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Abstract

In digital topology, Euclidean n-space R” is usually modeled either by the set of
points of a discrete grid, or by the set of n-cells in a convex cell complex whose
union is R"™. For commonly used grids and complexes in the cases n = 2 and 3,
certain pairs of adjacency relations (k,A) on the grid points or n-cells (such as
(4,8) and (8,4) on Z?) are known to be “good pairs.” For these pairs of relations
(k, A), many results of digital topology concerning a set of grid points or n-cells and
its complement (such as Rosenfeld’s digital Jordan curve theorem) have versions
in which k-adjacency is used to define connectedness on the set and A-adjacency
is used to define connectedness on its complement. At present, results of 2D and
3D digital topology are often proved for one good pair of adjacency relations at a
time; for each result there are different (but analogous) theorems for different good
pairs of adjacency relations. In this paper we take the first steps in developing an
alternative approach to digital topology based on very general axiomatic definitions
of “well-behaved digital spaces.” This approach gives the possibility of stating and
proving results of digital topology as single theorems which apply to all spaces
of the appropriate dimensionality that satisfy our axioms. Specifically, this paper
introduces the notion of a generic ariomatized digital surface-structure (GADS) —
a general, axiomatically defined, type of discrete structure that models subsets of
the Euclidean plane and of other surfaces. Instances of this notion include GADS
corresponding to all of the good pairs of adjacency relations that have previously
been used (by ourselves or others) in digital topology on planar grids or on boundary
surfaces. We define basic concepts for a GADS (such as homotopy of paths and the
intersection number of two paths), give a discrete definition of planar GADS (which
are GADS that model subsets of the Euclidean plane) and present some fundamental
results including a Jordan curve theorem for planar GADS.
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1 Introduction

In digital topology, Euclidean n-space R™ is usually modeled either by the set
of points of a discrete grid, or by the set of n-cells in a convex cell complex
whose union is R". Connectedness in Euclidean n-space is usually modeled
by graph-theoretic notions of connectedness derived from adjacency relations
defined on the grid points or n-cells.

For commonly used grids and complexes in the cases n = 2 and 3, certain
pairs of adjacency relations (k, A) on the grid points or n-cells are known to
be “good pairs.” For these pairs of relations (k,\), many results of digital
topology concerning a set of grid points or n-cells and its complement have
versions in which x-adjacency is used to define connectedness on the set and
M-adjacency is used to define connectedness on its complement.

For example, (4,8) and (8,4) are good pairs of adjacency relations® on Z2.
Thus Rosenfeld’s digital Jordan curve theorem [12] is valid when one of 4- and
8-adjacency is used to define the sense in which a digital simple closed curve
is connected and the other of the two adjacency relations is used to define
connected components of the digital curve’s complement. The theorem is not
valid if the same one of 4- or 8-adjacency is used for both purposes: (4,4) and
(8,8) are not good pairs on Z2.

However, there are some adjacency relations that form good pairs with them-
selves. An example of such a good pair is the pair (6,6) on the grid points of a
2D hexagonal grid. (The grid points are the centers of the hexagons in a tiling
of the Euclidean plane by regular hexagons, and two points are 6-adjacent if
they are the centers of hexagons that share an edge.) Another example is the
good pair (kg, k2) on Z?2, where ry is Khalimsky’s adjacency relation [6] on Z?,
which is defined as follows: Say that a point of Z2? is pure if its coordinates
are both even or both odd, and mized otherwise. Then two points of Z? are
ro-adjacent if they are 4-adjacent, or if they are both pure points and are
8-adjacent. (See Examples 2.9 and 2.10 below for diagrams that show the two
adjacency relations discussed in this paragraph.)

In three dimensions, (6, 26), (26, 6), (6, 18), (18,6) are good pairs of adjacency
relations on Z3. A different example of a good pair on Z? is (k3, k3), where k3
is the 3D analog of xo: Two points of Z? are ks-adjacent if they are 6-adjacent,
or if they are 26-adjacent and at least one of the two is a pure point, where
a pure point is a point whose coordinates are all odd or all even. (12,12),
(12,18), and (18,12) are good pairs of adjacency relations on the points of a

6 If v is an irreflexive symmetric binary relation on the set G of all points of a 2D or
3D Cartesian or non-Cartesian grid, then « is referred to as the k-adjacency relation
on GG, and is denoted by the positive integer k, if for all p € G the set {q € G | p a ¢}
contains just k points and they are all strictly closer to p (in Euclidean distance)
than is any other point of G \ {p}.



3D face-centered cubic grid (e.g., on {(z,y,2) € Z3 | z +y + z = 0(mod 2)})
and (14, 14) is a good pair on the points of a 3D body-centered cubic grid
(e.g., on {(x,y,2) €EZ* | x =y = z(mod 2)}).

At present, when results of 2D and 3D digital topology are proved using dis-
crete methods, they are often proved for one good pair of adjacency relations
at a time, and the details of the proof may be significantly different for dif-
ferent good pairs.” In the case of 3D grids, even if we consider only the nine
good pairs of adjacency relations mentioned above, a result such as a digital
Jordan surface theorem may have up to nine different versions!

This state of affairs seems to us to be unsatisfactory. We have begun to con-
sider an alternative approach to digital topology, in which “well-behaved”
digital spaces are defined axiomatically, using axioms that are general enough
to admit digital spaces which correspond to the good pairs of adjacency re-
lations mentioned above. This approach allows a result of 2D or 3D digital
topology to be proved as a single theorem for all well-behaved spaces that sat-
isfy appropriate hypotheses. (Our Jordan curve theorem, Theorem 4.8 below,
illustrates this.)

In this paper we confine our attention to digital spaces that model subsets of
the Euclidean plane and other surfaces. We give an axiomatic definition of a
very general class of such spaces, which includes spaces corresponding to all
of the good pairs of adjacency relations that have been used in the literature
on 2D digital topology (both in the plane and on boundary surfaces). A space
that satisfies our axiomatic definition is called a GADS. As will be seen in
Section 2.5, a substantial part of the mathematical framework used in our
definition of a GADS has previously been used by the third author [4,5].

As first steps in the development of digital topology for these spaces, we define
the intersection number of two paths on a GADS, and outline a proof that the
number is invariant under homotopic deformation of the two paths. This is
mostly a generalization, to arbitrary GADS, of definitions and theorems given
by the first author and Malgouyres in [2,3]. We also give a (discrete) definition
of planar GADS, which model subsets of the Euclidean plane, and present a
Jordan curve theorem for such GADS. In contrast to some earlier work by
the second author (e.g., [8-10]), this paper does not use any arguments that
are based on polyhedral continuous analogs of digital spaces, but uses only
discrete arguments.

7 There has been work on digital topology that deals with substantial classes of
adjacency relations in a unified way. But most of this work depends on the con-
struction of continuous analogs of sets of grid points and the use of arguments and
results of continuous topology (such as the Jordan curve theorem for the Euclidean
plane). For examples, see [9-11].



2 GADS and pGADS
2.1 Basic Concepts and Notations

For any set P we denote by P} the set of all unordered pairs of distinct
elements of P (equivalently, the set of all subsets of P with exactly two el-
ements). Let P be any set and let p C P2} 8 Two elements a and b of P
[respectively, two subsets A and B of P| are said to be p-adjacent if {a,b} € p
[respectively, if there exist a € A and b € B with {a,b} € p]. Similarly, if
a € P and B C P then we say that a and B are p-adjacent if there is some b
in B such that {a,b} € p. If x € P we denote by N;(x) the set of elements of
P which are p-adjacent to x; these elements are also called the p-neighbors of
x. We call N (z) the punctured p-neighborhood of x.

A p-path from a € P to b € P is a finite sequence (zo,...,x;) of one or
more elements of P such that o = a, x; = b and, for all i € {0,...,] — 1},
{i,z;11} € p. The nonnegative integer [ is the length of the path. A p-path
of length 0 is called a one-point path. For all integers m,n, 0 < m <n <,
the subsequence (z,,...,x,) of (zg,...,x;) is called an interval or segment
of the path. For all i € {1,...,l} we say that the elements x; ; and z; are
consecutive on the path, and also that x;_1 precedes x; and x; follows x;_; on
the path. Note that consecutive elements of a p-path can never be equal.

A p-path (zo,...,2;) is said to be simple if x; # x; for all distinct i and j
in {0,...,{}. It is said to be closed if o = x;, so that xy follows x;_;. It is
called a p-cycle if it is closed and x; # z; for all distinct ¢ and j in {1,...,1}.
One-point paths are the simplest p-cycles. Two p-cycles ¢; = (xo, ..., x;) and
ca = (Yo, - .., y;) are said to be equivalent if there exists an integer k, 0 < k <
[ — 1, such that &; = y(i1k)moa; for all i € {0,... 1}

If S C P, two elements a and b of S are said to be p-connected in S if there
exists a p-path from a to b that consists only of elements of S. p-connectedness
in S is an equivalence relation on S; its equivalence classes are called the p-
components of S. The set S is said to be p-connected if there is just one
p-component of S.

Given two sequences ¢; = (xg, ..., %) and ¢ = (Yo, .., Yn) such that z,, =
Yo, we denote by c¢;.co the sequence (xg, ..., Tm, Y1, .-, Yn), which we call the
catenation of ¢; and cs. Whenever we use the notation c¢j.co, we are also
implicitly saying that the last element of ¢; is the same as the first element of
co. It is clear that if ¢; and ¢y are p-paths of lengths [y and [5, then c;.cy is a
p-path of length [y + 5.

