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1. INTRODUCTION
Segmentation is one of the key problems in image processing. ln fact, one should
say segmentations because there exist as many techniques as there are specifie
situations. Among them, gray-tone images segmentation is very important and
the relative techniques may be divided into two groups: the techniques based on
contour detection and those involving region growing. Many authors have tried
to define general schemes of contour detection using low-level tools [1,2]. Un-
fortunately, because they work at a very primitive level, a great number of algo-
rithms must be used to emphasize their results.

An original method of segmentation based on the use of watershed lines has
been developed in the framework of mathematical morphology. This technique,
which may appear to be close to the region-growing methods, leads in fact to a
general methodology of segmentation and has been applied with success in many
different situations.

ln this chapter, the principles of morphological segmentation will be pre-
sented and illustrated by means of examples, starting from the simplest ones and
introducing step by step more complex segmentation tools.

ln Section II, we shal! review briefly various morphologie al tools which are
used throughout this chapter. These basic transformations are useful for the de-
scription of sorne algorithms used in morphological segmentation. We shall not
introduce the basic notions of mathematical morphology; the reader not farniliar
with them is invited to refer to [3,4].
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Section III will be devoted to the presentation of the watershed lines and to
their use in segmentation through a very simple didactic example. A simple
watershed algorithm will be described.

A real segmentation problem will be presented in Section IV The problems
which arise will be discussed and solved by means of the second great morpho-
logical tool used in segmentation: homotopy modification.

ln Section V, sorne algorithms for watershed construction and for homotopy
modification will be described. However, the computational cost is the major
drawback of the method. Hence the optimality and speed of the algorithms be-
come a critical issue.

ln Section VI, various examples of segmentations taken in many do mains of
image analysis will be discussed.

At this point, a general scheme for segmentation using mathematical mor-
phology will be introduced. More complex algorithms based on a hierarchical
approach to the segmentation will be presented. Then examples of complex seg-
mentation will be given.

Finally, the advantages and drawbacks of this methodology will be discussed.
Although we will try in this chapter to be as complete as possible, it is not

possible to give an extensive presentation of all the existing techniques of mor-
phological segmentation. Such a review may be found in [5] or in an introductory
paper by the authors [6].

Il. A REVIEW OF SOME BASIC TOOLS
A. Notation

For simplicity, we will mainly present the segmentation tools in the framework
of digital pictures. ln this representation, a graytone image can be represented by
a functionf: Z2 -> Z.f(x) is the gray value of the image at point x. The points of
the space Z2 may be the vertices of a square or of a hexagonal grid.

A section off at level i is a set Xl!) defined as

X;CJ) = {x E Z2 : f(x) 2': i}

ln the same way, we may define the set Z;(f):

Z;CJ) = {x E Z2 : f(x) :S i}

We have obviously

Xl!) = Zf + 1 Cf)
We shall denote by X Et> B (resp. f Et> B) the dilation of a set X (resp. a func-

tion!) by an elementary disk B (square or hexagon) and by X e B (resp. f e B)
the elementary erosion. The corresponding opening and closing by the same
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structuring element are denoted respectively by XB and XB. We shall also denote
by"{ and <psorne general morphological openings and c1osings.

B. Definition of Sorne Basic Transformations

ln this section, sorne useful morphological tools for segmentation are described:
gradient, top-hat transform, distance function, geodesie distance function, and
more generally the geodesie reconstructions. Then the notion of homotopy and
homotopic transformations are introduced.

The gradient image (or the top-hat transform) is often used in the watershed
transformation, because the main criterion for the segmentation in many appli-
cations is the homogeneity of the gray values of the objects present in the image.
But other criteria may be relevant and other functions may be used. ln particular,
when the segmentation is based on the shape of the objects, the distance function
is very helpful.

The geodesie transformations are of primary importance for the explanation
of both the watershed and the homotopy modification algorithms. Among these
transformations, the geodesie skeleton by zones of influence and the reconstruc-
tion (both for sets and for functions) are fundamental approaches.

1. Morphological Gradient
The morphological gradient [5] of a picture is defined as

g(j) = (j ffi B) - (j e B)

Whenjis continuously differentiable, this gradient is equal to the modulus of
the gradient ofj(Figure 1):

The simplest way to approximate this modulus is to assign to each point x the
difference between the highest and the lowest pixels within a given neighborhood
of x. ln other words, for a function j, it is the difference between the dilated
function j ffi B and the eroded function j eB.

2. The Top-Hat Transformation
The top-hat transform WTH(j) of a functionjis defined as the difference between
the function and its morphological opening [7]:

WTH(j) = j - "{(j)

This transformation is a very good contrast detector suitable for enhancing the
white and narrow objects in the image (Figure 2). Different sizes and shapes may
be chosen for the structuring element used in the opening and this leads to very

- -
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Figure 1. Construction of the morphological gradient.
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Figure 2. White top-hat transfonn (b) of image (a),

efficient filters [8]. A similar definition called black top-hat BTH(f) uses closing
to enhance the black and narrow features:

BTH(f) = Cf>(f) - f
3, Distance Function
Let Y be a set of Z2, For every point y of Y, define the distance dey) of y to the
complementary set yc (Figure 3):

Vy E Y, dey) = dist(y, yc)

where dist(y,Yc) is the distance of y to the nearest point of yc,
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It can easily be shown that a section of d at level i is given by

(~ ~)

Figure 3. Distance function (b) of a set (a).

Xi(d) = {y : dey) ~ i} = Y e Bi

where Bi is a disk of radius i.
This distance function is very helpful for segmenting binary objects, as shown

later on.

4. Geodesy, Geodesie Distance
The geodesie transformations are very efficient in mathematical morphology.
Starting from the notion of geodesie distance, one may define geodesie dilation
and erosion and consequently, in geodesie spaces, the majority of the rnorpholog-
ical transformations [9]. Here we introduce only the geodesie distance and rwo
basic operators linked to this distance: the geodesie SKIZ (skeleton by zone: :
influence) and the reconstruction of a set from a marker.

Let X C Z2 be a set, x and y two points of X. We define the geodesie di - ~
dx(x,y) between x and y as the length of the shortest path (if any) included -~
and linking x and y (Figure 4a).

Let Y be any set included in X. We can compute the set of al! points of _- - -
are at a finite geodesie distance from Y:

RiY) = {x EX: 3 y E Y, dix,y) finite}

Rx(Y) is called the X-reconstructed set by the market set Y. It is made 0 - ail the
connected components of X that are marked by Y.

Suppose that Y is composed of n connected components Yi. Tbe geodesie zone
of influence zx(Y) of Yi is the set of points of X at a finite geodesie distance from
Yi and closer to Yi than to any other Yj (Figure 4b):
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x

d(x,y)= tCCxy)

d(x,z)=+ 0)

(a)

(b)
Figure 4. Ca) Geodesie distance and shortest paths; Ch) geodesie SKIZ of a set Y
included in X.

(Y) - { X . dx(x,Y) finite }
Zx i - xE. \J . .../.. . d ( Y) < d ( Y)V) -t- r, x x, i X x, j

The boundaries between the various zones of influence give the geodesie skel-
eton by zones of influence of Y in X, SKIZx(Y).

