A Semi-Automatic Surface Reconstruction Framework Based on T-Surfaces and Isosurface
Extraction Methods
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Abstract. In this paper we present a new approach which integrates the T-Surfaces model and isosurface generation methods in a general framework for surface reconstruction in 3D medical images. T-Surfaces is a deformable
model based on a triangulation of the image domain, a discrete surface model and an image threshold. Two types of
isosurface generation methods are considered: the continuation ones and the marching ones. The former is useful
during the reparameterization of T-Surfaces while the later is suitable to initialize the model closer the boundary.
Specifically, in a first stage, the T-Surfaces grid and the threshold are used to define a coarser image resolution.
This field is thresholded to get a 0-1 function which is processed by a marching method to generate polygonal
surfaces whose interior may contain the desired objects. If a polygonal surface involves more than one object, then
the resolution is increased in that region and the marching applied again. Next, we apply T-Surfaces to improved
the result. If the obtained topology remains incorrect, we enable the user to modify the topology by an interactive method based on the T-Surfaces framework. Finally, we demonstrate the utility of diffusion methods for our
approach.

1 Introduction
Parametric Deformable Models, which includes the popular
snake models [7] and deformable surfaces [10], are well
known techniques for boundary extraction and tracking in
2D/3D images.
These models consist basically of an elastic curve (or
surface) which can dynamically conform to object shapes
in response to internal (elastic) forces and external forces
(image and constraint ones).
However, for most of these methods the topology
of the structures of interest must be known in advance
since the mathematical model can not deal with topological changes without adding extra machinery [10].
Recently, McInerney and Terzopoulos [10] proposed
the T-Snakes/T-Surfaces model to add topological capabilities (splits and merges) to a parametric model. The basic idea is to embed a discrete deformable model within
the framework of a simplicial domain decomposition (triangulation) of the image domain. In this framework,
the reparameterization is based on the projection of the
curve/surface over the triangulation and on a Characteristic
Function which distinguishes the grid nodes interior of the
(closed) curve/surface from the other ones. The set of simplices in which the Characteristic Function changes value
(Combinatorial Manifold) gives a simple way to reparameterize the model.

This reparameterization process allows to reconstruct
surfaces with significant protrusions and objects with bifurcations. Furthermore, that process can deal easily with
self-intersections of the surface during the model evolution.
Also, T-Snakes/T-Surfaces depends on some threshold to
define a normal force which is used to drive the model towards the targets [10].
Based on these elements (discrete surface model, simplicial decomposition framework and threshold) we propose in this paper a semi-automatic segmentation approach
for  medical images based on isosurface extraction methods and the T-Surfaces model.
Among the isosurface methods [13], two types are considered in this paper: continuation and marching methods.
Continuation methods propagate the surface from a set
of seed cells. The key idea is to use the spatial coherence of
the isosurface during its extraction [13, 1].
As we have already stressed in previous works [4, 5],
continuation methods are useful during the reparameterization and initialization of T-Surfaces model if some topological and scale restrictions for the targets are supposed.
In this paper we discard these restrictions. We show
that continuation methods remain suitable in the reparameterization process. However, Marching methods should be
used to initialize T-Surfaces closer the boundary. These are
the starting points of this work.

Specifically, in a first stage, we use the T-Surfaces grid
to define a coarser image resolution by sampling the image field over the grid nodes. The obtained low resolution
image field is thresholded to get a binary field, which we
call an Object Characteristic Function. This field will be
searched for the isosurface generation method. The obtained result may be a rough approximation of the target.
However, the surfaces obtained are in general not smooth
and topological defects like holes may happens. Besides,
due to inhomogeneities of the image field some components
of the objects may be splited as well as merged due to the
low image resolution used. We improve the result by using
the T-Surfaces model.
The grid resolution is application dependent. However, an important point of our method is its multiresolution/multigrid nature: having resolved (segmented) the
image in a coarser (grid) resolution we can detect regions
where the grid has to be refined and then apply the method
again only in these regions.
For noisy images, diffusion methods can improve both
the isosurface extraction and the T-Surfaces result. If the
extracted topology remains incorrect, even at the finest resolution, we propose an interactive procedure, based on TSurfaces framework, to force merges/splits. This method is
an extension of that one described in [4].
In the following section, T-Surfaces framework is developed. In section 3 we describe previous works. Sections 4,5 discuss the isosurface generation methods in the
T-Surfaces context. In section 6 we present our method.
The experimental results are shown on section 7. Finally,
we compare our method with related ones (section 8) and
present final conclusions.
2 T-Surfaces
The T-Surfaces approach is composed basically by three
components [10]: (1) a tetrahedral decomposition (CFTriangulation) of the image domain 
 ; (2) a particle model of the deformable surface; (3) a Characteristic
Function  defined on the grid nodes which distinguishes
the interior ( ) from the exterior (  ) of a surface  :
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where +-,.0/
if ,2134 and 5-,6%/
otherwise,
where , is a node of the grid.
Following the classical nomenclature, a vertex of a
tetrahedron is called a node and the collection of nodes and
triangle edges is called the grid 8:9 . A tetrahedron (also
called a simplex) ; is a transverse one if the characteristic
function  in equation (1) changes its value in ; . Analogously, for an edge.
In this framework, the reparameterization of a surface

