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Abstract

In this paper we describe a variant of the Inexact Newton method
for solving nonlinear systems of equations. We define a nonmonotone
Inexact Newton step and a nonmonotone backtracking strategy. For
this nonmonotone Inexact Newton scheme we present the convergence
theorems. Finally, we show how we can apply these strategies to In-
exact Newton Interior—Point method and we present some numerical
examples.

Keywords: Nonlinear Systems, Inexact Newton Methods, Nonmono-
tone Convergence, Newton Interior—Point Methods.

1 Introduction

A classical way to solve a system of nonlinear equations
F(x) =0 (1)

where F' : R® — R"™ is continuously differentiable, is the Newton method:
given a starting point xg, at each step k£ the Newton equation

Fl(zg)sp = —F () (2)

has to be solved, in order to determine the Newton direction s;. Then, the
new iterate is computed by the rule

Th+1 = Tk + Sk

Convergence theorems for Newton method can be found for example in
[11]. The main computational task is the solution of (2), which can be very
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expensive if n is large. The idea of Inexact Newton method introduced in
[2] is to substitute (2) with a condition on its residual:

| F(zx) + F'(zr)sell < nell F(z)l),

where n, € [0,1) and || - || is an n—dimensional vector norm. In order to
obtain global convergence properties, the Global Inexact Newton method
presented in [5] also requires another condition that guarantees a ”sufficient
decrease” of the norm of F' at each iterate. A general scheme for this method
can be written as follows:

Let o € R™ and 3 € (0,1) be given.

Fork=0,1,2,...
Find some n; € [0,1) and a vector s that satisfy
1F (k) + F' () skll < el F(zi) (3)
and
[F(zx + se)l| < (1= B(1—mi))[[F ()| (4)

Set xx11 = Tk + Sk-

A vector that satisfies (3) is called Inexact Newton step at the level n; and
the parameter ny is the forcing term. In [5], global convergence theorems
have been established for some particular algorithms following this scheme,
under the assumption that the sequence of the iterates {xj} has a limit point
where the jacobian matrix F’ is nonsingular.

We observe that condition (3) is a generalization of the Newton equation;
hence, in order to satisfy (3), it may be sufficient to solve (2) inexactly, for
example by means of an iterative solver. Furthermore, the accuracy of the
solution is given by the norm of F' at the current iterate, so, when we are
far from the solution, unnecessary computations can be avoided. This is an
advantage of Inexact Newton methods, especially for large scale problems.
Note that, when || - || is the euclidean norm || - ||2, condition (3) guarantees
that the Inexact Newton step is a descent direction for the scalar function

a(r) = 3| F@)3 (5)

Indeed we have the following inequality (we omit the iteration index):

Vo(z)'s = F(x)'F'(z)s
= F(2)'[-F(z) + F'(z)s + F(x)]
= —|F(@)[3+ F(2)'(F'(x)s + F(x))
< —(1=n)|F()3 <o0.



Condition (4) provides that at every iteration the norm of F' is reduced,
so the sequence {||F(zx)||} is monotone nonincreasing. Then, we conclude
that Inexact Newton method with the euclidean norm can be considered as
a descent method with line search (4) for the merit function ®(x). However,
it can be observed that if z, is a root of F(z), it is also a minimizer of the
norm of F', but the converse is not true.

In this paper we present a nonmonotone version of Inexact Newton method,
where both the conditions (3) and (4) have been relaxed. First of all, it is
useful to introduce the following notations. Given N € N and a sequence
{wx}, we denote by ) the element with the following property

PGl = max 1P| )
Note that we have k — min(N, k) < £(k) < k. The modified scheme can be
written as follows:
Let o € R™ and 3 € (0,1) be given.
For k=0,1,2,...
Find some 7, € [0,1) and a vector s; that satisfy

1F (k) + F' (k) skl < mell F (o)) | (7)
and
[F @k + si)l| < (1= B —m)) [|F (o)) |- (8)

