DISTRIBUTED ITERATIVE METHODS FOR SOLVING
NONMONOTONE VARIATIONAL INEQUALITY OVER THE
INTERSECTION OF FIXED POINT SETS OF NONEXPANSIVE
MAPPINGS

HIDEAKI IIDUKA

ABSTRACT. We consider a networked system which consists of a finite number
of users and discuss a nonmonotone variational inequality with the gradient
of the sum of all users’ nonconvex objective functions over the intersection of
all users’ constraint sets. Centralized iterative methods, which require us to
use the explicit forms of all users’ objective functions and constraint sets, have
been proposed to solve the variational inequality. However, it would be difficult
to apply them to the variational inequality in this system because none of the
users in the system can know the explicit forms of all users’ objective functions
and constraint sets. In this paper, we translate the variational inequality into
a nonmonotone variational inequality over the intersection of the fixed point
sets of certain nonexpansive mappings and devise distributed iterative meth-
ods, which enable each user to solve the variational inequality without using
the explicit forms of other users’ objective functions and constraint sets, based
on fixed point theory for nonexpansive mappings. We also present convergence
analyses for them and provide numerical examples for the bandwidth alloca-
tion. The analyses and numerical examples suggest that distributed iterative
methods with slowly diminishing step-size sequences converge to a solution to
the variational inequality.

1. INTRODUCTION

1.1. Background. Nonmonotone variational inequality problems [7, Chapter I],
[24, Subchapter 6.D], related to important nonlinear problems such as nonconvex
optimization problems and Nash equilibrium problems, are the central topic of
optimization theory. Iterative methods [8] for solving nonmonotone variational
inequalities have been widely studied.

In this paper, we consider a networked system in which each user has its own pri-
vate nonconvex objective function and constraint set, and deal with a nonmonotone
variational inequality for the gradient of the sum of all users’ objective functions
over the intersection of all users’ constraint sets. Moreover, we assume that each
user’s constraint set does not always have a simple form (for examples of such a
constraint set, see Examples (II) and (III) in Subsection 1.2). This implies that
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the metric projection onto each user’s constraint set cannot be easily computed.*
The nonmonotone variational inequality problem in this case includes, for instance,
power control problems in direct-sequence code-division multiple-access (CDMA)
data networks [12] and in wireless networks [25], and bandwidth allocation problems
[13].

References [12,13] showed that practical problems, such as power control and
bandwidth allocation problems, can be translated into a nonmonotone variational
inequality problem over the fized point set of a certain nonexpansive mapping [1],
[9, Chapter 3], [10, Chapter 1], and presented iterative methods for solving the
nonmonotone variational inequality. These iterative methods must use the explicit
forms of the nonexpansive mapping and the nonmonotone operator, and hence,
they are referred to as centralized iterative methods.

In the case of the power control for the uplink or downlink in CDMA data net-
work, the base station plays the role of the centralized operator, and hence, it can
get user information such as the explicit forms of the objective functions and con-
straint sets from the start. To control the power allocation in the network, the base
station executes a centralized iterative method and transmits the powers computed
by the method to all users in the network. However, there is no centralized operator
in peer-to-peer (P2P) networks for data storage allocation [20], wireless networks
for power allocation [25], and wired networks for bandwidth allocation [14,19].
Therefore, in large-scale and complex networked systems, there is an inconvenient
possibility that none of the users can get the explicit forms of their own objective
functions and constraint sets, and hence, centralized iterative methods cannot be
applied to such systems. Moreover, since such networks can grow in size, distributed
mechanisms should be used for network resource allocation instead of centralized
ones that involve extra infrastructure. Distributed mechanisms enable each user to
adjust its own resource allocation without using the private information of other
users such as their objective functions and constraint sets.

Many distributed iterative methods, which can be applied to such systems, have
been proposed. The conventional distributed iterative methods enable each user
in the networked system to solve a monotone variational inequality without using
other users’ convex, nondifferentiable objective functions and simple constraint sets.
The well-known distributed iterative method is the incremental subgradient method
(see [3, Subchapter 8.2], [4,17,18,21] and references therein). The incremental
subgradient methods can be implemented through cooperation, whereby each user
communicates with its neighbor user. Broadcast types of distributed iterative meth-
ods [5, 6,25] were proposed for solving the monotone variational inequality. The
broadcast iterative methods can be implemented through cooperation, whereby all
users communicate with each other. Reference [14] proposed an incremental gra-
dient method and a broadcast iterative method for solving a monotone variational
inequality over the intersection of the fixed point sets of nonexpansive mappings.
These methods [14] with slowly diminishing step-size sequences converge to a unique
solution to the monotone variational inequality.

!The projection onto a simple set (e.g., a half-space) can be computed within a finite number
of arithmetic operations.
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From the above viewpoint, we can conclude that distributed iterative methods
should be devised to solve a nonmonotone variational inequality over the intersec-
tion of the fixed point sets of nonexpansive mappings, which is defined properly in
the next subsection.

1.2. Main problem. This paper considers a networked system, which consists of
K users, under the following assumptions:

Assumption 1.1. Suppose that user i (i € I :={1,2,...,K}) has its own private
constraint set C'Y) and objective function f) satisfying the following:

(A1) XD (i € 1) is a nonempty, bounded, closed, convex set of RN onto which

the projection, denoted by Py, can be easily computed.

(A2) User i (i € I) can use a firmly nonexpansive mapping® TW: RN —

RN with (X 2) Fix(T®W) := {z € RN: TO(z) = 2} = CY and
Mier Fix(T®) #0.

(A3) fO. RN - R (i € 1) is continuously differentiable.

User 4 in actual networked systems [14, 19, 20, 25] has a bounded constraint set
C® . Then, user i can set a bounded X (> C®) (i € I) in advance (e.g., XV is a
closed ball with a large enough radius). Section 4 discusses the network bandwidth
allocation problem when user i (source 4) has a bounded set C() and a box constant
set X, See [14,19,20,25] for other examples of a bounded C*).