We shall write

IZx(Y) = U zx(Y)
i

and

where / stands for the set difference.
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5. Geodesy for Functions: Reconstruction, Regional Extrema
Reconstruction. Introducing the geodesie transformations for the functions is

not so easy because, on the one hand, there are many possible extensions of the
binary operators and, on the other hand, the underlying geodesie distance is not
obvious. Nevertheless, there exists a trick for extending the binary reconstruc-
tion to gray-tone images: it consists in using the sections of the functions. In-
deed, any gray-tone picture may be considered either as a functionf or as a pile
of sections X;CJ) (or Zi(f) as previously defined). Giving all the possible sections
of a functionf allows one to know for any point x the corresponding valuef(x):

f(x) = max(i : x E X;CJ»

or

f(x) = minu : x E Z;CJ»

Con sider two functions g and f and suppose that f :5 g. The corresponding
sections of these two functions at level i are Xie g) and Xi(f). This latter set is
obviously included in the former one. For every level i, define a new set obtained
by reconstructing XtCg) using Xi(f) as a marker. It can be shown [5] that the new
sets Rx;(g)(Xi(f» define a pile of embedded sections of a new function called the

reconstruction of g by f (Figure 5) and denoted Rg(f). ln a similar way, the dual
reconstruction of a function g by a function f (with f;:;:: g), denoted R;(f) is
obtained by reconstructing the sections Zi(g) using Z;CJ) as a marker (Figure 6).

As illustrated in Figure 6, the functionfcan be considered as a "wrap-up film"
which packs the function g considered as a "parcel." The wrap-up film is of a
type which contracts when heated. This contraction, however, occurs only in a
horizontal direction, never in a vertical direction. The reconstruction and its dual
transformation are clearly increasing. The reconstruction of g is always below
the original function. Hence the transformation is antiextensive. Furthermore,
the result remains unchanged if the reconstruction is repeated: the transformation
is idempotent. It follows that the reconstruction is in fact a morphological open-
ing [10]. The dual operation is a closing.

Minima, maxima of a function. Among the various features that can be ex-
tracted from an image, the minima and the maxima are of primary importance in
the watershed transformation.

The set of ail the points {xJ(x)} belonging to Z2 X Z can be seen as a topo-
graphie surface S. The lighter the gray value ofj at point x, the higher the altitude
of the corresponding point {xJ(x)} on the surface.

The minima off, also called regional minima, are defined as follows.
Consider two points SI and S2 ofthis surface S. A path between SI(XJ(X) and

s/X2J(X2» is any sequence {s} of points of S, with Si adjacent to Si+ l' A nonas-
cending path is a path where
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$-Xi(f)

R <f>g

Figure 5. Reconstruction of a function g by a marker functionj.

GCg) f

g

~--------------------------g
Figure 6. Dual reconstruction.

i;:;::.j ~ $.f(x)

This path is made of the concatenation of horizontal portions and of strictly
descending ones.

A point sES belongs to a minimum iff there exists no nonascending path
stating from s(xJ(x» and joining any point s' (x' J(x')) of S such thatf(x') < f(x).
A minimum can be considered as a sink of the topographie surface (Figure 7).
The set m(f) of all the minima of f is made of various connected components
mM). A similar definition holds for the maxima M(f).
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Minimum

Figure 7. Minima and maxima of a function.

There exist various techniques for extracting the extrema of a function f. The
most common one (but unfortunately one of the slowest ones) consists in using
the reconstruction. It can be shown that [5]

km(/) = f - Rt<f - 1)

and

kM(/) = RJ(f + 1) - f

where km(f) and kM(f) are respectively the indicator functions of the minima and
the maxima off (Figure 8):

km(f)(x) = 1 iff x E m(f)

km(f/x) = 0 if not

6. Homotopy and Homotopic Transformations
Homotopy is a topological property of sets. Instead of defining homotopy in pure
mathematical terms, let us simply give a practical definition: two sets X and Yare
said to be homotopic if the first one can be superimposed onto the second one by
means of continuous deformations. A transformation <l>is said to be homotopic
if it transforms any set X into an homotopic set <l>(X)(Figure 9). A simply con-
nected set will be transformed into a simply connected set, a set with one ho le
into a set with one hole, and so on. A typical example of homotopic transform is
given by the skeleton of a set [11,12].

The extension of homotopy to functions is more difficult. ln that case, it can
be shown [11] that a homotopic transformation <l>(f)of a functionfpreserves the
number and the relative positions of the extrema off.

Another definition of homotopy for functions, more restrictive but easier to
manipulate, can be used. Two functions f and g are said to be homotopic if, for
any level i, the sections Xj(f) and Xj(g) are homotopic sets (Figure 10).
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Figure 8. Maxima and reconstruction of a functionfby if - 1).

Figure 9. Examp1e of homotopic transformation.

III. THE WATERSHED TRANSFORMATION

Let us introduce now one of the main tools used for segmentation in mathemati-
cal morphology: the watershed transformation [13]. After a didactic presentation
as a flooding process, we shall explain its use for segmentation on a very simple
example.

A. The Watershed Transformation

Consider again an image j as a topographie surface and define the catchment
basins ofjand the watershed !ines by means of a flooding process. Imagine that
we pierce each minimum mlj) of the topographie surface S and that we plunge
this surface into a lake with a constant vertical speed. The water entering through
the holes ftoods the surface S. During the flooding, two or more floods coming
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Figure 10. A restrictive definition of the homotopy for functions.

from different minima may merge. We want to avoid this event and we build a
dam on the points of the surface S where the floods would merge. At the end of
the process, only the dams emerge. These dams define the watershed of the func-
tionf. They separate the various catchment basins CB/f), each one containing
one and only one minimum ml]) (Figure Il).

B. Use of the Watershed in Segmentation:
A (Too) Simple Example

The application of the watershed to image segmentation will be shown through a
very simple example: the segmentation of single dots in an image (radon gas
bubbles in a radioactive material).

The dots in Figure 12a draw a topographie surface made of hollows with a
roundish bottom. Each hollow has a unique bottom. The segmentation problem
lies in finding the best contour of the bubbles.

A solution consisting of simply using a threshold is not sufficient because with
a high threshold, the highest hollows are correctly detected, but the deepest ones
are much too large. A lower threshold, while detecting correctly the deepest
hollows, misses the higher.

Since absolute values cannot .be used, we may try instead the variation of the
gray-tone function, that is, its gradient (Figure I2c). The corresponding gradient
image should present a volcano-type topography as depicted in Figure 12b. The
contours of the radon bubbles therefore correspond to the watershed lines of the
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j

Dam

Figure 11. (a) Flooding of the re\ief and dam building; (b) catchment basins and
watershed \ines.

gradient image g(f) (Figure 12d). ln this gradient image, each dot of the original
picture becomes a regional minimum surrounded by a closed chain of mountains.
The bubble itself corresponds to a catchment basin of the gradient function, and
the varying altitude of the chain of mountains expresses the contrast variation
along the contour of the original dot.

C. Building the Watershed

Let us conc1ude this introductory example by a simple watershed algorithm
which uses the basic morphological operators described in the first part.

The definition of the watershed transformation by flooding may be directly
transposed by using the sections of the functionf.

Consider (Figure 13) a section Zi(f) ofjat level i, and suppose that the flood
has reached this height. Consider now the section Zi+ 1(f). We see immediately
that the flooding of Zi+ 1(f) is performed in the zones of influence of the con-
nected components of Zi(f) in Zi+ 1(f)· Sorne connected components of Zi+ 1(f)
which are not reached by the flood are, by definition, minima at level i + 1.
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(a)

r-----"Î lunclion 1

~watershed

~7
(b)

(c) (dl

Figure 12. (a) Bubbles of gas in a radioactive material; (b) corresponding topo-
graphie surface of the initial function and of the gradient image; (c) morphologieal gra-
dient; (d) watershed transform of the gradient image.