Set xx4+1 = T + Sk-

According to (3), we define the vector sy satisfying (7) nonmonotone Inexact
Newton step at the level ni. Note that the sequence {||F(z)|} satisfying
(7) and (8) is nonmonotone, but {||F(zyy))|/} is a monotone nonincreasing
subsequence of it. Furthermore, the nonmonotone step is not a descent di-
rection for the merit function defined in (5). This fact may be useful in some
cases to avoid local minima of the merit function where F” is singular.
In the next section, we present a backtracking algorithm following the non-
monotone scheme, for which, in section 3, we state convergence theorems.
In section 4, as a special case, we consider the Newton Inexact interior—
point method and we show that, by applying nonmonotone strategies, we
can choose the perturbation parameter of the interior methods in a larger
range of values.
Finally, in section 5, we present some numerical experiments related to non-
monotone interior—point method.

For the remainder of the paper, we denote N5(z) = {y € R": |ly —z| <
0} for § > 0 and we use the following results:



Lemma 1.1 [11, 2.3.3] Assume that F'(z) is invertible. Then, for any
€ > 0 there exists 0 > 0 such that F'(z) is invertible and

1F" (@)™ = F'(y) "Ml <e,

for all y € Ns(x).

Lemma 1.2 [11, 3.1.5] For any x and ¢ > 0, there exists 6 > 0 such
that

1F7(2) = F(y) = F'(y)(z = y)ll < ellz =yl
for all z,y € Ns(x).

2 A nonmonotone Inexact Newton method

The nonmonotone Inexact Newton method can be implemented by using a
backtracking strategy. At each step k, we determine a forcing term 7 and a
vector §j that satisfy the nonmonotone condition (7); then, we reduce §j, by
means of a damping parameter « obtained by a nonomonotone backtracking
rule; the nonmonotone Inexact Newton step s = a5 satisfies condition
(7) and (8) with nr = (1 — ax(1 — 7;)). The algorithm can be stated as
follows.

Algorithm 2.1

Step 1. Set zp € R™, B € (0,1), 0 < Opmin < Omaz < 1, Nmaz € (0,1), k = 0.
Step 2. Determine 7, € [0, Nmaz], Sk that satisfy
1F(zk) + F' ()5l < 0l F(zer)-
Set ay, = 1.
Step 3. While ||F(xy, 4+ apsp)|| > (1 — arB(1 — 7)) | F (o)) |

Step 3a. Choose 6 € [Omin, Omaz];
Step 3b. Set ap = Oay,.
Step 4. Set xp+1 = T + Sk

k=k+1
Go to Step 2.



The following lemma shows that if 77y, € [0, Pmas| and S satisfy the condition
at the step 2, then the vector as; is a nonmonotone Inexact Newton step
at the level n(a) = (1 — a(l — 7)) for any o € (0, Qunaz), Where qumae < 1.
Furthermore, in (0, &pq,] the condition

[ F(zk + asp)|| < (1 —aB(L — i) [|F (@) |
is verified.
Lemma 2.1 Let § € (0,1); suppose that there exist 77 € [0,1), § satis-

fying
1F () + F' () sl < AI1F (2wl

Then, there exist amqz € (0,1] and a vector s such that
1 (k) + F'(zx)sl| < nllF (o)l (9)
[F(zr + s)[| < (1 = Bl =) |[F (o))l (10)
hold for any a € (0, aynaz], where n € [7,1), n = (1 — a(1 — 7).
Proof. Let s = a5. Then we have

| F(zk) + F'(z1)s]| | F (k) — aF(zg) + aF (zr) + oF ' (2x)3]|
(1 =) F(zp)| + al[F(z) + F'(zr)s]|

(1 = ) |F () | + || F (o))l

NI E (o)) I,

[ IAIA I

so (9) is proved. Now let

_1-B)(-7)
H]

and ¢ > 0 be sufficiently small (see Lemma 1.2) that

1 (o))l (11)

