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ABSTRACT. In this work, we extend properties for single-valued
functions especially in homotopy theory to multi-valued functions. We present
new definitions for multi-valued functions such as m-pathwise
connected, m-homotopy equivalence, m-contractibility and (deformation)
m-retraction. We apply some topological properties from algebraic
topology to the multi-valued functions.

1. Introduction

Multi-valued functions are functions that image of at least one element in their
domain set is a set. Therefore, we can say that multi-valued functions are a gen-
eralization of single-valued functions. So the algebraic properties of functions are
similar to those of single-valued functions. In some researches, single-valued func-
tions are inadequate. For this reason, the notion of the multi-valued function has
emerged. Multi-valed functions have a lot of applications in many fields such as
optimal control theory, calculus of variation, probability, statistics and economy.

The concept of a continuous function is a fundamental thought to the study
of topological spaces and help to generalize a considerable part of the homotopy
theory. The idea of continuity for multi-valued functions has put forward for spe-
cial cases by [9], [10] and [25]. Later, more general definitions have given by [3]
and [13]. Various equivalent definitions of continuity of single-valued functions are
discussed separately for multi-valued functions. In this reason, Kurotowski [13] has
described notions of semi continuity (lower semi-continuity, upper semi-continuity).
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The concept of continuity has later defined in many different ways for multi-valued
functions and Strother [24] has studied the relationship that exists between differ-
ent definitions of continuity. There are lots of papers about multi-valued functions
in the literature. Kakutani’s work [11] is one of the most important ones because
he has given a generalization of Brouwer’s Fixed Point Theorem in this paper.
Choquet [5] has studied the lower semi-continuity and upper semi-continuity of
multi-valued functions by the concepts of limit on set families. Michael [14] has
described a topology on the collection of non-empty closed subsets of a topological
space. Then he has applied this topology to the study of multi-valued functions
and adapted some properties of single-valued functions to the multi-valued func-
tions. Strother [22] introduced fixed point theory for multi-valued functions. The
definition of homotopy for functions is an important notion in algebraic topology.
Strother’s work [23] is one of the main papers in this field. Strother introduced a
multi-valued version of homotopy. Moreover, Kruse [12] and Hahn [8] have been
extensively studied on multi-valued functions. Ponomarev in [16], [17] and [18]
has investigated the basic properties of multi-valued functions and answered the
question which properties of topological spaces are preserved under multi-valued
functions. Furthermore, Rhee [19] worked on homotopy theorems which can be
applied to the study of multi-valued functions.

In this work, we first give some background for multi-valued functions that we
need to prove the theorems which are already known for single-valued functions.
We apply some properties from algebraic topology to the multi-valued functions,
then give multi-valued versions of some important properties such as homotopy
equivalence, pathwise connectedness, contractibility, and retraction for some special
classes of spaces.

2. Preliminaries

In this paper, we assume that all spaces are Hausdorff. = Multi-valued
functions will be denoted by uppercase letters such as F, G, H. Let X # 0, Y be any
topological spaces. We say that F': X = Y is a multi-valued function if for each
x € X, F(z) is a subset of Y.

REMARK 2.1. 1) Single-valued functions are just special cases of multi-valued
functions.

2) A multi-valued function F' : X = Y can be considered as a single-valued
function from X to the set P(Y") of all subsets of Y.

Let F': X =Y be a multi-valued function. The range of F is

R(F)= ] F(2)

zeX

by [1]. For each A C X we have
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from [2]. The multi-valued function F is called one-to-one if for any z,z € X,
x # x', we have F(z) N F(z') = 0 and F is surjective (onto) if R(F) =Y, [1].
The multi-valued function F is called closed valued if for each x € X, F(x)
is closed in Y, by [6]. Let Fi,F> : X = Y be multi-valued functions. The
union of the functions F; and F5, is a function denoted by Fy UF, : X = Y
given by (Fy U Fy)(x) = Fi(z) U Fa(x), the intersection of Fy and Fy is a func-
tion denoted by Fy N Fy : X = Y given by (F1 N Fy)(x) = Fi(x) N Fy(x),
the cartesian product of F; and F, is a function denoted by
Fi xFo : X =Y XY given by (Fy X Fy)(z) = Fi(x) x Fy(x), the composi-
tionof F: X =Y, G:Y = Z is a function denoted by Go F' : X = Z given
by (G o F)(z) = G(F(2)) = Uyep) Gy) and the graph grF of a multi-valued
function F': X =2'Y is the set

grF = {(z,y) € X x Y|y € F(z) and z € X},

by [1].
Now, we have the following lemma for the continuity of multi-valued functions
due to Strother:

LEMMA 2.1 ([23]). A closed valued function F': X =Y is continuous if and
only if statements (1) and (2) hold:
(1) Ifxg € X, VisopeninY and if F(xg)NV # 0, then there exists an open
set U of X with xo € U such that F(x)NV # 0 for allx € U.
(2) If kg € X and F(xo) C V, where V is open in Y, then there exists an
open set U containing xo such that F(U) C V.

In the Lemma 2.1, the first statement is called lower semi-continuity (Isc) of
a multi-valued function F' and second is called upper semi-continuity (usc) of a
multi-valued function F.

The inverse of the multi-valued function F' : X == Y is the function denoted
by F~:Y = X and given by F~(B) = {z € X|F(z) C B # (} for each BCY
[2]. Geletu has given useful properties [6, Proposition 5.3.5] and [6, Proposition
5.3.14] regarding semi-continuities of multi-valued functions which are gathered in
the following proposition.

PROPOSITION 2.1 ([6]). Let F: X =Y be a multi-valued function. Then the
following statements are hold:
(i) F is usc if and only if for each closed set W C'Y, F~ (W) is closed set in
X;
(i¢) F s lsc if and only if for each open set V. CY, F~ (V) is open set in X.

In the following definition, Borges defined a multi-valued quotient function
F: X =Y in such a way that F is either a usc-function or lsc-function.

DEFINITION 2.1. ([2]) Let X and Y be topological spaces and F' : X = Y
an onto multi-valued function. Then F is said to be a us-quotient (Is-quotient)
function provided that a subset U of Y is closed (open) if and only if F~(U) is
closed subset of X (open subset of X). F is said to be a quotient function whenever
F is both a us-quotient function and Is-quotient function.
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We define the following new continuous multi-valued function with the help of
two continuous multi-valued functions.

LEMMA 2.2. Let F: X =2 Z and G : Y = W be two continuous multi-valued
functions. Then the function defined by
H: XxY=2ZxW
(z,y) = F(z) x G(y)
18 CONtINUOUS.
PRrROOF. Assume that V is an open set such that
H(z,y)=Fx)xGly)cVCZxW

for all (z,y) € X x Y.

Case 1. Let the open set V' be a base element of product topology on Z x W.
Then, there exist two open sets Vz C Z and Viy C W such that V = Vz x V.
Since F' is upper semi-continuous multi-valued function, for all F'(z) C Vz, where
Vz is open in Z, there exists an open set U, containing x such that

F(x/) CVy forall 2z €U,

Since G is the upper semi-continuous multi-valued function, for all G(y) C Viy,
where Vi is open in W, there exists an open set U, containing y such that

G(y)C Vi forall y € Uy.

