Downloaded 12/13/16 to 147.188.55.174. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SIAM J. OPTIM. (© 2001 Society for Industrial and Applied Mathematics
Vol. 11, No. 4, pp. 962-973

MONOTONICITY OF FIXED POINT AND NORMAL MAPPINGS
ASSOCITATED WITH VARIATIONAL INEQUALITY AND ITS
APPLICATION*
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Abstract. We prove sufficient conditions for the monotonicity and the strong monotonicity of
fixed point and normal maps associated with variational inequality problems over a general closed
convex set. Sufficient conditions for the strong monotonicity of their perturbed versions are also
shown. These results include some well known in the literature as particular instances. Inspired
by these results, we propose a modified Solodov and Svaiter iterative algorithm for the variational
inequality problem whose fixed point map or normal map is monotone.
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1. Introduction. Given a continuous function f : R® — R™ and a closed convex
set K in R"™, the well-known finite-dimensional variational inequality, denoted by
VI(K, f), is to find an element z* € K such that

(x =z f(z*) >0 forallz € K.

It is well known that the above problem can be reformulated as nonsmooth equations
such as the fixed point and normal equations (see, e.g., [9, 18]). The fixed point
equation is defined by

(1) () = & — g (z — af(z)) =0,
and the normal equation is defined by
(2) Do (2) = [k (2)) + oz — Ik (2)) = 0,

where « > 0 is a positive scalar and Ik (-) denotes the projection operator on the
convex set K, i.e.,

Mg (z) = argmin{||z — z|| : z € K}.

Throughout the paper, | - || denotes the 2-norm (Euclidean norm) of the vector in R™.
It turns out that z* solves VI(K, f) if and only if 7, (2*) = 0 and that if 2* solves
VI(K, f), then z* — L f(z*) is a solution to @, (z) = 0; conversely, if ®,(u*) = 0, then
Ik (u*) is a solution to VI(K, f).

Recently, several authors studied the Py property of fixed point and normal maps
when K is a rectangular box in R™, i.e., the Cartesian product of n one-dimensional
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intervals. For such a K, Ravindran and Gowda [17] (respectively, Gowda and Tawhid
[8]) showed that 7, (z) (respectively, ®,(z)) is a Po-function if f is. Notice that the
monotone maps are very important special cases of the class of Py-functions. It is
worth considering the problem:

(P) When are the mappings mo(x) and ®,(x) monotone if K is a general closed
conver set?

Intuitively, we may conjecture that the fixed point map and the normal map
are monotone if f is. However, this conjecture is not true. The following example
shows that for a given a > 0 the monotonicity of f, in general, does not imply the
monotonicity of the fixed point map 7, (z) and the normal map ®,(z).

Example 1.1. Let K be a closed convex set given by

K={reR*: 2, >0, o =0}

0 -1 X1 —XT2
o= (1) (5)=(50)
For any x,y € R?, we have that (z — y)T(f(z) — f(y)) = 0. Hence the function f is
monotone on R?. We now show that for an arbitrary scalar o > 0 the fixed point
mapping 7, (7) = z—Ilx (z—af(x)) is not monotone in R2. Indeed, let u = (0,0)7 and
y = (1,a/2)T. Tt is easy to verify that 7, (u) = (0,0)T and 7, (y) = (—a?/2,a/2)T.
Thus, we have

and

(u— )" (ma(u) — ma(y)) = —a®/2 <0,

which implies that 7, (-) is not monotone on R™.
Example 1.2. Let K be a closed convex set given by

K={rxecR*: 2,<0, 2o =0}

and f(z) : R? — R? be given as in Example 1.1. We now show that for an arbitrary
a > 0 the normal mapping @,(z) = f(Ix(z)) + a(z — Ik (x)) is not monotone in
R?. Indeed, let u = (0,0)7 and y = (—2a2,a)”. We have that ®,(u) = (0,0)” and
®,(y) = (0, —a?)T. Thus, we have

(u—9)" (Palu) = Pa(y)) = —a’ <0,

which implies that ®,(-) is not monotone on R".

