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Abstract. A gray-tone image including perceptually meaningful elongated re-
gions can be represented by a set of line patterns, the skeleton, consisting of 
pixels having different gray-values and mostly placed along the central posi-
tions of the regions themselves. We discuss a skeletonization algorithm, com-
puted over the Distance Transform of the image and employing topology pre-
serving operations. Differently from the binary case, where the use of the 
connectivity test is generally sufficient to create a one-pixel-thick skeleton, we 
consider also a suitable labeling of the pixel neighborhood. In this way, we are 
able to deal with some of the tricky patterns in the gray-tone image that can be 
regarded as irreducible.  

1   Introduction 

In gray-tone digital images, regions with locally higher gray-value can be understood 
in certain problem domains as the ones carrying the most relevant information. This 
is the case when an image includes perceptually significant elongated subsets, gener-
ally constituted by pixels characterized by different gray-values. This meaningful 
information can conveniently be represented in terms of a set of line patterns, called 
skeleton hereafter, generally consisting of pixels having different gray-values and 
mostly placed along the central positions of the regions themselves. 

If a gray-tone digital image is regarded as a mountainous relief, the gray-value of a 
pixel being its height, the identification of the skeleton can be related to the detection 
of topographic features such as ridges, peaks and saddles. For instance, the skeleton 
could be found by considering the image as a continuous surface, and by using the 
first and second partial derivatives of this surface to identify the skeletal pixels [1]. 
Alternatively, one could consider the gray-tone image as an ordered set of binary 
images each one obtained, by suitably thresholding, as a cross-section of the gray-
tone image [2]. Skeletonization is then accomplished by repeatedly lowering the 
gray-value of certain pixels until gray-values which characterize regional minima are 
eventually assigned to them [3]. Generally, a lowering operation should not modify 
the topology of the gray-tone image, in the sense that any cross-section binary image 
should preserve its topology [4]. 
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In this paper, we describe a skeletonization algorithm driven by the Distance 
Transform of the gray-tone image. Particularly, to find a skeleton placed along the 
proper medial positions, we exploit the structural information characterizing the Dis-
tance Transform of a single-valued region and take into account the dominance rela-
tions among the regions constituting the gray-tone image.  

We regard the image as piecewise constant [5] and for each region with constant 
gray-value we compute the Distance Transform. The latter is of the constrained type 
[6] whenever there exist adjacent regions with higher gray-value. Computation of the 
Distance Transform is accomplished according to the (3,4)-weighted distance [7], by 
ordered propagation over regions with increasing gray-values. The pixels in each 
region receive a distance label related to their geodesic distance from a reference set 
constituted by the pixels with lower gray-values adjacent to the region. Then, the 
pixels are examined in a suitable order, and the ones that are end points or non simple 
points are taken as elements of the skeleton.  

Due to the possible complexity of the morphology of a gray-tone image, topology 
preserving reduction operations are not always sufficient to create a one-pixel-thick 
skeleton. In this respect, we consider a suitable labeling of the pixel neighborhood, 
which allows us to deal with some tricky patterns in the gray-tone image that can be 
regarded as irreducible. 

We note that both a preprocessing phase and a postprocessing phase should be in-
cluded in any skeletonization algorithm applied to real world images. The role of the 
preprocessing is to remove narrow peaks and pits as well as to fill in valleys and 
flatten plateaux. In turn, the postprocessing phase is required to remove skeleton 
branches which do not constitute significant separations (watersheds) between adja-
cent basins, and to prune branches which do not denote significant promontories. We 
are not specifically interested in these phases and will only mention some features of 
the preprocessing phase we take into account. 

2   Preliminaries 

Let G be a gray-tone digital image. Pixels in G are assigned one out of a finite num-
ber of increasing integer values gk, k= 0, 1, ..., N, which indicates for any pixel p the 
gray-value or status g(p) of the pixel itself. Letters will be used to denote both pixels 
and their gray-values. We assume that G is bordered by a frame of pixels with gray-
value greater than gN. 

The neighbors of p are its 8-adjacent pixels. They constitute the neighborhood 
N(p) of p and are denoted by n1, n2,...,n8, where the subindexes increase clockwise 
from the pixel n1 placed to the left of p. The neighbors ni, i odd, are called direct 
neighbors (d-neighbors). The neighbors ni, i even, are called indirect neighbors (i-
neighbors). We denote by max and min, respectively, the maximal gray-value and the 
minimal gray-value of the ni  having gray-values less than g(p). 

