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Interest in multiresolution techniques for signal processing and analysis is increasing steadily.
An important instance of such a technique is the so-called pyramid decomposition scheme.
This report proposes a general axiomatic pyramid decomposition scheme for signal analysis
and synthesis. This scheme comprises the following ingredients: (i) the pyramid consists of a
(finite or infinite) number of levels such that the information content decreases towards higher
levels; (i) each step towards a higher level is constituted by an (information-reducing) analysis
operator, whereas each step towards a lower level is modeled by an (information-preserving)
synthesis operator. One basic assumption is necessary: synthesis followed by analysis yields
the identity operator, meaning that no information is lost by these two consecutive steps.

In this report, several examples are described of linear as well as nonlinear (e.g., morpho-
logical) pyramid decomposition schemes. Some of these examples are known from the literature
(Laplacian pyramid, morphological granulometries, skeleton decomposition) and some of them
are new (morphological Haar pyramid, median pyramid). Furthermore, the report makes a
distinction between single-scale and multiscale decomposition schemes (i.e. without or with

sample reduction).
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1. Introduction

From the very early days of signal and image processing, it has been recognized that mul-
tiresolution methods are important for various reasons: (i) there is strong evidence that the
human visual system processes information in a “multiresolution” fashion; (ii) signals usually
consist of features of physically significant structure at different resolutions; (éii) sensors may
provide signals of the same source at multiple resolutions; (iv) multiresolution algorithms offer
computational advantages and, moreover, appear to be robust.

In this report, we propose a general pyramid scheme for signal analysis and synthesis. The
operators involved in this scheme can be linear or nonlinear (morphological). Such a scheme
encompasses various existing multiresolution approaches, such as linear (e.g. Laplacian) pyra-
mids [1], morphological pyramids [31, 32, 12, 13, 2, 21, 23, 24, 25|, median pyramids [29],
morphological skeletons [27, 18, 15], and granulometries [4, 20, 27, 22, 7].

In the earliest multiresolution approaches to signal and image processing, the most popular
way was to obtain a coarse level signal by subsampling a fine resolution signal, after linear
smoothing, in order to remove high frequencies (e.g., see [33]). A detail pyramid can then be
derived by subtracting from each level an interpolated version of the next coarser level; the
best-known example is the Laplacian pyramid [1]. From a frequency point of view, the resulting
difference signals (known as detail signals) form a signal decomposition in term of bandpass-
filtered copies of the original signal. Moreover, there is neurophysiological evidence that the
human visual system indeed uses a similar kind of decomposition [17]. This tool has been one
of the most popular multiresolution schemes used in image processing and computer vision.

The previously mentioned scheme leaves a lot to be desired however, due to aliasing and
use of non-ideal filters. In addition, a linear filtering approach may not be theoretically justified;
in particular, the operators used for generating the various levels in a multiresolution pyramid
must crucially depend on the application. The point stressed here is that coarsening an image
by means of linear operators may not be compatible with a natural coarsening of some image
attribute of interest (shape of object, for example), and hence use of linear procedures may be
inconsistent in such applications.

In this report, we propose general multiresolution schemes which represent a signal, or
image, using a sequence of successively reduced volume signals applying fixed rules that map
one level to the next. In such schemes, a level is uniquely determined by the level below it. Our
approach contains the following ingredients:

e No assumptions are made on the underlying signal/image space(s). It may be a linear
space (Gaussian/Laplacian pyramid, wavelets), it may be a complete lattice (mathematical
morphology), or any other set.

e The schemes are constituted by operators between different spaces (the levels of the pyra-
mid). These operators are only required to satisfy some elementary properties and are
decomposed into analysis operators, representing an upward step, and synthesis operators,
representing a downward step.

Two types of multiresolution decompositions can be distinguished:

The pyramid scheme: Every analysis operator that brings a signal x; from level j to
the next coarser level j+1 reduces information. This information can be stored in a detail signal
(at level j) which is the difference between x; and the approximation &; obtained by applying
the synthesis operator to x;41. In general, a representation obtained by means of a pyramid
(coarsest signal along with detail signals at all levels) is redundant.



N)

The wavelet scheme: Here, the detail signal lives at level j + 1 itself, and is obtained
from a second family of analysis operators. In this case, the analysis and synthesis operators
need to satisfy a condition that is very similar in nature to the biorthogonality condition known
from the theory of wavelets (note, however, that this condition is formulated in operator terms
only, and does not require any sort of linearity assumption or inner product). A representation
obtained by means of this scheme avoids redundancy.

In this report, we exclusively deal with the pyramid scheme. The wavelet scheme will
be extensively discussed in a sequel to this report. The present study shows that our pyramid
decomposition scheme encompasses several existing techniques:

e Laplacian pyramid: This is a special case, where both the signal spaces and the operators
are linear [1].

o Morphological Skeleton: The skeleton representation, which can be expressed in terms
of morphological operations (dilation, erosion, opening, closing), is a special case of a
pyramid; here the underlying signal spaces are complete lattices, and the analysis and
synthesis operators are constituted by adjunctions [7].

e Granulometries: Granulometries and size distributions form one of the most practical
concepts in mathematical morphology [27, 7]. They fit, in a most natural way, into a
pyramid framework. The same appears to be true for alternating sequential filters [28, 7).

e Morphological pyramids: Morphological pyramids have been proposed and applied in [31,
32,12, 13, 29, 2, 21, 23, 24, 25]. We show how such pyramids fit into our general framework,
and present some new examples, as well.

This report is organized as follows. In Section 2, we recall some concepts, notations, and
results of mathematical morphology that are useful throughout the report. Section 3 introduces
our pyramid decomposition scheme in terms of analysis and synthesis operators and their compo-
sitions. Here, we introduce our key assumption, the pyramid condition, which plays a major role
in our exposition. The remainder of the report is devoted to various examples and applications
of our general scheme. Section 4 is concerned with linear schemes. Here, we restrict attention to
schemes which are also translation invariant. Particular attention is given to the Burt-Adelson
pyramid decomposition [1] and the associated Laplacian pyramid transform. Sections 5-6 are de-
voted to morphological pyramids. In Section 5, we consider the class of morphological pyramids
based on adjunctions, and show that various morphological multiresolution techniques, such as
granulometries, fit perfectly within this general framework. Moreover, an attempt to put the
Lantuéjoul skeleton decomposition algorithm [27] into our framework, automatically leads to an
improvement of this scheme. In Section 6, we discuss more general morphological pyramid de-
composition schemes, such as median pyramids and morphological pyramids with quantization.
In Section 7, we present a new class of nonlinear signal processing and analysis tools based on
multiscale morphological operators. Finally, in Section 8, we end with our conclusions.

2. Mathematical Preliminaries

In this section, we provide a brief overview of some basic concepts, notations and results from the
theory of mathematical morphology which we need in the sequel. A comprehensive discussion
can be found in [7].

A set £ with a partial ordering < is called a complete lattice if every subset K of £ has a
supremum (least upper bound) \/ K and an infimum (greatest lower bound) A K. We say that £
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is a complete chain if it is a complete lattice such that x < y or y < x, for every pair x,y € L. A
simple example of a complete chain is the set R = IRU{—o00, o0} with the usual ordering. Given
a complete lattice 7 and a nonempty set E, the set Fun(E,7) = T¥ comprising all functions
x: E — T, is a complete lattice under the pointwise ordering

z<y if =z(p) <y(p), VpeE.

In this report, Fun(E, 7) represents the signals with domain E and values in 7. The least and
greatest elements of 7 are denoted by L, T respectively:

AT:L VT:T

Here, we are mainly interested in the case when E is the d-dimensional discrete space Z¢.
Given a signal x € Fun(Zd7 7T) and a vector k = (k1,ka,...,kq) € 7%, we define the translation
operator T = T(k, k,

(rz)(n) = (tx)(n1, N2, ooy ng) = x(ny — k1,0 — koy oyng — kg) = x(n — k), n, ke Z%

Given a mapping 1 : Fun(Zd, 7T)— Fun(Z4,T), we say that ¢ is translation invariant if
YT = TP, (2.1)

for every translation operator 7.
Two basic morphological operators on Fun(Z?, T) are the (flat) dilation 64 and the (flat)
erosion € 4, given by:

da(w)(n) = (@ A)(n) = \/ z(n—k) (2.2)

keA

eaz)(n) = (xo A)(n) = N z(n+k). (2.3)

keA

Here, A C Z%is a given set, the so-called structuring element. There exists an important relation
for dilations and erosions:

YyPA<z <= y<zroA, x,yEFun(Zd,T).

This relation, called the adjunction relation, forms the key ingredient for the so-called complete
lattice framework of mathematical morphology. We briefly discuss this framework below, since
it plays an important role throughout this report.

2.1. Definition. Consider two complete lattices £ and M, and two operators € : L — M and
d: M — L. We say that (g,0) constitutes an adjunction between £ and M if

0y) <z <= y<ex), ze€Ll, ye M.

If (¢,9) forms an adjunction between £ and M, then ¢ has the property
e(/\ i) = N\ elx), (2.4)
iel i€l
for any family of signals {z; | i € I} C L. Operator ¢ has the dual property
s(\/ vi) = \/ 6w, (2.5)
i€l el
for any family of signals {y; | i € I} C M. This implies in particular that € and J are increasing
(i.e., monotone) operators. An operator ¢ that satisfies (2.4) is called an erosion, whereas an

operator J that satisfies (2.5) is called a dilation. We denote the identity operator on £ by id.,
or simply id, when there is no danger of confusion. The following propositions hold.



2.2. Proposition.
(a) With every erosion € : L — M, there corresponds a unique dilation § : M — L such that
(e,6) constitutes an adjunction.
(b) With every dilation 6 : M — L, there corresponds a unique erosion ¢ : L — M such that
(€,0) constitutes an adjunction.

2.3. Proposition. Let (¢,d) be an adjunction between two complete lattices L and M. The
following holds:
ede =¢ and ded =0

ed >id and de <id.

An operator v on a complete lattice L is a negation, if it is a bijection that reverses ordering
(ie.,, z <y = v(y) < v(z)) such that v? = id, the identity operator. For example, for every
r € Fun(E,T), v(z) = —z, if T = R, whereas v(z) = N — 1 —x,if 7 = {0,1,..., N —1}. Let L,
M be two complete lattices with negations v, v,,, respectively. With an operator ¢: £ — M,
we can associate the negative operator ¥* = v, r,.. When no confusion about the respective
negation seems possible, we set ¢¥*(x) = [¢(z*)]*. If (,d) forms an adjunction between two
complete lattices £ and M, and if both lattices have a negation, then the pair (§*,£*) forms an
adjunction between M and L as well.

We now need the following definition.

2.4. Definition. Let 9 be an operator from a complete lattice £ into itself.
(a) 1 is idempotent, if ¥ = 1.
(b) If 9 is increasing and idempotent, then v is a (morphological) filter.
(c) A filter v which satisfies 1) < id (¢ is anti-extensive) is an opening.
(d) A filter ¢ which satisfies ¥ > id (¢ is extensive) is a closing.

2.5. Proposition. Let (¢,9) be an adjunction between two complete lattices L and M. Then,
€d is a closing on M and Je is an opening on L.

We have seen that the pair (£4,04), given by (2.2) and (2.3), constitutes an adjunction
on Fun(Zd, 7). Thus, we may conclude that the composition a4 = d4€4 is an opening whereas
the composition 54 = €404 is a closing, in the sense of Definition 2.4. Operators a4 and G4
are called the opening and closing by A, respectively. We use the following notation:

as(x) =z 0A
Ba(x) =z @A.

