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Abstract

“The active contour model, or snake, is one of the most successful variational models
in image extraction and segmentation. In this thesis, a novel Charged Snake Model
(CSM), based on clectrosttic theory for object contour extracton i proposed. This

in conventional modes.

po
contour i regarded s a charge, which makes the intial CSM snake close enough t the
objct boundary to allow for fstr convergence. Furhermare, due 1 the iteacion
among all chargs in the snake,the snke model i o sensitve 0 and i ot nflucnced
by the inializaton posiion. As for CSM snake, an improved and associated energy
function, with cmploying additional parameter, s genrated. Under he inflence of
{ntemaland external image dependent forces,th iniial CSM snake deforms towards the
minimum ofthe enrgy fnction whee the abjct boundary i locaed andthe CSM stake
eaches its comvergence, By thisprocess,a complee objct shape, a5 wel s the bject
posiion described by the CSM snake, can be obiained. This shape and posiion

information can then be used n furthe shape analysi.
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Chapter 1 Introduction

The calest and best approach i snakes,
o be deformable splins. The splines are acted upon by image, ntemaland usr-defned
“forces”, thercby deformin to minimize th “encrey” essin thes forces. Snake, or
acive conour, was originaly developed by M. Kass [1] in 1987, The problem of
extracing the image contours s transformed nt the problem of minimizing the energy
by this method. A curve consrained by st of parameters s moved acively toward the

the edge of the is minimal. The global

image contours is used o get aclose curve and any prior knowledge about the image is

herefo r
computer vision and image analysis, such as edge and subjective contours detection,
image segmentation, motion tracking [2].

“The Snake Model is driven by the potential energy generated by processing an image.

the model smooth
can be added so that closed models expand like balloons. Snake models also have been
widely used in trffic management [59], surveillance and robatics [60]. This type of

d edical images [3]



Furth h for processing
the medical image. There are a great amount of uses in computed tomography (CT) and.
magnetic resonance (MR) image analysis, and many medial image analysis applications

110,61, i

i
organ from the surounding issue. However, the traditonal snakes have a lo of
‘wesknesses such a the snakes ar highly sensitve 1o thei inial ontours. Therehy the
inta contours st be close 1o the ral image contous [42], otherwise snakes would
finally deform to an incomeet rsult. Also, another diffculty coming from the tradional
smakes i to converge into the decp concave boundary. Additonally, sow convergence
sped, partal comvergence incidetl o the esut and sensitive to noie are ks the
drawbacks ofth traditional snakes. Aimed at these defets, many improvement methods
Have been presented. In general, esch of these methods is crated by bilding a new

extemal force. These methods include pressure forces [14], distance potenials [9],

e i force, All

of these methods have a large capture range; hence,the nital contours do not need to be

" these
methods: pressure foces can push an active conour g0 through, namely filure t, the
abjct boundary if edges of the objct are wnobvious. Furthermore, weakness of the
filue of converging into a decp concave boundary still exists in these methods. The

GVF [23] snake has obvious weaknesses which include high computational cost, noise




sensiivty, parameter sensitivity, and the ambiguous relationship between the capture.

range and parameters [46].

Aimed at the weaknesss of the tradionsl smake and the defcts of the above
improvement methods, a sk model based o th satic clecric e s preenid. This
snake model possesses a very lage capture range and no diffculy converges ino a decp
concave boundary. n contras o othr snake el bscd on the saic et field, o

snake model

the snake; furthermore, the snake model is casir o converge

0 a deep concave

c 7 1 formulac.

Proposed Snake Model

A

I aforementioneddeformable modes emplay encrgy-based [L13,14], or
‘seomelric-based, minimizaton spproaches (15,16,17] that evolve an il curve under
he influcnce of extermal potenils, whie the curve s being consiained by intemal
cneries Smakes ae usually parsmeteized (using B-splins) and the souton space is

constrained to have a predefined shape [13,18,19]. These methods require an accurate

initalization step since th iniia contour converges ieratively towards th solution of a
partal differential equation.

In our work, a novel snake model, based on charged partcles, i proposed. Each point

i the snake ded as a chs




objects of interest by an electric field [38], whose sources are computed based on the.

gradient magnitude. The clecrc fed plays the same role a the potental fore in the
snake model, while ineml ntrscionsare modeled by repulive elecrostatic forces In
conrat o attractive forces based on the gradicnt-magniude 1], the atracive frees at
only along boundaies of abjcts: the cletic ield exhibis increased captre range
because of its long range atracton and cnhanced robusiness against boundary leakage

Due 1o the combined cflect of the intemal energy of snake, extemal iteractions of

. field, and repelling . the
snake converge without dificulty into deep boundary concavites or intemal boundaries

Our system works on the following process: the location of the object shape can be
estimated. Then, the edge map of the object is obtained from the original image. A
hinning algorithm s then applied to the edges. Finally, the new Charged Snake Model

(CSM ) snake s used for the object boundary-tracing task.

1.2 Organization of this Thesis
“This thesis s organized into six chapters. In Chapier Two, a review on traditional
parametric snakes s presented. In Chapter Three, a new snake design is proposed, which

overcomes some diffculies of traditional snakes. Following this, the entre motion



{racking stages with the new snake are demonsirated in Chapter Four. The experiment on

the new snake is giver

Chapter Five. Finally, a conclusion is drawn in Chapter Six.




Chapter 2 Survey of Act

e Contour Models (Snakes)

In the past more than twenty of years,thre have becn increasin inirests in he
esearch of acive comtour el due o s wide aplications in image processing feld
Various snakes were desgned fo their own applications. Snakes are imvoled in many
compute vision spplication, inclding segmentation (19, edge detestion (1], moton
iracking [21] and shape modelng [22). Fach ske has ts own advanages and
disdvantages. Thes charactrisics make snakes performperfctly in- specific
applctions but not sufficienly in others. The following section of his chapter
investigtes diffrent ypes o snake e desgns and categorizes them based on hei

‘main characterstcs.

2.1 The Background of Snake Models

The snake algorithm was essentilly just the minimization of an encrgy function
which depends on the snake’s position and attributes of the image (typiclly the position
of edges as determined by the magnitude of the image gradicnt). In the original snake.
formulation of Kass et . [1.24], the best snake position was defined as the solution of a
varistional problem requiring the minimization of the sum of intemal and extemal
energies integrated along the length of the snake. Thercafier, many approaches such as

balloon snake [13,14], GVF snakes, SSEF snake, geometric snake and geodesic snake.