For any sequence ¢ = (g, ..., T,), the reverse of ¢, denoted by ¢!, is the

8 p can be viewed as a binary, symmetric, and irreflexive relation on P, and (P, p)

as an undirected simple graph.



sequence (Yo, - .., Ym) such that yp = x,,_x for all k € {0,...,m}. It is clear

that if ¢ is a p-path of length [ then so is ¢~ .

A simple closed p-curve is a nonempty finite p-connected set C' such that each
element of C' has exactly two p-neighbors in C. (Note that a simple closed p-
curve must have at least three elements.) A p-cycle of length |C| that contains
every element of a simple closed p-curve C' is called a p-parameterization of
C'. Note that if ¢ and ¢ are p-parameterizations of a simple closed p-curve C,

then ¢’ is equivalent to c or to ¢~ 1.

If x and y are p-adjacent elements of a simple closed p-curve C', then we say
that = and y are p-consecutive on C. If x and y are distinct elements of a
simple closed p-curve C' that are not p-consecutive on C| then each of the two
p-components of C'\ {z,y} is called a p-cut-interval (of C') associated with z
and y.

The following is a rather trivial but important consequence of our definition
of a simple closed p-curve:

Property 2.1 Ifo C p C P#, and C), is a simple closed p-curve that con-
tains a simple closed o-curve Cy,, then C, = Cj.

2.2 Definition of a GADS

We first introduce the notion of a 2D digital complex. Every GADS has a 2D
digital complex as an underlying structure. In fact, we shall see in Defini-
tion 2.3 that a GADS is just a 2D digital complex equipped with a pair of
adjacency relations (on the vertices of the complex) that satisfy three simple
axioms.

Definition 2.2 (2D digital complex) A 2D digital complex is an ordered
triple (V, 7, L), where

o V is a set whose elements are called vertices or spels (short for spatial
elements),

o © C V3 and the pairs of vertices in m are called proto-edges,

o L is a set of simple closed w-curves whose members are called loops,

and the following four conditions hold:

(1) V is w-connected and contains more than one vertes.

(2) For any two distinct loops Ly and Lo, L1 N Ly is either empty, or consists
of a single vertex, or is a proto-edge.

(3) No proto-edge is included in more than two loops.

(4) Each vertex belongs to only a finite number of proto-edges.

A positive integer k (such as 4, 8, or 6) may be used to denote the set of
all unordered pairs of k-adjacent vertices. We write Loyo to denote the set
of all 2 x 2 squares in Z2. With this notation, the triple (Z? 4, Lsy5) is a



simple example of a 2D digital complex, which can be used to illustrate and
motivate the conditions of Definition 2.2. Since Z? is 4-connected and has
infinitely many points, condition (1) holds. As required by condition (2), the
intersection of two 2 x 2 squares is either empty, or consists of a single point,
or is a pair of 4-adjacent points. Moreover, each pair of 4-adjacent points is
contained in just two 2 x 2 squares of Z? and so condition (3) holds. Finally,
each point of Z? is 4-adjacent to just 4 other points of Z2, and so condition
(4) holds too.

Definition 2.3 (GADS) A generic axiomatized digital surface-structure, or
GADS, is a pair § = (V, 7, L), (k,\)) where (V,m, L) is a 2D digital complex
(whose vertices, proto-edges and loops are also referred to as vertices, proto-
edges and loops of G) and where Kk and X are subsets of V2t that satisfy
Axioms 1, 2, and 3 below. The pairs of vertices in k and A are called k-edges
and A-edges, respectively.

Axiom 1 FEvery proto-edge is both a k-edge and a A-edge: m C kN .
Axiom 2 For alle € (kUX)\ 7, some loop contains both vertices of e.
Axziom 3 Ifx,y € L € L, but x and y are not m-consecutive on L, then

(a) {x,y} is a A\-edge if and only if L\ {x,y} is not k-connected.
(b) {x,y} is a k-edge if and only if L\ {x,y} is not A\-connected.

A GADS is said to be finite if it has finitely many vertices; otherwise it is said
to be infinite. (V, 7, L) is called the underlying complex of G.

Axiom 2 ensures that the adjacency relations k and A are “local” with respect
to the set of loops. Note also that if e € (k UX) \ 7 (i.e., e is a k- or A-edge
that is not a proto-edge) then there can only be one loop that contains both
vertices of e, by condition (2) in the definition of a 2D digital complex.

In Axiom 3, note that L\ {z,y} is k-(A-)connected if and only if some vertex
in one of the two m-cut-intervals of L associated with = and y is k-(\-)adjacent
to some vertex in the other m-cut-interval. This axiom is needed because we
commonly use one of the adjacency relations x and A on a set S of vertices
and the other of k and X on its complement V' \ S. Because of the “only if”
parts of Axiom 3, the very definition of a GADS excludes a well known kind of
“topological paradox” that occurs in bad digital spaces, in which a path in S
“crosses” a path in V'\S. The “if” parts of Axiom 3 exclude another well known
kind of topological paradox that occurs in bad digital spaces, in which a set S of
isolated vertices separates its complement V'\ S into two or more components.
As illustrations of Axiom 3, observe that both ((Z?, 4, Lox2), (4,8)) and ((Z2, 4,
Loy2), (8,4)) satisfy Axiom 3, but ((Z?,4, Laxz), (4,4)) violates the “if” parts
of the axiom, while ((Z?%,4, Lax2), (8,8)) violates the “only if” parts of the
axiom.

A question raised by Definition 2.3 is why we use three adjacency relations &, A,
and m when pairs of adjacency relations have been used in most previous work



on digital topology. Indeed, for most of the GADS we use to represent digital
spaces that have been considered by previous authors, our proto-adjacency m
is the same relation as one (or both) of the adjacency relations x and A. But
the mathematical role of 7 is different and in a sense more fundamental than
the roles of K and . For example, the definitions of some basic topological
properties of GADS—mnotably simple connectedness, orientability, planarity,
and the Euler characteristic—are independent of x and A\, and depend only on
7 and the set of loops. By distinguishing 7 from x and A we not only make our
theory more general but, more significantly, also clarify its logical structure.

Another benefit of distinguishing 7 from x and A is that it allows our definition
of a GADS to be symmetrical with respect to x and A:

Property 2.4 If (V, 7, L), (k,A)) is a GADS then ((V, 7, L), (), K)) is also a
GADS. So any statement which is true of every GADS ((V, 7, L), (k, \)) remains
true when k is replaced by X\ and \ by k.

The set of all GADS can be ordered as follows:

Definition 2.5 (C order, subGADS) Let § = ((V,7, L), (k,A)) and § =
(V' 7', L), (K, X)) be GADS such that

e VCV nCrnand LC L.
o ForallLe L, kN L =’ N L2 and \n L = N n L,

Then we write § C G and say that G is a subGADS of §'. We also refer to G
as the subGADS of §’ induced by (V,m, L£). We write § C G to mean § C G
and G#G. Wewrite § <G to mean G C G and L # L.

As an immediate consequence of this definition and Axioms 1 and 2, we have:

Property 2.6 If G = ((V,7,L),(k,\) and § = (V', 7", L), (', X)) are two
GADS such that G C G/, then kK C k" and A C N.

2.8 Interior Vertices and pGADS

We are particularly interested in those GADS that model a surface without
boundary, and call any such GADS a pGADS:

Definition 2.7 (pGADS) A pGADS is a GADS in which every proto-edge is
included in two loops.

The p in pGADS stands for pseudomanifold: A finite pGADS that is strongly
connected—see Section 2.4—models a 2-dimensional pseudomanifold (as de-
fined for example in [1, Part 2, §3]). More informally, we can say that a finite
pGADS models a “closed surface that may have topological singularities.” (By
a singularity we mean a point whose removal would locally disconnect the
surface. For example, if we deform a spherical surface by bringing two distinct
points a and a’ together so they coincide at a single point a*, then the resulting
“pinched sphere” has a singularity at a*.) A pGADS that models the Euclidean



plane must be infinite.

A vertex v of a GADS G is called an interior vertex of G if every proto-edge of
G that contains v is included in two loops of G. It follows that a GADS G is a
pGADS if and only if every vertex of G is an interior vertex.

Below are pictures of some pGADS.

Example 2.8 Z? with the 4- and S-adjacency relations

9 - ((ZZ, R, £2X2)a (’iv )‘))
k =4 (not shown), A = 8.

Example 2.9 72 with Khalimsky’s adjacency relation

G = ((Z* 4, Lax2), (K2, K2)), where kg consists of all un-
ordered pairs of 4-adjacent points and all unordered pairs
of 8-adjacent pure points.

Example 2.10 The hexagonal grid with the 6-adjacency relation

AYAVAVAVAYA §= ((H,G,E),\([fiﬁ))
AAFAAA H={(i+§ ) eR?| i,j€ZL}

202
AAAAS £={pg,r} C H | dst(p, g) = dst(g,7) = dst(p,r) = 1}
JAVAVAVAVAVA dst(z,y) denotes the Euclidean distance between z and y.

Example 2.11 A “torus-like” finite pGADS

a I=WV.k L), (kA)
V = {a7b7c7d7e7f7g7h7i}
k= {{a,b},{b,c},{c.a},{d, f},{f, 9} {g,d},
{e,h}, {h,i},{i,e}, {b, f}.{c g}, {a, d},
{f.h}.{g,1},{d, e}, {h, b}, {i, c}, {e,a}}
b C A={{z,y} | L€ L, z,y € L} (not shown)
£ = {{a7 b7 f7 d}7 {d7 f7 h7 6}7 {67 h? b’ a}?

