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Road Extraction from High-resolution Satellite Images Using
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Thisisan extended version of our paper presented in the ComplMAGE2006. A road extraction algorithm will be discussed
through proper mathematical modeling and the applications of the level set methods. Ve define four speed models to first
extract an initial contour, then remove the leakages, eiminate noises and improve the smoothness until it finally reaches the
right position of road edges. The proposed method utilizesthe characteristics of roads in the high-resolution satellite images
and can offer a better and more complete road network. Through using the level set methods, topological changes during
the evolution can be handled in a natural way, and its initialization procedure is smple with no need of priori topology
information. Edge detection and region detection can be accomplished simultaneously. Several numerical experiments are
presented to further demonstrate the correctness of our method.

1. INTRODUCTION the difficulty of obtaining the prior topology information of

Road information contained in the satellite images is vefye '0ads, and its requirement that initial road network must

important for the update of GIS (Geographic Informatione put _in a position near the roads is a great constrain to its
System). Many efficient and effective methods like theson1€XiPility. Moreover, when the road network becomes
introduced in [1] and [2] have been proposed to extract rodt&NPIex, it is difficult to define a proper energy function.
from images with low resolution. While as the development¥nile these mentioned problems could be easily handled

of remote sensing technologies, people nowadays 4PEPUgh using the level set methods.
confronted with more and more high-resolution satellite ' "€ ével setmethod was first introduced by Osher and

images. Processing these images has become the §§W|aﬁ’ to track the interface of a closed curve moving in

research focus. Meanwhile, due to some assumptions mirection normal to itself. This method has many eswéll

by the former extraction methods, such as the roadsashoCharacteristics like the ability of naturally handjin
ological changes through implicit expression of curves

have linear structures and negligible widths, most of the@é) ’ ] ) X
methods are not applicable to the high-resolution imag&&'d Nigh computing efiiciency through using the narrow band
thod or the fast marching method. Therefore, thd leve

Researchers from different fields with distinct application@e : ) :
begin to concern the information retrievals from highS€t Methods have been widely applied in many areas,
resolution satellite images. especially in the image processing during the last tersyear

Compared with the low-resolution images, roads in tHaur paper makes the attempt to apply this method to extract

high-resolution images have certain width and form a muf2ds from the high-resolution satellite images. We also

more complex network. Therefore, extraction process igtice that other effective studies in [9, 10] also successfully

little similar to the procedure of shape detection. Amorfy?P!¥INg the level set methods to extract roads.

the methods introduced in recent years, models using 1€ ExTRACTION PRINCIPLE
shake method and morphological methods are quite popular.
For example, Péteri and RandHinombined snake method2.1 Curve Movement and Contour Extraction

with a multi-resolution analysis to do the extraction. Fufine contour of an object could be delineated by curves.
and Leclert proposed a double snake method to handignnose these curves are the final status after moving away
the extraction; Gruen and liproposed the LSB-Snakefrom their initial positions, then we can extract the dir
method; Zhang C.&f al.®l and Zhu C.Qet al. used the contours through moving the initial curves in a proper way.
morphological methods to perform the extraction. Howevefherefore, defining right speed models and finding a proper
some characteristics of the two methods decrease Higthod for tracking become important for the extraction.
feasibilities of their applications in this field. The mai Unfortunately, classical methods used for tracking
drawback of the morphologic method is that we can hardlyopagation are not convenient when dealing with the
exclude objects with similar intensities as roads’, eMeé@w movement during which the topologies of curves might
they are apparently not connected with roads. Beside usthange. As the discussions in the pervious section, thke lev

structuring elements in the morphological operations mayt methods can handle this challenge in a naturaoay.
break the smoothness of the contour; the snake method f3@§litate the later discussion, we first give aidfr
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introduction to three most used level set methods in tA8 Narrow Band Method

following sections. The standard level set method suffers a draw back of low

22 Sandard Level Set Method computing efficiency, so Chopp proposed the narrow band
) ) method to handle the problem. The main idea of the narrow
Level set method, which was first proposed by Osher agdy, § nethod is to construct a narrow band near thersur

Sethiar’, is a numerical method used to solve thg e and constrain the computations inside it. Once the front
propagation problems like crystal growth and Comb”St'OHToves near the edge of the band, we rebuild a new band

