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Abstract: This study presents the soft limit and upper (lower) soft limit proposed by
Molodtsov, with several theoretical contributions. It investigates some of their basic prop-
erties, such as some fundamental soft limit rules, the relation between soft limit and
boundedness, and the sandwich/squeeze theorem. Moreover, the paper proposes left and
right soft limits and studies some of their main properties. Furthermore, it defines the soft
limit at infinity and explores some of its basic properties. Additionally, the present study
exemplifies these concepts and their properties to better understand them. The paper then
compares the aforesaid concepts with their classical forms. Afterward, this paper presents
soft continuity and upper (lower) soft continuity, proposed by Molodtsov, theoretically
contributes to these concepts, and investigates some of their key properties, such as some
fundamental soft continuity rules, the relation between soft continuity and boundedness,
Bolzano’s theorem, and the intermediate value theorem. Moreover, it defines left and right
soft continuity and studies some of their basic properties. The present study exemplifies
soft continuity types and their properties. In addition, it compares them with their classical
forms. Finally, this study discusses whether the aspects should be further analyzed.
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1. Introduction

Soft set theory, first introduced by Molodtsov [1], offers a versatile mathematical
framework for handling uncertainty. This theory has led to the emergence of soft analysis,
where fundamental analytical notions, such as limit and continuity, are reconsidered
through the lens of soft sets. Despite their foundational significance, Molodtsov’s initial
investigation of soft limit and soft continuity is limited in scope, and subsequent works—
including [2-6], published exclusively in Russian—have yet to secure these notions a place
within the broader mathematical mainstream.

Soft limit and soft continuity form the groundwork for developing other analytical
concepts in soft set theory, including soft derivative, soft integral, and soft differential
equations [1,7-10]. Therefore, a deeper investigation into their properties is not only
mathematically significant but also essential for improving the theory of soft analysis,
which has not been satisfactorily attended to in the related literature. The present paper
addresses this research need by extending and systematizing the theory of soft limit and
soft continuity by introducing left and right soft limits, soft left and right variances, the
soft limit at infinity, and left and right soft continuity and by redefining the concepts of
soft and upper (lower) soft limits and soft and upper (lower) soft continuity to establish a
coherent framework.
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In addition to these theoretical developments, this study contributes to the literature by
offering characterizations of soft limit and soft continuity types and by investigating their
properties, as well as establishing their relationships with their counterparts in classical anal-
ysis. Classical limit and classical continuity underpin a vast array of applications—ranging
from instantaneous velocity and acceleration in mechanics to smooth input-output map-
pings in control systems and signal processing—from marginal cost and revenue analyses
in economics to the formulation and solution of differential equations and the definition
of continuous probability distributions; yet, they rest on idealized assumptions of infinite
divisibility and perfect measurement precision. As Molodtsov et al. [5] have noted, the
impossibility of infinite partitioning of matter, combined with fundamental quantum inde-
terminacy and the limitations of physical measurement, undermines these assumptions
and originates a need for analytical tools capable of handling inherent uncertainty and
approximation. By redefining the soft limit and soft continuity, including upper and lower
soft limits and upper and lower soft continuity, as well as introducing left and right soft
limits, the soft limit at infinity, and left and right continuity, this paper not only strengthens
the theoretical foundations of soft analysis but also paves the way for such applications as
quantum-informed physical modeling and imprecise economic systems, where classical
methods prove inadequate.

The remainder of this paper is organized as follows: Section 2 presents some basic
definitions and properties to be needed in the following sections. Section 3 provides the
soft and upper (lower) soft limits in [1,3-5], along with several theoretical contributions.
Moreover, it defines left and right soft limits and studies some of their basic properties.
Additionally, it exemplifies these new concepts since they are not widely known. Section 4
introduces the soft limit at infinity and explores some of their basic properties. Section 5
compares soft limit types with their classical counterparts. Section 6 presents soft and
upper (lower) continuity in [3-5] with several theoretical contributions, proposes left and
right soft continuity, and illustrates these concepts. Section 7 investigates the relationships
between concepts in Section 6 and their classical forms. The final section inquires whether
further research should be conducted or not.

2. Preliminaries

This section presents some basic definitions and properties to be used in the following
sections. Throughout this paper, the notations N, R, R~, R*, and R=? represent the set of
all nonnegative integers, real numbers, negative real numbers, positive real numbers, and
nonnegative real numbers, respectively. For any set U, let P(U) be the set of all classical
subsets of U, i.e., the power set of U.

Definition 1 ([1]). Let U be a universal set, E be a parameter set, and f : E — P(U) be a function.
Then, (f,E) (briefly f) is called a soft set parameterized via E over U (briefly a soft set over U).

Example 1. The function f : N — P(R) defined by f(x) = [x, x + 1] is a soft set over R.

Definition 2 ([1,3]). Let M be a set called a model set, U be a universal set, E be a parameter set,
and f : M x E — P(U) be a function. Then, f is called a soft mapping parameterized via M x E
over U (briefly a soft mapping over U).

3. Soft Limit

This section presents and theoretically contributes the soft limit of real-valued
functions with one real variable provided in [1,3-5]. Throughout this section, let
T, Ak:R—PR), ea,p : R — R20 and 6§ : R — Rt be seven functions such
that 7(a), A(a), and x(a) are sets of points close to a but not equal to a. Moreover,
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across this study, let ®(A,B) := {f | f: A — Bisafunction} and let 7pf)(a) denote
7(a) NDom( f). Here, Dom(f) is the domain set of f. In addition, 7(a) := 7(a) U {a} and
thus 7p(s)(a) := T(a) N Dom(f), for all a € R. These descriptions also hold for A and «.
Throughout this section, let A,B C R, a,¢t,L € R, and f,g,h : A — R be three functions,
unless stated otherwise.

Definition 3 ([3]). The set of all points belonging to T(a) and are greater than a is defined
by T (a) := t(a) N (a,00), and the set of all points belonging to T(a) and are less than a is
defined by T~ (a) := 7(a) N (—o0,a). Moreover, if T~ (a) = @, forall a € R, then T is called a
right mapping, and if T+ (a) = @, for all a € R, then T is called a left mapping. Furthermore,
T5(a) is defined by 15(a) := [a — 6(a),a) U (a,a + 6(a)]. Therefore, T} (a) = (a,a + 6(a)] and
75 (a) = [a—d(a),a). In addition, T+ (a) = % (a) U {a} and T~ (a) = 7~ (a) U {a}, for all
a € R. Additionally, T5(a) = t5(a) U{a} = [a — 6(a),a+ 5(a)] and thus T} (a) = [a,a + 5(a)]
and T; (a) = [a —6(a),a], foralla € R.

Note 1. It can be observed from Definition 3 that T(a) C T(a), T+ (a ) Ctt(a), v (a) C T (a),
t(a) =tH(@) Ut (a), 75(a) = 7} (a) Uty (a), T(a) = TH(a) UT™ (a), and T5(a) = T (a) U
T, (a), for all a € R. Moreover, T D(f)( a) := 71 (a) NDom(f), T (s ( ) := 1~ (a) NDom(f),
To(f) (a) =t (a) NDom(f), and T (f)( ) = % (a) NDom(f), for all a € R. Additionally, if
d(a) =k, foralla € R, i.e., é is a constant function, then the notation T and Ty can be used instead
of the notations t5 and Ts, respectively.

The descriptions in Definition 3 and Note 1 also hold for A and .
Definition 4 ([1,4]). L is called a (T, ¢€)-soft limit of f at a if
x€t(a)= (x € AN|f(x) —L| <e(a))

The set of all (T, ¢€)-soft limits of f at a is denoted by sim(f,a, T,¢). If slim(f,a, T, €) = @, then
the (T, ¢€)-soft limit of f at a does not exist.

Definition 5 ([1,4]). L is called an upper (T, ¢€)-soft limit of f at aifx € t(a) = (x € AN
f(x) < L+¢(a)). The set of all upper (T, €)-soft limits of f at a is denoted by slim(f,a,7,¢). If
slim(f,a, T,&) = @, then the upper (T, €)-soft limit of f at a does not exist.

Definition 6 ([1,4]). L is called a lower (7, ¢)-soft limit of f at aif x € T(a) = (x € ANL —
e(a) < f(x)). The set of all lower (T,¢)-soft limits of f at a is denoted by slim(f,a, T, ¢€). If
slim(f,a, T,&) = @, then the lower (T, ¢)-soft limit of f at a does not exist.

Note 2. Molodtsov defines the concept of (T, )-soft limit in [2] as follows: “Let Tp5)(a) # .

Then, L is called a (T, €)-soft limit of fataif sup {|f(x)—L|} <e(a). Thesetofall (t,¢)-
XETH (£ (a)

soft limits of f at a is denoted by sim(f,a, T, €). I](‘f;lim(f, a,7T,€) = @, then the (T, ¢€)-soft limit

of f at a does not exist.” Here, the statement sup {|f(x) — L|} < e(a) is equivalent to the
XETp( f)(u)

statement x € Tp(s)(a) = |f(x) — L| < e(a). Therefore, this study uses Definitions 46 as in

Definitions 7-9, respectively. Furthermore, it readjusts the related properties provided in [1,3-5]

according to Definitions 7-9.

Definition 7. Let Tp(s)(a) # ©. Then, L is called a (T, €)-soft limit of f at a if

x € tp()(a) = [f(x) = L| < e(a)
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The set of all (T, ¢€)-soft limits of f at a is denoted by sim(f,a, T,¢). If sim(f,a,7,€) = @, then
the (T, ¢€)-soft limit of f at a does not exist.

Definition 8. Let tps)(a) # ©. Then, L is called an upper (T,¢)-soft limit of f at a if
x € 1p(p)(a) = flx ) < L+ ¢(a). The set of all upper (T,¢)-soft limits of f at a is denoted
by slim(f,a, T, ¢). If sim(f, a, T,€) = @, then the upper (T, ¢)-soft limit of f at a does not exist.

Definition 9. Let Tpy) (a) # @. Then, L is called a lower (tT,¢)-soft limit of f at a if
x € Tpp)(a) = L—e(a) < f(x). The set of all lower (t,e)-soft limits of f at a is denoted
by sim(f,a, T, ¢€). If sim(f,a, T,€) = @, then the lower (T, ¢€)-soft limit of f at a does not exist.

In addition, the left (7, €)-soft limit and right (7, )-soft limit are defined as follows:

Definition 10. Let 7 () (a) # @. Then, L is called a left (t,¢)-soft limit of f at a if
X € Tpp (a) = |f(x) —L| < e(a). The set of all left (t,¢€)-soft limits of f at a is denoted
by slim(f,a, T~ ,¢). If sim(f,a, 7~ ,€) = @, then the left (T, €)-soft limit of f at a does not exist.
Definition 11. Let Tg(f) (a) # @. Then, L is called a right (T,¢)-soft limit of f at a if
X € Tg(f)(a) = |f(x) — L| < e(a). The set of all right (T, €)-soft limits of f at a is denoted by
slim(f,a, 7", ¢). If slim(f,a,T",¢€) = @, then the right (T, €)-soft limit of f at a does not exist.

Example 2. For the function f : R — R defined by f(x) =2x+3,a =2,0(2) = 4, ¢(2) =2,
and 75(2) = 2-6(2),2) U (2,2+46(2)] = [3,2) U (23],

N

Vyx e 5(2)NR, |f(x) —L| <e2) & Vx e 15(2) NR, 2x+3—-L| <2
S Vret(2)NR, 14+2x <L <5+42x
< Lel6,8]

Therefore, slim(f,2, t5,€) = [6,8]. For example, if L = 7, then
x€(2)NR = x € ([%,2) U (2,%]) NR
=0<|x—2/<]
= 2x—4| <1
= 2x+3-7|<2

That is, L = 7 is a (ts,¢€)-soft limit of f at a = 2. Similarly, slim(f,2,15,¢) = [6,00),
slim(f,2,15,€) = (—c0,8], slim(f, 2,75, ¢) = [5,8], and slim(f,2,7;,¢) = [6,9].

Remark 1. If follows from Example 2 that the classical limit of a function can be a soft limit of the
function (for further details, see Theorem 61).

Note 3. Each of the concepts of (T, €)-soft limit, upper (T, €)-soft limit, lower (T, €)-soft limit, left
(T, €)-soft limit, and right (T, ¢€)-soft limit is a soft mapping parameterized via (A, R) x R x
O (R, P(R)) x ®(R,R=?) over R such that @ # A C R.

Definition 12 ([3]). If sup {f(x)— f(y)} € R, then this real number is called soft -
xYETp(f)(a)
variance of f at a and denoted by A(f,a, T).
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Definition 13. If sup {f(x)— f(y)} € R, then this real number is called soft T-left vari-
X'VGTE(J‘)(”)
ance of f at a and denoted by A(f,a,77).

Definition 14. If sup {f(x)— f(y)} € R, then this real number is called soft T-right
x,yETg(f)(a)
variance of f at a and denoted by A(f,a,T").

Example 3. For 13(2) = [—1,2) U (2,5], the soft T3-variance of the function f : R — R defined
by f(x) = x +3ata = 2is as follows:

Af.2m) = sup {f(x)=fy)}= sup {x—y}=6
xyew(2)NR xyew(2)NR

Moreover, A(f,2,7; ) = 3and A(f,a,7;") = 3. Here, 5 (2) = [—1,2) and 15 (2) = (2,5].

Theorem 1 ([3]). Let Tp(f)(a) # @. Then, slim(f,a, T,€) # @ if and only if (iff) A(f,a,T) <
2¢(a).