is done by [10]: (1)Taking the intersections points of the
surface with the grid; (2)Find the set of transverse tetrahedra (Combinatorial Manifold); (3)For each transverse edge
choose an intersection point belonging to it; (4) Connect
these points properly.
In this reparameterization process, the transverse simplices play a central role. Given such a simplex, we choose
in each transverse edge an intersection point to generate the
new surface patch. In general, we will have three or four
transverse edges in each transverse tetrahedron (Figure 4).
The former gives a triangular patch and the later defines two
triangles. So, at the end of the step (4) we have a triangular
mesh. Each triangle is called a triangular element [10].
As an example for 2D, consider the characteristic functions (  and  ) relative to the two contours pictured in
Figure 1. The functions are defined on the vertices of a CFtriangulation of ( the plane.
The vertices marked are those
)
where <>=@?    +/
. Observe that they are enclosed
by a merge of the contours. This merge can be approximated by a curve belonging to the region obtained by tracing the transverse triangles. The same would be true for
more than two contours (and obviously for only one).

Figure 1: Two snakes colliding with the inside grid nodes
and snaxels marked.
2.1 Discrete Model
A T-Surface, can be seen as a discrete form of the classical parametric deformable surfaces [10]. It is defined as a
closed elastic mesh. Each
node is called a node element and
(
each pair of nodes ACB A@BED  is called a model element.
The node elements are linked by springs, whose natural length we set to zero. Hence, a tensile force can be
defined by:
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where K is a scale factor. The model also has a normal force
which can be weight as follows [10]:
P
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where WB is the )normal vector at node T , Q is a scale
factor,
)
and S'TUVWBX/ZY
if [\A4B]_^ and S*TUVWBX/ F otherwise
(^ is a threshold for image  ). This force is used to push the
model towards image edges until it is opposed by external
image forces.

The forces given in (2)-(3) are internal forces. The
external force is defined as a function of the image data,
according to the features we seek. One possibility is:
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The evolution of the surface is governed by the following dynamical system:
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where {.B is an evolution step. During the T-Surfaces evolution some grid nodes become interior to a Surface. Such
nodes are called burnt nodes and its identification is fundamental to update the characteristic function [10]. To deal
with self-intersections of the surface the T-Surface model
incorporates an entropy condition: once a node is burnt
it stays burnt. A termination condition is obtained based
on the number of deformations steps that a simplex has remained a transverse one.
3 Previous Works
The threshold ^ used in the normal force (3) plays an important role in the T-Surfaces model. If it was not chosen
properly, the T-Surfaces can be frozen in a region far from
the target(s) [9, 10].
The choice of ^ is more critical when two objects to
be segmented are too close like in Figure 2. In this figure
the grid nodes marked are the ones whose image intensity
falls bellow the threshold ^ .