‘ {b,c.g, f},{f 9,3, h}, {h.i,c b},
- {c,a,d, g}, {g,d,e,i}, {i,e,a,c}}

o

D

2.4 Strong Connectedness and Singularities

Let § = ((V,m,L),(k,\)) be a GADS. Two loops L and L' of G are said to
be adjacent if L N L' is a proto-edge of G. A subset £’ of L is said to be
strongly connected if for every pair of loops L and L' in L’ there exists a
sequence Ly, ..., L, of loops in L' such that Ly = L, L, = L' and, for all
i€40,...,n—1}, L; and L;y; are adjacent. G is said to be strongly connected



if £ is strongly connected. (Note that whether or not § is strongly connected
depends only on the underlying complex of G.)

A vertex x of G is said to be a singularity of G if the set of all loops of G that
contain x is not strongly connected. Vertices that are not singularities are said
to be nonsingular. (Again, whether or not x is a singularity of § depends only
on the underlying complex of G.)

Even a strongly connected pGADS may have a singularity. For example, the
“strangled torus” pGADS obtained from the torus-like pGADS of Example 2.11
above by identifying the vertices a, b, and ¢ has a singularity at a = b = ¢ but
is strongly connected.

2.5  Relationship to the Mathematical Framework of [4,5]

Here we briefly discuss the relationship between our concept of a GADS and
digital structures previously studied by the third author in [4,5].

If (V,m, L), (k,\)) is a GADS, then, in the terminology of [5], (V, 7) is a digital
space, 7 is the proto-adjacency of that space, and each of k and \ is a spel-
adjacency of the space. The principal new ingredients in our concept of a GADS
are the set of loops £ and Axioms 2 and 3. In a Gaps ((V,, £), (k, A)) with
the property that every m-cycle of length 4 is a loop of the GADS, the “if”
parts of Axiom 3 make {k, A} a normal pair of spel-adjacencies.

An important difference between our theory and that of [4,5] is that our theory
is restricted to spaces that model subsets of surfaces (though only because of
condition (3) in the definition of a 2D digital complex).

2.0 Relationship to the Mathematical Framework of [13]

What we have called a 2D digital complex is similar to the concept of an ori-
ented neighborhood structure considered by Voss and Klette [7,13]. In fact, the
underlying complex of any orientable® pGADS can be regarded as an oriented
neighborhood structure. The loops of our complex would then correspond to
the meshes (Voss’s term) of the oriented neighborhood structure. A minor
difference between our and Voss’s theories is that whereas in our work the set
of loops is a primitive component of a 2D digital complex, in Voss’s theory
the set of meshes is not a primitive component of an oriented neighborhood
structure. Instead, Voss uses a set of cyclic orderings of the neighborhoods of
the vertices as a primitive component, and defines the meshes in terms of these
cyclic orderings (which roughly correspond to the cycles Ng, , (z) we define in
Section 5.2).

A much more significant difference between Voss’s theory (as developed in [13])

9 Orientability is defined in Section 5.1.



and ours is that in his theory there are no analogs of the adjacency relations
r and A of our GADS. A consequence of this is that some results of our theory,
such as our Jordan curve theorem for planar GADS (Theorem 4.8), cannot be
conveniently stated purely in terms of the concepts introduced in [13].

There is an interesting separation theorem for planar oriented neighborhood
structures in [13],1° but it is quite different from our Jordan curve theorem.
For example, while Voss’s result implies that the complement of a curve sat-
isfying his hypothesis has at least two components, the complement of such a
curve may have more than two components. In contrast, a curve that satisfies
the hypotheses of our Jordan curve theorem separates its complement into ex-
actly two components, as a (continuous) Jordan curve does in the Euclidean
plane. Moreover, the hypothesis on the curve in Voss’s theorem (that it be a
“border mesh” of some substructure) is global, whereas the hypotheses on the
simple closed curve in our Jordan curve theorem are purely local.

3 Homotopic Paths and Simple Connectedness

In this section § = ((V, 7, L), (k, A)) is a GADS, p satisfies 7 C p C kU A, and
X is a p-connected subset of V. (We are mainly interested in the cases where
p=K,\ orm.)

Loosely speaking, two p-paths in X with the same initial and the same final
vertices are said to be p-homotopic within X in G if one of the paths can be
transformed into the other by a sequence of small local deformations within
X. The initial and final vertices of the path must remain fixed throughout the
deformation process. The next two definitions make this notion precise.

Definition 3.1 (elementary G-deformation) Two finite verter sequences
c and ¢ of § with the same initial and the same final vertices are said to be
the same up to an elementary G-deformation if there exist vertex sequences cq,
Co, 7y, and ' such that ¢ = ¢1.y.c3, ¢ = ¢1.7 .ca, and either there is a loop of
G that contains all of the vertices in vy and «y', or there is a proto-edge {x,y}
for which one of v and +' is (x) and the other is (z,y, ).

Informally, we refer to any p-path of the form (x,y,x) as a p-back-and-forth.

Definition 3.2 (p-homotopic paths) Two p-paths ¢ and ¢ in X with the
same nitial and the same final vertices are p-homotopic within X in G if there
exists a sequence of p-paths co, . ..,c, in X such that co = ¢, ¢, = ¢ and, for
0<i<n-—1, ¢ and c;y1 are the same up to an elementary G-deformation.
Two p-paths with the same initial and the same final vertices are said to be
p-homotopic in G if they are p-homotopic within V in G. Each equivalence
class of this equivalence relation is called a p-homotopy class of p-paths in G.

10 Theorem 2.2-7

10



Significantly, p-homotopic paths can also be characterized in terms of certain
special types of elementary G-deformation, as the next proposition will show.
We first define the allowed types of deformation, which include only the in-
sertion or removal of either a p-back-and-forth or a p-parameterization of a
simple closed p-curve in a loop of G:

Definition 3.3 (minimal p-deformation) Two p-paths ¢ and ¢ with the
same initial and the same final vertices are said to be the same up to a minimal
p-deformation in G if there exist p-paths ci, co, and v such that one of ¢ and
' is c1.y.co, the other is c1.co, and either v = (x,y, ) for some p-edge {x,y}
or v is a p-parameterization of a simple closed p-curve contained in a loop of

g.

This concept of deformation is particularly simple when p = 7, because a
simple closed p-curve contained in a loop of § must then be the whole of a
loop of § (by Property 2.1, since a loop of G is a simple closed m-curve).

Say that two p-paths ¢ and ¢ in a set X with the same initial and the same
final vertices are strongly p-homotopic within X in G if there exists a sequence
of p-paths ¢, ..., ¢, in X such that ¢ = ¢, ¢, = ¢ and, for 0 <i < n—1, ¢; and
ciy1 are the same up to a minimal p-deformation. The next proposition states
that p-paths are strongly p-homotopic if and only if they are p-homotopic. As a
minimal p-deformation is a much more restrictive concept than an elementary
G-deformation, this fact is frequently useful in proofs. It allows us to show
that a property of p-paths is invariant under p-homotopy just by verifying
that the property’s value is unchanged by (1) insertion of a p-back-and-forth,
and (2) insertion of a p-parameterization of a simple closed p-curve contained
in a loop of §G.

Proposition 3.4 Two p-paths in X that have the same initial and the same
final vertices are strongly p-homotopic within X in G if and only if they are
p-homotopic within X in G.

Proof: Let E and M be infix binary relation symbols!! that respectively
denote the restrictions to p-paths in X of the relations “are the same up to an
elementary G-deformation” and “are the same up to a minimal p-deformation
in G.” We need to show that the transitive closures of £ and M are the same.

Our proof will depend on the following two facts, which are evident from the
definition of M. (Here (z) denotes the one-point path whose only vertex is =z,
and the infix relation symbol M denotes M’s transitive closure.)

A. If v and 7 are p-paths in X that respectively end and begin at the vertex
x, and ¢ is a closed p-path in X such that ¢ M (z), then v.c.y/ M ~.9'.
B. If v is a p-path in X whose initial vertex is z, then ~v.y~! M (x).

Note that since the F relation contains the M relation, E’s transitive closure
"' Thus 2 M y will mean that the pair (,y) belongs to the relation denoted by M.
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contains M'’s transitive closure. It remains to show that M’s transitive closure
contains F (and hence, being transitive, also contains E’s transitive closure).
As a first step, we establish the following special case of this:

Claim: If c is a closed p-path in X that begins and ends at a vertex x, and
all the vertices of ¢ are contained in a loop of G, then ¢ M* (z).

Indeed, suppose the Claim is false and c is a shortest counterexample. Then ¢’s
length exceeds 2, and c¢ is not a parameterization of any simple closed p-curve
(for otherwise c satisfies the Claim, by the definition of M).

Let ¢ = (x0,21,22,...,25 = xp). For 0 < i < j < k, let ¢;; denote the
contiguous subsequence (z;, ..., x;) of ¢. (Thus ¢ = ¢, and ¢;; is a one-point
path for 0 <i < k.)

Suppose ¢ is not a p-cycle. Then c¢; ; is a closed p-path for some j and j’ such
that 1 < j < j/ < k. Since c is a shortest counterexample, c; ;; satisfies the
Claim, and so ¢y M (z;). Hence (by fact A) ¢ = coj.cjjr.cjrp M™ ¢ ;.Cjr k.
Again, ¢ j.cjr is shorter than the shortest counterexample ¢ and therefore
satisfies the Claim. Hence c¢gj.cjp M (z9) and so (by the transitivity of
M=) we have ¢ M (x¢), which contradicts our assumption that ¢ is a coun-
terexample to the Claim. Hence c is a p-cycle.