Thus, the set U = U, x U, is an base element since U, and U, are open sets.
Consequently, there exists an open set U = U, x U, containing (z,y) such that

H(z ,y)=F@)xGy)CVzxViw=V forall (z,y)eUl.

Case 2. Assume that the open set V' is not a base element. Then, V is a union
of basis elements. So, for open sets Vz C Z and Viyy C W we can take V; x Vi C V.
We know from Case 1, the upper semi-continuity condition is satisfied for all open
sets V in the form Vz x Vyr. Thus, there exists an open set U = U, x U, containing
(z,y) such that

Hx,y)=F@&)xGy)CVzxVig CV forall (z,y)eU.

Consequently, H is upper semi-continuous.
Similarly, the lower semi-continuity of H can be shown. (|

THEOREM 2.1 ([1]). The cartesian product F = [[}_, F; of a finite family
of the lower semi-continuous (l.s.c.) functions F; : X = Y; is a l.s.c. function
F: X =TI, Y given by F(z) = (Fi(x),- -, Fy(x)) for any z € X.

THEOREM 2.2 ([1]). The cartesian product F = [[;_, F; of a finite family of
the upper semi-continuous (u.s.c.) and compact valued functions F; : X =Y is a
u.s.c. and compact valued function F : X = [[_, Y;, where Fi(x;) is a compact
set for any x; € X, for all i.
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THEOREM 2.3 ([1]). The cartesian product F = ]"_, F; of a family of closed
functions F; : X =2Y; is a closed function F : X =[], Y;.

Let X and Y be compact and let F': X = Y be continuous. Then F' is closed
i.e. F(A) is closed in Y whenever A is closed in X [21].

PROPOSITION 2.2 ([7]). Let F : X =Y and G :'Y =2 Z be two closed value
multi-valued functions. Then for any B C Z we obtain

(GoF)"(B)=F~ oG~ (B).

LEMMA 2.3 ([21). If Fi : X =2 Y and F5 : Y = Z are continuous and if X,
Y and Z are compact, then F = F5 o Fy is continuous.

The restriction of a multi-valued function is defined in [21]. Let F : X = Y
and let A be a subspace of X. Then the restriction of F to A is defined by
Fla(x) = F(z) for all z € A.

Let F': X =2 Y be continuous and let A C X. Then the restriction of F' to A
is continuous [21]. The multi-valued function idx : X = X, idx (z) = {z} is called
the identical function of the set X [1]. A function F : X = Y is called constant if
F(z)=C, for all x € X, where C is a fixed subset of ¥ [1].

DEFINITION 2.2. Let A be a subset of X. Then the m-inclusion function is
defined by
T:Az=X
a— {a}.
Moreover, Z(a)NZ(a') = 0 for all  # @’ € A. Then the m-inclusion function is

one to one. Furthermore, the continuity of the m-inclusion function can be shown
easily by Lemma 2.1.

LEMMA 2.4 ([23]). Let Y be a topological space, A and B both open (or both
closed) subsets of a topological space X such that X = AU B. Assume that
F:A=Y and G : B =2 Y be continuous multi-valued functions such that for
allz € AN B, F(x) = G(x). Then the multi-valued function defined by

H:X=Y
F(z), z€A
T
G(z), z€B
s continuous.

PROOF. Suppose that F': A = Y is the upper semi-continuous multi-valued
function. If x € A and F(z) C V, where V is open in Y, then there exists an open
set U containing x such that

F(ac/) CV forall z €U.

From the definition of a multi-valued function H, we have F'(z) = H(x). Since U
is open in A and A is open in X, U is open in X. So, we can consider U as an open
neighborhood.
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Then for H(z) C V, where V is open in Y there exists an open set U of = such
that

H(z)CV forall z €U.

If x € B, then it can be shown that the multi-valued function H is upper semi-
continuous by taking multi-valued function G instead of F' and following the same
way.

Similarly, the lower semi-continuity of H can be shown. As a result, the multi-
valued function H is continuous. O

3. m-Homeomorphisms

DEFINITION 3.1. Let X and Y be topological spaces. Let F' : X =3 Y be
one-to-one and onto multi-valued function. If both F' and its inverse F'~ : Y =3 X
are continuous, then F' is called an m-homeomorphism.

LEMMA 3.1. Let X, Y and Z be compact topological spaces. If F: X =Y and
G .Y = Z are m-homeomorphisms, then GoF' : X = Z is an m-homeomorphism.

PRrROOF. Let F and G be m-homeomorphisms. Then G o F' is continuous. For
all z # 2 € X, we have

GoF(z)=G(F(x)= |J Gy

GoF()=GFe) = | 6).

As F is an m-homeomorphism, it is one-to-one i.e. F(z)NF(z') =0 for z # z’. So,
y € F(z) and y € F(x') are different from each other. At the same time, as G is
one-to-one, if y # 4/, then G(y) NG(y') = 0. So, we have Go F(z)NGo F(z') = 0.
It means that G o F' is one-to-one.

Since the range of the multi-valued function G o F is

R(GoF)= ) GoF(x)= | G(F(2))
rzeX zeX
- G( U F(a:)) —Q(Y) .+ Fisonto F(X)=Y
reX
= U Gly) =2  Gisonto G(Y) = Z,
yey
G o F is onto.

From [7, Proposition 13.3.2] we have (Go F)~ = F~ o G~. Since F~ and G~
are continuous, their composite is also continuous.
Thus, G o F' is an m-homeomorphism. U
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4. m-Pathwise Connectedness

DEFINITION 4.1. ([23]) A space Y is said to be m-pathwise connected if for
closed subsets Yy and Y7 of Y, there exists a continuous multi-valued function F
from the unit interval I to Y such that F'(0) = Y, and F(1) = Y;.

LEMMA 4.1. Let X be a topological space. Asuume that A, B and C are closed
subsets of X. Let A ~,, B denote the relation

A ~, B & there is a m-path from A to B in X,

i.e. there is a continuous multi-valued function F : I = X such that F(0) = A and
F(1)=B.

PROOF. For a closed subset A, let F' : I = X be a constant multi-valued
function such that F(t) = A, for all ¢ € I. Since F' is constant, it is continuous.
So, there exists a m-path from A to A.

Assume that A ~,, B. Then there exists a continuous multi-valued function
F : I =2 X such that F(0) = A and F(1) = B. So, define a continuous
multi-valued function G : I = X such that G(t) = F(1 —t). We get B ~,, A
by the multi-valued function G.

Suppose now that A ~,, B and B ~,, C. Then there exist continuous
multi-valued function F,G : I =% X such that F(0) = A, F(1) = B and G(0) = B,
G(1) = C. Define a multi-valued function such that

H: I3 X

—_ N

tn—>H(t):{

F(2t), 0<
1
1<

t<
G2t — 1), t<

It is continuous from Lemma 2.4. On the other hand, we have
H0)=F(0)=A and
H(1)=G(1)=C.
So, we get A ~,,, C. (|

THEOREM 4.1. Let X and Y be compact topological spaces. X and Y are
m-pathwise connected if and only if X XY be a m-pathwise connected space.