3. Multiresolution Signal Decomposition

To obtain a mathematical representation for a multiresolution signal decomposition scheme, we
need a sequence of signal domains, assigned at each level of the scheme, and analysis/synthesis
operators that map information between different levels. The analysis operators are designed to
reduce information in order to simplify signal representation whereas the synthesis operators are
designed to undo as much as possible this loss of information. This is a widely accepted approach
to multiresolution signal decomposition [3, 33, 16]. Moreover, as discussed in the introduction,
the analysis/synthesis operators depend on the application at hand and a sound theory should
be able to treat them from a general point of view. Motivated by these reasons, we propose
in this section a general multiresolution signal decomposition scheme, to be referred to as the
pyramid transform.
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3.1. Analysis and synthesis operators

Let J C Z be an index set indicating the levels in a multiresolution signal decomposition scheme.
We either consider J to be finite or infinite. In the finite case, we take J = {0,1,..., K}, for
some K < oo, whereas J = {0, 1,...} in the infinite case. A domain V; of signals is assigned at
each level j. No particular assumptions on V; are made at this point (e.g., it is not necessarily
true that Vj is a linear space). In this framework, signal analysis consists of decomposing a
signal in the direction of increasing j. This task is accomplished by means of analysis operators
¢]T. : V; — Vjgi. On the other hand, signal synthesis proceeds in the direction of decreasing
j, by means of synthesis operators wjl. : Viz1 — V;. Here, the upward arrow indicates that
the operator ! maps a signal to a level higher in the pyramid, whereas the downward arrow
indicates that the operator 1! maps a signal to a level lower in the pyramid. The analysis
operator ij. is designed to reduce information in order to simplify signal representation at level
7 + 1, whereas the synthesis operator %l. is designed to map this information back to level j.

We can travel from any level ¢ in the pyramid to a higher level j by successively composing
analysis operators. This gives an operator

W=l > (3.1)

which maps an element in V; to an element in V;. On the other hand, the composed synthesis
operator

Ui =il vy, > (3.2)

takes us back from level j to level i. Finally, we define the composition
by =t ] > 3.3
wl,] ¢J7z/¢]17]7 ] > Z? ( N )

which takes a signal from level ¢ to level j and back to level i again.
The analysis operators w;— are designed to reduce signal information. Hence, they are
not invertible in general, and information loss cannot be recovered by using only the synthesis

operators wjl.. Therefore, Qﬁu can be regarded as an approximation operator that approximates
a signal at level ¢, by mapping (by means of %lﬂ_) the reduced information at level j, incurred
by ¢1-T7j, back to level 1.

We now state a number of conditions that are crucial to what follows.

3.1. Condition.

)
)
(c) Ylotpl =l
(d) ¢iplys = v
)
)

Here, id denotes the identity operator on Vj, . The first condition is required in order to assure
that for any signal y € Vi, there always exists a signal z € V; such that y = w; (z). This
condition is easily satisfied by setting V4, = Ran(%T.) (i.e., the range of the analysis operator
1#;) That @Z)JT. is only surjective (and not necessarily injective) formalizes the fact that ij. gives
rise to a loss of signal information (i.e., there might be two signals z1,z2 € Vj, 1 # x2, such that
ij. (r1) = ij. (z2)). The second condition guarantees that application of the synthesis operator
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%l. does not result in an additional loss of signal information (i.e., if x1,22 € Vji1 such that
T1 # T, then @Z)Jl. (x1) # %l(xg)) In principle, given signal ¢le(x) € Vi, where x € V; and j > i,
we should always be able to uniquely recover x. The fifth condition guarantees that the signal
decomposition is non-redundant, in the sense that repeated application of the analysis/synthesis
steps does not modify the decomposition.

We can establish a number of relationships between the previous conditions.

3.2. Proposition. The following relationships between the previous conditions are true:
(¢) = (e) and (d) = (e)
(a),(b),(e) <= (a),(c) <= (b),(d) < (f)

PROOF. (¢)=(e): Since w;wjl.w; = w;, we have that wjl.w;%l.zﬂ; = %L%T which shows idempo-
tence.

(d)=(e): Since 1[1}@[1}@[1]1. = 1[1}, we have that @Z)Jl.w;w;w; = %lw; which shows idempotence.

(a), (c) = (b): Take y1,y2 € Vj41 such that y; # yo. Since I/J]T- is surjective, there always
exist signals x1,x2 € V; such that y; = ¢]T. (x1) and yo = w]T- (x2), from which we have that
¥l (1) # ¥H(x2), or @1 # 72, In this case, Y]vk(y1) = il (1) = ¢l (21) # ¥l(a2) =
Glpipl(22) = ¥l (y2), which implies that ¥} (y1) # 1} (y2). Therefore, ¢! is injective.

(b), (d)=(a): Take y € Vj41. From (d), we have that w]l-w;w]l- (y) = w]l- (y) which, together
with the fact that 1/1} is injective, implies that w;wjl(y) =y, ory = w;(x), where x = 1/1} (y).
This shows that w; is surjective.

(f) = (b),(d): Since ¥]¥} = id, we have that ¢!9]y; = 1, which shows (d). If
x1,22 € Vji1 such that z1 # x9, then %T.%l.(:vl) =21 # Tg = %T.wjl.(xg), which implies that
wjl. (z1) # @Z)Jl. (z2) and, therefore, wjl. is injective.

(b), (d)=(a), (c): Recall that (), (d)=(a). Since w]l-w;%l. = w]l-, we have that %l.w;w]l-w; =
%lw;, which leads to w;wjl.zﬂ; = w;, since %l. is injective.

(a),(c) = (a),(b),(e): This is a direct consequence of the facts that (a),(c) = (b) and
()= (e).

(a), (b), (e)=(f): From (e), we have that w;w;w;w; = %lw; which, together with the fact
that 1/1}- is injective, implies that 1#;1#;1/1; (x) = w; (x), for every x € V;. Since w; is surjective,

¢]T¢]L (y) =y, for every y € Vj41. 1

From these results, it is clear that (a)—(e) in Condition 3.1 are satisfied if and only if
condition (f) is true. The latter condition plays an important role in the sequel.

3.3. Pyramid Condition. The analysis and synthesis operators %T., %l. are said to satisfy the
pyramid condition if %T%/le' =id on Vj;1.

We now have the following proposition.

3.4. Proposition. Assume that the pyramid condition is satisfied. Then,

Pl =id on Vj, j>i (3.4)
Vi gVik = Vi = Vi, J=>k>i. (3.5)

In particular, 1@] 1$ idempotent.
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PROOF. From (3.1), (3.2), and the pyramid condition 3.3, we have that

Wl bt =l el Wl
=¢}mT'~wHWH0w¢ﬁl
==l il =i

which shows (3.4)
From (3.1)—(3.3) and the pyramid condition 3.3 we have that

i gtk = Ukl bl
- ¢ ¢z+1 '¢gl'—1¢;—1¢;—2 ¢z+1(1/1 ¢l)¢z+l '¢1£—1¢11—1¢11—2"’¢J
- ¢ ¢z+1 ’@—1#’;—1@[’;—2”’(1/’z+1¢z+1) ¢k¢11—1¢11—2"'¢g
= =l ) U Y UL Uy ]
= w]{i@z}lj = i,

which shows the first equality in (3.5). From (3.1)—(3.3) and the pyramid condition 3.3 we also
have that

Vi i =i i%/"TM[’Jl',WiT,j
=} ¢z+1 ¢1ﬁ—1¢11—1¢11—2 ¢z+1(¢ W»} )¢z+1 'wal'—l JT—1¢JT—2"'¢’3T
= =1} ¢z+1 ¢t—1(¢£—1¢k—1)¢k¢k+1"'wj—lwg—llb;—?"'lbg
=i =iy,

which shows the second equality in (3.5). [ |

The first equality in (3.5) simply states that the level k approximation 1&1]@(&?) of a signal
x € V; is adequate for determining the level j (5 > k) approximation 1@] (z) of x. This agrees
with our intuition that higher levels in the decomposition correspond to higher information
reduction. The second equality in (3.5) says that Qﬁu (x), z € V;, is not modified if approximated
by means of operator ; .

It is worthwhile noticing here that if Vi(j ) = Ran(@u ;) (i-e., the range of the approximation
operator Qﬁm’), then Vi(j ) C V; and the second equality in (3.5), with & = j — 1, results in

Therefore, operator 121” decomposes the signal space V; into nested subspaces --- C Vi(iH) C
Vi(iﬂ) C V;, each subspace Vi(j ) containing all “level j” (j > i) approximations of signals in V;.
Equation (3.6) is a basic requirement for a multiresolution signal decomposition scheme [3, 33,
16] that agrees with our intuition that the space Vi(j _1), which contains the approximations of
signals at level i obtained by means of operator ¢i7j_1, contains the approximations of signals
at level ¢ obtained by means of 1@] as well.

3.2. The pyramid transform
Although, as a direct consequence of the pyramid condition 3.3, the analysis operator w]T- is the
left inverse of the synthesis operator %l., it is not true in general that is also the right inverse:

%lw; (x) is only an approximation of z € V;. Therefore, the analysis step cannot be used by
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itself for signal representation. This is not a problem however. In fact, this is in agreement
with the inherent property of multiresolution signal decomposition of reducing information in
the direction of increasing j.

Analysis of a signal x € V}, followed by synthesis, yields an approximation & = 1%7 j1(x) =
%L%T (x) € f/j of x, where VJ = Vj(jH). We assume here that there exists a subtraction operator
(z,%) — x — & mapping V; x 17] into a set Y; (strictly speaking, we should write —; to denote
dependence on level j). Furthermore, we assume that there exists an addition operator (&,y) —
%+ mapping ‘7] x Yj into V;. The detail signal y = x — & contains information about  which is
not present in Z. It is crucial that x can be reconstructed from its approximation Z and the detail
signal y. Towards this goal, we introduce the following assumption of perfect reconstruction:

Fh(x2)=a, ifxeV; and & =1 1 (x). (3.7)

This leads to the following recursive signal analysis scheme:

r — {yo,v1} — {Y0,y1, T2} — - = {Yo, Y1, Y5, Tjp1 ) — - (3.8)
where
zo=x € Vy
T =V (x;) € Vi, 520 (3.9)

y; =z — i (z01) € Y;

Notice that, because of the perfect reconstruction condition, signal = € V) can be ezactly recon-
structed from x4 and yo,y1,...,¥y; by means of the backward recursion

T =20, Tj = @(%’H) +yj, >0 (3.10)

3.5. Example. The specific choice for the subtraction and addition operators depends upon the
application at hand. Below, we discuss three alternatives for which the perfect reconstruction
condition holds. In all cases, we assume that our signals lie in Fun(FE,7), for some gray-value
set 7. Now, it suffices to define subtraction and addition operators on 7.

(a) Assume that 7 C R and let 7" = {t — s | t,s € T}. We define a subtraction operator
(t,s) — t—sfrom 7 x T into 7’. Obviously, the perfect reconstruction condition is valid
if we choose the standard addition + as the addition operator.

(b) Suppose that 7 is a complete lattice. If we know that the approximation signal & satisfies
% < x pointwise (see Section 5 for examples), then we can define

. t, ift>s
t—s—{iﬂ iy, (3.11)

where L is the least element of 7. For + we simply take
t+s=tVs. (3.12)

It is easy to verify that s + (¢t — s) = t, for every t,s € T with s < ¢.

