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ABSTRACT. The notion of coupled fixed point was initiated in 2006 by Bhaskar and Lak-
shmikantham. On the other hand, Radenovi¢ and Kadelburg [S. Radenovi¢, Z. Kadelburg,
Quasi-contractions on symmetric and cone symmetric spaces, Banach J. Math. Anal. 5 (1)
(2011) 38-50] defined cone metric type space and proved several fixed point theorems. In
this paper we introduce the concept of a coupled fixed point for a contractive condition in
cone metric type space and prove some coupled fixed point theorems.
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1. INTRODUCTION AND PRELIMINARIES

The symmetric space, as metric-like spaces lacking the triangle inequality was
introduced in 1931 by Wilson [31]. Recently, a new type of spaces which they
called metric type spaces are defined by Khamsi and Hussain [16] and Boriceanu
[6]. Also, Jovanovi¢ et al. [14], Rahimi and Soleimani Rad [24], Bota et al. [7],
Pavlovi¢ et al. [20], Singh et al. [28] and Hussain et al. [1 1] generalized some fixed
point theorems of metric spaces by considering metric type space.

On the other hand, the cone metric space was initiated in 2007 by Huang and
Zhang [12] and several fixed and common fixed point results in cone metric spaces
were introduced in [2, 3, R R s , 30] and the references contained therein.
In the sequel, analogously with definition of metric type space, Cvetkovi¢ et al.
[9] and Radenovié¢ and Kadelburg [21] defined cone metric type space and proved
several fixed and common fixed point theorems (See [17]).
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In 2006, Bhaskar and Lakshmikantham [5] introduced the concept of coupled
fixed point theorem in partially ordered metric spaces. Then, some other authors
generalized this concept and proved several common coupled fixed point and cou-
pled fixed point theorems in ordered metric and ordered cone metric spaces (See
[1,4, 8,15, 18, 19, 26, 27, 29] and the references contained therein).

In this paper we define the concept of coupled fixed point in a cone metric type
space and prove some coupled fixed point theorems. Our results generalize, extend
and unify several well known comparable results in the literature.

Let us start by defining some important definitions.

Definition 1.1. (See [31]). Let X be a nonempty set and the mapping D : X x X —
[0, 00) satisfies

(1) D(z,y) =0<=z=y;
(52)  D(z,y) = D(y,z),

forallz,y € X. Then D is called a symmetric on X and (X, D) is called a symmetric
space.

Definition 1.2. (See [10, 12]). Let E be a real Banach space and P be a subset of
E. Then P is called a cone if and only if

(a) P is closed, non-empty and P # {0};

(b) a,b € Rya,b > 0,2,y € P imply that ax + by € P;

(¢)ifx € Pand —x € P, then x = 6.

Given a cone P C FE, we define a partial ordering < with respect to P by
ry<<=y—zeP

We shall write x < y if v < y and « # y. Also, we write z < y if and only if
y —x € intP (where ¢ntP is the interior of P). The cone P is named normal if there
is a number K > 0 such that for all z,y € F, we have

02w =2y = |z < Kyl
The least positive number satisfying the above is called the normal constant of P.

Definition 1.3. (See[12]). Let X be a nonempty set and the mapping d : X x X —
E satisfies

(d1) 6 = d(z,y) for all z,y € X and d(x,y) = 6 if and only if z = y;

(d2) d(z,y) = d(y,x) for all z,y € X;

(d3) d(z,z) X d(x,y) + d(y, z) forall z,y,z € X.

Then, d is called a cone metric on X and (X, d) is called a cone metric space.

Example 1.4. (See [12, 22]).

(i) Let E=R? P ={(z,y) € Blz,y >0} CR?, X =R and d: X x X — F such
that d(z,y) = (| — y|, a|z — y|), where a > 0 is a constant. Then (X, d) is a cone
metric space.

(ii) Let X = [0,1), E = CZ[0,1] with the norm [|f]| = |flx + | f/l. P = {f €
E|f > 0} and d(z,y)(t) = |z — y|2". Then (X,d) is a cone metric space with
non-normal solid cone.

Definition 1.5. (See [16]). Let X be a nonempty set, and K > 1 be a real number.
Suppose the mapping D,, : X x X — [0, c0) satisfies

(D1) Dy (x,y) = 0if and only if x = y;

(D2) Dy (x,y) = Dip(y, @) for all z,y € X;

(D3) Dy (x,2) < K(Dp(x,y) + D (y, 2)) for all z,y, z € X.
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(X, Dy, K) is called metric type space. Obviously, for K = 1, metric type space is
a metric space.

Definition 1.6. (See [9, 21]). Let X be a nonempty set, K > 1 be a real number
and FE a real Banach space with cone P. Suppose that the mapping D : X x X — F
satisfies

(cdl) § = D(x,y) for all z,y € X and D(z,y) = 0 if and only if x = y;

(cd2) D(z,y) = D(y,z) for all x,y € X;

(cd3) D(z,2) = K(D(x,y) + D(y, 2)) forall z,y,z € X.

(X, D, K) is called cone metric type space. Obviously, for K = 1, cone metric type
space is a cone metric space.

Example 1.7. (See [9]). Let B = {e;|i = 1, - ,n} be orthonormal basis of R™ with
inner product (.,.) and p > 0. Define

1
X, = {[z]jz: [0,1] — R”,/ |(z(t),e;)Pdt e R,j =1,2,--- ,n},
0

where [z] represents class of element x with respect to equivalence relation of
functions equal almost everywhere. Let £ = R™ and

Pg={yeR"(y,e;) >0,i=1,2,--- ,n}
be a solid cone. Define d : X, x X;, = Pg C R" by

n 1
At =Y [ -p@reld.  foeX,

Then (X, d, K) is cone metric type space with K = 2P~1,
Similarly, we define convergence in cone metric type spaces.

Definition 1.8. (See [9, 21]). Let (X, D, K) be a cone metric type space, {z,} a
sequence in X and z € X.

(i) {zn} converges to z if for every ¢ € E with 6 < ¢ there exist ng € N such that
d(zn,x) < cfor all n > ng, and we write lim,,_, o, T, = .

(#4) {x,} is called a Cauchy sequence if for every ¢ € E with § < ¢ there exist
ng € N such that d(z,,, ) < ¢ for all m,n > ng.

Lemma 1.9. (See[9, 21]). Let (X, D, K) be a cone metric type space over ordered
real Banach space E. Then the following properties are often used, particularly when
dealing with cone metric type spaces in which the cone need not be normal.

(P1) Ifu 2 vandv < w, thenu < w.

(P2) If 0 < u < c foreach ¢ € intP, thenu = 0.

(P3) Ifu < Au whereu € Pand0 < A < 1, thenu = 0.

(Py) Let x,, — 0 in E and § < c. Then there exists positive integer ny such that
T, K c for eachn > ng.

2. MAIN RESULTS

At the first, we define the concept of the coupled fixed point in a cone metric type
space. Then, we prove some fixed point theorems as generalization of Sabetghadam
et al.’s works in [26] and Bhaskar and Lakshmikantham’s results in [5].

Definition 2.1. Let (X, D, K) be a cone metric type space with constant K > 1.
An element (z,y) € X x X is said to be a coupled fixed point of the mapping
F:XxX—>XifF(z,y) =xand F(y,z) = y.
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Note that if (z,y) is a coupled fixed point of F' then (y, z) is coupled fixed point
of F' too.

Theorem 2.2. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, x*,y* € X:

D(F(z,y), F(«",y")) = aD(z,2") + 8D(y, y"), (2.1)

where «, 8 are nonnegative constants with « + 8 < 1/K. Then F has a unique
coupled fixed point.

Proof. Let zg,y0 € X and set
21 = F(z0,90),y1 = F(Y0,20), "+, Tnt1 = F(Tns Yn)s Ynt1 = F(Yn, ).
From (2.1), we have
D(zp,zp41) X aD(zp-1,2n) + BD(Yn-1,Yn), (2.2)

and
D(Yn,Yn+1) 2 aD(Yn—1,Yn) + BD(Tn_1,Ty). (2.3)
Let D,, = D(zp, Zn+1) + D(Yn, Yn+1). From (2.2) and (2.3), we get

Dn j (a+5)(D(x7L—laxn) +D(yn—1>yn))
= Al)n—h
where A = a+ 8 < 1/K. Thus, for all n,
0 XDy 2ADp_1 2 N°Dy_y 2+ 2 A" Dy. (2.4)

If Dy = 6 then (x9, yo) is a coupled fixed point of F'. Now, let Dy > 6. If m > n, we
have

D(xp, xm) K[D(xp, 2ny1) + D(Tny1, Tm)]
KD(CEn, anrl) + K2[D(xn+1a (En+2) + D(xn+27 xm)]
e j KD(xnaanrl) + K2D<xn+17$n+2) 4

+Km_n_1D(-/Em—2;xm—l) T Km_nD(xm_l’.Tm), (25)

A TA A

and similarly,

D(Yn,ym) = KD(Yn,Yn+1) + K*D(Yni1,Yn2) + -
+Km_n_1D(ym—27 Ym—1) + K" " D(Ym—1, Ym)- (2.6)
Adding up (2.5) and (2.6) and using (2.4). Since A < 1/K, we have
D(zp,xm) + D(Yn,ym) = KD, + KQD,L_H 4.k K™D,

< [K)\n_’_ K2/\n+l+'”_’_ Kvmfn)\mfl]DO
K\"

=< .

2 1z )\Do—>9 as n— oo

Now, by (P;) and (FPy), it follows that for every ¢ € intP there exist positive integer
N such that D(2y, @) + D(Yn, Ym) < c for every m > n > N, so {z,} and {y,}
are Cauchy sequences in X. Since X is a complete cone metric type space, there
exist /,y’ € X such that z,, — 2’ and y,, — ¥y’ as n — co. Now, we prove that
F(z',y') =2 and F(y',2') = y/. From (cd3) and (2.1), we have

D(F(z',y'), ") K[D(F(z',y), xp+1) + D(xp41,2")]
KaD(z',x,) + KBD( ,yn) + KD(xpy1,2").

A TA
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Since z,, — 2’ and y,, — y’, by using Lemma 1.9 we have D(F(2/,y’),z’) = 0; that
is, F(2',y’) = «’. Similarly, we can get D(F(y',2’),y') = 6; that is, F(y/,2') = y/.
Therefore, (z/,y') is a coupled fixed point of F'. Now, if (z”,y"”) is another coupled
fixed point of F', then

D(z',2")+ D(y',y") 2 A(D(z',2") + D(y', y")). 2.7)
Since A = a+3 < & and K > 1, (2.7) and (P,) imply that D(z',2")+D(y',y") = 6.
Thus, (z/,y') = (¢”,y"). This completes the proof. O

Corollary 2.3. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, z*,y* € X:

D(F(z,y), F(a*,y")) = 31D(@,2") + Dly, y")]; 2.8)

where vy € [0, %) is a constant. Then F' has a unique coupled fixed point.

Progf. Corollary 2.3 follows from Theorem 2.2 by setting o = 3 = 7. (]

Theorem 2.4. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F : X x X — X satisfies the following
contractive condition for all z,y, z*,y* € X:

D(F(x,y), F(z*,y")) 2 aD(F(z,y),x) + BD(F(z",y"),z"), (2.9)
where «, 8 are nonnegative constants with Ka + < 1. Then F has a unique
coupled fixed point.

Proof. Let zg,y0 € X and set

xr1 = F(mO,yO)ayl = F(y()axO)v' Ly Tp4l = F(xn;yn)vyn+1 = F(ynaxn)
From (2.9), we have
D(mna xn+1) = O‘D(F(xnfla ynfl); xnfl) + 5D(F(l'n7 yn)a xn)
= CYD(Q?n, 'rn—l) + BD(I’"_A,_l, xn,) (2 10)

and

D(yn:yn+1) = aD(F(Yn-1,2n-1),Yn-1) + BD(F (Y, Tn), yn)
= aD(Yn,Yn-1) + BD(Yn+1,Yn)- (2.11)
From (2.10) and (2.11), we have
D(zp,xny1) =X AD(zp_1,zp),
D(Yn,ynt+1) = AD(Yn—1,Yn),

where A = /(1 — 8) < 1/K. By the analogous arguments as in Theorem 2.2 we
conclude that {z,} and {y,} are Cauchy sequences in X. Since X is a complete
cone metric type space, there exist ’,y’ € X such that z,, — 2’ and y,, — ¢’ as
n — 0o. Now, we prove that F(z’,y') = 2’ and F(y',2') = 3. From (¢d3) and (2.9),

we have
D(F(l‘/, y/)v 1‘/) K[D(F(:Elv y/)v mn-&-l) =+ D(zn-‘rl’ ZE,)]

KO(D(F(.%‘/,y/),J)/) +KﬁD(F(xn7yn)7xn) +KD($7H_1,.’L‘/).

A TA

Since z,, — 2’ and y,, — ¥, by using Lemma 1.9 we have D(F(2',y’), z’) = 0; that
is, F(2',y’) = a’. Similarly, we can get D(F(y',2'),y') = 6; that is, F(y',2") = y/.
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Therefore, (2’,1’) is a coupled fixed point of F'. Now, if (z”/,y") is another coupled
fixed point of F', then

D(z',2") 2 aD(F(z',y'),2") + BD(F(2",y"),2").

Therefore, D(x’,2") = 6; that is 2/ = z”. Similarly, we have y' = y”. Thus
(2',y") = (”,y"). This completes the proof. O

Corollary 2.5. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, x*,y* € X:

D(F(x,y), F(z*,y")) =< %[D(F(x, y),x) + D(F(z*,y*),x")], (2.12)

wherey € [0 is a constant. Then F' has a unique coupled fixed point.

2
Sesy)
Proof. Similar to Corollary 2.3, Corollary 2.5 follows from Theorem 2.4 by setting
o= /8 = %‘ D

Theorem 2.6. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, z*,y* € X:

D(F(z,y), F(z",y")) 2 aD(F(z,y),2%) + BD(F (2", y"), x), (2.13)

where «, 8 are nonnegative constants with o + < 2/(K(K + 1)). Then F has a
unique coupled fixed point.

Proof. Let xg,y0 € X and set
Ty = F(x07y0)7y1 = F(y079€0)7' T4l = F(xnvyn>7yn+1 = F(y'rhxn)

From (2.13), we have

D(@n,2n+1) = aD(F(Tn-1,Yn-1),n) + BD(F(Tn, Yn); Tn-1)
= KB[D(%n, Tn-1) + D(Tnt1, )] 2.14)
and
D(zny1,7n) = aD(F(zn,yn), Tn-1) + BD(F(Tn_1,Yn-1),Tn)
= Ka[D(zy, Tn-1) + D(@ps1,T0)]- (2.15)

Adding up (2.14) and (2.15), we have
D(xna ‘/'C’I’L+1) j >\D($n717 irn)7

— _K(a+p) 1
where A = m < "
Similarly,
D(ym yn+1) = AD(yn—h yn)v
where \ = % < % By the same arguments as in Theorem 2.2 we conclude

that {z,, } and {y, } are Cauchy sequences in X. Since X is a complete cone metric
type space, there exist z’,3’ € X such that z,, — 2’ and y,, — 3’ as n — co. Now,
we prove that F(2',y’) = 2’ and F(y',2') = y'. From (¢d3) and (2.13), we have
D(F(‘r,v y/)v :L'/) = K[D(F(l'/’ y/)’ $n+1) + D(anrla CC/)]
= KaD(F(2',y'),2n) + KBD(F(2y,yn), ") + KD(2p41,2").

Since z,, — 2’ and y,, — ¥y, by using Lemma 1.9 we have D(F(z',y’), ) = 0; that
is, F(2',y’) = «’. Similarly, we can get D(F(y',2’),y') = 6; thatis, F(y',2') = v/.
Therefore, (z/,y') is a coupled fixed point of F. By the same arguments as in
Theorem 2.2 we conclude that (z’,y') is unique. O
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Corollary 2.7. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, z*,y* € X:

D(F(a,y), F(x*,y") % Z[D(F(w,y),a") + D(F(*,y"), o), (2.16)
where v € [0,2/(K? + K)) is a constant. Then F has a unique coupled fixed point.

Remark 2.8.

(i) The Theorems 2.2, 2.4 and 2.6 generalized some fixed point theorems of cone
metric spaces of Sabeghadam et al.’s works in [26] by considering cone metric type
spaces.

(ii) Choosing K = 1 from the Corollaries 2.3, 2.5 and 2.7 we get the Theorems 2.1,
2.2 and 2.4 from Bhaskar and Lakshmikantham’s results in a cone metric space.

Example 2.9. Let E = R, P = [0,00), X = [0,1] and D : X x X — [0,00) be
defined by D(x,y) = |x — y|?>. Then (X, D) is a cone metric type space, but it is
not a cone metric space since the triangle inequality is not satisfied. Starting with
Minkowski inequality, we get |z — 2|? < 2(|z — y|?> + |y — 2|?). Here K = 2.

Define the mapping F': X x X — X by F(z,y) = (x + y)/4. Therefore, F satisfies
the contractive condition (2.8) for vy =1/4 € [0,1/K) with K = 2 > 1; that is,

D(F(z,), F(™,y)) = 51D 2%) + Dy, )

According to Corollary 2.3, F' has a unique coupled fixed point. (0,0) is a unique
coupled fixed point of F'

Remark 2.10. Similar to previous example, one can get many examples of other
coupled fixed point theorems in cone metric type spaces.

3. GENERAL APPROACH
We start with following Lemma.

Lemma 3.1. (1) Suppose that (X, D, K) is a cone metric type space with K > 1.
Then, (X2, D1, K) is a cone metric type space with

Dl((x,y),(u,v)) ZD(x,u)+D(y7v) (3.1)
Further, (X, D, K) is complete if and only if (X2, Dy, K).
(2) Mapping F : X% — X has a coupled fixed point if and only if mapping Tr : X2 —
X2 defined by Tr(x,y) = (F(x,y), F(y,z)) has a fixed point in X2.
Proof. (1) Similar to cone metric version, one can check (c¢dl) and (¢d2) conditions.

Thus, we only prove (cd3) condition for (X2, Dy, K). Since (X, D, K) is a cone
metric type space, we have

D(z,u) 2 K(D(z,z) + D(z,u)) (3.2)
for all z,z,u € X and
D(y,v) X K(D(y,w) + D(w,v)) (3.3)
for all y,v,w € X. Adding up (3.2) and (3.3), we get
Di((2,9), (w,v)) = D(x,u) + D(y,v)

IA

K(D(x,z) + D(z,u)) + K(D(y,w) + D(w,v))
(D(z, Z) + D(% )) + K(D(z,u) + D(w,v))
[

K
K [Di((z,y), (z,w)) + Di((z,w), (u,v))].
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Thus, (X 2, Dy, K) is a cone metric type space. The completeness proof is easy and
is left to the reader.

(2) Let (x, y) be a coupled fixed point of F. In this case, F(z,y) = v and F(y,x) = y.
Thus,

TF(x7y) = (F(ﬁ,y),F(y,(E)) = (x,y)

Therefore, (z,y) € X? is a fixed point of Tr. Conversely, suppose that (z,y) € X?>
is a fixed point of T, then

TF(x,y) = (xa y)
Consequently, F(x,y) = z and F(y,x) = y. O

Now, we prove a general version of Theorem 2.2.

Theorem 3.2. Let (X, D, K) be a complete cone metric type space with constant
K > 1 and P a solid cone. Suppose F' : X x X — X satisfies the following
contractive condition for all z,y, z*,y* € X:

D(F(z,y), F(z",y%)) + D(F(y, ), F(y*,2")) 2 A[D(z,2%) + D(y,y")], (3.4

where A is a nonnegative constant with A < 1/K. Then F has a unique coupled
fixed point.

Proof. According to (3.1) and Lemma 3.1(2), the contractive condition (3.4) for all
Y = (2,y),V = (u,v) € X? become

Di(Tr(Y),Tr(V)) 2 AD1(Y, V).
Since A < 1/K, the proof further follows by ([14], Theorem 3.3). O

Remark 3.3. Now, we can get Theorem 2.2 such as the result of Theorem 3.2.
Also, one can prove some other theorems for general contractive version and get
Theorems 2.4 and 2.6.
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1. INTRODUCTION

The fundamental idea of wavelet packet analysis is to construct a library of
orthonormal bases for L?(R), which can be searched in real time for the best ex-
pansion with respect to a given application. Wavelet packets, due to their nice
characteristics have been widely applied to signal processing, coding theory, image
compression, fractal theory and solving integral equations and so on. Coifman et
al.[8] firstly introduced the notion of univariate wavelet packets. Chui and Li [7]
generalized the concept of orthogonal wavelet packets to the case of non-orthogonal
wavelet packets so that they can be applied to the spline wavelets and so on. Shen
[18] generalized the notion of univariate orthogonal wavelet packets to the case
of multivariate wavelet packets. Other notable generalizations are the p-wavelet
packets and p-wavelet frame packets on a half-line R [13, 14, 16], higher dimen-
sional wavelet packets with arbitrary dilation matrix [9], the orthogonal version of
vector-valued wavelet packets [6] and the M -band framelet packets [17].