If p> ni, for at least one d-neighbor, p is termed lower border point. If p< ni, for at 
least one d-neighbor, p is termed upper border point. If p has only one neighbor or 
just two consecutive neighbors with gray-value equal to its own gray-value and all 
the remaining neighbors have smaller gray-value, p is termed end point. 
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A gray-tone image can be regarded as a mosaic, generally made of very irregular 
pieces (or regions), different in gray-value, shape and size. The regions do not over-
lap each other and are maximal 4-connected sets of pixels with a same gray-value. 
Two regions with different gray-value are called adjacent if they are 4-adjacent. A 
bottom region (shortly, a bottom) is a region with all its adjacent regions having 
higher gray-values. Any bottom is a regional minimum of G. A top region (shortly, a 
top) is a region with all its adjacent regions having lower gray-values. 

When G has to be processed by using topology preserving operations, it is neces-
sary to identify for each of its pixels which are the foreground and the background 
and which kind of connectedness holds for each of them. Thus, rather than as a mo-
saic, it is convenient to understand G as a stack of binary images, by following an 
approach dating back to the studies on threshold logic [8] and widely used in the 
literature. More in detail, for any gray-value gk, with k different from 0, the gray-tone 
image is regarded as a binary one, say Bk, where the set of pixels having gray-values 
not less than gk constitutes the current foreground and the set of pixels having gray-
values less than gk constitutes the current background. Thus, according to the chosen 
threshold values, there are N binary images in correspondence with G. In Bk, the 8-
connectedness should be understood to hold for the foreground, the 4-connectedness 
for the background. 

When applying operations which change the status of some pixels, we say that the 
topology of the gray-tone image does not change if none of the N binary images Bk, 
found in correspondence with the various thresholds, has its topology changed.  

In a binary image, the assignement of a pixel p to a component, different from the 
one it currently belongs to, changes the topology of the image whenever it causes a 
modification in the number of components of the foreground or of the background. In 
this respect, topology is preserved if ones removes from the foreground (i.e., assigns 
to the background) only the pixels, termed simple points, which satisfy certain 
neighborhood conditions. For instance, simple points are those p for which the 8-
connectivity number C(p) is equal to one [9]. 

C(p) =Σi odd ((1- ni) - (1 - ni) (1 - ni +1) (1 - ni +2)) 

When considering a pixel p in a gray-tone image, we should refer to the binary 
image Bk, where the threshold t = gk corresponds to g(p). By regarding ni as a Boo-
lean variable equal to 1 if ni ≥ p, and equal to 0 otherwise, the 8-connectivity number 
C(p) for a lower border point p turns out to be equal to the number in N(p) of 8-
components of pixels with gray-value not less than g(p). We say that p is a simple 
point of G if it is a simple point of Bk, namely if C(p) = 1 in Bk. 

End points and pixels that are not simple points are called feature points. 
A reduction operator is an operator which replaces the gray-value of a pixel by the 

gray-value of one of its neighbors having smaller gray-value. A reduction operator is 
topology preserving in G whenever it is applied only to simple points and lowers to 
max the gray-value of each of them [4, 10]. 

Let X and Xc respectively denote a region of G and its complement, and suppose 
that R is a subset of Xc adjacent to the whole border of X. The Distance Transform of 
X with respect to the reference set R is the multi-valued set DT(X,R), which differs 
from X in having each pixel labelled with its distance from R, computed according a 
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chosen distance function. If R is not adjacent to the whole border of X, the transform 
is called the constrained Distance Transform of X. 

3   Skeletonization 

In this section, we outline a skeletonization algorithm driven by the Distance Trans-
form of the gray-tone image and based on the use of topology preserving reduction 
operations. Moreover, we briefly discuss the preprocessing phase which is often 
crucial to obtain meaningful results. In summary, the main steps leading to the crea-
tion of the skeleton are the following: 

1. Preprocessing; 
2. Distance transformation; 
3. End point detection; 
4. Lowering of simple points present in successively adjacent regions with increas-

ing gray-value; 
5. Postprocessing. 

