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Abstract 

The growing population of objects in low Earth orbits poses increasing risks to satellites. Fragmentation events—collisions, explo-
sions, and material degradation—are the main contributors to orbital overcrowding, generating further debris.

This research develops a tool for characterizing fragmentation events, with emphasis on determining their epochs. Knowing the epoch 
improves observation planning and debris prediction. This tool also achieves fragment–event association and the rejection of unrelated
objects. This enhances the cataloguing of newly generated debris.

The method models the event as a collision between the parent body and a fragment, computing collision probabilities over time. The 
highest probability indicates potential fragmentation epochs, from which a single estimate is derived. Gaussian mixtures are used to rep-
resent and propagate uncertainty, offering more accurate probability computations by capturing non-linearities that Gaussian assump-
tions could not.

Validation through numerical analysis shows that, while perturbations and orbit determination errors degrade accuracy, the correct 
epoch is always among the candidates. Real data tests confirm the method robustness in operational scenarios. The algorithm proves 
reliable and requires only one fragment state and the parent ephemeris, making it highly practical.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http:// 
creativecommons.org/licenses/by/4.0/). 
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1. Intr oduction 

The proliferation of Resident Space Objects (RSO) in 
Low Earth Orbit (LEO) has emerged as a matter of signif-
icant concern, particularly in the context of the advance-
ment of space services. The most recent data about to the 
quantity of non-functional orbiting objects has been pro-
vided by the ESA Space Debris Office. The data indicates 
that approximately 19,590 satellites have been placed into
Earth orbit in more than 60 years of activities, resulting
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in the current presence of 54,000 space objects with dimen-
sions over approximately 10 cm, 1.2 million debris with 
dimensions between 1 cm and 10 cm and 1.4 billion d ebris 
with smaller dimensions (ESA, 2024 b). In this context, 
these debris may be defined as all human made objects 
including fragments and elements thereof, in Earth orbit or 
re-entering the atmosphere, that are non-functional (IADC, 
2021). This population poses a significant threat to both 
future and current missions, as the impact of a debris with 
a functioning satellite has the potential to end its opera-
tional life or cause damage to parts of it. Conversely, the 
presence of space debris can generate additional fragments, 
which may in turn trigger a chain reaction. This phe-
nomenon was studied by Donald Kessler, who hypothe-
sized that the excessive accumulation of space debris
SPAR. 
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2026.02.060
http://creativecommons.org/licenses/by/4.0/
mailto:paola.grattagliano@polimi.it
mailto:marcofelice.montaruli@polimi.it
mailto:pierluigi.dilizia@polimi.it
mailto:pierluigi.dilizia@polimi.it
https://doi.org/10.1016/j.asr.2026.02.060
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2026.02.060&domain=pdf


P. Grattagliano et al. Advances in Space Research 77 (2026) 9174–9200
could initiate a cascading sequence of collisions and explo-
sions. Such a process would result in an exponential 
increase in the number of artificial objects in orbit, thereby 
rendering spaceflight exceedingly hazardous (Kessler and 
Cour-Palais, 1978). Although we have not yet reached 
the scenario predicted by Kessler, fragmentation events 
are currently the dominant source of space debris (ESA, 
2024a).

In this framework, various initiatives are undertaken to 
address the challenges mentioned above. These efforts focus 
on tracking and cataloguing RSOs orbits, monitoring frag-
mentation events, and implementing countermeasures to 
mitigate the associated risks. At the European level, there 
are two significant Space Surveillance and Tracking (SST) 
capabilities: the SST segment of the ESA SSA program, 
managed through the ESA Space Debris Offic e, and the 
EUSST Consortium. The latter organizes its operations 
around three primary functions: sensor, processing, and ser-
vice. The sensor function comprises a network of ground-
based sensors dedicated to surveying and tracking space
objects, which may be optical telescopes (Pastor et al., 
2022; Maruskin et al., 2009), radars (Bianchi et al., 2023; 
Montaruli et al. (2024d); Montaruli et al. (2024b) ;
Montaruli et al. (2024a )) or laser s (Cordelli et al., 2020). 
The processing function involves the analysis of SST data 
at a nationa l level to produce SST infor mation and services
(Montaruli et al., 2024e). The service function provides SST 
services to the European user community (EUSST, 2023a). 
Within the service function, the Collision Avoidance service 
assesses collision risks and generates alerts to prevent colli-
sions (Bonaccorsi et al., 2024). The Re-entry Analysis ser-
vice evaluates the risk of uncontrolled re-entries of man-
made space objects into the Earth’s atmosphere and dissem-
inates relevant information (Pardini and Ansel mo, 2008; 
Montaruli et al., 2025). The Fragmentation Analysis service 
is responsible for detecting and characterizing in-orbit frag-
mentations, break-ups, and collisions, and for analyzing all 
available information regarding the involved objects
(Mains et al., 2024; EUSST, 2023b). 

In the context of the aforementioned background, the 
timely monitoring of on-orbit break-ups is of paramount 
importance. The immediate prediction of the trajector ies 
of resulting fragments through models capable of forecast-
ing the debris cloud evolution (Giudici et al. (2024) ; Letizia 
et al. (2015); Matney et al. (1999); Matney (2000)) is neces-
sary to assess the likelihood of subsequent collisions, which 
may in turn give rise to additional fragments. Furthermore, 
early fragmentations characterization activities allow for 
the planning of appropriate further observations aimed at 
preventing potential future collisions. In order to achieve 
these objectives, it is first necessary to detect the epoch 
and the location of the fragments generation from the pri-
mary object to be used as initial conditions for the afor-
mentioned activities. This data indeed is crucial not only
for predicting the cloud dispersion, but also to associate
the observed fragments with a parent object.
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Fragmentation events include generally explosions and 
collisions. Multiple methods for the detection of the epoch 
and the location of a fragmentation event are proposed in 
the current state of the art. In (Andrişan et al., 2016) the 
event epoch is identified through a backward propagation 
of each fragment of the analysed cloud. At each time step 
the distance between the propagated state and the centre 
of mass of the cloud is computed, and the event is detected
where this distance reaches a minimum. In (Dimare et al., 
2019) the break-up time is identified within an approach 
to correlate known fragments with possible parent objects. 
To achieve this, five distance metrics are applied 
(D-Criterias, Minimum Orbital Intersection Distance 
(MOID) and nodal distance) and investigated in terms of
accuracy of the produced results. In (Slatton and 
McKissock, 2017) the epoch detection is achieved by 
applying a conjunction assessment software, after having 
correlated the debris to the event, and by looking for the 
time of convergence of the miss distance. Despite the ease 
and effectiveness of this method, numerous ephemerides 
of various fragments are assumed to be known and associa-
ble with an already catalogued parent object. The assum p-
tion of availability of many Two-Line Elements (TLEs) is
leveraged in (Muciaccia et al., 2024) as well, where the 
PUZZLE tool is described. This tool is devoted to the 
break-up event detection and fragmentation epoch estima-
tion, both in the short and long-term scenarios, through a 
first pruning and filtering of non-relevant TLEs, and a sub-
sequent analysis of the orbital elements of the remaining 
ones. Indeed, in the vicinity of the break-up event, the gen-
erated fragments exhibit similarities in certain Keplerian 
elements. The knowledge of numerous precise orbital states 
of the fragments is necessary for the epoch estimation pro-
cess; however, this represents a less frequently applicable 
assumption in a realistic operational scenario. In suc h situ-
ations, the fragmentation epoch is required shortly after 
the event is detected, when a small number of debris ephe-
merides (or a single one) is known, to plan as soon as pos-
sible further observations of the generated fragments and 
perform a refinement of their determined orbital states.
This process improves the epoch estimation accuracy, cre-
ating a ”virtuous cycle”. In this context, the FRagmenta-
tion Epoch Detector (FRED) algorithm (Montaruli et al., 
2023b), aims to detect the epoch of a fragmentation event, 
exploiting the availability of one ephemeris of the parent 
object and a single orbital state of a generated fragment. 
The approach is stochastic, and different distance metrics 
are investigated to identify and rank fragmentation epo ch 
candidates by comparing the statistical distributions of 
MOID and relative distance between parent and fragment. 
The best fragm entation epoch is finally returned in terms of
mean value and standard deviation.