[43.84,45],

Rather than the researh being conducted on applications of snakes, another class of
esearh fosused o the reformulation of both the ntrnal forces (35] and image foces
{39) and the represenaton of th conour (40] The main objctive of thi class of
research was to minimize the smount of user inervntion needed o abiain robust

performance [41],

2.1.1 Traditional Snakes
Active contours, snakes, or deformable models, were self deforming dynamic curves
defined within an image space, which can move under the influence of intemal forces
within the curve itself and extemal forces derived from specified image data [1.23). The
intemal and exteral forces were defined so that the snake would move (0 an object
boundary or other desied features within an image.
Deformable models largely fell under two major categorics: parameric deformable

models [1,14) and models [17). models

represented deformable curves and surfaces in ther parametric forms. And the geometric
deformable models represented curves and surfaces impliitly as a level set of @
higher-dimensional scalar function. In this chapter, the parametric deformable models

would be focused on because the proposed model fel into this category. Therefore, the




terms he foll

Sections unless specifed otherwise.

2.2 Parametric Deformable Models
Parametric deformable models consisted basically of an elastc curve (or surface),

which could dynamically conform o object shapes in response 1o internal forces (clstic

functional

more inuiive than th impicit model. s mathematical formulation made it casir 0
intgrate image data, an inital posiion estimated deired. contour properics and
Knowledge-basedconsirints, in single extraction process 5}

Almost all of these snakes difeed in the sccond tem, namely exienal enegy
function n the enegy funcion [1]. Diffrent dsigns for extnal enegy function were
able 10 buikd up thir own sakes with some advantages and disadvantags. I he

i

2.2.1 Multiscale Gaussian Potential Force
Given an image /(x,y), the extemal enrgies designed 1o lead an active contour

toward step edges are:

Jgrad(1(x, ) @n



= fgrad(G, (x.)* () @2

where G, (x,) was a two-dimensional Gaussian function with standard deviation o,
and grad() was the gradint operator + was the convoluton operato. & had o be
slectd 0 have a small value in orderto fllo the boundary accuratly. As a reul, the
Gaussian potential force was only ble to atractthe mode toward the boundary when it
was intalized nearby. To remedy this problem, Terzopoulos, Witkn, and Kass [1.24]
appled Gaussan potenia forces at diffrent sales to broaden s ataction range while:
‘maintaining the model’s boundary localization accuray (A wavelet transformation was
bl 0 be used to obtain a set of muliscale images). AL s, a large vl o was used
o creste a potental energy functon with a broad valley around the boundary. The
coarsescale Gaussian potentisl force atiraced the deformable contour or surface toward
the desired boundares from a long range. When the contour or surfice reached
equiibrium, the value of & was then reduced 1o allow tracking of the boundary at &
finer sale, This scheme effcively extended the atracton range of the Gaussian

potential force. A weakness of this approach, however, is no esablished theorem for

o unrelisble results.

22.2 Pressure Force

Cohen [19] proposed to increase the atraction range by using a pressure force



oge force. The pressure inflae or
deflate the model; hence, it removed the requirement to inialize the model near the
desired object boundaries. Deformable models that used pressure forces were also known
as balloons [13,14]
“The pressure force was defined as
F(X)=o,N(X) @3

where N(X) was the inward unit normal fo the model at the point X and o, was 3
weghting parameter. The sign of @ determincd whethr t inflate or deflte the model
and was typically chosen by users. Recently, egion information has been used o define
&, with a spaial-varying sign based upon whether the model was inside or outside the
desired object [25]. The value of @, determined the sirength of the pressure forc. It
must be carcfully sclected so that the pressure force was slightly smaller than the

Gaussian potential force at edges, but large enough to pass through weak or spurious

edes  the pr ptinflating
until the Gaussian potential force stops it A disadvantage in using pressure forces was

223 Gradient Vector Flow Snake
Xu and Prince suggested [23] that there were two important problems with the snake

work. The problems were Caprure Range problem and Concavity problem, which caused.



that the snske unsble 10 progress o he deep concave, However, the Gradient vecor
fow (GVF) snske proposed by Xu and Prnce was sble t0 olv the two problems. They
cmployed a veetor ifusion cquatio from the classical smoohing constaint n opical
fow (Hom and Schunck (27]),ths the gradient of sn edge map was diffused i rgions
distant rom the boundary; thereby a iffrent force fild (GVF field) was yielded. The
amount of diffsion was adapted according 1 the strngth of edges 0 avoid distrting
abject boundarics

GVF, is an external force defined as ¥(z,)= (u(x, v} {x, v)) which minimized the

energy function

R A R @4
“This varitional formulation folawed  standard principl, that of making the result
smooth when there was no data. Where /(x,) = -E,, (v, ) was an edge map derved
from the image /(x, ), having the propety that it was larger nar the image edge. After
(s, )was computed,the potental force. ~VE.,,in basic energy function was spplied
GV had a large attaction range and improved convergence for deforming contours into
boundary concavites 23},

Although GVF snake had an improvement in those two raised problems, i foct it was
stillnot able o solve the coneavity problem perfctly. Xu and Prince stated that the GVE
snake still had difficulles forcing 2 snake o long, thin boundary concaviies.

Additonslly, the GVF




2.2.4 Simulated Static Electric Field (SSEF) Snake
Based on the electrc field's principl, the SSEF snake model was proposed [12]

therefre, th

extermal energy function was able to be calculated by Coulomb's law via analyzing siatic

electic field. Given an image, the gradient map of the boundary could be regarded as a

charge loop, is i Hence, thi
‘generate a desired ield, which should resultin the tota electric field being generated by
the vector sum of each electrc field. This field was calculated by the equation with

espect 0 the dirvton, 720, I this cquntion, v, was the h gadient

point on this foop, nd - ws the disance from the th charge and ¢ was a constant
with smal value, This cnergy function was regaded as the exeral nergy fnction n
‘minimizing the snake cnergy function of basic acive contou. There were thre sips in
his object tracing process for SSEF snake: Edge Msp Caleulation and Thinnin, Closed
Contour Finding and Boundary Tracing with Snake. The bjective boundary was abl t0
b fnaly biained through the thee stes.

“The SSEF snake was proposed in order o solve the imperfections in the GVF snake.

