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Abstract Our first paper introduced block splitting operators on the complete
lattice of partial partitions, studied their algebraic properties and characterized
block splitting openings (kernel operators) in terms of partial connections.

In this second paper we study non-isotone idempotent block splitting op-
erators on partial partitions. In particular we analyse the following two con-
structions:

— the residual combination of block splitting openings, where the (n + 1)-th
opening is applied to the “residue” of the n-th one;

— asupremum of operators obtained by composition of a block splitting open-
ing followed by a block selection operator guided by a predicate on sets.

These operators belong to two families of idempotent operators generalizing
openings that the author studied previously.

In the same way as the openings analysed in the first paper, these two
types of idempotent operators underlie recent image segmentation approaches
due to Serra and Soille.

Keywords partial partitions - complete lattice - block splitting - idempo-
tence - image segmentation
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1 Introduction

This is the second part of a general study of block splitting operators on
partial partitions, and conditions for their idempotence. Our basic motivation
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is the mathematical analysis of the operations involved in some recent image
segmentation approaches [22,23,28].

In the first paper, we have analysed the general lattice-theoretical and
monoid properties of block splitting operators. Then we showed that block
splitting openings coincide with the decomposition of blocks into their con-
nected components according to a partial connection, and that they consti-
tute a complete sublattice of the complete lattice of all openings on partial
partitions. These results underlie the connective model for image segmenta-
tion [23,17,13]: given FE the space of points and T the set of image values, a
criterion cr : TF x P(E) — {0,1} associates to an image F' : E — T and
a set A € P(F) the value cr[F, A] = 1 if F' is homogeneous on A according
to cr, and cr[F, A] = 0 if not; when for every F : E — T, the set CL of all
A € P(FE) such that cr[F, A] = 1 is a partial connection, the criterion cr is said
to be partially connective, and then for every A € P(FE) the segmentation of

F on A is given by the partial partition pCCer (A) of all CX-components of A.
Similarly, omitting images E — T, one can decompose shapes (subsets of E)
by using a partial connection C: every object A € P(FE) will be decomposed
into the partial partition of its C-components.

However in many practical situations, the underlying principle that “given
overlapping image regions satisfying the criterion, their union will satisfy that
criterion”, does not give optimal results. We give here three examples (in the
digital plane £ = Z2) of shape decomposition that do not follow this approach,
they correspond in fact to the three set splitting methods studied in Section 3.

Let us first consider a set splitting operator o extracting narrow lines in
subsets of E. A line segment A is indeed narrow, so from A one extracts
A itself; now a square B containing A is not narrow, so from B nothing is
extracted. Formally, o satisfies 0(A) =14 = {A} and o(B) =@, but A C B
and 14 > @, thus o is not isotone. The design of such an operator ¢ can involve
non-isotone template matching operators devised for processing sets or grey-
level images [2,8,9], followed by a partitioning into connected components, see
Proposition 8 and Figure 4.

Next, we remark that a block splitting opening that extracts from a set
two or more types of objects, cannot separate two objects of distinct types
when they overlap. This is illustrated in Figure 1 for horizontal and vertical
objects. The solution is to apply to a set A a first set splitting operator o
extracting the first type of objects, then to apply to the residual A\supp[o;(A)]
a second set splitting operator oo, and take the compound partial partition
o1(A) U 2(A \ supplo1(A)]). This operation can be iterated with more set
splitting operators o3, ..., and leads to the multi-stage segmentation strategy
introduced by Serra [22,17]. This construction will be analysed in detail in
Subsection 3.2.

Finally, consider the extraction of large objects that can have small pro-
truding parts. In Figure 2, the two sets A and B are each one large object
with four protrusions, so each one will be extracted as a whole, in other words,
0(A) =14 and 0(B) = 15; now since A and B overlap, for o isotone we would
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Fig. 1 Here E = Z2. (a) A set A from which horizontal and vertical bars are to be extracted.
(b) The two structuring elements H and V. (c¢) The partial partition PCCH (A) of A into its
Cj;-components of A (connected components of the opening A o H), gives the 2 horizontal
bars. (d) The partial partition PCSv (A) of A into its C},-components (connected components
of AoV), gives the 3 vertical bars. (e) Their join PCH (A) vV PCCV (A); since PCCH (A) and
PCCv (A) are invariant under any opening extracting horizontal and vertical objects, so must
be PCCH (A)v PCCV (A), but then the horizontal and vertical bars are not separated. (f) In
order to extract separately the horizontal and vertical bars, we first take PCCH (A), giving

the 2 horizontal bars (in light grey), then apply PCEV to the residual A \ supp[PCc;i (A)] =
A\ (Ao H), giving 8 remaining vertical bars (in dark grey).

have 0(AUB) =14V 1 = 14up, while in fact 0(A U B) should contain two
objects separated by a narrow transition.

Fig. 2 (a) and (b) The two sets A

and B, where the + indicates the

A c position of the origin. Since A and
B represent each one object, we

have 0(A) = 14 and o(B) = 1p.

AUB E (c) If o was isotone, we would have

B (AU B) = 1aup. (d) However

A U B consists of two objects C

D and D (in dark grey) separated by

a transition E (in light grey), thus
(@ (b) © @ e

A similar problem is the so-called “trend effect” in the segmentation of
grey-level images [28]: an image where the intensity varies slowly from dark to
bright over a wide area will globally look heterogeneous, while locally every



small region will look homogeneous. In both cases a possible solution is to use
Soille’s segmentation approach [27-30] studied in Subsection 3.3: (a) build a
growing sequence of segmentations m; < --- < 7, by using growing sequence
of partial connections (e.g., arising from growing criteria); (b) in each partial
partition m; (i = 1,...,n), remove all blocks that do not satisfy some con-
straint, leading to a filtered partial partition 7}; (c) take as final segmentation
the join \/!_, 7. See Figure 10 for the segmentation of a function, and also
Figures 11 and 12 for the decomposition of a set into two wide parts joined by
a narrow transition.

This second paper will thus investigate non-isotone idempotent block split-
ting operators on partial partitions. Idempotence is required for the stability
of the segmentation process (a non-homogeneous set is split into homogeneous
subsets that are not split further). In fact, all idempotent operators that we
construct belong to two families of operators that we introduced before under
the names of open-condensations [11] and open-overcondensations [12]. For the
sake of brevity, we rename them here C-thinnings and OC-thinnings respec-
tively. They are order-theoretical generalizations of openings, and have several
similarities with them, notably they constitute Moore families.

We give a few methods for constructing such idempotent block splitting op-
erators from elementary operations on blocks. They are based on the opening
cs¢ decomposing each block into its C-components (for a partial connection
C). First, CS® can either be preceded by a feature extraction operator [2,8,
9], see Proposition 8, or it can be followed by a block selection operator as
in Soille’s approach to segmentation [28], see Subsection 3.3; both operations
produce OC-thinnings. Next, we propose an associative binary operation on
set splitting operators, the residual combination, where the second operator is
applied to the “residue” of the first one; this operation was introduced in [22]
in the specific case of the decomposition into C-components, and we show that
the resulting operation on block splitting operators preserves the family of
C-thinnings, see Subsection 3.2. Finally, the lattice-theoretical join preserves
both families of C-thinnings and OC-thinnings; this is in particular relevant
to Soille’s approach [28].

In Section 4, we will indicate the relevance for image segmentation (or
shape decomposition) of various order-theoretical properties of block splitting
operators.

1.1 Paper organization

We adopt the general terminology (inherited from [15]) of the first paper, which
follows that of mathematical morphology [19,5,26], except when it contradicts
classical lattice-theoretical usage.

Section 2 gives the mathematical background: we first recall the main nota-
tion (Table 1), results and formulas from the first paper that we will use here;
Table 2 lists the notation introduced in this paper (in the order of first ap-
pearance); then we describe C-thinnings (open-condensations), OC-thinnings



(open-overcondensations) and trivial operators, and give their main properties.
Section 3 considers idempotent non-isotone block splitting operators, in par-
ticular the residual combination of block splitting openings introduced by [22]
and the operators underlying Soille’s approach to segmentation [28]. Finally
Section 4 discusses the significance of our results, concludes and proposes new
tracks for research.

Although the operators described in Section 3 are based on existing image
segmentation algorithms, all properties proved about them are new.

2 Background

Table 1 summarizes the main notation introduced in the first paper. We now
briefly recall the main results and formulas from it that will be needed in
this second work. Then Subsection 2.1 will describe some families of lattice-
theoretical operators, in particular those introduced by the author [11,12].

We first give a small simplification of notation: for an operator ¢» on P(E)
and a point p € E, write ¢(p) for ¥ ({p}).

Recall now the basic morphological operators on subsets of £ = R™ or
E = 7Z™; for any B € P(E), we have the following four operators on P(E):
the dilation by B, g : X — X @ B; the erosion by B, eg : X — X © B; the
opening by B, yg = 0pep : X — X o B = (X © B) @ B; the closing by B,
vp=¢pdp: X — X eB = (X @ B)o B. We write B, for the translate of B
by a point p € E; we have B, = dp(p).

Given a a non-empty family m; € II*(E), i € I # ), such that for every
p € E, the set of Cl.,(p) for i € I is directed (i.e., Vi,j € I, 3k € I, Cl,,(p) U
Clx,; (p) € Clr, (p)), we have [15]

vpeB,  Cy )= (1)

iel

and for any m € IT*(E), m A (\;e; ™) = Ve (7 A 7). An elementary conse-
quence of this is:

Vr,n' € I*(E), wAx = \/(13/\77') : (2)
Bem

Given a fixed 7* € IT*(F) and B € 7*, for any m € IT*(E) such that
m < 7, the restriction of m to B is the set [r]p of blocks of 7 that are
included in B; we have

Vo <z*: = U[ﬂ']B: \/[71']3. (3)

Bem* Berm*

This restriction is compatible with refinement order and with the supremum
and infimum operations.



Table 1 Main notation from the first paper

E
T
cr
Cer

Cl

(a,8): A= B

Inv(4)
supp(B3)
Clx(p)
I(E)
1T (E)
(%)

04

14

1.

