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AUXILIARY PRINCIPLE TECHNIQUE FOR SOLVING
TRIFUNCTION HARMONIC VARIATIONAL INEQUALITIES

MUHAMMAD ASLAM NOOR, KHALIDA INAYAT NOOR

1. INTRODUCTION

Variational inequalities theory introduced in 1964 has emerged as a pow-
erful tool to investigate and study a wide class of unrelated problems arising
in industrial, regional, physical, pure and applied sciences in a unified and
general framework. The ideas and techniques of the variational inequalities
are being applied in a variety of diverse areas and prove to be productive
and innovative. Variational inequalities have been extended and generalized
in several direction using novel and new techniques, see [11, 12, 13, 14, 15,
19, 20, 21, 22, 23, 24, 25, 26, 31, 28, 29, 32, 33, 35, 36, 40, 41, 42, 45, 46, 47,
48, 50, 51, 52, 53, 56, 57]. There are significant developments of variational
inequalities related with multivalued, nonmonotone, nonconvex optimization
and structural analysis. An important and useful generalization of variation-
al inequalities is harmonic variational inequality. Anderson et. al.[6] studied
the properties of the harmonic functions. Al-Azemi et. al.[2] explored the
applications harmonic means in asian options and stock exchange. For the
applications, generalizations and properties of the harmonic functions, see
[32, 33, 34, 38, 39, 41, 42, 43, 44, 45, 47]. The harmonic variational inequali-
ties were introduced and investigated by Noor et. al [32, 33, 35, 40] by using
the concept of the differentiable harmonic convex. In particular, if the func-
tions is a locally Lipschitz continuous harmonic function, then the minimum
of the harmonic function can be characterized by harmonic directional varia-
tional inequality.

Noor and Oettli [50] introduced and studied the problem of trifunction equi-
librium problem. It have been shown that variational inequalities, fixed-point
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problems, Nash equilibrium problems and saddle-point problems can be stud-
ied in the framework of equilibrium problems. For applications, motivation,
numerical techniques and other aspects of trifunction variational inequalities
and related optimization problems, see [31, 28] and the references therein.
Motivated and inspired by these facts, we consider another class of harmonic
variational inequalities, which is called the trifunction harmonic variational
inequality.  This class includes the harmonic variational inequalities, com-
plementarity problems, absolute value harmonic variational inequalities and
optimization problems as special cases.

Variational inequalities problems have witnessed an explosive growth in
theoretical advances, algorithmic developments and applications across al-
most all disciplines of engineering, pure and applied sciences. Analysis of
these problems requires a blend of techniques and ideas from convex analysis,
functional analysis, numerical analysis and nonsmooth analysis. There are
several methods for solving variational inequalities and equilibrium problems.
Due to the nature of the harmonic variational inequalities, projection and
resolvent methods can not be applied for solving these problems. In such
cases, the auxiliary principle technique is being used to suggest and analyze
some iterative methods for solving harmonic variational inequalities and their
variants forms. Glowinski et. al [12] used this technique to study the exis-
tence problem for mixed variational inequalities, the origin of which can be
traced back to Lions et. al. [15]. Noor [19, 22, 24, 25, 26, 31] and Noor
et. al.[14, 32, 33, 35, 40, 41, 45, 47, 48] has used this technique to suggest
and analyze some iterative methods for solving various classes of variational
inequalities and equilibrium problems. We have also introduce the harmonic
Bregman distance functions for differentiable harmonic functions. We apply
the auxiliary principle principle technique involving the harmonic Bregman
distance function to suggest some classes of hybrid inertial iterative schemes
for trifunction harmonic variational inequalities. We also prove that the con-
vergence of these methods pseudomonotonicity, which is a weaker conditions
than monotonicity. As special cases, we obtain new iterative schemes for
solving various classes of harmonic variational inequalities and related opti-
mization problems. The comparison of these methods with other methods is
a subject of future research. We have only investigated the theoretical as-
pects of the results. The development of efficient numerical aspects of these
methods is an significant open problem.

2. PRELIMINARIES

Let H be a real Hilbert space, whose inner product and norm are denoted
by (.,.) and ||.|| respectively. Let K be a nonempty closed convex set in H.
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Let f: H — R be a locally Lipschitz continuous function. Let 2 be an open
bounded subset of R™.

First of all, we recall the following concepts and results from nonsmooth
analysis [6]and nonconvex analysis [4, 8, 9, 10, 18, 54].