8 r»: Minimum al
Watershed --+ ©- level i+l

(c) ~

Figure 13. Watershed construction using a geodesie SKIZ.
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These minima must therefore be added to the ftooded area. Denoting by W;(J)
the section at level i of the catchment basins off and by mi+ I(J) the minima of
the function at height i + 1, we have

w., I(J) = [IZz (Xi(J)] U mi+ I(J)
1+1(j)

The minima at level i + 1 are given by

mi+I(J) = Zi+I(J) / RZ;+IIfl(Zi(f))

This iterative aIgorithrn is initiated with W -I(J) = 0. At the end of the pro-
cess, the watershed line DL(J) is equal to

DL(J) = W~(J) (with max(f) = N)

We shall discuss more deeply in the following the main groups of aIgorithms
used for the watershed and focus our attention on sorne of them, but before doing
so we must try to apply the previous method on a more complex example.

IV. SEGMENTATION lN THE REAL WORLD
The problems encountered in the segmentation process will be best illustrated by
presenting a complete and typical segmentation problem in the field of automated
cytology.

A. The Oversegmentation Problem

Figure 14a shows two overlapping nuclei. The inside of the nuclei is textured by
the chromatin structure. Their outside is cytoplasm, which is textured itself. Any
technique based on thresholding fails in this case. The importance of the nuclear
texture obscures completely the gradient image (Figure 14b) and makes it diffi-
cult to discriminate between the contour Iines of the nucleus and the chromatin
patterns. For this reason the image has to undergo a filtering to smooth the inside
texture while preserving the boundaries of the nucleus. We will use a morpholog-
icaI sequentiaI filter in which a closing is followed by an opening. The openings
and closings used here are based on reconstructions (Figure 14c and d). For a
complete presentation of these filters, refer to [14].

Let g be the gradient of the sequentially filtered image f (Figure 14e). The
construction of the watershed line associated to ail regional minima of the func-
tion g is illustrated by Figure 14f. Surprisingly, many catchment basins have
appeared. Each of them is generated by a different regional minimum of the im-
age. And aIthough the gradient image seems relatively c1ean, there are many
regionaI minima, even in the background, which seemed bomogeneous. This fact
is generaI: the construction of the watershed line leads to severe oversegmenta-
tions. This may be amended by two types of methods. The first one [15] is pre-
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sented below. The second [5] consists in a hierarchical segmentation of the im-
age. This approach will be presented in the Section VII. Let us now see the first
solution to the oversegmentation problem.

B. Flooding tram Selected Sources

1. Description
The oversegmentation produced by direct construction of the watershed line is
due to the fact that every regional minimum becomes the center of a catchment
basin. Not aIl regional minima, however, have the same importance. Some of
them are just produced by noise, others by minor structures in the image.

ln order to avoid oversegmentation, we need some additional information:
suppose we know before flooding which minima correspond to the centers of the
nuclei and which to the background. If we come back to our flooding scheme,
we will bore a hole only in these minima before immersing the relief. It is the
only difference from the preceding algorithm; the flooding and the building of
dams take place as previously. The catchment basins of the minima which are not
pierced are filled up by overftowing of the neighboring catchment basin; as soon
as the water reaches the saddle point between both basins, the water rushes
through the pass and fills the previously empty basin (Figure 15). No dam is
constructed between these two basins. A dam is constructed only for separating
floods originating from different pierced minima. ln the end, both spots and
background will be covered by the flood, except for the divide line that separates
them.

ln fact, it is not even necessary to choose sources within the minima. Any
region may be chosen. Nor is it necessary that the various markers be connected
particles. It is sufficient that they share the same label. Two particles with the
same label will be considered to belong to the same region and no dam will be
erected between them, if their flooded areas happen to merge.

2. Searching the Markers
Until now the filtering done smoothed the inside texture of the nuclei, while
preserving the outside contours. The detection of markers requires even more
severe filtering. A first dilation reduces the sizes of the nuclei (a dilation enlarges
the white parts). The result of a dilation is, in fact, an open set. A morphological
closing does a further smoothing. As a result, one gets the functionj, where each
nucleus appears as a dark basin (Figure 14g). Such basins are easily detected by
a top-hat transformation associated to a dual reconstruction. The marker function
is simply the previous one to which a constant height h has been added. The
reconstruction operation fills up completely the dark basins.

After subtraction of the initial function from the reconstructed one (in fact, it
is a top-hat transformation, as the duaI reconstruction is a closing), al! nuclei
appear as white domes. The final binary markers are obtained by thresholding
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Figure 14. A typical sequence of segmentation. (a) Initial image of two overlapping
nuclei. (b) Morphological gradient of the initial image. (c and d) Filtering of the original
image. (e) Morphological gradient of the filtered image. (f) Watershed line of the gradient
of the filtered image; the result is oversegmented. (g) After dilation and c1osing, each
center of a nucleus appears as a dark basin. (h) Inside markers obtained by a top-hat
transformation superimposed on the initial image. (i) Outside markers are the watershed
lines of the initial image; the flooding sources are the inside markers. U) Inside and
outside markers superimposed on the gradient image. (k) Watershed of the gradient image
with sources corresponding to the markers. (1) Resulting contour.
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Figure 15. Overflow from a selected catchment basin ta an adjacent one.

these domes; the threshold level is easy to choose, since it depends on the height
h used in the wrapping algorithm. Moreover, the size and shape of the markers
are not critical for the remaining treatment. Only their existence and location
are critical. Figure 14h shows the inside markers superimposed on the original
image.

3. Construction of the Outside Markers
The outside markers are nothing other than the watershed line of the original
image, when it is flooded by sources corresponding to the inside markers. The
result of the flooding is shown in figure 14i. To each inside marker corresponds a
catchment basin. ln this way, we are sure to select a connected outer marker.

4. Construction of the Final Contours
The contour of each nucleus is necessarily between its inside and its outside
marker. Its detection is easy. One floods the gradient image obtained previously;
the sources are the inside and outside markers detected above. Figure 14j pre-
sents the inside and outside markers superimposed on the gradient image. The
catchrnent basins corresponding to the inside mark ers are the binary masks of
the nuclei (Figure 14k and 1).

Before describing more sophisticated algorithrns, let us simply rewrite the
watershed algorithm given above when we introduce this selection of markers.
This algorithm can be written as follows.

If W;C g) is the section at level i of the new catch ment basins of g, we have

W;+/g) = IZ(Zj+l U M)(W;(g»

with

W_,(g) = M, marker set
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Surprisingly, this algorithm is simpler than the pure watershed algorithm be-
cause we do not take the real minima of g into account.

C. Marker Selection and Homotopy Modification

The previous procedure can be decomposed in two steps. The first one consists
in modifying the gradient function g in order to produce a new gradient g': This
new image is very similar to the original one, except that its initial minima have
disappeared and have been replaced by the set M (Figure 16). This image modi-
fication is also called homotopy modification. ln fact, we have replaced the old
minima of the function g by new ones corresponding to the markers; in other
words, we have changed the homotopy of the function g. Recalling the behavior
of the dual reconstruction of a function, we can easily see from Figure 16 that
this can be performed by reconstructing the sections of g with the markers M.

We have

Vi, Z;(g') = RZ,{g)UM(M)

If we denote by kM the indicator function of the markers and by i.; the maxi-
mum value of g, we can write

k' = ima.cl - kM)

and then

g!'C y values

g' = R~f(g.k·/k')

Selected .iniM

!---"'Il.------rr---- E'

E5J mdiEied flUlctÙln

Figure 16. Princip le of the homotopy modification of a function by a set of selected
markers.
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The second step simply consists in performing the watershed of the modified
gradient g'.

V. ALGORITHMS OF WATERSHED

A. Review of the Different Classes of Aigorithms

The watershed algorithms can be divided in two groups. The first group con tains
algorithms which simulate the flooding process. The second group is made of
procedures aiming at direct detection of the watershed points. Each group of
algorithms can subsequently be divided into three classes: parallel algorithms,
sequential ones, or ordered algorithms.

