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Abstract. We present a nearly-exact method for the large scale trust region sub-
problem (TRS) based on the properties of the minimal-memory BFGS method. Our
study in concentrated in the case where the initial BFGS matrix can be any scaled
identity matrix. The proposed method is a variant of the Moré-Sorensen method
that exploits the eigenstructure of the approximate Hessian B, and incorporates
both the standard and the hard case. The eigenvalues are expressed analytically,
and consequently a direction of negative curvature can be computed immediately
by performing a sequence of inner products and vector summations. Thus, the hard
case is handled easily while the Cholesky factorization is completely avoided. An
extensive numerical study is presented, for covering all the possible cases arising
in the TRS with respect to the eigenstructure of B. Our numerical experiments
confirm that the method is suitable for very large scale problems.
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1 Introduction

We consider the following quadratic minimization problem:

min ¢(d) = g*'d + ldTBd, st [ldlls <A, (1)
deRn 2

where B is a n x n real symmetric (possibly indefinite) matrix, g € R", A is a positive
scalar, and d is the real unknown n-vector. Problem (1) arises in many applications as:
forming subproblems for constrained programming [3, 5], regularization methods for ill-
posed problems [15], graph partitioning problems [11], large-scale nonlinear multicommodity
flow problems [20], image restoration [23], etc. In particular, TRS is important in a class
of methods for solving both convex and nonconvex nonlinear optimization problems, the
trust-region algorithms [5]. At each iteration xy, of a trust-region algorithm, a trial step d is
usually obtained by solving the quadratic subproblem (1) where ¢ (d) is an approximation
to the objective function f, gr = V f(xg), B € R" " is either the Hessian or a (positive
definite or indefinite) approximate Hessian of f at xy, and Ay > 0 is the trust region radius.

Various methods for calculating approximate solutions of TRS have been developed such
as the dogleg method [21], the two-dimensional subspace minimization methods [4, 25] and
the truncated CG methods [9, 28]. Nearly exact methods for solving (1) have been proposed
by Gay [7], Sorensen [26], and Moré and Sorensen [16]. The method of nearly exact solutions
uses Newton’s method to find a root of a scalar function that is almost linear on the interval
of interest. It is based on the Cholesky factorization for solving a linear system of the form
(B+ M )d= —g, where I € R"" is the identity matrix, A > 0 is the Lagrange multiplier,
and B + M is positive semi-definite. In addition, in the so called hard case, a direction of
negative curvature is required to be produced [16]. Therefore, this method can be very costly
and even prohibitively expensive when it is applied in very large problems. This drawback
has motivated the development of matrix-free methods that rely on matrix-vector products
(10, 22, 23, 27].

In this work, we are concentrate on the nearly exact method proposed by Moré and
Sorensen [16] for solving the TRS and we propose a variant of this method suitable for large
scale problems. Motivated by the works of Birgin & Martinez [3] and Apostolopoulou et
al [1], we use a minimal-memory BFGS method to approximate the matrix B. However,
in [1] the authors assumed that the initial matrix BO) | is scaled with a specific parameter,
the spectral parameter of Barzilai & Borwein [2]. Here we extend these results by studying
the eigenstructure of minimal-memory BFGS matrices, in the case where the scaling factor
is any non-zero real number. Analytical expressions for the eigenvalues are provided and a
direction of negative curvature is computed by performing a sequence of inner products and
vector summations. By this way, the method avoids the Cholesky factorization and is very
practical for large scale problems.

Notation. Throughout the paper || - || denotes the Euclidean norm and n the dimension
of the problem. The gradient of a function f at at a point x is denoted by g(x). The Moore-
Penrose generalized inverse of a matrix A is denoted by Af. For a symmetric A € R"*",
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assume that \; < ... <\, are its eigenvalues sorted into non-decreasing order. We indicate
that a matrix is positive semi-definite (positive definite) by A > 0 (A > 0, respectively).

2 Properties of the minimal-memory BFGS matrices

In this section we study the eigenstructure of the matrix B in the quadratic model (1). The
computation of B is based on the minimal memory BFGS method [14, 17]. The Hessian
approximation is updated using the BFGS formula

BisksiBr  yiyi

Bk+1 — Bk - (2)

T T,
sy, Bisy, S1, Yk

where in the vector pair s, = 41 — o and yr = grs1 — gk is stored curvature information
from the most previous iteration. We consider as the initial matrix B(®), the diagonal matrix
B =9I, where § € R\ {0} is a scaled parameter. Possible choices for the parameter
6 could be: 6,1 = 1, which results the conjugate gradient method proposed by Shanno
24]; 0xyr1 = ylyr/s}yr which constitutes the most successful scaling factor [18, pp. 200];
or Oxy1 = styx/st sk, the inverse of Barzilai & Borwein’s [2] spectral parameter, which lies
between the largest and the smallest eigenvalues of the average Hessian.