DEFINITION 2.1.  Let f be locally Lipschitz continuous at a given point
x € H and v be any other vector in H. The Clarke’s generalized directional
derivative of f at x in the direction v, denoted by f°(x,v), is defined as
flx+h+tv)— f(x+h)

0 .
z,v) = lim su .
7 ) t—0+ h—}()) t

The generalized gradient of f at x, denoted df(x), is defined to be subd-
ifferential of the function f°(z;v) at 0. That is

of (x) = {w € H : (w,v) < fOz;v), VYveH.}

If f is convex on K and locally Lipschitz continuous at x € K, then df(z)
coincides with the subdifferential f/(z) of f at  in the sense of convex analysis
, and f9(x;v) coincides with the directional derivative f'(x;v) for each v € H,
that is, fO(x;v) = (f'(x),v), Vv e H.

DEFINITION 2.2. [4] The set Ky, is said to be a harmonic convex set, if

uv

_ Y A 1].
Y P € Ch, Yu,veKky, € [0,1]

DEFINITION 2.3. [4] The function ¢ on the harmonic convex set ICp, is
said to be harmonic convex, if

&

uv

) SN A, Vv ek A€ (0],

The function ¢ is said to be harmonic concave function, if and only if, —¢
is harmonic convex function.

We recall that the minimum of a locally Lipschitz continuous harmonic
convex function on the harmonic convex set Kj can be characterized by an
harmonic variational inequality.

THEOREM 2.4.  Let ¢ be a locally Lipschitz continuous harmonic convex
function on the harmonic convex set K. Then u € Cp, is a minimum of ¢, if
and only if, u € Ky, satisfies the inequality
(2.1) ¢ (u;

uv

)ZO, Yo € K.

u—v

The inequality of type (2.1) is called the bifunction harmonic variational in-
equality.
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PrROOF. Let u € K}, is a minimum of locally Lipschitz continuous har-
monic convex function ¢. Then

(2.2) ¢(u) < o(v), Vv e Kp.

Since K} is a harmonic convex set, so Vu,v € Kp, vy = % € Cp.
Replacing v by v)) in (2.2) and diving by A and taking limit as A — 0, we
have

uv _ u
¢(u+)\(u;)\)) (b( ) _ ¢,(u; uv )
the required result (2.1). Conversely, let the function ¢ be locally Lipschitz
continuous harmonic convex function on the harmonic convex set ;. Then

0 < lim
A—0

u—v

T o) S (L V) +A8(0) = ¢lu) + A(9(v) — d(w),
which implies that
# - ¢ u uv
o(v) —d(uw) > lim Nt ;>) ) = ¢/(us——) >0, using (21).

Consequently, it follows that
o(u) < o(v), Yo e K.

This shows that v € K} is the minimum of a locally Lipschitz continuous
harmonic convex function. 0

We would like to mention that Theorem 2.4 implies that harmonic optimiza-
tion programming problem can be studied via the harmonic variational in-
equality (2.1).

For strongly harmonic convex functions f, we define the harmonic Breg-
man distance function as

Blo.w) = (o) = fw)— (f'(w),

(2.3) > allv — ul]?, Yu,v € Kp,.

uv

)

It is important to emphasize that various types of function f give different
harmonic Bregman distance function. We give the following important ex-
amples of some practical important types of harmonic convex function f and
their corresponding Bregman distance functions.

Examples

1. For convex function f(v) = [|v||?, the
B(v,u) = ||v —ul|?, VYu,v € H,

is the squared Euclidean Bregman distance function (SE).
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2. If the Shannon entropy [55] f(v) = Y., v;logv; is a differentiable
harmonic convex function, then its corresponding harmonic Bregman
distance function is given as

n

B(v,u) = Z (vi{logvi —logu;} + (v; —u; + Vitli )log u; — ViU ))

° Ui — V4 U; — U4
i=1

n

:Z<U’ilog(zi_)+(vi—ui+ ViU )log u; — ViU ))

1=1 -

i — Vg Ui — Ui
This distance is called the harmonic Kullback-Leibler distance (K L),
which may play a very important tool in several areas of applied math-
ematics such as information, data analysis and machine learning.

