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Convergence of the Gauss—Newton method for a special class
of systems of equations under a majorant condition

M.L.N. Gongalves** and PR. Oliveira®

4IME/UFG, Campus II — Caixa Postal 131, Goidnia, Brazil; bCOPPE—Sistemas, Universidade
Federal do Rio de Janeiro, Rio de Janeiro, Brazil

(Received 12 July 2012, final version received 11 February 2013)

In this paper, we study the Gauss—Newton method for a special class of systems
of non-linear equation. On the hypothesis that the derivative of the function under
consideration satisfies a majorant condition, semi-local convergence analysis is
presented. In this analysis, the conditions and proof of convergence are simplified
by using a simple majorant condition to define regions where the Gauss—Newton
sequence is ‘well behaved’. Moreover, special cases of the general theory are
presented as applications.

Keywords: Gauss—Newton method; majorant condition; non-linear systems of
equations; semi-local convergence

1. Introduction

Consider the systems of non-linear equations
F(x) =0, (1)

where F : Q — R is a continuously differentiable function and 2 € R” is an open set.

When F’(x) is invertible, the Newton method and its variant (see [1-4]) are the most
efficient methods known for solving (1). However, when F’(x) is not necessarily invertible,
a generalized Newton method, called the Gauss—Newton method (see [5-7]), defined by

Xepr =0 — F') F),  k=0,1,...,

where F’(x;)" denotes the Moore—Penrose inverse of the linear operator F’(x), finds least
squares solutions of (1) which may or may not be solutions of (1). These least squares
solutions are related to the non-linear least squares problem

. 2
min ||F ()|,
xe

that is, they are stationary points of G(x) = || F(x) 2. It is worth noting that, if F’(x) is
surjective, then least squares solutions of systems of non-linear equations are also solutions
of systems of non-linear equations.
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We shall consider the same special class of systems of non-linear equations studied
in [8-10], i.e. systems of non-linear equations where the function F under consideration
satisfies

|F 0 U = FoF@hF@| <clx =yl Yxyen @

for some 0 < k < 1 and Ipn denotes the identity operator on R™. This special class of non-
linear systems of equation contains underdertermined systems with surjective derivatives,
because when F’(x) is surjective we can prove that k = 0 in (2).

In recent years, papers have addressed the issue of convergence of the Newton method,
including the Gauss—Newton method, by relaxing the assumption of Lipschitz continuity of
the derivative (see [1-7,9—15] and references therein). These new assumptions also allow
us to unify previously unrelated convergence results, namely results for analytical functions
(x-theory or y-theory) and the classical results for functions with Lipschitz derivative. The
main new conditions that relax the condition of Lipschitz continuity of the derivative include
the majorant condition, which we will use, and Wang’s condition, introduced in [13] and
used for example in [10,14,15] to study the Gauss—Newton method. In fact, on the hypothesis
of this paper, it can be shown that these conditions are equivalent. In a way, however, the
formulation as a majorant condition is better than Wang’s condition, as it provides a clear
relationship between the majorant function and the non-linear function under consideration.
Besides, the majorant condition provides a simpler proof of convergence.

Following the ideas of the semi-local convergence analysis in [4,6], we will present
a new semi-local convergence analysis of the Gauss—Newton method for solving (1),
where F' satisfies (2), under a majorant condition. The convergence analysis presented here
communicates the conditions and proof quite simply. This is possible thanks to our majorant
condition and to a demonstration technique introduced in [4] which, instead of looking only
to the sequence generated, identifies regions where, for the problem under consideration, the
Gauss—Newton sequence is well behaved as compared with a method applied to an auxiliary
function associated with the majorant function. Moreover, two unrelated previous results
relating to the Gauss—Newton method are unified, namely, results for analytical functions
under an «-condition and the classical result for functions with Lipschitz derivative. Besides,
convergence results for underdetermined systems with surjective derivatives will be also
given.

The paper is organized as follows. Section 1.1 lists some notations and basic results
used in the presentation. Section 2 states and proves the main results. Finally, special cases
of the general theory are presented as applications in Section 3.

1.1. Notation and auxiliary results

The following notations and results are used throughout this presentation. Let R"” have a
norm ||.||. The open and closed balls at ¢ € R" and radius § > 0 are denoted, respectively
by

B(a,8) :={x e R"; |lx —al <4}, Bla, 8] :={x e R"; |lx —al <8}

Let 2 € R” be an open set. The Fréchet derivative of F' : @ — R is the linear map
F'(x) : R" — R™. If ¢ is a real-valued function and u be in the domain of ¢, we use
D~ ¢ (ug) to denote left-sided derivative of ¢ at uy.
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Given a linear operator A : R” — R™ (or an m X n matrix), the Moore—Penrose inverse
of A is the linear operator AT R™ — R" (or an n x m matrix) which satisfies:

AATA=A, ATAAT=AT, (AAT)* = AAT, (ATA)" = ATA,

where A* denotes the adjoint of A. The Kernel and image of A are denoted by K er(A) and
im(A), respectively. It is easily seen from the definition of the Moore—Penrose inverse that

ATA = Mg ercayts AAT = Mimay, &)

where I denotes the projection of R” onto subspace E.
We use Ir» to denote the identity operator on R™. If A is surjective, then

AT = A*(AAH)!, AAT = Igm. 4)

LEmMma 1 (Banach’s Lemma) Let B : R" — R" be a continuous linear operator. If
|B — Ign|| < 1, then B is invertible and ||[B~'|| < 1/ (1 — || B — Ign||).