Corollary 1 (Cauchy’s Criterion). Let Tp(s)(a) # @. Then, sim(f,a,7,¢) # @ iff [f(x) —
f)| < 2e(a), forall x,y € Tp(5)(a).

Theorem 2. Let (s (a) # @. Then, slim(f,a,t,¢) # D iff A(f,a, 7 ) < 2¢(a).

Theorem 3. Let 71

D) (a) # @. Then, sim(f,a,t+,¢) # Qiff A(f,a,T") < 2¢(a).

Theorem 4 ([4]). Let Tp(5)(a) # @. If slim(f,a,T,¢€) # @, then f is bounded above on T 5 (a).

Theorem 5. Let Tps)(a) # @. If f is bounded above on Tp 5 (a), then sim(f, a, T, €) # @, for
alle: R — R0,

Proof. Let Tp(f)(a) # @ and f be bounded above on 7pf)(a). Then, sup f € R. Thus,
Tp(f)(a)
f(x) < sup f< sup f+e(a) forallx € Tp(f)(a) and foralle: R — R=0. Therefore,
() (@) () (@)
sup f € slim(f,a,7,¢), forall e : R — R=%. Consequently, slim(f,a,T,¢) # @, for all
() (a)
e:R—R20. O

Corollary 2. Let Tp(s)(a) # ©. Then, slim(f,a, T, €) # @ iff f is bounded above on Tp(f)(a)-
Theorem 6 ([4]). Let Tp(f)(a) # @. If sim(f, a, T,€) # @, then f is bounded below on Tp (4 ().

Theorem 7. Let tp5)(a) # @. If f is bounded below on tpf)(a), then sim(f,a, T,€) # @, for
alle: R — R0,

Corollary 3. Let 1p(s)(a) # . Then, slim(f,a, T, €) # D iff f is bounded below on Tps)(a).

Theorem 8. Let () (a) # Q. If sim(f,a, T~ ,€) # @, then f is bounded on () (a).

Theorem 9. Let (s (a) # @. If f is bounded on TB(f)(a), then slim(f,a, 7, ¢€) # @, for all
g: R — R0,
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Corollary 4. Let Tg(f)(a) # @. Then, sim(f,a, T~ ,¢) # Q iff f is bounded on To(f) (a).
Theorem 10. Let Tg(f)(a) # Q. If slim(f,a,t",€) # @, then f is bounded on Tg(f) (a).

Theorem 11. Let Tg(f) (a) # @. If f is bounded on Tg(f) (a), then slim(f,a,t",¢) # @,
foralle: R — R=9,

Corollary 5. Let Tg(f)(a) # @. Then, slim(f,a, T ,€) # @ iff f is bounded on Tg(f) (a).

Theorem 12 ([3]). Ifslim(f,a,7,€) # @, then

slim(f, 0,7, ) = { sup {f(0)) @), _int | {f(2)} +e(o)

XETp(yy(a)

Theorem 13. Ifslim(f,a,7~,¢) # @, then

slim(f,a,77,¢) =

sup {f(x)} —¢e(a), inf {f(X)}JrS(a)}

XE€Tp(f) (a) YT () (@)

Proof. Letslim(f,a,7~,¢) # @. Therefore, for all L € slim(f,a,77,¢),

x € Ty g (a) = |f(x) — L] < e(a)
= L—e(a) < f(x) < L+e(a)

Thereby,
L—e(a) < f(x) = inf {L—e¢(a)} < inf {f(x)}
xerg(f)(u) xerg(f)(u)
= L< inf {f(x)}+e(a)
XETp ) a)
and
f(x) <L+e(@) = sup {f(x)} < sup {L+e(a)}
xe'rg(f)(a) XGTE;(f>(lI)
= sup {f(x)} —¢(a) <L
xerg(f)(a)
Thus,
sup {f(x)} —e(a) <L < inf {f(x)}+e(a)
xety (@) *€Tp 5 (@
Hence,

shm(f,a,r,e)g[ sup {f(x)} —e(a), inf {f(X)}Jre(u)}

*E€Tp () (@) XE€Tp(p) (4
Moreover, for all L € [ sup {f(x)} —e(a), inf ){f(x)} + e(a)] ,

xerg(f>(a) xeTD(f)(”

sup {f(x)} —e(a) <L < inf {f(x)}+e(a)

xerg(f)(a) XETIS()‘)(”)
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From the definitions of supremum and infimum,

X € TB(f)(a) = f(x)—e(a) <L < f(x)+e(a)
= [f(x) =L < e(a)

Thus,
[ sup {f(x)} —e(a), inf {f(x)}+e(a)| Cslim(f,a,7",e)
XETpp (a) XET ) (a)
Consequently,
shm(f,a,r,e)=[ sup {f(x)} —e(a), inf {f(X)}Jrs(a)}
€T (@) €5 (0)
O

Theorem 14. Ifslim(f,a,t",¢) # @, then

shm(f,a,r*,e)—[ sup {f()} —e(w), _inf ){f(X)}JrE(u)}

T
XETD(f)(a) XETD(f)(”

The proof of Theorem 14 is similar to the proof of Theorem 13.
Theorem 15 ([4]). Ifslim(f,a,T,¢) # @, then
slim(f,a,7,¢) = sup {f(x)} —e(a), o0
XETp(f) (a)

Theorem 16 ([4]). Ifslim(f,a,7,¢) # @, then

slim(f,a,7,¢€) = <—oo, inf ){f(x)}+£(a)

XGTD(f) (ﬂ

Theorem 17. slim(f,a, 7, ¢) Nslim(f,a, T+, ¢) # D iff slim(f,a, T, ¢) # @. Moreover,
sim(f,a,7~,¢) Nslim(f,a, T+, ¢) = slim(f,a, 7, )

Proof. (=): Let slim(f,a,77,¢) Nslim(f,a,t",e) # @. Then, there exists an L €
slim(f,a,7~,¢) Nslim(f,a, t",€) such that

x € TB(f)(a) = |f(x)—L| <e(a) and x¢€ Tg(f)(a) = |f(x) — L| < ¢(a)

Thus,

X € Tppy (a)U Tg(f)(a) = 1p(p)(a) = |f(x) — L| < ¢(a)
Hence, slim(f,a,7,¢) # @.
(«<): Letslim(f,a, T,¢) # @. Then, there exists an L € slim(f,a, T, ¢) such that

x € T(p)(a) = [f(x) ~ L] < e(a)
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Hence,
X € TB(f)(El) = x € Tp(f)(a)
= [f(x) —L| < &(a)

and
x € Tg(f)(a) = x € Tp(p)(a)

= [f(x) = L] < €(a)

Therefore, L € slim(f,a,t—,¢) Nslim(f,a,t",¢), i.e., sim(f,a, 7, ¢) Nslim(f,a,t+,¢) #

Q.
Moreover,
slim(f,a,7~,¢) Nslim(f,a,t",¢) = sup {f(x)} —e(a), inf {f(x)}+e(a)|N
_xerf)(f)(a) XGTD(f)(ﬂ) |
sup {f(x)}—e(@), inf {f(x)}+ea)
_XETg(f>(a) XET 4 () |
- max{ sup {f(x)} —e(a), sup {f(x)}—s(a)},
i XETy 1) (a) xergm(a)
min{ inf  {f(x)}+e(a), inf {f(x)}-i—s(a)}]
xerD(f)(a) XETD(f)(a)
:{ sup  {f(x)} —e(a), inf {f(x)}+e(a)
XETp(f)(a) XETp(f) (a)
= slim(f,a,7T,¢)
Here,

maX{ sup {f(x)} —e(a), sup {f(x)}—f(a)}=ma><{ sup {f(x)}, sup {f(X)}}—e(a)

xer{,m (a) XETB—(/)(IJ) xerl_)(f) (a) xerg'(f) (a)

= sup {f(x)} —e(a)

JCETD(f) (11)
and

min{ inf ){f(x)}—l—e(a), in(a){f(x)}—i—e(a)}:min{ inf ){f(x)}, inf(a){f(x)}}—f—s(a)

XETh py (a XETh py XETH 5y (a xerg(f)

= inf {f) ela)

XETp(fy(a
O

Theorem 18. slim(f,a,T,¢) Nslim(f,a,T,¢) # @ iff sim(f,a, T, ) # @. Moreover,
slim(f,a,7,¢) Nslim(f,a, T, €) = slim(f,a,T,¢)

Corollary 6. Let Tp(s)(a) # @. If slim(f,a, T,€) # O, then f is bounded on Tp 5 (a).
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Corollary 7. Let Tp(s)(a) # @. If f is bounded on Tp (s (a), then sim(f,a,T,€) # @, for all
e: R — R20.

Corollary 8. Let (s (a) # . Then, slim(f,a, T, ) # Q iff f is bounded on Tp (s (a).

Example 4. For the function f : A — R defined by f(x) = c such that Tps)(a) # @. Since

A(f,a,7)= sup {f(x)—f(y)} = sup {c—c} =0 <2¢(a), then there exists the
XYETp(f)(a) XYETP(f)(a)

(T, €)-soft limit of f at a.

Moreover,

slim(f,a,7,¢) = [ sup {f(x)}—e(a), inf {f(x)}+ s(a)] =[c—e(a),c+e(a)l
XETp(f)(a) XETp(y)(a)

To exemplify, for the function f : N — R defined by f(x) = 5, ©(3) = [1,3) U (3,5], and
e(3) = 3,

mmusnza=[ sup {f(x)}— 5, _inf {ﬂ@}+§]=[5—,5+2}=[f2}

€T (3)NN 2,"61'2( )NN
where 75(3) NN = {1,2,4,5}.
Example 5. For the function f : R — R defined by f(x) = x + 3 and €(2) = 4,

Vxe(2)NR, [x+3—-L| <4 Vxen(2)NR, -4<x+3-L<4
S Vren)NR, —1+x<L<7+4x
& Le 4,6

Thus, slim(f, 2, t3,¢) = [4,6]. Moreover, from Theorem 12,

slim(f,2,13,¢) = sup {x+3}—4, inf {x+3}+4|=1[456]
xet3(2)NR xet3(2)NR

Furthermore, sim(f,2,13,€) = [4,00), slim(f,2,13,€) = (—00,6], sim(f,2, 75 ,¢) = [1,6],
and slim(f, 2,7, ,€) = [4,9]. Hence,

slim(f,2,13,€) Nslim(f, 2, 13, €) = slim(f, 2, 13,¢€) = slim(f,2, 75 ,¢) Nslim(f,2, 75", €)

Example 6. For the function f : R\{0} — R defined by f(x) = 1, there is no classical limit of f
at a = 0. Moreover, for ¢(0) > 0and 6(0) > 0,

slim(f,0,7s5,¢) = su 11 ¢0), inf 11 1 ¢(0
v o) lxerd(o)ﬂ?R\{O}){x} © xGT(g(O)ﬂ(R\{O}){X} ( )]

= oo, 0] =@

Theorem 19. Let b € A and a # b. Then, there exists a function T : R — P(R) such that
slim(f,a,7,¢) # @.
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Proof. Letb € Aand a # b. For a function 7 : R — P(R) such that 7p4) (a) = {b},

shim(f,a,0e) < | sup {0} @), _int | {F)} el

XETp(yy(a)
= [f(b) —e(a), f(b) +e(a)] #D
O

Note 4. Example 6 manifests the existence of a function with neither classical nor (s, €)-soft limit,

foralle: R — R2%and 6 : R — R*. On the other hand, for the function f in Example 6 and a

function T : R — P(R) such that tps)(0) is a single point set, e.g., Tp(5)(0) = {@ },

stim(f,0,7,6) = | sup {f(x)} —¢(0), inf {f(x)}+e(0)

xETp(f)(0) xETp()(0)

= [F(22) 0, f(*) +e(0)] £ @

Theorem 20. Let f(a) < a(a). If sim(f,a,7,B) # @, then slim(f,a, T, &) # @. Moreover,
slim(f,a,7,B) C slim(f,a, T, ).

Proof. Let f(a) < a(a) and slim(f,a, T, B) # @. Then, there exists an L € R such that

x € Tp(p)(a) = |f(x) — L| < B(a)
= |f(x) = L| < B(a) < a(a)

Therefore, slim(f,a, T, ) # @. Moreover, since

sup {f(x)} —a(a) < sup {f(x)}—p(a)

XETp(yy(a) XETp(fy(a)
and
inf {0} +B@) < inf {f(x)}+ala)
XETp(y)(a) XETp () (a)
then ) )
slim(f,a,7,8) = | sup {f(x)} —p(a), inf {f(x)}+ p(a)
_xETD(f)(u) XETp(f)(a) |
C | sup {f)}—ala), inf {f(x)}+aa)
_xETDm(u) XETp(f)(a) |
= slim(f,a,T,a)
O]

Theorem 21. Let f(a) < a(a). If sim(f,a,7~,B) # D, then slim(f,a, T, ) # @. Moreover,
slim(f,a, 7=, ) C slim(f,a,7~,a).

Theorem 22. Let B(a) < a(a). If slim(f,a,t",B) # @, then slim(f,a, t",a) # @. Moreover,
slim(f,a, 7", B) C slim(f,a, T+, ).
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Theorem 23. Let p(a) < a(a). If sim(f,a,7,B) # @, then sim(f,a, T, &) # @. Moreover,
slim(f,a,t,B) C slim(f,a, T, ).

Theorem 24. Let B(a) < a(a). If sim(f,a,7,B) # D, then sim(f,a,T,a) # @. Moreover,
slim(f,a,t,B) C slim(f,a, T, ).

The proofs of Theorems 21-24 are similar to the proof of Theorem 20.

Theorem 25. Let @ # Aps)(a) C Tp(y)(a). If slim(f,a,T,€) # O, then slim(f,a, A, €) # @.
Moreover, slim(f,a, t,€) C slim(f,a, A, ¢).

