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Abstract

The number of breakup events (i.e., collisions and explosions) is growing in recent years, resulting in an increase
in the number of uncontrollable objects orbiting around the Earth. Despite the presence of debris mitigation guidelines,
defined to manage satellites during their entire lifetime, some events are still difficult to predict or even unpredictable.
Is also well known that some orbital regions have higher risks for collisions to happens and unforeseen breakup events
can occur due to system failures. The knowledge and the characterisation of fragmentations is necessary to ensure the
safety of the satellites already in orbit and of those that will be launched in the future.

The proposed work has two main goals: the detection of possible occurred fragmentation events and the
identification of the probable parent(s) that originated the fragments. The search is carried out considering a time
frame, for the event detection, in the range of months up to years, and adopting mean Keplerian orbital elements to
study the evolution in time of all the analysed objects. The current study focuses on the low Earth orbit region, taking
advantage of its characteristics (e.g., the evolution in time of some orbital elements like the orbit inclination and right
ascension of the ascending node). Different tools are included in the developed models: an outlier filter to handle
possible errors detected in the input set of data (i.e., the Two-Line-Elements (TLES)), an algorithm to estimate the
ballistic coefficient of each object from the data included in the TLESs, and pruning and clustering techniques for the
identification of fragments belonging to different families (i.e., different parent object(s)). Tests are performed to
validate the models to satisfy both the goals, considering set of objects composed by a single family (i.e., debris
belonging to the same parent) or by different families (i.e., debris belonging to different parents).

Keywords: Space debris, in-orbit fragmentations, low Earth orbit, space debris.

Nomenclature

a Semi-major axis [km]
arLg Semi-major axis included in the TLE [km]
a Semi-major axis [km]
D,y Threshold distance [km]
i Orbit inclination [deg]
n Mean motion [rev/day]
Nyeg Mean motion evaluated by the regression algorithm
q Perigee distance [km]
Q Apogee distance [km]
s Distance of the first body [km]
ff Derivative of the distance of the first body[km/s]
i"]c Second derivative of the distance of the first body[km/s?]
s First body position vector [km]
r f Derivative of the position vector of the first body [km/s]
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r f Second derivative of the position vector of the first body [km/s?]

Ty Distance of the second body [km]

Ty Derivative of the distance of the second body[km/s]

7y Second derivative of the distance of the second body[km/s?]

T Second body position vector [km]

T Derivative of the position vector of the second body [km/s]

T Second derivative of the position vector of the second body [km/s?]
R, Rate of change of the relative distance between two objects
Ryel Derivative in time of R,

.
t Time [day]

testim Estimated date of the event [day]
trast Initial date of the analysis [day]

treal Real date of the event [day]

Erell Relative error
U Earth gravitational parameter [m3/s?]
Q Right ascension of ascending node [deg]
Q, Right ascension of ascending node computed through the propagator [deg]
Q Derivative in time of the right ascension of ascending node [deg/s]

Acronyms/Abbreviations

BC Ballistic coefficient

GEO Geostationary Earth Orbit

HCM Hierarchical Clustering Method

HEO Highly Elliptical Orbit

LEO Low Earth Orbit

MAD Mean Absolute Deviation

MEO Medium Earth orbit

MOID Minimum Orbit Intersection Distance
NASA National Aeronautics and Space Administration

PlanODyn Planetary Orbital Dynamics

RAAN Right ascension of ascending node

SOFT Simulation of On-Orbit Fragmentation Tool
TLE Two Line Element

1. Introduction

Fragmentation reconstruction and characterisation is fundamental for future space traffic management and
operation of new missions and those already in orbit. The amount of uncontrollable space objects is constantly
increasing, and the current number for the Low Earth Orbit (LEO) region is of around 9700 debris out of a total of
13930 orbiting catalogued objects as of end of 2019 [1]. The increase in the space pollution results in some orbital
regions to be at higher risk of breakup events. Despite the presence of guidelines, some breakup events are still difficult
to be avoided (e.qg., collisions between objects in space), while others are hardly predictable (e.g., explosion of rocket
bodies). Building the capabilities to properly localise and characterise fragmentations could lead to an improvement
for mission design and operations. Fragmentation reconstruction has been treated in different ways in past works,
considering various techniques for studying the evolution of the orbital elements, useful for identifying the location
and time of occurred breakup events. Andrisan et al. [2] developed the Simulation of On-Orbit
Fragmentation Tool (SOFT) to determine the type of fragmentation and the objects involved in it,

