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Abstract

We propose a new trust region algorithm for solving the system of nonsmooth equations
F(x) = O by using a smooth function satisfying the Jacobian consistency property to
approximate the nonsmooth function F(x). Compared with existing trust region methods
for systems of nonsmooth equations, the proposed algorithm possesses some nice conver-
gence properties. Global convergence is established and, in particular, locally superlinear
or quadratical convergence is obtained if F is semismooth or strongly semismooth at the
solution.

1. Introduction

In this paper, we consider the system of nonsmooth equations
F(x) =0, Ly

where F : R* — R” is locally Lipschitz continuous but not differentiable.

Many methods have been developed for solving the above nonsmooth system, see
for example [1, 6, 13-17]. Some of these methods have established locally superlinear
or quadratic convergence, see for example (1, 6, 14, 17].

If F is smooth, then damped Newton methods are a class of important iterative
methods with global convergence for solving system (1.1). In general, given an iterate
x*, one computes a search direction d; by solving the Newton equation

F(x* + F'(x%d, =0, (1.2

then let x**! = x* 4 a,d,, where step size o, € [0, 1] can be obtained by some line
search. The line search method is a class of important globalisation strategies.

'College of Mathematics and Econometrics, Hunan University, Changsha 410082, China; e-mail:
yyangf@hotmail.com.
© Australian Mathematical Society 2003, Serial-fee code 1446-1811/03

595

https://doi.org/10.1017/51446181100012967 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100012967

596 Y. F. Yang [2]

In the case when F is nonsmooth, Qiand Chen [16] decomposed F(x) into F(x) =
fi(x)+gi(x), where f(x) is a smooth function, || gc|l = sup,cg- lge(x)l} < el F(x)|l
and a € (0, 1) is a constant; then f,(x*) was used to replace F’(x*) in (1.2), thus the
successive approximation method was proposed and global convergence was estab-
lished. Recently, by applying a smooth function satisfying the Jacobian consistency
property to approximate a nonsmooth function, Chen, Qi and Sun {1] proposed a
smoothing Newton method and obtained global and locally superlinear/quadratic con-
vergence.

The trust region method is another class of well-known globalisation strategies
and is often said to be more reliable than the corresponding line search method for
smooth problems. In the past twenty years, many trust region methods for solving
nonsmooth optimisation problems have been proposed, see for example [2, 10, 18-
21). Globally and superlinearly convergent trust region methods for systems of
smooth equations have also been constructed, see [12] for a general survey on this
development. However, there are relatively few studies on trust region methods
for solving nonsmooth systems. Based on the work in [16], Qi [15] proposed two
trust region methods for solving nonsmooth systems and established their global
convergence, but did not obtain any rate of convergence result.

Since the function F is nonsmooth, it is not possible to use a standard trust region
method for systems of smooth equations. In this paper, based on the Jacobian consis-
tency property, we propose a trust region method for solving the nonsmooth system
(1.1). The proposed trust region method is different from the classical trust region
method in that after a successful iteration we use some fixed positive constant as a
lower bound for the new radius. This type of updating rule for the trust region radius
has also been used in recent works on nonsmooth trust region methods [3,5,7,9, 11].
Compared with existing trust region methods for systems of nonsmooth equations,
this modified updating rule enables us not only to show global convergence but also to
establish locally superlinear or even quadratic convergence under suitable conditions.

Throughout this paper, the symbol || - || will refer to the Euclidean vector norm or
its associated matrix norm and .4 := {0, 1, ...}. For the sake of convenience, we
denote

R,={]le>0,eeR"} and R,, ={e]|e>0,¢€cR"}

This paper is organised as follows. Inthe next section, we introduce the concept of
the Jacobian consistency property of a smoothing approximation function and recall
some important properties of semismooth functions. In Section 3, we present a trust
region algorithm for systems of nonsmooth equations and prove that it is well-defined.

In Section 4, we show that the proposed algorithm is globally convergent and lo-
cally superlinearly/quadratically convergent under mild conditions. Some conclusive
remarks are given in the last section.

https://doi.org/10.1017/51446181100012967 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100012967

31 A new trust region method . 597

2. Preliminaries

In this section we introduce several fundamental concepts. First we give several
definitions of the generalised Jacobian on nonsmooth functions (see [1, 14] for details).

