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Abstract

Space debris simulations show that if current space launches continue
unchanged, spacecraft operations might become difficult in the congested
space environment. It has been suggested that Active Debris Removal (ADR)
might be necessary in order to prevent such a situation.

Selection of objects to be targeted by ADR is considered important be-
cause removal of non-relevant objects will unnecessarily increase the cost
of ADR. One of the factors to be used in this ADR target selection is the
collision probability accumulated by every object.

This paper shows the impact of high-probability conjunctions on the col-
lision probability accumulated by individual objects as well as the probability
of any collision occurring in orbit. Such conjunctions cannot be predicted
far in advance and, consequently, not all the objects that will be involved
in such dangerous conjunctions can be removed through ADR. Therefore,
a debris remediation method that would address such events at short notice,
and thus help prevent likely collisions, is suggested.

Keywords: active debris removal, target selection, just-in-time collision
avoidance, collision probability, conjunction detection, orbital debris

Email addresses: al11g09@soton.ac.uk (Aleksander A. Lidtke),
H.G.Lewis@soton.ac.uk roberto.armellin@soton.ac.uk (Hugh G. Lewis and
Roberto Armellin)

'PhD student, Astronautics Research Group, University of Southampton, UK
2Lecturer, Astronautics Research Group, University of Southampton, UK

Preprint submitted to Advances in Space Research July 29, 2015



1. Introduction

It is a common belief that removing uncontrolled objects from Earth orbit
is necessary to halt the increase of the debris population, most of which
are expected to be fragments resulting from collisions (Liou, 2011).. This
phenomenon was indeed predicted in the 1970s (Kessler & Cour-Palais, 1978)
but more attention has been paid to it recently as the self-exciting effect of
collisions generating more debris and thus more collisions has been stipulated
to be inevitable even if no future launches take place (Liou& Johnson, 2008).
This has sparked world-wide interest in the development ‘of technologies to
stop this potential collision cascade.

At the time being it is difficult to assert whether such an “avalanche” of
collisions will take place at all - the forecasts of the number of objects in
orbit 200 years from now performed using the current debris environment
models vary by as much as an order of magnitude (White & Lewis, 2014).
However, there are other incentives to avoid collisions in orbit and to increase
the sustainability of spaceflight, for example reducing the number of colli-
sion avoidance manoeuvres performed by the active satellites. This would
effectively extend spacecraft lifetimes as they would have more propellant to
conduct orbit maintenance.

It is argued by many authors that measures should be taken to address
the potential growth of the number of debris objects in orbit (Liou, 2006,
2011; Pas et al., 2014; McKnight et al., 2012; Furuta et al., 2014). Several
conceptually different approaches have been suggested over the years, rang-
ing from reducing the number of debris added to the environment in the
form of entire spacecraft or parts of thereof (mitigation) (Liou, 2006), active
removal of derelict objects (Liou, 2011), or prevention of collisions between
uncontrolled objects via just in time collision avoidance (JCA) (McKnight et
al., 2012).

Two out of three mentioned approaches aimed at improving the sustain-
ability of space activities require selection of objects that are to be targeted.
Active Debris Removal (ADR) appears to be the most popular strategy (Liou,
2011; Pas et al., 2014; Furuta et al., 2014; McKnight et al., 2014) and it re-
quires targets to be selected if not all the objects can be removed, e.g. due
to financial or political constraints.

ADR is so popular because it ensures that mass is removed from orbit



thus lowering the potential for future collisions. Due to the novelty of the
technologies required to perform such removal missions and complexity of
the necessary space systems, the cost of every such undertaking is expected
to be high. Thus, reducing the number of removal missions by selecting the
targets more appropriately becomes important.

A common option for the selection of ADR targets is ranking all the
objects based on a single metric that reflects the risk a given object poses to
the environment, which typically accounts for the chance of an object being
involved in a collision (collision probability) with high severity (Liou, 2011;
Rossi et al., 2014). Severity of collisions is said to be roughly proportional
to mass because collisions of massive objects are likely to produce many new
debris (Johnson et al., 2001). Performing Active Debris Removal of targets
selected in this manner leads to several (at least 9.5in a study by Liou &
Johnson (2009)) objects that need to be removed to prevent a single collision,
thus increasing the capital cost of ADR even further.

Removing more objects does not necessarily prevent more collisions (Liou
& Johnson, 2009). This is because these targets are not necessarily the ones
that will take part in dangerous conjunctions but rather the ones that are
the most likely to have them. Therefore, in order to increase the confidence
in the outcome of ADR using such target selection schemes, more objects
need to be removed per year to reduce the probability of a collision taking
place in orbit (Liou & Johnson, 2009).

Previous studies with DAMAGE (Debris Analysis and Monitoring Archi-
tecture to the Geosynchronous Environment, the evolutionary debris model
of the University of Southampton) have hinted at the importance of individ-
ual conjunctions in the scope of the evolution of the entire debris population
(Lewis & Lidtke, 2014). This work investigates this phenomenon in greater
detail in order to show why statistical ADR target ranking metrics that ig-
nore the individual conjunctions may not prevent all the orbital collisions
if a limited number of ADR missions can be flown. It is stipulated that if
these high-risk conjunctions can be predicted more accurately and addressed
at short notice it is likely that more catastrophic collisions can be prevented.

This study investigates the behaviour in which collision probability, Pg,
is accumulated by objects in orbit in fine spatial and temporal resolutions
to examine the impact of individual high-risk conjunctions. Primarily the
relative importance of different conjunctions, in terms of the collision prob-
ability that they contribute to the final collision probability of every object,
was of interest. The method used to identify individual conjunctions is de-



scribed first. The description of the methods used to estimate the collision
probability for all the conjunction is given next. The relative importance of
different conjunctions can be estimated without identifying and assessing the
P of all the conjunctions to the best of our abilities, as long as the colli-
sion probabilities are not contrived and the frequency of conjunctions with
high collision probabilities is similar to what takes place when using higher
fidelity methods. Therefore, certain inaccuracies in the algorithms and the
input data were acceptable because using the highest-accuracy propagators
and ephemerides would increase the computational time required for the
analysis. Wherever practical, however, the precision of the used numerical
schemes etc. was kept high not to degrade the results further.

