Dipartimento di Informatica e Sistemistica “Antonio Ruberti”

UNIVERSITA DEGLI STUDI DI Roma “La Sarienza”

[terative computation of negative curvature
directions in large scale optimization:

Theory and preliminary numerical results

Giovanni Fasano
Massimo Roma

Technical Report n. 12
2005

T
ol
NS

(“\’:
[ARACNE

N
(2

\



I Technical Reports del Dipartimento di Informatica e Sistemistica “Antonio Ruberti”

svolgono la funzione di divulgare tempestivamente, in forma definitiva o provvisoria, i risultati di
ricerche scientifiche originali. Per ciascuna pubblicazione vengono soddisfatti gli obblighi previsti
dall’art. 1 del D.L.L. 31.8.1945, n. 660 e successive modifiche.

Copie della presente pubblicazione possono essere richieste alla Redazione.

Dipartimento di Informatica e Sistemistica “Antonio Ruberti”
Universita degli Studi di Roma “La Sapienza”

Via Eudossiana, 18 - 00184 Roma
Via Buonarroti, 12 - 00185 Roma
Via Salaria, 113 - 00198 Roma

www.dis.uniromal.it

Copyright © MMV
ARACNE EDITRICE S.r.l.

www.aracneeditrice.it
info@aracneeditrice.it

Redazione:

00173 Roma

via Raffaele Garofalo, 133 A/B
06 93781065

telefax 72678427

ISBN 88-548-0287-5

1 diritti di traduzione, di memorizzazione elettronica,
di riproduzione e di adattamento anche parziale,
con qualsiasi mezzo, sono riservati per tutti i Paesi.

I edizione: novembre 2005

Finito di stampare nel mese di novembre del 2005

dalla tipografia « Braille Gamma S.r.I. » di Santa Rufina di Cittaducale (Ri)
per conto della « Aracne editrice S.r.I. » di Roma

Printed in Italy



ITERATIVE COMPUTATION OF
NEGATIVE CURVATURE DIRECTIONS
IN LARGE SCALE OPTIMIZATION:
THEORY AND PRELIMINARY NUMERICAL RESULTS

G1oVvANNI Fasano!?  MassiMo Romal

! Dipartimento di Informatica e Sistemistica “A. Ruberti”
Universita di Roma “La Sapienza”
via Buonarroti, 12 — Roma, ITALY

E-mail: (fasano,roma)@dis.uniromal.it.

2 Istituto Nazionale per Studi ed Esperienze di Architettura
Navale INSEAN
via di Vallerano, 139 — Roma, ITALY

E-mail: g.fasano@insean.it.

Abstract

In this paper we deal with the iterative computation of
negative curvature directions of an indefinite matrix, within
large scale optimization frameworks. In particular, suitable
directions of negative curvature of the Hessian matrix rep-
resent an essential tool, to guarantee convergence to second
order critical points. However, an “adequate” negative cur-
vature direction is often required to have a good resemblance
to an eigenvector corresponding to the smallest eigenvalue
of the Hessian matrix. Thus, its computation may be a
very difficult task on large scale problems. Several strate-
gies proposed in literature compute such a direction relying
on matrix factorizations, so that they may be inefficient or
even impracticable in a large scale setting. On the other
hand, the iterative methods proposed either need to store a
large matrix, or they need to rerun the recurrence.

On this guideline, in this paper we propose the use of
an iterative method, based on a planar Conjugate Gradi-
ent scheme. Under mild assumptions, we provide theory
for using the latter method to compute adequate negative
curvature directions, within optimization frameworks. In
our proposal any matrix storage is avoided, along with any
additional rerun.



Keywords : Conjugate Gradient method, large scale optimiza-
tion, negative curvature directions, convergence to second order
critical points.

1 Introduction

In this paper we tackle a general problem which arises in the def-
inition of many minimization methods: the computation of suit-
able negative curvature directions of an indefinite matrix, in large
scale settings. Our interest is mainly motivated by the possibil-
ity of using negative curvature directions, within linesearch based
truncated Newton methods, for large scale unconstrained opti-
mization. However, the approach we propose may be exploited in
many different contexts of nonlinear programming.

We recall that, given a twice continuously differentiable real
valued function f and the point z € IR", the vector d € IR" is
a direction of negative curvature of the Hessian matrix at x if
d'V2f(x)d < 0. The use of negative curvature directions in de-
signing minimization methods has a twofold importance: from the
theoretical point of view, convergence towards second order critical
points, i.e. stationary points where the Hessian matrix is positive
semidefinite, may be guaranteed. From the computational point of
view, observe that negative curvature directions exploit the local
nonconvexities of the objective function. Then, a descent negative
curvature direction is such that the objective function and its di-
rectional derivative are (locally) decreasing along it. Therefore, a
step along a negative curvature direction, can hasten the search
for a region where the objective function is convex.

The use of negative curvature directions in unconstrained opti-
mization goes back up to [21] and the two landmark papers [20, 22],
where linesearch based modified Newton methods were proposed.
Here, a curvilinear path obtained by combining a Newton—type di-
rection and a negative curvature direction was considered. More-
over a “second order” Armjio-type rule was used, to ensure the
convergence to a second order critical point. The second order
convergence can be ensured by exploiting the local curvatures of
the objective function, contained in the second order derivatives.
In particular, the negative curvature direction is required to re-



semble the eigenvector corresponding to the smallest eigenvalue
Amin (V2 f(z)) of the Hessian matrix. Formally, if z; denotes the
current iterate of the algorithm in hand, the negative curvature
direction d/ must be nonascent and such that

()2 f(x;)d — 0  implies min [0 , )\"‘i“(VQf(xj))} — 0.

(1.1)

Note that convergence to second order critical points is guaranteed
also for the trust region methods in unconstrained optimization
(see, e.g. [3, 23, 27]): the latter result strongly motivates the
interest for such methods.

The use of appropriate directions of negative curvature plays a
key role also in constrained optimization, when defining algorithms
with convergence to points satisfying the second order KKT neces-
sary optimality conditions (see, e.g. [6] and the references reported
therein).

The computation of a nonascent direction of negative curvature
d’, which satisfies (1.1), is a very difficult task, and the difficulty
increases with the dimension. Indeed, in principle the computa-
tion of d’ is equivalent to compute an eigenvector corresponding to
the smallest eigenvalue of the Hessian matrix. In [22] the Bunch
and Parlett factorization was proposed for determining a nega-
tive curvature direction which satisfies (1.1). It was proved that
the Bunch and Parlett decomposition, for a symmetric indefinite
matrix, can be used for computing both a Newton—type direc-
tion and an adequate negative curvature direction. In [11] this
approach was embedded in a nonmonotone framework, showing
how its potentiality may be further exploited. In both cases, the
computation of the negative curvature direction relies on matrix
factorizations, which are impracticable when dealing with large
scale problems. On the basis of this observation, in [18] a new
strategy based on an iterative algorithm was proposed, within
truncated Newton schemes. The computation was based on the
well known ability of the Lanczos algorithm, to efficiently deter-
mine extreme eigenpairs of an indefinite matrix. In particular, the
SYMMLQ algorithm [25] was successfully used. However, here at
step h < n the negative curvature direction @’ in (1.1) is computed
as &/ = Vjwy,, where the h columns of Vj, are the Lanczos vectors



and wy, € R". Therefore, the storage of matrix V, is required, and
in order to handle the large scale case, only a limited number of
Lanczos vectors are stored. Of course, this implies that d’ is only
approximately evaluated, and the second order convergence is no
longer guaranteed.

In [14] a new approach for managing negative curvature direc-
tions, in large scale unconstrained optimization, was introduced.
In particular, a truncated Newton approach was considered, where
the alternate use of a Newton-type direction and a negative cur-
vature direction was proposed. Then, an appropriate linesearch
was performed on the chosen direction. To ensure condition (1.1)
the strict connection between the Conjugate Gradient (CG) and
the Lanczos methods is exploited. Convergence to second order
points is proved under mild assumptions, in such a way that the
storage of any matrix is avoided. However, the price to pay is
the necessity of rerunning the recurrence, in order to regenerate
the Lanczos vectors whenever they are needed, similarly to the
truncated Lanczos approach in [13].