PRrROOF. Suppose that X and Y are m-pathwise connected spaces. Since X is
m-pathwise connected, there exists a continuous multi-valued function F': I = X
such that F(0) = Xy and F(1) = X3, where X, and X; are closed subsets of X.
Since Y is m-pathwise connected, there exists a continuous multi-valued function
G : I =Y such that G(0) = Yy and G(1) = Y3, where Y; and Y7 are closed subsets
of Y. So, we have

FxG: Iz X XY
such that F x G(0) = F(0)xG(0) = Xgx Yy and FxG(1) = F(1)xG(1) = X; x Y.
Since X, X7 are closed in X and Yy, Y7 are closed in Y, Xy X Yy and X; x Y;
are closed in X x Y. Moreover, we know that the multi-valued function F' x G
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is continuous from Theorem 2.1 and 2.2. Consequently, X x Y is m-pathwise
connected.

Since the space X X Y is m-pathwise connected, there exists a
continuous multi-valued function F' : I = X x Y such that F(0) = (Xo,Ys) and
F(1) = (X1,Y7), where Xy, X; are closed subsets of X and Yp, Y7 are closed subsets
of Y. Define a continuous multi-valued function

G:I1=X
t— G(t) =7mo F(t),
where m: X XY = X, (z,y) — {2} is continuous multi-valued function. Since
(X0, Yo)= |J 7@y = {=}=Xo,
z€X0,yEYo z€Xo
we have
G0) =70 F(0) =7n(Xp,Yy) =XoC X
G(].) = 7TOF(].) = 71'(X1,Y1) =X, CX.
Therefore, X is m-pathwise connected. Similarly, it can be shown that Y is
m-pathwise connected. O

EXAMPLE 4.1. A unit interval I is an m-pathwise connected space.

PROOF. Assume that A and B are any closed subsets of I. If there exists a
continuous multi-valued function F' : I =2 I such that F'(0) = A and F(1) = B,
then I is m-pathwise connected. So let define a multi-valued function F' such that

F:1=1
A 0<t<}
t= I, t=1
B, 3<t<L

First, we shall show that the multi-valued function is upper semi-continuous:

For 0 <t < 1, let V be an open set such that F(t) = A C V. If we take the
open set [0, 1) = U, then for all t eU, F(t)=AcCV. For 1 <t <1, suppose
that V' be an open set such that F(t) = B C V.. If we take the open set (3,1] = U,
then for all t € U, F(t) = B C V. For t = 1, let V be an open set such that
F(t) =1 CI=YV. If we take the open set such that ¢t = % € U, then for all t' € U,

F(t/) C I. So, F' is upper semi continuous. Similarly, the lower semi-continuity of
F can be shown. Therefore, I is an m-pathwise connected space. O

From Example 4.1 and Theorem 4.1, we conclude that I™ is
m~pathwise connected.

THEOREM 4.2. Let X and Y be compact spaces. If F : X =2 Y is a
continuous closed multi-valued function and X is m-pathwise connected, then F(X)
is m-pathwise connected.
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PROOF. Assume that X is m-pathwise connected. Then there exists a
continuous multi-valued function G : I = X such that G(0) = A and G(1) = B,
where A and B are closed subsets of X [23]. Since I, X and Y are compact and
F and G are continuous, the composite function G o F' is continuous. On the other
hand, we have

FoG0)= |J F(z)=|]J F(z) = F(4) and

z€G(0) T€EA
FoG()= |J F(z)= ] F(z) = F(B).
z€G(1) z€B

By the definition of a closed multi-valued function, F'(A) and F(B) are closed
subsets of F'(X) whenever A and B are closed subsets of X.
Thus, F(X) is m-pathwise connected. O

THEOREM 4.3. Let X and Y be compact spaces and F : X =2 Y be a
multi-valued quotient function. If X is a m-pathwise connected space, then Y is
m-pathwise connected.

PROOF. Assume that F': X =2 Y is a m-quotient function. Then it is both
upper semi-quotient and lower semi-quotient by Definition 2.1. Since F' is
upper semi-quotient, for a closed subset V of Y, F~(V) is closed in X. So, it is
upper semi-continuous by Proposition 2.1. Similarly, since F' is upper semi-quotient,
we have for an open subset U of Y, F~(U) is open in X. So, it is
upper semi-continuous. By Theorem 4.2, F(X) is m-pathwise connected. Since
F is the multi-valued quotient function, it is onto i.e. F(X) = Y. Thus, Y is
m~pathwise connected. O

LEMMA 4.2. Let X be a finite topological space and C be a subset of X. If X3
and Xo be m-pathwise connected subsets of X such that C C X1 N X, then X1 UX5
is m-pathwise connected.

PROOF. Let A and B be subsets of X; U X5. Since X is finite recall that all
spaces are assumed to be Hausdorff, X; U X3 is Hausdorff and finite. So, A and B
are closed subsets of X7 U X5. There exists three cases for the subsets A and B:

Case 1: If A and B are subsets of X4, then it is obvious from m-pathwise
connectedness of Xj.

Case 2: Similarly, if A and B are subsets of X5, then it is obvious for the
same reason.

Case 3: Let A be a subset of X; and B be a subset of X5. The set C is closed
since X is finite. Since X; is m-pathwise connected, there exists a continuous
multi-valued function F': I = X; such that F(0) = A C X; and F(1) = C C X;.
As Xy is m-pathwise connected, there exists a continuous multi-valued function
G : I = X5 such that G(0) = B C X3 and G(1) = C C X,. Since m-pathwise
connectedness is an equivalence relation, there exists a m-path between A and B.
Thus, X1 U X5 is m-pathwise connected. O



170 KARACA, DENIZALT, AND TEMIZEL

5. Some Properties of the Multi-valued Function in Homotopy Theory

In this section, some properties of a multi-valued function will be given with
respect to the definition of multi-homotopy [23].

DEFINITION 5.1. ([23]) Let F and G be multi-valued functions from X to
Y. Then F' is said to be m-homotopic (multi-homotopic) to G if there exists a
continuous multi-valued function H : X x I = Y such that H(z,0) = F(z) and
H(z,1) = G(z). We write F ~,, G.

LEMMA 5.1. The m-homotopy relation is an equivalence relation.

PrROOF. Let F' : X = Y be the continuous multi-valued function and the

m-homotopy function defined by
H:XxI=Y
(z,t) = H(z,t) = F(x).

Then it is continuous as F' is. Furthermore, because of the equalities H(z,0) = F(z)
and H(z,1) = F(x) we get F' ~,, F.

Assume that F' ~,, G. Then there exists an m-homotopy function such that
H(z,0) = F(z) and H(x,1) = G(x). If we define an m-homotopy function by

K: XxI=®Y
(z,t) = K(x,t) = H(z,1 - 1),
then it is continuous since H is continuous. Since
K(z,0) = H(z,1) = G(x) and K(x,1) = H(z,0) = F(x)

we have G ~,,, F.

