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UTILITY OF DIGITAL COVERING THEORY

Sang-Eon Han∗ and Sik Lee

Abstract. Various properties of digital covering spaces have been
substantially used in studying digital homotopic properties of dig-
ital images. In particular, these are so related to the study of a
digital fundamental group, a classification of digital images, an au-
tomorphism group of a digital covering space and so forth. The
goal of the present paper, as a survey article, to speak out utility
of digital covering theory. Besides, the present paper recalls that
the papers [1, 4, 30] took their own approaches into the study of
a digital fundamental group. For instance, they consider the dig-
ital fundamental group of the special digital image (X, 4), where

X := SC2,8
4 which is a simple closed 4-curve with eight elements in

Z2, as a group which is isomorphic to an infinite cyclic group such
as (Z,+). In spite of this approach, they could not propose any dig-
ital topological tools to get the result. Namely, the papers [4, 30]
consider a simple closed 4 or 8-curve to be a kind of simple closed
curve from the viewpoint of a Hausdorff topological structure, i.e. a
continuous analogue induced by an algebraic topological approach.
However, in digital topology we need to develop a digital topologi-
cal tool to calculate a digital fundamental group of a given digital
space. Finally, the paper [9] firstly developed the notion of a digital
covering space and further, the advanced and simplified version was
proposed in [21]. Thus the present paper refers the history and the
process of calculating a digital fundamental group by using various
tools and some utilities of digital covering spaces. Furthermore, we
deal with some parts of the preprint [11] which were not published
in a journal (see Theorems 4.3 and 4.4). Finally, the paper suggests
an efficient process of the calculation of digital fundamental groups
of digital images.
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1. Introduction

In digital topology and digital geometry, we have studied various
methods of studying digital topological invariants of digital images. One
of the typical tools is a digital fundamental group. Thus the papers
[1, 4, 30] proposed their own approaches into the study of digital funda-
mental groups of digital images. For some digital images, their digital
fundamental groups need not be equal to each other [14]. In relation to
the calculation of digital fundamental groups of digital images proposed
in the papers [1, 4, 30], we have used various tools such as a digital
isomorphism [3, 10, 26], a digital homotopy equivalence [6, 16, 27], a
digital covering space [8, 9, 11, 12, 13, 14, 15, 16, 17, 18, 20, 21, 28] and
an elementary k-deformation [30, 32]. More precisely, the notion of a
digital fundamental group was originated by Khalimsky [29]. Motivated
by this notion, three kinds of digital k-homotopies [1, 4, 30, 32] as well as
a relative k-homotopy [11, 12, 15] were established. These notions have
contributed to the calculation of three kinds of k-fundamental groups
of digital images (X, k). One was established by Kong [30] and Malgo-
uyres [32] (see [14]). By using both of the k-homotopic thinning [11, 16]
and Han’s digital covering theory [8, 9, 21], another digital fundamental
group proposed by Boxer, denoted as πk(X) in this paper, was substan-
tially calculated. The other was established by Ayala et al. in terms
of the framework of a multilevel architecture [1]. Since each of these
digital k-fundamental groups has an intrinsic feature of its own and its
usage depends on the situation. These algebraic invariants can be used
to do a pre-processing operations in pattern recognition, which compress
a digital image into a digital homotopically equivalent frame.

2. Preliminaries

In the present paper we often use the following notation: for a, b ∈ Z
with a � b, the set [a, b]Z := {n ∈ Z | a ≤ n ≤ b} is called a digital
interval [3]. In order to study a digital space in Zn, n ∈ N, we have often
used the following adjacency relations of Zn: for two distinct points
p, q ∈ Zn let m be an integer in 1 ≤ m ≤ n. Consider all points
q := (qi)i∈[1,n]Z ∈ Zn satisfying the property of (2.1) [7, 9, 12]{ • there are at most m indices i such that | pi − qi | = 1 and

• for all other indices i, pi = qi.

}
(2.1)
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We will say that two points p, q ∈ Zn are k-adjacent if they satisfy
the property (2.1). Hereafter, we may use the notation k := km or
k(m,n), where k := km := k(m,n) is the number of points q which
are k-adjacent to a given point p. Consequently, as a generalization of
k-adjacency relations of a low dimensional digital space in Z2 and Z3

[31, 33], the adjacency relations of Zn can be represented [9] (for more
details, see [16, 19]), as follows.

k := k(m,n) =

n−1∑
i=n−m

2n−iCn
i , (2.2)

where Cn
i = n!