The central idea of the level set method is to represent th continue the computation. Figure 2 gives us a simple

evolving curve as the point sbx(t) | g(x(t),t)= o} ,where example of &h width narrow band of an elliptic curve, in
ois called the level set function, which means to enthed which we could constrain the computations during a certain

curve into a higher dimension space. Thus when J\'}@e period. Although the re-initialization step of the narrow
differentiate the two sides of the level set, we getekel band method is still time-consuming, this method does save

set equation: the computing labor especially when the curve moves in a
large region.
¢ +F|VgEDO,

$(x(t),t)=0. (2 _ B
whereF is the speed of curve. To propagate the levi{nen the speed functidh only depends on position and
surfaces, we initialize the level set function using tyeei 008 NOt change its sign, the positions of curve can be gained
distance function, and the positive (minus) sign is choserP¥ SOIving the Eikonal equation:
the point is outside (inside) the initial curve. The infin FIVT 1 ©)
geometric properties of the front can be calculated through Tt ={(xy)|T(xy)=t,F>0. (4)

the level set function. For example, the normal vector aggl o o (x, y) is the arrival time as the curve crosses the

the curvature can be expressed as: point x, y). One numerical scheme used to solve the equation
N=Vgl|Vg|, x=V-Nn=V-(Vg/|Vg]). 3) is:
Osher and Sethi#hhave discussed that numerical . o . . 1
schemes, which are used to solve the hyperbolic part[fgﬂ’jlx(D”xT‘0)2+ MinG;"T,0f + max0T Oy mirkpT ’6):}?-

differential equations and satisfy the hyperbolic coregen (5)

law, can be borrowed to solve the level set equatioraflt), \whereD- is the backward difference operat® is the

the implicit calculations of the intrinsic geometric prdf@= forward difference operator. Having observed the upwind
of curve could greatly enhance the stabilities of numeric@ifference structure of (5), Adalsteinsson and SetHian
methods. Therefore, level set methods can handle {Rgoduced the fast marching method to improve the
topological changes easily and give the correct solutions thggnputing efficiency. The fast marching method can reduce
satisfy the entropy conditiéii’. We give an example of thethe total operation count ®(N log N) and avoid iterative
evolution process of two curves using the level set meth@gicylations. Therefore, this method has much higher

2.4 Fast Marching Method

in Figure 1. computation efficiency than the fore mentioned numerical
----------------------------------------------- schemes.
T “ --------- 3. EXTRACTIONALGORITHM
S i . “: Y ": In most times, due to the complexity of the background of
v r high-resolution satellite images, the smoothness of road