0.
S(E)

C

Yp
(’vap € E)

PCC(X)
Cstd

Ch
AE(L)
(7]
B(o)

1y

B(v)
II*(E,C)
cs¢
F(o)

space of points

set of image values (grey-levels or colours)
a criterion TF x P(E) — {0, 1}
{A€P(E) | cr[F,Al =1} (F € TF)
a:A— Band 8: B— A

invariance domain of the operator
support of the family B of subsets of E

a partial partition

class of point p in the partial partition 7
set of all partitions of E

set of all partial partitions of F

empty partial partition

identity partition of A into its singletons
universal partition of A into a single block
A 1a

A0y

family of all singletons in E

a partial connection on P(E)

partial connection opening on P(E)
system of partial connection openings on P(E)
partial partition of all C-components of X
a “standard” connection on P(E)

(e.g., arc, topological, or graph connectivity)
partial connection {Z € Cs4q | Zo B = Z} (B € Cs¢q, B # 0)
set of all anti-extensive operators on L
TNP(B), for Ben*, 7 <x*
set splitting operator X — o(X) € II*(X)
block splitting operator on IT*(E) derived from o
set shrinking operator X +— 1, (x)

m Ve Lo

set of all partial partitions of E with blocks in C \ {0}
opening on IT*(E) splitting blocks into C-components
{X € P(E) | o(X) =1x}, fixed set of o

Table 2 Notation introduced in this paper

p
Tp

rclo, 0]
rclon, ...
7T1 — 7T2
w4+ 72

70'n}

a predicate L \ {0} — {0,1}

trivial operator corresponding to p

residual combination of o followed by 6

residual combination of the succession of o1, ...,0p

{B\ supp([2]p) | B € w', B\ supp([r2]) # 0}, for 7! >
ml U2, for supp(r!) Nsupp(n2) =0

Given a set splitting operator o : P(E) — II*(E) : X — o(X) € II*(X),
the block splitting operator derived from o is B(c) : IT*(E) — II*(E) given by



then for all B € m we have [ ] = o(B). For any m € IT*(E) and
p € E, we have Clg,) () (p) = »)(p). Note that for any A € P(E),
Blo)(1a) = a(A).

Given an anti-extensive operator ¢ on P(F), the set shrinking operator
1y X = 1yx) is a special case of set splitting operator; it gives rise to
the block shrinking operator 3(1y), which coincides with B(v), the blockwise
extension of ¥. For any 7 € IT*(E),

=/ Ly = {6(B) | Ben, w(B) £ 0} . (5)

Berm

For any 7 € I[I*(E) and p € E, we have

Cl; if Cl; ,
Cla(y) ) (P) = {g( ®) Otﬁefvggée ; ®) (6)
Note that a supremum, infimum or composition of block splitting operators
is block splitting. The same can be said for an infimum or composition of block
shrinking operators.
For any set splitting operator o on P(FE), the invariance domain of B(c),
that is, the set of m € IT*(E) such that 5(o)(w) =, is

Inv(8(0)) = II"(E, F(0)) , where F(o)={X eP(E)|o(X)=1x}, (7)

and we have () € F (o).

A typical set splitting operator is, given a partial connection C, the map
PCC associating to a set A the partial partition PCC(A) of its C-components.
Then S(PCC) = €S, the operator on IT*(E) that splits each block of a partial
partition into its C-components:

Vre II"(E), CS°r) = [JPCc(C
Cem (8)
—{’yp )| Cem peC, v,(C)#0} .

Given (vp,p € E) the system of partial connection openings of C, we have:
VrellI"(E), Vpe E, Cleser)(p) = Clpce(cr, (p) () = 1(Clz(p) - (9)

Now CS® is an opening on IT*(E), whose invariance domain is IT*(E, C).

For E = R™ or Z™, given a “standard” connection Cgq on P(FE), taking a
non-void B € Cg4q, the set Cf of all Z € Cqq such that Z o B = Z is a partial
connection; for X ¢ Cj, the Cj-components of X are the Cgq-components of
the opening X o B, see Figure 6 (b).



2.1 Some special types of operators

We analyse here some families of operators having specialized properties:
first C-thinnings (open-condensations [11]) and OC-thinnings (open-overcon-
densations [12]), then trivial operators. They have been considered in older
papers, but we will find them again throughout Section 3, when studying
some block splitting operators on partial partitions that are relevant to image
segmentation.

We will see that C-thinnings and OC-thinnings are in some way two gen-
eralizations of openings, sharing some features with them.

Definition 1 Let L and M be two posets (equal or distinct).

1. An operator n: L — M is
— condensing [11] if for any x,y,z € L such that x < y < z and n(x) =
n(2), we have n(x) = n(y);
— overcondensing [12] if for any z,y,z € L such that 2 < y < z and
n(w) = n(z), we have n(z) < n(y).
2. An operator on L is
— a thinning if it is anti-extensive and idempotent (J. Serra);
— a C-thinning (in [11]: an open-condensation) if it is condensing, anti-
extensive and idempotent;
— an OC-thinning (in [12]: an open-overcondensation) if it is overcondens-
ing, anti-extensive and idempotent.

An isotone operator is condensing, and a condensing operator is over-
condensing; every opening is a C-thinning, and every C-thinning is an OC-
thinning. We have the following practical characterization:

Lemma 2 [11,12] Let k be an operator on the poset L. Then:

— Kk is a C-thinning if and only if it is anti-extensive and satisfies the following
condition:
(0) Forz,ye L, k(z) <y <z = k(z)=r(y).

— K is an OC-thinning if and only if it is anti-extensive and satisfies the
following condition:
(%) Forz,y € L, k(z) <y <z = r(x) <k(y).

Let us now extend to C-thinnings and OC-thinnings two methods that
have been used for constructing openings:

Proposition 3 Let L and M be two posets (equal or distinct). Then consider
the following two constructions of an operator k' on L:

1. Given an opening v on L and an operator k on L, such that yky = k7, let
k' = k.
2. Given an adjunction (£,0) : L = M and an operator  on M, let k' = dke.

In both cases, if k is a C-thinning (resp., an OC-thinning), then £’ is a C-
thinning (resp., an OC-thinning).



Proof We show the result for an OC-thinning. For a C-thinning, the proof is
the same, replacing () by (o).

1. As v and k are anti-extensive, for © € L we have ky(z) < y(z) < =z,
thus kv is anti-extensive. Let z,y € L such that sy(z) < y < x. As vy
isotone, yry(z) < y(y) < v(z), and as ywy = Ky, wy(z) < Y(y) <
Applying (x) with v(x) and v(y) instead of x and y, we get ky(y) > &
Hence k7 satisfies (x), so it is an OC-thinning.

2. As k is anti-extensive, for x € L we have ke(x) < e(x); then the
adjunction (e,d) gives dke(x) < x, thus dke is anti-extensive. Let z,y € L
such that dke(z) <y < z. By the adjunction (¢,9), ke(z) < e(y), and as € is
isotone, e(y) < e(z). So ke(z) < e(y) < e(x), and applying (x) with e(z) and
(y) instead of = and y, we get ke(y) > re(z). As ¢ is isotone, dre(y) > dke(x).
Hence dke satisfies (%), so it is an OC-thinning. O

It is indeed well-known that for an opening &, both constructions for x’
give an opening. The analogy with openings is reinforced by the fact that a
supremum of C-thinnings is a C-thinning, and similarly for OC-thinnings; in
other words, in a complete lattice, C-thinnings and OC-thinnings both consti-
tute dual Moore families [11,12].

A classical example of OC-thinning on sets is the so-called generalized
foreground opening introduced by [2]. Let E = R™ or E = Z™, given two
disjoint A, B € P(E), the hit-or-miss transform by (A, B) is the map

X (XeA)N(X6B) ={peE| Ay € X, B,e XY} ;

here A and B are respectively the foreground and background structuring
elements. Now consider the following operator on P(E):

X [(XoAnX oB))oAd=|J{4,|pcE, A, € X, B, X}, (10)

namely the composition of the hit-or-miss transform by (A, B) followed by
the dilation by A; it is an OC-thinning [12], and it is used to extract shapes
from a binary image. It has been called generalized foreground opening [2] or
hit-or-miss opening [26], by analogy with the opening by A, X — (X©A) @ A.
As a generalization, assuming M to be a meet semilattice: given an ad-
junction (g,0) : L = M and an antitone operator 8 : L — M, §(e A 0) is
an OC-thinning on L; furthermore, if L is a complete lattice, then every OC-
thinning on L takes this form for some complete lattice M [12]. Generalizing
further, we deduce that given an adjunction (g,d) : L = M, an opening v on
M and an antitone operator 6 : L — M, §y(¢ A 0) is an OC-thinning on L.
All this justifies thus the idea proposed in [12] that OC-thinnings can be
considered as a kind of non-isotone generalization of openings.
Quasi-openings can be built with the techniques of [11]. The first one is
the toggle of openings, for example in P(E), given several openings ~; (i € I),
for every X € P(E), choose the v;(X) having the largest size. The second
originates from [10], we called it the Pitas decomposition: given two openings
and 7' on P(E), take the operator X +— (X)Uy/(X\v(X)). This construction



10

was generalized in [11] as follows: let (G, +, <) be an abelian partially ordered
group with neutral element 0, and let P be the poset of all positive elements
of G (x € G such that > 0), then given two C-thinnings v,7" on P, the
map £ : x — y(z) + 7/ (z — y(z)) is defined on P, and is a C-thinning. In
Subsection 3.2, we will define a similar construction for partial partitions, so
we need a further generalization:

Proposition 4 Let P be a poset and let + and — be two partially defined
binary operations on P such that for w,z,y,z € P we have:

fory <z, (a) x —vy is defined, and (b) if y <z <w, thenz —y < w —y;
fory<z andz<z—y, (c)y+zis defined, (d) y+2z<z, (e)y<y+z
and (f) (y+2) —y = 2.

Given two anti-extensive operators n,( on P, for every x € P the expression
n(z) + {(x — n(x)) is defined, and the operator x : x — n(x) + {(x — n(x))
on P is anti-extensive. Furthermore, if n and ¢ are C-thinnings, then k is
a C-thinning; more precisely, for k(z) < y < x, we have n(y) = n(z) and

((y = n(y)) = C(x = n(z)).

Proof Let © € P. Since 7 is anti-extensive, we have n(z) < z, so ¢ — n(z)
is defined by (a). As ( is anti-extensive, ((x — n(z)) < z — n(x), so k(z) =
n(x) + ((z — n(x)) is defined by (c) with y = n(z) and z = {(x — n(z)). Thus
k is well-defined. Then by (d) we have x(z) < z, so k is anti-extensive.