(¢) Assume that 7 is finite, say 7 = {0,1,..., N — 1}. Define + and — as the addition and
subtraction in the Abelian group Zy; i.e., t+s = (t+s) mod N and t—s = (t —s) mod N,
where ‘mod’ denotes modulo. Observe that in the binary case, both + and — correspond
to the ‘exclusive OR’ operator. |
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Fig.1. [Illustration of: (a) a 3-level pyramid transform, and (b) its inverse.

In the definition below, we use the following notation:
J— JU{K +1}, it J={0,1,...,K}
- Jif J={0,1,...}.

3.6. Definition. Consider the multiresolution signal decomposition scheme given by J, (V}) ¢ 7,
(w;)jej, (wjl.)jej. The process of decomposing a signal = € Vj in terms of (3.8), (3.9) is called
the pyramid transform (PT) of x, whereas the process of synthesizing x by means of (3.10) is
called the inverse pyramid transform (IPT).

Block diagrams illustrating the pyramid transform and its inverse, for the case when
J =1{0,1,2}, are depicted in Figure 1.

3.3. An elementary sampling scheme

In most of the examples to follow, it is assumed that the domains V; coincide and that operators
w; and %i‘ are the same at each level. Here, we discuss one of the most elementary examples



of a pyramid transform for the case when V; = Fun(Zd, 7T), with 7 being an arbitrary set. Let
t € T be a fixed value and consider the operators

ol (z)(n) = z(2n)
o} (z)(2n) = z(n) and o} (x)(m) =t, if m & 229,

where 2Z% denotes all vectors in Z? with even coordinates. It is easy to see that UTatl =id on
Fun(Z?,T), which means that the pyramid condition 3.3 holds.

If 7 is a linear space and we choose ¢ = 0, then both ¢! and a(l) are linear operators. The
case when 7 is a complete lattice is governed by the following result.

3.7. Proposition. Assume that T is a complete lattice, with least element 1L and greatest

element T. Then (UT,Ji) and (a-lr,JT) are both adjunctions on Fun(Z*,T).

The proof of this result is straightforward.

4. Linear Pyramids

A case of particular interest to signal processing and analysis applications is when the analy-
sis/synthesis operators are linear and translation invariant. In this section, we provide a number
of (known as well as new) examples associated with linear translation invariant pyramids. First,
we consider the case of pyramids which successively reduce the number of data points (sam-
ples) at each level. Since sample reduction results in scale reduction as well [33], we refer to
these pyramids as multiscale pyramids. We then discuss the case of linear translation invariant
pyramids with no sample reduction. We refer to these pyramids as single-scale pyramids.

4.1. Multiscale pyramids

4.1.1.  The one-dimensional case

In this subsection, we restrict attention to one-dimensional discrete-time signals x, viewed as
elements in ¢2(Z), the space of all real-valued sequences on Z which are square summable. Let
7 be the translation operator on ¢2(Z), for which

(r2)(n) =x(n—1) and (77 'z)(n) =x(n+1),

where 77! is the inverse of 7. We consider pyramid transforms satisfying the following assump-
tions:

(i) All domains V; are identical, namely ¢*(Z).
(i1) Operators + and — are the usual addition and difference operators + and — in the linear
space (2(Z).
(7i1) At every level j, we use the same analysis and synthesis operators, i.e., wJT. and %l. are
independent of j; they are denoted by 9! and 9!, respectively.

(iv) ¢! and 9! are linear operators.

(v) ¢! and ! are translation invariant in the following sense:

Plr? =7yl and Pl =72 (4.1)



A straightforward computation shows that there exist convolution kernels h, h € (2 (Z) such that
Y1 and ¢! are of the following general form (see Rioul [26]):

Bl@)m) = 3 h(2n - ka(k) (4.2)

k=—oc0
PHa)(n) = Y h(n —2k)x(k). (4.3)
k=—oc0

Note that the analysis operator 1! can be regarded as a linear convolution with kernel h followed
by a downsampling at rate 2. The pyramid condition 11! = id amounts to

> h(2n = k)h(k) = 6(n), (4.4)

k=—00

where §(n) is the Dirac-delta sequence; i.e., 6(0) =1 and d(n) = 0, if n # 0. This is known as
the biorthogonality condition [26].

4.1. Example (Haar pyramid). A simple solution to (4.4) is

h(—1) = h(0) = 1 and h(n) = 0, otherwise
h(0) =h(1) =1 and h(n) =0, otherwise,

which corresponds to the analysis and synthesis operators

1
Y1 (z)(n) = 5(1‘(271) +z(2n+ 1)) (4.5)
$H@)(2n) = ¥4 (2)(2n + 1) = (n). (4.6)
This leads to a signal decomposition scheme which we call the Haar pyramid; the operators in
(4.5), (4.6) coincide with the lowpass filters associated with the Haar wavelet [3, 33, 30] |

4.2. Example (Burt—Adelson pyramid). We may set

{B(O) =a, h(=1)=h(1)=0b, h(-=2)=h?2)=c¢, h(n)=0, otherwise
h(0) =p, h(=1)=h(1)=g¢q, h(n)=0, otherwise.

Condition (4.4) gives rise to the following equations:
2bg +ap=1 and cp+ bqg = 0.
If we impose two normalizing conditions, namely that ¢ maps signal (...,1,-1,1,—1,1,...) to
(...,0,0,0,0,0,...), whereas ¢! maps signal (...,1,1,1,1,1,...) to itself, we get
a—2b+2c=0 and p=2¢=1.
The unique solution to these equations is

3 1 1 1
a 4 b 4 b c 8 ) p ) q 2 )
which corresponds to the analysis and synthesis operators

¥l (@)(n) = %(—x@n —9) 4 22(2n — 1) + 62(2n) + 22(2n + 1) — (20 + 2))

YH(z)(2n) = z(n) and P'(z)(2n+1) = %(x(n) +z(n+1)).

This leads to a signal decomposition scheme which is a particular case of the well-known Burt—
Adelson pyramid [1]. [ |



It is clear from (4.2) and (4.3) that the analysis operator reduces the number of samples
by a factor of two whereas the synthesis operator doubles the number of samples. Therefore,
a signal x € Vj of 2% samples is reduced to a signal ¥ (z) € Vi of 25K~! samples, which is
then expanded to a signal ¢!y (z) € Vo of 2K samples. If we consider a pyramid transform
{Y0,91,---,YK—-1,ZK }, it is not difficult to see that signal xx contains 1 sample, whereas the
detail signal y; contains 2K=J samples. Therefore, the pyramid transform of a signal « € Vj of
2K samples contains 1+2+4 22+ .. 4+2K = 2K+1 1 samples, an increase by a factor of (2K+1 —
1)/2% — 2, as K — oco. Hence, the pyramid transform is an overcomplete signal decomposition,
since it produces more information than is actually needed for signal representation.

4.1.2.  The 2-dimensional case

It is straightforward to generalize the previous result to the 2-dimensional case. We make the
same assumptions (7)—(v) as before; however, the translation invariance condition in (4.1) should
hold for every translation operator 7 = 7 ;), given by (7(, z)(m,n) = z(m — k,n —1). It can
be shown that there exist convolution kernels h, h € ¢ (ZQ) such that T, ¢! are given by

@'x)(m,n) = Y h(@m -k 2n - Da(k,1)

k,l=—00

Hx)(m,n) = > h(m —2k,n —20)x(k,1).

k,l=—00

The pyramid condition 7! = id amounts to the identity

i h(2m — k,2n — Dh(k,1) = 6(m,n), (4.7)

k,l=—00

where ¢ is the 2-dimensional Dirac-delta sequence, given by é(m,n) = 1, if m = n = 0, and 0
otherwise.
The simplest solution to (4.7) is similar to the Haar decomposition given in Example 4.1:

4

h(—1,—1) = h(—1,0) = h(0,—1) = h(0,0) = 1 and h(m,n) =0, otherwise
) 1,1) =1 and h(m,n) =0, otherwise .

The following example discusses a less trivial solution.

4.3. Example. Let us consider the case when, in the analysis step, a 2 x 2 pixel block
{(2m,2n),(2m +1,2n),(2m + 1,2n + 1), (2m,2n + 1)} at level j is replaced by one pixel (m,n)
at level j + 1. The value of this pixel is a weighted average over 16 pixels at level j, namely the
pixels in the 4 x 4 block surrounding the 2 x 2 block; see Figure 2. To be precise:

Yl (z)(m,n) = a(x(2m,2n) + z(2m + 1,2n)
+b(z(2m —1,2n) + z(2m — 1,2n + 1)
+x(2m +2,2n) + z(2m + 2,2n + 1)
+c(x(2m —1,2n — 1) + z(2m + 2,2n — 1)

z(2m+1,2n + 1) + x(2m, 2n + 1))

z(2m,2n — 1)+ z(2m +1,2n — 1)

z(2m,2n + 2) + z(2m + 1,2n + 2))
z(2m+2,2n+2) + z(2m — 1,2n + 2)).  (4.8)

+ + + +
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Fig. 2. Stencils for: (a) ¢ in (4.8), and (b) ¢! in (4.9)-(4.12).

The synthesis step subdivides a pixel (m,n) at level j + 1 into 4 pixels {(2m,2n), (2m +
1,2n),(2m + 1,2n + 1), (2m,2n + 1)} at level j. The values of ¢!(x) are given by (see Fig-
ure 2)

Y (z)(2m,2n) = pr(m,n) + q(z(m — 1,n) + z(m,n — 1)) + ra(m — 1,n — 1) (4.9)
YH(x)(2m +1,2n) = pr(m,n) + q(z(m + 1,n) + z(m,n — 1)) + re(m + 1,n — 1) (4.10)
YH(x)(2m, 2n + 1) = px(m,n) + q(z(m,n + 1) + z(m — 1,n)) + rz(m — 1,n + 1) (4.11)

PHx)(2m +1,2n + 1) = pz(m,n) + ql@(m + 1,n) +z(m,n+ 1)) +rz(m+1,n+1). (4.12)

The pyramid condition (4.7) leads to the following relations

dap 4+ 8bq +4cr =1
2aq + 2bp 4+ 2br +2cq =0
ar + 2bqg 4+ cp = 0.

It is obvious that, due to the symmetry in h, ¥! maps the high-frequency signals z(m,n) =
(=)™, (=1)™, (=1)™*™ onto the zero signal. We impose the following two normalizing condi-
tions: 9! and ¢! map a constant signal onto the same constant signal (albeit at a different level
of the pyramid). This yields the following two conditions:

4a+8b+4c=1
p+2¢+r=1.

The unique solution of the previous system of 5 equations with 6 unknowns can be ex-
pressed in terms of a as:

1 4a 4a — 1

b: = — — = = = .
a4 =373 P=4= e TS g
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Fig.3. Multiresolution image decomposition based on the linear pyramid transform of Example 4.3:

(a) An image zg and its decomposition {zg,z1,z2,z3} obtained by means of the analysis operator wT
in (4.8), where a, b, c are given by (4.13). (b) The approximation images {Zo,Z1,Z2} obtained from
{z1,z2, 23} by means of the synthesis operator ¢t in (4.9)—(4.12), where p, ¢, r are given by (4.13). (c)
The detail images {yo, y1,y2}-

Clearly, we must exclude a = 1—16 in order to avoid singularities. When a = 1/4, then
1 1 1
= b = — = — — = = — = 0. 4,13
a 1 ¢="g P=d=3 7 (4.13)

An example, illustrating the resulting linear pyramid, is depicted in Figure 3. Due to the
calculations associated with (4.8)—(4.12), the resulting images will not have integer gray-values
between 0 and 255, as required for computer storage and display, even if the original image is



already quantized to these values. To comply with this requirement, all gray-values of the images
depicted in Figure 3 have been mapped to integers between 0 and 255, with the minimum and
maximum values being mapped to 0 and 255, respectively. Finally, and for clarity of presentation,
the size of some of the images depicted in Figure 3 (and later in this report) is larger than their
actual size (e.g., although the size of z; should be half the size of x, this is not the case in
Figure 3).