3. If the Burg entropy f(v) = —Y.7_, logv; is a differentiable harmonic
functions, then its corresponding harmonic Bregman distance function
given as

n

(O Vi
Bl =3t 4 ),

i=1

is called the harmonic Ttakura-Saito distance (I.S) and appears to be
new one. It is not symmetric, that is, B(v,u) # B(u,v). One of the
advantages of the Itakura-Saito divergence is its scale invariance which
means that B(Av, Au) = B(u,v), for any number A. This makes it a
very suitable measure for the comparison of audio spectra. One can
explore the applications of this Bregmann distance harmonic function
in data analysis, the information theory, and machine learning. These
harmonic Bregaman distance functions inspire further research and
applications in various branches of risk analysis, transportation and
other related optimization programming problems.

REMARK 2.5. It is a challenging problem to explore the applications of
Bregman distance function for other types of nonconvex functions such as bi-
convex, k-convex functions, preinvex functions and harmonic biconvex func-
tions.

Motivated by these facts, we now introduce the trifunction harmonic varia-
tional inequalities and discuss some special cases. To be more precise, for
given nonlinear trifunctions F'(.,.,.), ®(.,.,.) : K x Ky x K, — R and non-
linear continuous operators T, A : K, — H, consider the problem of finding
u € Ky, such that

U

uv
(2.4) F(u,Tu, m) + O (u, A(u), - U) >0, Yvek.



6 M. A. NOOR, K. I. NOOR
The problem (2.4) is called the trifunction harmonic variational inequality.

Special Cases.
I). I d(u,Alu), =) = O(u, A(u); 2£), Vv € Ky, then (2.4) reduces

u—v b u—v
to
finding u € Kp, such that
uv uv
(2.5) F(u,Tu, )+ @ (u, A(u); ) >0, YveKy.

u—v u—v
(II).  For ®(u, A(u), 2%) = fO(u; %), Vv € Kj, the problem (2.4)

collapses to

finding u € K}, such that

(2.6) Flu,Tu, 2 ) 4+ ;Y >0, Yo e Ky
U — u—v
Here fO(u; %) denotes the generalized directional derivative of the function

f(u) at u in the direction **-.

structural analysis, see [51, 52]. Problem of type (2.6) is called the trifunc-
tion harmonic hemivariational inequality. Panagiotopoulos [51] studied the
hemivariational inequalities to formulate variational principles connected to
energy functions which are neither convex nor smooth. It is has been shown
that the technique of hemivariational inequalities is very efficient to describe
the behaviour of complex structure arising in structural and industrial engi-
neering sciences, see [51, 52, 53] and the references therein.

Such type of nonlinear functions f arise in the

(ITI). Let f is a differentiable harmonic convex function and
uv
@(u,A(u),u_v) = ®(u, f'(u), ).

Then problem (2.6) collapses to finding u € K, such that

uv

u—"v

(27) P, Tu, =)+ ®(u, f'(w), ——) 20, Vo€ Kp,

U—v
which is known as the mildly nonlinear trifunction harmonic variational in-
equality and appears to be a new one.

(IV). If ®(u, A(u), ) = O(u, Alul; =), Yo € Ky, then (2.4) re-

S u—wv S u—v
duces to finding u € K such that
uv uY
(2.8) F(u,Tu, ) + D(u, Alul, ) >0, YveKk,
uU—v uU—v

is called the absolute value trifunction harmonic ivariational inequality. Man-
gasarian et. al. [16] studied the systems of absolute value equations and
proved its equivalence with complementarity problems.. It is worth mention-
ing that the systems of absolute equations can be obtained as a special case
of the variational inequalities and complementarity problems introduced and
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studied by Noor [19, 20].

(V). IfF(u,Tu, ) = B(Tu, 7*), ®(u, A(u), %) = W(A(u), -2%),
where B(.,.) and W(.,.) are continuous bifunctions, then problem (2.4) is e-
quivalent to ﬁnding u € Kp, such that

(2.9) B(Tu, -

uv

)+ W (Aw), 2

’U) >0, Yveky,

which is called the blfunctlon harmonic variational inequality, introduced and
studied by AlShejari et. al.[1].

(VD). If F(u, wo) = (T'u, 2*%) and ®(u, A(u), %) = (A(u), %),

then problem (2.4) is equivalent to finding u € K, such that
uv
Alu),——) >0, Yvelp,
o)+ {Aw), —) = v ek

uv
2.1 T
210) (T

which is known as the harmonic variational inequality.

(VIT).  For ®(u, A(u), -*
u € K such that

(2.11) F(u,Tu,

v} = 0, then problem (2.4) reduces to finding

—v

uv

) > 0, Yv € /Ch,

U—v

which is called the trifunction harmonic variational inequality. In brief, for
suitable and appropriate choice of the trifunction, one can obtain several
classes of harmonic variational inequalities. This clear shows that the problem
(2.4) is more general and flexible and includes the previous ones as special
cases.

