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ABSTRACT

In this paper we prove results relating to two homotopy relations and
four homology theories developed in the topology of digital images.
We introduce a new type of homotopy relation for digitally continuous
functions which we call “strong homotopy.” Both digital homotopy
and strong homotopy are natural digitizations of classical topological
homotopy: the difference between them is analogous to the difference
between digital 4-adjacency and 8-adjacency in the plane.

We also consider four different digital homology theories: a simplicial
homology theory by Arslan et al which is the homology of the clique
complex, a singular simplicial homology theory by D. W. Lee, a cubical
homology theory by Jamil and Ali, and a new kind of cubical homol-
ogy for digital images with ci-adjacency which is easily computed, and
generalizes a construction by Karaca & Ege. We show that the two
simplicial homology theories are isomorphic to each other, but distinct
from the two cubical theories.

We also show that homotopic maps have the same induced homomor-
phisms in the cubical homology theory, and strong homotopic maps
additionally have the same induced homomorphisms in the simplicial
theory.
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1. INTRODUCTION

A digital image is a set of points X, with some adjacency relation x, which is
symmetric and antireflexive. The standard notation for such a digital image is
(X, k). Typically in digital topology the set X is a finite subset of Z", and the
adjacency relation is based on some notion of adjacency of points in the integer
lattice. This style of digital topology has its origins in the work of Rosenfeld
and others, see [15] for an early work.

We will use the notation x <+, y when x is adjacent to y by the adjacency &,
and x £, y when x is adjacent or equal to y. The particular adjacency relation
will usually be clear from context, and in this case we will omit the subscript.

The results of this paper hold generally, without any specific reference to the
embedding of the images in Z™. Thus we will often simply consider a digital
image X as an abstract simple graph, where the vertices are points of X, and
an edge connects two vertices z, 2’ € X whenever z <> .

Definition 1.1. Let (X, &), (Y, \) be digital images. A function f: X — Y is
(K, A)-continuous iff whenever @ <>, y then f(z) ) f(y).

When f is a continuous bijection with continuous inverse, we say f is an
isomorphism.

For simplicity of notation, we will generally not need to reference the adja-
cency relation specifically. Thus we typically will denote a digital image simply
by X, and when the appropriate adjacency relations are clear we simply call
a function between digital images “continuous”. We will often refer to digital
images as simply “images”.

For any digital image X the identity map idx : X — X is always continuous.

The topological theory of digital images has, to a large part, been character-
ized by taking ideas from classical topology and “discretizing” them. Typically
R™ is replaced by Z", and so on. Viewing Z as a digital image, it makes sense
to say a and b are adjacent if and only if |a — b| = 1. This adjacency relation
corresponds to connectivity in the standard topology of R.

When n > 1 there is no canonical “standard adjacency” to use in Z"™ which
corresponds naturally to the standard topology of R™. In the case of Z2, for
example, at least two different adjacency relations seem reasonable: we can
view Z2? as a rectangular lattice connected by the coordinate grid, so that
each point is adjacent to 4 neighbors; or we can additionally allow diagonal
adjacencies so that each point is adjacent to 8 neighbors. This is formalized
in the following definition from [7] (though these adjacencies had been studied
for many years earlier):

Definition 1.2. Let k,n be positive integers with k& < n. Then define an
adjacency relation ¢, on Z™ as follows: two points x,y € Z" are ci-adjacent if
their coordinates differ by at most 1 in at most k positions, and are equal in
all other positions.

We will also make use of the notion of connectedness. For a,b € Z and
a < b, let [a,b]z denote the set {a,a+ 1,...,b}. This set is called the digital
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interval from a to b. Given two points z,y € (X, k), a k-path from x to y is a
(c1, k)-continuous function p : [0,n]z — X with p(0) =z and p(n) = y. When
the adjacency relation is understood, a x-path is called simply a path.
A digital image (X, k) is connected when any two points of X can be joined
by a path. A connected component of X is a maximal connected subset of X.
The following is the standard definition of digital homotopy. For a,b € Z
with @ <b, let [a, b]z be the digital interval [a,blz = {a,a+1,...,b}.

Definition 1.3 ([2]). Let (X, x) and (Y, \) be digital images. Let f,g: X =Y
be (k, A)-continuous functions. Suppose there is a positive integer m and a
function H : X x [0, k]z — Y such that:

o forallx € X, H(x,0) = f(z) and H(z, k) = g(z);

e for all x € X, the induced function Hy : [0, k]z — Y defined by

H,(t) = H(z,t)for allt e [0,k]z

is (¢1, A)—continuous.
e for all ¢ € [0, k]z, the induced function H; : X — Y defined by

Hy(z) = H(z,t)forallz e X

is (k, A\)—continuous.
Then H is a [digital] homotopy between f and g, and f and g are [digitally]
homotopic, denoted f ~ g.
If k=1, then f and g are homotopic in one step.

Homotopy in one step can easily be expressed in terms of individual adja-
cencies:

Proposition 1.4. Let f,g: X — Y be continuous. Then f is homotopic to g
in one step if and only if for every x € X, we have f(z)  g(x).

Proof. Assume that f is homotopic to g in one step. The homotopy is simply
defined by H(z,0) = f(z) and H(z,1) = g(z). Then by continuity in the
second coordinate of H, we have f(xz) = H(x,0) & H(x,1) = g(z) as desired.
Now assume that f(z) < g(x) for each x. Define H : X x [0,1]z — Y by
H(z,0) = f(z) and H(z,1) = g(x). Clearly H(x,t) is continuous in z for each
fixed t, since f and g are continuous. Also H(z,t) is continuous in ¢ for fixed
x because H(z,0) = f(z) € g(z) = H(z,1). Thus H is a one step homotopy
from f to g as desired. O

Definition 1.3 is inspired by the concept of homotopy from classical topology,
but the classical definition is simpler because it can use the product topology.
In classical topology the continuity of the two types of “induced function” is
expressed simply by saying that H : X x [0,1] — Y is continuous with respect
to the product topology on X x [0, 1].

Given two digital images A and B, we can consider the product A x B as
a digital image, but there are several choices for the adjacency to be used.
The most natural adjacencies are the normal product adjacencies, which were
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defined by Boxer in [3]. This generalizes an earlier product construction from
[7], which is equivalent to NPs.

Definition 1.5 ([3]). For each i € {1,...,n}, let (X;, ;) be digital images.
Then for some u € {1,...,n}, the normal product adjacency NP, (k1,...,kKn)
is the adjacency relation on []"_; X; defined by: (z1,...,2,) and (21,...,2))
are adjacent if and only if their coordinates are adjacent in at most u positions,
and equal in all other positions.

When the underlying adjacencies are clear, we abbreviate NP, (K1, ..., ky)

as simply NP,,.

The normal product adjacency is inspired by the various standard adjacen-
cies typically used on Z". On Z', as mentioned above, the standard adjacency
is ¢1. Viewing Z? as the product Z? = Z x Z, it is easy to see that 4-adjacency
is the same as NPj(cy,¢1), and 8-adjacency is NPy(c1,¢1). The typical adja-
cencies used in Z3 are 6-, 18-, and 26-adjacency, depending on which types of
diagonal adjacencies are allowed. These adjacencies are exactly NP1 (cq,c1,¢1),
NPQ(Cl, Ci, Cl), and NPg(Cl, Ci, Cl).

Boxer showed that the definition of homotopy can be rephrased in terms of
an NP product adjacency:

Theorem 1.6 ([3, Theorem 3.6]). Let (X,k) and (Y,\) be digital images.
Then H : X x [0,k]z — Y is a homotopy if and only if H is (NP1(k,c1),\)-
continuous.

Once we have a notion of homotopy, it is natural to define homotopy equiv-
alence:

Definition 1.7. Digital images X and Y are homotopy equivalent when there
exist continuous functions f : X — Y and g : Y — X with go f ~ idx and
fog~idy, where idx and idy denote the identity functions on X and Y. In
this case f and g are called homotopy equivalences.

The structure of this paper is as follows: in Section 2 we define strong
homotopy and give some of its basic properties. In Section 3 we show that
a homotopy is strong if and only if it can be made “punctuated”, that is,
changing by only one point at a time. In Section 4 we describe three different
digital homology theories existing in the literature. In Section 5 we describe
a new theory, defined only for images in Z" with ¢;-adjacency, which we call
c1-cubical homology, similar to a construction described in [11]. In Section 6
we show that the simplicial and singular theories are isomorphic. In Section 7
we prove homotopy and strong homotopy invariance properties for the various
theories. In Section 8 we describe some relationships between the simplicial
and cubical theories, and in Section 9 we describe some specific examples.