As c is not a parameterization of a simple closed p-curve, z; is p-adjacent to
xj for some j and j’ such that j < j" and j' — j # k — 1. Therefore

¢ = cogcpp M cogzy, g ap)cpn = cogd(zg,xp).cpn (1)
where ¢ is the closed p-path ¢;;.(zj,x;). As ¢ is shorter than the shortest
counterexample ¢, it satisfies the Claim and so ¢ M* (z;). Hence (by fact A)

COJ.CI.(ZL’]', ﬂfj/).Cij M C(),j.(l'j, xj/).cj% (2)

Again, since ¢ ;.(xj, z;).cj i is shorter than the shortest counterexample c, it
satisfies the Claim and so coj.(z;, % ).cjr ) M (x0). This, (1), and (2) imply
that ¢ M (z), which contradicts our assumption that ¢ is a counterexample
to the Claim. This contradiction establishes the Claim.

To complete the proof that M contains F, let u and v be two p-paths in
X such that u E v. We need to show that u M> v. By the definition of F
there exist ¢, ¢z, v, and ' such that u = ¢;.7.¢o, v = ¢1.7.co, and either (a)
there is a proto-edge {z,y} for which one of v and 7 is (x) and the other is
(x,y,x), or (b) there is a loop of § that contains all of the vertices in v and
7. In case (a), u M v and we are done. In case (b), the Claim implies that
vty M*> (x), where x is the final vertex of v and 7/ (and the initial vertex
of ¢3). So (by facts A and B) u = ¢;.v.co M™ c;. vy .co M™® ¢1.9/.co = v
as required. O

The next two definitions give a precise meaning to our concept of a simply
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connected GADS. Whether or not a GADS is simply connected will depend only
on its underlying complex.

Definition 3.5 (reducible closed path) Let ¢ = (xg,...,x,) be a closed
p-path in X (so x, = x¢). Then c is said to be p-reducible within X in G if
¢ and the one-point path (x¢) are p-homotopic within X in G. We say c is
p-reducible in G if ¢ is p-reducible within V' in G.

Definition 3.6 (simple connectedness) The set X is said to be p-simply
connected in G if every closed p-path in X is p-reducible within X in G. The
GADS G is said to be simply connected if V' is w-simply connected in G.

A significant consequence of these definitions is that V' is p-simply connected
in G if and only if V' is m-simply connected in G (i.e., G is simply connected).
This is because there is a natural bijection of the p-homotopy classes of G onto
the m-homotopy classes of G. Indeed, for each pair (z,y) of p-adjacent vertices,
let p,, be a m-path from x to y with the following properties:

o If {x,y} is a m-edge, then p,, = (z,y).

e Otherwise, p,, is a m-path from x to y in the loop of § that contains the
p-edge {z, y}.

(Note that p,, and (z,y) are the same up to an elementary G-deformation.)

For each p-path ¢ = (x¢,21,...,2,), we now define p. to be the m-path
Dwowy - Pavws « -+ - Pon_y2n- Lhen it is readily confirmed that:

(1) For all m-paths ¢, p. = c.

(2) For all p-paths ¢, the paths ¢ and p, are p-homotopic.

(3) For any two p-paths ¢ and ¢” that are the same up to an elementary
G-deformation, the m-paths p. and p.» are the same up to an elementary
G-deformation.

By (3), the map ¢ +— p. induces a well-defined map of p-homotopy classes of G
to m-homotopy classes of §. By (1), this induced map is onto. It follows from
(2) that the map is one-to-one. Hence the map is a bijection.

Although the concepts of p-simple connectedness and m-simple connectedness
are equivalent when applied to the entire set of vertices of G, p-simple connect-
edness is in general a stronger property than w-simple connectedness: While
it can be shown that if X is p-simply connected in G then X is also m-simply
connected in G, the converse is false in general. 12

The final result in this section gives a useful sufficient condition for a GADS
to have no singularities:

Proposition 3.7 Let G be a GADS that is stmply connected and strongly con-
nected. Then G has no singularities.

12E.g., if p,q € Z? are 8-adjacent but not 4-adjacent, then N§(p) \ {q} is 4-simply
connected but not 8-simply connected in the GADS ((Z2,4, Lax2), (8,4)).
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Proof: Let § = ((V, 7, L), (k,\)) and suppose z is a singularity of §. Then
there exist two nonempty sets of loops of G, ay = {Ly,...,L;} and ay =
{Lis1,..., L}, such that {Ly,..., L;} is the set of all loops of G that contain
x, and such that LN L' = {z} for all L in o and L’ in as.

For any m-path ¢ = (¢, c1,. .., ), let v(c,z) be the number of pairs (¢;, ¢;11)
for which ¢; belongs to a loop in a; and ¢;;1 = x, minus the number of pairs
(¢i,¢iy1) for which ¢; = z and ¢;;1 belongs to a loop in «;. If v is a m-back-
and-forth, then, plainly, v(vy,x) = 0. If  is a m-parameterization of a simple
closed m-curve that is contained in a loop L of G (in which case 7 must actually
be a m-parameterization of L), then either L does not contain z, or L € ay,
or L € ag; in each case it is evident that v(y,z) = 0. It follows that if two
m-paths ¢ and ¢’ are the same up to a minimal w-deformation in G, then
v(d,x) =v(d",z). Hence (by Proposition 3.4), v(c/,x) = v(¢’, x) whenever ¢
and ¢’ are m-homotopic in §. But G is simply connected, and v(c, z) = 0 when
¢ is a one-point path. Hence v(c,z) = 0 for every closed m-path c.

Now let y be a m-neighbor of x that belongs to a loop in a1, and let z be a
m-neighbor of x that belongs to a loop in ay. Since G is strongly connected,
there must be a m-path ¢’ from z to y that does not contain z. But the closed
m-path ¢ = (z, 2).c.(y, x) would satisfy v(c,z) = 1, a contradiction. O

4 Planar GADS and a Jordan Curve Theorem

In this section we define a class of GADS that are discrete models of subsets
of the Euclidean plane. The definition depends on two concepts which we now
present:

Definition 4.1 (Euler characteristic of a GADS) LetSG = (V. 7, L), (k, \))
be a finite GADS. Then the integer |V| — |r| 4+ |L| is called the Euler charac-
teristic of G, and is denoted by x(9).

Note that the Fuler characteristic of a GADS depends only on its underlying
complex, and that it is not defined for an infinite GADS.

Definition 4.2 (limit of an increasing GADS sequence) For all i € N
let G = (Vi,m, L;), (ki \;)) be a GADS and let Go € G C Gy C ...
Then Uien Gi denotes ((Uien Vi Uien i, Uien £2), (Uien i, Uien Ai)). (By Def-
wnition 2.5 and Property 2.6, this is a GADS if each element of U,en Vi i
contained in only finitely many distinct members of U;en 7i-)

We are now in a position to define a planar GADS. Whether or not a GADS is
planar depends only on its underlying complex, as can be deduced quite easily
from the following definition.

Definition 4.3 (planar GADS) A pGaADS PS is said to be planar if PG =
Uien Gi for some infinite sequence of finite GADS Gg < G1 < Go < ... such
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that G; is strongly connected and x(9;) =1 for alli € N. A GADS § is said to
be planar if there exists a planar pGADS PG such that G C PG.

Remark 4.4 Definition 4.3 is based on the idea of regarding a plane as the
limit of a sequence of increasingly large closed topological disks. (Note that the
Euler characteristic of a closed topological disk is 1.)

From the above definition it is evident that all planar pGADS are infinite and
strongly connected. A somewhat less obvious consequence of the definition of
planar pGADS is that they are all simply connected. This will follow from:

Proposition 4.5 Let G be a strongly connected GADS and let §' be a finite
GADS such that § < G and x(9') = 1. Then §' is simply connected.

Sketch of proof: Let §' = (V', 7', L), (', \)). If L' = (), then |V'|—|7'| =1
(since x(9') = 1) and so (V',7’) is a tree. In this case the result is easily proved
by induction on the number of proto-edges. To prove the result in the case
where G’ has at least one loop, we use induction on the number of loops. [The
induction step is based on the easily established fact that, since §’ < § and
G is strongly connected, there must exist a proto-edge e of G’ that belongs to
just one loop of §', L say. Readily, §’ is simply connected if the subGADS of
G induced by (V' 7'\ {e}, L'\ {L}) is simply connected.] O

Corollary 4.6 A planar pGADS is simply connected.
Proof: Let PG = ((V*,7*, L*),(k*, \*)) be a planar pGADS, and suppose

c* is a closed m*-path. By the definition of a planar pGADS, there exists a
GADS § = (V', 7', L), (x',\)) which satisfies the hypotheses of the above
proposition when § = PG, such that ¢* is a «’-path of §’. Since G is simply

connected, ¢* is 7’-reducible in §’, and so ¢* is also 7*-reducible in PG. O

As a consequence of this corollary and Proposition 3.7, we deduce:
Proposition 4.7 A planar pGADS has no singularities.

The next theorem is our main result concerning planar GADS. It generalizes
Rosenfeld’s digital Jordan curve theorem [12] (for Z* with (4,8) or (8,4) ad-
jacencies) to every planar GADS. We will outline a proof of this theorem in
Section 8.

Theorem 4.8 (Jordan curve theorem) Let PG = (V. 7, L), (k,\)) be a
planar GADS. Let C' be a simple closed k-curve that is not included in any
loop of PG, and which consists entirely of interior vertices of PG. Then V \ C
has exactly two \-components, and, for each vertex x € C, N3(x) intersects
both \-components of V '\ C.
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5 Local Orientations and Orientability

We now introduce the notion of orientability in the context of GADS. The
proof of Theorem 4.8 will use a more general theorem stated for orientable
GADS. We also establish, in Section 5.3, a link between simple connectedness
and orientability.