By setting B(*) = ;.1 in (2), we obtain the minimal-memory BFGS update, defined as

T T

SkSk Yr Y,
Biy1 = Okl — Op4q + . 3
+ + + SZSI{ Sgyk ( )

Note that in the quadratic model (1), the approximate Hessian matrix can be positive definite
or indefinite. Hence, for the remaining of the paper we only assume that ||B] is bounded,
that is, there is a positive constant M, such that || By|| < M < oo, for all k.

Theorem 2.1 Suppose that one update is applied to the symmetric matrizc B = 01, 6 €
R\ {0}, using the vector pair {si,yr} and the BFGS formula. The characteristic polynomial
of the symmetric matriz By, € R™™, defined in (3), has the general form

PN = (A= 0h1)" 2 (N = BiA + B2) (4)

where By = Ops1 + (yEye) / (sFyr), and Bo = Opir (sFyr) / (sEsk). Moreover, if the vectors
sk and Yy are linearly independent then the smallest eigenvalue of By is distinct.

Proof. First we show that By, has at most two distinct eigenvalues. To this end, we
consider the matrix B = 01 ] — Oy 15,5t /st s with rank (n — 1). Applying the interlacing
theorem [30, pp. 94-98] on B, it is easy to see that B besides the zero eigenvalue, has one
more eigenvalue equals to 0y of multiplicity (n — 1). If By, is positive definite, then the
addition of the term yyl /sTy;, on B yields

A 2 Opp1 2> A1 2 0pp1 > 0. 2> X > 0k > A >0,
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where \;, ¢ = 1,...,n denote the eigenvalues of By.;. The above relation implies that

/\2 =...= )\n—l = 9k+1 and )\n Z 814:—&—1 Z )\1. (5)
Suppose now that By, is indefinite. Then, if 6;,; > 0, from the interlacing theorem we
have that

D1 > A 201 2 A1 20k 2> 0. 2 A3 20000 > A > 02> A,
which imply that
)\3 =...= )\n = 9k:+1 and 9k+1 Z )\2 Z )\1. (6)
In different case (041 < 0) we yield
0> A 201 2 M1 201 >0 2 A 2 0k > A

Consequently,

)\2 =...= )\n,1 = 9k+1 and )\n > 9k+1 > )\1. (7)

In all the above cases, it is obvious that Bjy,; has at most two distinct eigenvalues and
one eigenvalue equals to 651 of multiplicity at least (n — 2). Denoting by A, and A, the
two unknown distinct eigenvalues, the characteristic polynomial of Bj,; can be written as
follows:

PA) = (A= O1)" 2 [N = (A + XA+ AN ).

Taking into account that
tr(Bys1) Z Xi=(n = 2)01 + Ao + Ny (8)

and
n

det(Byi1) H = 072NN, (9)
=1
we have that

p()\) ()\ 9k+1 n 2{)\2 tr(BkH) (7’1, — 2)9k+1] A + det(BkH)/QZ;lQ .

Using the well-known properties of the trace and determinant of matrices, we yield:

S S r
tl"(Bk_H) = tr <9k+1] 0k+1 Ek + ylr;wyk ) (TL - 1)0k+1 + yk yk (10)

and

SpsT r
det(Byyi) = det (9k+11 Oy %k +y§yk)

SkSh YkYE
= det (0r.11)det [— k k
et Bnf) de ( sT'sy, * 9k+13£yk:)

el
ol shsy, Or+15} Yk Or+157 Sk
n—1 Sk Yk

= 40 11
(1)
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Hence,

B = tr(Bip1) — (n—2)0k1 = 01 + (yrye)/ (st k),
Bo = det(Bii1) /075 = Oca(siye)/(shsn),

and relation (4) follows immediately.
It remains to show that when s, and y, are linearly independent, the smallest eigenvalue
is distinct. Suppose that the vectors s, and gy, are linearly independent and assume that
By41 has at most one distinct eigenvalue, which implies that either A\; = 0541 or Ay = Oi44
. Combining relation (8) with (10), and (9) with (11), we have that (siyx)? = s& sy} ys.
Hence, the vectors s and y; are collinear, which contradicts the hypothesis. Thus, if the
vectors are linearly independent, then By has exactly two distinct eigenvalues. Combining
relations (5), (6) and (7), easily we can conclude that \; is always distinct. [