whenever a space surveillance network detects unexpected new objects. The type of fragmentation (i.e.,
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explosion or collision) is defined looking at the distribution of the orbital parameters of the detected new objects. The
location and the date of the events is searched by propagating backward the fragments and by checking the average
distance between them, looking for a possible minimum. The position and the velocity of the of the centre of mass of
the fragments, at the event epoch, are used to identify the parent object(s). Romano et al. [3] proposed a method
implemented in the software PUZZLE based on osculating orbital elements and a time frame for the event detection
up to one month. Their work has two objectives: the detection in space and time of the fragmentations, and the
modelling of the distribution of the generated fragments, starting from the identification of the possible parent(s).
Pruning and clustering algorithms, that are the triple-loop proposed by Hoots et al. [4] and the Hierarchical Clustering
Method (HCM) [5], are exploited to reject wrong fragments, to subdivide the analysed objects into families and to find
possible close approaches between the fragments’ locations. The NASA standard breakup model is used to recover the
physical properties of the fragments and to model the distribution of the orbital parameter of all the possible generated
fragments. Dimare et al. [6] attempted to identify the fragmentation epoch and the corresponding parent object(s) with
the use of a similarity function based on the orbital elements of the analysed fragments. The latter, all generated by the
investigated breakup event, are propagated backward finding the minimum in the similarity function among them. The
orbital parameters of the debris at the detected event date are matched with a set of possible candidates to guesses the
possible parent(s). Different metrics for the similarity function have been tested: the nodal distance, the Minimum
Orbital Intersection Distance (MOID), and the D-criterion (which is a method developed for the study of asteroids’
families) proposed by Southworth and Hawkins [7], by Jopek [8], and by Drummond [9]. Southworth-Hawkins and
Jopek's metrics proved to be the most suitable for achieving both the goals. The method by Frey et al. [10], instead,
scans a time frame of the order of months to years to find the event epoch. They identified the inclination and the Right
Ascension of Ascending Node (RAAN) as the most suitable orbital elements for the detection of the event date. The
proposed idea is to search possible clustering in time of these two Keplerian orbital elements when the fragments are
propagated backward. The propagation is performed considering mean orbital elements, making the study different
from the previously analysed methods. Moreover, they suggest the use of supervised learning algorithms to train the
method.

The work presented is a continuation of the work in [10] and has a twofold objective: first, the detection of occurred
fragmentation events (i.e., collisions or explosions); second, the identification of the possible parent object(s) that
originated the fragments. As for the method by Frey et al. [10], the time span considered for the study is of the order
of months to years (i.e., the long-term evolution of orbits.), and mean Keplerian elements are used for the propagation.
All the analyses carried out for the development of the model and for its validation consider Two-Line-Elements
(TLES), publicly available data generally used to perform orbital analysis whenever more accurate orbital data are not
available, as data set. The models include different tools: an outlier filter to reject possible errors in the set of TLES, a
routine for estimating the Ballistic Coefficient (BC) that fits the B* parameter included in the TLES, and pruning and
clustering techniques capable of differentiating the examined objects into different families. The analysed objects are
propagated backward, exploiting the semi-analytic propagator PlanODyn [11], and the orbital elements are
investigated to detect possible convergence and hence possible fragmentation events. The fragments that remain at the
end of the process are used to identify the parent object(s), considering as possible candidates known objects included
in online catalogues. Figure 1 shows the block diagram of the model.

The paper describes the data pre-processing in Section [0], the model of the event detection in Section [3], and the
model of the parent identification in Section [4]. Section [5] is devoted to the presentation of some tests, while Section
[6] reports the final considerations and possible future improvements of the method.

|- I -

Figure 1. Model block diagram.
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2. Data pre-processing

Before starting with the fragmentation’s analyses, the input data must be organised. TLEs, that are publicly
available data generally used to perform orbital mechanics analysis whenever more accurate orbital data are not
available, are selected for the investigations. The pre-processing phase takes as input the TLEs data, extracts from
them the needed information (e.g., the orbital parameters), filters out possible errors included in the TLES sequences,
and estimates some parameters that are required during the next phases of the process.

2.1 Outlier filtering

The implementation of an outlier filter is necessary to remove from the sequences possible erroneous TLEs and,
consequently, to improve the quality of the input data and of all the following analyses. The filter used for the work is
the one proposed by Lidtke et al. [12] and, for each sequence of TLEs (corresponding to each considered object), the
data are examined through five steps:

1. Check for possible high frequency update time of the TLEs; in these cases, according to a selected
threshold, it is possible to consider the new TLE as a correction of the previous one, that hence must
be eliminated;

2. Check for possible low frequency update; in the presence of large time gaps, it is necessary to create
windows inside which the following filters will be performed;

3. Remove TLEs incoherent values for the mean motion parameter and creation of possible sub-
windows;

4. Remove TLEs incoherent values for the inclination and eccentricity parameters;

5. Remove TLEs which include negative values of the B*.

After the elimination of all the TLESs rectified by new TLE update, and the generation of the windows, the mean
motion outliers are detected using a sliding window process; the latter is characterised by a fixed length. Inside each
window, it is evaluated the polynomial n,.., (¢) through a regression technique, considering a polynomial of a chosen
order. With the obtained regressed polynomial, the two TLES that follow the window are analysed using two tolerances.
The first is an absolute tolerance computed as

_ Ni—Nreg(titq)
TA N Nreg(ti) (1)

where n; is the elements i — th in the sliding window, n,., (t;) and n,, (t;,) are the mean motion evaluated through
the regression technique of the i — th and (i + 1) — th elements. The second is a relative tolerance computed as

Ni—Nyeg(t;+1)

Tr = 2
R Nreg (ti)_nreg(ti"'l) ( )

In case both the thresholds are exceeded, it is not possible to correctly state whether the analysed element is an
outlier or not. Indeed, it is possible that the analysed element is the beginning parameter of a new evolution in the mean
motion. Consequently, it is implemented a new tolerance, that is computed as

_ Mi427Mi4s
Aivr Nreg(ti+1) (3)