Now (e) gives n(z) < k(z), and by (f) we get x(x) — n(x) = ((z — n(x)).
Suppose that 7 and ¢ are C-thinnings, and let y € P such that that x(x) <
y < z. As n(x) < k(z), we have n(z) <y < z, and since 7 is a C-thinning, we
obtain n(y) = n(z). Since n(z) < k(x) <y <z, by (b) we have x(z) — n(z) <
y—n(x) < x—n(z); but k(z) —n(z) = ((z—n(z)), so ((z—n(z)) < y—n(z) <
x —n(x). As € is a C-thinning, we obtain {(y — n(z)) = {(x — n(x)), and since
n(y) = n(x), this gives ((y — n(y)) = ((z — n(x)). Hence x(y) = n(y) + ¢y —
n(y)) = n(z) +{(x —n(x)) = k(r). We have thus shown that  satisfies (), so
it is a C-thinning. O

The first case where this result applies is the situation of [11], where P is the
set of positive (> 0) elements in an abelian p.o. group (G, +, <), with + and
— denoting the addition and subtraction operations; since + and — are always
defined in G, here “z —y is defined” should be interpreted as “x—y € P”, i.e.,
x —y > 0, while for positive y, z, we always have y + z > 0, i.e., y+ 2z € P;
then conditions (a—f) are straightforward consequences of the compatibility of
the addition with the order <, and of the fact that we take positive elements.
An example is when G is the set of functions £ — R (where R is the set of
real numbers) and P is the subset of functions E — R™ (where R™ is the set
of non-negative reals). Next, conditions (a—f) are also satisfied by the poset
of functions E — {0, 1}, hence by the isomorphism (P(E),C) + (2F, <), we
can apply the proposition to P(E), with X +Y being the union of two disjoint
sets X and Y, and X — Y being the subtraction of a subset Y from a set
X: this gives the original Pitas decomposition of [10]. This case gives a new
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intuitive meaning for + and —: z — y is the “residue” obtained by “removing”
the part y from the object x, and x 4 y is the “join” of two non-overlapping
objects x and y. In Subsection 3.2 we will define 4+ and — for partial partitions
according to that meaning, cf. Proposition 11.

In mathematical morphology, one has considered [4,6] operators that re-
move from a set all connected components that do not satisfy some property;
in Subsection 3.3, we will discuss them in the framework of operators removing
some blocks in a partial partition. Although they were usually considered in
the lattice P(E), we can extend them to an arbitrary poset with least element:

Definition 5 Let L be a poset with least element 0.

1. A predicate on L\ {0} is a map p : L\ {0} — {0,1}; for z € L\ {0}, we
have p(z) = 1 if x satisfies p, and p(z) = 0 if « does not satisfy p.

2. A trivial operator on L [25] is some 7 : L — L such that for any x € L we
have 7(z) =z or 7(z) = 0.

3. Given a predicate p on L\ {0}, the trivial operator on L corresponding to
p is 7, given by:

Ve L\ {o}, Tpm{ﬁ iﬁEEﬁ

75(0) =0 .

)

1
0 (11)

Note that a trivial operator gives always 7(0) = 0; hence the predicate p
needs not to be defined on 0, because 7,(0) = 0 whatever the value of p(0).

Proposition 6 Let L be a poset with least element 0. The map p — 7, given
in (11) is a bijection between predicates on L\ {0} and trivial operators on L,
the inverse bijection is T — p,, where

Va e L\ {0}, pr(w)={é §§I§i§i§

This map p — T, is an order-embedding, i.e., p < q & T, < Tq; when
L is a complete lattice, this map is a complete embedding (i.e., an injective
complete morphism) from the complete lattice of predicates to AE(L), the one
of anti-extensive operators on L.

Furthermore, for any predicate p on L\ {0}:

1. 7, is an OC-thinning.
2. [25] T, is an opening iff it is isotone, i.e., iff p is isotone on L\ {0}.
3. Ty is a C-thinning iff it is an opening.

Proof Indeed, we check that p;, = p and 7, = 7, hence we have a bijection
and its inverse. Clearly p < q & 7, < 7. When L is a complete lattice, we
check that for a non-void family p; (i € I # @), we have

= A
icl

ier Pi

AV \/Tpi and A
i€l
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Finally the least and greatest predicates, which are constant 0 and constant
1, lead to the following trivial operators: the constant 0 operator and the
identity; these are indeed the least and greatest anti-extensive operators.

We consider now the three other properties:

1. Clearly a trivial operator is anti-extensive. Let z,y € L such that
o) <y <z I 7p(x) = x, then y = x, so 7p(y) = 7p(x) =2z = y. If
To(z) = 0, then 7,(y) > 0 = 7,(x). Thus the condition (x) of Lemma 2 is
satisfied, and 7, is an OC-thinning.

2. The first equivalence follows from item 1, the second one is well-known
[25].

3. If 7, is an opening, then it is a C-thinning. Suppose now that 7, is a
C-thinning. Let =,y € L\ {0} such that y < z and p(z) = 0; then 7,(z) = 0,
50 Tp(z) <y < z, and (o) gives T,(y) = 7p(z) = 0, hence p(y) = 0; therefore p
is isotone on L \ {0}, so 7, is an opening by item 2. O

The trivial opening 7, corresponding to an isotone predicate p on L\{0} has
the invariance domain Inv(7,) = {0} UU, where Y = {z € L\ {0} | p(z) = 1}
is an upper set. Conversely, every opening whose invariance domain is of the
form {0} UU for an upper set U, is 7, for the isotone predicate p on L\ {0}
defined by p(z) =1 for € U and p(x) = 0 for = ¢ {0} UU. Note that {0} UU
is a dual Moore family, hence a partial connection [13].

3 Non-isotone block splitting

In the first paper we have considered block splitting openings, namely the
splitting of blocks into C-components according to a partial connection C. We
will now study several types of non-isotone idempotent block splitting oper-
ators; they use block splitting openings as the main building block. Subsec-
tion 3.1 considers, in the case of block splitting operators, the properties of
condensation and overcondensation; it gives also a construction for block split-
ting OC-thinnings. Subsection 3.2 analyses the residual combination of block
splitting openings introduced by [22] and used in multi-stage segmentation
approaches [17]; they are block splitting C-thinnings. Subsection 3.3 studies
the combination of block splitting openings with trivial operators acting on
blocks, following Soille’s segmentation approach [27-30]; they are block split-
ting OC-thinnings. This leads also to a new interpretation of some operators
on sets, namely the attribute thinnings or anti-extensive grain operators [4,6].

3.1 Overcondensation

Let us first compare the properties of condensation and overcondensation for
set and block splitting operators. Then we will construct block splitting OC-
thinnings by composing blockwise a union of generalized foreground openings
(10) with the decomposition into C-components.
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Proposition 7 Let o be a set splitting operator.

1. If B(o) is overcondensing, then o is overcondensing.
2. If B(o) is condensing, then o is condensing.

Let v be an anti-extensive set operator.

3. B(v) is overcondensing iff 1 is overcondensing.
4. If B(v)) is condensing, then 1 is condensing.

Proof 1. Suppose that (o) is overcondensing. Let X,Y, Z € P(E) such that
XCYCZand o(X)=0(Z). Then 1x <1y <1gz,50 f(0)(1x) =0o(X) =
0(Z) = B(o)(1z). As (o) is overcondensing, B(c)(1x) < 5(o)(1y), that is,
0(X) < o(Y). Therefore o is overcondensing.

2. The proof is the same in the condensing case.

3. If B(y) = B(1y) is overcondensing, then 1, is overcondensing by
item 1. Let X,Y,Z € P(E) such that X CY C Z and ¢¥(X) = ¢(Z); then
1yx) = lyz), and as 1y is overcondensing, we get 1y,x) < 1yy), hence
P(X) C Y(Y). Therefore ¢ is overcondensing.

Suppose now that 1 is overcondensing. Let 7°, 7!, 72 € IT*(E) such that
70 < 71 < 7% and B(¥)(7%) = B(¥)(n?). Thus for any p € E, Clo(p) C
Clr1(p) C Cly2(p) and C|B(¢)(.,r0)(p) = C|B(¢)(ﬂ.2)(p).

— If C|B(¢)(ﬂ.0)(p) = (Z), then ObViOUSly C|B(w)(7r0)(p) - ClB(w)(wl)(p)-
— If ClB(d))(ﬂ'O)(p) 7é @, then by (6) we havep S w((],ra (p)) and C|B(w)(ﬂ.0)(p) =
¥(Clro(p)); we have also p € ¢(Clr2(p)) and Clg(y)x2)(p) = ¥(Clz2(p)).
Thus ¥(Clro(p)) = ¥(Cl2(p)), and as ¢ is overcondensing, we obtain
Y(Clro(p)) € ¥(Clri(p)). We have then p € ¢(Cl;1(p)), and by (6) again,
C|B(w)(7r1)(p) = ¢(C|ﬂ.1 (p)), hence C|B(w)(7r0)(p) g ClB(w)(wl)(p)-
We have thus shown that in any case, Clg(y)x0)(p) € Clg(y)(x1)(p). As this
holds for any p € E, we get B(¢))(7%) < B(¢)(n!). Therefore B(¢)) is overcon-
densing.

4. We use the same proof as in the first paragraph of item 3. O

Comparing items 3 and 4, the reciprocal of item 4 does not hold: we give an
example of C-thinning ¢ such that B(v) is not condensing. Take two disjoint
non-void subsets A, B of F/, where B has size at least 2. Define the operator
1 on P(E) by

A fACX
z/J(X):{B ifAZ X and BC X ,
) ifAZX and BZ X ;
then it is easily seen that 1 is a C-thinning. Let {C, D} be a partition of B (i.e.,
) cCc Band D =B\ (). Then in IT*(E) we have {4,C,D} < {A,B} <
{AU B}, B@)({A,C,D}) = B@)({AU B}) = {A}, but B)({A, B}) =
{4, B}, so B(%)) is not a C-thinning.

In fact, it can be shown (elaborating on the proof of item 3) that for a

condensing anti-extensive operator 1, the condition

VX, Y €eP(E), YCX\¢(X) = (Y)=0
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is sufficient for having B(t¢) condensing; when v is idempotent (i.e., a C-
thinning), this condition is also necessary.

Now comparing items 1 and 3, the reciprocal of item 1 does not hold: for
a set splitting operator o that is not a set shrinking operator (i.e., is not of
the form 1, for a set operator ¢), o can be overcondensing while 5(o) is not.
Indeed, if o is support-preserving, for any X € P(E) we have supp(c(X)) = X,
so o is injective, thus it is trivially condensing (hence overcondensing); but then
B(0o) is not necessarily overcondensing, as shows the example in Figure 3.

e o o o
e o o o
o o Ty o o ey o o L)
o o o o
o o o o
o o o o L
.o i .o Fig. 3 Here E = Z2? and o splits a
set X € P(E) into its vertical cross-
sections if width(X) < height(X) <
oo, and into its horizontal cross-
BO)(T,) BO)(T,) sections otherwise. As o is support-
preserving, it is condensing. We have
mo < m < w2, B(o)(mo) = B(o)(m2),
i SREE B £ ) enee i)
is not overcondensing.

