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Abstract. The paper is devoted to two systems of nonsmooth equations. One is the
system of equations of max-type functions and the other is the system of equations of smooth
compositions of max-type functions. The Newton and approximate Newton methods for
these two systems are proposed. The Q-superlinear convergence of the Newton methods
and the Q-linear convergence of the approximate Newton methods are established. The
present methods can be more easily implemented than the previous ones, since they do not
require an element of Clarke generalized Jacobian, of B-differential, or of b-differential, at
each iteration point.
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1. INTRODUCTION

In recent years, much attention has been devoted to various forms of Newton
methods and approximate Newton methods for solving nonsmooth equations, see for
instance [2], [8], [9], [10]. Newton methods for solving nonsmooth equations

(1.1) H(z) =0,
where H: R" — R™ is locally Lipschitzian and semismooth, are given as follows:

(1.2) " = b — Vo H (2F),

* This paper has been supported by the Foundation of the Chinese Ministry of Machine-
Building Industry.
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where V), was assumed to be an element of Clarke generalized Jacobian in [9], an
element of B-differential in [8], and an element of b-differential in [10] of H at 2*,
respectively. Under the assumption that all elements of O H (z*), of Op H (z*), or of
OpH (z*), respectively, where z* is the solution of the equations (1.2), are nonsingular,
the locally superlinear convergence properties were obtained. The definitions of the
Clarke generalized Jacobian, B-differential and b-differential for a locally Lipschitzian
function are as follows:

Let H: R™ — R™ be locally Lipschitzian and let Dy denote the set where H is
differentiable. Then

OpH(z) ={ lim JH(z,) |z, — z,2, € Dy}, z€R",
where JH (z,,) denotes the Jacobian of H at z,, is called the B-differential of H at
Zn, see [8];
Oc1H (z) = convopH(z), =€ R",

where conv stands for the convex hull, is called the Clarke generalized Jacobian of H
at z, in particular, in the case m = 1, 0o H (z) reduces to the Clarke generalized
gradient of H at x, due to [3]; by the definition in [10],

OpH (x) = Oph1(z) X ... x Iphm(x), x€R",

where h;(x) is the i-th component of H(z), is called the b-differential of H at z, in
particular, if m =1, 0, H (z) = OpH (x).

Any Newton method, given in (1.2), is implemented under the assumption that
at least one element for the related differential of H, at each iteration point, can
be calculated. Actually, the calculation of an element for each kind of differentials
mentioned above is quite time consuming in some applications. In the present paper
we consider two systems of nonsmooth equations, one is the system of equations of
max-type functions, the other is the system of equations of smooth compositions
of max-type functions. New Newton methods and approximate Newton methods
for solving these two systems of nonsmooth equations are proposed. Since they do
not require an element of the Clarke generalized Jacobian, of B-differential, or of
b-differential at each iteration point, our methods can be implemented more eas-
ily. These two systems of nonsmooth equations are of concrete background, for
instance, complementarity problems, variational inequality problems, Karush-Kuhn-
Tucker (KKT) systems of nonlinear programs and many problems in mechanics and
engineering lead to these two systems of nonsmooth equations.

The present paper is organized as follows: In the remainder of this section, some
preliminaries on nonsmooth equations are presented. In the next section, the Newton
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method with Q-superlinear convergence and the approximate Newton method with
Q-linear convergence for the equations of max-type functions are developed. In Sec-
tion 3, the results of Section 2 are extended to the equations of smooth compositions
of max-type functions.

By the definition in [9], a locally Lipschitzian function H: R™ — R™ is said to be
semismooth at x provided that

(1.3) lim Vh
Vedc H(z+th')
h'—h,t—0T"

exists for any h € R™.

The semismoothness was originally introduced for functionals by Mifflin [6] and
was immediately shown to be very important in nonsmooth optimization algorithms.
Qi and Sun [9] extended the concept of semismoothness to vector-valued functions
for the research of nonsmooth equations. As is well known, many existing methods
for solving nonsmooth equations have been developed under the assumption of semi-
smoothness. The semismooth functions lie between locally Lipschitzian functions
and C! functions. Smooth functions, convex functions, maximums of a finite num-
ber of smooth functions and piecewise smooth functions are semismooth. Moreover,
smooth compositions of semismooth functions are still semismooth. Semismooth
functions have many important properties. Some of them are very useful in the
convergence analysis of methods for solving nonsmooth equations. We now list two
related properties of semismooth functions, which are borrowed from [9].