If also this last threshold is exceeded, the TLE is rejected by the process; contrary, if the new value stays below the
threshold, the TLE remain in the process and a new sub-window is generated. The inclination and the eccentricity
(considering the perigee radius for the study) are analysed within the previously generated sub-windows. This time, a
simpler statistical approach is performed. First of all, a window with a fixed length scans the TLEs sequence and
compute the mean value. The latter is subtracted to the TLE in the middle of the window to generate a time series of
differences. The time series is scanned by a new window (with a different length) and the Mean Absolute Deviation
(MAD) isevaluated. All the elements that present a difference from the mean value that is greater than a chosen number
of MAD are eliminated by the process. More than one passage, considering different values for the length of the
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windows and for the tolerances, can be performed to reject the outliers at different levels. The last filter performs a
simple sign check to eliminate possible negative B* values. The latter are typically associated to satellite manoeuvres,
not considered in these analyses, and possible uncertainty included in this parameter. Figure 2 summarises the steps of
the outlier filtering routine.

Update time

WINDOWS

Mean motion

SUB-WINDOWS Filtered
‘ TLEs

Inclination
Eccenticity

Filters ’
Tolerances

Negative B*

Figure 2. Outlier filter block diagram.

2.2 Ballistic coefficient estimation

The ballistic coefficient is an important physical property of each object and must be estimated to recover a precise
time evolution of the objects with the adopted propagator [11]. For this work, it is exploited the method proposed by
Gondelach etal. [13]; this method was also applied to re-entry prediction by Frey et al [14]. The estimation is performed
considering as fitting parameter the B*, that is the drag parameter included in the TLEs and it is used through simplified
perturbation propagators [15]. The basic idea of the model is that the change in the semi-major axis (included in the
TLEs in terms of mean motion) is related to the drag perturbation only. Figure 3 shows the steps performed to estimate
the ballistic coefficient. First, the semi-major axis is recovered from the mean motion included in the TLEs as

UE*864002 s
o= (=)

292
m2ng

Then, it is computed the change in the semi-major axis between two selected TLES as

Aarig = arpg, — Arpg, (5)

The same change is performed using the propagator and considering a time interval for the propagation equal to
that of the selected TLEs. It is important to state that the propagation is performed backward to avoid possible undesired
re-entries of the considered objects. The second change in the semi-major axis, evaluated considering each time the
last BC guess, is computed as

t2 da
Aayrop = ftl Eldragdt (6)

The change obtained between the TLEs and through the propagator are compared and the process is repeated until
the difference between the two values goes below the threshold set at 10~* km [13]. In case the threshold is not
satisfied, a new BC guess is generated using a simple secant method

_ _ ) BCh—1—BCp—3
BCy = Bl Aadlff(Bcn_l)Aadiff(BCn—l)_Aadiff(BCn—z) (7)
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For the purpose of this work, the estimation is performed by considering a sinusoidal model to recover the evolution
of the solar activity over time; this decision introduces possible uncertainties both in the estimation process and in the
propagation one. However, it is necessary to perform a compromise between the accuracy of the model and the
computational time of the process.

BC
Initial guess

Input -
TLEs

BC
Second guess

‘ Final
Compute New BC Compute BC Estimate

Adryg estimate AGpron

Propagator
Settings » e

Satisifed?

Figure 3. Ballistic coefficient estimation process.
3. Event detection

The first goal of the work is the detection of possible occurred breakup events. According to the composition of
the initial set of analysed objects, two different strategies are adopted (displayed in Figure 4). The first strategy is
dedicated to the sets of fragments known a priori to be generated by the same event; in this case, the model directly
propagates the objects to estimate the epoch of the event. The propagation phase is composed by two steps: the first is
the estimation of the date based on the study of the RAAN of each fragment, while the second is the refinement of the
first estimate based on the close approach study. Instead, if the set is composed by unknown objects, or by known
objects and the goal is to find the origin of a new fragment(s), the model performs a pruning step before the propagation
phase. Through this preliminary phase, it is possible to identify and eliminate from the initial set all the fragments that
are not related to the ones under consideration (i.e., the new fragments or the ones considered as unknowns). This step
is composed by two stages of filtering based on the study of the geometry of the objects’ orbit. The output information
are the estimated date of the event and a set of fragments probably originated by the event.

3.1 Pruning phase

The pruning phase is composed by two stages: the first is dedicated to the analysis of the inclination of the orbits,
while the second compares the geometry of the orbits in terms of distances. The scope of this phase is to filter the
initial set of objects such that only the fragments related to the same event arrives at the propagation step.

Event detection

Single family Backward
propagation

= Breakup
= cvent date

Pruning/Clustering Event detection

Inclination B: d Event’s date

o iple-loo o
Many familics filtering Triple-loop on refinement

Figure 4. Event detection block diagram.
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3.1.1 Inclination filter

The first filtering step is performed considering the inclination as study parameter. In LEO region, the inclination
is little affected by perturbations, remaining bounded in time. Consequently, when analysing the origin of a newfound
debris, it would be a waste of time to propagate all the orbiting objects to find its origin. Thanks to this property, it is
possible to eliminate from the initial set the objects that have the orbit inclination different from the analysed fragment
of a certain selected threshold. An example is displayed in Figure 5, where an Iridium 33 debris is considered as
unknown (green dot), and it the distribution of other Iridium 33 fragments (in orange) and of other objects (in blue) is
studied. As observable, the unknown object is in the same inclination region as the other Iridium 33 fragments. By
properly selecting an inclination interval Ai around the green dot, it is possible to reject from the initial set many useless
objects while maintaining the correct fragments.