A similar approach for iteratively computing a direction of
negative curvature was proposed in [2], where the authors discuss
the possibility of using Lanczos, Chebyshev and two—step Lanczos
algorithms. As alternative to the storage of all the Lanczos vectors,
they propose to store the two most recent vectors and to rerun the
whole Lanczos process whenever necessary.

These considerations indicate the need of iterative methods,
which compute nonascent negative curvature directions satisfying
(1.1), without storing any matriz. In this paper we focus on a
variant of one of the most popular Krylov—based method, the CG
method. As well known, it plays a central role in many imple-
mentations of truncated Newton methods, due to its efficiency in
determining a Newton—type direction. Unfortunately the CG al-
gorithm could untimely stop in the nonconvex case. To overcome
this drawback, the use of planar conjugate gradient algorithms
has been proposed [1, 5, 9, 10, 16, 17, 21]. Planar schemes are an
extension of the linear CG method to the indefinite case. They
iteratively perform the search of critical points either on mutually
conjugate directions or planes, so that they are effective both in



the definite and in the indefinite case. Such methods can be nat-
urally embedded within large scale unconstrained optimization,
however they represent an important tool also within other non-
linear optimization frameworks.

In this paper we propose the use of the planar CG method
FLR, described in [9], in order to iteratively compute, at each
iteration of a truncated Newton method, a negative curvature di-
rection which satisfies condition (1.1), without requiring to store
any matrix and avoiding any rerun. In particular, given an n x n
real indefinite matrix A, we use the FLR algorithm to generate a
tridiagonal decomposition of matrix A. We show that the tridiag-
onal matrix obtained is similar to the tridiagonal matrix generated
by the Lanczos algorithm. Therefore, we prove a suitable relation
between the eigenvalues of the tridiagonal matrix given by the
FLR algorithm and the matrix A. Finally, the tridiagonal form
is exploited for iteratively computing, under mild assumptions, a
negative curvature direction satisfying condition (1.1).

The paper is organized as follows: in Section 2, we report the
planar CG algorithm FLR for solving the indefinite linear system
As = b. Then, we describe the reduction of A to tridiagonal form,
and the relation between the eigenvalues of the tridiagonal ma-
trix and the matrix A. In Section 3, we describe the details of
the iterative computation of negative curvature directions for the
matrix A, by means of the tridiagonal decomposition previously
obtained. In Section 4 we report the results of a preliminary nu-
merical testing. Finally, a section of concluding remarks and the
Appendix complete the paper.

As regards the notations, given a vector v € IR™ we denote
by |lv]| the 2-norm of the vector v. Given a m X n symmetric
matrix A, we denote by A™"(A) the smallest eigenvalue of A and
by Amin(A) and Apax(A), the smallest and the largest modulus
of an eigenvalue of A, respectively. Moreover, with Kr(A,r) we
indicate the k-dimensional Krylov subspace associated to the pair
(A,7), i.e. the set spanned by vectors {r, Ar,..., A¥~1r}. With ey
we indicate the unit vector with 1 in the k-th entry, and |z] is the
lower integer part of the real value x. In the end, k(B) indicates
the condition number of matrix B.



2 Tridiagonalizations and current
representations

Let us consider the indefinite and nonsingular matrix A € R™*",
where n is large. We are concerned with determining a matrix
Ry, € R™" and a tridiagonal matrix T}, € IR"*", such that

AR, = RyTh, h<n. (2.1)

To this aim, since n is large, direct methods are not appropriate
and iterative methods are usually used. In particular, let b € R",
then several methods based on the Krylov subspace Kp(A,b) (see
e.g., [12]) can be considered. After h < n steps, some of the latter
methods provide h orthogonal vectors, say r1,...,7, to be used
to form the columns of matrix Ry, i.e. Ry = ﬁ ”:—ZH)
Assuming r; # 0, ¢ =1,...,h, 741 = 0, the latter methods give
(2.1), and since A is nonsingular, T} is a tridiagonal irreducible
matrix. If 7,41 # 0, in place of (2.1) the following relation holds
[12]:

ARp = RpTy + ppy1 thez, (2.2)

where pp11 € IR. In other words, (2.2) is obtained from (2.1),
by adding the rank—one update ph+1rh+1e£. Of course, since
r1,...,The1 are orthogonal, (2.2) leads to

RTAR, = Ty. (2.3)

Observe that if h = n, Rj is an orthogonal matrix, and (2.3)
represents a tridiagonal decomposition of A (it is well known the
importance of reducing the symmetric matrix A to the tridiagonal
form Tj). Relation (2.2) will be referred in the sequel as current
representation of the symmetric matrix A.

The CG and the Lanczos methods are among the most com-
monly used Krylov subspace methods to give (2.3). In the case of
the CG method, the vector r;, i < n, is the residual generated at
iteration ¢ — 1. The Lanczos method directly calculates orthonor-
mal vectors (the Lanczos vectors) which can be used as columns
of the matrix Rj. The two methods, along with their equivalence,
have been deeply studied (see, e.g., [3] Section 5.2, [4, 12, 28]). We



only recall that if A is positive definite, then T}, is positive definite
too, so that the tridiagonal matrix T} can be stably factorized in
the form

Ty, = LDy LE, (2.4)

where Ljp is a unit lower bidiagonal matrix and D) is diagonal.
Furthermore, the entries of the matrix L; and the diagonal ele-
ments of the matrix Dy, can be easily recovered from the quantities
generated by the CG or the Lanczos algorithms (see, e.g., [28]).
If A is indefinite, the factorization (2.4) may fail—in the sense
that it may not exist or may be very unstable—and a stable in-
definite factorization must be alternatively considered. Such a
decomposition is based on factorizing the tridiagonal matrix T}, in
the form
Ty, = L,BLLY, (2.5)

where Lj is a unit lower bidiagonal matrix, while By is a block
diagonal—and no longer a diagonal matrix. Each diagonal block of
By, is 1x1 or 2x2, hence the procedure to obtain the decomposition
(2.5) is definitely more cumbersome.

In this paper, in order to obtain relations (2.2) and (2.3), we
propose the use of the planar-CG algorithm FLR [9], which is a
modification of the planar CG algorithm proposed in [16]. It is
an extension of the standard CG algorithm to the indefinite case;
moreover it enables to overcome the well known drawbacks due to
possible pivot breakdowns.

2.1 A Planar-CG algorithm

In this section we briefly describe the planar CG algorithm FLR
proposed in [9] and reported in Table 2.1, which will be used to
obtain relations (2.1), (2.2) and (2.3). This scheme is a modifica-
tion of the algorithm proposed by Hestenes in [16]. An extensive
description of the FLR algorithm can be found in [9, 10]; here
we report some new related results, which arise from the applica-
tion of the FLR algorithm within optimization frameworks. (We
highlight that the role of the logical variable CR, introduced in
Table 2.1, will be clarified in Section 3.3).



Algorithm FLR

Step 1: k=1, 51 =0, r =b, CR = false.
If r1 = 0 then CR = true and STOP, else compute p1 = 1.

Step k: Compute oy = pi Apy.
If | ok | > ex||px||® then go to Step ka else go to Step kg

— Step ka (standard CG step) :

T
Tk Pk
Ok ’

Set sk41 = Sk + arPr, Tkl = Tk — arApr , where ap =

If re+1 = 0 then CR = true and STOP
else compute pry1 = Tr41 + Bepr with
_ —ph ATk _ e
Br = = 5
Ok [l7ell

Set k =k + 1 and go to Step k.

— Step kg (planar CG step) :
If £ = 1 then compute the vector qr = Apx,
else compute the vector

Apr + be—1pr—1, if the previous step is Step (kK — 1)a

bi—2

Apr + A (Ok—2Qr—2 — Op—2DPk—2) ,
k—2

if the previous step is Step (kK —2)p

(Apx—1)" Apy,
k-1

where by_1 = — and bp_o = 7(Aq,lg_2)TApk.