Let us examine the case where the vectors s; and y; are collinear. Assuming that y, =
KkSk, k € R, Byy1 becomes

sksg
Biy1 = Oppad + (K — Opy1) 7 (12)

Based on Theorem 2.1, the eigenvalues of By, sorted into non-decreasing order are related
as follows

H:)\1§A2:A3:...:)\n:9k+1,

and p(A) = (A — Op1)" 1(\ — k). Easily can be verified that in this case the eigenvector
corresponding to A\; = k equals s, while the generalized eigenvectors corresponding to €y,
are u; = (—st/s:,0,...,1,0,...,0)7, where i = 2,...,n, denotes the i-th component of s,
and 1 is located in the i-th row of w;. Therefore, in this case, no computational effort is
required to obtain the eigenvector that corresponds to the smallest eigenvalue.

When s; and g, are linearly independent, Theorem 2.1 provides the information that
the smallest eigenvalue is distinct. Based on this fact, we utilize the inverse power method
[13] to compute the corresponding eigenvector since we know the exact eigenvalue. Given a
non-zero starting vector ug, inverse iteration generates a sequence of vectors u;, generated
recursively by the formula

Uj—1

;= (B—ol) ' ——
w=B=eh) e

i=1,2,... (13)

where o = A\; + ¢, A\ is a distinct eigenvalue of B and € — 0%. The sequence of iterates u;
converges to an eigenvector associated with an eigenvalue closest to o. Usually, the starting
vector ug is chosen to be the normalized vector (1,1,...,1)T. Moreover, if this particular
eigenvalue )\ is known exactly, this method converges in a single iteration [13]. Consequently,
when s and y, are linearly independent, for being able to calculate the desirable eigenvector

using the inverse iteration, we have to compute the inverse of By; + A, for any A € R.
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Proposition 2.2 Let A be the set of eigenvalues of the minimal-memory BFGS matriz By
with opposite signs. Then, for any A € R\ A, the inverse of (Bgy1 + M) has the general
form

1 Biy = [B'(N) = N Bega + BN
(Br + M) = (A4 Ok1) (A2 + BiA + B2) (14)

where B(N) = (A+01)(A+0541)+ 52 while the constants (1 and B are defined in Theorem 2.1.

Proof. The addition of the term Al on By, results that the eigenvalues of (Byy1 + AI) are
i = A+ A, where \;, i = 1,... n are the eigenvalues of By, 1. Using similar arguments as in
proof of Theorem 2.1, we have that the characteristic polynomial of (Byy1 + AI) is expressed
as follows:

g A) = [ — (A + Or42)]" (12 = (Bu+ 20+ N + Bid + Ba] -

Hence, the minimal characteristic polynomial is

G (5 A) = [0 = (O — N)] [1° = (B + 20+ N + Bid + B -
Applying the Caley-Hamilton theorem on (B + AI), we have that
Gm (Br41 + A \) =0,
which yields,
[Bis1 + O11] [(Brsr + M)* = (81 + 2X) (Bisr + M) + A + BiA + Bo1] = 0.

Multiplying both sides of the above equation by (Bjgi1 + Al )_1, we yield

-1 1 2
(Bpsr + M) 7H = ()\2_’_51/\+52)(0k+1+/\){(Bk+1+>\]>

= (Br+ Oki1 + 3A) (Bra + AI)

+ [3X? + 2X(61 + Org1) + Ora 1 + o] ]}

By — (A+ 81+ 0k41) Bigr + [(A+ B) A+ Op1) + B
(A + L) A+ B2) (Brs1 + A)

By setting S(A) = (A + 51)(A + 6k11) + 52, we obtain relation (14). O
It is clear that combining inverse iteration (13) along with Proposition 2.2 we can immediately
determine the expression of any eigenvector corresponding to a distinct eigenvalue of B.

Corollary 2.3 Let 0 = A +¢€, ¢ — 07, be an e-shifted distinct eigenvalue of Byy1, and
ug = (1,1,...,1)T. Then, the corresponding eigenvector to o is given by

c1(o)ug + co(0) sk + c3(o)yr
Vn(o? — Bio + B2)(0ps1 — o)’

u(o) = (15)
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where the coefficients of the vectors ug, sy and y,. are defined as follows:
c(o) = o° = Bo+ B,