However, FRED algorithm is subject to certain limita-
tions, which underscore the necessity for its enhancement 
and, consequently, serve as a motivation for the present 
research. Primarily, it is necessary to address the lack of
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Fig. 1. Relative distance between the parent object and the mean state of 
one observed fragment. The dashed curve in the bottom shows the 
theoretical trend and the dashed straight line corresponds to the epoch of 
minimum value, that is the fragmentation epoch. The continuous black 
line shows the relative distance trend when an IOD error is introduced on 
the fragment mean state, and the dashed dense line corresponds to the 
minimum value, that is the estimated fragmentation epoch. It is possible to
see that the estimated fragmentation epoch is completely different from the
correct value. Source: (Montaruli et al., 2023c). 
a procedure for associating fragments with their parent 
objects. In fact, within FRED, this association is assumed 
a priori. Furthermore, FRED is characterized by a signifi-
cant computational cost: as it relies on a Monte Carlo anal-
ysis, the computational expense is directly proportional to 
the number of samples considered. Finally, only the state 
of the fragment is represented stochastically, while the state 
of the parent object is assumed to be deterministic. This
represents a simplification of the problem.

The objective of the present work is to overcome the 
limitations of FRED method, as previously described. In 
order to achieve this, the proposed approach leverages 
the probability of collision (inherited from Conjunction 
Analysis (CA) techniques) and an advanced tool for uncer-
tainty representation, namely Gaussian mixtures. The lat-
ter choice is motivated by the need to mitigate the 
computational costs. The implementation of these 
enhancements is set to result in a novel version of FRED, 
referred to in this work as FRED 2.0. The work conducted
to achieve these improvements is described in the following
sections. In particular, Section 2 provides a step-by-step 
and detailed description of the tool implementation. It 
includes the definition of the required inputs and it outlines 
codes used for estimating the fragmentation epoch and 
associating the fragment with the parent object. In Sec-
tion 3, the results of numerical simulations conducted on 
a fragmentation test case are discussed. The algorithm is 
then applied on a real break-up to test its performance in 
an operational scenario, as reported in Section 4. Conclu-
sions and potential future developments of this work are 
finally depicted in Section 5. 

2. Method ology 

Let’s examine the fragmentation of a space object 
denoted as parent, for which the most recent available 
ephemeris is recorded a to which a covariance 
matrix is associated, through either an Orbit Determina-
tion (OD) process or through the TLE based approach pre-
sented in Section 2.2. The fragmentation event occurs at 
with and an alert regarding the event is issued at 
with Subsequently, a fragment is detected by a 
ground-based sensor at and the fragment orbit al 
state and covariance are initially determined, being 
directly derived from t he Init ial Orbit Determination
(IOD) process.
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If the orbit determination were highly accurate and the 
physical parameters and dynamical model sufficiently real-
istic, it would theoretically be possible to propagate the tra-
jectories of both parent and fragment objects in the time 
window from to and to look for the epoch of mini-
mum relative distance. However, in operational applica-
tions, the accuracy of measurements and the IOD process 
intro duce errors in reconstructing the observed fragment
state vector, making this method unreliable. As an exam-
ple, Fig. 1 from (Montaruli et al., 2023c) illustrates the

 teph  ta 
9176
trend of relative distance over an analysis time window 
between the last available ephemeris of the parent object 
and the mean state of an observed fragment.

It can be observed that the epoch corresponding to the 
minimum relative distance between the fragment and par-
ent mean states (dashed dense line on the right) differs sig-
nificantly from the correct fragmentation epoch (dashed 
line on the left), which corresponds to the theoretical min-
imum relative distance (dashed black line) (Montaruli 
et al., 2023c). Additionally, errors arise from the mismatch 
between the actual fragment trajectory and the propaga-
tion model used, due to unknown actual physical parame-
ters of the observed fragment and due to perturbation 
which may be sim plified or even not considered. For these 
reasons, determining the fragmentation epoch by simply 
searching for the minimum relat ive distance between the
orbital states and treated as deterministic variables, 
in the time window to s an unreliable methodology.

 xp xf , 
teph ita 

The considerations above imply that OD uncertainty 
cannot be neglected. This motivated the choice to conduct 
a stochastic approach for the fragmentation epoch identifi-
cation, which leaded to develop FRED algorithm 
(Montaruli et al., 2023c). As mentioned above, the present 
work shows the advancement of such algorithm, addressed 
as FRED 2.0, which exploits Gaussian Mixture Models 
(GMMs) to represent and propagate the uncertainties, dif-
ferently from the Monte Carlo (MC) approac h used in the 
original version of FRED. Another innovation of the new
approach is the uncertainty association to both fragment
and parent orbital states.

Section 2.1 describes the proposed algorithm, detailing 
both the uncertainty representation and propagation, the 
fragmentation epoch identi fication and the fragment asso-
ciation to the event. Then, Section 2.2 illustrates an opera-
tional procedure which can be exploited to associate a
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covariance to a parent object starting from a set of TLEs, 
which are determini stic information.

2.1. FRED 2.0 

FRED 2.0 tool is presented in this section. The algo-
rithm takes as input the parent and a single fragment orbi-
tal state, both stochastically described in terms of mean 
state and covariance. First, the algorithm manages the 
uncertainty of both the orbital states through the GMM 
representation, as described in Section 2.1.1. Then, it is 
used both to estimate the epoch of the fragmentation event, 
as explained in Section 2.1.2, and to verify the  association 
of the fragment object to the parent, through the method-
ology proposed in Section 2.1.3. The general flow chart of 
FRED 2.0 capabilities is represented in Fig. 2. 