Proof. Let @ # Ap(s)(a) C Tp(f)(a) and slim(f, 4,7, ¢) # @. Then, there existsan L € R
such that x € 1 f)( ) = |f(x) — L| < e(a). Thus,

X e /\D(f)(a) = X € TD(f)(IZ)
= |f(x) — L[ < &(a)

Therefore, slim(f,a, A, €) # @. Moreover, since @ # Ap(s)(a) C Tp(f)(a), then

sup  {f(x)} —e(a) < sup {f(x)} —e(a)

XEAp(f(a) XETp(f)(a)
and
inf e(a
L0 U@ @) < int (@) +elo
Hence,
slim(f,a,7,¢) = | sup {f(x)} —e(a), {f( )}+€(a)]
_xETD(f)(a) xeTD
C | sup {f(x)}—ea), inf {f(x)}+e(a)
| x€AD(f) (a) XEAp(p(a)
= slim(f,a, A, ¢)
O

Theorem 26. Let @ # )\B(f) (a) C To(f) (a). If slim(f,a,7,¢€) # @, then slim(f,a, A~ ,¢) #
@. Moreover, slim(f,a,7~,¢) C slim(f,a,A™,¢).

Theorem 27. Let @ # A bip (@) € Tg(f) (a). If slim(f,a, T+, &) # @, then slim(f,a, A", ¢) #

@. Moreover, slim(f,a,t™,€) C slim(f,a, A", e).

Theorem 28. Let @ # Ap s (a) C Tp(s)(a). If slim(f,a,T,€) # @, then slim(f,a,A,¢) # @.
Moreover, sim(f,a, T,e) C slim(f,a, A, ¢).

Theorem 29. Let @ # Ap(s)(a) € tp(s)(a). If slim(f,a, T, €) # @, then sim(f,a, A, €) # .
Moreover, slim(f,a, T,€) C slim(f,a, A, €).

The proofs of Theorems 26-29 are similar to the proof of Theorem 25.
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Theorem 30 (Constant Multiple Rule). Let t # 0. Then, slim(f,a,7,e) # @ iff
slim(tf,a, T, |t|e) # ©. Moreover,

slim(tf,a, T, |t|e) = tslim(f,a, T, €)

Proof. Lett # 0.
(=): Letslim(f,a,7,€) # @. Then, A(f,a,7) = sup {f(x)— f(y)} < 2e(a). Therefore,
XYETp(s)(a)

A(tf,a,1) = sup {(tf)(x) = (Ef)(y)}

XYETD(5) (a)

tosup  {f(x) = f(y)}, >0

_ ) e @)
t inf  {f(x)—=f(y)}, t<0
XYEp(5) ()
[t sup {f(x) = f(y)}, £>0
_ XYETp(s) (@)
tl sup  {f(y) = f(x)}, £ <0
XYETp ) (a)
< 2|tle(a)
Thus, slim(tf,a, T, |t|e) # @.
(<) Let shim(tf,a,7,f) # @. Then, Atf,0) = sup {()(x) = ()W)} <
XYET( £ (a
2|t|e(a). Therefore, !
A(fa,t) = sup {f(x) = f(y)}
X YETp(s) (@)
:% sup  {f(x) = f(y)}
XYETp(f)(4)
— ‘17‘ sup  {|t|f(x) = |t|f(y)}
XYETp(f)(4)
‘17 sup  {tf(x) —tf(y)}, t>0
_ XYETp(p)(4)
‘17‘ sup  {tf(y) —tf(x)}, t <0
XY E€Tp(s) ()
— ‘1? sup  {(tf)(x) — (tf)(v)}
XYETp(p) ()
< q2ltle(a)
= 2¢(a)

Thus, slim(f,a,T,¢) # @.
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Moreover, for t < 0,

slim(tf,a, 7, |t|e) = sup {tf(x)} —|tle(a), inf {tf(x)}+ |t|e(a)}
| x€Tpp)(a) X€Tp(s)(a)

= sup {tf(x)}+te(a), inf {tf(x)}— te(a)]
| ¥€T(y) (a) XETp(yy(a)

- t( in {f<x>}+e<a>>,t( sup {f(x)}—s(a))]
I XETp(f(a) xETp(5) (a)

—t[ up {f(x)} (o), _inf (£} + (o)

XETD(f)(H) XETD(f

= tslim(f,a,T,¢)

and fort > 0,

XETp(f)(a)

slim(tf,a, 7, |tle) = [ sup {tf(x)}—ts(a),xeér(lf)(a){tf(x)}+ts(a)

—t[ sup {f(¥)} —ela), _inf {F(x)} +e0)

xETp ) (a) *E€To(f)

= tslim(f,a,7T,¢)
Consequently, slim(tf, a, 7, |t|e) = tslim(f,a,T,€). O
Corollary 9 ([3]). slim(f,a,7,¢) # @ iff sim(—f,a,7,€) # @. Moreover,
slim(—f,a,7,¢e) = —slim(f,a,71,¢)

Corollary 10 ([3]). Let t > 0. Then, slim(f,a,T,€) # @ iff sim(tf,a, T, te) # D. Moreover,
slim(tf,a, T, te) = tslim(f,a, T, ¢).

Theorem 31. Let t # 0. Then, slim(f,a,77,¢) # @ iff sim(tf,a, 7, |t|e) # @. Moreover,
slim(tf,a, 77, |tle) = tslim(f,a, T~ ,¢€).

Theorem 32. Let t # 0. Then, slim(f,a,7",¢) # @ iff sim(tf,a, T, |tle) # ©@. Moreover,
slim(tf,a,t", |t|e) = tslim(f,a, T, €).

Theorem 33 ([4]). Let t > 0. Then, slim(f,a,,¢) # @ iff slim(tf,a, T, te) # ©. Moreover,
slim(tf,a, T, te) = tslim(f,a, T, €). Similarly, sim(f,a, 7,¢) # QD iff sim(tf,a, 7, te) # @. In
addition, sim(tf,a, T, te) = tslim(f,a, T, €).

Theorem 34. Let t < 0. Then, slim(f,a,T,e) # @ iff slim(tf,a,7,|tle) # D. Moreover,
slim(tf,a, 7, |t|e) = tslim(f,a, T,¢€). Similarly, sim(f,a, T,€) # @ iff slim(tf,a, T, |t|e) # @.
In addition, slim(tf,a, T, |t|e) = tsim(f,a, T,€).

The proofs of Theorems 31-34 are similar to the proof of Theorem 30.
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Example 7. For the functions f,g : R — R defined by f(x) = x+1and g(x) = —2x —2,
respectively, e(1) = 3, and 7,(1) = [-1,1) U (1,3],

slim(g,1, 7, | — 2le) = slim(—2f,1, 1, 2¢) = [—6, —2] = —2[1,3] = —2slim(f,1, 1, €)

Theorem 35 (Sum Rule). If slim(f,a,T,a) # @ and slim(g,a,A,B) # @, then slim(f +
8,a,%,€) # Dsuchthat @ # xps)(a) € Tp(s)(a) NAp(f)(a) and a(a) + B(a) < e(a). Moreover,

slim(f,a, T, &) +slim(g,a,A, B) C slim(f + g, a,x,¢€)

Proof. Let slim(f,a,T,a) # @ and slim(g,a,A,B) # @. Then, A(f,a,7) < 2«a(a) and
A(g,a,A) < 2B(a). Therefore,

Af+gax) = sup {(f+&)(x)—(f+2)¥)}

XYEXp(f)(a)

< sup {f(x)—f()}+ sup {g(x)—g(y)}
XYETp( () XYEAp(f)(a)

< 2¢(a)

Thus, slim(f + g, a,«,€) # @. Moreover, for S = slim(f,a, T,a) + slim(g,a, A, B),

S=1 sup {f(x)}—a(a), inf {f(x)}+a(a)
XETp 5 (a) XETp()(a)
| sup {500} la)_inf {30} +pla)
xEAp(f)(a) x€Ap(s) (a)
S| sup {(f+8)(x)}—(a(a)+p(a), inf {(f+g)(x)}+ (a(a) +ﬁ(ﬂ))}
[ ¥€xD(r) (@) X€xp(s)(a)
C | sup {(f+8)(x)}—e(a), inf {(f+g)(x)} +€(ﬂ)}
_xGKD(f)(a) x€xp(f)(a)
= slim(f + g,4,x,¢€)
O

Corollary 11 ([3]). If slim(f,a, T, &) # @ and slim(g,a, T, B) # @, then slim(f + g,a, T, a +
B) # @. Moreover, sim(f,a, T,a) + slim(g,a, 7, B) C slim(f + g,a, T, a + B).

Theorem 36. Ifslim(f,a, 7~ ,a) # @ and sim(g,a,A~, B) # @, then sim(f + g, a4,k ,€) #
@ such that @ #+ D) (a) C (s (a) N )‘B(f) (a) and a(a) + B(a) < e(a). Moreover,

slim(f,a, 7=, «) +slim(g,a,A7, B) C slim(f + g, a,x™,¢).

Theorem 37. Ifslim(f,a, 7+, a) # @ and slim(g,a, A", B) # @, then slim(f + g,a,k",¢) #
@ such that @ +# Kg(f) (a) C Tg(f) (a) N Ag(f) (a) and a(a) + B(a) < e(a). Moreover,
slim(f,a,t",a) +slim(g,a,A", B) C slim(f + g,a,x", ).

Theorem 38. If slim(f,a,T,a) # @ and slim(g,a,A, B) # @, then sim(f + g,a,%,€) # @
such that @ # xp(s(a) S Tp(s(a) N Ap(s(a) and a(a) + p(a) < e(a). Moreover,

slim(f,a, 7, &) + slim(g,a, A, B) C sim(f + g,a,, ).
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Theorem 39. If sim(f,a,7,a) # @ and slim(g,a,A, B) # @, then sim(f + g,a,x,€) # D
such that @ # xp(s)(a) S tp(s)(a) N App(a) and a(a) + B(a ) < ¢(a). Moreover,
slim(f,a, T, &) + slim(g,a, A, B) C sim(f + g, a,x, ).

The proofs of Theorems 36-39 are similar to the proof of Theorem 35.

@, then
<

Corollary 12 (Difference Rule). If slim(f,a,T,a) # @ and slim(g,a,A,B) #
pla) <e(a).

slim(f —g,a,x,¢€) # @ suchthat @ # xp(s)(a) C Tp(s)(a) N Ap(f(a) and a(a) +
Moreover, slim(f,a, T,a) —slim(g,a, A, B) C slim(f — g,4,,¢).

)

Corollary 13. Ifslim(f,a, 7, &) # @ and slim(g,a,A~, B) # @, then sim(f — g,a,x~,¢) #
@ such that @ #* Kp(f) (a) C TB(f)(a> N AB(f) (a) and a(a) + B(a) < e(a). Moreover,
slim(f,a,7~,a) —slim(g,a,A7, B) C slim(f — g, a,x™,¢).

Corollary 14. Ifslim(f,a, T, &) # @ and slim(g,a, A", B) # @, then slim(f — g,a,x",¢) #

@ such that @ # Kg(f) (a) C Tg(f)(a) N )%(f) (a) and a(a) + B(a) < e(a). Moreover,

slim(f,a, 7", a) —slim(g,a,A", B) C slim(f — g,a,x", €).

Corollary 15. If slim(f,a,T,a) # @ and slim(g,a,A, B) # @, then sim(f — g,a,x,€) # @
such that @ # xp(s(a) S Tp(s(a) N Aps(a) and a(a) + p(a) < e(a). Moreover,
slim(f,a,7,&) —slim(g,a, A, B) C slim(f — g,a,x,¢€).

Corollary 16. If slim(f,a, 7, &) # @ and slim(g,a,A, B) # O, then slim(f — g,a,x,¢€) # @
such that @ # xp(s(a) C Tp(s)(a) N Ap(s(a) and a(a) + B(a) < e(a). Moreover,
slim(f,a,7,a) — slim(g,a,A, B) C slim(f — g, 4,x, €).