From the above examples, we conclude that a certain condition stronger than the
monotonicity of f is required to guarantee the monotonicity of m, (z) and ®,(x). One
such condition is the so-called cocoercivity condition. We recall that f is said to be
cocoercive with modulus 4 > 0 on a set S C R"™ if there exists a constant § > 0 such
that

(@ = )" (f(2) = f(v) = Bl f(z) = f(y)|* forallz,y € S.

The cocoercivity condition was used in several works, such as Bruck [1], Gabay [7] (in
which this condition is used implicitly), Tseng [25], Marcotte and Wu [15], Magnanti
and Perakis [13, 14], and Zhu and Marcotte [29, 30]. It is also used to study the
strict feasibility of complementarity problems [27]. It is interesting to note that in an
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affine case the cocoercivity has a close relation to the property of positive semidefinite
(psd)-plus matrices [12, 30]. A special case of the cocoercive map is the strongly
monotone and Lipschitzian map. We recall that a mapping f is said to be strongly
monotone with modulus ¢ > 0 on the set S if there is a scalar ¢ > 0 such that

(z—y) " (f(x) = f(y) = clz -yl forallz,yeS.

It is evident that any cocoercive map on the set S must be monotone and Lipschitz
continuous (with constant L = 1/(3), but not necessarily strongly monotone (for
instance, the constant mapping) on the same set.

In fact, the aforementioned problem (P) is not completely unknown. By using the
cocoercivity condition implicitly and using properties of nonexpansive maps, Gabay
[7] actually showed (but did not explicitly state) that () and ® /4 () are monotone
if the scalar « is chosen such that the map I — af is nonexpansive. Furthermore, for
strongly monotone and Lipschitzian map f, Gabay [7] and Sibony [20] actually showed
that m,(z) and ®,,,(x) are strongly monotone if the scalar « is chosen such that the
map I — af is contractive. Throughout this paper, we use the standard concept
“nonexpansive” map and “contractive” map in the literature to mean a Lipschitzian
map with constant L =1 and L < 1, respectively.

However, it is easy to give an example to show that 7, (z) and ®,(x) are still
monotone (strongly monotone) even when « is chosen such that I — af is not non-
expansive (contractive). For instance, let K = R" and f(z) = x. We see that the
function f is cocoercive with modulus § = 1. While I — af is not nonexpansive for
a > 2, the map 7, (x) remains monotone. As a result, the main purpose of this paper
is to expand the results of Sibony [20] and Gabay [7]. We show that if f is cocoercive
(strongly monotone and Lipschitz continuous, respectively), the monotonicity (strong
monotonicity, respectively) of the maps 7, (z) and ®,(z) can be ensured when « lies
in a larger interval in which the map I — af may not be nonexpansive (contractive,
respectively). The results derived in this paper are not obtainable by the proof based
on the nonexpansiveness and contractiveness of maps.

The other purpose of the paper is to introduce an application of the monotonicity
of mo(x) and ®,(z). This application (see section 3) is motivated by the globally
convergent inexact Newton method for the system of monotone equations proposed
by Solodov and Svaiter [21]. See also [22, 23, 24]. We propose a modified Solodov
and Svaiter method to solve the monotone equations m,(z) = 0 or ®,(x) = 0. This
modified algorithm requires no projection operations in the line-search step.

2. Monotonicity of 7, (x) and @, (x). It is known (see Sibony [20] and Gabay
[7]) that if f is strongly monotone with modulus ¢ > 0 and Lipschitz continuous
with constant L > 0, then I — a/f is contractive when 0 < «a < 2¢/L?. Since I is
nonexpansive, this in turn implies that 7, (2) and ®, . (z) are both strongly monotone
for 0 < a < 2¢/L?. Similarly, it follows from Gabay [7] (see Theorem 6.1 therein) that
if f is cocoercive with modulus 8 > 0, then I — af is nonexpansive for 0 < a < 23,
and thus we can easily verify that 7, (z) and ®,,(z) are monotone for 0 < o < 243