ATB RAAN versus Inclination RAAN versus Inclination
« Known i « Known
« Iridinm 33 fragments| g _’r ' « Iridium 33 [ragments|
E300_ ¥ Unkown = ;:' s 3 '.': % }I%xifown —
k) 4 w v _;- —Iridium 33 Limits
-;‘ Yo @ - ¥
«77;1 200 5 P
P S 1|
100 T
0 . 39 : E B - x . = =
0 50 100 150 84 86 88 90
Inclination [deg] Inclination [deg]

Figure 5a. Location of the unknown object and of the ~ Figure 5b. Iridium 33 limits.
Iridium 33 fragments.

Figure 5. Distribution of the objects in inclination and RAAN

3.1.2  Triple-loop filter

The second filtering step exploits the triple-loop filter, that is composed by three filters: the first two are geometrical
comparisons between the orbits, the third is a time filter. The method proposed here was developed by Hoots et al. [4],
with a modification in the second filter. The filter compares each time two objects. The first filter examines the apogee
and the perigee altitudes of the two analysed objects to check for possible intersections between the orbits. The
comparison is performed evaluating the difference between g (defined as the maximum of the two perigee distances)
and Q (defined as the minimum of the two apogee distances). In case

q—Q <Dy (8)

where D,is a selected threshold, the object under consideration pass this first filtering stage.

Apogee
orbit 1 Apogee

orbit 2

Perigee
orbit 2

Perige

orbit 1

Figure 6. Apogee/Perigee filter: comparison between the
apogee and perigee altitudes of the two examined objects' orbits
(picture modified from [4]).
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The second filter evaluates the MOID between the two orbits to check the possibilities of close approaches. This
distance is evaluated using the algebraic method proposed by Gronchi et al. [16] and it is based on the algebraic
elimination theory. It computes the roots of a 16t degree univariate polynomial to find the critical points (i.e.,
minimum, maximum, and saddle points) between the two analysed orbits. Among all the possible solutions, it is
selected only the global minimum, and by imposing a second threshold distance, it is possible to eliminate other objects
from the initial set. The third filter is based on a time study. Around the MOID points on the first and on the second
orbits are generated angular windows (as shown in Figure 7) and it is checked the possibility of finding the analysed
objects simultaneously inside these windows considering a fixed time period. In case of cross matches, it is possible
that the two objects would presents close encounters. It is important to say that this third filter is not exploited during
the pruning phase; this is because away from the event it loses its meaning, while it is extremely useful near the event
epoch. For this reason, it is used during the refinement of the date estimation, explained in Section 3.2.3.

Figure 7. Time filter: check the time of possible close
encounters (picture from [4]).

3.2 Event detection

The core of this part of the model is the estimation of the event epoch. In parallel with this, some of the fragments
generated by the detected events are also identified as output. The method performs a first estimate analysing the
RAAN of the objects, then tries to improve the guess by checking the close encounters between the fragments survived
at this point of the process. Since the event epoch is considered as unknown, it is necessary to compute a preliminary
guess to set the interval of time within which the propagation is performed. The mid-point of the analysis is evaluated
considering a linear variation of the RAAN of each object. Through the propagator, by performing a propagation of a
short time period (e.g., one day), are evaluated the parameters needed to build the RAAN lines for each object as

Dpew = Qo+ 0t (9)

where Q, is the RAAN at the present epoch, and £ is its actual variation in time. Once all the lines have been defined,
the time in which the intersections occur is checked; this epoch is considered as the mid-point of the analysis. The
propagation process is performed from the initial date (i.e., the one selected for the investigation) to a final date set as
the initial one minus twice the vale obtained from the rough estimate. Then it is performed the real propagation.

3.21  Fragments from a single family

In case the initial set is composed by fragments belonging to the same event, the model propagates the objects
backward in search of a cluster in the RAAN. Indeed, near the event, this angular parameter is expected to be similar
for each fragment. At each time span of the propagation, it is computed a AQ evaluated as the difference between the
most distant fragments in terms of RAAN. After the propagation reaches the final time, it is detected the time at which
the minimum in the AQ is found; the latter is the first estimate of the event epoch. Figure 8 shows the evolution in time
of AQ; the example is related to a set of fragments generated during the Cosmos 2251 breakup event. Far from the
event, the value of AQ is high (in this case, one year after the event it reaches 30 deg), while near the breakup epoch it
is identified the minimum value. The time at which the minimum is located is selected as first epoch guess.
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Figure 8. Evolution in time of AQ.