Suppose that F ~,, G and G ~, H. Then there exists an
m-homotopy functions defined by K, W : X x I = Y such that K(z,0) = F(x),
K(z,1) = G(z) and W(x,0) = G(x), W(x,1) = H(z). So, in order to show that
F ~,, H we define an m-homotopy function M as follows:

M: XxI=Y

K(z,2t), 0<
3 <

<
(@) = M(z,t) = s
W (z,2t — 1), t<

and it is continuous from Lemma 2.4. Since M(z,0) = K(z,0) = F(z) and
M(z,1) = W(z,1) = H(z), we get F ~,,, H. O

THEOREM 5.1. Let X,Y and Z be compact spaces and F,G : X = Y be two
continuous multi-valued functions. If F' ~,, G and H : Y = Z are continuous
multi-valued function, then H o F' ~,, H o G.

Proor. If F ~,, G, then there exists a multi-homotopy function
K : X xI =Y such that K(z,0) = F(z) and K(z,1) = G(x). Define a
multi-valued function W = H o K, where H : Y = Z is a continuous
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multi-valued function. Since H and K are continuous, W is continuous. On the
other hand, we have

W(z,0)=HoK(x,00= |J) Hy = |J H(y) =HoF(z) and

yeK (z,0) yeEF ()
W) =Hok(@ )= |J Hy= |J Hy)=HoGl).
yeK(x,1) yeG(x)
So, H o F ~,, H o G is obtained. O

THEOREM 5.2. Let X,Y and Z be compact spaces and F,G : X =Y be two
continuous multi-valued functions. If F ~,, G and H : Z = X is a continuous
multi-valued function, then F'o H ~,, Go H.

Proor. If F ~,, G, then there exists a multi-homotopy function
K : XxI 2 Y between F and G. Define a multi-valued function W = Ko(H xidy),
where H : Z = X is a continuous multi-valued function and id; is the identical
function on I. Since K, H and H xid; are continuous, W is continuous. Moreover,
we have

W(z,0) = K(H(z),0) = F(H(z)) = FoH(z) and
W(z1) = K(H(:),1) = G(H(2)) = G o H(2).
So, Fo H ~,, Go H is obtained. O
THEOREM 5.3. Let F; be constant multi-valued functions such that for closed
subsets of X, Xg and X1, F; : X =3 X, v — X,;, where v =0,1. Then Fy ~,, I

if and only if there exists a continuous multi-valued function F : I = X such that

PROOF. Let
Fo: X=X and F; : X=X
z — Xo T — X3
be constant multi-valued functions and Fy ~,, F;. Then there exists a

multi-homotopy function H : X x I = X such that H(z,0) = Fo(z) = Xo and
H(z,1) = Fi(z) = X;. In this case, if the function F is defined by

F:I1=X
t— F(t) = H(z,t),
we get a continuous multi-valued function F' such that F(0) = H(z,0) = X, and
F(1)=H(z,1) = X;.
Let F': I = X be a continuous multi-valued function such that F(0) = X, and
F(1) = X3, where Xg, X; C X. If we define a multi-homotopy function such that

H: XxI=X
(x,t) — H(z,t) = F(t),
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then H is continuous and for a constant multi-valued function defined by

Fp: X=X and F; : X=X
z— Xg T = Xi,

we have H(x,0) = F(0) = Xo = Fy(z) and H(z,1) = F(1) = X; = Fy(x). Thus,
we obtain Fy ~,, Fi. O

COROLLARY 5.1. Let X be a topological space. X is m-pathwise connected if
and only if any two constant multi-valued function from X to X are m-homotopic
to each other.

PRrOOF. By Teorem 5.3, proof is completed. (|

DEFINITION 5.2. ([23]) Two continuous functions F,G : X =2 Y are said to
be m-homotopic relative to A contained in X and B contained in Y if there exists
an m-homotopy H connecting F' and G such that x € A and t € I imply that
H(z,t)=B

THEOREM 5.4. Let XY and Z be compact topological spaces and A, B and C
be closed subsets of X, Y and Z respectively. Let Fy, F1 : X =2 Y be continuous
multi-valued functions such that Fola = Fila and for i = 0,1 F;(A) C B. Let
Go,G1 Y = Z be a continuous multi-valued function such that Go|p = G1|g. If
Fy ~,, Fy relative to (A, B) and Go ~,, G1 relative to (B,C), then Gg o Fy and
G1 o Iy are m-homotopic relative to (A,C).

Proor. If Fy ~,, F; relative to (A, B), then there exists an m-homotopy
function H connecting Fy and Fy such that for z € Aand t € I, H(z,t) = B.
Moreover, if Gy ~,, G relative to (B, C), then there exists an m-homotopy
function K connecting Gy and G such that for x € Band t € I, K(z,t) = C.
Thus, define an m-homotopy function
Hx1: XxI=3Y xI

(x,t) — H(z,t) x 1(x,t)
using a continuous multi-valued function

1: X xI=1
(z,t) = {t}.
First, the continuity of H x 1 and K implies the continuity of K o (H x 1).
Furthermore, we have
Ko (H x1)(z,0) = K(H x 1(z,0)) = K(H(x,0) x 1(x,0))
= K(Fo(z) x {0})
= Go(Fo(z)) = Go o Fo(w),
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where Fy(z) x {0} = {(m,n)|m € Fy(z),n =0} and
Ko (H x1)(x,1) = K(H x 1(z,1)) = K(H(z,1) x 1(z,1))
= K(Fi(z) x {1})
= G1(Fi1(z)) = Gy o Fi(x),
where F)(z) x {1} = {(m,n)|m € Fi(x),n = 0}.
For z € A and t € I, we know that H(z,t) = B and K(x,t) = C. So, we also have
Ko (H x1)(z,t) = K(H(z,t) x 1(x,t))
=K(Bx{t})=C,

where B x {t} = {(m,n)|m € B,n =t}.
Consequently, Go o Fy and G o Fy are m-homotopic relative to (A, C). (]

Strother [23] has given a multi-valued version of null homotopy for single-valued
functions.

DEFINITION 5.3. ([23]) A multi-valued function F is said to be constant if, for
some fixed Cy contained in Y, x € X implies that F(x) = Cy. If G is m-homotopic
to a constant function we say that G is null m-homotopic and denote it by G ~,, 0.

LEMMA 5.2. Let X, Y and Z be compact topological spaces. If F: X 3Y
is null m-homotopic and G :' Y =% Z is a continuous multi-valued function, then
G o F is null m-homotopic.

PrROOF. Since F' is null m-homotopic, there exists a constant multi-valued
function C : X = Y such that F ~,, C. Then we have the m-homotopy function
H:XxI=Y, H«,0) = F(x) and H(x,1) = C(z). Consider the multi-valued
function K = G o H. Since G and H are continuous so K is. Let G(Yy) = Zo,
where Zy C Z. Then we have

K(z,0) =GoH(x,0) = G(H(z,0))
K(xz,1)=GoH(z,1) = G(H(z,1))
= 2y = C'(a),

G(F(x))=Go F(z) and
G(C(x)) = G(Yo)

where ¢' : X = Z , X — Zg is a constant multi-valued function. Thus, K can be
considered as an m-homotopy function between Go F' and the constant multi-valued
function. So, G o F' is null m-homotopic. O

LEMMA 5.3. If for any topological space Y the multi-valued function
F : S' = Y is null m-homotopic, then it can be extended to a continuous
multi-valued function G : D> =Y.

