipped with
different steplength rules on the DATASET 2 of BQP test prob-
lems with degenerate solutions. Fraction of active variables at the
solution that are degenerate equal to 0.2 - na.
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4.1.3 A comparison between GP-BoxVABB,yi, method and MPRGP method
on Support Vector Machines and contact problems

Based on the soundness of the theoretical results shown in Chapter 2
and the numerical results obtained in the previous tests, we provide
a comparison between the GP method combined with BoxVABBpin
rule and the MPRGP method [39], on some real applications related
to SVMs and contact problems.

MPRGP scheme is presented in Algorithm 3.

Algorithm 3 Modified Proportioning with Reduced Gradient Projec-
tions (MPRGP) method

Initialize: A, x(®) e Q, b, T >0, «e (0,2||A]| "]
g=Axl% —b,p=x?), k=0

1: while ||g” (x(¥))|| is not small do
if [|[B(x")]I? < T?g"(x¥)T@(x(¥)) then

2:

3 op < max{oeg : XK — acgp);

¥ aeg — 9'p/(PTAP) ;

5: if xcg < af then

6: XD x (K — e gp CG step
7: g <— g— ocgAp;

8: B — @(x*1)TAp/pT Ap;

o p— o(x**1)) —Bp;

10: else

1 x(H2) (k1) i Expansion step
12: g —g—ap; ]

13: x(k+1) 5 (k+3) —&gr(x(k+7)),‘

14: g — Ax(k*t1) _p;

15: p— @(xy;

16: end if

17: else

18: Keg < gTB(x(k))/(B(x(k))TAB(x(k))) Proportioning step
1o x 1) 9 o B(x(M);

20 g—g-— ocCgA[S(x(k));

a1 p— o(xUH);

22: end if

23: k<—k+1;
24: end while

return x(¥)

No-bias data classification

We start by reporting the results obtained on Support Vector Ma-
chines (SVM). We recall that Support Vector Machines belong to the
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conventional machine learning techniques, and they are practically
used for classification, i.e. the problem of identifying the category to
which a new observation belongs. For a detailed discussion on SVMs
framework we refer to [16, 22]).

In case of no-bias data binary classification, i.e. when the bias of

the hyperplane from the origin is not considered in the classification
model, the problem is formulated as a BQP problem with a symmet-
ric positive semi-definite (SPS) Hessian matrix. We briefly outline the
main features of the problem considered in our experiments.
Let D = {(zi,yi), i=1,...,n, zi e R™, y; € {—1,1}} be a training
set of labeled examples; the classification of new examples z € R™
is performed by using a decision function F : R™ — {—1,1} of the
form

n

F(z) = sign (Z X?yiK(z,Zi)) , (4.1)
i=1

where K: R™ x R™ — R denotes a kernel function and the vector

x* = (x},... ,x* )T is the solution of

1 n
min f(x) = szAx — Z Xi,
i=1 (4.2)

subject to 0 < x < Ce.

Here, e = (1,1...,1)T e R", C > 0is a positive parameter arising
from the penalization of the misclassification error, and the matrix A
has entries Ay; = yiy;K(zi,z;), 1,j = 1,2,...,n. We refer to prob-
lem (4.2) as the {;-loss SVM formulation. This formulation can be
modified so that the Hessian matrix becomes positive definite. Then,
we consider also the problem

1 n
min f(x) = sz (A+ c! I) X — Z Xi,
i=1 (4.3)
subject to x >0,

where the Hessian matrix is regularized by matrix C~'I, obtaining a
SPD matrix. Problem (4.3) is referred to as £;-loss SVM formulation.

For our experiments the classification datasets, named mushrooms and
phishing, were downloaded from the LIBSVM dataset page at

https:/ /www.csie.ntu.edu.tw/ cjlin/libsvmtools/datasets/binary.html.

The mushrooms dataset is used for training a machine to determine
whether a mushroom is edible or poisonous, whereas the phishing
dataset is used for the detection of phishing websites. The main char-
acteristics of the datsets are summarized in Table 2. Furthermore, a
linear kernel is adopted, i.e. K(zi,zj) = ZIZ]'.
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Table 2: Characteristics of the classification datasets.

Dataset Samples+ Samples- features training data testing data
mushrooms 2830 2613 112 5443 2681
phishing 4073 3333 68 7406 3649

Table 3: Confusion matrix layout related to a binary classifier

Actual class
Class A Class B
Class A | True Positive (TP) False Positive (FP)
Class B | False Negative (FN) True Negative (TN)

Predicted class

Tables 4-7 report the results obtained on these datasets with the GP-
BoxVABByin method (M = 9, my = 2, 11 = 05, 8 = 1.1), the
MPRGP method described in Algorithm 3 and its variant, named
MPRGPp, where the expansion step is realized by a projected CG
step method. The methods share the same stopping criterion defined
as in (2.23) with tol = 0.1. For each method, the tables report the
number 1 of matrix-vector products performed by the algorithm, the
computational time needed to satisfy the stopping criterion and the
performance scores, namely accuracy (Acc.), precision (Prec.), sensi-
tivity (Sens), F1-score. The symbol “—"denotes that the stopping cri-
terion has not been satisfied within the maximum number of 10000
iterations. The performance scores are defined on the basis of the con-
fusion matrix, reported in Table 3, which gives a first insight of the
prediction quality of a classifier; indeed, when a classification system
has been trained to distinguish between two classes, e. g. Class A and
Class B, the confusion matrix summarizes the results of testing the al-
gorithm, by counting the number of true positive (TP), false positive
(FP), false negative (FN) and true negative (TN) samples.
Then, the perfomance scores are defined as follows:

TP+ TN

[ ] frd N 1 OO
accuracy TP T FP + FN + TN 00%,
.. P o
b precision = m -100 /O,
TP

d SenSitiVity = m . 1000/0,

precision - sensitivity
precision + sensitivity
mean of sensitivity and precision.

e Fl-score =2 -100% i.e.F1 is the armonic
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Tables 4 and 5 reports the results obtained on the mushrooms dataset
for £1-loss and £;-loss SVM formulations, respectively. In particular,
in case of {;-loss (Table 4) we can observe that the methods are not
sensitive to the values assigned to parameter C, since the values of
1 and the performance scores are the same for each case; further-
more, the GP-BoxVABBin, scheme is able to considerably reduce the
number of matrix-vector multiplications and the computational time
compared with the other two methods, while the best performance
scores are obtained with MPRGPp; however, the performance scores
related to GP-BoxVABBin and MPRGP are still satisfying. Also in
the case of {»-loss formulation the GP-BoxVABB,i, method shows
better result than those obtained with the MPRGP methods in terms
of number of matrix-vector products and execution times, within the
same quality, except for the cases C = 10 and C = 50, in which the
MPRGPp method provides the best performance scores (see Table 5).
On the other hand, we obtain performances of models corresponding
to phishing dataset that are lower than in mushrooms dataset, as we can
see from the results reported in Tables 6-7. Indeed, for each method,
these results compared with those obtained on mushrooms show an
increase in the number of matrix-vector products and computational
times, and a decrease of the performance scores, which, however, are
still greater than 90% in any case. We may observe that all the me-
thods are, in general, less performing in solving the £1-loss formula-
tion; the GP-BoxVABB,in method is not able to satisfy the stopping
criterion within the prefixed number of iterations in two cases (see
Table 6 ); on the other hand, the results of each methods improve in
the regularized version of the problem (see Table 7).