On the other hand, multiwavelets are natural extension and generalization of
traditional wavelets. They have received considerable attention from the wavelet re-
search communities both in the theory as well as in applications. They can be seen
as vector valued-wavelets that satisfy conditions in which matrices are involved
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rather than scalars as in the wavelet case. Multiwavelets can own symmetry, or-
thogonality, short support and high order vanishing moments, however traditional
wavelets can not possess all these properties at the same time (see [4, 10]). Yang
and Cheng [20] generalized the concept of wavelet packets to the case of multi-
wavelet packets associated with a dilation factor ¢ which were more flexible in
applications. Subsequently, Behera [1] extended the results of Yang and Cheng
to the multivariate multiwavelet packets associated with a dilation matrix A. He
proved lemmas on the so-called splitting trick and several theorems concerning the
Fourier transform of the multiwavelet packets and the construction of multiwavelet
packets to show that their translates form an orthonormal basis of L? (Rd). Re-
cently, Sun and Li [19] have given the construction and properties of generalized
orthogonal multiwavelet packets based on the results discussed in [20].

As far as the characterization of multiwavelets is concerned, Calogero studied
the characterization of all multiwavelets associated with general expanding maps of
R™ in [5]. The Calogero’s work was extended by Bownik [2], taking into considera-
tion the dilation matrices which preserves the standard lattice Z" in terms of affine
systems. In the same year, another characterization of multiwavelets was given
by Rzeszotnik [12] for expanding dilations that preserves the lattice Z". However,
Bownik [3] has presented a new approach to characterize all orthonormal multi-
wavelets by means of basic equations in the Fourier domain. This characterization
was obtained by using the results about shift invariant systems and quasi-affine
systems in [11].

The characterization of multiwavelet packets associated with the general dila-
tion matrix A has been given by Shah and Ahmad in [15] by following dual Gramian
approach of Bownik [2]. In the present paper, we study the characterization of mul-
tiwavelet packets associated with expansive dilation matrices in terms of the two
simple equations in the Fourier domain based on results on affine and quasi-affine
frames.

In order to make the paper self-contained, we state some basic preliminaries,
notations and definitions including the multiresoltion analysis associated with a
dilation matrix A and corresponding multiwavelet packets in Section 2. In Sec-
tion 3, we establish the characterization of multiwavelet packets associated with a
dilation matrix A based on results on affine and quasi-affine frames.

2. NOTATIONS AND PRELIMINARIES

Throughout, this paper, we use the following notations. Let R and C be all
real and complex numbers, respectively. Z and Z* denote all integers and all non-
negative integers, respectively. Z? and R? denote the set of all d-tuples integers
and d-tuples of reals, respectively. Assume that we have a lattice I' (' = PZ¢
for some non-degenerate d x d matrix P) of R?. Let A denotes a d x d dilation
matrix, whose determinant is a(a € Z,a > 2). A d X d matrix A is said to be a
dilation matrix for R if A(Z?) C Z? and all eigenvalues \ of A satisfy |\| > 1. Let
a = |det A|, B = transpose of A and, if A is expanding, so is B. Let I'* be the dual
lattice; that is,

r* = {7’ eRY:Vy el (y,7) € Z} — (P~ 174,
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By taking the transpose of P~! AP we observe that B = A? is a dilation preserving
the dual lattice: BT'™ C I'* and let S = T'* \ BI'™.

We recall the notion of higher dimensional multiresolution analysis associated
with multiplicity L and orthogonal multiwavelets of L?(R?).

Definition 2.1. A sequence {V; : j € Z} of closed subspaces of L? (Rd) is called
a multiresolution analysis (MRA) of L? (Rd) of multiplicity L associated with the
dilation matrix A if the following conditions are satisfied:

() V;CVjy forallje€Z;
(id) UjeZVj is dense in L? (Rd) and njeZVj = {0};

(i) f eV ifandonlyif f(A) € Vj4q forall j € Z;

(iv) there exist L-functions ¢, € V;, such that the system of functions {¢.(z — k) }ZL:1 rezd

forms an orthonormal basis for subspace V.

The L-functions whose existence is asserted in (iv) are called scaling functions
of the given MRA. Given a multiresolution analysis {V}, ;. we define another

sequence {W; }jGZ of closed subspaces of L?(R?) by W; = V;11©Vj, j € Z. These
subspaces inherit the scaling property of {V;}, namely
feW; ifandonlyif f(A)e€ W;y1. (2.1)

Further, they are mutually orthogonal, and we have the following orthogonal de-
compositions:

—@w;=voo (Pw). (2.2)
JEL j=0

A set of functions {¢} : 1 < ¢ < L,1<r <a-—1}in L*(R?) is said to be a set of
basic multiwavelets associated with the MRA of multiplicity L if the collection

{w;(.—k):1grga—1,1gfgL,kezd}

forms an orthonormal basis for Wy. Now, in view of (2.1) and (2.2), it is clear that
if{¢; : 1 <{<L,1<r<a-—1}1isabasic set of multiwavelets, then

{|detA|j/2w£(Aj.fk):jeZ,keZd,lgfgL,lgrgafl}

forms an orthonormal basis for L?(R?) (see [1, 4]).

For any n € Z*, we define the basic multiwavelet packets wy’; 1 < ¢ < L
recursively as follows. We denote w? = gy, 1 < ¢ < L, the scaling functions and
wy = j,r € Z*,1 < ¢ < L as the possible candidates for basic multiwavelets.
Then, define

L
witar(z Zthal/Q (Az —k), 1<l<L0<s<a-1 (2.3)
j=1kezd

where (hj y k) is a unitary matrix (see [1]).

5



14 FIRDOUS A. SHAH/JNAO : VOL.6, NO.1, (2015), 11-26

Taking Fourier transform on both sides of (2.3), we obtain

L
(wpt*r) (€)= 3omis (B0 (wf) (B9, (2.4)

Note that (2.3) defines w;’ for every non-negative integer n and every ¢ such that
1 < ¢ < L. The set of functions {w} : n € Z*,1 < /¢ < L} as defined above are
called the basic multiwavelet packets corresponding to the MRA {V}},_; of L?(RY)
of multiplicity L associated with matrix dilation A.

Definition 2.2. Let {w} :n € Z",1 < ¢ < L} be the basic multiwavelet packets.
The collection

P = {|detA|ﬂ'/2wg(A. —k):1<(<LjeZke Zd}

is called the general multiwavelet packets associated with MRA {V; : j € Z} of
L?(R%) of multiplicity L over matrix dilation A.

Corresponding to some orthonormal scaling vector ® = w?, the family of

multiwavelet packets wy' defines a family of subspaces of L?(R%) as follows:

Ur = m{\ det AP/ 2wp (Al — k) : ke Z41 <0< L}; JEL, nel. (2.5)

Observe that

a—1
Uy =V;, U =w;=EpU;, jeiz
r=1

so that the orthogonal decomposition V;; = V; @ W}, can be written as

a—1
0 :
Ui, =@pur. (2.6)
r=0
A generalization of this result for other values of n = 1,2, ... can be written as
a—1
no=urtr, jer. (2.7)
r=0

The following proposition is proved in [1].

Proposition 2.3. If j > 0, then

a—1 a’—1 attt -1 aitt -1
— r__ o _ T _ T
W,=QPUui=PUui=-= U= @ U
r=0 r=a r=at r=aj

where U} is defined in (2.5). Using this decomposition, we get the multiwavelet
packets decomposition of subspaces W;, j > 0.

Let {w}! : n > 0,1 < ¢ < L} be a family of functions in L?(R?). Then, the affine
system generated by wj and associated with (A, ") is the collection
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Flwyp) = {wg]k jEZ, kEF1<€<LaJ<n<aJ+1} (2.8)

where wj'; () = Da; T wi' () = |det AP2wp(Alz — k). The quasi-affine system
generated by wy' is

Flwy) = {whk JEZ,kET, 1<£<La3<n<a3+1} (2.9)

where

Dai Ty wit(x) = | det AP 2wp(Alx — k), j>0,keTl,
Wi g,k (%) = | -
|det AJP/2T,D pswit(z) = | det A w] (Ai(z—k)), j<O0, kel,

where 7,f(z) = f(z — y) is translation by a vector y € R? and D, f(z) =
|det A|7/2f(Azx) is dilation by the matrix A. Since A is a dilation matrix, A = B
so there exist constants A > 1 and ¢ > 0 such that

|B'¢| > eNe|, |B79¢| < 1/eA|¢] for j > 0. (2.10)

The following two lemma’s are proved in [2].

Lemma 2.4. Suppose b > 0,9 € L®(R%), suppg C {§ eR?: ¢ > b}, and
supp g C B¥oI; + &, for some &, € R¢ and Jo € Z, then

2. X

JEL keza\{0}
where § = diam(B/°1;), T = Uj<s, B (B 1;+ &) and I; = (—1/2,1/2)%.

ig)g(B (E+k) ‘ < 2d|detAVOM<(b+6)/b>||g||2 Ir(€),a.e. € € RY

Lemma 2.5. Suppose F, G € L?(R%), and supp F, supp G are bounded. Then

> F(k)G(k / Y F(E+0) | G(E)ds.

kezd Lezd

Definition 2.6. Let H be a separable Hilbert space. A sequence { fk}zozl in H is
called a frame if there exist constants A and B with 0 < A < B < oo such that

AFIP < ST fa) P < BIS|P forall f e H. (2.11)
k=1

The largest constant A and the smallest constant B satisfying (2.11) are called the
upper and the lower frame bound, respectively. The sequence { fk},;'il is called a
Bessel sequence in H if only the right-hand side inequality in (2.11) holds. The
sequence { fk}zil is called a tight frame for H if the upper frame bound A and the
lower frame bound B coincide. A frame is called Parseval frame or normalized tight
frame if A = B =1 and in this case, every function f € H can be written as

ST =I5 (2.12)
k=1
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The following theorem gives us an elementary characterization of tight frames.

Theorem 2.7. Let {f;},-, be a sequence in a Hilbert space H such that

S UL =IfIP, forall f € H
k=1
() ||fx]| >1, fork e Z*.

Then, the sequence { fi},-, forms a Parseval’s frame for H.

We will also consider the set D as a dense subset of L?(R?) defined by

D= {f e L*(RY) : f € L™(R?), supp f for some compact K € R\ {0}} .

3. CHARACTERIZATION OF MULTIWAVELET PACKETS

In this section, we prove our main results concerning the characterization of mul-
tiwavelet packets associated with a dilation matrix A by means of the Fourier
transform. We begin this section with the lemma which gives necessary condition
for the system F(w}) given by (2.8) to be a Bessel family.

Lemma 3.1. Let {w} : n € Z",1 < { < L} be the basic multiwavelet packets asso-
ciated with the scaling functions yy. Then, for f € D and m € Z, we have

a1 L

Z ZZ Z ’<f7WZj,k>|2 < o0.

n=ad {=1j<mkeZd
Moreover,

a?ti-1 L

Do D Wi (B

n=aJ (=1 jEZL

’ s locally integrable on R\ {0} (3.1)

if and only if

a?tt-1 L

Z Z Z frwi )] <00 forallf e D. (3.2)

n=al {=1jkcZd

Proof. Since &}';,; () = |det A|_j/Qw?(B_jg)e_%“k’ij@. Therefore, by applying
Parseval’s formula, we obtain

(frwgjn) = (f, 0k = \detA\‘]/Q/ f(e ?ng) 2mi{k,BI¢) dé

= | det A|77/? / F(B2€) &y (€) ™R8 | det AJ de
Rd

— |det AP/ [ F(B76) BT ) de. (33)
Rd
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With the help of (3.3), we can write the series as

JJti_1

SO Y el

n=al {=1j<m kezd

a’tl-1 L

= >0 Y > [ det A

n=ad ¢=1j<m kezd

2

/ F(BIE) wp(§) ™™o e . (3.4)

For any fixed j € Z, let F(¢) = f(B?) @y (€): then by Lemma 2.5 when F' = G, we
have

a?tl-1 L

DI

n=al f=1 kecz

Z_li{/ f(Bg) e (ZfBJSHc)) (§+k))d§}.

2

/ (BI€) (D) 2™tk dg

n=al £=1 keza
Hence
atl-1 L att-1 L
_ Zz|detA|J/ FB)] ep@ e+ Y D3 det Ay
n=ai £=1j5<m n=al £=1j<m

X /Rdf(ng) a;;}(g){ > f(Bj(erk))w;’(erk)} de. (3.5)

kezZ4\{0}
Note that forany ¢ = 1,..., L and n € Z", we have
~n 2
€+ k’)’ .

2|07 )@y (€ + k)| < |or(©)|” +

Therefore, the second sum is absolutely convergent in L' (Rd) and, thus absolutely
summable for a.e. ¢ € R? even if we extend the summation over all j € Z: i.e.,

adtl-1 L

(XXX X et Ap|f(Be) ar @) [£(B (€ + k) o (e + k| e

n=al £=1 jEZ keZ4\{0}

a?ti-1 L

[N X 1denal [[F(BOF(B €+ )|+ 17 (B~ k) F(BE)|

n=al £=1 jEZ kez4\{0}

n=aj f=1 JEZ keza\{0}

ajzlf)/ 2 {Z > ldevAp|f(B7e) f BJ£+k))|}d§
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a3+1—1 L

ey e

n=aj (=1

7€) de < oo, (3.6)

where C' is the constant appearing in Lemma 2.4 depending on the size and the

location of supp f. Furthermore, the first sum appearing in (3.5) can be estimated
crudely by

att—-1 L att—-1 L
> ZZmetA\J/ |F(BIE)|*|wp(©)[Pde < |1 F1% > ZZ|detA|J/
n=al £=1j<m n=aj €=1j<m

| det A|™+1

- . 7
de A I B

In order to prove the second part of the theorem, we have

Jti_1 L Jt1_1

S XX el = X XX ldear [ |7 e el as
n=al {=1 j kec7d n=al (=1 jEZL
Tl -1 L
£ S det ap / FBeep©! S F(BE+R)GHETR b de,
n=al (=1 jEZL kez4\{0}

where the second expression in this decomposition is always finite by (3.6). Thus,
the first implication follows from the fact that

a?tt-1 L a’tt-1 L

S Y S jaear [ |imolaela- Y S Y [ it

n=aj (=1 ;€74 n=aj {=1 ;€74

An j§>| df

atl-1 L

<||f|\2/ Y

n=al (=1 je€74

ap (B¢)[de < oo,

where as the converse implication is simply the consequence of applying the above

to f = xx for any compact K C R?\ {0}, since we have equality (instead of
inequality) in the above formula. 0

Theorem 3.2. Let {w):n€Z",1<(<L} and {&} :n€Z",1<{<L} be the
dual multiwavelet packets associated with the dilation matrix A. Then

a?ti-1 L

”}i_{nw Z Z Z Z(fvwzl,j,ﬁ@z]‘,mf

n=al {=1j<m keZd

if and only if

forall f € D (3.8)
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a?tt-1 L

lim SN ap G (Big) =1, weakly in L'(K), K C R?\ {0}
n=al £=1j>—m
(3.9)
at'-1 L o
= > Y N p(BEap(Bi(E+5s) =0, ae. £ €RY, s €S=12"\ BZ”.
n=al £=1j=0

(3.10)

Proof. We first show that the series given by (3.8), (3.9) and (3.10) are all absolutely
convergent. Since

2 [(f ol (@8 1| < [l ) |+ 1@ D

Therefore, the series in (3.8) is summable by Lemma 3.1. Moreover, by the polar-
ization identity, condition (3.8) is equivalent to

a1 L

(f,9) = mlgnoo Z Z Z Z <f,ij,k><‘:’Zj,ka9> forall f,g € D. (3.11)

n=ai £=1j<m keczd

Thus, for s € R? and w} € L*(R?), we have

i1 L ati-1 L
op (B (€ +9))|*de = Z D) ldet Al O (6 + Bls)Pde
n=al {=1j>—m n=al =1 —j3<m
adtl-1 L
| det A+ 2
= d .
[det A]—1 - GF O de < o0
=al £=1
Therefore, we have
at-1 L
¢ (B (€ +s) )| < oo fora.e. . (3.12)

n=al £=1j>—

Using the above when s = 0 yields

at-1 L at-1 L
op (Big)ap (BIe)|” <

n=al £=1j>—m n=al f=1j>—m

& (B[ +]57 (BE)|* < 0. ac.t.

Similarly, implementation of (3.12) when m = 0 implies

-1 L oo -1 L o

B+ < 3 3

n=aJ (=1 35=0 n=aj £=135=0

&y (B¢) |+

(Bjﬁ—i—s)’ < 00.
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Next, we prove that (3.9) and (3.10) implies (3.8). To do so, let us suppose that
f»g € D. Then, by equation (3.3), we have

(ol ) (@7 a0 9) = | det AP / f(BIE) Gp(e) e dg /R GBI (e de.

For any fixed /= 1,...,L and j € Z, let

F(&) = f(B &) wp(§), G(&) = a(B € @p(€), nez™.

Then, using the Lemma 2.5 and the above fact, we obtain

att—-1 L at -1 L
SN @t e = Y Z/ {ZfB%Hf We(€+k)}

n=al {=1 kecza n=al (=1 keZd
x §(BIE)Gy (€) dé.
(3.13)
Hence
adtl-1 L
I=1I(m)= Z (fs WZj,k><®Zj,/c79> =h+1D (3.14)
n=al £=1j<m kezd
where

- Y 323 tetay JRCGEERERGEAGE:

ot -1 L
I(m) D 2. ldetap /R d@(ij)c%Z(f){ > F(BE+R)w(E+E)

n=ai £=1j<m keza\{o}

by splitting the sum (3.13) into terms corresponding to k¥ = 0 and k # 0. Moreover,
we can interchange the summation and integration in /; and Is, since for h € D,
defined by h = max(|f|,|g|), we have

atl-1 L

S S fdetap / h(B7)

n=aJ ¢=1j<m

w; Ewp(€)|de < oo

and

GJZ_liZdetAl’/ (BT \{ > !ﬁ(Bj(£+k))w?(£+k>\}ds<oo.

n=ai (=1 jEL keZA\ {0}
(3.15)
Now, in order to estimate (3.15), we use (3.6), (3.7) and the fact that
~n Zn ~ 2 2n 2 2n ~7 2m
2|@p (&)wi ()] < @@ +|@p (9)]” and 2|wp(&)ap(E+k)| < |wf | +|w f+k)‘ .

L
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Therefore, we can manipulate the sums as

adtl-1 L
I ZZZuetAv/ G(Bi&) &y (¢ {Z F(BI(E+k)w <£+k)}dg

n=al £=1j<m

Il
v
ling
ilng

%\

+Bﬂk)(B-j§+k:)} de¢

BDID /R ©8r (B 33 e+ BB 5 (BIE+ Broje
r>0 s€S

n=aJ €=1j<m

= [ X 3 3 3 G (BB O) (e B ) (B (B )

a1 L
= / 9(¢) > &} (BT (B™7€)Gp (BT (B PE+9)) f (€ + BPs) dé
Re n=aj f¢=1 s€S r>0p<m+r
a’tt-1 L ) )
- /Rdg@ ,Z wy (BT (B7P€))wp (Br(BPE + 5)) f(€ + BPs)de,

for m sufficiently large so that g(f)f(f—i-Bps) =(0forallp>m,s €S, ie., (suppf—
supp §)NBPS = () for all p > m. Now, if we take, b = sup {|§| : & € (supp f — supp g)} :

then, by (2.10) any m > [log, (b/c)] works. Therefore, for any f,g € D and suffi-
ciently large m, we have

where
atl-1 L . . 4
hm= Y 3 3 [ HOTO G E (B de
n=ail {=1j>-—m Re
fa(m)Z/ 9(8) f(€+ BPs) t,(B7P¢) de. (3.16)
R? pEZ s€S

Here I; follows by a simple change of variables, and I does not depend on m.
Equation (3.16), combined with assumptions (3.9) and (3.10) immediately implies

lim I(m)= lim I(m)+ Io(m) = <f,g> = (f.9).

m—r oo m—r oo

Conversely, we shall prove that (3.8) implies (3.10). For any fixed sy € S and g > 0,
we define

Qq) = {€ € R :[¢] > q, €+ 50| > a -

Now for any &y € Q(g) and j > 0, define
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F3(€) = |B7 14|72 argt,, (©)XB-i1,+¢,(§) and g;(§) = |B_j[dlfl/QXBfHdJrswsD(&)’

where for the purpose of the proof, we define, for z € C,

argz{ T/M’ 270

, z=0.