Example 8. For the functions f,g : R — R defined by f(x) = x + 3 and g(x) = x?, respectively,
a(l) =3, B(1) =7, ¢1) =11, (1) = [-1,1) U (L,3], A%(l) = [-3,1) U (1, %], and
k1(1) =1[0,1)U(1,2],

slim(f,1, 7, ) +slim<g,l,/\g,/3) = Bf’ 12} [—2,14] = slim(f + g, 1, %1, )
and
slim(f,1, m, ) —slim(g, 1,)\%,/3) = {—4,—1} - [—341,12} =slim(f — g, 1,%1,¢)

Here, slim(f,1, 7, a) = [3,5] and slim(g, 1,)\%,‘3) = {24—1,7]

Lemmal. Let B,C C A, D C BNC, f(B),g(C) CR=%, and k,1 € R=C. Then,
supfg—(supf—i—k) supg+! | < min (supf—k) supg — 1/ ,<supf—k><infg+l>,
D B c B c B ¢
<inff+k> <supgl>, (inferk) (infg+l>}
B c B C
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and

irD1ffg+ (stgpf—i—k) (Slépg-l—l) > max{ (sxgpf—k) (sxépg—l>, (s%pf—k) (ircucg—kl),
<i%ff+k) (sgpg—l), (irB1ff+k) <i18fg+l)}

Proof. Let B,C C A,D C BNC, f(B),g(C) € R=Y, and k,I € R=Y. Since f(B),g(C) C
R=Y, then 0 < inff < supf,0 <infg <supg,and 0 < inf finfg < inf finfg < inf fg <
B B C c B’ C D° D D

sup fg < sup fsup g < sup f sup g. Assume that
D D D B C

(igff—i—k) (irclfg—l—l) = min{ (sgpf— k) (s%pg— l), <sgpf—k> (irclfg+l)/
(igff—i—k) (sgpg—l), (i%ff—i-k) (ir&fg—l—l) }
and

) a1) - -9) s o)),
(igff—l—k) <51épg— l), <i%ff+k> (irclfg—i-l)}
Then, for §; = sgpfg— (sgpf%—k) (s%pg—i—l) - <ir§ff+k> (irc1fg+l>,

Sy = sup fg—sup fsup g — Isup f — ksup g — kI —inf finf g — linf f — kinf g — kI
D B~ C B C B~ C B =

IN

sup fsup g —sup fsup g — (lsupf + ksup g + inf finf ¢ + linf f 4 kinf g + 2kl)
B C B C D D B~ C B ¢

IN

— (lsupf + ksup g + inf finf ¢ + linf f + kinf g + 2kl>
D D B~ C B C

<0

and for S; = (supf—k) (supg—l) - (inffg+ (supf—l—k) <supg+l>>,
B C b B C

Sy = sup fsupg — Isup f — ksup g + kI —inf fg — sup fsup g — Isup f — ksup g — kI
B C B c b B C B c

IN

— | Isup f +ksupg+inf fg+Isup f +ksupg
B c b D D
<0

The inequalities in the lemma for the other three assumptions can be similarly proven. [

Lemma 1 provides the groundwork for Theorem 40, Proposition 1, and Corollary 17.
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Theorem 40 (Product Rule for nonnegative-valued functions). If slim(f,a,7,a) # @,
slim(g,a,7,B) # @, and f(TD(f) (a)),g()\D(f) (a)) C R=Y, then slim(fg,a,«,€) # @ such
that @ # xp(s)(a) C tp(s)(a) N Aps)(a) and

( sup {f<x>}+a<a>)( sup {g(X)}+ﬁ(a)) < e(a)
XETp(y)(a) xE€Ap(f)(a)

Moreover,
slim(f,a, 7, a)slim(g,a,A, B) C slim(fg,a,x,¢€)

Proof. Letslim(f,a,T,a) # @, slim(g,a,A, B) # @, and f(TD (a )),g()LD(f) (a)) C R29,
Then, A(f,a,7) < 2a(a) and A(g,a,A) < 2B(a). Assume that

P= ( sup {f ) ( ;up {8(x)} - ﬁ(ﬂ))
o) W)
R:< mf x)} +a(a )( SUP {g )
XYETp(f XEAp(f)
and
T:(ETmf x)} +a(a >< 1nf x)}+ B(a )

Since, forall x,y € KD(f)( a),

(fe)(x) = (f8)(y) = f(x)(g(x) —g(y)) +&(y)(f(x) — f(¥))
< sup {f(x)} sup {g(x)—g(y)}

XETp((a) XYEAp(f)(a)

+ sup {g(y)} sup {f(x)—f(y)}

YEAD(s) (a) XYETp(r)(a)

< 2B(a) sup {f(x)}+2a(a) sup {g(y)}

XETp(y)(a) yEAp(s) (a)

SZ( sup {f(X)}Jrﬂé(ﬂ))( sup {g(x)}+ﬁ(ﬂ))

XETp(f)(a) XE€Ap(s)(a)

< 2¢(a)

then

A(fg.a,x) = sup  {(f8)(x) — (f¢)(y)} < 2¢(a)

xyexps)(a)

Therefore, slim(fg,a,x,¢) # @. As f(tp(s)(a)),8(Ap(p(a)) C R=% and kp(s)(a) C
Tp(f)(a) N Ap(f)(a), from Lemma 1,

sup  {f(x)g(x)} - ( sup {f(X)}Jrﬂé(a)) ( sup {g(X)}+l3(a)) < min{P,Q,R, T}

x€xp(f(a) XETp(fy(a) xEAp(f)(a)
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and

xexp(f)(a XETp(f)(a) XEAp(s)(a)

inf {f( )g(x )}+( sup {f(x)} +a(a )) ( sup  {g(x )}+ﬁ(a)) > max{P,Q,R, T}

Moreover, for S = slim(f,a, T, «) slim(g, a, A, B),

S=1 sup {f(x)}—a(a), inf {f(x)}+ala

| ¥€TD(p) (a) XETp(f) (a

)
[ sup {g )} = Bla), eAmf {g(x)} + B(a)

XE)LD(f) x D(f) IZ

= [min{P, Q,R, T}, max{P,Q, R, T}]

C| sup {f(x)g(x)}—< sup {f(x)}+“(ﬂ))( sup {g(X)}Jrﬁ(a)),

| ¥€XD(f) (a) xETp(f)(a) xEAp(f(a)

inf {f(x)g(x)}+< sup {f(X)}Jra(a))( sup {g(X)}+ﬁ(a))]

x€xp(s) () XETp(f)(a) XEAp(f)(a)

[ wp (g} —ela), _int | {(f)(x >}+e<a>]

XEKp(f) (a) () (@
=slim(fg,a,x,¢)
O

Note 5. As can be observed from the third line of Inequality 1, for all x,y € xp(y)(a),

(f8)(x) = (f8)(¥) SZ(ﬁ(ﬂ) sup {f(x)} +a(a) sup {g(y)})

XETp(p)(a) yeAp(s)(a)

Hence, A(fg,a,x) < 2(,8({1) sup {f(x)} +a(a) sup {g(y)}) Thus,

XETp(y)(a) yeAp(s)(a)
slim(fg,a,x,€) # @ such that B(a) sup {f(x)}+a(a) sup {g(y)} < €*(a). How-
XETp(y)(a) yeAp(s)(a)

ever, the inclusion
slim(f,a, 7, a)slim(g,a,A, B) C slim(fg,a,x,€")

is not always valid. Moreover, it is worth studying the conditions under which the equality
slim(f,a, T, ) slim(g,a, A, B) = slim(fg, a, x, €) is valid.

Proposition 1 (Quotient Rule for nonnegative-valued functions). If slim(f,a,t,a) # @,
slim(g,a,A, B) # @, 0 ¢ slim(g,a, A, B), f(TD () (a )) C R20, and g(AD(f)(a)> C R, then
shm(é,a,x,s) # @ such that @ # xp 5y (a)N C Tp(f)(a) N Ap(s)(a) and

1
(;cef;i(a){f(x)} + w(ﬂ)) (x;;}; (ﬂ){g(x)} + ﬂ(a)) < e(a)

Moreover,

slim(f,a, T, &) slim <;, a,A, ﬁ) C slim ((J;, a,x, s)
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Corollary 17 (Power Rule for nonnegative-valued functions). If siim(f,a,t,a) # @ and
2

f(TD(f) (a)) C R2Y, then shim(f",a,7,"~t) # @ such that Bt = ( sup {f(x)}+a(a)

XETp(r)(a)

and g1 = ( sup {f"1(x)} —i—[%"z(a)) ( sup {f(x)} +oc(a)),for n € N3, the

XETD(f)(ﬂ) XGTD(f) (u)
set of all natural numbers greater than 2. Moreover, sim” (f,a, T, a) C sim(f",a, 7, 8" 1). Here,
f(x) = (f(x))", forall x € A, and sim”" (f,a,7,a) = (slim(f,a, T, a))".

Example 9. For the functions f,g : RZ0 — R defined by f(x) = x and g(x) = x2,
respectively, a(2) = 3, B(2) = 5, »(2) = [0,2) U (2,4], and A11(2) = [1,2) U (2,3],
f(w(2) NR=9), g(A1(2) NR=) C R=0. Moreover,

sim(f,2, 1, a) slim(g,2, A1, B) = [1,3][4,6] = [4,18] C [—?,8;7] = slim(fg,Z,K%,e)

where k1(2) = [3,2) U (2,3] and ( sup {x} —|—uc(2)> ( sup  {x?} +ﬁ(2)> =
z xE1(2)NR>0 x€A;1(2)NR>0
98 < 100 = £(2).

Lemma 2. Let B,C C A, D C BNC, f(B),g(C) CR~,and k,1 € R=Y. Then,
sup fg — <inff—k) (infg—l> < min <supf—k> supg—1], (supf—k) (infg—l—l),
D B ¢ B c B ¢
<inff+k> (supg—l), (inff—f—k) <infg+l>}
B c B C
and

iIlefg—i— <ir§ff—k> (irclfg—l) > max{ (stgpf—k) (stépg—l), <st;pf—k> (irclfg—i—l),
(i%ff—kk) (sgpg—l),(i%ff—i—k) <iréfg+l>}

The proof of Lemma 2 is similar to the proof of Lemma 1. Moreover, Lemma 2 forms
the basis for proving Theorem 41 and Proposition 2.

Theorem 41 (Product Rule for negative-valued functions). If slim(f,a,7,a) # Q,
slim(g,a,A, B) # @, andf(TD(f) (a)), g(/\D(f)(a)) C R, then slim(fg,a,x, &) # @ such that

@ # xp(f)(a) € o) (a) N Aps (a) and ( inf {f(x)}— “(ﬂ)> ( inf  {g(x)} — ﬁ(@)
5@ XEAp(p (a)

XETp D(f)
< e(a). Moreover,

slim(f,a, T, a)slim(g,a,A, B) C slim(fg,a,x,¢€)
Proof. Letslim(f,a,7,a) # @, slim(g,a,A,B) # @, and f(TD(f) (a)),g()LD(f) (a)) CR™.

Then, A(f,a,7) < 2a(a) and A(g,a,A) < 2B(a). Assume that

P = ( sup {f(X)}—a(ﬂ)) ( sup {g(x)}—ﬁ(ﬂ))

XETp () (a) XEAp(s)(a)
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Q= ( sup {f(x)}—vc(ﬂ)>< inf {g( )}+ﬁ(ﬂ)>

XETp(y)(a) EAp(s) (a

*eTps)(a xEAp(p)(a)

and

R= < inf {f( )}+a(a)>( sup {g(X)}—ﬁ(ﬂ)>

inf {f(x)}+ a(a)) (x@i;; RECE ﬁ(a)>

Since, for all x,y € xp (s (a),

(f8)(x) = (f9)y) = f(x)g(x) — f(¥)g(y)
= (—f(x)(g(y) —g(x)) + (=gW))(f(y) — f(x))
< sup {—f(x)} sup {g(y)—g(x)}

XETp(f(a) xYEAp(s)(a)
+ sup {—=g(y)} sup {f(y)—f(x)}
yeAp(s) (a) XYETp(r)(a)
< 2B(a) sup {—f(x)}+2a(a) sup {—g(y)}
XETp(f)(a) YyeAp(s)(a)
< 2( inf {f( )} —afa ))( inf {g( )}—ﬁ(a)>
XETp(f)(a Ap(p)(a
< 2¢(a)

then

A(fg.a,x) = sup  {(fg)(x) — (f¢)(y)} < 2¢(a)

x,yexmf)(u)
Therefore, slim(fg, a,x,€) # @. As f(TD(f) (a)),g(/\D(f)(a)> C R~ and xp(5)(a)
C tp()(a) N Ap(f(a), from Lemma 2,

sup  {f(x)g(x)} - < inf {f( )} —ala )> ( it oy {g(x )}—ﬁ(ﬂ)> < min{P,Q,R, T}

xexp(5) (@) *€Tp s x€Ap(f) (a

and

inf {f( )8 (x )}+< inf {f( )} —ala )) (x@inf( {g(X)}—ﬁ(ﬂ)> > max{P,Q,R, T}

xexp(f) (a XETp(y)(a p() (@)

Moreover, for S = slim(f,a, T, «) slim(g, a, A, B),
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S =

N

sup  {f(x)} —a(a), inf ){f(x)}ﬂt(ﬂ)

| x€Tp(p) (@) *E€Tp(p) (@

{ sup  {g(x)} —p(a), inf <g){g(X)} +B(a)

xeAp(s)(a) *€AD(f)

[min{P, Q,R, T}, max{P, Q,R, T}]

sup {f(x)g(x)}—( sup {—f(x)}+0<(ﬂ))( sup {—g(X)}+!3(ﬂ))/

| XEXD(f) (a) XETp(f) (a) XEAp(f) (a)
inf  {f(x)g(x)} + | sup {—f(x)}+a(a) sup  {—g(x)} + B(a)
xexp(s) () XETp()(a) XEAp(s(a)

{ sup  {(fg)(x)} —e(a), _inf {(fg)(x)}+e(a)

x€xp(y (a) x€xpf)(a)

= slim(fg,a,x,¢)

O

Proposition 2 (Quotient Rule for negative-valued functions). If slim(f,a,t,a) # @,
slim(g,a,A,B) # @, 0 ¢ slim(g,a,7,B), and f(TD(f)(a)),g()LD(f)(a)) C R, then
slim(é:,a, K,8) # O such that @ # xp(s)(a) C Tp(s)(a) N Ap(s) (a) and

. . 1
<xe£:f> RECIE a(a)) (x@gg) Aol ﬁ(a)> < e(a)

Moreover,

slim(f,a, T, a) slim <;, a, A, /3) C slim (g, a,x, s)

Example 10. For the functions f,g : R — R defined by f(x) = —x and g(x) = —x?,
respectively, a(2) = 3, B(2) = 5, ©(2) = [0,2) U (2,4], and A1(2) = [1,2) U (2,3],
f(m(2) NRY),g(A(2) NRT) C R™. Moreover,

675 827

slim(f,2, 1, «) slim(g,2, A1, B) = [~3, —1][—6, —4] = [4,18] C [ . ,8] = slim(fg,Z,K%,s)

where K%(Z) =[3,2)u (23] and ( inf {—x}— zx(Z)) ( inf  {-x*}— ﬁ(z)) =

XET(2)NRT x€A (2)NRT
98 < 100 = £(2).