Compute ¢ = r{pk, Or = pquk, er = quqk, A, = orer — 5,%
and ék = (ckek — 5kq;7;7"k)/Ak7 &k = (qugrk — 5kck)/Ak

Set spy2 = sk + CkPr + Okqr , Thi2 =Tk — CkAPE — GLAQk.

If rg+2 = 0 then CR = true and STOP

B

AL (O'qu — 5kpk) with

else compute pri2 = re4o2 +
Br = —qi Aria.

Set k =k + 2 and go to Step k.

Table 2.1: Algorithm FLR for solving the linear system As = b.




Firstly, suppose the matrix A is positive definite; as long as
at Step k we have ¢, < A™"(A), the planar CG Step kp is never
performed, therefore the algorithm reduces to the standard CG.
On indefinite linear systems the FLR algorithm overcomes the well
known drawback of the standard CG, which may untimely stop.
The latter result is accomplished by detecting the critical point of
the associated quadratic function f(z) = 1/227 Az — b"x on mu-
tually conjugate directions or planes. This is a common feature
of all the planar CG methods (see [9] and the references reported
therein). In particular, assuming that the matrix A is indefinite
and nonsingular, by applying the standard CG, pivot breakdown
occurs at Step k if pprk = 0, so that the iterates are termi-
nated prematurely. On the contrary, planar CG methods generate
another direction at Step kp (denoted by ¢x). Then, instead of de-
tecting the critical point along the line z; + apg, @ € IR (which is
carried on at Step k4), they perform a search on the 2-dimensional
linear manifold xj + span{pg,qr}. More specifically, as concerns
the FLR algorithm, it can be easily proved (see Lemma 2.2 in [9])
that, if the matrix A is nonsingular and at Step k we have ry # 0,
the FLR algorithm can always perform either Step k4 or Step kg.
For further properties of the sequences {px} and {q;} we refer to
Theorem 2.1 in [9]. As regards the parameter ¢ at the Step & (see
also [9]), let € € IR be positive, then the choice

€ < €, at Step ka,
_ ) (2 el o [l
€ < € < € = min {)\- A s A (A) T,
D N
Az (A
mln( ) HpkH at Step kBa

2Dnax (A) llasl? |

(2.6)

guarantees the denominators at Step k4 and Step kp to be suf-

ficiently bounded away from zero. We highlight that the choice

(2.6) is slightly stronger than the choice of the parameter ¢ at

Step k of the FLR algorithm in [9]. As regards the apparently

cumbersome computation of the quantity |lgx|| in (2.6), no addi-

tional cost is needed (see also [9]). In the sequel we assume that
at Step k the parameter ¢ satisfies condition (2.6).



2.2 Tridiagonalizations and current representations
via the FLR algorithm

In this section we describe how to obtain a tridiagonal decom-
position and a current representation of the matrix A, by means
of the FLR algorithm. As regards the sequence of the directions
generated by this algorithm, we adopt the following notation: if
at Step k the condition |pf Apk| > exl|lpx||® is satisfied, then set
wy, = pg, (standard CG step) otherwise set wy, = pg and wi41 = g
(planar CG step). With the latter convention, {w;} represents the
sequence of directions generated by the FLR algorithm.

Observe that the sequence of the residuals {r;} is necessary
to form the matrix Rj in (2.3); however, note that in the pla-
nar CG Step kp, the vector rgy; is not generated. The lat-
ter shortcoming may be overcome by introducing a “dummy”
residual r;41, which completes the sequence of orthogonal vec-
tOrs T1, ..., Tk, Tkt Tht2,---,7h [1, 7]. It is easy to see that the
only possible choice (apart from a scale factor) for the dummy
residual rgy1, such that rgyq € Kr(A, ) and 111 € Ke—1(A,r1),
is the following [7]:

The1 = Gy + (14 ag) sgn(ow) Apr
by = o (2.7)
el + |ow]’

where the coefficient &, is computed by imposing the orthogonality
condition r{, ;py = rf, 7% = 0. We highlight that since ||rj|| and
||Apk|| are bounded, ||7%+1|| is bounded too. Moreover, from (2.7)
and Theorem 2.1 in [9], it can be readily seen that the dummy
residual riy1 satisfies also the required orthogonality properties

Tg+17"i:0a i <k, and TZTT'k+1=0, i>k+1.

Now, we show that the FLR algorithm yields both the tridiago-
nalization (2.3) and the current representation (2.2), when matrix
A is indefinite. To this aim suppose that the FLR algorithm per-
forms up to step h and, for the sake of simplicity, the only one
planar CG step is Step kp < h. Then, considering (2.7) and the

10



instructions at Step kp, along with the position

) c R<h Ph:<w1 ] wh) c R™*h

. T Th
lrall sl

o (e
[rall il

the following result can be obtained:

Theorem 2.1 Consider the FLR algorithm and let ||r;|| # 0,1 < h.
Suppose the only one planar CG step is Step kp < h. Then the
following relations hold:

Philj“: = Ry, (28)
. Th+1 I_/h —
AP, = (R : > . Dn,  h<n, 2.9
" " (Zh+1,h€;‘5> " (29)
AR, = (Rhf Thil > T T h<n, (2.10)
17l th+1,h€},
where
1
—VBi -
1
—VBr-1 1 0
a3 Oy 1
0 —/Brt2 -
1
—V/Br-11
(2.11)
with (Bk = resa 1P/ 117.l%5 Brer = lIrke2ll?/ e ll?)
- Qg - .
= —, as = (1+ ag) sgnl(og),
- (1+a) sgnio) -
__— BrIk - Bk Ok

a3 = =,
’ Ag/ Brt18k

a4 =

A/ Brat

11



ar
1
0
ap—1 i
Dy = & . (2.13)
Skl 1
0
Ak+2
an
1
_\/E.
1 0
—/Br—1 01 a3
Eh = Qg Q4
(0% 1
0 —/Bry2 -
1
—v/Bh-1 1

(2.14)

The coefficients & and &1 are independent arbitrary non-zero

12



parameters', and &;, i =1,...,5, have the following values:

_ Ok _ Ok

a = =&k, ay = \/ﬁk{sgn(ak)JrQ &ks
&l [l

_ Ekt1 oK . } _ Ck€ky1

az = — |1 - Ck| 0y = —= - ;
VBib e ||? or(1 + ) sgn(o)

(2.15)
Finally, T}, is an irreducible symmetric tridiagonal matriz defined

by

" Ly = =
3 _ i DyIT, 2.16
(0"‘Oth+1,h> (0"'0lh+1,h> h&h ( )

where lp11p and thy1y are the element (h + 1,h) of the matriz
Lyt and Thiq, respectively.

Proof: From the FLR algorithm, Theorem 2.1 in [9] and (2.7),
after some calculations and assuming that the only one planar CG
step is Step kp < h, we obtain (2.8), (2.9) and the expression of
Ly, Dy, and Ly,. Moreover, we have

. Th—&—l Th
AR, = <R : ) 7
" " gl ( 0---0thy1n )

_ (R © Thel ) Ty,
- h - - T .
7 hgl th+1,h€h,

Note that (2.10) can be rewritten in the form

_ t;
ARy, = RyTy + 22 el (2.17)
[y

"We remark that 65 # 0 in the FLR algorithm, thus the parameters & and
&x+1 may respectively be set to 1 and 64, in order to simplify (2.15).

13



which is a current representation of the indefinite nonsingular ma-
trix A. The following result provides further theoretical properties
of the matrix Ly, which will be used later on.