(n−i)! i! .

For instance, (n,m, k) ∈ {(2, 1, 4), (2, 2, 8); (3, 1, 6), (3, 2, 18), (3, 3, 26);
(4, 1, 8), (4, 2, 32), (4, 3, 64), (4, 4, 80); (5, 1, 10), (5, 2, 50), (5, 3, 130), (5, 4,
210), (5, 5, 242); (6, 1, 12), (6, 2, 72), (6, 3, 232), (6, 4, 472), (6, 5, 664), (6, 6,
728)} [16, 19].

As usual, a (binary) digital space (or a digital image) (X, k) is con-
sidered in a digital picture (Zn, k, k̄,X) with k 6= k̄ in [31, 33]. But in
the paper we will concern with only the k-adjacency of (X, k). For an
adjacency relation k of Zn, a simple k-path with l elements on Zn is
assumed to be a sequence (xi)i∈[0,l−1]Z ⊂ Zn such that xi and xj are
k-adjacent if and only if either j = i + 1 or i = j + 1 [31]. Then the
number l is called the length of a simple k-path. Furthermore, a simple
closed k-curve with l elements in Zn is a simple k-path (xi)i∈[0,l−1]Z with
x0 = xl, where xi and xj are k-adjacent if and only if j = i+1(mod l) or

i = j + 1(mod l) [31]. By SCn,l
k we denote a simple closed k-curve with

l elements on Zn [9]. In addition, for x ∈ Zn we follow the notations
Nk(x) := {y ∈ Zn |x is k -adjacent to y} and N∗k (x) := Nk(x) ∪ {x}
[31].

The following notion has been often used for the study of digital
k-curve and digital k-surface theory.

Definition 1. [6] (see also [7, 9]) For a digital space (X, k) in Zn,
the digital k-neighborhood of x0 ∈ X with radius ε is defined in X to
be the following subset of X Nk(x0, ε) = {x ∈ X | lk(x0, x) ≤ ε}∪ {x0},
where lk(x0, x) is the length of a shortest simple k-path from x0 to x
and ε ∈ N.

In view of Definition 1, for a digital space (X, k) on Zn we can consider
Nk(x, 1) to be the set N∗k (x)∩X. Since every point x ∈ X has Nk(x, 1) ⊂
(X, k), motivated from both the digital continuity of [33] and the (k0, k1)-
continuity in [3], we can establish the following version.
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Proposition 2.1. [9] (see also [15]) Let (X, k0) and (Y, k1) be digital
spaces in Zn0 and Zn1 , respectively. A function f : X → Y is (k0, k1)-
continuous if and only if for every x ∈ X f(Nk0(x, 1)) ⊂ Nk1(f(x), 1).

Since a digital image can be recognized to be a digital k-graph, as
discussed above, we can represent a (k0, k1)-homeomorphism in [3], as
follows: for two digital spaces (X, k0) in Zn0 and (Y, k1) in Zn1 , a map
h : X → Y is called a (k0, k1)-isomorphism [26] (see also [10]) if h is
a (k0, k1)-continuous bijection and further, h−1 : Y → X is (k1, k0)-
continuous. Then, we use the notation X ≈(k0,k1) Y . If n0 = n1 and
k0 = k1, then we call it a k0-isomorphism and use the notation X ≈k0 Y .

The following simple closed 4- and 8-curves on Z2 and a simple closed
18-curves on Z3 in [8, 9, 15] will be often used later in the present paper.

SC2,8
4 :≈4 ((0, 0), (0, 1), (0, 2), (1, 2), (2, 2), (2, 1), (2, 0), (1, 0)),

SC2,6
8 :≈8 ((0, 0), (1, 1), (1, 2), (0, 3), (−1, 2), (−1, 1)),

SC3,6
18 :≈18 ((0, 0, 0), (1, 0, 1), (1, 1, 2), (0, 2, 2), (−1, 1, 2), (−1, 0, 1)),

MSC18 :≈18 ((0, 0, 0), (0, 0, 1), (1, 1, 1), (0, 2, 1), (0, 2, 0), (−1, 1, 0)).