It is worthwhile noticing here that most of the linear pyramid transforms used in the
literature are one-dimensional. These transforms, when applied on images, use separable analysis
and synthesis operators. The linear pyramid transform discussed in this example employs non-
separable analysis and synthesis operators. It is, therefore, an example of a pure (non-separable)
2-dimensional linear pyramid transform. |

4.2. Single-scale pyramids

In the case of single-scale pyramids, no sample reduction takes place and the pyramid performs
multiresolution signal decomposition by successively applying linear filtering. In this subsection,
we consider pyramid transforms satisfying the following assumptions:

(i) All domains V; are linear subspaces of (?(Z).

(i1) Operators + and — are the usual addition and difference operators + and — in the linear
space (2(Z).

(vi1) ¢]T. and %l. are linear operators.

(iv) ¢]T. and %l. are translation invariant in the classical sense:
@Z)]T-T = TI/J]T and @Z)]lT = TI/J]l

Furthermore, assuming that the analysis and synthesis operators depend on the level j in the
pyramid, we get

V) (@)(n) = (hy x2)(n) = Y hj(n—k)a(k)

k=—oc0
GH@)n) = (b x2)m) = 3 hyln — k) (k),
k=—0o0

where hj, h; € £%(Z) are convolution kernels. For an element = € £2(Z), we denote its Fourier
transform by X (w), where w € (—m, 7). Let zp € Vj be a given input signal. The Fourier
transform of the reduced signal z; = ¢(T)7 ;(@o) = %T._leT-_Q e ¢£ (zo) at level j is given by

Xj(w) = Hj_1(w)H;_2(w) - Ho(w)Xo(w).
We now define V; in the following way:
Vi ={x € ?(2)| X(w) = Hj_1(w)H;_3(w)--- Hy(w)Xo(w), for some xq € (*(Z)}.
Denote by z(H;) the zero set of Hj, i.c.

2(H)) = {w € (~m7] | Hy(w) =0},



It is evident that, if € V}, then X(w) =0 on

Qj = Z(Ho) U Z(Hl) U---u Z(Hj_l).

In the frequency domain, the pyramid condition 1/1;.@[1]1. = id on V4 amounts to

H;j(w)Hj(w)Hj(w)Hj_1(w) -+ Ho(w) = Hj(w)Hj_1(w) - - Ho(w),

which is equivalent to

Hj(bd)Hj(Cd) = 1, for w ¢ Qj—‘,—l- (414)

We put z; = @Z)Jl. I/JJT' (z;) and y; = x; — &;. A straightforward calculation shows that

{Xj(w) = X,(w) and Y;(w) =0, forw ¢ Q1
Xj(w) =0 and Yj(w) = X;(w), forwe Qi

Notice that the set 2; becomes larger when j increases. For Y; we can also write

Yo(w) = (1 - Ho(w)ﬁo(w))xo(w) (4.15)

Y(w) = (1 - Hj(w)ﬁj(w))ﬁj_l(w)ﬁj_g(w) o Hy(w)Xo(w), forj>1.  (4.16)

Equations (4.14)—(4.16) show that, when h; is the impulse response of a low-pass filter, the
detail signal y; is the output of an unsharp masking operator [5], based on an ideal low-pass
filter, to input (fNLj_l * ilj_Q K.k izo) * xg. Therefore, single-scale linear pyramids produce a
multiresolution unsharp masking signal decomposition. Notice that, in this case, y; is obtained
from x; through an ideal high-pass filter, since Yj(w) = (1 — H;(w)H;(w))X; (w)-

If, for some j > 0, we have that 2,1 = ;, that is z(.ﬁIj) C Q;, then we find that Xj =X,
and Y; = 0, which means that the analysis step ¢]T. 41 does not reduce the data in ;. Therefore,
the analysis operators of a multilevel linear single-scale pyramid should be different at each level.
Finally, the previous discussion can be extended to the 2-dimensional case in a straightforward
manner. We now have the following example.

4.4. Example. Consider a 2-dimensional linear single-scale pyramid, with }Nlj being a 2-
dimensional Gaussian convolution kernel, given by

2, 2 2
e—(m +n%)/2n07

Y e

hj(m,n) (4.17)

where

Oj+1 = 20‘j. (418)

Figure 4 illustrates four levels of the resulting single-scale pyramid, for the case when oy = 3.
Notice the strong ripple effect present in the detail images, which is a direct consequence of the
fact that the detail image y; is obtained from z; by means of an ideal high-pass filter. |
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Fig.4. Multiresolution image decomposition based on the linear pyramid transform of Example 4.4:
(a) An image z¢ and its decomposition {zg,z1,z2,z3} obtained by means of a linear analysis operator,
with convolution kernel ij given by (4.17), where o is given by (4.18), with o9 = 3. (b) The approxi-
mation images {Zo, &1, Z2} obtained from {x1,z2, 23} by means of the composed filter &; = h; * ij *T ;.
(c) The detail images {yo,y1,y2}-



5. Morphological Adjunction Pyramids

As we have previously observed, the pyramid condition 3.3 is the only condition to be imposed
on a multiresolution scheme. There is no a priori reason why the operators involved should be
translation invariant and/or linear. In this section, we consider the special, but interesting, case
when the signal domains are complete lattices and the analysis and synthesis operators between
two adjacent levels in the pyramid form an adjunction. More precisely, we make the following
assumptions:

(i) All domains V; have the structure of a complete lattice.
(73) The pair (w;,%l-) is an adjunction between V; and Vj ;.

In this case, w; is an erosion and 1/1}- is a dilation. From the standard theory of adjunctions
(see Section 2) we know that (c)—(e) in Condition 3.1 are satisfied. From Proposition 3.2, it is
clear that the pyramid condition is satisfied if and only if w]l- is injective, or, alternatively, if
%T. is surjective. Notice that %L%T is an opening and hence %L%T < id; i.e., the approximation
operator 1/1}1/);. is anti-extensive.

As we did in the linear case, we distinguish between two types of pyramids: those ones that
involve sample reduction (i.e., multiscale pyramids) and those ones that do not (i.e., single-scale
pyramids).

5.1. Multiscale pyramids

5.1.1. Representation
In this subsection, we give a complete characterization of analysis and synthesis operators, be-

tween two adjacent levels j = 0 and j = 1 in a pyramid, under the following general assumptions:

1. Vo=V = Fun(Zd,T), the complete lattice of functions from Z¢ into a given complete
lattice 7 of gray-values.

2. The analysis operator 1': V; — Vi and the synthesis operator !: Vi — V4 form an
adjunction between V and Vi; i.e.,

21 <Y(zo) = YH(a1) <o, 20 € Vo, 71 € 4.
3. For every translation 7 = 7(x, k... k) Of Zd, we have that
Pl =71yl and  lr =72 (5.1)

Our characterization is given in terms of adjunctions (e,d) on the complete lattice 7 and is
closely related to the representation of translation invariant adjunctions for grayscale functions
in mathematical morphology [11, 7].

5.1. Proposition. Let (¢1,9') be an adjunction on Fun(Z%,T). The translation invariance
condition Y172 = 11 implies that vt = T2t and vice versa. Every adjunction satisfying
these equivalent conditions is of the form

Yl @) ) = N\ er—an(a(k) (5:2)

kezd

GH@) k) =\ dian(z(n)), (5.3)

nez

where (ex,dy) defines an adjunction on T, for every k € z°.



PrOOF. We show the first part of the assertion concerning translation invariance; the other
implication is proved analogously. Assume that ¢'72 = 79!, for every translation 7. For
To,T1 € Fun(Zd, 7T), we have the following equivalences:

¢l7'(x1) <zp <= 7(21) < ¢T(x0)
— 11 < T_le(xo)
— 1 < wTT_Q(;UO)
<— @Z}l(xl) < T_Q(xo)
<— Tzlbl(xl) < zy.
This yields that ‘7 = 729!,
We next prove the identities in (5.2) and (5.3). From [7, Prop. 5.3] it follows that every
adjunction (¢7,4') on Fun(Z%,T) is of the form

P @)n) = N\ (k) (5.4)

kezd
PHa)k) =\ &, k(z(n), (5.5)
n€z?
where (e}, ,,,d,, ;) is an adjunction on 7, for every n,k € Z*. Equation (5.4), together with
condition 172 = 791, yields
/\ 62:+2m,n(x(k)) = /\ G;C,n—m(x(k))
kezd kezd
Since this identity holds for every = € Fun(Zd, 7T) and n,m € 7%, we conclude that
6;9+2m,n = 62:,n—m? v ku n,me Zd'

Similarly, equation (5.5), together with condition 1!7 = 724!, leads to the identity

d
;l-i-m,k‘: ;l,k‘—Qm’ Vk,n,mGZ .
Set e, = e}, and dy = df,, and observe that (ej,dy) constitutes an adjunction on 7. A

straightforward manipulation shows that
€ = €h—on and d, = dp_on,
whence we arrive at the identities in (5.2) and (5.3). |

5.2. Example. Consider the case when 7 = R = R U {—0o0,+00}. An important class of
adjunctions (e, d) on IR are those of the form

t
dit)=at+0b, e(t)=—-—0>
a
where a € R\ {0}, b € IR are constants. We can also choose b = —oo in which case we arrive

at the trivial adjunction e(t) = +oo and d(t) = —oo.
If we choose the adjunctions in (5.2) and (5.3) to be of this form, we arrive at analy-
sis/synthesis operators

1 _ _wk)
vI@m = A [z — bl —20)
kezd
Hx)(n) = \/ [a(n — 2k)x(k) + b(n — 2k)].
kezd
In practice, for all but finitely many values of k, we choose b(k) = —oo; the resulting operators

are then of the ‘FIR type.” When a(k) = 1 for every k € 7%, the analysis and synthesis operators
are invariant under grayscale shifts as well. |



Now that we have found a characterization of analysis and synthesis operators which form
adjunctions, we may ask ourselves: for which of these pairs is the pyramid condition 3.3 satisfied?
The next proposition answers this question. In the following, we define the support A of the
analysis/synthesis pair (5.2), (5.3), as being the set of all vectors k € Z for which the adjunction
(ex,d) is non-trivial; i.e., e, Z T and di, # L, where L, T are the least and greatest element of
T, respectively. We introduce the following notation: for n € Z¢, we define

Z%n) = {k € 2 | k — n € 22.%}.
The sets Z%[n] yield a disjoint partition of Z% into 2¢ parts. For A C Z% and n € Z%, we set
Aln] = AN Z%n),

which yields a partition of A comprising at most 2¢ nonempty and mutually disjoint subsets.

5.3. Proposition. Consider the analysis/synthesis pair of Proposition 5.1, and let A C 74
denote its support.
(a) Suppose that there exists an a € A such that:
(1) Ala] = {a}.
(i1) dg is injective.
Then the pyramid condition 3.3 is satisfied.
(b) Assume that the pyramid condition 3.3 holds along with the following condition:

Ae( V d(m)#1 (5.6)

kEA  beA[k\{k}
Then, there exists an a € A such that Ala] = {a}.