e contour will inevitably be disturbed by the noises and
~~~~~~~ discontinues caused by cars and shadows. However, the
""""""""""""""""""""""""" continuity, smoothness and connectivity of roads areatiti
Figure 1: Evolving process of two curves for further analysis and applications after the extractio
Therefore, extraction algorithm must guarantee the
elimination of those unexpected disturbance and recover the
original smooth contour as much as possible. Besides, to
better process the road information, we need a method that
can extract both the road contour and the road regian. Th
level set methods offer us a good way to do so. Theatetra
contour curve represents the road edge with its inside
representing the road region. Given the connectivity among
roads, we establish four speed models to handle the edtriev
Figure 2. A narrow band region with width 2h problem. Our method includes three phases: we first extract
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an initial contour of the roads through the fast marchimgsolution satellite images which usually contain huge
method, then remove the leakages caused by the blurred @artount of pixels and cover large range areas.

of images, and finally eliminate the noises and
discontinuities. 3.1.2 Procedire

o We define the speed function as follows:
3.1 Extract an Initial Contour of the Roads

o F(x.y)= 1f |1 &,y)-AveX,y k)<Var K.y K} Syamd
3.1.1 Limitations of the formal speed model 1% e i |1 (Y)— Ave(,Y K] >Var (.Y K ) Sy
This phase is to extract an initial contour of the roadeSin (6)

the roads have certain widths, the extraction processyiSeres is a small positive real number, Axeg, k) and
similar to the shape detection. Mallaet, al."* ' first v, v k) are respectively the average and the variance of
used the level set method to perform the edge detectigfunsity in a disk with radiug = k pixels centered around

in the medical images. They put an initial curve insiqge hoint g y), S isa positive value used for a threshold.
the object and let it move with speeqygg the image pixels as the mesh points and put the initial
Fo(x y) =1/ |V G, *I (x,y))]|) until the computation curves to an area in roads not highly affected by the s1oise

time satisfies the stop criterion. However, using the abdv@! the initial curve move with speéq Stop the calculation
speed modeF,, the curve will reach the edge of images when the values of speed function on the curve points are
the computation time is long enough, which means the edgésqual tce.

of objects are dependent on co_mputapon tme. Con_seo,ue_rg_lx3 Explanation

due to the inhomogeneous distribution of image intensity, _ » )
improper placement of the initial curves might lead to thiNc& we only concern the final position of the evolving
result that while one side of the curve hasn't redctne CUrves, we could combine the speed model with a threshold.
edge of roads, other sides might have massively leaked i#{Bil like the discussions in [17], the value of speed fanct
other objects’ inside. We give an example of th@" & single point should use its local information to better
aforementioned problem in Figure 3. In Figure 3(b), if tHéecrease the possibility of leakage. This requirement is
initial curve was placed near the left side whereribanisity €SPecially important for the satellite images in which
gradient is large enough to block the contour, the edges E4fferent parts have appreciable local characteristics.
be gained through defining proper stop criteria. But if theh ¢ S(x, y,k) = [ (%, y)— Ave(x,y,k)

initial curve is placed like in Figure 3(c), the right bottor N€refore, we can uset* : Var (x, y,k)

side had leaked while the other sides hadn’t reachetgthte_rinormanze the image intensity on a single point (we define

positions. Continued computation will lead to massiM@e value ofSto be zero when the nominator is equal to
leakages. This case must be avoided especially for ghe hizero). The parametérplays a scale effect. Fér= 1, the

e K L criterion will have a similar influence of intensity greui;
F ﬂ i , the increasing df will combine more pixels to determine
e & | { the speed value. Given the possibility of homogeneity of
- B certain areas, thar(x, y, k) might be equal to zero, so we
' n— - i [ revise the judging criterion as the presented in (6). \We ca

'1 ¥ iy — ;. also use the attraction force field introduced by Tabb and
. # :f ﬁ 14 Ahuja*® or statistics methods that can utilize regional
N e N g™ ! information to make better decisions.

D b) The number of initial curves used for the fast marching
method can be one or more. Theoretically, due to the
definition of speed function and the ability of handling
topological changes of the fast marching method, our model

[ assures that as long as the initial curves are placed in the
road regions not too much affected by the noises, tlaé fin

E results will be the same. The requirement that the icitiale

P

should not be put to a noisy position is to assure that the
initial extraction will be correct. We calculate the aggra
intensity of the points on the initial curve and denbi t
value ad, which will be used in the next stage. In the ideal
(c) condition, one initial curve will be enough no matter what
Figure 3: Different results caused by different positions of initial shape it is (for simplicity, a single pixel point is also a
curve: (a) original image; (b) initial curve near theleft ~ Preferred choice). While in practice, we usually use several
edge; (c) initial curve near the right-bottom initial curves and distribute them in different roads, because