By separating the term corresponding to p = 0 and s = s( in equation (3.16) for
I,(m), f = fj,g = g;, from the rest, which we denote by R(j). we have

bmw:l;Z/', hm@M%+/)m@) S i€+ BPs)t (BPE) de.
dl JBi 1,16 Rd peZ.seS
(p,s)#(0,50)

(3.17)
Next, if |§;(€) f;(€+BPs)| # 0 for some & € RY, then (B~9 I;4&) N (B~ I3+&+s0—
BPs) # 0, hence B~7(21,) N (sg — BPS) # () which means 21, (B’ sq — BPTIS) # ().
Also, if p+j > 0, then B7sy — BP*IS C Z4, and since 2I;NZ? = {0}, so & BPS for
p # 0, the only nonzero term happens for p = 0 and s = sy. Therefore, the other
nonzero terms can contribute only if p+ j < 0, so we can restrict the sum in (3.17)

top < —j.
Using the estimate
a1 L

JNGIESSD IS

n=ad £=1m’>0

P (B™E)| + o7 (B™ (€ +9)) [P < T(€) + T(E + 9),

where

a1 L

TO= > > >

n=aj f=1m'>0

(f)? (Bm/f) |2 + |y (Bm'g) {2, is locally integrable on R9.

Therefore, we have

RGI<5 [, 3 Y ldetar

p<—j s€S

3, (BPE) || 3 (BP (& + )| T(€)de

N %/Rd > DI det AP|g; (BPE)||f; (B (€ + 9) [T (€ + s)dg

p<—j s€S

/Rd > et AP

p<—j s€S

35 (BPE) || 3 (BP (€ + )| T(€)de

N |

N %/Rd D D et AP[g;(BP(E — 5)) || f3(BPE)|T()dé.  (3.18)

p<—j s€S
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Using Lemma 2.4 with the assumptions that v > 0, where v = v(j 1nf{ €] : € €
B4+ &}, 0 = 6(j) = diam(B~714),T = T(j) = U,._; B~ (B iI4+ &) and
the fact that ‘fj (©)] =1;(€ — s0)|. we obtain

>N et APP|g; (BPE)| £ (BP(E+ )| = DD | det A]P|g;( 35 (BP(£+s) — s0)|
p<—j seS p<—j s€S
= Z Z\detAP’!gj §;(BP(€+s— B "sg))]
p<—j s€S
<> > | det AP|g; (BPE)|]9;(BP(E + k)|

p<—J keZ\{0}

< 29| det A\JM((v + 5)/@)\\9JHOOXT( )

- ZdM((v +6)/v)xT (), (3.19)

Similarly, we have

Do D et AP[gi(BPE = 9))|[f5(BPO) < Y D Idet AP|f;(BPE) || f;(BP (& + k)|

p<—j s€S p<—j keZ4\{0}
< 2| det AP M (o' +0)/0') 12, (€)

=2M (0 +9)/0 )x, (6), (3:20

by Lemma 2.4, assuming v’ > 0, where

v ='(j) = inf{\§| €€ B*de+§o+so} and Y =Y'(j) = U B7? (B*jld+§0+so).

p<—j

For any £ > 0, there exists r > 0, so that f\f\>r (&) d¢ < e. By (2.10), we can

find jo > 0 so that §(j) < ¢/2 and consequently v(j) > q/2,v'(j) > q/2 for j > jo.
Furthermore, by (2.10) we can choose jj large enough so that for all j > jo, we
have

inf{|¢]: £ € Y(j)} = inf{|§| e | BB+ go)} > cMq/2 > r, and

p>j

inf{l¢|: € €T/ (j)} = inf{|§\ cee |UBP(B L+ & + so)} > eNg/2 > r.
p>J

Substituting (3.19) and (3.20) into (3.18), we obtain

RG)| < 2 M(2) /

Y (5)

T(€)d 20! / T()d < 2°M(2) / T()d < 2M(2)e

() jE|>r
(3.21)

for j > jo independent of the choice of £y € Q(g). Since the supports of fj and g;
are disjoint I (j) = 0; moreover (3.8) (and thus (3.11)) implies

0={(fj,g5) = 1£n I(m) = lim Iy(m)=I.

m—r 00



24 FIRDOUS A. SHAH/JNAO : VOL.6, NO.1, (2015), 11-26

Since ¢ > 0, is arbitrary, therefore (3.17) and (3.21) yields

. 1
lim sup

_ ts, (&) d€ = 0. (3.22)
IO ¢heQ(q) |B—'7Id‘ B=iI3+&o ’ % |

Consider any ball B(r) with radius r > 0 such that B(r) C Q(2q). Let Z = {B_jk :
B7i(I;+ k)N B(r) # 0,k € Z%}. If j is sufficiently large, then diam(B71;) <
min(gq, ), so
Z = (B71+ &) C Q(q) N B(2r).
£o€Z
Hence,

/ |ts ()] dE < /_]tso(f)]df
B(r) VA

< ts(£)|dE
ggz:ez/led,+Eo | 0( )|
< Z |B™7 14+ &ole = |Z|e = 24| B(r)|e

£o€Z

for sufficiently large j = j(e) by (3.22). Since ¢ > 0, is arbitrary so fB(T) [ts, (&) d€ =
0, for any ball B(r) C 2(2q). Therefore, fQ(2q) |ts, (£)|d§ = 0 and since ¢ > 0 is
arbitrary [, [ts,(£)] d¢ = 0 which implies ¢,,(£) = 0 for a.e. £ € R 59 € S.

Finally, (3.8) implies that (3.9). Equation (3.9) follows easily from (3.10) and

(3.16) since any function h € L*®(K) can be represented as h = f§ for some

f,gGD.D

Theorem 3.3. Let {w):n€Z",1<(<L} and {&} :n€Z",1<{<L} be the
dual multiwavelet packets associated with the dilation matrix A such that

a?tl-1 L a?t-1 L
S 3Dl ana 30 3N [E (B[ (3.23)
n=al (=1 j€Z n=al £=1 jEZL

are locally integrable on R% \ {0}. Then

a1 L

SOSS S e @ ) = £l SoraltfeD (3.24)

n=ai 0=1 €7 kezd

if and only if

a?tt—1 L

Yo Y @ (BE)op(Big) =1  aefeR? (3.25)

n=ai (=1 j€EZ

(3.26)
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Proof. By Lemma 3.1 and (3.23), the series in (3.24) is absolutely convergent. Also,
by (3.23), the series in (3.25) converges absolutely in L{ (R¢\ {0}) and, hence, is
absolutely convergent for a.e. £. Therefore, under the hypothesis, (3.23),(3.9) <
(3.24) and (3.10) < (3.25). Hence, the desired result follows from Theorem 3.2.

Theorem 3.4. Let {w}' : n € Z",1 < { < L} be the basic multiwavelet packets as-
sociated with the scaling functions y. Then

ati-1 L

oS S e = 1]l forat fe LARY)  (3.27)

n=aJ (=1 jEL k74
if and only if
adtt-1 L

S NN |wr (B =1, ae. £ eR? (3.28)

n=aJ (=1 j€EZL
att-1 L oo

= D > > op(BE)wp(BIE+5) =0, ae £ €RY s eS=7\ BZ”.

n=al {=1j=0
(3.29)

In particular, the system F(w}') given by (2.8) forms Parseval’s frame for L?(R?) if
and only if (3.28), (3.29) hold and |lwille =1, forneZ*,£=1,.., L.

Proof. Using Lemma 3.1 and (3.27), we have

a’tt-1 L

76)[* € Lio(RT\ {0}).

n=al {=1jEL

Therefore, we can apply Theorem 3.3 with w} = @} € L?(R?) to obtain (3.28) and
(3.29). Conversely, assume (3.28) and (3. 29) then again by Theorem 3.3, we have

a’tt-1 L

PO DD DD DRIy

n=a’l (=1 jEZL keZ?

for all f € D.

By Theorem 2.7, we have the above for all f € L?(R?). Furthermore, the system
F(wp) forms Parseval’s frame for L?(R?) if |[w}|s > 1 forn € ZT,¢ = 1,...,L.

O
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ABSTRACT. Dynamics of a production system having a large number of items can be rep-
resented through hyperbolic conservation law. Due to nonlinear dependence on the work in
progress, the resulting partial differential equation becomes nonlinear. Further, occurrence
of yield loss during the process makes it nonhomogeneous. In this paper, an optimal control
problem has been studied incorporating hyperbolic conservation law as a constraint. One
of the few ways to control the output of production system is by adjusting the influx in the
system. Moreover, yield loss can also be controlled in a time dependent manner. It is well
known that the solutions of nonlinear conservation laws may develop discontinuities known
as shock waves that forbid the use of classical variational techniques. This paper studies
sensitivity analysis with the presence of shocks. Adjoint technique has been implemented
to evaluate gradients of cost functionals.

KEYWORDS : Production System; Hyperbolic Conservation Laws; Optimal Control; Shocks;
Sensitivity.
AMS Subject Classification: 49K40, 35L67, 49J20

1. INTRODUCTION

State quantities such as density, velocity and energy, often give rise to nonlinear
conservation laws in various fields of science and technology. One such area is
production system. Armbruster et al. [1] have introduced a continuum model to
study the dynamics of a production system. It is shown that the part density of the
materials in a production system can be approximated by hyperbolic conservation
law. Further, it has been studied by several authors [2, ?, s s ]. Taking
into account customer satisfaction, many important aspects such as velocity form,
yield loss are incorporated at macroscopic level.

The main objective behind any model of production network is to control the
system in such a way that it should satisfy the demand as closely as possible. Since
the demand is so stochastic over a given period of time, a manufacturing system
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needs to generate demand forecast quite frequently and functions accordingly. This
motivates us to study the optimal control problem arising in a production system.
However, it is well known that optimal control for hyperbolic conservation law is
a difficult topic due to its considerable analytical effort as well as computational
expense in practice. Only few attempts have been made to control hyperbolic
equations as they can not be treated straightway with the development of elliptic
and parabolic type equations.

One way is to control the production system by adjusting the inflow rate of
the materials. In this context, existence of optimal control has been shown by
Shang et al. [20] taking influx rate as a control variable. Further, it has been
studied numerically by La Marca et al. [14]. Considering a separate equation for
queue, optimal control problem with coupled system has been studied by Kirchner
et al. [12]. Moreover, for this problem existence of an optimal control has been
demonstrated by D’Apice et al. [8].

In order to perform numerical computations, we try to replace continuous opti-
mization problem by discrete approximation. Subsequently, we need to develop an
efficient algorithm to achieve discrete minimizer. In practice most efficient meth-
ods to approximate minimizers are gradient-based methods. The approach can be
summarized as follows: we first linearize the differential equation to obtain a de-
scent direction for the cost functional J. Then, we take the descent direction with
the discrete values obtained from numerical scheme. For the linearization step,
we consider a small variation of the conserved quantity with respect to the control
variables. One may refer [3, 11] for general linearization technique. However, the
procedure is justified only when the solution is smooth enough. For discontin-
uous solution, it is not justified due to the occurrence of singular terms on the
linearization over the shock location. To take into account shock location, sensi-
tivity analysis is necessary. The linearized system for the variation of the solution
must be complemented with some new equations for the sensitivity of the shock
position. Moreover, it is also necessary to perform the sensitivity analysis of the
optimal control problem for the numerical perspective. This will be evident from
the discussion in remaining sections.

In the present article, we study the sensitivity analysis of an optimal control
problem for production system incorporating yield loss. Sensitivity analysis has
been studied for many real life problems [16]. For Burgers equation, sensitivity
analysis has been performed by Castro et al. [5, 4]. For general conservation law
sensitivity analysis has been accomplished by Kowalewski et al. [13] and Ulbrich
[22]. Song [21] and Godlewski et al. [9] have extended the analysis for systems. Re-
cently, for scalar conservation law sensitivity analysis has been performed through
vanishing viscosity method [15].

In this paper, we perform the sensitivity analysis for a production system by
taking into account certain form of the yield loss. Further, we consider more general
form of the yield loss wherein another control variable is also considered. We have
carried out the analysis without the presence of shocks. In case of shocks, variation
of shock position will be given by ODE’s to complement the linearized equation. We
evaluate the gradient through adjoint calculus. We demonstrate via numerical
illustrations that the customer demand can be matched by controlling the influx
in the system. Apart from the theoretical investigations, numerical illustrations for
yield loss case of production system are new up to our knowledge.

The remaining part of the paper is organized as follows: In Section 2, we provide
some preliminaries to describe the model of production system along with the
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optimal control problem. Sensitivity analysis without the presence of shocks is
presented in Section 3. In Section 4, we take into account shocks in the solution
and perform sensitivity analysis with the state variable. Sensitivity analysis will
be carried out for cost functional in Section 5. We will end up with the numerical
results of the presented optimal control problem in Section 6. Concluding remarks
and further scopes of development have been pointed out in Section 7.

2. PRELIMINARIES

The nonlinear conservation law model of manufacturing system can be repre-
sented as follows:

op(x,t) + 0 f(x,t, p) + yi(w,t,p) =0, x € (0, L), t >0, 2.1)
where the flux function f(z,t, p) is given by

[z, t,p) = min{:“’(xv t),v(z,t)p(x, t)}
Completion of the product within the supplier is represented by continuous vari-
able z. In (2.1), p(z,t) represents the density of goods at stage x and time ¢. Raw
materials entered into the suppliers are described by the parts at z = 0. The fin-
ished products are going out of the suppliers at x = L. The term p(z,t) represents
maximal capacity of the suppliers. Yield loss phenomena is expressed as y;(z, t, p).
Influx and initial situation in the system are prescribed below.

Initial condition: p(z,0) = po(z), = € [0, L]. (2.2)
Influx condition: f(0,t, p(0,t)) = A(t), t > 0. (2.3)
Form of velocity function is given in [19] as follows: v(x,t) = v(W(¢)), where

W(t) represents work in progress in supplier at time ¢. Mathematically, W (t) =
fo s t ds. Similar nonlocal velocity form is also considered in [6]. Now we intro-
duce an opt1ma1 control problem related to production system.

The profit of a manufacturing system can be affected significantly by two different
aspects. One is overproduction. Producing too much of items lead to high inventory
cost in the system. The other one is underproduction. Producing not sufficient
number of items lead to lost sales which result into backlog cost. It is quite evident
that to maximize the profit, a manufacturing system must be able to match the
demand of the customers as closely as possible. We consider cost functional J as

T T
Ko =5 [ )~ 0P+ 5 [ NP 2.4

Here y4(t) represents the demand rate and y(t) = v(W(t))p(L,t) measures the
output of the system. The term A(t) provides the influx rate in the system over
time 7. The objective behind the choice of cost functional is to minimize the
amount of influx and mismatch between the outflux and demand of the customers.
We assume that the maximal capacity does not exceed the flux in the suppliers,
and maximum speed of the materials denoted by V;,;. Optimization problem will
be studied in the subsequent sections can be formulated as follows:

min J(p, A) subject to the constraints

Oup(a,t) + 0 (o (W () p(2,t)) + w2, t, p) = 0,
p(x,0) = po(x), = € [0, L], 2.5
v(W(t))p ( t) = A®), t € (0,71, '
V(W () = ok

1+ [F p(s,tyds”
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3. SENSITIVITY ANALYSIS WITHOUT SHOCKS

In this section, we derive an expression for the sensitivity of the functional J
with respect to influx rate by considering certain form of yield loss. After that the
analysis will be carried out for general yield loss case involving another control
variable.

3.1. Control on Influx. We consider the yield loss form as y;(z, ¢, p) = —g(x, t)p(x, ),
where g(z,t) is a continuous function. The following theorem ensures the existence
of at least one minimizer for J given in (2.4).

Theorem 3.1. Let U,y = {f € L*(0,T) : f is non-negative almost everywhere}.
Assume that yq € L?*(0,T). Then the infimum of the functional J is achieved, i.e.,
there exists Apin € Uyq such that J(Apin) = Airlljf J(p(N\), A).

€Uqd

Proof of Theorem 3.1 can be carried out in the same manner as in Shang et
al. [20] by considering a minimizing sequence of J in U,y4. Let us assume that
there exist a classical solution p(z,t) of (2.5) in (z,t) € [0, L] x [0,T]. Let )\ be
any possible variation of the influx rate A. Then for ¢ > 0 sufficiently small, the
solution p¢(z,t) corresponding to the influx

AS(t) = A(t) + edA(t)
is also a solution for (x,t) € (0, L) x (0,T) and p°(x,t) can be written as
pS = p+e(dp) + o(e),

where §p is the solution of the linearized equation

) 2
010p + 0, (U(W)6p — (VVK[) p(x,t) fOL §p(s,t)ds> = g(z,t)dp(x, 1),
v(W)dp(0,1) = dA(1).
In order to find the adjoint system for the problem (2.5), we seek for first order

necessary condition of (2.5). Thus, we introduce the Lagrangian function L(p, p, A)
by considering p(z,t) as a multiplier:

1

T T
L) =5 [ ) = w0t +5 [ xR

L T
n / / Orple ) + Ba (0(W (£))p) — (e, )plar, D]l 1) .

Taking into account the variation of Lagrangian L with respect to p and A, we obtain
the following adjoint system:

O+ 0. (0(W)p) + g, p = 5= [p(L alt) —o(W)p(L,)?
_ foL p(s,t)ﬂz(s’t)ds]’ (3.2)
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Multiplying the linearized equation (3.1) by p(z,t) and integrating by parts, we get
the following:

L T L
/0/0 (8tp(:c,t)+3w(v(W)p(x,t))+g(x,t)p(m,t)>5pdtda:+/o p(z,0)dp(x,0)dx
L T
Iy
T 2 L
- [ [p0.000.0) - piz0p(z0)] [ oot s
T
- [ oz

)2 X " S S X X — " X X X
plast) [ dp(s,)dsd,(o. it | (e T)ip(e. T)a

T
t)op(L,t)dt +/ p(0,t)v(W)op(0,t)dt = 0.
’ (3.3)

Making use of simple calculus it is not difficult to obtain the following:

L

2 L
) p(x,t)/ 0p(s,t)dsOyp(z, t)dtdx

/ / VM / Ozp(s,t)p(s t)ds} dp(x,t)dtdx

+/0 U(‘EV) (0, £)p(0, ) — p(L, t)p(L, t)] / 5p(s,t)dsdt.

M

Let 6J be the Gateaux derivative of functional J at A in the direction J\.

TU 2 L
= (ol a(t) = (W)L 1)) | ot nasar
T

T
—/ (U(W)Qp(L,t)—U(W)yd(t))5p(L,t)dt+/ A(t)OA(t)dt

0 0
Taking into account adjoint system (3.2) in (3.3) we can rewrite the variation of J
in the following way.

T T T
5 = /0 A(t)oAdt — /0 p(0, t)Adt = /0 (A(t) — p(0, £))Adt.

In order to evaluate §.J, we need to get the information from adjoint system. Adjoint
state p(z,t) can be computed from the prescribed influx A(t), dA(t), boundary
data p(L,t) and the terminal data p(x,T'). Therefore, the descent direction for the
functional J can be chosen as 0\ = —d(t), where d(t) = (A(t) — p(0,1)).

3.2. Control on yield loss. In order to achieve maximum profit, controlling the
yield loss is a crucial objective for any production system. Motivated by this, we
include time-dependent control variable u(t) in the yield loss term of continuum
model. Form of the yield loss will be considered as y;(x,t) = h(z,u(t), p(z,t)),
which is assumed to be continuous. In similar way as above, we consider small
perturbations d\ and Ju for the influx A(¢) and control variable u(t) respectively.
This results in small variation on solution p(x,t). Let us denote the small variation
by dp(x,t). In this subsection, we carry out the sensitivity analysis considering
p(x,t) as a classical solution. For discontinuous solution, sensitivity analysis will
be performed in the next section. We choose the cost functional as
T

T
Tou) = [ ) - uoPar+ 5 [ juiofae
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Again y,4(t) and y(t) represent demand and outflux of the system respectively. The
first term in the objective functional measures the difference between demand and
outflux and the second term can be considered as regularization term.