Once the method used to find and assess conjunctions is described, its
application to the study of the debris environment is described. The results
are presented, the limitations stemming from the employed method discussed,
and the conclusions drawn.

2. Conjunction detection and assessment

In order to achieve the goals of this study a new debris simulation frame-
work was developed. It uses a freeware implementation of the simplified
general perturbations (SGP4) propagator (Kelso, 2013) together with Two-
Line Element sets (TLEs) (Hoots & Roehrich, 1988). The predictions made
with this propagator are only accurate to within several days but it allows
the major perturbing forces on a satellite to be modelled while being com-
putationally fast, which allows simulations of all the objects in orbit to be
performed. ‘TLEs are not provided with uncertainty information, therefore
their covariance has to be estimated. However, these TLE uncertainty esti-
mation methods provide only approximate accuracy of the orbital elements,
not the actual covariances. Lastly, TLEs are officially said to be unsuitable
for conjunction screenings. However, they do remain the only publicly avail-
able source of ephemerides. They were also used for operational collision
avoidance performed by the European Space Agency (Flohrer et al., 2011)
and other organisations that did not maintain their own catalogue of space
objects before the US Strategic Command (USSTRATCOM) offered to issue

conjunction warnings to spacecraft operators.



2.1. Congunction detection

Conjunctions between all the objects in the public TLE catalogue have
to be identified. A conjunction is defined as a time when centres of mass
of two objects are within a specified distance from one another. This may
not necessarily be the time when the collision probability between the two
objects is the greatest if their attitude is accounted for, but this was ignored
in this study.

Different distance thresholds in e.g. in-track or cross-track directions can
also be used for conjunction detection in order to account for the fact that
the position uncertainties are generally not the same in every direction (Al-
fano, 1994; Coppola & Woodburn, 1999) and so conjunctions with the same
separation between centres of mass might have different collision probabili-
ties. However, it was decided to account for this by setting the conjunction
threshold distance high and equal in every<direction, and accepting that
certain conjunction geometries may result-in very low collision probabilities
with such a miss distance. Furthermore, conjunctions between more than
two objects were treated as multiple conjunctions between pairs of objects.

Even with such a simple formulation of a conjunction the computational
time required to identify them between all the objects in the public catalogue
(14 917 objects had been observed in the 30 days preceding 7 Nov 2013 and
their orbits were published via Space-Track (2013)) is significant. This raises
the need to implement a number of pre-filters that discard pairs of objects
that cannot have a conjunction based on simple and fast to evaluate flight
dynamics principles before the more computationally-intensive range-based
detection is executed.

A number of pre-filters have been developed to date, starting with the
method by Hoots et al. (1984) as well as alternative approaches adopted
by Khutorovsky et al. (1993), Healy (1995) and Rodriguez et al. (2002).
New approaches are being developed, e.g. by Budianto-Ho (2014), but the
objective of this work was not to contribute towards the development of such
tools. Therefore, a set of traditional algorithms, based on the the “smart
sieve” developed by Rodriguez et al. (2002), was decided upon. The details
of how the pre-filters were implemented exactly and how the times of closest
approach (TCA) were found are given in Lidtke et al. (2014).

2.2. Collision probability estimation

Once a conjunction has been identified the state vector uncertainties of
both involved objects are propagated to the time of the closest approach.



The collision probability is computed by evaluating a multivariate integral
of the probability density function of the relative position of the two objects
involved in the conjunction over the volume swept out by their combined
hard-body area. Different methods for evaluating this integral exist, but
a classical one, where every conjunction is analysed in a B-plane frame of
reference, which is a plane normal to the vector of the relative velocity be-
tween the two objects, was adopted here (Berend, 1999; Alfano, 2007; Chan,
2009). The B-plane was centred on the centre of mass of one of the objects,
which was arbitrarily chosen because both objects are equally important in
this study.

First of all, the adopted collision probability estimation approach assumes
zero-mean normal distribution of the position uncertainty so that it can be
accurately described by a covariance matrix. This makes the prediction made
herein only approximate c.f. reality as no distribution in truly normal. Fur-
thermore, even if the initial uncertainty is normally distributed and has zero
mean it will only remain such for several a limited number of orbital revolu-
tions under the influence of orbital mechanics (Vallado & Seago, 2009).

New collision probability estimation algorithms, free of many of the sim-
plifying assumptions, are being developed (Morselli et al., 2015), but their
computational time still remaing significant (order of 0.1s per conjunction at
best). Using such algorithms would increase the computational time needed
for the analyses done.in this study beyond an order of days, thus making
it infeasible to perform multiple analyses. Therefore, the simplifying as-
sumptions were accepted. The excessive computational cost of using higher-
fidelity algorithms also makes it impossible to quantify the errors associated
with the simplifying assumptions, because a reference set of results cannot
be obtained. Qualitative analysis of the errors associated with the collision
probability estimation, and its possible impact on the conclusions of this
paper, is given in section 4.

The position covariances of both objects are propagated to the time of the
closest approach and rotated to the B-plane according to the algorithm given
e.g. by Berend (1999). By assuming that the position errors of both objects
are uncorrelated individual covariance matrices are added to form a single
covariance matrix C. The velocity covariance is ignored as it has been found
not to affect the collision probability significantly (Berend, 1999) and this
was confirmed by Monte Carlo analyses of several exemplar conjunctions.