Ifihe y form the




entrance, the GV snake was notsbl to converge ino the narow concaviy, Howerer,
the SSEF snake was sl able to geneate atractve frce, even a very wesk force was
also able 10 act on the snake, and caused the snake to converge toward the narmow
concavity region. Additionally, the SSEF snake had more strong abilty in resistance to
noie than the GVF snake due to its anrative force at the objective boundary might
counteractthe atraciv force coming from the noises. The SSEF snake was bl 1 sove
mostof disadvantages coming from the GV snake; nevertheess it el could ot solve
the intalization problem, which also exisied in most other snakes. Snakes were

influenced by the initalization position for them. I most parts of the snake had the force

itwas
hard for the snake to come (0 a convergence [12]. The improper initiaization positions

were able o cause snakes to fail.

2.3 Geometric Deformable Models

‘Geometric deformable models were proposed independenly by Caselles and Malladi
etal. [6, 7). These models were based on the theory of curve evolution and geometric
flows, and in these active contour models, the curve was propagating (deforming) by
means ofa velocity. Two terms were contained in the velociy as well,one relaed to the
regularty of the curve and the other shrurnk or expanded it towards the boundary. The

model was given by a geometric flow based on mean curvature motion. Furthermore, the




It allowed automatic changes in the topology when implemented using the level-sets
based numerical algorithm (8], These models were also introduced as a geomeric
altemative to snake/parametric deformable models and they provide a way 10 overcome

the limitations of parametric deformable models.

231 Geometric Active Contour Model
“This model was based on the both of the curve evolution theory and the level set

theory [15]. The two-dimensional evolution curves are regarded as an_ implicit

Ay zer0 level set “The zero level

here the level st function o(xy.)

was defined as a vector distance function of the evolution curves. The curve evolution
based on level set was not o attempt 10 rack the curve position afer evolving, but was to
continuously renew the level set function conforming 1o a rule, thereby achieving the

the implicit Jevel set). A differential quation had

1o be buit 10 descibe the cvoluion of the continous surfce and the 610 level was
auracted by the edge i the image. Theefore, the surface alues had 0 ross the 20
Jevel when the surfuc crosse the cdge of  given objec i the image. The geometic
formulation of snakes was based on Eucldean curve shrinking equaton. (10, 47, 48]

™ Inthe




also was able to process topological changes of curve flexibly. Furthermore, the model

However,this model was satisfactori hard butit i

o work on the images with discontinuous edges such s gaps. In order to solve this
problem, Caselled and G. Sapiro proposed geodesic actve contour model via inroducing

a correction term to geometric acive contour model,

232 Geodesic Active Contour Model

¢ principle,

and reg \ thereby out of the
parameter of dependence. Therefore, the model was considered being an essential
improvement based on traditional active contours. The issue of evaluating minimum
energy was transformed into searching for a geodesic curve in a Riemann space with a
metric derived from the image content. Therefore, in a certain framework, boundary.
detection was able 1o be considered equivalent to finding a curve of minimal weighted
length. The approach for boundary detection employed active contours, based on
geodesic or local minimal distance computations. Furthermore, this geodesic. active
contour was represented as the zero level-set of a 3-dimensional function. The geodesic

curve computation was reduced 10 a geometric flow that was similar o the one obtained




51]. However, his
seodesic flow included 3 new component in the curve velociy, based on image
information, which improved some geometric active contour models. The new veocity
component was able to accurtly track boundaries when the gradints sueed from
Jarge variation. Addiionally, in the geodesic active contour model,th solution 0 the

geodesic Consistency.

of the model was able to cause that the geodesic curve converges 10 the right soution in
the case of ideal objects. Despite the geodesic active contour model made a significant

itwas not

Sufficient for the image fuzzy edge [49]. Moreover, ineficient operation on algorithm

also was & main shortcoming for the model

233 Chan-Vese Model
Active contours without edges, was proposed by Tony Chan and Luminita Vese [52],
herefore, it was also called Chan-Vese model, Differencing from most of active contours.

models, only detecting objects with edges defined by gradients, the model was able to

detect ob gradient. Active contour
without edges was based on curve evolution and a level set formulation of the

Mumford-Shah functional (53], In the level set formulation, a particular case of the

So-called minimal parttion problem, deriving from the energy minimization problem,



became a “mean-curvature flow”, like evolving the active contour, which would stop on

the desired boundary. Moreover, a partiton of the image was given into two regions, the

Chan-Vese model was able 1o deteet dges both with and without gradient, and was.
able 10 automatically detect nterior contours. The initial curve also did not necessarly

had nd

image [52], Furthermore, the model was no sensitive (o noises; therefore, the priori
processing for noise removal was unnccessary. However, this model approaches to

scgmentation suffered from substantial difficultes because of convex. A minimiztion

valued functions, which did As
a resul, the optimal minimization problem is non-convex and may have local minima.

Furthermore, the level set evols

methods were able to sometimes get “stuck” at

undesirable local minima.

24 Conclusion

A general review of important snakes and ther difficulies in image processing have
been given in this chapter. These difficultes should be resolved in order t0 increase the

accuracy in further image processing, such as tracking problems. In the next chapter, a




Chapter 3 Charged Snake

I this chapter, a new snake named the Charged Snake is proposed. This scheme
employs essentially a new external force field. This field s similar (0 an electric field
enerated by statc charges [12], Snake in this field can overcome some diffculies, such

as initialization, boundary concavites and capture range problems, mentioned in the

Firs, introduced.

Next, background on elecric fields n phy . After that, SSEF snake model

s reviewed. Finally,the electric feld caused by the new charged snake i discussed

3.1 Snake Behavior and its Difficulties
3.1.1 Basic Snake Behavior

A traditional parametric snake i represented explicitly us parameterized curves,
which automatically deform over a series of iteations and conform (0 object contours

he i lines the energy

underthe influcnce ofntrnal and exeralfrce,

An active comour model s represenicd by 8 closed parametic curve
)= o) o)« 1) where s represens th normlized ar lengih of a contou.
Ths curve moves though the spatial domain of an image 1o minmize the cnerey




E= [ (€W £ (6D
t

(a6 Ak ) )+ et )

where £, represents the inermal energy of the spline due t steching and bending,
which is partclaly analyzed in the energy fntion (3.1); a(s) and o) are
weghting parameters that conrol the tension and gy of  snake, espetively. The
firstonder derivative € discorages stretching and makes the model behave ke an
castic band by inroducing tension, The sccond-order derivative () discourages
bending by producin siffess, whic resuts n making the model bhave ik  igd rod
(23], The extemal cnegy fnction £, s derved from the image, and is caused by

atiraction of the imag

the features of interest, such as boundaris.
Increasingly, researchers have put a great deal of effort into designing the extemal

energy £, since the internalterm is hard to improve.

