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Abstract

The main problem in the orbit determination of the space debris po-
pulation orbiting our planet is identifying which separate sets of data
belong to the same physical object. The observations of a given object
during a passage above an observing station are collectively called a
Too Short Arc (TSA): data from a TSA cannot allow for a complete
determination of an orbit. Therefore we have to solve first the iden-
tification problem, finding two or more TSAs belonging to the same
physical object and an orbit fitting all the observations. This problem
is well known for the determination of orbits of asteroids: we shall show
how to apply the methods developed for preliminary orbit determina-
tion of heliocentric objects to geocentric objects. We shall focus on
the definition of an admissible region for space debris, both in the case
of optical observations and radar observations; then we shall outline a
strategy to perform a full orbit determination.
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1 Introduction

The near-Earth space is filled by more than 300 000 artificial debris particles
with diameter larger than 1 cm [Rossi, 2005a]. This population is similar to
the asteroidal one because its long term evolution is affected by high-velocity
mutual collisions. The space where the debris is placed can be divided into
three main regions: the Low Earth Orbit (LEO), below about 2 000 km, the
Medium Earth Orbit (MEO), between 2000 km and about 36 000 km, and
the Geosynchronous Earth Orbit (GEO) at about 36 000 km of altitude.

The orbits of all the unclassified spacecraft and space debris are collected
by the United States Air Force Space Command (AFSPC) in the Two-
Line Element (TLE) catalog and are updated thanks to the observations
performed by a network of 25 sensors, both radars and optical, called the
Space Surveillance Network (SSN). Radar is mainly used to track objects in
Low and Medium Earth Orbit, while, above several thousand km of altitude,
the radar power is not sufficient to monitor the small space debris and the
SSN uses optical sensors. Tracking and data processing is now automated
and about 80000 observations are processed daily by the SSN. In order to
characterize the GEO environment the European Space Agency (ESA) has
installed a 1 m Schmidt telescope on the Canary Islands with a limiting
detection size of about 15 cm. Note that the space debris is also observed
by astronomers worldwide. See, e.g., [Rossi, 2005a] and [Rossi, 2005b] for
further details on observation for space debris and on population models.

In this paper we shall outline the theoretical concepts that will consti-
tute the basis of an orbit determination program of space debris. The main
problem to be solved to compute the orbits of the observed space debris is
the identification (also called correlation) of two or more set of observational
data. A piece of space debris passing above an observing station and observ-
able for some short time is called a pass (for a geosynchronous satellite, a
pass can be defined by the duration of the observing time during one night).
The observations of a given object during a pass are called a Too Short Arc
(TSA), also called a tracklet or uncorrelated track. Data from a TSA are
believed to belong to the same object because they can be joined by some
smooth curve (in most cases, simply a straight line, or a great circle); as an
example, if the image moves with the fixed stars, the debris produces a trail
of which the two extremes are measured.

The data from one TSA cannot allow for the determination of an or-
bit: e.g., if only two angular observations are available, as in the case of
a trail, there are 4 equations in 6 unknown orbital elements. Thus it is
not possible to solve the orbit determination problem without solving first



the identification problem, finding two or more TSA belonging to the same
physical object and an orbit fitting all the observations (linkage between
two or more TSAs). The above discussion applies to optical observations,
but it is possible to formulate a similar problem for radar data.

This problem has a very dangerous computational complexity, increasing
at least like the square of the number of TSA, thus increasing very sharply
with the size of the observable population, that is with the limiting magni-
tude of the survey. If the problem of identification is not solved the data do
not provide orbits for any object. If the identification problem is solved in an
incomplete way then a significant fraction of the observational data remain
locked in the TSA and have no practical use, apart from an approximate
estimate of the population size.