In any space E provided with a partial connection C, let (&;,0;) (i € I)
be a family of adjunctions on P(F) such that for every i € I and p € FE we
have d;(p) € C. Now take the opening v = \/,.; d;;. For any X € P(E),
¥ X)=U{o:(p) |i €I, pe E, §(p) C X};since d;(p) € C, §;(p) C X means
that ¢;(p) C A for some C-component A of X. Thus y(X) = Uepce(x) 7(4),
in particular X € Inv(v) iff for every A € PCS(X) we have A € Inv(~). Since
~(X) € Inv(y), for every A € PCE(y(X)), we have both A € Inv(v) and A € C;
it is then easily deduced that PCE™"™ (™ (X) = PCE(y(X)), see Subsection 3.1
of [13] for a more detailed discussion. Hence CS¢M™(") = CS¢B(~), in partic-
ular CS®B(7) is an opening on on IT*(E).

This generalizes what we said previously about the partial connection Cj
defined for E = R™ or Z™, with connection Cgtq, and B € Cgq \ {0}: the Cj-
components of X € P(E) are the Csq4-components of yp(X) = X o B. Indeed,
here C}; = Cs1q N Inv(yp) and for any p € E we have dp(p) = By, € Csa-

We will now obtain an analogue for OC-thinnings of the opening CSCB('V).
Recall from Subsection 2.1 that for an adjunction (g,0) and an antitone oper-
ator 0, §(e A 0) is an OC-thinning, and that the family of OC-thinnings is a
dual Moore family.

Proposition 8 Let C be a partial connection on P(E), and consider a family
{8i,€i,0; | i € I} of operators on P(E), such that for everyi € I, 0; is antitone,
(€4,0:) is an adjunction on P(E), and for all p € E we have 6;(p) € C. Let
k= \V,cr0i(ei N0;). Then CSCB(k) is an OC-thinning on IT*(E).
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Proof Let 7 € IT*(E), and let my = CS°B(k)(n). By (5,8),

m= |J PCC)=|J{PC°(k(B))|B e, K(B)#0} .

CEB(k)(n)

Thus the blocks of 7y are the C-components of x(B) # () for blocks B of w. Now
let m € IT*(E) such that my < m; < 7. We will show that my < CS°B(k)(m1).
For this, we prove that for any B € 7, [mg]p < B(k)([m1]B).

Take any B € w. If k(B) = 0, then [mo]p = @ < B(x)([m1]p); we can
thus assume that x(B) # 0, and then [mo]g = PCE(k(B)). Take i € I. For
p € €;xk(B) we have §;(p) C x(B), and as J;(p) € C, it must be included in one
C-component C of k(B), and p € ¢;(C); thus

eik(B) = | J{=:(C) | € € PC°(k(B))} .

Since PC¢(k(B)) = [m]p < [m1]B, every C € PC®(k(B)) is included in some
D € [m]B, and as ¢; is isotone, £;(C) C &;(D), so we have

tei(©) | € e PCC(k(B))} € ( J{ei(D) | D € [mi]s} -

Now Kk = v]GI d;(ej NO;) > 0;(g; N\b;), and as ¢; is isotone and €;9; is extensive,
gik > €;0i(e; A 9 ;) > €; A 6;. Summarizing these inequalities,

ULei(D) | D € [m]B} 2 eir(B) 2 (24 A 0:)(B) -

As [m]p < [r]p = 1p, for every D € [mi|p we have D C B, and as 6; is
antitone, 6;(D) D 6;(B). Hence

U{(amoi)(p)\pe mls} = J{e(D)N6:(D)| D € [m]5}
> J{eD)n6u(B) | D € [mls} = (U{e(D) | D € [ms}) noi(B)

2 (€¢ NO)(B)NO;(B)=(e;NO; NO;)(B) = (s N0;)(B) .
Since §; is a dilation, we get
(J{6i(e: A 6:)(D) | D € [m]5}
_ 5i(U{ & N0)(D) | D € [m B}) > 5i(ei A 6;)(B) .

Joining these inequalities for all ¢ € I, we obtain

Uis(D) | D € s} = J{Jbiei A 6(D) | D € [m]is}

el
= JU{68i(ei A 0:)(D) | D € [m]} 2 | di(ei A0:)(B) = K(B) .
i€l i€l
It follows then that for any C € [m]z = PCC(x(B)), C C U{x(D) | D €

[m]B}. But as [mg]p < [m1]p, there is a unique D¢ € [ ]B such that C' C D¢,
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and for any other D € [m]p, we have C N D = {); since x is anti-extensive,
we obtain C' N k(D) =0, and as C C |J{x(D) | D € [m1]p}, we deduce that
C C k(Dg¢), in particular k(D¢) # (). This means that

[molz < {x(D) | D € [m]p, (D) # 0} = B(k)([m]s) -

As this inequality holds for all B € 7, by (3,5) we obtain:

CS°B(k)(m) =mo = \/ [ro]s < \/ B(x)(Im]p)

Bemw Bem
=V V Lo= \V Loy =\ 1uc) =B(r)(m) .
Bem Ce[mlp CEUBEﬂ[‘m]B cem

But CS€ is an opening, hence mo = CS°B(k)(7) < CS°B(k)(m; ). Thus CSCB(k)
satisfies condition (%) of Lemma 2, hence is an OC-thinning. O

For example let £ = R™ or Z™, and let C be a translation-invariant partial
connection: VA € C,Vp € E, we have A, € C; this holds for instance when C is
the usual connection Cyq (topological or arcwise connectivity for R™, connec-
tivity based on a digital adjacency for Z™). Here the translation-invariant di-
lation d 4 by a structuring element A satisfies the condition Vp € E, d4(p) € C,
iff A € C. By Matheron’s decomposition theorem [7,18], a translation-invariant
antitone operator on P(E) takes the form X — (Jp3(X¢ © B) for a family
B of structuring elements. Hence a translation-invariant operator k according
to Proposition 8 takes the form

rX)= | ((xeanEx en)]oa), (12)
(A,B)eV

where V C C x P(FE); in other words, cf. (10), it is a union of generalized fore-
ground openings with connected foreground structuring elements. In Figure 4
we illustrate Proposition 8 with x according to (12), for the extraction of block
components whose width lies in a given interval.

Fig. 4 E = Z2. Top left: the fore-
ground structuring elements Aj, Ag
and their corresponding background
structuring elements Bj, B2. Top
middle: a partial partition with two
blocks (in grey and black). Top
right: apply the generalized fore-
ground opening (10) by (A1, Bi1) to
each block separately. Bottom middle:
the same with (A2, B2). Bottom right:
in each block, decompose the union of
the two generalized foreground open-
ings into their connected components
(two in the grey block, one in the
black one).

B2l
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Generalized foreground openings (10) have been extended to grey-level
images (i.e., numerical functions) [12,8]. In [9] they have been applied to the
extraction of blood vessels in three-dimensional grey-level medical images. Ves-
sels are modelled as narrow tubular objects in E = Z3, and one extracts them
by a grey-level extension of (12), where for each (A, B) € V, A is a sphere
of varying radius and B is a ring around A (or a sampling of that ring), of
varying orientation (say, normal to the 13 directions of the cube {—1,0,+1}3);
we illustrate in Figure 5 such a set V of pairs (4, B).

Fig. 5 (From [9].) Top
left: a sphere A sur-
rounded by a ring B in
R2. Bottom left: their
discrete version in Z3.
Right: a series of pairs
(A,B) (A in grey, B in
white) of various sizes
and orientations.

On the other hand, here we start from a binary image (not a grey-level
one), apply k (12) to extract tubular objects, then decompose the resulting
set into its connected components; by Proposition 8, the underlying operator
on partial partitions is an OC-thinning, in particular it is idempotent.

We have described OC-thinnings on IT*(E) of the form CSB(k) for a
partial connection C and an OC-thinning x on P(E). In Subsection 3.3, we
will obtain OC-thinnings taking the form B(T)CSC for a trivial operator 7 on
P(E) (which is an OC-thinning, cf. Subsection 2.1).

3.2 Residual combination of block splitting operators

Serra [22] proposed to partition a set by combining a partial connection C; and
a connection Ca. For every X € P(FE) one obtains the partial partition of its C;-
components, and it is completed into a partition by adding to it the partition
of Ca-components of the residual of Cy, that is, of the set of points of X not
covered by the Ci-components of X. Thus we obtain the partition PCS (X)u
pCC: (X\ supp[PCC1 (X)])- This construction can be extended [13] by taking
n partial connections Cy, ..., C, and iteratively constructing partial partitions
m,..., T, of X as follows: m; = PCCl(X), and fori =2,...,nset m; = m_1 U
pCt (X \ supp[m,l]). Such a construction is involved in some segmentation
algorithms, such as the multi-jump segmentation [23,17,13]. It can also be used
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in a multi-stage segmentation strategy [17], where a first partial segmentation
of the image by a partially connective criterion extracts some objects, then
a second segmentation of the remaining unsegmented background extracts
further objects, etc.; for instance in a person’s photograph, one first extracts
the head, then the shoulders, etc. (see Figure 2.6 of [17]).

For example let £ = Z™, take the connection Cy = Cyq (the usual connec-
tivity), and the partial connection C; = C§ for a non-void B € Cy 4. Then for
a set X, PC“(X) U PC® (X \ supp[PCc1 (X)]) is the partition of X into all
Cstg-components of X o B and of X \ (X o B). This is illustrated (for m = 2)
in Figure 6 for a disk B (a) and a bowtie-shaped set X (b). Then by grouping
these blocks into influence zones of the Cj-components of X (c), we obtain a
segmentation of X into its significant parts (d). Such a grouping of blocks into
influence zones of the blocks of the first partial partition PC®* (X)) can also be
applied in multi-stage image segmentation algorithms, such as the multi-jump.

B . X i
. A ﬂ Ao
h y
@ (b) (© (d)

Fig. 6 Here E = Z2. (a) The structuring element B € Cyyq is a disk. (b) The Cj;-components
of the bowtie X are the two Csq-components A1, Az of its opening X oB (shown in grey). The
residual X \ (X o B) (shown in black) has 5 Cs14-components As, ..., A7. Thus PCCs (X)u
PCCsta (X \ supp[PcCE (X)]) is the partition of X with the 7 blocks Ar,..., A7. (c) We
build the adjacency graph of this partition, whose vertices are the 7 blocks A;, and whose
edges link vertices corresponding to adjacent blocks. The two ellipes represent the influence
zones of the two vertices A1, A in the graph of PCB (X), namely the sets of vertices closer
to one than to the other (according to the graph distance); note that As is equidistant
from both A; and Ag. (d) Fusing the blocks in the respective influence zones gives a final
segmentation of X into 3 blocks.