3. Digital products with compatible adjacency relations

For digital spaces (X, k1) on Zn1 and (Y, k2) on Zn2 , motivated from
the normal product adjacency in [2], the paper [7] develops a k-adjacency
of the Cartesian product (or digital product) X×Y = {(x, y) |x ∈ X, y ∈
Y } ⊂ Zn1+n2 , as follows.

Definition 2. [7] For two digital space (X, k1) on Zn1 , (Y, k2) on
Zn2 , we say that (x, y) ∈ X × Y ⊂ Zn1+n2 is normally k-adjacent to
(x′, y′) ∈ X × Y if and only if

(1) y is equal to y′ and x is k1-adjacent to x′, or
(2) x is equal to x′ and y is k2-adjacent to y′, or
(3) x is k1-adjacent to x′ and y is k2-adjacent to y′.

As an equivalent version of the normal adjacency from Definition 2,
the recent paper develops the notion of S-compatible adjacency of a
digital product as follows:

Definition 3. [23] For two digital spaces (X, k1) in Zn1 and (Y, k2)
in Zn2 , consider a Cartesian product X × Y ⊂ Zn1+n2 . We say that
a k-adjacency on X × Y is S-compatible with the ki-adjacency on X
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and Y , i ∈ {1, 2} if every point (x, y) in X × Y satisfies the following
property: for two distinct points (x, y) and (x′, y′) in X × Y

(x′, y′) ∈ Nk((x, y), 1)⇔ x′ ∈ Nk1(x, 1), y′ ∈ Nk2(y, 1).

These k-adjacency relations from Definitions 2 and 3 have been often
used to study digital continuities of the corresponding products of both
continuous maps and projection maps [22, 25].

Example 3.1. [23] (1) There are both an S-compatible and a normal

adjacency relations of given digital spaces (SC2,4
8 × [a, b]Z, 26), (SC2,6

8 ×
SC2,4

8 , 80) and (SC2,6
8 × SC

3,6
18 , k), k ∈ {210, 242}.

(2) No normal k-adjacency of SC2,8
4 × SC2,8

4 , MSC18 × SC3,6
18 and

SC2,8
4 × SC

2,6
8 exists.

Remark 3.2. Let SCn1,l1
k1

:= (ci)i∈[0,l1−1]Z and SCn2,l2
k2

:= (dj)j∈[0,l2−1]Z .

Then mi is determined by the ki := k(mi, ni)-adjacency of SCni,li
ki

via

(2.1), i ∈ {1, 2}. Even though m1 = m2, there is not always a normal

k-adjacency of SCn1,l1
k1

× SCn2,l2
k2

⊂ Zn1+n2 .

Theorem 3.3. [23] Consider SCni,li
ki

, ni ≥ 2, where ki := k(mi, ni)

in (2.2) and i ∈ {1, 2}.
(1) Let k1 := k1(m1, n1) be equal to 3n1 − 1 (or m1 /∈ [1, n1 − 1]Z)

and let the number m2 taken from the k2(m2, n2)-adjacency be equal
to n2 − 1 instead of n2. Further, assume that for each element xi ∈
SCn2,l2

k2
:= (xi)i∈[0,l2−1]Z , n2 ≥ 3 the set N∗3n2−1(xi)∩SC

n2,l2
k2

has the only

three points xi−1(mod l2), xi and xi+1(mod l2). Then the product SCn1,l1
k1
×

SCn2,l2
k2

has an S-compatible k(m0, n1+n2)-adjacency, where m0 ∈ [n1+

n2 − 1, n1 + n2]Z.
(2) Let ki := ki(mi, ni) be not equal to 3ni − 1, i ∈ {1, 2}. As-

sume that for each element xi ∈ SCni,li
ki

:= (xi)i∈[0,li−1]Z , ni ≥ 3 the

set N∗3ni−1(xi) ∩ SC
ni,li
ki

has the only three points xi−1(mod li), xi and

xi+1(mod li). If the number mi taken from the ki := k(mi, ni)-adjacency is

equal to ni−1 instead of ni, i ∈ {1, 2}, then the product SCn1,l1
k1
×SCn2,l2

k2
has an S-compatible k(m0, n1 + n2)-adjacency, where m0 ∈ [n1 + n2 −
2, n1 + n2]Z.