Table 4: Dataset mushrooms, €1-loss SVM formulation, C = 1,5,10,50, 100.
For each method the mean time over the five runs for the different
value of C is reported.

n  time (s) Acc. Prec. Sens. F1
MPRGP 994 15177  99.89% 100.00%  99.78% = 99.78%
MPRGPp 264 4.0012  100.00% 100.00% 100.00% 100.00%
GP-BoxVABBin | 72 1.1119  99.89% 100.00% 99.78%  99.78%

Application to journal bearing problem

The journal bearing problem arises in the determination of the pres-
sure distribution in a thin film of lubricant between two circular cylin-
ders (see e. g. [4, 37, 64]). The infinite dimensional version of the prob-
lem is of the form

veK

min q(v) = L) (;wq(x)Vv(x)Hz —wdx)v(x)) dx
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Table 5: Dataset mushrooms, £;-loss SVM formulation.

n time (s) Acc. Prec. Sens. Fi
C=1

MPRGP 962 15337  99.89% 100.00% 99.78%  99.78%

MPRGPp 286 4.2746  99.89% 100.00% 99.78% = 99.78%

GP-BoxVABBin | 57 08347  99.89%  100.00% 99.78%  99.78%

C=5

MPRGP 982 16.384  99.89% 100.00% 99.78%  99.78%

MPRGPp 301 44594 99.89% 100.00% 99.78% = 99.78%

GP-BoxVABBi, | 64 09472 99.89% 100.00%  99.78%  99.78%
Cc=10

MPRGP 998 14.730  99.89% 100.00% 99.78% = 99.78%

MPRGPp 307 45771 100.00% 100.00% 100.00% 100.00%

GP-BoxVABBin | 72 1.3334  99.89% 100.00% 99.78%  99.78%
C=50

MPRGP 994 16.1077  99.89% 100.00%  99.78%  99.78%

MPRGPp 298 44650 100.00% 100.00% 100.00% 100.00%

GP-BoxVABBn | 63 09512 99.89% 100.00% 99.78%  99.78%
C=100

MPRGP 994 153936 99.89% 100.00% 99.78%  99.78%

MPRGPp 294 43089  99.89% 100.00% 99.78% = 99.78%

GP-BoxVABBin | 66 0.9876  99.89% 100.00% 99.78%  99.78%
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Table 6: Dataset phishing, £1-loss SVM formulation.

n time(s) Acc. Prec. Sens. F1
C=1

MPRGP 3830 67587 93.56% 94.91% 93.88% 93.88%

MPRGPp 175 28094 9351% 95.20% 93.54% 93.54%

GP-BoxVABBin | 781 13125 93.59% 94.77% 94.05% 94.05%

C=5

MPRGP 4936  91.202  93.64% 94.72% 94.18% 94.18%

MPRGPp 341 55824 93.72% 95.01% 94.06% 94.06%

GP-BoxVABByn | 1321 22446 93.70% 94.91% 94.10% 94.10%
Cc=10

MPRGP 5356  96.723  93.89% 94.15% 95.10% 95.10%

MPRGPp 566  10.808 93.75% 93.81% 95.18% 95.18%

GP-BoxVABBin | 2639  63.909  93.67% 94.77% 94.18% 94.18%
C=50

MPRGP 5548 136.55 93.64% 95.11% 93.84% 93.84%

MPRGPp 886 21410 93.75% 94.24% 94.79% 94.79%

GP-BoxVABBin | — 25349  93.89% 94.63% 94.67% 94.67%
C=100

MPRGP 5913  147.16  93.64% 95.15% 94.24% 93.80%

MPRGPp 1247 30.854  93.81% 94.43% 94.71% 94.71%

GP-BoxVABBin | — 255.17  93.89% 94.77% 94.54% 94.54%
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Table 7: Dataset phishing, £;-loss SVM formulation.

n time(s) Acc. Prec. Sens. F1

C=1

MPRGP 2503  55.36 93.92% 94.67% 94.67% 94.57%

MPRGPp 1143 2.6696 93.61% 95.20% 93.72% 93.72%

GP-BoxVABBin | 257  5.3164  93.92% 95.01% 94.38% 94.38%
Cc=5

MPRGP 3154  68.804 94.05% 94.82% 94.77% 94.77%

MPRGPp 232 6.065  93.64% 94.53% 94.35% 94.35%

GP-BoxVABByin | 443 53164  93.67% 94.00% 94.87% 94.87%
c=10

MPRGP 3231 67.600 94.08% 94.82% 94.82% 94.82%

MPRGPp 213 37882 93.64% 94.63% 94.26% 94.26%

GP-BoxVABBin | 1461  26.3447  93.67% 94.43% 94.48% 94.48%
C=50

MPRGP 3537 77.885 93.67% 94.39% 94.52% 94.52%

MPRGPp 272 54236  93.67% 94.53% 94.39% 94.39%

GP-BoxVABBin | 2226  51.098  94.00% 94.67% 94.81% 94.81%
C =100

MPRGP 3625 67429 93.89% 94.82% 94.50% 94.50%

MPRGPp 666 10596 93.42% 94.15% 94.33% 94.33%

GP-BoxVABBin | 3993 62435  93.97% 94.72% 94.72% 94.72%
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where wq(x1,%2) = (1+ € cosxq )3, wi(x1,%2) = esinx; for some con-

stant € € (0,1), and D = (0, 27) x (0,2d), for some constant d > 0. The
convex set K is defined as K = {v e H}(D): v > 0 on D}, where H} (D)
is the Hilbert space of the functions with compact support on D such
that v and | Vv|? belong to L?(D). The finite differences discretizetion
of this problem lead to a quadratic programming problem of the form

min 1VTA\) Y
veQ 2

where v e RM™™, O = {v e R™™:v;; > 0} and v;; is the value
of v at the corresponding grid point of the discretization of the rect-
angle D. For our tests we consider the journal bearing problem with
€ = 0.1 and d = 10 and different discretizations: n, = ny = 50;
Ny =ny = 100; ny = 200,ny = 50; ny = 400,n, = 25.

Table 8 shows the results obtained with the GP-BoxVABB,,;, method
M =9, my =2, 11 =05, ¥ =1.1), the MPRGP method described
in Algorithm 3 and its variant MPRGPp. The methods share the same
stopping criterion defined as in (2.23) with tol = 10~7. For each
method, the table reports the number n of matrix-vector products
performed, the absolute value of the objective function at computed
solution |f(x(¥))|, the number of active constraints at the computed
solution, na(x®)) and the computational time needed to satisfy the
stopping criterion. We can observe that the GP-BoxVABByin approach
performs a lower number of matrix-vector products and employes
less computational time to satisfy the stopping criterion.