5.1 Definitions

Let L; and Ly be adjacent loops of a GAps § = ((V,«, L), (k,\)) and let
{z,y} = L1 N Ly. Then m-parameterizations c¢; of L; and ¢y of Ly are said to
be coherent if x precedes y in one of ¢; and ¢y but x follows y in the other of
c1 and ¢o. A coherent m-orientation of a set of loops £’ C L is a function €2
with domain £’ such that:

(1) For each loop L in L', (L) is a m-parameterization of L.
(2) For all pairs of adjacent loops L and L' in L', the m-parameterizations

Q(L) and Q(L') of L and L’ are coherent.

If such a function 2 exists, then we say £’ is m-orientable. In this case two
coherent m-orientations 2; and 2, of £’ are said to be equivalent if, for every
Lin £, Q(L) and Q9(L) are equivalent m-parameterizations of L.

A coherent orientation of G is a coherent m-orientation of the set £ of all loops
of §. The GADS § is said to be orientable if it has a coherent orientation (or,
equivalently, if its set of loops is m-orientable). Evidently, if §' and G are GADS
such that § C G and § is orientable, then G’ is also orientable. Note that
whether or not a GADS is orientable depends only on its underlying complex.

It is easy to verify that the four pGADS shown in Section 2.3 are all ori-
entable. There is a simple non-orientable “Mobius-strip-like” GADS whose
underlying complex (V,7, L) has 6 vertices {a,b,c,d, e, f} and 3 loops, in
which (d,a,b,e,d), (e,b,c, f,e), and (f,c,d,a, f) are m-parameterizations of
the loops.

5.2 The w-Cycles N§, , (x) Around Nonsingular Interior Vertices x of an Ori-
entable GADS

Let § = ((V,m, L), (K, \)) be a (not necessarily orientable) GADS, and let z be
a nonsingular interior vertex of G.

A loop-circuit of G is a sequence (Lo, ..., L;—1) of three or more loops of G
(so I > 3) such that, for all i € {0,...,l — 1}, L; is adjacent to L(+1)modr- A
loop-circuit of G at x is a loop-circuit of G that is an enumeration of the set of
loops of G that contain x (with each of those loops occurring just once). Thus
if (Lo,...,L;—1) is a loop-circuit of § at x then, for each ¢ € {0,...1 — 1},
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Li N Li+1ymoa: is a proto-edge of G that contains x (by condition (2) in the
definition of a 2D digital complex).

The set of loops of G that contain z is strongly connected (since x is nonsingu-
lar in G), and it is easy to show that each loop in the set is adjacent to exactly
two others (since z is an interior vertex of G). Therefore a loop-circuit of G at
T exists.

A coherent local orientation of G at x is a coherent m-orientation of the loops
of G that contain x. Let A = (Ly,..., L;_1) be a loop-circuit of § at x. Then
the coherent local orientation of G at x induced by A, denoted by Q2 is defined
as follows. For 0 < i <[ —1 let ¢; be a m-parameterization of L; that begins
and ends at x, in which the second vertex is the vertex of L; NV L_1)mod: \ {*},
and the second-last vertex is the vertex of L; N L;41)mod: \ {#}. Then 0L is
defined by QA (L;) = ¢; for 0 <i <1 —1.

Now let €2/ be any coherent local orientation of G at z. Then € (Lg) is equiv-
alent either to Q2(Lg) or to (QA(Lg))~!. It is readily confirmed that €2/, must
be equivalent to Q2 in the former case and to Q") in the latter case.

For any vertex v of G, the punctured loop neighborhood of v in G, denoted by
Nf(v), is defined to be the union of all the loops of § which contain v, minus
the vertex v itself.

Let €2, be a coherent local orientation of § at x. For each vertex y of Nj(z),
we now define a m-cycle Ng_ (z) with the following properties:

(1) The vertices of N, () are exactly the vertices of N7 ().
(2) N§, ,(x) begins and ends at y.

Let A = (Ly, ..., L;_1) be a loop-circuit of G at x such that Q2 is equivalent to
Q,.Fori € {0,...,1—1} let p; be the 7-path obtained from Q2(L;) by removing
its first and last vertices (both of which are the vertex x). Then we define
Ng, () to be the m-cycle that is equivalent to the m-cycle po . p1 . ... . pra
and which begins and ends at y. It is readily confirmed that this m-cycle is
independent of our choice of the loop-circuit A (provided that Q2 is equivalent
to €2;). The definition of Ng, ,(z) is illustrated by Figure 1.

Fig. 1. (a) The set of loops which contain a vertex x, and a coherent local orientation
Qg of § at z. (b) The corresponding m-cycle N, (x).

If G is orientable, and €2 is a coherent orientation of G, then we write Ng, ()
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for Ng,_ (), where Q, is the coherent local orientation of § at x that is given
by the restriction of €2 to the loops of G that contain x.

5.8 Simply Connected GADS are Orientable

In this section we outline a proof of the following result:

Proposition 5.1 Let G be a GADS that is a subGADS of a simply connected
GADS. Then G s orientable.

Sketch of proof: Let § = ((V,7, L), (k,\)) be a subGADS of the simply
connected GADS §' = ((V', 7', L), (', X')). Suppose § is not orientable. It is
not hard to show that this implies § has a loop-circuit (Lo, ..., L;—1) whose
set of loops is not m-orientable, such that no two L’s are equal and, for all
i,j €40,...,l—1}, L; is not adjacent to L; unless j = (i41) mod [. (Intuitively,
the loop circuit (Ly, ..., L;—1) “forms a Mébius strip.”)

The idea now is to construct a m-path in Up<;<;—1 L; that cannot be 7'-
reducible in §’, and so contradict the simple connectedness of §'. For i €
{0,...,1—1}, let a;,b; € V be vertices such that {a;, b;} is the m-edge that is
shared by L; and L(i11)modr, and such that, for i € {1,...,1 -1}, a;_ and a,
belong to the same m-component of L; \ {b;_1, b;}. (It is possible that a;_1 = a;
or b;_1 = b;.) Then it is straightforward to verify that, since {Lo,..., L;_1}
is not m-orientable, a;_; and by must belong to the same m-component of
Lo\{bi—1,a0}. Fori € {1,...,1—1}, let ¢; be the simple 7m-path in L;\{b;_1, b;}
from a;_; to a;. Also, let ¢ be the simple m-path in Lo \ {b;_1, a0} from a;_;
to by. Let vy be the m-path ¢; . ¢o . ... . ¢ . (bo,a0p)-

Define the parity of a n’-path (x,...,z,) to be 0 or 1 according to whether
an even or an odd number of terms in its sequence of n'-edges ({z;, z;1} |
0 <i < n-—1)lie in the set {{a;,b;} | 0 < i <[ —1}. In view of the
remark immediately following Definition 3.3, it is readily confirmed that 7’-
paths which are the same up to a minimal n’-deformation in §’ have the same
parity. But v has parity 1 whereas a one-point path has parity 0. Hence 7 is
not 7’-reducible in §', a contradiction. O

Since every planar pGADS is simply connected (Corollary 4.6), a special case
of the above proposition is:

Corollary 5.2 Fvery planar GADS is orientable.

6 The Structure of Loops in a GADS

Let § = ((V,m, L), (k,\)) be a GADS and let L be an arbitrary loop of §. In
this section we present some properties that x N L% and A N L2 must have.
These properties will be used in the next section. We begin with:
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Lemma 6.1 Let C be a simple closed (k N \)-curve in the loop L, and let x
and y be distinct vertices of C'. Then:

(1) Each (kN X)-component of C'\ {z,y} is contained in a mw-component of
L\ A{z,y}. Moreover, if x and y are not (k N \)-consecutive on C, then
the two (kN X)-components of C'\ {x,y} lie in opposite w-components of
L\ {9},

(2) If x and y are not (k N X)-consecutive on C, then assertions (a) and (b)
of Axziom 3 hold with C' in place of L.

(3) Let p =k or A and let a,b € C be two vertices which are p-adjacent but
not (kNA)-consecutive on C. Let I and Iy be the two (kN)-cut-intervals
of C' associated with a and b. Then if v € I; and y € Iy are p-adjacent,
we have {z,a} € p, {x,b} € p, {y,a} € p and {y,b} € p. (See Figure 2.)

a a

K] éf .....

b b

Fig. 2. Tllustration of Lemma 6.1(3).

Proof: To prove the first assertion of (1), let a and b be (kN \)-adjacent points
in C'\ {x,y}. We need to show that a and b belong to the same m-component
of L\ {z,y}. But if they did not, then z and y would lie in opposite m-cut-
intervals of L associated with the (k N A)-adjacent vertices a and b, and (by
Axiom 3) no (k N A)-path from z to y in L\ {a,b} would exist. As such a
(kN A)-path does exist (because z and y belong to C'\ {a, b}, which is the set
of vertices of a (k N A\)-path in L), the first assertion of (1) is proved.

Now suppose x and y are not (kN \)-consecutive on C, and let ¢ and d be the
two (kN A)-neighbors of = on C. Suppose the second assertion of (1) does not
hold. Then the first assertion of (1) implies that ¢ and d both lie in the same
m-component of L\ {z,y}. Hence we may assume without loss of generality
that ¢ and y lie in opposite m-cut-intervals of L associated with = and d. It
then follows from Axiom 3 that (since z and d are (kN \)-adjacent) there does
not exist a (kN A)-path from ¢ to y in L\ {z,d}. But such a (kN \)-path exists
(as ¢ and y belong to C'\ {z,d}, which is the set of vertices of a (kN A)-path
in L), and this contradiction establishes the second assertion of (1).