Let F : R* — R”" be locally Lipschitz continuous. According to Rademacher’s
theorem, F is differentiable almost everywhere. Let Dy be the set where F is
differentiable. The B-differential of F at x is defined by

3 F(x) = lim F'(x%).
tteDy

The generalised Jacobian of F at x in the sense of Clarke is
dF(x) = convagF(x).
In this paper we use the following definition of generalised Jacobians:
IcF(x) =0F (x) X 0F(x) X +-- X 0F,(x).

As was defined in [1], we introduce the Jacobian consistency property of a smoothing
approximation function as follows.

DEFINITION 2.1. Let F be a locally Lipschitz continuous function in R". We call
S R* x R,, — R" a smoothing approximation function of F if f is continuously
differentiable with respect to the first variable and there is a constant @ > 0 such that
foranyx € R"and ¢ € R, ;,

If (x, &) = Fx)I < pe. - 2.1
Furthermore, if for any x € R”,

leig)l dist((Vf (x, €))7, 3cF(x)) =0, 22

then we say f satisfies the Jacobian consistency property.

For simplicity, we denote f, (x, &) = (Vof (x,8)7, ®(x,e) = |If (x, &)I*/2. Qi
and Chen [16] proved that for any continuous function F, a smoothing approximation
function f of F can be constructed using convolution. Chen, Qi and Sun [1] investi-
gated the case in which f has the Jacobian consistency property, and proved that the
smoothing approximation functions introduced in [4, 16] possess this property.

To discuss the convergence rate of the proposed algorithm, we introduce the concept
of the semismooth operator and give some of its properties. For more details, we refer
the reader to [14, 17].
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DEFINITION 2.2. We say that F : R* — R” is semismooth at x if F is locally
Lipschitzian at x and

Veall-!(rg-th’){ Vh } (23)
h'—ht]0

exists forany h € R".

Obviously, if F is semismooth at x, then for any & € R”, the directional derivative
F'(x;h) of F at x along the direction h exists and is equal to the limit in (2.3).
Moreover, we have the following lemma.

LEMMA 2.1. Suppose that F : R* — R” is a locally Lipschitzian function. Then F
is semismooth at x if and only if forany V € dF(x + h) and h — 0,

Vh — F'(x; h) = o(||h}). 249
The above property motivates the following definition.

DEFINITION 2.3. If F is locally Lipschitzian at x and for any V € d F(x + k) and
h— 0,

Vh — F'(x;h) = O(IA)1%), (2.5)
then we say that F is strongly semismooth at x.

The following results play an important role in the analysis of the convergence rate
of the proposed algorithm.

LEMMA 2.2. (i) If F is semismooth at x, then for any h — 0,
F(x+h)— F(x)— F'(x;h) = O(|h]). 2.6)
(ii) If F is strongly semismooth at x, then for any h — 0,

F(x +h) — F(x) = F'(x;h) = O(lR]1*). 27

3. Algorithm

In this section, we shall propose a trust region algorithm for solving the nonsmooth
system (1.1) and prove that the proposed algorithm is well-defined.

Throughout this and the following section, we assume that f has the Jacobian
consistency property.

Let x° be the initial point of the algorithm, a € (0, 1) and M, := (14-a)|| F(x®)| #
0. We make the following assumptions.
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ASSUMPTION A. (i) Thelevelset Ly := {x € R" | || F(x)]| < M,} is bounded;
(i) Ve e R,, and x € Ly, f,(x, €) is nonsingular.

We now state our trust region algorithm for solving the nonsmooth system (1.1)
and then give some remarks.

ALGORITHM 3.1. Step 0. Choose positive constants ¢y, ¢, €3, €4y ¥» 1, Bmin, Ag
satisfying c; < ¢ < 1,63 < 1 < ¢4, < 1. Let By := |[FxO)|, & := aBZ/(2Mop)

and set k := 0.
Step 1. Solve the subproblem
min { Qe (d) := |If (x*, &) + f (x*, £)d|*/2 | Ild]| < A} . (3.1
Let d; be the solution of (3.1).
Step 2. Set
O (x*, &) — PxF + 4y,
rm (x kk) (x f Ek), (2
D (x*, &4) — Quldi)
kyd,, ifr > o,
ko xk +a, 1trn .Cz (33)
x5, otherwise,
g, if e <y,
Apyr = { max{Apnin, Bi}, ife,<n=<c, 34
max{Amia, 4y}, otherwise.
Step 3. If F(x**') = 0, stop; otherwise, go to Step 4.
Step 4. If || F(x**")|| < max {nBi, o~ | F(x¥*") — f (x**', &)}, then set
Birr = IIFG*H)
and choose &4 satisfying
. o Ek
0< Er+1 < Mmin {mﬂfﬂ, 5] 3.5)
and
dist(f, Y een), dcF(x**")) < YBis1; (3.6)
otherwise, let Bry := B and g4,y 1= &;.