The ephemeris of the original (parent) object involved in 
the fragmentation is referred to as and is dated to 
epoch of the last orbital state available before the event. 
The covariance matrix of the paren is also dated to 

and associated to This matrix could derive either 
from an OD process , or acco rding to the procedure
described in Section 2.2, if the ephemerides are available 
in the form of TLEs from a catalogue. 

h, 

P p 

, . 

xp tep 

t 
teph xp 

2.1.1. GMMs generat ion 
According to the theory underlying GMM, any initial 

Gaussian distribution can be discretized into a series of 
smaller Gaussians (Vittaldev, 2015). This implies that a cer-
tain Probability Density Function (PDF) can be approxi-
mated through a weighted sum of N Gaussian PDFs with 
smaller covariances, as reported in Eq. 1: 

p x 
N 

i 1 
aipg x li P i 

N 

i 1 
a i 1 1

The weights  mean values and covariance matr ices 
of the i-th sub-Gaussian (called ”element”) are derived 

through available univariate splitting libraries (Vittaldev 
et al., 2016), applied to the multivariate distribution related 
to the orbital state. Specifically, the splitting is performed 
along a single direction, which is usually chosen as the 
direction of largest non-linearity or highest uncertainty. 
In this work, the splitting direction along which the uni-
variate library is applied is considered to be the eigenvector 
corresponding to the highest eigenvalue of the initial Gaus-
sian covariance to be split. In practice, this translates to 
exploiting the direction of maximum uncertainty. While
multivariate splitting along various directions is necessary

( (
(  

,ai) li) 
Pi) 
Fig. 2. General flow chart of the epoch 
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for extremely non-linear dynamics, the moderate non-
linearity considered in the application of this method justi-
fies the use of univariate splitting, with its gen eral limita-
tions duly noted.

The GMM for the uncertainty representation and prop-
agation is motivated by being a valuable compromise 
between the Gaussian approximation and the computa-
tional demand of MC techniques. Indeed, splitting the ini-
tial Gaussian distribution into a GMM results into 
multiple elements, each provided with a smal ler covariance 
than the original one. This operation enables the shape of 
the final non-Gaussian distribution to be captured more 
precisely than with the propagation of the initial Gaussian 
distribution (Vittaldev et al., 2016). Concurrently, the com-
putational burden is significantly reduced relative to that of 
a MC propagation of uncertainties, thereby making this 
stochastic approach valuable when dealing with a cloud 
of objects (eg: fragments) and their trajectories in time. It 
should be noted that this statement is only applicable in cir-
cumstances where the results and accuracie s are equivalent.
In fact, a MC analysis with a very small number of samples
may be faster than the GMM method, but would yield less
accurate results.

The splitting process mentioned above is applied on 
both parent and fragment Gaussian distributions at initial 
epoch. Thus, the obtained mean states and covariance 
matrices are propagated over time exploiting the 
Unscented Transform (UT) (Julier et al., 2000) approach, 
due to its accuracy in capturing non-linearities , besides
the computational simplicity and speed.
2.1.2. Fragmentation epoch estimation 
The epoch detection approach is outlined in the follow-

ing series of steps. Initially, a set of candidate fragmenta-
tion epochs is obtained by computing the epochs of the 
parent passage through the MOID, for all combinations 
of the mean state elements of parent and fragment distribu-
tions (retrieved by the application of GMM). These epochs 
are then refined to compute candidate Time of Closest 
Approach (TCAs). The collision probability between par-
ent and fragment elements is introduced as a criterion to 
identify the periodicity at which the fragmentation is most 
likely to have occurred. Finally, the median value and the 
Median Absolute Deviation (MAD) are determined for 
the selected set of TCAs. This couple of values provides
ultimate information on the estimated event epoch. These
steps are detailed in the following paragraphs Candidate

TCAs computation and Best TCAs selection.
estimation algorithm of FRED 2.0.

move_f0010
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2.1.2.1. Candidate TCAs computation. The first block in
the algorithm (Fig. 3) computes a set of candidate epochs 
of possible encounters for each elemen of the parent 
mixture and for each element f the fragment 

mixture . These are derived from the application 
of the GMM splitting, as described in Section 2.1.1. 
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( p 
p P

p 
ip 

) i 

( f 
f 
Pf  

if
)

t i
 xi of 

 xi 

Np Gaussian Mixture Elements (GMEs) from the parent 
mixture and GMEs from the fragment mixture are so 
generated, resulting in at most candidate fragmen-
tation epochs as output. Specifically, these are obtained as 
the epoch of passage through the MOID location for the 
parent, whose ephemeris is deemed to be more reliable than 
the fragment state, as the latter comes from an OD process. 
This epoch is obtained through an analytical computation 
of the MOID and is subsequently refined through the iter-
ative process including perturbations presented in
(Montaruli et al., 2023b). 

N N f
Nf 

p 
Fig. 3. Flow chart of the epoch estimation algorithm (de

9178
1.

 

The portion of the algorithm is structured as follows :

tThe time window is sampl ed with frequency 
where is the parent orbital period computed 

from the input ephemeris. This results in number 
of epochs each related to the i-th periodicity. This fre-
quency is selected as opposed to a sampling, since 
the objective is typically to identify a single minimum 
distance value, in order to ascertain only one possible 
encounter among the two occurring in an orbital period. 

eph ta
1 T p, T p 

Norb 
ti, 

2 T p 

2. I n order to include the state uncertainty in the event 
epoch identification, GMEs and GMEs are gen-
erated through the splitting approac h describ ed in Sec-
tion 2.1.1. In particular, the mean state vectors 
with and with are 
produced. 

Np Nf 

xp 
i p 

ip 1 N p xf 
i f i f 1 N f

3. A nested loop is started for each parent GME and frag-
ment GME.
tail on candidate TCAs computation) of FRED 2.0.
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The mean states of parent and fragment elem ents 
are propagated to each t .