This problem is well known for the determination of heliocentric or-
bits (e.g. asteroids and comets) and has been studied intensively in re-
cent years because of the development of high—technology wide—field surveys
to discover, among other astronomical objects, most asteroids and comets
down to small sizes. The solution proposed by [Milani et al., 2004] and
[Milani and Knezevi¢, 2005] uses the concept of attributable, a four dimen-
sional quantity defined by two or more observations and synthesizing the
useful information from a TSA. From the attributable we can compute an
admissible region of orbits bound to the solar system, which is a compact
subset of the range, range rate half plane. The admissible region can be
sampled, for example by an optimal triangulation, generating Virtual As-
teroids (VAs), see [Milani and Chesley, 2000], which can be used as alternate
preliminary orbits. The latter can be used to start a recursive procedure of
identification and orbit determination, which has been tested on simulations
of the next generation surveys [Milani et al., 2005b]. The simulations have
shown that the problem can be solved for a number of T'SAs of the order of
1 million collected in each night of survey.

The same technique can be used for space debris. We shall modify the
definition of admissible region taking into account the orbits of the Earth’s
satellites. We shall develop the theory for optical observations (Section 2),
used for debris in high orbits, and for radar observations (Section 3), used
for objects in Low and Medium orbits. In Subsection 2.1 we shall explain
how to obtain a finite number of orbits sampling the admissible region with
an optimal triangulation, while in Subsection 3.1 we shall explain a new
type of sampling useful when the region is an ellipse. In Section 4 we shall
present the strategy to perform a full orbit determination, involving also
the Line Of Variations (LOV) tool. The LOV can be described as a string,
that is a one-dimensional segment of a curved line, in the initial conditions



space. The general idea is that a segment of this line is a kind of spine of the
region, in the orbital elements space, containing the candidate objects. See
[Milani et al., 2005a] for the rigorous definition of LOV and its applications.

The optimization of this procedure needs to be performed by testing on
a large enough data set, but it is clear that the current sets of the scientific
campaigns of debris optical observations are not as big as the ones of the next
generation asteroid surveys (simply because smaller telescopes and cameras
are used). On the other hand the routine tracking and data processing
performed by the SSN to maintain the TLE Catalog is automated and about
80000 observations are processed daily.

A future work will be the development of the software to process real
data.

2 Admissible region from optical observations

In this section we shall define analytically the admissible region for a space
debris object observed by a ground-based optical sensor. The admissible
region replaces the conventional confidence region as defined in the classical
orbit determination procedure. The main requirement is that the geocentric
energy of the object is negative, that is the object is a satellite of the Earth.
Let P be the geocentric position of an orbiting space debris D observed at
a time t. Then

P = Py + Pp, (1)

where Pp is the geocentric position of the observer O and Pp = p}A% is the
vector in the observation direction.

Figure 1: The space debris D is observed by the point O on the surface of the Earth.
The geocenter is denoted by G.

Let
(p,,8) € RY x [—7,7) x (—7/2,7/2) (2)

be the spherical polar coordinates defining the vector Pp.



DEFINITION 1. An optical attributable is a vector
Apt = (, 8,4, 0) € [—m,7) x (—7/2,7/2) x R? | (3)
observed at a time t.

As reference system for the polar coordinates we normally use an equa-
torial one (e.g., J2000), that is « is the right ascension and § the declination;
note that it is possible to change the reference system without modifying
the equations in the paper.

Since the range p and the range rate p are left undetermined by the at-
tributable, following [Milani et al., 2004] we shall derive conditions on (p, p)
under the hypothesis that the object D is a satellite of the Earth. The
quantities used are the following;:

e Geocentric two-body energy per unit mass of the object

) 1, .2
Exp.9) = 5IPI = 757 (4)

where up = Gmg and mg is the Earth mass.

e Lower bound for the space debris distance from the position of the
observer on the Earth

PMIN =21 ~ 12756 km

where rg is the value of the Earth radius. We use this bound because
we are interested in space debris in high orbits; the objects in lower
orbits are usually observed by radar and the admissible region changes
(see Section 3).

e Upper bound for the space debris distance from the position of the
observer on the Earth

pomax =207y ~ 127560 km .

