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Abstract

Large scale nonlinear systems of equations can be solved by means of inexact
quasi-Newton methods. A global convergence theory is introduced that guarantees
that, under reasonable assumptions, the algorithmic sequence converges to a solution
of the problem. Under additional standard assumptions, superlinear convergence is
preserved.
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1 Introduction

Newton’s method is the most widely used algorithm for solving nonlinear systems of equa-
tions in real-life applications. Consider the system

F(z) =0, (1)

where F': IR"™ — IR™ has continuous partial derivatives. We denote by J(z) the Jacobian
matrix of F' for all x € IR". The Newton direction de is defined, at each iteration, by

J(z)dy = —F (). (2)
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If the Jacobian matrix is Lipschitz-continuous and nonsingular at a solution of the system,
the iteration (2) defines a locally and quadratically convergent method which, moreover,
is invariant under linear transformations both in the range and in the domain space. In
order to generate a globally convergent algorithm, d]kV is used as search direction and the
Newtonian iteration takes the form

Tht1 = T + oydy,

where oy, > 0 is such that || F(z)|| is sufficiently reduced. The reduction is possible because
de is a descent direction of the merit function.

Solving (2) at each iteration can be expensive. On one hand, one has to compute the
Jacobian at every iteration and, on the other hand, a linear system must be solved ex-
actly. These drawbacks motivated the development of quasi-Newton methods and inexact
Newton methods in the last three decades.

In inexact Newton methods [4, 8] the computation of the Newtonian direction (2) is
replaced by

1T ()i + F (@)l < 0kl F(a)| (3)
where 0 < 0, < 0 <1 forall k=0,1,2,.... Usually, diN is obtained by applying some
iterative linear solver to the system J(xp)d = —F(xg).

In quasi-Newton methods the direction is computed by solving
Byd?"™ = —F(ay,), (4)

where, in general, By is not the Jacobian. In many quasi-Newton methods the matrices
By, are generated in such a way that the linear algebra involved in (4) is minimal. See
[6, 11, 18] and references therein. The most straightforward way of doing this is to keep
the same Jacobian during some iterations, so that no new factorizations are needed during
some steps. This is generally called the Shamanski Method [24].

The combination of the ideas (3) and (4) leads to inexact quasi-Newton methods. See,
for example, [22]. In this case, the search directions are computed by

| Brd; @M + F(ap)|| < 04| F ()| (5)

where 0 < 0, <6 <1forall k=0,1,2,....

Global convergence of methods for solving nonlinear equations is usually obtained using
the residual norm as merit function. See [8, 12] and many others. Unfortunately, in (4)
and (5) it is not possible to ensure that the generated directions are descent directions for
any norm.

In this paper we suggest how that difficulty can be overcome. On one hand, the
inexact Newton condition (3) is imposed sufficiently often. On the other hand, we use a
nonmonotone technique which is similar to the one introduced by Li and Fukushima [13] for
proving global convergence of Broyden’s method and for proving convergence of algorithms
for some nonsmooth problems. The main difference is that the amount of reduction
required at each iteration is proportional to the residual norm in our method, which is
more adequate than the use of the squared norm of the increment for scaling reasons.



The paper is organized as follows. In Section 2 we describe the general algorithm and
we give global convergence results. In Section 3 we show that local superlinear convergence
arises from updatings with bounded deterioration. We draw some conclusions in Section 4.

2 Model algorithm and convergence

Assume that F : R" — R", F € C*(IR™). From now on, || - || denotes an arbitrary norm.
Assume that 6 € [0,1), 0 € (0,1), 0 < Tmin < Tmaz < 1 and {nx} is a sequence such that
Ny > 0 for all £ =0,1,2,... and > 72 = n < oo. Finally, let zp € IR" be an initial
approximation for the solution of F'(z) = 0.

Given z € IR", the k—th iterate of the algorithm, the steps for obtaining xj,; are
given in Algorithm 1.