Theorem 42 (Restriction Rule). Let @ # B C A and T, (fs) (a) # @. If slim(f,a,T,€) # @,

then slim(ﬁB,a, T,€) # @. Moreover, slim(f,a, T,¢) C slim <f|B,a, T, e).

Proof. Let @ # B C A, TD(f\B)(a) # @, and slim(f,a,7,€) # @. Then, A(f,a,7) =
sup {f(x)— f(y)} < 2e. Therefore,

XYETp(r)(a)
Afipat) = sup {fis(0)—fis)}
x'yGTD(f‘B) (a)
= sup  {f(x)—f(y)}
x,yeTD(f‘B) (a)
< sup {f(x)—f(y)}
xryETD(f)(a)

< 2¢
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Thus, slim(f|B, a,7T,¢)

# @. Moreover, since

sup {fis0} = sup {F®I< sup {f(x)}
XGTD(f‘B) (a) XGTD(f“;) (a) XETp(f)(a)
and
inf x)} < inf x)} = inf X
DS (0) E%U”wﬂfﬂ>}
then
slim(f,a,7,¢) = sup {f(x)} —e(a), inf {f(x)}+e(a)
| x€Tp(5)(a) XETp(y)(a)
< sup  {f(x)} —e(a), __inf {f(x)}+e(a)
() ()
= | swp {fip0)} <), inf (){f‘B(x)}+e(a)
(7)) o)
= slim(ﬁB,a,T,e)
O]

Example 11. For the function f : R — R defined by f(x)
7(3) = [1,3)U(3,5],

2x+1, ¢(3) = 5, and
slim(f,3,,¢) = [6,8] and slim( fi(34):3 @ e) = [4,12]. Therefore,

slim(f, 3, T, €) - slim (f‘ (3,4)7 3, T, 8) .

Theorem 43 (Composition Rule). Let ¢ : B — R be a function, b € R, f(A) C B, and

B(b) < «a(a). If slim(f,a,7,a) # @, slim(g,b, A, B) # D, m’ldf(TD(f) (a)) C Ap(g)(b), then
slim(go f,a,T,a) # @. Moreover, slim(g,b, A, B) C slim(go f,a, T, ).

Proof. Let g : B — R be a function, b € R, f(A) C B, B(b) < a(a), slim(f,a,T,a) # @,
slim(g,b, A, B) # @, andf(TD(f)(a)) C Ap(g) (). Then, A(f,a,7) < 2a(a)and A(g,b,A) <

2B(b). Hence,

B(gof,a,7)

{(gof)(x) = (g fH)}

sup
XYETD (gor) ()

sup  {g(f(x)) —g(f(¥)}

XYETp(r(a)
{8(z) —g(t)}

sup
ztef(tp(p) ()

sup {g(z) —g(t)}
Z,tE/\D(g) (b)

< 28(b)

< 2u(a)

<

Therefore, slim(g o f,a, T, &) # @. Moreover, since f(TD(f) (u)) C Ap(g)(D), then

sup
xef (tp(s)(a))

{g(x)} <

inf
xef(tp(s)(a))

inf
XG)\D<X) (

and

sup {g(x)} {g(x)}

XEAD(g) (b)

b){g(x)} <
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Therefore,
slim(g,b,A,8) = | sup {g(y)} —p(b), inf {g(y)}+pB(b)

| yEAD(g) (D) YEAD(g) (b)

< sup  {g(y)} —p(b), inf {g(y)}+p(b)
| yef(tp(p) (@) y&f (o) @)

< sup  {(gof)(x)} —a(a), inf {(gof)(x)}+a(a)
| ¥€TD(g01) (@) *€TD(gor) ()

= slim(go f,a,7,a)

L]

Corollary 18. Let ¢ : B — R be a function, b € R, f(A) C B, and ¢(b) < e(a). If
slim(f,a,7,¢) # ©, slim(g,b,7,¢) # @, and f(TD(f)(a)> C Tp(g)(b), then slim(g o
f,a,7,€) #D. Moreover, slim(g,b,7,¢) C slim(go f,a,7,¢).

Example 12. For the functions f : Rt — Rand ¢ : R — R defined by f(x) = 5 — x and
g(x) = x+1, respectively, a = 2, b = 3, a(2) = 6, and B(3) = 5, f(RT) = (—00,5) C R,
B(3) < a(2), and f(n(2)NRY) = f([1L,2)U(23)) = [2,3)U(34] € [-1,3)U(3,7] =
74(3) NR. Then, slim(g, 3,1, B) = (3,5] C [—1,9] =slim(go f,2, 7y, ).

Proposition 3 (Identity Function). For the identity function Idg : R — R defined by Idg(x) =
xand 6(a) < e(a), slim(Idg, a, 5, €) # D. Moreover,

slim(Idg,a,t5,€) = [a — (e(a) — d(a)),a + (e(a) — 6(a))]

Note 6. In Proposition 3, if 6(a) = ¢(a), then slim(Idg,a,7s,€) = [a,a] = a. That is, the
(5, €)-soft limit of Idg at a becomes the classical limit of Idg at a. Moreover, if 6(a) > ¢(a), then
slim(Idg, a, t5,€) = @.

Theorem 44. Leta € ANB, g : B — Rbea function, T(a) C AN B, and f(x) = g(x), for
all x € t(a). Then, slim(f,a,t,¢) # @ iff slim(g,a,7,€) # @. Moreover, slim(f,a, T, &) =
slim(g, a, T, €).

Proof. Leta € ANB, ¢ : B — Rbea function, 7(a) C AN B, and f(x) = g(x), for all
x € 7(a).
(=): Assume that slim(f,a, 7,¢) # @. Then, there exists an L € R such that

x € Tp(p)(a) = f(x) ~ L] < e(a)

Since Tp(5)(a) = Tp(g)(a) = T(a), then

X € Tp(g)(a) = [8(x) — L| = [f(x) — L[ < &(a)

Hence, slim(g,4, T, ¢) # @.

(<=): The proof is similar.

Moreover, the equality slim(f,a,T,¢) = slim(g,a,7,¢) can be observed from the above
proof. O
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Theorem 45 (Comparison Theorem). If slim(f,a,7,e) # @, slim(g,a,7,¢) # ©, and
f(x) < g(x), forall x € Tp(5)(a) = Tp(g)(a), then

slim(f,a,7,¢€) < slim(g, 4,7, ¢€)

Proof. Letslim(f,a,7,¢) # @, slim(g,a,7,¢) # @, and f(x) < g(x), forall x € 1p(f)(a) =
TD(g) (LZ) Then,

sup {f(x)} < sup {g(x)} and inf)(a){f(X)}S inf(a){g(x)}

X€Tpp)(a) XET(y) (a) XETp(f YETp(g)
Therefore,
sup {f(x)} —¢(a) < sup {g(x)}—¢(a)
XETp (s (a) XETp(q)(a)
and
inf {f(x)}+e(a) < inf {g(x)}+e(a)
XETp () (a) XETp(q)(a)
Hence,
slim(f, a, T,s)i slim(g,4a,7,¢€)
O

Example 13. For the functions f,g : R — R defined by f(x) = 2x —3 and g(x) = 3x +2,
respectively, and €(3) = 7, f(x) < g(x), forall x € ©(3) NR = ([1,3) U (3,5]) N R. Since
slim(f,3, 1, €) = [0,6] and slim(g, 3, 1, €) = [10,12], then slim(f, 3, 1, ¢) < slim(g, 3, 12, ).

Theorem 46 (Sandwich/Squeeze Theorem). Let slim(f,a,T,e) # @ and slim(g,a,T,¢)
# O If f(x) < h(x) < g(x), forall x € Tp(p(a) = Tp)(a) = pu(a), and
slim(f,a,7,e) = slim(g,a,7,¢), then slim(h,a,7,¢) # @. Moreover, slim(f,a,t,e) =
slim(h,a,7,¢) = slim(g, a, T, €).

The proof follows from Theorem 45.
Example 14. For the functions f,g,h : [—1,1] — R defined by f(x) = x°, g(x) = x?, and

h(x) = x*, respectively, a = 0, and e(0) = 2, f(x) < h(x) < g(x), forall x € 7 (0) N [-1,1] =
([-1,0)u (0,1]) N [~1,1]. Since

A(f,0,m) = sup {xﬁ—yé} =1<4=2¢0)
xyet (0)N[—1,1]
and
A(g,0,11) = sup {xz—y2} =1<4=2¢0)
xye (0)N[—1,1]
then slim(f,0,1y,¢) # @ and slim(g,0,7,€) # @. Moreover, sim(f,0,1y,¢) = [—1,2] =

slim(g, 0, 7, €). In addition,

A(h,0,T1) =  sup {x4—y4} —1<4=2¢0)
x,yer (0)N[—1,1]

and
slim(h,0, 1, ¢) = [—1,2]

Consequently, sim(f,0, 1, €) = slim(h,0, 7y, ¢) = slim(g, 0, 7, €).
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slim(f, T (1), €)

4. Soft Limit at Infinity

This section defines the soft limit at infinity and investigates some basic properties.
Throughout this section, let 7, : R — P(IR) be a function such that 7 (K) C (K, ) and
Too (K) is a set unbounded above, for all K € R. Similarly, let 7_« : R — P(IR) be a function
such that T_e (K) C (—o0,K) and T_«(K) is a set unbounded below, for all K € R. These
descriptions also hold for Aes, keo, Ao, and Kk _, defined from R to P(R). In addition, let
A CRand f,g: A — R be two functions unless stated otherwise.

Definition 15. Let A be a set unbounded above and M € R. If there exists a K € R such that
To(K)NA # Qand x € 1o(K)NA = |f(x) — M| < ¢(K), then M is called a (T (K), €)-
soft limit of f as x — oo. The set of all (Te(K), €)-soft limits of f as x — oo is denoted by
slim(f, 70 (K), €).

Definition 16. Let A be a set unbounded below and M € R. If there exists a K € R such that
T (K)NA#Qand x € T_(K)NA = |f(x) — M| < &(K), then M is called a (T—o (K), €)-
soft limit of f as x — —oo. The set of all (T—c(K), €)-soft limits of f as x — —oo is denoted by
slim(f, - (K), €).

Definition 17. Let A be a set unbounded above and K € R. If

sup  {f(x)—f(y)} €R

XYEToo (K)NA
then this real number is called soft Teo(K)-variance of f and denoted by A(f, Too (K)).

Definition 18. Let A be a set unbounded below and K € R. If

sup  {f(x) = f(y)} eR

XYET—0(K)NA

then this real number is called soft T_co(K)-variance of f and denoted by A(f, T—oo(K)).

Theorem 47. Let A be a set unbounded above, K € R, and 1(K)NA # @. Then,
slim(f, 7o (K), €) # D iff A(f, To(K)) < 2¢(K).

Theorem 48. Let A be a set unbounded below, K € R, and T_(K) N A # @. Then,
slim(f, - (K), &) # D iff A(f, T-0o(K)) < 2¢(K).

Theorem 49. Let A be a set unbounded above and K € R. If slim(f, T (K), €) # @, then

Slim(f,Too(K)/ﬁ)—l sup  {f(x)} —e(K), inf {f(x)} +e(K)

XETw (K)NA XET (K)NA

Theorem 50. Let A be a set unbounded below and K € R. If slim(f, T_w(K), €) # @, then

Slim(f,T—oo(K)fe)Z[ sup  {f(x)} —e(K), inf  {f(x)} +€(K)

XET_oo(K)NA XET o (K)NA

Example 15. For the function f : R\{—1} — R defined by f(x) = 2L, 175(1) = (5,),
Tooo(—3) = (—00,—3),¢e(1) =2, and e(—3) = %,

= sup {2x+1}—2, inf {2x+1}+2 :[0,23}
reta(DN(R\{—1}) L X +1 retm(NER\{-1}) | x +1 6
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Moreover,

slim(f,T_w(—3),¢) = su 2x+1 0 Ql inf 241 4 3
v =9 Lerm(—:a)rg(m\{_m{ Hl} ’ xef—m(—3)ﬂ(R\{—1}){ ”1} ?

Theorem 51. Let A be a set unbounded above, K € R, and B(K) < a(K). If slim(f, T (K), B) #
@, then slim( f, Teo (K), &) # @. Moreover, slim(f, Teo (K), B) C slim(f, Teo (K), ).

Theorem 52. Let A be a set unbounded below, K € R, and B(K) < a(K). Ifsim(f, T« (K), B) #
@, then slim(f, T—eo (K), &) # @. Moreover, slim(f, T—(K), B) C slim(f, -0 (K), ).

The proofs of Theorems 51 and 52 are similar to the proofs of Theorem 20.

Theorem 53. Let A be a set unbounded above, K € R, and @ # A(K)NA C 1(K) N
A. If slim(f, T (K),€) # @, then sim(f, Aeo(K),€) # @. Moreover, sim(f, T (K),€) C
slim(f, Ao (K), €).

Theorem 54. Let A be a set unbounded below, K € R, and @ # A_o(K) N A C T_o(K) N A.
If sim(f, T_o(K),€) # @, then slim(f,A—«(K),€) # @. Moreover, sim(f, T_o(K),€) C
slim(f, A—«(K), €).

The proofs of Theorems 53 and 54 are similar to the proofs of Theorem 25.