Proposition 2.2 Consider the FLR algorithm and let ||r;|| # 0,
i < h, where h < n. Suppose that Apmin(A) > v >0, v € IR, and
that v > 0 planar CG steps are performed. Let the parameter €,
satisfy condition (2.6), with k < h. Then, the matriz Ly, in (2.11)
is nonsingular and ||Ly|| is bounded. Moreover, the following re-
lations hold

v

1
4X2 . (A)

1 min
+ 9¢

< Jdet(Lp)| <1, (2.18)

~ ~ h 1/2
[Lnll < lmax {(2h—1)+2} : (2.19)

where

Zmax = 2, 2 ,
ke{l};axv {\/BZ \/ Bre+15%
i=1,..,h—1, i#kk+1
)\2 ( )ﬁk\/ﬁk'f’l}? (220)

min

Crax 1S bounded, ji,...,J, are the indices of the planar CG steps
and jp,<h—-1,p=1,...,v

Proof: The proof of this Proposition is reported in the Appendix.
O

As we already discussed, several methods may be used to re-
duce the matrix A to a tridiagonal form. Furthermore, it can
be worthwhile to point out to what extent the tridiagonal matrix
generated depends on the method. On this guideline the The-
orem 7-2-2 in [26] allows us to immediately derive the following
proposition, concerning the FLR algorithm.

14



Proposition 2.3 Let A € IR™" be symmetric and indefinite.
Suppose to perform the FLR algorithm and generate the orthogonal

1
[EY [

matriz Ty, such that AR, = R,T,. Then, T,, and R,, are uniquely
determined by A and ri/||r1|| or, alternatively, by A and ry,/|ry].

matriz R, = . ”;—z”), along with the irreducible tridiagonal

2.3 Relationship between the eigenvalues of matrices

T, and A

Suppose now to apply the Lanczos algorithm to the linear sys-
tem As = b, with b € IR®. Then, after n steps the Lanczos
algorithm generates the orthogonal matrix V,, = (v1,...,v,) and
the tridiagonal matrix 7T, such that AV,, = V,,T,. Similarly to
Proposition 2.3, by Theorem 7-2-2 in [26] we have that 7}, and V,,
are uniquely determined by A and vy, or alternatively by A and
vn. However, this does not imply that the tridiagonal matrices
T, (from the Lanczos process) and T, (from the FLR algorithm)
coincide. It rather suggests that the vectors r;/||r;|| and v;, i < n,
are parallel. Thus, the sequences {v;} and {r;/| 7|/} are orthonor-
mal bases of the same Krylov subspace, and v; = 0; r;/||7;||, with
0; € {—1,+1}. The sequence {6;} is uniquely defined. In particu-
lar, in case no planar CG steps are performed (the FLR algorithm
reduces to the standard CG), the detailed calculus of 6; can be
found, e.g., in Section 5.2.2 of [3]. When planar CG steps are per-
formed in the FLR algorithm, the expression of #; is reported in
[8]. This implies that the following relation holds

Th = VhTAVh = @gRZARh@h = @hTh@h, h < n, (2.21)

where ©;, = diag{6;, i« = 1,...,h} is nonsingular. Due to the
similarity (2.21), some important relations between the eigenval-
ues of matrices Tj, and A hold from the relation between 7}, and
A. Therefore, properties on the eigenvalues of T}, can be directly
inherited from the properties of the eigenvalues of 7. We now
briefly describe the relation between the smallest eigenvalue of
the tridiagonal matrix T}, in (2.16), and the eigenvalues of matrix
A. This will provide a tool for estimating the eigenvector of A
associated to the smallest eigenvalue of matrix A. Then, the lat-

15



ter vector will be used to compute a suitable negative curvature
direction in optimization frameworks.

Theorem 2.4 Let \{(A) < --- < X\, (A) be the ordered eigenval-
ues of the matriz A. Moreover, let ui(Ty) < -+ < pn(Th) be the
ordered eigenvalues of the matriz T),. Then the following state-
ments hold.
. C
¢%_1(1 +2p)’
holds where C' is a positive scalar, ¢p_1 is the h — 1 degree
Chebyshev polynomial and p = (A2(A) — A (A))/ (A (A) —
A2(A)).

i1) Let rp, 7570 and rp11 = 0, then the eigenvalues pi(Ty) <
e < ,uh(Th)_ of the matriz Ty, are also eigenvalues of matriz
A, and i (Ty) < p1(Th1) < -+ < pp1(Th-1) < pa(Th)-
Moreover if ul(»h) is the eigenvector of Ty, corresponding to the

(h)

i

i) The inequality M1(A) < u1(T)) < A1 (A)

eigenvalue p;(Ty), then the vector Ryu
of the matriz A.

1S an eigenvector

iii) There exists an eigenvalue \(A) € R of matriz A such that
| AMA) = pi(Th) | < | tnsrn |-

Proof: It is well known that properties i) and i) hold if we con-
sider the tridiagonal matrix 7T}, generated by the Lanczos algorithm
(see e.g. [12]). Hence, from the similarity (2.21) they hold for the
tridiagonal matrix T},.

As regards iii), suppose (u;(Th), ugh)) is an eigenpair of matrix T},
i < h with ||u§h)\| = 1. Then, by Theorem 4-5-1 in [26] and (2.17),
an eigenvalue \(A) of A exists such that:

B e p ()
AA) = (T | < IAR = i) o]
By

= (AR = RyT)u"| (2.22)

Th+1 T

()
epu;
[y

the1,h < | thsin |-
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Observe that from property i), the smallest eigenvalue of the
tridiagonal matrix 7T}, approaches very quickly the smallest eigen-
value of the matrix A (see also [29] page 279).

Property i) yields u1(T) < p1(Th-1) therefore, at each it-
eration the FLR algorithm improves the estimate of the smallest
eigenvalue of the matrix A, by means of (2.17) and (2.22).

Finally, property i) shows that if |t541 4| is sufficiently small,
the quantity p;(7},) is a good approximation of the eigenvalue \(A)
of matrix A (we recall that when 415, = 0 the FLR algorithm
stops).

3 Iterative computation of negative
curvature directions

In this section we use the theory developed in the previous sec-
tions within truncated Newton frameworks. We recall that the
latter iterative schemes have proved to be effective tools for large
scale optimization problems (see, e.g., [24]). In particular, in un-
constrained optimization, convergence towards second order sta-
tionary points where the Hessian is positive semidefinite, can be
ensured by computing, at each iteration j, a pair of directions
(s7,d7). The direction s/ is a Newton-type direction obtained by
approximately solving the Newton’s system V2 f(z;) s = —V f(z;),
whose purpose is to guarantee the convergence to stationary points.
The direction d’ is a suitable negative curvature direction used to
force convergence to second order stationary points [22, 18]. This
requires that the sequence {d’} satisfies the following assumption.

Condition A. The directions {d’} are bounded and such that

(A2 f(z)d <0 (3.1)
()72 f(wj)d — 0 implies min0, A™"(V*f(z;))|—0, (3.2)

where X""(V2 f(x;)) is the smallest eigenvalue of the Hessian ma-

triz V2 f(x;).
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Here we describe how to compute such directions {d’} by using
the theory developed in the previous sections. More specifically,
we describe how to exploit relation (2.17), obtained in Section 2
via the FLR algorithm, for iteratively computing direction d’ in
order to satisfy Condition A.

To this aim, we focus on a generic iteration j of a truncated
Newton method and we consider the matrix A as the system ma-
trix at the j-th iteration of the method (in the unconstrained opti-
mization case As = b is the Newton’s system at the j-th iteration
with A = V?f(z;)). Now, suppose to apply the FLR algorithm
and that it terminates after n steps, i.e. the condition 7,17 = 0
is fulfilled and formulae (2.8) and (2.9) hold with A = n. Ob-
serve that in a large scale setting, when far from the solution, the
FLR algorithm should possibly avoid to completely investigate an
n-dimensional Krylov subspace. Thus, in general it may be im-
possible to guarantee condition (3.2) because (see [14] Section 4)
“... the Krylov subspace investigated may not contain any eigen-
vector corresponding to the leftmost eigenvalue. However [in a
truncated Newton scheme, when close to a stationary point] this
happens with probability zero in exact arithmetic, and we don’t
expect it to happen in presence of rounding”. Therefore, we carry
on a theoretical analysis under the assumption that the FLR algo-
rithm performs exactly n steps, while in practice, we will compute
the direction ¢’/ after a smaller number of steps. The numerical
experience in Section 4 gives evidence that the latter approach is
effective and efficient.