Let us provide three examples (I)~(ITT) [14] of T (i € I) satisfying Assump-
tion (A2). (I) Suppose that user i has a simple, closed convex constraint set C'(
(e.g., C is a closed ball or a half-space). The typical example of T is the met-
ric projection, denoted by Pgq), onto C@ because Poy can be easily computed
and satisfies the firm nonexpansivity condition and Fix(Ppw)) = C®. (IT) Let us
consider the case where C'¥) is the intersection of simple, closed convex sets Dy)s

(e J@) :={1,2,...,m(i)}), i.e,
(1) c@.= (N by
JeJ ()

Since P can be easily computed, user ¢ can use T® defined by
J

i 1
(2) TO =2 (1d+ 11 Poo |
JE€J(9)
where Id stands for the identity mapping on RY. T'(*) satisfies the firm nonexpansiv-

ity condition [2, Definition 4.1, Proposition 4.2] and Fix(T)) = FiX(HjeJ(i) Pow) =
J

ﬂjeJ(i) D;i) = C®. Section 4 describes that source i has T defined by Equation
(2) with Fix(T®) = ¢ ¢ X®. (III) Let us consider the case where C¥) is the
set of all minimizers of a differentiable, convex functional ¢() with the Lipschitz
continuous gradient Vg over a simple, closed convex set D) i.e.,

o ¢ = {2 € DO 0w = min o).

yED(i)

27 RN 5 RY is said to be firmly nonezpansive 1], [9, Chapter 12], [10, Subchapter 1.11] if
IT(x) = TW)|? < (x —y,T(x) — T(y)) (z,y € RY), where (-,-) stands for the inner product of
RY and | - || is the norm of RY.
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Pp (Id — AVg®) is nonexpansive with an adequate A (> 0) [11, Proposition 2.3].
Accordingly, user i can use a firmly nonexpansive 7" defined by

(4) 70 .= % (Id + Ppo (Id . Avg@‘)))

with Fix(T®) = Fix(Pp (Id — AVg®)) = C) [27, Theorem 46.C (1) and (2)]. Tt
would be difficult to compute Pq:) onto C*) in Equation (1) and Py onto C®) in
Equation (3). Meanwhile, we can see that T7(*) in Equation (2) and T®) in Equation
(4) are firmly nonexpansive with Fix(T()) = C¥) and can be easily computed.

The main problem in this paper is the following nonmonotone variational in-
equality problem with information on the whole system:

Problem 1.1. Under Assumption 1.1, find a point in

VI <ﬂ Fix (T@)) v (Z f@)))

i€l i€l

= {x* €X:= ﬂFix (T(i)> : <m—x*,V <Zf(i)> (x*)> >0 (z€ X)}

iel i€l

1.3. Main objective and contributions of the paper. The main objective of
the paper is to devise distributed iterative methods for solving Problem 1.1, which
the existing methods in Subsection 1.1 cannot solve, and to prove that the pro-
posed methods converge to a solution to Problem 1.1 under certain assumptions.
The contribution of this paper is that it is the first study to tackle nonmonotone
variational inequalities over the intersection of the fixed point sets of nonexpansive
mappings and it proposes two distributed iterative methods for them. Section 2
presents an incremental fized point optimization algorithm, based on the conven-
tional incremental subgradient methods, for solving Problem 1.1 and its conver-
gence analysis. Section 3 presents a broadcast fized point optimization algorithm,
based on the conventional broadcast iterative methods, for solving Problem 1.1
and its convergence analysis. Section 4 applies the algorithms to a network band-
width allocation problem and provides numerical examples for network bandwidth
allocation. The convergence analyses and numerical examples describe that the
algorithms with slowly diminishing step-size sequences converge to a solution to
Problem 1.1. Section 5 concludes the paper.

2. INCREMENTAL GRADIENT METHOD FOR NONMONOTONE VARIATIONAL
INEQUALITY AND ITS CONVERGENCE ANALYSIS

We first present the following algorithm for solving Problem 1.1:

Algorithm 2.1 (Incremental Fixed Point Optimization Algorithm).
Step 0. User i (i € I) sets (an)neNs (An)nen, and (Bn)nen, chooses w(f)l e RV
arbitrarily, and computes d(l)l = —Vf(i)(x@l), User K sets xg € RN and transmits

méo) =z to user 1.
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Step 1. Given x,, = 2 e RN and dgll € RN (i € I), useri computes P e RN
cyclically by

n—1s
y = 1O (70 4 2l
xﬁf’) = Pxw (anng_l) + (1 - an)?/ﬁ?) (1=1,2,...,K).

d? = —Vf® (ng,l)) + 8,d

Step 2. User K defines x,41 € RV by
(K)

Tnp+1 = Ty,

and transmits zﬁ?jl ‘= Tpy1 to user 1. Putn:=n+1, and go to Step 1.
The conventional incremental subgradient method (see [3, Subchapter 8.2], [4,
17,18, 21] and references therein) is defined as follows:

2P = Pe (xsffl) — /\ngr(f)) , g,(f) cof® (.ﬁgil)) (i=1,2,...,K),
(5) T o (K)

n+l ‘= Tn 7,
where all users have a simple, closed convex set C' and 0f()(z) stands for the
subdifferential of a nonsmooth, convex functional f() at x € H. References
[3, Proposition 8.2.6] and [21, Proposition 2.4] describe that, when (\,)nen sat-
isfies Y02 ) A, = 00 and Y o2 (A2 < 00, (T, )nen in Algorithm (5) converges to a
minimizer of Y, ; f® over C.

The incremental fixed point optimization algorithm [14] was presented as a way
to solve Problem 1.1 when f(* is differentiable and convex and T is firmly nonex-
pansive. This algorithm cannot be applied to the case where f(*) is nonsmooth and
convex because the proof of its convergence analysis essentially uses the Lipschitz
continuity of the gradient of f(*) (see [14, Proposition 2.1]).?

Meanwhile, Algorithm 2.1 can use a firmly nonexpansive T'*) satisfying Fix(T*)) =
C® and can be applied even when f(*) (i € I) is not always convex. Algorithm
2.1 uses the conjugate gradient direction [22, Chapter 5], [15,16] generated by

dV) = v (xg_l)) + ﬂndgll (1 € I,n € N) to accelerate algorithms with the
steepest descent direction d\) := —V f(0) (xg_l)) (tel,neN).