Proof  See the proof of Lemma 1, p. 189 of Smale [16] with A = Ir: and
c=|B— I U

The next lemma is proved on p. 43 of [17] (see also [18]). It is on the perturbation of
the Moore—Penrose inverse of A.

LEmMMa 2 Let A, B : R" — R™ be continuous linear operators. Assume that
1 < rank(B) < rank(4),  |AT|||A = B < 1.

Then

AT

rank(A) = rank(B), 1B < - )
1 —|AT|[|A — B||

2. Semi-local analysis for the Gauss—Newton method

Our goal is to state and prove a semi-local theorem of the Gauss—Newton method for
solving non-linear systems of equations, where the function under consideration satisfies
(2). First, we will prove that this theorem holds for an auxiliary function associated with
the majorant function. Then, we will prove well-definedness of the Gauss—Newton method
and convergence. Convergence rates will also be established. The statement of the theorem
is:

THEOREM 3 Let Q C R" be an open set and F : Q2 — R™ a continuously differentiable
function. Suppose that

[F o) e = F@F@hF@ | =clx =yl Yxyeo @

for some 0 < k < 1. Take xo € Q such that p = || F'(x0)" F (x0)|| > 0, F'(x0) # 0 and

rank(F'(x)) < rank(F'(xp)), VxeQ. (6)
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Suppose that there exist R > 0 and a continuously differentiable function f : [0, R) —
R such that, B(xg, R) C €,

IF' o) IHF () = F'@)ll < f/ly = x ]+ llx = xol) = f/lx = xol), (7

forany x,y € Q, |x — xoll + lly — x|l < R, and moreover,

(1)  f(0)=0, f'(0)=-1;

(h2) f’ is convex and strictly increasing.

Take ). > 0 such that ». > —« f'(B) and consider the auxiliary function h) : [0, R) —
R,

hy(t) == B+ At + f(1). (®)
If h), satisfies

(h3) A, (t) =0 for somet € (0, R),

then h; (t) has a smallest zero t;: € (0, R), the sequences for solving h) (t) = 0 and
F(x) = 0, with starting points t, o = 0 and x, respectively,

kel =tk — hy(6o) g, X =xx— F') Flg), k=0,1,..., (9

are well defined, {t; } is strictly increasing, is contained in 0, '), and converges to t;, {xy}
is contained in B(xo, t;), converges to a point x, € B[xo, t;'] such that F/(x*)TF(x*) =0,

xk+1 — 2kl < Bok1 — Bk, lxe —xell <85 —thnee, k=0,1,..., (10)

and

Dok+1 — Dok 2
llXk-+1 5l —xe—1ll®, k=1,2,.... an

—x £ ———=
(k= thk—1)

Moreover, if A, = O, the sequences {t;_ i} and {xy } converge Q-linearly and R-linearly (or,
if o = 0 and hy(t}) < 0, Q-quadratically and R-quadratically) to t; and x,, respectively.

Remark 1 1t is easily seen that the best choice of A is the smallest possible. Hence, if
f/(B) < 0then A = —«f’(B) is the best choice. Moreover, since — f/(8) < —f'(0) = 1
(h2), a possible choice for X is «, despite not being the best.

Remark 2 If F'(x) is surjective, it follows from the second equation in (4) that F’(x)
F'(x)" = Igm. Thus, we can take A = 0, because F satisfies (5) with ¥ = 0. Therefore, in
this case, Theorem 3 extends the results obtained by Ferreira and Svaiter in Theorem 2 of

[4].

From now on, we assume that the hypotheses of Theorem 3 hold.

2.1. The auxiliary function and sequence {t, i}

In this section, we will study the auxiliary function, %, , which is associated with the majorant
function, f, and prove all results regarding only the sequence {f, x}. Remember that a
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function that satisfies (7), (h1) and (h2) is called a majorant function for the function F on
B(xp, R). More details about the majorant condition can be found in [1-7].

ProrosiTioNn 4 The following statements hold:

i) hn(0)=p>0hr0)=r—1;
(ii) A} is convex and strictly increasing.

Proof It follows from the definition in (8) and assumptions (h1) and (h2). O

ProrosiTioN 5  The function h; has a smallest root t)’f € (0, R), is strictly convex, and
hy(t) >0, hy(r) <0, t<t—hu@)/hy(t) <, Viel0,r). (12)
Moreover, hy(t) < 0.

Proof  As h; is continuous in [0, R) and has a zero there ((h3)), it must have a smallest
zero ¢, which is greater than 0 because 4, (0) = g > 0. Since, from item (ii) of Proposition
4, h', is strictly increasing, then £, is strictly convex.