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some roads might be so seriously disturbed by noises tbattain influence of weak noise8l. Under the speed model
the evolving curves might not be able to move into thebg the inward and outward movements of different parts
regions under the speéd More initial curves mean higherwill let the curve achieve a steady state after the leakages
possibility of getting a more complete road network. Evarontract to their reasonable positions. We could gain the right
if some roads extracted in this phase are not connedted wontour even the position of initial curve is placed like in
others due to the noises, we can reconnect them throughRigere 3(c). When the curve achieves the steady state, further
later processing. Therefore, the dependency to the inittalculation will not change the status of the contouskbge
positions of the curves is greatly reduced. As the spgmafts will be diminished and most parts of the contour will
functionF, always remain non-negative, we can use the fagiproach to the right edge of roads.
marching method to get the arrival time, which allows us to We can initialize the level set function using thetoar
get a high computing efficiency. curve gained in 3.1 and use the narrow band method to get
the values of the level set function at the timEhe narrow
band method guarantees the right handling of topological
3.2.1 Procedure changes and improves the computing efficiency inghése.

. The state of stability can be achieved quickly because the
In order to get a complete road network, $jg,,, defined Cl%VGS have arrived at the neighborhood of the edges after

3.2 Removethe Leakages of the Contour

in 3.1 should not be too _small. Consequently, thpse qurrt movement of phase 3.1,
parts of road edges, which were caused by the influence o
weather or objects on the roads, cannot block the cont@®i8 Eliminatethe Noises
In most cases, due to the high expenses and real time ) ]
requirement, we cannot expect the lost information Be>1 Curve Movements used in the Extraction
transmitted again. This is a problem that almost eveigter the movements of 3.1 and 3.2, most parts of the curve
extraction algorithm will encounter when dealing witlhave reached the right edge of roads. But the noisésasuc
different kinds of images. For the high-resolution satellitte holes and discontinues, still exist in the contour. Keaton
images, it is the gradual changes of intensity on theddur and BrokisH! once proposed to eliminate noises using the
edge points that causes the leakage. However, we can eap&ed moddf = min(k, 0). While holes and discontinuities
notice that regions enclosed by the leakage parts hav&de the contour do not always have negative curvatures
considerable different image intensity to the road region&r example, the curvature of the breakages causedeby th
In other words, although the gradual changes can decreassswalk is zero. So under this speed, noises sometimes
the intensity gradient among nearby pixels, leading to tbennot be completely removed and the smoothness of the
result that the value of functioB is not large enough to parts with positive curvatures cannot be improved. Besides,
perform the function of blocking the contour, it cannaome parts with large curvatures might move drastically. Th
change the fact that intensity differences among nstatus of the curves might become unstable and hard to
neighbored pixels are considerable. Therefore, we can oeatrol.
the intensity difference to draw the leakage parts back to What we use to handle this problem is based on the fact
the reasonable positions. that although the noises are in the outside of curves, they
are enclosed by the contour. So we can let the curws fir
3.2.2 Procedire move outward and then move inward to eliminate these
Define the speed function as: noises. The entropy condition ensures that once timses
1 ifAve Ky K ) [,—5 J,+0 enter tr_]e inside of the curves during the outwart_j movement,
F, (X, y):{ i () they will not appear when the curves move inward. We
Fo(x,y) if Avex,y.k)ello=6.1,+5] explain this principle in Figure 4. We color the insides of
where F,(x,y) =1/(& [V G, *I (x,y))|) and Ave(x, y, k) curves with black. The initial curves in Figure 4(a) contain
has the same definition in (6). Let the curve move witegperoles and are two distinctive curves with discontinuities
F,. Stop calculating when the curve achieves a steady stabésween them. When the curves move outward, those holes

3.2.3 Explanation

Given the intensities distribution of road region, together
with the requirements about the initial position, we can use

I, as the average intensity of road region find-5, 1 , + 5]

as the range of road intensity. The leakage parts witt
intensities not belonging to the given range should contract @) () ©

to the right positions; while the rest parts should move with . ) ] ) _
the speed to reach the accurate positions of the road edé:équre 4 Ervigli‘r']';gcs:\?gsﬁbg’fcm3£;g;ﬁ?(gﬁg§]f:l(J;)V i‘r\g
Speed modet  is used there because using it could decrease after contraction '
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inside the below curve are covered by the curve, and the irregular parts become smoother after the corresponding
two curves merged into one. The information of holes amibvements. The irregularity of these parts can be greatl
discontinuities between the two curves will be totally loslecreased and some parts with large curvatures will be
after certain movements like we presented in Figure 4(bdmoved.

When the merged curve moves inward, a single curve will