1 (2x + ) = Fax) — F'(zp)s]] < ells] (12)

whenever ||s|| < 0. Choosing amas = min(l,ﬁ), for any o € (0, maa)

we have [|s|| < ¢ and then, using (11) and (12), we obtain the following
inequality

[F(ee+ ) < F(zx+s) = Far) = F'(zp)sl| + [ F(zr) + F'(z1)s]|
< ealsl +nllF (x|
= (=5 A =ma+ (1 —all=n)[F(@wl
= (1=pBa(l =m)IF (@)l
< (1= Bal =)[F (@)l



that completes the proof. O

A consequence of the previous lemma is that the while loop at the step 3
terminates. Indeed, at each iterate k the backtracking condition

[F(zx 4 asp)l| < (1= aB(1 = D) F(zem))ll (13)

is satisfied for o < Qupaz, where g depends on k. Since the value of oy, is
reduced by a factor 8 < 0,4 < 1 at the step 3a, then there exists a positive
integer p such that (0ez)? < Qumaz and so the while loop terminates at
most after p steps. When it is impossible to determine zj1 we say that the
algorithm breaks down. Then, Lemma 2.1 yields that algorithm 2.1 breaks
down if and only if is impossible to find a nonmonotone inexact Newton step
at any level.

Theorem 2.1 Let {x;} a sequence such that limg_ F(zx) = 0 and
for each k the following conditions hold:

17 () + F' () skl < nll F (o)l (14)

IE @re) | < I (o))l (15)

where s = 41 — 2 and n < 1. If z, is a limit point of {xj}, then
F(z,) = 0 and if F'(x,) is nonsingular, then the sequence {z}} converges
to x,.

Proof. If z, is a limit point of the sequence {x}, there exists a subsequence
{wg;} of {wx} convergent to .. By the continuity of F', we obtain

F(zy) =F (lim a;kj) = lim F(zy;) = 0.
Jj—00 j—00
Furthermore, since {xy)} is a subsequence of {z}}, also the sequence { F'(zyy)) }
converges to zero when k diverges. Denote K = ||F'(x,)~!|| and § > 0 be
sufficiently small that F'(y)~! exists whenever y € Ns(x.); thus we can
suppose
1F" ()| < 2K, (16)

17 (y) = F(zs) = F'(z:)(y — 2| < %Hy — 2.



Then for any y € Ns(z.) we have

IFW = I1F' (@)(y — 2:) + F(y) = F(ze) = F'(2)(y — 2) |
> [F'(z)(y — )l = |F'(y) = F(zx) = F'(z:)(y — 2)|
> wlly — 2l = g lly — 2
= sxlly— =l
Then
|y — 2| < 2K||F(y)] (17)

holds for any y € Nj(z). Now let € € (0,9) and since =, is a limit point of
{z1}, there exists a k sufficiently large that

T € Ng(.f*)
2

and

vy € 5= {u 1P < o5 -

Note that since wy) € Se then also xgy1 € Se because ||F(zpq1)l| <
| F'(zgy)||l. For the direction sg, by (14), (15) and (16), the following in-
equality holds:

IE" () HILE () || + |1 F (k) + F (zr)skl)
2K ([|F ()| + 0l F(zor)) 1)
2K (1 + n)||F(zem)|| < 2¢ < 3.

skl

[IVARVAN

Since s = xp41 — Xk, the previous inequality implies ||z — z4|| < 0 and
from (17) we obtain

H | < 2K Pl < 2K o < 0

Tpt1 — Ts x — < =

k+1 < k+1 Ki+n ~2
that implies 21 € Ns (). Therefore w41y € Se, since ||F(zygq1))| <
2
|F'(zey)|l- Tt follows that, for any j sufficiently large, z; € Ns(z4), and
from (17)
[ — 2|l < 2K F(x5)]].

Since F'(x;) converges to 0 we can conclude that z; converges to .. O

Lemma 2.2 Suppose that Algorithm 2.1 does not break down. If z, is a
limit point of {xy} such that F’(x,) is nonsingular then there exist infinitely
many k such that ap > 7 > 0.