Still working under the hypothesis that = and y are not (kN \)-consecutive on
C', we now prove assertion (2) by showing that L\ {z,y} is x-(A-)connected if
and only if C'\ {z,y} is k-(A-)connected. The “if” part of this fact follows from
the second assertion of (1). To prove the “only if” part, suppose L \ {z,y} is
k-(A-)connected. We need to show that C'\ {z, y} is k-(\-)connected too. Since
L\ {z,y} is k-(\-)connected, some a € I is k-(\-)adjacent to some b € 1%,
where IF and IZ are the two m-components of L\ {x,y}. Now x and y lie in
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opposite m-cut-intervals of L associated with the x-(A-)adjacent vertices a and
b. Hence (by Axiom 3) every (kN A)-path in L from x to y passes through a
or b. As there are two simple (kN \)-paths in C' from x to y, and these paths
have no common vertex other than x and y, one of these paths passes through
a and the other passes through b. Hence a and b lie in C. As a and b lie in
opposite m-components of L \ {z,y}, they lie in opposite (k£ N A)-components
of C'\ {z,y} (by the first assertion of (1)). So (since a is k-(\-)adjacent to b)
C\ {z,y} is k-(A-)connected, as required.

Assertion (3) follows from assertion (2); we leave the details of its proof to the
reader. O

We now use Lemma 6.1 to prove the following theorem, which is the main
result of this section:

Theorem 6.2 Let C' be a simple closed (k N \)-curve in the loop L. Then C
has one of the following properties:

(1) For all distinct z,y € C, {z,y} € k.
(2) For all distinct z,y € C, {z,y} € A.

Sketch of proof: If |[C| = 3 then the theorem holds, so we may assume
|C'| > 3. Then it follows from Lemma 6.1(2) that there is a (A \ k)- or (K \ A)-
edge in C{2},

We can show that if x, a, and b are vertices of C' then it is impossible that
both {x,a} € k\ X and {z,b} € A\ k. This can be established by induction on
the size of the (k N \)-cut-interval of C' associated with a and b that does not
contain z, using Lemma 6.1(2,3). (We begin by verifying that {z,a} € x\ A
and {x,b} € A\ k cannot both be true if @ and b are (k N \)-consecutive on
C; otherwise we could deduce a contradiction to Lemma 6.1(2,3).)

Next, we argue that if {z, a} is a (k\\)-edge in C1?}, and y and z are the (kNA)-
neighbors of z on C, then {y, z} is a k-edge. For otherwise Lemma 6.1(2) would
imply that there is some vertex b, in the (kN A)-cut-interval of C' associated
with y and z that does not contain x, such that {x, b} is a A\-edge (and hence a
(A \ k)-edge), and this would contradict the result of the previous paragraph.

Thus if 7 is a vertex of a (k\ A)-edge in C*2}, then each of the (kN \)-neighbors
of 7 on C is also a vertex of a (x\ A)-edge in C{2}. If follows that if there is a
(k\ A)-edge in C*?}, then every vertex of C is a vertex of a (x\ A)-edge in C{2},
This would imply that no vertex of C is a vertex of a (A \ x)-edge in C1?},
so that there are no (X \ x)-edges in C'{# whence (by Lemma 6.1(2)) every
pair of vertices of C' are k-adjacent. Symmetrically, if there is a (A \ k)-edge
in C12} then all pairs of vertices of C' are A-adjacent. O

We will use the term (k N A)-subloop (of §) to mean a simple closed (kN A)-

curve that is contained in a loop of G. Figure 3 shows a loop that can be
subdivided into three (x N A)-subloops.
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Remark 6.3 It is not hard to deduce from Axiom 3 that if two vertices of a
loop of G are m-, (k\ A)-, or (A \ k)-adjacent, then there is a unique (k N A)-
subloop that is contained in the loop and contains both vertices. Moreover, if
two vertices of a loop of G are (k N A\ 7)-adjacent, then there are just two
(k N A)-subloops that are contained in the loop and contain both vertices.
One can further show (using Lemma 6.1(2)) that if S is the set of all (kN A)-
subloops of the caps § = ((V, 7, L), (k,A)), then (V,kN A, S), (k,A)) is also
a GADS.

From the first sentence of Remark 6.3, Axiom 3, and Theorem 6.2, one can
deduce the following:

Lemma 6.4 Let (p,p) = (k,\) or (A, k), and let C' be any simple closed p-
curve in the loop L such that |C| # 3. Then C is a (kN A)-subloop. Moreover,
{z,y} € p forall x,y € C.

The reader can verify that Theorem 6.2, the assertions of Remark 6.3, and
Lemma 6.4 are all consistent with Figure 3.

Fig. 3. Illustration of Theorem 6.2, Remark 6.3, and Lemma 6.4. This is a possible
loop in a GADS, if the eight (k N A)-edges that belong to just one of the three
(k N A)-subloops are proto-edges and the other two (k N A)-edges are not.

The final result of this section says that Lemma 6.1(1) is also true if C is a
simple closed k- or A-curve rather than a simple closed (kN A)-curve.

Lemma 6.5 Let p =k, A\, or (kN A), and let C be any simple closed p-curve
in the loop L. Then, for all distinct x,y € C, each p-component of C'\ {z,y}
is contained in a w-component of L\ {x,y}. Moreover, if x and y are distinct
vertices of C' that are not p-consecutive on C, then the two p-components of
C\ {z,y} lie in opposite m-components of L\ {x,y}.

Proof: If |C| = 3 the result is trivial. If |C| > 3 then the result follows from
Lemma 6.1(1) and Lemma 6.4, because the latter implies that C'is a (kN A)-
subloop, and that two vertices of C' are p-consecutive on C' if and only if they
are (kN A)-consecutive on C. O

This result implies that, for p = k, A, or (kN\), a p-parameterization of a sim-
ple closed p-curve in the loop L must be a subsequence of a m-parameterization
of L — loosely speaking, it must proceed in a single direction around L, and
cannot reverse direction at some vertex.

21



7 The Intersection Number

Let § = ((V,m, L), (k,A)) be an orientable GADS and let €2 be a coherent
orientation of G. In this section we define an intersection number of a (kU \)-
path p with a closed (kUA)-path c. This number is denoted by [ 2]3. It is defined
only if every common vertex of the two paths is a nonsingular interior vertex
of G. Loosely speaking, it is the number of times the path p crosses from the
right of the closed path ¢ to its left, minus the number of times p crosses c
from left to right.

Our intersection number is a generalization to GADS of the intersection number
between paths of surfels in digital boundaries that was defined and used in [2],
except that we only define the intersection number when one of the two paths
is closed. * Our main result about the intersection number (Theorem 7.7) is
that in an orientable GADS the intersection number of a A-path with a closed
k-path is invariant under A-homotopic deformations of the A-path, assuming
that all vertices of the closed x-path are nonsingular interior vertices of G. As
we shall see in the next section, this fact can be used to prove our Jordan
curve theorem for planar GADS (Theorem 4.8 above).

The definition of the intersection number is based on the idea that, for each
three-vertex segment (z, 1, x2) of a (kU \)-path in which 2, is a nonsingular
interior vertex of G, we can partition the set Nj(z1) \ {zo, 22} into a “left”
side and a “right” side with respect to the segment (z¢, 1, z3), using the -
cycle Ng ,, (z1) defined in Section 5.2. The details of this are given in the next
definition. Note that since {zg,z1},{z1,22} € kU X, Axiom 2 implies that
To, ¥y € Ni(w1), so that xy lies on the 7-cycle Ng . (1)

Definition 7.1 Let (xg,x1,22) be a segment of a (kU \)-path, where 1 is
a nonsingular interior verter of G, and let N§ , (1) = (vo,...,vn), so that
vo = v, = xo. Let h € {0,...,n} be the integer such that v, = xo. Then we
deﬁne RQ(.YJ(),l’l,IQ) = {Ui | O<i< ]’L} and LQ(I0,$1,$2) = {’Ui | h<i< n}

Let ¢ = (zo, ..., x;) be a closed (kUM\)-path (so that g = z;). If z; is a nonsin-
gular interior vertex of G, we write Rightg, (i) for Ro(2(i—1)modis Ti, T(i+1) mod1)
and Leftq(7) for Lo(Z(i—1)modi, Tis T(i+1)mod)- Lhus if x; is a nonsingular inte-
rior vertex of G then Leftq () U Righto (i) = Nj(2:) \ {Z(—1)mod > T(i4+1) mod1}-
Note that the functions Left;, and Right;, are determined by the function €
and the sequence c; they do not depend on G (except in that § must be a
GADS whose loops constitute the domain of ).

Now let {y, z} be a (kU X)-edge. If one of y and z is not an interior vertex of
G or is a singularity of G, and that vertex is also a vertex of ¢, then W, . Is

undefined. Otherwise, we define W, , = s W, (@), where:

(1) W, ,)(@) = —0.5ify = z; and z € Right (i), or if z = z; and y € Left,(i).

131t is quite easy to extend our definition to two paths that are not closed.
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(2) W, (@) = +0.5if y = z; and z € Left( (i), or if 2 = z; and y € Right(,(i).

(3) W, (i) = 0 otherwise.

