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Abstract: In the present paper, we investigate the properties of geodesic sub-(a,b,s)-preinvex functions on Hadamard manifolds
and establish some basic properties in both general and differential cases. Furthermore, we explored sufficient conditions of optimal
solutions and proved some new inequalities under geodesic sub-(c, b, s)-preinvexity.
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1 Introduction

Convexity is an important property in mathematics and
economics. Recently, many researchers have developed
new generalizations for the classical convexity and also
established many properties in new generalized cases. For
example, Hanson [1] presented one of the important
generalization of convexity (i.e. invexity) in 1981. The
preinvexity was presented by Ben-Israel and Mond in [2]
which is special case of invex functions. Similarly, some
properties of preinvex and «-preinvex functions was
considered by Jeyakumar [3] and Noor [4,5], respectively.
In 1991, a class of b-vex functions was introduced by
Bector and Singh in [6]. Suneja et al. [7] explored the
generalizations of preinvex functions, i.e b-preinvex
functions. In 2006, a generalization of b-invex function
which is known as semi-b-preinvex was presented in [8].
Furthermore, Chao et al. in [9] defined a new class of
generalized sub-b-convex functions and discussed
sufficient conditions of optimality. s-convex functions of
the first type was first introduced by Orlicz in [10] and the
second type of s-convexity was introduced by Breckner in
[11], then Hudzik and Maligranda in [12] addressed some
properties of these types of s-convexity (s € (0,1)). In
2016, sub-b-s-convex functions were defined using
modulation s-convexity and sub-b-convexity, see [13].

Thus, various properties of convex functions can be
established on Riemannian manifolds. For example,
Rapcsédk [14] handled smooth nonlinear optimization in
R" and Udeiste [15] investigated some generalizations of
convexity as well as optimization problems on
Riemannian Manifolds which differ from the others in the
use of Riemannian manifold. The convexity along curves
and generalizations with applications to duality theory
and optimality conditions on Riemannian manifold were
considered by Pini [16]. The concept of geodesic invexity
in Riemannian manifold was introduced and preinvexity
on a geodesic invex set was defined. Moreover, the
relationship between geodesic invexity and preinvexity on
manifolds was investigated by Barani and Pouryayevali
[17], while geodesic ¢-invexity and q-preinvex functions
were defined in [18]. In addition, piece of literature
involved more related generalizations of convexity, and
new class of generalized convexity such as strongly
o-invex and strongly geodesic o-preinvex functions, see
[19,20,21,22,23].

Riemannian geometry is considered as generalization of
the Euclidean case and smooth Riemannian manifolds
accommodate curvature using the tangent planes. Thus,
the metric is not trivial and distances need to reconsidered
for this curvature, see Petersen et al. [24]. Now, we recall
some definitions and results related to Riemannian and
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Hadamard manifolds presented in [14,15,18]. In this
work, we extend some of these results on Hadamard
manifold.Moreover, sufficient conditions of optimal
solutions are presented and some new inequalities under
new functions are proved.

Consider W m-dimensional Riemannian manifold,
and T,W tangent space to W at point p, if 1, (x;,x2), the
map [: p — U, is called a Riemannian metric where (1,
to T,W. Further, a manifold W is equipped with ¢ known
as a Riemannian manifold, see the details in [14,15,18]
and [25].

The geodesic property is defined as the shortest
possible line between two points on a sphere or another
curved surface, or more generally in a Riemannian
manifold. Thus, we define the length of curve
o: [a,ar) — W as:

L) = [ ) ax

ai
Furthermore, if we let
d(p1,p2) =inf{L(a): ax € C! curve py — P2}

for any points pi,po € W, d is a metric induced by
topology on W. Note that for every Riemannian manifold
W, there exists only one covariant derivation and it is also
known as Levi-Civita connection \/xY, for X,Y € W.
Moreover, a geodesic smooth path o has tangent and
satisfies /() G(t) = 0. Any path o joining p; and p; in
W that L(a) = d(p1,p2) is called a minimal geodesic.
Similarly, Hadamard manifold is complete, simply
connected manifolds and has non-positive sectional
curvature on W, ie having an exponential map
exp, : T,W — W such that exp,(v) = (1), on the
whole tangent space of a point then «, is also geodesic
and applied as velocity of «.