The solutions returned by each method are compared in Table o,

where %1, X2, X3 denote, respectively, the computed solutions of MPRGP,

MPRGPp and GP-BoxVABBin.
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Table 8: Journal bearing test problem.

n [f(x9)| na(x®¥))  Time(s)
ny =50, ny =50
MPRGP 279 1.804880e — 01 824 0.16950
MPRGPp 294 1.804880e — 01 824 0.14008
GP-BoxVABBin | 165  1.804880e — 01 824 0.07245
Ny =100, ny =100
MPRGP 589 1.805744e — 01 3232 1.11416
MPRGPp 589  1.805744e — 01 3232 1.00365
GP-BoxVABBin | 314 1.805744e — 01 3232 0.23941
ny = 200, ny =50
MPRGP 1055 1.802781e — 01 3214 2.11197
MPRGPp 1077 1.802781e — 01 3214 1.57805
GP-BoxVABBin | 656 1.802780e — 01 3214 0.44538
ny =400, ny =25
MPRGP 2089 1.793250e — 01 3195 3.94401
MPRGPp 2314 1.793250e — 01 3195 3.63034
GP-BoxVABBin | 872 1.792793e — 01 3195 0.52482

Table 9: Journal bearing test problem.

%1 — %3]l00

%2 — %3]l00

ny =50, ny =50
5.5185e — 05 5.5184e — 05

ny = 100, ny = 100

1.0543e — 04

1.0543e — 04

ny = 200, ny =50
7.0144e — 04 7.0144e — 04

ny =400, ny =25

1.1147 — 03

1.1147 — 03
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4.2 NUMERICAL EXPERIMENTS ON RANDOM SLBQP PROBLEMS

This section is devoted to evaluating the numerical behaviour of the
BB-based rules introduced in Chapter 3 within GP methods for solv-
ing SLBQP problems (3.3). The aim of the section is to provide prac-
tical confirmations of the theoretical results proved in Chapter 3. We
recall that, in this case, the projection onto the feasible set Q) is com-
puted by means of the secant-like algorithm developed in [28].

4.2.1  Spectral inspection on SLBQP problems

We start by analysing the distribution of the steplength sequences gen-
erated by the BB strategies and their modified versions with respect to
the eigenvalues of the Hessian matrix. We randomly generated three
SLBQP test problems of the form (3.3), where the distributions of the
eigenvalues of the Hessian matrix A are defined as follows:

SLBQPI1: fori=1,...,n,
(Ab—Aa)  (A—A)

T Thoa oo
where A=1,A=10%, a=(1-¢)2,b=(14+¢)%, ¢c=1/2 and
the values w; are distributed according to the Marc¢enko-Pastur
(b—a)(x—a)

27xc?

density [62] pc(x) = ,a<x<b;

SLBQP2: logarithmic distribution in [1, 103] such that A\ = 1, A, =

A
103 and }\—l is constant, generated through the MATLAB func-
i1
tion logsplace;
SLBQP3: eigenvalues of the restricted Hessian matrix with logarith-
mic distribution in [10,107], generated through the MATLAB
function logspace.

For each problem, the optimal solution x* and the vector v are ran-
domly chosen from a uniform distribution in (-1, T); the number na
of active constraints at the solution is equal to 0.4 -n and the feasi-
ble initial point x(°) is randomly generated such that its entries are
inactive. Table 10 summarizes the spectral features of the problems.
We evaluate the behaviour of the GP method equipped with differ-
ent steplength selection rules: BB1, BB2, EQ-BB2, ABBpin, EQ-ABBmin
and EQ-VABBin. The parameter setting for Algorithm 2 is the same
of the previous section. The stopping criterion is defined as in(3.39)
tol=10"".

Figures 30-32-34 show the distribution of the sequences {o%k} ge-
nerated by each rule with respect to the eigenvalues of the matrices
U} ;AUy_1, during the iterative procedure. In each panel, at the k-
th iteration, we plotted 20 eigenvalues (black dots) of the restricted
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Table 10: Some features of the SLBQP problems.

Amin(A) )\max(A) }\min(AZJ*,J*) }\max(AZJ*,J*)

SLBQP1 19 9923 39.21 9865.62
SLBQP2 1 1000 3.34 722.20
SLBQP3 0.05 1396.3 10 100

Hessian matrix U} _;AUx_; with linearly spaced indices (including
the maximum and minimum eigenvalues), and the reciprocal of the
steplength oy (red cross); the blue lines correspond to maximum and
minimum eigenvalues of the Hessian matrix A and the blue circles
on the right denote 20 eigenvalues of the restricted Hessian matrix at
the prefixed solution x*, with linearly spaced indices (including the
maximum and minimum eigenvalues). These plots confirm the ability
of the reciprocals of BB1 and EQ-BB2 steplengths to sweep the spec-
trum of the restricted Hessian matrices, as predicted by Theorem 3.1;
the reciprocals of the steplengths obtained by applying the original
BB2 scheme can sometimes fall outside the spectrum of the restricted
Hessian matrices, and, in general the rule provides unsatisfying re-
sults, which reflect also in the behaviour of the alternating scheme
ABBmin. On the contrary, the use of the EQ-BB2 rule within alternat-
ing schemes helps to enhance the performances of the method both
in terms of spectral behaviour and efficiency.

Figures 31-33-35 report the decrease of the relative error on the

(k)
solution, %, and the function error, |f(x(k)) — f*|. We may ob-

serve that the decrease of both the errors is considerably accelerated
by employing the EQ-BB2 strategy instead of BB2. Furthermore, the
GP method equipped with the alternating rules EQ-ABBpi, and EQ-
VABBin preserves the ability to outperform the single steplength
rule, as observed in the unconstrained case, thanks to the approach
that takes into accounts the presence of the feasible region. In particu-
lar, the algorithm that adopts the variable scheme EQ-VABB i, shows
higher efficiency than the other schemes.
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Figure 30: Behaviour of GP equipped with BB-based steplength rules on
SLBQP1. Distribution of {(xik} with respect to the iterations for
BB1, BB2 (top panels), EQ-BB2, ABB, (middle panels), EQ-

Figure 31: Test problem SLBQP1. History of relative error on the solution

0 50

100 150

iterations

BB2
10000 T T TR T T
o S ¥ x *x Xx RogX ¥ “:‘
8000 e — L
‘,““““ x% o '- X
f: W x x % X % %%
6000 K=y LI — 59
B P % —
3 A . ¥ < %
= 4000 e S i = T -
L et L |
2000 S z e
e e e
0 %-- 0
0 100 200 300
iterations
ABBui,
10000
o ang :_,l__"'_'- =T aal® . METIN
« M
8000 AR =X THx mmmy L =
: * X -‘ * 2 » x
ey ¥
6000'—3'.‘»‘—.{'i RTTES . ‘.:_ = —g
é r:;»f“n"n 3 = 8 “ FELE |
v -
=
4000 WY Xy - a3
:EEZE}rv3:~ T T —
Ry X
2000 B e~
0 x_® l: “‘-‘l'=“ ..“l:l I:ll
0 100 200 300
iterations
EQ-VABBi
10000
8000
6000
g
=
4000
2000
0
0 50 100 150
iterations

ABBpin and EQ-VABB,i, (bottom panels).