Step 5. Setk:=k+1,gotoStep 1.

REMARK 1. (i) When a successful iteration arises, the updating rule of the trust
region radius in the above trust region method is different from one in the classical
trust region method. More precisely, when r, > ¢», Algorithm 3.1 uses a fixed positive
constant A, as a lower bound for the new radius. This idea has also been used in
recent literature [3,5,7,9, 11].
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(ii) It is not difficult to prove that if Algorithm 1 in [15] uses (3.4) as the updating
rule of the trust region radius, its convergence result is still valid.

(iii) Notice that the choice of the parameter &, in the above algorithm might be
difficult for general nonsmooth systems. However, it has been shown in [1] how
to choose an ¢, satisfying (3.5) and (3.6) for general box-constrained variational
inequality problems and order complementarity problems.

Without loss of generality, we assume that || F(x*)|| # O for all k > 0. Set

K :={0} U {k | IFx*)I| < max{nBir, &' If &%, ) = F(XMI) k € A}
=tko=0<k <ky---}. (3.7

The following proposition shows that Algorithm 3.1 is well defined.

PROPOSITION 3.1. Under Assumption A (ii), Algorithm 3.1 is well defined and the
generated sequence {x*} remains in L.

PROOF. For all k > 0, let k; be the largest number in K such that k; < k, then
&x = &, and By = B;;. Thus iterations k; to k of Algorithm 3.1 may be regarded as
some iterations of Algorithm 1 in [15] with F(x) = p(x) = f (x, &), g(x) = 0 and
the updating rule (3.4).

Let Uy :={x e R" | |lf (x, &)l = |If (x%, &x)|l}. In the following, we will prove
by induction that

U €Ly Vjz0. (3.8)
In fact, Vx € U,

NFCON < IS Ces el + ey, < IF G5, &)l + pey,
S NF@9)I + 2per, = By, + 2pe, . (3.9)

Up € Ly. Suppose that U;_; € L, forsomej > 1. Set

Forj = 0,VYx € U, IF)I < IF (%)) + 2pe0 < (1 + @) || F(x°)]l, which implies

Ki:={k € K | nficy = a7 If &5, eicr) — FHII),
Ky:=1{k € K| nBioy <a 'lIf &5, &) — FEM).

By Step 4 of Algorithm 3.1, we have B, < nBi._1 =npy,_,,if k; € K;, or

7 7 1
By, < =&y = —¢&_,

1
<—2R8 <=8 ., ifk €Kk,
P ¥ - 2Moﬂk’ Py iR € Ko

-|—2
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Let r = max{1/2,n}. Then B, < rB;,_, and &y, < &,1/2 = &y,_ /2, Vk; € K. Thus,

forj = 1, we get

a o
&y < = m/iozﬂp(xo)"2 < WIIF(XO)"

and B, < rBo = r | F(x9].
It follows from (3.9) and the above analysis that Vx € U;,

IFN < PIFEON + %HF(X(’)H < ' My, (3.10)
which implies that U; € L, and hence (3.8) holds. This shows
x*e Uy C Ly, as kj <k <kjq (3.11)
Moreover, by (2.1) and Step 4 of Algorithm 3.1, we deduce
If (c*, &) = FGMI < @l FGOI, Yk 2 0. (3.12)
This implies f (x*, &) # O for all k > 0 and hence by Assumption A (ii), di # 0.

The proof is complete.

4. Global and superlinear convergence

In this section, we shall prove that Algorithm 3.1 converges to the solution of the
nonsmooth system (1.1) globally and superlinearly/quadratically. To this end, we
shall first show that the index set K is infinite so that the global convergence follows
from (3.10) and (3.11). Then we shall prove that there exists infinitely many k € K
such that for each k, the (k — @)th iteration is successful and under mild conditions,
eventually the kth iteration is also successful and the trust region radius in (3.1) is
inactive, thus the desired result is obtained.

PROPOSITION 4.1. Under Assumption A, the index set K defined by (3.7) is infinite.