On this guideline, condition r,11 = 0 in relation (2.17) yields
AR, = R,T,. So that from (2.16), we have the following factor-
ization for the symmetric tridiagonal matrix 7},

T, = L,D,LT, (3.3)
where L, and L, are given in (2.11) and (2.14) (with h = n).
Note that in general L, # L,, unless no planar CG steps were

performed by the FLR algorithm. Since both L,, and L,, are non-
singular, the nonsingular matrix II,, € IR™*" exists such that

Ly = L,I1,. (3.4)

18



Now, w.l.o.g. assume that only one planar CG step was performed
and it was Step kp; then, the explicit expression of 11, is given by

1
0
1
Tk k Tk k+1
II,, = , (3.5)
Th+1,k  Tk+1,k+1
1
0
1
with
Tk = O1, T k+l = O3,
_ _ . _ _ - (3.6)
a9 — X101 a4 — 301
Thk4+1,k = — = Thk+1,k+1 — — =
+1, s ) +1,k+ s )

where &; and @;, i < 4, are given in (2.12) and (2.15). Hence, by
(3.3) and (3.4) B . o
T, = Ln(HnDn)LZ’ (37)

and it is easy to verify that the block diagonal matrix II, D, is
symmetric.

The importance of the factorization (3.7) in computing the
negative curvature direction d’, for matrix A, relies on the follow-
ing facts:

e the computation of the eigenpairs of II, D, is trivial. Fur-
thermore it is possible to establish a simple relation between
the eigenvalues of T}, and the eigenvalues of II,,D,,;

e sincer; 0,7 =1,...,n and 7,1 = 0, the matrix T}, is
irreducible and the eigenvalues y(T},) < -+ < un(Ty,) of Ty,
are also eigenvalues of matrix A (Theorem 2.4).

Now let us prove the following technical Proposition.
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Proposition 3.1 Consider the solution § of the linear system
LTy = 21, where L, is given in (2.11) and z is the normalized
eigenvector corresponding to the smallest eigenvalue of 11, D,, (see
(2.13) and (3.5)). Let v > 0 be the number of the planar CG steps
performed by the FLR algorithm. Let lrmax be an upper bound for
the modulus of the entries of matriz L,. Assume that e in the
FLR algorithm satisfies (2.6). Then the vector § is bounded and
satisfies

2
ol < nwmaxw‘lJ(num (14520,

9 €
where A 02 () -
lrnax = (1 + 9““1;> Crnax.
Proof: The proof is reported in the Appendix. O

The next theorem, which follows from Lemma 4.3 in [22], shows
how to determine a direction of negative curvature by means of
the decomposition (3.7).

Theorem 3.2 Let us consider the decomposition (3.7), where T},
has at least one negative eigenvalue. Let z1 be the mormalized
eigenvector corresponding to the smallest eigenvalue of I1,D,,, and
g € R™ the solution of the linear system

LTy = 2. (3.8)
Then the vector '
& =R,y (3.9)
is a bounded negative curvature direction satisfying (3.1) and (3.2).
Proof: From relation (2.3) with h = n and considering that
p™(T,) is the smallest eigenvalue of T},, Lemma 4.3 in [22] yields
min (77 =1I'm = T T 2 gTT g

0> T 2 GTDILIP 2 ML) T
] |(Rag)TA(Ra7)| 510

= |k — :

" 1Ryl
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Finally, from Theorem 2.4 the smallest eigenvalue A™*(A) of A

satisfies A™"(A) = p™(T,,), then

] (Ray)" A(R)|

0 > )\mm(A) Z — ,
[ Rn gl

(3.11)

i.e. d is a negative curvature direction for matrix A and (3.2)
holds. Now we show that the direction d’ defined in (3.9) is
bounded. On this purpose, considering that R, is orthogonal,
d’ is bounded as long as the solution ¢ of the linear system (3.8)
is bounded. The latter result is stated in Proposition 3.1. O

Now observe that, according to (3.9), the computation of d’ re-
quires the storage of both the vector § and the full rank matrix
R,. Unfortunately this is unpractical for large scale problems.
Here we show that both the computation of ¢ and the storage of
R, may be avoided, so that the FLR algorithm iteratively provides
the vector d/. We distinguish between the (simpler) case in which
no planar CG steps are performed, from the case where planar CG
steps are performed.

3.1 No planar CG steps are performed in the FLR
algorithm

If no planar CG steps are performed, in Proposition 3.1 we have

21 = e, for a certain m < n. Moreover, the decomposition (3.3)

becomes T}, = L, D, L, where [28]

VB 1

: 1
0 -V ﬁnfl 1

and D,, = diag{1/a1,...,1/ay}. Therefore, recalling relation 3; =
i1 |?/|Iril1?, @ < n—1, the solution § = (g1 ---¥n)” of the linear
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system (3.8) can be obtained by backtracking from g, to g;. In
particular, we have

gn: :gm"rl_o) gm: )
and
N ] o lrmll
m—1 — ) m—2 — y 1 = .
[[rm—1ll [[rm—2ll ([l

From (3.9), recalling that p; = r; + Bi—1pi—1, ¢ < n, we simply
obtain

m
g T _ Dm

# = Il L e = Tl (342
The difficulty that m is not known “a priori”, can be easily over-
come, since m is the index of the least negative diagonal entry of
matrix Dy, i.e. 1/a,, < 1/a;, for any a; < 0, i < n. Hence, from
(3.12) the calculation of &/ may be easily carried on iteratively
and requires the storage of only one additional vector.

3.2 Some planar CG steps are performed in the FLR
algorithm

In case some planar CG steps are performed by the FLR algorithm,

the structure of matrix L, in (3.8) is given in (2.11) with h = n.

Now, we manipulate (3.7) so that

L, =L,D, and T, = L,B, LY, (3.13)

where D,, is a nonsingular diagonal matrix and L, is a non-
singular unit lower triangular matrix (see (A.13) and (A.14) in
the Appendix for the exact definition of D,, and f)n) Then,
B, = ]_N)anan)n is a block diagonal matrix with 1 x 1 and 2 x 2
nonsingular blocks. From Proposition 3.1 and its proof we ob-
serve that w.l.o.g., in place of solving the linear system (3.8) in
Theorem 3.2, we can consider equivalently from (3.13) the system
LTy = 2, (3.14)
where now z; is the normalized eigenvector corresponding to the
least negative eigenvalue of B,,. The vector z; may have two dif-
ferent expressions:
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1) if the smallest negative eigenvalue of B,, is a 1 x 1 diagonal
block of matrix By, (corresponding to a standard CG step in
the FLR algorithm), then z; = e, for a certain m < n;

2) otherwise, let Ay, Amy1 be eigenvalues of B,,, corresponding
to a 2 x 2 diagonal block (planar CG step in the FLR algo-
rithm), with A, < Appp1. Then, if )\, is the smallest eigen-
value of By, it results 21 = (0,...,0, Wm, Wnit, 0,...,0)T
where wy,, wn+1 € IR and can be trivially calculated.

Therefore, as in the previous section we want to determine the
solution % of (3.14) and the direction d’ of (3.9) in either the cases
above, assuming that some planar CG steps were performed.

e We first consider the case 1) in which
21 = em, (3.15)

i.e. the smallest eigenvalue of B,, corresponds to a standard
CG step in the FLR algorithm. By simply backtracking from
Un to §1 we obtain (see (3.14))

Un ="+ ="Um+1 = 0.

Then, we compute 4;, ¢ = 1,...,m, by checking whether
Stepi,7=1,...,m, was a standard CG step or a planar CG
step. In particular, suppose w.l.o.g. that the FLR algorithm
performed the standard CG steps ma, (m — 1)4,...,(h +
2)a,(h—1)4,...,14, and the only one planar CG step hp.
Then, it is possible to verify that by backtracking from index
i = m, we have from (3.14)

o= el i=m,.. h+2,

. lrmll_ (P

Yn+1 Tl ‘I’%h)’

no ”ﬁ}:ﬁ” q)?m Il

7 — m Th . .