ek ) Aek()-E, =0 62)
I this cquation, . s gradient opeator, (s (s)- (s () denotesthe inemnal force
discouraging sircching and bending, and v, denotes the extemal polential force

pulling the snake towards the desired image contour



.2 Difficulties with Snake Behavior

Figure 3.1 shows a line drawing of a filled polygon with a concavity at the t0p. It also.

shows a sequence of curves depicting the iterative progress of a tradiional snake. The

Figue 3.1 Snake Behavior

e design and
In the first. place, th initial contour must be close 1o the true boundary. Second, actve
contours have difficuly processing ito boundary concavities (1}, Thirdly,active contours

are very sensitive 10 noise. Fourthly, the problem of short capture range is also very.

Fifthly, the main from the diffiulty in the

control of the contour evolution. It does not allow the simultancous expansion and

contraction of different parts of te active regions (36],
Many snake models have appeared since the frst one was proposed in the work of

Kass ct al. [1]. Among these snakes, the Gradient vecior flow snake [23] was the most

snake was successfully achieved (12}, which

typical one used in the past. Lat




was the fist time of employing electrostaic theory in the snake model. The two snake.

32 The Electric Field

In physics, the Flectric Field in a certain space is generated by static charges. An

He

in 2D space are considered. At first, it is necessary 10 consider how the ficld may be.

& rge in the space. Figure 3

(Only atractions are considered here) 12}

Figure 32 A Singl Charge and s letric Fild

Based on Coulomb's Law for interacting point charge, in the statc charge analysis,

an clectric ield o a single staic charge i shown [35]:

PRI R 33)
g 7 0 62
'

where L
e,

s a constant, ©  is @ scalar presenting the quantiy of a charge and 7 is

the distance from the charge.



line, a thombus, a double triangle (as shown in Fig.3.4.c) or an iregular shape. These
fields are shown in Figure 3.3 Their original shape images without breakages are shown

in Figure 3.4:

& LineFikd b Rhombas Fekd

© Double Trangle Ficd & mlr Field

Figure 3.3 Elecrc Fields for Diffrent Cases



B X

=

Figure 3.4 Orignal Images

“These complex Eletric Fields can also b

e @4

Certainly,at this time, the directions of E at each point in the space should be considered

Fq. (3.4)

and @

33 Simulated Static Electric Field (SSEF) Snake Model

“The SSEF snake model i fist proposed fo ulizing statc electic eld'sprincple o
achieve the Snake work (1, 12]. Acconding o the SSEF snake model, when an image s
siven, a gradient map for this image s going to be obtined. Based on the gradient map,
then the cach cdge point of the image i regarded g5 @ osiive sign charge whose value
equals ts own pixel vlue, Thereore,  static eectrc fied is gneratd by these charges
while th cecrc ied gencrstes many atractons owards the edges of the imag. 1fan

inital active contour s given by a closed contour finding algorithm and the nital active

sge, then the snake is.

towards and the edges,



by SSEF snake model. However, several main drawbacks sill exist in the SSEF snake

model, such as the initalization problem and difficulty in converging towards decp

is proposed.

3.4 Charged Snake

In our work, a new snake model has been proposed via introducing a new exteral
force employing the repulsive force created among the charges with the same sign in a
certain space. The new snake consists of a set of snake points, each snake point was.
considered as a charge partcle. All charge particles have the same magitude and sign.

CSM)

3.4.1 The Electric Field Created by Snake ltself

New Snake Model, CSM, can also generates an electic field inthe space. In our work,

ly field was considered in both T

consider the snake, igure 3.2 except in
the oppasite direction (Only repulsions are considered because of the charges with the
same sign in the snake).

“The electric he CSM Figure 3




Figure 3.5 the Elecric Fiekd Genrated by Two Same Charges

“The following examples show lots of positve sign charges located at a round or an

imegular shape. Figure 36,

shown in Figure 3.7, respectively.
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Figure 3.6 Electsic Fikds or Diffrent Cases:
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Figue 3.7 Origina Images

These comple Elecrc Fiekds can s be formulted with the same Eq. (1.4). However,
he lectric feds exrt action on these charges simltancouly. Fach of thes charges
experiences e fild force comin from othe charges and these charges necd 1 be
consdered separtely. Therfor, the Elcrc Fild can be formulated by the folloving

Eq. ()
e @3

Here, s the electic feld exerting on the charge q, Q is each charge in the charges
group except charge g sl
In order to make an intensive sudy of the CSM snake's work principl, the

comprehensive electic field, the values of the charges and additional parameters in

342 The Effect Coming from the Comprehensive Electric Fields
“The electric field gencrated by the same sign charges has been presened before

However, our CSM snake generates an electic field itelf as the snake works under



another electric feld generated by other oppsie sign charges. Therefore,the CSM snake.

experiences comprehensive.clectric fields during s deformation towards an object

“The electic field between two different signs is shown in Figure 3.8. The direction of

Figure 3.8 the leic Fekd Generstd by Two Diffren ign Charges
In Figure 39, two examples for arbitrary amount and arbitrary sign charges are

considered while the comprehensive cleciric fields generated by these charges are also

Figure 3.9 the lecric Field Generted by Arbitrary Charges

‘The CSM snake is continuously deformed towards the object boundary along with the

n




hronological sequence and the snake has a great amount of charges iself, which causes

the position of all the charges continuously changes. Therefore, the comprehensive

clectric

chronological sequence. Consequently, our snake model, CSM snake, works under the
situation of continuously changed electric feld, which is obviously different from the

other snake models.