3.2.2  Fragments from different families

After the pruning phase, it is expected that set of the analysed objects is composed of fragments generated by the
same parent. However, in some cases it is possible that the filtering stage may not be able to reject all the unwanted
fragments. Accordingly, a tool is needed to account for this shortcoming. The basic idea is the same of the single-
family case, that is the check in time for a cluster in the RAAN. In addition, a 2D histogram is exploited, whose axis
are the sine and the cosine of the RAAN. During the propagation process, it is computed the number of objects in each
generated bin and, when the final time of the process is reached, it is searched the epoch at which the bin with the
maximum number of objects is located. Close to the event, assuming that the almost totality of the objects included in
the set belongs to the same parent, the fragments will be clustered in terms of RAAN generating the maximum bin.
Since the possibility of having the maximum bin repeated near the event, among all the possible solutions it is selected
the date for which the AQ inside the bin is minimum. All the objects that are out of the selected bin are considered as
foreign fragments and are eliminated by the process. An example is presented in Figure 9. The figure on the left
represents the condition at the beginning of the process, when the fragments involved in the events are spread in
RAAN, too. Instead, near the event epoch, the debris belonging to the same family are included in the same bin (the
yellow one), while the remaining unwanted objects are out of it.

4]

sin(€) [ o . cos(82) [ sin(€2) [-] o ' cos($) [-

Figure 9. Q evolution in time, and check of the objects’ distribution using a 2D histogram.

3.2.3  Refinement process

The previously evaluated epoch is considered as the first estimate. Then, the model attempts to improve the estimate
by examining the close approaches between the studied fragments. For this purpose, the third filter of the triple-loop
is exploited; through the method exploited for the filter, it is possible to identify a window of time inside which a close
encounter between the two studied fragments is occurred. Then, to find the time of the close encounter, the Newton
method is used as in Hoots et al. [4]. The iteration is defined as

R
lnt1 =ty — R:Z (10)

where t,,,, and t,, are the (n + 1) — th and the n — th iterations of the process, while R,,;, and R, are the rate of
change of the relative distance between the two objects and its derivative in time, and are evaluated as
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Rrel = T'fT'f + TST:'S - rf ‘g — rf ' jﬂs (11)

Ryer = 2 + 157 + 725 + 15 —¥p "1s —1p ¥ — 2Fp 75 (12)

The refinement process is performed by creating a time window around the first epoch guess, inside which the
close encounters between each fragment are identified. The, using a histogram, it is evaluated the date at which most
of the close encounters are detected; the latter is considered as the second epoch estimate. This kind of analysis is
typically carried out considering osculating orbital elements, more suitable to find the precise location in time of the
objects. However, since the purpose of this work is to use mean orbital elements, the examination is performed by
approximating the osculating orbital elements with the mean one and by checking the performance of the method. The
main approximation concerns the osculating mean anomaly approximated by an averaged mean anomaly, because this
parameter is fundamental whenever the position of an object on its orbit have to be assessed.

4. Parent identification

The third part of the model is dedicated to the identification of the parent object(s) involved in the event detected
in the previous phase. Find the object(s) that are the cause of the event is important to better characterise the breakups
(e.g., to model the generated fragments in term of orbital elements). Figure 10 shows the steps of the parent
identification model. As for the event detection, this part of the model exploits natural features of the LEO region. The
candidates are examined in terms of orbit inclination, are propagated to the estimated event epoch, and finally are
checked in terms of orbit geometry and RAAN.

Parent candidates
orbital and physical E>

parameters

Fragments
orbital and physical E>

parameters

R Propagation
Inclination e Triple-loop |f‘> Parent
filter s object(s)
Estimated

Filter step 1 Propagation step Filter step 2

event date

4.1 Inclination filter

Figure 10. Parent identification block diagram.

The first step of the method exploits the inclination to perform the rejection of the wrong candidates. During the
event detection phase, in addition to the estimation of the event date, the fragments involved in the event are also
found. The idea for this first filtering stage is to compute an average value among the orbit inclination of the analysed
fragments. Then, assuming that the objects that generated the debris are near (in terms of inclination) to their fragments,
all the candidates that are far from the average value of a certain selected threshold are discarded from the process. As
examples are shown the Cosmos 2251 (displayed in Figure 11a) and the Fengyun 1C (displayed in Figure 11b)
breakups. The Cosmos fragments are all distributed in a narrow inclination region of about 1 deg around the parent.
The Fengyun 1C represents a peculiar case, since the debris are widespread in inclination. However, as observable
from the histogram in Figure 12, most of the fragments are located in a small inclination region.
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Space objects inclination versus RAAN Space objects inclination versus RAAN
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Figure 11a. Cosmos 2251 case. Figure 11b. Fengyun 1C case.

Figure 11. Location of the parent object (in green) with respect its generated fragments (in orange) and other
objects (in blue). On the left is presented the Cosmos 2251 case, while on the right the Fengyun case.

Fengyun 1C number of fragments versus inclination
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Figure 12. Number of objects per each inclination region - Fengyun 1C.

A possible limitation for this first filtering stage is observed when the parent objects to be found is part of a satellite
constellation or family. In these cases, the orbital parameters of the satellites may be similar and hence a high number
of objects can move on to the next stages.