The first inequality in (12) follows from the assumption 4, (0) = g > 0 and the
definition of #; as the smallest root of &;. Since A, is strictly convex,

0="ho(t5) > h @)+ R, —1),  t€[0,R), t #1. (13)

Ift € [0,¢) then ) (t) > Oand t; —¢ > 0, which combined with (13) yields h’A(t) <0
forall t € [0, £f). Hence, using A > 0 and 4/ (t) = A 4 hy,(¢) for all 7 € [0, £}°), the second
inequality in (12) follows. The third inequality in (12) follows from the first and the second
inequalities.

To prove the last inequality in (12), note that dividing the inequality in (13) by —A} (1)
(which is strictly positive), together with some simple algebraic manipulations, gives

t—h()/h @) <, Vitel0,t),

which, using the first inequality in (12) and 0 < —h;h(t) < —hé)(t) forallt € [0, 1), yields
the desired inequality.

Since hy > 0in [0, 7)) and h; () = 0, we must have 7} (f) < 0. Thus, the last
inequality of the proposition follows from the fact that A} () = A + hy () and A > 0. [

In view of the second inequality in (12), the following iteration map for &, is well
defined in [0, #;). Denoting this by n,:

ny [0, 1) - R

t=t—hy(t)/ hy(t). (14)

Note that in the case where A = 0, the sequence n; reduces to a Newton sequence,
which Ferreira and Svaiter used in [4] to obtain a semi-local convergence analysis of the
Newton method under a majorant condition.

ProrosiTioN 6 Foreacht € [0, ) it holds that B < n) (t) < t;.

Proof  Proposition 5 implies that £, is convex. Hence, using item (i) of Proposition 4, it
is easy to see, by using convexity properties, that (1 — A)r — 8 > —h;, (t), which combined
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with A > 0 gives t — B8 > —h; (¢). Accordingly, the above definition implies that

h;. (1) () @ -,
H—B=t— — B> —h;(t) — = ho(t) + 17, Vtel0t).
n(t) — B G p = —h(1) o () —h{)(t)[ o +1] [0, 1)
Proposition 4 implies that /,(0) = —1 and Ay, is strictly increasing. Thus, we obtain

h6(t) +1>0,forallt € [0, t;f). Therefore, combining the above inequality with the first
two inequalities in (12), the first inequality of the proposition follows. To prove the last
inequality of the proposition, combine (14) with the last inequality in (12).

ProrositioN 7 Iteration map n; maps [0, tf°) in [0, tf°), and it holds that
t < n; (1), Viel0,5).

Moreover, if . = 0 or . = 0 and hé)(t;:) < 0, we have the following inequalities,
respectively,

D™ hy ()

— O )2, vVt el0,t)).
—2hg(r;)(A ) 0.5

1
1 —np(t) < E(tf —1), 1 —m(() <

Proof  The first two statements of the proposition follow trivially from the last inequalities
in (12) and (14). Now, if A = 0, then the sequence in (14) reduces to a Newton sequence.
Hence, the second part of the proof follows the same pattern as the proof of Proposition 4
of [4] with f = hy. O

The definition of {f, x} in Theorem 3 is equivalent to the following one
6H0=0, BLirp1r =0t k), k=0,1,.... (15)

From which, using also Proposition 7, it is easy to prove that

CoroLLARY 8 The sequence {t; i} is well defined, is strictly increasing, is contained in
[0, 1)), and converges to t}.
Moreover, if . = 0 or .. = 0 and h6(t)’f) < 0, the sequence {t) 1} converges Q-linearly
or Q-quadratically to t};, respectively, as follows
1 D™ hy(t7)
t—t < -t —ty), t—t <= Ok ) k=01, ....
%~ Dokl = 2(; k) 2~ hok+l = o) (1 — k)

Hence, all statements involving only {#; } in Theorem 3 are valid.

2.2. Convergence

In this section, we will prove well-definedness and convergence of the sequence {xx}
specified in (9) in Theorem 3.

We start with two lemmas that highlight the relationships between the majorant function
f and the non-linear function F.

ProposiTioN 9 If ||x — xoll <t < t}, then rank(F'(x)) = rank(F'(x0)) > 1 and

[Ff | < ~1F Gy im0,
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In particular, rank (F'(x)) = rank(F'(xo)) in B(xo, t}).

Proof  Take x € B[xo,],0 <t < t. Using the assumptions (7), (h1), (h2), f'(t) =
hé)(t) and the second inequality in (12), we obtain

1" o) T () = F/ o)l < f'(llx = xoll) = f/(0) < /(@) + 1 =hy() +1 < 1.

Combining the last inequality with (6) and Lemma 2, we conclude that rank(F'(x)) =
rank(F’(xg)) > 1 and

[E T TGN R T CON |
I=(fo+h  —fO ho (1)

IF ()" <

O

It is convenient to study the linearization error of F' at points in 2. For that purpose, we
define

Er(x,y) =F() - [FO)+F@x)(y-x]. yxeQ. (16)
We will bound this error by the error in the linearization on the majorant function f
ep(t,u) = fu) —[fO) + f (@ —0], t, u €[0,R). a7

Lemma 10 Take
X,y € B(xo,R) and 0<t<v<R.