An algorithm is parallel if the neighboring points of the point to be trans-
formed take all their values in the original image. The algorithm is said to be
parallel, because the result is independent of the order in which the points are
transformed. As a matter of fact, all points could be transformed in parallel.

ln a sequential (also called recursive) algorithm, the newly computed value of
a point will serve as argument for the transformation of its not yet transformed
neighbors. The result of the transformation depends completely on the scanning
order. Generally, for simplifying the access to the image memories, one adapts
forward and inverse raster scanning. Rosenfeld and Pfaltz showed the equiva-
lence between paral!el and sequential algorithms [16].

The sequential algorithms are generally much faster than the paral!el algo-
rithms. ln a parallel algorithm, the value of a point has an influence only on its
neighbors. ln a sequential algorithm the value of a point may have an influence
on the values of al! points processed after il. As an example, the distance function
of a binary set requires only two scans [17,18]. The reconstruction algorithm
needs a variable number of scans depending on the shapes of the functions but
not on their size.

The recursive algorithms will not be described here. The reader will find in
[19] an extensive review of the main sequential algorithms of mathematical mor-
phology.

The ordered algorithms are essentially the same as the sequential algorithms
except for the scanning order of the points. The scanning order is made in such a
way that each point is visited only once, at the very moment when its neighbor-
hood is sufficiently weil known to determine its value. Vincent has published
many such algorithms in the binary case [20]. Verwer et al. described an ordered
algorithm for the construction of the geodesie distance function [21] and, more
recently, an algorithm for integrating functions [22]. Below we will introduce a
data structure called an ordered queue [23] which makes it possible to implement
in a quite natural way a series of ordered algorithms. We will describe the imple-
mentation for the reconstruction transformation and for the construction of the
watershed line. The algorithms described in the previous section belong to the
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first group and are parallel; they simulate the flooding of the topographie surface
drawn by f.

Before presenting the ordered algorithms which also belong to the first group,
let us briefly describe another algorithm belonging to the second group and based
on the arrows representation of a functionJ[5].

B. A Brief Introduction to a Second Group Aigorithm

From j": Z2 --> Z, we may define an oriented graph whose vertices are the points
of Z2 and with edges or arrows from x to any adjacent point y iff f(x) < f(y)
(Figure 17).

The definition does not allow arrowing of the plateaus of the topographie sur-
face. This arrowing can be performed by means of geodesie dilations. The oper-
ation is called the comp1etion of the arrows graph. Moreover, in order to suppress
problems due to the fact that a watershed line is not always of zero thickness, a
more complicated procedure called overcompletion is used, which leads to
double arrowing for sorne points. Then, starting from this complete graph (ov-
ercompleted), we may select sorne configurations which, locally, correspond
to divide lines. These configurations are represented in Figure 18 for the
ô-connectivity neighborhood of a point on a hexagonal grid (up to a rotation).

Any point receiving arrows from more than one connected component of its
neighborhood may be flooded by different lakes. Consequently, this point may
belong to a divide line. ln a second step, the arrows starting from the selected
points must be suppressed. These points, in fact, cannot be flooded, so they
cannot propagate the flood. ln doing so, we change the arrowing of the neighbor-
ing points and consequently the graph of arrows. Provided that the overcomple-
tion of this new graph has been made, sorne new divide points may then appear.
The procedure is rerun until no new divide point is selected (Figure 19).

This algorithm produces local watershed lines, The true divide lines can be
extracted easily; they are the only ones which form closed curves.

The arrows representation is also very useful for detecting very quickly the
extrema of a function. The minima, for instance, are the connected components
of Z2 which do not receive any arrow. One detects a1l plateaus of the function on
one side and the lower borders of the plateaus on the other side. Then, in a second
phase, ail plateaus having lower neighbors are reconstructed. The plateaus which
could not be reconstructed are the regional minima of the image.

c. Ordered Aigorithms

Leaving the algorithms of the second group, 1et us come back to those of the first
group using an ordered queue. We shall de scribe mainly the implementation of
the dual reconstruction and of the construction of the catch ment basins. We shall
first introduce a data structure called ordered queue COQ). Its principal merit is
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Figure 17. (a) Functionf and (b) its corresponding graph of arrows.

to facilitate the storage of points in any order and their retrieval in the order of
flooding. For this reason, this structure is at the base of an elegant optimal imple-
mentation of the reconstruction operation and watershed line.

1. The Ordered Queue
A hierarchical ordering relation in jiooding. During the fiooding of a topo-

graphie surface, there appears a dual order relation between the pixels (we con-
sider here the fiooding with sources placed at the regional minima of the func-
tion). It is clear that a point x is fiooded before a point y if Y is higher than x on
the relief. This constitutes the first level of the hierarchy. It is simply the order
relation between the gray values. A second order relation occurs on the plateaus.
Let X be a plateau at an altitude h. Before X begins to be fiooded, all neighboring



SEGMENTATION: THE WATERSHED TRANSFORMATION 455

1 0 1 0 1 1 1 1
0 ~O f--1 0 ~O 0 0

~O./
0 0

~O./
0

0 0 0 ""1 0 ""1 1/ 0

1 1 1 1

0 ~O~1 0
~O./

0
1/ 0 1/ ""1

Figure 18. Configurations of arrows corresponding to possible divide points (hexago-
nal grid).

Selection of primary points Final result

Figure 19. Watershed by arrowing: (a) primary divide points (saddle points); (b) final
result.

points of X with a lower altitude than h have been flooded. One supposes that the
flooding of the plateau is not instantaneous but progressive. The flood progresses
inward into the plateau with uniform speed. The first neighbors of already
flooded points are flooded first. Second neighbors are flooded next, etc. This
introduces a second order relation among points with the same altitude, corre-
sponding to the time when they are reached by the flood. If two points x and y
belong to the same plateau X, of height h, x will be reached by the flow before y
if the geodesie distance within the plateau X to the points of lower altitude is
smaller for x than for y. ln the next section we show that an ordered queue natu-
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rally introduces this hierarchical order relation. Clients are served in the order in
which they arrive, but, in consideration of its rank in society, each client is served

Before aIl clients of lower rank, even if they arrived before it
Before aIl clients with the same rank who arrived after it
After aIl clients with a higher rank, even if they arrived after it

Description of an ordered queue
Functional description: A hierarchical queue may be seen as a multiple queue.

Clients arrive and will be served according to their order of priority. Each client
is put at the end of the queue corresponding to its level of priority: it will be
served after aIl clients with the same priority who arrived before it. Only one
client may be served at a time. Once the queue of a given priority is empty, it is
suppressed. If a client with high priority arrives after the suppression of the
queue to which it belongs, it will be put in the queue of highest priority still
existing.

The ordered queue is organized in such a way that it is possible to know when-
ever a client extracted from the queue has a lower priority than the previous
client. The functional specification of an ordered queue is the following:

{creation} /* function without argument creating an ordered queue */
create ordered file: CD -> FILE _H
{destruction} /* disallocates the storage attributed to an ordered queue */
suppress ordered file: FILE_H -> CD
{insertion} . /* inserts an element at the end of the queue of
corresponding priority */
insert: FILE_H x (client, priority) -> FILE_H
{serve} /* gives the address and priority of the client with the highest
priority, who arrived first */
serve: FILE H -> eIement

Illustration of the possible actions: Figure 20 shows how a simple queue
works. We have represented the queue as a cylinder and the clients as coins in
the cylinder. Each arriving client is put on the top of the cylinder. An opening at
the base of the cylinder permits the removal of the client who arrived first.