—— BBIL

- - - BB2

W —— EQ-BB2
ABBuin
EQ-ABB,,
EQ-VABByin

0 100

200
iterations

300

10°

| - - - BB2

—— BB1 N

—— EQ-BB2
ABBuin

EQ-ABByin
EQ-VABBy | |

100 200

iterations

(top-left panel) and function error (top-right panel).

101



102 NUMERICAL EXPERIMENTS

<
—
0 50 100 150 200 250 300 0 100 200 300 400
iterations iterations
EQ-BB2
10°
X X
x A ‘: - R
— —
Cofocrre s ,,.'.z-/'—’a
(Y e acasat il v
10
0 50 100 150 200 250 300 0 100 200 300 400
iterations iterations
EQ-ABBuin EQ-VABB.ui

50 100 150 200 250
iterations

iterations
Figure 32: Behaviour of GP equipped with BB-based steplength rules on
SLBQP2. Distribution of {O%k} with respect to the iterations for
BB1, BB2 (top panels), EQ-BB2, ABBi, (middle panels), EQ-
ABBpin and EQ-VABB,in, (bottom panels).
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4.2.2  Numerical results on random large-scale SLBQP problems

We report the numerical results obtained on a set of large-scale SLBQP
problems with non-degenerate solution, generated as in Section 4.1.2,
with the same parameter setting used in DATASET 1. In particular,
by means of performance profile plots, we compare the computa-
tional time required by the GP method combined with the following
steplength updating rules: BB1, BB2, EQ-BB2, EQ-ABBnin and EQ-
VABBmin.

From Figure 36 we may observe that the EQ-BB2 outperforms the
standard BB2 rule; on the other hand, only the alternating schemes
are able to solve all the problems within the maximum number of
40000 iterations, while the single rule seems to suffer on this dataset,
especially the BB1 rule. As shown in Figure 37, the results seem from
the number of active variables at the solution, whereas the level of
degeneracy weakly affect the general behaviour of the considered
schemes (see Figure 38).
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Figure 36: Runtime performance profiles of GP method equipped with BB-
based rules on a set of SLBQP test problems with non-degenerate
solutions.
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Figure 37: Runtime performance profiles of the GP method equipped with
BB-based rules on a set of SLBQP test problems with non-
degenerate solutions. Fraction of active constraints at the solu-
tion: 0.1 -n (top-left panel), 0.5 - n (top-right panel), 0.9 - n (bottom
panel).
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Figure 38: Runtime performance profiles of the GP method equipped with
BB-based rules on the subsets of SLBQP test problems corre-
sponding to the parameters ndeg = 7 (left panel) and ndeg = 10
(right panel).
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4.2.3 Application in Support Vector Machines

For these experiments we consider a problem of binary data classifi-
cation formulated as follows.

Let D = {(zi,y1), i=1,...,n, zi e R™, y; € {-1,1}} be a training
set of labeled examples, the SVM algorithm performs classification of
new examples z € R™ by using a decision function F : R™ — {-1,1}
of the form

F(z) = sign (2 xiyiK(z, zi) —|—b*) , (4-4)

i=1

where K : R™ x R™ — IR denotes a kernel function and the vector
x* = (x%,...,x%) T is the solution of

. 1 <
min f(x) = ix Ax — ; Xi
n (4.5)
subject to 0 < x < Ce, Z yixy =0,
i=1

where e = (1,1,...,1)T € R™ and C > 0. Once the vector x* is com-
puted, the quantity b* in (4.4) is easily derived. The Hessian matrix
A has entries Ay; = yiy;K(zi,z5), 1,j =1,2,...,n. For our test prob-

_lzi-z03

lems we consider a Gaussian kernel, namely K(zi,z;) = e 202,
with o e R.

The dataset for our tests from the repository LIBSVM, available at
https:/ /www.csie.ntu.edu.tw/~cjlin/libsvmtools /datasets/. In par-
ticular, the following test problems are considered:

MNIsT1000 n = 1000, C =10, o = 1800, rank(A) = 1000;
MNI1sT2000 1 = 2000, C = 10, o0 = 1800, rank(A) = 2000;
ADU n = 1000, C =1, 0 = v/10, rank(A) = 985;
WEB n = 1000, C =5, 0 = +/10, rank(A) = 736.

We recall that MNIST is the well-known dataset of handwritten digits
that is commonly used for training various image processing systems,
ADU dataset is used for training a machine to determine whether a
person has an annual income greater than 50.000 dollars, and WEB
dataset is related to web spam detection.

We compare the behaviour of the GP method combined with the
steplength rules BB1 , BB2, VABB,;n, EQ-BB2, EQ-VABB, on the de-
scribed problems. For the alternating schemes the following parame-
ter setting is used: my = 2,71 = 0.7, and ¥ = 1.3. The GP methods
share a nonmonotone linsearch procedure (M = 9) and are stopped
when either the relative distance between two successive iterations is
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lower than 1078 or 1000 iterations have been performed. The initial
point for all the considered schemes is the null vector.

Table 11 shows the number of iterations and the computational time
needed by each scheme to satisfy

[F(x ) — |

< .
= tol (4.6)

where f* is the minimum of the objective function values obtained by
the different methods at the end of the iterative process. The symbol
“—"denotes that condition (4.6) has not been satisfied within the max-
imum number of 1000 iterations.

In Figure 39, we can appreciate the decrease of the relative function
error defined in (4.6), with respect to the computational time, for the
four datasets. The results reported in Table 11 and Figure 39 con-
firm the effectiveness of the modified BB2 selection rule compared
with those obtained with the original rule, also within the alternating
scheme EQ-VABBin. Indeed, the benefits gained by employing EQ-
BB2 in place of BB2 are clear in terms of both number of iterations
and computational time.
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Figure 39: Plots of the relative difference (4.6) with respect to the computa-
tional time for the four SVM test problems
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Table 11: SVM test problems. Number of iterations required by each algo-
rithm satisfy (4.6) for different tolerances. The corresponding com-
putational time (averaged over 20 runs) is also reported.