PROOF. (a): Assume that conditions (i) and (ii) hold. We show that ! is injective. From (5.3)

notice that
k—m

P =\ dn(E50),

meAl[k]

for every k € 74, 1f 1y # x9, then z1(n) # wza(n) for some n € Z%. Let k = 2n + a, then
Alk] = ANZ%2n + a] = AN Z%a] = Ala] = {a}; hence, for i = 1,2:

Y (i) (k) = da(wi(n)).

Since d, is assumed to be injective, we find that '(z1)(k) # ¥'(z2)(k). Therefore, ¢! is
injective and the pyramid condition 3.3 is satisfied.

(b): Suppose that the given conditions are satisfied and that, for every k € A, A[k] contains
more than one element. We will show that this leads to a contradiction. From (5.3) notice that

) k) =\ dian(z(n)),

neA’[k]

where A'[k] = {n € Z% | k—2n € A}. Tt is easy to see that a € A[k] if and only if (k—a)/2 € A'[k].
Therefore, for every k € A, A’[k] contains more than one element. We now have that

(z)(k), for k ¢ A
) (k) = {1(35)(@ V di(z(0)), for k € A,



where
y(@)(k) =\ diaalz(n).
neA’[k]\{0}
Notice that 0 € A'[k] iff kK € A. Furthermore, when k € A, A'[k]\ {0} # 0 since, for every k € A,
A'[k] contains more than one element.
Consider now all signals = such that z(k) = T for k # 0. Then

Y(@) (k) =\ dian(T) =\ do(T).

neA’[k]\{0} be Alk]\{k}
This expression, which does not depend on z, will be denoted by (k). Thus
YHx) (k) = y(k) V dp(2(0)), for k € A. (5.7)

Observe that condition (5.6) can be written as

N ex(r(k)) # L.

keA
Choose
2(0) < /\ ex(v(k)),
keA
that is
z(0) < er(y(k)), forevery k€ A.

Thus, by the adjunction relation we get

di(2(0)) < (k). (5.8)
From (5.7) and (5.8), and for every signal z satisfying xz(k) = T, for k # 0, we find that

Ha)(k) = y(k) = \/ do(T), for every k € A.
beA[K]\{k}

As this expression is independent of the particular choice of 2(0), we conclude that the synthesis
operator ! is not injective, which is a contradiction. Therefore, there exists an a € A such that
Ala] contains exactly one element, which will necessarily be a. [ |

Now, observe that d, is injective if and only if e,d, = id. Assume that, for every a € A,
the following two conditions are satisfied: d,(T) = T and A[a] contains more than one element.
Then, the left hand-side expression in (5.6) equals T (note that e,(T) = T, since e, is an
erosion). Thus (5.6) is satisfied. We arrive at the following corollary.

5.4. Corollary. Consider the analysis/synthesis pair of Proposition 5.1, and let A C 7% denote
1ts support.
(a) Suppose that there exists an a € A such that:
(1) Ala] = {a}.
(ii) eqdy = id.
Then the pyramid condition 3.3 is satisfied.
(b) Assume that d,(T) =T, for every a € A, and that the pyramid condition 3.3 holds. Then,
there exists an a € A such that Ala] = {a}.

In the following subsection, we consider a particular subclass of analysis and synthesis
operators, given by (5.2), (5.3), with (e,,d,) being either the trivial adjunction (T,L) or the
adjunction (id,id).



5.1.2.  Pyramids based on flat adjunctions

Let A C Z% be given and assume that (ex,dr) = (id,id), for k € A, and (ex,dy) = (T,L)
elsewhere. In other words, A is the support of (7, 1!). Now, (5.2), (5.3) reduce to

H(x)(n) = N\ z(2n+k) (5.9)
keA

sk =\ 220 (5.10)
neAlk]

In mathematical morphology, these two operators are called flat operators, since they transform
flat signals (z(k) = to, for k in the domain of z, and L outside) into flat signals; see [7,
Chapter 11]. Flatness of an operator means in particular that no other gray-values than those
present in the signal are created. The resulting pyramids make sense for every gray-value set
7 C R and, in particular, for the binary case 7 = {0,1}. From Corollary 5.4, notice that, if
there exists an a € A such that Afa] = {a}, then the pyramid condition 3.3 is satisfied.

Since (17, 11) is an adjunction, the approximation signal 1/;(33) = T () satisfies 1&(:1?) <
2 (pointwise inequality) and the error signal y(n) = x(n) — ¢ (z)(n) is nonnegative. The scheme
in (5.9), (5.10) has been proposed earlier by Heijmans and Toet in their paper on morphological
sampling (with the roles of dilation and erosion interchanged) [12].

5.5. Example (one-dimensional morphological Haar pyramid). Consider the case when
d=1and A = {0,1}. It is easy to show that A[0] = {0} and A[l] = {1}. In particular, this
means that the pyramid condition 3.3 is satisfied. We get that

Y1(2)(n) = 2(2n) A x(2n + 1) (5.11)
YHx)(2n) = ¥H()(2n 4+ 1) = 2(n). (5.12)
The diagram in Figure 5 depicts the calculations associated with these operators. Observe that

(5.11) and (5.12) are the (morphological) counterparts of (4.5) and (4.6), respectively. The
resulting scheme will be called the morphological Haar pyramaid.

minimum

L L 4 L 2 3 L 2

2n=-2 2n-1 2n 2n+1  2n+2 2n-2 2n-1 2n 2n+1 2n+2

Fig.5. A diagram illustrating the calculations associated with the analysis and synthesis operators
(5.11), (5.12) of a morphological Haar pyramid.



5.6. Example. Another example is obtained by considering the case when d = 1 and A =
{=1,0,1}. In this case, A[0] = {0}, A[1] = A[-1] = {—1,1}, and the pyramid condition 3.3 is
satisfied. We get that

Y1 (2)(n) = 2(2n — 1) Az(2n) Az(2n + 1) (5.13)
YHx)(2n) = z(n) and H(z)(2n +1) =z(n) Va(n+1). (5.14)
This leads to a symmetrized version of the morphological Haar pyramid. The diagram in Figure 6
depicts the calculations associated with these operators. |

n—1 n n+1 n—1 n n+l

minimum
1
Y P
maximum
L 4 L 2 @ 4 @
2n-2 2n-1 2n 2n+1  2n+2 2n-2 2n-1 2n 2n+1  2n+2

Fig.6. A diagram illustrating the calculations associated with the analysis and synthesis operators
(5.13), (5.14) in Example 5.6.

We now consider a few two-dimensional examples.

5.7. Example (2-dimensional morphological Haar pyramid). Let A = {(0,0), (0,1),
(1,1), (1,0)}. It is evident that A[m,n] = {(m,n)} for (m,n) € A. Hence, the pyramid condition
3.3 is again satisfied. The operators ¢! and ¢! are now given by

() (m,n) = 2(2m,2n) Az(2m,2n +1) Az(2m +1,2n + 1) A z(2m + 1, 2n)
YH(x)(2m,2n) = H(x)(2m, 2n + 1) = PH(x)(2m + 1,2n + 1) = Pt (z)(2m + 1,2n) = z(m, n).

This is a 2-dimensional extension of the morphological Haar pyramid of Example 5.5. [ |

5.8. Example. A more interesting example is obtained by taking A to be the 3 x 3 square

centered at the origin; ie., A = {(-1,-1), (-1,0), (-1,1), (0,-1), (0,0), (0,1), (1,—-1),
(1,0),(1,1)}. We have A|0, O] ={(0,0)}, A[O +1] = {(0,-1),(0,1)}, A[£1,0] = {(—1,0),(1,0)},
and A[£1,£1] = {(~1,-1),(=1,1),(1,-1),(1,1)}. The operators 1! and 1/} are therefore given
by
PHx)(m,n) = N x(@2m+k,2n+1), (5.15)
—1<k,I<1

and
() (2m, 2n) = x(m,n) (5.16)
YH(x)(2m,2n 4+ 1) = 2(m,n) V z(m,n + 1) (5.17)
YHx)(2m +1,2n) = 2(m,n) V z(m + 1,n) (5.18)
vHz)2m+1,2n+1) =z(m,n) Va(m,n+ 1) Ve(m+1L,n+1)Vaim+1,n). (519)



Fig.7. Multiresolution image decomposition based on the morphological pyramid transform of Ex-
ample 5.8: (a) An image zg and its decomposition {zg,x1, 22,23} obtained by means of the analysis
operator ¢! in (5.15). (b) The approximation images {&o, &1, &2} obtained from {z1,z2, 23} by means
of the synthesis operator ¢ in (5.16)—(5.19). (c) The detail images {yo, y1,y2}-

Clearly, this is a 2-dimensional extension of the pyramid of Example 5.6. An example is depicted
in Figure 7.

Operators + and — are taken here to be the usual addition and difference operators +
and —. A major difference between the results depicted in Figure 3 and Figure 7 is in the values
of the detail signals. The detail signals depicted in Figure 3 assume both positive and negative
values, with yo, y1, and y, taking values in [—65,36], [-99,107], and [—164, 144], respectively.
On the other hand, the detail signals depicted in Figure 7 assume only nonnegative values. In



particular, yo, y1, and y2 take values in [0,94], [0,137], and [0, 145], respectively. This can be
quite advantageous in image compression and coding applications, as it has been discussed in

[13]. |
If we take A = {0} and eyg = dy = id, then Corollary 5.4 is trivially satisfied. Denoting

the corresponding analysis/synthesis pair by o, ai (see Subsection 3.3), we have
ol (x)(n) = z(2n) (5.20)

ot (z)(2n) =z(n) and o' (z)(m) = L, if m ¢ 22°.
The pair (7,4) in (5.9), (5.10) can be written as
Pl =oley and ol = 5A0i, (5.21)

where (£4,04) is the adjunction given by (2.2), (2.3). This shows that the analysis and synthesis
operators of pyramids based on flat adjunctions can be implemented by means of flat erosions,
followed by dyadic subsampling by means of ¢, and flat dilations, following dyadic upsampling
by means of ai.

If we replace the erosion €4 in (5.21) by the opening da£4, then the pyramid condition
is still satisfied, provided that we make an assumption which is stronger than condition (i) in

Corollary 5.4. Indeed, we have the following result.

5.9. Proposition. Let A be a structuring element such that A[0] = {0}. The analysis operator
Y1 = 01564 and the synthesis operator ! = 6,401L satisfy the pyramid condition.

PROOF. From the fact that (€4,94) is an adjunction, we get that
Wt = 016azada0) = olda0l.

Now
oloact (@)(n) = \/ ol (z)(2n — k)
keA
= \/ aL )(2n — k)
k€ A[0]
= o (z)(2n) = z(n).
This yields that 114! = id and the result is proved. |

Notice that the pair (T,4!) in this proposition does not constitute an adjunction. We
mention one particular example here.

5.10. Example (Sun—Maragos pyramid). Consider the one-dimensional case, where V; =
Fun(Z,T), for every j, and the same analysis and synthesis operators are used at every level j,
such that:

P! (z)(n) = (x 0 A)(2n) (5.22)

YHa)(2n) = x(n) and P'(z)(2n +1) =z(n)Va(n +1). (5.23)

Here, A = {—1,0,1} and 2O A = Jaca(x), the opening of x by structuring element A.

Notice that A[0] = {0}, as required by Proposition 5.9. The resulting pyramidal decomposi-

tion has been suggested by Sun and Maragos in [31] (see also [13]) and is referred to as the
morphological Sun—Maragos pyramid.