We need the following assumptions to guarantee that Algorithm 2.1 converges
to a solution to Problem 1.1:

Assumption 2.1. User i (i € I) has (ap)nen C [0,1], (Bn)nen C [0,1], and
(An)nen C (0,1] satisfying®

. <1 . _o.
(C1) 0< hnrr_1>1£fan < 117Iln_>sol<1)pozn <1, (C2) ZO)\” < o0, (C3) nll—{EQ Bn=0

Assumption 2.2. (V[ (ngfl)))neN (i € I) is bounded.

3In the future, we should consider developing distributed iterative methods for solving mini-
mization problems over the fixed point sets of nonexpansive mappings in which all users’ objective
functions are nonsmooth and convex.

4Examples of (n)nen, (An)nen, and (Bn)nen are am = a (€ (0,1)), An := 1/(n+1)® (b > 1),
and B, :=1/(n+1)°¢ (¢ > 0).
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Let us provide a condition to satisfy Assumption 2.2. The boundedness of X ()
guarantees that (ng))neN (i € I) is bounded. Now suppose that V@) (i € I) is
Lipschitz continuous with L) > 0 (L(®)-Lipschitz continuous), i.e., |Vf@(x) —
VIO < Lz —yl| (z.y € RY). Accordingly, [|VfD(ar™") = VO (y)] <
L ||:E£f_1) —y|| (i € I,y € RY). This inequality and the boundedness of (xg))neN
(i € I) ensure that Assumption 2.2 is satisfied under the Lipschitz continuity of
VO (ieT).

Now let us do a convergence analysis on Algorithm 2.1.

Theorem 2.1. Suppose that Assumptions 1.1, 2.1, and 2.2 are satisfied. Then,

(:cgf))neN (i € I) in Algorithm 2.1 has the following properties:

(a) (xg))neN (¢ € I) is bounded and lim,_o ||x, — y|| exists for all y €
Nier Fix(T™).

(b) limy oo |z~ V| =0 (i € 1), limy o0 [@ns1 —@nl| = 0, limyyoc |2, —
TO(z,)] =0 (i €1).

(c) (mg))neN (i € I) converges to a common fized point of T™s.

(@) If |xnt1—2nll = o(An), (xg))neN (i € I) converges to a solution to Problem
1.1.

Item (c) in Theorem 2.1 guarantees that all (mﬁf))neNs converge to the same
point * in (), Fix(T®). This means that all users which use Algorithm 2.1
under Assumptions 2.1 and 2.2 can find the feasible point in Problem 1.1.

From Item (b) in Theorem 2.1 and Condition (C2), we find that lim, oo ||Zn4+1—
Zn|| = 0 and lim,, oo A, = 0. Ttem (d) in Theorem 2.1 says that, if (||Zp+1—Zn||)nen
and (Ap)nen satisfy the more restrictive condition, ||zp+1 — x| = o(An), ie.,
iy o0 |01 =2l /An = 0, all (27) ens converge to z* in VI(;c; Fix(T®), V(3,c; £@))
even when the f()s are nonconvex. User K can verify whether ||a:£LK) - argff)lﬂ =
|21 —2n|| = 0(\y) is satisfied or not.> Hence, it would be reasonable that user K
determines a slowly diminishing (A, )nen (€.g., A := 1/(n+1)1% or 1/(n+1)1901)
to satisty ||zp+1—2n| = 0(An) as much as possible. From such a viewpoint, it would
be desirable to set user K as an operator who manages the networked system.

References [12, 13] present centralized fixed point optimization algorithms for
solving Problem 1.1 when f()s are nonconvex, and these algorithms can be ap-
plied to power control [12] and network bandwidth allocation [13] problems. For
convenience, we shall write the algorithm in [12] for Problem 1.1 as follows:

©) yn = [[T? (a: — AV (Z f“‘)) (xn>>,
il i€l
Tnt1 = Po (anzn, + (1 — ap)yn) (n €N),

where C' (C RY) is closed and convex, and (A, )nen and (o, )nen satisfy Conditions
(C1) and (C2). Theorem 6 and Remark 7 (c) in [12] guarantee that (2, )nen in Al-
gorithm (6) converges to a solution to Problem 1.1 if ||z, — y,|| = 0o(A,). Numerical
examples in [12,13] indicated that the algorithms [12,13] with \,, := 1/(n + 1)1

5User K can obtain, for each n > 1, mglK), :vsfi)l, and A, and then compute z, := ||x$LK) —
x;}?ﬂ‘/)‘n and wy, = zp—1 — zn. If wy, > 0 and 2z, is small for each n, the condition will be

satisfied.
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satisfy ||z, —yn|| = 0(\n), while the algorithms with \,, := 1/(n+1)? do not always
satisfy || zn, — yn|| = o(A,). Algorithm (6) requires us to use the explicit forms of all
T®Ws and f¥s. However, it would be difficult to apply Algorithm (6) to Problem
1.1 in networked systems. This is because each user in such systems cannot get
the explicit forms of other users’ objective functions and nonexpansive mappings.
Meanwhile, Algorithm 2.1 can be implemented under the assumption that each user
knows its own private objective function and nonexpansive mapping.

2.1. Proof of Theorem 2.1. (a) The definition of (xg))neN (¢ € I) and the

boundedness of X (i € I) guarantee the boundedness of (acg))neN (¢ € I).
Condition (C3) ensures the existence of n; € N such that 5, < 1/2 for all n >

ny. We put Ml(i) = sup{||Vf(i)(x5571))||: n € N}, Ml(i) = max{Ml(i),||d$f1)||}
(i € I), and My := max;e; Ml(i) (M; < oo is guaranteed by the boundedness of
(Vf(i)(xg_l)))neN (¢ € I)). We then have that, for all n > n; and for all ¢ € I,
a1 11 < IV O @)+ Basa )] < My +(1/2)]1d]). Let us fix i € I and as-
sume that ||d£f)|| < 2M; for some n > ny. We find that ||d£fjrl | < M1+(1/2)||d$f)|| <
M + (1/2)2M; = 2M;. Induction guarantees that ||d,(f)|| < 2M, for all ¢ € I and
for all n > n;, which implies that (dg))neN (¢ € I) is bounded.