Theorem 55. Let A be a set unbounded above, t,K,L,P € R, and t # 0.

i.  slim(f,To(K),€) # @ iff sim(tf, 7o (K), |t|e) # @. Moreover, sim(tf, T (K), [t|e) =

tslim( f, T (K), €).

ii.  Ifslim(f, Teo(K), ) # @ and slim(g,Ae(L), B) # @, then sim(f + g,k (P),€) # @

such that @ # Keo(P) N A C (Teo(K) N A) N (Aeo(L) N A) and a(K) + B(L) < &(P). Moreover,
slim(f, T (K), &) + slim(g, Aeo (L), B) C slim(f + g, keo(P), €)

iii.  If sim(f, To(K), &) # @ and sim(g, Aeo(L), B) # @, then sim(f — g, koo (P),€) # @
such that @ # Keo(P) N A C (Teo(K) M A) N (Ao (L) N A) and a(K) 4+ B(L) < €(P). Moreover,

slim( f, 7o (K), &) — slim(g, Aeo (L), B) C slim(f — g, ko (P), €)

Proof. Let A be a set unbounded above, t,K,L,P € R, and f # 0.
i. (=):Letslim(f, 7o (K), €) # @. Then, there exists an M € R such that

To(K)NA # @and x € To(K)NA = |f(x) — M| < ¢(K)
Since
X € To(K)NA = [(tf)(x) — tM| = [tf(x) — tM]| = [t]|f(x) — M| < |t[e(K)

then tM € slim(tf, T (K), |t|€). That is, sim(tf, Teo (K), |t|€) # D.
(«=): Let sim(tf, T (K), |t|€) # @. Then, there exists an M € R such that

To(K)NA # @and x € T(K)NA = [(tf)(x) — M| < |t|e(K)
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Since

X € k) NA = f(0) = | = (L)) = M| < lHe(d) = £(K)

then ¥ € slim(f, T (K), €). That is, slim(f, T (K), ) # @.
Moreover, for t > 0,

slim(£f, 7o (K), [£l€) [ sup  {(tf)(0)} — [te(K), _ ir(lf L))} + [te(K)

XET(K)NA X€T(K)

f[ sup  {f(x)} —e(K), inf {f(x)}+e(K)

XETw (K)NA ¥ETo (K)NA

= tslim(f, T (K), €)

and for f < 0,

Slim(tf/Too(K)IIfIS)=[ sup {(tf)(X)}—|f|€(K)/xET;nf {(t1)(x)} + [te(K)

XETeo (K)NA

—[f inf  {f(x)} +te(K),t sup {f(x)} —te(K)

xGTw(K)ﬂA XETQO( NA

Zf[ sup  {f(x)} —e(K), inf {f(x)}+e(K)

XETeo(K)NA XETo (K)NA

= tslim(f, T (K), €)

ii. — Letslim(f, Tw(K),a) # @ and slim(g, Aw(L), B) # @. Then, there exist M, N € R
such that
To(K)NA # Dand x € To(K) NA = |f(x) — M| < a(K)

and
Ao(L)NA#QDand x € Ao(L)NA = |g(x) — N| < B(L)

Since
D #Kko(P)NAC (T(K)NA)N(A(L)NA) and a(K)+ B(L) < e(P)

then

X €xeo(P)NA = [(f +8)(x) = (M+ N)| <|f(x) = M| +[g(x) = N| < a(K) + B(L) < &(P)
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Thus, M+ N € slim(f + g,k (P),€). That is, slim(f + g, k«(P),€) # @. Moreover, for
S = slim(f, T (K), &) + slim(g, Ao (L), B),

T xeriL(lrgnA{f (0} —a(K), _inf  {f()}+a(K)
o s 50 it (s + ﬁ(L)]
= sup {f(x)} —a(K)+ sup {g(x)} —B(L),
YETeo (K)NA ¥EAw(L)NA
rerpa SO )+ Ik s+ (L)}

Ql sup  {(f+g)(x)} —e(P), inf {(f+g)(x)}+e(P)

XEKeo(P)NA XEkoo (P)NA
= slim(f + g, koo (P), €)

iii. ~ The proof can be observed from i and ii.
O

Theorem 56. Let A be a set unbounded below, t,K,L,P € R, and t # 0.
i.  slim(f, T-0(K),€) # D iff sim(tf, T (K), |t|€) 7 ©. Moreover,

slim(tf, 7o (K), [t|€) = tslim(f, T_o (K), €)

ii.  Ifsim(f, T-w(K), &) # @ and sim(g,A—« (L), B) # @, then slim(f + g, k_w(P), €) #
@ such that @ # Kk_(P)NA C (T-e(K) NA) N (A_e(L) N A) and a(K) + B(L) < €(P).
Moreover,

slim(f, T (K), &) + slim(g, A (L), B) C slim(f + g, k—oo(P), €)

iii.  Ifslim(f, T (K), &) # @ and slim(g, A~ (L), B) # @, then slim(f — g, k_o(P), €) #
@ such that @ # k—(P)NA C (T_e(K) NA) N (A_o(L) N A) and a(K) + B(L) < €(P).
Moreover,

slim(f, T-co(K), &) — slim(g, A~ (L), B) C slim(f — g, k—o(P), €)
The proof of Theorem 56 is similar to the proof of Theorem 55.

Theorem 57. Let A be a set unbounded above, f(A),g(A) C R=Y9, and K,L,P € R. If
slim(f, 7o (K), &) # @ and sim(g, Aeo(L), B) # D, then slim(fg, ke (P),€) # @ such that
D # keo(P)NA C (To(K) NA) N (Aoo(L) N A) and

( sup {f(x>}+a<1<>>< sup {g(x>}+ﬁ(L>>§s(P)
XETeo (K)NA XEAw(L)NA

Moreover,
slim( f, Teo (K), &)sim(g, Aeo (L), B) C slim(fg, ke (P), €)
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Theorem 58. Let A be a set unbounded above, f(A),g(A) € R~, and K,L,P € R. If
slim(f, 7o (K), &) # @ and sim(g, Awo(L), B) # D, then slim(fg, ke (P),€) # @ such that
D # keo(P)NA C (To(K)NA) N (Aeo(L) N A) and

XET (K)NA ¥EA(L)NA

(nf )=o) (_inf (s} - B(L)) <e(P)

Moreover,
slim( f, Teo (K), &)sim(g, Aeo (L), B) C slim(fg, ke (P), €)

Theorem 59. Let A be a set unbounded below, f(A),g(A) € R=Y, and K,L,P € R. If

slim(f, - (K), &) # @ and slim(g,A—(L), B) # @, then sim(fg,k_(P),€) # @ such
that @ # Kk _o(P)NA C (T-e(K) NA) N (A—eo(L) N A) and

( supm{f(x>}+a(1<)>< sup {g(x)}+/3(L)>§s(P)

XET_o(K YEA_o(L)NA

Moreover,
slim(f, -0 (K), a)slim(g, A~ (L), B) C slim(fg, k—co(P), )

Theorem 60. Let A be a set unbounded below, f(A),g(A) € R~, and K,L,P € R. If

slim(f, - (K), &) # @ and slim(g,A— (L), B) # @, then sim(fg, k_c(P),€) # @ such
that @ # Kk _eo(P) N A C (T-e(K) NA) N (A—eo(L) N A) and

(int e a0 ) (

XET_o(K)NA

{s(x)} - B(L ))§ £(P)

inf
XEA_wo(L)NA

Moreover,
slim(f, -0 (K), a)slim(g, A~ (L), B) C slim(fg, k—co(P), )

The proofs of Theorems 57-60 are similar to the proofs of Theorems 40 and 41.

5. Comparisons of Classical and Soft Limit Types

This section compares the soft limit with classical limit. Moreover, it compares left /
right / upper / lower soft limits with classical left-sided / right-sided / upper / lower
limits. Throughout this section, let A C R, f : A — R be a function, and A’ be the set of all
accumulation points of A unless stated otherwise.

Theorem 61 ([4]). Let a € A'. If there exists the classical limit of f at a, then there exist functions
T:R — P(R)and e : R — R such that slim(f,a, t,€) # @. Moreover, slim(f,a, T, &) C
lim £ (x) + [~e(a), e(a)].

Example 16. For the function f : R — R defined by f(x) =2x —1, lirr% f(x) = 1. Moreover,
X—

slim(f,1,75,¢) = | sup {2x—1} —¢(1), inf {2x—1}+¢(1)
xeTs(1)NR xets(1)NR

[1426(1) —(1),1-26(1) +¢(1)] #@, (1) < <D



AppliedMath 2025, 5, 65

30 of 41

Therefore, lirr} f(x) =1 € slim(f,1,15,¢). Additionally, for 5(1) < @/
x—

slim(f,1,75,¢) = [14+25(1) —e(1),1 —26(1) +¢(1)]
C[1—e(1),1+¢(1)]

— lim f(x) + [~e(1), (1)

x—1

To exemplify, for 5(1) = 1 and ¢(1) = 4,

slim(f,1,7,4) = [-1,3] C [-3,5] = lim f(x) + [—&(1),&(1)]

x—1

The converse of Theorem 61 is not always correct (see Examples 17 and 18).

Example 17. For the function f : R\{0} — R defined by f(x) = |§—‘ and €(0) > 1,
slim(f,0, 15, €) # @. Here, slim(f,0,7s5,€) = [1 —€(0), —1 + €(0)]. On the other hand, there is
no classical limit of f at a = 0.

Example 18. For the function f : R — R defined by f(x) = sgn(x), the signum function, and
€(0) > 1, slim(f,0,15,€) # @. Here, slim(f,0,t5,¢) = [1 —€(0), =1 +¢(0)]. On the other
hand, there is no classical limit of f at a = 0.

Theorem 62. Let (a —d,a) N A # @, for all d > 0. If there exists the classical left-sided limit of f
at a, then there exist functions T : R — P(R) and e : R — R0 sych that slim(f,a,77,¢) # @.
Moreover, slim(f,a, 7 ,¢) C lim f(x)+ [—¢(a),e(a)].

X—a-

Theorem 63. Let (a,a+d) N A # @, forall d > 0. If there exists the classical right-sided limit of
f at a, then there exist functions T : R — P(R) and e : R — R=0 such that slim(f,a, " ,¢) # @.
Moreover, slim(f,a, 7", ¢) C lim+ f(x)+ [—¢(a),e(a)].

X—a

Theorem 64. Leta € A'. If there exists the classical upper limit of f at a, then there exist functions
T:R — P(R) and e : R — R=0 such that slim(f,a, T, €) # .

Theorem 65. Leta € A’ If there exists the classical lower limit of f at a, then there exist functions
T:R — P(R) and e : R — R=0 such that slim(f,a, T, ¢) # .

6. Soft Continuity

This section presents soft and upper (lower) soft continuity provided in [3-5] and
theoretically contributes to these concepts. Throughout this section, let A,B C R, a € A,
teR,and f,g: A — Rbe two functions unless stated otherwise.

Definition 19 ([3,4]). Let slim(f,a,7,e) # @. If t(a) C Aand f(a) € slim(f,a,7,¢), then
f is said to be (T, €)-soft continuous at a. Moreover, if f is (T,¢€)-soft continuous at all points of
X C A, then f is said to be (T, ¢€)-soft continuous on X. In addition, if T(a) = t5(a), then f is said
to be (5, €)-soft continuous at a.

Definition 20 ([4]). Let slim(f,a,7,¢) # @. If t(a) C Aand f(a) € sim(f,a,T,¢), then f is
said to be upper (T, €)-soft continuous at a.

Definition 21 ([4]). Let slim(f,a,7,¢) # @. If t(a) C Aand f(a) € sim(f,a,T,¢), then f is
said to be lower (T, €)-soft continuous at a.



AppliedMath 2025, 5, 65

310f41

Note 7. This study uses Definition 22 instead of Definition 19 to make the relationship between
soft continuity and soft limit more useful. Similarly, it uses Definitions 23 and 24 instead of
Definitions 20 and 21, respectively. Furthermore, this study rearranges the related properties pro-
vided in [3-5] according to Definitions 22-24.

Definition 22. If x € Tp(f)(a) = [f(x) — f(a)| < &(a), then f is said to be (T, ¢€)-soft con-
tinuous at a. Moreover, if f is (T, ¢€)-soft contmuous at all points of X C A, then f is said to be
(T, ¢€)-soft continuous on X.

Definition 23. If x € Tp(s)(a) = f(x) < f(a) +¢&(a), then f is said to be upper (T, €)-soft
continuous at a. Moreover, if f is upper (T, €)-soft continuous at all points of X C A, then f is said
to be upper (7T, €)-soft continuous on X.

Definition 24. If x € Tp(y)(a) = f(a) —e(a) < f(x), then f is said to be lower (T, ¢)-soft
continuous at a. Moreover, if f is lower (T, €)-soft continuous at all points of X C A, then f is said
to be lower (T, €)-soft continuous on X.

Example 19. For the function f : R — R defined by f(x) = x + 3 and for 5(2) "R =
[—1,5]NR = [—1,5], since

Vxe2)NR, —1<x<5=Vxei2)NR, -3<x+3-5<3
= Vx e 5(2)NR, |[f(x)— f(2)]| <3<4=¢(2)

then f is (T3, €)-soft continuous at a = 2.

In addition, left (7,¢)-soft continuity and right (7,¢)-soft continuity are defined
as follows:

Definition 25. If x € () (a) = |f(x)— f(a)| < e(a), then f is said to be left (T,¢)-soft
continuous at a. Moreover, if f is left (T, €)-soft continuous at all points of X C A, then f is said to
be left (T, €)-soft continuous on X.

Definition 26. If x € ‘fg(f) (a) = |f(x) — f(a)|] < €(a), then f is said to be right (T, €)-soft
continuous at a. Moreover, if f is right (T, €)-soft continuous at all points of X C A, then f is said
to be right (T, €)-soft continuous on X.