This multi-stage partitioning is similar to a method given in [10] for decom-
posing shapes in E = Z™ (or R™). Take n structuring elements By, ..., B, €
P(E). Then for any X € P(E) we construct the sequence of approxima-
tions Yi,...,Y, € P(FE) by setting Y7 = X o By, and for i = 2,...,n,
Y, =Y, U(X \Yi_1) o B;. In [11] we showed (in the way of Proposition 4)
that this construction yields a C-thinning.

We will similarly show that Serra’s multi-stage partitioning leads to a block
splitting C-thinning on I7*(E). This construction involves a binary operation
on set splitting operators, that we call the residual combination; we will study
it in detail.
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Definition 9 Let 0,0 be set splitting operators. The residual combination of
o followed by 6 is the set splitting operator rc[o, 8] defined by:

VX €P(E), rcf[o,6](X)=0c(X)Ub(X \supplo(X)]) . (13)

(NB. It is indeed the union of the two partial partitions o(X) and 6(X \
supp[a(X)]), because they have disjoint supports.) We define the residual
combination of the succession of n set splitting operators o1,...,0, (n > 1)
recursively by

rcfo1] =01 and rcfoy,...,0n] =rcfrcfor, ... ono1] 00 (n>1) . (14)

Thus Serra’s construction is rc[PC®*, PC®]. We illustrate in Figure 7 the
residual combination of set shrinking operators derived from erosions by balls
of varying size, then by squares of varying size, and finally from the openings
by these squares.

\

Y\ [YEE) D (Y\[Y-C])°D

Fig. 7 Here E = Z2. Top left: a set Z and two structuring elements A and B. Top right: let
ey and ep be the set shrinking operators derived from the erosions by A and B respectively,
ea: X —1lxga andep: X — 1xop; we show rclea, ep](Z) = {Z@A7 (Z\[Z@A])@B}.
Bottom left: a set Y and two structuring elements C' and D. Bottom middle: let ec and
ep be the set shrinking operators derived from the erosions by C' and D respectively, ec :
X — 1xoc and ep : X — 1xgop; we show rclec,ep](Y) = {Y oC,(Y\[YecQ)se D}.
Bottom right: let go and gp be the set shrinking operators derived from the openings by
C and D respectively, go : X — 1lxoc and gp : X — 1lxop; we show rc[ge,gp|(Y) =
{yoc,(v\[yocC))oD}.



20

Proposition 10 Consider n set splitting operators o1,...,0, (n > 2). For
any X € P(E), set

X=X, Yy = supp[o1(X)] ,

X, = X\U 4fsupp[ (X)] (i=2,...,n) ; (15)
then we have
rclog,...,on)(X) = Uai(Xi) and supp|rcfoy,...,0,](X)] = UYZ . (16)

Furthermore, the residual combination is associative, for 1 < k < n we have:
rc [rc[al7 Y. I el A T orn” =rcloy,...,0n] ,
in particular rc [rc[al, oa], 03] =rc [017 rcloa, 03]} .

Proof We prove (16) by induction on n. For n = 1 we have rc[o1](X) =
01(X) = o1(X1) and supp|rc[o1](X)] = supp[o1(X1)] = Y1. Now for n > 1,
assuming (16) for n — 1, we have:
rc[al,...,an](X):rc[rc[ah...,an_l], ](X)
=rcor, ..., 0n-1](X) Uy (X \ supp[rcot, ..., 0n-1](X)]])

:(7011 (X))Uan(X\U ) (an(Xi))Uan ) :001

1= 1= 1=

—

We get then

supp|rcfoy, ..., 0n](X)] = SUPP[U i i)] = Jsupp[os(X3)] = Vi .

i=1 i=1 =1

Now the associativity. We have

k k
rcfor, ..., ox)(X) = | Joi(Xi) and supplrcloy,...,an)(X)] = Vi -
=1 =1
Hence
rc[rc[al7 ey Ok, rC[Ohgy - - ,U‘nH (X)
k
= Jai(X)) Urclons, - ,an](X U 3@-)
i=1 i=1
k k n o
= Jao(X) Urclopsr, .., 00 (X)) = [ Jos(X) U | o:(X0)
i=1 =1 i=k+1
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where X = Xj,1 and the X; are obtained by (15) with the initial set X

instead of X, and the sequence k + 1,...,n instead of 1,...,n. Thus we have
YH =X, ?k-i—l = SUPP[UkH(y)] )
Y U , ?z :supp[ai(yi)] (2:k+2,,n) .
j=k+

We show by induction that X; = X; and Y; = Y;. Since X = X}, this is
true for i = k + 1. Now for ¢ > k + 1, assuming that the result is true for all

j=k+1,...,i—1, we have

X, =X\ U Y= Xp1\ U Y;

j=k+1 j=k+1
k
:(X\UY]») U Y, = X\UY X; |
j=1 j=k+1

and Y; = supp[o;(X;)| = supp[0(X;)] = Y. Therefore

[rc[al, k], rClOkt1y -y nH (X)

k n
:Ugi( YU U oi(X. U =rcloy,...,00)(X) .

In particular for n = 3, setting k = 1, we get

rc[oy, re[oa, o3]] = rc[o1, 02, 03] = rcfrcfoy, 03], 03] .

We illustrate in Figure 8 the construction (15) for i = 1,2, 3.

X1 X, X3

X1 = X5 m

m3].

Fig. 8 From left to right:
= o1(X1)
and Xo = X1 \ supp[mi];
w2 = 02(X2) and X3 = Xo\
supp[m2] = X1 \supp[m1 Uma];
w3 = 03(X3) and Xy =
<> supp[m3] = X1 \supp[m1UmaU

X3\

Proposition 11 Let the binary operations + and — on II*(E) be partially

defined as follows for m', 72 € II*(E):
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— If 7' > n2, then n' — 72 is defined by
at— 7%= {B\supp([ﬂg]g) | B € 7, B\supp([wQ]B) + (Z)} )

In other words, we remove from every block of ' all blocks of 72 that it
contains, and keep non-empty resulting blocks.
— If supp(7!) Nsupp(w?) = 0, then w' + w2 is defined by

at+r?=ntva?=rlun?
See Figure 9. Then:

1. For n',7n% € I*(E) with 7' > m2

7t — 72 = 7' A lp\aupp(nz) = {B \ supp(n?) | B € 7', B\ supp(r?) # 0}
and
supp(m' — 1) = supp(m*) \ supp(7?)

2. The operations + and — satisfy the conditions (a,b,c,d,e,f) of Proposi-
tion 4.
3. Given set splitting operators 0,0, for any © € II*(E) we have

B(relo, 0])(m)
gagze

N
Lo B |||||IIIII||||| (- + 2

™ -2

Fig. 9 Here E = Z2. In all partial partitions, each block is identified by a distinctive grey-
level or hatching. Top left: 71 € IT* (E). Top center: w2 < 7l Top right: 71 — w2. Bottom
left: 73 < 7! — 72. Bottom center: 72 + 73. Bottom right (7! — 72) + 72 < «l.
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Proof 1. Let B € w'. For any other C € 7!, we have supp([ﬂﬂc) cC
and BN C = (, so B is disjoint from SUPP([Wz]C). By (3), supp(r?) =
chﬁl SUPP([7T2]0). Hence

B\ supp(r®) = B\ [ | supp([r%)c)] = B \ supp([7*]) -
Cent

Thus ! — 72 = {B \ supp(n?) | B € n', B\ supp(r?) # 0}. Now

15 A Lp\supp(x2) = 1Bn(E\supp(x2)) = 1B\supp(n?2)

which is {B \ supp(7?)} if B\ supp(7?) # 0 , and @ otherwise. Hence

at— 7%= U (13 AN 1E\Supp(7T2)) = \/ (]—B A 1E\supp(7r2)> .
Ber! Bern!

By (2), we get thus

wt —n? = ( \/ 13) N 1B\supp(n?) = T A 1E\supp(n2) -
Berw!

Then

Supp(ﬂ-1 - 7T2) = SUpp(ﬂ'l A 1E\supp(ﬂ'2)) = Supp(ﬂ'l) N supp(lE\supp(WQ))
= supp(7") N (E \ supp(n?)) = supp(r*) \ supp(7?) .
2. Let us check each condition of Proposition 4. Let «%,n%, n¥%, 7% €
IT*(E) taking the role of w, z,y, z in the statement of Proposition 4.
(a) For n¥ < 7%, ¥ — ¥ is defined.
(b) If w¥ < 7* < 7%, then we have

= 7Y = 7" A lg\supp(rv) < T A Lp\supp(ry) = 7 — Y .

(¢) For 7% < 7% and 7% < #* — ¥, we have supp(7?) C supp(n® — 7¥) =
supp(m®) \ supp(m?), hence supp(7*) Nsupp(w?) = 0, so 7% + 7% is defined.
(d) Since 7¥ < 7% and

75 <" =7 =7 A Lp\supp(nv) ST,

we have ¥ + 7% = ¥ vV 7% < 7%,

(e) Obviously n¥ < z¥ V7% = 7¥ 4 77,

(f) For B € ¥ we have B C supp(7¥), so B\ supp(n¥) = (), while for B € 7%,
we have B Nsupp(7¥) =), so B\ supp(7¥) = B. Hence

(7Y +7%) —7¥ = (7Y Un?) — w¥
— {B\supp(a¥) | B € 70 U, B\ supp(n¥) £ 0}
— {B\supp(a¥) | B € 7%, B\ supp(n") £ 0}
U{B \ supp(m¥) | B € 7%, B\ supp(m¥) # 0}
=QU{B|Ben*}=n%.
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3. Let w € II*(E). Combining (13) with (4), we get

Blrefo, 0])(m) = | rclo,61(B) = | [0(B) U6(B\ supplo(B)])]

Bem Bem

- (U a(B)) U ( U 9(B\supp[0(3)]))

Bem Bem

= B(o)(m) U (U 0(B\ Supp[o(B)])) :

Bew

Now o(B) = [8(c)(n)] 5, and (@) = @ is redundant in this union, so we get:

B(relo, ) () = B(o)(m) U | 6(B \ supp([B(0)(n)]5)) =

Berm

B(o)(m) U J{0(B \ supp([B(0)(m)]5)) | B € m, B\ supp([8(0)(r)]5) # 0}
= B(o)(m) U HO(C) | C € 7 = B(o)(m)} = B(o)(m) U BE) (x — Bo)(m)) -

Clearly B(c)(m) and B(8)(m — 8(o)(w)) have disjoint supports, thus the above
union is a +, and the result follows. a

Corollary 12 1. Given two set splitting operators o,6 such that (o) and
B(0) are C-thinnings, [(rc[o,0]) is a C-thinning. More precisely, given
m, ' € II*(E) such that B(rc[o,0])(m) < 7' < m, we have B(o)(n") =
8(o)(m) and B(0)(x' — B(o)(x')) = B(O) (x — B(s)(r)).