In this section, we prove an improved version of the above-mentioned results. We
prove that (i) when « lies outside of the interval (0,2c/L?), for instance, 2¢/L? < o <
4¢/L?, wo(x) and @/, (x) are still strongly monotone although I — v f, in this case, is
not contractive, and (ii) when « lies outside of the interval (0, 20], for instance, 25 <
a < 48, mq(x) and @4/, (z) remain monotone although I — af is not nonexpansive.
This new result on monotonicity (strong monotonicity) of m, () and @/, () for a >
23 (o > 2¢/L?) is not obtainable by using the nonexpansive (contractive) property
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of I — af. The reason is as follows: Let f be cocoercive with modulus # > 0 on the
set S C R", where

B=sup{y>0:(z—y)"(f(z) = f(¥) 27 f(2) - f(y)|* forallzye S}

Clearly, such a scalar § is unique and 0 < 8 < oo provided that f is not a constant
mapping. We now verify that I — «f is nonexpansive on S if and only if 0 < o < 2.
It is sufficient to show that if @ > 0 is chosen such that I — «f is nonexpansive on S,
then we must have a < 24. In fact, if I — af is nonexpansive, then for any x,y in S
we have

lz = yll* > (1 = af)(z) = (I = af)(y)]
= llo = yll* = 2a(z = )" (f(2) = £(v)) + |l f(x) = F(W)I,

which implies that

(@ —y)" (f(2) = F(v) = (@/2)llf(z) = fy)II*

By the definition of 3, we deduce that a/2 < (3, the desired consequence. Similarly, let
f be strongly monotone with modulus ¢ > 0 and Lipschitz continuous with constant
L > 0 on the set S, where

c=sup{y>0: (z —y)" (f(x) — f(y)) =2 7llx —y|* forall z,y € S}

‘ 2

and

L =inf{y>0:[|f(z) = fW) <Alle -yl forallz,ye S}

We can easily see that 0 < ¢ < oo and L > 0 provided that S is not a single point set.
It is also easy to show that I — af is contractive if and only if 0 < o < 2¢/L2.

Since the map I —af is not contractive (nonexpansive, respectively) for o > 2¢/L?
(@ > 20, respectively), our result established in this section cannot follow directly
from the proof of Sibony [20] and Gabay [7].

We also study the strong monotonicity of the perturbed fixed point and normal
maps defined by

Tae(r) =2 — g (x — alf(z) +ex)),
and
D, (x) = f(IIx(2)) + ellg (z) + oz — Mk (z)),

respectively. This is motivated by the well-known Tikhonov regularization method for
complementarity problems and variational inequalities. See, for example, Isac [10, 11],
Venkateswaran [26], Facchinei [3], Facchinei and Kanzow [4], Facchinei and Pang [5],
Gowda and Tawhid [8], Qi [16], Ravindran and Gowda [17], Zhao and Li [28], etc. It is
worth mentioning that Gowda and Tawhid [8] showed that when « = 1 the perturbed
mapping @1 .(z) is a P-function if f is a Po-function and K is a rectangular set. We
show in this paper a sufficient condition for the strong monotonicity of 7, .(x) and
@, o(x). The following lemma is helpful.
LEMMA 2.1. (i) Denote

(3) uy, =z—Ig(z) forall ze R".
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Then
(2 — w)T(uz — Uy) > [Juy — uw||2~

(ii) For any a > 0 and vector b € R", the following inequality holds for allv € R™:
2, T 5]
b>— .
allv]] + v b > 1o

Proof. By the property of projection operator, we have

(Tx (2) — Mg ()" (Mg (w)) —w) > 0 for all z,w € R,

(Mg (w) — Mg (2))T (Mg (2)) — 2) > 0 for all z,w € R™.
Adding the above two inequalities leads to
Tk (2) — Mg (w)" (2 = Mg (2) — (w — Mg (w))) >0 for all z,w € R,
ie.,
[z —u, — (W —uy)]" (uz —uy) >0 for all z,w € R™.

This proves the result (i).

Given a > 0 and b € R", it is easy to check that the minimum value of a|v||?+v
is —||b]|?/(4c). This proves the result (ii). 0

We are ready to prove the main result in this section.

THEOREM 2.1. Let K be an arbitrary closed convex set in R™ and K C S C R™.
Let f : R™ — R"™ be a function.

(i) If f is cocoercive with modulus B > 0 on the set S, then for any fized scalar o
satisfying 0 < o < 40, the fized point map 7, (x) defined by (1) is monotone on the
set S.