Proof. Denoting ||F'(x,)~!|| = K, we can find § > 0 such that
(i) F'(z)~! exists whenever x € Ns(z,),
(i) [[F'(z)" | <2K  Va € Nj(x.)

(ii)) [F(x) - Fly) — F'(y)(= — p)| < G2y — ol Va,y €
Nos(zx)-

Since x, is a limit point, there exist infinitely many & such that z; € Ns(z.)
for which the following condition holds:

ISkl < I (k) THIAE ()55 + F (@)l + [1F (z)l])

18
< 2K+ ) [F )| 1)

Since s, = asy, formula (18) can be written as
[kl < Tal[ F (o))l (19)

where I' = 2K (1 + maz)-

Now we show that if a < & then the while loop terminates. We can

)
Dl F(zg))
write by means of condition (ii), Lemma 2.1 and formula (19)

| F(zr+ sl < NF(wg) + F'(wg) sl + (| F(zk + sk) — F(ag) — F'(0g) sk
< [ F ()| + SR )5y
< (=a)d=7)+ 1 =B)a@ =) F(zw)ll
Thus

1E (2 + asp) || < (1= aB(l = 0) [ F(zew)ll

This inequality shows that the backtracking condition (13) is satisfied for
a < m and since « is reduced at every step by a factor 0 < 0,42 <
1 the while loop terminates. Suppose now that the while loop has been
executed at least once, let denote oy the final value (i.e. the value of « for
which (13) is satisfied) and aj the previous one. At the penultimate step

the condition (13) is not satisfied, so necessarily we have

1)
ap > ——————
11||F(9612(k))||
and so
T F (@)l — TIF (o)l

ay = OQay, >



Hence Lemma (2.2) has been proved with 7 = min(1, ng’(";g)” ). O

From Lemma 2.2 we can derive the following corollary, which is used in
the proof of the convergence theorem.

Corollary 2.1 Suppose that Algorithm 2.1 does not break down. If
T, is a limit point of {z}} such that F'(z.) is nonsingular and {zy,} is a
subsequence converging to x. then the sequence {ay;, } is bounded away from
Z€ero.

Now we can state the convergence theorem. The proof is similar to the one
of theorem in section 3 of [7].

Theorem 2.2 Suppose that Algorithm 2.1 does not break down and
that the norm of inexact Newton step is bounded for every k by a positive
constant M

5]l < M. (20)

Assume also that one of the two following properties holds:

F is Lipschitz continuous; (21)
the set 2(0) = {z € R" : ||F(2)|| < ||F(x0)||} is compact. (22)

If 2, is a limit point of z, such that F’(x,) is invertible then F(x,) = 0 and
{z}} converges to x, when k diverges.

Proof. Since ||F(zyy))|| is a monotone nonincreasing, bounded sequence,
then there exists L > 0 such that

L= lim [[F(zgq)ll

Thus, writing the backtracking condition (13) for the iterate ¢(k), we obtain

| E (o)1l < (1 = apgiy—18(1 = Tegiey—1)) | F (@egeqiy—1)) |l (23)

When k diverges, we can write
L<L—L- lim agpg 151 = Tw)-1)- (24)
Since [ is a constant and 1 — 7 > 1 — e, > 0 for any j, (24) yields

Ll <0
Jim a1 <
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that implies
L=0
or

klingo (k-1 = 0. (25)

Suppose that L # 0, so that (25) holds. Let {(k) = £(k + N + 1) so that
k+ N + 14(k) > k and we show by induction that for any j > 0 we have

klinc}o gy =0 (26)
and
tim |F(ag )| = L. (27)

For j = 1, since {O‘é(k)—1} is a subsequence of {ayp)_1}, (25) implies (26).
From (20) we also obtain

klirglo ”l‘lp(k) — xé(k)_lH = 0. (28)
If (21) holds, from |||F(x)|| — [|F(y)||| < ||F(z) — F(y)| and (28) we obtain