Yi T irege2ll Q)Q [[r]] i=h 17 ’ 17

(3.16)
where
(h) ~(h) ~(h)
h a m aPa .

o) =~y oy = S —al’. (317)

2 Qs
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As a consequence, after few calculations we conclude that
the negative curvature direction &/ = R,,7, can be computed
similarly to (3.12). Note that the index m is known only
at Step n, so that the storage of R, is apparently required.
However, observing the structure of vector ¢ in (3.16), at
the current step of the FLR algorithm we simply need to
store only a pair of vectors. Roughly speaking, one corre-
sponds to a “current” negative curvature direction, the oth-
ers takes into account that the smallest negative eigenvalue
of B,, might not have been yet computed (see the scheme in
the next section).

e Let us consider now the case 2). Again the solution ¥ is
obtained by simply backtracking from ¥, to ¢;. In particular,
from (3.14) we have

Un="""=Um+2 =0, Ym41 = \Ijgm)v Ym = \Ijém)7 (3'18)
where \Ifgm) = W1 and \Ifgm) = W — Qwm+1 (aq is defined
n (2.12) with £ = m). Then, assuming w.l.o.g. that before
the planar CG step mp the FLR algorithm performed the
standard CG steps (m — 1)4,...,(h+2)a, (h—1)4,...,14
and the planar CG Step hp, by backtracking we have from

(3.14)

g = |||rT’j||||\11( m) i=m-—1,...,h+2,
7 — rmll (m) (h)

L T S

T el 2

S ”ﬁ“ﬂuw( )q)?fu al

o Tl R -

o= e i i=h—1,...,1.

(3.19)
Again, from (3.19) it can be seen that d/ may be iteratively
computed, as summarized in the case 1) (see also the next
section).

Finally, observe that the considerations above may be straightfor-
wardly generalized, in case several planar CG steps are performed.
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3.3 Explicit scheme for computing the negative
curvature direction

In the previous section we described the rules for the iterative com-
putation of the negative curvature direction d/, without requiring
the storage of the full rank matriz R,,. Now, we report in Table 3.1
a scheme which summarizes such computation, in the general case
of a sequence of standard and planar CG steps. We remark that
the algorithm in Table 3.1 performs as many iterations as the
FLR algorithm (i.e. it can possibly perform h < n steps). Thus,
according with Section 3, the negative curvature direction which
satisfies (3.1) and (3.2) can be fruitfully approzimately computed.
In particular, we denote by d the direction of negative curvature
d? computed after h < n steps of the FLR algorithm. We give
evidence in Section 4 that this approach is effective.

Before going into the details of this scheme, we describe both

variables and parameters involved, in order to allow a straight-
forward consultation. Firstly, observe that since the approxi-
mated negative curvature direction dﬁl, h < n, satisfies d{l =
Sh g/l at each step of the FLR algorithm we refine the
calculation of d?w by adding a new term. The latter result is
iteratively achieved in the scheme of Table 3.1 by updating con-
temporaneously the information referred to a couple of different
scenarios (A and B).
The index m in Sections 3.1 and 3.2 corresponds either to the stan-
dard CG step m 4 or the planar CG step mg. Thus, in the scenario
with subscript A we store information related to the best standard
CG step, performed by the FLR algorithm up to the current step.
In the scenario with subscript B we store the information related
to the best planar CG step, performed by the FLR algorithm up to
the current step. Moreover, each step of the FLR algorithm may
affect both scenarios, so that we need to store a pair of vectors for
each scenarios. As regards unknowns and parameters we have:

e k is the index of the current iteration of the FLR algorithm;

° d{l is the negative curvature direction computed after h < n
iterations of the FLR algorithm;
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Tnorm,4 18 a scalar which contains the norm ||7,|| where m is
defined above;

da, dg, deyrr 4 s Aeurrg are four n real vectors with the follow-
ing role:

— Tnormd.A and dp represent the best negative curvature
directions, in the respective scenarios, detected up to
the current Step k,

— deyrr 4 and deyrryy contain the current information which
will be possibly used to update respectively d4 and dg;

Am and A, contain the “best” current approximation of
the least negative eigenvalue of the matrix A, respectively
in scenario A and scenario B. Alternatively A, , and A,
contain the current least negative eigenvalue of respectively
1 x 1 and 2 x 2 diagonal blocks of matrix By, in (3.13);

{ri}, {px}, {€x}, {ax}, are defined in the FLR algorithm;

g is defined as g = —ry, and is used in the Final Step to
ensure that dj, is of descent (in an optimization framework
where As = b is the Newton equation);

the sequences {@gk)} and {@ék)} are defined in (3.17);
the sequences {‘I/gk)} and {\Ilék)} are defined in (3.18);

the real scalars Ay, Apt1, Wi, Wit are defined in 2) of the
previous section;

W is an n real working vector;

CR is the logical variable introduced in Table 2.1, to ad-
dress the stopping condition. Thus, it is accordingly used in
Table 3.1.

Observe that at Step k, either the quantity 1/ay (eigenvalue of the
current 1 x 1 block) or A (the least eigenvalue of the current 2 x 2
block) is tested. In particular, the latter quantities are compared
with the current least negative eigenvalues A, , and A, in both
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scenarios. In case 1/aj and A are larger than A, , and A, then
only vectors deyrr, and deyrr; are updated. On the contrary, if
1/ay or X improve respectively Ap, , Or Ay, then also Ay, or Ay
will be updated, along with d4 or dg.

Finally, observing the iterative procedure in the scheme of Ta-
ble 3.1, we remark that at most 4 vectors (da, dg, deurr » Aeurry),
additional with respect to the ones required by the FLR algorithm,
need to be stored for computing dj.

4 Preliminary numerical experience

In this section we aim at preliminarily assessing both the reliabil-
ity and the effectiveness of the approach proposed in this paper
to compute negative curvature directions. On this guideline we
applied the algorithm proposed in Table 2.1 to solve

a) “stand alone” indefinite linear systems;

b) linear systems arising in nonconvex unconstrained optimiza-
tion.

As regards a), the algorithm in Table 2.1 is experienced for solving
a sequence of symmetric indefinite linear systems of 500 unknowns,
in order to verify if in practice condition (3.11) is met. In other
words, we give evidence that few iterations (< n) suffice to obtain
a satisfactory negative curvature direction. In particular different
values of the condition number (cond) are considered for each lin-
ear system in Table 4.1. The latter choice is evidently motivated by
the well known strong dependency of the CG-type methods from
cond [12]. In particular the values cond = exp(a), a = 2,4, 6,8, 10,
were considered. Furthermore, the stopping criterion adopted at
Step k of the FLR algorithm is ||rg1 1] < 1078||r1]|, so that in Ta-
ble 4.1 we can observe that the stopping criterion was met within
500 iterations only for cond = exp(2) = 7.39.

As regards the other acronyms in Table 4.1, n represents the num-
ber of unknowns, C'G_it is the number of iterations which are
necessary to meet the stopping criterion. C'G_it gives an average
result over 10 randomly generated runs with n and cond fixed.
Then, ||7500(|/||r1]] is the ratio between the norm of the residual
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Step 1: k=1 ,da =decurry, =0, dg = deurry =0, Tnorm, =0,
Amy = Amg = 0, CR = false.
Step k: If CR = true then go to the Final Step.
If ‘ Ok | > EkakHQ then
if 1/ax > Am, then
dcurrA = dcurrA + HTTW 5 E=k+1 , go to S’tep k
else
dcur'rA = dcu'r'r_A + H:‘ﬁ 5 dA = dcu'r'rA ) )\m.A = 1/C(k
Tnormy = ||Tk|l » k=k+1, go to Step k
endif
if 1/ak 2 )‘mB then
dc’uﬂ"rg = dcu'rTB + ﬁ 5 k= k"‘ 1 , 80 to St@p k
else
dcurT5:07 dB:07 )\'mB:O, k/':k“rl, gOtOSt@pk
endif
Else
compute Ag, Ak+1, wi and wri1. Set A = min{Ax, Apt1}
if A> Ay, then
(k)

k) gl Tht1
d = (d Tk ‘:I)( k )
currTA curra + IR 2 lrgazll + et =1

k=k+2, goto Step k

else
W = dCuT’V‘A

dcurr_A = (dcurr_A + ﬁ) HT]CH\IJSC) + et \Ijgk)

e+l
d.A:dcurr_A ; Tnorm 4 = 1 5 )\mA =A 5
k=k+2, goto Step k
endif
if A > Ay then

k) llrgl it (k)
drurre = (d., Tk q:,( k )
currg currs T | Lo T T e reall 01

k=k+2, goto Step k

else

dewrrs = (W+ ﬁ) | @Y + L ()

lreall =1

ds = deurrg » Amp =X,
k=k+2, go to Step k.

endif

Endif
Final Step:

If Amy <Ampg  then d) =rnorm,da

Else d} =dp Endif

If g"d} >0 then d) =—dj.

