Annals of the University of Craiova, Mathematics and Computer Science Series
Volume 46(1), 2019, Pages 139-149
ISSN: 1223-6934

Convergent complex uncertain sequences defined by Orlicz
function
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ABSTRACT. In this paper we introduce the notion of convergent sequences of complex uncer-
tain variables with respect to measure, mean, distribution etc. defined by an Orlicz function.
‘We have investigated some of the properties of these classes of sequences. We have established
some relationships among these notions as well as with other classes of complex uncertain
variables.
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1. Introduction

Uncertainty is an extremely important feature of the real world. How do we under-
stand uncertainty? How do we model uncertainty? In order to answer those questions,
the notion of uncertainty theory was introduced by Liu [2]. Nowadays uncertainty
theory has become a branch of mathematics for modelling human uncertainty.

In this section, we procure some fundamental concepts and theorems in uncertainty
theory are introduced, which will be used throughout the paper.

Definition 1.1. (Liu [2]) Let L be a o—algebra on a nonempty set I'. A set function
M is called an uncertain measure if it satisfies the following axioms:

Axiom 1. (Normality Axiom) M{T'} = 1;

Axiom 2. (Duality Axiom) M{A} + M{A°} =1 for any A € L;

Axiom 3. (Subadditivity Axiom) For every countable sequence of {\;} € L, we have

oo o0
M N p <D M{N}

j=1 j=1
The triplet (T', L, M) is called an uncertainty space, and each element A in L is called
an event.
In order to obtain an uncertain measure of compound event, a product uncertain
measure is define by Liu ([2]) as follows:
Axiom 4. (Product Axiom) Let (T'y, Li, M) be uncertainty space for k = 1,2,3,....
The product uncertain measure M is an measure satisfying

M ﬁ Ak = K Mk{Ak}
k=1

k=1
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where A are arbitrarily chosen events from Ly for k = 1,2, ..., respectively.

Definition 1.2. (Liu [2]) An uncertain variable & is a measurable function from an
uncertainty space (', L, M) to the set of real numbers, i.e., for any Borel set B of real
numbers, the set

{€eBl={yel:&(n) e B}

is an event.

Definition 1.3. (Liu [2]) The uncertainty distribution ® of an uncertain variable &
is defined by

O(z) = M{¢{ <z}, VzeR.

Definition 1.4. (Liu [2]) The uncertain variables &1, &o, ..., &, are said to be indepen-
dent if

MS (& €B))p=/\ M{¢ € B;}
j=1 j=1

for any Borel sets By, Ba, ..., B, of real numbers.

Definition 1.5. (Liu [2]) Let £ be an uncertain variable. The ezpected value of £ is

defined by
+oo

Bl = [ M{g>r}dr - / M€ < r}dr

0
provided that at least one of the above two integrals is finite.

Considering the importance of the role of convergence of sequence in mathematics,
some concepts of convergence for uncertain sequences were introduced by Liu (See for
instance [2]) as follows:

Definition 1.6. The uncertain sequence {, } is said to be convergent almost surely(a.s.)
to & if there exists an event A with M{A} = 1 such that

lim_[£,(7) = €(v)[ =0,
n—oQ
for every v € A. In that case we write &, — £, a.s. as n — o0

Definition 1.7. The uncertain sequence {£,} is said to be convergent in measure to
& if

lim M{|g, — €| > e} =0,

n—oo
for every € > 0.

Definition 1.8. The uncertain sequence {£,} is said to be convergent in mean to &
if

lim E[|§, — &[] =0.

n—oo

Definition 1.9. Let ®, &1, ®,, ... be the uncertainty distributions of uncertain vari-
ables &, &1, o, ..., respectively. We say the uncertain sequence {&,} converges in dis-
tribution to £ if

lim ®,(z) = ®(x)

n—oo

for all z at which ®(z) is continuous.
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Definition 1.10. The uncertain sequence {{,} is said to be convergent uniformly
almost surely(a.s.) to £ if there exists an sequence of events {Ey}, M{Ey} — 0 such
that {&,} converges uniformly to & in I' — Ej, for any fixed k.