Algorithm 1. (Model Algorithm)

Step 1. (Compute the search direction)
Compute di € IR™.

Step 2. (Backtracking)
Step 2.1. Set o « 1.
Step 2.2. If
[1F(xr + ady)|| < [1+ ao(@ = DII[F (@)l + e, (6)

set ap = « and
Tpt1 = Tk + ogdg. (7)

If (6) does not hold, compute tnew € [Timin®, Tmaz @, S€t & «— ey and repeat Step 2.2.
Remark. Since 1, > 0 the condition (6) is satisfied for o > 0 sufficiently small. So, the
backtracking process at Step 2 is necessarily completed at every iteration independently

of the choice of di. Therefore, the iteration is always well defined.

Lemma 1. Assume that {x} is a sequence generated by Algorithm 1. If, for some
sequence of indices Ko C {0,1,2,...}, limge g, F'(zx) =0, then

Jim F () = 0. (8)

In particular, if x4 is a limit point of {xy} such that F(x.) = 0 then every limit point of
the sequence is a solution.

Proof. Let € > 0 be arbitrary. Let k € K be such that ||F(xy)| <¢e/2 and

[e.e]
> o <e/2.
=k



Observe that 0 < 1+ ao(f — 1) < 1. So, by (6),
[E @)l < [I1F(zj-)l +nj-1 V=1

Therefore, if j > k we have that

o
9
IE @) < NE@l + e+ mer S NF@)ll + 2 me <5+ 5 =

€
=k 2

For the second part of the proof observe that if z, is a limit point such that F(z,) = 0
then the sequence Ky satisfying limye g, F'(xx) = O necessarily exists. Thus, the proof
follows from the first part. O

The following lemma will be used in the proof of Theorem 3.

Lemma 2. Assume that {xx} is a sequence generated by Algorithm 1 and that all the
limit points of the sequence {x} are solutions of (1). Assume, further, that x. is a limit
point such that J(x) is nonsingular and

lim |zp41 — 2l = 0. (9)
k—oo
Then, the whole sequence converges to ..

Proof. Since J(z,) is nonsingular, the inverse function theorem guarantees that there
exists 0 > 0 such that ||F'(x)|| > 0 whenever 0 < ||z — z.| < §.

Let ¢ € (0,6) be arbitrary.

The set {x € R" | & < ||z — x| < ¢} does not contain any solution of the system.
Therefore, it does not contain any limit point and so, it can contain only a finite number
of iterates. So, there exists kg such that, for all k£ > kg,

zpE{r e R" | e < |z —z. <0} (10)

Let k1 > kg be such that
”mk—i-l — :L’k” <d—c¢
for all & > kq.
Since x, is a limit point, there exists k > k; such that
|z — 24| < e.
So,
[Th41 = Zel| < N|l2pp1 — @rll + [log — 2| < 6.

But, since k& > ko, by (10) we have that

[ze 11 — 24| <e.



Repeating this argument, we obtain that
lonss — @l <

for all j = 1,2,3,... . Since ¢ was arbitrary, this implies that the sequence converges to
Ty O

Theorem 1. Assume that {x} is generated by Algorithm 1 and there exists M > 0 such
that, for an infinite sequence of indices K1 C {0,1,2,...},

1 (zx)di + F(ar) || < O[F ()| (11)

and
[di|l < M. (12)

Then any limit point of the subsequence {x}rek, is a solution of the system. Moreover,
if a limit point of {z}rek, exists, then F(xy) — 0 and every limit point of {xx} is a
solution of (1).