(a) 

(b) ch tFor ea the MOID between the parent element 
and fragment elem ent as well as the epochs of 

transit through the MOID inertial point, are com-
puted analytically, according to (Gronchi, 2002) 
and leveraging Kepler’s equation. The resul ts are 
indicated as and The state vector s 
and are propagated (possibly including pertur-
bations) up to and respectively, resulting 
in the orbital states and . At this 
point, the MOID is analytically evaluat ed again 
and the computations of and are updated. 
Both epochs are iteratively modified in this man-
ner until, between two consecutive steps, they do 
not change anymore (according to a toleran ce set
equal to s). This iterative cycle is taken
from (Montaruli et al., 2023b) and is performed 
to include the perturbations that are instead not 
considered in (Gronchi, 2002) formulation, which 
relies on a purely analytical model. This iterative 
process results in couples of and 

for the current element 
and of the mixtures. 

i, 
ip if , 
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(c) nt r f t(The fragme  state vecto  is propagated 

up to the epoch of transit of the parent element 
through the MOID, resulting in This is 
selected rather than the time of the fragment ele-
ment transiting through the MOID, on account 
of the higher reliabil ity associated with the parent 
ephemeris. 

if xi f 
f 
ip if ) 

ip 

xf 
i f tp 

ip if .(

if 

(d) meThe epochs of the parent ele nt transiting 
through the MOID are refined, exploiting 
the orthogonality between the relative position 
and the relative velocity between the orbital states 
of each parent and fragment GME at that epoch 

and , according to Eq. 2. 

ip 

tp 
ip i f

(xp tp ( xf tp )(
p p f f p f
rrel t vrel t 0 2 
In the specific instance of the developed algorithm, Eq. 2 
is optimized to compute the TCA. To this end, the epoch 

is used as first guess. This process allows to obtain in 
output accurate candidate TCA epochs, in number 
(one for each periodicity). At this point the parent and 
fragment GMEs and are propa-
gated through an UT function to the refined TCA, which 
represents the fragmentation candidate epochs.It is 
important to acknowledge that the MOID is a purely 
geometric parameter, cont ingent solely on the orbits of 
the two objects. Being time independent, it does not pro-

tp 
ip i f 

Norb  

( xp 
ip P

p
ip

xf 
if P

f 
i f )
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p f

vide information on the actual relative positions of the 
objects. Consequently, the TCA epochs, as delineated 
in this study, facilitate the incorporation of the temporal 
variable into the problem. This, in turn, enables the 
determinatio n of the epochs during which the encounter 
may have occurred in reality.

4. The points above previously mentioned are reiterated 
for all possible combinations of times elements, 
which results in a number of evalua-
tions. To eliminate unfeasible solutions, a filtering phase 
is adopted, as outlined below . The first filter requires 
that the couples with combinations for which 
the value is not included in the boundaries of the 
time window are eliminated . With the second fil-
ter, for each the couples with combinations for 
which or are fil-
tered out. In this way, the passage epochs that, despite 
being calculated at the i-th periodicity, fall beyond 
plus or minus a semi-period, are eliminated. The next fil-
ter is based on a Density-Base d Spatial Clustering of 
Applications with Noise (DBSCAN) (Ester et al., 
1996), applied to eliminate couples with combinations 

which are considered outliers (setting the maxi-
mum time deviation to 5 min). Lastly, the final filter 
requires that the miss distance, related to the computed 
TCAs, shall be lower than a certain threshold. Conse -
quently, epochs that are not actually feasible in repre-
senting a close approach are discarded. From this 
point forward, the number of GME elements and 

is going to be referred to the updated count of 
which have not been discarded by the filters. 

Np Nf 
Norb Np N f 

(ip if ) 
ttca 
ip i f

teph t a
ti, (ip if )

ttca 
ip if 

ti T p 2 ttca 
ip if 

ti T p 2

ti 

(ip if )

(Np 
Nf ) 
ttca 
i i 

5. I n the event that, subsequent to the filtration process, 
the related to all combinations are not co m-

pliant for all periodicities, the fragment under anal-
ysis is discarded. Therefore, it is acknowledged that an 
analysis involving a fragment can provide no result. This 
is attributable to the precision of the orbital states, and 
the rejection of such data enables the prevention of erro-
neous evaluations.

f
if

b 

ttca 
ip i ip 

Nor 
2.1.2.2. Best TCAs selection. The second block of t he rou-
tine (Fig. 4) aims to finally detect the epoch of the fragmen-
tation event, given the parent-fragment couple under 
analysis. The inputs are obtained from the previous porti on
of the algorithm (Fig. 3) and and are thus processed using a 
collision risk assessment metric. Specifically, the event 
under analysis is treated as a conjunction between a pri-
mary object (the parent) and a secondary object (the frag-
ment). This approach facilitates the evaluation of the 
Probability of Collision (PoC) values at the fragmentation 
epoch candidates and the identification of the periodicity 
where the PoC value is highest. This, in turn, provides an
initial insight into the epoch in which the encounter is most
likely to have occurred.
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Fig. 4. Flow chart of the epoch estimation algorithm (detail on candidate TCAs ranking) of FRED 2.0.
 

 

The inputs required for this portion of the algorithm are 
the refined candidate TCA epo chs at all periodicities and 
for all combination of GMM elements val-
ues of . The mean states and covariance matrices of 
parent and fragment GMEs at these epochs are also 
requir ed . 
This second portion of the routine is structured as follows: 

(N Np N f
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1. A nested loop is started for each pa rent and fragment 
GME.

2.  ti,For each the PoC between the current parent and 
fragment GMEs is computed, through Chan’s method 
(Chan, 2008). The inputs entering the PoC computation 
are the mean values and covariance matrices of the 
GMEs distributions xp 

ip ttca 
ip if 

Pp 
ip 

ttca 
ip if 

xf 
if ttca 

ip if 

Pf 
if 

ttca 
ip if 

at the corresponding candidate TCA epochs. 
The Hard Body Radius (HBR), that is the sum of the 
radii of the spheres containing the two objects, is also 
required. Nevertheless, it is important to notice that, 
in the case of a fragmentation event analysis, any value 
employed for the HBR lacks of a physical meaning. 
Indeed, before the event the fragment was a part of
the parent object, and the sum between their radii has
no physically meaning. To address this issue, in this
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p f p f  

algorithm, the combined HBR is set equal to the radius 
of the sphere equivalent to the relevant dimension of the 
parent obje ct, which is assumed to be already known, 
given that the parent is a catalogued object.

3. (ip  No For a certain combination , collision proba-
bilities are obtaine d, as 

if ) rb 

Pc 
i i t tcai i .

4. To agglomerate, for each periodicity, the values of PoC 
computed for all the GMEs combinations, the formula-
tion proposed by Vittaldev in (Vittaldev et al., 2016) and 
reported in Eq. 3 is ap plied:
Pc 
Np 

ip 1 

Nf 

if 1 
aipaif f PoC xp 

ip ttca 
ip if 

Pp 
ip 

ttca 
ip if 

xf 
if ttca 

ip if 
Pf 

if 
ttca 
ip if

HBR

3

re 

ile nd

He denotes the function used to compute the PoC 
value (which in this work is represented by Chan’s
method (Chan, 2008)), wh  a  correspond to 
the weights of each GMM element for parent and frag-
ment objects respect ively, computed through the split-
ting library mentioned in Section 2.1.1. The PoC value 

is computed in the encounter reference frame, with 
center in the primary object (the parent) . Therefore, all 
quantities at TCA appearing in Eq. 3 are projected in 
the encounter plane. A short-term method is selected 
for the collision probability computation instead of a 
long-term one, in order to derive an instantaneous value

f PoC 

aip aif 

f PoC 
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i orb   

of the PoC, as required by the Vittaldev approach.Over-
all, one value of PoC per periodicity is therefore derived, 
and denoted as with Pc i 1 N .