Theorem 66. Let Ty (¢ (a) # @. Then, f(a) € slim(f,a, T, €) iff f is (T, €)-soft continuous at a.

Proof. Let pf)(a) # O.
(=): Let f(a) € slim(f,a,7,¢). Then, x € 1p(5)(a) = |f(x) — f(a)| < e(a). Moreover, if
x = a, then |f(a) — f(a)| < e(a). Therefore, x € Tp (s (a) = |f(x) — f(a)| < e(a). Thus, f
is (T, €)-soft continuous at a.
( ): Let f be (7, ¢)-soft continuous at a. Then, x € Tp s (a) = |f(x) — f(a)| < e(a). In
addition,

X e TD(f)(ll) = X E fD(f)(“)

= [f(x) = f(a)| < e(a)
Thus, f(a) € slim(f,a,7T,¢). O

Theorem 67. Let Tp(s)(a) # @. Then, f(a) € sim(f, a,T,¢) iff f is upper (T, €)-soft continuous
at a.
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Theorem 68. Let Tp(s)(a) # ©. Then, f(a) € slim(f,a, T, ) iff f is lower (T, €)-soft continuous
ata.

Theorem 69. Let TB(f)(a) # @. Then, f(a) € slim(f,a, T~ ,¢) iff f is left (T, €)-soft continuous
ata.

Theorem 70. Let Tg(f) (a) # Q. Then, f(a) € slim(f,a,t",¢€) iff f is right (T, €)-soft continu-
ous at a.

The proofs of Theorems 67-70 are as in Theorem 66.

Theorem 71. f is left (T, ¢€)-soft continuous and right (T, €)-soft continuous at a iff f is (T, €)-soft
continuous at a.

Proof. (=): Let f be left (7, ¢)-soft continuous and right (7, ¢)-soft continuous at a. Then,
x € T (@) = [f(0) — f@)] Sela) and x € T,y (0) > F(x) = F(a)] < elo)

Therefore, x € Tp(s)(a) = [f(x) — f(a)| < &(a). Consequently, f is (7, €)-soft continuous
ata.
(«): Let f be (7,¢)-soft continuous at a. Then, x € Tp(s(a) = [f(x) — f(a)] < &(a).
Therefore,
x € "I'l;(f)(a) = x € Tp(p)(a)
= |f(x) = f(a)| < e(a)

and
x € fgm(a) = x € Tp(p)(a)

= [f(x) = fla)] < &(a)

Consequently, f is left (7, €)-soft continuous and right (7, €)-soft continuous ata. [J

Theorem 72. f is upper (T,¢€)-soft continuous and lower (T,¢€)-soft continuous at a iff f is
(T, €)-soft continuous at a.

The proof is as in Theorem 71.
Since some of the conditions in Proposition D.1.1 ([4], p. 231) are rearranged as in
Theorems 73 and 74 , then this study proves one of them.

Theorem 73 ([4], p. 231). Let X C A. If f is upper (t,€)-soft continuous on X, then

f is lower (T*,€")-soft continuous on Tps)(X) = U Tp(s(x) S A such that T*(a) =
xeX

{xeX:act(x)}, () = v (a)U {a}, and e*(a) = sup {e(x)} € R=2Y, for all

xeT*(a)

ac fD(f)(X)

Proof. Let X C A and f be upper (7, €)-soft continuous on X. Therefore, for all x € X,

1 € T(p)(x) = f(a) < f(x) +e(x)

For all x € X, since x € T(x) and x € A, then Tp((X) # @. Leta € Tp(s)(X)

U Tp(s)(x) € A. Moreover, since T*(a) = t*(a) U{a} and a € A, then ff)(f) (a) # @.
xeX
Hence,
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x € fg(f)(a) = x € T(a)
= x € "(a) U {a}

= xeT(@)Vx=a

= (xeXNaet(x))Va=x

= (xe XNaef(x))Va=x, T(x) CT(x)ANae€ A

= f(a) < f(x) +e(x) Vv f(a) = f(x), f is an upper (7, ¢)-soft continuous function on X
= fla) < f(x) +e(x) V fla) < f(x) +e(x), e(x) 2 0

= f(a) < f(x) +¢(x)

= f(a) —e*(a) < f(a) —e(x) < f(x), e*(a) = xes;p(;){s(x)} € R29, foralla € Tp(f)(X)
= f(a) —€(a) < f(x)

Therefore, x € fl’g(f)(a) = f(a) —¢e*(a) < f(x), forall a € Tp(5)(X). Consequently, f is
lower (7%, €")-soft continuous on Tp 4 (X). O

Theorem 74 ([4], p. 231). Let X C A. If f is lower (T, €)-soft continuous on X, then f is upper
(T*,€")-soft continuous on Tps)(X) = U Tp(s)(x) C Asuchthat v°(a) = {x € X :a €
xeX

T(x)}, T(a) = t*(a) U {a}, and e*(a) = sup {e(x)}, foralla € Tp5)(X).

xet*(a)

The proof is as in Theorem 73.

Example 20. For the function f : A — R defined by f(x) = c such that tps)(a) # © and
a € A, slim(f,a,7,¢) = [c—¢€(a),c+e(a)] and f(a) = c € slim(f,a,T,€). Therefore, from
Theorem 66, f is (T, €)-soft continuous at any point a € A satisfying the condition Tp ¢ (a) # ©.

Example 21. For the function f : R — R defined by f(x) = x +3,slim(f,2,7; ,¢) = [1,6] and
slim(f,2,7;",€) = [4,9] such that 6(2) = 3 and (2) = 4. Since f(2) =5 € slim(f,2,7; ,€)
and f(2) =5 € slim(f, 2,7}, €), then f is left (5, €)- and right (s, €)-soft continuous at a = 2.
It can also be observed that f is (Ty, €)-soft continuous at a = 2. Moreover, sim(f,2, 15, €) = [4,00)
and slim(f,2,75,€) = (—00,6]. As f(2) = 5 € slim(f, 2,15, €) and f(2) = 5 € slim(f, 2, 1, €),
then f is upper (75, €)- and lower (75, €)-soft continuous at a = 2.

Theorem 75. There exists a function T : R — P(R) such that f is (T, €)-soft continuous at a.
Proof. For a function 7 : R — P(R) such that 7ps)(a) = @,
x € Tp(p)(a) = x € {a}
= |f(x) = f(a)] < e(a)
Then, f is (7, €)-soft continuous ata. [

Note 8. The function f : R — R defined by f(x) = |x|, the floor function, where | x| is the
greatest integer less than or equal to x, is not classical continuous for integers. On the other hand,
from Theorem 75, f is (T, €)-soft continuous on R, for the function T defined by t(x) = @, for all
x € R. Thus, every function is (T, €)-soft continuous for at least one function T but may not be
classical continuous.
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X, x>1

Example 22. Let f : R — R be a function defined by f(x) = x—1 x<1

, X =1[1,3], and
d(x) = e(x) =1, for all x € R. Therefore, forall a € X,

x€T(a)NR = xea—1,a+1]

= f(x) < sup  f(x)=a+1=f(a)+e(a)

x€la—1,a+1]

Hence, f is upper (5, €)-soft continuous on X. Then, from Theorem 73, f is lower (T*,€*)-soft con-
tinuous on |J (T5(x) NR) = [0,4] such that ¢*(a) = 1and t(a) = ([a—1,a) U (a,a+1]) N
xeX
[1,3], forall a € U (%s(x) NR). Thus, since T*(a) = [a —1,a+ 1] N [1,3], then, for all
xeX

ae U (%(x)NR),
xeX

x € %B(f)(a) =x€fa—1,a+1]N][L3]
fla)—e*(@) <a—1<f(1) < flx), acl02)
=
fla)— (@) =a—1< fla—1) < f(x), a € [2,4]
Note 9. If can be observed that the function f in Example 22 is not lower semicontinuous at a = 1.
On the other hand, it is lower (T*,&*)-soft continuous at a = 1. That is, Example 22 shows the
existence of a function, lower soft continuous but not lower semicontinuous. Similar explanations

x>1
x<1"

can also be observed for the function f : R — R defined by f(x) = {x x’l
Theorem 76. If f is (T, ¢)-soft continuous at a, then f is bounded on Tp s (a).
Proof. Let f be (7, ¢)-soft continuous at a. Then,

x € Tp(f)(a) = f(a) —e(a) < f(x) < f(a) +e(a)

Thus, |f(x)| < max{|f(a)—e(a)|,|f(a)+e
bounded on 7p 4y (a). O

a)|}, for all x € Tp(f)(a). Therefore, f is

Theorem 77. Let B(a) < a(a). If f is (T, B)-soft continuous at a, then f is (T, a)-soft continuous
at a.

Proof. Let f(a) < a(a) and f be (7, B)-soft continuous at a. Then, x € Tp ¢ = |f(x)
f(a)| < B(a) < a(a). Therefore, f is (T,a)-soft continuous at a. [

Theorem 78. Let A(a) C t(a). If f is (T, €)-soft continuous at a, then f is (A, €)-soft continuous
ata.

Proof. Let A(a) C 7(a) and f be (7, ¢)-soft continuous at a. Then, x € Tpf)(a = |f(x)

f(a)| < e(a). Thus, )
X e /\D(f) (ﬂ) = X € 'Z'D(f)(a)

= |f(x) = f(a)| < e(a)

Therefore, f is (A, €)-soft continuous at a. [

Theorem 79. Let t # 0. Then, f is (T, €)-soft continuous at a iff tf is (7, |t|e)-soft continuous
ata.
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Proof. Lett # 0.
(=): Let f be (7, ¢)-soft continuous at a. Since Tpf)(a) = Tp(;f)(a), then

x € Tpp(a ’f ’ e(a)
|(f)() (tf)(a)| < |t]e(a)

Therefore, tf is (7, |t|€)-soft continuous at a.
(«=): Let tf be (7, |t|e)-soft continuous at a. Since Tpf)(a) = Tp(f)(a), then

x € Tpp(a) = I(f)( ) (f)(ﬂ)l < [t[e(a)
= |f(x) = f(a)] < e(a)

Therefore, f is (7, €)-soft continuous ata. [

Theorem 80. If f and g are (T,a)-soft continuous and (A, B)-soft continuous at a, respectively,
then f + g is (k, €)-soft continuous at a such that x(a) C t(a) N A(a) and a(a) + B(a) < e(a).

Proof. Let f and g be (T, a)-soft continuous and (A, B)-soft continuous at 4, respectively. Then,

X € Tp(y = |f(x) — f(a)| <a(a) and xG/\D( = |g(x) —g(a)| < B(a)

Thus,

x € Tp(p) (@) N Ap(p) (@) = [ f(x) = f(a)| + |g(x) — 8(a)| < a(a) + B(a) < &(a)

Since x(a) C t(a) N A(a), then

x € Rp(py(a) = |(f +8)(x) = (f +8)(a)| < [f(x) = f(a)| + [g(x) — g(a)| < e(a)
Therefore, f + g is (k, €)-soft continuous ata. [

Corollary 19. If f and g are (T, x)-soft continuous and (A, B)-soft continuous at a, respectively,
then f — g is (k, €)-soft continuous at a such that x(a) C t(a) N A(a) and a(a) + B(a) < &(a).

The proof of Corollary 19 can be observed from Theorems 79 and 80. Moreover,
Theorems 77-80 and Corollary 19 are also valid for upper, lower, left, and right
soft continuity.

Example 23. For the functions f,g : R — R defined by f(x) = x +3and g(x) = x2, respectively,
and for a(1) = 5, (1) = 9, and 75(1) N R such that 6(1) = 2, sim(f,1,15,4) = [1,7],
slim(g,1,75,8) = [0,9], slim(f + g 1w, a+B) = [1, %], and slim(f — g, 1, 75,0 + B) =

—44—3,11] Moreover, f(1) = 4 € slim(f,1,75,a) and g(1) =1 € slim(g, 1,15, B). Therefore,
from Theorem 66, f and g are (75, «)-soft continuous and (s, B)-soft continuous at a = 1,
respectively. In addition, (f + ¢)(1) = 5 € slim(f +g,1, 75,4+ pB) and (f —g)(1) = 3 €
slim(f — g,1, 75, + B). Thus, from Theorem 66, f + g and f — g are (t5, & + PB)-soft continuous
ata =1

Theorem 81. If f and g are (T,«)-soft continuous and (A, B)-soft continuous at a, respec-
tively, then fg is (k,€)-soft continuous at a such that x(a) C t(a) N A(a) and |g(a)|a(a) +

max{|f(a) — a)|}B(a) < e(a
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Proof. Let f and g be (7, a)-soft continuous and (A, B)-soft continuous at a, respectively.