Proof. Suppose Ko C K; is a sequence of indices such that

kléI}I{lQ T = Ty (13)

Let us consider first the case in which {aj }rek, does not tend to 0. So, there exists a
sequence of indices K3 C K9 and @ > 0 such that

ap>a>0
for all k € K3. Therefore, by (6), for all k € K3,
[F(zr)ll < [1F(ze) || + a0 (0 — DI F (k)| + -

But, for all k ¢ K3, ||F(zk+1)|| < [|[F(xk)] + nx. Adding all these inequalities, we obtain
that
o0
oa(l1—0) > [|F(p)ll < |F(zo)ll + > m = [IF (o)l + .
keKs3 k=0
Therefore, limge g, F'(zx) = 0. So, F(x,) = 0.
Now, let us consider the case in which
li =0. 14
o, =0 )
By the choice of aeq, for k € K large enough, there exists o), > oy, o) € [k /Tmaz, O/ Tmin]

such that

kléI]I{lQ a =0 (15)

and
| F(xr + agdp) || > [|F(zx)]| + ajo (0 = DIEF (zp)] + 1



So,

|1 F (g + ajdr)|| > [1 + ajo (0 — D]||F (). (16)
Therefore,
| F () + agdy) — [F(xr) + J(r) agdy] |
HF () + J(xp)agdy|| > [1+ ago (0 — V]| F ()]
So,

|F(xg + ajdy) — F () — J(zx) g di]|
g [F () + J(zp)di] | + (1 = ajp) || F ()| > [1 4 ajo (@ = D]||F ()]

Then, by (11),
| F (x4 agdy) — F(zx) — J(z)agdi] ||

+a 0| F(zp)ll + (1 = o)1 F(zg) || > [1 + ago (0 = D] F ()]
This implies, after some algebraic manipulation, that
Al F(zp)|(1 = o) (1 = 0) < ||[F(zg, + ajdy) — F(zg) — J () agdi] |- (17)

So,
< | F(xy, 4 o dy) — F(ag) — J(xp)og,di]||
o, '

[E(zp)l|(1 —o)(1 = 0)

Since ||dg|| is bounded and «j, tends to zero, the continuity of the derivatives of F' imply
that the right-hand side of the above inequality tends to zero for k € Kjy. Therefore,
limgeg, ||F(x)|| = 0 and, so, F(x,) = 0.

The second part of the proof follows from Lemma, 1. O

3 Bounded-deterioration updates

In this section we want to analyze algorithms in which the search direction satisfies the
requirement

| Brdy. + F(zp) || < 01| F ()l (18)

where, periodically, By = J(xx). The matrices By will satisfy a “weak bounded deteri-
oration” (WBD) property. Useful quasi-Newton methods that satisfy the WBD property
have been introduced in the literature [10, 14, 17, 21] and a recent study by Luksan and
Vlcék [15] seems to indicate that one of them [21] is the most efficient method for many
large-scale problems. A plausible conjecture is that these methods do not possess “lo-
cal convergence without restarts” although a counterexample has not yet been published.
Therefore, it is natural to analyze their globalization under a Jacobian restart strategy.

From now on we denote s = xx11—xr. The WBD property for a sequence of Jacobian
approximations By states that there exist ¢1,co > 0 (independent of k) such that, for all
k=0,1,2,...,



1Bre1 — J(@rgn) | < callBr — J (@) || + cal skl (19)

Many quasi-Newton updates satisfy this property. For example, consider quasi-Newton
methods of rank-one secant type that obey the formula

T
Yr — Brsg)v
Bk+1:Bk+( T ) ka
Vi Sk

where [v] sg| > 7| v/ ||sk|| for some v > 0 and yg = F(z41) — F(zy) for all k. Multipoint
secant methods [3, 9, 16] usually satisfy similar recurrence equations. If J(x) satisfies a
Lipschitz condition

|J(2) = J(x)|| < L||z — z|| forall z,z¢e IR", (20)

it can be proved (see [6], p. 75) that
L 2
lyr — J(xg)sk] < 5”3/%” forall k=0,1,2,.... (21)

Therefore,

— Bysp)vf
Biy1 — J(wp41) = B — J(x1) — J(wp41) + J(2) + Wk = Brsi)vy

’U{Sk
J(xg)sp — Brsg)vk — J(xz)sp)vl
:J(xk)—J(xk_H)—i-Bk—J(l‘k)—i-( (2t) kT k) +(yk ;k) £
spol — J(xz)sp)vl
— J(an) — ) + (B — J(a)(1 — 2y o W= Jn)suop

So,

L 2
1Buss — T ()| < Dlisill + 1B — Tl @ + Deelloelly - Llsell 7o
|”k 5| 2|”k Sk|

< X+ 1/NIBk = J (@)l + (L + L/(27))l|sk]]-
Therefore, (19) holds.