Rectilinear relative motion and time-invariant position uncertainties are
assumed in the vicinity of the TCA thus allowing the covariance matrix to
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be projected onto the B-plane and reducing the number of dimensions of the
problem from three to two (Berend, 1999; Chan, 2009). McKinley (2002)
has shown that even for relative velocities of 0.013km/s the rectilinear rel-
ative motion assumption resulted in collision probability estimates to bein
the same order of magnitude as when this assumption was relieved. More-
over, Frigm & Rohrbaugh (2008) found that this assumption held in over
99% cases for both LEO and GEO satellites that they analysed. However,
the number of conjunctions that would be found here was expected to be
much higher due the number of objects in the catalogue as well as finding
conjunctions between all the objects, not a limited number of operational
spacecraft. This would mean that more conjunctions would be affected by
this approximation, which could impact the conclusions. Therefore, con-
junctions with relative velocity lower than 0.1km/s were filtered out. This
rejection threshold is 10 times higher than in (Frigm & Rohrbaugh, 2008) but
the position uncertainties of the ephemerides used here might be larger and
so the conjunction durations longer and hence more prone to errors caused
by the rectilinear relative motion assumption.

Once projected onto the B-plane, the position covariance matrices are
converted into a probability density function (PDF) of the relative position
centred on one of the objects. The PDF is numerically integrated in the
Cartesian coordinates of the B-plane inside a circle with radius equal to the
combined radii of the twoobjects (collision radius) and centred on the other
object. This integration can be made faster by expressing it as an infinite
series of analytical terms (Chan, 2009). To correctly model the collision
probability of wery close conjunctions a simple numerical integration scheme
(two-dimensional trapezium method (Press, 2002)) was used when the colli-
sion radius # was greater than 80% of the miss distance, the series expansion
with 50 terms was used elsewhere.

2.2.1. Object physical size

TLEs come with no information as to the size of the associated objects and
thus certain assumptions had to be made to enable the collision probability
to be computed.

A database containing the physical radii of objects launched up to 2003
(up to catalogue number 28057), originally compiled by The Aerospace Cor-
poration, was used to allow the collision radius to be computed for some
conjunctions. For the remainder of the catalogue, statistical data from the
MASTER reference population of 1 May 2009, which is the reference pop-



ulation used e.g. in the IADC studies, were used. An average radius for
rocket bodies (R/B), payloads (P/L), mission-related objects (MRO), and
debris (DEB) was computed. The standard deviation of every group was
also found and the results are shown in Table 1.

Some of the MASTER object types can be directly linked to TLEs through
three-line element sets that contain information about the type of certain
objects in their common name fields. As the three-line element set catalogue
does not distinguish mission-related objects, the data for this type of object
were not directly utilised. Moreover, the three-line element set database
contains many objects that are not classified as payloads, rocket bodies or
debris. For these objects the average size of the entire MASTER 2009 (all
four types of objects) population was used.

Table 1: Radii of the objects according to the their types (rocket bodies
(R/B), payloads (P/L), mission-related objects (MRO), and debris (DEB))
as present in MASTER reference population of 1 May 2009 and discerned in
Space-Track’s Three-Line Element sets.

Object type R/B P/L. MRO DEB Other

MASTER Object ID 1 2 3 4 1.2,3and4
Average radius (m)  1.769 1.769 0.539 0.156 0.347
Standard deviation (m) 0.815 0.782 0.722 0.555 0.780

There are many small objects classified as debris or mission related objects,
which means the average radius of those groups of objects is low. However,
in both groups; objects much larger than the mean exist, which gives rise
to large standard deviations of the samples. This signifies that using an
average radius for every group of objects is a simplification. It was, however,
necessary for the analysis described herein. More importantly, it was found
to affect the overall collision probability of exemplar objects by no more than
12% when an average MASTER 2009 radius + one standard deviation (or
10 cm when the standard deviation is greater than the mean) is used, as long
as a database of the object sizes is utilised for the remaining objects.

2.8. Public catalogue covariance estimation and propagation

Two-line element sets are not provided with uncertainty information, which
complicates collision probability estimation with this type of orbit informa-
tion. This lack of covariance can be overcome e.g. by computing the collision



probabilities using objects spatial densities (Dominguez-Gonzalez & Sanchez-
Ortiz, 2014), estimating TLE uncertainty (Flohrer et al., 2008), or using other
algorithms to estimate collision probability (Kessler, 1981). However, only
estimating TLE uncertainty allows individual conjunctions to be resolved,
therefore this approach is adopted here.

It has to be pointed out, however, that these TLE uncertainties, and the
resulting collision probabilities, are only estimates. The collision probabili-
ties computed using the estimated uncertainties will, however, be henceforth
referred to as the true collision probability for brevity.

In order to quantify the impact of using estimated, not actual, TLE covari-
ances the uncertainty of those ephemerides would need to be known so that
a comparison could be made. Alternatively, a different set of ephemerides
with covariance could be used and the two sets of conjunctions and their col-
lision probabilities compared. However, neither TLE covariance nor different
ephemerides are publicly available; therefore the impact of this assumption
could not be quantified. The impact of using estimated TLE uncertainty
on the results and the conclusions, which are drawn here, is discussed in
Section 4.

A method to estimate the covariance of a TLE based on previous TLEs for
the same object was developed by Osweiler (2006) and implemented in this
work. All the historical TLEs spanning a period of 14 days from the epoch
of the TLE used for conjunction detection were gathered and the position
residuals were computed with respect to that most-recent TLE for every
object. The covariance matrix was then computed from these residuals by
treating them- as state observations and assigning all of them equal weight
(Osweiler, 2006). If fewer than five TLEs were available for a given object it
would be discarded from the analysis entirely as covariance estimated with
so few observations would be contrived.

Moreover, certain TLEs had to be ignored in case they were erroneous
or a manoeuvre had been conducted by the spacecraft in the 14-day time
window. In order to do this, specific orbital energies of all the TLEs from
the two-week window for a given object were analysed and the TLEs whose

energies were more than three standard deviations above the average were
rejected (Patera, 2008).