Definition 7.2 (intersection number) Let p = (yo,...,yn) be a (kU A)-
path and ¢ a closed (kU \)-path, such that every common vertex of ¢ and p is

a nonsingular interior vertexr of G. Then the intersection number of p with ¢,
denoted by IS, is defined to be "} Wigiviin)-

c?p’
The next two lemmas state fundamental properties of the intersection number
that follow without much difficulty from this definition.

Lemma 7.3 Let ¢ be a closed (kU X)-path, and let p', p1 and ps be (kU \)-
paths such that p' = p1.ps. Suppose further that every common vertex of ¢ and

» - o Q _ 79 Q
p' is a nonsingular interior vertex of §. Then I, = I, + 1., .

Lemma 7.4 If ¢; and ¢y are closed (kU \)-paths and every common vertex

of c1 and co is a nonsingular interior vertex of G, then Ig o = —Ig o

We will need two more lemmas to prove the main result of this section.

Lemma 7.5 Let C' be a simple closed \-curve whose vertices all lie in a single
loop L of §. Let ¢ = (xo, ..., x;) be a A\-parameterization of C. (Here x; = xy.)
Then C' has one of the following two properties:

(1) For each i such that x; is a nonsingular interior vertex of G,
(a) N} (z;)\ C C Rightg, (i), and
(b) C\A{Z(i—1)moat; Ti, T(i+1)moar} C Left(i).

(2) For each i such that z; is a nonsingular interior vertez of G,
(a) Ni(z;)\ C C Leftg, (i), and
(b) C\{Z(i—1)mod1> Ti> T(i+1)mod1} C Right (7).

Proof: It follows from Lemma 6.5 that there is a w-parameterization ¢’ of
L that begins and ends at o = z; and which contains c as a subsequence.
The m-cycle ¢ must be equivalent to (L) or to Q(L)~'. We now assume ¢ is
equivalent to (L) and deduce that property (1) holds. (In the other case it
follows from a symmetrical argument that (2) holds.)

Let x; € C be a nonsingular interior vertex of §. From its very definition,
it is readily seen that the set Leftq (i) is the m-cut-interval of L associated
with Z(;—1)mod; and Z(i;1)moa; that does not contain z;. Let I denote that
m-cut-interval.

On applying Lemma 6.5 with (2,y) = (Z(-1)mod > T(i+1)mod1), We deduce that
C\{Z(i—1) mod 1> Ti, T(it1)mod1} < I = Left,(4), and so (b) holds. Regarding (a),
note that (since Leftg, (i) = I) we have

N (x;)\C = N} (z;) N (Lefts (i) URights, (1)) \C € (N (z;) NI\ C')URightg, (7).
It follows that, to prove (a), it is enough to verify that N*(z;) N1\ C = 0.

If |C] = 3, then | = 3 and #(;—1)mod: is A-adjacent t0 Z(;41)moa;s- In this case
Axiom 3 implies that N*(z;) N1 = 0, as required. Now suppose |C| > 3. Then

23



Lemma 6.4 implies that C' is a (k N A)-subloop, and it is readily seen from
Axiom 3 that a vertex in I which does not belong to C' cannot be k-adjacent
to x;. Hence N (z;) N1\ C =, as required. O

Lemma 7.6 Let ¢ be a A-parameterization of a simple closed \-curve that lies
in a single loop of G, and let ¢ be a closed k-path such that every common
vertex of ¢ and ¢ is a nonsingular interior vertex of G. Then Igc/ = 0.

Proof: Let ¢ = (zq,..., ), let C be the simple closed A-curve parameterized
by ¢, and let ¢ = (yo,...,yn). (Thus z; = x¢ and y;, = yo.) For all j such that
y; and y;41 both lie on C, Wy = 0. (It is plain that W¢ (1) =0
except possibly at the two values of 7 in 0,...,1 — 1 for which z; € {y;,y;+1},
and that W¢ (i) = 0 for both of those values of i if y; and y;i1 are A-

consecutive vertices of C'. Moreover, W{ () is +0.5 for one value of ¢ and

sYi+1
—0.5 for the other if y; and y;4, are notyj\i/égrisecutive on C, since the (b) part
of (1) or (2) in Lemma 7.5 applies at both of y; and y,41.) Also, W, a0 D188
one nonzero value (£0.5) for all j such that y; € C' and y,41 ¢ C, and has the
opposite nonzero value for all j such that y; ¢ C' and y,;41 € C, since the (a)
part of (1) or (2) in Lemma 7.5 applies in all such cases at the one of y; and
yj+1 that lies on C'. As ¢ is a closed k-path, there are exactly as many values
of 7in 0,...,h — 1 for which y; € C and y;+1 ¢ C as there are values of j for

which y; ¢ C and y;41 € C. Hence I, = Z?;é Wi = 0- 0

Using this lemma and Proposition 3.4, we now prove the main result of this
section. Note that (by Property 2.4) this theorem, Lemma 7.5, and Lemma 7.6
all remain true when « is replaced by A and A by x.

Theorem 7.7 Let G = ((V, 7, L), (K, \)) be an orientable GADS, and let ) be
a coherent orientation of G. Let ¢ be a closed k-path all of whose vertices are
nonsingular interior vertices of G, and let p and q be two A-paths which are
\-homotopic in G. Then [Sp = [gq.

Corollary 7.8 Under the hypotheses of Theorem 7.7, Igc, =0 for any closed
A-path ¢ that is A-reducible in G.

Proof of Theorem 7.7: By Proposition 3.4, it is sufficient to prove Theo-
rem 7.7 when p and q are the same up to a minimal A-deformation in G. There
are two cases. First suppose p = p;.(z,y, x).p2 and ¢ = p1.ps, where {x,y} € \.
Then (by Lemma 7.3) I7}, = I}, + [g(xvy) + [3@@) + I . But it is immediate

¢,p1 cp2”

" Q Q Q _ 0 Q _79  _ 70
from Definition 7.2 that I\, +1., ) = 0,801, =1, +1., =1, ,, =1,

Next, suppose p = p1.7.p2 and ¢ = p;.pe, where v is a A-parameterization of a
simple closed A-curve in a loop of §. Then I3}, = I7} =1 +I +1I).
But Lemma 7.6 implies that I 970 = 0 and so, by Lemma 7.4, I C% = 0. Hence

= +13 =12 =IO

¢P1 C,p2 C¢,p1.-p2
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8 A Proof of the Jordan Curve Theorem

We now outline a proof of the Jordan curve theorem for planar GADS (The-
orem 4.8 above). Since a planar pGADS is orientable (Corollary 5.2), has no
singularities (Proposition 4.7), and is simply connected (Corollary 4.6), this
theorem follows from the following more general result:

Theorem 8.1 Let § = ((V, 7, L), (k,A)) be a GADS that is a subGADS of an
orientable pcADS §' = ((V', 7', L), (K, X)) which has no singularities. Let ¢
be a k-parameterization of a simple closed k-curve C' of G such that:

(1) C is not included in any loop of G.
(2) Every vertex in C is an interior vertex of §.
(3) c is K'-reducible in G'.

Then V' \ C has ezxactly two A-components, and, for each vertex x € C', N (x)
intersects both \-components of V' \ C.

It is perhaps worth mentioning that in this theorem the hypothesis that G’ is
orientable is not really necessary, but is included because we wish to give a
proof of the theorem that uses the intersection number (which is only defined
in orientable GADS).

Regarding condition (2), note that an interior vertex v of § cannot be a vertex
of a (7"\7)-edge, cannot lie on a loop of § in £\ £, and cannot be a singularity
of G, for in all of these cases v would be a singularity of G, contrary to the
hypothesis that §’ has no singularities.

As a first step in proving Theorem 8.1, we establish the following:

Lemma 8.2 Let § = (V,7,L),(k,\)) be a GADS. Let x be a nonsingular
interior vertex of G, let €2, be a coherent local orientation of G at x, let y €
N7(x), and let S be the set of vertices of a contiguous subsequence s of Ng_, (x)
such that S N N} ,(x) is nonempty. Suppose further that no vertex in s is
(kN A)-adjacent to x, with the possible exceptions of the first and last vertices
of s. Then there is a (kK N X)-subloop G in a loop of G such that:

(1) x € G, and
(2) SON} \(x) is the set of vertices of a contiguous subsequence of a (KNA)-
parameterization of G.

Proof: Since no vertex in s (except possibly the first or last vertex) is (kN A)-
adjacent to w, it follows from the definition of N, () that S is contained in
some loop L of G that contains x. Moreover, there is a m-parameterization g
of L that begins and ends at x and contains s as a contiguous subsequence.

Let x_ and x, be respectively the first and the last vertex in the sequence
g that lies in S N N} ,(x). Let g— be a shortest subsequence of g that is a
(k N A)-path from z, to x. Let go be a shortest subsequence of g that is a
(k N A)-path from z_ to z,. Let g, be a shortest subsequence of g that is a
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(k N A)-path from z to x_. For ¢ € {—,0,+}, let G, be the set of vertices on
gp and let G = G, \ {v_,z,v,}. Then G, C S.

Let G = G, UGy U G_. Since no vertex in s (except possibly the first or
last vertex) is (k N \)-adjacent to x, it follows that x is not (k N A)-adjacent
to G§. By Axiom 3 (applied to the k- or M-edge {z,z_}), G* U {z } UG}
is not (x N A)-adjacent to G*.. Similarly, Axiom 3 implies G% U {z_} UG is
not (kN A)-adjacent to G*. Hence G is a simple closed (kN A)-curve in L.
Evidently, G satisfies (1).