Definition 2.2. The trifunction F(.,.,.) and the operator T is said to be:
(a) jointly monotone with respect to <I>( yey ), if

F(u,Tu, ue )—l—F(v Tv
u—

)<O Yu,v € Ky,

(b) jointly pseudomonotone with respect to ®(.,.,.), if

U) + ®(u, Au), u“_”

F(u,Tu, uo
u—

—

F(’UTU )+(I)(7)A()

>
1)) 0

uv

) >0, VYu,vek,.

(c) partially relazed strongly jointly monotone with respect to ®(., ., .), if there
exists a constant 7 > 0 such that

F(u, Tu )+F(v Tv ) <Allu— 2|2, Yu,v,z € K.

Note that for z = u partially relaxed strongly jointly monotonicity reduces
to jointly monotonicity. This shows that partially relaxed strongly jointly
monotonicity implies jointly monotonicity, but the converse is not true
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LEMMA 2.6. Yu,v € H,
(2.12) 2(u,v) = [lu+ol* = Jul® = [[o]>.

3. ITERATIVE METHODS AND CONVERGENCE ANALYSIS

In this section, we suggest and analyze some iterative methods for solving
trifunction harmonic variational inequality (2.4) using the auxiliary principle
technique of Glowinski et. al. [12] involving Bregman distance harmonic func-
tion.

For a given u € K}, satisfying (2.4), consider the auxiliary problem of
finding w € 5, such that

P (w,Tw, ———) + (E'(w) = E'(v), =

)
vw

v —w

where p > 0 is a constant and E’(u) is the differential of a differentiable
harmonic convex function E(u) at u € K. Since E(u) is a strongly convex
function, problem (3.13) has a unique solution. We note that, if w = u, then
clearly w is solution of the problem (2.4). This observation enables us to
suggest and analyze the following iterative method for solving (2.4).

ALGORITHM 1.  For a given ug € H, compute the approximate solution
Up41 by the iterative scheme

VUn+41

VUn41
pF(un+1v TunJrlv v o

E, n _El n)s
) (B () — B (),

(3.14) +p®(tunt1, A(tunt1), vvu&) >0, Yveky,

— Unp+1

where p > 0 is a constant. Algorithm 1 is called the proximal method for
solving problem (2.4). In passing we remark that the proximal point method
was suggested by Martinet [8] in the context of convex programming problems
as regularization technique. For the recent developments and applications of
the proximal point algorithms, see the references.

(I).  For ®(u, Au, %) = ®(u, Au; **), Algorithm 1 collapses to:

UuU—v u

ALGORITHM 2.  For a given ug € H, compute the approximate solution
Up41 by the iterative scheme

VUn+41

VUn41
pF(un+17Tun+1v v o

E, n _El mn)s
P (B ) B ),
(3.15) +p®(unt1, A(tunt1); M) >0, YveK,

UV — Unp41
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for solving trifunction harmnoic hemivariational inequalities (2.5).
(I1).  If F(u,Tu, ;*%) = B(T'u, ;**>v—u) and ®(u, Au, ;**) = W(Au, **)

u—v u u—v T u—v

then Algorithm 1 collapses to the following method.

ALGORITHM 3.  For a given ug € H, compute the approxrimate solution
Up41 by the iterative scheme

VUn+1 ’ ’ VUn+1
B(T n+1, E n -F n/s
PB(Ttn41, 5= =) + (B (ng1) = B'(un), o=
VUy,
+oW (A(tny1), —F) >0, Vo€ K,
UV — Up+t1

is called the proximal point method for solving bifunction harmonic vari-
ational inequalities (2.6) and appears to be a new one.

(IIT).  If ®(u, A(u), 2=) = 0, then Algorithm 1 collapses to:

T u—v

ALGORITHM 4.  For a given ug € ‘H, compute the approrimate solution
Up41 by the iterative scheme

VUn+1
PF(UnH, Tuni1, m
(3.16) (B (1) — E'(un), —2F Ly > 0 o € Ky,
U — Unp41

for solving trifunction harmonic variational inequality.