The author would like to thank Samira Jamil and Danish Ali for helpful
conversations concerning early drafts of this paper.
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2. STRONG HOMOTOPY

Theorem 1.6 states that a homotopy is a function H : X x [0, k]z — Y which
is continuous when we use the NP; product adjacency in the domain. We will
explore the following definition, which simply uses NP5 in place of NP;. As we
will see this imposes extra restrictions on the homotopy H.

Definition 2.1. Let (X, k) and (Y, ) be digital images. We say H : X x
[0,k]z — Y is a strong homotopy when H is (NP3(k,c1), A)-continuous.

If there is a strong homotopy H between f and g, we say f and g are
strongly homotopic, and we write f = g. If additionally kK = 1, we say f and g
are strongly homotopic in one step.

Since we have exchanged NP for NP5 in the definition above, we may say
informally that strong homotopy and digital homotopy provide two different
but equally natural “digitizations” of the classical topological idea of homotopy.
The difference between homotopy and strong homotopy of continuous functions
is analogous to the difference between 4-adjacency and 8-adjacency of points
in the plane. The strong homotopy relation matches one used in recent work
[13] to build a digital homotopy theory in many respect matching the classical
one.

It is clear from the definition of the normal product adjacency that if two
points are NPi-adjacent, then they are NPs-adjacent. Thus any function
f : Ax B — C which is continuous when using NP5 in the domain will
automatically be continuous when using NP; in the domain. Thus we obtain
the following, which justifies the use of the word “strong.”

Theorem 2.2. Let H : X x [0,k]z — Y be a strong homotopy. Then H is a
homotopy.

A standard argument shows that strong homotopy is an equivalence relation.
Theorem 2.3. Strong homotopy is an equivalence relation.

Strong homotopy in one step can be expressed in terms of adjacencies as in
Proposition 1.4.

Theorem 2.4. Let f,g: X =Y be continuous. Then f is strongly homotopic
to g in one step if and only if for every x,x’ € X with x < a’, we have
f(z) < g(a).

Proof. First assume that f is homotopic to ¢g in one step. The homotopy is
simply defined by H(z,0) = f(x) and H(x,1) = g(z). Then if x < 2/, we
will have (z,0) +np, (2/,1), and thus since H is NPa-continuous we have
f(z)=H(z,0) 2 H(z',1) = g(2') as desired.

Now assume that f(x) 2 g(z') for each x. Define H : X x [0,1]z —» Y
by H(z,0) = f(z) and H(x,1) = g(x), and we must show that H is NP,-
continuous. Take (z,t), (¢/,t') € X x [0,1]z with (z,t) <>xp, (2/,t), and we
will show that H(x,t) € H(a',t"). We have a few cases based on the values of
t,t' € {0,1}.
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If ¢t = ¢/, without loss of generality say t =t = 0. Since (z,t) <>np, (2/, 1),
we have z £ 2/, and so we have

H(z,t) = H(x,0) = f(x) & f(2') = H(2',0) = H(2', )

since f is continuous. Thus H(z,t) & H(z',t') as desired.
Finally, if ¢ # ', without loss of generality assume ¢ = 0 and ¢’ = 1. Since
(x,t) e, (2/,1), we have z 2 2/, and so we have

H(z,t) = H(z,0) = f(x) 2 g(z') = H(2',1) = H(2,t')
and so H(z,t) & H(a',t’) as desired. O

By Theorem 2.2, if f = g then automatically we have f ~ g. The converse
is not true, however, as the following example shows.

One important source of examples in the study of digital images is the digital
cycle Cp, = {co, ..., cn-1}, with adjacency given by ¢; <> ¢;41 for each ¢, where
for convenience we always read the subscripts modulo n. Thus C), is a digital
image of n points which is in many ways topologically analogous to the circle.

Example 2.5. It is well known that all selfmaps on Cj are homotopic to one
another. But we will show that the identity map id¢, : C4 — Cy is not strongly
homotopic to any map f with #f(Cy) < 4. It will suffice to show that id¢, is
not strongly homotopic in 1 step to any such map.

Without loss of generality assume that f(Cys) C {co,c1,c2}, and assume for
the sake of a contradiction that f is strongly homotopic in one step to id¢,.
Then by Theorem 2.4, since ¢y <> ¢3 and ¢y <> c3, we will have co 2 f(c3)
and also ¢y & f(c3). Thus f(c3) is adjacent to both ¢y and ca, but cannot
equal c3 since c3 € f(Cy). We conclude that f(c3) = ¢1. By Theorem 1.4, this
contradicts the fact that f is homotopic to the identity in 1 step.

3. PUNCTUATED HOMOTOPY

Given a homotopy H (z,t), we say that H is punctuated if, for each t, there
is some z; such that H(z,t) = H(z,t + 1) for all z # x;. That is, from each
stage of the homotopy to the next, the induced map Hy(z) is changing by at
most one point at a time.

Theorem 3.1. Any punctuated homotopy is a strong homotopy.

Proof. Let H be a punctuated homotopy, and let (z,t) <>np, (2/,t"). We must
show that H(z,t) & H(z',t'). Since (z,t) <>np, (2,t') we have z £ 2’ and
tet'. If t =, then we have (z,t) <>np, (2/,t) and so H(x,t) & H(a',t)
since H is a homotopy. It remains to consider when t <+ ¢’ and ¢t # t’. In this
case, without loss of generality assume t' = ¢ + 1.

Since H is a punctuated homotopy, there is some z; such that H(z,t) =
H(z,t+1) for all x # x;. When z # z;, we have

H(z,t)=H(z,t+1)e H(2',t +1) = H(2',t)

since H is a homotopy. Similarly we have H(z,t) & H(z',t') when 2’ # x;.
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Thus it remains only to consider when = 2’ = z;. That is, we must
show that H(x,t)  H(xy,t') = H(xy,t + 1), and this is true because H is a
homotopy. (I

We also have a sort of converse to the above. While not every strong homo-
topy is punctuated, any two strongly homotopic maps can be connected by a
punctuated homotopy, provided that the domain is finite.

Theorem 3.2. Let X be a finite digital image, and let f,g: X — Y be strongly
homotopic. Then f and g are homotopic by a punctuated homotopy.

Proof. By induction, it suffices to show that if f and g are strongly homotopic
in one step, then they are homotopic by a punctuated homotopy. Enumerate
the points of X as X = {xo,...,z,}, and define H : X x [0,n+ 1]z — Y by:

f(i[:l) if ¢ > t,
g(x;) ifi < t.

Then H moves one point at a time, so we need only to show that it has the
appropriate continuity properties to be a homotopy.

First we show that H(x,t) is continuous in z for fixed ¢t. Take z < 2/,
then H(z,t) € {f(z),g(x)} and H(a',t) € {f(a'),g(z)}. Since f and g are
homotopic in one step we have f(z) € f(2’) and g(x) £ g(2’), and since f and
g are strongly homotopic in one step we have f(z) £ g(z') and g(z) 2 f(a').
Thus in any case we have H(z,t) € H(z',t) as desired.

Now we show that H(x,t) is continuous in ¢ for fixed z. It suffices to show
that H(z,t) © H(z,t + 1) for any t. We have H(z,t) € {f(x),g(x)} and also
H(z,t+1) € {f(z),g(x)}. Since f and g are homotopic in one step we have
f(z) 2 g(z), and thus H(z,t) & H(z,t+ 1) as desired. O

The finiteness assumption above is necessary, as the following example shows.

Example 3.3. Let X = Z x {0,1} C Z?, with 8-adjacency, and let f(x,y) =
(x,0). Then f is strongly homotopic to idx in one step. But f(z,y) and id(x, y)
differ for infinitely many values of (x,y) € X. Since a punctuated homotopy
has finite time interval, and can only change one value at a time, there can be
no punctuated homotopy from f to idx.

Combining the two theorems above gives us a nice characterization of strong
homotopy.

Corollary 3.4. If X is finite, two continuous maps f,g: X — Y are strongly
homotopic if and only if they are homotopic by a punctuated homotopy.