Figure 21a-d show how an ordered queue works. It can be seen in Figure 21a
that an ordered queue is in fact a series of simple queues. Each simple queue is
assigned a level of priority. ln the drawings the priority is represented as a gray
value; the darkest gray values correspond to the highest priorities. ln our ex-
ample, we have five levels of priority. Ali cylinders are open at the top, which
means that at any moment it is possible to introduce a client of any priority in the
queue. On the contrary, only the queue with the highest priority has an opening
at its basement. Figure 21b shows the extraction of an element of the structure: it
is the client who arrived first in the queue of highest priority still existing in the
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Insertion Extraction

a b

Figure 20. Mechanism of a simple queue.

a

c

b

Figure 21. Principle of an ordered queue: (a) the ordered queue; (b) extraction of an
element of highest priority; (c) the number of simple queues is reduced; (d) treatrnent of
a hignest-priority element when the corresponding queue has been suppressed.
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structure. If the attempt to ex tract a new element of the CUITentqueue fails, the
queue is suppressed and the queue with the priority immediately below is opened
for extraction of the next elements (Figure 21c). Figure 21d illustrates the last
feature of an ordered queue: a latecomer of high priority arrives, and the queue
with the same priority has already been suppressed. Then the client is put at the
end of the CUITentqueue of highest priority,

Implementation of an ordered queue. There are several possibilities for imple-
menting an ordered queue. We have chosen an implementation sparing memory,
One has to represent a number of queues equal to the number of gray levels in
the image. Rather than allocating a different space to each of them, we allocate a
common space to all of them and put them one after the other. A pointer identifies
the end of each queue. The empty space is structured as a stack: the space nec-
essary to store a newcomer is taken at the top of the stack; conversely, the space
liberated by a client leaving the ordered queue is retumed to the stack,

2. The Reconstruction Aigorithm
The algorithm. We have presented above the dual reconstruction operation,
which permits a filling up of the basins of a function. A parallel implementation
has been presented in which the number of iterations before convergence is linear
with the size of the objects. We will present here an optimal implementation
using ordered queues. The algorithm has two phases: an initialization phase fol-
lowed by the working phase.

Initialization phase. An ordered queue (OQ) is created with a number of
queues equal to the number of gray values. The aim of the initialization is to store
at least one point belonging to each regional minimum of the marker function in
the ordered queue. Each point is stored in the queue with a priority equal to its
gray value. There exist several optimal algorithms for finding the regional min-
ima. One of them is based on arrowing and has been presented above.

Working phase. During the working phase ail points of the image are taken
into consideration and get the gray-tone value corresponding to the reconstruc-
tion operation. During the process, a pixel may have three different states; it must
be possible to recognize the status of each point du ring the working phase. For
this reason, we use three labels:

The pixel has its final value: label 2. This happens when the point leaves the
ordered queue.

The pixel has been stored in the ordered queue but has not been assigned its final
value yet: label 1.

The pixel has never been taken into consideration: no label.

fis the initial function (also called "parcel" in the illustration), g the function
(abovef) used as a marker for the dual reconstruction (named "film"). The treat-
ment goes as follows:
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Until the ordered queue is empty, repeat:
{ Step 1: A client x is extracted from the ordered queue. If the label of

x indicates that x already has its final value, start again step 1. Other-
wise give a label 2 to the pixel x, indicating that its value is now
definitive.
Step 2: apply the following treatment to any neighbor y of x without
label:
The new value v of the point y is computed: v = max(g(x)j(y)). The
pixel y is given this value in the image g. The address of the pixel y is
stored in the ordered queue with the priority v. The pixel y is also
given a label 1 indicating its presence in the queue. }

Illustration. A one-dimensional drawing will illustrate the way the algorithm
works. Figure 22a represents a profile of the functionsf(parcel) and g (film). The
function fis hatched; the function g is above f and is indicated with bold lines.
The regional minima of the function g are indicated below the function.

Initialization. The functionfhas six gray levels. Hence an ordered queue with
six levels of priority is created. The first point met during a forward scanning of
the image is stored in the ordered queue: point c with a priority 0, points a and j
with a priority 1 (here low values mean high priorities). ln contrast to the working
phase, the points put in the ordered queue during the initialization are not given
a labell.

Working phase. Figure 22c to h show how the image g is modified during the
treatment. The labels of the points are indicated under the corresponding profiles
of the functions. At the beginning of the working phase, no point has a label.

Point c is the first to come out of the ordered queue. Point chas no label and
cao be treated. It is given a label 2, indicating that its value is definitive. The first
neighbor of c to be examined is point b. b has no label and its new value is given
by max(f(b),g(c)) = max(O,O) = o. Point b is stored in the ordered queue with
a priority 0 and is given a label 1. The new value of the function g at point b
is now O. The other neighbor of c is point d. Its treatment is similar to the treat-
ment ofb.

The next point coming out of the ordered queue is point b. Point a, as a
neighbor of b, is introduced in the OQ with a priority O. But a, as an initialization
point, was already present in the OQ. Hence point a appears in the OQ at two
different places. The first time a cornes out of the OQ, it is given a label 2. The
second time it will not be further processed.

The processing of point d introduces point e in the OQ with a priority 4. This
is represented in Figure 22d.

The treatment of a consists in giving it the label 2. As a boundary point, point
a introduces no other point in the OQ. The queue of priority 0 is now empty and
is removed from the structure. The next point cornes out of the queue of priority
1; it is point a, which has already a label 2. Point a is skipped and one proceeds
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Figure 22. Illustration of the dual reconstruction by an OQ algorithm (see text).
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by treating point j. The treatment of j introduces points i and k in the OQ with a
priority 1. After the treatment of points i and k, point h is introduced in the OQ
with a priority 2. The queue of priority l , being empty, is suppressed. The func-
tion g has now the shape indicated in Figure 22f.

The treatment proceeds in this way (Figure 22g) until the result indicated in
Figure 22h is obtained. The last two points c and f present in the OQ have ail
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3. The Watershed Aigorithm
General presentation. The input is now a gray-tone functionfto be flooded and
a set of markers M, which serve as sources for the flooding. If the markers are
the regional minima of the image f, then the result is the plain watershed line
associated with the relief f. If it is not the case the result is the watershed line of
a functionf = R*Inf(j,k'l' k' being the function defined in Section IVe.

The use of an ordered queue makes it possible to flood directly from a set
of markers without doing the reconstruction operation. Indeed, the picturesque
presentation of the flooding in Figure 15 will be faithfully simulated.

The markers are identified by labels. Each region will keep the label of the
marker which has been the source of the flood. A marker may have several dis-
tinct connected components as long they share the sarne label.

There exist two versions of the algorithm. ln the first version, the catchrnent
basins touch each other, without any frontier between them. ln the second ver-
sion such frontiers are generated. Only the first version will be presented in
detail.

The algorithm. An initialization phase is followed by a working phase.
Initialization. An ordered queue is created with as many priority levels as

there are gray tones in the image f.
A boundary point of a marker belongs to a marker and has in its neighborhood

a point outside a marker. Ali boundary points of the markers are entered in the
ordered queue; the value of each point in the image f determines the priority level
in the ordered queue.

Working phase. An image g is created by labeling the markers M. The treat-
ment follows:

their neighbors labeled; they are not replaced when they leave the OQ. At this
moment, the OQ is empty and the treatment is finished.

The points are treated in an order proportion al to their gray values. Each point
is processed only once. ln this sense, the algorithm is optimal.