3.43 The Electric Field Acting on the Snake

In our sysem, a snake with N positvely charged paricles ..
consiered. Based on th principe o eecrc fickds i physic,cach charge g, in he
snake moves underthe nfluence of two frses, One foce, ., deivs fromthe eximal
cectrosatic fikd £, generated by the intration of the other charges in he snake
Another force, ,, drives from another extemal clctosatc ild £, geneated by
he fved charges, namely M negatvecharges . Jj = 1... M Fixedcharge ¢, s
placed at cach pixel osition ofthe cdge-map of theinput image with harge magritude
cqual 0 cach g valu (29, The approach ofabaining the edge-map ofan input image
will b presented in Chapter 4. The composiion of two forces exerted on charges in a
ke can b formulated by the fllowing Eq. (.6 nd the composiion of two clecire

=

6



an

E, can be defined as above, furthermore, £, and E, satisfy

Eq. (3.5) and following Eq. (3.8), respectively. Therefore, Eq. (3.7) can be mdified by
following Eq. (3.9):

20 )

G9)

Our snake mdel works under comprehensive static clectric fields, and the letric
filds ar generted basd on th positon ofall positive sign charges and negaive sign
charges i a space. The space s egion influcnced by the all charges. A sake with a
large amount of posiive sign charges is & continuously deformable curve based on
chronoogical sequence tll he curve il the condion of energy minimization and
herfore stops. Consequenly, the comprehensive satic lectric ieds n the space are
continuous variation basd on chronological sequence, which i dierent from previous
ke working under satic clectic felds, while the fieds als influcnce the snake’s
deformation.

I the Figure .11, an cxampl fo the changes of the comprehensive st lecrc

fields with “The electric fields

are continuously changed when the snake is deformed.



Figure .10 Elecirc Fields Chang nake Deforming Forwad the Object

All negative sign charges, namely fixed charges, are regarded as edge point i the



radient map whil all posiive sign charges ar regarded as snae painis in the snke.
Figure 3,10, shows the niial clectrie fields generaed by the intl snake and the
objectve.boundary; Figure 3.10.4 and Figure 3.10. respectively show one of the
intermediate processes fo th clectic ikl change, during the deformation towsrd the

objective boundary. Figure 3.10. shows the final distrbution for the electric felds

Ay the final snaks

3.4.4 Deciding Values for the Charges in the Snake

When an image s given, the edge-map information is able 1o be obisined by
caleulating gradient map of the image. Addiionally, the edge-map is obtined by
applying thin method and all fixed charges are decided based on the thin edge-map
information. I the thin edge map, except the ineresied edge information, all values in
other pixel pasitions equal o zero. Thereore, the fixed charges for the input image are
located at these non-zero pixel positions, and the quantiy of each charge equals 1o
corresponding pixel value of it own pixel position.

Furthermore, it is necessary to consider the most approprate way (o decide values of

the charges in the snake.

towards the contour of the object, but also can be pushed too far away from the contour

hown in figure 311,

towards the margin of the original image when the values of charges are too large.




Therefore, the electri field coming from the fixed charges is not suffcient for attracting

the snake. I the charge

input image and find out the boundary of the object. It s similar to the SSEF snke.

However,
o N\
III /)
)
+ Orgil g Ve of Charges s L Vel of Chres s Sl
Figre 311

I our sysem, each value of the charges i the snake is the same and the vale of cach
charge i designed as g. The value has to be determined 10 ensure the convergence bt
and fstr, Hence, while the snak i intlized, the force beween  fixed charge and a
charge i the soake camnot b smalle than the foce betveen two adjcent charges i he

snake. When the intial snake position is located, all charges position in the snske and

“The value of each 3
and all fixed charges are able to be obtained by thin edge-map of the original image.
Therefore, the smallest force ©, and the largest force 0, between a fixed charge and

charge in the snake can be found by comparison. Afler 0, and 0, are found, the two



distances R, and R, are also able to be obtained. R, denotes the distance from 0, 10

certain charge g when the smallet forceis gencrated by the two charges. R, denotes the

distance from @, to a certain charge g when the largest force is generated by the two

charges as wel.

Table 3.1 shows that different effects for snake deformation come from different

value ranges for charges q i the snake. Consequently, comparing with other value ranges

ofg, e n<Msi"R—"'{.

foa mage s ale 0 b b e bes sl ith CSM ks
bl Comparionsf Charges e Sk
>0 | o<klsfy —{" & <Ms|—{"' o2
ey [picry [Re— e ——
boundary. good best better fault
—

ComeEnee | e fistest sower mesningless
| i | e | e g o | o
Lo SSEF snake snake. CSM snake situation

In figure 3.12, for its object original image in figure 3.11, active contour from an

inital circul

ty moving towards the object boundary with CSM snake is shown. Here,



cach charge g in the inital snake is M:‘H Furthermore, the final resl of object

boundary extraction s stsfactory.

e
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Furthermore, in our work, two additional parameters are brought 1o the cquation for
the extemal force of the snake model.
345 Additional Parameters for Improving Snake Behaviors

I the evolution of Snake model, extemal forces play 4 significanty decisive roe.

Therefore, studying and developing the extema force become a sgnificant aspect in the

“The extemal field of

Gaussian potential force, £5)(x,)

~Jgrad(G, (x,y)* Hx,y)f' . is based on the image

gradient. e into the

ity,and sensitiviy i




GVF Snake Model [23], a new disadvantage, the large computation cost for solving,

partal diffrentiation, s inevitable. The conflct between computational cliiency and

Howeer, SSEF Snake Model is unable to form C-shape concavity convergence. A
new extemal force field (virual clectrical field) can be obiained via adding two.
parameters  and d [28). The new force field can be formulated by the following Eq

@.10)

e0 310

Eq. (3.10) is derived from Eq. (34), In Eq(3.4) the constant factor d is added 10 the
distance parameter r, which therefore creates a smooth effect on the resut of the snake.

lancously 2. Next,

influences coming from the parameters d and h are presented, respectively. Hence, the
ew modified electical field s not a real electrcal field. It s defined as Virtal Electricsl

Field.

3451 Analysis of parameter d

Iyp dis considered
snake, another parameter  should be considered s a constant. Morcover, because the

extemal force field s in diectly proportional {0 the variation of _L_ in Eq. (3.10), the

variation of __1_ is considered instead of the external forces. In the figure 3.13, the
o2




variation of

based on the distant parameter 7 is shown while the value of s

e

‘considered s constant |

- d=0

Figure 3.13 Analysis o Factord when h Equals

The relation between | and r s changed by adjusting the value of the
T

7

parameter d, ) the value of
e

approaches 0. On the other hand, as  increases the value and rate of change of

Grar

decreases. 1 s evidet from e .13 that incrasing the value of df dampens the
curve’s grdient making it change less under the influcnc of 7 and smoother overl
Theefor, the extena forces between the deformable snake and the fxed charges near
he sk are sble to be decrased by incrcasing the alue of parameer . The purpose i

o make the magnitudes of the extemal forces approximate the magnitudes of the other



extemnal forcs between the snake and th fxed chargesfar fom the snake. This avids
Having charges i the sake that ae oy atrcted o, and stuck on,the nearest boundary
or s but ot converged towards desred objctboundary.