Note that we have set the values of ppry and pprax “a priori” and that
we could vary them during the analysis of real data. The current choice of
pmiIN s driven by the fact that the region between a~ 2000 km and pasrn
shows an extremely low density of objects and is therefore not of interest
for any observation campaign. Now let us write the conditions on (p, p)
explicitly:



(A) C1 ={(p,p) : Eg < 0} (D is a satellite of the Earth) ;

(B) Co ={(p,p) : pmiN < p < pmax} (the distance of the object by the
observer is in the interval (parn, parax) ) -

Another condition should be taken into account, that is, that D belongs
to the Solar System (the heliocentric energy £g of the object should be
negative). However, [Milani et al., 2004] have proved that if the object is
controlled by the Earth (r < rg;, where r is the geocentric distance of the
object and rg; the radius of the sphere of influence of the Earth) then a
non-positive geocentric energy implies a non-positive heliocentric energy!.
By adding the upper bound for the distance py;4x and the Earth radius rg,
we obtain a quantity that is less than rgy, therefore r < rg; and we do not
care about the condition on the heliocentric energy.

DEFINITION 2. Given an attributable Ay, we define as admissible region
for a space debris D the set

C=CinNCy.

Condition (B) bounds only p, therefore the region Co appears as an infinite
stripe in the (p,p) plane. Now we look for a geometrical and analytical
description of the region defined by the condition (A) on the geocentric
energy. The geocentric position of D is given by (1). Using polar coordinates
(2), the geocentric velocity P of D is

P=PFPo+pR+paRy+pdRs,
where Pp is the geocentric velocity of the observer and
~ OR ~ R
Ry = — Rs=— .
7 da * T 9
Explicitly in coordinates

= (cosacosd,sinacosd,sind)

= (—sinacosd,cosacosd,0)

25 s,

= (—cosasind, —sinasind, cosd) .

Note that the vectors ﬁ, ﬁa, ]?55 define an orthogonal basis for R?; this basis
is not orthonormal because ||Rq|| = cosd.

!This assumption is valid only for particular values of the mass, radius and orbital
parameters of the planet on which the observer is located



In order to compute the geocentric energy (4) we use the geocentric position
and velocity in polar coordinates:

IPI> = p*+2p(Po,R)+|Pol,
HPH2 = p2+2p<1'30,f{>+p2 (0’42 00825+52>+
TN N Ly
2p (a (Po, Ra) +(5<P0,R5>> + ||Poll” -

Introducing the notation

wo = ”PQ"2A w3 = O'é‘lUg,a—I-Sws,é
wi = 2(Po,R) wy = |Pol?
wy = &?%cos? S+ 02 ws = 2(Po,R),
where o
W3 .o = 2<PO7-/R\04>
wys = 2(FPo,Rs),
we have
IPIIP = p*+wsp+wo,
Sn2 . .
IPII" = 4"+ wip+wzp®+wsp+ws.

By substituting in eq. (4), condition (A) becomes

. . ) 2
265(p,3) = §* + wip + Tp) — — e <0, (5)
S(p)
where
S(p) = p*+wsp+wo,
T(p) = wap®+wsp+wy .

In order to obtain real solutions for p the discriminant of 2 g (polynomial
of degree 2 in p) must be non-negative:

2pup
4 S(p)

This observation results in the following condition on p:

2uE

VS(p)

> Q(p), (6)



where
Qp) = w2 p® +wsp+7,

with
2

i B

Note that the polynomial Q(p) is non-negative: in fact
Q(p) = _AK(p,p) ’

where Ay, 5 is the discriminant of the 2-degree polynomial representing the
kinetic energy K as a function of p. Since K is non-negative its discriminant
is non-positive and then Q(p) is non-negative.
Condition (6) can be rewritten as an inequality involving a polynomial V' (p)
of degree 6:

Vip) == Q*p)S(p) < 4% (7)
Studying the polynomial V' (p) and its roots, as done by [Milani et al., 2004],
the conclusion is that the region Ci, defined by condition (A), can admit
more than one connected components, but it has at most two. In the case of
orbit determination of heliocentric bodies there are examples of admissible
regions with two components, but to investigate if this happens also for
space debris we need to analyze real or simulated data.