Until the ordered queue is ernpty, repeat:
{ A client x is extracted from the ordered queue. To each neighbor y of

x having no label in the image g the same treatment is applied:
- the point y is given the sarne label as x in the image g.
- the point y is stored in the ordered queue; its value in the image f

determines its priority level in the ordered queue. }

Illustration. The series of Figure 23a-h illustrate how the algorithm works.
The left part of the figure presents on the top the topographie surface and below
the zone which has been flooded. Each flooded zone bears the label of the source
from which it has been flooded. The content of the ordered queue is represented
in the right part of each figure.
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Figure 23. Watershed line construction using an OQ algorithrn for simulating the
flooding (see text).

Initialization. An ordered queue is ereated with six levels of priority corre-
sponding to the five gray tones of the topographie surface.

The inside boundary points are stored in the ordered queue with a priority
eorresponding to their altitude on the topographie surface: point a with priority
0, point 0 with priority l, and points h and j with priority 2. The resulting or-
dered queue is shown in Figure 23a.
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Working phase. Point a is the tirst point to leave the ordered queue. Its only
neighbor is b. Point b, having no label, takes the label 1 from a and is put into
the ordered queue with a priority equal to its altitude, i.e., 4. The queue of level
Ois now empty and is suppressed. The state of images and queues is illustrated
by Figure 23b.

The next point leaving the ordered queue is o. Its left neighbor having no label
gets the label 3 from 0 and is stored in the queue of priority 2. The right neighbor
of 0 is p; p already has a label and is not further processed (Figure 23c). The
queue of priority 1, being empty, is suppressed.

The treatment of the points belonging to the queue of priority 2 proceeds as
follows:

Point h gives its label 2 to its neighbor g: g enters the ordered queue with pri-
ority 3.

Point j gives its label 2 to its neighbor k: k enters ordered queue with pri-
ority 2.

Point n gives its label 3 to its neighbor m: m enters the ordered queue with pri-
ority 4.

Point k gives its label 2 to its neighbor 1: 1 enters the ordered queue with pri-
ority 4.

The queue of priority 2 is now empty and is suppressed. The state of images
and queues is illustrated in Figure 23d.

The next point to be treated is g. Its only neighbor without a label is f. But f
has an altitude equal to 3 and should be put in the queue of priority 2. Yet, this
queue has just been suppressed. Point f will then be put in the queue with the
highest priority still existing, in our case the queue of priority 3. Simultaneously,
point f is given the label 2. The flooding coming from the source (hij) will fill up
the catchment basin associated with the minimum e, where no marker was
placed.

The flooding of this neighboring catch ment basin continues with the treatment
of point f. Point e is introduced in queue 3, despite the fact that its altitude is 1
(Figure 23f). After the treatment of the points e and d, queue 3 is now empty and
is suppressed (Figure 23g and h). The next points to leave the OQ are sucees-
sively points b, m,l, and c. Ali their neighbors already having labels, their treat-
ment introduces no new points in the OQ. Thus the queue is completely emptied
when the last point, c, leaves it. This achieves the f1ooding. Each point of the
image has been assigned to the region from which the flood came first.

Discussion. The implementation of the watershed line we have described is
the simplest and fastest using an ordered queue. A slight modification of the rules
which affect each point to the catchment basins leads to several variants. As may
be seen in Figure 23, the algorithm does not produce frontiers between catchment
basins: each point in the field belongs to a catchment basin.
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Another version of the watershed ordered algorithm produces a frontier with
a thickness of one pixel point. Both algorithms share the following features:

Each point being considered only once during the treatment phase, the algo-
rithms are indeed optimal.

The ftooding is done according the order relation induced by the ordered queue
and analyzed above under "The Watershed Algorithms."

VI. EXAMPLES OF SEGMENTATIONS

Three examples of segmentation are described in this section. Each one has been
chosen to illustrate a particular topic of this methodology. The first example, the
electrophoresis gel segmentation, although not very complex shows that different
choices of markers may lead to different results. The second example, the over-
lapping grains separation, is a binary application of the watershed segmentation.
ln this case, the criterion used for segmenting objects is based not on their gray
values but on their relatively convex shapes. The third example, finally, is more
complex. The objects to be segmented are facets in a cleavage fracture in steel.
It shows that, despite the fact that the markers are difficult to obtain, once they
are defined, the tasks consisting in comparing the facets or defining their neigh-
borhood relationships become easier.

A. Segmentation of Electrophoresis Gels

This first example consists of contouring blobs of proteins in an electrophoresis
gel (Figure 24a). This problem seems to be easier than the nuclei segmentation
presented above and, in fact, a similar approach is used.

The initial image is filtered. An alternate sequential filter is applied. The min-
ima of the filtered image are the markers of the blobs (Figure 24b). We must also
define a marker for the background. ln order to get a connected marker surround-
ing the blobs, we use, as we did for the cells, the watershed of the initial filtered
image (Figure 24c). From this, we obtain our set of markers M (Figure 24d).
Finally, the watershed of the modified gradient image is performed. The result is
given in Figure 24e.

It is clear in this example that the final segmentation depends on the selection
of the minima of the initial function as blob markers. If sorne blobs do not cor-
respond to minima (as is sometimes the case), they will not be contoured
correctly. Moreover, using a connected marker for the background induces, by
construction, each detected blob to be surrounded by a simple closed arc and that
there are no touching blobs.

But, if we use another marker for the background, the result will be different.
To demonstrate this, let us choose as background marker the maxima of the ini-
tial filtered image (Figure 25a). This marker is not connected, and the watershed
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(c l

Figure 24. (a) Electrophoresis gel; (b) minima of the filtered image marking the
blobs; (c) watershed of the filtered image used as background marker; (d) set of selected
markers; (e) final segmentation.



(e)
Figure 25. Segmentation obtained when the background marker is changed.
(a) Background markers (minima of the filtered image); (b) watershed of the modified
gradient; (c) reconstruction of the catchment basins corresponding to the background;
(d) final result.
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segmentation produces many catchment basins in the background (Figure 25b).
Suppressing this oversegmentation is straightforward; it consists of merging al!
the basins marked by the maxima (Figure 25c). If the same is done with the
catchment basins corresponding to the minima of the initial function, the final
segmentation (Figure 25d) is rather different. ln that case, the objects which have
been detected are not the individualized blobs but the heaps of proteins.

Note that the use of a nonconnected marker is not a problem when an ordered
algorithm is used. ln such a case, aIl the connected components of the marker
have the same label.
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B. Segmentation of Overlapping Grains

This example presents another case where the watershed line is most useful: the
separation of overlapping grains. The initial picture (Figure 26a) represents cof-
fee grains. This picture can easily be thresholded and it may be seen from their
shape that many grains overlap or touch each other. To segment them, no contrast
criterion can be used because there is obviously no visible boundary between two
overlapping grains.

The solution of the problem consists in using the distance function of the
binary set (Figure 26b). The maxima of the distance function mark the different

Figure 26. (a) Grains segmentation (coffee beans); (b) distance function; (c) maxima
of the distance function; (d) result of the segmentation by thalweg lines of the distance
function.

(b l
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grains (Figure 26c). They can be used (after a slight filtering to solve sorne parity
problems on the digitization grid) to build the talweg lines, defined as the water-
shed lines of the inverted distance function (Figure 26d).

C. Stereoscopie Analysis of a Fracture in Steel

This third example is a problem of segmentation of cleavage facets in a scanning
electron micrograph of a steel fracture (figure 27). The marker selection in this
case is more complex. A primary definition of a facet is used: a facet is supposed
to be a more or less convex and homogeneous region of the image. That is why
the functions used for the watershed along with the marker selection are built by
combining a photometrie criterion (contrast between facets due to variations in
gray tones or to blazing ridges) and a shape criterion (facets are supposed to be
more or less convex).