As an application, we show that the identity map on the n-cycle for n > 4
is not strongly homotopic to any other map:

Example 3.5. Let n > 4, and assume for the sake of a contradiction that
there is some continuous f : C,, — C,, with f =2 id¢, and f # ide,. Without
loss of generality, assume that the homotopy from f to id¢, is punctuated and
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in one step. Since the homotopy is punctuated, f moves one point, so without
loss of generality we may assume that f(cp) = ¢; and f(¢;) = ¢; for all i #£ 0.
This contradicts the continuity of f, however, since we will have ¢y <> ¢,—1 but
c1 = f(co) ¥ f(cn-1) = cp—1 since n > 4.

4. DIGITAL HOMOLOGY THEORIES IN THE LITERATURE

Digital topological invariants are typically inspired by classical topology,
though most are not literally topological in nature. For example, when X and
Y are digital images, a digitally continuous function f : X — Y is not actually
continuous in the classical sense with respect to any topologies on X and Y.
The digital fundamental group 71 (X) is not actually the fundamental group of
X with respect to any topology on X, etc.

Digital homology, however, does fit neatly into the classical theory of homo-
logical algebra. Each of the homology theories described in [4, 12, 9] is indeed a
homology theory of a classical chain complex. Though it is not always done in
these references, we will make use of results from classical homological algebra
whenever possible to avoid the need for specialized definitions and proofs of
basic results.

We will review the basic homological algebra that will be useful, see e.g. [8].

A chain complex is a sequence of abelian groups Cp, C1,... and homomor-
phisms 9, : C; — Cy—1 satisfying 9,1 0 9; = 0 for all g. Given some chain
complex C = (Cy, dy), for each ¢ we define the cycle and boundary subgroups
Zq and By of Cy as: Zy = ker 9 and By = im 0p41. The dimension g homology
group of the chain complex is defined as Hy = Z;/B,;. When we are discussing
the homology groups of various different chain complexes, we will write H,(C)
for the dimension ¢ homology of the chain complex C.

Given two chain complexes A = (A, 8;4) and B = (By, 8;3 ), a sequence of
homomorphisms f; : A; = By is a chain map from A to B when f,_q 0 8&4 =
8;3 o fq for each q. Every such chain map induces a well-defined sequence of
homomorphisms f, , : Hy(A) — Hy(B). Furthermore, this correspondence is
functorial in the sense that (f © g)«q = fi,q © gs,q, and the induced homo-
morphism of the identity function is the identity homomorphism. When the
dimensions are clear, we will omit the subscript q.

Given three chain complexes A, B, C', and an exact sequence of chain maps:

0-ALBS oo,

for each ¢ there is a connecting homomorphism 8, : Hq(C) — Hy—1(A) such
that the following sequence is exact:

(4.1)
5q 1 f*,q 9x,q 6q
o= Hyy1 (C) 25 H (A) 2% H (B) 2% H,(C) =% Hy 1 (A) — ...

The “long exact sequence” above is the fundamental tool of relative homology
theory.
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4.1. Simplicial homology. Digital simplicial homology theory was first de-
fined by Arslan, Karaca, and Oztel in [1], in Turkish. This material was ex-
tended and published in English in [4]. We review the definitions as presented
in [4].

For a digital image X and some g > 0, a g-simplex is defined to be any set of
¢+ 1 mutually adjacent points of X. For some ordered list of mutually adjacent
points zo, ..., x4, the associated ordered ¢-simplex is denoted (zg, ..., z4).

The chain group Cy(X) is defined to be the abelian group generated by
the set of all ordered g-simplices, where if p : {0,...,q} — {0,...,q} is a
permutation, then in Cy(X) we identify

(42) <:Z?0,...,117q> = (—1)p<:Ep(0),...,Ip(q)>,
where (—1)? = 1 when p is an even permutation, and (—1)? = —1 when p is
an odd permutation.

The boundary homomorphism 0y : Cq(X) — Cq—1(X) is the homomorphism
induced by defining;:

q
(4.3) Og((@o, .. 2g)) = Y _(=1)(wo, ... T, ... 7y),
i=0

where ; indicates omission of the x; coordinate.

It can be verified that 94—1 0 93 = 0, and so (Cq(X), 9) forms a chain com-
plex, and the dimension ¢ homology group Hy(X) = Z,(X)/By(X) is defined
to be the homology of this chain complex.

Any continuous function f : X — Y induces a homomorphism fyx , :
Cy(X) — Cy(Y) defined by

f#7q(<x07 .- '7$q>) = <f($0)7 .- '7f(xq)>=

where the right side is interpreted as 0 if the set { f (z0), ..., f(z4)} has cardinal-
ity less than g. When the value of ¢ is understood, we simply write fx , = fx.

It is easy to check that this fu 4 is a chain map, and thus induces a homo-
morphism f, 4 : Hy(X) — Hy(X). Again, we typically write f. , = f. when
the ¢ is understood.

We will remark that the constructions above match exactly the homology
of the clique complexr of X when viewed as a graph. The clique complex is the
simplicial complex built from the complete subgraphs of a given graph, and
the homology of this simplicial complex is the same as the digital homology
defined above. The free mathematics software SageMath has built-in func-
tions to compute the clique complex of a graph, and further to compute the
homology of any finite complex. Thus it is easy to implement algorithms to
compute the simplicial homology groups of a digital image. Source code for
computing simplicial homology groups is available at the author’s website for
experimentation.’

These definitions and results are all exactly as expected from the classical
homology theory of a simplicial complex. As an example, we compute the

1http ://faculty.fairfield.edu/cstaecker
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homology groups of the cycle C,, for n > 4. The case n = 4 appears as
Theorem 3.17 of [4].

Theorem 4.1. If n > 4, we have:

H.(C)) = Z if g €{0,1},
0 if g>1.

Proof. First we prove the case ¢ = 0. The chain group Cy(C,,) is generated by
n different O-simplices (cg), . .., {cn—1). Since Jy is a trivial homomorphism, we
have Zy(Cy,) = Co(Cy,). Note that for each ¢, we have

(ci) = ({ei) = (cit1)) + (civ1) = Ocit1, ¢) + (cit1),

and thus (¢;) — (¢;11) € Bo(Cy,). Thus (¢;) and (c;+1) are equal in Hy(C),) for
every i. That is, Ho(C,) is the group generated by (co), and so Hy(C,) = Z
as desired.

Now for ¢ = 1, first we note that there are no 2-simplices in C,, (because
n > 4), so Cz(Cy,) is trivial, and thus By(C,) is trivial. Thus H;(C),) will
be isomorphic to Z1(C,). To determine Z;(C,), we must determine which
a € C1(Cy) satisfy 0a = 0. Any a € C1(C),) can be expressed as:

o = ’LU1<CQ, Cl> + -+ wn<cn—17 CO>
for w; € Z, and then da = 0 if and only if:

0 = da = wi({c1) — (o)) + - + wn({co) — (cn-1))
= (wy —w1)(co) + (w1 —w2)(e1) + -+ + (Wn-1 — wn){cn-1)

and thus we have w; = wy = -+ = w,, since the (¢;) are linearly independent
in C1(Cy). Then we have shown that Hy(C,) = Z1(C,,) is generated by the
single element

n—1
o= Z<Ciuci+l>7
i=0
and thus H,(C,) = Z.
For g > 1, there are no ¢-simplices and so C(C),) is trivial, and thus H,(Cy,)
is trivial. ]

In the case of C,,, we can make a full computation of the induced homomor-
phisms for any selfmap, using results from [5]. Let ¢ : C,, — C,, be the constant
map c¢(¢;) = co, let 1 : C,, = C,, be the “fHip map” I(¢;) = ¢—;, and for some
integer d, let rq : C,, — C,, be the rotation r4(c;) = ¢j+4. Theorem 9.3 of [5]
shows that there are exactly 3 homotopy classes of selfmaps on C),: any map
f:Cy — C, is either strongly homotopic to a constant, or is homotopic to the
identity and equals r4 for some d, or is homotopic to the flip map and equals
rq ol for some d. (The strongness of the homotopy to the constant was not
mentioned in [5], but the homotopy demonstrated in the proof in that paper is
easily made punctuated and therefore strong.)
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Theorem 4.2. Let n > 4, and let f : C,, — C,, be continuous. Then for all
q > 1, the induced homomorphism f. q: Hy(Cpn) — Hy(Cy,) is trivial, for ¢ =0
the induced homomorphism f. o =1id, and for ¢ =1 we have:

id  if f~ide,,
for=<—id if f~1,
0 if f~ec.

Proof. For g > 1 we have already seen that H,(C,,) is a trivial group, so we will
have f, = 0 automatically. When f is homotopic to a constant, as mentioned
above, in fact f = ¢ and thus f. = ¢, for all ¢, and so f, o is the identity and
fi,q 1s trivial for ¢ > 0.