Figure 2: T-Snake and grid nodes marked.
For T-Surfaces model separates the objects pictured, it
has to burn the marked grid nodes. However, the normal
force given by expression (3) changes its signal near these
grid nodes. So, the force parameters in expressions (2)-(3)
have to be chosen properly to advance the T-Snake over
these grid nodes. However, parameters choice remains an
open problem in snake models [6].
The grid resolution controls the flexibility of T-Surfaces.
A possibility to address this problem is to use a finer grid
resolution. However, this increases the computational cost
of the method.
To address the trade-off between model flexibility and
the computational cost, we propose in [4] to get a rough ap-

proximation of the target surfaces by isosurfaces generation
methods and then apply T-Surfaces.
Specifically, a Local Scale Property for the targets was
supposed: Given an object  and a point ,Z1 , let N!
be the radius of a hyperball   which contains , ) and lies
entirely inside the object. We assume that N~]
for all
,1 and take the minimum of these radius (say NC Bg ).
Thus, we can use N~ Bg to reduce the resolution of the
image without losing the objects of interest. This idea is
pictured on Figure 3. In this simple example
we have a
)e@&
threshold which identifies the object (^ 
). In the
Figure
3.a
we
have
a
CF
triangulation
whose
grid
resolution
)'&o)'&
is
, and the field thresholded.

(a)
(b)
Figure 3: (a) Original image and Characteristic Function.
(b) Boundary approximation.
Now, we can define a simple function, called a Object
Characteristic Function, similar to function (1):
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where , is a node of the triangulation (grid nodes marked
on Figure 3.a).
We can do a step further, shown in Figure 3.b, where
we present a curve which belongs to the triangles in which
the characteristic function (marked nodes) changes its value.
Observe that this curve approximates the boundary we seek.
These curves (or surfaces for 4 ) can be obtained by isosurface extraction methods and can be used to initialize the
T-Surfaces model. These are the key ideas of our previous
works [4, 5].
If we take a grid resolution coarser then N  Bg , the isosurface method might split the objects. Also, in [4] it is supposed that the object boundaries are closed and connected.
These topological restrictions imply that we do not need to
search inside a generated connected component.
In this paper we discard these scale and topological
constraints. Thus, we should be careful to preserve the target topology. An important point is the method used to generate the piecewise linear approximations (Figure 3.b). This
will be discussed next.
4 Isosurface Extraction Methods
Isosurface extraction is one of the most used techniques
for the visualization of volume data sets. Depending on

the data type (time-varying or stationary) and the data size,
many works have been done to improve the basic methods
in this area [13]. In this paper we consider two kinds of
isosurface generation methods: the marching ones and continuation ones.
In Marching Cubes, each surface-finding phase visits
all cells of the volume, normally by varying coordinate values in a triple ”for” loop [8]. As each cell that intersects the
isosurface is found, the necessary polygon(s) to represent
the portion of the isosurface within the cell is generated.
There is no attempt to trace the surface into neighboring
cells. Space subdivision schemes (like Octree and k-d-tree)
have been used to avoid the computational cost of visiting
cells that the surface do not cut [3, 13].
Once the T-Surfaces grid is a CF one, the Tetra-Cubes
is a natural choice for us [2]. Like in the marching cubes,
its search is linear: each cell of the volume is visited and its
simplices (tetrahedron) are searched to find surfaces patches.
Following marching cubes, its implementation uses auxiliary structures based on the fact that the topology of the
intersections between a plane and a tetrahedron can be reduced to three basic configurations pictured on Figure 4.
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then
if ;  1
drop A from L
 O;y , A7 from #;
else



+; ;
/

#;
/ set of vertices of ; ;
drop A from LO;y , A7 from #;

Differently from Tetra-Cubes, once started the generation of a component, the algorithm runs until it is completed. However, the algorithm needs a set of seed simplices to be able to generate all the components of an isosurface. This is an important point when comparing continuation and marching methods.
If we do not have guesses about seeds, every simplex
should be visited. Thus, the computational complexity of
both methods are the same ( >O¡ where
is the number of simplices). However, if we know in advance that the
target boundary is connected we do not need to search for
components inside it. Thus, the computational cost is reduced if compared with Tetra-Cubes. That is way we use
continuation methods in [4] to get the initial surfaces.
5 Isosurfaces Methods and T-Surfaces

Figure 4: Basic types of intersections between a plane and
a simplex in 3D.
Unlike marching methods, continuation algorithms attempt to trace the surface into neighboring simplices [1].
Thus, given a transverse simplex, the algorithm searches its
neighbors to continue the surface reconstruction. The key
idea is to generate the combinatorial manifold (set of transverse simplices) that holds the isosurface.
The following definition will be useful. Let’s suppose
two simplices ; , ;  , which have a common face and the
vertices, A1r; and AC1r;  both opposite the common
face. The process of obtain A6 from A is called pivoting. Let
us present the basic continuation algorithm [1].
PL Generation Algorithm:
Find
a transverse triangle ;  ;