Now, we recall the following definition and the details
are found in [18].

Definition 1.Assume that W is a Hadamard manifold, and
n:WxW — TW is a function and while ot : W x W —
R\ {0} defined such that o(jy, j2)n (j1,j2) € Tj,W, for all
J1,Jj2 € W. A non-empty subset Y C W is called a geodesic
a-invex (G invex) set with respect to(w.r.t) M if there is a
unique geodesic o, j, : [0,1] — W such that

j,.j,(0) =v,8, j,(0) = a(j1, 2)n(j1. j2)
foraj j, (1)€Y, and 0 <t <1.

The set Y is called G.o- invex set on a Hadamard manifold
if

exp; (ta(j1,j2)Nn(j1,42)) €Y,
for ji,jpeYand 0 <z < 1.

RemarkIf o(jy,j2) = 1, the Definition 1 reduces to
geodesic invex set [17].

2 Main Results

From now on, let W be a Hadamard manifold; TW be the
tangent space of W and Y be a nonempty subset of W. Let
N:WxW —TW and a: W x W — R\ {0} be
functions such that for every jj,jo» € W then

a(jr, NG, j2) € TpW. Also, let
b(j1,j2,t) 1Y XY x [0,1] — R be a real value function.

Definition 2.Assume that Y is G.- invex set. The function
h:Y — TW is called a geodesic sub-(a., b, s)-preinvex, if
there exists b(ji, ja,t) : Y XY x [0,1] — R such that

h(expj, ta(ji, j2)n (1. j2)) < £°h(jr) + (1 —1)°h(j2)
+b(jlaj27t);
for ji,jp €Y, t€0,1]ands < (0,1].

Remark. 1If s = 1 and b(ji,j2,t) < 0, Definition 2
reduces to geodesic a-preinvex.
2Ifs=1, a(ji,j2) =1 and b(ji, j2,t) < 0, Definition 2
reduces to geodesic convex.

Example 1.Consider h : [0,+00) — R is defined by
h(x) = (x* +4x)*, and b(x,y,t) = tx*> + 4ty? for s € (0,1).
Now assume that

a(t) =exp;, (ta(ji, j2)n (i, j2))

where a(j1,j2) =1 and n(ji1,jo) = expjlej]. Then A is a
sub — (a, b, s)-preinvex.

Remark.When o(t) = tj; + (1 —t)j, in Example 1, h
becomes the sub-b-s-convex function [13].
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Fig. 1: £ is sub-b-s-convex function
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Theorem 1.Assume that fi,fo : Y — TW are geodesic
sub-(a,b,s)-preinvex then fi + f» and B f1,B > 0 are also
geodesic sub-(o, b, s)-preinvex.

The above-mentioned theorem defines that the geodesic
sub-preinvex property is a linear property. Similarly, we
can extend to above theorem and we have the following
corollary.

Corollary 1.If h,
geodesic sub-(a,b,s)-preinvex b, :
(i=1,2,---,n), respectively, then

Y — TW,(1 = 1,2,---,n) are
Y xY x[0,1] — R,

n
h: lehhll ZO
1=1

n
is also geodesic sub-(a.,b,s)-preinvex where b = Z Auby.
1=1

Theorem 2.Consider hy : Y — TW C R is a geodesic
sub-(at,b,s)-preinvex function and hy : K — R is a
non-decreasing convex function where rang(h;) C K,
then hiohy is a geodesic sub-(a,b,s)-preinvex function b
where b = hyob;.

Proof.

(haohy) (expj, ta(ji, j2)n (i1, j2))
= hy (hi(exp;,t(ji, j2)n(j1,42)))
< hy (£hy(j1) + (1 —1)*h1(j2) +b1(j1, j2,1))
=t'hy (h1(j1)) + (1 =1)ha (1 (j2)) + h2 (b1 (j1, j2,t))
= 1" (hpohy) (j1) + (1 —1)* (ha0h1) (j2) + b(j1, j2,1)(1)

which  means that  hyoh is a
sub-(a, b, s)-preinvex function.

geodesic

The above-mentioned theorem indicates that under
certain conditions the composition is invariant. Next, the
definition of a geodesic sub-(¢, b, s)-preinvex set.