Choose y € (;c; Fix(TW) arbitrarily and put M, := maxieI(sup{2|(x$ffl) -
g, dY + MAalldP 2 n € N}) (My < oo is guaranteed by the boundedness of

(xsf))neN and (dgf))neN (i € I)). The nonexpansivity of T means that, for all
n € Nand for all ¢ € 1,

|
(7) = |

<]

. 2 . . . . 2 . . 2
=l = (0 )0 <)

21 _ yH2 2 (2D — ) + X2 Hdgj‘) ’

) 2
ng_l) — yH + Mo,

Inequality (7) and the boundedness of (xg))neN (i € I) ensure that (y,(zi))neN (iel)
is bounded. Moreover, the nonexpansivity of Py« (i € I), Assumption (A2)
(Fix(T®) ¢ X&) = Fix(Px)), and the convexity of || - ||? guarantee that, for all
n € Nand for all i € I,

. 2 i1 . 2
69 o] = [P (0t + 1 — anf?) ~ Preo)|
. . 2
< [[(anaf + (1 = an)y?) — 4|
. . 2
- ‘ an (xﬁf’” - y) + (1 —an) (yﬁf) - y) H

, 2
< oy, Hxsfl) — yH +(1—-ap)

. 2 . 2
S Qp H.’L‘Sll_l) - yH + (1 - an) {Hxs_l) - yH +M2)\n}

. 2
<o ol e
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Accordingly, we find that, for all n € N,

ol = e P < -0 — I 4 s
||.’£n+1 yH = ||Tn Yy = || Ty Yy + Moy

2
< [0 =y + KdA, = =yl + KD,

which means that, for all m,n € N,

n+m
[@n4ma1 — y”2 < nsm — yH2 + KMyApi < [|@m — yH2 + KM, Z Ai

i=m

<lwm —yll* + KMz Y i

i=m

Thus, for allm € N, limsup,, . |z, — y||> = limsup,, . [|Znime1 — yl* < llzm — yl|>+
KM, %2 \;. Therefore, Condition (C2) leads us to

oo
lim sup ||z, — y||2 < liminf{xm - y||2 + KM, g )\z} = liminf ||z, — y||2 ,
n—o00 m—o0 - m—00
=m

which implies that lim,, o [|2, — yl| exists for all y € ), Fix(T®).

(b) We shall prove that lim, ||:L’,(f_1) - yﬁf)H =0 (¢ € I). From the firm
nonexpansivity of 7 and (z,y) = (1/2)(||=|> + [|ly[|* — ||z — y||?) (z,y € RY), we
have that, for all n € N, for all i € I, and for all y € ,; Fix(T®),

) 2 . . ) ) 2
o] =0 s 4 3) 100
< <(w53_” + Andﬁf)) —yyy) - y>

I

ol )

i,

2

which means that

[ e T S L A B

2

(240 — g+ 200 <$§f‘” —y,dﬁf)> + AL Hd;")
. 112 . . . 12
© = a0 s 200 (0 — a0 ) 2 )
. 2 . . . 112
= |zl -y +2>\n<y§f)—y,d55)>—Hl’%’*”—yff)
. 2 . 112
< o =]+ 2 = [ — )"
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where M3 := maxiel(sup{2|<y7(f) - y,dgf)ﬂ: n € N}) < oo. Hence, Inequality (8)
ensures that, for all n € N, for all i € I, and for all y € ,, Fix(T®),

(@)

X 2 . 2
=l < s ol + -

}

. 2 . N
< 270 =+ Marn — (1 - ) 2D - P

Therefore, for all n € N and for all y € (,; Fix(T™),

2 2 2
R LT ST M)

‘x;K—l)

2

2 . .
< [ — |+ EMAL — (1= ) 3 i -y
el

2

= e — w4 KM — (1= ) 3 Jati ) <0

iel

and hence,

. 12
(1—an) Z nglz_l) - yr(:) < lzn — y”2 — [[@nt1 — y||2 + KMz,
i€l

The existence of limy,_,ec [|zn — y|| (¥ € Nic; Fix(T™)), limy,—y00 Ay, = 0 (by Con-

dition (C2)), and Condition (C1) lead one to deduce that lim, oo D ,c; ||:c£f_1) -
() .

yn || = 0; ie.,

(10) lim Hx;”—l) —y0| =0 @ e).

n—oo

Next, we shall prove that lim,_, ||ac§f) - y,(f)H =0 (4 € I). The firm nonex-
pansivity of Py and {z,) = (1/2)([a]” + | ~ l}e = yIP) (z,y € BY) imply
that, for all n € N, for all i € I, and for all y € (,; Fix(T?) ¢ XU = Fix(Px))
(7€),

. 2 . .
’ ) — yH = pru) (anngfl) +(1- O‘n)yr(zl)) - Px(n(y)H
< <(anx$zi_1) + (1 - an)ygzl)> - Y 1’5:) - y>

=5l (0 =)+ 1= (0 )+

o (o857 =) 4 (1= ) (987 =22},

which means that

o~ < o (5 5) =00 (1)
oo () 1 )

Accordingly, the convexity of || - ||* and the equality, |az + (1 — a)y||? = of|z||* +
(1 —a)|ly)? — a1 = a)||z — y||* (z,y € RN, a € [0,1]), ensure that, for all n € N,

2

. 2
) —yH
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for all ¢ € I, and for all y € (¢, Fix(T®),

X 2
[ =o]]" < o]

i1 2
fvﬁf‘)—yH +(1—an)’

. 2 ) .
9 o~ e — a0

) (12 2
_<1_an)Hy’ELz) _3353) + o (1 — an) :

‘9653‘” —y)

Since Inequality (9) implies that ||y£f) —y? < ||:1:§f71) —y||> + M3\, (n € Nji €
1,y € N;e; Fix(T™)), we find that

. 2 . 2 . 2
i ol < o 1 {f o s

. (2 . (2 ) N
a7 =9 = (0 ) o = 19 + 01— ) a0 — 4
. 2 ) 112 . N
< 67 o+ B = i = 9 - 1= ) 9 -
. 2
25 -
Thus, for all n € N and for all y € (,; Fix(T®),
. S 12
@ = yl* < llow =yl + KMsAy = an Y [0 = 2)
el
_ 2 , 12
ST S L WS ) PSS
i€l i€l

which means that

(1 _an)z

icl

2
< Nan =yl = #nss — ylI> + K MsA,

+Z‘

iel

y) — )

. 112
i) g

)

2
<lwn = ylI” = lznsr =yl + KMz,

3 el -y

i€l

3 et

el

2

The existence of limy, e [|zn — y[| (¥ € N;e; Fix(T@)), lim,—00 Ay = 0, Condition
(C1), and Equation (10) lead one to deduce that lim, o ) ;c; ||y£f) - xﬁf)H =0

and limy, 00 D g ||ac£li_l) - xS)H = 0; i.e.,
(11) lim Hy,@ —2®| =0 (e,
n— o0
(12) lim H:Ajf” —2®| =0 (e
n— oo

Since the triangle inequality means that, for all n € N,

)

K
=t = -] < S -
=1
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Equation (12) guarantees that
nh—{go [Zn+1 — 2nll = 0.