Jim ([ Flagg )l = L. (29)
If, instead of (21), (22) holds, then, exploiting the uniform continuity of F’
in 2(0), we can again derive (29). Assume now that (26) and (27) hold for
a given j. We have

1F (@or)-)Il < (1= eggiey—+1) B = 0oy — G+ I F @eeqiy— 1)) -
Using the same arguments employed above, since L > 0, we obtain

=0

Jm oo
and so

ot 0

1 F
a1

~ Ziw -Gl =0,
Zig)-+)ll =L
Thus, we conclude that (26) and (27) hold for any j > 1. Now, for any k,
we can write
i(k)—k—1

[Zk41 — gl < Z - 1500 -5
Jj=1
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so that, since we have (k) — k — 1 < N, we have
Jim [y 1 — ] = 0. (30)
Furthermore, we have
Hxé(k) — x| < ”W(k) — Tyt ||+ |Ter1 — 2| (31)

Since z, is a limit point of {xx4+1} and (30) holds, (31) implies that x, is
a limit point for the sequence {:clg(k)}. From (28) we conclude that x, is a

limit point also for the sequence {wg(k)il}, which contradicts the Corollary
2.1. Indeed, there exists a 7 > 0 such that Qy—1 > T for infinitely many
k. Hence, we necessarily have L = 0, that implies

T | ()| = 0.

Now Theorem 2.1 completes the proof. O

Theorem 2.3 Under the hypothesis of Theorem 2.2 we have that the
sequence {||F(zk)||} converges and

li F = li F .
Tim ([P (a)| = Tim [|F ()|

Proof. If limy . || F'(z¢))|| = 0, then limy_.o || F(x)|| = 0.

If limp oo || F'(2gx))|| = L > 0, using the same arguments in the first part of
the proof of Theorem 2.2, we can conclude that (30) holds. If (21) or (22)
holds, then limy, .o || F'(2x)|| = L = limg o0 [ F'(@g()) |- O

3 An application: a nonmonotone Inexact Newton
Interior—Point Method

First, we recall the basic concepts of Newton Inexact interior—point method,
as a special case of Inexact Newton method. For the details we refer to [4].
Here and for the remainder, we assume || - || = || - ||2-

Consider now the nonlinear programming problem

min f(x)
g91(x)

0
g2(z) >0

AVAN
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where z € R”, f : R" - R, g1 : R” — R4, g5 : R® — RP; by introducing
the slack variables s on the inequality constraints, the Karush—Kuhn—Tucker
(KKT) optimality conditions for problem (32) are given by the following
system of nonlinear equations:

Vf(x) = Vgi(x)A — Vga(z)w

_ —g1(x)
H = == 0’ 33
(v) —go(z) + s (33)
WSe,
with
s,w > 0,

where A € R™ s,w € RP and W = diag(w); S = diag(s). Here A and w
are the Lagrange multipliers related to the equality and inequality constraint
respectively; the vector e; indicates the vector of j components whose values
are equal to 1. Furthermore we set v = (2%, \', w', s')! and . = n +neq +2p
(the size of the system (33)). The first n+neq+ p components of the vector
H(v),

Vf(z) = Vgi(z)A = Vg (z)w

Gw) = [ gl
—g92(x) + s

represent the gradient of the lagrangian function of the minimum problem,
while the last p equations in (33),

SWe, =0,

are called complementarity conditions.
In the framework of Newton interior-point method, instead of (33), we con-
sider the perturbed KKT conditions

H(v) = pe

s,w > 0, (34)

with p > 0 and € = (0L, ,,cq1ps€5)" and, given a starting point vy with
(so,wp) > 0, at the iteration k& we have to solve the perturbed Newton
equation

H'(vp)Av = —H (vg) + pé, (35)

so that the iterates satisfy the positivity condition on (sj,wy). The pertur-
bation parameter pg can be defined as

Pk = Okflks (36)
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with o € (0,1) and py > 0.