Tripathy and Nath [13] have introduced the notion of statistical convergence of
sequence of complex uncertain variables and investigated some of their properties.
Uncertainty theory has also been studied by Liu ([3], [1], [5]) from different aspects.
It is studied from the concept of sequence spaces by You [16] and Chen et.al. [22],
from finance point of view by Chen [21] and many others.

2. Complex Uncertain Variable

In this section, we procure some definitions, concepts and results on complex un-
certain variables those can be found in Peng [23].
As a complex function on uncertainty space, complex uncertain variable is mainly
used to model a complex uncertain quantity.

Definition 2.1. A complex uncertain variable is a measurable function ¢ from an
uncertainty space (I, L, M) to the set of complex numbers, i.e., for any Borel set B
of complex numbers, the set

{¢eB}={yeT:((y) € B}

is an event.

Theorem 2.1. A wvariable ¢ from an uncertainty space (', L, M) to the set of com-
plex numbers is a complex uncertain variable if and only if ReC and Im( are uncertain
variables where Re( and Im( represent the real and the imaginary part of ¢, respec-
tively.

Definition 2.2. The complex uncertainty distribution ®(x) of a complex uncertain
variable ¢ is a function from C to [0, 1] defined by

d(c) = M{Re(C) < Re(c), Im(C) < Im(c)}
for any complex c.

Theorem 2.2. A function ® : C — [0,1] is a complex uncertainty distribution if and
only if it is increasing with respect to the real part Re(c) and imaginary part Im(c)
such that

(i) limg_, oo ®(x +4b) # 1, lim, o, ®(a +iy) # 1, for any a,b € R;

(it) limg s 00,y 400 P(z +iy) # 0,

where i = \/—1 is the imaginary unit.

Definition 2.3. An Orlicz function is a function M : [0,00) — [0,00), which is
continuous, non-decreasing and convex with M(0) = 0, M(z) > 0 for x > 0 and
M(z) = 00 as & — 0.

If convexity of Orlicz function M is replaced by
M(z +y) < M(x) + M(y)

then this function is called Modulus function, defined and discussed by Ruckle [20]Lin-
denstrauss and Tzafriri [17] used the idea of Orlicz function to construct the sequence
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space

EM:{xEoJ:ZMC:Epk)<oof0rsomep>0}.

k=1
The space £ with the norm

2| —1nf{p>0 ZM ('”“;“') < 1}.

becomes a Banach space Which is called an Orlicz sequence space. Lindenstrauss
and Tzafriri [17]proved that every Orlicz sequence space 4 contains a subspace
isomorphic to ¢y or some £, positively for a class of spaces.

The space £ is closely related to the space £, which is an Orlicz sequence space
with M(z) = 2P;1 <p < 0.

Applying the concept of Orlicz function, different classes of sequences have been
introduced by Lindenstrauss [18], Tripathy and Borgogain ([14], [15]), Tripathy and
Dutta ([7]), Tripathy and Dutta ([11], [12]), Tripathy and Hazarika [8], Tripathy and
Sarma [10], Thorpe [6] and investigated their algebraic and topological properties
have been investigated. Now we introduce the notion of different types of convergent
sequences of complex uncertain sequences defined by an Orlicz function.

Definition 2.4. The sequence spaces given by Orlicz function for the complex un-
certain sequences {(,} which are convergent almost surely(a.s.) to ¢ is

c(M;a.s) = {{(n} : nh—>H;o ICh(y) = C()] =0, ZM (?) < oo for some p > 0} .

k=1

Definition 2.5. The sequence spaces given by Orlicz function for the complex un-
certain sequences {(,} which are convergent in measure to ¢ is

C(M;m):{{gn}: hm M{||¢n =] = e} =0, ZM('%') <oof0rsomep>0}.

Definition 2.6. The sequence spaces given by Orlicz function for the complex un-
certain sequences {(,} which are convergent in mean to ( is

c(M;mean) = {{Cn}: hm El||¢, —¢|l] =0, ZM ('%) < oo for somep>0}.