tol = 1072 tol = 1074 tol = 107° tol = 1078
It. Time It. Time It. Time It. Time
MNIST1000
BB1 474 0.0194 91  0.0365 143 0.0570 185 0.0735
BB2 91 0.0298 219 0.0703 333 0.1068 400 0.1282
EQ-BB2 41 0.0169 88 0.0348 114 0.0447 154 0.0604
VABB»in 48  0.0363 92 0.0556 145 0.0782 175 0.0921
EQ-VABBnin | 36 0.0155 81 0.0328 121 0.0483 142 0.0567
MNIST2000
BB1 77 01190 166 0.2571 286 0.4467 392 0.6167
BB2 175 0.2437 427 0.6060 890 1.2740 - -
EQ-BB2 78 0.1101 158 0.2255 251 0.3588 376 0.5379
VABB»in 71 0.1068 162 0.2476 270 0.4144 373 0.5713
EQ-VABBnin | 57 0.0825 130 0.1895 189 0.2754 252 0.3658
ADU
BB1 23 0.0080 45 0.0158 79 0.0277 113  0.0399
BB2 30  0.0091 73 0.0220 158 0.0475 299 0.0897
EQ-BB2 22 0.0070 47 0.0150 72 0.0228 104 0.0329
VABB»in 29  0.0089 67 0.0203 109 0.0328 164 0.0492
EQ-VABBnin | 23 0.0077 60 0.0203 8 0.0286 111 0.0374
WEB

BB1 84 0.0315 243 0.0902 599 0.2214 952 0.3523
BB2 281 0.0867 977 0.2994 — — — —
EQ-BB2 59 0.0187 175 0.0553 349 0.1111 523 0.1670
VABB»in 103  0.0325 260 0.0818 620 0.1958 847 0.2668
EQ-VABBnin | 60 0.0205 163 0.0549 314 0.1043 393 0.1304
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4.2.4 Application in reconstruction of fiber orientation distribution in dif-
fusion MRI

We consider the problem of intra-voxel reconstruction of the fiber
orientation distribution function (FOD) in each voxel of white matter
of brain from diffusion MRI data. In [57] the authors clarify that the
diffusion signal can be represented as the convolution of a response
function with the FOD function and, as a consequence, the estimation
of the intra-voxel structure can be shaped through a linear model of
the form

b= dx+1, (4.7)

where x € R™ represents the FOD function, b e RY is the vector of
measurements, @ is the linear measurement operator, and 7 is the
acquisition noise. Since problem (4.7) is ill-posed, the solution is ap-
proximated by means of a reweighted {;-minimization process which
involves, at each step, the solution of a convex problem of the form

min f(x) = |®x —b|3
x€R™ (4.8)
subjectto x >0, |Wx|; =K,

where W € R™*™ is a diagonal matrix with positive entries and K is
the estimated maximum number of fibres to be detected in the brain
volume [3]. The weighted {;-norm constraint induces sparsity on the
solution, and the weighting matrix W forces some anatomical proper-
ties of the fiber bundles in neighboring voxels. A complete overview
about the properties of W can be found in [3].

It has been shown in [20] and [13] that the presence of a variable
metric in first-order methods can significantly improve the perfor-
mance in solving problem (4.8) with respect to their standard non-
scaled versions. We report the results obtained by using different
steplength selection strategy within the SGP scheme (1.51) We con-
sider the P-BB1 and P-BB2 rule defined in (3.46) and (3.48) respec-
tively, the modified version P-EQ-BB2 defined in (3.47), and the alter-
nating strategies P-EQ-VABBin (3.49) and P-VABBin, which can be
obtained from (3.49) by using the P-BB2 rule in place of P-EQ-BB2.
The values my = 2, 11 = 0.5 and 9 = 3 are used in P-EQ-VABByin
and P-VABBin. The sequence {Dy }ken is selected by mimicking the
split gradient-based scaling proposed in [6] for quadratic problems:
the scaling matrix has the following form

. 1 x(K) -1
Dy = diag (max <uk,m1n (uk, (1>T<Dx(k)>)> , (4-9)

1011
(k+1)2
{Dx}ken to asymptotically approach the identity matrix [21, Lemma

where . = 4 /1+ . The parameter py forces the sequence
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2.3]. This condition ensures the convergence of the sequence of the it-
erates generated by the SGP scheme to a solution of the minimization
problem, as proved in [14, Theorem 3.1].

For the numerical tests, we employed the Phantom dataset, avail-
able at https://github.com/basp-group/co-dmri, and described in
[3]. In particular, the test problem has d = 19200, n = 257280, and
K = 3840. Table 12 summarizes, for each scheme, the number of iter-
ations and the computing time needed to guarantee

[F(x)) — |
7]
the distance (4.6) is below certain thresholds tol. Symbol “—"”denotes
that condition (4.10) has not been satisfied within the maximum num-
ber of 4000 iterations. Figure 40 shows the relative function error
(4.10) between the objective function values provided by the differ-
ent methods and the minimum computed value *.

By analysing the results in Table 12 and Figure 40, we can affirm
that the modified version of the BB2 rule allows to largely improve
the behaviour of the SGP algorithm in terms of number of iterations
and computational time compared to the performance obtained with
the standard BB2 strategy. Similar considerations hold also for the
alternating schemes: the use of EQ-BB2 in place of BB2 makes P-EQ-
VABBmin more effective than P-VABB,, in finding the solution of
the optimization problem; furthermore, this test confirms that alter-
nating strategies still outperform the result obtained using a single
steplength rule.

< tol. (4.10)

Table 12: Number of iterations and computational time required by SGP
equipped with different steplength rules satisfy condition 4.10 for
different tolerance values.

tol =103 tol = 1072 tol=10"%  tol=10""19
It. Time It. Time It. Time It. Time

P-BBI 263 27 1025 106 3541 387  — -
P-BB2 620 64 - - - - - -
P-EQ-BB2 282 31 830 94 2552 299  — -
P-VABByin 283 29 3175 360  — - - -

P-EQ-VABBpin | 271 3.1 683 81 2169 265 3034 377

4.3 BEYOND THE QUADRATIC CASE

In this section we investigate the practical efficiency of the proposed
steplength selection rules within GP methods for constrained mini-
mization of general non-quadratic objective functions.
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4.3.1  Numerical results on general box-constrained problems

We start by analysing the effect of the different steplength selection
rules in accelerating the GP method on general box-constrained test
problems and we compare the results by means of performance pro-
file plots introduced in Section 4.1.

The test problems are generated as follows. Starting from an uncon-
strained minimization problem of a twice continuously differentiable
objective function ¥(x), for which a local minimum point x* is known,
we used the technique proposed in [40] to generate a box-constrained
problem of the form

min f(x) = ¥(x)+ Z hi(xi) —

<x<u
ieAf

D hilxi)

ieAE

(4.11)

where hi: R — R, i € A¥, are twice continuously differentiable non-
decreasing functions. Due to the special definition of f(x), the point
x* is a solution of (4.11).

For our tests, we selected some well-known non-quadratic functions ¥(x),

described below.

TRIGONOMETRIC FUNCTION [46] :

W(x) = b — (Av(x) + Bu(x))|?,

where v(x) = (sin(x1), ..., sin(xn)) ", u(x) = (cos(x1), ...,cos(xn)) T,

and A and B are square matrices of order n = 500 with entries
generated as random integers in (—100,100). Given a vector
x* € R™ with entries randomly generated from a uniform dis-
tribution in (—7, 7), the vector b is defined such that ¥(x*) = 0.
The starting vector is set as x(©) = min(u, (max (¢, x* + 0.371))),
where r € R™ has random entries from a uniform distribution
in [—7, 7.

