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Abstract. In a recent paper we have introduced a notion of continuity
in digital spaces which extends the usual notion of digital continuity. Our
approach, which uses multivalued maps, provides a better framework to
define topological notions, like retractions, in a far more realistic way
than by using just single-valued digitally continuous functions. In par-
ticular, we characterized the deletion of simple points, one of the most
important processing operations in digital topology, as a particular kind
of retraction.

In this work we give a simpler algorithm to define the retraction as-
sociated to the deletion of a simple point and we use this algorithm to
characterize some well known parallel thinning algorithm as a particu-
lar kind of multivalued retraction, with the property that each point is
retracted to its neighbors.

Keywords: Digital images, digital topology, continuous multivalued
function, simple point, retraction, thinning algorithm.

1 Introduction

The notion of continuous function is the fundamental concept in the study of
topological spaces, therefore it should play an important role in Digital Topology.

There have been some attempts to define a reasonable notion of continuous
function in digital spaces. The first one goes back to A. Rosenfeld [14] in 1986.
He defined continuous function in a similar way as it is done for continuous maps
in R™. It turned out that continuous functions agreed with functions taking 4-
adjacent points into 4-adjacent points or, equivalently, with functions taking
connected sets to connected sets.

More results related with this type of continuity were proved by L. Boxer
in [TJ2U3/4]. In these papers, he introduces such notions as homeomorphism, re-
tracts and homotopies for digitally continuous functions, applying these notions
to define a digital fundamental group, digital homotopies and to compute the
fundamental group of sphere-like digital images. However, as he recognizes in [3],
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there are some limitations with the homotopy equivalences he get. For example,
while all simple closed curves are homeomorphic and hence homotopically equiv-
alent with respect to the Euclidean topology, in the digital case two simple closed
curves can be homotopically equivalent only if they have the same cardinality.

A different approach was suggested by V. Kovalevsky in [12], using multival-
ued maps. He calls a multivalued function continuous if the pre-image of an open
set is open. He considers, however, that another important class of multivalued
functions is that of connectivity preserving mappings. The multivalued approach
to continuity in digital spaces has also been used by R. Tsaur and M. Smyth in
[15], where a notion of continuous multifunction for discrete spaces is introduced:
A multifunction is continuous if and only if it is “strong” in the sense of taking
neighbors into neighbors with respect to Hausdorff metric. See the introduction
of [5] for a discussion of the limitations of all these multivalued approaches.

In a recent paper [5] the authors presented a theory of continuity in digital
spaces which extends the one introduced by Rosenfeld. Our approach uses mul-
tivalued maps and provides a better framework to define topological notions,
like retractions, in a far more realistic way than by using just single-valued digi-
tally continuous functions. In particular, we characterized the deletion of simple
points, one of the most important processing operations in digital topology, as
a particular kind of retraction.

In this work we deepen into the properties of this family of continuous maps,
now concentrating on parallel deletion of simple points and thinning algorithms.

In section 2 we revise the basic notions on digital topology required through-
out the paper. In section 3 we recall the notion of continuity for multivalued
functions and its basic properties, in particular those related with the notion
of a digital retraction. In section 4 we give a new proof of our previous re-
sult characterizing the deletion of simple points in terms of digitally continuous
multivalued functions, giving a new simpler algorithm to find the multivalued
function associated to the deletion of a simpler point. Sections 5 is devoted to
parallel deletion of simple points. We use our new algorithm to characterize some
well known parallel thinning algorithms as digital multivalued retractions with
the property that each point is retracted to its neighbors.

For information on Digital Topology we recommend the survey [I0] and the
books by Kong and Rosenfeld [I1], and by Klette and Rosenfeld [§].

We are grateful to the referees for helpful comments and suggestions.

2 Single Valued Continuity in Digital Spaces

We consider Z? as model for the digital plane.