(o) = |(B1—o0) Zsk Z 9k+1 and

Y 01@—}—1 i
c3(o) = T E T E Sy..
S

SkYk

Proof. From Proposition 2.2, by setting A = —o in (14) we obtain the expression of
(B — oI)~". Therefore, the application of inverse iteration (13) yields

i w Blawo—[9(=0) + o] Benu + B(=0)uo
wU)=B=oD) B~ ot = Ro+ Al 19

The vectors By iuy and B,% 4+1Uo can be obtained by the iterative form

T T
53 W; Y. Wy .
Bk+1wi = 9k+1wi — 6k+1 ];1 Sk + ];1 Y 1= 0, 1, (17)
Sk Sk Yk

with wy = wy. Using relation (17) and the fact that ||ug|| = +/n, after some algebraic
computations, relation (16) is reduced to (15). O

3 Solving the TRS using the minimal-memory BFGS
method

In this section we apply the results of Section 2 for solving the large scale TRS. A global
solution to the TRS (1) is characterized by the following well known theorem (Gay [7],
Sorensen [26], Moré & Sorensen [16]):

Theorem 3.1 A feasible vector d* is a solution to (1) with corresponding Lagrange multiplier
X if and only if d*, \* satisfy (B + A1) d* = —g, where B + X\*I is positive semi-definite,
A* >0, and \*(A — ||d*||) = 0.

From the above Theorem we can distinguish two cases, the standard and the hard case. In
the standard case, the solution of the TRS can be summarized as follows:

1. If Ay > 0 (the matrix is positive definite), then

a. if |B7'g|]| < A, then \* =0 and d* = B~ !yg.

b. if |[B7'g|| > A, then for the unique A* € (0, 00) such that ||(B + A*])_lgH =A
d*=—(B+XI)'g
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2. If \; <0 (the matrix is indefinite), then if ||[B~1g|| > A, for the unique A\* € (—\;, 00)
such that [[(B+ A1) g = A, d* = — (B+X1) g

As we can observe, the optimal non-negative Lagrange multiplier A* belongs to the open
interval (—Aj,00). When A\* # 0, the TRS (1) has a boundary solution, i.e., ||d*|| = A.
In this case, the given n-dimensional constrained optimization problem is reduced into a
zero-finding problem in a single scalar variable A, namely, ||d(\)|| — A = 0, where the trial
step d(\) is a solution of the linear system (B + Al)d = —g. Moré and Sorensen [16]
have proved that it is more convenient to solve the equivalent equation (secular equation)
d(\) = 1/A —1/||d(N)]| = 0, that exploits the rational structure of ||d(\)||>. The solution A
of the secular equation is based on Newton’s method,

o1 _ e, AV (A= [ldN)]] _
AL = ) +Hd(A)H’( X ) (=0,1,2,.... (18)

In Newton’s iteration (18) a safeguarding is required to ensure that a solution is found. The
safeguarding depends on the fact that ¢ is convex and strictly decreasing in (—A1,00). It
ensures that —\; < A, and therefore B + \I is always semi-positive definite [16].

The hard case occurs when B is indefinite and ¢ is orthogonal to every eigenvector
corresponding to the most negative eigenvalue A\; of the matrix. In this case, there is no
A € (=\q,00) such that || (B + AI)~" g|| = A. The optimal Lagrange multiplier is A\* = —\;,
the matrix (B — Ay[) is singular, and a direction of negative curvature must be calculated
in order to ensure that ||d|| = A. Consequently, in the hard case, the optimal solution to
the TRS is d* = — (B — M I)' g + 7u, where 7 € R is such that || — (B — M) g+ 7ul = A
and u is a normalized eigenvector corresponding to A;. Moré and Sorensen [16] have showed
that the choice of 7 that ensures ||d|| = A, is

_ A? — ||p|)?
pTur + sgn(pTu)y/ (pTu)? + A2 — [|p[|?

T

(19)

where p = — (B — )\1[)Tg.

The above analysis indicates that for been able to solve the TRS (1), we should compute
the smallest eigenvalue \; of B, the inverse of B + Al for computing the trial step d(\), and,
in the hard case, the unit eigenvector u corresponding to A;. Moreover, the definition of a
simple safeguarding scheme in Newton’s iteration (18) requires also the largest eigenvalue
A

In Section 2, we have studied all these aspects in detail. The Algorithm 1, handles
both the standard and the hard case and computes a nearly exact solution of the subprob-
lem (1) without using the Cholesky factorization. Moreover, the knowledge of the extreme
eigenvalues, results in a straightforward safeguarding procedure for .
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Algorithm 1 (Computation of the trial step)

Step 1: Compute the eigenvalues \; of B; given € — 0%, set the bounds \;, := max(0, —\; +
€) and \y := max |\ + (1 +¢€)||g|l/A.

Step 2: If \; > 0, then initialize X by setting A := 0 and compute d(\); if ||d|| < A stop;
else go to Step 4.