/
;   ; #;y/ set of vertices of ; ;
&

while  O;y0/ 
for some ;1 &
get ;1
such that L;y0/  ;
. get A+1O;y ;
. obtain ;} from ; by pivoting A into A
if ; is not transverse
.
then drop A from LO;y ;
else

The reparameterization of T-Surfaces gives the link between the above isosurface generation methods and TSurfaces model. To explain this, let us take an Object Characteristic Function defined in section 3.
If we apply tetra-cubes or continuation method to this
field, we get a set of piecewise linear (PL) surfaces that
involve the structures of interest. From the way the PL
£
surfaces are generated, each connected component ¢ so
obtained has the following properties: (1) The intersection
(
£
of two triangles ;  ; 12¢ is empty, a common
; ¤ ;
£
vertex or edge of both triangles; (2) An edge ¥b1 ¢ is com£
£
mon to at most two triangles of ¢ ; (3) ¢ is locally finite,
that is, any compact subset of 0 meets only finitely many
£
cells of ¢ .
A polygonal surface with such property is called a Piecewise Linear Manifold (PL Manifold). From the reparameterization process of section 2, we can see that a T-Surface
is also a PL Manifold. Thus, the isosurface extraction methods can be straightforward used to initialize T-Surfaces with
the Object Characteristic Function as the initial Characteristic Function.
But, what kind of isosurface method should be used?
Based on the discussion of section 4 about tetra-cubes and
PL generation we can conclude that, if we do not have topological and scale restrictions (section 3), marching methods are more appropriated to initialize the T-Surfaces. In
this case, it is not worthwhile to attempt to reconstruct the
surface into neighboring simplices because all simplices
should be visited to find surface patches.

However, for the T-Surfaces reparameterization (steps
(1)-(4) of section 2) the situation is different. Now, each
connected component is evolved at a time. Thus it is interesting a method which generates only the connected component being evolved, that is, the PL Generation algorithm.
But, what about the seed points? Our implementation
of T-Surfaces uses a hash whose elements are specified by
Keys composed by two integers: the first one indicates a
simplex and the second one the connected component that
cuts the simplex. There is one entry for each simplex of the
triangulation. This structure is simple to implement. There
is no additional costs of insertion or removal operations and
the cost of verifying
if a transverse tetrahedron is or not in
)
the hash is >  .
Let us take an intersection point obtained in step (1) of
the reparameterization process. If it belongs to a simplex
that is not on the hash (entry NULL), then it is consulted if
that simplex is a transverse one. If true, the point is stored in
the hash entry and the simplex becomes a new seed to find
another connected component through the PL Generation
Algorithm (section 4). Each simplex so obtained becomes
a new entry on the hash. Following this procedure, when
the queue of projected points is empty we can be sure that
all the transverse simplices are on the hash. Then, the TSurfaces components can be obtained by traversing the hash
only once.

6 Reconstruction Method
The segmentation/surface reconstruction method that we
propose in this paper is based on the following steps: (1)
Extract region based statistics; (2) Coarser image resolution; (3) Define the Object Characteristic Function; (4) PL
manifold extraction by the tetra-cubes; (5) If need, increase
the resolution. Return to step (3). (6) Apply T-Surfaces
model; (7) User interaction if need.
It is important to highlight that T-Surfaces model can
deal naturally with the self-intersections that may happen
during the evolution of the surfaces obtained by step (4).
This is an important advantage of T-Surfaces.
Among the surfaces extracted in step (4), there may
be open surfaces which starts and end in the image frontiers, small surfaces corresponding to artifacts or noise in
the background. The former is discarded by a simple automatic inspection. To discard the later, we need a set of
pre-defined features (volume, surface area, etc), and corresponding lower bounds. For instance, from the grid resolution used we can set the volume lower bound as ¦\N7§M¨ ©4 .
Besides, some polygonal surfaces may contain more
than one object of interest (see Figure 5). Now, we can
use upper bounds for the features. These upper bounds are
application dependent (anatomical elements can be used).
The surfaces whose interior have volumes larger than