The small variation Jp satisfies the following linearized problem

Odp(z,t) +am( (W)dp — ‘ZZ) (z,t) fo op(s t)ds)
+Oph(x, u(t), p(2,1))0p + duh(x, u(t), p(z, 1)) du(t) =
dp(z,0) =0,
v(W)dp(0,t) = JA(L).
By considering usual notion of Lagrangian formulation, we derive the adjoint sys-
tem. Adjoint variable p(z,t) satisfies the following system:

—0ip(,t) — By (0(W)p(x, 1)) + Dph(x, u(t), plx, t))p(z, )
oy fo (5,)pa(s t)ds+”<W> (p(L, t)ya(t) — v(W)p(L,)%) = 0,

(3.4)

Vit (38.5)
p(z,T) =
p(L,t) = yd(t) —v(W)p(L,1).

The Gateaux derivative [15] of functional J, denoted by 6.J at (u, A) in the direction

(du, 6\) can be derived as

T 2 L
5. — /O ”%) (L ya(t) — v(W)p(L,1)?) /0 5p(s, t)dsdt

T T
+ / (0(W)2p(L, t) — v(W)ya(t))6p(L, t)dt + / u(t)du(t)dt
0 0

From the linearized equation (3.4) multiplying by adjoint variable p(z, t), we obtain

/ / — Oyp(x,t) — Oy (V(W)p(z, 1)) +aph(x,u,p)p(x,t))5p(x,t) dtdz

_/0 o, 0)6p(x, 0)d / / VM / Dupls, (s, t)ds| dp(e, t)drcr

L
+/0 p(x,T)§p(x,T)dx+/O /0 (Ouh(z, u, p)ou)p(z, t)dtds

(3.6)

4 / WL 0)3p(L ) — / © (0, )0(W)5p(0. )i = 0.
0 0

With the help of (3.5) and (3.6), variation J.J can be reduced to
T T
5] = / — p(0,1)5N(t)dt + / u(t)du(t)dt
0 0
L T
+ / / (Ouh(x, u, p)ou(t))p(z, t)dtdz.
o Jo

Above expression for d.J provides a descent directions for functional J. Descent
direction for control variable u can be chosen as du(t) = —d;(t), where d;(t) is
having the following expression dy (t) = —u(t) — fOL Oph(z,u, p)p(x,t)dz. Similarly,
we can choose the descent direction for influx as 0A(t) = —ds(t), where da(t) =
p(0,t). Information about adjoint variable p(z,t) can be obtained by solving the
system (3.5). Once we have computed adjoint state, we immediately get the descent
directions.



SENSITIVITY ANALYSIS OF A PRODUCTION SYSTEM MODEL 33

4. SENSITIVITY OF THE STATE IN PRESENCE SHOCKS

The hyperbolic conservation laws may develop singularities in finite time even
for the smooth input data. Therefore in practical applications, we need to consider
optimal control problems in which the solutions have discontinuities. We shall
study the optimal control problem of production system, described in the previous
subsection in the presence of shocks. We focus on the analysis of conservation
laws with a finite number of noninteracting shocks. In order to develop efficient
numerical methods for the optimal control problems in the presence of shocks, we
need to investigate the sensitivity of the states in production system with respect
to the input data and control variable along with the infinitesimal translation of
shock positions.

The conservation laws model is to be studied as in (2.5) with the yield loss and
cost functional described in Section 3.2. We assume that p(x,t) is a weak solution
of conservation law model with discontinuities along I'; for j = 1,2,...,.S, where
T = {(¢;(t),t) : t € [t9,T]}. The solution p(z, 1) is defined in strong sense outside
U;I';. The Rankine-Hugoniot condition on I'; can be given as following:

(b; (t) [p(‘7 t)}mztﬁj (t) = [’U(W(t))p(., t)]ac:¢_,»(t)-

The notation [f],, = f(z}) — f(z;) denotes the jump at z,4 of any piecewise
continuous function f with a discontinuity at z = z4. We need to analyze the
sensitivity of (p, ¢;, u) with respect to the variation of 6\, d¢; and Ju.
We recall that the linearized equation (3.4) must be interpreted in a weak sense.
It is reasonable to choose the solution of the linearized equation (3.4) of the following
form:
S

0p = 0pr + Z 45 XT; >

Jj=1

where §p, is the regular part and the other one is singular part at the shock
locations. We observe that the regular part dp, satisfies the following linearized
system in an analytical sense outside U;I’;

2ope+ £ (00)3pr — S p(a, 1) [ 60, (5, s )
2 B ult), plar, )00 + 2 b, ul), pla, )50 = 0,
dpr(x,0) =0,

v(W)dpr(0,t) = OA(2).

(4.1)

In order to analyze the singular part, we again get back to the linearized system
(3.4). Weak formulation of the linearized system (3.4) can be expressed in the
following way by considering 1(x,t) as a test function having compact support

/OL /OTéﬂ(aﬂlerv(W)az?/J)dtd:c/oL /OT¢(x,t)(aph($7u(t),p)5p

L T w2, fL
—&—auh(av,u(t),,0)6u>dtcl33—|—/O /0 U(VM) (/0 w(s,t)pw(s,t)ds)épdtdx o)

L L
+/O 1/)(1’,0)5p(z,0)d937/0 P(x, T)op(x, T)dx

+/0 [1(0,£)v(W)dp(0,t) — (L, t)v(W)dp(L,t)]dt = 0.
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Let D, denotes the region D \ U;I';, where D represents the complete domain
[0, L] x [0,T]. Using Green’s theorem and integration by parts in (4.2), we obtain

v(W)?
v

M

/D ( — Ou0p — By (v(W)dp — p(z,1) /0 ’ 3p(s, t)ds))d;(x, t)dtdz

S
_ / / (x,t) (8ph(:z:, u(t), p)op + Ouh(z,u(t), p)éu) dtdx
o Jo

S T 2 L
. v(W
“ 3 [, [o—vwian =250 [Cotea] _ vlemsio =0
j:l j —%
(4.3)

We would like to consider the form of dp in the weak form of linearized equation
(3.4). It is not difficult to derive the following expression

o

S 2 L
S aen, (000 .0, w30 = “FE gty [ a0

= Oph(a, u(t), p) ) ddt = g5(1)] (2. )]s, 0

S
+Z/T(—d%—a (@, u(t), p(x,1))]o= q-)wI -
dt — op NP I le=es O ) la=05 (0

j=1
We observe that for j = 1,2,...,5, g;(t) are considered as the solutions of the
following ODE’s

G= —dph(au(t). pla, )] 50 S |650pr —v(W)S

dt ap ) , PAT, m:(zﬁj(t)q] j=1 t? 0 Pr Pr

v(W)? L
_WP(I, t) fO 5p7" (37 t)d5:| 1:¢_7’ (t)7 (4'4)
g;(t3) =0.

Remark 4.1. In practice the solution of PDE (4.1) should be computed first, for
instance with the method of characteristics in D, as it is interpreted in strong
sense. Then we solve the ordinary differential equations to obtain g;’s. It requires
the values of Jp,. which will be available from the previous step.

Remark 4.2. If the discontinuities occur after certain time 7 then the lineariza-
tion can be done separately for ¢ € [0,7p) and ¢t € [Ty,T]. For ¢t € [0,Tp), the
linearization can be carried out as described in Section 3 since the solution is reg-
ular. After that the linearization can be done as presented above. The intermediate
condition can be obtained from weak formulation of the linearized PDE by choosing
appropriate test function.

5. SENSITIVITY OF J IN PRESENCE SHOCKS

In this section, we study sensitivity of the functional J with respect to the vari-
ations of influx A(¢) and control u(t). It helps us to evaluate the gradient of cost
functional and identify descent directions of the control variables. Furthermore,
we describe the solution procedure of the presented optimal control problem in a
concise way.

We again make use of adjoint calculus to remove the dependent variables from
the variation of cost functional. The variation of cost functional J, denoted by ¢/,
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with respect to the perturbations of (u, A) can be derived as following

0J = /

T
+/0 (v(W)? (L,t)—v(W)yd(t))(Sp(L,t)dt+/0 u(t)dudt,

L
(P )al) = oW )p(Lt?) [ Gl 00
(5.1)

where the pair (0p, du) solves the linearized equation (3.4).
Incorporating the results of Section 4, the complete system of first variation (3.4)
can be rewritten as

(5,0,« + az v(W)dp, — W) p(z,t) fo Spr(s t)ds)
+&Eh(a,u(t), pla,t))opr + 8uh($7u(t)a p(z,t))du =0,
d;; = h(a: U( ) ('T t))|:v ¢; ()45 + Zf:l ftg; [¢j5p7' - U(W)(Spr
v(‘I//V) (z,t) fO Spr(s,t) d5]| o) (5.2)
6p7‘(x50) - 07
v(W)dp(0,t) = IA(t),
q;(t9) = 0.

We consider adjoint state variables p(z,t) and 0(t) = (61(t), 62(¢), ..., 0s(t)) for dp,
and q(t) = (q1(¢),q2(t), ..., qs(t)) respectively. Multiplying equations of dp, and ¢
with adjoint variables p and 6 respectively and performing integration by parts we

have
2 L
/ / (@.0)( a@pﬁa(( opr %) ol 1) /0 5pr(s,t)ds)
p(z,

+ 0ph(x, u(t), p(x,t))dp, + h(x u(t), ))6u)dxdt

ou
+ Z / (%54 3, gy — [560 — v (W),

v%)zp(x,t) /OL 6pr(s7t)d5] }z:aaj(t))

T L L
= [ [ oubtauto) oot tiudade + [ p(e Ty T) = pla, 0o 00
+Z/O 05— T phCe ult), L, 1) s )+ Oy
2 L
+ Z/ qﬁjépr —v(W)dp, — UVVJ\[;)'O/O 6pr(s,t)ds} |m:¢j(t)

+ / [p(L )0 (W)Spr (L. 1) — p(0, £)0(W)dp, (0, 1)]dt
T L
+/0 / 30 (= 0 — B (w(W)p) + Dyl p)p(a 1) ) drd



36 T. SARKAR/JNAO : VOL. 6, NO. 1, (2015), 27-39

_/OT /OL ”%)2 [/Lp(s,t)pz(s,t)ds](Spr(a:,t)dxdt+i/t: (65 (t)p(a, t)

0
v(W)2 L
dpr — p(x, )o(W)ép, — p(z,t) (VIM) p(x,t) /O pr(s,1)dx] =g, t)-

In the process of removing dependent variables, we obtain the following system of
adjoint variables

G = Zh(@,u(t), p(@, 1)) a=g, 0 05 (1),

0;(T) =0,

~8p — &@Mﬂ)+3MwUM(7)+§J[MLUw®
—p(L,t)?v(W) — fo (s,t)pa(s,t)ds] =0, (5.3)
(l‘,T) - 07

p(L;t) = ya(t) — o(W)p(L, 1),
P~ (¢ (1),t) = p*(;(), 1) = 0;(1).

Taking into account (5.3), variation ¢/ in (5.1) can be written as

T (L T T
J:/ / (’9uh(1‘,u(t),p)p(x,t)éudazdt+/ fp(O,t)5)\dt+/ u(t)dudt.
o Jo 0 0

The above expression provides the information about the gradient of cost functional
with respect to the decision variables u and A\. We can choose the descent directions
as follows:

L
—/ 9,h(z,u, p)pla, t)da,
0
0N = p(07 t)a

where p(z,t) can be obtained from (5.3).

6. NUMERICAL ILLUSTRATIONS

In this section, we describe the numerical approach which is applied for an
optimal control problem considering yield loss. Numerical results presented here
can be considered as generalization of [14] for yield loss case. To start the process
we require input values of control variable influx A(t) from respectable admissible
set. The amount of yield loss is considered as 20 percent of density. As described
in previous sections, we obtain first variation and subsequently a system with
associated adjoint variable as constraints. We discretize the hyperbolic PDE’s of
density and adjoint variable respectively with the input values of A\. The density
will be evaluated forward in time while adjoint variable is computed backward in
time. We minimize the mismatch between outflux and demand over a time period
t = 10. Then, we can evaluate the descent direction for A as JA. We update the
control variable influx A as A" = \°4 4 ¢§)\ so that A"®? belong to admissible
set, where ¢ € (0,1). We proceed in this way until the gradient of cost functionals
becomes sufficiently small.
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FIGURE 1. Demand, influx, outflux as a function of time with yield loss

We minimize the mismatch between outflux and demand over a time period
t = 10. Then we can evaluate the descent direction for A as d\. We update the
control variable influx A as A"¢% = \°!? 4 ¢§)\ so that A\"*" belong to admissible
set, where ¢ € (0,1). We proceed in this way until the gradient of cost functionals
becomes sufficiently small.

Motivated by discontinuous nature of demand, for first experiment we have
considered a demand function with a steep decrease at time ¢ = 5. We start with
constant influx A = 3, initial density 1 and v,,4,; = 4. Influx, outflux and demand
are presented in Figure 1 as a function of time.

SN G A m 0 N o

FIGURE 2. Influx, outflux with discontinuous demand



38 T. SARKAR/JNAO : VOL. 6, NO. 1, (2015), 27-39

FIGure 3. Influx, outflux with periodic demand

For second experiment, we have taken a demand function with a jump at time
t = 5. Starting parameters except influx A = 2, are remain same as of first case.
Influx and outflux are displayed with discontinuous demand in Figure 2.

We consider a demand function with periodic nature. Demand rate and v,,,4; is
taken as sinmt 4+ 1 and 5 respectively. Influx, outflux and demand are presented
in Figure 3. The above figures demonstrate that we are able to generate outflux
which can match the demand quite closely. It is also observed that initially there
are mismatch between outflux and demand but as time progresses it has reduced
significantly. Further, it is noticed that discontinuous demand leads to oscillation
in influx of the system. Incorporating yield loss the presented results are quite
satisfactory. In order to control the yield loss, improved optimization techniques are
desirable. So we realize that several theoretical as well as numerical investigations
are still to be done in this direction.

7. CONCLUSION

We have studied sensitivity analysis for an optimal control problem of produc-
tion system. Special attention is given when the solution has discontinuities. By
considering singular part at the shock locations, the analysis has been carried out
in presence of shocks. Linearized equation is complemented by the equation of
shock positions. We have discussed how to identify descent directions to find the
minimizer of the optimal control problem. Numerical results are presented for yield
loss case considering influx as a control variable. The presented results are new
to the author knowledge. This also open several new possibilities in the area of
optimal control for partial differential equation based production system models.
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ABSTRACT. The extragradient method introduced by Korpelevich [18] and Antipin [1] is a
double projection method designed for solving variational inequalities. The double projec-
tion per iteration enable to obtain convergent under monotonicity and Lipschitz continuity
while other single projection methods, for example the projected gradient method requires
strong monotonicity. The subgradient extragradient method [5] is a modification of the ex-
tragradient in which the second projection onto the feasible set is replaced by a projection
onto a specific constructible half-space which is actually one of the subgradient half-spaces.
Still, this algorithm requires Lipschitz continuity. In this work we introduce a self-adaptive
subgradient extragradient method by adopting Armijo-like searches which enables to obtain
convergent under the assumption of pseudo-monotonicity and continuity.
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1. INTRODUCTION

In this paper, we are concerned with the Variational Inequality Problem (VIP) in
the Euclidean space R”. Let C' C R™ be a non-empty, closed and convex set and
let F : R™ — R™. The VIP consists in finding a point 2* € C, such that

(F(x*),z —2*) >0, forallz € C. (1.1)
Korpelevich [18] and Antipin [1] proposed an algorithm for solving the VIP, known
as the Extragradient Method, see also Facchinei and Pang [11, Chapter 12]. In

each iteration in order to get the next iterate 2**!, two orthogonal projections onto
C are calculated, according to the following iterative step. Given the current iterate
z¥, calculate
y* = Po(az® — 1 F(z")), (1.2)
zFtl = Pc(:zzk —T]-'(yk)), (1.3)
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where 7 is some positive number and Po denotes the Euclidean nearest point pro-
jection onto C'. Although convergence was proved in [18] under the assumptions
of Lipschitz continuity and pseudo-monotonicity, there is still the need to calculate
two projections onto the closed convex set C' which might seriously affect the effi-
ciency of the algorithm. Censor et al. [5] (see also [6, 7]) presented the Subgradient
Extragradient Method (SEM), in which the second projection (1.3) onto C' is re-
placed by a projection onto a specific constructible half-space which is actually one
of the subgradient half-spaces. In order to prove convergence the authors assume
that F is monotone on C, Lipschitz continuous on R”, and the Lipschitz constant
L is known, so 7 € (0,1/L).

In this paper we present a new modification of the SEM for solving the VIP (1.1)
when the mapping F is assumed to be only continuous instead of Lipschitz. Using
an Armijo-Goldstein-type rule ([2]) the step size T is updated and convergence of the
algorithm is then guaranteed under the assumptions of pseudo-monotonicity and
continuity of . Other step size adaptations are also presented and the convergence
proof can be obtain by following similar arguments. Our convergence theorem relies
on the work of Khobotov [17] and Solodov and Tseng [23].

The paper is organized as follows. In Section 2 we present some preliminaries
and definitions that will be needed in the sequel. Later, in Section 3 the new
algorithm is presented and its convergence is analyzed. Finally, in Section 4 we
illustrate the algorithm performance.

2. PRELIMINARIES

In this section we present some useful definitions and results that will be needed
for our convergence theorem.

Definition 2.1. Let C C R" be a non-empty, closed and convex set and F : R™ —

n
. éi) The mapping F is called pseudo-monotone if forany z,y € R" it holds
(Fy)z—y) 20 = (F(x),z—y) = 0. 2.1)
Observe that by substituting y = x* in (2.1) we get
(Flz),z —2*) >0 forallz € C and for allz* € SOL(C, F) 2.2)

where SOL(C, F) is the solution set of (1.1).
(i) The mapping F is called Lipschitz continuous on R" ifforany z,y €
R" there exists an L > 0 such that
IF(x) = Fy)ll < Lllz —yll. 2.3)

(iii) A sequence {xk}zio C R" is called Fe jer-monotone with respect to C' if
foreveryu € C

2"t — ) < ||l2* — ul| for all k > 0. 2.4)
The following lemma is due to Gafni and Bertsekas [12] and it is central in our
convergence theorem. This can also be found in Toint [24] or more recently, for

example in [14] and [8].

Lemma 2.2. Let C' C R™ be a non-empty, closed and convex set. For every x € C,

z € R" and a > 0, the function

_|Pe(@+az) - af
o}

h(a) (2.5)

is monotonically non-increasing.
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For each point x € R"”, there exists a unique nearest point in C, denoted by
Po(x); that is,
|z — Po (z)|| < ||z —y|| forally € C. (2.6)
The mapping Pc : R™ — C' is called the metric projection of R™ onto C. It is well
known that P¢ is a non-expansive mapping of R” onto C, i.e.,

|1Po (x) = Pe (y)ll < [lz —y|| forall z,y € R™. 2.7)
The metric projection P is characterized [13, Section 3] by the following two prop-
erties:
Pc(.%') eC (2.8)
and
(x — Poc (z),Pc(x) —y) >0forallz € R", y € C, (2.9)

and if C' is a hyperplane, then (2.9) becomes an equality. It follows that

2
|

|z —y|* > |z — Po (2)]> + |ly — Po («)|* forall z € R, y e C. (2.10)

The next definition of a fixed point set of a mapping 7" and (2.9) give an equivalent
formulation for the VIP.

Definition 2.3. LetT : R” — R" be a given mapping. The fixed point set of
T is defined as

Fix (T) :={z e R" | T(x) = x}. (2.11)

A well-known relation between the solution set of the VIP (1.1), SOL(C, F), and
the fixed point set of the operator Po(I — \F) is: for any A > 0;

SOL(C, F) = Fix (Po(I — AF)), 2.12)

see e.g., Eaves [9]. By converting this relation into an iterative method for solving
the VIP (1.1) we can get the well-known projected gradient method. Next we show
how by using similar techniques we can recover the extragradient method ((1.2)-
(1.3)).

Lemma 2.4. Let C C R" be non-empty, closed and convex. Let F : C — R"™ be
Lipschitz continuous with constant L > 0. Forany A € (0,1/L), we get
SOL(C,F) = Fix (Pc(I — AF(Pc(I — AF)))) . (2.13)
Proof. (i) Let z € SOL(C, F). Applying (2.12) twice, we get
Po(z — AF(Pe(z — AF(2)))) = Po(z — AF(z)) =« (2.14)
which implies that z € Fix (Pc(I — AF(Pc(I — AF)))).
(i) On the other hand, let z € Fix(Po(I — AF(Po(I — AF)))). Denote by
y := Po(x — A\F(x)), we get = Po(z — AF(y)). We now show that z = y. In-

deed, following the non-expansiveness of the metric projection Po and the Lipschitz
continuity of F

2 = yll = 1o~ AF(1)) — Pelz - AF()|
< (e = AF() ~ (& = AF@)]| = AIF() ~ F(w)]
<2yl 219

following the assumption on \ we get that © = y, meaning that x = y = Po(x —
AF(x)), i.e., xz € Sol(F,C). O
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Notation 2.5. Any closed and convex set C C R"™ can be represented as

C={zeR"|c(zx) <0}, (2.16)
where ¢ : R" — R is an appropriate convex function. Take, for example, c¢(x) =
dist(z, C), where dist is the distance function; see, e.g., [15, Chapter B, Subsection
1.3(c)].