2.8.1. Verification
A set of estimated TLE covariances for objects spanning 18 orbital regimes
in the eccentricity-inclination-perigee altitude space was compared to the



results obtained with the implemented algorithm. These objects have been
selected by Krag et al. (2007) as a representative sample that categorises
varying levels of accuracy of TLEs in different orbital regimes. An overview
of the orbital regimes and the exemplar object in each is given in Table 2.

These reference data had been obtained by propagating the TLE state
and generating pseudo-observations hence. Then orbit determination was
performed on these simulated observations and the resulting orbit propagated
numerically. Comparison of the numerically propagated states to-the ones
generated with the original TLE yielded covariance. This process is detailed
in (Flohrer et al., 2008).

Clearly, inclination, perigee altitude and eccentricity are only some of the
factors that affect orbit determination uncertainty. They also might not have
as much impact as, for example, orbit maintenance being performed by some
of the objects, their radar cross section, type of the object and alike (Kaya
& Snow, 2000). Therefore, using other criteria to parametrise uncertainties
of the TLEs could be more appropriate. However, the set of the exemplar
objects from Table 2 was used to compare the accuracy of TLE uncertainty
estimation for those objects only. The uncertainty of every TLE used in this
study was estimated individually. Therefore, if the estimation algorithm is
sufficiently accurate for the exemplar objects, it should also be for any other
one. The only way to extend this verification would be to compare estimated
TLE covariances for a-more exhaustive number of different types of objects
in the catalogue, but such data were not available.

The approach-adopted here was applied to the exemplar objects from Ta-
ble 2 at the epoch as close to the reference date (1 Jan 2008) as possible.
The relative errors of the estimated to reference TLE position standard devi-
ations in'the radial, in-track, cross-track (RIC) reference frame are presented
in Table 3.

Unfortunately, for objects 23100, 27763 and 20944 the epochs of the TLEs
were different by 7, 3, and 1 years, respectively, with respect to the reference
epoch. This is because the TLEs for the representative objects were not
available on Space-Track (2013) in the desired period.

The epoch differences for objects 27763 and 20944 are less than 28% of
the solar cycle and the F'10.7 solar flux did not vary by more than 20 SFU
(Vallado & Finkleman, 2014) between these epochs and the reference date.
The orbit determination accuracy depends on the accuracy with which the
drag coefficient can be estimated. Accuracy of the drag coefficient estimation
depends on the solar activity (Pardini et al., 2006), meaning that the orbit
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Table 2: Orbital regimes in the eccentricity-inclination-perigee altitude space,
objects’ catalogue numbers (SSCs), and number of Two Line Element sets
used to validate the TLE covariance estimation approach.

e<0.1
hp < 800km 800 < hp < 25000 km 25000 km<_ hp
i < 30° i3§020§ 60° <i | i< 30° z‘?:soi 60° <i | i<30° z‘?:soi 60° < i
SSC || 27783 23100 23940 22176 24320 23736 | 24435 24435 24435
No.
TLEs 13 24 30 17 19 16 12 12 12
e>0.1
hp < 800km 800 < hp < 25000 km 25000 km< hp
i < 30° iiozof 60° <i | i< 30° i?:soi 60° <i | i<30° i?;oi 60° < i
SSC || 21223 14900 27763 | 21966 21833 20944 | 14069 14069 14069
No.
TLEs 14 11 21 12 7 17 7 7 7

determination accuracy depends on the solar activity. Therefore, it can be
expected that the epoch differences for objects 27763 and 20944 did not affect
the orbit determination accuracy and so the covariance estimated for them
should be similar to the reference data.

For the object 23100, however, the difference in the F'10.7 solar flux was
more than 100 SFU (Vallado & Finkleman, 2014) and so the orbit determi-
nation accuracy could have been vastly different. Moreover, since autumn of
2012, the way in which at least some TLEs are generated has changed (Hej-
duk et _at.; 2013). This makes a direct comparison between the estimated
and reference covariance for 23100 questionable, because both sets of data
could have been generated using vastly different ephemerides.

The number of TLEs spanning the 14-day window, used to estimate the
covariance of the most-recent TLE, was different for every object. For objects
23100, 27763 and 20944, however, similar numbers of TLEs were available,
that is 24, 21, and 17, respectively. Therefore this factor should not influence
the relative accuracy of the results.

The difference between the in-track standard deviation in the orbital
regime of the object 23100 and the reference data was investigated further.
A different object, 25112, located in the same orbital regime was investigated
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because TLEs were available for it close to the reference epoch (one day dif-
ference). 25112 is a satellite as opposed to a rocket body, therefore it most
likely experiences different drag, but objects in this orbital regime typically
have position uncertainties in the same order of magnitude (Flohrer et al.,
2008). The results of this investigation, in the same form as in Table 3 to
allow direct comparison between the two, are given in Table 4.

As in the case of eight out of 18 orbital regimes, over one order of mag-
nitude difference in the in-track position standard deviation s present for
object 25112. This discrepancy is considerably smaller than for object 23100,
however, which may hint that part of the source of error for 23100 was the
seven-year difference between the epochs at which the uncertainties were
estimated.

The standard deviations of position uncertainties obtained with the adopted
approach are typically in the same order of magnitude as the ones estimated
using the more involved algorithm in (Flohrer et al., 2008). The biggest dif-
ferences can be seen in the in-track direction. This is not surprising as the
Keplerian dynamics will cause the largest dispersion of the sample objects in
this direction.

This natural stretching of the position uncertainty in the in-track direc-
tion will be further amplified by the atmospheric drag that affects in-track
positions of the objects. It is difficult to accurately represent such non-
conservative forces analytically (Easthope, 2014). Therefore, the simplifica-
tions made in the SGP theory are expected to cause dispersion of the sample
TLESs to be the greatest in this direction (Easthope, 2014; Kelso, 2007), thus
resulting in even greater in-track position standard deviation. The effect of
drag affecting the covariance estimation accuracy can be seen by observing
that thein-track standard deviation estimation inaccuracies are the greatest
at low altitudes.