2. Given n partial connections Cy,...,Cp (n >1), ﬂ(rc[PCCl7 ce PCC"]) is a
C-thinning. More precisely, given w, 7" € II*(E) such that

B(re[PCC, ..., PC))(n) <7/ <7,
form=1,...,n we have
B(re[PC, ..., PCm])(x') = B(rc[PCE, ... ,PCO])(n) .

Proof Ttem 1 follows by combining Proposition 11 (items 2 and 3) with Propo-
sition 4 (taking = = 7, y = 7/, n = (o) and ¢ = S(6)). Now each CS¢ =
B(PC) is an opening (hence a C-thinning) on IT*(E), so following (14), item 2
is obtained from item 1 by induction on n. a

Remark 13 Given a set U of labels, a labelled partial partition is a pair (7, F),
where m € IT*(E) and F is a map m — U, alternately, it is a subset A of
(P(E)\ {0}) x U such that for any two distinct (B,u),(C,v) € A, we have
BNC = (. They appear in image classification, where from a grey-level image
one extracts different objects together with a description or set of attributes
for each object. The labels can be semantic descriptions (for instance in remote
sensing: “water”, “forest”, “urban area”, “agricultural land”, etc.), numerical
values (measuring some physical features) or vectors (corresponding to several
measurements).
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Let IT};(E) be the set of labelled partial partitions. When U is a poset,
II};(E) is partially ordered by (mi,Fi) < (mo,Fs) iff my < mp and Vp €
supp(m1), F1(Cly, (p)) < F3(Cly,(p)); in other words, for any B € my, there
is some C' € my such that B C C and F;(B) < F3(C). When U is a com-
plete lattice, II};(E) is also a complete lattice. It is then easy to extend the
operations + and — to II5(E), and items 1 and 2 of Proposition 11 will hold.
We can also extend block splitting operators to II;(E), and then item 3 of
Proposition 11 and item 1 of Corollary 12 will hold.

3.3 Block selection and constrained connectivity

We will now consider operators of the form B(7)CSC for a trivial operator 7 (cf.
Subsection 2.1) and a partial connection C, then suprema of such operators;
they will be OC-thinnings. Our results constitute a mathematical basis for
Soille’s approach to image segmentation [27-30], see Figure 10. We give an
example of their possible use in shape decomposition. We end this subsection
by a brief discussion of operators on sets called attribute thinnings [4] (or
anti-extensive grain operators [6]), which also enter into our framework.

Theorem 14 Let p be a predicate on P(E) \ {0}, and let 7, be the trivial
operator on P(E) corresponding to p. Then:

1. for any w € II*(E),
B(rp)(m) ={Becm|pB) =1}, (17)

and for any p € F,
Clg(r)(m (P) = 7(Clx(p)) ; (18)

2. B(m) is an OC-thinning;

3. for any idempotent block splitting operator 5(o), we have B(o)B(,)B(0)
= B(7p)8(0), and B(1,)B(0) is block splitting and idempotent;

4. given a partial connection C, B(Tp)CSC s a block splitting OC-thinning.

Proof 1. By (5), B(rp)(m) = {7p(B) | B € 7w, 15(B) # 0}. But 7,(B) =

0 for p(B) = 0, while 7,(B) = B for p(B) = 1. This gives (17). By (6),

either p € 7,(Clz(p)) and Clg(r)(x)(p) = 7p(Clz(p)), or p & 7,(Clz(p)) and

Clg(r,)(xr)(p) = 0. But p ¢ 7,(Clx(p)) means that either Cl(p) = 0, or Cl:(p) #

) and p(Cl(p)) = 0, both cases giving 7,(Cl:(p)) = 0. Thus (18) holds in any

case.

2. By Proposition 6, 7, is an OC-thinning. Hence B(r,) is overcondens-
ing by Proposition 7. By (17), B(7,) is idempotent. Obviously B(7,) is anti-
extensive.

3. As f(o) is idempotent, for any 7 € II*(E), f(o)(w) € Inv(B(0)). By
(7), this means that B(o)(w) € II*(E,F (o)), in other words every block of
B(o)(mw) belongs to F(o). By (17), the blocks of B(ry,)8(c)(m) are some of
the blocks of 8(o)(), in F(o), so B(7,)B(0)(n) € IT*(E,F(0)) = Inv(8(0)).
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This implies that 5(o)B(7p)5(c)(m) = B(7p)8(0)(m). Thus S(o)B(m)B(0) =
B(7,)5(0), and we deduce that

(B(75)8(0))” = B(1p)8(0)B(75)3(0) = B(1p)B(7,)3(c) = B(m)(0)

because B(7,) is idempotent (as OC-thinning). Therefore B(7,)5(o) is idem-
potent. Being a composition of block splitting operators, it is block splitting.

4. CS® is an opening; then item 3 gives CSYB(7,)CS® = B(7,)CS; by
item 2, B(7,) is an OC-thinning. Then by item 1 of Proposition 3, B(TP)CSC
is an OC-thinning. It is block splitting by item 3. O

Corollary 15 Associate to each i € I # 0 a trivial operator 7t and a partial
connection C'. Let k = \/;¢; B(74)CSC"; then k is a block splitting OC-thinning.

Furthermore, if I is totally ordered (a chain), and C* increases with i (i <
Jj = C' C (), given the system of partial connection openings (7v,,p € E) of
C', we have:

Vrell'(E), Vpe E, Clymp) =] (Cl(p)) - (19)
el

If in addition I is finite, Cl,.(x)(p) is the greatest among the T~} (Clx(p)), i € I.

Proof By item 4 of Theorem 14, x is a supremum of OC-thinnings, hence it is
an OC-thinning. Still by item 4, x is a supremum of block splitting operators,
it is thus block splitting.

Now let I be a chain with i < j = C* C C?. Combining (9) with (18), we
obtain for every i € I, 7 € [I*(E) and p € E:

ClB(T"’)CSOi (m) (p) = Ti (Clcsci (ﬂ-)(p)) = TZ’Y]ZQ(CITF(p)) .

Let i,j € I, where i # j. If one of 74 (Cl(p)) or 794J(Cl.(p)) is empty, it is
included in the other. Suppose now that 77/ (Clx(p)) # 0 # 77~4(Cl(p)); we
have i < j or j < i. For i < j, as C' C €7, we have 7/(Clz(p)) € 73 (Cl(p)),

hence 77, (Clx(p)) = 7,(Clx(p)) € 2} (Clx(p)) = 7775(Clr(p)). For j < i we
have the reverse inclusion. Thus the set

{Ti’YIij(Clﬂ(p>) | (S I} = {CIB(Tz‘)Csci (w)(p) ‘ (&S I}

is totally ordered, hence it is directed, and by (1):

Clum () = €l griycser () ) = U Cloriyeser (@) = U 73(Cla ()
el el

that is (19). When [ is finite, the union of the finite chain of all Ti'y;(Clw(p)),
i € I, is the greatest one among them. a
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Note that although (1) requires only a directed family of point classes, the
above argument does not extend to the case where the set of partial connec-
tions C' (i € I) is directed instead of totally ordered. Indeed, if C*,C7 C C*,
we may have 7', (Clz(p)) = 7,(Clx(p)) and 774} (Clz(p)) = 7} (Clx(p)), but
TF(Cle(p)) = 0, so the set of 74} (Clx(p)) for i € I is not necessarily di-
rected.

We can easily deal with the case of an isotone predicate:

Proposition 16 Let p be an isotone predicate on P(E) \ {0}, and let C, =
{0y u{X e P(E)\ {0} | p(X) =1}. Then:

1. C, is a partial connection, and B(7,) = CS%;
2. for any partial connection C, B(TP)CSC = CS%nC,

Proof 1. As explained at the end of Subsection 2.1, C, = Inv(7p), and it is
a dual Moore family, hence a partial connection. For any X € P(FE) \ {0},
either p(X) =1 and X € C,, in other words X is its unique Cp-component, or
p(X) = 0 and then, as p is isotone, for any Y € P(X) such that Y # () we have
Y ¢ Cp, in other words X has no Cp-component. Thus PC%(X) = 1, (x) (and
this remains true for X = 0: PC%(0) = @ = 15 = 1, (). Hence PCS = 1.,
from which we deduce that CS% = S(PC%) = B(1s,) = B(7p).

2. Let us first show that for X € P(E), the C, N C-components of X are
exactly the C-components C' of X for which p(C) = 1. Let C be a C, N C-
component of X; then C # ) and C' € C, NC, so p(C) = 1; if C' was not a
C-component of X, there would be C' € C with C € ¢’ C X, and as p is
isotone, we would have p(C’) = 1, hence ¢’ € C, N C, contradicting the fact
that C' is a C, N C-component of X; therefore C' is a C-component of X and
p(C) = 1. Conversely, let C' be a C-component of X such that p(C) = 1; then
C €Cp, 50 C €CyNC;if C was not a C, N C-component of X, there would be
C"eC,NC with C C C" C X, so ' € C, contradicting the fact that C' is a
C-component of X; therefore C' is a C, N C-component of X.

For any 7 € IT*(E), the blocks of CS¢ () are all C-components of blocks of
7; then the blocks of B(7,)CS¢ () are all C-components C' of blocks of 7 such
that p(C') = 1; in other words, they are all C, N C-components of blocks of ,
that is, the blocks of CS%™¢(x). Hence B(7,)CS(r) = CS% ¢ (). O

For a shorter but more abstract proof of item 2, we remark that B(Tp)CSC =
CS%CSC is an opening, hence it must be the infimum of CS% and CS¢ in the
complete lattice of openings; by the isomorphism between the two complete
lattices of partial connections and of block splitting openings, it must corre-
spond to the infimum of C, and C in the complete lattice of partial connections,
that is C, N C, so B(7,)CS¢ = CS%C.