Let us prove that lim, o ||, — acgffl)H =0 (i € I). Fix i € I arbitrarily. The
triangle inequality guarantees that, for all n € N,

i—1 i—1
> TR Bl R N
j=1 j=1
Hence, Equations (10) and (11) ensure that
(13) 1i_>m Hxn — J;S_l)H =0 (iel).

Moreover, we have from ||z, —yg)H < ||z —xg71)|\ + ngf;l) —yf«f)H (teI,neN),
and Equations (10) and (13) that

(14) lim [ — S

n—oo

=0 (iel.

The nonexpansivity of () guarantees that, for all n € N and for all i € I, Hygf) -
TO (@) = |7 (@5 +Xd) = TO ()| < (@8 +Andl)) — ]| < iV -
Tl + )\n||d$f) |l. Accordingly, Equation (13), lim,,_,cc Ap, = 0, and the boundedness
of (dgf))neN (¢ € I) imply that

(15) lim [l = 70(a,)

n—roo

=0(iel).

Since [z, — T ()] < llan — v + |95 — TO(2,)|| (i € I,n € N), Equations
(14) and (15) lead us to deduce that

(16) lim

n— oo

Tn — T<i>(xn)H =0 (i€l

(¢) The boundedness of (z,)nen guarantees the existence of an accumulation
point of (2, )nen. Let 2* € RN be an arbitrary accumulation point of (2,,)nen; i.e.,
there exists a subsequence (2, )ken (C (Zn)nen) converging to z*. We shall prove
that * € N, Fix(T®). Fix i € I arbitrarily. The continuity of 7” and Equation
(16) ensure that

0= lim =]
k—o0

which implies that 2* € Fix(TV). Therefore, we have * € ,; Fix(T®).

Let 2. € RY be an accumulation point of (z,,)nen. Then, (2, )ien (C (%0 )nen)
exists such that (z,,)en converges to x,. A discussion similar to the one above
leads us to @, € (¢, Fix(T®). Assume z* # x,. Accordingly, the existence of
limy, oo 20 — Yl (¥ € Nyer Fix(T®)) and Opial’s condition® mean that

Zn, — T (2,) ¥ — T ()

0= Jim lfen, "1 < Jim ll7a, — .l = Jim_llen — .|
= lim ||z,, — z.|| = 0.
[—o0

This is a contradiction; i.e., * = z,. This guarantees that (z,)nen (= (xgi)l)neN)

converges to r* € [, Fix(T®). Equation (13) and the convergence of (z,,)nen to

6Suppose that (zn)nen (C RY) converges to z* € RN and z* # x.. Then the following
condition, called Opial’s condition [23], is satisfied: limp oo ||2n — 2*|| < limn oo || Zn — z«||-
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x* lead us to that (xg_l)) (i € I) also converges to a* € (,c; Fix(T")). Therefore,
we can conclude that ($£f))neN (i € I) converges to x* € [, Fix(T®).
(d) Inequality (7) guarantees that, for all n € N, for all ¢ € I, and for all

Yy e ﬂie[ FiX<T(i))v

2

. 2 i 2 X . .
o o] < i o+ 200 (5 ) 22

. 2 . . . . 112
< (2570 = ||+ 200 (4D =y, =T (G0 ) - Bl ) + A2 )

. 2 . . .
< 270 =g+ 20 (5 = 2D, 94O (2670) ) + MaraB + M52,
where My := maxiej(sup{2|(a:$ffl)—y7dgf)71>\: n € N}) < oo and Mj := maxief(sup{||d$f)||2: n e

N}) < oo. So, Inequality (8) implies that, for all n € N, for all ¢ € I, and for all
ye ﬂie] FiX(T(i))v

< ap

n

. 2 i 2
L | WO

) 2 ) 2 ) ) )
gl — yH +(1- ozn){ Hm%fl) - yH + 2\, <y — () v ® (ngfl))>

. 2
x(l) - yH S Oy

. 2 . . .
< |27 =y 20— @) (y =20V (2470)) 4 Mana B + Ms A2,

which means that

e =yl <l = 9l + 201 = a)Au Y (y =2l VFO (270)

iel
+ KMyAn By + KM A,
and hence,
2 2
oz ol —lrwn =l oy Sy 950 (so0)
n iel

+ KMyB, + KMs\,
(Uzn =yl + llznsr = ylDUzn = yll = 12041 = yl)

An
+2(1= an) Y (y = a0, V50 (af70)) + KM, + KMsy
el
< Ulzn =yl + 201 = yl) 120 = Zpa
< "
21— an) Y (y =2l VIO (2f0) ) + KM + KM,

iel

The convergence of (z3)),en (i € I) to z* € Nie; Fix(T™), the continuity of V f()
(¢ € I), Conditions (C1), (C2), and (C3), and ||xn1+1 — Znl| = o(\,) ensure that,
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for all y € M;c; Fix(T™),

0 (y—a" VO ) = <y —a" Y (Vs (x*))>

icl el

= <y Y (Z f<i>> (w*)> :

that is, z* is a solution to Problem 1.1. Therefore, Item (c) guarantees that

(xsf))neN (i € I) converges to a solution z* to Problem 1.1. O

3. BROADCAST ITERATIVE METHOD FOR NONMONOTONE VARIATIONAL
INEQUALITY AND ITS CONVERGENCE ANALYSIS

This section presents the following algorithm:

Algorithm 3.1 (Broadcast Fixed Point Optimization Algorithm).
Step 0. User i (i € I) sets (an)neN, (An)nen, and (Bn)nen, transmits an arbi-

trary chosen gc((f) € RY to the all users, and computes xo := (1/K)> .., xéi). User

i sets dgi) = V@ (xg).
Step 1. Given xn,dgf) € RN (i € 1), user i computes x(ﬂ)rl e RN by

n

335:—)5-1 = Pxw (ana:n +(1- an)yy(f)>

and transmits ms_)s_l to all users.