Now we will briefly recall the conditions that enable us to view the Newton
interior—point method as an Inexact Newton method applied to the the
system (33). Consider the Newton equation for (33):

H'(v)Avg, = —H (vg). (37)
The residual vector r, € R™ for (37) can be written as
T = H/(Uk)AUk + H(Uk). (38)

If we suppose that ry is given by the following expression

T = < On+neq+p > ’ (39)

PEOKEp

then we obtain
7kl = prllepll = pr/p-
Note that if we choose
_ 1H@
Kk = )
/D

as in [3], and if Avy, satisfies (38) where ry is given by (39), then Awvy is an
inexact Newton step at the level o for the system (33). In interior—point
methods a suitable choice of uy is up = %; we have 82% < %,
(40) is satisfied. Furthermore, a sufficient condition for (39) is that Awvy is
an exact solution for the perturbed equation (35), so (40) guarantees that
the vector computed at every step of the interior—point method by solving
(35) exactly is an Inexact Newton step.

Suppose now that the residual of (37) at the iteration k has the following
expression, instead of (39):
Tk
TR = , 41
g < PkEp > (1)

where 77, € R*"T7€4+P gatisfies the condition

(40)

SO

175l < Okl[ H (vr) I (42)

Now, if (40) and (42) hold and oy, + d, < 1, then Avy in (38) is an Inexact
Newton step at the level oy, + 0y for the system (33). Indeed, we have

Irill* = ok + S5l < (ok + G IH (o) * < (0% + )| H (vi)|I?,
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which implies
Ikl < (6k + o) |1 H (vr)]]-

In order to obtain a residual vector as in (41), one may solve the equation
(35) inexactly on the first n + neq + p equations, by means of an iterative
solver, using condition (42) as inner stopping criterion. So, the conditions
on ||7k|l, Ok, o and py allow us to calculate only an inexact solution of (35),
obtaining again an Inexact Newton step. This approach is useful when 7 is
large and the computation of an exact solution can be too expensive.

If we replace (40) and (42) with

t H(v
e [t M)

p VP

(43)

and
17kl < Okl H (ver)) (44)

then it is easy to verify, using the same observations employed above, that
a vector Av for which the residual 7 has the form in (41) is a nonmono-
tone Inexact Newton step. After the computation of the direction Avy, the
following iterate in an interior—point method is determined by the updating
rule

Vg1 = U + apAuy,

where oy € (0,1] has to be chosen in order to guarantee the positivity of
the components of sii1 and wyi1. Furthermore the parameter oy € (0, 1]
must be selected so that the centrality conditions (see e.g. [6]) are satisfied.
Finally, we include in the method the nonmonotone backtracking strategy
seen in the previous section. Now we present the nonmonotone Newton
Inexact interior—point method.

Algorithm 3.1

Step 1. Fix vg such that (sg,wp) > 0 and choose the positive parameters as
follows:
-1 <land 7 <p(mini—1,,(s0)i(wo)i) /shwo;
72 < (sgwo)/ |G (vo);
- 6,B,0,tol € (0,1);
- Omaz + Omaz < 1 and Opmaz > V2790mae/ min(1, 72) + 6

- 0 < Omin < Omaz-



Step 2.

Step 3.

Step 4.

Step 5.

Step 6.
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Set k «— 0.

If | H (vg)|| < tol then stop, else choose the positive parameters o, Oy, ik
such that:

- 0 < dg;
- Omin < 0 < Omae and oy, > S+ \/idk/ min(l,TQ);

- i € [s’“t%,ll]{(vi\/%“)“ as in (43).

Find Avg, = (Azl, AN, Awl, Ast)? such that (35) hold with rj, defined
in (41) and

17kl < Ol H (ver)) |
as in (44).
Compute @} = min (a,(cl),a,gQ)), where ag) and a,(f) are the largest
numbers in (0, 1] such that the following centrality conditions hold for
any a € (0, a,gl)] and a € (0, a,(f)] respectively:

Sy sk(a)iwp () > (11/p)sk(a) wy(a), (45)

si(@) wi () = 1af|G(v(a))], (46)
where v(a) = v, + aAwvg.