Remark 3.4. Theorem 3.3 can play an important role in studying
the multiplicative property of digital fundamental group and product
properties of digital continuity, digital homeomorphism, a digital cover-
ing, etc.
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Given a digital space (X, k) and A ⊂ X, (X,A) is called a digital
image pair with a k-adjacency [8]. Furthermore, if A is a singleton
set {x0}, then (X,x0) is called a pointed digital space [31]. Based on
the pointed digital homotopy in [4], the following notion of k-homotopy
relative to a subset A ⊂ X is often used in studying a k-homotopic
thinning and a strong k-deformation retract of a digital space (X, k) in
Zn [16].

Definition 4. [8] (see also [9, 11]) Let ((X,A), k0) and (Y, k1) be a
digital space pair and a digital space, respectively. Let f, g : X → Y be
(k0, k1)-continuous functions. Suppose there exist m ∈ N and a function
F : X × [0,m]Z → Y such that
• for all x ∈ X,F (x, 0) = f(x) and F (x,m) = g(x);
• for all x ∈ X, the induced function Fx : [0,m]Z → Y given by Fx(t) =
F (x, t) for all t ∈ [0,m]Z is (2, k1)-continuous;
• for all t ∈ [0,m]Z, the induced function Ft : X → Y given by Ft(x) =
F (x, t) for all x ∈ X is (k0, k1)-continuous.
Then we say that F is a (k0, k1)-homotopy between f and g [4].
• Furthermore, for all t ∈ [0,m]Z, assume that the induced map Ft on A
is a constant which follows the prescribed function from A to Y . In other
words, Ft(x) = f(x) = g(x) for all x ∈ A and for all t ∈ [0,m]Z. Then
we call F a (k0, k1)-homotopy relative to A between f and g, and we say
that f and g are (k0, k1)-homotopic relative to A in Y , f '(k0,k1)relA g
in symbols.

Using this relative k-homotopy, we can establish a strong deformation
retract of a digital space pair.

4. Some properties of digital covering spaces

Let us recall the simplified version of a digital covering space intro-
duced in [9], as follows:

Definition 5. [21] Let (E, k0) and (B, k1) be digital spaces in Zn0

and Zn1 , respectively. Let p : E → B be a surjection. Suppose, for any
b ∈ B there exists ε ∈ N such that

(1) for some index set M , p−1(Nk1(b, ε)) = ∪i∈MNk0(ei, ε) with ei ∈
p−1(b);

(2) if i, j ∈M and i 6= j, then Nk0(ei, ε)∩Nk0(ej , ε) is an empty set;
and

(3) the restriction map p on Nk0(ei, ε) is a (k0, k1)-isomorphism for
all i ∈M .
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Then the map p is called a (k0, k1)-covering map, (E, p,B) is said
to be a (k0, k1)-covering and (E, k0) is called a digital (k0, k1)-covering
space over (B, k1).

The k1-neighborhood Nk1(b, ε) of Definition 5 is called an elementary
k1-neighborhood of b with some radius ε. Besides, in Definition 5 we
may take ε = 1 [12] (see more details in [21]).

Definition 6. [9] We say that a (k0, k1)-covering map p : (E, e0) →
(B, b0) is an m-fold (k0, k1)-covering map if the cardinality of the index
set M is m.

In relation to the calculation of digital fundamental groups of digital
images, since two theorems such as unique digital lifting theorem and
digital homotopy lifting theorem have been substantially used in the
process, let us recall them as follows:

Lemma 4.1. (Unique lifting theorem) [9] For pointed digital spaces
((E, e0), k0) in Zn0 and ((B, b0), k1) in Zn1 , let p : (E, e0)→ (B, b0) be a
pointed (k0, k1)-covering map. Any k1-path f : [0,m]Z → B beginning

at b0 has a unique digital lifting to a k0-path f̃ in E beginning at e0.

Lemma 4.2. (Digital homotopy lifting theorem) [8] Let ((E, e0), k0)
and ((B, b0), k1) be pointed digital spaces. Let p : (E, e0)→ (B, b0) be a
radius 2-(k0, k1)-covering map. For k0-paths g0, g1 in (E, e0) that start
at e0, if there is a k1-homotopy in B from p ◦ g0 to p ◦ g1 that holds the
endpoints fixed, then g0 and g1 have the same terminal point, and there
is a k0-homotopy in E from g0 to g1 that holds the endpoints fixed.

Even though the paper [5] referred the following property of a digital
covering map, the present paper prove it with another method which
was studied in [11], the manuscript [11] already contains the property.