Now we consider when f is homotopic to the identity or the flip map, for
g € {0,1}. First we consider ¢ = 0 and f ~ id¢,. Since Hy(C),) is generated
by (co), it suffices to show that f.((co)) = (co). Let d be some integer with
f =rq, and we have:

fe({eo)) = (f(co)) = (ca) = {co)

as desired. Exactly the same argument applies for f ~ [, since we will still have
(f(co)) = (cq) for some d.

Now for ¢ = 1, and f ~ ide, we must show f.(0) = o, where 0 =
Z;:Ol (¢i,cit1) as in the proof of Theorem 4.1. Let f = ry, and we have:

n—1 n—1
flo) = (fe), flcirr)) =D (CivarCisra) =0
i=0 i=0
as desired.
Finally we consider ¢ = 1 and f ~ [, and we must show f.(0) = —o. Let
f=raol,so f(¢;) = cq—i, and we have:
n—1 n—1 n—1
flo) = (f(e) fleinn)) = D (ca—isa—im1) = D _(c-it1,c-3)
S :
= <Ci+170i> = Z _<Ci70i+1> =0
i=0 i=0
as desired. O

The three cases of Theorem 4.2 suffice to compute f, for any selfmap of
C.,, and we note that in each of the three homotopy classes, the set of induced
homomorphisms is different. We obtain a sort of Hopf theorem for digital
cycles:

Corollary 4.3. Let n > 4, and let f,g : C,, — C, be continuous. Then
fr,q = Gs,q for each q if and only if f ~ g.

One major difference between the digital theory and classical homology is
that the induced homomorphism f, is not always a digital homotopy invariant.
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Example 4.4. By Theorem 4.1, the homology group H;(Cy) is isomorphic to
Z. Because all maps on Cy are homotopic, the identity map is homotopic to a
constant map c¢. But id, : H1(Cy) — H1(Cy) is the identity homomorphism of
Z, while ¢, : H1(C4) — H1(Cy) is the trivial homomorphism. Thus id ~ ¢ but
idy # c.

The lack of a homotopy-invariant induced homorphism is a major deficiency
in the homology theory of digital images. Lacking this homotopy invariance,
the homology groups are not well-behaved with respect to typical topological
constructions. For example two homotopy equivalent digital images may have
different homology groups. As a consequence the digital Euler characteristic
is not a digital homotopy type invariant. Example 7.2 of [6] shows that the
Hurewicz theorem also fails: that is, that H;(X) may not be isomorphic to the
abelianization of the fundamental group of X as defined in [2].

The homology group in dimension zero is easy to predict:

Theorem 4.5. Let X be any digital image with d connected components. Then
Ho(X) =74

Proof. The chain group Co(X) (which equals the group Zy(X) of O-cycles) has
basis given by the points of X. It is easy to see that two points z,y € Zy(X)
are homologous if and only if  and y are in the same connected component of
X. O

The simplicial homology is also easy to compute when X consists of finitely
many isolated points, that is, points which are not adjacent to any other points.

Theorem 4.6. Let X be any digital image consisting of k isolated points. Then
Ho(X) = ZF and Hy(X) =0 for ¢ > 0.

Proof. The statement concerning Hy(X) follows immediately from 4.5. Since
X has no adjacencies, it contains no ¢g-simplices when ¢ > 0. Thus Hy(X) =0
when g > 0 as desired. (I

4.2. Singular homology. Singular homology for digital images was defined
by D.W. Lee in [12]. We will review Lee’s definitions, using some different
notations to fit more cleanly with the other homology theories.

For any natural number ¢, let A? be the standard q-simplex, the digital
image consisting of ¢ + 1 mutually adjacent points. Viewed as a graph, A?
is the complete graph of ¢ + 1 vertices. The points of A? will be labeled and
ordered as A7 = (ep,...,€q).

Definition 4.7. Let X be a digital image. A singular g-simplex in X is a
continuous function

p: AT = X.
We will write such a singular g-simplex as the ordered list [¢(ep), . .., P(eq)].

For any g > 0, the group of singular q-chains, denoted C’q(X), is the free
abelian group whose basis is the set of all singular g-simplices of X.
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The singular boundary operator 9, : Cy(X) — Cy—1(X) is defined as follows:
q
(4.4) Oglzo, ... xg] =D (=1)'[x0, ... Ty .., 7],
i=0

where as usual Z; denotes omission of the ith element. When ¢ is a ¢-simplex,
0,¢ will be a singular (¢—1)-chain. As before, we will often omit the subscript g.
Note that we are using the same notation to denote the boundary operators in
both simplicial and singular homology. In practice this will not cause confusion.

The singular ¢-simplex [z, ..., x,] is very similar to the ordered g-simplex
(xg,...,24). The main difference algebraically is that, in the singular chain
group, we do not identify permutations of the listings. For example we have
(xo,11) = —(x1,10) in C1(X), but in C;(X) the basis elements [zg,z;] and
[1, zo] are linearly independent. We also will always have (z,z) = —(z,z) =0
in C; (X)), while [z, z] will be nontrivial in C; (X). This means that in particular
C,(X) has nonzero elements which, when written as lists of points, include
repetitions. Such elements are always 0 in Cy(X) because of (4.2).

Theorem 3.9 of [12] shows that 9,1 0 9, = 0, and thus (C,(X),d,) is a
chain complex, and the dimension q singular homology group is defined as
Hy(X) = Z4(X)/Bq(X). .

If f: X — Y is continuous, then there is a homomorphism fyu : Cy(X) —
C,(Y) defined on singular chains by fyx(¢) = f o ¢. This is easily shown to
be a chain map, and thus we obtain the induced homomorphism on singular
homology f. : Hy(X) — H,(Y).

We will require an analogue of Theorem 4.5 for singular homology. The
proof is the same as that of Theorem 4.5.

Theorem 4.8. Let X be any digital image with d connected components. Then
Ho(X) =74

Lee’s work provides an analogue of Theorem 4.6 for singular homology. The
following is a consequence of Theorems 3.16 and 3.20 of [12]:

Theorem 4.9. Let X be a digital image which consists of k isolated points.
Then Ho(X) 2 ZF and Hy(X) =0 for ¢ > 0.

4.3. Cubical homology. Cubical homology was introduced by Jamil & Ali
in [9], with definitions mimicking the classical cubical homology as presented
n [14]. We will review the definition and basic results.

Let I = [0,1]z = {0,1}, and we consider I" C Z" as a digital image with
c1-adjacency for each n > 1. When n = 0, we define I° to be a single point.

Definition 4.10. Let (X, x) be a digital image. Then a g-cube in X is a
(c1, k)-continuous function

o: 17— X.
A g-cube is degenerate if there is some ¢ such that the function o (¢4, ..., %,) does
not depend on the coordinate ¢;. Let Q4(X) be the free abelian group whose
basis is the set of all g-cubes in X, and let D,(X) be the subgroup generated
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by the degenerate g-cubes. Then the group of cubical g-chains, denoted Cy(X),
is the quotient Cy(X) = Qq(X)/D4(X).

The cubical boundary operator is defined in terms of cubical face operators.
For some g-cube o and some i € {1,...,q}, define (¢ — 1)-cubes A0 and B;o
as:

(Aia)(tlv cee 7tQ*1) = (tla s ;tiflvoatia s atqfl)a
(Bia)(tlv cee 7tQ*1) = (tla cee ;tiflv 1atia cee atqfl)a

These A; and B; give the “front face” and “back face” of the cube in each of
its ¢ dimensions.

The boundary operator 9, : Cy(X) — Cy—1(X) is defined on cubes by the
formula:

q
(4.5) 04(0) = > (~1)'(Aio — Bjo),
i=1
and extended to chains by linearity. We will sometimes omit the subscript q.

A routine calculation shows that d,—1 0 9, = 0, and thus (C,(X),d,) is a
chain complex. We obtain cycle and boundary groups Z,(X) and B,(X) and
the homology groups H,(X) = Z,(X)/B,(X).

Exactly as in the singular theory, if f : X — Y is continuous, then fy :
Cy(X) = Cy(Y) is defined on cubical chains by f4(0) = foo, and this defines
the induced homomorphism on cubical homology f. : H,(X) — H,(Y).