Two points in the digital plane Z* are 8-adjacent if they are different and
their coordinates differ in at most a unit. They are said 4-adjacent if they are
8-adjacent and differ in at most a coordinate. Given p € Z? we define N (p) as the
set of points 8-adjacent to p, i.e. N'(p) = {p1, p2,- ., ps} This is also denoted as
Ns(p). Analogously, N'4(p) is the set of points 4-adjacent to p (with the above

notation Ny (p) = {p2, pa, pe, ps}).
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Fig. 1. N's(p) and N4(p) with their points labeled as used in the paper

A k-path P in Z* (k € {4,8}) from the point gg to the point ¢, is a sequence
P = {q0,91,42,--.,¢-} of points such that ¢; is k-adjacent to ¢; 11, for every
i€{0,1,2,...,r — 1}. If o = ¢, then it is called a closed path. A set S C Z? is
k-connected if for every pair of points of S there exists a k-path contained in S
joining them. A k-connected component of S is a k-connected maximal set.

Jordan curve theorem for R? states that any simple closed arc divides the plane
in 2 connected components. A classical result in digital topology states that any
simple closed k-arc divides the digital plane in two k-connected components,
where k = 4 if k = 8, k = 8 if k = 4 and a closed k-arc is a closed k-path
P ={q,q1,92,---,9 = qo} such that the only pairs of k-adjacent points of P
are (qo,q1), (¢1,42), - -, (¢-—1,¢). Through the paper, given k, k will denote the
complementary adjacency k = 12 — k.

Let f : X C Z* — Z* be a function. According to [14], f is (k, k')-continuous
if and only if f sends k-adjacent points to k’-adjacent points.

Examples of (k, k)-continuous functions are the identity, any constant map,
translations f(z) = z + r, inversions f(z1,22) = (22, 21),. . . On the other hand,
a expansion like f(z) = 2z is not continuous if X is connected with more than
one point. Moreover, any (k,4)-continuous function is (k, 8)-continuous and any
(8, k')-continuous function is (4, k')-continuous.

In [14], Rosenfeld stated and proved several results about digitally continu-
ous functions related to operations with continuous functions, intermediate val-
ues property, almost-fixed point theorem, Lipschitz conditions, one-to-oneness,
.... Boxer [1I2I3] expanded this notion to digital homeomorphisms, retractions,
extensions, homotopies, digital fundamental group, induced homomorphisms,
... (see also [7] and [9] for previous related results).

3 Digitally Continuous Multivalued Functions

In the following definition we recall the concept of subdivision of Z2. This notion
and the ones that follow can be defined for Z" (the general definition can be found

in [5]).

Definition 1. The first subdivision of Z* is formed by the set

= {(3.3) e e
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21 22

andthe?):lmapi:Z%f—>Z2 givenbyi<373

) = (21, 25) where (2], 2}) is
21 %
the point in Z* closer to ( 31, 32)

The r-th subdivision of Z* is the set Z; = {<Zl -

3r’3r
) = (21,25) where (21, 2}) is the

) | (z1,22) € ZQ} and the
Z1 22
3r’ 3
). Observe that i1 =1 and i, = 30140 () oi.

3" : 1 map i, : ZE — 7% given by z'T(

zZ1 22
3’3"

Moreover, if we consider in Z* a k-adjacency relation, we can consider in ZE,

z1 z
3i, 3i) is k-adjacent

! !/
to (;i, ;i) if and only if (21, 22) is k-adjacent to (21, 25).

Proposition 1. i, is k-continuous as a function between digital spaces.

Definition 2. Given X C Z?, the r-th subdivision of X is the set X, = i7*(X).

point in Z* closer to (

in an immediate way, the same adjacency relation, i.e., (

Intuitively, if we consider X made of pixels, the r-th subdivision of X consists in
replacing each pixel with 9" pixels and the map i, is the inclusion. The reason to
divide a pixel in 3 x 3 pixels in each subdivision (and not, for example in 2 x 2)
is due to the fact that the 3 x 3 mask is at the basis of most digital topology
operations (see, for example, Remark 3 or Theorem 1).

Fig. 2. Some sets and subsets and their first subdivisions (see Proposition 2)

Remark 1. Given X,Y C Z?, any function f : X, — Y induces in an imme-

diate way a multivalued function F : X — 'Y where F(z) = U f(zh).
z'cint (z)

Definition 3. Consider X,Y C Z*. A multivalued function F : X — Y s

said to be a (k,k')-continuous multivalued function if it is induced by a (k,k')-
continuous (single-valued) function from X, to'Y for some r € N.