If H is semismooth, then the directional derivative

H'(xz;h) = lim [H(z + th) — H(z)]/t, heR"

t—0+

exists and equals to (1.3), i.e.,

H’(x; h) = lim VK, heR"™.
VGaClH(I*i’th/)
h'—h,t—0t

Lemma 1.1. Suppose that H: R™ — R™ is locally Lipschitzian and semismooth
at x. Then
(1) Vh— H'(z;h) = o(||h]|) VYV € OciH (x + k), h € R";
(2) H(x + h) — H(x) — H'(x;h) = o(||h]]), h e R™.

Actually, the relation (1) is equivalent to the semismoothness of H at z, see
Theorem 2.3 of [9]. Of course, the relations (1) and (2) could be rewritten respectively
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as
(14) V(z—2*)— H'(z";52 —2%) = o(||]x — 2*||) YV € Oc1H (z), z, 2" € R"
and

(1.5) H(z) — H(z*)— H'(z*;2 — 2*) = o(||]x — 2*||), =, 2" € R™.

The combination of (1.4) and (1.5) leads to

(1.6) H(z)—H(@")—V(z—2")=o(z—2z"||) VV € 01 H(x), z,z" € R".

The terminology of the convergence rate, which is used in this paper, refers to
the following: a sequence {z*} is said to be Q-linear convergent to x* if there exist
ko > 0 and 0 < o < 1 such that

ka+1 -z < oz||xk —z*|| Yk = ko,

and Q-superlinear convergent to x* if

o+ — 2] _

li - =0.
A S e 0

2. EQUATIONS OF MAX-TYPE FUNCTIONS

Consider equations of max-type functions

(2.1) ?éz})liflj(x) =0,

max fr,;(z) =0

J€JIn
where f;;: R* — R for j € J;, i« = 1,...,n, are continuously differentiable, J;
for i =1,...,n are finite index sets. Obviously, (2.1) is a system of semismooth

equations. In this section, we will propose a Newton method and an approximate
Newton method for solving this system of nonsmooth equations.
Throughout this section, we denote

(2.2) filz) = g%aﬁcfij(x), zeR", i=1,...,n,
(2:3) F(z) = (fi(a),. .. fal2))", w€R",
(24) Jz(l’):{]GJZ |f”($):fz(l’)}, xT € Rn, iil,...,’ﬂ,.

218



Thus, the equations (2.1) can be briefly rewritten as
(2.5) F(z)=0.

Now, we define a new kind of the differential for the function F' denoted by 0. F(x)
as follows:

(26) 0.F(z) = {(V i, (@), Vs, (@)" | 51 € J1(2),. . jn € Jn(2)}, @ € R™.

Evidently, 0,F(x) is a finite set of points in R™*™ and can be calculated by de-
termining the index sets J;(z), ¢ = 1,...,n and evaluating the gradients Vf;;, (),
Ji € Ji(z), i = 1,...,n. In what follows, we take the differential 0, F(z) as a tool
instead of the Clarke generalized Jacobian, B-differential and b-differential.

We now present the Newton method for solving the equations (2.1) as follows:

(2.7) " =2k — VIR, V€ 0.F(ab).

Compared with other Newton methods, for instance in [8], [9] or [10], for solving the
nonsmooth equations (2.1), the present one can be executed more easily. Applying
Newton methods in [8] or [9] to solving the equations (2.1), an element of Clarke
generalized Jacobian, or of B-differential for F', at each iteration point, has to be
obtained. Actually, in the case when the cardinalities card J;(z) for i = 1,...,n
are quite large, the calculation of an element of Clarke generalized Jacobian, or of
B-differential for F' at a point, is expensive. Besides, executing the Newton method
from [10] for solving the equations (2.1), the calculation of an element for 0, F'(z) at
each iteration point, which can be transformed into the calculation of an element of
B-differential for each f; at an iteration point, is required. In [5], the formula for the
B-differential of f; at x is given as follows:

(2.8) O fi(x) ={Vfij(x) | Vfij(x) 1is an extreme point of Jaifi(z), j € Ji(x)},
1=1,...,n.