This example can be easily generalized to higher dimensions. Figure 8 depicts the ap-

plication of the Sun—Maragos pyramid on a binary image. In this case, A is the 3 x 3 square

structuring element, and — is the symmetric set difference operator (exclusive OR) of Exam-

ple 3.5(c). |



Fig.8. Multiresolution image decomposition based on the Sun—Maragos pyramid transform: (a) A
binary image x¢ and its decomposition {zg,x1, 22,23} obtained by means of the analysis operator
! in (5.22). (b) The approximation images {Zo, 1,42} obtained from {z1,x2,23} by means of the
synthesis operator 9! in (5.23). (c) The detail images {yo,y1,v2}-

5.1.3.  Non—flat pyramids

The case of non-flat pyramids is similar to that of flat pyramids. Suppose that we replace (5.9)
and (5.10) with (see also Example 5.2)

YH(x)(n) = N\ [2(2n+ k) = b(k)]

keA

PH(z)(k) = \/ [:E(k;n)+b(n)],

n€eAlk]




where b is a function with domain A and range in IR. In reference to Proposition 5.3, notice
that d,(t) = t +b(n) is injective, for every n € Z%. Therefore, if there exists an a € A such that
Ala] = {a}, then the pyramid condition 3.3 is satisfied.

5.2. Single—scale pyramids

5.2.1. Granulometries

An important tool of mathematical morphology is the so-called granulometry [20, 7]. It has
been used for several purposes, such as texture classification, shape description, etc. Basically,
a granulometry is a family of openings by structuring elements of increasing size. A discrete
granulometry, on a complete lattice £, is a family of openings {a; | j > 0} such that

Qp = id and Qg1 < Qj, ] > 0. (524.)
Notice that (5.24) is equivalent to
g = id and Oéj+10(j = Oéj_|_1, j Z 0.

We show here that a given (discrete) granulometry generates its own single-scale pyramid,
in terms of adjunctions which satisfy the pyramid condition 3.3.

Suppose we are given a discrete granulometry {a; | j > 0} on the complete lattice £. Put
V; = Ran(«;), that is the range of o, and define wJT. = 41 and wjl. =id. It is evident that w;
maps V; into Vji; and wjl. maps Vi into Vj, since Vj41 € V;. To show that (1[);,1#;) defines
an adjunction between V; and V11 we must show the following relation:

y < 1/1}(:6) = wjl(y) <z, for x € Ran(a;) and y € Ran(ojtq).
Indeed, writing « = (") and y = a;11(y'), we find that

y<¥l@) = ajn

In the last but one implication “ = " is trivial, since a;y1(z") < o(2’). To get “«<” observe
that a;41(y’) < o(2’) implies that o1 (y') = aj 110541 (Y) < oja;(2’) = oy (a).

The pyramid condition 3.3 holds, since %T.%l. = a;4+1 and a4 coincides with the identity
operator on Vj41 = Ran(ajy1).

Consider now the case when £ = Fun(FE, 7T ), where 7 C IR is a complete lattice. Define

T ={t—s|t,seT and s < t}. (5.25)

Take for + and — the scalar addition and subtraction, respectively. It is evident that the perfect
reconstruction condition (3.7) holds. Given an input function zy = z, we arrive at the signal
analysis scheme:

xo=x €V

Tiv1 = ajy1(7;) € Vi1, 720 (5.26)

Yj =25 — Tj+1-



For synthesis, we find that
=)y (5.27).
j=0

Given a granulometry {c; | j > 0} on a complete lattice £, consider the family of negative
closings f3; = «j. It is obvious that

Bo=1id and Bj41 >0, j=>0,

and the family {3; | j > 0} is called the (discrete) anti-granulometry. We can show that a
given (discrete) anti-granulometry generates its own single-scale pyramid as well, in terms of
adjunctions which satisfy the pyramid condition 3.3. In the case when £ = Fun(F, 7)), this leads
to the following signal analysis and synthesis schemes (compare with (5.26), (5.27))

xy=x € Vp

2y = Bira(a}) € Vipr, §20
/ /

Yy = Tjp1 — Ty

o0
/
=D
§=0
In the literature, the decomposition of a signal = into the detail signals {..., v}, y(, yo,y1, ...} s
called the discrete size transform of x [19]. If the space E is finite or countably infinite, then
{1 1wols [yols [yls -}, where |z = > p [#(n)], is called the pattern spectrum of x [19].

5.2.2.  Morphological skeleton decomposition

We recall Lantuéjoul’s formula for discrete skeletons, well-known from mathematical morphol-
ogy [27]. Let T C IR, define 7" as in (5.25), and consider the set of signals Fun(F, 7). Assume
that (g,0) is an adjunction on the complete lattice Fun(E, 7). Let x € Fun(E,7) and let K > 0
be such that e+ (z) = e (z), where e = id and &/ = ¢ - - € (j times). Since d¢ is an opening,
we have that &7 (z) > (d¢)e? (z). Define y; € Fun(E,T’) by

— _] —_ .] 1 — -
{ Yi =« K:l?) (55)5 (I), J 07 17 T ’K 1’ (5'28)
yx = e (z).
It is possible to reconstruct = from yo,y1,...,yx by means of the (backward) recursion formula
ITK =YK

It is easy to verify that z; = &/(x), hence zo = z. Figure 9(b) depicts the union of all y;’s in
Lantuéjoul’s skeleton decomposition of the binary image x depicted in (a), for the case when
g(r) =rx© Aand é(x) = x ® A, with A being the 3 x 3 square structuring element centered at
the origin.

Our attempt to fit Lantuéjoul’s skeleton decomposition into a pyramid framework is not
only successful, but even more, it leads to a decomposition which is better than Lantuéjoul’s, in
the sense that it contains less data in general.

Assume that £ is a complete lattice and that (¢,0) is an adjunction on £. Define V; =
Ran(e?) and let 9] : V; — Vi1 and 9} : Vi1 — V; be given by

@Z)]T-zs and ¢;:5j(5j+1

We can prove the following result.



(Q) (0) ()

Fig.9. (a) A binary image, (b) the decomposition obtained by means of Lantuéjoul’s skeleton, and

(c) the decomposition obtained by means of Goutsias—Schonfeld’s skeleton.

5.11. Lemma. The pair (w;,w]l-) defines an adjunction between V; and Vjii.

PROOF. We must show that lpjl.(y) <z <= y< w;(x), for x € V; and y € V1. We write
x =¢&l(2') and y = &7T1(y). In the following, we use the fact that, if (&,) is an adjunction,
then (&7,47) is an adjunction as well, for every j > 0.

‘=": Assume that ¢]l_ (y) < z;ie., 9071t (y) < &¥(a’). Applying 77157 on both sides
yields e/T1§7e7§7TeiT1(y") < e7T1§7€d(2"). The left hand-side of this inequality can be written
as e(e787e7) I ei T (y) = el 63 ed T (y) = eI tL§i Tt (y) = 91 (y') = y. The right-hand
side can be written as e/ T1§7el (2) = e(e7§7e? ) (a') = el (2') = w; (). Thus, we get y < w]T- (x).

‘<" Assume that y < Q/JJT. (7); ie., y < egl(x’) =&/t (a’). From the fact that (771 §771)
is an adjunction, we derive that 6’71 (y) < 2/. Applying €/ on both sides, we get that 7§71 (y) <
el (a'), that is ¥} (y) < =. ]

It is obvious that w; is surjective. We therefore conclude (see Section 5) that the pyramid
condition 3.3 holds.
Let us now assume that the underlying lattice £ is of the form Fun(E, 7 ), where 7 C IR.
We can set Y; = Fun(E,7"), where 7’ is given by (5.25), and consider +, — to be standard
addition and subtraction. Given an input zp = x € V) = Fun(E,7), we arrive at the following
signal analysis scheme:
zg=1x € Vj
zjy1 =¢(@;) € Viy1, 720 (5.29)
yj =5 — 8 (@541).

For synthesis, we find
r=m9, x;=& & (w1)+y;, j>0. (5.30)

Notice that the detail signal y; can be written as

y; = &l (x) — (e767)(0e)e (z). (5.31)



Comparing (5.31) to the original Lantuéjoul formula (5.28), we see that in our new decomposition
we have an extra closing €/67. As a result, the detail signal y; in (5.31) is never larger than
the detail signal in the Lantuéjoul formula (5.28). It therefore gives rise to a more efficient
compression. This skeleton decomposition has been found earlier by Goutsias and Schonfeld [6].
Figure 9(c) depicts the result of applying this decomposition to the binary image in (a). The
resulting image is different than the one depicted in Figure 9(b) in 66 pixels. Since the image
depicted in Figure 9(b) is non-zero at 1,453 pixels, this amounts to 4.5% data reduction.

An alternative approach to signal decomposition, suggested by Kresch [14], is to set Y; =
Fun(E,7T) and define — by means of (3.11). In this case, + is given by (3.12). Given an input
xog =z € Vo = Fun(F, 7T ), we arrive at the following signal analysis scheme:

xo=x €V
i =e(x;) € Vipr, j20
yi(n) = {%‘(”)7 if xj(n) # /07" (z11)(n)

1, otherwise
The synthesis scheme looks as follows:
r=xz, x;=&& N x1)Vy;, j>0. (5.32)
Notice that the detail signal y; can be written as

yi(n) = {Ej(x)(”)7 if &7 (x)(n) # (¢767)(de)e’ (z)(n)

| L, otherwise

Assume again that there exists a K > 0 such that e+ (z) = ¢ (z) and set yx = ¥ (x). Apply
87 on both sides of (5.32), and use the fact that ¢/ distributes over suprema; we find

0 () = 07 (@j40) V O ().

This implies the following formula:

k
K F @)=\ " (yk—;), k=0,1,... K.
j=0

Substitution of &k = K yields
K
Lo = \/ 5k(yk)
k=0

Thus, the original signal can be recovered as a supremum of dilations of the detail signal.

The Goutsias—Schonfeld and Kresch skeleton decomposition schemes are quite different,
even though they satisfy the same algebraic description. Figure 10 depicts the results of applying
these decompositions to a grayscale image x. The 3 x 3 structuring element A that contains the
origin has been used in both cases. In the Goutsias—Schonfeld case, yq is the top-hat transform
of z, since yp = x — x O A. However, the detail signal yo in the Kresch case takes value zero (it
is black) at all pixels at which x = £ O A and equals z at all other pixels.

5.12. Remark. We have assumed that the underlying space is a complete lattice, but it is
not difficult to show that, as long as we restrict ourselves to finite decompositions, it suffices
to assume that £ is a lattice, not necessarily complete. This means that the set 7 C IR of
gray-values can be arbitrary.



Goutsias-Schonfeld

Kresch

Fig.10. A grayscale image and the decompositions obtained by means of the Goutsias—Schonfeld and

Kresch skeleton transforms.

5.3. A generalization

The construction that led to (5.29), (5.30) can be easily generalized to include adjunction pyra-

mids as well. Indeed, assume that £;, j > 0, are complete lattices and that (1/);,1/)}

adjunction between £; and L; ;. Define w&j and w]l',o by means of (3.1), (3.2), and let 8; be
the closing on £; given by

) is an

ﬁj = w(g,jwl',oa
where 3y = id. Let the complete lattices V; be defined as

V; = Ran(3,).

Observe that Vy = Ly. The following analogue of Lemma 5.11 holds:
5.13. Lemma. The pair (1/1;75]1/)]1) defines an adjunction between V; and Vjiy.