Among the rank-one quasi-Newton formulae that satisfy the bounded deterioration
condition (19) we can cite Broyden’s good and bad methods [2, 5, 20], the Column-
Updating method [10, 17] and the Inverse Column-Updating method [14, 21]. Quasi-
Newton methods that are not of rank-one type can be found in [1, 23].

Theorem 2. Assume that

1. F is uniformly continuous in IR";

2. {x} is generated by Algorithm 1;



3. K = {ki,ka,...} C {0,1,2,...} is such that k; < kj;1 < kj +m for all j €
0,1,2,...};

4. B = J(x) forall k € K;
5. J(x) is nonsingular and ||J(z)7t|| < M for all x € IR™.
6. The search direction dy satisfies the inexact quasi-Newton equation
[ Brdy. + F(zi) || < 01| F (), (22)

whenever By, is nonsingular (If By, is singular and (22) does not hold, we take dj =

0);

7. The matrices By satisfy the WBD property for fixed constants cq,co > 0.

Then, either limgeg ||xg|| — oo or there exists x, € IR" such that x — x., By —
J(xy), F(xs) =0 and the search direction satisfies (22) for k sufficiently large.

Proof. If ||| does not tend to oo for k € K then {zy}rex admits a bounded subsequence.
So, {xk }kex admits a limit point z, € IR™.
Observe that, if By is nonsingular, then (22) implies that

ldill = 1By, ' Brdi|| = || By, ' [Brdi + F ()] — By ' F ()|
< 1B HIONF ()| + 1B I () |

= 1B, 110 + DIIF (). (23)

Therefore, for all k € K, ||di|| < 2M||F(xg)|. Thus, the assumptions of Theorem 1
hold and, consequently,
lim ||F(zg)|| =0
k—o0

and every limit point is a solution. Let us now prove by induction on j that

lim [|B+j — J(@ra)l| = Him [| By — J (i) = 0. (24)

and
lim [|2gj 1 — 2pas] = 0. (25)

For j = 0, (24) follows from the definition of K. Since ||J(z;) ! is bounded for k € K,
(25) follows from (23).
Assume that (24) and (25) hold for some j. Then, by the WBD property,

[Brtjtr = J(@rrjr)ll < il Begs — J(@rag) | + collzrsjpr — zragll-
Therefore, by the inductive hypothesis,

lller% ||Bk+j+1 — J(xk-i-j—i-l)H =0.



But, by (20) and (25),
Jim (|7 (@krj1) = J(@ras)ll = 0,

therefore,
lim [| By j+1 — J(@r5)]| = 0. (26)

Finally,

I Bryjr1 — J(@p)ll < Brrjrr — J(@rii) | + 1 Braj — J (@i )| + [ Brrs — J ()],

so, by (26) and the inductive hypothesis,
li Bpiii1— =
kIEH[l{H ki1 — J(zp)] =0

~1

k—i—j—i—l”} is bounded for k large enough. So,

as we wanted to prove. This implies that {||B
by (23),

lim [|z+j42 = Trtjall = 0-

Therefore, (24) and (25) are proved for all j =0,1,2,....
Let us prove now that
dm |z — zkl] = 0. (27)

Suppose, by contradiction, that this is not true. Then, there exists a sequence of indices
K, C{0,1,2,...} such that ||zxr1 — x| is bounded away from zero for k € K4. Now, by
the definition of K, each k € K4 is of the form k = ¢(k) + j(k) for some ¢(k) € K and
j(k) < m. Therefore, for infinitely many indices in the sequence Ky, j(k) is equal to the
same integer j < m.