111



112 NUMERICAL EXPERIMENTS

CHAINED ROSENBROCK FUNCTION [81] :

n

Y(x) =) (4eilxiot —xP)* = (1-x1)?),
i=2

where n = 500, the values @i, 1 =1,...,50, are defined as in [81,
Table 1] and @iy50; = @1, 1=1,..,50, j =1,...,9. In this case,
a solution of the unconstrained problem is x* = (1,1,..,17T.
The starting vector is set as x(©) = min(u, (max({,x* + 0.871))),
where r € R™ has random entries from a uniform distribution
in [-1,1].

LAPLACE2 FUNCTION [44] :

1T T 1.2 4
¥(x) = JxTAx —b'x+ 7h ;xi,

where A is a square matrix of order n = N3, N = 100, arising

from the discretization of a 3D Laplacian on the unit box by a
1

standard seven-point finite difference formula, h = N

b is chosen such that x} = x(kh, th, sh) with

x(kh, th, sh) = h3krs(kh — 1)(th — 1)(sh — 1)e~2 ((kh — d1)2 + (th — d2)2 + (sh — d3)?),

where the index i is associated with the mesh point (kh, rh, sh),
k,7m,s =1,...,N. Two different settings for the parameters d, d;, d,
and d3 are considered:

a) dZZO,d] :d2=d3:0.5,

b) d =50,dy =04, d; =0.7,d3 =0.5.

In both cases, the starting vector is x(0) = ”T“

For each function ¥(x), we built the corresponding constrained ver-
sions with the following choices for the functions h;(x), as suggested
in [40]:

(1) By (xi —x¥),
(2) o (x4 —Xf)a +Bi (xi —xF),

(3) o (x4 —Xf)7/3 + B (xi —x¥),

where «; are random numbers in (0.001,0.011), B; = 10~ nindeg n.
are random number in (0, 1), and ndeg = 1,4,10; in particular, the
values 3; correspond to the Lagrangian multipliers associated to the
active constraints and, therefore, the values assigned to ndeg allow
to control the degeneracy of the problem at x*. The vectors { and u
are set in order to have a number of active constraints at the solution
equal to a prefixed value na; the same number of lower and upper ac-
tive constraints is considered and different problems are generated by
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setting na ~ 0.1-1,0.5-n,0.9 - n. In this way, we built a total amount
of 108 box-constrained non-quadratic test problems.

Figure 41-43 show the performance profiles obtained by solving the
non-quadratic problems by the GP method with different steplength
rules. All the parameters involved in the GP algorithm and in the
steplength rules are set as in the quadratic case, except for the initial
steplength «p = 1. The maximum number of iteration is set equal
to 4000. As regard the limited memory approaches we report the re-
sults obtained for m = 5, since they gave the best performances in
the quadratic case. From Figure 41 we may observe that the BoxBB2
rule confirms its better behaviour compared with the profile of the
standard BB2 selection. Furthermore, the steplength strategies based
on adaptive alternation of BB1 and BoxBB2 still provide the best
performance. Since the proposed selections are designed essentially
for achieving an effective approximation of the spectrum of the re-
duced Hessian and, consequently, speed up the method, we may con-
clude that the spectral properties exhibited by the modified BB-based
steplength rules play a crucial role for improving the gradient me-
thods also in case of general box-constrained non-quadratic optimiza-
tion problems.

Figure 42 report the results obtained with LMGP, BoxLMGP1, and
BoxLMGP2 for m = 5: from these plots we can affirm that the general
behaviour observed in the quadratic case is confirmed. Finally, Figure
43 shows a summarizing plot that compares the performance profile
obtained with both BB-based rules and limited memory approaches:
on the considered test problems, the GP method combined with the
BoxVABBmin scheme turns out to be the best solvers, followed by the
BoxBB2 and the BoxLMGP1 strategies.

4.3.2 Numerical results on general SLB problems

In this section we report the result obtained in the solution of non-
quadratic SLB test problems, generated with a similar approach of
that described in [40].

Starting from an unconstrained minimization problem of a twice
continuously differentiable objective function ¥(x) with known solu-
tion x*, we built SLB constrained test problems of two possible for-
mulations:

mi(r;f(x) =W(x) +vT(x —x*) + Z hi(xi) — Z hi(xi)
ieAf ieAE

(4.12)

QO={xeR™{<x<uy, vTx:e},
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Figure 41: Runtime performance profiles obtained by the GP method
equipped with different BB-based steplength rules on a set of
box-constrained non-quadratic test problems.
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Figure 42: Runtime performance profiles obtained by different limited mem-

ory approaches on a set of box-constrained non-quadratic test
problems.



4.3 BEYOND THE QUADRATIC CASE

0.4 — . BB1L
. BoxBB2
£ BoxVABB i,
02§ s+ LMGPm=5
Box-LMGP1 m =5
o1 Box-LMGP2 m = 5| |
8 N N

Figure 43: Runtime performance profiles obtained by by the GP method
equipped with different steplength rules on a set of box-
constrained non-quadratic test problems.

i - T (x:) — (%
min f(x) = YxvTx+ 3 hi(xi) = Y hilxi)
ieAf ieA¥

(4.13)

O={xeR™":{<x<uy, vTx:e,e>O},

where v e R™, e € R, and hi: R —» R, 1 € A*, are twice continu-
ously differentiable non-decreasing functions. The constrained prob-
lems defined by (4.12) and (4.13) have the same solution x* of the un-
constrained problem of minimizing W¥(x); we notice that the scalar e
in the second formulation (4.13) must be positive to ensure this prop-
erty. For our experiments, we selected the same non-quadratic func-
tions described in the previous subsection. To build the correspond-
ing constrained versions of Trigonometric and Chained Rosenbrock
test problems we used both the formulations (4.12) and (4.13), while
for Laplace2 function we used the latter form only. The vector v is ran-
domly generated from a uniform distribution in (0, 1) and the follow-
ing choices for the functions h;(x) are considered, as in the previous
case:

(1) By (xi —x¥),
(2) o (x4 —X’f)s +Bi (xi —xF),
(3) o (xi —x3)""% + By (xi —x7),

where «; are random numbers in (0.001,0.011) and p; = 10~ nindeg,
with n; random numbers in (0,1) and ndeg = 1,4,10. In order to
retain first-order optimality conditions, the Lagrangian multiplier of
the single linear equality constraint must be equal to 1 up to sign (for
the case (4.12)) or to W(x*) up to sign (for the case (4.13)), while the
Lagrangian multipliers associated to the active constraints are easily
assigned equal to the values (3;, and, therefore, the parameter ndeg
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allows to control the degeneracy of the problem at x*. The vectors {
and u are defined in order to have the number of active constraints
at the solution equal to a prefixed value na; in particular, we set
na ~ 0.1:n,0.5-1,0.9-n and the same number of lower and upper
active constraints at x*. Finally, the resulting dataset is composed of
162 non-quadratic SLB test problems.