Suppose there is a vertex v in SNN/ |, () \Go. Then, in the m-parameterization
g of L, the vertex v lies somewhere between two (k N \)-adjacent vertices in
Gyp. On applying Axiom 3 to those two vertices, we deduce that v & N7, (z),
a contradiction. Hence S N N}, (z) C Gy.

By Theorem 6.2, the (kN A)-subloop G is contained in N}, (z)U{x}. So (since
Gy C 5) we have Gy C SN N, (x). Thus Gy = SN N}, (z), and therefore G
satisfies (2). O

Lemma 8.3 Under the hypotheses of Theorem 8.1, let ) be a coherent ori-
entation of §', and let ¢ = (xg,...,x;), so that x; = xo. Then, for all i €
{0,...,1}, each of the sets Leftd, (1) NN 5 (x;) \C and Right¢,(4) N N5y (x:) \ C

18 A-connected and \-adjacent to x;.

Proof: Write i@®1 and i1 for ((¢+1) mod ) and ((i—1) mod [), respectively.
Let R = Rightg (i) N N\ ().

Claim 1: There is a vertex in R\ C that is A-adjacent to z;.

This is true if there is a vertex v in Rightg(7) that is (k N A)-adjacent to z;,
as such a vertex v cannot belong to C' (for otherwise C' would not be a simple
closed k-curve).

Now suppose there is no such v. Then, on applying Lemma 8.2 with S =
Right, (1) U{xio1, Tie1 } and & = x;, we deduce that there is a (kN A)-subloop
G in a loop L of G such that x; € G and R U {x;c1,Tie1} is a contiguous
subsequence of a (k N A)-parameterization of G.

The vertices x;5; and ;5 of G are not k-adjacent. Otherwise {x;c1, T, Tig1 }
would be a simple closed k-curve, so that C' = {x;s1, 2, Tie1} C L (by Prop-
erty 2.1) contrary to condition (1) of Theorem 8.1. Hence it follows from
Theorem 6.2 that all pairs of distinct vertices in G are A-adjacent, and so
all vertices in R U {z;01,Zi¢1} are A-adjacent to z;. To establish Claim 1, it
remains only to show that R & C.

Since x; is (k N A)-adjacent to x;51 and to x;q1, and since R U {01, Tig1} 18
a contiguous subsequence of a (k N A)-parameterization of the simple closed
(kN A)-curve G that contains z;, we must have G = RU{z;c1, T4, Tie1 }. Now if
R C C, then G C C and since C'is a simple closed k-curve we have C' = G C L
(by Property 2.1) contrary to condition (1) of Theorem 8.1. Hence R Z C,
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and so Claim 1 is justified.
Claim 2: R\ C is A\-connected.

Let s = (z0,...,2n) be the subsequence of the m-cycle N, .. (%) consisting
of the vertices in R. Let (my,...,m,) be the strictly increasing sequence of
integers such that {2,,..., zm,} = R\ C. We now prove that {zny,, ..., 2m,}
is A-connected by showing that {z, , zm,,,} € A for all k (0 < k < p). Indeed,
no vertex z; such that my < j < myq can be (k N A)-adjacent to z; (since
all vertices z; such that my < j < my4q belong to C, and z;5; and x;¢, are
the only k-neighbors of z; on C'). On applying Lemma 8.2 to the contiguous
subsequence of N§, . (;) whose first and last vertices are z, and z,,,, we
deduce that z;, zp, , and zn,,, all belong to a (kN A)-subloop H in a loop. By
Theorem 6.2, one of the following is true:

(1) All pairs of distinct vertices of H are A-adjacent.
(2) All pairs of distinct vertices of H are k-adjacent.

In case 1, {Zm,; Zm,,, } € A Incase 2, 2, and 2, ,, must be (kNA)-consecutive
on H. (For otherwise there would be a vertex z* on H that lies between
them in Ng .. (i), by Lemma 6.1(1). Since 2y, , 2m,,, € Right((i), we have
z* € Right§, (7). So since z* € Nf(x;) C N} \(z;) [by (2)], we have z* € R.
Therefore z* = z; for some j such that my < j < myyy. But z; = 2* ¢ C
since x;01 and x;41 are the only k-neighbors of z; on the simple closed x-
curve C, and so z; € R\ C. This contradicts the definition of the sequence
(mo, ..., my).) Thus in both cases {zm,, 2m,,,} € A, as required. This proves
Claim 2.

Thus Rightg,(i) N N\ (z;) \ C is A-connected and A-adjacent to x;. By a
symmetrical argument, the same is true of Leftg, (i) N N}, (z;) \ C. O

Using Lemma 8.3, it is not hard to prove the following result:

Proposition 8.4 Under the hypotheses of Theorem 8.1, V \ C has at least
two \-components.

Proof: Suppose V' \ C is A-connected. Let 2 be a coherent orientation of g,
let ¢ = (2o,...,x;) (so that x; = x¢), and pick i € {0,...,l}. By Lemma 8.3
there exist vertices y € Leftg, (i) N N (x;) \ C and z € Rightg, (i) N N{(x;) \ C.
As V'\ C is A-connected, there is a A-path ain V' \ C from y to z. Note that
a is also a N-path of §’, since A C X (by Property 2.6). The closed X-path
o = a.(z,x;,y) satisfies [ ga, = 1. But since all vertices of a pGADS are interior
vertices and ¢ is x'-reducible in the pGADS §' (which has no singularities), it
follows from Corollary 7.8 that I3 ., = 0, so that (by Lemma 7.4) IL, =0, a
contradiction. O

The next proposition will be used to prove that the set V'\ C' in Theorem 8.1

cannot have more than two A\-components. For any set p of unordered pairs
of vertices of a GADS, we say that a set A of vertices of the GADS is a p-arc
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if A is either empty or a singleton set, or if A is a finite p-connected set with
the following property: there are two (and only two) elements of A that each
have just one p-neighbor in A, and all other elements of A have exactly two
p-neighbors in A. Note that if C' is any simple closed p-curve and p € C
then C' — {p} is a p-arc. Each element of a p-arc A that does not have two
p-neighbors in A is called an extremity of A.

Proposition 8.5 Let G = ((V, 7, L), (k,A)) be a GADS. Let A be a k-arc such
that every vertex in A is a nonsingular interior vertex of G. Then V \ A is
A-connected.

Proof: We first assert that if x is an extremity of A, then N} ,(z)\ A is
A-connected. Indeed, let = be an extremity of A (so that x is a nonsingular
interior vertex of §), and let €, be a coherent local orientation of G at z.
Let y be the k-neighbor of z in A, unless |A| = 1 in which case let y be any

rk-neighbor of z. Let s = (2, ..., 2x) be a subsequence of the m-cycle Ng, ()
such that s consists of all the elements of N} ,(z). Let (my,...,m,) be the
strictly increasing sequence of integers such that {2, ..., zm, } = N\ (2)\ A.

We can now prove the assertion by showing that {2, zm,,,} € A for all k
(0 < k < p), using arguments that are very similar to arguments used in the
corresponding part of the proof of Lemma 8.3.

The proposition can be deduced from the assertion by induction on |A|. If
|A| = 0, the result follows from the m-connectedness of V. Assume the result
holds when |A| = k, and suppose |A| = k+ 1. Let « be an extremity of A, and
let A’ = A\ {z}. Let v be any vertex in V' \ A. By the induction hypothesis
v is A-connected in V' '\ A’ to z, and hence to some vertex of Ni(z)\ A". A
shortest A-path in V'\ A’ from v to N5 (z)\ A" does not pass through z. Hence
v is A-connected even in V' \ A to some vertex of Ni(z)\ A" C N} \(x) \ A.
Since v is an arbitrary vertex in V' \ A and N} ,(z) \ A is A-connected, V' \ A
is A-connected. O

Proof of Theorem 8.1: From Proposition 8.4 we know that V'\ C has at
least two A-components. Now let = be a vertex of C', and let A be the k-arc
C'\ {z}. Let v be any vertex in V' \ C. By Proposition 8.5, v is A-connected
in '\ A to z, and hence to some vertex in Nj(z) \ A. A shortest A\-path in
V\ A from v to N5 (z) \ A does not pass through x, so v is A\-connected even
in V'\ C to some vertex in Nj(z)\ A. Since this applies to any vertex v in
V'\ C, every A\-component of V' '\ C' intersects N3(z) \ A.

Moreover, since N5(z)\ A C N} \(z) \ C, we can deduce that V' \ C has no
more A-components than N, (z) \ C. But if ¢ = (o, ..., 2;), so that z; = z,
and i is the integer in {0,...,l — 1} such that x = z;, then N} \(z) \ C =
N7 (@)N(Leftg, (1) URightg, (7)) \C' does not have more than two A-components,
by Lemma 8.3. Hence V' \ C' cannot have more than two A-components. O
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9 Concluding Remarks

This paper presents a new, axiomatic, approach to 2D digital topology —
including the digital topology of boundary surfaces — in which the objects of
study are mathematical structures we call GADS. A GADS is a surface complex
equipped with a pair of adjacency relations (on the vertices of the complex)
that satisfy three axioms. Instances of this general concept include digital
spaces (on planar or on boundary surface grids) based on each of the good
pairs of adjacency relations that have previously been used by ourselves and
others in 2D digital topology.

Some results that have been established in the literature for certain specific
digital spaces have been generalized to GADS (e.g., a homotopy invariance
theorem for intersection numbers of digital paths, and a digital Jordan curve
theorem). There are many other results of digital topology for which this could
be done, such as results about simple points and boundary tracking. The
problem of developing a 3D version of this theory seems more challenging.
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