(ii) If f is strongly monotone with modulus ¢ > 0 on the set S, and f is Lipschitz
continuous with constant L > 0 on S, then for any fized scalar o satisfying 0 < a <
4c/ L2, the fived point map 7 (x) is strongly monotone on the set S.

(iii) If f is cocoercive with modulus 3 > 0 on the set S, then for any 0 < a < 40
and 0 < e < 2(% — ﬁ) the perturbed map mq () is strongly monotone in x on the
set S.

Proof. Let a > 0 and 0 < ¢ < 2/« be two scalars. For any vector z,y in S, denote

Ty

c=a—a(f(@) +ex), w=y - al(f(y) +<y).

By using the notation of (3) and Lemma 2.1, we have

(2 — )" (Fae(®) — Ta,e(y))
=(z—y)"[(z - Ox(z) — (w — g (w)) + o(f(x) + ex)
— a(f(y) +ey))]
=(z— )" (u: — uw) + aellz —y|I> + alz — y)" (f(z) — f(¥))
= [z 4 a(f(x) +ex) — (w+ a(f(y) +ey)]" (v — uw)
+ aellz — y|* + alz — y)" (f(z) — f())
= (z—w)" (uz — uw) + ol f(2) + ez — (f(y) + ey)]” (w2 — ww)
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+ aellz —y|* + alz —y)" (f(z) — f(y))
> [Juz — uo|* + alf(z) + ez — (f(y) + ex)]” (uz — uw)
+ aellz —y|* + alz — )" (f(z) — f())
> —(a?/D|If(@) + ez — (f(y) +ey)|* + aclz — y|?
+ alz—y)"(f(z) — f(y))
= (ae —a®e/4) [lz — y|* — (@®/)|I f(x) = F()|I”
(4) + (o —a®e/2)(z — y)" (f(z) — f(y))

If f is cocoercive with modulus 8 > 0, using € < 2/« we see from the above that

(SC - y)T(ﬂ—a,e(x) - Wa,s(y))
> (ac — a%e?/4) o — ylI* — (a?/9)||f () = F(W)I?

+ (o= a®e/2)8) f(x) — f(y)II°
1 1 €

— a1~ ae/)la —yl? + 02 (5 - 35— ) 1) - S

Setting € = 0 in the above inequality, we see that for 0 < o < 48 the right-hand side
is nonnegative, showing that m, is monotone on the set S. This proves the result (i).
Also, if o < 4f and 0 < ¢ < 2(% — ﬁ), the right-hand side of the above inequality is
greater than or equal to r||z — y||?, where r = ae(1 — ag/4) > 0, showing that 7, ¢ is
strongly monotone on the set S. The proof of the result (iii) is complete.

Assume that f is strongly monotone with modulus ¢ > 0 and Lipschitz continuous
with constant L > 0. We now prove the result (ii). For this case, setting e = 0 in (4),
we have that

— )" (Ta(z) = 7a(y))

> — (/)| f (@) = FWI? + alz —y)" (f(2) - f()
> —(a?L?/4)||lz — y|* + aclz -yl

= (ac—a®L?/4)[la — y|*.

(

8

For a < 4¢/L?, it is evident that the scalar

B 70¢2L27aL2 E, -0
r=qac T =1 1z « .

Result (ii) is proved. 0

Similarly, we have the following result for ®,(x).

THEOREM 2.2. Let f be a function from R™ into itself and K be a closed convex
set and K C S C R"™.

(i) If f is cocoercive with modulus B > 0 on the set S, then for any constant a
such that a > 1/(43), the normal map ®,(x) given by (2) is monotone on the set S.

(ii) If f is strongly monotone with modulus ¢ > 0 and Lipschitz continuous with
constant L > 0 on the set S, then for any « satisfying o > L?/(4c), the normal map
D, () given by (2) is strongly monotone on the set S.

(iil) If f is cocoercive with modulus B > 0 on the set S, then for any constant
a > 1/(40), the perturbed normal map ®, . (x), where 0 < € < «, is strongly monotone
in x on the set S.