Definition 2.7. Let &, @1, ®o, ... be the complex uncertainty distributions of complex
uncertain variables (, (1, (o, ..., respectively. Then the sequence spaces given by Orlicz
function for the complex uncertain sequences {¢,} which are converges in distribution
to C is

¢(M; Dis) = {{Cn} : nh_}rrgo ®,,(c) = P(c) and i./\/l ('%) < oo for some p > 0} .

k=1

Definition 2.8. The sequence spaces given by Orlicz function for the complex un-
certain sequences {(,} which are convergent uniformly almost surely(u.a.s.) to ¢ is

c(M;u.a.s) = {{Cn} Cn =" %° ¢ and ZM <%|) < oo for somep>0}.

k=1
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3. Relationship between the Sequence Spaces Introduced

In this section we establish some relationship between the sequence spaces intro-
duced in this article.

Theorem 3.1. ¢(M;mean) C ¢(M;m) and the inclusion is strict.

Proof. Let ¢, € ¢(M;mean). Then by definition there exists ¢ € ¢(M;mean) such
that

li_>m E[||¢, —¢]l] = 0 and E M (|‘£k|) < oo for some p > 0.
n—00 14
k=1

It follows from the Markov inequality that for any given € > 0, we have

Mgl > < < I Cl

Thus {¢,} converges in measure to ¢. Hence we get

: - |k
nh_)rr;o MA{||¢n —¢|| > e} =0 and E M ( ) < oofor some p > 0

k=1

The inclusion is strict follows from the following example.
Example 3.1. Consider the uncertainty space (I', L, M) to be 71,72, ... with

SUpP., A ﬁ, 1 if sup,, ca @ < 0.5
M{A} = ¢ 1—sup, cxe e if sup, cpe gy <09
0.5, otherwise

and the complex uncertain variables be defined by

Cn(’)’)z{ (n+1)i, ify=",

0, otherwise

forn =1,2,... and ( = 0. For some small number € > 0 and n > 2, we have
1
M{lIGe = ¢l z e} = My [IGe(y) = CONll 2 e} = M{rn} = == = 0
as n — 0o. So the sequence {(,} converges in measure to . However, for each n > 2,
we have the uncertainty distribution of uncertain variable ||¢,, — ¢|| = || || is

0, ifx<0
Pp(z) =4 1—75, f0<z<n+l
1, r>n+ 1.

So for each n > 2, we have

n+1
E[lGn — ¢l = / 1-(1-

That is, the sequence {(,} does not converge in mean to (.
Hence the result follows.

1
n+1

)dx = 1.

Theorem 3.2. ¢(M;m) C ¢(M; Dis) and the inclusion is strict.
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Proof. Let ¢ = a + ib be a given continuity point of the complex uncertainty distri-
bution ®. On the one hand, for any a > a, 8 > b, we have
{n<amzbt={<an <bi{<an<plu{& <an <b{>an>p}
U <a,mn <b,§ <a,n>BrU{l <a,n, <b,{>a,n< p}
C{{<an<Bruilé —¢& =a—-alU{ln, —nl>B—0b}
It follows from the subadditivity axiom that
D () = Pn(a+ib) < B(a+if) + M{|¢n — & = a — a} + M{[nn — 0| > B — b}
Since {&,} and {1, } converges in measure to £ and 7, respectively, we have
limy, 0o M{|&x — &]] > @ — a} = 0 and lim,, oo M{||&x —&|| > 58— b} = 0.
Thus we obtain limsup,_,. ®,(c) < ®(a +if) for any a > a,5 > b. Letting
a+i8 — a+ ib, we get
lim sup ®,,(c) < ®(c). (1)

n—oo

On the other hand, for any = < a,y < b we have

{{<an<yt={&<am=<bi<zn<ylu{l<anm<b{<zn<y}
U{n > a,mm <0, <z <y} U{& >a,nn >0, <z <y}
C{&n <am, <OYU{l& =€l > a—a}U{ln, —nl > b—y}.
Which implies
®(x +iy) < Ppla+ib) + M{|& — €| > a—a} + M{|n, —n| > b—y}.
Since lim,, oo M{||&x — &|| > @ — 2} = 0 and lim,, oo M{||&x — &|| > b —y} =0, we
obtain ®(z+1iy) < liminf, . P, (a+1b) for any x < a,y < b. Taking z+iy — a+1ib,

we get
®(c) < liminf &, (c). (2)
n—oo
It follows from (1) and (2) that ®,(c) — ®(c¢) as n — oo. That is the complex

uncertain sequence {(,} is convergent in distribution to ¢ = £ 4 7. Hence the result
follows. O

The inclusion is strict follows from the following example.