The qualitative structure of the confidence region is shown in the next
figures. Figure 2 shows the case with one connected component: on the left
pmAx is less than the range of the curve £g = 0 corresponding to p = 0,
while on the right it is greater. Figure 3 shows the case with two connected
components: on the left pps4x is less then the minimum range corresponding
to the second connected component of the curve £ = 0, while on the right
it is greater.

In order to exclude orbits of “just-launched” objects, we should add a
third condition on the pericenter ¢ = a (1 — e) (a is the semimajor axis and
e the eccentricity), that is ¢ > rg + h, where h could be the height of the
atmosphere. But to compute analytically the corresponding curve in the
(p, p) plane is extremely complicated. However we have thought that it is
possible to make a restriction on the semimajor axis that corresponds to
fixing a lower bound for the energy, by replacing condition (A) with

(A) C1 = {(p,p) : EP" < Ep < 0} (D is a satellite of the Earth and its
semimajor axis is greater than a fixed quantity).

Figure 4 shows the resulting admissible region (for simplicity we show
only the case with one connected component).
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Figure 2: Admissible region for a space debris D from optical data (one connected
component): Eg = 0 is the curve of zero geocentric energy, parrnv and parax are the lower
and the upper limit for the distance of D from the observer.

[
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Figure 3: Admissible region for space debris D from optical data (two connected com-
ponents): Eg = 0 is the curve of zero geocentric energy, pamin and pyax are the lower
and the upper limit for the distance of D from the observer.

2.1 Sampling of the admissible region with triangulation

Given a very short arc of observations and the corresponding optical at-
tributable, Aoy = (o, 9, &, 5), at some epoch (for example the mean obser-
vation time), a least square solution for the orbital elements, with its normal
and covariance matrix, (see [Milani et al., 2005a] for more details on orbit
determination), is in general not computable.

If we assume that the object is a satellite of the Earth we can limit the
uncertainty to the appropriate admissible region in the (p,p) plane. The
admissible region is a compact subset of the plane in which it is defined:
however, this is still an infinite set, thus there are infinite possible orbits



Figure 4: Admissible region for a space debris D taking into account the condition (A’)
instead of (A).

and we need to find efficient ways to sample them with a finite number of
points obtaining a set of Virtual Debris (VD). They are the equivalent of
VAs in the case of heliocentric orbits: they share the reality of the object in
the sense that the orbit represented by one of them is a good approximation
of the orbit of the real object, but we do not know which one.

This requires to sample the admissible region C with a finite number
of points. The most natural and geometrically significant way to sample a
two dimensional region is a triangulation, with nodes and sides joining them.
Since we know the analytical expression of the boundary of the admissible re-
gion, the Delaunay triangulation, which has a number of optimal properties,
could be a useful choice: in fact there is an efficient algorithm to compute it,
starting from a finite sampling of the boundary [Milani et al., 2004]. Then
the nodes are selected as points (p;, pi), @ = 1, N sampling the admissible
region, with the sides and the triangles providing an additional geometric
structure. In this way we have obtained a discrete set of orbits to use in an
identification process as described in Section 4.

3 Admissible region from radar data

When a radar observation is performed we assume that the quantities mea-
sured are the range, the range rate, and also the position on the celestial
sphere (all with their own uncertainty), expressed by two angular coordi-
nates, such as right ascension o and declination ¢ [Mehrholz et al., 2002].
Then the time derivatives of these angular coordinates, & and ) , are unde-
termined: therefore the concept of attributable must be modified and the
admissible region computed in the (, d) plane.
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DEFINITION 3. A radar attributable is a vector
Arad = (0,6,,4) € [-m,m) x (—m/2,m/2) x BT xR, (8)
observed at a time t.