Definition 3.A set Y C W is said to be a geodesic sub-
(a,b,s)-preinvex set, if

(expju @, 22t 2), 1 + (1=1)°Bo +bluyuz,1)) €,

V(j],ﬁ[),(jz,ﬁz) ey, ji,pheW,te [0,1],s€ (0,1] and
b definedasb:Y xY x[0,1] — R.

The epigraph of a geodesic sub-(ct, b, s)-preinvex function
h:Y — TW can be explained as

{U,r)jeY,BeRA(j)<B}.

Now, in order to prove the sufficient and necessary
rule for i to be a geodesic sub-(a,b,s)-preinvexn we
need to study properties of geodesic
sub-(e, b, s)-preinvex in terms of their epigraph @ (h).

o(h) =

Proposition 1.Assume that h; : Y — TW are geodesic
sub-(a,b,s)-preinvex functions with respect to maps
b : Y xY x[0,1] — R, for (i =1,2,---,n), then
H = maxh; is also geodesic sub-(a,b,s)-preinvex where
b = max b;.

Theorem 3.A function h : Y — TW is geodesic
sub-(a,b,s)-preinvex if and only if its epigraph is also a
geodesic sub-(a, b, s)-preinvex.

Proof.Assume that & is a geodesic sub-(a, b, s)-preinvex
function and (ji,1), (j2,B2) € @(h), then by hypothesis,
h(j1) < Bi1 and h(j2) < Bo. Furthermore,
h(expj, to(j1,j2)n(j1,j2)) < °h(j1)
+ (1=1)*h(j2) +b(j1, j2:1)
<P+ (1 =1)B+b(j1,j2:1).(2)
Then,

(expj, ta(j1, j2)n i1y j2),° B+ (1 =1)°Ba 4 b(j1, jas1))

is in @(h). Thus, ®(h) is geodesic sub-(a, b, s)-preinvex
set.
Next, let @(h) be geodesic sub-(a, b, s)-preinvex set, then

(jlvh(jl))a (Jth(.D)) € (D(//l),

where ji,j» €Y.
<6XP_,'210‘(J'17j2)n(j1,j2)7fsh(jl)+(1 —1)*h(j2) +b(j ,j275)>
is in @(h) which shows that

h (expjzfa(h,jz)n(jl,jz)) <t*h(j1)+(1=1)"h(j2) +b(j1, j2,1).
Then £ is geodesic sub-(a, b, s)-preinvex function.

Proposition 2.If Y; is a family of geodesic
sub-(a,b,s)-preinvex sets, the intersection NickY; is also
a geodesic sub-(o,b,s)-preinvex.

Proof-Suppose that (ji,B1),(j2,B2) € NicxY;. Then
(jl7ﬁ1)a(j27ﬁ2)EYi7VieK
(expp,r(in, ;)G j2) 1B+ (11 By +b(j1, jost) ) €,

Vi € K. This implies that

(expj, ra(jr, j2)n(irsj2),t° B+ (1= 1) Ba 4 b(j1, jas1))

is in N;exY;. Thus, the intersection N;ckY; is a geodesic
sub-(a, b, s)-preinvex set.

The aforementioned proposition indicates that the
arbitrary intersection of geodesic sub-preinvex sets again
is geodesic sub-preinvex. As per Theorem 3 and
Proposition 2, the following proposition holds:

Proposition 3.If h; are geodesic sub-(a,b,s)-preinvex
functions then a function H = sup,cg h; is also geodesic
sub-(a, b, s)-preinvex function.
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Definition 4.For a mapping h: Y — R, if the next limit

Iim h(exp, ta(ji, j2)n(jtsJ2)) = h(j2)
—0 tlee(r, 2)n (s i2) |l

)

exists, h is called a (a,n)-differentiable mapping at j, €
w.
Also, the (o0, n)-differentiable mapping of h at j, is given
by

- h(expjzta(jl,jz)n(jhjz))
t—0 t||a(]15]2)n(11512)||

— lim A
t—0tlloe( 1, j2)n (s j2) |l

da(jl,jz)n(jl Jz)h(jz) =

Theorem 4.Assume that Y is a G.Q-invex set. If h: Y —
R is (o, n)-differentiable geodesic sub-(a,b,s)-preinvex,
the following holds

dOC(jl,jz)T](jl,jz)h(jz)Ha(jlajZ)n(jl 7]2)” < ti‘ilh(jl)