The most important property of cubical homology which distinguishes it
from simplicial homology is the following, which is Theorem 3.7 of [9]:

Theorem 4.11 ([9, Theorem 3.7]). Let X and Y be any digital images and
f.9: X =Y with induced homomorphisms fy, g« : Hy(X) — Hy(X). If f ~g,
then fi = g«.

Immediate corollaries include:

Corollary 4.12 ([9, Corollary 3.8]). If X andY are homotopy equivalent, then
Hy(X) = Hy(Y) for all q.

Corollary 4.13 (]9, Example 3.9]). If X is contractible (i.e. X is homotopy
equivalent to a point), then

E[(X)Z Z ifqg=0,
e 0 ifqg#0.

Jamil & Ali also prove a Hurewicz theorem, that H;(X) is isomorphic to
the abelianization of the fundamental group of X. They also prove results
concerning connected components and single points. The following theorems
follow from [9, Propositions 3.1, 3.2] and Corollary 4.13.

Theorem 4.14. Let X be a digital image with d connected components. Then
Ho(X) =74
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Theorem 4.15. Let X be a digital image consisting of k isolated points. Then
Ho(X) 2 ZF and Hy(X) =20 for g > 0.

5. A NEW CUBICAL HOMOLOGY THEORY FOR IMAGES WITH ¢1-ADJACENCY

Ege & Karaca in [11] describe another type of cubical homology theory based
on classical constructions from [10]. Their construction is not generally well-
defined for any digital image, but only a digital image which is a “cubical set”,
that is, a finite union of “elementary cubes.” We will describe the construc-
tion, sometimes using different terminology that is more convenient for making
comparisons with the other theories in this paper.

Ege & Karaca’s focus on “cubical sets” requires that the digital image X be
a subset of Z™, and that we always use c¢; as the adjacency relation. This is a
significant restriction, but still allows many useful examples and results.

All of the following definitions appear in [11]: an elementary interval is a
set of the form [a,a + 1]z = {a,a+ 1} or [a,a]z = {a}. An elementary interval
of 1 point is called degenerate, and one of 2 points is called nondegenerate. An
elementary cube is any set:

Q=Jix--xJ, CZ?

where each J; is an elementary interval. The dimension of ) is the number
of nondegenerate factors. An elementary cube of dimension ¢ will be called an
elementary q-cube.

When X C Z" is a digital image with c;-adjacency, it has a unique maximal
expression as a union of elementary cubes. For each ¢ > 0, let C’gl (X) be the
free abelian group generated by the set of all elementary g-cubes in X.

We will give a definition for a boundary operator which differs from the one
used in [11], but is rephrased to more closely resemble the boundary operator
from the cubical theory.

Define face operators A; and B; as follows: for an elementary cube @ =
J1 X e X Ty, let:

Alejl X oo X Ji—l X {manl} X Ji+1 X oo X Jn,
Binjl X oo X Ji—l X {maxJi} X Ji+1 X X Jn
Note that when J; is a degenerate interval, we have A4;Q = B;Q. When J; is
nondegenerate, 4;Q and B;(Q are distinct elementary cubes of dimension one
less than the dimension of Q.
Now we define the boundary operator: given an elementary g-cube @ = Jj X

-+ XJn, let (j1,. .., Jq) be the sequence of indices for which J;, is nondegenerate.
Then we define:

q
0,Q = (-1)'(4;,Q — B;,Q).
i=1
It can be verified that 9,100, = 0, and thus (C§* (X),d,) is a chain complex.

The homology groups are HS' (X) = Z¢(X)/B,(X).
We immediately have ¢; analogues of Theorems 4.14 and 4.15.
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Theorem 5.1. Let X C Z" be a digital image with ci1-adjacency having d
components. Then H§'(X) = Z°.

Proof. The chain group C§'(X) is generated by the points of X, and it is easy
to see that two such points are homologous in H'(X) if and only if there is
a path connecting them. (The two points will be the boundary of the chain
formed by the path.) Thus HS'(X) has a generator for each component of
X. O

Theorem 5.2. Let X C Z" be a digital image with ¢ -adjacency which consists
of a set of k isolated points. Then H§'(X) = ZF and H (X) =0 for ¢ > 0.

Proof. The first part follows immediately from Theorem 5.1. For the second
part, observe that if X consists only of isolated points, then the chain group
CgH(X) is trivial for all ¢ > 0. O

Karaca & Ege’s presentation in [11] is different from our ¢;-cubical theory in
some important ways. The theory in [11] starts with some digital image (X, )
endowed with some specified cubical structure. Then based on this structure,
a homology theory is defined. The work in [11] gives no general system for
defining a cubical structure on X, and thus the resulting homology groups are
not intrinsic to the digital image (X, k), but rather depend on the choice of
cubical structure.

For example the digital image X = [0,1]3 C Z3 is considered. There is an
obvious cubical structure on X as a single elementary 3-cube together with its
faces, and we would expect the cubical homology to be Z in dimension 0 and
trivial in all other dimensions. But instead the calculation in [11, Theorem
4.5] gives Z in dimensions 0 and 2 and trivial in all other dimensions. This
is because the calculation in that theorem (without explicit mention) uses the
cubical structure consisting of six 2-cubes together with their faces, but without
the “solid” 3-cube. We will see in Example 9.5 that HS'(X) is indeed Z in
dimension 0, and trivial in other dimensions.

The author has implemented an algorithm with the free mathematical pack-
age SageMath to compute the c;-cubical homology groups of any digital image.
Source code is available for experimentation at the author’s website.?

The induced homomorphism in this c¢;-cubical homology theory is nontrivial
to develop (there was no effort to define the concept in [11]). Given two digital
images X and Y, both with c;-adjacency, and some continuous f: X — Y, we
wish to define an induced homomorphism fy : Ce(X) — Co(Y) which is a
chain map.

Given an elementary g-cube Q C X, we say f is an embedding on Q if f(Q)
is an elementary g-cube in Y. In this case let €59 € {—1,1} be the orientation
with with f maps @ onto f(Q). (This orientation could be defined as the
determinant of the affine linear map describing f’s restriction to @.) When f
is not an embedding on @, we let €7 g = 0.

2ht‘cp ://faculty.fairfield.edu/cstaecker
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Then we define f4(Q) = e7.0(f(Q)), where the right side is interpreted as
the coefficient € ¢ times the elementary g-cube f(Q) C Y. Extending linearly
gives the induced homomorphism fy : C&*(X) — C5(Y).

Now to obtain an induced homomorphism in homology, we must show that
f# is a chain map. We have been unable to prove this analytically, although in
low dimensions we can show that f# is a chain map by computer enumerations.

Theorem 5.3. Let X C Z"™ and Y C Z™ be digital images with ci-adjacency
andn < 4, and let f : X — Y be continuous. Then fy : Cg1(X) — CH(Y) is
a chain map.

Proof. Tt suffices to show that fx(9Q) = 0f«(Q) for any elementary g-cube
Q. We may assume that ¢ < n, since there are no g-cubes in X of dimension
greater than n. For simplicity, by relabeling points (translating to the origin),
we may assume that Q = I = [0,1]7, and also that f(0,...,0) = (0,...,0).
Then there are only finitely many possibilities for the behavior of f on @, and
we can simply check that fx(0Q) = 0f%(Q) in all cases.

We can narrow down the number of cases to check as follows: The set f(Q)
is contained in a g-dimensional subspace of Z™, and so it suffices to consider
Y C Z9. Also note that @ is a set of diameter ¢, and so since f is continuous,
f(Q) has diameter at most ¢. Since f(Q) has diameter ¢ and maps the origin
to the origin, we may assume that f(Q) C [—q,...,q]%.

Thus the enumeration must only construct all possible continuous functions

from I9 to [—q,...,q]%. To further narrow down the search, we assign an
ordering to the points of I, and assume without loss of generality that the first
nonzero value of f is the point (1,0,...,0).

With these filters in place, the computation becomes tractable for ¢ = n < 4.
When ¢ = 0 there is only 1 function to check, for ¢ = 1 there are only 2, for
q = 2 there are 16, and for ¢ = 3 there are 2128. For ¢ = 4 there are 23,943,296
functions, requiring 4 days to complete the enumeration, which meets the limit
of the author’s patience. (Il

Obviously it would be preferable to have a human readable proof of the
above, using arguments which suffice in any dimension. We state this as a
conjecture.

Conjecture 5.4. Let X C Z™ and Y C Z™ be digital images with c;-adjacency,
and let f: X — Y be continuous. Then fx : Cy(X) — Cy(Y) is a chain map.