3. Debris environment study

3.1. Description

The presented conjunction detection and collision probability estimation
tools have been used to identify the conjunctions between all the objects in
a snapshot of the public TLE catalogue from 7 Nov 2013 containing 14 917
objects. The analysis was performed for a period of 30 days and the con-
junction threshold distance between centres of mass of the objects was set
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Table 3: Relative errors of the estimated to reference TLE position standard
deviations in every orbital regime in radial, in-track, cross-track (RIC) refer-
ence frame. Regimes where the estimated and reference standard deviations
differ by one order of magnitude indicated with light grey, and by two with

dark grey.

e<0.1
hp < 800km 800 < hp < 25000 km 25000km< hp
i < 30° i‘;o;oi 60° <i | i<30° iggozoi 60° <i | i<30° iiozoi 60° < i
R 0.90 9.02 1.63 | -0.74 0.70 1.25 034 034 0.34
I 0.43 3.01 5.58 90.36 27.22 4.60 4.60 4.60
C 2.82 897  2.77 0.85 14.24 -0.54 | -0.17 -0.17 -0.17
e>0.1
hp < 800km 800 < hp < 25000 km 25000 km< hp
i < 30° 1-3;0205 60° <i | i< 30° iggozoi 60° <i | i< 30° i‘?zoﬁ 60° < i
R |l -0.64 3.79 10.36 2.34 0.67 67.90 0.69 0.69 0.69
I 0.96 7.80 27.73 2.18 1.12 58.80 | 25.50 25.50 25.50
Cl -048 -0.15 -0.38 | -0.29 -0.06 2.05| -0.28 -0.28 -0.28

Table 4: Results, in the form of relative error of the estimated to reference
standard deviations of position in the RIC frame, for object 25112 with
perigee-altitude lower than 800 km, inclination between 30 and 60 degrees,
and _eccentricity less than 0.1. Regimes where the estimated and reference
standard deviations differ by one order of magnitude indicated with light
grey, and by two with dark grey.

SSC || 25112
No. TLEs 24
R || -0.39
1] 34.04
C | 6.98
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to 20 km. This threshold distance means that the centres of mass of the ob-
jects will be separated by 3.2 to 326.0 position standard deviations estimated
in section 2.3. Such a relatively high value guarantees that many conjunc-
tions with relatively low collision probabilities (Pr) will be recorded and that
a large spectrum of collision probabilities will be seen. This ensures that the
impact of the high- Po events will not be overestimated.

The period of 30days was split into six five-day intervals to reduce the
likelihood that the assumption of the orbit uncertainty being normally dis-
tributed will not be true. This period was chosen because it is quoted as the
approximate duration after which the element set may be inaccurate enough
to make tracking of the object difficult (Hejduk et at., 2013). The epochs
of the snapshots, together with the number of objects in each, are given in
Table 5. Note that the objects launched in the analysis period were ignored
from the analysis for simplicity. This is not going to impact the conclusions
because certain objects were not present in the snapshot from the 7 Nov 2013
anyway, e.g. because their ephemerides are classified.

Table 5: Dates of the TLE catalogue snapshots used in this study together
with the number of objects in each.

Date of snapshot | Number of objects
7 Nov 2013 14 917
11 Nov 2013 14 909
16 Nov 2013 14 888
21 Nov 2013 14 867
26 Nov 2013 14 838
1 Dec 2013 14 777
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For every object the accumulated collision probability, which is the proba-
bility that any of the conjunctions would result in a collision, was computed
at all the epochs when the given object was involved in a conjunction. The
cumulative collision probability for N conjunctions E;, each with collision
probability P(FE;), was computed as:

P(any out of N) =1 — P (ﬂ ﬂEi) =1-JJa-P(Ey). (1)

=1 =1

Equation 1 assumes that the conjunctions are independent; which is to say
that the collision probability and the outcome of one do not affect others.
Clearly, if the objects do collide any subsequent conjunctions cannot take
place, but this was accounted for when formulating Eq. 1. If a collision does
not take place, subsequent conjunctions may. have higher collision probabil-
ity because, for example, the objects might be getting closer. This is caused
by astrodynamics and not the statistical treatment of the problem, however.
Therefore, the statistical independence assumption holds true. Such treat-
ment of the accumulated collision probability ensures that the second axiom
of probability (probability of any collision taking place and probability of no
collision taking place sum to 1.0) is preserved, regardless of the number of
conjunctions (DeGroot & Schervish, 2014).

The accumulated collision probabilities were also multiplied by the ob-
jects’ respective masses. Doing so allows examining the criticality of every
conjunction from the debris environment point of view (Liou, 2011) because
such a figure can be thought of as risk of increasing the number of objects in
the environment posed by a given conjunction.

Risk is often computed by multiplying the probability of an event times
the severity of it, which in this case is roughly proportional to mass because
destructions of heavy objects are likely to produce many new debris (Johnson
et al., 2001). The term “criticality” will henceforth be used when referring to
collision probability multiplied by mass of the object.

A database of the masses of objects in the public TLE catalogue, relating
the Space Surveillance Catalog (SSC) number to mass of a given object was
used in this study. It was compiled by working with the manufacturers and
hence estimating the dry mass of the objects. The database contained the
intact objects launched until April 2013. Not all the objects in the used TLE
catalogue snapshots were present in the database, however. If this was the
case, the given object was ignored from all the analyses where this property
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was used. All such objects were included in the samples that only used
probability metrics, however.

If two objects, one with mass data present in the database and one with-
out, took part in a conjunction, the accumulated criticality of the former was
updated whereas criticality of the latter was not. This is because the objects
in the population were analysed individually and such treatment of individ-
ual conjunctions ensured that the criticality accumulated by the objects with
known mass estimates reflected all the conjunctions they took part in.

Objects were ranked in descending order of the final accumulated crit-
icality or collision probability. The evolution of the accumulated collision
probabilities and criticalities over time was investigated in detail for 20 top
objects. The general behaviour of the complete samples of objects was also
examined.