(IV). For W (Tu, ) =0, Algorithm Algorithm 3 reduces to:

?u—v

ALGORITHM 5.  For a given ug € H, compute the approximate solution
Up11 by the iterative scheme

+{E (upt1) — E'(uy,),
) (B () — B ), s

VUn+1

pB(Tuns1, _Vln+1
v —

) >0, YveKk,

is called the proximal point method for solving bifunction harmonic vari-
ational inequalities (2.6) and appears to be a new one.

In brief, for suitable and appropriate choice of the operators and the
spaces, one can obtain a number of known and new algorithms for solving
variational-like inequalities and related problems.

THEOREM 3.1. Let F(.,.,.) and the operator T be jointly pseudomono-
tone with respect to ®(.,.,.). Let E be a locally Lipchitz continuous strongly
harmonic convex function with module 3 > 0. Then the approzimate solution
Upy1 obtained from Algorithm 1 converges to a solution u € Ky, satisfying

(2.4).

PROOF. Let u € K}, be a solution of (2.4). Then
F(u, Tu, —2—) + ®(u, A(u), —2—) >0, Vv € Kn,
v

U
u— u—v
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implies that

(3.17)  F(v,Tw, LU) + ®(v, Av),

u uv
u —

)20, V’L)G’Ch,

u—v
since F(.,.,.) is jointly pseudomonotone with respect to ®(.,.,.).
Taking v = v in (3.14) and v = u,41 in (3.26), we have

Uln1 / / Uln41
F T _— E —F _—
P (un-‘rl’ Un+1, " — Un+1) + < (Un+1) (un)’ U— Uns1
uu
(3.18) > —pp®(uni1, Altngr), ——).
U — Upt1
and
uu 1 uu 1
(3'19}F(un+17 Tun-i-l) $) - pF(un—Ha Tun-‘rla L) > 0.
U — Unp41 U — Un+1

We now consider the Bregman distance function

(3.20) Blu,w) = E(u)—E(w)—(E’(wquiU

=) 2 Bllu— wl?,

by using the strongly harmonic convexity of E.
Now combining (3.18) and (3.19), we have

UnpU
B(u,u,) — B(u,uns1) = E(uny1) — E(un) — (B (Uny1), ﬁ
n n
uu
HE (unt1) — B (up), ——
U — Up+1
uu 1
> BHU”I’LJrl - un||2 + <El(un+1) - El(”n)a —
U — Un41
uu 1
Z /BHU’TH‘l - un”Q - pF(un+17Tun+17 ol
u — Un+1
uu
—p®@((un+1, A(un+1, —nt )
U — Unp+1

Z /8Hun+1 _un”Z;

where we have used (3.19).

If upy1 = uy, then clearly wu, is a solution of the trifunction hemivariational
inequality (2.4). Otherwise, it follows that B(u,u,) — B(u, tn+1) is nonneg-
ative and we must have

lm ||upy1 — upl = 0.
n— oo

Now using the technique of Zhu and Marcotte [57], it can be shown that the
entire sequence {u,, } converges to the cluster point u satisfying the trifunction
harmonic variational inequality (2.4). O

It is well-known that to implement the proximal point methods, one has
to find the approximate solution implicitly, which is itself a difficult problem.
To overcome this drawback, we now consider another method for solving (2.4)
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using the auxiliary principle technique.
For a given u € K, satisfying (2.4), find w € K}, such that

vw

PF (1, Tu, —) + (E'(w) — E'(u),v — w)

wv

w—v

(3.21) +p®(u, A(u),

) >0, Yvée€Ky,

w—v

where E’(u) is the differential of a strongly harmonic convex function F(u)
at u € KCp,. Note that problems (3.13) and (3.21) are quite different problems.
It is clear that for w = w, w is a solution of (2.4). This fact allows us to
suggest and analyze another iterative method for solving trifunction harmonic
variational inequality (2.4).

ALGORITHM 6.  For a given ug € H, compute the approrimate solution
Up41 by the iterative scheme

VUn+1 VUn41
PF (tn, Tuy, m) + (' (unt1) — E' (un), =it
(3.22) D (tn, Atn), —2F Y > 0, Yo € Ky,
Up+1 — U

which is called the implicit iterative method for solving the problem (2.4).
To implement Algorithm 6, we use the predictor corrector technique to suggest
the following two step method for solving the problem (2.4).