6. EQUIVALENCE OF SIMPLICIAL AND SINGULAR HOMOLOGIES

In this section we show that the simplicial and singular homology theories are
equivalent. We will follow the argument used in classical algebraic topology to
show that the simplicial and singular homology theories of a simplicial complex
are equivalent. We will give a complete proof here, following the general idea
used in [8, Theorem 2.27].

There is an obvious homomorphism « : Cy(X) — C,(X) defined by:

afzo, ..., zq] = (To, ..., Tq),
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and it is easy to check that this is a chain map. Thus we obtain an induced
homomorphism a, : H,(X) — H,(X). In this section we show that . is an
isomorphism for each q.

For each k > 0, let C,;(X*) be the free abelian group generated by the set of
g-simplices of dimension & or less. (This group will always either be trivial or
equal to Cy(X), so it is not very interesting in its own right, but we introduce
the notation in order to make an inductive argument below.) For any k, the
sequence (Cy(X¥),0) is a chain complex, a subcomplex of (Cy(X),d), and we
will have Cy(X*) < Cy(X*1) < Cy(X), where < indicates a subgroup.

There are natural inclusion and projection maps which make the following
sequence exact:

0 = Cy(XF1) = Cg(XF) — Cu(XF)/Cy(XF1) = 0,
and so we may construct a long exact relative homology sequence as in (4.1):
s Hyp (XF XPY) = Hy (XM — Hy(XP) — Ho(XP, XY — Hy (XM — L
Similarly for each k > 0, let C'q(X ¥) be the free abelian group generated by
the set of singular g-simplices ¢ such that @(A?) is a simplex of dimension k
or less. The group C,(X k) is trivial when ¢ < k but nontrivial for ¢ > k.
For any k, the sequence (C'q (X*),0) is a chain complex, a subcomplex of
(Cy(X), ), and we will have Cy(X*) < Cp (X 1) < Cy(X).
Again from (4.1) we have a long exact relative homology sequence:
s Hyp (X XY = Hy (XY — Hy(X%) — Ho(XP, XY — Hy (XM — L
The same map « above will restrict to a chain map of C,, (X*) — C,(X*) and
induce a chain map of C,,(X*, X*~1) — C,(X*, X*~1), and thus we obtain the
following commutative diagram using the relative homology sequence, where
the vertical arrows are induced by a.
(6.1)
Hypa (XF, X1 — Hy(XF1) — Hy(X%) — Hy(XF, XF1) — Hy o (XF)

l | | ! |

Hy (XF XEY) — Hy(XF1) — Hy(XF) — Hy(XF Xk — H, 1 (XF1)

Lemma 6.1. For each q, the function &, : Hy(X* X*~1) — H, (X%, X+ 1)
induced by a is an isomorphism.

Proof. Tt is clear from its definition that « is surjective, so @ will be surjective,
and it is enough to show that & is injective.

The chain group C,(X*, X*=1) = C,(X*)/Cy(X*~1) is the free abelian
group generated by all singular g-simplices ¢ of X* such that ¢(A?) is a simplex
of dimension k. When ¢ < k this group is trivial, and so Hq(Xk,Xk_l) is
trivial, and thus & is injective for ¢ < k.

It remains to consider the case ¢ > k. Let &y : Cy(X*, XF~1) — € (XF, XF1)
be the homomorphism induced by . To show that ker &, 4 is trivial, it suffices
to show that ker &, C B,(X*, X*¥~1). By the definition of a, we see that ker &,
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is generated by all sums ¢ + ¥ where ¢,¢ € C'q(Xk,Xk’l) and 1 is an odd
permutation of ¢. Any odd permutation can be expressed as a composition of
an odd number of transpositions, and so to show that ker oy C Bq(Xk, X’“_l),
it suffices to show ¢ + ¢ € Bq(Xk, X* 1) whenever ¢ is a transposition of ¢.
That is, given ¢ = [z, ..., %] and any ¢ € {0,...,q — 1}, we must show that:

(6.2) [0, @iy Tig1s. .o Tg) + [T0s -, Tig1, Ty - -, Tg] € Bp(X9, X97H).
The assumption that ¢ € Cv'q(Xk,kal) means that the set {zo,..., 24}
consists of exactly k distinct points. Let o = [zo, ..., Tit1, Ti, Tit1,...,%q) €
Cyi1(XF, X*1) and we compute:
anrlU :[Il, BIRIRPI 07 S [ S B 17 S [P ,{Eq] 4+ 4+ (—1)i[I0, ey Ly L1y e v ,CCq]
+ (—1)i+1[170, T L, Tig s -5 Tg) F (—1)”2[3307 e i1, Ty -+ 5 T
+ (_1)q+1[x07 sy Lip 1y Ly Lif 1y e+ oy :Eq—l]

Any term above listing fewer than k distinct points will be zero in C'q (XF, XkE=1,
and so most of the terms above are zero. We are left with:

Ogr10 = (=1)"([Z0, - - -+ @i Tig1, - - -, Tg] + [T0, -+ Tig1, Ts, - -, Tg))
which establishes (6.2). O

Our main theorem requires a very weak finiteness condition on X. Any
finite digital image will satisfy the condition, as will any image X C Z™ with c-
adjacency for any k. The main work of the proof has already been accomplished
by Lemma 6.1, the proof below is simply a homological argument.

Theorem 6.2. Let (X, k) be a digital image, and assume there is some dimen-
sion k for which X contains no simplicies of dimension greater than k. Then
for each q, we have Hy(X) = Hy(X).

Proof. We prove the theorem by induction on ¢ and k. For ¢ = 0, we have
Hy(X) = Hy(X), since by Theorems 4.5 and 4.8 these homology groups are
both Z¢ where d is the number of components of X.

When k£ = 0 then X simply consists of a set of isolated points, and so
H,(X) = H,(X) by Theorems 4.6 and 4.9.

Now we consider the inductive case. Since X contains only simplices of
dimension k or less, we will have C,(X) = C,(X*) and Cy(X) = C,(X*) for
all ¢. Thus H,(X) = H,(X*) and H,(X) = H,(X*) for all ¢, and it suffices to
show that the vertical arrow in the middle of (6.1) is an isomorphism.

By the Five Lemma (see [8]), it suffices to show that the other 4 verti-
cal arrows are isomorphisms. By induction in k, the second vertical arrow
H,(X*F') — H,(X* ') is an isomorphism, and by induction in k and ¢ the
last vertical arrow H,_1(X*~') — H,_;(X*!) is an isomorphism. By Lemma
6.1, the first and fourth arrows are isomorphisms. (]

The author’s original intention was to additionally prove a cubical version
of Theorem 6.2, that is, if X C Z" is a digital image with ¢;-adjacency, then
Hy(X) = HJ(X) for each g.
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This turned out to be much harder than anticipated: even constructing a
chain map 3 : Cy(X) — Cgt(X) is difficult. We believe it should be possible,
but we will simply state it as a conjecture:

Conjecture 6.3. Let X C Z" be a digital image with ¢;-adjacency. Then Hy(X)
and Hg'(X) are isomorphic.

It seems likely that the conjecture could be verified in low dimensions by
computer enumerations, but we have not attempted this.

7. HOMOTOPY INVARIANCE IN SIMPLICIAL AND CUBICAL HOMOLOGY

In this section we discuss the homotopy invariance of the induced homomor-
phism on the various homology groups. In [9] it is shown that, when f and g
are homotopic, their induced maps on cubical homology groups are the same.

We will prove the same property holds for c¢i-cubical homology, and that
a similar result holds for simplicial homology, but in this case the homotopy
must be strong.

Theorem 7.1. If X is finite and f,g : X — Y are strongly homotopic, then
the induced homomorphisms fi, g« : Hy(X) — Hy(Y) are equal for each q.

Proof. By induction and Theorem 3.2, it suffices to prove the result when f
and g are homotopic by a punctuated homotopy in one step. We mimic the
proof for this result in classical homology theory, see for example Proposition
2.10 of [8]. For each ¢, we define the “prism operator” P : Cy(X) — Cygy1(Y)
as follows: For 0 € Cy(X) with o = (g, ..., ), let:

q
P(U) = Z(_l)J <f(£[:0), ) f(xj),g(l'j), s 7g(wq)>a
j=0
where the term (f(zo),..., f(z;),9(z;),...,g(zq)) is interpreted as 0 if any of
these points are equal.