Step 3: Initialize \ by setting A := — A\ +€ such that B+ \I is positive definite and compute
d(A);

a. if ||d|| > A go to Step 4;
b. if |d]] = A stop;

c. if ||d|| < A compute T and wy such that | — (B+ M)~ g+ tuy|| = A; set d :=
d + Tuq and stop;

Step 4: Use Newton’s method to find A € [Ar, \y| and compute d(\);

Step 5: If ||d|| = A stop; else update A\, and \y such that A\, < X\ < Ay and go to Step /.

In Step 1 of Algorithm 1 the eigenvalues are computed by solving the characteristic equa-
tion p(A\) = 0, defined in relation (4). Obviously, the two possibly distinct eigenvalues are

<—51 + /37 — 452) /2 while the eigenvalue 65, is multiple. The safeguarding scheme re-

quired for Newton’s iteration (18) uses the parameters A;, and Ay such that [Ag, Ay] is an
interval of uncertainty which contains the optimal A*. The initial bounds Ay and Ay have
been proposed by Nocedal and Yuan [19]. Clearly, the lower bound Ay is greater than —\,
which ensures that B 4+ \I is always positive definite.

Note that in Steps 2, 3 and 4, the trial step d(\) is computed by solving the linear
system (B + AI)d(\) = —g. Using Proposition 2.2, along with relations (17), the trial step
is computed immediately by the expression

¢g(N)g + cs(M)sk + ¢y (M) yk

) =~ (A2 + BA + B2) (A + Opqa) 20)

where the coefficients are defined as follows

cg(A) = N+ BiX + Ba,

O,
cs(A) = [(A + B1) St Gt — y;fgm} T+1 , and
T T
Yk 9k+1 Sk 9k+1
Cy(A = — A — Gk 1
y( ) Sgyk stk +

In Step 3(c), scalar 7 is computed by Eq. (19), while for the computation of the eigenvector
uy corresponding to A;, we take into account the relation between the vectors s and y. If
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the vectors s; and y, are linearly independent, then u; = u/||u||, where u is computed by
means of relation (15) in Corolarry 2.3. In different case, u; equals to the normalized vector
Sk, as explained in Section 2.

In Steps 4 and 5, Newton’s iteration (18) is utilized for computing the Lagrange multiplier
A. In (18), we have that

ld)" = —dN)T (B + A1) dN)/Ild)]I,

and thus, the iterative scheme becomes

L [d(M)]” [dN] - A _
AL =\ TV Brm + A AN ( A ) , 0=0,1,... (21)

Denoting by IT = d(\)T (Biy1 + M)~ d(\) the denominator in (21), and taking into account
that Byi1 d(A\) = — [Ad(\) + gx+1] holds, then by Proposition 2.2 we obtain that
(B + AT + [F) + N s + g )
(A4 Or1) (A + 1A + B2)

If s, and yy, are collinear and relation y; = ks, holds, then relations (20) and (22) are reduced

to
(k — Or11)8E gria
d\) = ——— + :
(M) Ot 0) " T O )0 Ors1)sT s, ok

and
A + B IdNIP + d(N) g

A2+ BiA + (o ’

I =

respectively.

4 Numerical experiments and analysis

For illustrating the behavior of the proposed method in both the standard and the hard
case, we use randomly generated TRS instances with dimensions from 100 up to 15000 000
variables. The experiments are consisted by medium-size problems with dimensions n =
100, 500, 1000, by larger-size problems (n = 10*,10%,10°), and by very large problems (n =
2-105,3-10°,...,15-10%).

For each dimension n, 1000 random instances of the TRS (1) were generated as follows.
The coordinates of the vectors g, s, and y were chosen independently from uniform distribu-
tions in the interval (—10%, +10%). For the numerical testing we implemented Algorithm 1
(MLBFGS), using FORTRAN 90 and all numerical experiments were performed on a Pentium
1.86 GHz personal computer with 2GB of RAM running Linux operating system.

We compared our method with the GQTPAR, and the GLTR algorithm. The GQTPAR al-
gorithm is available as subroutine dgqt in the MINPACK-2 package!, and is based on the

! Available from ftp://info.mcs.anl.gov/pub/MINPACK-2/gqt/
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ideas described in Moré and Sorensen [16] for computing a nearly exact solution of (1). The
method uses the Cholesky factorization for calculating the required derivatives during the
computation of the Newton step for A\, as well as for the safeguarding and updating of the
Lagrange multiplier. The GLTR algorithm proposed by Gould et al. [9], is available as the
FORTRAN 90 module HSL_VF05? in the Harwell Subroutine Library [12]. This method is
based on a Lanczos tridiagonalization of the matrix B and on the solution of a sequence of
problems restricted to Krylov subspaces of R". It is an alternative to the Steihaug-Toint
algorithm [28, 29] and it computes an approximate solution of (1). The algorithm requires
only matrix-vector multiplications while it exploits the sparsity of B.