In the following remark we state some properties of digitally continuous multi-
valued functions. For more results and details the reader is referred to [].

Remark 2. Any single-valued digitally continuous function is continuous as
a multivalued function. In particular, any constant map is continuous as a



Thinning Algorithms as Multivalued N -Retractions 279

multivalued map. Moreover, if F: X — Y (X,Y C Z?) is a (k, k')-continuous
multivalued function, then

i) F(x) is k'-connected, for every x € X,
it) if © and y are k-adjacent points of X, then F(z) and F(y) are k'-adjacent
subsets of Y,
iii) F takes k-connected sets to k'-connected sets,
w) if X! C X then F|x: : X! — Y is a (k, k')-continuous multivalued function,
v) the composition of continuous multivalued function is a continuous multi-
valued function.

Remark 3. In [6] the morphological operations of dilation, erosion and closing
have also be modeled as digitally continuous multivalued maps.

Definition 4. Let X C Z? and Y C X. We say that Y is a k-retract of X if
there exists a k-continuous multivalued function F : X — Y (a multivalued
k-retraction) such that F(y) = {y} ify €Y.

If moreover F(z) C N (z) for every x € X \'Y, we say that F is a multivalued
(N, k)-retraction.

The following results are given in [B]. Their proofs are based on the subdivisions
shown in Figure 2.

Proposition 2. i) The boundary 0X of a square X is not a k-retract of X.
it) The outer boundary X of an annulus X is a k-retract of X.

These results improve those for single-valued maps. For them, the boundary of
a filled square is not a retract of the whole square [I] but neither is the outer
boundary of a squared annulus a digital retract of it.

4 Sequential Deletion of Simple Points as Retractions

It may seem that the family of continuous multivalued functions could be too
wide, therefore not having good properties. In this section we show that this
is not the case. We show, in particular, that the existence of a k-continuous
multivalued function from a set X to X \ {p} which leaves invariant X \ {p} is
closely related to p being a k-simple point of X.

If X C Z*, a point p € X is k-simple (k = 4,8) in X (see [10]) if its deletion
does not change the topology of X in the sense that after deleting it:

— no k-connected component of X vanishes or is split in several components,

— no k-connected component of Z> \X is created or is merged with the back-
ground or with another such component (remind that, as defined in section
2,k=4ifk=8and k =8 if k = 4).

A k-simple point can be locally detected by the following characterization. A
point p is k-simple if the number of k-connected components of A'(p) N X which
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are k-adjacent to p is equal to 1 and Np(p) N X€¢ # () (this last condition is
equivalent to p being a k-boundary point of X).

The following theorem is a restatement of a result given in [5] and presents a
new and simpler algorithm to define the map F' associated to the deletion of a
simple point. The differences with the algorithm in [5] are basically two: we only
require to consider the first subdivision of X (and not the second as it happened
in [5]), and we obtain smaller images for the deleted simple points which are
more suitable for the purposes of this paper. Although we state the result for
k-connected sets, this is not a loss of generality because for a general set X it
would be applied to the connected component containing the simple point we
want to delete.

Theorem 1. Let X C Z? be k-connected and consider p € X. Suppose there
exists a k-continuous multivalued function F : X — X \ {p} such that F(z) =
{z} if x # p and F(p) C N(p). Then p is a k-simple point.

The converse is true under the following conditions:

a) for k =8 it is always true and, moreover, we can impose that F(p) C N4(p)
whenever p is not 4-isolated,
b) for k =4 it is true if and only p is not 8-interior to X.