Since the distance of the object is measured by the radar observation
the definition of admissible region in this case is the following.

DEFINITION 4. Given an attributable A,qq, we define as admissible region
for a space debris D the set
C=0C.

In order to compute analytically the admissible region we have to express
the geocentric energy (and therefore condition (5)) as function of & and 4,
that are the quantities undetermined:

2pE
S(p)

Ounly the coefficients ws (the proper motion) and ws depend on & and 5,
thus expanding the previous expression we have the following polynomial of
the second order in & and ¢

26 = p> +wy p4 wa p? + w3 p +wy —

F((.Jé,(;) = z1 d2 +2212d5+Z2252 +2213d+22235—|—233, (9)
with a 3 x 3 coeflicient matrix

211 212 213
Z =\ 221 Z22 203
231 232 233

where
211 = p?cos?s 213 =231 = P <1:DO, §a> )
zZio=291 = 0 223 =2Z232 = p <P07 R5> )
222 = p° 233 = pPPHwpt+ws— 2‘3‘(’;)

The border of the admissible region in the (&, 5) plane is then given by
F(&,0) =0, (10)
expressed in matricial form by

kZE' =0,

11



where k is the 3-dimensional row vector (¢, d,1).

Equation (10) represents a conic section in the (&, §) plane. Let us examine
the invariants of the polynomial F'(c, 5) to investigate the type of conics.
The linear invariant is the trace of the 2 x 2 matrix of the coefficients of the
second order:

tr Z33 = tr < A1 12 ) =211 + 299 = p2(cos2(5+ 1)>0.
221 222

The quadratic invariant is the determinant of the 2 x 2 matrix of the coef-

ficients of the second order:

det Z33 = det L2 211 299 = p4 cos’8>0.
221 222

The cubic invariant is the determinant of the matrix Z:

211 %12 213

2 2

det Z = det Z91 k922 223 = Z11 %22 233 — 211 R93 — %22 %13
231 *32 233

Since the quadratic invariant det Zss is positive, the equation (10) could
represent either an ellipse (real or complex) or a single point in the (&, 5)
plane. The linear invariant is always positive, thus the equation (10) repre-
sents a single point if and only if det Z = 0, while it represents a real ellipse
if det Z < 0 and a complex ellipse if det Z > 0.
Then the condition to study for a real ellipse is

2 2
211 222 233 — 211 233 — 222 213 < 0

that is equivalent to

2 2
z z
233 < 23 + 13 ’
222 211
or explicitly
2 - E 5 o, (Po,Ra)?
— < (Pp, R 11
p7+ w1 p+ wy 50 (Fo, Bs)” + =5+ (11)

Figure 5 shows a sketch of an admissible region in the plane (d,5): note
that the ellipse has the axes parallel to the lines & = 0 and § = 0 (in fact
the polynomial F' does not contain the term d5).

As observed for optical data we would like to to exclude orbits of “just-
launched” objects or too close objects. Then it is possible to fix a lower

12



Figure 5: Fig. 5. Admissible region for a space debris D from radar data when condition
(11) is satisfied: Eg = 0 is the curve of zero geocentric energy and it is an ellipse.

bound for the energy and the definition of admissible region could be mod-
ified:

C={(&d): EMn < & <0} .
This new condition, if the curve F (o'z,5) = 0 is a real ellipse, defines an
elliptic corona in the (¢, d)-plane as shown in Figure 6. In fact the curve
F(o'z,S) = £ is a concentric ellipse (eventually it could be a point, the
center of the ellipse, or a complex ellipse).

3

WM_ o

Figure 6: Admissible region for a space debris D from radar data when condition (11) is
satisfied and taking into account the observation: £ = 0 is the curve of zero geocentric
energy and it is an ellipse.