5. In order to detect a time interval in which it is possible 
that the fragmentation event occurred, the highest PoC 
criterion is applied. This is achieved by selecting the 
maximum value among the values. The set of 

TCA epoch s corresponding to the period-
icity where the highest PoC value is found is retained 
as while the others are discarded. 

Norb Pc 
i 

Np N f ttca 
ip i f

ttca 
ip i f ,

6. The ultimate objective is to provide the final result on the 
estimated fragmentation epoch. In order to do so, statis-
tical values, such as median and Median Absolute Devi-
ation (MAD) of the final time distribution are derived, to 
provide a measure of the ”quality” of the result and its 
uncertainty (see Section 3.3). It is worth pointing out that 
the resulting fragmentation epoch distribution cannot be 
assumed as Gaussian and, for this reason, median and 
MAD are preferred rather than mean and standard devi-
ation to measure the quality of th e estimated fragmenta-
tion epoch, and its uncertainty. The me dian value
(Huber, 20 04) is the value that separates the higher half 
of a distribution from the lower half. It is of central 
importance in robust statistics and used in this case since 
it is not affected by the skewness of the distribution, and 
therefore provides a more reliab le representation of its 
center. Indeed, as mentioned, the results of the method, 
denoted as do not necessarily constitute a Gaussian 
distribution. Consequently, the use of the mean value 
would not be as reliable. Eq. 4 is therefore applied. 

,ttca 
ip i f 
t event median t 
tca 

ip if 
ip and i f in Np N f 4

Furthermore, to quantify the uncertainty, the MAD 
(Huber, 2004) of the final epochs is evaluated. The 
MAD is the median value of the absolute values of the 
residuals with respect to the data median. It is used in 
robust statistics, since it is more resilient to outliers than 
the standard deviation. Hence, the MAD is a better sta-
tistical measure to exploit when dealing with distribu-
tions without a mean or variance, such as in this case
non-symmetric and non-Gaussian distributions. Indeed,
Eq. 5 is ap plied. 
uevent MAD t 
tca 

ip if 
ip and i f in Np N f 5
2.1.3. Using FRED 2.0 to associate fragments to parent

As mentioned in Section 1, FRED 2.0 has been devel-
oped also to address the issue of associating an uncata-
logued object to a fragmentation event. The only 
assumption is that the fragmentation of a given parent
object has been detected.

In order to establish whether an uncatalogued object 
can be associated with the satellite that broke-up , a mea-
9181
 

   

 

 

sure of total collision probability is employed within the 
analysed time window. Specifically, if the probability of 
at least one encounter occurring within the time span 
exceeds a certain threshold, then the association is consid-
ered positive, regardless of the accuracy of the estimated 
fragmentation epoch. This measure of the total probability
in time is referred to as  .Pc 

tot 
The following procedure was developed to evaluate it:

1. The candidate sets of TCA epochs, which are associated 
with the potential close encounters along the time peri-
odicities, are computed in accordance with the method-
ology outlined in paragraph Cand idate TCAs

computation (Section 2.1.2.1).
2. The PoC of each encounter at the related set of TCA 

epochs is computed, through Eq. 3.(Pc )
3. The probability that the encounter considered in the pre-

vious step does not occur is defined as 1 Pc .
4. By repeating point 2 for the all values of (all 

encounters), and by evaluating their product as in Eq.
6, the probability of no encounters happening within 
the considered time window is retrieved. 

N orb Pc 
C PNorb 
i 1 1 Pc 

i 6

5. The probability that at least one encounter between the 
two objects occurs in the entire time window can be now
evaluated as:
Pc 
tot 1 C 

Following the computation of the total probability of 
encounter occurren , a comparison of the result 
with a threshold is then made. Should the value fall 
below this threshold, the association of the fragment 
body to the primary object is deemed negative. Con-
versely, if the value exceeds the threshold, it can be con-
cluded that the observed object is a product of the 
parent break-up. The determination of this threshold 
can be facilitated through numerical simulations, by 
applying the outlined approach to a set of fragments 
simulated through the break-up model for the event 
under consideration. The result values are then 
examined to identify the least conservative value (the 
smallest), which is then designated as the threshold. It 
is important to note that the propagation scenario (Kep-
lerian or SGP4 model (Vallado et al., 2006)) has a signif-
icant influence on the out come of the selected threshold.

Pc 
tot )

Pc 
to t

ce ( 

ing 

The association procedure is thus included in the rou-
tine, which is summarized in the block diagram in Fig. 2. 

2.2. An operational technique to derive a covariance from 
TLEs

As previously mentioned, the inputs of the algorithm are 
the mean orbital states of the parent and the fragment 
objects, along with their associated covariance matrices. 
However, it should be noted that in certain cases, the input
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ephemerides may only be available in a deterministic for-
mat, such as the TLE format. In these operational cases, 
it becomes essent ial to determine a realistic covariance 
matrix, and, to this end, the approach described in 
(Osweiler, 2006) can be used both for the parent and frag-
ment obj ects. The approach to estimate a covariance

matrix at a certain epoch  here summ arized:P ist 

1. is  The epoch of interest referred to as ” primary” epoch.t
A number of ”secondary” TLEs is retrieved up to an 
arbitrary number of days before (or after) epoch.

N 
t 

3. Each of the secondary TLEs states is propagated for-
ward (or backward) in time, up to through SGP4 
(Vallado et al., 2006).

t, 

4. ist For each secondary TLE, the resi dual at computed:
5.

 
d  

dx x x 

between secondary and primary state vectors. In 
general, refers to the vector gathering the orbital char-
acteristics, which can be the carte sian state or the Kep-
lerian elements, for example. 

( x) (x) 
x 

rNThe mean of the obtained esiduals is computed, and 
here called

 
l .x 

6. The covariance is generated through the sampl e covari-
ance defin ition:
teph: 
Table 1 
Cosmos-1408 Keplerian elements at 2021–11-14 23:20:00.00 UTC. 

a [km] e [–] i [deg] [deg]X [deg]x M [deg] B* 

6862.2 0.003 82.7 123.4 91.9 254.90 0 
P 

N 

i 1 
dxi ldx dx i ldx 

T 

N

In the case of the present study, this approach is 
applied only to associate a covariance to the parent 
object. Indeed, multiple orbital states of the satellite 
are required to compute the covariance, and this pre-
vents from applying it to the fragment in the first epochs 
after the break-up, that is in the operational framework 
of both FRED and FRED 2.0 algorithms. Thus, the 
covariance associated to the fragment orbital state is
considered as returned by the orbit determination
process.