Note that the definition of P only makes sense if {f(zo),...,f(z;),
g(xj),...,g(xq)} is indeed a set of ¢ + 2 points that are mutually adjacent
or equal. This is ensured because f and g are strongly homotopic in 1 step,
and thus by Theorem 2.4, since {zo,...,z,} are mutually adjacent, the points
of {f(xo),..., f(xg),9(x0),...,9(xq)} are mutually adjacent or equal. This is
the point at which the proof will fail if the homotopy is not strong.

The bulk of the proof consists of proving the following formula:

(7.1) O(P(0)) = g#(0) — f4(0) — P(d0).

Since f and g are homotopic in one step by punctuated homotopy, there
is some 2’ € X such that f(z) = g(z) for all x # 2/. If 0 = (xg,...,2q)
with z; # 2’ for all i, then f(x;) = g(x;) for each i. Thus P(c) = 0, since
(f(zo)s..., fz;),9(x;),...,9(xq)) will repeat the point f(z;) = g(x;). Thus,
whenever o does not use z’, we have P(g) = 0.

Formula (7.1) is easy to prove when o does not use the vertex a’: in that
case P(o) = 0 and thus the left side of (7.1) is 0. For the right side, note that
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Oo also does not use the point 2/, and so we have P(do) = 0. Also since o
does not use z’, we will have fx (o) = g#(0), and thus the right side of (7.1)
is also 0, and we have proved (7.1).

Now we prove (7.1) in the case when o does use the point 2. Without loss
of generality assume o = (2, z1,...,2,). In this case we have

P(o) = {f(2'), g("), g(x1), .., 9(4))
+ Y (W@, (1), f(wg), 9(@)), - g ()
= (f(@"),9(z"), g(x1), .., 9(xq))

where most of the terms above are 0 because they repeat the point f(z;) =
g(x;). Then the left side of (7.1) is

9(P(0)) = 0((f(a), g(z"), g(x1), ..., g(zq)))
= <g($1)7g($1)7 s vg(xq» - <f(x'),g(ac1), R 7g($q)>

—

+ Z(—l)i+l<f($l),g(.%'/),g(.%'l), e 79(551'), s ag(xq»
i=1
Since g(z;) = f(z;), the above simplifies to:
AP(0) = 94(0) ~ Fa(0)+ (-1 (1), 9(a),9(a1), 900 9()

To prove (7.1), it suffices to show that the summation above equals —P(9(o)).
We have:

P(0(c)) =P <<x1, )+ Z(_1)i<x’,x1, T .,:zrq>>

=1
q .
= P (Z(—1)1<$/,(E1,, ..7.',[//'\7;,.. -,./L'q>>
i=1
where P({x1,...,24)) = 0 since this simplex does not use #’. Now when we

apply P above, the only nonzero terms are those with j = 0 in the definition
of P. All others will repeat some point f(x;) = g(x;). Thus we have:

q

P(A(0) = Y (-1 {f (@), 9(a'), gla1), . (@), - ., 9xn))
= =S () f), 9@, g(@1), - gl@i)s - g(@n)

and we have proved (7.1).
The formula (7.1) holds when o is any simplex, and so by linearity it will
hold for any chain. Now let @ € Z,(X) be a g-cycle, so 9(a) = 0 and thus
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P(0(«)) = 0. Then by (7.1) we have:

9#(@) = fg(a) = 0P(a) € By(Y).
Thus g4 (a) and fx(«) differ by a g-boundary, that is, g.(a) = fi(a) € He(Y).
(]

Now we prove a homotopy invariance property for c;-cubical homology.
Since the result concerns the induced homomorphism in ¢;-cubical homology,
we must require that fx : C_'gl (X) — C’gl (Y) is a chain map. Barring a proof
of Conjecture 5.4, we can only demonstrate the theorem in low dimensions.

Theorem 7.2. Let X C Z™ and Y C Z"™ be digital images both with c;-
adjacency, with m < 3, and let f,g: X — Y be homotopic. Then the induced
homomorphisms f., Gx flgl (X)— flgl (Y) are equal for each q. If Conjecture
5.4 1is true, then this holds for any m.

Proof. As in the proof of Theorem 7.1, we may assume that f is homotopic
to g in 1 step, that is, that f(x) & g(z) for each x. By the same homological
argument at the end of the proof of Theorem 7.1, it will suffice to define a
homomorphism P : C¢' (X)) — C¢', (Y) which satisfies:

q+1
(7.2) IP(Q) = g4(Q) — f#(Q) — P(Q).
For an elementary g-cube @ C X, we define P(Q) € C’g}rl (Y) as follows: if

the set f(Q)Ug(Q) is an elementary (g + 1)-cube, then P(Q) = f(Q)Ug(Q) €
C’;}FI(Y). Otherwise we define PQ) = 0. Extending the definition linearly
defines a homomorphism P : C¢* (X) — C7} 4 (Y).

Let T: I x X — Y be defined as T(0,z) = f(z) and T'(1,x) = g(z). Since
f(z) 2 g(z) for each z, this function T is continuous (using NP; adjacency in
the product I x X). The induced homomorphism Ty : Cyy1(I x X) — Cyi1(Y)
is closely related to P. In particular P(Q) = Tx(I x Q), and when i > 1 we
have:

Ty(Ai(I % Q) = P(A1Q),  Tu(Bi(I x Q) = P(Bi1Q).
When i = 1, we instead have T (A1(I x Q)) = Ty ({0} x Q) = fx(Q) and
similarly T (B1(I x Q) = g4(Q).
Since X C VA we may consider I X X C Z*, and so by Theorem 5.3 we will
have T4 (0o) = 0T 4 (o) for any chain o. Thus we have:
OP(Q) = 0Tx(I x Q) = Ty((I x Q))
q+1

= Z(_Ui(T#(Ai(I x Q) = Ty(Bi(I x Q)))

q+1
= (92(Q) — f2(Q)) + (Z(—l)i(P(Ai_lQ) - P(Bi_lQ))>

i=2
= 9#(Q) — f4(Q) — P(0Q)
which establishes (7.2). O
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Theorem 7.2 will imply that, if X and Y are homotopy equivalent, then they
have the same c¢;-cubical homology groups. We immediately obtain:

Corollary 7.3. If X C Z"™ is a contractible digital image with cq-adjacency,
and assume n < 3 or that Conjecture 5.4 is true. Then:

HCI(X): Z quzou
0 ifqg>0.

8. RELATIONSHIPS BETWEEN CUBICAL AND SIMPLICIAL HOMOLOGY

So far we have exhibited four homology theories: simplicial, singular, cubical,
and ci-cubical. The simplicial and singular theories are isomorphic, and we
have conjectured that the two cubical theories are isomorphic. Thus, subject
to the conjecture, there are two different types of homology under discussion:
simplicial and cubical. The simplicial and cubical theories are not isomorphic,
as we will see in the next section. In this section we consider some relationships
that do exist between the simplicial and cubical theories.

We have already seen results that imply that the simplicial and cubical
theories are the same in dimension 0. Theorems 4.5, 4.14, and 5.1 give:

Theorem 8.1. Let X be any digital image. Then:
Ho(X) = Ho(X) = 2

where d > 0 is the number of connected components of X. If X C Z" with
c1-adjacency, then also Hi'(X) = Z.

In dimension 1, there is also a relationship between simplicial and cubical
homology. The chain group C;(X) is generated by the set of all maps ¢ : Al —
X, while Cy(X) is generated by the set of all maps o : I' — X. But A! and I*
are the same digital image- so we may identify chain groups C;(X) = C1(X),
and the singular and cubical boundary maps 9; are the same. Thus we may
also identify the groups of cycles Z;(X) = Z;(X).

This identification induces a natural homomorphism H;(X) — H;(X) which
simply regards a singular 1-cycle as a cubical 1-cycle.

In exactly the same way, when X C Z" with c;-adjacency there is a natural
homomorphism H;(X) — H{'(X) induced by the chain map which regards
each 1-simplex as an elementary 1-cube.

Theorem 8.2. For any digital image X, the natural map H,(X) — Hy(X) is
surjective. When X C Z™ with c1-adjacency then the map H1(X) — H{*(X)
18 surjective.