PROOF. Assume that F': S! = Y is null m-homotopic. Then for a constant
multi-valued function C : S' = Y, = — Yj, where Yj is a subset of Y, there
exists an m-homotopy function H : S* x I = Y such that H(z,0) = F(r) and
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H(z,1) = C(z). Define a function G by
G:D’=Y

Yo, 0<H1‘||<%
X = = 1
H(mge2=2llz[)), 3 <llell <1,

=[]

It is continuous from Lemma 2.4. Furthermore, for x € S' C D2, we get
G(z) = H(z,0) = F(x). This means that the multi-valued function G is an exten-
sion of a multi-valued function F. O

THEOREM 5.5. LetY be a topological space. IfY is m-pathwise connected, then
an m-homotopy class of continuous multi-valued functions from a unit interval 1
to'Y has only one element.

PROOF. Let F': I = Y be a continuous multi-valued function such that F'(0) =
Y1, F(1) = Ys, where Y7,Y5 are closed in Y and Cp: I =Y, ¢t — Yj be a constant
multi-valued function, where Yy closed in Y. Since Y is m-pathwise connected,
there exists a continuous multi-valued function G : I = Y such that G(0) = Y3
and G(1) = Cy(t) = Yp. If we define a multi-valued function H such that

H:IxI=zY
F((1-2s)t) 0<s<2
(t,s) — H(t,s) = (1= 25)t) A
then it is continuous from Lemma 2.4. As
H(t,0) = F(¢)

H(t,1) = G) = Y = Cy(t),

we get F' ~,, (. Consequently, any contiuous multi-valued function from I to Y
is m-homotopic to the constant multi-valued function. So, the m-homotopy class
has only one element. O

Strother [23] defined the product F * G of F and G.

DEFINITION 5.4. ([23]) For each space Y, a closed subset Y; of Y, and a positive
integer n we define

MQ(n,Y,Yy) = {F:I" = Y|F is continuous and F(z) =Y, for all z € B" '}

The subset B"~! of I" (product unit interval) consisting of points (z1,- -+ ,z,)
for which some coordinate is zero or one, and is called the boundary of I"™.

DEFINITION 5.5. ([23]) Let F' and G be elements of MQ(n,Y,Yy). Define
H=F=«G by

H(.Tl,"' 7xn):{ ( 1, , L ) 1

G2r1—1, - ,zy,) if

T

= O
IN N
NN
= SIS

€

Denote the class of functions m-homotopic to F relative to (B"~!,Yy) by [F].
Define [F] * [G] to be [F x G|
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Moreover, the function H is well-defined and continuous by Lemma 2.4.

THEOREM 5.6 ([23]). Let Y be a compact Hausdorff space. Then the m-
homotopy classes of the continuous functions in MQ(n,Y,Yy) form a group
MTL,(Y,Yy) called the n-th m-homotopy group of the space Y with base set Yj.
For x € B"™1, the zero element in M11,(Y,Yy) is the constant function F(z) =Y,
and the inverse of a function F is defined by

Fﬁl(mla"' 71"7L) :F(l_x17 a‘rn)7
for (xq,--+ ,x,) € B L.

From the definition of a product operation and Theorem 5.6, we will give the

following property about product operation. Suppose that F,G € MQ(n,Y,Yy).
Then for x = (21, ,Tn),

1
G*Fﬁl(x): G(2x17$2;"'xn) 0<x<§
F_1(2.131—1,$2,"',$n) %gl‘gl
G(2$1,{E2," 7xn) nggé
F<1 (23’}1 1)?$2a axn) % <z <1
_ G(2£L’1,{E2, 7xn) nggé
F(2—2.’L’17$2, uxn) %éxél

_ i<z«
G _21‘17332’ ,l‘n) ngé%,
and
G1(2 0<r<4i
G '« Fl(2) = 1( 1,32, 5 Tn) 1 Dk
= (2(E1-1,$2, ,.’En) §<x<1

_ {G 1*21‘1,‘%2,"' 7xn,)

_ Gl_lea£2?"'7xn) %
O\ F 2—2x1,29, &) 0

Then (F * G)~! = G~1 % F~! is obtained.
THEOREM 5.7. Let Fy, F1,Go,G1 € MQ(n,Y,Yy). If Fy and Fy are

m-homotopic relative to (B"71,Yy) and Go, Gi are m-homotopic relative to
(B"1.Yy), then Fy * Gy and Fy * Gy are m-homotopic relative to (B"~1,Yp).
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ProoF. If Fy and F; are m-homotopic relative to B®~! contained in I™ and
Yy contained in Y, then there exists an m-homotopy H : I" x I — Y connecting
Fy and Fy such that for z € Bt and t € I, H(x,t) = Y.

If Gy and G; are m-homotopic relative to B®~! contained in I™ and Yj
contained in Y, then there exists an m-homotopy K : I"™ x I — Y connecting
Go and G such that for z € B" ! and t € I, K(x,t) = Yj.

Therefore, we can define an m-homotopy function between Fy* Gg and F; x G
as follows:

M:I"xI—=Y

H(2£L‘1,f132,"'1'n,t) nglg%
(x17$27"'x717t)._> 1
K(Q2xy — 1,29, xp,t) 5 <a1 <1,
H(2 ) P n70 0< <l
M(I17x27"'1’n70)7 (xl 2 ! ) 1 . 2
K(2$1_17$2,"'$n,0) §<$1<1
) Fo(2xq, 2,0+ 2) 0<z <3
- G0(2$1—17$2,"‘$n) %<$1<1
ZFo*Go,
and
H(2 ) P n71 0< gl
M(x171'27"'xn71): (ml 2 ! ) 1 o 2
K(2"E1_17x2,"‘$n,1) §<x1<1
o F1(2:E13‘r23"'1'n) nglgé
B G1(2x1_1vx27"'1.n) %<1'1<1
:F]_*Gl

and it is continuous from Lemma 2.4. Moreover, for all x € B" ! and t € I,
H(z,t) =Yy and K(z,t) = Yy because H and K are m-homotopy functions.

If v = (21, ,2,) € B"! then #; = 0 or z; 1. If z; = 0, then
M(z1, 9, xpn,t) = H(Q2xy,z9, - xp,t) = Yy and if z; = 1, then
M(z1, 9, xpn,t) = K221, 22, - Tn,t) = Y.

Thus, Fy * Go and Fy * G1 are m-homotopic relative to (B" 1, Yp). O

THEOREM 5.8. Let F': I = Y and G : I = Y be continuous multi-valued
functions such that F(0) =Yy, F(1) =Y1, G(0) =Y; and G(1) = Ya, where Yy, Y
and Yy are closed subsets of Y. If H = F x G, then for the multi-valued function
H defined by

H : MTL,(Y,Yy) — MIL,(Y,Y3)
(2] = [H™'] * [2] % [H],

we have H =G o F.
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PRrROOF. We have the following equality;

H((Z]) = [H "% [Z] % [H] = [(F * G) "] % [2] % [F = G]
=[GV« F Y% [Z] % [F xG]
=[G+ [F % [Z] % [F] + [G]
=[G« F[Z] % [G]

= G((F[2]) = G o F(12).

result. O

o,

So, we obtain the desire

DEFINITION 5.6. Let K : (Y,Y) = (X, Xo) be a continuous multi-valued
function and F' € MTL,(Y,Y},). Define a function as follows:
K, : MHH(K YO) — MHH(X7 XO)
[F]— K.F]=[KoPF]

The function K, is called the m-homomorphism induced by the multi-valued
function H relative to the base set Yj.