Furthermore, it is not difficult to see that w]T- is surjective. Namely, let y = §;11(x) € Vjy1,
then y = ylv) vt wi(x) = ] B¢i(x) = ¥](2'), where ' = Bj1b}(x) € V. Therefore, the
pyramid condition 3.3 is satisfied in this case.

This generalization can be very useful in cases when pyramids are used for data compres-
sion. It simply says that, from any adjunction pyramid, with analysis and synthesis operators
%T., wjl., we can construct a new adjunction pyramid, with analysis and synthesis operators %T.,

Bis, where B; = 1] bl o+ ypdpiedy - iy, such that, if ¥} = z; — Bjpi] (z5) is the detail
signal of the second pyramid, then y;. < y;, for every j > 0, where y; = x; — w]l-w; (x;) is the
detail signal of the first pyramid (however, notice that y, = yp). It is therefore expected that
the new pyramid will contain less data in general.

6. Other Nonlinear Pyramids

In this section, we first present a number of nonlinear pyramids that are not based on adjunctions.
We then discuss the possibility of combining gray-value quantization and sample reduction into
one scheme in such a way that the pyramid condition is satisfied.

6.1. Morphological pyramids

To avoid aliasing, sampling is usually preceded by filtering. Here, we discuss a morphological
pyramid scheme in which sampling is followed by filtering.

Let £ = Fun(Zd, T), where 7 is a complete chain, and consider the elementary sampling
scheme given by ¢! and atl in Subsection 3.3. Here, t € 7 is a fixed element; in practice one
chooses t = L or T. Given operators ¢; : L — L, we define V; = Ran(¢;) and

U] =0l and Y = g0

The pyramid condition 3.3 can be written as

G410 30l Bjp1 = bji1.

When all ¢;’s are identical, say ¢, the previous condition can be stated as follows:

polpotd=¢ on L. (6.1)

6.1. Example. Consider the one-dimensional case. Let o be the opening by a structuring
element consisting of three points: o = a4, where A = {—1,0,1}. It is easy to verify that
UTOCO'—ll— = id on Fun(Z® T), and this yields that (6.1) holds, for ¢ = « and t = T. It is not
difficult to extend this example to the higher-dimensional case. |

6.2. Example (Toet pyramid). In this (one-dimensional) example, we use the alternating
filter ¢ = o, where a and (3 are the opening and closing by the structuring element A = {0, 1},
and choose t = T. To show the validity of (6.1), for ¢ = Ba, consider the diagram of Figure 11.

The input signal « € Vj; 1 has three consecutive values x(n—1) = r, 2(n) = s, x(n+1) =t.
It is easy to verify that the output value s’ = (o oo )(z)(n) is given by s’ = (s V) A (1 V s).
Since the input signal x is an element of Ran(f«), it is impossible that ¢ > s and r > s. This
yields that s’ = s; hence, the pyramid condition follows.

The resulting pyramidal signal decomposition scheme has been suggested by Toet in [32].
It can be easily extended to the d-dimensional case; there, one chooses A = {0, 1}<. |
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Fig.11. A diagram illustrating the validity of condition (6.1) for the case when ¢ = Ba.

6.2. Median pyramids

It has been suggested in [29] that median filtering can be used to obtain a useful nonlinear
pyramid that preserves details and produces a decomposition that can be compressed more
efficiently than other (linear) hierarchical signal decomposition schemes. In this example, we
show how to build pyramids based on median filtering that satisfy the pyramid condition 3.3.
Assume that 7 is a complete chain, and consider a pyramid for which V; = Fun(Z,T), for
every j, and the same analysis and synthesis operators are used at every level j, given by

Y1 (z)(n) = median{z(2n — 1), z(2n),z(2n + 1)} (6.2)
vH(@)(2n) = () (2n + 1) = z(n). (6.3)

Obviously, ¥!y!(z)(n) = median{y!(x)(2n — 1),¥!(z)(2n), v (x)(2n + 1)} = median{z(n —
1),z(n),z(n)} = x(n), which shows that the pyramid condition holds, for every x € Fun(Z, 7).
Figure 12 depicts the calculations associated with the analysis and synthesis operators (6.2),
(6.3). It is worthwhile noticing that, in this case, the structure of the analysis operator (6.2) is
similar to the one in the pyramid scheme of Example 5.6 (see Figure 6), whereas the structure
of the synthesis operator (6.3) is similar to the one in the morphological Haar pyramid scheme
(see Figure 5).

An alternative median pyramid can be constructed by considering the following analysis
and synthesis operators:

~fz@2n), if x2n—1)Az(2n) Az(2n + 1) = z(2n)
vl (@)(n) = { median{z(2n — 1), z(2n),z(2n + 1)}, otherwise (6-4)
YHx)(2n) = z(n), Y z)2n+1) =z(n) vV z(n+1). (6.5)

In this case, the synthesis operator is a dilation from Vi ; into V;. The structure of both
operators in (6.4) and (6.5) is similar to the ones associated with the pyramid of Example 5.6.



n-—1 n n+l1 n—1 n n+1
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w' Uy

2n=-2 2n-1 2n 2n+1  2n+2 2n-2 2n-1 2n 2n+1 2n+2

Fig.12. A diagram illustrating the calculations associated with the analysis and synthesis operators
(6.2) and (6.3).

Notice that, if z(2n — 1) Ax(2n) Ax(2n + 1) = 2(2n), then ¥t (x)(n) = 2(n). It can be easily
shown that, in all other cases, 919! (z)(n) = median{y!(x)(2n — 1), (z)(2n), ! (x)(2n + 1)}
= median{z(n —1)Vz(n),z(n),z(n) Ve(n+1)} = z(n). This shows that the pyramid condition
holds, for every x € Fun(Z, 7). The median pyramid based on operators (6.4), (6.5) may provide
a better approximation ¢! (x) of x than the pyramid based on operators (6.2), (6.3), since the
former pyramid utilizes more information from the coarse signal x in order to obtain the sample
values 1! (z)(2n + 1) (compare (6.3) with (6.5)).

The previous pyramids are one-dimensional. We can obtain a 2-dimensional median pyra-
mid, that is the analogue of the morphological pyramid of Example 5.8, by assuming that
Vi = Fun(ZQ, T), for every j, by using the same analysis and synthesis operators at every level
7, and by setting

Y1 (z)(m,n) = median{z(2m + k,2n +1) | (k,1) € A}, (6.6)

where A is the 3 x 3 square centered at the origin. Take,

Y(x)(2m, 2n) = x(m,n) (6.7)
YH(x)(2m,2n 4+ 1) = 2(m,n) Az(m,n + 1) (6.8)
YHx)(2m +1,2n) = 2(m,n) Az(m +1,n) (6.9)

pHz)2m +1,2n+1) =z(m,n) Vaz(m,n+ 1) Vae(m+1,n+1)Vaim+1,n). (6.10)

It is easy to verify that )T} = id, which means that the pyramid condition holds. An example,
illustrating the resulting 2-dimensional median pyramid is depicted in Figure 13.

6.3. Pyramids with quantization

An issue that we have not touched upon so far is the topic of quantization. Suppose that the
gray-values of the signals at the bottom level of a pyramid are represented by at most N bits.
In other words, the gray-value set equals Ty = {0,1,...,2" —1}. The operators involved in a
pyramid decomposition scheme may map a signal onto one with values outside this range. In
particular, this holds for the linear pyramids discussed in Section 4. In such cases, a quantization
step, which reduces the transformed gray-value set, may be indispensable. Also, in cases where
the gray-value set does not change by the analysis and synthesis operators (e.g., in the case of



Fig.13. Multiresolution image decomposition based on a median pyramid: (a) An image zp and
its decomposition {xg,z1,22,z3} obtained by means of the analysis operator ¢! in (6.6). (b) The
approximation images {20, #1, %2} obtained from {x1,z2,z3} by means of the synthesis operator ¢! in
(6.7)—(6.10). (c) The detail images {yo, y1,y2}-

flat morphological operators), quantization may be useful in data compression (see Example 6.3
below). In this subsection, we briefly discuss the problem of quantization in the context of
morphological operators.

Consider the quantization mapping q : 7y — 7x_1, given by

q(t) = [t/2],
where |-| denotes the floor function. For simplicity, we use the same symbol to denote quan-
tization on function spaces; i.e., ¢ can also be considered as the operator from Fun(E, 7y) to



Fun(F,7x_1), given by
q(z)(n) = q(z(n)).

There are two different ways of “expanding” a quantized value t € 7y_1 to the original gray-
value set 7, namely by means of mappings

d(t)y=2t or e(t)=2t+1.

Again, we use the same notation for their extensions to the corresponding function spaces. The
following properties hold:

y=t, teTy_: (6.11)
e

e(t
< (t), teIyn.
Furthermore, ¢,d, and e are increasing mappings. It immediately follows that (e, q) is an ad-
junction from 7x_; to 7y and that (g, d) is an adjunction from 7y to 7y_1. In what follows,
we only use the second adjunction. Similar results can be obtained by using the first one as well.
If we want to emphasize the dependence of ¢ and d on IV, we write ¢y and dy. It is obvious
how the corresponding operators can be used to construct a single-scale pyramid: remove one
bit of information at every analysis step. We can formalize this in the following way: put
V; = Fun(F, Ty _;) and define

%T =gn—;j and ¢Jl~ =dn—j-

Notice that (6.11) guarantees that the pyramid condition 3.3 is satisfied. The following example
shows that is possible to combine quantization and (morphological) sample reduction into one
scheme in such a way that the pyramid condition 3.3 remains satisfied.

6.3. Example (Morphological pyramid with quantization). Consider the flat adjunction
pyramid, given by (5.9), (5.10), where V; = Fun(Z%, 7y), in which case

Pl z)(n) = N\ (20 +k)

k€A

W) (k) = \/ a

neAlk]

Assume that, for some a € A, Ala] = {a}; this yields that the pyramid condition 3.3 is satisfied.
Put Vj = Fun(Zd, 7Tn—;) and define quantized analysis and synthesis operators between Vj and
V41 as follows:

Fy@)m) = [ (A =20+ ) /2]
keA
7))

Bh@)k) = 2(\ «(*
E]T ZQN—jw]T' and E]l :w]l'dN—j-

neAlk]

We can write

The pair (E]T,Ej) defines an adjunction between Vj and Vj+1. Furthermore, the pyramid
condition 3.3 is satisfied, since

—1—1 .
¢j¢j = qN_j@ZJJT'I/JJl'dN_j = QN—de—j = Id on Fun(Zd,TN_j_l).
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Fig.14. (a) A 512 x 512 grayscale image, and (b) its partial reconstruction obtained from the detail
signals {y1,y2, ..., ys} calculated by means of the morphological pyramid transform with quantization

discussed in Example 6.3.

By taking ¢! and %' as in (5.15)—(5.19), we can construct a morphological pyramid, like the
one in Example 5.8, with the addition of a quantization step at each level.