3.1 Sampling of the admissible region with a cobweb

As explained in Subsection 2.1, if we have a a very short arc of observations
we can compute the corresponding attributable (radar in this case) at some
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epoch, but we do not have enough information to obtain a least square
solution.

If we assume that the object is a satellite of the Earth we can limit the
uncertainty to the appropriate admissible region in the (&, 5), as illustrated
before. In the case of optical observations we proposed to use the Delaunay
triangulation as sampling of the admissible region. Now, since the region to
sample is an ellipse, we suggest a different kind of sampling. The idea is to
construct a cobweb (as described in [Tommei, 2006]), starting from a grid in
the space of polar elliptic coordinates: this means to cover the admissible
region C with the level curves of the geocentric energy and then, for each
level curve, to select some points, corresponding to some fixed directions
starting from the center of the ellipse. The points obtained are used as
VD in a process of orbit determination. If we need to give a geometrical
structure to these points we can triangulate the admissible region starting
from the cobweb. This is possible simply working in the space of polar
elliptic coordinates where the cobweb is a rectangular grid: we halve the
cells composed by four nodes with a diagonal obtaining two triangles. Then
joining the origin of the grid with the nodes of the first vertical line the
triangulation is completed.

4 Linkage and Identification

When a debris object is observed for a short arc the information contained
in such a data set are not enough to compute a full orbit, that is, a set of six
orbital parameters. In such a case, the orbit determination must begin with
the linkage of two TSAs (identification of two TSAs belonging to the same
object). If we find an orbit it will be of very poor accuracy, so we have to look
for another TSA to attribute to the previous orbit. We shall explain a pro-
cedure of orbit determination just tested on asteroids [Milani et al., 2005b]
and we shall show how to apply it to debris objects. The procedure starts
with a TSA, which can be composed by optical observations or by radar
observations. First of all, the attributables (optical or radar) are computed
by fitting the observations of the available short arcs. Let us suppose to
have two attributables belonging to the same object: the steps leading to
the orbit determination could be the following.

1. The admissible region of the first attributable is computed and sam-
pled by a Delaunay triangulation (optical observations) or by the the
cobweb (radar observations), providing a set of VD objects.
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2. The predictions for the time of the second arc, computed from the VD
of the first, are compared with the second arc attributable.

3. For the VD, such that the attribution penalty (with the second at-
tributable, see [Milani et al., 2005b]) is low, a preliminary orbit is com-
puted. We recall that, given an attributable, the attribution penalty
is defined as a measure of the likelihood that another attributable,
computed from an independently detected TSA, actually belongs to
the same object.

4. The above preliminary orbits are used as first guesses in constrained
differential corrections [Milani et al., 2005a], providing, when there is
convergence, LOV solutions fitting both very short arcs.

In this way the essentially 2-dimensional uncertainty (a thin region sur-
rounding a copy of the admissible region) is reduced to an essentially 1-
dimensional uncertainty (a tubular neighbourhood of the LOV). If a third
attributable is available we can reach a single nominal least squares solution
with covariance, which could be used for additional attributions when more
information is available.

5 Observation of space debris

In the current space debris measurement campaigns there are a number of
examples where the method outlined in this paper can be of help. As men-
tioned earlier, beside the routine tracking performed by the SSN’s, there
are sporadic observational campaigns performed worldwide with the pur-
pose of characterizing mainly the population of small debris objects. These
campaign include optical campaigns, to characterize the environment in the
GEO region for objects down to a few tens of cm (not included in the TLE
Catalog), and radar observations campaigns, to measure the debris fluxes in
the LEO region down to a size of a few mm (see [Schildknecht et al., 2005],
[Barker et al., 2005], [Agapov et al., 2005], [Mehrholz et al., 2002],
[Stansbery et al., 2005]).