3.2. Results

Only the objects for which at least five TLEs were available to estimate
the TLE covariance (13 931 out of 14 917 objects) were used in the analysis.
A subset of these that also had mass data in the used database, mentioned
in section 3.1 (8241 objects), was also used for analyses using criticality. Ac-
cording to Space-Track (2013), 165 objects decayed during the duration of
the simulation and all the conjunctions involving these objects after their de-
cay epochs were excluded from the results. The number of objects left in the
analysis at different stagesis summarised in Table 6. Also, 7144 conjunctions
with relative velocities less than 0.1 km /s were filtered out. Finally, 3 138 538
conjunctions were recorded.

Table 6: Numbers of objects left in the analysis after different stages of
filtering objects.

Property Number of objects left in the sample
Original 7 Nov 2013 snapshot 14 917
More than 5 TLEs 13 931
With known mass 8241
With known radius 7806
Re-entered during simulation 165
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3.2.1. Behaviour of the top objects

The Space Surveillance Catalog numbers (SSCs) and common names of
the top-20 objects in the lists using collision probability and criticality are
shown in Table 7.

Firstly, it can be noted that compositions of the two lists are largely dif-
ferent. When mass of the objects is taken into account all the debris, e.g.
METEOR 2-5 DEB (36916), and relatively low-mass satellites, for example
all Iridium satellites with masses of 556 kg, are moved away from the top
of the lists. Including mass in the criticality index enables focusing on the
conjunctions involving the heaviest objects that are likely to drive the evo-
lution of the debris environment (McKnight et al., 2014).- That said, the
lighter objects should still be kept in the analysis-as they could potentially
cause breakups of the large derelicts if the collision energies are high enough
(Johnson et al., 2001).

When criticality is examined instead of P- alone, mass of the objects
appears to dominate the composition of the target list, which leads to large-
mass satellites like Envisat or SL-16 rocket bodies to be close to the top
of the list. That said, many of the objects in the criticality-based list have
relatively low masses. For example, IRS 1D (24971) has mass of 1250kg, i.e.
16% of Envisat (7800kg). Even METEOR 2-3, number two on the list, has
much lower mass than the first object, i.e. 2750 kg. This points out that the
collision probability accumulated by every object is also important as far as
risk of generating new fragments is concerned.

Many of the objects with the highest criticalities presented in Table 7 are
not often referred to as potential targets for ADR, unlike Envisat or SL-
16 rocket bodies (McKnight et al., 2014). This means that, even if ADR
has already been performed on certain satellites, those objects would still
accumulate high collision probability and thus, potentially, be involved in
collisions. This situation was caused by the fact that some of the objects
in Table 7 do not have a large cross-sectional area, large mass, or are not
located in densely populated orbital regimes. Therefore, they are not found
to be involved in many dangerous conjunctions in space debris simulations
and so do not attract attention as potential ADR targets.

One of the reasons why objects that are not commonly referred to as
likely objects to be removed through ADR made it to the target lists was
the fact that they had conjunctions with relatively high individual collision
probabilities. Table 8 shows how much the conjunction with the highest
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Table 7: Catalogue numbers and common names of the six objects with the

highest Po and true criticality at the end of the simulation.

Index

Pc

Criticality

T T e S S G Y
© 00T T W RO ©®PT TR WD

[\)
[a)

27386 ENVISAT
36916 METEOR 2-5 DEB
10514 METEOR 2-3
27450 IRIDIUM 97
14452 METEOR 2-10
28057 CBERS 2
25468 IRIDIUM 81
24971 IRS 1D

25285 IRIDIUM 62
24945 IRIDIUM 32
25528 IRIDIUM 86
25042 IRIDIUM 39
24792 IRIDIUM 8
24968 TRIDIUM 37
25577 IRIDIUM 20
25274 IRIDIUM 58
24795 IRIDIUM 5
25171 IRIDIUM 54
25287 IRIDIUM 64
25531 IRIDIUM 83

27386 ENVISAT

10514 METEOR 2-3
25400 SL-16 R/B

14452 METEOR 2-10
98057 CBERS 2

25260 SPOT 4

23705 SL-16 R/B
24971 IRS 1D

25979 ARIANE 40 R/B
22285 SL-16 R/B
26070 SL-16 R/B

19531 NOAA 11

21397 OKEAN 3

22803 SL-16 R/B
22566 SL-16 R/B
23657 SICH 1

27450 IRIDIUM 97
13272 SL-14 R/B
23608 ARIANE 40+3 R/B
20436 SPOT 2
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criticality recorded for every of the top-20 objects contributed to the final
criticality of that object. A single conjunction, involving ARTANE 40+3 R/B
(23608) and SL-14 R/B (13272), gave rise to 50.11 and 37.54% of the crit-
icality accumulated by those objects over one month, i.e. nearly as much
as all the remaining conjunctions. Therefore, it is this conjunction that ef-
fectively placed those objects in their respective positions on the target list.
Contributions greater than 10% can be observed for four more out of the 20
objects with the highest criticalities. This can also be seen on 'the FPo-based
list, where a single conjunction contributed 10% or more to the final value
accumulated by four objects.

The conjunction of ARIANE 40+3 R/B and SL-14 R/B took place 58 and
81 hours after the epochs of their TLEs. Due to this relatively low prediction
time, the orbit uncertainties had not grown sufficiently to dilute the Pg of
this conjunction. This indicates that the time; over which such high-FP¢
conjunctions can be forecast, is limited. The longer the prediction interval,
the larger the orbit uncertainty and so the lower the collision probability of
all the conjunctions.

3.2.2. Importance of individual conjunctions

Single events with the highest collision probabilities gave rise to a similar
portion of the collision probabilities and criticalities accumulated by top-
20 objects as the rest-of the conjunctions those objects were involved in.
This was observed when examining the objects with the highest final Py
or criticality, where e.g. one event out of 461 conjunctions dominated the
final accumulated collision probability and criticality of ARIANE 4043 R/B
(23608).