Step 2. User i computes x,11 € RY and d(i)+1 e RN by

1 .
Tp41 = ? foﬁrla
el
difjrl ==V (2p01) + Buprd?.
Putn:=n+1, and go to Step 1.
In this section, we assume the following:

Assumption 3.1. (VO (z,))nen (i € I) is bounded.

The boundedness of X® (Assumption (A1)) implies that (mg))neN (1t €I)is
bounded. Hence, (2y)nen generated by x,, := (1/K)> ., ) (n € N) is also
bounded. Therefore, the same discussion as in Assumption 2.2 shows that, if V f(*)
(¢ € I) is Lipschitz continuous, Assumption 3.1 is satisfied.

The following convergence analysis is presented for Algorithm 3.1:

Theorem 3.1. Suppose that Assumptions 1.1, 2.1, and 3.1 are satisfied. Then,
(Tn)nen in Algorithm 3.1 satisfies the following properties:
(a) (zn)nen is bounded and lim,,_, o ||z, — y|| ezists for all y € (,c; Fix(TW).
(b) limy, o0 |2 — T (2,)|| =0 (i € I).
(¢) (Zn)nen converges to a common fized point of T™s.
(d) If |xnt1 — znll = 0(An), (Xn)nen converges to a solution to Problem 1.1.
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Item (c) in Theorem 3.1 ensures that Algorithm 3.1 under Assumptions 2.1
and 3.1 can find a feasible point in Problem 1.1. Moreover, the convergence of
(Zn)nen to z* € (;o; Fix(TW) guarantees that lim, o [|2p11 — 25| = 0. Item
(d) in Theorem 3.1 guarantees that, if ||x,+1 — 2n| = 0(An), (Zn)nen in Algorithm
3.1 converges in not only (;c; Fix(T™) but also VI((;c; Fix(T™), V(X ,c; fP)).
When user 4 (i € I) has 2 in Algorithm 3.1, each point is broadcast to all users.
Accordingly, all users have (z,)nen := ((1/K) Zielxs))neN, which implies that
all users can verify whether ||z,4+1 — x,|| = o(\,,) is satisfied or not. On the other
hand, in Algorithm 2.1, only user K can verify whether the convergence condition
is satisfied or not (see Section 2).

3.1. Proof of Theorem 3.1. (a) The same discussion as in the proof of Theorem

21 (a) and Assumption 3.1 guarantee that (‘rn)nENa ('rg’bi))nENa (dg))nENa (ygll))neN
(¢ € I) are bounded.

We shall prove the existence of lim, o ||z, — yl| (y € N;e; Fix(T®)). By

replacing :cgf -1

i€l

in Inequality (7) with x,,, we have that, for all n € N and for all

2

u =y < o =yl + 27 (o =y a9 ) + 22|

S ||33n - y||2 + Nl)\na

ay |

where Nj := max;er(sup{2|(z, — y,dgf)>| + )\anS«f)HQ: n € N}) < co. Moreover, by
replacing z; " in Inequality (8) with z, and replacing 2 in Inequality (8) with
asfﬁrl, we find that

(18) < an llon = ylI* + (0 = ) {llow = yl* + Mo, }
< llzn = ylI” + Nid.

. 2 . 2
21— y|| < o =yl + (1= @) |52

On the other hand, the convexity of || - || means that, for all n € N,

2
1
5y
w2

Therefore, summing Inequality (18) over all 7 ensures that, for all n € N,

. 2
A

1 .
O HK > (2 —w)
el

|1 = yl* < Ml = yl* + Nin.

So, the same discussion as in the proof of Theorem 2.1 (a) and Condition (C2)
guarantee that

oo
limsup ||z, — y||* < liminf{xm —ylI>+ Ny Z )\Z} = liminf ||z, — y|*;

=m

that is, there exists lim, o [[zn — Yl (¥ € ;s Fix(T®)).
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(b) We shall prove that lim,_, o ||z, — yn)H = 0. Replacing 20 in Inequality

(9) with ,, implies that, for all n € N, for all i € I, and for all y € (¢, Fix(T'™),

2
)fyH <lzn —ylI? + 22, <y£)*yd >*H -y

b

where Ny := maxiel(sup{2|<yg) - y,dﬁf)>|: n € N}) < co. Hence, Inequality (18)
implies that, for all n € N, for all i € I, and for all y € (,; Fix(T'®¥),

o= || < anllo =yl + (1= )

2 o

< anllon = ol + 1= ) {llow = 1 + N = o = o)

}

Summing this inequality over all ¢ and Inequality (19) mean that, for all n € N and
for all y € ;¢ Fix(T™),

@

< lam = yl? + Ny — (1 — a) |20 — 3/©

lnsr — 9l < ll2n — yl® + NoAn *Z [ES

which implies that

1fan (i)

C < e =yl = e — ol + N

i€l

Therefore, Conditions (C1) and (C2), and the existence of lim,_,o ||z, — y|| (v €

Nicr Fix(T™)) lead one to deduce that lim, o > ;e [lzn — y) || = 0; ie.,

(20) hm H —yPD=0@Gel).

Moreover the nonexpansivity of T@ guarantees that, for all n € N and for all ¢ € I,
s =T (n)l| = 17O @+ Andi?) =TO ()| < [[@n+Ands”) =@nll < Aallds|l.
Accordingly, the boundedness of (d%))neN (i € I) and lim,,—, o A, = 0 (by Condition
(C2)) imply that
(21) lim Hy“) T<i>(:cn)H —0(iel).

n—oo
Since ||z, — T (z,)|| < |20 — yn)|| + ||y(Z —T@(z,)|| (n € N,i € I), Equations
(20) and (21) ensure that
(22) lim

n— oo

2 — T (2,)|| =0 G € 1.