Note that the same set of random instances was used for each algorithm. We consider
that a TRS instance was successfully solved, if a solution satisfying ||(B + AI)d — g|| < 1073
was computed for both the standard and the hard case. The maximum number of Newton’s
iterations allowed was 200 and the trust region radius was fixed as A = 10. For dimensions
larger than 1000, results are reported only for MLBFGS and GLTR algorithms, due to the storage
requirements of GQTPAR for factoring B. Moreover, the GLTR algorithm is not reported in
the comparison results for the hard case, since it computes an approximate solution and not
a nearly exact solution of the TRS.

For each dimension, a table summarizing the performance of all algorithms for simulations
that reached solution is presented. The reported metrics are Newton’s iterations (it) and
solution accuracy (acc). The descriptives statistics over 1000 experiments are: the mean and
standard deviation, as well as the minimum and maximum values. To show both the efficacy
and accuracy of our method, we have used the performance profile proposed by Dolan and
Moré [6]. The performance profile plots the fraction of problems for which any given method
is within a factor of the best solver. The left axis of the plot shows the percentage of the
problems for which a method is the fastest (efficiency). The right side of the plot gives the
percentage of the problems that were successfully solved by each of the methods (robustness).
The reported performance profiles have been created using the Libopt environment [8], an
excellent set of tools written in Perl.

4.1 Random experiments in the standard case

Firstly, we present the behavior of the proposed method in the standard case. For each
dimension between n = 100 and n = 10°, we have considered the following cases:

(a) sk, yx are linearly independent and 6y, = 1;
(b) s, yx are linearly independent and ;.1 = (yLyx)/(sLyr);
(¢) sk, yx are collinear and 0y = 1;

(d) sk, yx are collinear and Oy, 1 = (yf yi)/ (s} yr).

2 Available from http://www.hsl.rl.ac.uk
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If ;.1 = 1, then the initial matrix BWO is the identity matrix. In different case, the
scalar parameter @ is chosen to be the one proposed in the literature [18] for scaling the
initial matrix in the BFGS method. The above cases were considered for analyzing the
behavior of the proposed method in all cases concerning the vector pair {s,y}, as well as
the scaling factor. As a total, we have 12000 medium size experiments (n = 100, 500, and
1000) and 12000 large size experiments (n = 10%, 10°, and 10°).

Mean Std. Deviation Minimum Maximum

Method suce it acce it acc it acce it acce

MBFGS 100.0% 1.84 1.19E-13 1.38 3.40E-12 0 1.80E-14 8 2.04E-10
GQTPAR 99.6% 3.75 8.65E-07 2.85 5.46E-05 1 3.12E-14 21 3.44E-03
GLTR 91.4% 3.68 1.27E-12 1.56 7.71E-11 1 2.73E-14 7 4.29E-09

Table 1: Standard Case: Comparative results for n = 100 over 4000 experiments

Mean Std. Deviation Minimum Maximum

Method suce it acce it acc it acce it acce

MBFGS 100.0% 1.55 4.10E-13 1.10 9.91E-12 0 5.51E-14 7 5.64E-10
GQTPAR 99.9% 3.36 7.57E-12 2.60 5.21E-11 1 8.13E-14 24 1.96E-09
GLTR 85.9% 3.85 6.33E-12 1.45 1.23E-10 1 5.94E-14 7 4.55E-09

Table 2: Standard Case: Comparative results for n = 500 over 4000 experiments

Mean Std. Deviation Minimum Maximum

Method suce it acce it acc it acce it acce

MBFGS 100.0% 1.45 2.55E-13 1.03 5.19E-12 0 7.97E-14 7 3.13E-10
GQTPAR 99.7% 3.20 4.17E-11 245 5.62E-10 1 1.11E-13 23 2.91E-08
GLTR 86.5% 3.83 4.41E-10 1.46 2.54E-08 1 8.14E-14 7 1.49E-06

Table 3: Standard Case: Comparative results for n = 1000 over 4000 experiments

Tables 1-6 summarize the results for the experiments with dimensions from n = 100 up
to n = 10°. In all tables, the first column denotes the method, while the second column
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Mean Std. Deviation Minimum Maximum