Two functions are defined: the first one, fi' is the maximum of the gradient
function of the initial image f and of the top-hat transformation. The top-hat
transform WTH(f) is used for enhancing in the image the blazing zones while the
gradient detects the contrast between adjacent facets (Figure 28a):

fi = max(g(f),WTH(f))

The second function j, is the distance function to the blazing zones and to the
contours. It can be shown [5] that this function may be built by dilating the
previous function j, by a cone (Figure 28b). This technique allows the combina-
tion of the two criteria depicted above. Using a gray-tone image instead of a
binary one to compute the distance function is just an extension which avoids an
arbitrary thresholding offl'

Figure 27. Stereo pair of a c1eavage fracture in steel.
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Figure 28. Ca)First function used for marker selection; (b) second function; Cc)mark-
ers of the facets; Cd)watershed lines of the first function; Ce)watershed lines of the second
function; Cf) final contours.
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The markers of the facets are the minima oî ], (Figure 28c). We can see that
more than one marker may appear in regions which obviously correspond to
simple facets. This multiple marking leads to an oversegmentation of the facets.

ln order to eliminate this oversegmentation, the watershed transformations of
the two functionsj, andj, areperformed (Figure 28d and e). These two functions
have been moditied by the same set of markers (that is, the minima of 12),and
only the divide lines which are superimposed in the two watershed transforms
are kept (Figure 28f). This procedure allows one to distinguish between the
watershed lines which do not follow the highly contrasted regions in the initial
image.

The methodology of segmentation based on the primary detinition of the
markers of the objects to be extracted is particularly helpful here. lndeed, when
the tint picture of the stereoscopie pair has been segmented and the correspond-
ing facets have been selected, the markers used in this tirst step can be used again
to segment the homologous facets in the second picture of the stereo pair. The
procedure is the following: the markers attached to a facet in the first image are
"thrown" onto the second image 1; corresponding for the second picture to
the image 12. These markers fall along the steepest slope of 1; and each one
reaches a unique minimum of 1;. These minima are the markers of the hornolo-
gous facet in the second picture (Figure 29). ln this way, we establish.a one-to-
one correspondence between the markers of the two pictures of the stereo pair
and, therefore, between the segmented facets (Figure 30).

As soon as the same facet (or part of a facet) has been segmented in the two
pictures of the stereo pair, the computation of its size and orientation in space is
relatively easy. By following the corresponding points in the two contours, it is

(a) (b)

Figure 29. (a) Markers of the first image; (b) corresponding markers in the second
one.
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Figure 30. Homologous facets in the stereo pair.

possible to calculate the shift between them and hence their height. Assuming
that a facet is almost a plane, its interpolation is performed. Finding the cleavage
angle between two adjacent facets (which is in fact the required parameter) is
immediate.

This approach to stereovision-segmenting the objects first instead of trying
to find the homologous pixels in the two images immediately-is very powerful:
the watershed transformation cou pIed with the marker selection allows us to find
directly the corresponding objects in the stereo pair. Moreover, this topological
approach allows us to control this correspondence very accurately (two adjacent
objects in the scene are in most cases adjacent in both images of the stereo pair).

D. The Segmentation Paradigm

These examples of segmentation lead to a general scheme. Image segmentation
consists in selecting first a marker set M pointing out the objects to be extracted
and then a functionf quantifying a segmentation criterion. This criterion can be,
for instance, the changes in gray values, but as seen in the previous examples,
other features can be used and even, as illustrated in the case of the cleavage
fractures, a mixture of them. This function is modified to produce a new function
l' having as minima the set of markers M. The segmentation of the initial image
is performed by the watershed transform off' (Figure 31).

The segmentation process is therefore divided into two steps: an "intelligent"
part whose purpose is the determination of M and f and a "straightforward" part
consisting in the use of the basic morphological tools, namely the watershed
transform and image modification.

This technique has demonstrated its efficiency in various domains of image
analysis for both binary and gray-tone pictures. This methodology is also helpful
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in three-dimensional segmentation [24], in col or image contouring [25], or for
the extraction and tracking of objects in time sequences [26].

Many other examples of segmentation based on this scheme may be found in
the literature [5,6,27-29].

Figure 31. Synopsis of the morphological segmentation methodology.

VII. HIERARCHICAL SEGMENTATION

Until now, our aim was to prevent oversegmentation in selecting good markers
and, by means of homotopy modification, to produce as many catchment basins
in the watershed as we had selected objects.

This last part will be devoted to the description of a hierarchical segmentation
technique which does not prevent oversegmentation but instead tries to suppress
the irrelevant boundaries on the watershed transform. We shall see that this ap-
proach also uses a watershed transformation defined in this case on a simplified
version of the initial image.

A. Introduction

The previous examples have proved that the marker extraction and the good
choice of the function used in the watershed are the intelligent process of the
segmentation, needing a great deal of effort and skil!. The final result is therefore
closely dependent on this first task.

Unfortunately, in sorne cases, marker selection and extraction are not easy.
Sorne pictures are very noisy and image processing becomes more and more
complex. ln other cases, the abjects to be detected may be sa complex and so
varied in shape, gray level, and size that it is very hard ta find reliable algorithms
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enabling their extraction. For that reason, we need to go a step further in the
segmentation.

When attempting to segment a gray-tone image, we know that the initial
watershed transformation of the gradient image provides very unsatisfactory re-
suIts: many apparently homogeneous regions are fragmented in small pieces.
Fortunately, the watershed transformation itself, applied on another level, will
help us to merge the fragmented regions. lndeed, if we look at the boundaries
produced by the segmentation, they do not have the same weight. Those which
are inside the almost homogeneous regions are less significant. ln order to com-
pare these boundaries, we need to introduce neighborhood relations between
them through the definition of a new graph. This graph is built from a simplified
version of the original image called a partition or mosaic image.

B. The Mosaic Image

AIthough the construction of the mosaic image is not necessary for defining the
hierarchical segmentation, it will help for understanding the procedure.

Consider a gray-tone image f and its corresponding morphological gradient
image g(j). A simplified image can be computed in the following way:

1. We calculate the watershed of the gradient image.
2. We label every catchment basin of the-watershed with the gray value in the

initial image f corresponding to the minima of g(j).

Figure 32 illustrates this operation.
We will de scribe the principle of the hierarchical segmentation by means of a

simple example. The initial image is an X-ray photograph of metallic particIes in
the burst produced by a shaped-charge weapon (Figure 33a).

The result is a simplified image (Figure 33b), made of a mosaic of pieces (the
catchment basins) of constant gray levels, where no information regarding the
contours has been lost. This simplified image, also called a mosaic image, may
then be used to define a valued graph, to which the morphological transforms,
and in particular the watershed, can be extended.

C. . Hierarchical Segmentation

1. An Introduction
When we look at the mosaic image, sorne regions seem to be almost homoge-
neous. ln fact, they are made of a patchwork of pieces of constant gray levels,
the variation in gray values (the step) between two adjacent tiles being low. On
the contrary, when we cross a boundary separating two different regions, the step
is much higher. ln other words, the criterion used to decide whether we are inside
an homogeneous region is the fact that the transitions between the different tiles
of the mosaic image which partition this homogeneous region are lower than the
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Figure 32. Computation of the mosaic image.

(a) (b)

Figure 33. (a) Initial and (b) mosaic image of an X-ray photograph of metallic par-
ticles.

transitions between tiles belonging to different homogeneous regions. Going a
step further, one can say that a homogeneous region is marked by minimal tran-
sitions in the mosaic picture.

Figure 34a illustrates this notion in a very simple case. The step in gray values
between the two tiles supposed to belong to the same homogeneous region is
lower than the surrounding ones.