the upper bound will be processed in a finer resolution. It is
important to stress that the upper bound(s) is not an essential point for the method. It’s role is only to avoid expending
time computation in regions were the boundaries enclose
only one object. When the grid resolution of T-Surfaces
is increased we just reparameterize the model through the
finer grid and evolve the corresponding T-Surfaces.
For instance, in images like in Figure 5, the outer scale
corresponding to the separation between the objects may be
finer than the scale inside the objects of interest. Hence,
the coarsest resolution could not separate the objects. This
happens for the bottom-left cells on Figure 5.a. To correct
that result we increase the resolution in those regions to account for more details (Figure 5.b). Mathematical morphology operators could be used also [12].
However, for images like in Figure 5, some manual
intervention may be required to split the upper-right cells.
Besides, due to inhomogeneities of the image field (supposed grey level), some objects may be splited in the step
(4). Sometimes, T-Surfaces model can not merge them again.

(a)

(b)

Figure 5: (a) PL manifolds for resolution 
with the highest (image) resolution.




. (b) Result

To correct these problems, the user can manually burn
some grid nodes to force merges or splits. From the entropy
condition, these nodes remain burnt until the end of the process. This functionality can be implemented by selecting
grid nodes with a pointer (mouse, for example), through implicitly defined surfaces (see section 7 bellow), or through
a virtual scalpel.
7 Experimental Results
7.1 User Interaction
Firstly, we will demonstrate the potential of the user interaction procedure to force merges.
@&
In this example,
we have three spheres of intensity
)@&+)e@&+)e@&
placed in a
image volume. The spheres
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proposed method with the
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Every
sphere
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 (pixels).

In this case, the merge is forced through an implicit defined surface placed between the spheres (Figure 6.a). Grid
nodes inside the surface are easily detected by its equation
and then burnt. During the evolution, the ¯ surfaces will
merge and the final result is a connected surface (Figure
6.b).
Other possibility would be to burn manually a set of
grid nodes linking the spheres. The idea in this case would
be that the new set of burnt grid nodes generates a connected combinatorial manifold.
Now, let us demonstrate the manual split. Figure 6.c
shows an example where the steps (1)-(6) where not able to
complete
the segmentation.
The 3D
image is composed by
¬
&

&
ellipsoids
of
radius
 , ¯ and ° and a sphere with radius
&
)4&)4&o)e@&
noise volume.
 , immersed in a
The segmentation can be completed by user interaction based on the following steps: (a) Define a cutting plane;
(b)Set to zero the grid nodes belonging to the triangles that
the plane cuts and that are interior to the T-Surface; (c)Apply
steps (4)-(6) above. The grid nodes set to zero become burnt
nodes. Thus, the entropy condition will prevent intersections of the surfaces generated. Hence, they will not merge
again.

(a)

7.2 Artery Segmentation
This section demonstrates the advantages of applying TSurfaces plus isosurface
methods. Firstly, we segment an
&5
 @¬
¦4°
image volume obtained from
artery from an ¦
the Visible Human project. This in an interesting example
because the intensity pattern inside the artery is not homogeneous.

(a)

(b)

(c)

(d)

(b)
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Figure 7: (a) Result of steps ) (1)-(4) with grid 
).
(c)Solution
for
initial
grid.
(b)T-Surfaces evolution (step
)))
(d)Final solution for grid
.

Figure
shows the result of steps (1)-(4) when using
¬ ( 7.a
¬
¦   to define the object characteristic function
(equation (6)). The topology extracted is too different from
that one of the target. However, when applying T-Surfaces
the situation gets better.
Figures 7.b shows the result after the first step of evolution. The merges among components improve the result.
After ¯ interactions of the T-Surfaces algorithm, the geometry extracted becomes closer to that one of the target (Figure
7.c).
However, the topology remains different. A problem
in this case is that the separation between branches of the
artery is coarser than the inner scale of the object in some
regions. As a consequence, the used grid resolution do not
^

(c)

(d)

Figure 6: (a)Original objects. (b)Merge through the user
interaction method. (c)Partial result. (d)Final solution after
manual cut.
Figure 6.d shows
the final ) result.
The T-Surface
pau ¬
& u 
& u &7)
j /
/

rameters are: K3/ 5° ²
, Q±
and
.
The

)
grid resolution is) ¬ &(*)
,freezing point is set to
and
@¯! in equation (3).
threshold ^_1