3. Numerical sim ulations 

The present section is intended to analyse the outcomes 
obtained by applying FRED 2.0 to a simulated test case, 
with the objective being to evaluate its performance and 
robustness across different propagation models and scenar-
ios. All numerical simulations have been executed in 
MATLAB (MathWorks, 2023), together with functions 
from NASA SPICE Toolkit (NASA-JPL, 2023), on a sin-
gle core with Intel(R) Core(TM) i7-8565U CPU @
1.80 GHz 1.99 GHz processor.

The conditions of the nominal test scenarios as well as 
those of the sensitivity analys es are intentionally main-
tained analogous to those employed in (Montaruli et al., 
2023c), with the objective of enabling a comparison 
between FRED 2.0 and the original FRE D version.
9182
3.1. Simulation data 

This section delineates the preparation of the simula-
tions conducted to test the algorithms described in Sec-
tion 2, in terms of input data an  d parameter settings.

3.1.1. Test case description 
The analysed fragmentation scenario is a past event 

involving a kinetic Anti-Satellite Test (ASAT) occurred 
around 02:47 UTC on November 15th, 2021 (Muciaccia 
et al., 2023). This event led to the destruction of a Russian 
satellite, named Cosmos-1408. As of June 20, 2022, the U. 
S. Space Surveillance Network had catalogued a total of 
1,764 object s, 806 of which remained in orbit, according
to recent analyses (Pardini and Anselmo, 2023). These 
numbers make this ASAT test the third most severe frag-
mentation event recorded to date, after Fengyun-1C ASAT 
test and Cosmos-2251 collision with Iridium-33.

The orbital elements of Cosmos-1408 derived from the 
last available TLE are reported in Table 1. It is worth to 
remark that, for the purposes of this preliminary analysis, 
the ballistic coefficient set in SGP4 propagation is equal 
to zero, thereby neglecting the parent orbital decay. A fur-
ther simulation is then carried out in Section 3.4.4, employ-
ing a more realistic B* value. The corresponding position 
and velocity state vectors at epo are reported in 
Table 2, and considered as the last available parent object 
orbital state in the simulation. The fragmentation epoch is 
searched for in an analysis time window that ranges from 

up to an epoch close to the time when the alert of the 
event was provided, that is 06:00 UTC on November 15th.

teph 

 

ch 

teph 

3.1.2. Parent covariance generation 
As described in Section 2, together with the ephemeris of 

the parent object, a covariance matrix representing the 
uncertainty in the state knowledge is requ ired. This covari-
ance is generated through the operatio nal procedure pro-
posed in Section 2.2. In the test case conducted within 
this work, TLEs are considered as the available determin-
istic information for the parent object (Space-Track, 
2023) and the state vector employed to compute the resid-
uals is the Cartesian one, containing the position and veloc-
ity. In particular, it is assumed that the parent state vector 
is available from the last catalogued TLE before the event. 
The method described in Section 2.2 is therefore applied 
exploiting a number of TLEs, previous with respect 
to (the epoch of the last available TLE), downloaded 
from the Space-Track website (Space-Track, 2023). The 
number of past TLEs, extending up to 5 days prior to

5 
 

N 
teph 
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Table 2 
Cosmos-1408 TLE epoch and corresponding state vector at 2021–11-
14 23:20:00.00 UTC. 

teph: 

[km]rp −3812.229 5692.616 379.691 

[km/s]vp −0.5645 −0.9086 7.5467 

 
1.
    

 

      
       
 

     

the primary epoch, has been selected in order to avoid ge n-
erating an unrealistically large covariance matrix.

The described approach is thus applied to the parent 
state reported in Table 2. The numeric result of the covari-
ance matrix generation is reported in Section 3.2, and the 
corresponding GMM distribution is represented before 
and after a propagation in time (Fig. 6a Fig. 6b, respec-
tively), showing the benefits in capturing the generated 
shape for the parent covariance matrix.

3.1.3. Fragments data set generation 
The fragments data set is also prepared prior to the sim-

ulations. This step involves the application of a break-up 
model to generate simulated orbital states of the fragments, 
their subsequent virtual detection to obtain measurements 
and an OD algorithm to reconstruct their orbits in terms
of mean state and covariance.

3.1.4. Fragmentation even t simulation 
A set of fragments orbital state vectors are first gener-

ated by applying the NASA Standard Break-up Model 
(SBM) (Johnson et al., 2001), simulating the velocity 
impulses imparted to the debris. This pro cess is summa-
rized below.

xp t tThe parent state vector dated a  ,  is
propagated up to 02:47:00 UTC on November 15th. 

rp vp T , eph

t :0  
2. The fragmentation event is modeled as a set of velocity 

impulses applied to the satellite orbital state at 
according to the SBM equ ations (Johnson et al., 2001).

t0, 

3. A set of 237 fragments is generated in such way.
4. t0, At the pericentre radius of each fragment is evalu-

ated. Those with a pericentre altitude less than 120 km 
are discarded because they are expected to re-enter, 
and are not used in the routine testing. This reduces 
the data set to 229 when the Keplerian model is used 
to propagate the simulated fragm ents, and 226 frag-
ments when SGP4 (Vallado et al., 2006) is exploited.
3.1.5. Fragments detection 
The obtained ephemerides of the fragments are propa-

gated until epoch obtaining , when a surveillance 
radar detection is simulated, and the orbital stat es and 
covariance matrices are determined. Nominally, 

is set to 13 h after the fragmentation event, since FRED 
2.0 aims to exploit a single fragment observation result, 
available a few hours after the event. The ap proach to sim-
ulate the determination process is different depending on 
the scenario analys ed, and it is described below.

 tod )

f P f

tod , xf 

x 
tod 
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.(  P )

• Scenario with no OD errorIn this case, a fixed covariance 
matrix (with standar d deviations on position and veloc-
ity of respectively km and km/s) is 
simply associated to all fragments. The matrix is derived 
through the same IOD approach detailed in the point 
below (Scenario with OD error), setting in this case 
low values for the measurement noise. This approach 
results in a small value of the covariance trace, and as 
a consequence, in positional and velocity uncertainties 
which are compatible with a near ideal IOD process. 
The final output is a unique mean state for each frag-
ment, and a constant covariance matrix for all of 
them.