be gained with no discontinues and no holds inside it. P’%)?Z Procedure

the level set methods, this application can be naturalove the contour outward with speed F, 1 —ex until the
realized through the re-initialization procedure of narrotmet,, and then move the expanded curveinward with speed

band method. As level set methods satisfy entropy conditién= 1 —ei until the time 2t .

once the curve are merged into one curve, the informati

before mergence will be lost, and when the curve mov:g’é'3 Explanation

inward, the right solutions will be gained. No structuring element is needed there. Noises can be
On the other hand, to improve the smoothness of ragliminated through the outward movement, and the
contour, we need to recover the original smooth corasursmoothness of the edges will be improved rather than be
much as possible. We first observe the evolving procesgégiurbed. The value afcan be seen as a scale parameter
of two kinds of movements: the curve moving outward withr a penalty parameter. In order to achieve the goal of
speed~, = 1 —ex and moving inward with speég=-1-ex eliminating the noises, improving the smoothness and
in a direction normal to itself, whekds the curvaturegis avoiding the problem of Keaton'’s speed model, we only need
a small positive parameter. We divide the current curee irip guarantee that the selectiorz@fouldn’t change the sign
three categories: the straight parts with curvatur®, the of speed function so that the moving tendency keeps uniform.
convex parts withc > 0 and the concave parts with< 0. The value ot mainly depends on the size of objects in the
From the definition oF,, the concave part will have a largesatellite images and the disturbance of the contour. Small
speed than the other parts and the convex part wit ha value oft, may lead to the movements unable to completely
smaller speed. This speed definition means the osciltigliminate the noises; while large valug ghight lead to a
of the curve will be decreased. A case in point careba swrong result that unconnected roads are connected through
in Figure 5. Therefore, the moving tendency is to let tliee merges of curves and the entropy condition. According
curve become more flat with less oscillation. Similaio our practices, the range from 5 to 15 is a preferableecho
conclusions can be drawn when the curve move inward unééer this phase, curves with dynamic changes will be
the speed modél. In fact, Sethiaff! once proved that oncesmoothed, and the breaks among roads can be reconnected.

F_|._,< 0, the totally oscillation of curve will decrease adVe can get a more complete and smoother curve in this

a
the curve moves on. For the above two speed models, b%th
3.4 Full Procedure

\_/ We give a brief description of our algorithm as follows:
Step 1: Put the initial curves inside the road. Let theesur
move outward under the speed mdéeMWhen all

the speed values on the curve point equal go to
Step 2.

Step 2: Let the curve move with spegedWhen the curve
achieves a steady status, go to Step 3.

Step 3: Move the curve outward with spéedintil the time

Figure 5: Evolving process of the concave part under speed F,. t,, then move the curve inward with spdgdintil
the time 2.
All the variables and their selection rules in the above

procedure can be found in their corresponding sections. The
Step 1 is to get an initial contour; The Step 2 is to eliminate
the noises; The Step 3 is to remove the noises and vpro

_— — the smoothness. The final curves after the Step 3hare t
road contours with their insides representing the roadmeg

—_— T 4. NUMERICAL EXPERIMENTS

We test our model using several Landsat 7 satellite images.
In this section, we give a detailed illustration of theastton
Figure 6. Evolving process of the convex part under speed F, procedure using the two images in [20], and make a contrast

— L —
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with the final results. We also give another example of Figure 11). To better exhibit the results, we color the
Figure 13. road regions white in Figure 10(a), Figure 12(a) and Figure
For Figure 7(a), Figure 8 and Figure 9 give detailell3(d). Final results using the proposed model are
evolving processes of the contour curve moving outwaagpreciably more regular and reasonable than the initial
and inward. For Figure 11(a) and Figure 13(a), Figuoentours. In Figure 10 and Figure 12, we make a contrast
11(b)-(d) and Figure 13(b)-(d) give the brief processesaifour final results with the ones we presented in [AH.
evolving. Through Figure 8 and Figure 9, we can easitgn see that better results can be gained using the new speed
see that as the movement of the curve, noises anddels. After getting the road region, we can tura th
oscillations are gradually eliminated. In Figure 11 anektracted road regions into binary-valued images and
Figure 13, we can see that discontinues caused by noesdsact the linear structure network of roads. We prese
among roads are re-connected through outward and inwHre linear structure network with original images in Figure
movements (For example, the roads located in the left padtusing the skeleton method introduced in [21].

§
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Figure 7: Extraction process: (a) original image (1024 x 743); (b) initial contour; (c) contour without leakages
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Figure 9: Extraction process of contracting
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BEN AN 1 R EI N 5

q\'\ ;é ?Uﬁf = ;fﬁf;)j e

