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Abstract the mean crown area and diameter, and so on. This infor-

mation is very useful for the management of resources and

We present a model of a ‘gas of circles’, the ensemble the conservation of forestry areas. The tree crown extrac-
of regions in the image domain consisting of an unknown tion problem is of importance because it can provide this
number of circles with approximately fixed radius and short information at a reasonable price. Field surveys or semi-
range repulsive interactions, and apply it to the extraction automatic extraction of the necessary information from im-

of tree crowns from aerial images. The method uses the re-ages is expensive.

cently introduced ‘higher order active contours’ (HOACS),

which incorporate long-range interactions between contour
points, and thereby include prior geometric information

without using a template shape. This makes them idealcrowns; and a prior energ§, describing the geometry of

when looking for mulgp_le instances of an entity in an im- the regions corresponding to tree crowns. The latter will
age. We study an existing HOAC model for networks, andbe a HOAC energy. HOACs [8, 9] are a new generation

thw V|aastablll'tglcaflculatmn that 3II’C|GS stable to peréur- of active contour models [5]. While classical active con-
ations are possible for constrained parameter sets. Com-y, . ge only boundary length and interior area (and per-

bining _thi_s prior energy with a data term, we _ShOW results haps boundary curvature) as prior knowledge, HOACs al-
on aerial imagery that demonstrate the effectiveness of theloW the incorporation of non-trivial prior knowledge about

method and the need for prior geometric knowledge. The
model has many other potential applications.

Our model for tree crown extraction will consist of two
parts: a likelihood energys; describing the image to be
expected given a particular region corresponding to tree

region geometry, and the relation between region geome-
try and the data, via nonlocal interactions between tuples
of contour points. They are intrinsically Euclidean invari-
ant. They differ from most other methods for incorporating
1. Introduction prior geometric knowledge into active contours [2, 3, 6] in
not being based upon perturbations of a reference region or

The present paper has two purposes. First, to extend thé€gions. In consequence, they can detect multiple instances
range of the recently introduced higher-order active contour ©f n entity at no extra cost, a critical requirement for the
(HOAC) framework for region and image modelling [8] Current application.

by introducing a model for a ‘gas of circles’, the ensem-  The prior energyF, will strongly favour regions con-
ble of regions in the image domain consisting of an un- sjsting of an unknown number of approximate circles of
known number of circles with approximately fixed radius roughly the same radius. To define this energy, we will
and short range repulsive interactions; and second, to applyadapt the existing HOAC models of network-shaped re-
this model to a problem of current interest in remote sensinggions [6, 8]. One of the key properties of these models is
image processing: the extraction of tree crowns. Forestrythe existence of a repulsive force between anti-parallel tan-
services (for example, the French National Forest Inven- gent vectors that prevents the ‘arms’ of the network region
tory (IFN)) are interested in various quantities associated from collapsing to zero width. We exploit this repulsive in-
with forests and plantations, such as the density of treeseraction in order to create stable circles, but in doing so we
*This work was partially supported by EU project IMAVIS (FP5 IHP- wish to prevent the formation of the ‘arms’ that generate

MCHT99), EU project MUSCLE (FP6-507752), PAI Balaton, OTKA - Ne€twork-shaped regions. This requires a stability analysis
046805, and a Janos Bolyai Research Fellowship of HAS. of the energy in order to ensure that circles of a given radius




are stable to small perturbations of their boundaries, andanalyze the prior energljy, and show how it can be used to
that they have low energy. The latter condition means thatmodel a ‘gas of circles’. We want to adjust the parameters
circles are relatively easy to create, given supporting imageof the model so that configurations consisting of collections
data. The conditions place constraints on the parameters obf circles of approximately a certain radiug are stable,
the model. The same prior energy may also be useful inand have low energy. Stability means that if the shape of a
a broad range of other applications:g.the extraction of  circle of radius-q is changed slightly, it will relax back into
craters, missile silos, etc. in remote sensing. the circle. We will thus choose parameters so that a circle
In section 1.1, we recall the nature of HOAC energies. of radiusrq is a minimum ofEy. To do so, we expand the
In section 2, we describe the proposed HOAC model for energy in a Taylor series to second order in perturbations
tree extraction, and present the stability analysis of the geo-around a circle of radius,. We will then adjust the param-
metric term. In section 2.2, we describe a simple data termeters so that the first derivative is zero, which tells us that the
combining intensity and gradient information. In section 3, circle is an energy extremum, and so that the second deriva-

we present extraction results on real aerial images. tive is positive definite, which tells us that the extremum is
a minimum. The parameters can be further adjusted so that
1.1. Higher order energies the energy of the minimizing circle is not too high.

Classical active contour energies are constructed from2,1, Stability analysis
single integrals over the contour, meaning that they can only

incorporate local differential-geometric information about
P v We want to calculaté’y(y) = Egy(vo + ) to second

the contour. In contrast, HOACs include multiple integrals der ins h . icle of radi Si
over the contour. These integrals correspond to Iong-rangeOr €rinoy, Wherey IS a clrcle of radiusy. since we are

interactions between tuples of contour points, and allow the expanding around a circle, it is easiest to use polar coordi-

incorporation of sophisticated prior geometric knowledge. _rllates(r,t_e)l, arr:d toe([:;oosé(é)) :ﬁas thbe pa;a_lfrpeterlzaﬂpn.
Combined with length and area terms, one of the basic angential changess can be undone by a difteomorpnism

forms of Euclidean invariant quadratic HOAC models [8] and hence do not aﬁect the e_nergy._The radial pertl.eratmn
i or can be expanded in a Fourier series on the circle:

— ikrop _
Eg(7) = AL(7) + aA(%) or(p) = Xk:ake k=m/ro,meZ,

)
p / / / /
- = dpdp t(p)-t(p') ®(R(p,p’)), (1.1
2 (v) - p) 2(E(p,p)), (L1) wherea;, < ro. We can then express(y) and A(y) to

where~ is the contour, parameterized py L is the length second order as

of the contour;A is its interior areaR(p,p’) = |R(p,p’)|, 1
- a

whereR(p, p') = v(p) — v(p'); t = # is the tangent vector L(y)=2mrg{ 1+ =+ = >k ag)? (2.1a)

to the contour; an@ is an interaction function that deter- ro 2 &

mines the geometric content of the model. We will take this

A(y) =72 +2 2. 2.1b
function to be (y) = mrg + 7”"000+7TZ|%| (2.1b)

k

liog_ =z 1 _x_ )
() = 2(2 don T 7 sin(m dmin)) 2 < dmin (1.2) Note that stability for finite-y cannot be achieved with these
0 x> dmin terms alone. Setting the linear term to zero gives —rqa.
Substituting in the quadratic term reveals that either very

as in [6, 8], where equation (1.1) was used to model , or very high frequencies are unstable, depending on the
network-shaped regions composed of thin arms that meet aEign of \.

junctions. Via the stability analysis in section 2.1, we will
adjust the parameters of this model so that the low energy
configurations are not networks, but approximate circles of
approximately fixed radius.

The expansion of the quadratic term in equation (1.1) is
of course more complicated, since we have to expari
and®, but invariance with respect to translations around the
circle means that the second-order term is diagonal in the
Fourier basis. The result (details can be found in [4]), after
2. Model for circle detection combination with equations (2.1), is that the prior energy is

given to second-order by

Our model for tree crown extraction is of the form .

E(v,I) = Ei(1,v) + E4(v). The likelihood energy; is _ 1 2
de(scril))ed in gecti)on 23( IZ] the first part of this section, we By(yo +07) = Eo + aoB + 2 zk]ak' (k)



where

2m
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0
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2m ) Figure 1. (a): plot of 3 against « and r from
. ikr
+ k(z““o o dp Faze Op) equation (2.3) (dmin = 4); (b): plot of E, versus
o rfor a =1.0, 3 =0.96, and ry = 4.0.
g (rg / dp F24e“”°p>} . (2.2)
0
The F' are functions ofp andry, and depend o®. For ® ® A I . .
example, [ ] . L o *
. Pl ) N . .
Fio(p, o) = 1o cos(p) (®(Xo) + ro |sin *‘ P(Xo)) ,
2 (a) (b) (c) (d)

where X, = 2rg [sin £|. The other expressions are given

in [4]. In order to achieve an extremum, the linear term Figure 2. Formation of stable circles, (b) and

must be zero. This implies that (d), with 7o = 10 and 20 respectively, from two
A+ ar different initial conditions, (a) and (c).
BN a,10) = —g—— (2.3)
fo dp FlO

which fixes 3 given A, o, andro. We set\ = 1.0 without g, term, while the other terms, first used in an active con-
loss of generality. Giveny, we therefore have only two free  4r context by [1], model the classes ‘inside’ and ‘outside’
parameters (the other i) to adjust to achieve stability, 55 white Gaussian noise around a mean. We note that the
i.e. to makeF; positive for allk. In figure 1(a), we plofj normalization constant for this likelihood can be expressed
versusry anda for dmin = 4. A givenr, defines a slice i, terms of the length and interior area of the contour, and
of the surface, the potentially stable pairsofff), butonly  (he narameters ando. These parameters are learned ini-
those pairs for whiclts; > 0 for all & are actually stable. 51y from examples of each of the classes using maximum
Figure 1(b) shows the plot ok for one such pair. Note |ikelihood, and then fixed. We therefore do not include the
thatit has a minimum aty, so that it is stable againstradial  ,5malization constant explicitly, since it amounts to a sim-

perturbation_sl{ =0). It i.s also stable with re_spect to Per- ple change in the parameteksand o, and we are inter-
turbations withk 7 0. Figure 2 shows experiments Using ested in stability of the posterior in the absence of image-
just the prior energy, starting from various initial conditions, dependent terms. i ando were estimated during gradient
illustrating the formation of circles of the desired radius. descent, it would be important to include the normalization
L. constant explicitly, since it depends on these parameters.
2.2. Data term and energy minimization The energy is minimized by gradient descent starting
from a generic initialization: a rounded rectangle just
Having constructed a suitable prior energl, we must  smaller than the image domain. The functional derivatives
now couple the contour to the data. We use the likelihood of 51| except the quadratic term are standard. The functional

energy derivative of the quadratic term gives rise to a gradient de-
scent force given by
Ei(y) = A / dpn(p) - 91(p) ” A |
. ﬁ'ip:ﬂ/dlep,p' n(p)®(R(p,p')) , (2.4)
2 () = pin)? L (@) — pow)? 57 P) (p.2') - n(p")(R(p,p"))
+f a2 LTS [ g2y B T How)
Qin 2Uin Qout 205ut

wheren is the outward-pointing normal vector, ailRl =
whereQin out are the interior and exterior regions of the con- R/R. To evolve the contour we use the level set frame-
tour, and! is the image. The first term is a standard gradient work [7] extended to the demands of nonlocal forces such
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Figure 3. a and c: aerial images of plantations (

as equation (2.4) [8].
3. Experimental results

Here we present extraction results ®hcm/pixel aerial
images of plantations located in &w® et Loire in France.

© IFN); b and d: corresponding segmentation results
((b): @ =1.0,8=0.96,\ =1.0,r9 = 4.0; (d): a =5.8,8 = 4.6,A = 1.0,79 = 6.0); e: the best result with
8 =0.

ages. Many other applications in remote sensing and other
domains can be envisaged.
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