4.2 Triple-loop

The second step of the filtering is performed using the geometrical filters of the triple-loop, and it is carried out
after the fragments and the candidates are propagated to the estimated event date. As the candidates are propagated
near the event epoch, the correct parent and the generated fragments will present similar orbital parameters and will
stay close in distance. Consequently, using the triple-loop it is possible to discriminate the candidates included in the
set in terms of orbit geometry. As per definition, each candidate is compared with each fragment and, depending on
the filter response, two possibilities are considered:

1. Rejection of the candidate in case the filter fails with each fragment;
2. Further study of the candidate in case the filter succeeds for at least one fragment.
Since possible inaccuracies during the propagation phase (mainly related to possible bad estimate of the BC) and
since mean orbital elements are considered, the correct candidate may be erroneously eliminated if too stringent values

are considered for the thresholds of the two filters. To better visualize the properties of the method, Figure 13 shows
the Gabbard plot of a set of candidates (already filtered in inclination and propagated to the event date) and a set of
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Cosmos 2251 fragments. The figure represents in blue the perigee altitude and in orange the apogee altitude of each
candidate, while the yellow dots are the perigee altitudes, and the purple dots are the apogee altitudes of the fragments.
As visible, the objects located at a higher altitude or characterised by a higher orbit period are not compatible with the
fragments features and hence must be eliminated by the process.
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Figure 13. Gabbard plot of fragments and parent candidates.

Figure 14 displays the MOID of each fragment considered in the previous example with the Cosmos 2251 satellite.
Almost all values remain below 4 km, while only 2 fragments present a higher value. Using the method proposed, the
Cosmos 2251 will not be discarded by the process in case a threshold of 5 km is considered for the MOID filter;
contrary, in case the candidate was delated whenever the filter returns negative response for at least one fragment, the
correct object would be eliminating by the set.
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Figure 14. MOID between fragments and Cosmos 2251.

4.3 Right ascension of ascending node
The last step is related to the study of the RAAN of the remaining candidates. Near the event date, the correct
parent is expected to have a similar value for this angular orbital parameter to its generated fragments. The
methodology adopted is the following:
1. Compute the AQ between the fragments and each candidate;
2. Take the minimum values out of all obtained;

3. Reject the candidates exceeding a certain limit.

4. All the candidates that survive after this stage are considerate as equally probable parent(s).

SpaceOps-2021, 7, x1512 Page 12 of 20



16th International Conference on Space Operations, Cape Town, South Africa — 3 - 5 May 2021.
Copyright ©2021 by Mr. Andrea Muciaccia, Dr. Matteo Romano, Prof. Camilla Colombo, Dr. Mirko Trisolini.
Published by the IAF, with permission and released to the IAF to publish in all forms. All rights reserved.

It is important to note that the use of the RAAN is extremely useful when dealing with satellite families. Indeed,
near the event date, it is expected that only the correct parent, or however small subset of possible candidate, is close
to the fragments in terms of RAAN. An example proposed here is related to the Cosmos 2251 satellite. As observable
from the Figure 15, the correct parent (in green) is located near the debris (in blue) in terms of RAAN, while the almost
totality of the other candidates (that in this peculiar case are mostly related to the Cosmos family of satellites and are
represented in orange) are far from them.

Time versus RAAN
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= 200 i s
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A 100 - 1
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Figure 15. Location of the parent object (in green) in terms of RAAN with respect to
its generated fragments (in blue), and other candidates (in orange) - Cosmos 2251.

5. Breakup’s scenarios examined

This section examines some known occurred fragmentations used to validate the previously described model. The
tests are subdivided according to the composition of the initial sets (i.e., single-family and Fragments from different
families test cases). For each set, both the accuracy of the event detection and of the parent identification are assessed.
Regarding the event detection methad, its validity is checked by evaluating a relative error between the estimated date
of the event and real one, computed as

Eren (%) = Zestim~lreal 5 100 (13)

tiast—treal

where t,q.;m IS the estimated date of the event, t,..,; iS the real epoch of the event, and t,,, is the initial time of the
analysis. As observable in Eq.13 the error is weighted to the beginning time of the propagation, evaluating the accuracy

of the method as the propagation is performed for a higher time span. For the propagation, the following characteristics
are considered:

1. Semi-analytic propagator [11];

2. Drag perturbation (with a sinusoidal model for the solar activity evolution in time);

3. Perturbation due to Earth's non spherical gravitational field.

The parent identification routine is investigated by considering different thresholds for each included filter and by
searching the edges able to find the correct parent(s). The set of thresholds considered are the following:

1. Inclination Ai: from 0.05 deg up to 5 deg with a step of 0.05 deg;
2. A/P and MOID filters: [5/1, 10/5, 20/10, 40/20, 60/30,80/40, 100/50] km;
3. AQfilter: from 0.05 deg up to 5 deg with a step of 0.05 deg.

It is important to state that at this time of the work, it is also acceptable to obtain as final solution for the parent
identification a set of possible candidates rather a single candidate.
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5.1 Fragments from a single family

Starting from the single-family case, two breakups are considered: the Cosmos 2251 collision breakup occurred on
10 February 2009 [17] (during a minimum in the solar activity), and the NOAA 16 breakup (assessed to be an explosion
[17]) occurred on 25 November 2015 [17] (during a period of higher solar activity). The scope is to observe the
behaviour of the method as function of the initial date and of the characteristics of the initial date. The initial set of
objects are composed by 51 objects for the Cosmos 2251 case, while 61 objects for the NOAA 16 case.