Ifllx —xoll S rand ||y — x| < v —1, then

1 o NEF (e, 9l < eyt 2 =5
(v—1)2
Proof  The proof follows the same pattern as the proof of Lemma 7 of [4]. 0

Proposition 9 guarantees, in particular, that rank(F’(x)) > 1 for all x € B(xo, )
and, consequently, the Gauss—Newton iteration map is well-defined. Let us call Gf the
Gauss—Newton iteration map for F in that region:

Gr : B(xo, 1)) — R"

x> x — F'(x) F(x). (18)

One can apply a single Gauss—Newton iteration on any x € B(xo, t;) to obtain G r (x),
which may not belong to B(xo, ) or even may not belong to the domain of F'. Therefore,
this is enough to guarantee well definedness of only one iteration. To ensure that Gauss—
Newton iterations may be repeated indefinitely, we need some additional results.

First, we define some subsets of B(xg, t;‘), and we will prove that the desired inclusion
holds for all points in these subsets.

(1)
ho(1)
U k. (20)

tel0,1)

K(r) = {x €Q: x—xoll <, [F@'F@I < - } tel0.5), (19

K .
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In (19),0 < t < ¢, therefore, Ay (t) # 0 and rank(F'(x)) > 1in B[xo, t] C B[xo. t])
(Proposition 9). Hence, the definitions are consistent.

Lemma 11 Foreacht € [0, 1), it holds that:

(i) K@) C B(xo,1);

@) Gr(Gr()) —Gr)l < — s (”ijﬁj‘fj”)z, Vx e K();
i) Gr (K1) CK m.(1).

As a consequence, K C B(xo, t;) and Gr(K) C K.

Proof  Item (i) follows trivially from the definition of K (7).
Take t € [0, t;f), x € K(t). Using definition (19) and the first two statements in
Proposition 7, we have

lx —xoll <12, IF' ) FQ)l < —ha()/ho(@), 1 < mat) < 1. 2

Therefore,

IGF(x) — xoll < llx — xoll + G F(x) — x| = llx — xoll + | F' ()T F()||
<t —hu(0)/ hy(1) = np () <15,
and

Gr(x) € Blxo, n,(t)] C B(xo, t}). (22)

Since G f(x), ny (t) belong to the domains of F and f, respectively, using the definitions
in(14)and (18), h, (t) = B+At+ f(¢), linearization errors (16) and (17) and some algebraic
manipulations, we obtain

s (n.(1) = hy(np () — [hn.() + By () (na(t) — 1)]
= ep(t,n (1)) — M (t)/ hiy(t) (23)
and
F(Gr(x)) = F(Gp(x)) = [F(x) + F'(x)(GF(x) — x)] + (Irn — F'(x)F'(x)") F (x)
= Er(x,Gr(x)) + (Ign — F'(x)F'(x)")F(x).

The last equation, together with simple algebraic manipulations, implies that

IF (GFr(x) F(Gr)I < IF(Gra)INIEF(x, Gpx)
+ IF(GF(x)) (Igm — F'(x)F' ()" F(x)]I.

As |G r(x) — xoll < ny (1), it follows from Proposition 9 that rank(F'(G g(x))) > 1
and

IF'(GF) I < —I1F (x0)TIl/ by (na (1))
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From the two latter equations and (5) we have
EON

ho(n;.(1))
On the other hand, using (21), Lemma (10) and (23) we have

IF'(Gr()) F(Gr(x))| < IEx, Gr)Il +«l|GF(x) — x]|.

1 Go) MIEF (e, GGl < 5 (2, ma(6) (w)z
’ =% n(t) —t
G _ 2
< Iy (m.(1) (M) ()] By ().
ny(t) —

Thus, the last two equations, together with the second equation in (21), imply

IF'(GF(x) F(Gr(x))| <

—hy (n (1)) <||GF(x> —x||>2
hy(a() \ () —t
+ (k4 AR (0) ™) (=hi(6)] By (1)).

Taking A > —«f’(B), the second inequality in (12) and (21), we obtain
(k + Ay ON7") < k(1= /(B hyn)) ™).
As f'(t) = h’O(t), using Proposition 6, (h2) and the second inequality in (12), we have
K(1 - f/(ﬂ)(hi)(m(t))_l) = K (ho(B) — ()(m(t)))(—%(ﬂx(t))_l <0.