9 32e 05 1 38e 06 

xf 

Pf 

• Scenario with OD errorIn this case the fragment mean 
state is propagated in the measurement time win-
dow The resulting propagated states are 
projected into the measurements space to derive a set 
of simulated angular and range measurements. Subse-
quently, a standard noise is applied on the range mea-
surement and its standard deviation is set to 30 m. 
The angular noise is considered equal for both azimuth 
and elevation and its standard deviation is set to in 
the nominal scenario. These values have been selected 
consistent with the characteristics of a radar survey sen-
sor (Montaruli et al., 2024c). The Doppler shift is not 
considered as  a measurement for this simulation. A 
radar IOD process is then simulated according to the
Keplerian-based method presented in (Siminski, 2016), 
to obtain a first estimate of the state and covariance 
matrix of each fragment. The obtained results are 
refined through the Refined Orbit Determination 
(ROD) function presented in (Montaruli et al., 2022), 
based on an Unscented Kalman Filter (UKF), and 
exploiting a non Keplerian dynamics model in the per-
turbed scenario. The final output is hence a unique cou-
ple of mean state and uncertainty covariance for each 
single fragment, both in position and velocity

t od
 tod 30s .

0

f f

xf 

tod

 01 

 x 

In the original version of FRED tool the data set related 
to the fragment objects is generated by applying only the 
IOD process on the simulated measurements which 
exploits the Keplerian-based method in (Siminski, 2016). 
The IOD result is hence not refined through an ROD algo-
rithm, as instead occurs in the simulations conducted on 
FRED 2.0. This must be taken into account when compar-
ing the performance of the epoch estimation algorithm of
the original FRED tool with that of FRED 2.0.

3.1.6. Fragment-to-parent association data set 
Space objects unrelated to the event are considered as 

well, with the aim of testing the capability of FRED 2.0 
fragment-to-parent association algorithm in avoiding 
wrong associations. The objective is to achieve the valida-
tion of a robust approach capable of discarding false asso-
ciations of non-related RSOs, particularly those that are in
close proximity to the location, epoch or regime of the frag-
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mentation event. To this end, the Space-Track catalogue 
(Space-Track, 2023) is utilized to download TLEs of gen-
eric near-Earth objects, and their eph emerides are 
employed to vali date the association approach.

Following the completion of the download process, the 
catalogued objects are subjected to a screening procedure 
that aligns with the methodology outlined in (Bonaccorsi 
et al., 2024). In the context of the tested scenario, 45,993 
objects have been downloaded. The catalogue screening 
tool is utilized to filter the objects, resulting in a final count 
of 105. For these objects, fictitious measurements are gen-
erated from a virtual ground-station and with noise, and 
processed through the same IOD and ROD algorithms 
mentioned in Section 3.1.5. The results are then input to 
the fragment-to-parent association method present ed in
Section 2.1.3, as they represented ”false” fragments to be 
tested against the parent object.
Pp 

0 0096 0 0045 0 0849 5 1358e 05 7 8904e 05 8 9045e 06 
0 0045 0 0024 0 0412 2 4932e 05 3 8243e 05 4 6004e 06 
0 0849 0 0412 0 7549 4 5684e 04 7 0168e 04 8 0220e 05 

5 1358e 05 2 4932e 05 4 5684e 04 2 7646e 07 4 2464e 07 4 8524e 08 
7 8904e 05 3 8243e 05 7 0168e 04 4 2464e 07 6 5224e 07 7 4470e 08 
8 9045e 06 4 6004e 06 8 0220e 05 4 8524e 08 7 4470e 08 8 7990e 09

7

3.1.7. Other input data 
All remaining inputs to run the routine can be therefore 

defined: the analysis time window ranges from (2021– 
11-14 23:20:00 UTC) t (2021–11-15 06:00:00 UTC), 
the number of GMEs for the pa rent and fragment objects 
is set to and respectively. The analysis time 
window is approximately hours long; since the parent 
orbital period computed a is equal to abo ut 1.6 h, 

results equal to 5. Furthermore, the combined HBR 
is set equal to the parent HBR, which is fixed to m, that 
is equal to the radar cross section associated to Cosmos-
1408 (LeoLabs, 20 21). Finally, the threshold on the lower 
bound of for a positive fragment-parent association, 
described in Section 2.1.3, is set equal when the 
propagation occurs through a Keplerian model, while 

otherwise. These thresholds are obtained from tests 
performed with the simulated settings described above, by 
applying only the fragment-to-parent association method 
to the fragments data set and evaluating the results. The 
considered fragments data set corresponds to the scenario 
with OD error (Section 3.1.5), using both the Keplerian 
and the SGP4 models, from which the two thresholds are

ph 

a 

9 9 
7 

ph 

rb 
2

 
ot 

10 9 

10 

te 
o t 

Np  Nf 
6 
t t e

No

 5 

Pc 
t 

to 

10 
9184
derived, respectively. The results for two tests are reported 
in Fig. 5. From the tests, the most conservatives values 
for the association threshold on result to be (Kep-
lerian propagation) and (SGP4 propagation).

 
9 

10 
Pc 
tot 10 

10 
3.2. GMM test case 

The graphical outcomes of the GMM generation for the 
parent object are hereby presented, with the objective of 
verifying the represen tation of the distribution subsequent 
to propagation over time. 

Firstly, as mentioned in Section 3.1.2, the tool described 
in Section 2.2 is applied to generate the covariance matrix 
associated to the parent object at epoch The results of 
the tested approach is here reported in Eq. 7, named as

. 
P

teph 
p . 
A set of 5,000 position samples are generated from the ini-
tial distribution of the parent orbital state at , 
and then each one is propagated through the Keplerian 
model for 6.3 h, as would occur with a MC analysis. The 
5,000 samples are illustrated as black dots in Fig. 6a at ini-
tial epoch and in Fig. 6b after the propagation. In order to 
facilitate a comparison between the GMM splitting and the 
MC analysis (which is regarded as the refer ence), other 
position samples are generated from the mixtures. These 
are derived as random multivariate distributions from the 

GMEs of the parent object at epoch derived from 
the splitting of the Gaussian covarian Similarly, 
Fig. 6b shows the samples generated from the same GMEs 
and propagated through UT (with Keplerian model), up to 
6.3 h (corresponding to the last periodicity epoch). As is 
evident from the plots, the splitting direction computed 
as explained in Section 2.1.1 works well when applied to 
the covariance matrix obtained through the method 
proposed in 2.2. Indeed, the samples generated fro 
(Eq. 7) through the splitting approach demonstrate a 
strong similarit y to the MC samples. At the end of the
propagation, the elements of the mixture are capable of

t ( Pp )

, 
Pp . 

Pp 

eph xp 

Np teph 
ce 

m

move_f0030


P. Grattagliano et al. Advances in Space Research 77 (2026) 9174–9200

Fig. 5. Tests conducted in the scenario with OD error in order to define the fragment-to-parent associat ion threshold on the total PoC value. The plots 
report the cumulative density function of the alue, in logarithmic scale, used to verify the association. As observed in (a), with a Keplerian dynamics, 
almost the entire data set has values which overcome approximately the order of highlighted by the vertical darker line. In (b), when applying a 
perturbed dynamics through SGP4, the values tend to decrease of an order of magnitude, and the lowest value for a positive fragment association is
approximately highlighted by the vertical darker line.