Downloaded 12/13/16 to 147.188.55.174. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

968 YUN-BIN ZHAO AND DUAN LI

Proof. Let a,e,r be given such that « > ¢ > r > 0. For any vector x,y in 5, let
U, and uy be defined by (3) with z = x and z = y, respectively. Then, by Lemma 2.1
we have

(o =)z — vy |* + (e — uy) " (f (i (2)) = f(k (1))

(5) > — g 0Tk () = )P
and
(6) (z — y)T(UCL —uy) > [Jug — uy||27

which further implies
[z =yl = llue —uyl-
By using the above three inequalities, we have
(@ = 9) T (Pa,e () = Pac(y)) = rllz —yl?
= (¢ -y [f(Uk(2)) + ellg (2) + auy — [k (y)) — ellk(y) — au,]

=1z —yl?
= a(z =) (uz —uy) +e(z — )" (Mg (z) - Mg (y)) = rlla - y|?
+ (= )" (f(Ik(2) — f(Ik (1))
=(a—e)(z =) (uz —uy) + (e — )|z -y
(7) + (2 =) " (f(k(2) = FIk (1))

= (0= )z~ 9)" (o — ) + (e = Pl — 9l + ()" (F(Wxe(2))
(T () + (i) = T () (£ (T ) — (T (9))

> (o= )l — g+ (& = 1)z — w2+t =) (F(TTxc(2)
—F(Tae()) + (M) — T () (F (T ) — (T (9))

= (= )tz — g+ (s — )" (0 () — £ ([T )
+ (i) — Tie(w)) ( (e () — (1T (9))

> — = I @) — S ) P

(8) + (g (z) = T )" (fFMk () — fFx(y)))-

Let f be cocoercive with modulus 8 > 0 on the set S. Setting € = r = 0 in the above
inequality, and using the cocoercivity of f, we have

(@ = ) (@a(x) ~ u0)) > o | F(MLi () — F( ) +
(I (2) — T ()7 (£ (e () — F(ILc (3)
(ﬁ—) 1 (e (2)) — £ (T ()]

For @ > 1/(4), the right-hand side is nonnegative, and hence the map ®,, is monotone
on the set S. This proves the result (i).

Let > 1/(40),0 < e < o, and 0 < r < min{e, o —1/(40)}. By the cocoercivity
of f, the inequality (8) can be further written as

(z — ) (Pac(x) = Pac(y) — rllz — yl?

1
> (8- gy ) 1l — 0L )P
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Since 0 < r < ao — 1/(4/), the right-hand side of the above is nonnegative, and thus
the map @, . is strongly monotone on the set S. Result (iii) is proved.

Finally, we prove result (ii). Assume that f is strongly monotone with modulus
¢ > 0 and Lipschitz continuous with constant L > 0. For any vector z,y in S, we note
that (7) holds for any a > 0, > 0 and r > 0. Setting € = 0, (7) reduces to

(@ = y)T (Ralx) = a(y)) —rlz —yl
= alz =) (uy —uy) —rllz -yl

9) + (2 = )" (f(x(2)) = f(x(y)))-

Given o > L?/(4c), let 7 be a scalar such that 0 < 7 < /2 and 2r + 4(57722@ < c.
Notice that

lz = ylI* = Mg (2) = T () + o — uy
< 2(| Uk (2) = e @) + [z — uyl*).

Substituting the above into (9) and using inequalities (5) and (6), we have

(= y)" (Pa () — Paly)) —rllz -yl
> alluy — uy|* = 2r(|Tk () = Tx (W)]* + [t — uy 1)
+ (z—y)" (f(Mk(x) — f(Mk(y))
= (@ = 2r)|Jue — uy|® + (v — uy)" (f(x(z)) — F(Tk(y)))
+ (g (x) = Mg ()" (fMk () = fFMk(y))) — 27|k (z) — Tk (y)|”

- _mﬂf(ﬂﬂw)) — F@x (y)I* — 2r |k (@) — Tk ()]

+ (g (x) — g ()" (fMk(2) — Fk(y)))

2
. <_4(aL_2) _QHC) Mk () — g (9)].

where the last inequality follows from the Lipschitz continuity and strong monotonicity
of f. The right-hand side of the above is nonnegative. Thus, the map ®,, is strongly
monotone on the set S. This proves result (ii). ad

The following result is an immediate consequence of Theorems 2.1 and 2.2.