A porial boundary of an image objetive and the diffrent partil snake shaps for

the boundary are shown in figure 314,

Figure .

‘The negative sign charges are considered as the objectve boundary and the positive

charges denote points i the snake shape for the boundary. The snake working without

addiionl pa s hatis ot smooth
hown in fgare 3,140, When some poins i thesnake re moved towards th boundary,
he earest snake points 0 the oundry ponts e trctd 1 and sickon the boundary
poits. Furthermore, cach parial snake between two boundarypoins is formed intoalne
under the atractions oming from the two boundary points. Therefore the final snake is

deformed into a rougher shape. However, this problem is solved by introducing the




‘additonal parameter d which let positve snake charges to deviate from their closest

31460

Another signifcant reason 1o itroduce the addiional paramete d i (o hlp the
snake 0 ignore noisc as it s being deformed. Normlly snake points would b lock onto
el positons of noise since the noise would be consdered o be boundary pints. Now
he snake can pass over them because thie influcnce is dampened as  is increased. In
summary incrasing d produces smoother contour snakes with the added effect of

increasing noise tolerance.

3452 Analysis of parameter i

1)

i has allone on the exterl forces acting on a deformable snake. In the figure 3.15, the

varistion of 1 based on the distant parameter r is shown with the value of  set to
ar




Figure 3.15 Anslysi of Power  when d Equals 0

“The three curves in the figure correspond to different values of parameter . If the value

of the parameter s i lager, the value of ___ s smaller a r increases and larger s
war

decreased. The parameter A modulates overall atraction between charges. Decreasing

correspondingly decreases the attractive forces between near pairs of oppositely charged

1 forces between far



(6)AnyzingFsss Acingan s Sig Charg wih CSM Sk ode

Figure 3,16 shows a set of negativ sgn charges amanged in 2 decp concave
C.shaped contour withal positive sign charges forming a line just oiside . Al of
posiv sign chargs are consideed to be the snake. Furthermore, F in figure 3.16(0)
denotes forces coming from ll negative sign chargs, and Fyin figure 3.16(5) denots

each force between a positve sign charge and cach negative sign charge. I figure 3.16.



(0, when the positve sign charges arive at the ntranc of the C-shape contou,each of
he charges experiencesal forees coming from all negative sign charges. However,any
one force between th postve sign chage and a cortan negative sign charge is basd on
the distance between the par of chrges. Morcove, he aiacion between the posiive
Sign charge and ts near negative sign charge is more than any atraction genersting by
hose negative sign charges fir away from the postive sign charge. Therefore i a

entrance of the C-shi

atracted toward the negative sign charge closest 1o entrance, and then says at the
entrance. In other words, such a snake with only positive sign charges has difficultly

entering through the entrance of a C-shape region, thereby faling to converge toward a

H
. As figure 3,16 (b) shows, th firt positiv sign charge on th leftis analyzed. The
charge experiences the forces coming from al negative charges. Also the disiance
beteen the positive charge and the negativ charge a the enrance is much nearer han
ahers, amely o is much argr tha ofer forces The charge thecfore s o o sick

i et h

sl to b it b 351,55, Tl the et s coming o B

negative ke are
extriate iself from near exteral forces and deform towards the far objective boundary

as well. The positive sign charge is able to g0 through the entrance of the C-shape region




OurcsM

s repes when deforming. As fgure 3.16 (c) shows, aiming 10 @ ceriain posiive sign
charge n the sake, , denotes rpulsons coming from other chargesinthe sk while
. denotes atractions coming from objct boundaris, The forse both F,and F, ar i the
deep concavity boundary diretions. The charge s able to move lowards the object
boundary with the snake deforming and finaly amive at the boundary based on the

condition F, + F, 20. Therefore, in CSM snake, epulsions among charges in the snake.

i
Other positive sgn charges i the snake are also able to be similarly analyzed. The

snake therefore s able to converge into the inside region of C shape [28]. Consequently,

shape with  smaler par otk

I our snake model, the virual clctic fied i used to eplce a simulated saic
eecrc fed. Therefore, the two addtonal prametrs can be brought into the new
enegy funcion t0 mprovethe v snake el Our finalencrgy fncton lso can be
improved and formalated by folowing Eg. (3.1 from Ea, (3.9)

@

Furthermore, the given formula could improved so that our snake
can be better implemented towards the desired result of the object contour for an image.

As shown in Eq. (3.11), two additonal parameters are employed in the given formula for




obiaining the virtual electric ield in our CSM snake model. A few examples proving the
effects are shown in figure 3,17, These figures show the effects of using the CSM snake.

with a variation of d s the value of  equals | and with a variation of # a the value of d

equals 2, respectively.
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=]

vt ge

= T







“The effcts of achieving the CSM snake v adjusting the two additional parameters
are presented in Figure 3.17. If the value of d is greater, the result of the snske i
smoother. Simultancously, the contour of the snake can be deformed into the region of a

deep concave C-shape with a smaller value of . However, the values of i and d should

“The experiments using the approach will be presented in the experiment section in
Chapter 5. Also, there are many more experiment results in Appendix A. In the next

chapter how the snake is sed to race the object information will be explained.



Chapter 4 Object Boundary Tracing with CSM Snake

4.1 Introduction

Normally, the CSM.

shape o that the object contour can retum 1o users and provide the necessary information
10 the future works. This processincludes two primary steps and each step s presented in

detail in this chapter

42 Tracing Process
I this thesis, two steps included in this object racing process are Edge Map

Calculation and Thinning, and Boundary Tracing with Snake, respectvely.

421 Edge Map

“The tracing process starts by calculating the Edge Map of the given

e, and the
Edge Map s formed by pixcls where ther are abrupt vaiatons of gray levels. The
variaton is usually computed by th gradient of pixels, Supposing /(x,y) presents an
edge map

Flw,) = rad ) @

where grad() is a gradien perstorand 1(s,) 1 iven image.

Aftr that, a thinning algorithm [20] is used in extracting edge map. By the thinning



Jgorith » 3
from gradient operation is restrained and only significant thin edge is preserved [57).
After the edge map is thinned, the amounts of fixed charges on the edge map can be
significantly reduced; thereby improving computing efficiency grealy when the snake.

deforms towards certain image boundaries 32].