3.1   Preprocessing 

The scope is to create a image having only a number of significant (i.e., deep enough) 
bottoms and a number of tops not too crenelated. Bottoms and tops of the input im-
age are taken as seeds and, in correspondence with them, we construct multi-level 
(ε,δ)-components [11]. Each component is then identified by the gray-value of the 
corresponding seed. A multi-level (ε,δ)-component is a region where the difference 
in gray-value between two d-neighbors never exceeds the adjacency parameter δ, and 
the maximum difference in the gray-values of its pixels does not exceed the range 
parameter ε. Moreover, any component satisfies a maximal property, i.e., no valid 
component can be merged with an adjacent valid component to form a larger valid 
component. It has been pointed out that the values of ε and δ can conveniently be 
adjusted for different types of images or different levels of analysis. In this paper, we 
refer to input images characterized by 256 gray-levels and relate ε to the greatest 
difference in gray-value ∆ between adjacent d-neighbors. Particularly, we set ε = ∆-1. 
The rationale for this choice is to ensure a distinction between the foreground and the 
background in a binary image. As for δ, we select the value ∆ /2. 

Tops and bottoms are identified and then grown into (ε,δ)-components, which are 
created by iteratively aggregating to each seed the δ-adjacent regions. The output of 
this phase is a modified image G* where the obtained (ε,δ)-components take the place 
of the corresponding regions in the initial image. 

3.2   Distance Transformation 

We regard the gray-tone image G* as the union of a number of single-valued regions, 
and compute the Distance Transform of every region with respect to a reference set 
constituted by the regions with lower gray-values and adjacent to the region.  
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The Distance Transform of the gray-tone image is the union of the (constrained 
and unconstrained) Distance Transforms of the regions constituting the image.  

A region is classified according to three typologies, depending on the gray-values 
of the adjacent regions:  

type 1. All the adjacent regions have smaller gray-values; 
type 2. Only some of the adjacent regions have smaller gray-values; 
type 3. All the adjacent regions have greater gray-value. 

It is straightforward to observe that for the regions of type 1, the Distance Trans-
form is unconstrained since there are no adjacent regions with higher gray-values. 
These regions are characterized by locally higher intensities and will certainly in-
clude a skeleton branch.   

For any region of type 2, the Distance Transform is constrained and its computa-
tion leads to a set of propagating wave fronts (each wave front being a connected set 
of pixels with a same distance label) which interact with each other whenever the 
region protrudes over adjacent regions with smaller gray-value.  

A region of type 2  is perceptually dominated by the adjacent regions with higher 
gray-value, and the strength of this dominance is as greater as less protruding is the 
region itself. Let X and Y denote two regions of F, with g(X)<g(Y), and let LX and LXY 
be the lengths of the border of X and of the part of the border of X adjacent to Y, 
respectively. We say that X is not strongly dominated by Y if (LX-LXY) > 3LXY. Our 
procedure detects significant skeleton subsets only in correspondence with regions 
that are not strongly dominated. 

Finally, for the regions of type 3 the Distance Transform cannot be computed since 
all border pixels are adjacent to regions with higher gray-values and the reference set 
is empty. 

The computation is accomplished on the array where the preprocessed gray-tone 
image is stored, and is performed according to the (3,4)-weighted distance, by or-
dered propagation over regions with ascending gray-values. Queues, i. e., first-in-
first-out data structures, are used to this purpose. The lower border points of the im-
age are traced and stored in a priority queue constituted by a set of queues, which 
have different priority levels. The use of the priority queue allows one both to mini-
mize pixel access and to process efficiently pixels in increasing order of gray-value. 
The priority levels correspond to the increasing gray-values in the image, higher 
priority corresponding to lower gray-value. The queue at priority level gk contains 
only the pixels with gray-value gk currently under examination. As a result, the pixels 
in each region receive a distance label related to their geodesic (3,4)-weighted dis-
tance from a reference set constituted by the pixels with lower gray-values and adja-
cent to the region. If Xk denotes the region(s) with gray-value gk, the distance labels in 
Xk turn out to be smaller (greater) than those in Xk +1 (Xk -1).  

3.3   End Point Detection and Pixel Lowering 

We refer to the Distance Transform of G* and follow the classical scheme which is 
concerned first with the detection of the end points present in every region of the 
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image (they are marked as feature points), and successively, starting from the lower 
border points of every region, with the iterated lowering of more and more internal 
pixels.   