We denote the subdifferential set of c at a point x by

Oc(x) :={£ e R" | c(y) > c(x) + (§,y — ) for all y € R"}. (2.17)
For z € R", take any £ € dc(z) and define
T(z):={weR"|c(z) + ({,w—z) <0}. (2.18)

This is a half-space the bounding hyperplane of which separates the set C from the
point z if £ # 0; otherwise T'(z) = R"; see, e.g., [3, Lemma 7.3].
3. THE ALGORITHM

Our new modification of the subgradient extragradient algorithm without the
Lipschitz assumption is given next.

Algorithm 3.1. The self-adaptive subgradient extragradient algorithm
Step 0: Select a starting point z° € R". Choose a_1 € (0,00), € € (0,1), and

B8 €(0,1).
Step 1: Given the current iterate x*, choose oy, to be the largest
o€ {ak_l,ak_lﬂ,ak_162,...} (3.1)
satisfying
2
a et —y" Fah) = Fy")) < (1 =) " =4 (5.2
where
k_ k k
y* = Po(z® — aF(z")). (8.3)

Step 2: If ¥ = y* then stop. Otherwise, denote a* := (xk — ak]-'(xk)) —y* and
construct the set Ty, as follows

— {wER" | <ak7UJ—’yk> SO}, ifak7é0’
Tk - { R™ l:fak —0. (34)

Calculate the next iterate
= Pr, (2% — . F(y")), (3.5)
setk < (k + 1) and return to Step 1.

Remark 3.2. 1. Observe that (3.2) can be viewed as a local approximation of the
Lipschitz constant L, and then we get o < 1/L. Indeed, if

(zF —y*, F(a¥) — F(y"))

. .12
% —y*||

Li = (3.6)

thena < (1 —¢)/Ly.
2. There exists many other techniques for the choice of ay, in Step 1, for example

Khobotov [17]
L { =* — y*]] }
ap =ming ag_1,3 , (3.7)

IF (z*) = F(yM)|l
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and Marcotte [20]

k k
— "t —
o = min Ok 1, H - Y H : . (3.8)
2 V2|IF(R) - Fyh)ll
It looks likke any of the above choices (and other e.g., [25]) might work as well.

Remark 3.3. Observe that if c is lower semi-continuous and Gateaux differentiable
aty*, then {(a* — 7F(2*)) — y*} = dc(y*) = {Ve(y")}; otherwise (a* — 7F(2*)) —
y* € dc(y*). See [3, Facts 7.2] and [10] for more details.

For the convergence of the algorithm, the following assumptions are needed.
Condition 3.4. The set SOL(C, F) is non-empty.
Condition 3.5. The mapping F is pseudo-monotone on C, that is (2.2).
Condition 3.6. The mapping F is continuous on R".

Remark 3.7. Censor et al. [5] (see also [6, 7]) introduced an extension of Korpele-
vich’s extragradient method which is the Subgradient Extragradient Method (SEM).
The general idea of the SEM is close to that in Algorithm 3.1 in which, given the
current iterate =¥, the next iterate £**! is calculated as the projection onto the con-
structible set T}, (3.4). But while the convergence of the SEM is guaranteed under
strong assumptions as monotonicity, Lipschitz continuity on R” and the knowing the
Lipschitz constant, Algorithm 3.1 requires only pseudo-monotonicity and continuity.
This advantage is not only theoretical but also plays a central role in practice when
the information regarding the Lipschitz constant in missing or when the mapping is
only continues mappings; see Section 4 for numerical experiments. In addition, other
step size adaptations ((3.2) in Step 1) can be chosen, for example Khobotov’s [17] or
Marcotte’s [20].

3.1. Convergence of the self-adaptive subgradient extragradient algorithm.
For the convergence we first show that Step 2 is valid.

Lemma 3.8. Iffor some k > 0, z¥ = y* in Algorithm 3.1, then z*,y* € SOL(C, F).

Proof. Assume that 2% = y*; then 2% = Po(2% — apF(2%)), so 2 € C. By the
variational characterization of the projection with respect to C' (2.9), we have

(w— 2* (2F — ap F(aF)) — xk> <0, forallw € C, (3.9)
which implies that
g <w — xk,}"(xk)> >0, forallw € C. (3.10)
Since ay, > 0, we have that 2% € SOL(C, F). O
From now on we assume that the algorithm generates infinite sequences {xk},;“;o
and {y*}%° . Next we prove that «y, is well defined.

Lemma 3.9. Forall k > 0, there exists & > 0 such that for all « € (0, @] (3.2) holds.
Hence oy, is well defined.

Proof. By Condition 3.6, F is continuous on R". Since the metric projection is also
continuous on R", we obtain

lim Po(zF — aF(a*)) = Po(a®). (3.11)

We now examine the two cases, ¥ € C and z* ¢ C.
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(i) If z¥ € C, then z* = Po(z*). By the continuity of F and (3.11), we get that
for sufficiently small « € (0, 1],

H]:(mk)H H.F(x — F (Po(a® — aF(z M <@-e ) ||* = Po(a® — ||
(8.12)
Now, let a € (0, 1] be sufficiently small. By the Cauchy-Schwarz inequality, the
non-expansivness of the metric projection and Lemma 2.2 we get

a(a® -yt Fa*) - Fy*))

= a(Pc(a") - Po(a® — aF(ab)), F(a*) — f(y’“)>

< aHPC(xk) Pc(xk —aF xk))H Hf f(yk)H

< o? | FEM| |7 = F )]

< a?(1—¢) ||2* — Po(a* — F(a*)|°

< (1—e)||z* —*||", (3.13)
so (3.2) is valid.

(i) If z* ¢ C, then
gu_"ilocu@ —yF Fa®) - F@M)) =0 (3.14)

while

lim (1 - ) o = || = (1 &) " = Po(ab)|[* > 0, (3.15)
implying the claim. 0

The next Lemma is central for the convergence theorem.

Lemma 3.10. Let {z"}2° . {y*}22, be any two sequences generated by Algorithm
3.1. Assume that Conditions 3.4--3.6 hold, and let z* € SOL(C, F). Then for every
k>0

ky _ PNIE
ot o < P (12 DT g
=y

Proaf. Let z* € SOL(C, F). Since y* € C, we have by Condition 3.5

(F(y*),y" —2*) > 0forall k >0, (3.17)

which implies that

(F(y*), 2" —a*) > (F(y"), 2" — %) (3.18)

By the definition of 7}, we have
<xk+1 — ", (mk — ak}'(xk)) — yk> <Oforall k >0, (3.19)
then
<mk+1 — ok (@* — anF(y)) — yk> _ <xk+1 — gk 2k — a F(zF) — yk>
+ oy (2P =k F(2F) — F(yF))
)

< ay, <wk+1 - yk, .7-'(;3’“) - .)"-'(y]’C (3.20)
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Now by letting z¥ = ¥ — o F(y*) for simplicity, we obtain
2

ka+1 _ P = HPT,C(Zk) .
= || = a*||* + ||2* = Pr(9)|]* + 2 (P (2F) — 25,2 — 2*).
(3.21)
Since
2 ||2* - P;pk(zk)H2 +2(Pr (%) — 2F,2F — 2*)
=2 <zk — Pr, (%), 2" — PTk(zk)> <O0forall k >0, (3.22)
we get for all kK > 0
| 2% — PTk(zk)||2 +2(Pr, (2F) = ¥ 2" —a*) < — ||2F - PTk(zk)H2 . (3.23)
So,

Hafk+1 _ 17*||2 < ||Zk _ x*HQ _ ||Zk - PTk. (Zk)||2
= [|* — axF W) — " = | @ — cF ) - 2t

= ot = [l 4 2 — )

7 ka — kaHQ + 20y, <yk — xk+1,.7-'(yk)>, (3.24)

where the last inequality follows from (3.18).

< [la* - o

So
ka+1 _ 2|7 < ka _ P = ka _ xk+1H2 + 20 <yk _ xk-&-l’]_-(yk»
_ ka _ x*H2 _ (<mk CyF g yh kL gk gk gk xk+1>)
+ 20, (yF — 2" F(yF))
= [la* = 2" = flo* = ¥ — |l —
+2 <a:k+1 — oy 2k — g FyF) — yk> . (8.25)
By (3.20)

* 2 * 2 2 2
27 = < fla® =27 = fla* = *|" = " =2

+ 2ay, (2 — b F(2¥) — f(yk)> . (3.26)

Using Cauchy-Schwarz inequality, we have
20 (21 — o F(a®) = F(y*)) < 200 []2™ — || [| F(2¥) = F(55)

in addition
0% (o =¥ = ax [ FG*) = FHID?

2

= [l = oM =20 [o*+ = oH || FH) = F Y|+ 0} [ F) - FGH)
(3.28)

. (327

SO

2y [[2*+1 = yF || [ Fab) - F@R)| < |25+ = oF ) + o | Fa*) - FEM)°

Combining the above inequalities yields
250 = 2| < fla* = 2 |F (| = "~ [yt - 2t
[t =+ ad [ F ) - Fh
= |Jo* — 2t ||* = ||k = oF|]F + a2 | FF) - FM)P. 329
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Since z¥ # y*, we obtain

||xk+1_w* |2 < ka—m* 2

kY k|2
T <1_a%||]-"(x) J-'(y2)||> 5.50)
o — o

and the desired result is obtained. O

We are now ready to present the convergence theorem of Algorithm 3.1. The
outline of the proof is similar to [23, theorem 3.2].

Theorem 3.11. Let {z"}3° ) and {y*}2°, be any two sequences generated by Algo-
rithm 3.1. Assume that Conditions 3.4--3.6 hold, then both sequences converge to
the same point & € SOL(C, F).

Proof. Let € SOL(C, F). According to Remark 3.2, we get from (3.30)
e+ — 2" < ||a* — 2| forall k >0 (3.31)

and ||xk —yk H — 0. Observe that (3.31) states that{xk},;“;o is Fejér-monotone with
respect to SOL(C, F). So following [4, Theorem 5.11] it is sufficient to find a cluster
point of {z*}2° ; in SOL(C, F) and obtain the desired result. According to (3.2) the
sequence { 0%}20271 is non-increasing and therefore limy_ .., ay = a@. Now, we
consider the following two cases: (i) @ > 0 and (ii) @ = 0.

(i) If @ > 0, by (3.31) the sequence {xk}z"zo is bounded, therefore there exists a
subsequence {z*7}%2 of {x*}22 ) such that

lim 2% =z, (3.32)
Jj—o0

since ka — ka — 0 we also have
lim y* = &. (3.33)

J—o0
By the continuity of F (Condition 3.6) and of the metric projection
&= lim y* = lim Po(a" — oy, F(2")) = Po (3 — aF(2)). (3.34)
Jj—o0 Jj—o0 :
Following similar arguments as in the proof of Lemma 3.8 it follows that £ €
SOL(C, F) and the result follows from [4, Theorem 5.11].

(ii) If @ = 0, we argue by contradiction by supposing that every cluster point of
the sequence {y*}2° ; is not in SOL(C, F). Since @ = 0, there exists a subsequence
of indices {k;}}2, of {k}32_; such that {a;}ic(x,};, is monotonically decreasing.
Taking the limit as ¢ — oo (passing to a subsequence if needed), we get that
lim; o0 ¥* =y ¢ SOL(C, F).

Since y ¢ SOL(C, F), then y* ¢ SOL(C, F) for all sufficiently large i € {k;}°,.
Thus for these i and a > 0 we have by (2.12) y* # Pc(y* — aF(y')) and moreover
since {k}?2_, is infinite, y’ # z° (we did not stop at Step 2).

From the continuity of 7 and Lemma 3.9, we get for all of these ¢ with lim; ., a; =
0, that the right hand side of (3.2) goes to a positive limit while the left hand side
goes to zero. Therefore inequality (3.2) holds for all sufficiently small o > 0, in
particular, it holds for a = ;1 for all¢ € {kl}loio sufficiently large. But since «; is
chosen as the largest element in {o;_1,;—1/3, ai_1P?, .. .} we get a contradiction
to our hypothesis on {k;}°, that is o;; < ;1 for all i € {k;}72,.

Thus, there exists at least one cluster point of {yk}z"zo and also of {z* o
say Z, that belongs to SOL(C, F) and again the desired result follows [4, Theorem
5.11]. O
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4. NUMERICAL EXPERIMENTS

In this section we present several numerical examples to illustrate the perfor-
mance of our algorithm. We choose the test problems from [19] (see also [25]). All
computations were performed using MATLAB R2012a on an Intel Core i5-2348M
2.67GHz running 64-bit Windows. The cpu time is measured in seconds using
the intrinsic MATLAB function cputime. The projection onto the feasible set C' is
performed using CVX version 1.22. The numerical results are presented in Table
4, we choose the termination criteria as ka T || < § for small § > 0.

Example 4.1. We take F(z) = Mz + g with the matrix M randomly generated as
suggested in [16], M = AAT + B + D; where every entry of the n-square matrix
A and of the n-skew-symmetric matrix B is uniformly generated from (—5,5), and
every diagonal entry of the n diagonal matrix D is uniformly generated from (0, 0.3),
with every entry of q uniformly generated from (500, 0). The feasible set is

C::{w€R1|Zx¢:n}.
i=1

Example 4.2. Kojima-Shindo Nonlinear Complementarity Problem (NCP), see e.g.,
[22]. With n = 4, the feasible set is

C:={z eRy |21+ 22 +a35+14 =4}
and F is given as follows.

3x§ + 221719 + 23:% +x3+ 314 —6
223 + 1 + 23 + 1023 + 234 — 2
333% + x170 + ng +2x3 4+ 924 — 9
22 + 373 + 223 + 334 — 3

F(x1, 20,23, 24) 1=

Example 4.3. Here the feasible set C = R’ and F is given as F = (f1, f2, f3, f1, f5)
where foralli =1,...,5

5
fi=2(x;—i+2)exp <Z(Ii—i+2)2>- 4.1)

i=1

| (1.2)-(1.3) [] Algorithm 3.1
Example 20 parameters dim || iter. || time | iter. time
4.1 110 T = ﬁ a_1=09¢=02p3=05] 10 || 70 || 6.7 || 77 3.1
120 20 || 80 [[10.6] 76 5.9
140 40 [ 161 || 28 | 170 16
170 70 | 247 | 307 || 266 163
4.2 in a1=07¢=028=057=001]| 4 - - 53 4.5
(3,3.2,1) 4 - - 62 6
4.3 15 a_1=07¢=038=057=001]| 5 - - 53 2.5
05 5 - - 62 2.1

We use the notation 1, and 0,, for the unit and the zero vectors in R". In
Example 4.1 we generate a random data which depend on the dimension. As can
be seen Korpelevich method ((1.2)-(1.3)) preforms bad compared to Algorithm 3.1
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and a reasonable explanation is the fact that two projections onto C' are calculated
in each iteration while in Algorithm 3.1 the second projection is easily computed.

In Example 4.2 the Lipschitz constant is unknown, so one needs to guess it; but
if L is very large then 7 is very small and that makes the method very inefficient.
So, in our experiments we stop the algorithm as we did not reached the termination
criteria in a reasonable time and similarly in Example 4.3.
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AMS Subject Classification: 47H10 54H25.

1. INTRODUCTION AND PRELIMINARIES

Let E be a real Banach space. A nonempty convex closed subset P C E is called
a cone in F if it satisfies:

(i) P is closed, nonempty and P # {0},

(i) a,b € R, a,b>0and z,y € P imply that ax + by € P,

(i) x € P and —z € P imply that x = 0.
The space E can be partially ordered by the cone P C E; that is, z < y if and only
ify —x € P. Also we write x < y if y —z € P°, where P° denotes the interior of P.
A cone P is called normal if there exists a constant K > 0 such that 0 < z <y
implies ||z < K|y].
In the sequel we always suppose that E is a real Banach space, P is a cone in E
with nonempty interior i.e. P° # () and < is the partial ordering with respect to P.

Definition 1.1. ([1]) Let X be a nonempty set. Assume that the mapping
d: X x X — F satisfies
) 0 <d(z,y) forallz,y € X andd(z,y) =0 ifzx =y
(i) d(z,y) =d(y,z) forallz,y € X
* Corresponding author.
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(i) d(z,y) < d(z,z) +d(z,y) forallz,y,z € X.
Then d is called a cone metric on X, and (X, d) is called a cone metric space.

Definition 1.2. Let (X,d) be a cone metric space, x € X and {z,} a sequence in
X. Then

() {x,} is said to be convergent to x € X whenever for every c € E with(0 < ¢
there is N such that for alln > N, d(z,,z) < ¢, that is, lim,,_,c T, = .
(i) {z,} is called a Cauchy sequence in X whenever for every ¢ € E with(0 < ¢
there is N such that for alln,m > N, d(Zn, Tm) < c.
(iii) (X,d) is a complete cone metric space if every Cauchy sequence is conver-
gent.

The following remark will be useful in the sequel.

Remark 1.3. ([2])

(1) Ifu<vandv K€ w, thenu <K< w.

(2) If0 < u <K cforeachc € P°, thenu = 0.

(3) Ifa < b+ cforeachc € P° thena < b.

4 o<z <y,and0 < a, then0 < ax < ay.

B) If0 <z, <y, foreachn € N, and lim,,_, o x,, = z,limy, 0 Yy = y, then
0<z<y.

©) If0 < d(zp,x) < b, and b, — 0, then d(z,,z) < ¢ where x,,x are,
respectively, a sequence and a given point in X .

(7) If E is a real Banach space with a cone P and if a < \a where a € P and
0<A<1,thena=0.

8) Ifce P° 0 < a, and a, — 0, then there exists N such that for alln > N
we have a,, < c.

The altering distance functions were introduced by Khan et al. in [3] and now
we define this functions on a cone. If P := Rt then we have the definition 1.1 in

Definition 1.4. An altering distance function is a function1 : P — P which satisfies

(@) ¥ is continuous and nondecreasing.
(b) ¥(z) =0 if and only if x = 0.

Definition 1.5. If (X,C) is a partially ordered set and f : X — X, we say that f
is monotone nondecreasing if r,y € X,z Cy = fx C fy.

Definition 1.6. The cone P is called regular if every increasing sequence which is
bounded from above is convergent. That is, if {x,} is a sequence such that z1 <
x9 < - <y for somey € E, then there is x € E such that lim,_, ||z, — 2| = 0.
Equivalently the cone P is regular if and only if every decreasing sequence which is
bounded from below is convergent. It has been mentioned that every regular cone is
normal [5].

Definition 1.7. P is called minihedral cone if sup{z,y} exists for all z,y € E, and
strongly minihedral if every subset of E which is bounded above has a supremum
[6]. So if cone P is strongly minihedral then, every subset of P has infimum.

For more details and some examples about definition 1.7 and some applications
on cone metric spaces refer to [7, 8].

The purpose of this paper is to present some fixed point theorems for generalized
contractions involving altering distance functions that generalize the theorems of
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the paper [4] by Harjani and Sadarangani in the context of ordered cone metric
spaces with arbitrary cones.
Existence of fixed point in partially ordered sets has been considered recently in

[91-[16].
2. MAIN RESULTS

Let (X, C) be a partially ordered set and suppose there exists a cone metric d in
X. We define (ID) property as follows,

for all z,y € X if there exists z € X such that, z C y C z then d(x,y) and d(y, 2)
are comparable.

Theorem 2.1. Let (X, C) be a partially ordered set and suppose there exists a cone
metric d in X such that (X, d) is a complete cone metric space which the (ID) property
holds and if there exists a bounded decreasing sequence in P, then it converges to
an element in P. Let f : X — X be a continuous and nondecreasing mapping such
that
d(fx, fy)) < P(d(x,y)) — e(d(z,y)), forzEy, 2.1)
where 1 and ¢ are altering distance functions. If there exists o € X with
zg C fxg then f has a fixed point. Further if fixed points of f are comparable, then
f has a unique fixed point.