By virtue of [3], the Clarke generalized gradient O¢ fi(z) of f; at « has the form

(2.9) Ocifi(z) = conv{Vf;;(z) | j € Ji(x)}, i=1,...,n.

Given a fixed point = € R™ as well as indices ¢ and j; € J;(z), we construct the linear
system as follows:

(Lij.) Vi@ =Y NV,
JEJi(x)\{ji}

SN =1 020, j€ (@) i)
jeJi(x)\{7:}
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Formulas (2.8) and (2.9) as well as the system (L;;,) show us that determining
whether the point V f;;, (x) is an element of O f;(x) can be transformed into checking
the consistency of the system (L;j;,). If (L;;,) is inconsistent, since only in that
case Vf;,(z) is an extreme point of Jcifi(x), then Vf;, () € 0 f(x); otherwise,
Vfij(x) & 05 f ().

Next we give the approximate Newton method for solving the nonsmooth equa-
tions (2.1) as follows:

(2.10) " = ok — U F(2F), Uy, € R,

where Uy, is an approximation to Vi to be discussed later. Before the convergence
theorem, we present a lemma.

Lemma 2.1. Suppose that F(x) and 0.F(x) are defined by (2.3) and by (2.6),
respectively, and all V € 0, F(x) are nonsingular. Then there exists a scalar § > 0
such that

(2.11) [V < B VYV € 0.F(x).

Furthermore, there exists a neighbourhood N(x) of x such that

1
(2.12) v < goﬂ WV € 0.F(y), y € N(z).

Proof. From the fact that 0, F(z) is a finite set of points, it follows that (2.11)
holds. Since each f;; is continuous, there exists a neighbourhood Ni(x) of z such
that J;(y) C Ji(x) Yy € N1(z) for i = 1,...,n. Thus, the continuity of each V f;; and
(2.11) imply that there exists a neighbourhood N(z) of = such that (2.12) holds. O

The next theorem gives both the Q-linear convergence of the approximate Newton
method and the Q-superlinear convergence of the Newton method.

Theorem 2.1. Suppose that z* is a solution of the equations (2.1) and all
V € 0,F(z*) are nonsingular. Then there exist scalars € > 0 and A > 0 such
that if |2° — 2*|| < ¢ and

(2.13) Vi — Ukl < A

for some Vj, € 0, F(x*), then the iteration method given by (2.10) is well defined and
the sequence {z*} converges to x* Q-linearly. Moreover, if klim Vi — Ug|| = 0, then
—00

{2*} converges to x* Q-superlinearly.
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Proof. By virtue of Lemma 2.1, there exist a scalar 8 > 0 and a neighbourhood
N(z*) of z* such that

(2.14) V7Y < B VYV € 0.F (%),
1
(2.15) v < 305 WV € 8. F(y), y € N(z").

Choose a scalar A > 0 satisfying
(2.16) 68A < 1.

Denote the i-th row of V € 0, F(z) by V. Note that f;, i = 1,...,n, given in (2.2)
are semismooth. It follows from (1.6) that

fi(@) = fi(z®) = Vi(z —z*) = o]z — 2*|]), i=1,...,n.

Therefore, one has
F(z) = F(z*) = V(x —2%) = o||lx — z¥||) VV € OF(x).
Thus, we can choose a positive number ¢ small enough such that
{r e R [z — 27| <e} C N(z7)

and
(2.17) ||[F(x) — F(z*) = V(z —2")|| < Allxz — 2™|| YV € 0. F(z), if ||z —z*| < e.
It follows that, if || — 2*|| < e, then all V € 0, F(z) are nonsingular, moreover,
(218) VT <50 W €F@), vefre R oo <)

Recall Theorem 2.3.2 of [7], which asserts that if A, B € R**™ and B is nonsingular,
then

1B~

2.19 A7 < .
(219) S TG )

In what follows, we suppose that ||z* —2*|| < ¢ for all k. Setting A = Uy, and B = V4
in (2.19), one has

-1 10 10
e2) e —e 5P 58 3
TV (VO] S I-WGA S1-F 2
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We deduce that

(2.21) Iz — 2% = [|2* — U F(a") — 27|
<NUTIF@*) = F(a*) = Uk(a" — 2|
<O IF (%) = Fa*) = Vi(a® -]

+ Vi = Uil lla* = 2*[I].