Example 3.2. Consider the uncertainty space (T, L, M) to be {y1,v2} with M{y;} =
M{~2} = 4. We define a complex uncertain variable as

_ i) 1f'Y:’Yl
C(V)‘{ i, ity = .

We also define (,, = —( for n = 1,2, .... Then (, and ¢ have the same distribution
ifa<0,—00 <b< 400
ifa>0,b<—1

ifa>0,-1<b<1

ifa>0,b>1.

D, (c) =P, (a+1ib) =

ok O O

Then {(,} convergence in distribution to ¢. However, for a given € > 0, we have

M{IGe — ¢l = e} = M{v: [IGe(v) = ¢ =z e} = 1.

That is, the sequence {(,} does not converge in measure to (. By Theorem 3.2, the
real part and imaginary part of {(,} also do not convergent in measure.
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In addition, since ¢, = —( for n = 1,2, ...., the sequence {(,} does not converge a.s
to C.

Proposition 3.3. ¢(M;a.s) does not imply c¢(M;m).

Proof. The result follows from the following example. O

Example 3.3. Consider the uncertainty space (I', L, M) to be 71,72, ... with

SUDy, en (27:174-1)7 if SUpP,, eA m < 0.5
M{A} = 1=suby cxe oy I SUP, ene oy <05
0.5, otherwise.

Then we define a complex uncertain variables as

_Join, ify=1,
n(y) = { 0, otherwise

for n =1,2,... and ¢ = 0. Then the sequence {(,} convergence a.s to . However for
some small number ¢ > 0, we have
n 1

MG = Gl 2 2} = My 1660) = Cll 2 e = M} = - = 5

as n — oo.That is, the sequence {(,} does not converge in measure to (.
In addition the complex uncertainty distributions of ||, || are

0, ifa<0,—00<b< 400
. 0, ifa>0,b<0
‘I’n(c)_(bn(a—FZb)_ 1_#+1, ifa20,0§b<n
1, a>0,b>n.
for n =1,2,..., respectively. And the complex uncertainty distribution of ¢ is

0, ifa<0,—c0<b<+00
P(c)=4¢ 0, ifa>0,b<0
1, a>0,b>0.

Clearly ®,,(c) does not converge to ®(c) at a > 0,b > 0. That is, the sequence {(,}
does not converge to ( in distribution.

Proposition 3.4. ¢(M;m) also does not imply ¢(M;a.s).
Proof. The result follows from the following example. O

Example 3.4. Consider the uncertainty space (I, L, M) to be [0, 1] with Borel algebra
and Lebesgue measure. For any positive integer n, there is an integer m such that
n = 2" + k where k is an integer between 0 and 2™ — 1. Then we define a complex
uncertain variable by

i, if <y < D
() = om = 7= Tam
0, otherwise

forn =1,2,... and ( = 0. For some small number € > 0, we have

M{G ¢l > €} = M3+ [6(7) — ¢l = €} = 5 =0
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as n — 00. So the sequence {(,} converges in measure to ¢. In addition, we have

1
ElliGe — ¢l = 5 0

as n — 0o. Thus the sequence {(,} also converges in mean to (.

However, for any y € [0, 1], there is an infinite number of intervals of the form [, T
containing . Thus (, () does not converge to 0. In other words, the sequence {(,}
does not converge a.s to (.

k k+1]

Proposition 3.5. ¢(M;a.s) does not imply c(M; mean).