Since B(7;,) acts on a partial partition by selecting all blocks B with p(B) =
1, cf. (17), it is easy to decompose it when p is a combination of predicates.
The following result is straigtforward, we leave its proof to the reader:
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Proposition 17 Consider a non-void family p;, i € I # (), of predicates on
P(E)\ {0}. Then for any m € II*(E),

B(ny ) (m) =B () = \/ B ) ()

icl el

and
B(7A_ ) (M = (B = A B () |
icl icl

When I is finite, I = {1,...,n},

B(rA" o) = [[1 B(,) -

Soille’s approach to image segmentation [27-30] follows the model of Corol-
lary 15. Here I = {0,...,n}, and given a numerical function F : E — T and
connective criteria cr; (i = 0,...,n), we take the connections C* = Cf = {A €
P(E) | cri[F, A] = 1}; we suppose that the cr; increase with i, so do the C°.
Now each 7 is guided by a “constraining” criterion (i.e., 7¢(B) = 1 iff [F, B]
satisfies that criterion). In fact, 7° preserves C°, so k(w) > cse’ (m), hence
for 7 € II(FE) we have k(w) € II(E). The segmentation of the function F
is then given by the partition x(1g). We illustrate it in Figure 10 for a one-
dimensional image, with the “connected Lipschitz” segmentation criterion and
the “bounded total variation” constraining predicate.

A similar approach can be adopted for the decomposition of a shape into its
significant parts. Here we asssume that a growing sequence C!,...,C" of (par-
tial) connections and a predicate p are given independently of any numerical
function. Let us illustrate this with an example.

Let E = Z™, with a “standard” connection Cgzy. For any radius r > 0,
let B, be the closed ball or radius r centered about the origin. Let C, be the
set of all X € Cg4q such that X o B, = X (i.e., all Cgq-connected unions of
translates of B,). Then C, = Cj according to our notation, it is a partial
connection, and for any X € P(E), the C,.-components of X are the Cgsq-
components of X o B, (see Figure 6). For r > s > 0, as B, is a union of
translates of By, for every X € P(E) we have X o B, C X o By, hence C, C Cs.
We take thus a strictly decreasing sequence of radii 1 > -+ > r,, > 0 (for
example r; = 2" *r for some 7 > 0), and set ¢t = Cy,; thus ctc...ccn.
We define the predicate p by p(X) = 1 iff for each ¢ = 1,...,n, X has at
most one C'-component, that is, X o B, is either empty or Cs;q-connected. We
can interpret p by saying that p(X) = 1 iff X “consists of one piece”. This is
illustrated (for m = 2) in Figure 11, where the set appearing to have two pieces
does not satisfy predicate p. We see then in Figure 12 that by applying the
segmentation operator k = \/|_, B(TP)CSCZ to 1x, the shape with two pieces is
segmented into two blocks corresponding to them, while the shapes appearing
in one piece have a segmentation with one block. Of course, the segmentation
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TA
F
E
u  blocks: I singletons (p = 1) p=1 [ p=0
slopes: segmentations:
0 [T L 1 e (T
05 [ T (i

1 |

2 I ——
final segmentation:
(i UL

Fig. 10 Here E = T = Z. For each s > 0, let lip® be the criterion given by lip®[F, A] =1
if A is connected and F is is Lipschitz with slope s on A; this criterion is connective. Top:
a function F' : E — T, it leads to the connections le‘;s. Next row: we choose a height
u > 0, and define the constraining predicate p by p(A) = 1 iff sup, yeca [F(z) — F(y)| < u.
Non-singletons blocks B are shown in light grey when p(B) = 1 and in dark grey when
p(B) = 0; hatchings denote rows of singleton blocks (they always satify p(B) = 1). Next

F
rows in descending order: the segmentations pCCips (E) for s =0,0.5,1,2. Bottom: the final
segmentation is the partition spanned by all blocks B from the 4 segmentations having
p(B) =1

‘ 2
E JlJz_sttL' Fig. 11 Here E = Z2. Left: the 4
1
balls By,

o P

..., Bry, with radii r; form-
ing a geometric sequence of ratio 1/2.

i Center: the three sets Xo, X; and
2 X o%, X (X2 = Xo U Xl), where the +

L indicates the position of the origin.

@ Right: the graph of the function i —
’ : IPCE'(X)] = IPCEt(X; o By, for
S X, 0 j =0,1,2. Thus p(Xo) = p(X1) =1

1234 but p(X2) = 0.

- & L |
Xo X1 Xo X3 X4

Fig. 12 Left to center: over the three sets X; (j = 0,1,2) in grey, we show in black the
segmentation partial partition x(1x;) = \/j=1 B(TP)CSCl (1x,) = \/?=1 B(Tp)(PCcl (Xj));
each block is a Ci-component of X, we indicate that value i on it (in white). Now p(Xo) =
p(X1) = 1 and the segmentation of X¢ and X; has a unique block, while p(X2) = 0 and
the segmentation of X» has two blocks. Right: a partial partition {X3, X4} of X2, here
p(X3) = p(Xa) =1 and k({X3, Xa}) > k(1x,)-
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does not cover the whole shape, in particular the corners are rounded, but it
is possible to recover these corners by the method illustrated in Figure 6.

It should be noted that the result shown in Figure 12 cannot be obtained
by partitioning the shape into its connected components according to some
partial connection. Indeed, we have here Xo = Xy U X7, and the unique block
Yy in the segmentation of X intersects Y7, the one of Xy, so if they were
connected components, Yy and Y; would both join inside a same connected
component of X5, which is not the case. Also, at the right of Figure 12 we
have k({X2}) < {X3, X4} < {X2} but K({X3,X4}) > c({X2}), so k is not a
C-thinning.

Let us end this section with two general remarks on possible extensions of
the scope of our results.

Remark 18 We have studied block splitting openings, C-thinnings and OC-
thinnings on IT*(FE). We can extend them to IT(FE), thanks to a method in-
troduced in [15]. There we defined the inclusion map

IN:II(E)—=>I(E) :m—m ,

and the map that fills a partial partition by singleton blocks outside its sup-
port:
FS:II"(E) = H(E) : 7 mUOg\supp(r) = 7V O0g .

Then we showed that (IN, F'S) is an adjunction I1(F) = IT*(E). Given k :
II*(E) — II*(E), consider:

FSKIN :II(E) — II(E) : 7 — FS(k(n)) = k(m) VOg .

Since (IN, F'S) is an adjunction, by item 2 of Proposition 3 (and the well-
known similar result for openings), we obtain that F.S x IN will inherit from
k the property of being respectively an opening / a C-thinning / an OC-
thinning.

Furthermore, if k is a block splitting operator, x = (o), then FSxIN
will also be block splitting, namely F'SkIN = (o’) for o/ : X — o(X) V Ox;
indeed, for any 7 € II(E) we have:

B(o")(m) = \/ o'(B) = \/ (o(B) v Op) = (\/ 0(3)) v ( \/ oB)

Bemw Bemn Bemn Bemn
- ( \/ 0(3)) V 0p = B(0)(m) VOp = (FS B(c) IN)() .
Bemn

If K = CSC for a partial connection C, then FSkIN = CSC,7 where ¢/ =
CUS(E), the least connection containing C.

For example in the segmentation of Figure 12, if we want to have a partition
instead of a partial partition, we replace the partial connection C’ by the
connection C*US(E); the resulting segmentation of X will then be x(1x)V0x
instead of x(1x), in other words the parts of the set X not covered by the
partial partition x(1x) will be covered by singletons.
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Remark 19 In mathematical morphology, given a connection C and a predicate
p, one defines an attribute thinning [4] as the operator that removes from a
set X all C-components Z such that p(Z) = 0; formally, the result is written
Uzex To(72(X)). When the predicate p is isotone, this operator will be an
opening, it is then called an attribute opening. This is the anti-extensive case of
the so-called grain operators according to [6] (quite generally, such an operator
can also add to X all C-components of X¢ that do not satisfy some predicate
q). Of courses, everything works also if we take for C a partial connection.
In our framework, this operator can be written:

65 : X + supp[B(7,) (PCE(X))] = supp[B(7,)CS¢(1x)] ;

in other words, Gg = supp - B(TP)CSC - 1,. Since (1,,supp) is an adjunction
and B(7,)CS is an OC-thinning (by Theorem 14), the attribute thinning 05
will be an OC-thinning (by item 2 of Proposition 3). When the predicate p
is isotone, 95 is an opening; in fact we can use Proposition 16: OS(X) is the
union of all (C, N C)-components of X, where

CoNC={0}U{X eC\{0}|p(X)=1} .

We can be more general: for any anti-extensive operator 1 on partial par-
titions, define the operator on sets 1) = supp - 1 - 14 : X + supp[t/(1x)]. Since
supp is a complete morphism [15]), the map 1 + 9 is a complete morphism.
Also, by item 2 of Proposition 3, whenever 1 is respectively an opening / a
C-thinning / an OC-thinning, ¢ will have that property.

4 Discussion and conclusion

The analysis of block splitting openings in the first paper, together with [13],
provides a theoretical basis for Serra’s approach to segmentation, that we have
called connective segmentation [13,17].

Then Section 3 expands our analysis by building idempotent block split-
ting operators that are not isotone; this is achieved by combining block split-
ting openings with other constructions. We rely on the background of Subsec-
tion 2.1. In Subsection 3.1, one should mainly remember Proposition 8, because
it shows how operators like those used in practical applications for extracting
tubular shapes [8,9], lead to block splitting OC-thinnings on partial partitions.
Subsection 3.2 shows that Serra’s [22] residual combination of block splitting
openings is analogous to the residual combination of set openings considered
in [11], and has the same property of being a C-thinning; this approach is used
in the so-called composed segmentation of [17]. Subsection 3.3 shows how the
composition of block splitting into C-components and block selection according
to predicates, leads to OC-thinnings. It springs from the work of Soille [27-30]
on segmentation by the combination of connective and constraining criteria.
We call his approach constrained connective segmentation; we have thus given
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here its theoretical basis. Besides image segmentation, our results can also be
applied to the decomposition of shapes, cf. Figures 1, 11 and 12.

Our approach considers only block splitting operators, and emphasizes con-
ditions for their idempotence, because this corresponds to current views on
image segmentation [28]. Indeed, we explained in the introduction of the first
paper that the segmentation of an image F — T according to a homogeneity
criterion, means that one associates to F' a set splitting operator o that splits
every set X into a partial partition o(X) of X, whose blocks are homogeneous
for F according to the criterion; furthermore, it was required that §(o) is
idempotent and that for every mg, m € II*(FE), we have

Blo)(m) <7 <my = Blo)(m) <7, (20)

in other words, (c)(m) is a maximal element of the set of all invariants
of B(o) that are < mp. When (o) is a C-thinning (in particular, if it is an
opening), we have B(0)(my) <7 <7y = B(o)(n) = p(c)(m), so (20) holds.
Thus Serra’s connective [23] and composed (multi-stage) [22] segmentations
satisfy all segmentation requirements.