Method  suce it acc it acc it acc it acc

MBFGS 100.0% 1.31 5.77E-13 1.06 7.53E-12 0 2.78E-13 8 7.41E-10
GLTR 86.3% 3.84 1.37E-08 1.47 6.93E-07 1 2.79E-13 7 4.04E-05

Table 4: Standard Case: Comparative results for n = 10 000 over 4000 experiments

Mean Std. Deviation Minimum Maximum

Method  suce it acc it acc it acc it acc
MBFGS 100.0% 1.14 4.59E-11 1.04 9.48E-10 0 8&8.19E-13 9 3.88E-08
GLTR 87.5% 3.87 7.06E-07 1.50 1.07E-05 1 8.27E-13 7 2.51E-04

Table 5: Standard Case: Comparative results for n = 100000 over 4000 experiments

Mean Std. Deviation Minimum Maximum

Method  suce it acc it acc it acc it acc
MBFGS 100.0% 1.00 7.07E-10 1.07 1.22E-08 0 2.74E-12 9 6.38E-07
GLTR 86.8% 3.74 3.74E-05 1.49 1.41E-04 1 2.75E-12 9 8.59E-04

Table 6: Standard Case: Comparative results for n = 1000 000 over 4000 experiments

reports the percentage of the successfully (succ) solved instances within the required accuracy
(1073). In Tables 4-6 the GRTPAR method was omitted from the comparisons due to memory
limitations.

The results in all tables show that the MLBFGS algorithm has solved all problems suc-
cessfully, in all dimensions, in contrast with the other two algorithms that failed to solve all
experiments within the required accuracy. Moreover, MLBFGS outperforms both GQTPAR and
GLTR algorithms in terms of Newton’s iterations, since in all statistical metrics it exhibited
the lowest value. Actually, on average the MLBFGS required about 1/3 of Newton’s iterations
for solving the TRS compared with the other two algorithms. Similar observations can be
made for the solution accuracy. The proposed method presented the highest solution ac-
curacy among the other two methods in all dimensions. In medium-size problems MLBFGS
algorithm has solved the TRS instances with average solution accuracy of order 10713, In
larger-size problems, the numerical experiments show that the proposed method can solve
the TRS with average accuracy of order 1071, Owverall, it is quite remarkable that even
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in the high dimensional instances, MLBFGS provided solutions with high accuracy, while in
many problems only one Newton’s iteration was required for solving the TRS.

Referring to the four cases mentioned above, regarding the choice of # and the relation
between the vectors s and y, based on the numerical experience, it is worth to notice that
the choice of the scaling factor had no influence in the behavior of all algorithms. On the
other hand, the linear independency of the vector pair {s,y} have effected the algorithms.
We have observed that in cases (¢) and (d), where the vectors are collinear, MLBFGS pre-
sented the highest accuracy and the lowest number of Newton’s iterations. In contrast, GLTR
presented the most failures, the lowest solution accuracy and the maximum number of New-
ton’s iterations. Based on the above observations, for testing the behavior of our method in
dimensions between 2 - 10 and 15 - 10° we have considered only the first case, which is the
easiest for the GLTR algorithm.

The numerical results of Tables 1-6 are illustrated in Figures 1 and 2. In Figure 3,
the performance of MBFGS and GLTR algorithms for n = 10°,2 - 105 3 -10%,...,15 - 10° is
presented. Each figure contains three subfigures where the performance profiles based on
Newton’s iterations, solution accuracy and CPU time (in seconds) are presented.

Figure 1(PAGE 19) presents the performance of all algorithms for the medium-size in-
stances. Clearly, the most robust and efficient method it appears to be the MBFGS, since it
presents the best performance regarding all performance metrics. Obviously, the most time
consuming method is GQTPAR (Fig. 1(c)), since this method requires the Cholesky factor-
ization. Figure 2 (PAGE 20) illustrates the performance metrics for larger-size problems.
According to Figures 2(a) and 2(b), the probability of the MBFGS algorithm to be the best, in
terms of Newton’s iterations and solution accuracy, is about 100%. When CPU time is used
as the performance metric, Figure 2(c) indicates that the inner products and vector sum-
mations that were used for obtaining a nearly exact solution to the quadratic subproblem,
have costed much less than the Lanczos-based tridiagonalization of B. Therefore, the MBFGS
method is much preferable to solve large scale problems than the GLTR, since it appears to
be the most efficient. The performance metrics for very large problems are presented in
Figure 3 (PAGE 21). Clearly, the MBFGS algorithms outperforms the GLTR algorithm in terms
of all performance metrics. Figures 3(a) and 3(c¢) show that the MBFGS algorithm is the
best solver, with probability 100%. In addition, Figure 3(c) clearly shows that MBFGS is the
winner, since the method takes advantage of the properties of B. This observation indicates
that the proposed method is very practical when the dimension of the problem is very large.