ALGORITHM 7.  For a given ug € ‘H, compute the approrimate solution
Up41 by the iterative scheme

Wnpv Wnpv
F(wn, Twy, ———— E'(tny1) — E'(wy), ——
(0 T, ) (B (wns) = '), 20
> —p®(wy,, Awnp, ot ), Vv €K,
UV — Unp+1
VWn ’ / VWn
F naT oy E n - F n)y T
(s T, ) (B () = B (), ~22)
> —p®(up, Atn, —2 ) Yo € Ky
UV — Wnp+1

Note that, for F(.,.,.) = B(.,.)and ®(.,.,.) = W(.,.),, where B(.,.), W(.,.)
are bifunctions, Algorithm 7 reduces to:
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ALGORITHM 8.  For a given ug € H, compute the approximate solution
Up41 by the iterative scheme

WnV WnpV
F(T ny . E/ n - F n)y .
pF(Tw —un) T (E'(unt1) = E'(wn) F——
> —p®(Awn, — ), Yo € Ky,
U — Un41
VW VW
F(T n “ E/ n _E/ mn)y “
PF(Tu, —22) 4 (B () — B (), )
> p®(Aun, — ) e Ky
U — Wnp+1

which is called the predictor-corrector method for solving the bifunction

harmonic variational inequality (2.6).

If F(Tu, *%) = (Tu, 7*%) and W(Au, ;**-) = (Au, -**-), then Algorith-
m 8 collapses to the method for solving the harmonic variational inequalities
(2.5).

ALGORITHM 9.  For a given ug € H, compute the approximate solution
Upt1 by the iterative scheme

Wy , Wpv
T "y D) n -k nj)s
pTw ) (B ) = B (),
> —plAwn, —22Y Yy e Ky,
U — Up+1
) )
T mny B E/ n) E/ mn)s -
Pl 0) () = ), )
> —plAup, —20 N Yy e Ky
U — Wnp+1
If ®(u, A(u), ;%) = 0, then Algorithm 6 reduces to the following iterative

method for solving with trifunction harmonic variational (2.11).

ALGORITHM 10.  For a given ug € H, compute the approzimate solution
Up41 by the iterative scheme

PF (tn, Ty, _Uln+t1
Up+1 — U
(3.23) HE (unsr) — E'(un), —FLy >0, Vo € K,
U — Up+1

Similarly for suitable and appropriate choice of the operators and the
spaces, one can obtain various known and new algorithms for solving equilib-
rium problems and variational inequalities.

Using the technique of Theorem 3.1, one can consider the convergence
criteria of
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Algorithm 6.

We again apply the approach of auxiliary principle without the Bregman
distance function to suggest some implicit for approximate schemes for solv-
ing the problem (2.4).

For a given u € K}, satisfying (2.4), consider the problem of finding w €
KCr, such that

PF (w+n(u —w), T(w +n(u = w)), ——— + (w = u,v—w) >

) Z O,V’U S ]Cha

VW

(3.24) —p®(w+n(u—w), Alw),

v—w
where p > 0,7 € [0, 1] are constants.

Inequality of type (3.24) is called the auxiliary trifunction harmonic varia-
tional inequality.

If w = u, then w is a solution of (2.4). This simple observation enables us to
suggest the following iterative method for solving (2.4).

ALGORITHM 11.  For a given ug € H, compute the approrimate solution
Up41 by the iterative scheme

VU
F(un+1 +n(un — un+1),T(un+1 + n(un - un+1)>7 ia
UV — Unp+1
F(Un g1 = Un, U — Upp1) >

VUn+1

_pq)(un—i-l + n(un - un-i—l)a A(un+1 + n(un - un-i—l))a )7VU S Kh~

UV — Up+41

Algorithm 11 is called the hybrid proximal point algorithm for solving
trifunction harmonic variational inequalities(2.4).

Special Cases
We now consider some cases of Algorithm 11.

(I).  For n =0, Algorithm 11 reduces to:

ALGORITHM 12.  For a given ug € ‘H compute the approzimate solution
Upt1 by the iterative scheme

VUy,
PF (s, T(tpg1)y ——5) + (Ung1 — U, 0 — Unt1)
UV — Up+1
(3.25) D1y Alungr), —2HL Y > 0,0 € K.
U — Up+1

(IT). If p =1, then Algorithm 11 reduces to:
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ALGORITHM 13.  For a given ug € H, compute the approzimate solution
Up41 by the iterative scheme

UpU
(pF (un, Tup, ﬁ) + (Unt1 = Un, U = Uny1)
n

pB(n, Alun), —FL ) > 0,0 € K.