Substituting (2.13), (2.17) and (2.20) into the above formula, one has

* 3 * *
(2.22) o+ — o)) < SHIALF — 2]+ Alla* - 2]
= 36A]12* — 2|
1
< sllat =)

By mathematical induction, the relation ||2° — 2*|| < ¢ and (2.22) mean that ||2* —

z*|| < € holds for all positive integers k. So, [|z"t1 — 2*| < L||2* — 2*| is valid for
all £ under the assumption that [|z° — 2*|| < e. We now conclude that the iterative

method (2.10) is well defined for all k because of (2.20), and the sequence {z*}

converges to x* Q-linearly.

We next prove that the sequence {z*} converges to z* Q-superlinearly un-
der the hypothesis klim Vi — Uk|| = 0. By virtue of (1.6), (2.20), (2.21) and
oo

lim ||Vi — Ug|| = 0, we obtain that
k—oo

2" = 2| < U HIIF (2*) = F(a®) = Vila® = ") + [V = Ugll [la* — 2]

< gﬁHIF(fEk) = F(a*) = Vi(a" = a)| + o(||2" — 2*|)]

3 ) \
5Bl = z*[) + o(fla® — 2*|)]

= of[la* — a”]).

This proves the Q-superlinear convergence of {x*} to z*. Thus, we have completed

the proof of the theorem.
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3. EQUATIONS OF SMOOTH COMPOSITIONS OF MAX-TYPE FUNCTIONS

In this section we deal with the equations of smooth compositions of max-type
functions, which have the form

(3.1) g1(Héé}Xf1g( T),. -,]r,ge}fn;fmj(w)) =0,

In (maxflj( ) "maxfmj(x))zo

Jjeh JE€EJIm
where fi;: R* — Rforjec J;, i =1,...,mand g;: R" — R for s =1,...,n are
continuously differentiable, J; for ¢ = 1,...,m are finite index sets. The results of

the above section will be extended to the equations (3.1).
Throughout this section, we denote

(3.2) fi(w)—grg}Xfu( z), zeR", i=1,...,m,

(3.3) F(z) = (fi(@),..., fm(z)", zeR",

(3.4) Ji(x) ={j € Ji | fij(x) = fi(x)}, xeR", i=1,...,m,

(3 5) G(y) = (gl(y)a cee agn(y))Ta RS Rma

(3.6)  0.F(x) = {(Vij (@), .,V mjn (@) | 1 € J1(®), .., fim € Tm(2)},

r e R™.
Thus, the equations (3.1) can be rewritten as
(3.7) G(F(z)) = 0.

Since F' is semismooth and G is smooth, G(F(z)) is semismooth.
Now we present the Newton method for solving the equations (3.1) as

(3.8) "t =2 W G(F(2F)), Wi € JG(F) |pop(er) 0F (a%).

It should be mentioned that, in general, Wy, is no longer guaranteed to be an element
of Clarke generalized Jacobian of G(F(x)) at x = 2*, and the same holds for the set

30191(F($k)) X ... X 8019n(F(xk)).
This follows from the fact that the relation
001G(F(x)) C JG(F) |F=F(3?) 8(]1F($), e R
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is only an inclusion and need not turn into an equality. On the other hand, it is not
hard to verify that

OpG(F(x)) C JG(F)\F:F(x)a*F(x), reR”
and
WG(F(x)) C JG(F)\F:F(x)a*F(x), reR".

In view of the two above formulas, the procedure given in (3.8) could be regarded as
an extension of those in [9] and [10] for solving the equations (3.1).

There exist various problems in mechanics and engineering whose mathematical
models are to solve the system of the nonsmooth equations of the form
(3.9) max F;(x) — maxG;(z) + H(z) = 0,

el JjEeJ

where F;,G;,H: R" — R" are continuously differentiable, I and J are finite in-
dex sets, the max operator denotes the componentwise maximum, see [1], [4]. The
left-hand side of (3.9) being a difference (not sum) of two vector-valued max-type
functions, the calculation of an element of B-differential or of Clarke generalized gra-
dient for each of its components can not be implemented easily, let alone its Clarke
generalized Jacobian or B-differential. Hence, it is expensive to solve the system (3.9)
by using the Newton methods proposed in [8], [9], or [10]. Indeed, it is convenient
to apply our Newton method presented in (3.8) to solve the system (3.9).