Combining the three above inequalities with the first two inequalities in (12), we
conclude

IF'(Gr(x)) F(Gr(x))| <

—hy.(n(1) (nGF(x) —xn)2
ho(@) \ m@)—t )~

Therefore, item (ii) follows from the last inequality and (18). Now, the last inequality
combined with (14), (18) and the second inequality in (21) becomes

—hy(n (1))
ho(na ()

This result, together with (22), shows that G g (x) € K (n,(t)), which proves item (iii).
The next inclusion (the first in the second part), follows trivially from definitions (19)
and (20). To check the last inclusion, take x € K. Then x € K (¢) for some ¢t € [0, t)’f).
Using item (iii) of the lemma, we conclude that G g (x) € K (n, (t)). To end the proof, note
that n; (¢) € [0, £') and use the definition of K. O

IF'(Gr(x)) F(Gr(x)| <

Finally, we are ready to prove the main result of this section, which is an immediate
consequence of the latter result. First note that the sequence {x;} (see (9)) satisfies

X1 = Gr(xp), k=0,1,..., (24)

which is indeed an equivalent definition of this sequence.
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CoroLLARY 12 The sequence {x;} is well defined, is contained in B(xo, t;), converges
1o a point x, € B[xo, 1] such that F'(x)" F(xy) = 0, and {x} and {1, i} satisfy (10) and
(11).

Moreover, if .. = 0, the sequence {x;.} converges R-linearly (or, if . = 0 and hy () < 0,
R-quadratically) to x.

Proof  Since || F'(x0)' F (xo)|| = B, using item (i) of Proposition 4, we have
x0 € K(0) C K,

where the second inclusion follows trivially from (20). Using the above equation, the
inclusions Gr(K) C K (Lemma 11) and (24), we conclude that the sequence {x;} is
well defined and lies in K. From the first inclusion in the second part of Lemma 11, we
have trivially that {x;} is contained in B(xo, t;).

We will prove, by induction, that

xc € K(thg), k=0,1,.... 25)

The above inclusion, for k = 0, is the first result in this proof. Assume now that
Xk € K(t; k). Thus, using item (iii) of Lemma 11, (15) and (24), we conclude that x;4+ €
K (). k+1), which completes the induction proof of (25).

Now, using (25) and (19), we have

IF ) Fao)ll < —halti) /by, k=0,1,...,
which, using (9), becomes

lxXks1 — xkll < Gk — Bk, k=0,1,....

So, the first inequality in (10) holds. As {#; x} converges to ¢;°, the last inequality implies
that

oo oo
Dbkt = xkll < D ket — bk =1 — gy < 400,
k=ko k=ko

for any ko € N. Hence, {x;} is a Cauchy sequence in B(x, t;), and so converges to some
Xy € B[xo, t;]. The last inequality also implies that the second inequality in 10 holds.

To prove that F’ (x)TF(xy) = 0, note that, with simple algebraic manipulation, (5) and
(9), we obtain

IF' (x0T F ool < N ) (1 = F' ) F/ ) ) F o) |
+ I F ) TN F () F (i) F ()|

< wellxk = xall 4+ 1F ) TIHTF )l lxk 1 — xell.

As F is continuously differentiable, we can take the limit in the last inequality to conclude
that F/(x,)TF(xy) = 0.

Since x; € K(t, k), forall k = 0,1, ..., the inequality in (11) follows by applying
item (ii) of the Lemma 11 with x = x;_; and t = #, x—; and using the definitions in (15)
and (24).

To end the proof, combine the second inequality in (10) with the last part of the
Corollary 8. O
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Therefore, it follows from Corollaries 8 and 12 that all statements in Theorem 3 are
valid.

3. Special cases
In this section, we present some special cases of Theorem 3.

3.1. Convergence result for F'(xy) surjective

In this section, we present a theorem on the hypothesis that F’(xg) is surjective. In this case,
we can use a majorant condition, which gives the propriety that {x;} is invariant under the
function F — A" F, where A : R" — R"™ is any surjective linear operator.

TuEOoREM 13 Let Q C R” be an open set and F : Q — R™ a continuously differentiable
function. Take xo € 2 such that B = |F'(x0) F(xo)|| > 0 and F'(xq) is surjective.
Suppose that there exist R > 0 and a continuously differentiable function f : [0, R) — R
such that, B(xg, R) C Q,

IF'(xo) " (F'(y) = F')Il < F'(ly = xIl + llx —xol) — £/ (lIx — xol),  (26)
forany x,y € Q, |[x —xoll + ly — x|l < R, and moreover,

(1) f(0) =0, f'(0) = —1;

(h2)  f'is convex and strictly increasing.
Consider the auxiliary function h : [0, R) — R,
h(t) = B+ f(1). @7
If h satisfies
(h3) h(t) =0 for somet € (0, R),

then h(t) has a smallest zero t, € (0, R), the sequences for solving h(t) = 0and F (x) = 0,
with starting points to = 0 and xo, respectively,

i1 =t — W (@) hty), xep =x — F'a) Fxp), k=0,1,..., (28)

are well defined, {t,} is strictly increasing, is contained in [0, t.), and converges Q-linearly
to ty, {x1} is contained in B(xo, t,), and converges R-linearly to a point x, € Blxg, t.] such
that F'(xy)" F (x4) = 0,

kg1 — Xkl < tkg1 — ts lxse — xill <ty — 1, k=0,1,..., (29)
Tk1 — Ik 2
lxks1 — xkll < lxxe — xp—1ll°, k=1,2,...,
* (tk — te—1)?
and , .
; k1 — Ik N
I F'(x0)"F (i) || < (h) I F'(xo)" Fxe—DIll, k=1,2,.... (30)

If, additionally, h'(t,) < 0, then the sequences {t} and {xi} converge Q-quadratically
and R-quadratically to t, and x., respectively.
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Proof Let F : Q — R™ be defined by
F(x) = F'(x0) F(x), xeQ. (31)

On the hypothesis of the theorem, we will prove that F satisfies all assumptions of
Theorem 3. Hence, with the exception of (30), the statements of the theorem follow from
Theorem 3.