Proof. If x9 = fxo then the proof is finished. Suppose that xqg # fzy. Since
29 C fzo and f is a nondecreasing function, so
20 C fog C fPao C fPu0 C - .
Put ©,,+1 := fx, = f"x¢ and a,, := d(zp41,T,). Then for n > 1 we have
P(d(Tnt1,2n)) = (d(fon, frn-1)) < P(d(Tn, Tn-1)) = P(d(@n, Tn-1)),

therefore

0 S q/}(an) S d)(an—l) - So(an—l) § 1,[1(0%_1). (22)
Since z,, C z,,11 C x,42 by the (ID) property we have
ap < Apy1 (2.3)
or
ny1 < Q. (2.4)
If (2.3) holds, since v is nondecreasing by (2.2) we have
0 S ¢(an) S w(an—l) - @(an—l) S w(an) - @(an—l) S w(an)~ (25)

This implies that ¢(a,—1) = 0 and so a,,—1 = 0 for n > 1 hence
Tp = Tp—-1 = fxn—l

for n > 1 are fixed points of f. If (2.4) holds, since 1 and ¢ are nondecreasing by
relation (2.2) and induction we have

plant1) < olan) < Ylan) < YPlan-1) — p(an-1)
< (an 1) (an)
< YPlan—2) — plan—2) — v(an)
< Y(an—2) — 2p(an) <
< lao) — n(an),

SO
1
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for all n. By Remark 1.3-5 and since lim,,_,, a,, exists by (2.4), so

0 < pla,) < P(ag) = 0 < ¢( ILm ap) < lim

T n—ooon+1

m ¢(ao) =0,

thus ¢(lim, . a,) € PN —P and we obtain ¢(lim,_, a,) = 0 and since ¢ is
altering distance function, hence lim,,_, o, a,, = 0 so

nh_)ngo d(xpy1,2n) = 0. (2.7)

Now, we will show that {z,} is a Cauchy sequence. Suppose that {x,} is not a
Cauchy sequence. Then, there exists ¢ >> 0 for which we can find subsequences
{zm, } and {z,, } of {z,} with n; > my; > k such that
(X, Tm,, ) = C. (2.8)
Further, corresponding to m; we can choose n; in such a way that it is the
smallest integer with n; > m;, and satisfying (2.8). Then
ATy -1, Tm,,) < C. (2.9)
Using (2.8), (2.9) and the triangular inequality, we have

¢ < d(xn,,Tm,)
< d@ng, Tnp—1) + d(Tny—1, Tmy )
< d(Tpyy Tny—1) +
Letting kK — oo and using (2.7)
lim d(zp,,zm,) =c. (2.10)

k—oc0

Again, the triangular inequality gives us

d(fvnwmmk) < d(xnwxnkfl) + d(fvnkflﬂxmkfl) + d(xmk*17xmk)7
d(xnk—laxmk—l) S d(xnk—laxnk) +d(xnkaxm,k) +d(xm,k>$mk—l)a
Letting k — oo in the above two inequalities and using (2.7) and (2.10), we have

lim d(zn, -1, Tm,—1) = ¢ (2.11)
k—o0

As nj > my and x,, and z,,, are comparable (in fact, z,,,—1 & x,,_1, setting
T = Tp,—1 and y 1= Ty,, —1 in (2.1), we obtain

w(d(‘rnw ‘rmk)) < w(d(mnk*17xmk*1)) - So(d(xnk*hxmk*l))'
Letting kK — oo and taking into account (2.10) and (2.11), we have

¥(e) < ¥(c) — ¢(o).

As 1 is an altering distance function, the last inequality gives us ¢(¢) = 0 and,
consequently, ¢ = 0 which is a contradiction. This implies that the sequence {x,, }
is Cauchy and since (X, d) is complete, thus there exists z* € X such that x,, — z*
and on the other hand f is continuous and x,,+1 = fx,, so we obtain z* = fz*.

For uniqueness let x,y € X be fixed points and x is comparable to y. Hence
fx =z is comparable to fy = y and

P(d(z,y)) = v(d(fz, fy)) < ¢(d(z,y)) — p(d(z,y)).

The last inequality gives us ¢(d(x,y)) = 0 and by altering distance functions prop-
erties this implies d(z,y) = 0 therefore z = y.
O
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Example 2.1. Let E = (C'([0,1],R"), [L}), with [f]| = [[fllcc + [f'llcc, X =
{f,9:h} C E, and

L= {(fa f)> (979)7 (h7 h)v (ga h)7 (h= f)7 (9> f)}

where f(t) = 0,9(t) = ' = 2h(t), forallt € [0,1], so C is a partial order on X.
Defined: X x X — Ebyd(f,g) = f+gand f # gandd(f,f) =0. Itis easy to
see that every Cauchy sequence on X is convergent, i.e., (X,d) is a complete cone
metric space, and if we put P = {f € E : f(t) > 0}, then P is a non-normal cone
while is not minihedral by [7]. Further, letT : X — X beTf = f,Tg=h,Th = f,
V(f) = fand ¢(f) = g,for all f € P. We notice that g C T'g, ID property and all
conditions of Theorem 2.1 hold. Therefore T' has a unique fixed point, i.e., Tf = f.

Example 2.2. With hypothesis of Example 2.1, define X = {f,g,h,k} C E, and

L= {(f7 f)7 (979)7 (h7 h)? (k, k)v (97 h)v (h7 f)ﬂ (97 f)}
where f(t) =0, g(t) = €' = 2h(t) = 3k(t), for allt € [0, 1], so C is a partial order on
X.LetT:X = X beTf=fTg=hTh=fTk=k(f)=fandp(f) =L, for
all f € P. Therefore T have two fixed points, i.e., Tf = f and Tk = k, where f and
k aren’t comparable.

In the next theorem, we replace the (ID) property by strongly minihedrallity of
the cone.

Theorem 2.2. Let (X, C) be a partially ordered set and suppose that there exists a
cone metric d in X with strongly minihedral cone P, such that (X, d) is a complete
cone metric space. Let f : X — X be a continuous and nondecreasing mapping such
that

d(fz, fy)) < d(d(z,y)) — e(d(z,y)),
Sor x C y, where v and ¢ are altering distance functions. If there exists xo € X with
g C fxg then f has a fixed point.

Proof. By the proof of the Theorem 2.1 the sequence {¢(a,)} has infimum. Put
b = inf,, ¥(a,). So there exists {¢(ay, )}r such that ¢)(a,,) — bas k — co. Now by
(2.2)

0< d)(ank) < ¢(ank—1) - @(ank—l) < ¢(ank—1)7 (2.12)
letting k£ — oo
b<b—(lim an,—1)<b,
k—o0
this implies that ¢(limg_ye0 an,—1) € P\ —P so p(limg_ 0 an,—1) = 0. O

In the next corollary, we replace the (ID) property and strongly minihedrality of
the cone by regularity.

Corollary 2.3. Let (X,C) be a partially ordered set and suppose that there exists
a cone metric d in X with regular cone P such that (X, d) is a complete cone metric
space. Let f : X — X be a continuous and nondecreasing mapping such that

P(d(fz, fy)) < Pd(z,y) — (d(z,y),
Jorz C y, where v and ¢ are altering distance functions. If there exists xo € X with
xo C fxo then f has a fixed point.

Proof. By proofing of the Theorem 2.1 and relation (2.2) the sequence {¢(a,)} is
decreasing and bounded below and P is regular cone so

@(nlgngc ap) = 0.

Now similar as the proof of the previous theorem the proof is completed. O
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In the sequel, we prove that Theorems 2.1, 2.2 and corollary 2.3 are still valid
where f is not necessarily continuous, but the following hypothesis holds in X,
“4f {x,} is a nondecreasing sequence in X such that x,, — z then z,, C z for all
n € N".

Theorem 2.3. Let (X,C) be a partially ordered set and suppose that there exists
a cone metric d in X such that (X, d) is a complete cone metric space which the (ID)
property holds. Let f : X — X be a nondecreasing mapping such that

Pd(fx, fy)) < Pld(z,y)) — e(d(z,y)),
forxz C y, where ¥ and ¢ are altering distance functions. If there exists xo € X with
xo E fxg and X satisfies in _following condition
if {x,,} is a nondecreasing sequence in X such that x,, — z then z, C z for all
n € N, then f has a fixed point.

*

Proof. Following the proof of Theorem 2.1 it is enough to prove that faz* = z*.
Since {z,} C X is a nondecreasing sequence and z,, — z* as n — co0. Now by
hypothesis we conclude that z,, C z* for all n € N and for all ¢ > 0 there exists N
such that d(x,,2*) < ¢ and

Pd(zni1, f27)) = p(d(fon, f27)) < P(d(zn, 27)) — e(d(zn, 27)) < ¢(c),

for all n > N. Since 1 and ¢ are altering distance function if n — oo we have,
0 < 1/}( lim d(:rn-‘rla fLE*)) < ¢(C)7
n— oo

for all ¢ > 0. Thus 0 < ¥(lim, 00 d(Zny1, f2*)) < P(55), for all ¢ > 0 and every
m € N, hence

Y( lim d(zp41, f2")) =0
n—oo

)

lim d(xp41, fz*) = 0.

n—oo
Let ¢ € F and ¢ > 0 so there exists N such that d(z,1, fz*) < ¢ for every n > N.
Thus for some N we have

d(SC*, fSC*) < d(x*a xn-‘rl) + d(xn-‘rla fI]C*) <¢,

for every n > N. This implies that 0 < d(z*, fz*) < ¢ for all ¢ > 0. Then
d(z*, fz*) = 0 and consequently z* = fz*. 0

In what follows, we give a sufficient condition for the uniqueness of the fixed
point in Theorem 2.2 and corollary 2.3. This condition is:

“for x,y € X there exists z € X which is comparable to « and y.” (2.13)

Theorem 2.4. Adding condition (2.13) to the hypothesis of Theorem 2.2 (resp. corol-
lary 2.3) we obtain uniqueness of the fixed point of f.

Proof. Let x,y € X are fixed points. We distinguish two cases:
Case 1. If z is comparable to y then fx = x is comparable to fy = y and

Pld(z,y)) = (d(fz, fy)) < Pd(x,y)) — (d(z,y)).

The last inequality gives us ¢(d(x,y)) = 0 and by altering distance functions prop-
erties this implies d(z,y) = 0 therefore = = y.
Case 2. If z is not comparable to y then there exists z € X comparable to z and y.
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Monotonicity of f implies that f™z is comparable to f"x = x and to f"y = y, for
n=20,1,2,---. Moreover,

Y(d(z, [2))

Pd(f ", f"2))
< W(d(f e, f1T2) = eld(fr T e, [T 2))
Y(d(x, [7712)) — pla, [1712) < Pld(e, f712)). (2.14)
according to regularity or strongly minihedrality of the cone P, there exists b €
E such that ¢(d(z, f"z)) — b as n — co. Now by (2.14) and altering distance
functions properties 1 and ¢ we have

D(d(x, f*2)) < y(d(w, f*712)) = p(d(x, f7712)) < Pd(x, f7712)),

letting n — oo

b<b—(lim d(e, f'2) <b,

n— oo
this implies that
o( lim d(x, f*'2)) e PN-P
n—oo

50 ¢(lim,, 0 d(z, f712)) = 0 thus lim,,_,« d(z, f"~'2) = 0. And similarly d(y, f"z) —
0. Letc > 0and ¢ € F, so there exists N such that d(z, f"z) < cand d(y, f"z) < ¢
for all n > N. Now by triangle inequality

d(z,y) < d(z, f"z) +d(f"z,y) < 2
for all n > N. Namely 0 < d(x,y) < cforall ¢> 0. Then d(z,y) =0soz =y. O

Our Theorems 2.1, 2.2 with non-normal cone and Corollary 2.3 with normal
cone generalize Theorems 2.1, 2.2 [4] and also Theorem 2.4 extend Theorem 2.3 [4]
to cone metric version.
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ABSTRACT. Motivated by the recent work of Moudafi (Inverse Problems, 26 (2010), 587-
600) and inspired by Xu (Inverse Problems, 22 (2006), 2021-2034), Censor and Segal (J.
Convex Anal. 16 (2009), 587-600) , and Yang (Inverse Problems, 20 (2004), 1261-1266),
we investigate a Krasnoselskii-type iterative algorithm for solving the split equality fixed
point problem recently introduced by Moudafi and Al-Shemas (Transactions on Mathematical
Programming and Applications, Vol. 1, No. 2 (2013), 1-11). Weak and strong convergence
theorems are proved for the class of demi-contractive mappings in Hilbert spaces. Our
theorems extend and complement some recent results of Moudafi and a host of other recent
important results.
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1. INTRODUCTION

The split feasibility problem arises in many areas of application such as phase
retrieval, medical image reconstruction, image restoration, computer temography
and radiation therapy treatment planning (see e.g., Byrne [1], Censor et al.[2],
Censor et al. [3], and Censor and Elfving [4]). It takes the following form: Let
C' and @) be two nonempty closed convex subsets of real Hilbert spaces H; and
H,, respectively, A : H; — Hj be a bounded linear operator. The split feasibility
problem (SFP) is formulated as follows:

Find x* € C such that Ax* € Q. (1.1)

The SF P was first introduced in 1994 by Censor and Elfving [4] in finite-dimensional
Hilbert spaces for modelling inverse problems arising from phase retrieval and med-
ical image reconstruction.
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Assuming that the SFP (1.1) has a solution, one can easily show that z* € C solves
SF'P if and only if it solves the fixed point equation

x* = Po(I —vA*(I — Pg)A)z™,

where Pc and Py are the metric projections from H; onto C' and from H» onto @,
respectively, where - is a positive constant and A* denotes the adjoint of A.

A popular algorithm used in approximating the solution of the SFP (1.1) is the
CQ-algorithm of Byrne [1]:

Tny1 = Po(I —vyA*(I — Pg)A)zy,,
for each n > 1, where v € (0, %) with A being the spectral radius of the operator
A*A.
Based on the work of Censor and Segal [5], Moudafi [10] proposed the following
scheme which does not involve the metric projections Pc and Pg:

Tpy1 = (1— ozn)(xn +yAN (T — I)Axn) + anU(a:n +yA*(T — I)Axn), n €N,

for approximating a solution of the split feasibility fixed point problem (1.1) and
obtained a weak convergence results when U and 1" are demi-contractive.

Very recently, Moudafi and Al-Shemas [9] introduced the following split equality
Jfixed point problem as a generalization of the split feasibility problem (1.1):

Find x€ C:=F(U) and y € Q := F(T) such that Ax = By, (1.2)
where A : Hi — Hz and B : Hy — Hj3 are two bounded linear operators,
U:H — Hy, T: Hy — Hy, F(U) and F(T) denote the fixed point sets of
U and T, respectively. Note that problem (1.2) reduces to problem (1.1) if Hy = Hj3
and B = I (where [ is the identity map on H5) in (1.2).

In order to approximate a solution of problem (1.2), Moudafi and Al-Shemas [9]
introduced the following iterative scheme:

Tnt1 = U(xn - ’ynA*(Axn - Byn))a
(1.3)
Yn+1 = T(yn + ’YnB*(Axn - Byn))a Vn > 1,

where U : Hy — Hy, T : Hy — H, are two firmly quasi-nonexpansive mappings,
A: Hy — Hs, B: Hy — Hj are two bounded linear operators, A* and B* are
the adjoints of A and B, respectively, {v,} C (e, m —€), Aa=4 and Ap+p
denote the spectral radii of A* A and B* B, respectively. Using the iterative scheme
(1.3), Moudafi obtained a weak convergence result for problem (1.2).

Yuan-Fang et al. [15] introduced the following algorithm for solving problem (1.2):

Vl‘1 S Hl, Vyl (S HQ;
Tn+1 = (1 - an)xn + O‘nU(xn - 'YnA*(Azn - Byn)); (1.4)

Ynt1 = (1 — an)yn + anT(yn + 1 B*(Axy — Byy)), Vn2>1,
where U : Hy — Hy, T : Hy — H are two firmly quasi-nonexpansive mappings,
A: Hy — H;, B: H, — Hj are two bounded linear operators, A* and B* are the

adjoints of A and B, respectively, {v,} C (e, m — €) (for € small enough),
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where A4 and Ag-p denote the spectral radii of A*A and B* B, respectively and
{an} C |o, 1] (for some o > 0). Under some conditions, the authors obtained strong
and weak convergence results.

Motivated by the work of Moudafi [8], Moudafi and Al-Shemas [9], Moudafi [10]
and Yuan-Fang et al. [15], we define the following iterative algorithm to solve the
split equality fixed point problem (1.2) in the case that U and 7" are demi-contractive.

Va, € Hy, Vyl € Hy;
Tnt1 = (1 —a) (mn — yA*(Az, — Byn)) + aU(mn — yA*(Az, — Byn)>;

Ynt1 = (1 — ) (yn +~yB*(Az, — Byn)> + aT(yn +yB*(Az, — Byn)>, Vn > 1,
(1.5)
where U : Hy — Hy, T : Hy — H, are two demi-contractive mappings. The
important class of demi-contractive mappings properly includes the class of firmly
quasi-nonexpansive mappings studied by Moudafi and Al-Shemas [9]. Under suit-
able conditions, we prove weak and strong convergence theorems of the iterative
scheme (1.5) to a solution of the split equality problem in real Hilbert spaces. Our

theorems extend and complement the results of Censor and Segal [5], Maruster
et al. [7], Moudafi and Al-Shemas [9], Moudafi [10], [11], Xu [13], Yang [14], Yuan-
Fang et al. [15], and a host of other results.

2. PRELIMINARIES AND NOTATIONS

We recall some definitions and lemmas which will be needed in the proof of our
main theorems.
In the sequel, we denote strong and weak convergence by “ —” and “ —”, respec-
tively, the fixed point set of a mapping T by F(T') and the solution set of problem
(1.2) by €2, namely,

Q:={(z*,y") € F(U) x F(T) : Ax™ = By*}.

Definition 2.1. Let H be a real Hilbert space.

(1) Let T : H — H be a mapping. Then, (I — T) is said to be demi-closed at
zero if for any sequence {x,} C H with z,, — z*, and z,, — Tz, — 0, we
have z* = Tz*.

(2) A mapping T' : H — H is said to be semi-compact if for any bounded
sequence {x,} C H with x,, — Tx,, — 0, there exists a subsequence
{zn,} C {z,} such that {x,,, } converges strongly to some z* € H.

Definition 2.2. Let H be a real Hilbert space.
(1) Amapping T': H — H is said to be nonexpansive if

[Tz —Ty|| < |lz —y|| V (z,y) € H x H. 2.1)
(2) Amapping T : H — H is said to be quasi-nonexpansive if F'(T) # () and
Tz —z*|| < ||z — || V=* € F(T), = € H. (2.2)
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(3) Amapping T : H — H is said to be firmly quasi-nonexpansive if F'(T') # ()
and
Tz — z*|? < ||z — 2*||? — ||z — Tx|? Va* € F(T), z € H. 2.3)

(4) Let D be a nonempty subset of H. Amap 7 : D — D is said to be k-strictly
pseudo-contractive if there exists a constant k£ € (0,1) such that

1T = Ty|* < llo = yl|* + k(I = T)x — (I = T)y|* Va,y € D.

(5) T : D — D is said to be demi-contractive if F(T) # () and there exists a
constant k € (0,1) such that

Tz — z*|? < ||z — 2*||*> + k|lz — T=z||* Yz € D, z* € F(T).

Remark 2.3. The following inclusions are obvious.

Firmly quasi-nonexpansive C Quasi-nonexpansive C Demi-contractive.
We give examples to show that the above inclusions are proper.

Example 2.4. Let H = ly; D = {z € Iy : ||zl < 1} and T : D — D be
defined by T'(z1, 22,23, --) = (0,21,29,23,---). Then, T has a unique fixed
point, zero. Clearly, T is a quasi-nonexpansive mapping which is not firmly quasi-
nonexpansive.
In fact, we have:

[Tz = 0] = [l =0, (%)
so T is quasi-nonexpansive, and for every x # 0, suppose

1T = 0] < [l = 0|f* — ||l — T||*.

Then, using (), we obtain that = 0, which is a contradiction. Therefore, T is not
firmly quasi-nonexpansive.

Example 2.5. Let H = Iy and T : I — [y be defined by T(x1, 22,23, ) =
—g(xl, X, T3, - ), for arbitrary (z1,22, 23, ) € lz. Then, F(T) = {0}, and T is a
demi-contractive mapping which is not quasi-nonexpansive.

Indeed, for each z € [, we have

2
172~ 0)2 = 2|z~ 0|,

which implies that 7" is not quasi-nonexpansive. We also have that
2
5 49
r—| -z =—|lz— O‘
(-3 =%l

2
:C—TJ;H . (%)

) 2
l = Ta|” = ,

so that A
or-
Iz~ 0l = 5
Thus, using (x%), we have:

21 2 3 2
1Tz — 0|2 = ||x70||2+ZH:1770H - ||:1770||2+?Hx7TxH .