Example 3.5. Consider the uncertainty space (I', L, M) to be 71,72, ... with

M{A} = 2%

YnEA
The complex uncertain variables are defined by

_foa2r, ify=1,
) = { 0, otherwise

for n = 1,2,... and ¢ = 0. Then the sequence {(,} convergence a.s to (. However,
the uncertainty distributions of ||, || are

0, ifz <0
Pp(z) =4 1—5, ifO<z<2m
1, x> 2™
for n = 1,2,..., respectively. Then we have

"
1
Emckwm:/o L= (1= e = 1.

So the sequence {(,} does not converge in mean to (.
From Example 6, we can obtain ¢(M;mean) does not imply ¢(M; a.s).

Proposition 3.6. Let ¢, (1, (o, ... be complex uncertain variables. Then {(,} con-
verges a.s to C if and only if for any € > 0, we have

M(ﬁ G{ch—cn >s}> —0.

k=1n=k

Proof. By the definition of convergence a.s., we have that there exists an event A with
M{A} =1 such that lim,,_, ||¢, — ¢|| = 0. Then for any £ > 0, there exists k such
that ||(, — C|| < € where n > k and for any « € A, that is equivalent to

M(ﬁ D{HCn—CII <5}> = 1.

k=1n=k
It follows from the duality axiom of uncertain measure that

M(ﬁ G{ch—cn 25}) —0.

k=1n=k
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Proposition 3.7. Let (,(1, (o, ... be complex uncertain variables. Then {(,} con-
verges uniformly a.s to ¢ if and only if for any € > 0, we have

lim M(U{ncn ¢ ze}> ~o.

n==k
Proof. If {(,} converges uniformly a.s to ¢, then for any § > 0 there exists B such
that M{B} < ¢ and {(,} uniformly converges to ¢ on I' — B. Thus, for any € > 0,
there exists k > 0 such that ||, — (|| < € where n > k and v € I' — B. That is

UAllga =<l = e} c B.

n=k
It follows from the subadditivity axiom that

M(U{nck—cn zd») < M{B}) <4

n=~k
Then
: s _o.
nlglgoM<Uk{||Ck q[= 5}> 0
n=
On the contrary, if lim,,_, oo M(US, {||¢x — || > €}) = 0. for any ¢ > 0, then for given
6 > 0 and m > 1, there exists m;, such that

M( U i —cli> ;}> <

n=mrig

Let B = Uy U, {1160 — [l = &} Then

M{B}<ZM U {li¢n — CH>*} SZ%

m=1 n=mig m=1
Furthermore, we have
1
sup |G —Cll < —
~yel'-B m
for any m = 1,2, ... and n > my. The proposition is thus proved. O

Theorem 3.8. If{(,} € ¢(M;u.a.s), then {(,} € ¢(M;a.s).

Proof. Tt follows from above Proposition that if {(,} converges uniformly a.s to ¢,

then
nl;n;QM(Uk{ncn —¢l= s}) =0.
Since

M(ﬂ Ul =<l ze}> SM<U{||Cn—C|| ze}>7

k=1n=k n=k
taking the limit as n — oo on both side of above inequality, we obtain

M(ﬁ G{Hén—éll Zs}) = 0.

k=1n=k
By Proposition 3.4, {,} converges a.s to (. O
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Theorem 3.9. If a complex uncertain sequence {(,} € c(M;u.a.s), then {(,} €
c(M;m).

Proof. If {¢,} converges uniformly a.s. to ¢, then from Proposition above we have

1 . -
lim ~|{k <n: lim M U lige=¢ll=e| =6} =0.

n—oo N

n=~k
And
S(M{[IGn —cll =eh) < [ M| [ J {6 =<l > &}
n==k
Letting n — oo, we can obtain {(,} converges in measure to (. O

As in seen from Example 3.4, {(,,} converges in measure to (. However, it does not
converges a.s. to zeta. It follows from above Theorem that {(,} does not converges
uniformly a.s. to (.

4. Conclusion

In this paper we have defined different types of convergent sequences of complex
uncertain variables defined by an Orlicz function. We have studied their different
properties and established the relationship between them. The idea can be applied
for introducing some other classes of sequences of complex uncertain variables and
study their properties.
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