4.2 Random experiments in the hard case

In order to create instances for the hard case, Matlab’s routine eigs was used to compute
the smallest eigenvalue \; and the corresponding eigenvector u. We initialized the trust-
region radius by A = 10.0A,, where Ay, = || (B — MI)' g||. For being g perpendicular to
u, the vector g was set ¢ = (—u(n)/u(1),0,...,0,1)". Since the GLTR algorithm computes
an approximate solution to the TRS, we only compared the MBFGS and GQTPAR algorithms.
Due to the storage requirements of GQTPAR, we have tested the algorithms in problems with
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dimensions n = 100, 500, and 1000.

For each dimension we have considered only the cases (a), (b) and (c), therefore, we have
9000 medium-size experiments. According to Theorem 2.1, the case (d) indicates that B has
one eigenvalues equals 6, of multiplicity n. From relation (12) easily can be verified that in
this case, B is a scaled diagonal matrix, with eigenvectors equal to e; = (0,0,...,1,0,...,0)T,
where 1 is in the ith component. We recall that the hard case occurs when all the eigenvectors
corresponding to the smallest eigenvalue are perpendicular to g. This implies that in the
case (d), the gradient must be zero, and hence we did not examine this case.

Tables 7, 8, and 9, summarize the results for the dimensions 100, 500, and 1000, respec-
tively. All three tables show that the behavior of both MLBFGS and GQTPAR algorithms is
similar in terms of solution accuracy. On the other hand, the MLBFGS algorithm significantly
outperforms the GQTPAR algorithm in terms of Newton iterations. As we can see, the pro-
posed method solved the subproblem in the hard case in a single step, since no Newton’s
iterations are required. This observation indicates that the hard case can be handled by the

Mean Std. Deviation Minimum Maximum

Method suce it acce it acc it acc it acc

MBFGS 100.0% 0 9.13E-06 0.0 1.84E-04 0 8.24E-11 0 7.15E-03
GQTPAR 96.8% 27.52 1.41E-06 3.3 1.56E-05 18 6.45E-14 43 6.88E-04

Table 7: Hard Case: Comparative results for n = 100 over 3000 experiments

Mean Std. Deviation Minimum Maximum

Method suce it acce it acc it acc it acc
MBFGS 100.0% 0 9.13E-06 0.0 2.11E-04 0 9.31E-11 0 7.94E-03
GQTPAR 96.0% 29.10 1.25E-06 3.7 1.58E-05 17 1.22E-08 52 7.97E-04

Table 8: Hard Case: Comparative results for n = 500 over 3000 experiments

Mean Std. Deviation Minimum Maximum

Method Suce. it acc it acc it acc it acc
MBFGS 99.9% 0 1.23E-05 0.0 2.01E-04 0 1.86E-11 0 6.69E-03
GQTPAR 98.5% 27.44 2.50E-06 3.4 4.06E-05 19 2.58E-08 55 1.67E-03

Table 9: Hard Case: Comparative results for n = 1000 over 3000 experiments
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MLBFGS algorithm easily and fast.

In Figure 4 (PAGE 22) are presented the results from Tables 7-9. The performance
metrics are the solution accuracy and the CPU time (in seconds). The performance based
on Newton’s iteration is not reported, since the MLBFGS required zero iterations for solving
each subproblem. Figure 4(a) indicates that the MLBFGS algorithm outperforms the GQTPAR
algorithm, in terms of solution accuracy. The same observation holds and for Figure 4(b),
as it was expected, due to storage requirements of GQTPAR.

5 Conclusions

We have studied the eigenstructure of the minimal memory BFGS matrices in the general case
where the initial matrix is a scaled identity matrix. Our theoretical results have been applied
for the solution of the trust region subproblem. Based on the fact that the algorithm uses
only inner products and vector summations, the proposed method is suitable and practical for
solving large scale TRS. Our numerical experiments have shown that the proposed method
can easily handle both the standard and the hard case. It provides relatively fast solutions
with high accuracy and small number of iterations. Moreover, it turns out that the hard
case is the “easy” case for the proposed method.
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Figure 1: Standard Case: Performance profiles for MBFGS, GQTPAR and GLTR on the set of
12000 medium size problems (n = 100, 500, and 1000).
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Figure 2: Standard Case: Performance profiles for MBFGS and GLTR on the set of 12000 large
size problems (n = 10*, 105, and 10°).
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