We evaluated the performance obtained by running the GP method
equipped with the steplengths rules: BB1, BB2, ABBpin, VABBpin, EQ-
BB2, EQ-ABBin, EQ-VABByin. The considered schemes share the fol-
lowing parameter setting: «p = 1, T = 0.7 and my = 2 for defin-
ing ocABBm'“ and ocﬁQ'ABBmi“ and t1 = 0.7, mq = 2 and ¢ = 1.3 for

iQ VABB“““. The starting vectors are defined as follows:

e x(0) =TIq (x* +0.37), where r € R™ has random entries from a
uniform distribution in [—, 7], when ¥(x) is the Trigonometric
function;

o x(0) =TTg(x* 4+ 0.87), where r € R™ has random entries from a
uniform distribution in [—1, 1], when ¥(x) is the Chained Rosen-
brock function;

. =TT (%), when ¥(x) is the Laplace2 function.

The stopping criterion adopted is defined as in (3.39). The perfor-
mance profiles shown in Figure 44 confirm the results obtained in the
quadratic framework. By capturing the information about the active
set at each iteration, the EQ-BB2 steplength strategy allows to speed
up the GP method with respect to the case the original BB2 rule is
used. This enhancement is further emphasized by using the alternat-
ing strategies employing the modified rule EQ-BB2.

4.3.3 Application in image deblurring with Poisson noise

In order to evaluate the behaviour of the proposed steplength rules
on a non-quadratic problem arising from real-applications, we con-
sider the problem of recovering a blurred image corrupted by Pois-
son noise. In general, in a Bayesian framework, an approximation of
the original object can be obtained by solving a constrained problem
where the objective function is given by the sum of a discrepancy
function (typically depending on the noise type affecting the data)
and a regularization term adding a priori information; simple con-
straints, expressing physical requirements, can be considered. In the
case of Poisson noise, the discrepancy function measuring the dis-
tance from the data b is the generalized Kullback-Leibler (KL) diver-
gence, having the form

fo(Ax +c;b) 2 bi log + (Ax+c)i — by, (4.14)

+cli
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Figure 44: Runtime performance profiles obtained by the GP method
equipped with different steplength rules on a set of non-
quadratic SLB test problems.
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where A € My (R) is a linear operator modelling the distortion due
to the image acquisition system and c € R™ is a known positive back-
ground radiation constant. A typical assumption for the matrix A
is that it has nonnegative elements and each row and column has
at least one positive entry (see [8] for details about the image de-
blurring problem in presence of Poisson noise). A widely used edge-
preserving regularizer is the discrete smooth Total Variation func-
tional, also known as Hypersurface regularizer, which is defined, for
an image of n = N x N pixels, as

fi(x) =) \/(Xk+1,€ —xK,0)% + (X001 =X, 0)2 Y2 =Y, (4.15)
ot

where vy is a small positive constant and periodic boundary condi-
tions are assumed. A maximum a posteriori estimate of the original
image is a solution of the following nonlinear programming problem

min f(x) = fo(Ax +¢; b) + pf1(x)

xeR™
n (4.16)
subject to x >0, 2 x; = K,
i=1

where K = Y ; bi —n-c is the flux of the image and p is a posi-
tive parameter balancing the role of the regularization term and the
discrepancy function; the inequality constraints and the single linear
equality constraint express the non-negativity of the pixels and the
conservation of the image flux, respectively.
We consider as test problem a 512 x 512 object representing a micro-
tubulin network inside a cell [70]. In this case, the values of the orig-
inal object X are in the range [0, 686], whereas those of the blurred
and noisy image b are in [0,446]; the background was set equal to 1
and the relative distance between the original object and the blurred
noisy data in Euclidean norm is 0.756; furthermore, p =4 - 10~% and
vy = 107° - max;{b;}. A ground-truth solution x*, i.e., an estimate of
the real minimum point of the problem (4.16), is obtained by execut-
ing a huge number of iterations of the SGP method. Indeed, it is well
known that the above problem can be efficiently addressed by the
gradient projection method equipped with a variable metric (see for
example [15, 19, 60]). Mimicking the split gradient-based scaling,the
sequence of scaling matrices {Dy }xen can be selected as follows

_ 1 < (K) -1
By = diag (max (uk,mm (p.k, ATt pV(x(k))>>> , (4.17)

where 1 is a vector with all entries equal to 1, V(x(¥)) is the positive
part of the splitting of Vf(x) = V(x) — U(x) at x(¥) (see [8, Cap. 5])
1011

andp.k: ]+m




4.3 BEYOND THE QUADRATIC CASE

In Table 13 and Figure 45 we report the behaviour of the SGP
method combined with the steplength rules P-BB1, P-BB2, P-EQ-BB2,
P-VABBpin and P-EQ-VABB . For the alternating rules, the follow-
ing setting of parameters is considered: mq =2, 11 = 0.5 and 9 = 3.
Table 13 shows the number of iterations and the computational time,
in seconds, required by the considered methods to satisfy

[£x() — £

7] < tol, (4.18)

where f* = f(x*). We also report the relative reconstruction error

It) =
(RRE) =" = at the iteration It. If one of the approaches is not able

]

to reduce the relative error on the objective function below a prefixed
tolerance within 1000 iterations, Table 13 displays the computational
time spent and the RRE achieved after the 1000 iterations performed,
and the corresponding results are indicated by a star. Figure 45 shows

the relative error of the objective function and the relative minimiza-

. () — . . .
tion error % with respect to the number of iterations and the

computational time.

We observe that P-BB2 and P-EQ-BB2 rules show the same be-
haviour, which is very similar to that of P-BB1, as well; indeed, for
this problem, the variable metric (in particular the term x(*) in (4.17))
hides the effects of the rules that take into account the constraints and,
at the same time, the equality constraint plays a minor role, since the
assumptions on the matrix A already induce the iterates to satisfy the
flux constraint.

Nevertheless, when the alternating rule is adopted, the use of P-
EQ-BB2 can still improve the performance of SGP, achieving in 33 s.
(565 iterations) with P-EQ-VABBin the value of the objective function
obtained with P-VABB;, after 56 s. (1000 iterations).