I Solution

4.2.2 Boundary Tracing with CSM Snake—Numeri

s iniial H order to exccute
snake work eficienly, an initial active contour around the object is given by a closed

6).

and closer to the real boundary of object. Although the movement seems to be a quitc
simple visual process, there is essentilly a complex computation supporting the
continuous change

A numerical solution of snake implementation mathemaically demonstrates how the

The snake model i a mapping:
[
s 2(s) = (xls)ols)

1f F(v) is the extemal force, the following equation should be satisfied.

alo ()-pUN(0)-F0)0 =)



where afs) isthe tension parameter and () is the rigidity parameter.

o finda soltion t© Eg. (4.4), +s) s function
of time 1 as well as s, i.e. (s,r). The partial derivative of v with respect to 1 is then set
equal o the lefhand side of Eq (4.4) s fllows:

Do a6 BN E)F) 69

a
The coeflcient 7 is introduced to make the units on the et side consistent with the

i side units on the letside is also the units of force.

When the solution (s,r) stabilizes, the let side is zero. A solution of Eq. (44) is

achieved. Thus, the minimization s solved by placing an initial contour on the image

Assuming thee are N discete points on the snake, thercby  siep = /(N 1) is

obiained. By approximating the derivatives in Eq. (45) with finite differences, and

2 = )= b ), B, 4.9 b

afvr-vira b -v)

YRR LN RN o)
(vt -2 +07)-F7) i -1
ik ), g D). e gtnd, e sp i in s,

and A the step size in time.

Eq.(4:6)can be written in the matrix form:




v -ple) @n

where £=8/ vorand F) are Nx2 maiccs, and A i a0 NxN

i,
Lomom
" Lomoon

where

i pmodN

Generally,

Eq. (4) can then b soved icrivey by matrix. invrsion using the fllowing
equation:
Ve et b - @9
1 is necesary o considr forcs,namely F{y*") in Eq. (45), based on varational

st lectic fieds wile the snske deforms toward the objctive boundary. Fo™



denotes the external forces acting on the snake at the time of -1 times Ar. The forces.

is Nx2 matrices,

P

(L )
"

o
v o)

Pl denne the fve i o the ein i the sk, an e orces come
rom Jcoontinste dieton of he (o dimenion image. Mreove, cach valus I th
i the composion of fres coming rom atracto o eplsion nte coodite
et

18 coniderin e whole roses o  snaks deformtio, e st st eds
cing o the nake ar contnous hangebase o e changel sk shpe llowing
e arder However,eah posive g chage v, 1 the sk i sollyconsiderd at
certainme oin e, Assumin the snak deorns xperincingnes o bed o
i, then the forces exering on the poin v, , namely ] i Ty comiderd
Because & vy shoe trval fime, e fores acting on e pin v, are bl
b comidered being changless Wil pois oy, t0 v, e coniderd beng
mtones during e pin v, chnges fom v 10 v{", mamely wiin cah ver

short interval of time 7. Aflr that, forces acting on points formy, o v,., are alike



obtained during the very short nterval of time Ar, respectively. Therefore, forces acting

on cach sake point with posiive sign charge are able 1o be cmployed in Eg. 48,
Furthermore, i Eq, 43, 1, denotes the identiy matx.

“Thus, a lincar sysem i obtined and a disgonal banded symmeti posiive sysiem
s 10 b solved. The solution is compucd using a LU decomposition (33 of 1, +24
The decomposiion necd be computed oy once if the @ 4 remain consiant though

time (=005 and =005 make snake best performance inthis thess). lerations are

Normally, after some terations the snake stops its movement and is atached o the
object boundary. However, the disadvantage of this numerical solution is its
time-consuming matrix computation, especially the inverse matrix calculation. A more.

effective algorithm should be found in the future.

43 Discussions

In this chapter, an enire tracing process with the snake has been demonsirated. Each
supporting step in the whole process plays an important role. As fo the snake racing,
based on these supporting steps, afer the entire tracking process is inaized, the image.

object shape resuls are inally found out, However, numerical implementation method is

a crucial problem and

for this eason.



Chapter 5 Experiments

5.1 Introduction
In this chapter, comparatve results among GV snake, SSEF snake and our CSM
snake i various images are shown. Comparisons among the three snake models arc

considered in the following aspects: convergence ino the concavity, capture range, noisc

ke
for cach model therefore are presented. ~ Purthermore, several examples experimenting

on complex images are shown.

5.2 Comparisons with GVF and SSEF
5.2.1 Convergence to Boundary Concavity

I the experiment, all of the CSM, the SSEF and the GVF snakes can progress

into the U-shaped object. However, when the opening of the concavity becomes

narrower and narrower,the GV snake faces difficuly converging into the concaviy,

while both the CSM and the SSEF snake can sill enter i. Figure 5.1 shows an

example for narrow concavity, in which the GVF snake fails while both the CSM and

the SSEF snakes succeed.



& Boundary with  maomer vy [pnec——

€ Rent ofGVF Sk & R o SSEF ke

Figure .1 Boundary Concavity Problms

For C-shape concavity, both the GVF and the SSEF snakes fui, however the CSM.

snake succeeds. (See Figure 5.2)



& Boundary with  Ctpe Cooemiy b Resukof M Sk

Figure 5. C-shape Concavty Convergence Problen

5.2.2 Capture Range
Figure 53 shows the streamlines of Figure 5.1, while Figure 54 shows the
seamlines of Figure 5.2, with the CSM snake, the SSEF snake and the GVF snake.

Obuiously, all schemes have a wide capture range because in Figures 5.3 and 5.4 the




Figure 5.3 Comprison by Fieks fo the Narrower Concavity

Js——— . S ofSSEF rem——

Figare 5.4 Comparison b Fiedsforthe C-shape Concavity

523 Noise Sensitivity

Inthe experiment, noise i inroduced. Figure 5. I noised image and

resls from the CSM, the SSEF and the GVF snakes,

GVF snake i very
bolh the SSEF snake and the CSM snake are much less sensitive t0 it The insensiivty of
boththe SSEF snake and the CSM snake s due to forces from the boundary counteractng.

the forces created by cach noise point. Hence, SSEF and CSM snakes will not adhere to



the nois casily.