5.1.1  Event detection

The examination is performed considering the initial date for the analysis at 1, 6, 12, 18, 24, and 30 months after
each breakup epoch. For each test case is evaluated the relative error for the first epoch estimate, while the refinement
technique is applied to the 1-, 6-, and 12-months cases. Figure 16 shows the relative errors evaluated as function of the
initial date. In both cases small errors are obtained, but the Cosmos 2251 case presents a better behaviour as the
propagation is performed for a longer time span with respect to the NOAA 16 tests. This result may be associated to
three different possible problems: the inaccuracy of a simple sinusoidal model to recover the solar activity evolution
(mainly for higher solar activity periods), the possible poor accuracy in the BC estimation of some fragments, or
possible inaccuracy in the propagator itself. As observable in Figure 17, the minimum AQ increases as well, and it is
probably directly correlated to the possible higher error in the epoch estimation.
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Figure 16. Relative error of the first epoch Figure 17. AQ at the event epoch as function of the
estimates as function of the initial date; Cosmos initial date. Cosmos 2251 results in orange, while
2251 errors are in orange, while NOAA 16 errors NOAA 16 results in blue.
are in blue.

Looking at the performances of the refinement technique, Figure 18 shows that no improvements are achieved for
the Cosmos 2251 tests (however already characterised by a very low error); instead, shows an improvement in the
result for the 1-month case, while a worsening in the result for the 12-months case. The source of this error can be
associated to a loss in the accuracy of the hypothesis made to perform this analysis. Indeed, looking at Figure 20 and
Figure 21, that display the number of detected close encounter as function of time around the first epoch estimate, it is
possible to observe that the bins around the maximum one tends to increase the number of elements, reducing the
precision of the entire process.
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Figure 18. Cosmos 2251 comparison between Figure 19. NOAA 16 comparison between the
the first estimate relative error and the second first estimate relative error and the second estimate
estimate relative error. relative error.
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Another source of error could be the increment in the AQ, that can be related to a wrong estimation of the MOID
point and hence of the window generated around them to detect the close encounters.
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Figure 20. Number of close encounters per Figure 21. Number of close encounters per
each day from the first epoch estimate - 1-month each day from the first epoch estimate - 12-months
case. case.

5.1.2  Parent identification

The same sets are exploited for the identification of the parent(s). First it is checked the efficacy of the inclination
filter, performed before all the objects are propagated at the estimated event epoch. Then, for the second part of the
filtering are tested the results obtained considering a Ai equal to 0.5 deg for the first filtering threshold. Figure 22 and
Table 1 summarise the results for the Cosmos 2251. The inclination filter can eliminate many objects, especially if
stringent values for the threshold are adopted, while always including the correct parent in the final set. However,
many candidates remain after this filter stage, and the reason is that the Cosmos 2251 belongs to a satellites’ family;
consequently, many Cosmaos satellites that present a similar value for the inclination parameter are not rejected by the
process. Instead, looking at the final results in Table 1, it is possible to state that the method is able to find the correct
parent by properly choosing the thresholds for each step.

Number of survived objects versus A 1 6 12 18 24 30
I I T ‘xmxm‘j « 1 Month
Bl : - 6 Months # Initial candidates 1719 1777 1673 1486 1678 1703
12 Mouths|
11+ 18 Monthsg| Single Candidate Yes Yes Yes Yes Yes Yes
+ 24 Months A/P - MOID (km) B4 Bi B4 B4 B4 B4
30 Months
AQ (deg) 005 005 04 0.1 0.15 0.5
# Multiple Candidates
A/P - MOID (km)
0 1 2 3 1 5 A9 (deg)
Ai [deg]
Figure 22. Number of survived fragments after Table 1. Results for the parent
the inclination filtering stage - Cosmos 2251. identification - Cosmos 2251 case.

Regarding the NOAA 16 case, Figure 23 shows that the inclination filter performances are more powerful when
the threshold is set below 2 deg. However, in these test cases, the model is not able to include the correct candidate if
the inclination threshold is set at 0.05 deg (very stringent value) and the initial time for the propagation goes far from
the event one. Looking at the Table 2, this time the model is able to find the correct parent for the 1- and 6-months
cases, while for longer period the method is able to narrow the final set of candidates to a smaller one (at maximum 5
final candidates, starting from a set of 2689 initial candidates).
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Figure 23. Number of survived fragments after Table 2. Results for the parent identification
the inclination filtering stage - NOAA 16 case. - NOAA 16 case.

5.2 Fragments from different families

The tests for the set composed by objects generated by different events is carried out by randomly composing the
initial set and by adding fragments belonging to a chosen family, that is the one under analysis. Here are presented two
cases, considering the breakups of the Iridium 33 and the Fengyun 1C. For each breakup are considered three different
test cases, changing each time the debris initially considered as unknown. The scope is to observe the sensitivity of the
model to different initial unknowns.

5.2.1 Iridium 33

The initial data for the process are dated 11 May 2009 and the initial set considered is composed by 360 objects,
of which 79 are Iridium 33 fragments. The epoch of the breakup event is considered as 11 February 2009 [17]. Before
the propagation process, the initial set is analysed through the pruning phase, and the results for each considered
unknown objects is summarised in Table 3. In each case, the model rejects the undesired fragments, leaving in the
study set only fragments belonging to the correct event.