The identification problem is apparent in the reports from the ESA 1-
m Telescope observations [Schildknecht et al., 2005]. The information ob-
tained in the surveys made since 1999 are mainly statistical since no attempt
was made to catalog the objects (the same is true for NASA CDT obser-
vations described in [Barker et al., 2005]). This means that some objects
may have been observed multiple times. From a probabilistic analysis, in
[Jehn et al., 2005] it is pointed out that the population of debris, brighter

15



than visual magnitude 18.5, inferred from the ESA 1-m Telescope surveys,
may indeed suffer from multiple observations. This might have lead to the
over-estimation of this particular population by a factor of about 5. An
efficient algorithm for the identification could remove these ambiguities and
allow a much better characterization of the GEO debris environment. Even
more striking are the limitations that occur when objects in high elliptical
orbits (such as the Geostationary Transfer Orbit, GTO) are observed. In
these cases the very short observation arc of a few minutes does not allow
to determine the full orbit and, of course, the usual assumption of a cir-
cular orbits (used for GEO observations) cannot be applied. Therefore, in
order to determine elliptical orbits, long interval of observations with real
time follow-up are necessary. This is a very time consuming scheduling that
limits the number of objects actually determined in the surveys and that
could greatly benefit from an efficient identification algorithm which could
be based on the admissible region technique.

In the last decade a number of LEO debris observation campaigns have
been performed using different radar sensors (e.g., Haystack, FGAN, Gold-
stone, Effelsberg) used in the so-called beam-park mode. In this operating
mode, the radar beam is maintained in a fixed direction with respect to the
Earth and all objects that pass through the beam are registered. From the
echo of the radar signal, the size of the object and some of its orbital param-
eters can be determined. In LEO, the objects cross the radar field-of-view
for a very short period of time. These radars usually works in pulse mode.
A LEO object passes through the radar beam in only 3 or 4 pulses. There-
fore, without follow-up measurements, usually only poor orbital data can
be extracted and, typically, no information on eccentricity can be obtained.
Again, an algorithm such as the one described here might help in optimizing
the results of these radar campaigns.

It is also worth stressing that, although the SSN purpose is mainly to
maintain of the TLE Catalog (and not to perform “blind” surveys look-
ing for new objects), even this task is limited by procedural and observa-
tional constraints, where the identification difficulties play a significant role
[Stansbery et al., 2005].

A final consideration is that, while until now the concept of a SSN was
limited to United States and Russia, in the last years also other countries
started to set up and design their own surveillance systems. In particular,
ESA has financed a study for a European Space Surveillance System (ESSS)
[Donath et al., 2005]. The ESSS, like the US SSN, should include two sub-
systems, one for LEO and another one for GEO observations. The LEO part
should benefit from the experience of the French Space Surveillance System,
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called GRAVES, that is already operational [Michal et al., 2005].

6 Conclusions and future work

This work is a preliminary study on the possibility to realize a procedure of
orbit determination of space debris starting from a data set which may be
large, but still contains few observations per object. The idea is to extract
information from all the available data in order to improve the knowledge
of the space debris population.

We can summarize the conclusions obtained in the following items:

e we have defined and computed analytically the admissible region for
a space debris object observed both by optical and radar sensors;

e we have shown how to generate a finite set of initial condition orbits
to start an orbit determination procedure;

e we have explained a possible strategy to reduce a 2-dimensional un-
certainty to a 1-dimensional uncertainty in order to perform an iden-
tification and thus a full orbit determination.

Since this theoretical study has showed the feasibility of the project, the fu-
ture work will consist in the development of the software suitable to analyze
real data. But it is worth stressing that this next step will require a massive
effort in software writing and data analysis. It is going to be a large software
suite and to be properly tested it will run on a large data set.

We note that the ESA Space Debris telescope (and the NASA ones) are
currently operating since several years and no theory or procedure have yet
been found to efficiently and effectively handle the problem of identification.
The aim of our future work will be to provide a software able to overcome
the present dangerous situation in which nearly all the GEO observations
made worldwide (mainly by ESA and NASA) are currently useful only for
statistical estimates, with large uncertainties, of the High Earth Orbit pop-
ulation.
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