Moreover, if H is an m-homotopy between F and F', then K o H is an
m~-homotopy between K o F' and K o F' ". So, K, is well-defined.
The fact that K, is a homomorphism follows from the following equality
K. ([F] * [H]) = K.([F x H]) = [K o (F * H)]
— [(K o F) % (K o H)| = [(K o F)) « [(K o H)]
— K. ([F))  K.([H)).

PROPOSITION 5.1. Let X, Y and Z be compact spaces. If F: (X, Xo) = (Y, Yo)
and G : (Y, Yy) = (Z, Zy) are the continuous multi-valued functions, then

(GOF)*:G*OF*

holds.

If idix x,) (X, Xo) = (X, Xo) is the identical function, then id, is the
identical homomorphism.

ProoF. Let H : I = X be a continuous multi-valued function such that
H(0) = H(1) = Xy, where Xy C X is closed set. By the definition, we have

G. o F([H]) = G.([F o H]) = [G o (F o H)]
=[(GoF)oH]=(GoF).([H]).

So, (Go F), = G, o F, is obtained.

Similarly, we get

id«([H]) = [id o H] = [H].
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LEMMA 5.4. Let X and Y be compact topological spaces. If C is the constant
multi-valued function defined by

C: X=3Y
(El—)Yo,

where Yy is closed subset of Y, then the m-homomorphism induced by C' is a trivial
homomorphism.

PROOF. Let F be the zero element in MII(Y,Yy). Then F : I" = Y is a
continuous multi-valued function such that F(z) = Yy, for all z € B"~!, where Y,
is closed subset of Y. Since the m-homomorphism induced by C' is

C, : MIL,(X, 20) — ML, (Y, Yp)
[F] — [C o F)

and C o F : I™ = Y here is a constant multi-valued function, C o F' is a zero
element in ML, (Y,Yy). Thus, the m-homomorphism induced by C' is a trivial
homomorphism. O

LEMMA 5.5. Let X and Y be compact topological spaces. If H : X =Y and
K : X =2Y are continuous multi-valued function such that they are m-homotopic,
then the m-homomorphism induced by these functions are equal.

PrOOF. Assume that H : X =Y and K : X = Y are m-homotopic. Since the
m-homotopy relation is reflexive, for any continuous multi-valued function
F:I"= X, F ~,, F. So, we have

HoF ~,, KofF.

Hence, for the induced homomorphisms H,, K, : M1I,, (X, Xo) = MIL,(Y,Y)), we
get [H o F] = [K o F]. So, the equality H,([F]) = K.([F]) holds. O

COROLLARY 5.2. Let X and Y be compact topological spaces. If H : X =Y
is a null m-homotopic, then the induced m-homomorphism H, is trivial.

PRrROOF. Since H : X == Y is null m-homotopic, it is m-homotopic to a constant
multi-valued function C i.e. H ~,, C, where C': X = Y is a constant function.
From Lemma 5.5, their induced homomorphisms are equal, i.e. H, = C,. Since the
m-homomorphism induced by constant function is a trivial homomorphism, H, is
trivial. O

In this part, we start with giving the multi-valued version of the homotopy
equivalence in algebraic topology called m-homotopy equivalence and m-homotopy

type.

DEFINITION 5.7. Let X and Y be compact spaces. A continuous multi-valued
function F' : X =% Y is an m-homotopy equivalance if there is a continuous
multi-valued function G : Y = X with Go F ~,, idx and F o G ~,, idy.

Two spaces X and Y have the same m-homotopy type if there is an
m-homotopy equivalence and written as X ~,, Y.
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LEMMA 5.6. Let X, Y and Z be compact topological spaces. If F : X =Y
and G 1Y =% Z are m-homotopy equivalences, then G o F is also an m-homotopy
equivalence.

PROOF. Assume that F': X =2 Y is an m-homotopy equivalence. Then there
exists a continuous multi-valued function H : Y = X such that F'o H ~,, idy and
HoF ~idx.

Since G : Y == Z is an m-homotopy equivalence, there exists a continuous
multi-valued function K : Z = Y such that Go K ~,, idz and K o G ~ idy. We
obtain

(GoF)o(HoK)=Go(FoH)oK ~, Goidy o K =Go K ~,, idz
and

(HoK)o(GoF)=Ho(KoG)oF ~,, Hoidy o F = Ho F ~,, idx.
Therefore, G o F' is an m-homotopy equivalence. O

LEMMA 5.7. The same m-homotopy type relation on compact spaces is an
equivalence relation.

PRrOOF. For any topological space X since idx oidx = idx ~,, idx, the space

X has the same m-homotopy type with itself. Suppose that
topological spaces X and Y has the relation X ~,, Y. So, there exists an
m-homotopy equivalence F' : X = Y, this means that there exists a

continuous multi-valued function G : ¥ = X such that G o F ~,, idx and
F oG ~, idy. Thus, G is an m-homotopy equivalence and Y has the same
m-homotopy type with X ie. Y ~,, X. Assume that X ~ Y and Y ~ Z. So,
there exists m-homotopy equivalences F' : X = Y and G : Y = Z. Then from
the Lemma 5.6 Go F : X == Z is an m-homotopy equivalence. Thus, we get
X~ Z O

PROPOSITION 5.2. Let X, Y be compact spaces. Assume that F: X =Y s
an m-homotopy equivalence and G : X 2'Y is continuous. If G is m-homotopic to
F, then G is an m-homotopy equivalence.

PROOF. Let F : X =2 Y be an m-homotopy equivalence. Then there exists
a continuous multi-valued function H : Y = X such that F o H ~,, idy and
HoF ~idx. Let G : X = Y be a continuous multi-valued function which is
m~homotopic to F. So
F~p,G==HoF~, HoG
=idy >, HoG
and

Fr~,G=FoH~,GoH
= idy ~,, Go H.

Hence, G is an m-homotopy equivalence. U
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THEOREM 5.9. Let X andY be compact topological spaces. If F: X =Y is an
m-homotopy equivalence, then m-homomorphism induced by F is an isomorphism.

PrOOF. The m-homomorphism induced by F': X =2 Y is defined by

F, : MT1,,(X, X,) — MIL,(Y, Yy)
[G] = [F oG],

where X is closed in X and Yj is closed in Y. The multi-valued function maps one
equivalence class to another. So, it can be considered as a single-valued function.
Thus, we will continue the proof by considering F} as a single-valued function. Since
F is an m-homotopy equivalence, there exists a continuous multi-valued function
H:Y = X such that H o F ~,, idx and F o H ~,, idy. Then we have

HoF ~,idx = (HoF),=H,oF, = (idx)s.

On the other hand, we know that an m-homomorphism induced by identical
function is an identical homomorphism i.e.

(idx ). : MTI, (X, Xo) — MTIL,(X, Xo)
[G] — [idx o G] = [G].

So, F. has a left m-homotopy inverse. Similarly, it is shown that the right
m-homotopy inverse exists.
Hence, F is an m-isomorphism. O

COROLLARY 5.3. Let X, Y and Z be compact topological spaces. If F: X =Y
and G :'Y = Z are m-homotopy equivalences, then the m-homomorphism induced
by G o F' is an isomorphism.