34594 34522 34494

# Total Objects 31 22 11
# Iridium 33 Fragments 31 22 11

Table 3. Number of objects after the pruning phase - Iridium 33 case.

The remaining objects are then propagated, and Figure 24 are compared the results obtained with the first and the
refined estimates. For the first and the third test cases, the model is able to improve the initial epoch guess, while for
the second case there is a worsening in the final result. Regarding the parent identification, the initial set of candidates
is composed by 1577 objects. Figure 25 shows the trend in the number of objects included in the set after the inclination
filter. All the thresholds can include the correct candidate, unless for the third study case for which the selection of a
Ai equal to 0.05 deg fails. However, the latter is a very stringent threshold value. Moreover, it is possible to observe a
high improvement in the filtering when threshold lower than 4 deg are selected. For the second step are selected the
candidates survived from the inclination filter when selecting a Ai equal to 0.5 deg. Table 4 reports the final results;
the model is not able to find the correct parent, but the number of final candidates decreases if compared to the initial
one, with at maximum 9 objects included in the final set.
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Figure 24. Iridium 33 comparison between the first estimate error
and the second estimate error as function of the initial unknown object.
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Figure 25. Number of survived fragments Table 4. Results for the parent identification -
after the inclination filtering stage - Iridium 33 Iridium 33 case.
case.

5.22  Fengyun 1C

The initial set of analysed objects is composed by 405 objects, of which 72 are Fengyun 1C fragments. The initial
data are dated 10 November 2007, while the breakup events occurred on 10 January 2007 [17], hence ten months
before the beginning time for the analysis. As before, three different debris are considered as unknown objects and the
pruning phase is performed per each test case. The results are reported in following table.

29780 29729 29765

# Total Objects 12 25 15
# Fengyun 1C Fragments 12 21 15

Table 5. Number of objects after the pruning phase - Fengyun 1C case.
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In this case, for the second test case, the model is not able to include in the final set fragments belonging to the
Fengyun only, but 4 foreign objects remain in the process. This cand be related to the location of the occurred event.
Indeed, the Fengyun 1C breakup has occurred in a region denser of objects; this inevitably increases the complexity
of the pruning phase.

Figure 26 displays the results of the propagation phase. As observable, the refinement technique fails each time,
producing worse result for the second estimate. Probably the reasons are associated to the low number of objects
available at the refinement process for the close encounters detection, and to the time span considered for the analysis,
that could be too long for the validity of the hypothesis performed.
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Figure 26. Fengyun 1C comparison between the first estimate error
and the second estimate error as function of the initial unknown object.

Regarding the parent identification, the initial set of possible candidates is composed by 1497 objects. Figure 27
shows the trend of survived candidates as function of the inclination threshold, while Table 6 reports the final results
(considering a threshold of 0.5 deg for the inclination filter). This time, only for the second test case it is not possible
to identify the correct parent; however, the final set is composed by only two objects.
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Figure 27. Number of survived fragments after the
inclination filtering stage - Fengyun 1C case.
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6. Conclusions

The main objectives of the proposed work were the localisation of possible occurred fragmentations and the
identification of the object(s) that generated the fragments. The use of mean orbital elements and of a time span of the
order of months up to years to study the evolution in time of the objects motion makes analysis more challenging than
considering a short time span. The paper describes in detail each model and each method adopted to fulfil the goals.
The entire model developed exploits LEO’s natural properties (e.g., the little influence of the perturbation over the
orbit inclination) to build methods useful for both the detection of the event and the identification of the parent(s). As
clearly observable, there are similarities between the first and the second part of the model since the feature to be
analysed are the same. Indeed, the orbit inclination and RAAN are extremely important features, with the first powerful
also far from the event date, while the second becomes dominant near the event. The use of pruning and clustering
techniques is essential to reject from the process all the objects not desired and to avoid the propagation of a too large
number of objects. Looking at the tests proposed, the method shows accuracy for both the event detection and the
parent identification routines. The latter is also able, in some cases, to find the correct parent, while in general to reduce
the number of candidates to a small set.

Some limitation to the model were encountered during the validation phase. First, the possible inaccuracy in the
BC estimation, especially for objects characterised by a high area-to-mass ratio; the latter are highly influenced by the
drag and hence by the solar activity cycles. The idea is to improve the accuracy by fitting the BC estimate and to
compare the results with real data. The examinations highlight the need of new pruning/clustering algorithms to
manage unknown fragments located in space regions denser of objects. The refinement technique seems to work
properly for some cases, while for other it fails. Consequently, the idea is to introduce osculating orbital elements to
perform short term analyses near the breakup events, maintaining the use of the mean orbital elements for the first
estimation of the date. Lastly, the propagator is currently a bottleneck for the number of objects that can be included
in the initial set of the study; a high number of objects parallel to a high accuracy slow down the process.

In addition to the previously cited improvements, the idea is to implement the entire model into a software suite to
expand the research window of the software PUZZLE [3], which focuses on short term analyses. Moreover, the idea
is to further expand the model with two additional routines: on the one hand to consider other space regions (e.g., GEO,
MEQO, HEQ) and their possible interaction to have a mor global knowledge of the space around the Earth, on the other
hand the modelling in space of the fragments generated by the events would be useful to perform collision risk analyses
suitable to understand the influence of the breakup events on the objects around it.
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