Then,
x € Tp(p)(a) = |f(x) — f(a)| <a(a) and xeAD( = |g(x) — g(a)| < B(a)
Since |(fg)(x) — (fg)(@)| < |[f(x)|[g(x) — g(a)| + |g(a)|[f(x) — f(a)|, then, from
Theorem 76,
xER = |(f8)(x) = (f9)(@)| < [f(x)||g(x) — g(a)| + |g(@)||f(x) — f(a)]|
= |(f8)(x) — (fg)(a)| < max{|f(a) —a(a)|, |f(a) +a(a)|}B(a) + |g(a)|a(a)
= |(f9)(x) = (fg)(a)| < e(a)

Therefore, fg is (x, €)-soft continuous ata. [

Theorem 82. Let m € R*. If f is (T, &)-soft continuous at a such that |f(x)| > m, for all
X € Tp(p)(a), then 1 7 is (T, )-soft continuous at a such that T‘;‘Z) | < B(a).
m

Proof. Let m € R™ and f be (T a)-soft contmuous at a such that | f )| > m, for all
x € Tp(s)(a). Then, x € Tp(p)(a) = |f(x) — f(a)| < a(a). Since Tp(f)(a "L"'D(l>(a) then
f
. 1 1 a(a)
xXeET a) = — < B(a
()@ |76~ 7| sy <70

Therefore, f is (7, §)-soft continuous ata. O

Corollary 20. Let m € R*. If f and g are (T, a)-soft continuous and (A, B)-soft continuous at a,
respectively, such that |g(x)| > m, for all x € XD(g)(a), then é is (k, €)-soft continuous at a such
that k(a) C t(a) N A(a) and
1
()

|oc(a) + max{|f(a) — a(a)|, |f(a) +rx(a)|}[|3(a) < e(a)

m|g(a)l

Theorem 83. Let @ # B C Aand a € B. If f is (7, £)-soft continuous at a, then f|p is (T, €)-soft
continuous at a.

Proof. Let® # B C A, a € B, and f be (7, ¢)-soft continuous at a. Then,

X € Tp(s = |f(x) — f(a)| < e(a)

Thus,
x € T (1) (@) = |fis(x) = fis(@)] = |f(x) = f(a)| < e(a)

Therefore, f|p is (T, ¢)-soft continuous ata. [

Proposition 4. For the identity function Idg : R — R defined by Idg (x) = x and for 6(a) <
e(a), Idg is (T5,€)-soft continuous at a.

Proof. For the identity function Idg : R — R defined by Idg (x) = x and for é(a) < ¢(a),
Idg(a) = a € slim(Idg,a,7s,€) = [a— (e(a) —6(a)),a+ (e(a) — (a))]. Therefore, Idy is
(75, €)-soft continuous at a from Theorem 66. [
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X € f“D(f)(ll) =

Theorem 84. Let ¢ : B — R be a function, f(A) C B, and B(f(a)) < a(a). If f is (T, a)-soft
(a)) € Ap(g)(f(a)), thengo f

continuous at a, g is (A, B)-soft continuous at f(a), and f (TD a))

is (T, )-soft continuous at a.

Proof. Let ¢ : B — R be a function, f(A) C B, B(f(a)) < a(a), f be (T, a)-soft continuous
ata, g be (A, B)-soft continuous at f(a), and f(i'D(f)(a)) - ;\D(g) (f(a)). Then,

[f(x) = f(a)] Sa(a) and x € Apy(f(a)) = |g(x) —g(f(a))] < B(f(a))
Thus,
X € Tp(gof) (@) = f(x) € f(Tp(gof)(a))
= f(x) € f(Tp(s)(a))
= f(x) € Ap(g)(f(a))
= |(gof)(x) — (g0 f)(a)] < B(f(a)) < a(a)

Therefore, g o f is (T, «)-soft continuous ata. [

Theorem 85. Leta € ANB, g: B — Rbea function, t(a) C AN B, and f(x) = g(x), for all
x € T(a). Then, f is (T,€)-soft continuous at a iff g is (T, €)-soft continuous at a.

Proof. Leta € ANB, g : B — Rbea function, 7(a) C ANB, and f(x) = g(x), for all
x € T(a).
(=): Assume that f is (7, €)-soft continuous at a. Then,

x € Ipip)(a) = |f(x) — f(a)] < e(a)
Since Tp(f)(a) = Tp(g)(a) = T(a) and a € AN B, then

X € Tp(g)(a) = |g(x) —g(a)| = |f(x) — f(a)] < e(a)

Hence, g is (7, ¢)-soft continuous at a.
(<=): The proof is similar. [

Definition 27 ([3]). If |f(a)| > e(a), then f(a) is called an e-large value, and if |f(a)| < e(a),
then f(a) is called an e-small value.

Example 24. Let f : [—1,3] — R be a function defined by f(x) = 2x — 3, ¢(—1) = 2, and
€(2) = 3. Since |[f(—1)| = |=5|] > e(—1), then f(—1) is an e-large value. Furthermore, since
|f(2)] =1 <e(2), then f(2) is an e-small value.

Theorem 86 (Bolzano’s Theorem for soft continuous functions [3]). Let f : [a,b] — R bea
(5, €)-soft continuous function on [a,b]. If f has e-large values on the ends of [a, b] and the signs
of these values are different, then there exists a point ¢ € [a, b] such that f(c) is an e-small value.

The concept of (T, ¢)-continuity is analog to the classical continuity, and the con-
cepts of left and right (7, €)-soft continuity are analogs of classical one-sided continuity.
For classical one-sided continuous functions, Bolzano’s Theorem is not valid. However,
an analog of Theorem 86 holds for left and right (7, ¢)-soft continuous functions under
certain conditions.

Theorem 87 (Bolzano’s Theorem for one-sided soft continuous functions [3]). Let f :
[a,b] — R bearight (t5, €)-soft continuous (left (s, €)-soft continuous) function on [a, b, f has e-
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large values on the ends of [a, b), and these values have different signs. Moreover, let ir[lfb] o(x) > 0.
x€la,

Then, there exists a point ¢ € [a, b] such that f(c) is an e-small value.

Definition 28 ([3]). Let L € R. If |f(a) — L| < &(a), i.e., the difference between f(a) and L is
e-small, then it is said to be f(a) is e-equal to L and denoted by f(a) =, L.

Example 25. For the function f and €(2) = 3 in Example 24, since |f(2) — (=1)| = |2] < 3,
then f(2) = 1is e-equal to —1. It can also be observed that f(2) is e-equal to a, for all a € [—2,4].

Theorem 88 (Intermediate Value Theorem for soft continuous functions [3]). Let f : [a,b] —
R be a (75, €)-soft continuous function on [a,b] such that f(a) # f(b). If C is any real number
between f(a) and f(b), then there exists a point ¢ € [a, b] such that f(c) =, C.

Theorem 89 ([3]). Let f : [a,b] — R be a (75, ¢)-soft continuous function on [a,b]. Then, f is
bounded on [a, b].

Theorem 90 ([3]). Let f : [a,b] — R bearight (T, €)-soft continuous (left (s, €)-soft continuous)
function on [a,b] and ir[lfb] d(x) > 0. Then, f is bounded on [a, b].
xe|a,

Theorem 91 ([3]). Let f be bounded on A and inf‘ d(a) > 0. Then, there exist x,y € A such that
ac
f(x) =5 sup f and f(y) =5 inf f.
A

Example 26. For the function f : [2,6] — R defined by f(x) = 3x —5and é(x) = |[x+1|, f

is bounded on [2,6] and inf §(x) =3 > 0. Moreover, sup f = 13 and inf f = 1. Thus, for
xX€[2,6] [2,6] (2,6]
3,4 e26],

2 3 11 . _ _ _
—’2—13‘—2§2— <2) and ’f(3)—[12r,16tif‘—|4—1|—3§4—5(3)

Th f(Y) = d f(3) =5 inf f.
erefore, f( %) s sup fand £(3) =y jnt f
7. Comparisons of Classical and Soft Continuity Types

This section compares soft continuity with classical continuity. Moreover, it also
compares left / right / upper / lower soft continuity with their classical forms. Throughout
this section, let A CR,a € A, and f : A — R be a function unless stated otherwise.

Theorem 92. If f is classical continuous at a, then there exist functions T : R — P(R) and
e : R — R0 such that f is (T, €)-soft continuous at a.

Proof. Let f be classical continuous at a. Then,
Ve >0,30 >0 (xe (a—0d,a+0)NA=|f(x)—f(a)] <€)
Therefore, there exist at least one ¢* > 0 and one § > 0 such that for t(a) =

(a—0,a)U(a,a+6) and e(a) = €', x € Tp(p(a) = [f(x) — f(a)| < e(a). Hence, f is
(7,¢€)-soft continuous ata. [
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Example 27. For the function f : R — R defined by f(x) = x + 3, f is classical continuous and
(5, €)-soft continuous at a = 2 such that 5(2) = 3 and €(2) = 4 because linéf(x) =5=f(2)
X—

and f(2) =5 € slim(f,2,15,¢€) = [4,6].
The converse of Theorem 92 is not always correct (see Example 28).

Example 28. For the function f : R — R defined by f(x) = |x],0 < §(2) <1,ande(2) > 1, f
is (5, €)-soft continuous at a = 2. Here, f(2) =2 € slim(f,2,75,€) = [2—€(2),1+¢(2)]. On
the other hand, f is not classical continuous at a = 2.

Theorem 93. If f is classical left continuous at a, then there exist functions T : R — P(R) and
e : R — R20 such that f is left (T, )-soft continuous at a.

Theorem 94. If f is classical right continuous at a, then there exist functions T : R — P(R) and
e : R — R20 such that f is right (T, €)-soft continuous at a.

Theorem 95. If f is classical upper semicontinuous at a, then there exist functions T : R — P(R)
and e : R — R such that f is upper (T, €)-soft continuous at a.

Theorem 96. If f is classical lower semicontinuous at a, then there exist functions T : R — P(R)
and e : R — R=Y such that f is lower (T, €)-soft continuous at a.

By setting 7(a) = (a —6,a), ©(a) = (a,a+9), T(a) = (a—6,a+ ), and 7(a) =
(a —6,a+0), respectively, taking e(a) = £*, and by using e — § formulations of classical
left and right continuity and upper and lower semicontinuity, the proofs can be obtained
similar to the proof of Theorem 92.

8. Conclusions

This study establishes a comprehensive framework for the soft limit and soft conti-
nuity, central concepts in soft analysis. It redefines the soft limit, upper soft limit, and
lower soft limit, together with their soft continuity counterparts, introduces left and right
soft limits, soft left and right variances, the soft limit at infinity, and left and right soft
continuity, and investigates their fundamental properties. These investigations clarify the
relationships among soft limit types and soft variance types, explore boundedness criteria
and closed-interval properties for left and right soft limits, and derive key algebraic and
order-theoretic rules. Moreover, the paper proves that the soft limit exists if and only if the
intersection of left and right soft limits—and similarly of upper and lower soft limits—is
nonempty. In the part of soft continuity, it establishes necessary and sufficient conditions by
showing that soft continuity is held when both upper and lower soft continuity (and, equiv-
alently, left and right soft continuity) are simultaneously satisfied. In addition, it features
characterizations of soft limit types and their soft continuity counterparts and analyzes
boundedness conditions and some algebraic rules. Additionally, the paper manifests that
the occurrence of classical limit and continuity types entails their soft correspondences.

The study’s theoretical contributions provide a robust foundation for extending soft
analysis to more complex structures. These results not only substantiate the logical integrity
of the soft limit and soft continuity but also pave the way for the development of soft con-
vergence, soft Cauchy sequences, soft limit superior and soft limit inferior, soft summability,
soft probability [11-13], soft portfolio control [14], and forecasting by soft sets [15]. Future
studies may also focus on investigating these notions in normed and metric spaces, as well
as exploring multivariable soft functions and their analytical properties [16]. Overall, this
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study lays the groundwork for broadening both the theoretical and practical scope of soft
analysis. Some notations in the present paper and their meanings are presented in Table 1.

Table 1. Some notations in the present paper and their meanings.

Notations

Meanings

N, R, R—,R*, and R=0

p(U)
T, A, and «

+

NN
[

=

AN

—~
AN
~

ENERSY

AN

AAAA
AN
—— — —

[ (B e I ~
AT

—~
AN
~—

i
Qv:+§q

Q — —

N
I <

slim(f,a,7,¢)
slim(f,a, 77", ¢)

T-c0

slim(f, 70 (K), €)
slim(f, - (K), €)
A(f, 7o (K))
A(f, T (K))
f(a) =e L

The sets of all nonnegative integers, real numbers, negative real numbers, positive real
numbers, and nonnegative real numbers, respectively

The set of all classical subsets of a set U

Functions defined from R to P(R), where 7(a), A(a), and x(a) are sets of points close to a
but not equal to a

Functions defined from R to R=?

A function defined from R to R™

The set of all functions defined from A to B

The domain set of a function f

The set T(a) N Dom(f)

The set t(a) U {a}

The set T(a) N Dom(f)

The set T(a) N (a, )

The set T(a) N (—o0,a)

The set [a — 6(a),a) U (a,a + 6(a)]

The set (a,a + d(a)]

The set [a — 6(a), a)

The set t+(a) U {a}

The set 7~ (a) U {a}

The set [a — d(a),a + 5(a)]

The set [a,a + 6(a)]
The set [a — 6(a), a]
The set 7* (a) N Dom( f
The set T (a) N Dom( f
The set 7% (a) N Dom( f
The set T (a) N Dom(f)

The set of all (7, ¢)-soft limits of f ata

The set of all upper (7, ¢)-soft limits of f ata

The set of all lower (7, ¢)-soft limits of f ata

The set of all left (7, ¢)-soft limits of f ata

The set of all right (7, €)-soft limits of f ata

The soft T-variance of f ata

The soft t5-variance of f at a

The soft T-left variance of f ata

The soft 75-left variance of f ata

The soft T-right variance of f ata

The soft 75-right variance of f ata

The order relation on intervals, where [a,b]<[c,d] iffa < cand b < d
A function defined R to P(R), where 7o (K) C (K, o) and T (K) is a set
unbounded above

A function defined R to P(R), where T_(K) C (—00,K) and T_(K) is a set
unbounded below

The set of all (7 (K), €)-soft limits of f as x — oo

The set of all (T« (K), €)-soft limits of f as x — —o0

The soft 7 (K)-variance of f

The soft T_« (K)-variance of f

The inequality |f(a) — L| < &(a) holds

)
)
)
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