PrOOF. By Lemma 5.6, G o F' is an m-homotopy equivalence. From Theorem
5.9, the m-homomorphism (G o F), induced by G o F' is an isomorphism. 0

Now, we introduce the notions of contractibility and retraction that are adapted
to multi-valued functions.

DEFINITION 5.8. A compact topological space X is m-contractible if the
identical function idx is null m-homotopic.

THEOREM 5.10. Let X and Y be compact topological spaces. If X and Y are
m-contractible spaces, then X XY is m-contractible.

PROOF. Assume that X is m-contractible. Then there exists a constant
multi-valued function Cx : X = X, z +— Xj such that idx ~,, Cx, where Xj is
closed in X. Because Y is m-contractible, there exists a constant
multi-valued function Cy : Y =3 Y, y — Yy such that idy ~,, Cy, where Y
isclosed in Y. Asidx ~,, Cx, we have a multi-homotopy function H : X x I = X
such that H(z,0) = idx(x) and H(z,1) = Cx(x). Since idy =~,, Cy, we have a
multi-homotopy function K : Y x I = Y such that K(y,0) = idy(y) and
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K(y,1) = Cy(y). So, if the multi-valued function F' is defined by
F:(XxY)xI=zXxY

(2.9,0) = { (H(@,0), K(y.0) },
then we have
F(z,y,0) = {(H(2,0), K(y,0)) } = {(idx (), idy (y))}
={(z,y)} =idxxy(z,y)
and

F(z,y,1) = {(H(z,1), K(y,1)) } = {(Cx(2), Cv () } = {(Xo, Yo)}
= Co = Cxxy(7,9),
where C'x xy is the constant multi-valued function defined by
Cxgy : X XY =X xY
(z,y) — Co.

The set Cj is defined by Cy = {(Xo,Ys)} = {(z,y) € X x Y|z € Xo,y € Y}. By
the upper-semi continuity and the lower-semi continuity of the functions H and K,
F is continuous. Consequently, X X Y is m-contractible. (]

LEMMA 5.8. If a compact space Y is m-contractible, then any two multi-valued
function from any compact topological space X to'Y are m-homotopic.

PROOF. Suppose that the space Y is an m-contractible space. Then idy is an
m-homotopic to a constant multi-valued function C' : Y = Y on the closed subset
Yy of Y.

For any continuous multi-valued function F': X =2 Y, we get

F=idyoF~, CoF,

where C o F' is a constant multi-valued function.
Since m-homotopy relation is an equivalence relation, any two continuous
multi-valued function from X to Y are m-homotopic. O

THEOREM 5.11. Let X and Y be compact topological spaces. If Y s
m-contractible, then an m-homotopy class of a continuous multi-valued function
from X to'Y has only one element.

PRrROOF. Let Y be m-contractible. Then an identical function idy : Y = Y is
m-homotopic to a constant multi-valued function C' : ¥ = Y, y — Y, where
Yy C Y. So, there exists a multi-homotopy function H : Y x I =2 Y between idy
and C. Let F: X = Y be any continuous multi-valued function. So, we know
that a multi-valued function F' x id; : X x I =Y X [ is continuous, where id; is a
identical function on unit interval I by Lemma 2.2. Then a multi-valued function
G defined by

G:XxIZzZnY
(x,t) = G(x,t) = Ho (F x idy)(=,1)
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is continuous. Moreover, we have
G(z,0) = Ho (F xidy)(z,0) = H(F(x),0) = idy (F(z)) = F(x),
G(z,1)=Ho (F xidy)(z,1) = H(F(z),1) = C(F(x)) = Yo.

Thus, F' is m-homotopic to a constant multi-valued function. Since F' is arbitrarly

chosen, it means that an m-homotopy class of a continuous multi-valued function
from A to B has only one element. O

THEOREM 5.12. Let X be a compact topological space. The space X is
m-contractible if and only if for any compact topological space Y, every
continuous multi-valued function F :' Y = X is null m-homotopic.

PROOF. If the space X is m-contractible, then every continuous multi-valued
function F : Y = X is null m-homotopic by Theorem 5.11. Conversely, let
continuous multi-valued function F' : Y = X is null m-homotopic. Since the
space Y is any space, we can take Y = X. Thus, the identical function on X is
null m-homotopic. So, X is m-contractible. O

THEOREM 5.13. Let X be a finite space. If X is m-contractible, then it is
m-pathwise connected.

PROOF. Since X is m-contractible, the identical function on X is null
m-homotopic. For any subset Xy of X, define the constant multi-valued function
C by

C: X=X
x — Xp.
Thus, there exists a continuous multi-valued function H : X x I = X such that
H(z,0) =idx(z) = {z} and H(z,1) = C(z) = Xo. Define a multi-valued function
F' such that
F:I1=X
t— F(t) = H(z, t).

A continuity of H implies that F' is continuous. Moreover, we have

F(0) = H(z,0) = idx(z) = {z} and

F(1) = H(z,1) = C(z) = Xo,

where {z} and X, are closed subsets of X. Therefore, we obtain that X is
m-pathwise connected. 0

DEFINITION 5.9. A closed subspace A of a compact topological space X is
m-retract of X if there is a continuous multi-valued function R : X = A with
R(a) = {a}, for all a € A such a multi-valued function is called an m-retraction.

Equivalently, a continuous multi-valued function R such that RoZ = idy4 is
called an m-retraction, where 7 : A = X is an m-inclusion function.
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THEOREM 5.14. Let X, Y and Z be compact topological spaces and X C Y. If
X is an m-retract of Y, then every continuous multi-valued function F' : X =% Z
can be extended to a continuous multi-valued function F .Y = Z. So, if X is the
m-retract of Y and Fo, Fy : X = Z are the m-homotopy equivalent functions, then
FO ~m Fl.

PRrROOF. Assume that X is the m-retract of Y. Then there exists a continuous
multi-valued function R : Y = X with R(z) = {«}, for all z € X. If
Fy,Fi1 : X = Z are m-homotopy equivalent functions, then there exists a
continuous multi-valued function H : X x I = Z such that H(z,0) = Fy(x)
and H(z,1) = Fi(x). Assume that id; : I = I is an identical function on a unit
interval. The continuities of id;, R and H imply that H o (R x I) is continuous.
Thus, the multi-valued function defined by

K:YxI=Z

(yvt) = K(yvt) =Ho (R X I)(yvt)
is continuous. Since we have
K(y,0) = Ho (R xI)(y,0) = H(R(y),0) = Fo(R(y)) = Foo R(y) = Fy and
K(y,1) = Ho (Rx I)(y,1) = H(R(y),1) = Fi(R(y)) = Fi o R(y) = F1,

]*:'0 ~o Fl is obtained. [l

LEMMA 5.9. Let X be a compact topological space, A be a closed in X and
R : X = A be an m-retraction function. If X is m-contractible, then A is also
m-contractible.