Hence, T is a demi-contractive mapping with constant k = % € (0,1).

Lemma 2.6. (Opial’s Lemma [12]) Let H be a real Hilbert space and {u.,} be a
sequence in H such that there exists a nonempty set W C H satisfying the following
conditions:
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(i) Forevery pu € W, lim,,_, oo ||tn — p|| exists;
(i) Any wealk-cluster point of the sequence {1, } belongs to W.

Then, there exists w* € W such that {u,, } converges weakly to w*.

Lemma 2.7. (see e.g., Chidume, [6]) Let H be a real Hilbert space and X\ € [0, 1].
Then, forany x, y, z € H,

1Az + (1= Ny — 2l = Az — 2] + (1 = Mlly = 2] = A1 = N)[]z — y||>.

3. MAIN RESULTS
To approximate a solution of the split equality fixed point problem (1.2), we make
the following assumptions:

(A1) Hi, H; and Hj are real Hilbert spaces, A : H; — Hz and B : Hy — Hj3
are bounded linear operators.

(A2) U:Hy — Hy, T: Hy — Hs are demi-contractive mappings with constants
k1 and ko, respectively.

(A3) I — U and I — T are demi-closed at zero, and U and T are uniformly
continuous.

For arbitrary z; € H; and y; € H» define an iterative algorithm by
Tyl = (1 —a) (Jcn — yA*(Az, — Byn)) + aU(mn — yA*(Az, — Byn));

Yn+1 = (1 - a) (yn + ’YB*(Axn - Byn)) + aT(yn + VB*<Axn - Byn))a vn 2 ].7
(3.1)
where @ € (0,1 — k) and v € (0, m) where ) 4+ 4 and \g+p denote the
spectral radii of A*A and B* B, respectively and k = max{ky, k2}.

We now prove the following theorem.

Theorem 3.1. Suppose assumptions (A1) — (As) hold.
IFQ = {(z*,y*) € F(U) x F(T) : Az* = By*} # (), then the sequence {(z,,yn)}
generated by (3. 1) converges wealkly to a solution of problem (1.2).

Proof. Let (z*,y*) € Q). Using lemma 2.7 and assumption A5, we have

2
*
‘rn+1 - H

= (1—0()‘

- a1 —oz)‘

2
20 = VA" (A = Bya) = U (v, = 74" (Az, = Byy) )|

< (1- oz)’ Tn — VA (Az,, — Byn) f:z:*H2 +a’

2
+ akl‘ x, —yA*(Az, — By,) — U(fn — A" (Azn — By")> H

- a1 —a)‘

2
zn —yA*(Azy, — Byn) — U(x” — A (Az, — Byn)) H
2

&y — yA*(Az, — By,) — 2"

H(l —a) (xn — yA*(Ax,, — Byn)) + OéU(;L‘n — yA* Az, — Byn)) —z*

xn — yA*(Az,, — By,) — =~

2

2
Xy — yA*(Az, — By,) — x*H + aHU(mn —vA*(Az, — Byn)) —z*

2

2
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2
— a(l—Fk — oz)’ Tpn — VA" (A, — By,) — U(mn —yA*(Az,, — Byn)) H

2

2
< ‘ Ty — x*H — 2vy(Ax,, — Byp, Ax,, — Ax™) + ’72/\A*AHA$7L — By,

2
— a(l—Fk — a)’ Tpn — yA*(Az,, — By,) — U(:Un — yA* (Az,, — Byn)) H .

Similary, we have that

2 2
Yn — y*H + 2v(Az,, — By,, By, — By™) + 72/\B*BHA5% — By,

LI
Ynt+1 — Y H < ‘

2
- a(l_kQ_a) yn""VB*(Axn_Byn)_T(yn""yB*(Axn_Byn))H .

Adding the above two inequalities and using k& = max{k1, k2} and the fact that
Ax* = By*, we have that

’ Tpt1 — x*H2 + ‘ Yn+1 — y*H2 < ‘ Ty — " ’ + ‘ Yn —Y" ’ +72(Na-a + )\B*B)HAgcn — By, ’
— Q’YHAxn — By, ’
— all—k- oz)‘ Ty — YA (Az,, — By,) — U(xn — yA* (Azxy, — Byn)> H2
— ol —k—a)||yn +vB*(Az, — Byn) — T(yn +vB*(Az,, — Byn)) H2

That is,

2 2 2 2 2

’ Tpy1 — x*H + ‘ Ynt1 — y*H < ’ Ty — x*H + ‘ Yn — Z/*H - ’Y(? —7(Aasa+ AB*B)) HA% — Byn
- all—k- a)‘ Tpn — VA (Az,, — Byy,) — U(xn — yA* (Az,, — Byn)) H2
— ol —k—a)||yn + vB*(Ax,, — Byn) — T(yn +B*(Ax,, — Byn)) H2
2 2

Now set Q, (z*,y*) = ‘ Tp — TF|| + ‘ Yn — Y* H . Then, it follows that

2
Qi (@',y") < Q@ y") = 7(2= YOara +Ag-5) ) [ Azn = By,

2
—a(l—k— a)‘ x, — yA* (Az,, — Byy,) — U(xn — yA* (Az, — Byn)> ”

2
—a(l—k— oz)‘ yn +vB*(Ax,, — Byy) — T(yn +vB*(Az,, — Byn)) H .

(3.2)
. 2
Since o € (O, 1- k) and Yy S (O, m),
we have 2 — y(A g4 + Ap=p) > 0and 1 — k — « > 0. It follows that

Qnia (2%, y") < Q27 y").
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So, the sequence {Q,(z*,y*)} is non-increasing and bounded below, therefore, it
converges. On the other hand, it follows from inequality (3.2) and the convergence
of the sequence {2, (z*,y*)} that

nh_)rr;o HAxn — By,|| =0, (3.3)
nl;rrgo xn — yA*(Az,, — By,) — U(xn — yA* (Az,, — Byn)) H =0, (3.4)

and
lim. ‘ Yn +B* (A2 — Byn) — T(yn +yB*(Az,, — Byn)) H —0. (3.5)

Furthermore, since {Q,,(z*, y*)} converges, we have that {x,, } and {y,, } are bounded.
Let 2™* and y** be the weak-cluster points of the sequences {z,,} and {y,, }, respec-
tively. Then, there exists a subsequence of {(z,,y,)} (without loss of generality,
still denoted by {(xy,yn)}) such that z,, — z** and y,, — y**. Next, we show that
Uz*™* = z** and Ty** = y**. Since U is uniformly continuous, it follows from (3.3)
that

lim HU(xn — yA* (Az,, — Byn)) —Uzx,| =0. (3.6)
n—oo

Similarly, we have that
Tim. HT(y B (Azn — Byn)) — Ty, |l = 0. (3.7)

= 0. Using (3.4) and (3.6), we have

We now show that lim,,_, o Han — T

HUacn — x| < |lzp —vA*(Az, — By,) — U(xn — yA* (Az, — Byn)) H
+ U(xn —yA*(Az, — Byn)) —Ux,
+ |lzn —vA*(Ax,, — Byn) — xn
< |zn —vA*(Ax, — Byn) — U(xn — yA* (Az, — Byn)) H
+ U(acn — A" (Az, — Byn)) —Ux,
+ fyHA* ’Axn — By,|| — 0asn — co.
This implies that
lim HUIL'n —x,| = 0. (3.8)
n— 00
Similarly, we have that
lim ’Tyn | =o0. (3.9)
n—oo

Now, since z,, — x™*, I — U is demi-closed at zero, and lim,, ., HUa:n — Ty l =0,
we have that Uz** = z**, which shows that +** € F(U). Similarly, we have that
y** € F(T). Since A and B are bounded linear operators, and {z,} and {y,}
converge weakly to ** and y**, respectively, we have that for arbitrary f € H3,
f(Azn) = (f 0o A)(wn) — (f 0 A) (™) = f(Az™).
Similarly,
f(Byn) = (f o B)(yn) — (f o B)(y™) = f(By™).
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These convergences imply that
Ax, — By, — Ax™™ — By™™,
which, in turn, implies that

< liminf
n—oo

_Byn 207

so that Az** = By**. Hence, we have (z**,y**) € Q.
Summing up, we have proved that:

2 2
(1) for each (z*,y*) € Q, lim, (‘ Ty — x*H + ‘ Yn — y*H ) exists;
(2) each weak cluster point of the sequence {(z,, yn)} belongs to Q.

TakingH:HlegwiththenormHxyH:(H ‘H) , W =Q, pu, =
(Zn,Yn), and p = (z*,y*) in lemma 2.6, we have that there exists (Z,y) € {2 such
that z,, — Z and y,, — g. Hence, the sequence {(z,, y,)} generated by the iterative

scheme (3.1) converges weakly to a solution of problem (1.2) in €. This completes
the proof. [

We now prove the following strong convergence theorem.

Theorem 3.2. Suppose assumptions (A1) — (Ag) hold and let {z,} and {y,} be
as in theorem 3.1. IfQ # (), and the mappings U and T are semi-compact, then, the
sequence {(z,,yn)} generated by (3.1) converges strongly to a solution of problem
(1.2) in Q2.

Proof. Since U and T are semi-compact, {z,} and {y,} are bounded (by theorem
3.1), and lim,,_, H(I - Uz, ‘(I —T)yn
loss of generality) subsequences {z,,} C {z,} and {y,,} C {yn} such that {z,,}
and {ynJ} converge strongly to some points z* and y*, respectively. It follows from

the demi-closedness of I — U and I — T that z* € F(U) and y* € F(T).
Thus,

=0, lim,,— o = 0, there exist (without

Ax* — By*’ = lim ’Afnj — Byn, || = 0.
J—00 N N
This implies that Az* = By*. Hence, (z*,y*) € ). On the other hand, since

Qp(z,y) = ‘xn—azH —|—‘
0. From theorem 3.1, we have lim,,_, o, 2, (2*, y*) exists, therefore lim,, o, O, (z*,y*) =

0. So, as in the proof of theorem 3.1, the iterative scheme converges strongly to a
solution of problem (1.2) in (2. The proof is complete. []

Yn— yH forany (z,y) € , we know that lim;_, o 2, (z*,y*) =

Corollary 3.1. Suppose assumptions (A1) — (A3) hold and let {x,} and {y,} be
as in theorem 3.1. If Q # (), and the mappings U and T have convex and compact
domain D, then, the sequence {(z,,y,)} generated by (3.1) converges strongly to a
solution of problem (1.2) in ).

Proof. Since every map 7' : D C H — D, with D compact, is semi-compact, the
proof follows from theorem 3.2. [J

Corollary 3.2. Suppose assumptions (A1) and (A3) hold and let {z,, } and {y,} be
as in theorem 3.1. If Q1 # (), and the mappings U and T are quasi-nonexpansive and
semi-compact, then, the sequence {(z,,y,)} generated by (3.1) converges strongly
to a solution of problem (1.2) in €.
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Corollary 3.3. Suppose assumptions (A1) and (A3) hold and let {z,} and {y,}
be as in theorem 3.1. If Q # (), and the mappings U and T are firmly quasi-
nonexpansive and semi-compact, then, the sequence {(z,,y,)} generated by (3.1)
converges strongly to a solution of problem (1.2) in €.

Remark 3.4. Our theorems 3.1 and 3.2 extend and complement the results of
Moudafi et al. [9], Moudafi [10], and Yuan-Fang et al. [15].

Remark 3.5. The recursion formula considered in this paper is of Krasnoselskii-
type which, in general, converges as fast as a geometric progression.
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ABSTRACT. The idea of difference sequence spaces was first introduced by Kizmaz in 1981
and the idea of triple sequences was first introduced by Sahiner et.al. 2007. In this article we
introduce the notion of triple sequence spaces cg(A), ¢*(A), and I3, (A) using the difference
operator A. We study some of their algebraic and topological properties and prove some
inclusion results.
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1. INTRODUCTION AND PRELIMINARIES

A triple sequence (real or complex) can be defined as a functionz : N X NxXN —
R(C), where N, R and C denote the set of natural numbers, real numbers and com-
plex numbers respectively. The different types of notions of triple sequences was
introduced and investigated at the initial stage by Sahiner, et. al. [1, 2] and Dutta,
et. al. [3] and others..

The notion of difference sequence spaces (for single sequences) was introduced
by Kizmaz [6] as follows:

Z(A) = {(zn) € w: (Az,) € Z}, for Z = ¢, co,l, the spaces of convergent,
null and bounded sequences, respectively, where Az,, = x,, — x,41 foralln € N.
Later on it was further investigated by Tripathy [4] and many others. Tripathy and
Sarmal5] introduced difference double sequence spaces as follows:
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Z(A) = {(#mn) € w: (Azppn) € Z}, for Z = 2, c3, 1%, the spaces of convergent,

null and bounded double sequences respectively, where Az, = Timn — Tmnt1 —
Tm+1n + Tm+in+1 forall m,n € N.

Definition 1.1 [1]: A triple sequence (xy,,,) is said to be convergent to L in
Pringsheim’s sense if for every € > 0, there exists N(¢) € N such that

|Zimn — L| < € whenever [ > N, m > N, n > N and we write [im 1, n—ooTimn =
L.

Note: A triple sequence is convergent in Pringsheim’s sense may not be bounded

[2].

Definition 1.2 [1]: A triple sequence (Zy,,, ) is said to be Cauchy sequence if for
every € > 0, there exists N(¢) € N such that

|Zimn — Tpgr| < ¢ whenever I >p >N, m>¢>N,n>r >N.

Definition 1.3 [1]: A triple sequence (%, ) is said to be bounded if there exists
M > 0, such that |x},,| < M for all l,m,n € N.

Definition 1.4 [3]: A triple sequence (z;,,) is said to be converge regularly if it
is convergent in Pringsheim’s sense and in addition the following limits holds:

ltmy— oo Timn = Lim (l, me N)
Mmm*)ooxlmn = Lln (l,’I'L S N)
Ziml—)ooxlmn = Lmn (m,n € N)

Let w3 denote the set of all triple sequence of real numbers. We can define the
class of triple sequences as follows:

cd = {2 = (Tpmn) € wW* : (Tymn) is convergent to zero in Pringsheim’s sense }
3 ={r = (Tpmn) € W : (Tymn) is convergent in Pringsheim ’s sense }
13, = {r = (Timn) € w3 : (Tyynn) is bounded in Pringsheim’s sense }

AE = {2 = (zymn) € W : (Tynn) is regularly convergent }

3B = {x = (2ymn) € w* : (Tynn) is convergent in Pringsheim ’s sense and
bounded }

These classes are all linear spaces.

It is obvious that ¢ C ¢® ; 3 C ¢38 C I3, and the inclusion is strict.
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Theorem 1.1: The spaces ¢, ¢, I3, ¢3F and ¢*P are complete normed linear

spaces with the normed.
HI” = Supl,m,n|xlmn| < 00

Proof: simple.

mn, =3
nl, m=2>5
Im, n=17
8, otherwise

Example 1.1 [1]: Let 23 =
Then (2;,,,) — 8 in Pringsheim’s sense but not bounded as well as not regularly
convergent.

Example 1.2: Let 2y, = 1, for all I,mm,n € N. Then (Z},,) is convergent in
Pringsheim'’s sense, bounded and regularly convergent.

Definition 1.5[3]: A triple sequence space E is said to be solid if (amnZimn) € E
whenever (2;,,) € E and for all sequences (amy,) of scalars with |aym,,| < 1, for

alll,m,n € N.

Definition 1.6 [3]: A triple sequence space E is said to be monotone if it contains
the canonical pre-images of all its step spaces.

Remark 1.1 [3]: A sequence space is solid implies that it is monotone.

Definition 1.7 [3]: A triple sequence space E is said to be convergence free if
(Yimn) € E , whenever (2,,,,) € E and xjy,, = 0 implies Y, = 0.

Definition 1.8 [3]: A triple sequence space E is said to be symmetric if (2;,,) €
E implies (2 (;yr(m)r(n)) € E, where 7 is a permutation of N x N x N.

Now we introduced the difference triple sequence spaces as follows:
3 (A)=H(2imn) € w3 1 (AZymy) is regularly null }

A(A)=(Timn) € w3 1 (Azymy) is convergent in Pringsheim’s sense }
AR(A)=(imn) € w3 1 (AZpyy) is regularly convergent }

l3

oo

(A)={(z1mn) € w3 : (AT, is bounded }

AB(A)={(zymn) € w? : (Azypmy) is convergent in Pringsheim’s sense and bounded

Where A-rlmn = Timn — Limn+1 — LTim+1n + Tim+1n+1 — Li+1mn + Tl4+1mn+1 +
Ti+1m+1n — Li+1m+1n+1
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2. MAIN RESULTS
Theorem 2.1: The classes of sequences c3(A), c3(A), 2E(A), I2,(A), 2B (A)
are linear spaces.

Proof: Obvious.

Theorem 2.2: The classes of sequences c3(A), c3(A), 2E(A), I2,(A), 2B (A)
are complete normed linear spaces with the norm

||.’EH = 3Upl|f17[11| + 5“Pm|$1m1‘ + supn‘xlln‘ + Supl,m,n|Axlmn| < 00

Proof: Let (') be a Cauchy sequence in [2_(A), where z° = (x ) € I3 (A) for
eacht € N.
Then we have, _ _ '
||xl_xj|| = suplkr’lbll_mg11|+supm‘xllml_xj1m1|+5upn|x111n_‘r{1n|+3upl,m,n|Ax;mn_
Azl | =0

as i,j — 00

i J P
Therefore, |z}, — «,,,,| = 0, for i, j = co and each I,m,n € N

3

i )=
Hence (},,,,)=(Z)0ns Thmns Limmns - e e o

numbers).

. ... ...) is a Cauchy sequence in R (Real

Whence by the completeness of R, it converges to z;,,, say, i.e., there exists
lim mfmn = Xymn foreach [,m,n € N

Further for each € > 0, there exists N = N(¢), such that for all ¢, > N, and for
alll,m,n €N

i J i J i J
lzh, — 2| <& |25 — 2] <6 @iy, — 21, <e

AT} = Az = (@ hmaini - $g+1m+17;+1) - ($;+1‘m+1n = T tmgin)

('7“_‘;+1mn+1 - z_[‘.g+1mn+1)_+ (‘Tf+1mvz _ x;—i—lmn) (x;m—&-ln+1 - xim—i—ln—‘—l) + (x§m+17L -
x{m-&-ln) + (x?mn+1 - ‘rgmn—&-l) - (x;mn - ximn)‘ <€

and

lim; |afyy — oy | = |2y, — 2| <e,
limj |2, — ]| = |25 — 21m1| <€,
limj |1y, — $]11n| = |11, — 1| <€,
Now

o i J
lzm] |Axlmn A‘Tlmn|
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= |($§+1m+1n,+1_$g+1m+1n+1)_($f+1m+1n_37{+1m+1n)_(mf+1mn+1_xfﬂmnﬂ)"‘
(z} —z) V(i —z )+ (f —x )+ (xf —z) )—
I+1mn ) I+1mn Im+1n+1 Im+1n+1 Im+1n Im+1n Imn—+1 Imn+1

= |(x;+1m+1n+1_xlf1m+1n+1)_(x§+1m+1nfxl+1m+ln)_(xf+1mn+1_xl+1mn+1)+
($2+1mn_xl+1m7l)_($;m+ln+l_xlm+1n+1)+(l‘;m+ln_xlm‘f‘ln)—i_(l‘;mn—&-l_xlm7l+1)_
(I;mn - xlmn)| <e
foralli > N

Since ¢ is not dependent on [, m,n

SUPL,m,n |($§+1m+1n+1 - J'3l+1m-4-1n+1) - (x;:+1m+1n - lemﬂn) - (x§+1mn+1 -
xlflmn%*l) + (x;—&-lmn - ¢l+1mn) - ($;m+1n+1 — Timgint1) + (x;m-i-ln = Timtin) +
(x;mn+1 = Ttmnt1) = (Thn = Timn)| <€

Consequently we have, ||z}, = — Z;mn|| < 4e, foralli > N
Hence we obtain z! = — Ty, as i — oo in I3, (A)

Now we have to show that (z,,,) € I3 (A)

_ N N N N
|Zimn — Tivimtint1l = [Timn = Thun + T — Tiimaingr T T tmttnt: —
$l+1m+1n+1|

< |x{>’nn — Tipimtint1| + ||I{X'7,n = Zimn|l = O(1)

This implies = = (Zmn) € I2,(A) , (Since [2,(A) is a linear space.)
Hence I3 (A) is complete.

Similarly the others.

Theorem 2.3:

(@) c¢3(A) C 3(A) and the inclusion is strict. .