PROOF. The proof is by contradiction. Assume that K is finite and let k be the
largest number in K. Then for all k > k, €, = €; and B; = B;. Denote & := g,
B := B;and g(x) := F(x) — f (x, £). Then Vk > k,

I FO*)) > max{nB, a'llg(x*) |1} (4.1)
and
F(x*) = f (x%, &) + q(x¥). 4.2)
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Therefore Algorithm 3.1 may be regarded as the case in [15, Algorithm 1] with
F(x) = p(x) = f(x,¢&) and the updating rule (3.4). From [15, Theorem 2] and
Remark 1 (ii), we deduce that if x is an accumulation point of {x*}, then f (¥, &) = 0.

On the other hand, Assumption A (i) implies that there exist an accumulation point
X € Lo and a subsequence {x*},cx, such that as k € K5 and k — 00, x* - %. Thus

klirglof(xk, &)=f(x,8 =0,

keK;
which shows that there exists k > k such that for all k € K3 with k > £,
If %, &)l < (1 - a)nB.
By (4.1), (4.2) and the above expression, we deduce that for all k € K3 with k > k,
If &5 01 < A=) FEHI < (- a)(lg&))l + I1F &5 8,
which implies that ||f (x*, &)|| < (@~! — 1)||g(x*)|| and hence
IFGEI < If G5 D)1+ Ilge® ) < a™ llg&)I.

This contradicts (4.1). The proof is complete.

It follows from (3.10) and (3.11) that for k; < k < k4, || F(xY) < ¥ My. This,
combined with Proposition 3.1 and Proposition 4.1, shows that the following global
convergence result holds.

THEOREM 4.1. Under Assumption A, we have limy_, o, F(x*) = 0; that is, every
accumulation point of {x*} is a solution of the nonsmooth system (1.1).

From the proof of Proposition 4.1, we see that Proposition 4.1 is still true if As-
sumption A (i) is replaced by the assumption that there exists at least one accumulation
point in the sequence {x*}. Hence the following result is deduced.

COROLLARY 4.1. Under Assumption A (ii), every accumulation point of {x*} is a
solution of the nonsmooth system (1.1).

The next proposition shows that K includes infinitely many indices obtained by
successful iterations.

PROPOSITION 4.2. Under Assumption A, there exist infinitely many k € K such that
for each k, the (k — 1)th iteration is successful.
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PROOF. We proceed by contradiction. Suppose that the proposition is false. Then
there exists an index k € K such that for all k € K with k > k,

xk = xk! (4.3)
and

IFGOI < max {nBer, a7HIf (&5, e1c1) — FEHI} 44

Weclaimthatk—1 € K. Infact,ifk—1 ¢ K, then B;_, = Bi_>and g,_, = &4_,. This,
together with (4.3) and (4.4), shows that k — 1 € K and hence we get a contradiction.

By Proposition 4.1 and repeating the above process we may prove that k € X, for
all k > k, which implies that for all k > k, x* = x*, 8, = | F(x*)|| and & < &;/2*°*.
By (2.1) and (4.4), we get || F(x%)]] < max {r;|IF(x")|| pex—1/a}, which contradicts
F(x") #0, e — 0and 0 < n < 1. The assertion is proved.

In order to analyse the convergence rate of Algorithm 3.1, we first give an important
proposition.

PROPOSITION 4.3. Suppose that Assumption A holds and that K, is an infinite
subset of K such that for all k € K, the (k — 1)th iteration is successful and {x*};ex,
converges to x*. Suppose that all V € 9cF (x*) are nonsingular. Then there exists
ke Ko such that for all k € Ky with k > k, the kth iteration is successful and the
trust region radius in the subproblem (3.1) is inactive; that is,

' =xk4+dy and d, = —f. (x5 )7 f (%, &), 4.5)
PROOF. From (3.12) and Theorem 4.1, we get F(x*) = 0 and
lim f (x*, &) =0. 4.6)
k=00
we note that for any x € R”, 3¢ F(x) is a compact set. Let V; € d¢F (x¥) such that

dist(f, (x*, £0), 0c F(x*)) = [If: (x*, &) — Vill.
By (3.6), we have
Ifxx* &) — Vil < yBe, VK € Kq. 4.7

It follows from Theorem 4.1 that 8, — 0 as k — 00. By the compactness of
dcF (x*), the nonsingularity of all V € 9-F(x*) and the upper semicontinuity of
dcF (-) at x*, we deduce from (4.7) that there exist M > 0 and k > 0 such that for all
ke Kowithk > k, [If:(x% 607t < M.