PROOF. Assume that X is m-contractible. Then there exists a constant
multi-valued function

CX X=X
z — X
such that idx ~, Cx, where Xo C X. Thus, there exists a multi-homotopy
function H : X x I = X such that H(x,0) =idx and H(z,1)=Cx. fR: X =3 A
is the m-retraction, then for all a € A, R(a) = {a}. Let Ag = R(Xy) where Ay is
subset of A and let K be the composition RoH. Then this function K is continuous.
On the other hand, we have
K(a,0) = Ro H(a,0) = R(idx(a))
— R(a) = {a} = ida(a)

and

K(a,1) = Ro H(a, 1) = R(Cx(a))
= R(Xo) = AO = CA($)7
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where
CA A= A
at+—r Ao
is the constant function on A. Thus, A is m-contractible. O

DEFINITION 5.10. Let X be a compact topological space and A be a closed
subspace of X. If there exists a multi-homotopy function H : X x I = X such that
forallz € X and a € A,

H(z,0) = {z},
H(z,1) € A and
H(a,1) = {a},

then a subspace A of X is called a deformation m-retract of X.

Equivalent to this definition, if there exists an m-retraction R : X = A such
that RoZ =id4 and Z o R ~,, idx, where Z : A = X is an m-inclusion function,
then a subspace A of X is called a deformation m-retract of X.

THEOREM 5.15. Let X be a compact topological space and A, B be closed
subsets of X such that B C A C X. If A is a deformation m-retract of X and B
is a deformation m-retract of A, then B is a deformation m-retract of X.

PrROOF. If A is a deformation m-retract of X, then there exists a
multi-homotopy function H : X x I = X such that for all x € X and a € A,

H(z,0) = {z},
H(z,1) € A and
H(a,1) = {a}.

Since B is a deformation m-retract of A, there exists a multi-homotopy function
K : Ax I = A such that for all x € A and b € B,

K(a,0) = {a},
K(a,1) € B and
K(b,1) = {b}.

If we define a multi-valued function such that
F: XxI=X

H(z,2t) ,t €0, 3]
1

(z,t) = F(x,t) = {K(R(x),Zt -1 ,te [é,

where R : X = A is an m-retraction then it is continuous from Lemma 2.4. As A
is a deformation m-retract of X, we have RoZ =idy and Z o R ~,, idx. So, for
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all b€ B C A, we have R(b) = {b}. Since for all x € X and b € B, we have

Thus, B is a deformation m-retract of X. O

LEMMA 5.10. Let X be a compact topological space and A be a closed subset of
X. If A is a deformation m-retract of X, then X and A have the same m-homotopy

type.

PROOF. If A is a deformation m-retract of X, then there exists a continuous
multi-valued function R : X = A such that RoZ =ids and Z o R ~,, id 4, where
7 : A= X is the m-inclusion function. If RoZ = id4, then RoZ ~,, id4. Since
ZoR~,, ida, X and A have the same m-homotopy type. (]

DEFINITION 5.11. Let X be a compact topological space, A and A’ be nonempty
closed subsets of X such that A’ C Aand Z: A= X be an m-inclusion function.
If there exists an m-retraction R : X = A such that RoZ = idy and Zo R ~,, idx
relative to (A/, A/), then a subspace A of X is called a strong deformation m-retract
of X. In this case, the multi-valued function R is called a strong deformation
m-retraction function.

LEMMA 5.11. Let X be a compact topological space, A be a nonempty closed
subset of X. If A is a strong deformation m-retract of X, then the m-inclusion
function T : A = X is m-homotopy equivalence.

PRrROOF. Assume that A is a strong deformation m-retract of X. Then there
exists an m-retraction R : X = A such that RoZ = id4 and ZoR ~,, id x relative to

(A',A'), where 0 # A c A Thus, there exists a continuous
multi-valued function R such that RoZ ~,, idgq and Z o R ~,, idx. So, the
m-inclusion function Z is m-homotopy equivalence. O

THEOREM 5.16. Let X, Y, Z be compact topological spaces and Z, Y be
nonempty subspaces such that Z CY C X. If Z is a strong deformation m-retract
of Y andY is a strong deformation m-retract of X, then Z is a strong deformation
m-retract of X.

PROOF. Assume that Z is a strong deformation m-retract of Y. Then there
exists an m-retraction Ry : Y = Z such that Ry oZ; = idz and Z; o Ry ~,, idy
relative to (Z, Z), where Z; : Z = Y be an m-inclusion function. Suppose that Y is
a strong deformation m-retract of X. So, there exists an m-retraction Ry : X =3 Y
such that RyoZy = idy and Zoo Ry ~,, idx relative to (Z, Z), where Zo : Y = X be
an m-inclusion function. Hence, we have continuous multi-valued functions Z5 o Z;
and R; o R,. Furthermore, we have
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(RioRy)o(TroTi)(2) = |J  RioRs(x)
x€(Z20Z11)(2)
- U U = U R
z€(Z20Z1)(2) yERa2(x) z€(Z20Z41)(2)
YyER(x)
= U RmRw= U R
YyER20(Z20Z1)(2) y€T(2)

=Ry 0Z4(z) = {2z} = idz(2).

Since 77 o Ry ~,, idy relative to (Z,Z), there exists a multi-homotopy function
H :Y xI =Y such that H(y,0) = 73 o Ry1(y), H(y,1) = idy(y) and for all
ye Z,tel, H(y,t) = Z. Since Iy o Ry ~,, idx relative to (Z, Z), there exists a
multi-homotopy function K : X x I = X such that K(x,0) = Zs o Ra(x),
K(z,1) =idx(z) and for all z € Z, t € I, K(z,t) = Z. Since Zy o Ro(z) C Y by
the definition of Z,, we can define a multi-valued function F' such that

F:XxI=2X
1
e {15z, (e
Therefore, it is continuous by Lemma 2.4 and we find
F(z,0) = H(Z; o Ry(x),0) = Ty 0 Ry (T o Ry(x))
=171 0 Ri(Ra(x)) = Z1(Ry o Ra(x))
=TZ5(Z1(R1 0o Ra(x))) = (Zo 0 Z1) o (Ry o Ro)(z) and
F(z,1) = K(z,1) = idx(x).
So, we obtain (Zz 0Z;) o (R o Ry)(x) ~, idx. Furthermore, for all z € Z, we have
(

A/—\

1
H(Z5 0 Ro(x),2t) = Z, for 0§t<§ and

1
K(z,2t —1)=2Z, for §<t<1.

Forallz € Z andt € I, we get F(z,t) = Z. Consequently, Z is a strong deformation
m-retract of X. O

6. Conclusion

Multi-valued functions are a generalization of single-valued functions. So, it is
possible to give multi-valued versions of many notions and properties for
single-valued functions. In this paper, we give multi-valued versions of
properties related to the path connectivity notion in general topology and
lemmas and theorems related to the homotopy in algebraic topology.

Our aim is to learn more about the class of multi-valued functions using
algebraic topology methods and tools. Moreover, we contribute to the theory of
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homotopy of multi-valued functions. For this reason, we have determined which of
the existing definitions and properties can be applied to the multi-valued
functions. Then we determine whether an additional condition is required for these
definitions, theorems and results. As a result, our main aim is to improve the
algebraic topological aspect of multi-valued functions.

Acknowledgement. The authors thank the reviewer (s) for helpful sugges-
tions.
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