Figure 46 shows the relative error of the objective function and
the relative minimization error obtained in absence of a variable met-
ric, with the same parameter setting used for SGP. The general effect
of the scaling matrix is clear by comparing these results with those
reported in Figure 45: in particular, we can observe that the scaled
version of the methods are able to significantly reduce both the errors
with respect to the standard GP schemes; furthermore, as already re-
marked, its influence overlaps with the effect of the modification in
the P-EQ-BB2 rule.
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Table 13: Image deblurring test problem: number of iterations and compu-

tational time (average over 10 runs) required to reduce the relative
error on the objective function below a prefixed tolerance. The cor-
responding relative reconstruction error achieved is reported.

tol=5-10"2 tol=10"3 tol=5-10"*

It. Time RRE It. Time RRE It. Time RRE

P-BB1 64 38 0568 933 48 0.447 1000*  52*  0.447*
P-BB2 28 2.1 0531 1000 53*  0.446* 1000* 54*  0.446*
P-EQ-BB2 27 2.0 0533 1000% 56* 0.446* 1000* 56*  0.447*
P-VABBmin 26 1.9 0537 47 25 0.438 1000*  55*  0.438*

P-EQ-VABBin | 37 3.0 0531 267 15 0.438 565 33 0.438

¥ P - BB1 P - BB1
\y P - BB2 N P—BB2
> . P -EQ - BB2 s P —EQ - BB2
. P VABB., o ~. ———P - VABB.,
. — = =P - EQ- VABB,,, |1 10 = = =P -EQ- VABB.u | 3

P - BBL

P - BB2

P —EQ - BB2

P — VABBus,

— = =P EQ- VABB,,;,

Iterations Time (s)

Figure 45: Image deblurring test problem: numerical results of 1000 iter-

ations of the SGP method combined with different steplength
rules; first row: relative error of the objective function with re-
spect to iterations (left panel) and computational time (right

(k) _x ¥ .
Ix IIX*W | with
respect to iterations (left panel) and computational time (right

panel).

panel); second row: relative minimization error
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Figure 46: Image deblurring test problem: numerical results of 1000 itera-
tions of the GP method combined with different steplength rules;
first row: relative error of the objective function with respect to

iterations (left panel) and computational time (right panel); sec-

[ —x*]
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iterations (left panel) and computational time (right panel).
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CONCLUSIONS

In this thesis we presented a spectral analysis of the Barzilai-Borwein
and the LMSD steplength rules in gradient projection methods for
solving special constrained QP problems. We proposed suitable mod-
ifications to the original strategies, in order to exploit the informa-
tion prescribed by the KKT optimality conditions. Concerning the BB
rules, we proved that BB1 rule is able to capture the spectral prop-
erties of special submatrices of the Hessian matrix, which depend
only on the inactive variables at each iteration; in accordance with
this analysis, we proposed novel versions of BB2 rule with the same
features of BB1; these rules seem very useful in improving the effec-
tiveness of the method and, consequently, can be efficiently exploited
within state-of-the-art adaptive alternation steplength strategies.

With regard to the limited memory method, we introduced an ad
hoc strategy that allows to adaptively set the length of the sweep
during the iterative procedure. An extensive numerical experimenta-
tion confirmed the benefits of the proposed rules, also for solving
constrained problems deriving from real-world applications.

The carried out analysis opens the way to further investigations.
Indeed, optimization problems subject to more complex feasible re-
gions, such as, e. g., an n-simplex or a polyhedron, may be addressed
using techniques similar to those presented in this thesis.

Furthermore, another interesting topic for future works consists
in the spectral analysis of the LMSD procedure when it is combined
with a GP method exploiting a linesearch on the feasible arc. This last
procedure is interesting, although generally more expensive, because
it allows to identify the set of active constraints in a finite number of
iterations.

These open issues could be considered beyond the class of gradient
projection methods: the behaviour of the novel BB-rules may be anal-
ysed in the context of forward-backward splitting methods where the
non-smooth part of the objective function contains the indicator func-
tion of the non-negative orthant or the n-simplex.

A further new challenge is how these techniques could be exploited
in the context of stochastic gradient methods for the big data scenario.
This is a widely investigated current research area. Indeed, the numer-
ical resolution of the current machine learning problems requires to
obtain in a limited time, not asymptotically, the maximum decrease
of the objective function. The performance of current stochastic me-
thods may therefore benefit from the development of tools similar to
the BB rules used as steplengths or learning rates.
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APPENDIX

This appendix is devoted to recall some basic concepts and defini-
tions; furthermore, we report here the proofs of lemmas 3.1-3.2-3.3

A.1 SOME DEFINITIONS AND GENERAL RESULTS

Definition. For any symmetric matrix Q € M, (R), the Rayleigh quo-
tient of Q at a non zero vector x € R™ is defined as the value

B xTQx
]

Ro(x)

that minimize the quantity |(Q — AI)x| with respect to A. Clearly, if x
is an approximate eigenvector, then Rqg(x) is a reasonable estimate of
the corresponding eigenvalue [49].

Definition. (Rates of convergence) Let {X(k) }kew € R™ be a sequence
that converges to x*. The convergence is said Q-linear if there is a
constant r € (0, 1) such that

K+1) _

09— ="

|

for all k sufficiently large. The convergence is said Q-superlinear if
=0.

In general, we say that the Q-order of convergence is p (p > 1) if there
is a positive constant M such that

Hx(k+1 ) x ¥ H

—_— <
o e <M

for all k sufficiently large.
The convergence is R-linear if there is a sequence of nonnegative
scalars {Vvy }xen such that

() —x*|| < vie

for all k and {vy }xen converges Q-linearly to zero.

125



126

APPENDIX

A.2 GENERAL RESULTS ON PROJECTION MATRICES

Let x e R™ = V@®W. Then, x can be uniquely decomposed as
X =X1+X2, x1 €V, x2€W.

The projection onto V (along W) is the linear transformation that
maps x into x1; the matrix that represents this transformation is called
projection matrix.

Let P denote the projection matrix onto V along 'W.

Proof of Lemma 3.1.

(Necessary condition) For any ze R™ =V®W, Pz =x € V. Then, we
have

P(Pz) = Px =x =Pz = P’z =Pz = P? =P.

(Sufficient condition) Let now suppose that the matrix P represents a
linear transformation such that P? = P. We first observe that

ker P = range(I,, — P),

indeed, let x € kerP, x = (I;, — P)x then ker P < range(I,, — P); on
the other hand, for any z € R™, P(I,, — P)z = Pz — P2z = On,1 and
range(l,, — P) < ker P. Furthermore, we have

z=2z—Pz+Pz= (I, -P)z+Pz

hence, any vector can be decomposed as the sum of x; = Pz € range P
and x2 = (I, — P)z € ker P. Since range P n ker P = Oy 1, it follows
that P represents a projection onto V = range P along W = ker P.

Proof of Lemma 3.2.

(Necessary condition) From Lemma 3.1 it follows P2 =P.

Let x,y € R™, x = x1 +x2 and y = y; +yz, where x71,y; € V and
X2,Y2 € VI; let recall that ngy =0and ngx =0, then

x"Py = (Px+x2) Py = (Px) TPy = (PX)T(y —y2) =x"PTy,

which implies that PT = P.

(Sufficient condition) Let x = Pz € range P, then Px = P2z = Pz = x;
let y e range(P)*; for any x, we have (Px)Ty = xTPTy = xTPy =0,
which implies that Py = 0. Therefore, from Lemma 3.1 P is a projec-
tion matrix onto range P along range(P)i. Finally, let A be an eigen-
value of P; then for some x # 0, Px = Ax. We have

Ax = Px = P%x = APx = A%x,

which implies that A =0or A = 1.
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