Table 3.1: The iterative computation of the approximate negative
curvature direction d} , after h < n iterations of the FLR algorithm.
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computed at step 500 and the initial residual r;. Finally, with
K% Ray (di./||dx||) we indicate the quantity (see relation (3.11))

_ 2 [(Rep)TA(R)]
T Tk

computed after £ = 50,100, ...,450 iterations. Observe that the
results in Table 4.1 aim at giving evidence that the relation (3.11)
holds even in case k < n in the FLR algorithm. In particular, the
Table 4.1 confirms that the relation (3.11) is largely satisfied, pro-
vided that at least one negative curvature direction was detected.
We can see that the latter condition always occurs even after a
small fraction of n iterations.

As regards b), in order to assess if the iterative computation
of negative curvature directions described in the previous sections
is reliable within optimization frameworks, we performed a pre-
liminary numerical study. We embedded the new computational
scheme in the truncated Newton method for unconstrained opti-
mization proposed in [18]. For the sake of brevity, we refer to
[18] and [19] for a description of the method. We only recall that
at the current iterate z; of this method, a pair of directions is
computed— a Newton-type direction s/ and a direction of neg-
ative curvature d — and the new point is computed by means
of a curvilinear search along the path z(a) = z; + o?s’ + ad’.
Convergence towards stationary points where the Hessian matrix
is positive semidefinite is guaranteed by a suitable assumption on
the negative curvature direction (which is slightly weaker than
Condition A stated in Section 3). In [18] both the search direc-
tions are computed by using a Lanczos based iterative truncated
scheme. In particular, in determining the negative curvature di-
rection, it is required to store m Lanczos vectors to ensure the
convergence to second order critical points. Actually, due to the
requirement of limited storage room, only a (fixed) small number
of such vectors (say 50) is stored in practice.

We considered the monotone version (MonNC) of the method
proposed in [18] where we replaced the computation of the neg-
ative curvature direction with the iterative scheme proposed in
Table 3.1. Therefore the resulting algorithm uses substantially

k<n,

i
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n |CGZt | ||rsooll/||r1l cond k Amin k% Ray (HZ—’;H)
500 | 105.7 |0.795E — 08 |0.739E 401 | 50 ||—0.739E + 01 | —0.517E + 10
100 —0.983E + 09

50 —0.515F + 13

100 —0.300E + 13

150 —0.297FE + 12

200 —0.297F + 12

500 | 510.9 [0.918E — 06 [0.546E + 02 |250 ||—0.546E + 02 | —0.420F + 12
300 —0.419F + 12

350 —0.419F + 12

400 —0.419E + 12

450 —0.931F + 11

50 —0.745E + 15

100 —0.985E + 14

150 —0.165F + 13

200 —0.164FE + 13

500 |1010.9 |0.161E — 01 |0.403E 4+ 03 |250 ||—0.403E + 03 | —0.175E + 13
300 —0.935F + 12

350 —0.927FE + 12

400 —0.923F + 12

450 —0.562F + 12

50 —0.312E + 16

100 —0.247F + 16

150 —0.856F + 15

200 —0.272E + 14

500 [1510.9 |0.471E — 01 [0.298E + 04 {250 ||—0.298E + 04 | —0.236E + 14
300 —0.224F + 14

350 —0.202F + 14

400 —0.201F + 14

450 —0.198F + 14

50 —0.405F + 18

100 —0.145E + 17

150 —0.129EF + 17

200 —0.951F + 14

500 [2010.9 |0.957TE — 01 [0.220E + 05 {250 ||—0.220E + 05 | —0.897F + 14
300 —0.884F + 14

350 —0.861F + 14

400 —0.861F + 14

450 —0.792EF + 14

Table 4.1: Relation (3.11) is tested on different symmetric indef-
inite linear systems: the condition \™" > k% Ray (dy./||dx||) is
always fulfilled.
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the same Newton—type direction as in the MonNC algorithm,
and differs from MonINC only in the determination of the neg-
ative curvature direction. This is motivated by the need to as-
sess only the new iterative scheme for computing the direction
of negative curvature, the computation of the Newton direction
being equal (of course, a more realistic algorithm could be con-
sidered, which uses the same iterative scheme for computing both
the search directions). As regards all the parameters, we adopt the
standard values reported in [18], while as termination criterion we
use [[Vf(a,)] < 1077 max{L, Ja; ).

The large scale unconstrained problems from the CUTEr col-
lection [15] are used as test problems. We compare the results
obtained by the original (Lanczos based) MonNC truncated al-
gorithm and the one which uses the new iterative scheme (we re-
mark that for each outer iteration of the truncated scheme, both
the algorithms are forced to perform the same number of inner
iterations). In Table 4.2, we report the results obtained for all the
problems coherently solved by both the algorithms, where con-
vergence to the same point is achieved and negative curvature
directions were encountered (if negative curvature directions are
not encountered, the two algorithms coincide). The results are re-
ported in terms of number of iterations and gradient evaluations
(it/ng), number of function evaluations (nf). We highlight that
this preliminary test does not aim at assessing the performance of
two different algorithms; rather it tests the new approach in com-
puting negative curvature directions in optimization frameworks.
From these results it can be observed that the adoption of the
iterative scheme based on the FLR algorithm provides “good” di-
rections of negative curvature. In fact, our proposal is effective
and, in some cases, even better than the Lanczos based scheme
MonNC. Moreover, unlike algorithm MonNC, we recall that
the new scheme does not require to store any matrix, in order to
guarantee the convergence to second order critical points.
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Lanczos based || New iterative

scheme scheme
Problem n it/ng nf it/ng nf
BRYBND 10000 26 42 25 34
COSINE 10000 10 15 9 13
CURLY10 10000 3034 3042 2963 2971
DIXMAANE 1500 15 17 15 17
DIXMAANE | 3000 16 18 16 18
DIXMAANG | 3000 15 16 15 16
DIXMAANH 1500 16 17 16 17
DIXMAANI 1500 24 25 24 25
DIXMAANI 3000 27 28 27 28

FLETCHCR 1000 1604 | 2368 1613 | 2417
GENROSE 1000 660 1194 679 1151
GENROSE 10000 || 6782 | 12380 || 6916 | 11693

MSQRTALS 1024 49 50 46 47
MSQRTBLS 1024 45 46 45 46
SINQUAD 1000 17 24 19 24
SINQUAD 10000 27 35 31 39
SPMSRTLS 1000 15 16 15 16
SPMSRTLS 10000 18 19 18 19
TOINTGSS 1000 5 6 6 7

TOINTGSS 10000 5 6 5 6

WOODS 1000 65 95 56 71
WOODS 10000 109 123 107 129

Table 4.2: Comparison on nonconver large scale problems, be-
tween the Lanczos based iterative scheme (MonINC [18]), and a
Truncated Newton method which uses the algorithm in Table 2.1.