First of all, as F/(x() is surjective, it follows from 4 that

F'(x0)F'(x0)" = Igm. (32)

Now, take x € B[xg,t], 0 < t < t,. Using the assumptions (26), (h1) and (h2), we
obtain

IF' (x0) [F'(x) — F'xo)1ll < f/(llx —xol) — F(O) < f'()+1 < 1.

Using Lemma 1 and the above equation, we conclude that (IR» — F'(x0)T(F'(x¢) —

F’(x))) is non-singular and
1 1 1 1

I (Irn — F'(x0)T(F'(x0) — F'(x))) | < = =——=—=- .

( sz (Ffo+1)  f@o KO

Now, the equation in (32) implies that F'(x) = F’(xo) (I — F'(x0) " (F'(x0) — F'(x))),

which, using F'(xo) is surjective and (Iprn — F'(x0)"(F'(xo) — F'(x))) is non-singular,

yields F’(x) is surjective for all x € B(xo, tx). Hence, using (31) and properties of the
Moore—Penrose inverse, we have

(33)

(F')" = (F'(xo) F')" = F'(0)TF'(xo), VxeQ.

The latter inequality and (32) imply that F’ satisfies (5) with ¥ = 0, and that the second
sequence in (28) coincides with the second sequence in (9). Moreover, using the last
inequality, (31), (32) and (3), we obtain

1" (x0)" F' (x0) | = I (F' (x0) " F' (xo)) " F' (x0) ' F' (x) || = | F"(x0) ' F' ko)l (34)
and _
IF'xo) Il = I1F' (x0)T F' (xo) || = Mg er(Fr il = 1. (35)
Accordingly, (34) implies that || F'(x0)" F/(x)|| > 0, and (35) together with (26) and
(31) implies that F” satisfies (7) with f = f.
Therefo_re, with _the exception (30), the results of the theorem follow from Theorem 3
withF=F, f=f,h) =h,A=0and 1 =1t,.
Our task is now to show that (30) holds.
Take k € {1, 2, ...}. Using the equation in (32), it follows by simple calculus that
F' (1) F' (x0) (Fen — F/(x0) " (F'(x0) — F'(xx-1))) = F' (1) " F'(x-1),

which, combined with (3), (33) and ||xx—1 — xo|| < tx—1 < t, yields
+ + —1
IF Gor) " F' GOl < 1T g o7yt TR — F'(x0) T (F/ (x0) = F' (1))~ |l

1 (Tgn — F(x0) (F'(x0) — F'(ex—1))) 'l
—(h (t—1)) 7"

IA

IA



Downloaded by [Max Gongalves] at 17:50 25 March 2013

Optimization 13

Hence, using (28) and (32), we obtain
Ik — xk—1ll = I1F' =) " F k=Dl < =0 (t—1) " HIF () F )l (36)

Since F(xi_1) is also surjective, it follows from (4) that F'(x;_ 1) F'(xk—1)" = Igm,
which combined with Lemma 10 and (29) gives

I F'(x0) " F ()| = 11 F (x0) T (F (i) — F(xg—1) — F (xk—1) (ke — x—1) |
< IF'(x0) I EF (x—1, x1)

llxx — xp—1ll
Sep(te—1, ) ———
(tx — tr—1)
llxxe — xx—1ll
=hty)——,
(tx — tk—1)

where the latter equation is obtained by combining (17), (27) and (28). Given the last
inequality, (36), and that {z;} and &’ are strictly increasing, we have

; h(t) |1 F'(x0)"F (xx—1) |l
F'(x0)'F -
| F"(x0) F(xi)l < W) e — D)
_ h(n) | F/ (x0) " F ()l
- W) (tk — k=)

Therefore, the desired inequality is implied by the last inequality together with the
definition of {#;} in (28). U

3.2. Convergence result for Lipschitz condition

In this section, we first present a theorem corresponding to Theorem 3, but under the
Lipschitz condition instead of the general assumption (7). We also present a theorem
corresponding to Theorem 13, but under the Lipschitz condition instead of assumption
(26).