A hierarchical segmentation will then consist in merging adjacent tiles of the
original mosaic image using a flooding process starting from the minimal transi-
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connected minima in the graph

Figure 34. Ca) Gradient of the mosaic image; (b) corresponding graph used in the
hierarchical approach; Cc)example of minimal arcs and their correspondence in the graph.

Ch)
minimal arcs

(c)

tions. But this watershed transformation needs, to be realized, the definition of a
particular graph built from the mosaic.

2. Construction of a New Graph
Let us build a new valued graph from the mosaic image. First, the summits are
made of the transitions between tiles. These summits are valued with the absolute
value of the gray-tone difference (the step) between these tiles. Second, the ver-
tices of this new graph, hence the neighborhood relationships between the tran-
sitions in the mosaic image, must be set. Two boundaries of the mosaic (two
summits of the graph) are considered neighbors if they surround the same catch-
ment basin. This rule simply means that any action on a boundary between two
pieces of the mosaic will affect the pieces themselves and therefore the other
boundaries which contour them.

The valuation of this graph may be ca1culated by means of the gradient of the
mosaic image (Figure 34a). This morphological gradient is obtained by perforrn-
ing the difference between the dilation and the erosion of the mosaic image. The
final graph (Figure 34b) is a nonplanar valued graph.

3. Watershed on the Graph and Hierarchy
Ali the morphological transformations can be extended to the graph defined
above, where the summits correspond to the simple arcs of the primitive water-
shed transform and the vertices connect the boundaries surrounding the same
primitive catchment basin. ln particular, the notion of minimum as it has been
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defined using paths on the graph of a function can be applied to this valued graph.
ln our case, the weakest boundaries of the mosaic image correspond to regional
minima of the new graph (Figure 34c). We may also flood the "relief" defined by
this valued graph starting from these minima. This watershed transformation pro-
duces watershed lines composed of points of the new graph which correspond in
fact to boundaries of the primitive segmentation of the initial image. Only these
boundaries, corresponding to the divide lines of the graph, remain. We have thus
suppressed the boundaries of the primitive watershed which are surrounded by
more contrasted ones.

4. Illustration
The implementation of the algorithm is not difficult. It is possible to realize it
with an ordered queue. We can also use more classical watershed algorithms.
The fact that the graph used is not planar is not a real problem. Moreover, one
can show [5] that this graph may be transformed into a planar one and in a second
step that this planar graph may be used to build an image, called a hierarchical
image, to which the c1assical watershed algorithms may be applied, producing as
a result the hierarchical segmentation described above.

Let us show this algorithm on our simple example. To contour the metallic
particles, we compute the mosaic image and we suppress sorne oversegmented
regions by performing the first degree of this hierarchical process. But this pro-
cedure may be repeated, giving higher and higher levels of hierarchy. At the end
of these iterations, the final image is obviously empty. Nevertheless, it is possible
to label every boundary of the primitive watershed image with the higher level of
hierarchy in which this boundary remains (Figure 35b). It is then easy to see that
the particles correspond to the maxima of this new image.

The result of this hierarchical segmentation is given in Figure 35c. From that
picture, the extraction of the particles is straightforward. They correspond to the
new homogeneous regions that contain the maxima of the initial image (Fig-
ure 35d).

D. Another Example

This hierarchical segmentation can be used efficiently for extracting features
from complex scenes [30]. Let us apply this technique for delineating the road in
the scene represented in Figure 36.

The initial image having been very noisy, the result of the watershed transfor-
mation of the gradient image is oversegmented (Figure 36b). However, the road
being a rather homogeneous region in the image, we hope that the hierarchical
segmentation will help in extracting it from the image. The mosaic image is
performed (Figure 36c), and then its gradient (Figure 36d). The result of the first
level of hierarchy is given in Figure 36e. ln the second step, the region in front
of the scene may be extracted. This marker of the road may be used again in an
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Figure 35. Ca)Initial watershed; (b) hierarchical segmentation; Cc)principle of label-
ing of the arcs of the watershed; Cd) final result.

homotopy modification and watershed procedure to produce a more refined con-
touring of the road (Figure 36f).

E. Discussion

The result of the watershed transformation yields to a hierarchical segmentation
of the image, as illustrated in the previous examples. The selection of sorne
markers can be made at this level to segment features in the image (for example,
the road in the last example). Further levels of hierarchy may also be defined by
iterating this procedure (as shown in the introductory example).

Starting from a highly fragmented image, we have obtained after simplifica-
tion a new mosaic. It is obviously possible to iterate this simplification process.
By this means we get a hierarchy of simplification stages, the last always being a



~ m
Figure 36. (a) Road scene viewed through the windscreen of a car; (b) result of the
watershed applied to the gradient; (c) mosaic image; (d) gradient of the mosaic image;
(e) first stage of the hierarchy; (f) extraction of the marker of the road.

(e)

(b)

(d)
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uniform image. It is also possible to change the valuation of the graph between
the different stages of hierarchization. Doing so, we can introduce various crite-
ria of hierarchization. For instance, in the case of the fracture image (Section
VI), one could use as a valuation the angle between two adjacent facets calcu-
lated from the measure of the altitude of the boundary points. Many alternative
techniques are also possible, such as valuation according to the size, shape, or
orientation of the tiles of the mosaic picture and calculation of the new gradient
values we get when the tiles are merged.

VIII. CONCWSION
The morphological approach to image segmentation problems by means of the
watershed transformation is an efficient technique, in terms of the results it pro-
duces as weIl as the control kept by the user on every stage of the process. Let us
briefly discuss sorne of these advantages.

1. The watershed transform provides closed contours, by construction. This
fact is of primary importance bec ause we do not have to worry about the
contour closing of objects, which could be a problem when using contour
detection methods. ln other words, the watershed transform aims at extract-
ing objects or regions in the image. This property is particularly helpful
when there is no visible contour, as shown in the coffee grains example.

2. When computing the watersheds, the watershed lines always correspond to
contours which appear in the image as obvious contours of objects, even
when severe oversegmentation occurs. This explains, in particular, the good
positioning of contours and the appropriate construction of the mosaic image
used in the hierarchical approach. This property is very interesting because
it gives to the watershed transformation a great advantage compared to the
split-and-merge methods, where the first splitting is often a simple regular
sectioning of the image leading sometimes to unstable results.

3. It is a general method which can be applied to many situations. We gave
sorne examples of its use in various applications. But, in fact, these ex-
amples are only a small selection of the domains in image analysis where
this technique has been used efficiently. Remember that this methodology
can be applied to three-dimensional images where the contour detection
techniques fail because the notion of contour in a three-dimensional image
is not easy to define and to handle.

4. The great advantage of this methodology is that it splits the segmentation
process into two separate steps. First, we have to detect what we want to
extract: it is the marker selection. Then we have to define the criteria which
are used to segment the image. These criteria may be photometrie (contrast
variations), or based on the shape of the objects, or a combination of both.
This combination of different criteria is made easier through the use of pow-
erful morphological tools (geodesie transforms, homotopy modification,
and so on) as shown in the examples.

479
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This last assertion means that image segmentation cannot be performed accu-
ratel y and adequately if we do not construct the objects we want to detect. ln this
approach, the picture segmentation is not the primary step of image understand-
ing. On the contrary, a fair segmentation can be obtained only if we know exactly
what we are looking for in the image.

ln fact, there is no general method available to achieve this marker detection
and object selection. But why should such a general method exist? The everyday
practice of image analysis shows, on the contrary, that in many problems you are
not able to see the features you want to extract if you don't know a priori what
you are looking for. For instance, we saw in the electrophoresis gel example that
the blobs may be extracted individually or as heaps. These are two different ways
of seeing the sarne image. That means that you must often build or construct the
objects you want to detect. Image segmentation is not the primary step in image
understanding; it is its consequence.
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