(i) 3#(A) C ¢3(A) and the inclusion is strict.

Proof: The inclusion being strict follows from the following example:
Example 2.1: For theorem (i)we consider the sequence (x,,, ) defined by
(Timn)= —lmn, foralll,m,n € N

Then (AZjmy,) € ¢, but (Azpm,) & ¢

Hence the inclusion is strict.

Example 2.2: For theorem (ii) we consider the sequence defined by
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_f (=1)™lmn, forl=1,m=1,2,3foralln €N
Limn 1, otherwise

Clearly (Axy,,) € ¢, but the sequence (Azy,,) ¢ ¢
Hence the inclusion ¢3%(A) C ¢3(A), is strict.

Theorem 2.4: The classes of sequences cg(A), ¢3(A), 2 (A), I3 (A) and 2P (A)
are not solid in general.

Proof: This is clear from the following examples:

Example 2.3: We consider the sequence (x;,,,) defined by
(Zimn)= 2, for all I,m,n € N

Clearly the difference triple sequence (Azy,,,) € c3, ¢, AR and 3P
Consider the sequence of scalars defined by

Qmn = (=)™ for all [,m,n € N

Then the sequence (QymnTimn) takes the following form
QmnTimn = 2.(—1)F™+" for all [, m,n € N

Clearly (AimnTimn) & cp, ¢, ¢ and 3B

Hence c3(A), 3(A), ¢E(A) and ¢*B(A) are not solid.
Example 2.4: We consider the sequence (z;,,,) defined by
(Zpmn)=lmn, for all [,m,n € N

Clearly the sequence (Axy,,,) € 13,

Consider the sequence of scalars defined by

Qo = (=1)™T", for all I,m,n € N

Then the sequence (QmnTimn) takes the following form
mnTimn = (—1)™"lmn, for all [,m,n € N

Clearly, (AQmnTimn) & 13, ,

Hence [3_(A) are not solid.

Theorem 2.5: The spaces cj(A), ¢3(A), 2F(A), 12.(A) and ¢*B(A) are not
symmetric in general.
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Proof: The proof is clear from the following examples:
Example 2.5: Consider the sequence (2, ) defined by

(Tymn)=m, foralll,m,n € N

Clear the sequence (Axy,,,) € c3, ¢, 3% and ¢*B

Now Consider a rearrange sequence (Yimn) of (Zmy) defined by

m—+1 ,form =1[,n is even
Yimn=<{ m—1,form=1[+1nis even
m , otherwise

Clearly (Ayimn) ¢ c3, ¢, ¢ and 38

Hence c3(A), ¢3(A), ¢*E(A) and ¢*B(A) are not symmetric.
Example 2.6: Consider the sequence (zj,,) defined by
(Zpmn)=Imn, for all [, m,n € N
Clear the sequence (Axy,,) € 12,
Now Consider a rearrange sequence (Yimy,) of (Zimy,) defined by

m+1 , form =[,n is even
Ymn=<¢ m—1,form=1[0+4+1,niseven
m , otherwise

Then the sequence (Aypmn) & 12,

Hence I3 (A) are not symmetric.
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Theorem 2.6: The classes of sequences cg(A), c3(A), 3E(A), 13 (A) and ¢*B(A)

are not convergence free in general.

Proof: We provide an example to prove the result.

Example 2.7: Consider the sequence defined by

|0, ifn=1,foralll,meN
Limn = —2, otherwise

Clearly the triple sequence (Azy,,) € c3, ¢, 38, 13 and 2P

Let the sequence (ylmn) be defined by

| 0, ifnisodd, foralll,m € N
Yimn Imn, otherwise

Clearly (Ayimn) ¢ c3, ¢, 3, 12 and 35,



78 DEBNATH, SARMA, DAS/JNAO : VOL. 6, NO. 1, (2015), 71-79
Hence c}(A), 3(A), 2E(A), I3,(A) and ¢*P(A), are not convergence free.

Theorem 2.7: The classes of sequences cg(A), ¢3(A), 2R (A), I3 (A) and P (A)
are all sequence algebra.

Proof: It is obvious.

Conclusion: We have introduced the notions of null, convergent and bounded
triple sequence spaces based on the difference operator A and have investigated its
different properties, which are the generalizations of null, convergent and bounded
triple sequence spaces. Further generalizations may be possible based on the dif-
ference operator A™.
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ABSTRACT. The aim of this paper, among other things, is, using a nonlinear scalarization
function and its properties, to study an existence theorem for a solution of SVQEP in the
setting of real topological vector space. One can consider this note as a new version of the
reference [5] by replacing a nonlinear scalarization function by a linear functional.

KEYWORDS : Symmetric vector quasi-equilibrium problem; Properly quasi-convex; Acyclic
map; Admissible set

1. INTRODUCTION

Let X and Y be real Hausdorff topological vector spaces (for short, t.v.s.), C and
D be nonempty subsets of X and Y, respectively. Let Z be a real Hausdorff t.v.s.
with its topological dual space Z*. The pairing between Z and Z* is denoted by
(-,.). Let P G Z be a convex cone with int P # (), where int P denotes the interior
of P.Let S:C x D —2%and T : C x D — 2P be set-valued mappings and let
f.g9:C x D — Z be two vector-valued functions.

In 2003, Fu [8] introduced the symmetric vector quasi-equilibrium problem
(for short, SVQEP) that consists in finding (Z,7) € C x D such that z € S(z,9),
g€ T(Z,y) and

f(xvg)_f(i'vg) g—il’ltp, VmGS(E,g),
9(z,y) —g(z,y) ¢ —intP, Vy € T(z,7).

The SVQEP is a generalization of the (scalar) symmetric quasi-equilibrium prob-
lem (for short, SQEP) posed by Noor and Oettli [10] which this problem is a gener-
alization of the equilibrium problem that, at the first, proposed by Blum and Oettli
[3]. The equilibrium problem contains as special cases, for instance, optimization
problems, problems of Nash equilibria, variational inequalities, and complemen-
tarity problems (see [3]).
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Email address : ali-ff@iauksh.ac.ir, farajzadehali@gmail.com.
Article history : Received May 18, 2014. Accepted May 13, 2015.
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The aim of this paper, among other things, is, using a nonlinear scalarization
function and its properties, to study an existence theorem for a solution of SVQEP
in the setting real of t.v.s. This method for obtaining a solution of SVQEP is different
from that which is used by Fu in [8]. Fu?s method is based on the notion of weak
minimal points and well-known Kakutani-Fan- Glicksberg Fixed point theorem in
locally convex Hausdorff space. Also our method enables us extends some results
in [4, 8, 10, 11].

2. DEFINITIONS AND PRELIMINARIES

In the rest of this section we recall some definitions and preliminaries results
which we need in the sequel.

In this paper, all topological spaces are assumed to be Hausdorff. As mentioned
before, let P ; Z be a convex cone with int P # (). We can define a vector ordering
in Z by setting

rysy—xze b
and a weak ordering by setting
r<ysy—xc€inth.
We will denote usual ordering on real numbers by <.
It is clear that P N -int P = (), since P +intP C int P and P # Z (this fact will be
used in Lemma 3.1).

Let E be a t.v.s. and C : E — 2¥ a multi-valued map and for all z € E, C(x)
is a solid cone (that is, intC(z) is non empty). Let ¢ : E — E be a map with
e(z) € C(x) for z € E. The non linear scalarization function { : E x E — R is
defined as follows:

&(z,y) =inf{r e R:y € re(z) — C(x)}.

Definition 2.1 [8]. Let B be a nonempty subset of Z. Element b € B is called a
weak minimal point of B if BN (b — int P) = (). The set of all weak minimal points
of B will be denoted by min ,,B.

Lemma 2.1 [7]. Let B be a nonempty compact subset of Z. Then

(i) min,B #0,
(i) B C min,B + (int P U {0}).

In the following definition (i)-(iv) is due to Ferro [7] and (v) to Tanaka [12].

Definition 2.2. Let (7, P) be an ordered topological vector space, and let C be a
nonempty convex subset of a vector space X. Let a vector mapping f : C — Z be
given.

(i) f is called convex if for every z:, y € C' and t € [0, 1], one has
[tz + (1 —t)y) 2 tf(@) + (L= t)f(y).
(i) f is called properly quasi-convex if for every z,y € C and t € [0,

1],
one has either f(tx + (1 —t)y) < f(z) or f(tx + (1 —t)y) X f(y).
(iii) f is called P-l.s.c. if, forall z € Z, the set L(z) = {x € C : z £ f(2)}

is closed in C'.
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(iv) fis called P-u.s.c. if, forall z € Z, the set U(z) = {x € C': f(z) £ z}
is closed in C.
(v) f is called natural quasi-convex if for every z,y € C and t € [0, 1],
there exists p € [0,1] such that f(tz + (1 —t)y) < pf(z) + (1 — p) f(y)

Also, the function f is said to be natural quasi-concave(respectively, concave,
properly quasi-concave) if — f is natural quasi-convex( respectively, convex, prop-
erly quasi-convex).

Remark 2.1. Every convex or properly quasi-convex function is natural quasi-
convex function (see Lemma 2.1 [14]). A vector mapping may be convex and not
properly quasi-convex, and conversely (see [7]). Consequently, the class of natural
quasi-convex functions is strictly larger than both the class of convex functions and
the class of properly quasi-convex functions. It is easily seen that properly quasi-
convexity and quasi-convexity are equivalent to each other in the scalar case, i.e.,
Z =R and P =[0,00).

Definition 2.3. Let X and Y be two topological spaces. A set-valued mapping
T:X — 2Y is called:

(i) upper semi-continuous (u.s.c.) at z € X if for each open set V' containing
T(z), there is an open set U containing z such that for each ¢ € U, T'(t) C
V; T is said to be u.s.c. on X ifitis u.s.c. atall z € X.

(ii) lower semi-continuous (l.s.c.) at x € X if for each open set V' with
T(x)NV # (, there is an open set U containing 2 such that for each ¢t € U,
T(t)NV # 0; T is said to be L.s.c. on X ifitis l.s.c. atall z € X.

(iii) continuous on X if it is at the same time u.s.c. and l.s.c. on X.

(iv) closed if the graph G,.(T) of T, i.e., {(z,y) : x € X,y € T(x)}, is a closed
setin X x Y.

(v) compact if the closure of range T, i.e., T'(X), is compact, where T'(X) =
UIEXT(‘T)'

Remark 2.2 [13]. T is Ls.c. at € X if and only if for any y € T'(z), and any net
{za}, xo — x, there is a net {y,} such that y, € T(z,) and y, — ¥.

Definition 2.4. Let X be a topological space, Y be a t.v.s. A function f : X — Y
is said to be demicontinuous if

fHUM) ={z e X : f(z) e M}
is closed in X for each closed half space M C Y.

Lemma 2.2 [14]. Let X be a topological space, Z a t.v.s. and f : X — Z be a
demicontinuous function, then for any z* € Z*, the composite function z* o f is
continuous, where Z* is the topological dual space of Z.

Definition 2.5 [11]. A nonempty topological space is acyclic if all of its reduced
Cech homology groups over rationals vanish. Note that any convex or star-shape
subset of a topological vector space is contractible, and that any contractible space
is acyclic. Amap T : X — 2Y is said to be acyclic if it is u.s.c. with compact
acyclic values .
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Definition 2.6 [11]. A nonempty subset X of a t.v.s. FE is said to be admissible
provided that, for every compact subset K of X and every neighborhood V of the
origin 0 of F, there exists a continuous map h : K — X such that z — h(z) € V,
for all z € K and h(K) is contained in a finite dimensional subspace L of E. Note
that every nonempty convex subset of a locally convex t.v.s. is admissible (see [9]).
Other examples of admissible t.v.s. are [? and L?(0,1) for 0 < p < 1, the space
S5(0,1) of equivalent class of measurable functions on [0, 1], the Hardy spaces H?
for 0 < p < 1 and certain Orlicz spaces. Ultrabarrelled t.v.s. are also admissible.

We need the following theorem in the sequel.

Theorem 2.1 [11]. Let C' and D be admissible convex subsets of t.v.s. X and Y,
respectively. Let S : C' x D — 2% and T : C' x D — 2P be compact acyclic maps,
and f,g: C x D — R Ls.c. functions such that (i) The functions

F(z,y) = min{f(§,y) : £ € S(z,9)},

G(v,y) = min{g(z,n) : n € T(z,y)}

are u.s.c. on C' x D, and

(i) For each (z,y) € C x D, the sets
Az,y) ={{ € S(z,y) : f(§y) = F(z,y)},
B(z,y) ={n € T(z,y): g(z,n) = G(z,y)}

are acyclic.

Then there exists an (Z,7) € C x D such that

z € 8(7,7), f(x,9) > f(T,y), forallxc S(T,7),

7€ T(z,7),9(T,y) > g(Z,y), foralyecT(Z,7).

3. MAIN RESULTS

Throughout this section, let X, Y be real Hausdorff t.v.s., C' and D be non empty,
admissible convex subsets of X and Y, respectively. Let Z be a real Hausdorff t.v.s.
with topological dual space Z* and P & Z a convex cone with int P # ().

The following Lemma is essential tool for our main results. In the following we
establish some important properties of the non linear scalarization function which
generalize Propositions 2.3 and 2.4 in [4] from locally convex spaces to topological
vector spaces which its proof left to the reader.

Lemma 3.1. Let Z be a t.v.s. and P be a convex cone. Let e € intP Then the
following assertions, for each r € R and y € z are satisfied.

() &(y)=inf{re R:ycre— P=min{r € R:y € re— P};
i) &(y)<reycre—P

(ii) &(y) <r <&y €re—intP

(iv) Ify1 =y, then &(y1) < &e(y2):
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(v) The function y — &.(y) is continuous, positively homogeneous and sub
additive on Z;
(vi) The function y — £.(y) is bounded on some neighborhood of zero.

Now, we are ready to prove existence theorems that extends the main result in
[6], Theorems 1,2 and 3 in [8], and also is a generalization of the Theorem 1.1.
Theorem 3.1. Assume that

i) S:CxD—2%and T :C x D —» 2P are continuous and compact;
and for each (z,y) € C x D, S(z,y), T(x,y) are nonempty, closed

convex subsets;
(i) f,g:C x D — Z are demicontinuous;
(iii) For any fixed y € D, f(z,y) is natural quasi-convex in z; for any

fixed € C, g(x,y) is natural quasi-convex in y.
Then SVQEP has a solution.

Proof. By (ii) and Lemma 3.1 through theorem 2.2 in [6], the composite functions
£.of and &.0g are l.s.c. We claim that the real-valued continuous functions £.o0f
and &.og satisfy in conditions (i) and (ii) of Theorem 2.1. Indeed, condition (i) follows
from Theorem 1 in [1, p. 122].

Now for condition (ii), we must show that for any fixed (z,y) € C' x D the set
A(x, y) is convex, where

A(z,y) = {ue€S(x,y):&o flu,y) = F(z,y)}
F(z,y) = min{& o f(u,y):uec S(z,y)}.
To this end, let ¢ €]0, 1] and uy,u2 € A(z,y). By the definition of A(z,y), ui,us €
A(z,y) and convexity of the set S(z,y), we get (1 — t)u; + tus S(z,y) and
F(z,y) =& o flul,y) =& o f(ug y). Hence by (iii) there exists p €]0, 1] such that
Fz,y) < &o f((1—tur +tug,y)
< ( —p)€e o f(ur,y) + pée o f(uz,y)
= (1-pF(z,y)+pF(z,y)
= F(z,y).
In the above, the first inequality holds by the definition of F(z,y) and (1 — t)u; +
tus € S(z,y), but the second inequality holds by natural quasi-convexity of the
function f in the first argument (assumption (iii)) and to preserve ordering on Z by
&, (see, Lemma 3.1 (iv,v)). Then, (1 — t)us + tus € A(z,y). Similarly &, o g satisfies

in conditions (i) and (ii) of Theorem 2.1. Now, by virtue of Theorem 2.1, there exists
(Z,7) € C x D such that

7 € 8(7,7), & o f(x,7) > & o f(T,7), Yo € S(T,7),
YET(@,Y),E09(T,y) =& 09(T.7), Vy € T(T,7).
Then by Lemma 3.1 (v),
T € 8(7,7),&(f(@,Y) — f(T,7) = &(f(2,7) — &(f(@,7)) = 0,Vz € S(z,7),
Y€ T(x,7),&(9(@,y) — 9(T,7)) = &(9(T,y)) — &(9(T, 7)) = 0,Vy € T'(Z, 7).
Consequently, it follows from Lemma 3.1 (iii) and the relations (1) and (2) that

T e S(Tvy)af(x’y) - f(fay) g —intP, Vr € S(f,ﬂ)

€
0
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and

and so (T, 7) is a solution of the SVQEP. This completes the proof. O

The following corollary is one of the applications Theorem 3.1. which extends
the existence Theorem 3.1 in [14] from locally convex topological vector spaces to
topological vector space.

Corollary 3.1. Let C' and D be nonempty compact admissible convex sets, and
let the vector-valued function f : C' x D — Z satisfy the following conditions
(i) The function f is demicontinuous;

(ii) For any fixed y € D, f(x,y) is natural quasi-convex in z; for any fixed z € C,
f(z, y) is natural quasi-concave in y.

Then the vector-valued function f has at least one P-weak saddle point, that is,
there exists (Z,y) € C' x D such that

f(Z,9) — f(x,7) ¢int PVYz € C
f(z,y) — f(z,9) €int P Yz € D.

Proof. It is enough in Theorem 3.1, we define the set-valued mappings S :
CxD—2%andT:C x D — 2P as S(z,y) = C, T(z,y) = D, and also the
vector-valued function g on C' x D as g(x,y) = —f(z,y). O

By using Theorem 2.1 and Lemma 3.1 we can state the following theorem which
is another version of Theorem 3.1 without continuity condition of the maps.

Theorem 3.2. Let S : C x D — 29 and T : C x D — 2P be compact acyclic
maps. Suppose that f,g: C x D — Z and & € S_int p,p, be such that
(i) The composite functions &, o f, & o g are L.s.c.,

(ii) The functions

F(xvy) = mln{f@(f(fay)) : fES(I,y)},
G(z,y) = min{&(g(z,n)) : 1€ T(x,y)}

are u.s.c. on C' x D,
(iii) For each (z,y) € C x D, the sets

Az, y) = {u € S(z,y) : &(f(u,y)) = F(z,9)},

B(z,y) = {neT(z,y): &lg(z,n) = Gz, y)}
are acyclic.

Then SVQEP has a solution.

Remark 3.1. Let us briefly discuss assumptions (i), (iii) and convexity C' x D. The
lower semicontinuity of £, o f and £, 0 g : C X D — Z is ensured whenever f

and g are P-l.s.c. This follows from Lemma 2.4 in [2]. We can omit compactness
condition of the sets C' and D in Theorem 1 in [10], by using Himmelberg’s Fixed
point theorem [11] instead of Berge’s maximum Theorem in its proof. Then by

using this form of the Theorem 1 in [10] and the property of £, € S_int p,p, We
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can omit condition (iii) in Theorem 3.2, if C' and D be nonempty convex subsets of
real locally convex Hausdorff spaces X and Y, respectively, and S, T be u.s.c. and
compact maps with nonempty closed convex values. At last convexity of C' x D is
not essential. In fact, C' x D can be any subset of X X Y which is homomorphic to
an admissible convex subset in t.v.s. X; X Y; (see discussion after Theorem 1 in

(11]).

The following examples show that Theorem 3.2 is sharper than Theorem 3.1.

Example 3.1. Let C = [—1,1], D =[0,1]. Define T : C' x D — 2P by
T(z,y) =[0,1], S: C x D — 2° by

{0} ifz#£0

S =
(9) 0,1 ifz=0,

and f,g:C x D — R by

0 ifre{=:neNu{0
gay) =ty floy) = L5 o0}
1 otherwise .

The maps S and T are acyclic. The function f is not quasi-convex but l.s.c. and
the function g is convex and continuous such that

F(z,y) =min{f({,y) : £ € S(z,y)} =0, forall (z,y) € C x D,

G(z,y) =min{g(z,n) =x+n:neT(x,y)} ==z, forall (z,y) € C x D
are continuous and convex. It is clear that,

A(z,y) ={§ € S(z,y) : f(§,y) = F(z,y)} = {0}, for all (z,y) € C x D

B(z,y) ={n € T(z,y) : g(z,n) = G(z,y)} = {0}, for all (x,y) € C' x D are
acyclic (sets) for every (z,y) € C x D. Therefore, SVQEP has a solution by Theorem
3.2. But the example does not satisfy in the conditions of Theorem 3.1.
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