The percent contribution of the event with the highest recorded criticality
to the final ecriticality accumulated over 30 days was computed for all the
objects.. A histogram showing the cumulative fraction of the population
where a single event contributed a given percentage to the final accumulated
criticality is shown in Fig. 1.

Conjunctions with the highest collision probability contributed at least
10% to the final criticality for 27.8% of the objects. A similar trend is also
exhibited by the top 20 objects where, for 6 out of 20 top objects, particular
events added 10% or more to the final accumulated criticalities. However,
contribution higher than 40% was only observed for one of the top-20 objects,
whereas for the entire population a single event contributed at least 90% to
the final Pg for 3.4% of the objects.

19



Table 8: Contributions of the conjunctions with highest Px to the final col-
lision probability and criticality accumulated by objects from Table 7.

Index Po Criticality

1 9.50% 9.50%
2 19.75% 3.52%
3 3.52% 5.07%
4 3.69% 2.22%
) 2.22% 2.52%
6 2.52% 13.93%
7 4.25% 1.66%
8 4.49% 4.49%
9 26.93% 16.46%
10 7.82% 2.47%
11 7 31.69% 1.29%
12 6.20% 9.83%
13 7.90% 11.54%
14 23.52% 1.44%
15 5.34% 1.28%
16 6.92% 15.61%
17 5.50% 3.69%

18 6.06% 37.54%
19 9.711% 50.11%
20 9.67% 3.33%
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The probability of any collision taking place in orbit over the one-month
time window was also computed. Figure 2 shows how this probability de-
pends on the number of conjunctions. The conjunctions were sorted in as-
cending criticality order, i.e. the ones that contribute the most to the final
accumulated value are included last. When computing this criticality, mass
of both objects involved in a conjunction was used. It can be noted that half
of the collision risk was caused by 200 conjunctions out of 3 073 330, i.e. only
0.0065% of the events.
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©

©
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Particular event's contribution to the final criticality (%)

Figure 1: Cumulative histogram showing the fraction of the sample for which
the highest criticality events contributed a given percentage or more to the
final accumulated criticality. Objects with zero mass, no mass data, or with
too few TLEs were excluded. Normalised with respect to the total number
of objects in the sample (20 top objects or the entire population of 8241
objects).
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Figure 2: Evolution of the criticality accumulated by all the conjunctions in
the entire debris environment. Conjunctions sorted in ascending P order.
50% of the criticality was due to 200 conjunctions out of 3 073 330 (0.0065%).
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4. Discussion

Several simplifications were made when generating the data on which the
findings of this work are based. This was done to reduce the computational
time needed for the analysis and to make it feasible given the computational
resources that were available.

These simplifications include e.g. using approximate object masses and
sizes, ignoring their attitude, estimating uncertainty of the ephemerides, or
making several simplifying assumptions when computing the collision prob-
abilities of individual conjunctions. There are several ways in which these
could have affected the collision probabilities of the objects and the related
criticalities.

Missing potentially very close conjunctions or incorrectly computing col-
lision probabilities due to interpolation errors would alter the collision prob-
abilities of individual objects. Using a physical radius from the database for
certain objects but not for the others could render the collision probabilities
of the objects with assumed radius different to what they would be when
using their actual size. On the other hand, using the database of sizes en-
sures that the objects much larger than others of the same type, and hence
average MASTER 2009 radius, will experience higher collision probabilities
as they would in reality. Furthermore, ignoring the attitude of the objects
and other simplifying assumptions in the collision probability estimation al-
gorithms mean that different collision probabilities of individual conjunctions
could have been found had higher-fidelity algorithms been used.

However, the point of this work was not to examine the conjunctions
that took place in reality as accurately as possible. The conjunctions were
detected using a set of actual objects to provide a real-life example of a set
of the possible events that could occur in reality. Despite the assumptions
and simplifications that were made, a large spectrum of collision probabilities
was found for every object. For the satellite with the highest contribution
of a single conjunction to the final accumulated collision probability out of
the top-20, i.e. IRIDIUM 86, the P of individual conjunctions varied from
2.95x 10724 t0 6.31 x 10~ 7. Collision probabilities of all the conjunctions were
inversely proportional to the miss distance, scaled with size of the objects
etc. as they would when using higher-fidelity methods and ephemerides.
This means that the set of ezemplar conjunction geometries found with the
TLE catalogue snapshot provided a corresponding set of exemplar collision
probabilities and the events with high collision probability were as infrequent

23



as the ones with very low miss distance.

Such high collision probability conjunctions do take place when using
higher fidelity ephemerides and algorithms, which leads to conjunction screen-
ings being routinely performed for operational spacecraft (Flohrer et al.,
2009). The existence of such events is not an artefact resulting from the
ephemerides or the assumed object sizes, for example.

It cannot be guaranteed that all the conjunctions of every object were
affected by the simplifications of this study in the same manner, meaning
that the contributions of the highest-probability events to the final collision
probabilities may not be exactly what they would be if using the highest-
fidelity input data and algorithms. However, this dees not undermine the
finding that the frequency at which such high-probability events occur is low
(one in over a thousand for the 20 objects with the highest Pr, sometimes
as many as 2120). Neither does this change the finding that these relatively
infrequent, high-probability events dominate the others, which have lower
collision probabilities, as far as final accumulated collision probability is con-
cerned. Similar behaviour has also been found by McKnight et al. (2014).
Lastly, it was shown in section 2.3 that the TLE covariances tend to be
over-, rather than under-estimated. Therefore, actual collision probabilities
of high- P conjunctions, and so their relative importances, might be higher
than found here if more precise ephemerides are used.

However, the simplifications made to obtain the results presented herein
mean that the identified objects were not necessarily the ones most likely to
be involved in a collision in the the analysed time period. This is especially
true because only several events had the largest contribution to the formula-
tion of these lists and the collision probabilities of these events were affected
by the assumptions made here. Conjunctions with higher collision probabil-
ities could have taken place and these could not have been identified here
and, consequently, objects involved in those could not have been included in
the target lists.