Theorem 4.3. [11, 5] For two digital spaces (E, k0) in Zn0 and
(B, k1) in Zn1 , let p : (E, e0) → (B, b0) be a radius 2-(k0, k1)-covering
map and let (B, b0) be k1-connected. Then for any b0, b1 ∈ B, the sets
p−1(b0) and p−1(b1) have the same cardinality.

Proof. Since B is k1-connected, given two distinct points b0, b1 in
B, there is a k1-path f : [0,m]Z → B such that f(0) = b0, f(m) = b1.
Let e0 ∈ p−1(b0). Define Φ : p−1(b0) → p−1(b1) as follows. Now using

Lemma 4.1, we observe that there is a unique lifting f̃ : [0,m]Z → E of

f such that f̃(0) = e0. Let e1 = f̃(m) ∈ p−1(b1) and let Φ(e0) = e1.
Let g : [0,m]Z → B be defined by g(t) = f(m − t). Note g(0) =

f(m) = b1. Let g̃ be the unique lifting of g into E such that g̃(0) = e1.
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Let ẽ0 = g̃(m) ∈ p−1(b0). We must show e0 = ẽ0, from which it will
follow that the function Φ−1 : p−1(b1)→ p−1(b0), defined by Φ−1(e1) =
g̃(m) = e0, is an inverse to Φ, and therefore Φ is a bijection. We observe
that

p(f̃ ∗ g̃) = p(f̃) ∗ p(g̃) = f ∗ g,
where “∗” is the Khalimsky operation.

Now, the function H : [0, 2m]Z × [0,m]Z → B defined by

H(s, t) =


(f ∗ g)(s), s ≤ m− t;
(f ∗ g)(m− t), m− t ≤ s ≤ m+ t;

(f ∗ g)(s), m+ t ≤ s ≤ 2m

is a k1-homotopy in B from f ∗ g to the constant function with image
{b0} that holds the endpoints fixed. Then, we use Lemma 4.2, i.e. f̃ ∗ g̃
is co-terminous with and k0-homotopic in E to the constant function
with image {e0} by a k0-homotopy that holds the endpoints fixed. Since

f̃ ∗ g̃ terminates at ẽ0, it follows that e0 = ẽ0, as desired. �

Even though the following property was also referred in [5], we speak
out that the property is already studied in [11]. Thus we are now proving
it by using another method which was studied in [11], as follows:

Theorem 4.4. [11, 5] Let ((E, e0), k0) and ((B, b0), k1) be pointed
digital spaces in Zn0 and Zn1 , respectively. Let p : (E, e0) → (B, b0)
be a pointed radius 2-(k0, k1)-covering map and (B, b0) is k1-connected.
Then, there is a surjection Φ : πk1(B, b0)→ p−1(b0). If (E, e0) is simply
k0-connected, then Φ is a bijection.

Proof. For [f ] ∈ πk1(B, b0), take f ∈ [f ] such that f : [0,m]Z → B

with f(0) = f(m) = b0. By Lemma 4.1, there is a unique lifting f̃ of
f in (E, e0) beginning at e0. We define Φ : πk1(B, b0) → p−1(b0) by

Φ([f ]) = f̃(m). By Lemma 4.2, Φ is well-defined.
To show that Φ is surjective we argue as follows. For any e ∈ p−1(b0),

since E is k0-connected, there is a k0-path f̃ from e0 to e in E. For
f = p ◦ f̃ ∈ F k1(B, b0), f̃ is a lifting of f starting at e0 and ending at e.

Hence, by Lemma 4.2, Φ([f ]) = f̃(m) = e.
If (E, e0) is simply k0-connected, we show that Φ is injective. Assume

that

Φ([f ]) = Φ([g]) ∈ p−1(b0). (4.1)

We will show that [f ] = [g]. For f ∈ [f ], g ∈ [g], we have

f : [0,mf ]Z → B with f(0) = f(mf ) = b0,
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g : [0,mg]Z → B with g(0) = g(mg) = b0.

Let f̃ , g̃ be the liftings of f, g respectively that start at e0. Our assump-
tion (4.1) implies that f̃ and g̃ end at the same point e ∈ p−1(b0). Let

g̃′ : [0,mg]Z → E be defined by g̃′(s) = g̃(mg−s). Since (E, e0) is simply
k0-connected, there is a k0-homotopy

H : [0,mf +mg]Z × [0, h]Z → E

between the k0-loops f̃ ∗ g̃′ and the trivial loop with image {e0} such
that for all t ∈ [0, h]Z,

H(0, t) = H(mf +mg, t) = e0.