THEOREM 14 Let Q C R" be an open set and F : Q — R™ a continuously differentiable
function. Suppose that

[Fo) tan = FOF @D F@| sl =yl Vry eg
for some 0 < k < 1. Take xo € Q such that B := ||F'(xo)"F(x0)|| > 0, F'(x0) # 0 and
rank(F'(x)) < rank(F'(xo)), VxeQ.
Suppose that there exist R > 0 and L > 0, such that B(xg, R) C €2,
IF' (xo) I F'(x) = F')Il < Liix — yll.

foranyx,y € Q, |x —xoll+ ||y — x| < R. Take A, = (1 — BL)k and consider the auxiliary
function h)_: [0, R) - R,

h(t) =B — (1 — Mt + (Lt>)/2.
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If
(1 —x)?
K2—k+1)+vV2k2 =2+ 1
then hy(t) has a smallest zero t§ = (1 — A= V(=12 - Z,BL)/L, the sequences for

solving h) (t) = 0 and F(x) = 0, with starting points t, o = 0 and xo, respectively,

BL <A :=

okl = o — hy(6) ), X1 =x — F'o) Fow), k=0,1,...,

are well defined, {1, } is strictly increasing, is contained in [0, '), and converges to t;, {xy}
is contained in B(xo, t;), converges to a point x, € B[xo, t;'] such that F/(x*)TF(x*) =0,

XK1 — Xkl < k1 — bk, llxs — xkll < 15 — ok, k=0,1,...,

and foi foi
Ak4+1 — Iy, 2
Xk+1 —xill < ————llxk —x—1ll®, k=1,2,....
(trk — tok—1)?
Moreover, if A = 0, then the sequences {t, r} and {xi} converge Q-linearly and R-
linearly (or, if . = 0 and h(t}) < 0, Q-quadratically and R-quadratically) to t; and x,
respectively.

Proof It can immediately be proved that F', xo and f : [0, R) — R defined by f () =
Lt? /2 — t, satisfy the inequality (7), and conditions (h1) and (h2). Hence,

hy(t) = B — (1 — )t + (L12))2 = B+ At + f(1).

(1 —«)? B (1 —k)? -
K2—k+D+vV22 =2k +1 (1 —k)24+k+vV2%2 =2k +1 ‘(3;7)

wehave A = (1—BL)x > 0and A = —«f'(B). Moreover, the firstinequality in (37) implies
that (1 — 1)2 —2BL > 0, i.e. hy, satisfies (h3) and = (1 A=A =12 - 2,8L)/L is
its smallest root.

Therefore, taking f, k), A and tf as defined above, all the statements of the theorem
follow from Theorem 3. ]

Under the Lipschitz condition, Theorem 13 becomes:

THEOREM 15 Let Q C R" be an open set and F : Q — R™ a continuously differentiable
function. Take xo € Q such that B := ||F'(x0)" F(x0)|| > 0 and F’'(xo) is surjective.
Suppose that there exist R > 0 and L > 0, such that B(xo, R) C €,

IF'(x0)" (F'(x) = F'O)l < Llx =y,
foranyx,y € @, ||x —xoll+|ly—x|| < R. Consider the auxiliary functionh : [0, R) — R,
h(t) =B —t+ (Lt*)/2.

If BL < 1/2, then h(t) has a smallest zero t, = (1 —J1 - ZﬂL)/L, the sequences for
solving h(t) = 0 and F(x) = 0, with starting points to = 0 and xo, respectively,

o1 =t — W @) h), xe =x — F') Fow), k=0,1,...,
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are well defined, {t;} is strictly increasing, is contained in [0, t..), and converges Q-linearly
to ty, {x1} is contained in B(xo, t,), and converges R-linearly to a point x, € Blxy, t.] such
that F'(xs) F(x,) =0,

kg1 — Xkl < tkg1 — ts lxe — xill <ty — 1, k=0,1,...,
Tkt1 — Ik )
lxks1 — xkll < lxe — xp—1ll5, k=1,2,...,
(tk — te—1)?
and
Tet1 — Tk +
I F'(x0)"F (xp) || < (m I F'(x0)" F—DIl, k=1,2,....

If, additionally, BL < 1/2, then the sequences {t;.} and {x\} converge Q-quadratically
and R-quadratically to t, and x., respectively.

Proof  The proof follows the same pattern as the proof of Theorem 14. O

3.3. Convergence result under Smale’s condition
In this section, we first present a theorem corresponding to Theorem 3, but under Smale’s
a-condition (see [11,12,16]). We also present a theorem corresponding to Theorem 13, but
under Smale’s «-condition instead of assumption (26).

To simplify, we take A = « in the next theorem. As seen in Remark 1, this is always a
possible choice for A.

THEOREM 16 Let Q2 C R” be an open set and F : Q — R™ an analytic function. Suppose
that

|F0) = FoF oh P sklv =yl Vxy €9
for some 0 < k < 1. Take xo € Q2 such that B := || F'(xo)" F(x0)|| > 0, F'(x0) # 0 and
rank(F'(x)) < rank(F'(xo)), VxeQQ.

Suppose that

1/(n—1)

F
y = IF o) [ sup | ) <400, B, 1/y)SQ. (39

n>1

Consider the auxiliary function h, : [0, 1/y) — R,
he(@) =B8—Q—x)t+1/(1 —ypt).