(c¢) The boundedness of (z,)neny guarantees the existence of an accumulation
point of (z,)nen. Let 2* € RY be an arbitrary accumulation point of (z,)nen.
Then, the same discussion as in the proof of Theorem 2.1 (c¢) and Equation (22)
imply that z* € Fix(TW) (i € I), i.e., a* € (;¢; Fix(T®).

Let ., € RY be an accumulation point of (n)nen. Then, a discussion similar
to the proof of Theorem 2.1 (c) leads us to z. € ()¢, Fix(T®) with z* = x,. This
guarantees that (z,,)nen converges to z* € [(;¢; Fix(T™).
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(d) Inequality (17) and the definition of dy (n € N,7 € I) imply that, for all
n €N, for all i € I, and for all y € ,; Fix(T®),

ﬁ”

. 2 .
u =y <l =yl + 270 (0 =y, dD) + A2

2

< llzm = 91 + 2xn (20 = 3, =VFD (@) + Budl), ) + X2 || )

< llzm = I + 220 (g = 20, VIO (@) ) + NoAafin + NiA2,

where N3 := max;cr(sup{2|(z,—y, dgf)_l)|: n € N}) < oo and Ny := maxief(sup{Hd%)HQ: n e
N}) < co. Hence, Inequality (18) means that

. 2
‘ Whﬂ

< anlen =91+ (= 0 llow = oI + 200 (3= 20, 970 (22)

. 2
w0 = o] < anllen -yl + (1 - an)

n

+Mhm+mﬁ}

< llzn = yI* + 201 = @) dn (y = 20y VIO (@) ) + NodaBn + NiA,

Accordingly, summing this inequality over all ¢ and Inequality (19) guarantee that,
for all n € N and for all y € (¢, Fix(T®),

2(1 — ap) A\, i
s — ol < e — o + 200 Sy 9O )
el

+ N3Anfn + NygA2.

Therefore, we find that, for all n € N and for all y € (,; Fix(T®),

P i ol = lnss = ol 20 o) > <3/ — 2, VIO (2 )>
= )\n K i n n

+ N3B, + Ny,
(lzn = yll + llzn+1 — ylDUzn — yll = lzns1 — yl)

An
R (3= 20, VD (@0) ) + NoB + Nk,
< Uzn =yl + Znt1 = ylD) [[2n = 2n]
< "
+ K ; <y —Tn, Vf (xn)> + N3By + Nyh,.

The convergence of (zy)nen to % € ;c; Fix(T("), the continuity of V@ (i € I),
Conditions (C1), (C2), and (C3), and ||zp+1 — Znl| = o(An) ensure that, for all
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y € Nes Fix(T®),

0< Z <y — 2t VO (x*)> _ <y B x*’z (vf(i) (x*))>

il iel
(e () )
iel
This completes the proof. (I

4. NUMERICAL EXAMPLES

Let us apply Algorithms 2.1 and 3.1 to the network bandwidth allocation prob-
lem. The objective of utility-based bandwidth allocation is to share the available
bandwidth among traffic sources so as to maximize the overall utility subject to the
capacity constraints [26, Chapter 2]. In this section, we shall discuss a nonconcave
utility bandwidth allocation problem [13] which can be expressed as a nonmonotone
variational inequality with the gradient of a nonconcave, differentiable, step utility
function. We assume that source i has its own private nonconvex f( := -/ and
C® with the capacity constraints for links used by source i.

Consider the following problem on a network [26, Fig.2.2] (Figure 1 in the paper)
that consists of three links and four sources:

(23) Find 2* € VI <ﬂ oW v <Zu(i)>> ’

el i€l

where I := {1,2,3,4}, U (2) := a+sinz (i € I,z € Ry), DV := {(21, 29, 23,24) €
R*: 1 + 23 < ¢1},7 D@ .= {(z1, 22, 23,24) € R*: 29 + 23 < 3}, DB =
{(w1, 29, 23,24) € R*: mo+wy < 3}, B = {(21,72,23,24) ER*: 1, €[0,¢] (i € )}
(c>08% Cc®:.=BnDM, ¢ .=BnDA DB, CcB .=BNDYND?, and
C®W:=BnDG).

Since C) (i € I) in problem (23) satisfies C(Y) C B, B is bounded, and Py can
be easily computed, source i (i € I) can set X (i € I) in Assumption 1.1 (A1)
and (A2) by B.

Let us define 7 : R* — R* (i € I) by

(Id + PgPpw)), T® := = (Id + PPy Ppe)),

Ko Y

(Id + PBPD(l)PD(2)) s T(

N =N =

1
= 5 (Id+PBPD(3))

"The projection onto D := {z € R : {a,z) < b}, where a (# 0) € RN and b € R, is expressed
as follows [1, p.406], [2, Subchapter 28.3]: Pp(x) := x+[(b— (a,z))/|al|?]a (x ¢ D), or x (x € D).

8Each source can use a box constraint set B with a constant ¢ (e.g., ¢ := max{c1,c2,c3} or
c is a large enough positive number) because the network in Figure 1 has a resource with finite
capacity and supports a finite number of sources.



18 H. IIDUKA

Source 2
Z2

Source 1
x1

|
O=C20=0
a

Source 3 Source 4

T3

FIGURE 1. Network with three links and four sources [26, Fig.2.2]

Then, we find that
M Fix (T@’))
el
=B NFix (Ppw) NFix (Ppe) Ppe ) NFix (Ppa) Ppe ) NFix (Ppe))

=BnDWY N (D(2) QD(?’)) N (D(l) QD(2)) N D®

—BmﬂDU—ﬂC“ #0.

i€l

From (;c; Fix(T®) = BN, D, any point in ), ; Fix(T'") satisfies the
capacity constraints for all links.
We use