Proof. The proof is similar to that of Theorem 2 in [5]. To define our new and
simpler algorithm for the converse statement, consider a simple point p in the
hypothesis of the theorem. Then we have two excluding possibilities

1. N(p) N X C {p1,ps,p5,p7}, then k = 8 and M (p) N X consists on just one
of those points, say p;, and we define F(p) = p;,

2. N4(p)NX # 0, in which case there exist 2 points in N 4(p) in opposite sides
of p such that one of them is in X and the other one is not in X (because
p is a k-simple point and for k = 4 we exclude the case of p being a interior
point).
In this case, we rotate the neighborhood of p in order that, if we label N(p)
and i~!(p) as in the following figure, then po ¢ X and pg € X.

p1 p2 p3

ps A B C Dpa

D7 De D5

Fig. 3. Labels for i '(p) and N (p)
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Then we define f according to the following cases:

a) k =8. We define f(B) = pg and

i) if p3 € N(p) N X, then f(C) = pa4, otherwise f(C)

ii) if p; € M(p) N X, then f(A) = pg, otherwise f(A) = pg,
b) k= 4. We define f(B) = ps and

i) if ps € N(p) N X, then f(C) = ps, otherwise f(C)

ii) if ps € M(p) N X, then f(A) = p7, otherwise f(A) =

Therefore, the multivalued map F induced by f is defined b ( ) ={z}if

x # p and

a) for k =8,
{p6} lf N(p) N X C {p47p57p67p77p8}

Flp) = {pa,pe}  if N(p) N X = {ps,ps,p5,p6,P7,Ps}

{ps,ps}  if N(p) N X = {ps,ps,p6, 07,8, P1}
{pa,p6,p8} if N(p) N X = {p3,ps,ps,p6. 07,18, P1},

b) for k =4,

{ps} if N(p)NX C{p1,ps,ps,p6, 07}

{ps,p¢}  if {pa,ps,p6.p7} C N(p) N X C {p1,p3,Pp4,P5,D6,P7}
{ps, p7} if {ps, pe, p7,ps} C N(p) N X C {p1,p3,p5,p6, 7, P8}
{ps,p6,p7} if {pa,ps.p6. 07, P8} CN(p)NX

F(p) =

Remark 4. It is important to note that if p is a k-simple point, then F(p) is
contained in the component of N'(p) N X which is k-adjacent to p. This is useful
when defining F in a specific situation.

Since the composition of k-continuous multivalued functions is a k-continuous
multivalued function, we have the following result.

Corollary 1. Let X C Z? be k-connected and consider Y C X such that Y is
obtained from X by a sequential deletion of k-simple points such that none of
them is 8-interior in the remainder. Then there exists a k-continuous multivalued
k-retraction from X to Y.

It is interesting to note that the ideas in Theorem 2 in [5] and in the previous
theorem can be applied also to pairs of points whose simultaneous deletion does
not change the k-topology. Such points, called k-simple pairs, are essential to
verify the correctedness of parallel thinning algorithms and are locally charac-
terized as follows: A pair {p,q} is a k-simple pair if and only if at least one of
them is not a k-interior point and the number of k-components of N (p,q) N X
which are k-adjacent to {p, ¢} is 1, where N'(p,q) = (N (p) UN () \ {p, ¢}

The following result, proved in [6], characterizes the deletion of simple pairs
in a similar way as Theorem 1 does it for simple points.

Theorem 2. Consider X C 7% k-connected and consider a pair {p,q} C X
of 4-adjacent points of X . Suppose that there exists a k-continuous multivalued
function F : X — X \{p, ¢} such that F(z) = {a} if x # p,q, and F(p), F(q) C
N(p,q). Then {p,q} is a k-simple pair.

The converse is true under the following conditions:
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a) for k = 8 it is always true and, moreover, we can impose that F({p,q}) C
Na(p,q) = (Nalp) UN4(g)) \ {p,q} whenever {p,q} is not a 4-connected
component of X,

b) for k =4 it is true if and only p or q is not 8-interior to X.

Observe that in the above theorem we do not require that F(p) C N(p) and
F(q) C N(q) as in (N, k)-retractions. If we consider this additional requirement
we obtain the following result, which deals with the case of a k-simple pair made
of k-simple points, also proved in [6] (note that a pair of 4-adjacent k-simple
points needs not be a k-simple pair as shown by the example in Figure 4).

Theorem 3. Consider X C Z* k-connected and consider a pair {p,q} of 4-
adjacent points of X . Suppose that there exists a k-continuous multivalued func-
tion F : X — X \ {p, q} such that F(z) = {z} if © # p,q, F(p) C N(p) and
F(q) c N(q). Then {p,q} is a k-simple pair of k-simple points.