If
1 (o + @k Avg) || < (1 = @B(1 = (0 + on)) [ H (veei)) (47)

go to Step 6, else update & = fa. and go to Step 5.
Denote oy, the last value of aj.

Update vg41 = vg + arAvg.
Set k — k+ 1.
Go to Step 2.

Step 2, 3, 5 and 6 enable us to consider Algorithm 3.1 as a special case
of Algorithm 2.1. At the first step all the parameters are set, while at the
step 4 the centrality conditions are stated. One can observe that conditions
(45) and (46) avoid the last p components of the vector H(v) (related to
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complementarity equations) to become smaller than ||G(v)|| at every iterate.
For the analysis of the convergence, it is useful to introduce the set

Q) = {veR™ e < |[|H(v)|l < [IH ()],

s.t. v satisfies conditions (45) and (46)}. (48)

We observe that all the iterates vy belong to €(0). For the convergence of
Algorithm 3.1 we make the following assumptions:

Al. In Q(0) f(z), g1(x), g2(x) are twice continuously differentiable and the
derivative of G(v) is Lipschitz continuous. Moreover the columns of
Vgi(z) are linearly independent.

A2. Q(0) is a compact set.
A3. The matrix H'(vy) is nonsingular for any k£ > 0.

The assumption A2 implies that the iteration sequence {v} is bounded.
First we prove some lemmas used in the proof of the convergence theorem
presented below.

Lemma 3.1 Let {v;} generated by Algorithm 3.1. Under the assump-
tion A1-A3 there exists a positive constant M such that

Proof. Recalling that the direction Avg computed at the step 3 is a non-
monotone Inexact Newton step at the level o + d, we obtain the following
inequality:

[[Avgll [ (o) ~H| - (1 H (vr) Avg + H (o) || + [1H (o))

1E o) ] - (1 + 0 + 6L (o) (49)

<
<

Denoting M = (maxveQ(O) ”H(U)_lm (1 + Omax +5ma:t:)HH(U0)”v (49) yields
|Avg|| < M.

O
For the proof of the following lemma we refer to [4]: tacking into account
Lemma 3.1 and (43), it is possible to use the same arguments.
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Lemma 3.2 Let {v;} generated by Algorithm 3.1, so that the settings
at the step 1 and 2 hold. Assume that {vp} C Q(e)with e > 0. Then &
computed at the step 4 is bounded away from zero.

Now we prove the following convergence result.

Theorem 3.1 Under the assumptions A1-A3, the Algorithm 3.1 with
tol = 0 generates a sequence {vy} such that {|H(vg)||} converges to zero
and each limit point of {v;} satisfies the KKT conditions for (32). Further-
more, if v, is a limit point of {vx} such that H'(v,) is nonsingular, then the
sequence {vg} converges to vs.

Proof. Denote L = limy . || H (vyy))||. From Lemma 3.1 and Theorem 2.3
we obtain that limy_ . ||H (vk)|| = L. Suppose now that L > 0. This im-
plies that {v;} C Q(e), with € > 0 (at least for k large). Consequently, from
Lemma 3.2, aj, is bounded away from zero. If v, is a limit point of {vy},
then {v.} € Q(e) and H'(v,) is a nonsingular matrix. Then, from Theorem
2.2, we deduce that L = 0 and this is a contradiction. Notice that we can
use Theorem 2.2 even if the starting value of the backtracking procedure is
a instead of 1 because aj is bounded away from zero. Then {||H (vg)|}
has to converge to zero. So, if v, is a limit point of {vy} such that H'(v)
is nonsingular, using Theorem 2.1, then the sequence {vy} converges to v,. O