+h(12)+ lim b(h,]z,t).
2t t—04 t

Proof.Since h is a geodesic sub-(e, b, s)-preinvex, then it

follows that

h(expj, t0(j1,j2)n(j1,j2)) < °h(j1)+ (1 —1)*h(j2)
+b(jlaj25t)a

Vj1,j2 € Y,t €0, 1] and for some s € (0,1]. Also, since h
is (a, n)-differentiable, then

. _h(exp,ta(ji, p)n (i j2))
doc(jl,jz)n(jl,jz)h(h) :[hj;'o t||(;£2(j1,j2)77(j1,j2)||
~ lim LY R
1—0tlla(ji, j2)n G, i)

Hence
h(j2) +tdagj, jyymis. ih G2 @i, 2)n G o)l + O2(1)
= h(exp;, ta(ji, j2)N(j1sj2))
<*h(j1)+ (L=1)°h(j2) +b(j1, jo.1)
< h(jr) + (L+5h(j2) + b(jr, jas ).
Then
tda(j17j2)n(j17j2)h(j2)Ha(jl7j2)n(j1aj2)H + 02(t)
<25 [h(j1) +h(j2)+ b1, j2s1).

b(ji, .t
Since lim M the maximum of
t—04 t
. . 2
b(]l’tjz’t) 0 (t),then we obtain that
da(j oG hU) le G, j2)n G, )|l
b(j1, ja,t
<V G ()] + tim 20720, 3)
l—)0+ t

On the other hand, because of

h(j2) + tdagj, jyymGy G2, i) (s d2) |+ O (2)
<th(ji) + (1 =1)°h(j2) + b(j1, j2;1)

=°h(j1) + (1 =1)°h(j2) = °h(j2) +£°h(j2) +b(j1,j2,1)
=1 (h(j1) = h(j2)) +b (i, j2,0) + (1 = 1)* + ) h(j2)-
Hence, ((1—1)*+1%) <2 forz € [0,1] and for s € (0,1].
Here £ is a non-negative function, then we have

h(j2) +tdej jonGr.m G2 1t j2)n (s 72) | +0%(t)

<2*(h(j1) = h(j2)) + b, 2, 1) +20(2),

which implies that

tdOC(jl,jQ)T](jl,jz)h(jz)”a(j] 7j2)n(j] 7]2)H + Oz(t)
<t (h(jr) — h(j2)) +h(j2) +b(jr, j2,1),
it follows that

oo )G, j2)n G 2l

<0 i)~ )+ P2 ¢ g P2

t t—04 t

.4
Hence, by adding equations (3) and (4), the result is

obtained.

Theorem 5.Assume  that g Y — R s
(o, m)-differentiable geodesic sub-(a.,b,s)-preinvex then

Ay imGnin&U) (it j2)n (i, j2)|l

<1 (gl g(o)) + tim P20

t—04 t

ProofIf g is a geodesic sub-(o,b,s)-preinvex and also
(o, m)-differentiable, then

L g (exp;, ra(jr, j2)n (s J2))
Datin G 8(2) =l = Gl
— Iim N g(JZ) N B )
A oG m G2l

SO
8(j2) +td0t(j|~,jz)77(j1 ,jz)g(jz)Ha(jl,12)77(1171'2)” + Oz(t)
<r’g(ji)+ (1 —1)°g(j2) + b(j1, j2:1).
Since ¢ € [0,1] and s € (0,1], then (#*+ (1 —1)*>1),
which implies that
8(j2) +tda(j, jyymiir &8l )G, j2) || + 0% (t)
<r'g(jr) + (1 =1)g(j2) +b(jr, j2:1),

tda(j i 8U2) (i, j2)n G, j2) | + O (1)
<t (g(1) —g(j2)) +b(j1,j2,1),
Aoy innGin &)l j2)n Gy o)

< (g~ gn)) + tim PUSE)

t—04 t
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Next, we apply the aforementioned associated results to
the non-linear programming. First, the following
unconstrain problem (P) is considered

(P) :min f(x),x €Y.