The converse is true under the following conditions:

a) for k =8 it is always true and, moreover, we can impose that F(p) C N4(p)
and F(q) C N4(q),
b) for k =4 it is true if and only p or q is not 8-interior to X.

5 Thinning Algorithms as Multivalued (N, k)-Retractions

It is well known that the parallel deletion of simple points needs not to preserve
topology. The simplest example is given by the following figure.

Fig. 4. A not k-deletable pair of k-simple points

Observe that p and ¢ are both simple points but if we delete both then the
connectedness (and hence the topology) of the set changes.

Two well known conditions that guarantee the preservation of topology in a
parallel deletion of simple points are the following:

i) We can delete only north (or west or south or east) boundary simple points
(a north boundary point p of X is any point of X such that po ¢ X where
po is the point of A (p) just above p).

ii) We can delete only simple points of a subfield, for example, points whose
integer coordinates add to an even number.

In both cases the connected components formed by only two points have to be
considered independently.
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In general thinning algorithms are divided in subiterations [8]. For example,
in the first case, at odd subiterations a point is deleted if it is k-simple and north
or west boundary while at even subiterations a point is deleted if it is south or
east boundary (deleting simultaneously points with two different orientations,
for example north and west, obliges for £ = 8, to consider independently the
connected components formed by two or three points mutually 8-adjacent). In
the second case, at odd subiterations we delete all 8-simple points whose integer
coordinates add to an even number, while in the even subiterations we delete all
8-simple points whose integer coordinates add to an odd number.

The basic notion behind thinning algorithms based on the parallel deletion of
simple points is the following.

Definition 5. Let X C Z? and D C X. D is called k-deletable (k = 4,8) in X
if its deletion does not change the topology of X in the sense that after deleting
D:

— no k-connected component of X vanishes or is split in several components,
— no k-connected component of 7> \X is created or is merged with the back-
ground or merged with another such component,

Ronse [13] called these sets strongly k-deletable.
The following theorem relates deletable sets and multivalued retractions.

Theorem 4. Let X C Z* be k-connected and consider D C X. If D is deletable
such that D does not contain 8-interior points, then there exists a multivalued
k-retraction from X to X \ D.

Proof. If D is k-deletable, then its points can be sequentially deleted in such a
way that any of these points is a simple point of the remainder [I3]. Therefore,
by Corollary 1, there exists a k-continuous multivalued function F' : X — X\ D
such that F'(z) = {z} if z € X \ D.

Although the deletion of a k-simple point is a (N, k)-retraction, when delet-
ing simple points sequentially, the resulting composition of all these (N, k)-
retractions needs not to be a (N, k)-retraction as the following example shows.

Example 1. Consider X and D = {p1,p2,p3} are in Figure 5.

Fig. 5. A sequential deletion of simple points which is not a N -retraction
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Then, since p1 is 4-simple we may delete it by a (N, 4)-retraction taking it to
{p2} or {ps}. Suppose we take it to pa (if we choose ps the result is analogous).
Since ps is simple in the remainder, we may delete it by a (N,4)-retraction
taking p2 to {q1,q3} or {qa2,q3} (even if we choose to delete p3 before). But then,
the composition of these two retractions would take p1 to {q1,qs} or {q2,q3} and,
although it is a 4-retraction it is not a (N, 4)-retraction.

On the other hand, if we started by deleting ps instead of p1 (starting with ps
would be analogous), we may delete it by a (N, 4)-retraction taking it to {qa}.
Now, ps is not f-simple in the remainder so we should delete p; by a (N, 4)-
retraction taking it to {ps}. Finally, ps would be taken to {q2,q5} or {qu,qs}-
But then, the composition of these three retractions would take p1 to {qs,q5}
and, although it is a 4-retraction it is not a (N, 4)-retraction.

However, it is possible to define a (N, 4)-retraction F' which deletes p1,p2, 3

by defining F(p1) = {q2}, F(p2) = {q3} and F(p3) = {¢s}.