1³

allow to complete the segmentation due to the problem discussed on section 3.
The solution is to increase the resolution. In this case,
the correct
result is obtained only with the finest grid res)+#)+L)
olution 
 . Figure 7.d shows the desired result
obtained after ´ interactions. We also observe that new portions of the branches were reconstructed due to the increasing of flexibility given by the new grid to the T-Surfaces.
We should emphasize that an advantage of the multiresolution approach is that at the lower resolution, small background artifacts become less significant relative to the object(s) of interest. Besides, it avoids the computational cost
of using a finer grid resolution to get closer the target (see
section 3).
& u &)
) u®¬4¬¬
The T-Surfaces parameters are j /
, Q«/
;
& u® @&
)
. The total number )'of&)'evolution
is
K/
 . The num&
ber of triangular elements is
¯ for the highest resolution and the clock time of order of  minutes (see section
8).
Sometimes, even the finest resolution may not be
enough to get the correct result. Figure 8.a pictures such an
example. Among the proposal to address this problem (relax the threshold, mathematical morphology [12], etc), we
tested the anisotropic diffusion [11]. This method enables
to blur small discontinuities (improving the surface extraction) as well as to enhance edges (improving the T-Surface
result). Appendix A discuss this technique.
Figure 8.b shows the correct result obtained when preprocessing the image with that method and then apply steps
(1)-(6).

(a)
(b)
Figure 8: (a)Example showing an incorrect result.
(b)Anisotropic diffusion in a pre-processing phase improving final result.

8 Discussion
It is interesting to compare our approach to that one proposed in [9]. In this approach, a set of small spherical
T-Snakes is uniformly distributed over the image. These
curves progressively expand to recover the geometry of interest. The same can be done for 3D.
Our approach can be viewed as an improvement for
that one. Our basic argument is that we should use the

threshold to get seeds closer the objects of interest. Thus,
we avoid expend time evolving surfaces far from the target geometry. Besides, we have observed an improvement
in the performance of the segmentation process if compare
with the traditional initialization of T-Surfaces (a implicit
defined surface inside the object) [10].
We tested the precision for our approach when segmenting a sphere immersed on
an uniform noise specified
& )@&
by the ) image
intensity
range
. We found a¬Cmean
eru
u
¦ (pixels) with standard deviation of ¯´ for a
ror
of
oo
grid resolution.
This error is due to the projection of T-Surfaces as well
as the noise. Following [10], when T-Surfaces stops, we can
discard the grid and evolve the model without it to avoid
errors due to the projections. However, for noisy images
the convergence of deformable models to the boundaries is
poor due to the non-convexity of the image energy.
The Gradient Vector Flow [14] is a method that can
be used to efficiently address this problem for 2D and 3D
images. This method can be defined by the following equation: µ.¶
¶

µ
¶
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where h is a function of the image gradient (for example,
n
&
in equation 4). If is the image intensity and {+/
we get
a version of the anisotropic diffusion equation discussed in
Appendix A.
The field obtained by solving the above equation is a
smoothing version of l>h . When used as an external force
for deformable models it makes the methods less sensitive
to initialization. As the result of steps (1)-(6) is in general
close to the target we could apply this method to push the
model towards the boundary when the grid is turned-off.
This is a further direction of our work.
9 Conclusions
In this paper we generalize our previous works [4, 5]. We
demonstrate that steps (1)-(6) can be applied without scale
and topological restrictions. Besides, we generalize the interactive procedure to change the topology of a surface.
Future directions for this work will be to generalize
the user interaction method by using a scalpel and allowing
the user to drag the scalpel and to apply the vector diffusion
method described on section 8.
10 Appendix A
Let us take the
µ non-linear diffusion equation as follows:
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where  is a gray level image. Following Perona-Malik
[11], we suppose that the edge points are oriented in the
Thus, equation
(7) becomes:
 direction.
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write equation (7)
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in the time variation of the slope:
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At edge points we have e»»Ä/
and '»»'»2
as
these points are local maxima of the image gradient intenµ
µ
sity. Thus, there is a neighborhood of the edge point in
which the derivative
e»VÅ  has sign opposite to ¼  O»V .
&
If ¼64»[]
the slope of the edge point decrease in time.
Otherwise it increases, that means, border becomes sharper.
So, the diffusion scheme given by equation 7 allows to blur
small discontinuities and to intensify the stronger ones. In
this work, we have used ¼ as follows:
ÌÍ
¼/ÇÆÈ
|
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l
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(10)

where the constant Ê can be determined by a histogram of
the gradient magnitude.
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