The definition of end point in the Distance Transform is given in terms of distance 
label. Specifically, a pixel p is defined end point if it has only one neighbor or just 
two consecutive neighbors with distance label equal to its own distance label and all 
the remaining neighbors have smaller distance label. Moreover, to cope with the 
discrete nature of the digital plane we mark also two-pixel-thick end point configura-
tions such as the set of p’s in  Fig.1. 

 
c c c c 
c p p c 
c p p c 
c a a c 

Fig. 1. The 4-tuple of p's is a two-pixel-thick end point configuration. Pixels c's have distance-
labels less than p, pixels a's have distance-labels not less than p.  

End point detection is performed on the Distance Transform during one scan of 
the image. 

As for pixel lowering, the same data structure adopted for the computation of the 
Distance Transform is used to access the pixels of each region, according to the in-
creasing value of their distance from the lower border points. For every set of pixels 
with the same distance label, the connectivity test is performed repeatedly until only 
pixels that are end points or not simple points are left.  

When computing the 8-connectivity number on a pixel p, we refer to its binary 
neighborhood where a neighbor is regarded equal to 1 if it is a feature point or has 
distance label not less than the distance label of p, and equal to 0 otherwise. 

The pixels that are simple points are lowered, while the remaining ones are 
marked as feature points. Once a region has been completely examined, the process is 
repeated on the successive regions with greater gray-value, until the image is ex-
hausted. 

At the end of the process, G* will be transformed into an image including a set of 
feature points, which should represent the skeleton of the gray-tone image. Indeed, 
the set of feature points has not always a linear structure, so that it might not be cor-
rect to regard it as the skeleton of G*. An example is shown in Fig. 2, concerning a 
part of magnified biological material scanned at 300 dpi, 256 gray-levels. 

3.4   Tricky Patterns 

The set of feature points we obtain by the previous process is not ensured to be one-
pixel-thick. Indeed, there are patterns in G*, which are inhibited to be lowered be-
cause of the connectivity test, even if their lowering seems to be intuitively easy to 
achieve. 
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a) b) 

Fig. 2. a) input image G*. b) skeleton including a thick subset (superimposed over the input). 

We don’t mention here the simple cases of the type shown in Fig. 3, where the 
presence of pixels that are non simple points in the binary images Bk  (k= 6 and k=7) 
causes a local thickening of the skeleton. These patterns are also common when deal-
ing with non gray-tone images [12], and their reduction to unit thickness is easy to 
obtain by using topology preserving operations in a postprocessing phase (namely, by 
lowering the underlined pixels 7).  

 
1 1 1 1 1 1 1 
1 6 1 7 1 1 1 
1 1 6 7 1 1 1 
1 1 1 6 7 1 1 
1 1 6 1 9 9 1 
1 6 1 1 1 1 1 
1 1 1 1 1 1 1 

Fig. 3. Pixels with gray-value different from 1 are not allowed to change their status. Further 
lowering can be achieved during a postprocessing phase. 

1 1 1 1 1 1 
1 1 6 1 1 1 
1 1 6 1 7 7 
7 7 6 7 7 7 
7 6 6 6 7 7 
7 6 6 6 6 7 
7 7 7 7 7 7 

Fig. 4. Pixels with gray-value 6 cannot be lowered when topology and end points are pre-
served. 

Here we refer to regions, even of considerable size, whose pixels are all detected 
as feature points. This occurs, for instance, for the regions with gray-value 6 in 
Fig. 4. Their pixels cannot be lowered because when the application of the topology 
preserving reduction operator starting from the lower border points reaches the un-
derlined pixels, it turns out that the underlined pixels are either non simple points or 
end points, and all the successive more internal pixels, when checked, are non simple 
points because their connectivity number turns out to be equal to zero. 
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Indeed, the problem arises as soon as an image subset is bordered almost com-
pletely by pixels with higher gray-values, and the subset can communicate with an 
adjacent region with lower gray-value only through non simple points belonging to a 
narrow one-pixel-wide path.  