So, || 541 — %445 is bounded away from zero for infinitely many indices ¢ contained
in K. This contradicts the fact that (25) holds for each fixed j.

By (27), we are under the hypothesis of Lemma 2. Therefore, the whole sequence
converges as we wanted to prove. The fact that By converges to J(x,) follows from (24).
This implies that (22) holds for k large enough. O

Theorem 3. Assume that the hypotheses of Theorem 2 hold and that ||zy|| does not tend
to co. Assume that
[ Brdy, + F(xp) || < O] F ()] (28)

for all k large enough, where limy_, . 0 = 0.
Then, {x} converges superlinearly to a solution of F(x) = 0.

Proof. By Theorem 2, the sequence converges to a solution z, and By — J(x,). By (23)
we have that, for k large enough,

ldill < 201 () T I1F (z0)]]- (29)
By the uniform continuity of J(z) we have that

| F(zg + dy) — Fzg) — J(zg)di|| < of[|di|)



for all k =0,1,2,.... Therefore, by (28) and (29),
1F (@ + di) | < |1 F(zx) + J (@) dil| + o(lldr )

< |NF(xk) + Brdell + |1Be — J (@) ||| dil| + o(lldkl[)
< Okl E (i)l + 20 Bx — J (@) 1 () THHIIE @)l + oL F ()]
Since By, — J(z4) and ||F(zy)|| — 0, this implies that

F
lim | F(xr + di)||

O Rl (30)

So, for k large enough,
I1F(zx + di)l| < (1 = o) F (k)

|
Therefore, (6) holds with o = 1. So, for k large enough, xp11 = z + di. Then, by (30),

N F@es)l
kh_}rgo TF@l 0. (31)

By the nonsingularity of J(x,) there exist constants cgmau, cpig > 0 such that
Csmalt |2 — || < [[F(@)]| < cpiglle — 2]
for all = in a neighborhood of z,. Then, by (31),

o lowe =l _
e o =]

)

as we wanted to prove. O

4 Conclusions

Quasi-Newton methods are important tools for solving nonlinear simultaneous equations.
They are especially useful when the evaluation of the Jacobian matrix (or a part of it)
is difficult, cumbersome or impossible, at least analytically. When the system has many
variables, direct resolution of the linear system that arises at each iteration can be im-
practical and, so, its inexact resolution using iterative linear methods is usually preferred.
These are the main motivations for the development of inexact quasi-Newton methods.

The main difficulty for proving global convergence of quasi-Newton methods is that
the directions generated are not, in general, descent directions for the norm of the system.
Up to our knowledge, only for Broyden’s method a global convergence theory has been
given where this difficulty is satisfactory circumvented. See [13].

However, there are many other quasi-Newton methods which are potentially useful
in practical situations. For example, structured quasi-Newton methods are used when

10



some entries of the Jacobian matrix are easy to evaluate but others are not. The local
convergence of these methods has been exhaustively analyzed in [6] (Cap. 11), [7, 19]. It
does not seem to be possible to provide global versions of these methods that do not use
Jacobian information in some sense.

Structured quasi-Newton updates can be very useful and are usually suggested by the
structure of the system. Sometimes it is not possible to prove that these structured up-
dates satisfy least change variational principles as defined, for example, in [6] (Cap. 11).
However, weak bounded deterioration is usually satisfied. For example, in nonlinear pro-
gramming problems the Hessian of the augmented Lagrangian has a structure that inspires
the approximation of a term of the form 3 h;(x)V2h;(x) by a symmetric matrix that is
close to the null matrix when |h;(x)| is small for all 7. Several useful possibilities that
satisfy WBD can be suggested.

Superlinear convergence is preserved if one uses updates that satisfy a weak bounded
deterioration property. Many practical algorithms, including most structured quasi-Newton
methods, satisfy this property, so that suitable globally and locally convergent algorithms
can be easily devised.
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