When the pyramid transform is used for signal compression, the detail signal g is usually
removed from the decomposition (this is due to the overcompleteness of the pyramid transform;
e.g., see [13]). In this case, satisfactory compression performance can be achieved at the expense
of partially reconstructing the original signal zy. In fact, given the pyramid decomposition
{y1,92, ...,y } of xg, the inverse pyramid transform reconstructs only an approximation Zg of
xg. Figure 14(b) depicts the partial reconstruction of the 512 x 512 grayscale image depicted in
Figure 14(a), obtained by means of inverting the decomposition {y1,ys,...,ys} based on the
previously discussed morphological pyramid transform with quantization. Figure 15(b) depicts
the number of pixels in {y1,y2, ..., ys} as a function of the minimum number of bits required for
coding their gray-values (for example, one bit is used to code gray-values 0 and 1, two bits are
used to code gray-values 2 and 3, etc.). Figure 15(a) depicts the same graph but for the case of
no quantization. In the first case, the graph is skewed towards smaller bit values. This indicates
that appropriate coding may produce better compression results when quantization is employed
than in the case of no quantization. |

7. Multiscale Morphological Operators

The discussion in Subsection 5.1 leads to a new class of nonlinear image processing and analysis
tools. These tools are implemented by means of multiscale morphological operators, similar
to traditional ones (e.g., erosions, openings, alternating filters, etc.), with one main difference:
multiscale operators are implemented by signal subsampling and/or upsampling. In this section,
we provide a representative list of basic multiscale morphological operators.
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Fig.15. Number of pixels in {y1,y2, ..., yg} of the image depicted in Figure 14(a) as a function of the

—~

minimum number of bits required for coding their gray-values, for the case of: (a) the morphological

—~

pyramid decomposition discussed in Example 5.8 (without quantization), and (b) the morphological

pyramid decomposition with quantization discussed in Example 6.3.

7.1. Erosions and dilations

These are the analysis and synthesis operators of a morphological pyramid based on adjunctions.
Of particular interest are flat erosions and dilations, which are simply the operators

EL =oley and 5t = 5A<7lL

in (5.21), where (€4,04) is the adjunction given by (2.2), (2.3), and o', Ji are the (dyadic)
subsampling and upsampling operators in Subsection 3.3. As we said before, (62,(5}4) is an
adjunction and €,6Y, = id, provided that there exists an a € A such that Afa] = {a}. If we
take A to be the 3 x 3 square structuring element containing the origin, then this condition is
satisfied.

We may consider a two-level morphological pyramid and assume that the pair (¢!, 97) is
an adjunction (instead of (¥,4!), as we did in § 5.1.1 ) between Vy and V;. In this case, ¢ is
a dilation and ¢! is an erosion. This leads to a flat multiscale erosion and dilation of the form

efq = eAU%- and (51[1 =004,

respectively. The pair (ei, 5;) is an adjunction and 51[16114 = id. Notice that eL and (5;1 (where
A = —A) are dual operators, in the sense that, if 2 € Fun(Z%, R), then (6;(;15))* = 6L($*),
where z*(n) = —xz(n), for every n € Z*. This is a direct consequence of the duality between
€4 and 6 ;. The same is true for the pair (6114, 5}4). Notice finally that all these operators are
translation invariant, in the sense of (5.1). A binary and grayscale example, illustrating flat
multiscale erosions and dilations, is depicted in Figure 16; here A is the 3 x 3 square structuring
element.

7.2. Openings and closings

Multiscale openings and closings can be obtained by concatenating the analysis and synthesis
operators of a morphological pyramid based on adjunctions. For example, if (7, !) form an
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Fig.16. A binary and grayscale example illustrating the flat multiscale erosions 62, 6114 and dilations

51[1, 5}4, where A is the 3 x 3 square structuring element.



adjunction, then ¢! is an opening and 14! is a closing (although a trivial one, if the pyramid
condition is satisfied). On the other hand, if (1!, %7) is an adjunction, then ¥!9! is a closing
and 9'y! an opening (the trivial one, if the pyramid condition is satisfied).

A flat multiscale opening 04541) can be obtained by applying erosion EL followed by dilation
(5}4; ie,

o) = bl 1

4€4 = 5Aoﬁ_a €A. (7.1)

Notice that 6145}4 is a trivial closing, since € A5,l4 = id. However, we can build a closing operator

S) by means of the adjunction (6}4, (511), in which case

(1) = 6A6A = eAaJ_aTéA (7.2)

ag) and ﬂg) are negative operators, since (afql)(x))* = ﬂg)(x*), and translation invariant, in
the sense of (2.1).
Operators (7.1), (7.2) can be extended, by considering a k-level pyramid. Indeed, if we set

k—times k—times
—_—— ——
a® = sbol o osbelel el and AP =ehel el ol ol (7.3)
k—times k—times

then it is not difficult to show that oe( ) is an opening and ﬂj(f) is a closing. We point out that
for these observations to hold, the pyramid conditions are not required.

In the binary case, the opening oz( ) |
and idempotent) that eliminates all pixels in an image x which do not lie inside a replica of the
structuring element (2% — 1)A (where kA = A® A @ --- @ A, k-times) translated at a point
(2Fm, 2Fn) of Z2. An analogous argument can be made for the grayscale case as well. A binary
and grayscale example, illustrating flat multiscale openings and closings, is depicted in Figure 17.

is a multiscale filter (i.e., an operator that is increasing

7.3. Top—hat
(k)(

Since every opening oe( )( ) lies below the signal x itself, the difference x—a’y’ () is nonnegative.
This difference contains the residue of approximating x by means of a‘(f)(:v). In mathematical
morphology, the operator z — a4 (z) is known as the (opening) top-hat operator [7]. Therefore,
x—aff)(x) is a multiscale (opening) top-hat operator. Notice that, in our terminology, x— afq)( )
is the detail signal obtained at the lowest level of a multiscale adjunction pyramid. Similarly,

I(f)(x) — x is the multiscale closing top-hat operator. A grayscale example, illustrating the

single-scale and multiscale top-hat operator, is depicted in Figure 18.

7.4. Morphological filters

In mathematical morphology, any operator that is increasing and idempotent is called a mor-
phological filter. The openings and closings in (2.6), (2.7) are simple examples of morphological
filters. By combining them in an appropriate fashion, we form more complicated filters. For
example

nNa = Pacg and &4 = aafBa,

are morphological filters known as alternating filters, whereas

MeAT(k—1)A """ TA and gkAngJ)A"‘fA,
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Fig.17. A binary and grayscale example illustrating the flat multiscale openings o, and closings

5%)7 for k =1,2,3, where A is the 3 x 3 square structuring element.



1
x X =0 ,(x) x—G(A)(x)

Fig.18. A grayscale example illustrating the single-scale and multiscale opening top-hat operators.

where kA = AG A® --- @ A (k-times), are known as alternating sequential filters. Multiscale
versions of such operators can be obtained by means of multiscale openings and closings:

k k k k k k
are multiscale alternating filters and
k k—1 k k— 1

are multiscale alternating sequential filters.

Simpler multiscale morphological filters can be obtained by appropriately combining single-
scale openings and closings with multiscale erosions and dilations. For example, it can be shown
that, for every structuring element B, the operators

5}4&36]4 and 620&35/&

are dual morphological filters. This is a direct consequence of the two pyramid conditions
eLél = id and 52‘6}4 = id. Notice that 5}45361[1 > ai‘l) and 620&3(5; < 51(41); refer to [8] for a
general account.

Morphological filters are used for noise removal. Figure 19 illustrates the application of
a number of single-scale and multiscale morphological filters for recovering a grayscale image x
from a noisy version z’, corrupted by salt—-and-pepper noise. In the single-scale case, the alter-
nating sequential filter 72 4m4 produces the best result. A similar result is however produced by
the multiscale filter 5}452 AE,TA&- An important difference between these two filters is implementa-
tion speed: implementation of the single-scale alternating sequential filter 72414 requires about
four times more operations than for the multiscale filter 5}452 AEL.

These very simple experiments indicate that exploitation of multiscale morphological op-
erators for image filtering is a promising area of research. However, since this topic falls outside
the scope of this report, we do not pursue this matter any further here.

7.5. Granulometries

We now show that granulometries (discussed in § 5.2.1 ), and the associated anti-granulometries,
can be easily extended to a multiscale framework by means of pyramid schemes based on ad-
junctions.
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Fig.19. A grayscale example illustrating the application of single-scale and multiscale morphological
filters for noise removal. A is the 3 x 3 structuring element.



Consider the framework sketched at the beginning of Section 5, and define
aj =g =1} gb ;,  for j >0,
where ! %lv are given by (3.1) and (3.2), respectively, with (w;,w]i-) being an adjunction

1,5

between the complete lattices V; and V1. Equation (3.5) says that
Q0 = ;05 = Ay, if j 2 T. (74)

From the fact that (w& o wj{o) defines an adjunction between Vj, and Vj;, we conclude that «; is an
opening on Vp, which, together with (7.4), results in a; 11 < «;, for j > 0, where we set ag = id.
Thus, we may conclude that {a; | j > 0} defines a (discrete) granulometry. For obvious reasons,
we call this family a multiscale granulometry, provided that (1/);,1#;-) is a multiscale adjunction.

In a similar fashion, we may define 3; := Q/A)U,j = w;70¢87j, for 7 > 1, with 1#;]-, 1/)}7 given
by (3.1) and (3.2), respectively, with (w]l-,w;) being an adjunction between the complete lattices
Vj and Vjii. Then, the family {3, | j > 1} defines a multiscale anti-granulometry.

The decomposition of a signal z into the set {..., B2 (z) — 1 (x), B1(x) — 2,z — a1 (x), oy (x) —
as(z), ...} will be called the multiscale discrete size transform of x, whereas {...,|B2(x) — B1(x)|,
1B1(z) — x|, |z — aq ()], |ou () — as(x)], ...}, with |z| = ), |z(n)], will be called the multiscale
pattern spectrum of x.

03(2) =0y ()

[33 (x) - [32 () By(x) = Bs(x)

Bi(x) -

Fig.20. The first 4 components of the multiscale discrete size transform of a binary image.



The most useful granulometry is obtained by means of the multiscale adjunction (GL, 5}4),
in which case, o; = ai{) and 3; = ﬂ(]), where afg) and 51(4]) are given by (7.3). Figure 20 depicts
the first 4 components of the multiscale discrete size transform of a binary image, whereas

Figure 21 depicts the corresponding pattern spectrum.
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Fig.21. The multiscale pattern spectrum associated with the binary image of Figure 20.

8. Conclusions

In this first part of our study on general linear and nonlinear multiresolution signal decomposition
schemes, we have presented an axiomatic treatise of pyramid decomposition schemes. The basic
ingredient of such schemes is the so-called pyramid condition which states that synthesis of
a signal followed by analysis returns the original signal. This simple and intuitive condition,
which means that synthesis never gives rise to (additional) loss of information, lies at the heart of
various linear and nonlinear decomposition schemes. For example, the well-known Burt-Adelson
pyramid fits well inside our framework, presumed that the parameters are chosen appropriately.
In our exposition, we distinguish not only between linear and nonlinear (e.g., morphological)
schemes, but also between single-scale and multiscale decomposition schemes; i.e., without and
with sample reduction, respectively.

A great deal of attention has been devoted to morphological pyramids, in particular to
pyramids where the analysis and synthesis operators constitute adjunctions between consecu-
tive levels of the pyramid. This also leads, in a natural way, to a new family of morphological
operators, the so-called multiscale morphological operators. Of special interest here are mul-
tiscale granulometries; we have found that every morphological adjunction pyramid defines a
multiscale granulometry. Furthermore, a simple and straightforward application of the single-
scale adjunction pyramid leads to a (minor but elegant) improvement of Lantuéjoul’s skeleton
decomposition.

In a second forthcoming part of our study, we shall consider wavelet decomposition
schemes, comprising two (or more) analysis and synthesis operators at each level. In that
study, we shall give particular attention to a new family of wavelets, the so-called morphological
wavelets. The interested reader may refer to our conference papers [10, 9] for some preliminary
results.
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