Proof. We have Hy(X) = Z,(X)/B1(X) and H(X) = Z1(X)/B1(X). Thus
it suffices to show that, when we identify Z;(X) = Z1(X), we have B;(X) <
B (X). o

For clarity, write the singular and cubical boundary operators as ds : C2(X) —
C1(X)and 9; : Co(X) — C1(X). When ¢ = [z, 21, o] is a singular 2-simplex,
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then define L(¢) = o to be the following 2-cube:
0'(0,0):,@0 0'(0,1)21:1
0(1,0) = xg o(1,1) = z9

and L extends to a map L : Cy(X) — Ca(X). It is routine to check that
Do(¢) = Da(L(¢)) for any ¢ € Co(X) when we identify C(X) = C1(X). Thus
we will have By (X) < B;(X) as desired.

Now when X C Z" with ¢j-adjacency, similarly we must show that B (X) <
B{'(X) but this is obvious because Co(X) is trivial since a digital image with
c1-adjacency contains no 2-simplex. Thus By (X) = 9(Ca(X)) is trivial and so
is automatically a subgroup. ([

Since H;(X) = H;(X), the above implies that there is always a surjection
Hy(X) — Hi(X). We will see in the next section that H;(X) need not be
isomorphic to H7(X), and that there need not be any surjection H,(X) —
H,(X) when ¢ > 1.

9. EXAMPLES

In this section we provide some examples comparing the simplicial and cu-
bical homology groups of various images. Most of the examples for simplicial
homology appear already in the literature, but no examples for c¢;-cubical ho-
mology have been computed.

The simplest examples are the simplicial and cubical homology groups for
single points. We have already seen this result as Theorems 4.6, 4.15, and 5.2.

Theorem 9.1. Let X be an image consisting of d isolated points. Then:

d  ro
H,(X) = 1,(X) = Hg(X) = {Z Ja=o
0 if g > 0.

Now we describe some more interesting examples. A fruitful source of exam-
ple digital images is the digital cycle Cy,, the digital image consisting of n points
Z1,...,%m Where z; <+ x; only when j = ¢ £ 1, where we read ¢ and j modulo
n. As we will see, the simplicial and cubical homologies for digital cycles (as far
as we can compute them) agree in all cases except H1(Cy) = Z # 0 = H{'(Cy).

We will use a lemma which is straightforward but interesting. For two digital
images (X, k) and (Y, \), we say X embeds in Y if X is (k, A)-isomorphic to a
subset of Y.

Lemma 9.2. The digital cycle C,, embeds in (Z™,c1) for some n if and only
if m is even.

Proof. When we view (Z",c1) as a graph, it is bipartite, with the two parts
given by:

{(z1,...,2n) | 21+ + 2, is even},

={(z1,...,xn) | 21 +--- + @, is odd}.

S-‘r
S-
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Thus C,, can only embed into (Z™,c;) if it too is bipartite, and this is only
possible when m is even. We have shown that if m embeds in (Z™, ¢1), then m
is even.

For the converse, let m > 0 be even and we will exhibit a subset of (Z™, ¢;) for
some n isomorphic to C,,. When m = 2, then we may simply use [0, 1]z C Z*,
which is isomorphic to Co. When m = 4, then we may use [0, 1]2 C Z2, which
is isomorphic to Cy. When m = 6, we observe that Cg is isomorphic to the
following subset of Z3, using c;-adjacency:

{(0,0,0),(1,0,0),(1,1,0),(1,1,1),(0,1,1),(0,0,1)}

Finally when m > 6 is even, the cycle (), is isomorphic to the following
subset of Z?:

([0,m/2 —1] x {0,2}) U {(0,1),(m/2 —1,1)}. O

Now we can compute the various homology groups of C,,,. Whenever possible
(when m is even), we will consider C,,, as embedded in Z™ with ¢;-adjacency.

Theorem 9.3. For m < 4, we have:

For m = 4, we have:

Z ifq=0, 7 f 0
— — 17 = )
Hy(Cy) =(Z ifq=1, Hy(Cq) = H (C4) = {0 z’fq>()
0 ifg>1, =%
For m > 4 we have:
Z ifq=0, .

) - Z  if q=0,

Hq(cm): Z ifq=1, Hq(Cm): {Z ifg=1

0 ifg>1, '

When m > 4 is even, we have Hy(Cy,) = Hgl(cm).

Proof. The groups Hy(C,) were already computed fully in Theorem 4.1, so we
need only prove the statements concerning Hy(Cy,) and HS* (Chy).

For H,(Cy,), we see that Ho(Cy,) = Z by Theorem 8.1, and H,(Cy) = 0
for ¢ > 0 by Corollary 4.13 since Cjy is contractible. In fact C,, is contractible
for all m < 4, and so we have Hq(C’m) =0for g >1and m < 4. For m > 4
we have H;(C,,) = Z by the Hurewicz Theorem of [9], since 71(C,,) = Z for
m > 4.

For flgl(Cg), the required statement is clear because Cy is connected with
no elementary cubical g-cycles for any ¢ > 0.

For Hqcl (C4), the statement for ¢ = 0 follows from Theorem 8.1. For ¢ = 1
the group of elementary cubical 1-cycles has a single generator, but it is the
boundary of an elementary 2-cube, and so Hy'(Cy) = 0. For ¢ > 1 there are
no elementary g-cycles, and so flgl (C4) =0 when ¢ > 1.
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It remains to compute HS' (Cy,) when m > 4 is even. Since Cy, is connected
we have H{'(Cp,) = Z by Theorem 8.1. The group of elementary 1-cycles has a
single generator which is not the boundary of any elementary cubical 2-chain,
and so H{'(C,,) = Z. For q > 1 there are no elementary cubical g-cycles, and

SO flgl (Chn) = 0 as desired. O
It is obviously to be expected that
Z ifq=0,
Hy(Cp) = Hy(Cp)) =X 7 ifq=1,
0 ifg>1,

for all values m > 4 including odd values, though this seems difficult to prove.
The definitions of cubical homology make even the group Ha(C5) very hard to
compute by hand. So we will state this as a conjecture:

Conjecture 9.4. For m > 4, we have:

Z ifq=0,
Hy(Cp) = Hy(Cp) =X 7 ifqg=1,
0 ifg>1,

One example where the simplicial and cubical homologies are quite different
is the standard 3-cube I® = [0, 1]} taken with c;-adjacency.

Example 9.5. Consider the digital image I® with c;-adjacency. We have:

Z if g=0,
7> ifg=1, _ _ Z ifq=0,
AOER S AU RS FUTOEE S
if g =2, 0 ifg>0.
0 if g > 2,

Proof. The computation of the simplicial homology was done in Theorem 3.20
of [4], where the image in question is called MSSg. The appearance of Z° as
the homology group in dimension 1 is surprising. The generators of Hy(I3) are
formed by making 1-cycles around each of the 6 faces of the cube. This produces
six 1-cycles which are not boundaries, but they are not linearly independent—
each one can be obtained by a combination of the other 5, and thus we have
only 5 linearly independent 1-cycles. The details of the computation are given
in [4].

In the case of cubical homology, each of these 1-cycles is indeed a boundary
of the 2-cube which makes the corresponding face of the cube. Indeed I3
is contractible, and so the computations of Hy(I*) and Hg*(I1%) follow from
Corollary 4.13 and 7.3. O

Example 9.6. Let X = [0,2]3 — {(1,1,1)}, taken with c;-adjacency. This
digital image is called MSSs in [4], though its homology is not computed,
presumably because H1(X) is very large. By Theorem 8.1 we have Hy(X) =
H (X)) =Z.
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In dimension 1 there are 24 different 1-cycles tracing around unit squares.
H{'(X) these are all trivial since these cycles are boundaries of 2-cubes. In

H1(X) these are all nontrivial, although as in I® one of these cycles can be

Wr

itten as a sum of the other 23. The computer implementations confirm that

Hy(X) 27 and H(X) 0.

24

In dimension 2 there are no 2-simplices, so Ha(X) = 0. The above mentioned
unit squares, when taken together, form a 2-cycle in Z5'(X) which is not

the boundary of any 3-cycle, and thus Hs'(X) # 0. This example is tractable
for our computer implementation, which confirms that H3'(X) = Z.

For ¢ > 2 there are no ¢-simplices or elementary g-cubes, so H,(X) =

H¢'(X) = 0. In summary, we have:

Z ifq=0
Z  ifg=0 . ;q X
. e qg=
Hy(X)=47% ifq=1 HMX)= 7 =2
0 ifg>1 :
0 ifg>2

Note that Ha(X) = 0, while H5'(X) = Z. Thus the example demonstrates

that, in contrast with Theorem 8.2, there is not always a surjective homomor-

ph

il
2
3
4
5

6

ism of Hy(X) — H$(X) when ¢ > 1.
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