Example 3.1. Consider the nonsmooth equations

(3.10a) Ijlé&}fflj(ff) — max f2j(x) =0,
1 . () —
(3.10b) max fs;(x) max fa;(x) = 0
where f;;: R2 — R? for j € J;,i = 1,...,4 are continuously differentiable, J; for

it =1,...,4 are finite index sets. We next apply the Newton method given in (3.8)
to the equations (3.10a), (3.10b). Let

fi(z) = max fi;(z), z€R? i=1,...,4,
J€Ji

F(z) = (f1(). f2(). fa(2), fa(2)) ", =€ B2,
91(f1, fo, f3, fa) = f1 = fo,
92(f1, f2, f3, fa) = f3fa,

G =(g1,92)",

Ji(x)={j € Ji| fij(z) = fi(x)}, z€R i=1,...,4.
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It follows that

1 -1 0 0
JG(F)|FZF(I) = <0 0 fa(z) f3($)> .
Choosing

Vi = (vfljl ($k),Vf2j2 ($k),Vf3j3 ($k),Vf4j4 (xk)T) € a*F(l’k),
where j; € J1(z%), jo € Jo(2¥), j3 € J3(2F), js € Ju(z¥), one has

Wi =JGF Vi

|F F(xk)

(")

(1 —1 0 0 > Vf2j2(.’L‘k)T
0 0 fu(z*) fs(a) (=)
(=)

( V fijy (@) =V faz, ()T >

Fa(@)V faj, (2M) T + f3(2")V fag, (aF)T

Thus, the iteration procedure of the Newton method for the equations (2.12a),
(2.12b) has the form

-1
TR Fiin @)T =V fo, ()T fi(@®) = fa(a®)
o= k T k k\T k k :
Ja(@ )V fa5,(27)" + f3(a")V faj, (a7) fs(@®) fa(2")
We next consider the approximate Newton method for solving the nonsmooth
equations (3.1) in the form

(3.11)  2Ft =2k W IG(F (), Wy, = JG(F U, UpeR™",

’F F(a*)
where Uy, is an approximation to Vi, see (3.14).
Lemma 3.1. Suppose that F'(z) and 0, F(x) are defined by (3.3) and (3.6), re-

spectively, and allV € JG(F ’F F(o) 8*F(a:), where JG(F(x)) denotes the Jacobian
of G(F) at F = F(z), are nonsingular. Then there exists a scalar 3 > 0 such that

(3.12) WY < B YW € JG(F 0.F ().

|F F(z)

Furthermore, there exists a neighbourhood N(x) of x such that

(3.13) W= < 5 YW e JG(F 0.F(y), y € N(z).

’F F(y)

Proof. Note that G is continuously differentiable. The proof of the lemma is
similar to that of Lemma 2.1. O
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Theorem 3.1. Suppose that z* is a solution of the equations (3.1) and all
We JG(F ’F F(z*)
A > 0 such that 1f

0.F(z*) are nonsingular. Then there exist scalars € > 0 and

|x —z*|| < e and
(3.14) Vi — Uyl < A

for some Vj, € 0, F(x*), then the iteration method given by (3.11) is well defined and
the sequence {z*} converges to x* Q-linearly. Moreover, if klim Vi — Ug|| = 0, then
— 00

{2*} converges to x* Q-superlinearly.

Proof. By virtue of Lemma 3.1 and the continuity of JG(F there

|F F(z)’
exist scalars 8 > 0, v > 1 and a neighbourhood N (z*) of z* such that

(3.15) HW‘1|| B YW € JG(F JOuF (z7),

’F F(z*)
|F F()V V €o0.F(y), yeN(@),
v Vy € N(z7).