U — Up+41
(II1). Ifn= %, then Algorithm 11 collapses to:

ALGORITHM 14.  For a given ug € H, compute the approrimate solution
Up4+1 by the iterative scheme

Upt1 + U Unt1 + U v
pF( n+1 n,T( as “ > ias ) + <un+1 = Un, UV — u7b+1>
9 2 UV — Un+1
_|_
(M AT, S > 0.0 € K
n+1

which is called the mid-point proximal method for solving the problem (2.4).
If ®(.,.;.) =0, then Algorithm 11 reduces to:

ALGORITHM 15.  For a given ug € H, compute the approximate solution
Un+1 by the iterative scheme

VU 1
PE (uny1 + 1(tn — tuny1), T(ups1 + 0t — tni1)), —nt
U — Un41

+{(Upg1 — Up, 0 — Upt1) >0, Yo €Ky,
for solving trifunction harmonic variational inequality.

We now consider the convergence criteria of Algorithm 12. The analysis is
in the spirit of Theorem 3.1. We include its proof for the sake of completeness
and to convey an idea of the technique involved.

THEOREM 3.2.  Let F(.,.,.) be jointly pseudomonotone with respect to
®(.,.,.). Then the approxzimate solution u,11 obtained from Algorithm 12 con-
verges to a solution u € Ky, satisfying (2.4), if

(3.26) 1 = ull® < Jlun — ull® = g = un]*.

PROOF. Let u € K}, be a solution of (2.4). Then

uv uv

F(u,Tu,u_v)—|—<I>(u,A(u),u_v)ZO7 Vv € Ky,
implies that
uw uv
3.27) F(v,Tv, ——) + ®(v, A(v), >0, Yoe K,
(327)  F(,To, =) 4+ 80, A@), ) 20, Voe k)
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since F(.,.,.) is jointly pseudomonotone with respect to ®(.,.,.).
Taking v = u in (3.26) and v = uy,41 in (3.27), we have

Ulp 41
Fluptr, T(upy1), ——
(Unt1, T (tUn+1) % — Unt
UlUp+1
(3.28) +{(Unt1 — Un, U — Ups1) > —pP(uni1, A(uni1), ﬁ),Vv € Kp.
— Un+1
and
Uy, Uy,
(3:29)F (tnt1, Ttpy1, —0—) + F(uppr, Ttips1, —— 1) > 0.

U — Up41 U — Un+1
Combining (3.28) and (3.29), we obtain

(Upy1 — Un, U — Uny1)
UlUn 41

2 _F(un+1vT(un+1)7
U — Up+1

(3.30) ~® (i1, Alttns), — ) > 0,

U — Un+1
Setting u = u — tp 41 and v = Up41 — Uy, in (2.12), we obtain
2(Un g1 — Up, U — Upy1)
(3.31) = lu—=unl?® = llu = wnga | = tns1 — un®.
Combining (3.19), (3.21) and (3.32), we have
ot = wll® < Jm =l = Jons1 — %,

the required result (3.26). O

THEOREM 3.3.  Let H be a finite dimensional space and all the assump-

tions of Theorem 3.2 hold. Then the sequence {un}:o giwen by Algorithm 12
converges to a solution u of (2.4).

PROOF.  Let u € K}, be a solution of (2.4). From (3.26), it follows that
the sequence {||u — uy||} is nonincreasing and consequently {u,} is bounded.
Furthermore, we have

o0

Z ||un+l - unH2 S ||U0 - ’U/||27
n=0
which implies that
(3.32) lm ||tupi1 — upl =0.
n— oo

Let @ be the limit point of {un}zo7 a subsequence {unj}jo of {un}:c converges
to @ € Kp,. Replacing wy, by u,, in (3.2), taking the limit n; — oo and using
(3.32), we have

F(i, Ti, —2—) + ®(a, A(d), —— >0, Vo€ Kn,

v—1u v—1u
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which implies that @ solves the inequality (2.4) and
[tntr = ull* < fu —ul®.

Thus, it follows from the above inequality that {un}zo has exactly one limit
point 4 and
nh_}rr;o (uy) = .

the required result. 0
We again apply the technique of the auxiliary principle to suggest some hy-
brid inertial proximal point methods for solving the problem (2.4). It is worth
mentioning that the inertial type methods were suggested by Polyak [53] to
speed up the convergence criteria. For the applications of the inertial methods
for solving the variational inclusions and inequalities, see [3, 24, 46, 47] and
the references.