Then p ◦H is a k1-homotopy, holding the endpoints fixed, between

p ◦ (f̃ ∗ g̃′) = (p ◦ f̃) ∗ (p ◦ g̃′) = f ∗ (p ◦ g̃′)

and the trivial loop with image {p(e0)} = {b0}. Since g′ = p ◦ g̃′ :
[0,mg]Z → B satisfies

g′(s) = p(g̃(mg − s)) = g(mg − s) for s ∈ [0,mg]Z,

we have g′ ∈ [g]−1. Thus [f ] · [g]−1 is the identity element of πk1(B, b0),
i.e. [f ] = [g], so Φ is injective. �

5. Efficiency of a calculation of digital fundamental groups
of digital products

Let (A, k) ⊂ (X, k) and let r : X → A be a k-continuous map such
that r(a) = a for all a ∈ A which implies r ◦ i = 1A. Such a map r is
called a k-retraction [3]. The paper [12] (see also [16]) makes the concept
advanced and clear by using the notion of a strong k-deformation retract
as follows:

Definition 7. [12] (see also [14]) For a digital image pair ((X,A), k),
A is said to be a strong k-deformation retract of X if there is a k-
homotopy H : X × [0,m]Z → X and a k-retraction r : X → A such that
i ◦ r 'k·rel .A 1X , where r := H( ,m). Then a point x ∈ X \ A is called
strong k-deformation retractable.

In relation to the study of a k-homotopic thinning, the following is a
useful notion in comparing with both a weak k-deformation retract and
a k-deformation retract, which can be essentially used for the calculation
of the digital fundamental group.
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Definition 8. [14] (see [16]) For a digital image (X, k), a deleting
all strong k-deformation retractable points in X is called a k-homotopic
thinning of X.

Remark 5.1. This strong k-deformation retract from Definition 7
is slightly different from the approach in [5]. Besides, it turns out that
the approach of Definition 8 is more efficient than the other approach
suggested from [5] (see [24]).

Before studying calculations of digital images, we need to recall the
properties C and S in [17]:

Definition 9. [17] For digital spaces (Xi, ki) in Zni , i ∈ {1, 2}, we say
that (X1×X2, k) has the LS-property if each point (ci, dj) ∈ X1×X2 has
Nk((ci, dj), 1) ⊂ X1×X2 which is (k, 8)-isomorphic with N8((0, 0), 1) ⊂
Z2.

Definition 10. [17] For digital spaces (Xi, ki) in Zni , i ∈ {1, 2},
we say that (X1 × X2, k) has the LC-property if each point (ci, dj) ∈
X1 × X2 has Nk((ci, dj), 1) ⊂ X1 × X2 which is (k, 4)-isomorphic with
N4((0, 0), 1) ⊂ Z2.

In view of Definitions 9 and 10, we obtain the following:

Proposition 5.2. None of the properties LS and LC implies the
other.

Motivated by all kinds of methods developed in the papers [16], we
can write an algorithm of calculation of digital fundamental groups. we
can calculate the digital fundamental group of a digital product of two

(resp. simple) closed ki-curves Cn1,l1
k1

× Cn2,l2
k2

(resp. SCn1,l1
k1

× SCn2,l2
k2

)
by using a k-homotopic thinning, the trivial extension, and algebraic
topological tools.

6. Summary

Let us summarize the process of calculating digital fundamental groups
of some digital images (X, k) according to the situation, as follows:

[Algorithm for the calculation of πk(X,x0)]
(1) Take a base point, denoted by x0, which is not strongly k-deformable.
(2) Proceed a k-homotopic thinning in terms of a relative k-homotopy

respect to the set {x0}.
(3) Use a unique lifting theorem according to the situation.
(4) Use a digital homotopy lifting theorem.



Utility of digital covering theory 705

(5) Use the properties from Theorems 4.3 and 4.4.
(6) In case of a digital product, by using an S-compatible adjacency

of a digital product, we can calculate a digital fundamental group of a
digital product.

(7) Depending on the situation of a given digital product, we can
used the properties LC or LS in [17].
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