Theorem 6.Assume that g : Y — R is a non-negative
(¢, m)-differentiable and sub-(o.,b,s). If j € Y and the
inequality

(7

+ lim PG00
t—04 t
G
holds for j €Y, t € (0,1] and s € (0,1], then j is the
optimal solution for problem (P) w.r.t. g on'Y.

Proof.Using (4), we have
o (8D, DG DI < £ g(i) —e()]

do; i S DG MG, D =

+@+ lim M,
t t—04 t
datiimpeDati imG. ) -2
= tim 22000 < e(j) — &),

t—04 t

holds for# € (0,1] and s € (0, 1] On the other hand,
da(j,;)n(j,;)g(f)IIOt(j,f)n(j,f)H

iy b . '."t
Zg(J)+ lim (Jj,J ),

t t—04 t

then get g(j) — g(j) > 0. Hence, j is the optimal solution

ofgonY.

Corollary 2.Considering that g : Y — R is a strictly non-
negative sub-(o.,b,s)-preinvex. If j € Y satisfies (5), j is a
unique optimal solution.

ProofFrom (4) if g is a strictly non-negative and
sub-(et, b, s)-preinvex,

daijr oG8 e, 2)n (s i2) |

<0 g(n) — (i) + SV 4t P20,

t—0, t

Assume that uy,v; € Y are two different optimal solutions
for (P). Then g(u;) = g(vy), so

gy ) Gy )8 VD) [0 (e, v1) 1 (g, v1) |

b t
C8O0) iy PV sty )],
! t—04 t
Applying 5, we get

r*g(ur) —g(v)] > 0,

and since ggu]) = g(v1), then it follows that u; = v; = J.
Therefore, j is the unique optimal solution of g on Y. Thus
the corollary is proved.

Next, the following non-linear programming problem will
be given

(Py) :min {£()

Now assume feasible set of (Py) is given by
M= {ueW:gi(u)<0,icl}, and f and g are all
differentiable and W) is a non-empty set in W. Then we
have the next theorem.

cue€W,gi(u) <0,icly I={1,2,--- ,m}.

Theorem 7(Karush-Kuhn-Tucher condition). Assume
that f : W — R is a non-negative (a,n)-differentiable
sub-(ot,b,s)-preinvex, and g; - W — R (i € I) are
(a,m)-differentiable sub-(a,b,s)-preinvex and

dajy, i miini S U7 +Z;Zl Gr mGin) 87 =0,
iS
zigi(j*) =0, (6)
where j* € M and z; > 0(i € I).
If
. blir it blin it
t l—)0+ t iell*?()ﬁ, t

then j* is an optimal solution of (Py).

Proof.Assume that j; € Py, then

gi(1) <0=g(j"),i€l(j")={iel:g(j")=0}.

Since g; are sub — (o, b,s)-preinvex and by Theorem 5, we

have

oG, )My i)l

< Ul - g+ tim PR,

t—04 t

dogjy o, 8i ("

which means that

ok PR b(j ) .*J
ot mtu i@, G, 7)) - tim P50
+

< gi(j1) —g&i(j5)] <0.

From 6, we get

ey GOl i )n G o)l
==Y zdag, i &GO el i )m G il
icl

= Z zid a(ji,j* ).+ 8i ( )”a(flv./) (Jla )H(g)
i€l(j*)

Using equation 7, then

dojy i mr L UONaG7)m G i)l
FGY Bl
t l—)0+ t

Z a(j,j5 )G ,i*)8i ( )||OC(]],J )ﬂ(lhf)”
1
_ 1im b(jlaj*vt) )

t—04 t

©))
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From equations (8) and (9), we have

" s ay SO
da(ir i mGe L GOINeG )m G, i)l - (t
_ fim 2050 S
t—04 t

From Theorem 6, we get f(j1) — f(j*) > 0,Vj; € M.
Hence, j* is an optimal solution of the problem (Py).

3 Conclusion

In this work, the properties of geodesic
sub-(a, b, s)-preinvex functions on Hadamard manifolds
are presented and some basic properties were studied in
both general and differential cases. Furthere, sufficient
conditions of optimal solutions was also studied and some
new inequalities under geodesic sub-(c, b, s)-preinvexity
such as the invariant of compositions were proved.
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