I 1
Ap 1= 0 =g Bn = (nE 1o (
where = 1072,1, and a = 1.01,2, 3, 10, satisfying Conditions (C1)—(C3). Theo-
rems 2.1 and 3.1 guarantee that Algorithm 2.1 (IFPOA) and Algorithm 3.1 (BF-
POA) with the A, a, and B, converge to a solution to Problem (23) if ||zp4+1 —
Tnl|l = o(p/(n + 1)*). We set ¢; := 5, ¢z :=4, ¢g := 5, ¢ := 100, chose ten random
initial points, and executed Algorithms 2.1 and 3.1 for any point. The graphs in
this section plot the mean values of the tenth execution. The computer used in the
experiment had an Intel Boxed Core i7 i7-870 2.93 GHz 8 M CPU and 8 GB of
memory. The language was MATLAB 7.13.
To check whether Algorithms 2.1 and 3.1 converge in [),.; C"" = (,; Fix(T®),

we employed the evaluation function®

-y Hxn - T<i>(xn)H (neN).

icl

n € N),

92 € R? satisfies Ziel le — TW(z)|| = 0 if and only if z € Fix(T®W) (i € I), ie, © €
Nier Fix(T®) = BN}, DO =N, CO.
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(Tn)nen converges in [, Fix(T®) if and only if (D,,),ey converges to 0. We also
employed the following:

X, = ||$n+;\*xn|| = (n+1)"

where ¢ = 1072,1 and a = 1.01,2,3,10. Algorithms 2.1 and 3.1 satisfy the con-
vergence condition, ||z,+1 — 2n| = o(An), if (X)nens generated by Algorithms 2.1
and 3.1 converge to 0.

Figure 2 plots the behaviors of D,, (n = 1,2,...,1000) for Algorithms 2.1 and
3.1 with g = 1072 and a = 1.01,2. This figure shows that (D, ),ens gener-
ated by Algorithms 2.1 and 3.1 converge to 0; i.e., the algorithms converge in
Nicr CV = N, Fix(T®), as promised by Item (c) in Theorem 2.1 and Item (c)
in Theorem 3.1. Figure 2 shows that (D,,),ens in Algorithms 2.1 and 3.1 with
An = 1072/(n + 1)? converge quickly and (D, )nens in Algorithms 2.1 and 3.1
with A\, := 1072/(n + 1)1°! converge slowly. This implies that Algorithms 2.1 and
3.1 with fast diminishing step-size sequences converge in ), ; Fix(7?) faster than
ones with slowly diminishing step-size sequences.

Figure 3 indicates the behaviors of X, (n = 1,2,...,1000) for Algorithms 2.1 and
3.1 with = 1072 and a = 1.01,2. We can see from this figure that (X, )n>1008 in
Algorithms 2.1 and 3.1 decrease monotonically and converge to 0, which means that
Algorithms 2.1 and 3.1 with \,, = 1072/(n+1)® (a = 1.01, 2) satisfy the convergence
condition ||x,4+1 — n|| = o(An). Therefore, Item (d) in Theorem 2.1 and Item (d)
in Theorem 3.1 guarantee that Algorithms 2.1 and 3.1 with A\, = 1072/(n + 1)¢
(a = 1.01,2) converge to a solution to Problem (23).

The behaviors of U(z,) generated by Algorithms 2.1 and 3.1 with g = 1072
and a = 1.01,2 are presented in Figure 4. This figure indicates that Algorithms
2.1 and 3.1 are stable in the early stages. Figures 2-4 and Theorems 2.1 and 3.1
ensure that Algorithms 2.1 and 3.1 find the optimal bandwidth for all sources;
i.e., each source can find its own optimal bandwidth (z} ~ 2.7786, 2} ~ 2.0531,
x5 ~ 1.9468, =} ~ 2.8851) by using the incremental and broadcast fixed point
optimization algorithms.

Figure 3 indicates that Algorithms 2.1 and 3.1 with g = 1072 and a = 1.01,2
satisfy the convergence condition |[z,41 —zx|| = o(\n). To see whether Algorithms
2.1 and 3.1 with faster diminishing step-size sequences such as A, = 1072/(n +1)°
(a = 3,10) satisfy the convergence condition, we checked the behaviors of X,, when
a = 3,10. Figure 5 shows that (X,,)nens in Algorithms 2.1 and 3.1 with u = 1072
and a = 3,10 converge to 0; however, (X, )nens in Algorithms 2.1 and 3.1 with
i = 1072 and a = 10 are unstable in the early stage. Since the algorithms ought
to be stable from the implementation viewpoint, it would be useful to use the
algorithms with )\, = 1072/(n + 1)® (a = 1.01,2). Figure 6 plots the behaviors of
X, (n=1,2,...,1000) for Algorithms 2.1 and 3.1 with x = 1 and a = 1.01, 2. This
figure shows that (X, )nens in Algorithms 2.1 and 3.1 with ¢ = 1 and a = 1.01
converge to 0, while (X,,)nens in Algorithms 2.1 and 3.1 with ¢ = 1 and a = 2
do not converge to 0; i.e., Algorithms 2.1 and 3.1 with p = 1 and @ = 2 do not
satisfy the convergence condition. This implies that the algorithms with ;4 = 1 and
a = 2 are not good ways for solving Problem (23). The above observations suggest
that Algorithms 2.1 and 3.1 with a slowly diminishing step-size sequence such as
An = p/(n+ 1)1 (4 =1072,1) should be used for nonconcave utility bandwidth
allocation problems.

|Znt1 — zn| (n €N),

el
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Xn

200 400 600 800 1000 0 200 400 600 800 1000
Number of iterations Number of iterations

Ficure 2. Behavior Ficure 3. Behavior
of Dy = 3 icrllon — of X, = ((n +
TO(z,)| for Algo- 1)?/107%)|zn41 — |
rithm 2.1 (IFPOA) and for Algorithm 2.1 (IF-
Algorithm 3.1 (BF- POA) and Algorithm
POA) with p = 1072 3.1 (BFPOA) with
and a = 1.01,2 p = 1072 and a =
1.01,2

5. CONCLUSION

We discussed a nonmonotone variational inequality over the intersection of the
fixed point sets of nonexpansive mappings and presented two distributed fixed point
optimization algorithms for solving it. One algorithm is based on conventional in-
cremental subgradient methods, and the other is a broadcast type of distributed
iterative method. We gave the convergence analyses showing that the algorithms
converge to a solution to the nonmonotone variational inequality under certain
assumptions. We also provided numerical examples for the bandwidth allocation.
The analyses and numerical examples suggested that the algorithms with slowly di-
minishing step-size sequences converge to a solution to the nonmonotone variational

inequality.
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