For a given u € K}, satisfying (2.4), consider the problem of finding w €
KCp, such that

pF(w + n(u — w), T(w + n(u — w)), ——

)+ {w—u+ alu—u),v—w)

vw

(3:33)  +®(w+n(u—w)), Alw +n(w - v)), -

>20, VUEIC}“
— W

where p > 0, a, 7, € [0,1] are constants.
Clearly, for w =u, w is a solution of (2.4).

This fact motivated us to suggest the following inertial iterative method
for solving (2.4).

ALGORITHM 16.  For given ug,u; € H, compute the approrimate solu-
tion upy1 by the iterative scheme

VU 1
pF(un-i-l + n(un — Un+1, T(un+1 + T/(Un - U'n-i-l))a —n
UV — Up+41
+<un+1 — Up + a(un — Up—1,V — un+1> >

VU 1
—p®(unt1 + N(un — Uns1, A((Unt1 +19(un — Uni1)), #)a Vv € K.
- Un+1

which is known as the hybrid inertial iterative method.

Note that for a = 1, Algorithm 16 is exactly the Algorithm 12.

(IW). If p =1, then Algorithm 16 reduces to:
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ALGORITHM 17.  For given ug,uy € H, compute the approrimate solu-
tion up41 by the iterative scheme

VU
pF (up, Tuy, ol )+ (Unt1 — Up + Uy, — Up—1,V — Upt1)
UV — Up+1
> —p®(un, A(uy), M), Yv € Kp,.

U — Un+1

which is known as the explicit inertial iterative method.
(W). For n = %, Algorithm 16 collapses to:

ALGORITHM 18.  For given ug,u; € H, compute the approrimate solu-
tion upy1 by the iterative scheme

U +u u +u VU
pF( ot an( ot n)’ ias )+ (Ung1 — Un + a(Un — Up_1,V — Upy1)
2 2 V— Upt1
Un+1 + un Un+1 + un VUn+1
> —pd A Yv € K.
Z =P ( 9 ) ( ) )7’U—un+1)’ v h

(WTI). For n = 0, Algorithm 16 reduces to:

ALGORITHM 19.  For given ug,uy € H, compute the approrimate solu-
tion up41 by the iterative scheme

vu
PF (i1, Tt 11, ——2) + (g1 — 4 iy — Up 1,0 — Up 1)
U — Up+1
VUp+1
Z _p(I)(unJrla A(un+1)7 ﬁ)v Vv € ICh.
n

which is known as the implicit inertial iterative method.

Using essentially the technique of Theorem 3.2, Theorem 3.3 and Noor
[12], one can study the convergence analysis of Algorithm 19.

REMARK 3.4. For different and appropriate values of the parameters n, «,
bifunctions F'(.,.), ®(.,.), operators T, A, harmonic convex set KCj, and spaces,
we can obtain a wide class of inertial type iterative methods for solving the
harmonic variational inequalities and related optimization problems. This
shows that proposed Algorithms are quite flexible, unified and general ones.

Using essentially the technique of Theorem 3.2 and Theorem 3.3, one can
study the convergence analysis of Algorithm 16.

For different and appropriate values of the parameters, n, «, the operators
T, A and spaces, one can obtain a wide class of inertial type iterative meth-
ods for solving the harmonic variational inequalities and related optimization
problems.
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Conclusion. ~ We have considered and investigated some new classes of tri-
function harmonic variational inequalities in this paper. It is shown that sev-
eral important problems such as harmonic complementarity problems, system
of harmonic absolute value problems and related problems can be obtained as
special cases. The auxiliary principle technique involving the Bregman dis-
tance function is applied to suggest several hybrid inertial type methods for
finding the approximate solution of trifunction harmonic variational inequal-
ities. Convergence criteria of the proposed methods is investigated under
suitable weaker conditions. We note that this technique is independent of the
projection and the resolvent of the operator. Similar approximate schemes can
be suggested for stochastic, random, fuzzy and quantum variational inequal-
ities, which are an interesting and challenging problems for further research.
To our knowledge, no research has been carried in these fields. The compari-
son of the proposed methods with other techniques needs further efforts and
is itself an open interesting problem. The interested readers are advised to
explore this field further and discover novel and fascinating applications of
the harmonic variational inequality theory in Banach and topological spaces.
The general theory of harmonic variational inequalities is quite technical, so
we shall content ourselves here to give the flavour of the main ideas involved.
The framework chosen should be seen as a model setting for more general
results. It is an interesting open problem to explore the applications of har-
monic variational inequalities in various branches of pure and applied sciences
and develop numerical implementable methods.
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