Moreover, the fact that the TLE catalogue obtained at only one epoch
was analysed means that the identified objects may not be the ones with the
highest probability of being involved in a collision in the long term. In fact,
the most risky objects could not have been present in the analysis if their
ephemerides are not part of the “public catalogue”available on Space-Track
(2013), which is to say they are classified.

Therefore, the exact composition of the lists of objects with the highest
collision risk cannot be relied upon. But what remains valid, despite the
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simplifications that were made in this study, is the impact of the highest-
probability conjunctions on the final accumulated collision probabilities of
the objects.

Predicting the objects that will be involved in those conjunctions would
require methods with fidelity higher than the ones used here, however. It is
expected that variations in atmospheric density will affect collision proba-
bilities of the conjunctions, and ultimately lead to collisions that cannot be
forecast far in advance. This is due to, for example, the fact that the short-
timescale changes in the solar activity are inherently unpredictable and those
will affect the atmospheric density and, consequently, also the positions of
the objects.

Even with the highest-accuracy ephemerides, propagators, force models
etc., it is not expected that conjunctions could be forecast for more than
several days or at most a few weeks ahead. This creates a need for a system
that would address potential collisions at short notice when the conjunctions
can still be accurately predicted.

A debris remediation architecture that operated with such short lead times
would differ from what is currently being proposed in the field of space debris
remediation. Perhaps even a ground-based laser (Mason et al., 2011) or an
air-launched “nudger” (McKnight et al., 2012) system would suffice to prevent
the most-dangerous conjunctions. This can be achieved by exerting a force
on the involved objects and increasing their miss distance, and thus reducing
the collision probability.

Certainly the longer the period over which the collisions can be accu-
rately forecast, the easier it would be to implement a mission to prevent
them. This ecan only be achieved if improvements in Space Surveillance and
Tracking (SST) systems, propagators and force models are made. Nonethe-
less, extremely rapid deployments of such debris remediation missions (order
of days) will need to take place if such an approach to debris remediation is
followed.

Of course, all debris remediation strategies that do not remove the col-
lision risk entirely, by removal of all the objects, might not prevent all the
collisions. But, unlike a statistical target selection approach, a collision pre-
vention method could use the most accurate collision forecasts and hence
could potentially address the most likely collisions that cannot be reliably
forecast far in advance. Evolution of the collision probability, encounter
geometry, object details, and potential impact of a collision could also be
taken into consideration. Furthermore, an approach that addressed individ-
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ual conjunctions, rather than statistically-important objects, would allow an
accepted risk threshold to be set. This would enable the residual risk due to
some of the conjunctions being ignored to be quantified. Being able to set
such a threshold would enable the benefit of reducing the residual risk tobe
traded off against the cost of preventing more collisions.

Many of the objects that are commonly referred to as the most likely
candidates to be removed, e.g. SL-16 rocket bodies or Envisat (McKnight
et al., 2012), were found amongst the ones with the highest criticality. This
is because these objects have relatively high masses, are large in size and
are the most likely to be involved in dangerous conjunctions because they
are located in densely populated orbital regimes. However, other objects
were also identified amongst the ones with the highest accumulated collision
probabilities, e.g. ARIANE 40+3 R/B (23608), CBERS 2 or METEOR 2-3.

It is hence recommended that a discussion about the fundamental ap-
proach to space debris remediation be initiated and an ad hoc architecture,
which prevents the collisions when they can be accurately forecast (McK-
night et al., 2012), be evaluated alongside popular approaches that remove
mass from the environment using statistical target selection schemes. This
is primarily because, if not all or most of the derelict objects are removed,
collisions may still occur despite the efforts to prevent them by removal of
statistically important objects.

5. Conclusions

Particular conjunctions with high Pr were shown to contribute more to
the collision probability accumulated by certain individual objects in a short
time window than the remaining conjunctions with lower collision probabili-
ties. This was observed primarily for the objects with the highest maximum
collision probabilities in the given time window, but also for the remaining
objects in the sample - for 27.8% of the objects a single event contributed
10% or more to the final accumulated maximum criticality of the object.
Similarly, half of the probability of any collision taking place in the analysed
month could be attributed to 200 conjunctions.

The ability to predict such events with high collision probability was also
discussed. It is, however, impossible to draw binding conclusions regarding
the currently achievable forecast durations given the relatively low fidelity of
the data and propagators used in this study. Regardless of the ephemerides
used, conjunctions cannot be reliably forecast more than several days or
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at most weeks ahead. This is, for example, due to the fact that the daily
solar activity can lead to unpredictable changes in the atmospheric density,
and thus positions of the objects and conjunction details. This means that
conjunctions with high-FP- will occur and significantly change the collision
probabilities of individual objects, thus redefining the most risky objects in
a given time interval.

Moreover, those high-FPx events can involve objects that are not large or
located in densely populated orbital regimes and thus are not often quoted as
“risky”in the context of increasing the number of space debris; for example
ARIANE 40+3 R/B (23608) or CBERS 2. This is because these objects do
not take part in many conjunctions on a daily basis or in simulations. This
means that, unless all the derelicts are removed from orbit, collisions might
happen despite the efforts to prevent them through active removal of objects
likely to have many conjunctions. The only alternative to removal of all the
objects seems to be prevention of collisions in an ad hoc fashion, when they
can be forecast.

However, this study found that many objects, which take part in danger-
ous conjunctions, are the ones with large cross section areas and located in
densely populated orbital regimes, i.e. will be found dangerous when exam-
ining long-term collision probabilities of the objects. Permanently removing
those might be a lot more cost-effective than preventing the conjunctions they
take part in. Therefore; amixed approach where ADR is used to remove the
objects that will take part in many conjunctions, and ad hoc collision preven-
tion to ensure that the unpredictable collisions are avoided, is recommended
to contain the number of objects in Earth orbit. Otherwise the unpredictable
collisions may thwart any debris remediation efforts.
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