3

i

gl g vith Noss < Resuofthe CSM Sake

3

B Resl ofthe SSEF Sk,  Restof e GVF ke

EF Snake with GVF

5.2.4 Initialization Position for the Snake

“The snake initilization problem s similar on both the SSEF snake and the GVF.

ake

snake due to employing a force feld as thir external force [12], 1f st parts of the s
have the force pointing in similar directons, the forces on the entire snake achieve an

imbalance; it i hard for this snake to come t0 a convergence [12]. Figure 5.6 shows onc.

of the improper



However,the iniializtion problem can be congueredin the CSM snake because of
he existing extermal fore, epulsion among same sign charges, generated by chages in
he snake sel, Thereore, the problem of convergence toward a parisl object, brought
from thesnake' nlizaton posiion, may be successully ovrcome. Figure . shows
What for the improper niialization posiions CSM snake can successflly achive the

object boundary.




Figure 5.7 Two Imprope Inalizatons in CSM Snake.

525 Convergence Speed
‘The efficiency of the schemes i tesied mainly by taking the iterations in dynamic

The

experimental data shows that the CSM snake takes only 75 iterations to convergence
while the SSEF snake and the GVF snake take 90 and 110, respectively, under the same
condition llustrated in Figure 8. Furthermore, in other cases, the CSM snake s also

faster than bath other snakes.

Figure 5.5 Comparison by Convergence Speed




5.4 CSM Snake in a Complex Image

Al cxample images presented before are simple images with obvious boundary
contours. However, most of real images are complex images with disconncetions on
contours, tiny branches atached (o contours and noise as well [12]. In complex images
( Figure 5.99) . the contour is cracked and atiached with small branches. Noise also
appears in the edge map. Figure 5.9b shows the result o tracing with the SSEF snake.
“The same image is examined by CSM snake and the resul as showing as Figure 59 c
Two more images are examined and both resuls are shown in Figure 5.9. Comparing
between the two snakes, the SSEF snake works well in this image with only a few errors
while the CSM snake works much beter. More complex images are shown in Appendix

A
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Figure 5.9 Experment or CSM Sake

images in Figure 59, .
image. Compring the two contour exiractin results afler performing SSEF snake and
CSM snake respctivey, the invsigation of achieving image segmentation by CSM
ke i able t be evidenced because the extmal forcs acing on pril snake arer
han intrna tenson. The extemal forces are rpulsions among positive charges in the
smake combining the atrctions coming fom scgmented image boundarics, Therefors,
the ke i discomnected and recombined as sogmened snakes, Furthermore, the
egmentod snakes continuously deform towards their own objcctive boundares resul in

achieving image segmentation.



5.5 Discussion

551 Sharp Corner Problem
There is a disadvantage cxsing in the CSM and SSEF snake. That i, the snake

contour canmnot stop a sharp comers when it s traing the object boundary. The reason is

sharp comer h other when the ield foree s
computed. Therefore, the extemal force is oo weak around the comer 10 stop the.
movement of snake. Usually, the snake i somewhat inside the sharp cormer and shown as

asegment of an arc.

552 Extension to 3-Dime

nal (3D) Space
Since clectric field exiss in 3D Space, the snake feld derived from it also can be

extended into 3D space. But at this time, the snake is not a deformable curve but a

deformable surface, Considr the surface o a sphere. Each poin o this surface can be
regarded as a st charge that has s fed over the niire 3D space. The averall feld
causd by al pints must be the desired fickd that could at s an exteral force i the
ik energy function. The nitlizing a sake surface has the same approprse charges

All of the charges hav different sign and value to the charges on the object suface. So.

the deformable surface cerainly will converge to object surfce



‘Conchusions and Future Research

5.6 Summary of Contributions

I this thesis, a novel snake model, CSM, derived from the static clctric fild's
principle in physics, is presenied. I the snake model, a snake is considered to be
cectriferous, namely cach point in the snake s considered as the same charge. Al
charges in the snake are subject o two extemal forces. One force derives from the
extemal clectrostatic field generatd by interacton of the other charges in the snake;
another force derivs from the extemal electrostatic fild generated by the fixed charges
placed at cach pixel positon of the input image with quaniities of electricty equal o the
dge values of the input image. The two extemal forces acting on the snake result in the
snake carrying allits own charges better moving towards the contour of the object. For
instance the fist force,repulsions among chargesin the snake, i able 0 direet the snske
bt to adher 1o the contour of the oject. Furthermre, two additiona parameters are
cmployed inthe specal elecrc field formula, which can cause the snake 1o be atracted
towards and form  deep C-shape concavity consergence via proper adjustment of the two
additional parameers. Simultancously, a seris of processes are performed (0 the snake
model. Morcover, the enire system consists of several consecutive processes, which
include Edge Map Calculation and Thining. and CSM Snake Tracing.

“The snake is an independent technique that has been studicd for decades. The CSM

snake is @ new, independent technique that s not only for object contour extraction but



also be used in other image processing tasks. The CSM snake proposed in ths thesis is

bettr than other snakes proposed befor in image processing since it overcomes some.
difficulties that appeared in the rescarch before. Some comparisons among CSM snake,
SSEF snake and GVF snake were made in this thesis. They show how the CSM snake.

resolves thir problems.

57 Future Research

A conventional computation method is applied in the CSM snake design. This
computation is somewhat time-consuming, which afects the speed of movement from
iniial staus to convergence. A highly effcient method is expected to implement i. The
quicker implementation indicates that the system allows the fser changes between
frames. Also, such an improvement can benefit other effciency sensitive applications of
snakes. Some rescarchers have considered the implementation problem for a long time
and have developed several different algorithms such as the Greedy algorithm [34).

However, has been obtained S0 f, the

snake was tested only by meansofthe conventionalalgoritm.

Furthermore, the quantity of clectricty fo cach point n the inialization snake
ity inflcnces the accuacy fo contour exracton. n our model, it depends on the
smllet charge magritude, with no 1o, offixed charge. This method i betr o make

the snake move forward into the object contour. However, we cannot tell at this time if



his method is the best one. Further rescarch on deciding values for charges in the snake

should be continued.
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Appendix A. Results of Images Tested with the CSM

Snake and Comparisons with Both the SSEF Snake and

a Traditional Snake
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Appendix B. Comparisons of the Convergence Speed
among the GVF, SSEF and CSM Snakes

Tmsge D Tieraions of GVF snike
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Second,

“The summations ofthe iteration show that the CSM snake is sbout 3% fste than SSEF snake
while 20.1% fuster than the GVF Snake. This improvement is crucal in some real-time
applications.
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