COROLLARY 2.1. Assume that f is monotone and Lipschitz continuous with
constant L > 0 on a set S O K.

() If0<e<ooand 0 < a< (Liii)% then the perturbed map mq () is strongly
monotone in x on the set S. )

(ii) If 0 < & < o0 and a > %, then the perturbed normal map P, (x) is
strongly monotone in x on the set S.

Proof. Let ¢ € (0,00) be a fixed scalar. It is evident that under the condition
of the corollary, the function F(x) = f(x) + ez is strongly monotone with modulus
€ > 0 and Lipschitz continuous with constant L + ¢. Therefore, from Theorem 2.1(ii)
we deduce that if 0 < o < 4¢/(L + €)?, the map 7, () is strongly monotone on S.
Similarly, the strong monotonicity of ®, () follows from Theorem 2.2(ii). ]

Items (iii) in both Theorem 2.1 and Theorem 2.2 show that for any sufficiently
small parameter ¢, the perturbed fixed point and normal maps are strongly monotone.
This result is quite different from Corollary 2.1. When « is a fixed constant, Corollary
2.1 does not cover the case where ¢ can be sufficiently small. Indeed, for a fixed o > 0,

the inequalities 0 < a < &7‘2)2 and o > % fail to hold when ¢ — 0.
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Up to now, we have shown that the fixed point map m,(z) (respectively, the
normal map P, (x)) is monotone if f is cocoercive with modulus 8 > 0 and « € (0,4/]
(respectively, a € (1/(403), 00)). This result includes those known from Sibony [20] and
Gabay [7] as special cases. Under the same assumption on f and «, we deduce from
items (iii) of Theorems 2.1 and 2.2 that the perturbed forms 7, . and @, . are strongly
monotone provided that the scalar ¢ is sufficiently small. In the succeeding sections,
we will introduce an application of the above results on globally convergent iterative
algorithms for VI(K, f) whose fixed point map or normal map is monotone.

3. Application: Iterative algorithm for VI(K, f). Since m,(z) and @, (x)
are monotone if the function f is cocoercive and « lies in a certain interval, we can
solve the cocoercive variational inequity problems via solving the system of monotone
equation m,(z) = 0 or ®,(x) = 0. Recently, Solodov and Svaiter [21] (see also [22, 23,
24]) proposed a class of inexact Newton methods for monotone equations. Let F(x)
be a monotone mapping from R™ into R™. The Solodov and Svaiter algorithm for the
equation F(z) = 0 proceeds as follows.

ALGORITHM SS (see [21]). Choose any z° € R™,t € (0,1), and A € (0,1). Set
k:=0.

Inexact Newton step. Choose a psd matrix Gi. Choose pu; > 0 and v € [0,1).
Compute d* € R™ such that

0= F(z*) + (G + upI)d* + €*,

where ||e*|| < yrpurl|d¥]|. Stop if d¥ = 0. Otherwise,
Line-search step. Find y* = 2* 4+ aid*, where ap, = t™* with my, being the
smallest nonnegative integer m such that

—F(z® +tmd)Tdd > N1 — ) || dF ).
Projection step. Compute

E+1 k f(yk)T(l’k

—yF)
FURIE

F).

Set k := k + 1, and repeat.

As pointed out in [21], the above inexact Newton step is motivated by the idea
of the proximal point algorithm [2, 6, 19]. Algorithm SS has an advantage over other
Newton methods in that the whole iteration sequence is globally convergent to a
solution of the system of equations, provided a solution exists, under no assumption
on F other than continuity and monotonicity. Setting F () = mq(x) or @, (x), from
Theorems 2.1 and 2.2 in this paper and Theorem 2.1 in [21], we have the following
result.

THEOREM 3.1. Let f be a cocoercive map with constant B > 0. Substitute F(x)
in Algorithm SS by m(x) (respectively, @, (x)) where 0 < a < 45 (respectively,
a > 1/48). If uy is chosen such that Cy > px > C1||F(z*)||, where Cy and Cy are
two constants, then Algorithm SS converges to a solution of the variational inequality
provided that a solution erists.