On the other hand, in Soille’s constrained connective segmentation [27-
30], B(o) is an OC-thinning, so (20) does not necessarily hold. We saw for
example in Figure 12 two partial partitions {Xs3, X4} and 1x, that satisfy
B(0)(1x,) < B(0)2({Xs, Xa}) = Blo)({Xs, Xa}) < {X5,Xa} < Ly, thus
(20) is violated for mp = 1x, and © = B(0)({ X3, X4}). We could restrict
the predicates used in order to obtain a C-thinning, but then this would give
an opening. Indeed, given a predicate p, if B(7,) is a C-thinning, then by
Propositions 6, 7 and 16, 7, is an opening and B(7,)CS® = CS%"¢, where C,, is
a partial connection. Thus we fall back into block splitting openings, in other
words Soille’s approach reduces to Serra’s in this case.

Although OC-thinnings do not satisfy (20), an interesting point is that
they constitute a Moore family, while this is not the case for thinnings (anti-
extensive idempotent operators); overcondensation might well be the weakest
possible property related to order, that guarantees the idempotence of a supre-
mum of thinnings.

The concepts of C-thinning and OC-thinning were introduced by the author
[11,12] in order to describe the behaviour of some morphological operators on
binary or grey-level images (i.e., sets and numerical functions) given in the
literature. Afterwards these two concepts remained unused, until the author
saw that the operators underlying Soille’s segmentation approach [28] and the
attribute thinnings on sets [4] (cf. Remark 19) are OC-thinnings, then that
Serra’s construction for multi-stage segmentation [22,17] is the analogue, for
partial partitions, of an old algorithm [10] for the decomposition of a set by a
residual combination of set openings, and shares with it the property of being
a C-thinning.

Due to lack of space, we have left out some special classes of operators.
Soille [27] emphasized the importance of antitone predicates; indeed, they fa-
cilitate computations of operators like those of Corollary 15. Serra [24] showed
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also, in the framework of Corollary 15, the need for antitone predicates in order
to guarantee the so-called “regional knowlege” in segmentation, namely to ob-
tain, for any subset B of a set X, a smallest possible set B’ with B C B’ C X
such that B’ determines if B is a block of o(X). A link [20] is the meet of an
isotone operator and an antitone operator. Now when a predicate p is antitone
(more generally, when p is a link), it can be shown that 7, B(7,) and B(,)CS®
are links. An operator v is inf-separable [1] if for z,y, z such that x <y < z,
P(x) Ap(z) < (y). Every link is inf-separable, and in a frame (complete lat-
tice where the binary meet distributes arbitrary suprema), reciprocally every
inf-separable operator is a link. This equivalence applies in particular to pred-
icates and trivial operators (because {0,1} and P(FE) are frames). However
IT*(E) is not a frame, and indeed we give here a counter-example: let E = Z2,
for any p € E write A\(x) (resp., p(z)) for the point ¢ € E that is the left
(resp., right) neighbour of p, and for any X € P(E), set

L(X)={pe X [Ap) ¢ X, p(p) € X}
and R(X)={pe X|Ap) €X, plp) ¢ X},

(so L(X) N R(X) = 0); now define the set splitting operator
o P(E) — H*(E) X = 1L(X) V ]-R(X) ;

then o and (o) are inf-separable but not links.

The connective segmentation approach [23,17,13], as well as its composed
(i.e., multi-stage) application [22,17] and its constrained variant [27-30], share
common features. They associate to each function one or several partial con-
nections, whose elements are generally built by chaining basic bricks called
seeds [23,13], and then the segmentation is obtained by lattice-theoretical
operations on partial partitions involving these seeds. The lattice-theoretical
properties required from the various operations allow to take into account gen-
eral knowledge about the meaning of the segmentation process (for example
idempotence stands for the stability of the result, and isotony means that a
join of objects not split or erased by segmentation will give an object that
will also not be split or erased, cf. Figures 1 and 2). On the other hand, the
choice of the criterion that associates to each function a partial connection (in
practice, the extraction of seeds from the function) allows to take into account
specific knowledge about objects to be segmented (for example in angiography
[8,9]: seeds are narrow and elongated connected bright zones surrounded by a
darker image portion).

To conclude: we have studied idempotent anti-extensive operators on par-
tial partitions, that are relevant in image segmentation methods based on the
decomposition of space into homogeneous regions. They can also be applied
in situations where the image segmentation produces a partition that is too
coarse (this phenomenon is called under-segmentation). An opposite approach
segments images by growing or clustering multiple seeds. This provides thus
a rationale for investigating extensive operators on partial partitions, mod-
elling such a process; they could also be applied in situations where the image
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segmentation produces a partition that is too fine (this phenomenon is called
over-segmentation). Of particular interest are closures on partial partitions
(for example by clustering blocks). Since the lattices IT(E) and IT*(E) are not
auto-dual, the theory of extensive operators should have no similarity to that
of anti-extensive ones.

In our ongoing study of lattice-theoretical and monoid properties of maps
on partial partitions, we have already analysed adjunctions on partitions and
partial partitions [15]. Besides the study of extensive operators, such as block
clustering ones, an interesting but more difficult problem is to apply to partial
partitions well-known “topological” notions used in imaging sciences, such as
connectivity, connected components and their reconstruction from seeds (i.e.,
the well-known flood-fill algorithm). Note in this respect the extension of the
notion of connection to complete lattices [21,16,3], and the first description of
reconstruction operators on partitions [14].

Acknowledgements The author has for several years discussed with Jean Serra about
connections, partitions and segmentation. More recently, he started such a dicussion with
Pierre Soille. The presentation of our two papers benefited from the constructive suggestions
by the referees and the editors.

References

1. Banon, G.J.F., Barrera, J.: Decomposition of mappings between complete lattices by
mathematical morphology: Part I. General lattices. Signal Processing 30, 299-327
(1993)

2. Bloomberg, D., Maragos, P.: Generalized hit-miss operations. In: P. Gader (ed.) Image
Algebra and Morphological Image Processing 1998, Proceedings, SPIE Proceedings, vol.
1350, pp. 116-128. SPIE, San Diego, California, USA (1990)

3. Braga-Neto, U., Goutsias, J.: Connectivity on complete lattices: new results. Computer
Vision and Image Understanding 85(1), 22-53 (2002)

4. Breen, E.J., Jones, R.: Attribute openings, thinnings, and granulometries. Computer
Vision and Image Understanding 64(3), 377-389 (1996)

5. Heijmans, H.: Morphological Image Operators. Advances in Electronics and Electron
Physics Series. Academic Press, Boston (1994)

6. Heijmans, H.: Connected morphological operators for binary images. Computer Vision
and Image Understanding 73(1), 99-120 (1999)

7. Matheron, G.: Random Sets and Integral Geometry. J. Wiley and Sons, New York
(1975)

8. Naegel, B., Passat, N., Ronse, C.: Grey-level hit-or-miss transforms - Part I: Unified
theory. Pattern Recognition 40(2), 635-647 (2007)

9. Naegel, B., Passat, N., Ronse, C.: Grey-level hit-or-miss transforms - Part II: Application
to angiographic image processing. Pattern Recognition 40(2), 648-658 (2007)

10. Pitas, I., Venetsanopoulos, A.: Morphological shape decomposition. IEEE Transactions
on Pattern Analysis and Machine Intelligence 12(1), 38-45 (1990)

11. Ronse, C.: Toggles of openings, and a new family of idempotent operators on partially
ordered sets. Applicable Algebra in Engineering, Communication and Computing 3,
99-128 (1992)

12. Ronse, C.: A lattice-theoretical morphological view on template extraction in images.
Journal of Visual Communication and Image Representation 7(3), 273-295 (1996)

13. Ronse, C.: Partial partitions, partial connections and connective segmentation. Journal
of Mathematical Imaging and Vision 32(2), 97-125 (2008). DOI 10.1007/s10851-008-
0090-5



35

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ronse, C.: Reconstructing masks from markers in non-distributive lattices. Applicable
Algebra in Engineering, Communication and Computing 19(1), 51-85 (2008)

Ronse, C.: Adjunctions on the lattices of partitions and of partial partitions. Applicable
Algebra in Engineering, Communication and Computing 21(5), 343-396 (2010). DOI
10.1007/s00200-010-0129-x

Ronse, C., Serra, J.: Geodesy and connectivity in lattices. Fundamenta Informaticae
46(4), 349-395 (2001)

Ronse, C., Serra, J.: Fondements algébriques de la morphologie. In: L. Najman, H. Tal-
bot (eds.) Morphologie Mathématique 1 — approches déterministes, chap. 2, pp. 49-96.
Hermes / Lavoisier, Paris, France (2008)

Serra, J.: Image Analysis and Mathematical Morphology. Academic Press, London
(1982)

Serra, J. (ed.): Image Analysis and Mathematical Morphology, II: Theoretical Advances.
Academic Press, London (1988)

Serra, J.: The links: definitions and properties. In: M. Kunt (ed.) 5th Visual Commu-
nication and Image Processing Conference, SPIE Proceedings, vol. 1360, pp. 202—213.
SPIE (1990)

Serra, J.: Connectivity on complete lattices. Journal of Mathematical Imaging and
Vision 9(3), 231-251 (1998)

Serra, J.: Morphological segmentations of colour images. In: C. Ronse, L. Najman,
E. Decenciere (eds.) Mathematical Morphology: 40 Years On, Computational Imaging
and Vision, vol. 30, pp. 151-176. Springer-Verlag, Dordrecht (2005)

Serra, J.: A lattice approach to image segmentation. Journal of Mathematical Imaging
and Vision 24(1), 83-130 (2006)

Serra, J.: Consistency and regional knowledge in constrained connective segmentation.
Tech. rep., ESIEE/A2SI/IGM (2009)

Serra, J., Vincent, L.: An overview of morphological filtering. Circuits, Systems and
Signal Processing 11, 47-108 (1992)

Soille, P.: Morphological Image Analysis: Principles and Applications, 2nd edn. Springer,
Berlin Heidelberg (2003)

Soille, P.: On genuine connectivity relations based on logical predicates. In: Proc. of
14th Int. Conf. on Image Analysis and Processing, Modena, Italy, pp. 487-492. IEEE
Computer Society Press (2007)

Soille, P.: Constrained connectivity for hierarchical image partitioning and simplifica-
tion. IEEE Transactions on Pattern Analysis and Machine Intelligence 30(7), 1132-1145
(2008)

Soille, P., Grazzini, J.: Advances in constrained connectivity. In: D. Coeurjolly, I. Sivi-
gnon, L. Tougne, F. Dupond (eds.) Discrete Geometry for Computer Imagery, LNCS,
vol. 4992, pp. 423-433. Springer (2008)

Soille, P., Grazzini, J.: Constrained connectivity and transition regions. In: M. Wilkin-
son, J. Roerdink (eds.) International Symposium on Mathematical Morphology 2009,
LNCS. Springer (2009)