In the next two results we show that the usual thinning algorithms based on
conditions (i) and (ii) stated at the beginning of this section have subiterations
which can be modeled by (A, k)-retractions which can be constructed explicitly,
using only the first subdivision. As a consequence, being the composition of
all their subiterations, each of these thinning algorithms can be modeled as a
digitally continuous multivalued function.

Theorem 5. Let X C Z? be a k-connected set with more than 2 points and
let D be a subset of north boundary k-simple points of X. Then there exists a
multivalued (N, k)-retraction F : X — X \ D.

Proof. We show first how to define the images of all the points of D in such a
way that their images are contained in X \ D. To do that, consider p € D and
label the points of N(p) as in figure 1.

k=4: If ps € X, if we define F'(p) as in Theorem 1 then it is easy to see that
F(p) does not include any north boundary point. On the other hand, if pg € X,
since p is 4-simple, ps & X or ps ¢ X. Suppose py & X (the case ps € X is
symmetric). Then pg € X \ D, because pg can not be simple, and we define,
according to Theorem 1, F'(p) = ps.

k=8: If ps € X, if we define F'(p) as in Theorem 1 then it is easy to see that
F(p) does not include any north boundary point. On the other hand, if ps &
X, since p is 4-simple, {p3,ps,p5} N X = 0 or {p7,ps,p1} N X = (). Suppose
{p3,p4,p5} N X = (the other case is symmetric). Then, we define F(p) = ps if
ps € D and F(p) =py if pgs € D.

We see now that the function F' defined as above is k-continuous. Suppose
D = {di,ds,...,d,}. Consider, for every ¢ = 1,2,...,n, the multivalued k-
continuous map F; : X — X \ {d;} which leaves fixed all points in X \ {d;} and
such that F;(d;) is defined as above. Then the above defined F': X — X \ D
agrees with the composition F' = F,, o F;,_1 0 ---0 Fy o I} and hence is a k-
continuous multivalued function. Therefore, F' is a multivalued (N, k)-retraction
from X to X \ D.
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Theorem 6. Let X C Z? be a k-connected set with more than 2 points and
let D be a subset of 8-simple points of X such that all the points of D have
coordinates with even sum. Then there exists a multivalued (N, k)-retraction
F:X — X\D.

Proof. We have to show how to define, in a coherent way, the images of all the
points of D. To do that, consider p € D. By the algorithm in Theorem 1, we
have to consider two cases:

— N(p) N X C {p1,p3,p5,p7}, then and N (p) N X consists on just one of
those points, say p;, and we define F'(p) = p;. Moreover, since p; is the only

neighbor of p, then p; can not be 8-simple and hence p; & D.
— Na(p)N X # 0, in which case F(p) C Ny4(p) where Ny(p) N D = 0.

Therefore, we can define the images of all the points of D according the algorithm
in Theorem 1.

The proof that the function F' defined as above is k-continuous is similar to
that of the previous theorem.

The proof of the continuity of F in the previous two results suggests the
following result.

Proposition 3. Let X C Z? be a k-connected set and let D = {dy,ds,...,d,} C
X be a set of k-simple points of X. Suppose that, for everyi=1,2,... n, there
exists a multivalued k-continuous map F; : X — X \ {d;} which leaves fized all
points in X \ {d;} and such that F;(d;) C N(p) N (X \ D). Then the composition
F=F,0F, j0---0Fy0oF is a multivalued (N, k)-retraction from X to X \ D.

Consider now the following result, proved in [6], which can be seen as the converse
of some results presented in this paper.

Theorem 7. Let X C Z? be a k-connected set and let D be a set of k-simple
points of X such that there emists a multivalued (N, k)-retraction F : X —
X\ D. Then D is k-deletable.

The condition of D formed by k-simple points is necessary and, on the other
hand, the condition of the points in D being k-simple can not be deduced from
the rest of the hypothesis, as shown by the examples in Figure 6.

Fig.6. Left: A (N,8)-retractable but not 8-deletable set of non 8-simple points.
Right: A (N, 8)-retractable and 8-deletable set of points not all of them 8-simple
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The proof of this result is based on Ronse [8] sufficient conditions for the
parallel deletion of the points of a subset D of a set X to preserve topology.