Figure 11: Extraction process: (a) original image (667 x 631); (b) initial contour; (c) contour after eliminating the noises; (d) contour
after the outward movement

()

Figure 12: Contrast between final results: (a) current algorithm; (b) former algorithm
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Figure 13: Extraction process: (a) original image (686 x 536); (b) initial contour; (c) contour after the outward movement; (d) extracted
road region.

Figure 14. Linear structure of road

5. CONCLUSIONAND FUTURE WORK Roads in the high resolution satellite images usually

Through using the level set methods, when the road Hadn acomplex netwprk: Through using Ie\_/el set methods,
branches, the curves split; when the roads are craged Ve can avoid the definition of energy functions anchdb
curves merge. The topological changes are easily handféged @n initial guess of road positions. Therefos,
Leakage parts are removed and the noises inside the culi@lization procedure is simple and has much looser
are eliminated. The smaothness of the contour is greéﬁpnstrlctlons about the initial contour. Several spaedels

improved and the parts with large curvatures diminish&84€ proposed to handle the extraction, remove the leakages,
after the movements eliminate the noises and recover the smoothness of the
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contour, during which we utilize the entropy conditions aridl
high efficiencies of the level set methods. In the final tesul

both the road contour and the road regions can be gained

after the three phases of movements. The numeri&d]

experiments have further demonstrated the correctness of

our proposed methods.

The drawbacks of our methods can be concluded into

two points: First, under certain circumstances, our methid@l

may misjudge the objects that are connected with roads and

have similar intensities with roads’. Once the conteutsr

such regions, the second phases and the third phases cahtot

assure that all the leakages will be removed. The other
drawback is that our method is a semi-automated one, which

means selecting proper parameters sometimes will be a time

consuming thing. Our future work aims to improve the
automation of the method and enhance its genei&d]
applicability to different conditions.

(1]

(2]

(3]

(4]

(5]

(6]

[7]

REFERENCES

Geman, D., Jedynak, B. (1996), An Active Testing Mddel
Tracking Roads in Satellite Imagd&EE Trans. on Pattern
Analysis and Machine Intelligence 18(1): 1-14.

Steger, C. (1998), An Unbiased Detector of Clingar
Structures,|EEE Trans. on Pattern Analysis and Machine
Intelligence 20(2): 113-125.

Péteri, R., Ranchin, T. (2003), Multiresolution Seakfor
Urban Road Extraction from Ikonos and Quickbi8nd
Earsel Annual Symposium Remote Sensing in Transition.
Ghent, Belgium. Rotterdam: Millpress.

Fua, P., Leclerc, Y. G. (1990), Model Driven Edgetection,
Machine Vision and Applications 1(3): 45-56.

Gruen A, Li H. (1997), Semi-Automatic Linear Fea¢ (18]
Extraction by Dynamic Programming and LSB-Snakes,
Photogrammetric Engineering and Remote Sensing. 63 (8):

[14]

[15]

[16]

[17]

985-995. [19]
Zhang, C. S.et al. (1999), Road Network Detection by
Mathematical MorphologyProc. of |SPRS Workshop, Paris, [20]

France, 7-9 April: 185-200.

Zhu C. Q,et al. (2004), Road Extraction from High-resolution
Remotely Sensed Image Based on Morphological
Segmentationicta Geodaetica Et Cartographic Snica, 33(4): [21]
347-351.

Osher, S. J., Sethian J. A. (1988), Fronts Propagavith
Curvature-dependent Speed: Algorithms Based on Hamilton-
Jacobi Formulations]. Comp. Phys 79: 12-49.

Keaton, T., Brokish, J. (2002), A Level Set Methfor the
Extraction of Roads from Multispectral ImagePyoceedings
of the 31st applied imagery pattern recognition workshop.
Washington, D.C., USA, 16-18 October 2002. IEEE Computer
Society 141-147.

Cohen, L. D, Kimmel, R. Global Minimum for Activéontour
Models: A Minimal Path Approachnternational Journal of
Computer Msion, 1997, 24(1): 57-78.

Sethian, J. A. (1996).evel Set Methods and Fast Marching
Methods: Evolving Interfaces in Computational Geometry;,
Fluid Mechanics, Computer Vision and Materials Sciences.
London: Cambridge University Press.

Chopp, D. L. (1993), Computing Minimal Surfacda Level
Set Curvature FlowJour. of Comp. Phys. 106(1):77-91.

Adalsteinsson, D., Sethian, J. A. (1995), A Fhevel Set
Method for Propagating Interfaceks Comp. Phys 118(2): 269-
277.

Malladi, R. et al. (1995), Shape Modeling with Front
Propagation: A Level Set ApproaclEEE Trans. On Pattern
Analysis and Machine Intelligence 17(2): 158-175.

Malladi, R., Sethian, J. A. (1996), Shape Modelind/liedical
Imaging with Marching Methods. University of California
Berkeley: LBNL.

Malladi, R., Sethian, J. A. (1998), A Real-time &ighm for
Medical Shape Recoverproceeding of the International
Conference of Computer Vision. Mumbai, India: 304-310.

Suri, J. S,, Liu, K. C., Singh, St al. (2002), Shape Recovery
Algorithms Using Level Sets in 2-D/3-D Medical Imagefy:
State-of-the-Art Review]EEE Trans. on Information
Technology in Biomedicine 6(1): 8-27.

Tabb, M., Ahuja, N. (1997), Multiscale Image Segation
by Integrated Edge and Region DetectibBEE Trans. on
Image Processing 6(5): 642-655.

Sethian, J. A. (1985), Curvature and the Evolutibiirronts,
Communication of Mathematical Physics 101(4): 487-502.

Ma, Z., et al. (2007), Road Extraction from High-resolution
Satellite Images Using Level Set Methodspceedings of
Compl MAGE2006, Coimbra, Portugal, Taylor & Francis: 261-
266.

Pratt, W. K. (1991)Digital Image Processing. Hoboken: John
Wiley & Sons Inc.