We now consider the subproblem (3.1). By (4.6), we deduce that there exists k> IE
such that for all k € K, with k > k,

Ife x5, 6™ f (5, el < Amin < Ay,
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which implies that
dy=—f.(x* e)7'fx*, &) and Qu(d) =0. 4.3)

This shows ®(x*, g,) — Qu(di) = |If (x*, &x)11*/2 and
1
Dt g) — P(xF +dp, &) = §||f G5, e)l? — o(lldll®

1
=5If o5, el = o(llf (5, el

Hence we have

D (x*, &) — D(x* + di, &)

lim r, = lim =1,
kogo koo D(xk, &) — Ouldy)

which implies that there exists & > k such that for all k € Ky with k > k, rn > ¢
that is,

xHl=xk4+4,. 4.9)

The assertion then follows from (4.8) and (4.9).

We are now ready to present a rate of convergence result for Algorithm 3.1.

THEOREM 4.2. Suppose that Assumption A holds. Suppose that for any accumu-
lation point X of the sequence {x*} generated by Algorithm 3.1, all V € 3.F (X) are
nonsingular and F is semismooth at x. Then the whole sequence {x*} converges to a
solution x* of F(x) = O superlinearly. Moreover, if F is strongly semismooth at x*,
then the convergence rate is quadratic.

PROOF. Let x be an accumulation point of {x*}. By Theorem 4.1, we have F(x)=0.
Since dg F(x) € d¢c F(x), by [14, Proposition 2.5], there exists a neighbourhood of x
such that ¥ is the unique solution in this neighbourhood. Therefore the sequence {x*)
only has finitely many accumulation points.

It follows from Proposition 4.2 and Assumption A (i) that for at least one accu-
mulation point x*, there exists an infinite subset Ky of K such that for all k € Kp,
the (k — D)th iteration is successful and {x*},cx, converges to x*. By the proof of
Proposition 4.3, there exist M > 0 and ke Ky such that for all k € K, with k > k,
(4.5) holds and || f, (x*, &) 'l < M.

If F is semismooth at x*, from (2.4) and (2.6), we have

NVilx* —x*) — F(x5 + F(x"| = o(Ilx* —x*[) as k —> o0, k € Ky. (4.10)
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Therefore, by (2.1), (4.5), (4.7) and (4.10), we deduce that for all k € Kp with k > k,

5" — x*|f = |lx* + d* — x*)|
< IF G e TG e) — V)t — x|
+ [ Velx* = x*) = F(x*) + Fa) + | FE®) + £, eddill)
< M(yBillx* — x*|| + o(llx* — x*|I) + pew). (4.11)

By the local Lipschitz continuity of F, for all k € K,

Be = IFGHI = ollx* = x*|)
and
e = O(llx* — x*|%). 4.12)

Thus, it follows from (4.11) that
Ix¥' — x*)l = o(lIx* — x*||) as k — 00, k € K,. (4.13)
From the proof of Theorem 3.1 in [14], we deduce
IFEH*DI = ol F&HI), as k= oo, k € K.
So there exists & > k such that for all k € Ko with k > 12,
IFGEHD] < gl F&M = nBr
which implies that kK + 1 € K and {x**!},., converges to x*. Hence, by Proposi-
tion4.3,k+ 1 € K,.
Repeating the above process, we may prove that k € K, for all k > k. This,
together with (4.13), implies that {x*} converges to x* superlinearly.
If F is strongly semismooth at x*, from (2.5) and (2.7), we have
I Vex* = x*) — F5 + F(x) = O(Ix* —x*||*) as k - oo. (4.14)
By (4.11), (4.12) and (4.14), we deduce that as k — 00,

I — x*ll < M(yBelx* — x*Il + O(lx* = x*I”) + e = Olix* = x*11%),

which shows that {x*} quadratically converges to x*.
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5. Conclusion

In this paper we developed a new trust region algorithm for solving systems of
nonsmooth equations. The proposed algorithm is based on the Jacobian consistency
property of a smoothing approximation function and has some nice convergence prop-
erties. We not only establish global convergence but also recover locally superlinear or
even quadratic convergence under mild conditions in spite of the fact that the function
involved in the system of equations is nonsmooth.

We observe that Kanzow and Pieper [8] considered a line search method without a
condition like Assumption A (ii) and established the desired convergence properties.
How to develop a corresponding method within the trust region framework might be
an interesting topic for future research.
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