(3.16) W < 5 YW e JG(F

(3.17) IJG(F)|,_ rll <

Choose a scalar A > 0 satisfying
(3.18) 665vA <1

Denote the s—th row of JG(F V', where V € 0, F(z), by

|F F(x)

(JG(F V).

|F F(x)

Then it has the form

 Dgs(F
(3.19) (JGF ’F F(ﬂf)V) 72 %](Cz )‘F:F(m)Vfiji(x)T,

i=1

where j; € J;(x), i = 1...,m. Recall that a vector-valued function is semismooth if
and only if each of its components is, so G o F’ is semismooth. Hence, the composite

function g5 o F' is semismooth. Note that f; is semismooth, V fi;, (z) € Oc1fi(z), and
0gs(F)
fi |F=F(;z)

is continuous and bounded in the neighbourhood N(z*). According
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to Lemma 1.1 and (3.19), we deduce that

(3:20) [|gs(F(2)) = g5(F(2")) = (JG(F)| p_py V)s (@ = 2°)|
wF@) 0Py - 2 o @)
< lgn(F@) — 9u(F @) ~ (g0 FY (050 = )|

o~ 0g,(F .
T L S D= I ¢ A O LTy
i=1 L

“ 0 s F s *
olle o)+ [ 2 petsa—at)

i=1

0 s *
_Z %t ‘F: x)vfz‘ji(x)T(x—w)

N
SN
=X
|
8
+

9gs 1ok . .
Z%\H( Wiatse =) = Vi (@) (@~ )}H
i=1 g =&z

898 8gS(F) . )
HZ{ ofi Ir= F(m)Tfi’F_F(z*JVfiji(w) (z — %)

= o([lz = 2™[|) + o(llz = 2™[[) + o([|z — =)

=o(l|lz —z*||), s=1,...,n.

Therefore, for any V' € 0,.F(x), the following relation holds:

(3.21) |G(F(z)) = G(F(27)) = JG(F V(e —a7)| = ofllx — ™).

|F F(x)

In view of (3.21), we can choose a positive number £ small enough such that the
relation ||z — z*|| < ¢ implies that

(3.22)  [IG(F(x)) - G(F(z7)) = JG(F V(e -2l < Allz -7

’F F(z)

and

{z e R" |||z —z*|| <&} C N(z¥).

From (3.16) it follows that if ||z —z*|| < €, then for any V € 0. F (z), JG(F 14

is nonsingular and satisfies

|F F(x)

-1

10
(3.23) |G V) I < BV € OF ().

227



We next suppose that ||z% — 2*|| < ¢ for all k. Setting A = W), = JG(F Uy

and B = JG(F Vi in (2.19), one has

’F F(zk)

’F F(z%)

(3.24) W] < ITGE] F(zk)vk)_lu
—[JG(F)|,_ o) VR THIG(F )| o FaryUe = Va)lll
P s,
T1-4pA T 12 T2

We deduce that

(3.25) [a* —a¥| = [|2F — W G(F(a¥)) — 2|
< W HG(F(x’“) G(F (x*))fWk(:c’“fx*)ll
< WHH{IGEF @) - G(F (%)) — JG(F
X Vi(a® — 2*)| + | JG(F

) oo F(mk)wka)u o 2]}

Substituting (3.14), (3.22) and (3.24) into (3.25) we conclude

* 3 *
(3.26) la* ! — 2| < SB(Allet — 2| +7Allat — 2|
3
= S(8 + Brd)|ja* o7
1/1
<= < = k .
1G+1)It ol < Flat -]

Similarly to the proof of Theorem 2.1, it follows that the iterative method (3.11) is
well-defined and the sequence {z*} converges to x* Q-linearly.

Next, we proceed to prove that the sequence {2*} generated by (3.11) converges
to z* Q-superlinearly under the assumption that kli_)rgl@ IV — Ui|| = 0. By virtue

of (3.17), (3.21), (3.24) and (3.25), the relation ||x* — *|| < e implies that

2" =2 || < W IG(F (@) = G(F (")) = TG(F)| gy Vi (2" = 27|
+ ITG(E)] iy 1 (Vie = Un) | 12* = 2]
—ﬁ[HG(F(x'))—G(F( ) = JG(E)] oo gy V(2 — )|

+ Vi = Ul l2* = 2*|]

3 X * *
= 5Alo(lz* = 2"[l) + ofla™ = 2*[)] = ol|2* — 27]].

This means that the sequence {xk } converges to z* Q-superlinearly. Thus we have
completed the proof of the theorem. O
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Remark 3.1. Theorem 3.1 shows that the Newton method for solving the equa-

tions (3.1) given by (3.8) has Q-superlinear convergence.
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