5 Conclusions

In this paper we introduce a new approach for iteratively com-
puting directions of negative curvature, for an indefinite matrix.
The latter result can be used within different contexts of large
scale optimization. The aim of this work is to provide a general
theoretical framework to ensure the convergence to second order
critical points, in solving optimization problems. The resulting
method allows to compute adequate negative curvature directions,
avoiding any matrix storage in large scale settings. We performed
a preliminary numerical experience where our proposal was effec-
tive.
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However, to better evaluate the efficiency of the proposed method,
an extensive numerical testing is certainly needed, and this de-
serves a separate work. In fact, a wide investigation is necessary
on different optimization contexts, in order to assess the capability
of our approach to take advantage from the nonconvexity of the
objective function.
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Appendix

Proof of Proposition 2.2

First observe that Lj is lower triangular and in case no planar
CG steps are performed (v = 0), we have | det(Ly)| = 1. Suppose
now the number v of planar CG steps satisfies v < |h/2]. Let
k<h,ke{pn,. . .,5} and let o?ék) denote the coefficient &9 of
matrix L, calculated at step kp, according to (2.12). Note that
7%l < |lpkll and |ok| < exllpkl|>. Therefore, since the eigenvalues

of Eh are 1 and dgk), Z}h is invertible and we have

g2 LA
\detLh\—H! 9| = H e = 1 e
log|
ated P+ lon] (25 14 2
From (2.6) let
2 Amin (A
psll < pgllrell ,  where ukzgmjk( T

then since € < ¢, it follows that

) Jv 1 1 V
1Z‘det(Lh)‘ kql 1+ e (ﬂmm(A)) ) (1+3W) |

€k

As regards relation (2.19), from (2.11) and (2.12) we set

i max {\/@, 1 11+ ag)sgn(on)|
=1, h—1, ik k1
‘ By, ’ —Brow

A2
A/ Brt18k Ak\/ﬁkﬂ}’ (4.2)

ie., Emax is an upper bound for the modulus of the entries of
L. Now we prove that lmax is bounded. On this purpose, note
preliminarily that relation (2.6) yields ||Apg|l > 3/2|ok|/||7%]|, so
that (2.7) implies

Qg

VB

Apy,

” 1+dy  sgn(ok)
Gk 7l

2 (A.3)
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Then, from (2.7) and (A.3) we have

ar | awlllrell 1
v Bk g4l H Lidy . s9mor) gy Tk ‘
|G| Il Il
1
< 1+6y 89 k) <2
ko, (o
| - st dme] -1
|(1+ dg)sgn(og)| = ﬂ < L (A4)
I7&]* + lo|

Moreover, it can be seen (see [9] Theorem 2.1) that at the k-
th planar CG step |3k| = [[rk42l®/16%l, 0k = [|Apkl®, 63 = (of —
| Ap||®(Irel|?)/ Ak, with 6% # 0, ¢ 7k = oy and ¢ = ||rg||?. There-

fore, recalling that by definition Bry1 = ||rrs2l|?/|I7er1]/?, from
(2.6) we obtain
75211 Ak |1* [l 75211 Ak 1[I

‘ Br0x
Ak Brs1Bk

APkl Nril® = o = ApklPllrel® — e llpxl*

[7x+2 | Apk [l /
= 2 Bk-ﬁ-lﬁk? (A5)
311 Apg 2|7k |12

and since € < €,

—Brok 17 %+2ll ok Hrk—HH < H7“1<:+2H €k ||29k||2 H7“1<:+1H
HAPkHQHTkHQ —op = 3 1 Apg| |27 |2

)\2 ( )ﬁk\/ﬁk—i-l- (A.6)

min

Ap/Brs1

IN

Finally, considering that the matrix L, has at most (2h — 1) +

v non-zero entries, relations (A.2)-(A.6) imply (2.19). To com-

plete the proof, let us calculate a bound for the quantity /3; =

lris1ll/||ri]] in (A.2), and for the coefficients in (A.5) and (A.6).
We have at Step iz

lriall < faall[Apill + [l

so that using relations [|rs|| < ||p;|| and |p] Api| > e|ps||?

frasill < (1+ 22t iy, (A7)
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i.e., v/3; is bounded.
Similarly, for the Step kp we have from (2.7) and (A.1)
el < llrell + APkl < (14 Amax(A)ps) [I7all- - (A-8)

Moreover, considering again relation ||pg| < ug||7x|| and (2.6) we
have

A?nin A >\12nin A i

ol < WDl < D1 (a9)
[2 A max (A)ex] Y/ [2max (A)ex] Y/

so that

kvl < lrell + 1ek[ Amax (A) e[l

1/2
ol (P2) Dl (a0

2€k min

Again, since ||rg|| < ||pkl|, from (2.6) and (A.9), along with Theo-
rem 2.1 and Proposition 2.2 in [9], it is

Amax (A) [Pl ll k]l + 1| Aps | ll k|1 [l p

el <

B 3|1 Ak [[*
2
S 4)\111ax(A)HQkH2 S 3
Amin (A) [P | €k
(A.11)
A )\max A 3 + )\max A 3
G < (A)llpelllg (A)]lgr |l lpx]]

B 1 Ap ||

3
< 4)\1naX(A)HQkH < 4)‘121ax(‘4) 1 )
)‘mln(A)HpkH Amin(A) €k

Recalling that

V Bra18e = rws2ll/Irell and  Biy/Bitr = Irirallllrnall /[l

relations (A.8)-(A.11) prove that fyay in (2.20) is bounded. Fi-
nally (2.19) along with (A.2), (A.7), (A.8), (A.10) and (A.11) im-
ply that ||Ly|| is bounded.

O
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Proof of Proposition 3.1
Firstly, observe that fron} Proposition 2.2 L,, is nonsingular, there
exists the upper bound /. and

gl < WD)zl = L3 - (A.12)

Moreover, let us define I~/n = ﬁnbn as follows. In case the only
one planar CG step is Step kg, we have

D, = diag{r;} (A.13)
. B 1 i 1<i<n,ithk+l
with 7 = { (14 ay)sgn(ok) if i=k+1,

and Ly, is the unit lower triangular matrix

1
_\/E .
1
0
—v/Br-1 1
L, = a1
Qg Gy /e 1
0 —v/Brt2 -
1
-V ﬁn—l 1
(A.14)
Thus, 3 A R
1L < 1L 1D (A.15)

and with the positions (2.7) and (2.6) we have

2 2
1 - ) e 422, (A)
— ) =(1+ <|1+¢ <1+,
<1+ak) ( e el 9 &
(A.16)
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so that assuming v planar CG steps

- 1 \?
571 = om0 ()

2 A 2
< \l(n—u)+u<1+ Amin )> . (A7)
9 é
Now let [Ln)ij = £i; and let ¢T ... L be the rows of the matrix
L7t e,

o1

L= : |. (A.18)
Sn

The direct calculation of the rows ¢ZT, i=1,...n yields:

e for i = 1 we have ¢] = el

e for i > 2, if the i—th row of the matrix L, does not contain
the non-zero element ; ; i—2 in position (7,7 —2) (i.e. the FLR
algorithm did not perform the (1 — 2) p-th planar CG step),
then the i-th row <Z>T of L lis given by

oF = —lii 107 | + €l (A.19)

e for i > 2, if the i—th row of the matrix L, contains the
non-zero element f;; o in position (i,7 — 2) (i.e. the FLR
algorithm performed the (i — 2)p-th planar CG step), then
the i-th row ¢7 of I:gl is given by

¢F = —lii1 9 — biioppl 5+ el (A.20)

Now, from (2.12) and (A.16) we obtain at planar CG step kp the
A thus (see (A.14))

relation 1/|ag| <1 _|_ @
1+4M lagl< 1+ = 4 Xin(4) 7 (A.21)
9 € a4l = 9 € max- .

Oy

Oé2
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Moreover, from (A.14) and (A.21), for any i,j <n

. . . 42 (A) -
Eij <lmax = max{gmaxa <1+ )‘mm()> gmax}
9 €
2 .
- Q+3%MMUAM( (A.22)
€

so that, denoting [L,'];; = éi_jl, since lpax > 1, from (A.18),
(A.19) and (A.20) we have

0 < 27 (Bna)™ (A.23)

Now observe that L, ' is lower triangular, i.e. it has at most
(n? 4+ n)/2 non-zero entries, which implies

1L <
= (A.24)
Thus, from (A.12), (A.15), (A.17) and (A.24)
) 1 4x2.(4)\
11 < 72 ()™ (1= ) 40 (14 S22 )
[
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