4 Numerical examples

In this section we report some numerical experiments, obtained by coding
Algorithm 3.1 in FORTRAN90 using double precision on a Compaq XP1000
workstation. In particular we set 3 = 10"%,0 = 0.5, tol = 10~8. We declare
the failure of the algorithm when the tolerance tol is not satisfied after
500 iterations or when at some step the backtracking reductions are more
than 10. Furthermore we set y = si;uk as in [6]. The aim of the numerical
experiments is to compare the behaviour of the monotone and nonmonotone
algorithms; for the nonmonotone one, the parameter N has been chosen
equal to 2, 4 and 9. Furthermore, the comparison has been performed in
two different cases. In the first one, §; is set equal to 0: this means that
the perturbed Newton equation (35) is solved exactly at each iteration.
The solution of the linear system is computed by the MA27 subroutine of
the Harwell library that performs a LU factorization. In the second case,
Hestenes multipliers scheme has been adopted as iterative inner solver (see
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Table 1: References and starting points

P Reference (z0); direct  (x0), iterative X

P1 Example 5.5 in [8 1 1 107 — 108
P2 Example 5.6 in [8 0.01 2 108 — 107
P3 Example 5.7 in [8 0.5 1.5 105 — 107
P4 Example 5.8 in [8 3.995 257 105 — 107
P5 Example 4 in [9 0;3 105 — 107
P6 Example 5 in [9 0;3 105 — 107
P7 Example 4.2, M =1, K = 0.8 in [10] 1.75 ;5 107 — 108
P8  Example 4.2, M =0, K = 1 in [10] 3 107 — 108

[1]), so an inexact solution of (35) is calculated. The nonlinear programming
problems considered here arise from the discretization by finite difference of
elliptic control problems described in [8], [9] and [10]. The references are
listed in Table 1. In the third and fourth column of Table 1, the starting
points for the two choices of solver, direct and iterative, have been reported;
when two different values are listed on the same row, the first one is the value
of the components of zg related to the state variables, while the second one
is related to the control variable. Only the value of the variable xq are
reported, while the other components of the vector vy are always been set
equal to 1. In the last column of Table 1 is specified the interval which the
parameter x in [1] belongs to. In Table 2 the results of the monotone and
nonmonotone algorithms with the direct inner solver are compared in terms
of number of iterations (it.) and total number of backtracking reductions
(b.). Each test problem has been executed three times, by changing the
meshsize: the values on the first column indicate the number of meshpoints
on the z and y axis. In this case, since an exact solver has been adopted, the
nonmonotone scheme differs to the monotone one only on the backtracking
rule. From the results, in some cases the two algorithms seem to behave
in a similar way. In more critical cases, in order to satisfy the monotone
backtracking rule the damping parameter is reduced to a very small value;
this fact yields the failure of the algorithm, while the nonmonotone rule
allows to accept larger values of the damping parameter, avoiding in many
cases the stagnation of the iterates. In general, a reduction of the number
of the backtracking steps can be observed.

Figure 1 illustrates the decrease of ||[H (vg)| for P1 with n = 10593. The
results Table 3 have been obtained employing the iterative solver, so the
number of the inner iterations (inn.) is reported. Now the difference be-
tween the monotone and the nonmonotone schemes are not only in the
backtracking rule, but in the stopping criterion of the inner solver too. In
the last column are listed the final values of the objective function (obj.). A
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Figure 1
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general reduction of the number of inner iterations can be observed, and in
many cases the number of external iterations (ext.) and of the backtracking
reductions (b.) is also reduced.

5 Conclusions

We proposed a variant of Inexact Newton Method in which monotonicity
requirements have been relaxed. For the modified scheme we devised con-
ditions under which we proved the convergence theorems. Then we applied
the nonmonotone techniques to the inexact interior—point method, as spe-
cial case of Inexact Newton Method, and we proved the convergence of the
whole scheme. As shown in the tables 2 and 3, the nonmonotone approach
can reduce the number of the backtracking steps and of the inner iterations
when an iterative solver is employed.
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