If we consider Proposition 3 and Theorem 7 together we would obtain the
following local criterion for the parallel deletion of the points of a subset D of a
set X to preserve topology.

Theorem 8. Let X C Z2 be a k-connected set and let D = {di,da,...,d} C X
be a set of k-simple points of X. Suppose that, for every i = 1,2,...,n, there
exists a multivalued k-continuous map F; : X — X \ {d;} which leaves fized all
points in X \{d;} and such that F;(d;) C N'(p)N(X\ D). Then D is k-deletable.

6 Conclusion

In this paper we have continued the program started in [5] on digitally contin-
uous multivalued maps, now focusing on retractions, and in particular, on the
notion, introduced here, of (A, k)-retraction. These types of retractions have the
property that each point is retracted to its neighbors. We have modeled the dele-
tion of simple points, one of the most important processing operations in digital
topology, as a (N, k)-retraction, and we have given a simple algorithm, requiring
only the first subdivision, to define explicitly this retraction. Moreover, we have
extended this algorithm to characterize some well known thinning algorithms.

References

1. Boxer, L.: Digitally continuous functions. Pattern Recognition Letters 15, 833-839
(1994)

2. Boxer, L.: A Classical Construction for the Digital Fundamental Group. Journal
of Mathematical Imaging and Vision 10, 51-62 (1999)

3. Boxer, L.: Properties of Digital Homotopy. Journal of Mathematical Imaging and
Vision 22, 19-26 (2005)

4. Boxer, L.: Homotopy properties of Sphere-Like Digital Images. Journal of Mathe-
matical Imaging and Vision 24, 167-175 (2006)

5. Escribano, C., Giraldo, A., Sastre, M.A.: Digitally continuous multivalued func-
tions. In: Coeurjolly, D., Sivignon, I., Tougne, L., Dupont, F. (eds.) DGCI 2008.
LNCS, vol. 4992, pp. 81-92. Springer, Heidelberg (2008)

6. Escribano, C., Giraldo, A., Sastre, M.A.: Digitally continuous multivalued func-
tions, morphological operations and thinning algorithms (Submitted)

7. Khalimsky, E.: Topological structures in computer science. Journal of Applied
Mathematics and Simulation 1, 25-40 (1987)

8. Klette, R., Rosenfeld, A.: Digital Geometry. Elsevier, Amsterdam (2004)

9. Kong, T.Y.: A digital fundamental group. Computers and Graphics 13, 159-166
(1989)

10. Kong, T.Y., Rosenfeld, A.: Digital Topology: Introduction and survey. Computer
Vision, Graphics and Image Processing 48, 357-393 (1989)

11. Kong, T.Y., Rosenfeld, A. (eds.): Topological algorithms for digital image process-
ing. Elsevier, Amsterdam (1996)



12.

13.

14.

15.

Thinning Algorithms as Multivalued N -Retractions 287

Kovalevsky, V.: A new concept for digital geometry. In: Ying-Lie, O., et al. (eds.)
Shape in Picture. Proc. of the NATO Advanced Research Workshop, Drieber-
gen, The Netherlands, Computer and Systems Sciences (1992), vol. 126. Springer,
Heidelberg (1994)

Ronse, C.: A topological characterization of thinning. Theoretical Computer
Science 43, 31-41 (1988)

Rosenfeld, A.: Continuous functions in digital pictures. Pattern Recognition
Letters 4, 177-184 (1986)

Tsaur, R., Smyth, M.B.: Continuous multifunctions in discrete spaces with appli-
cations to fixed point theory. In: Bertrand, G., Imiya, A., Klette, R. (eds.) Digital
and Image Geometry. LNCS, vol. 2243, pp. 75-88. Springer, Heidelberg (2002)



	Thinning Algorithms as Multivalued $N$-Retractions
	Introduction
	Single Valued Continuity in Digital Spaces
	Digitally Continuous Multivalued Functions
	Sequential Deletion of Simple Points as Retractions
	Thinning Algorithms as Multivalued $(N, k)$-Retractions
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