If
a:=py <3-— 2«/5,
then h(t) has a smallest zero t;} = (1 —K+a —\/(1 —k+a)?—42 - K)a)/(Zy 2—k)),
the sequences for solving h,(t) = 0 and F(x) = 0, with starting points t, o = 0 and xo,
respectively,

fedrl = bex — hy(ter) e (ter), xip1 =xx — F'a) Fxp), k=0,1,...,
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are well defined, {t, 1} is strictly increasing, is contained in [0, t}), and converges to t}, {xi}
is contained in B(xy, t.\), converges to a point x,. € Blxo, t;}] such that F’(x*)TF(x*) =0,

lxks1 — xkll <t k1 — ticks llxs — xkll < 15 — tek, k=0,1,...,

and
Lek+1 — Lk

k1 — xell <
(tl(,k - tf(,k—l)2

Moreover, if k = 0, then the sequences {t,} and {xi} converge Q-linearly and R-
linearly (o, if k = 0 and hy(1%) < 0, Q-quadratically and R-quadratically) to 1} and xs,
respectively.

2
lxx — xp—1ll°, k=1,2,....

We need the following results to prove the above theorem.

Lemma 17  Let Q C R" be an open set and F : Q — R"™ an analytic function. Suppose
that xo € R" and y is defined in (39). Then, for all x € B(xo, 1/y) it holds that

IF o) IE" ) < @y)/( = yllx = x0l)*.
Proof  The proof follows the same pattern as the proof of Lemma 21 of [7]. O

Lemma 18 Let @ € R”" be an open set and F : Q — R™ be twice continuously
differentiable on Q2. If there exists f : [0, R) — R that is twice continuously differentiable
with derivative f' convex and satisfies

IF o) IHF” ol < 7 (lx = xoll).
forall x € Q such that |x — xo|| < R, then F and f satisfy (7).

Proof  The proof follows the same pattern as the proof of Lemma 22 of [7]. O
Proof of Theorem 16 ~ Consider the real function f : [0, 1/y) — R defined by

t
f([) = 1_—)/[ — 2t.

It is straightforward to show that f is analytic and that

fO) =0, f)y=1/1-yn*=2, f(0)=-1,
'@ = Qy)/(1 =y, 1) =nly" ",

for n > 2. It follows from the latter equalities that f satisfies (h1) and (h2). Moreover, as
f"(t) = 2y)/(1 — y1)?, combining Lemmas 17 and 18, we have F and f satisfy (7) with
R =1/y. Hence,

he() =B—Q—x)t+1t/(1 —yt) =B+ rt+ f(2).

Since A = k, wehave 0 < A < 1 and A = —«f'(0) > —«f’'(B), where the latter in-
equality follows from (h2). Moreover,@ = By < 3—2+/2implies that ((1 —k+a)’—4Q2—
K)er) > 0,ie. h satisfies (h3) and 1 = (1—k+a—/(1 — k + )2 — 42 — K)a)/(2y 2~
«)) 1s its smallest root.

Therefore, taking f, A = «, h) = h, and t;‘ = 17 as defined above, all the statements
of the theorem follow from Theorem 3. ]
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Under Smale’s «-condition, Theorem 13 becomes:

TaHEOREM 19 Let Q C R” be an open set and F : Q — R™ an analytic function. Take
xo € Q such that B := ||F’(xo)JfF(x0)|| > 0 and F'(xo) is surjective. Suppose that

1/(n=1)

’ T
Fxo) F7(x0) <+oe, Bl l/mce (9

y 1= sup
n!

n>1

Consider the auxiliary function h : [0, 1/y) — R,
h(t):=B—-2t+1t/(1—yt).

If
o =By <3-2V2,

then h(t) has a smallest zero t, = (l +o—Vv0+a)?-— 801)/(4)/), the sequences for
solving h(t) = 0 and F(x) = 0, with starting points ty = 0 and xo, respectively,

i =t — W @) W), xk =x — F ) Fxp), k=0,1,...,

are well defined, {1} is strictly increasing, is contained in [0, t.), and converges Q-linearly
to ty, {xi} is contained in B(xo, ty) and converges R-linearly to a point x, € B[xg, t.] such
that F'(x:)"F(x,) = 0,

Tk41 —

5l —x—1ll®, k=1,2,...,
fe — tk—1)

lxps1 — xkll < (

and

1 — 1
1F (x0)" Foep) || < (M
Ll )

) IF o) FOa—pll, k=1,2,....
If. additionally, « = By < 3 — 2+/2, then the sequences {t;} and {x;} converge
Q-quadratically and R-quadratically to t, and x,, respectively.

Proof  The proof follows the same pattern as the proof of Theorem 16. U

4. Final remarks

We presented a new semi-local convergence analysis of the Gauss—Newton method for
solving 1, where F satisfies 2, under a majorant condition. It would also be interesting to
present a local convergence analysis of the Gauss—Newton method, under a majorant con-
dition, for the problem under consideration. As a consequence, we would get convergence
results for analytical functions under an y-condition. This local analysis will be performed
in the future.
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