A variation of the previous pattern may be as in Fig. 5a, where the gray-values of 
the pixels are ordered as follows: a<b<c<d. In Fig. 5b, pixels b are shown as labeled 
with their (3,4)-weighted distance from the region with lower gray-value including 
pixels a.  

 
a a d d d d d d d d 
a a b b b b b b b d 
a a b b b b b b b d 
a a b b b b b b b d 
b b b b b b b b b d 
a a a d c c c c c d 
a a a d c c c c c d 
a a a d c c c c c d 
a a a d d d d d d d 

a) 
          

a a d d d d d d d d 
a a 3 6 9 12 15 18 21 d 
a a 3 6 9 12 15 18 21 d 
a a 3 6 8 11 14 17 20 d 
3 3 3 4 7 10 13 16 19 d 
a a a d c c c c c d 
a a a d c c c c c d 
a a a d c c c c c d 
a a a d d d d d d d 

b) 

Fig. 5. a) Four regions, where the gray-values of the pixels are a<b<c<d. b) The set of c’s 
cannot be lowered, due to the presence of the underlined feature points. 

It is straightforward to see that the underlined pixels are detected as feature points. 
In particular, these pixels result currently internal for all the distance labels starting 
from the underlined pixel labeled 4.  

When the set of c’s has to be processed, it happens that the lower border points 
cannot be lowered because they appear to be internal pixels (i.e., with connectivity 
number equal to 0) due to the presence of the non simple points detected on the set of 
b’s. In turn, if lower border points are not lowered, also the remaining c’s cannot be 
lowered because they are not adjacent to any pixel with lower gray-value. Thus, the 
set of c’s is not modified. 

To deal with the kind of patterns shown above in Figs. 3 and 4, our approach is to 
break the barrier (constituted by one or more non simple points) which prevents low-
ering of the pixels of an irreducible region.  

To this purpose, once a pixel p is found that is detected as non simple point be-
cause it appears to be internal and p has at least one d-neighbor belonging to a region 
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with higher gray-value, we temporarily interrupt the lowering process and check the 
number and position of such d-neighbors. If there is only one d-neighbor or a pair of 
two opposite d-neighbors, we induce lowering of  p and of all its neighbors with the 
same gray-value of p not yet examined, and at the same time we mark as feature 
points the d-neighbors with higher gray-value. Then, the lowering process is re-
sumed. This induced lowering is just a labeling operation which creates the condi-
tions allowing the modification of the irreducible region. Marking of the d-neighbors 
having higher gray-value ensures the connectedness of the set of feature points 
(hence of the skeleton). What has to be paid for the success of this operation is that 
topology may not be preserved. For instance in Fig. 4 the pixels 6 not underlined are 
lowered to 1, so that the binary image B6 has initially the foreground constituted by 
one simply connected component, while after the process that component includes 
also one hole. On the other hand, in the case of Fig. 5 topology is preserved. Any-
way, as far as skeletonization of gray-tone images is concerned, topology preserva-
tion is not a fundamental issue [13]. As for the example mentioned in Fig. 2, the one-
pixel-wide skeleton is shown in Fig. 6. 

 

 

Fig. 6. One-pixel-wide modification of the skeleton shown in Fig. 2. 

3.5   Postprocessing 

Generally, the found gray-skeleton is not everywhere perceptually meaningful since 
it may include a number of branches which either are created in correspondence of 
end points which are not significant, or are found as lines dividing two bottoms at 
least one of which is not significantly deep. In this paper, we don't deal specifically 
with this phase and refer to the recent literature for a discussion regarding suitable 
criteria of significance [13,14]. 

4   Conclusion 

We have described a sequential algorithm for the skeletonization of a gray-tone im-
age. We have regarded the image as constituted by a number of constant gray-value 
regions, and have looked for a set of digital lines that is mainly placed centrally in 
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correspondence with regions with locally higher gray-values. This set has been de-
tected on the Distance Transform of the image, computed according to the (3,4)-
weighted distance by ordered propagation over regions with increasing gray-value. 
An advantage of using the Distance Transform is that it creates a structure in the 
interior of each region, and favors the detection of skeleton subsets in correspondence 
with elongated regions not strongly dominated by other regions. 

Topology preserving reduction operations have been used to lower the gray-value 
of simple points. However, differently from the binary case, where the use of the 
connectivity test is generally sufficient to create a one-pixel-thick skeleton, we need 
to consider also a different operation including a suitable labeling of the neighbor-
hood of the pixel under examination. In this way, we are able to obtain a one-pixel-
thick skeleton in correspondence with some of the tricky subsets of the gray-tone 
image that can be regarded as irreducible.  
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