While Algorithm SS can be used to solve the monotone equations 7, (xz) = 0
and ®,(x) = 0, each line-search step needs to compute the values of 7, (z* + g™d")
and @, (z* + B™dF), which represents a major cost of the algorithm in calculating
projection operations. Hence, in general cases, Algorithm SS has high computational
cost per iteration when applied to solve ®,,(z) = 0 or 7, (2) = 0. To reduce this major



Downloaded 12/13/16 to 147.188.55.174. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

MONOTONICITY OF FIXED POINT AND NORMAL MAPPINGS 971

computational burden, we propose the following algorithm which needs no projection
operations other than the evaluation of the function f in line-search steps.
AvLcorITHM 3.1. Choose 2° € R",t € (0,1), and v € [0,1). Set k := 0.
Inexact Newton Step: Choose a positive semidefinite matrix Gi. Choose u > 0.
Compute d* € R™ such that

(10) 0 = 7o (") + (G + ppl)d* + e,

where |e¥|| < yur||d*|. Stop if d* = 0. Otherwise,
Line-search step. Find y* = z¥4s,d*, where s, = t™* with my, being the smallest
nonnegative integer m such that

m (1 - V)Nk — 4™
(11) 1@ +2md) = fah)]] < — ——lld"]|
Projection step. Compute
ENT (. _ ok
o S S Ta(y®)" (z Y )Wa(yk)~

17 (%) 12

Set k := k + 1. Return.

The above algorithm has the following property.

LEMMA 3.1. Let mo(x) be given as (1). At kth iteration, if my is the smallest
nonnegative integer such that (11) holds, then y* = x* + t™+d" satisfies the following
estimation:

1
—ma(y")Td" > S (1= 7)pxlld"||?.

Proof. By the definition of 7, (), the nonexpansiveness of the projection operator,
and (11), we have
7o (® + ™ d") — o (2"))
= ||z* + t"dF — Tl (2% + t™ d* — af (aF + 1™+ db))
—(2" = Tg (2" — af(z")))|
<t (|dR || 4 [T (2F + 2™ db — af (2% + t7=d))
—Hg (2" — af@@))|
< 70|+ ok + e — af(at + mrdb)
—(@" —af@h)
< 2™ (|d || + | f (2 4t dE) — f (M)
1
(12) < 20— el
Also,
— o (xF 4 ™) T gk
= —[mal(zh 4+t d") — 7o (2P))Td* — 7o (2*) T d*
(13) > o (@® + 7 d") =m0 () [[[|d¥]| = 7o (2h)T .
By (10) and positive semidefiniteness of Gy, we have
—ma(a?)dF = (d*) (G + piI)d” + (eF)Td*
> pugel|d¥|* = ypel|d®?
(14) = (1= y)plld™|?.
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Combining (12), (13), and (14) yields
1
—Ta (2" + " d)Td" > S (1= )il

The proof is complete. ]

Using Lemma 3.1 and following the line of the proof of Theorem 2.1 in [21], it is
not difficult to prove the following convergence result.

THEOREM 3.2. Let f: R® — R™ be a continuous function such that there exists
a constant « > 0 such that 7o (x) defined by (1) is monotone. Choose Gy, and py
such that |G| < C" and py, = C||ma(z*)||P, where C',C and p are three fized positive
numbers and p € (0,1]. Then the sequence {x*} generated by Algorithm 3.1 converges
to a solution of the variational inequality provided that a solution exists.

Algorithm 3.1 can solve the variational inequality whose fixed point mapping
7o () is monotone for some o > 0. Since the cocoercivity of f implies the monotonic-
ity of the functions m,(x) and @, (z) for suitable choices of the value of «, Algorithm
3.1 can locate a solution of any solvable cocoercive variational inequality problem.
This algorithm has an advantage over Algorithm SS in that it does not carry out
any projection operation in the line-search step and hence the computational cost is
significantly reduced.

4. Conclusions. In this paper, we show some sufficient conditions for the mono-
tonicity (strong monotonicity) of the fixed point and normal maps associated with
the variational inequality problem. The results proved in the paper encompass some
known results as particular cases. Based on these results, an iterative algorithm for
a class of variational inequalities is proposed. This algorithm can be viewed as a
modification of Solodov and Svaiter’s method but has lower computational cost than
the latter.
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