P
1

10 ,

vc 
tot 

Pc 
tot 0 9 , 

10 

Fig. 6. Uncertainty of the parent covariance in Earth-centered inertial frame. Comparison between the representation according to a MC distribution and 
to GMM one. The two representations are reported at initial epoch and after 6.3 h propagation, through the Keplerian model. It can be seen that the 
GMEs generated through the splitting strategy mentioned in Section 2.1.1 well describe both the initial and the final distribution of uncertain ty, 
particularly when compared to the shape of the MC samples considered here as the reference for uncertainty propagation.
capturing the curvature along the long-track direction, gen-
erated by the dynamics.

3.3. Simulations resul ts 

Simulations have been conducted on the entire popula-
tion of fragments from the data set generated as described 
in Section 3.1, facilitating the  post-process of the results.
9185
The assessment of the goodness of the results, and con-
sequently the performance of the method, is accomplished 
through the use of the median and the MAD, as described 
in Section 2.1.2.2. The error values associated with the set 
of TCAs resulting from the method are defined in Eq. 8. 
Together with the median value computed through Eq. 9, 
an uncertainty measure of the errors is also provided, as
in Eq. 10.
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Each epoch estimation is considered correct if either one of 
these tw o cases occurs:

• The median value of the error between the estimated 
epoch and the actual time of the event (Eq. 9), in abso-
lute value, is lower than three minutes min).( 3e 

• The median epoch among the TCAs is erroneously esti-
mated min), but the uncertainty is wide enough 
to include such an error, and this makes the computed 
epoch estimation statistica lly compliant. From a mathe-
matical point of view, it occurs th and

( 3 

e 3min 
u 3.

 e 

at 
e 

The three-minute threshold is determined by starting 
from the same metric of one minute used in the reference
work (Montaruli et al., 2023b). The value is then multiplied 
by 3 (in what can be termed a 3 presentation) in order to 
enhance the flexibility of the evaluation and ensure its rel-
evance to operational scenarios.

r re 

For all fragments that do not yield a correct estimat ion, 
two categories can be identified:

• Computation fails: this is the case occurring when, even 
though convergence to the correct periodicity is 
achieved, the median error remains higher than the 
threshold, and the incorrect epoch estimation is not mit-
igated by its uncertainty. This hence occurs: 
and This type of failure emerges when the 
TCA distribution is close to the correct periodicity but 
clusters around a point significantly distant from the 
fragmentation epoch. This failure may be caused by 
inaccurate estimates of the MOID transit epoch, which 
consequently provide inaccurate first guesses for the cal-
culation of TCAs.

e 3min 
e ue 3.

• Ranking fails (A): this is the case where convergence to 
the correct periodicity is not achieved, as the time error 
is larger than half of the parent orbital period. However, 
the ratio between the median error with respect to the 
closest periodicity epoch and its dispersion (MAD) is 
lower than 3. This results in an erroneous fragmentation 
epoch, yet the time error is a multiple of the periodicity. 
This means that the epoch of the fragmentation event is 
wrongly estimated, but the inertial position of the 
breakup can be correctly computed. This informat ion
can be instrumental in the planning of observational
campaigns aimed at cataloguing the fragments gener-
ated by the event.

• Ranking fails (B): in this case the convergence to the 
correct periodicity is not achieved and the ratio between 
the median error with respect to the closest periodicity
9186
epoch and its dispersion (MAD) is larger than 3. In this 
case both the epoch and the inertial position of the frag-
mentation event are erroneously estimated.
3.3.1. Unperturbed scenario, no OD error 
The unperturbed scenario without any OD orbital state 

error is tested to assess the theoretical performance of the 
routine. By ”unperturbed,” it is meant that the propagat ion 
of the objects in time, both in the generation of the data set
and within the algorithms detailed in Section 2.1, occurs 
through an analytical Keplerian model, without the addi-
tion of perturbations. For the generation of all the required 
inputs, for both the parent object and fragments, the 
approaches described in Section 3.1.2 and in Sec: 3.1.5 , 
are applied before run ning the simulation.

In this case 229 fragments ”survived” the filters on the 
pericenter altitude, on the candidate epochs and on the 
Distance of Closest Approach (DCA) thres hold. The 
results of the epoch estimation approach, in terms of per-
centages above defined, are reported in Table 3.  As
reported in Table 3, the method always estimates the event 
epoch with a median error lower than three minutes, for all 
simulated fragments. The media n error is reported for
all non-discarded simulations and in seconds, in terms of
percentiles, in Table 4.

e 

It is evident that these are considerably lower than three 
minutes, with orders of magnitude of the seconds in 
the worst case (100th percentile in Table 4). Therefore, 
under theoretical conditions the method is highly accurate. 

 1 10 

The performance of the association process described in 
Sectio n 2.1.3 are also verified. This is successful for all the 
fragments sim ulated for this test case, as reported in
Table 5. This occurs because the association crit erion is 
always met, as for all fragments. The associa-
tion is also tested against false positives, on the data set 
of unrelated objects derive d from Space-Track catalogue, 
and the results are shown in the last two columns of 
Table 5. Indeed, it appears that all objects which passed 
the catalogue screening and are analyzed through FRED 
2.0 return no association, since their value does 
not overcome the threshold o Consequently, the 
results of this simulation pro ve the correct working of
FRED 2.0 in ideal conditions.

t 10 9

Pc 
tot 

10 9 .

P c 
to 

of 
f 

For all 229 fragments, this simulation required a compu-
tational time of about minutes, that is approximately 

s per fragment. For the same analysis, original FRED 
algorithm takes 30 s per fragment using 1000 samples 
(Montaruli et al., 2023c), demonstrating the computational 
advantage of leveraging a statistical representation based 
on GMM. However, the following analysis was carried 
out with a deliberately limited number of GMEs compared
to the maximum allowed by the univariate splitting library

5 
 

17 
4 6
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Table 3 
Unperturbed scenario with no OD error. Epoch estimation results. FRED 2.0 correctly detects the event epoch along all simulated fragments. In fact, in 
the ideal scenario where no perturbations are introduced into the Keplerian dynamical model and no errors are simulated in the fragment orbit
determination process, no failure cases occur.

Correct solutions Computation fails Ranking fails (A) Ranking fails (B) 

100 % 0 % 0 % 0 % 

Table 4 
Unperturbed scenario with no OD error. Median time error percentiles. 
The epoch estimation is always correctly estimated, as the 100th percentile 
falls below the three minutes limit. Beyond being correct, the epoch 
estimation is also accurate, as the percentiles deviate from the true epoch
by only a few milliseconds.

Percentiles [seconds] 

5th 25th 50th 75th 100th 

0 0 0 3.576e-07 0.124 

Table 5 
Unperturbed scenario with no OD error. Results of the fragment-parent 
association process. The percentages of true positives and false negatives 
represent the number of simulated fragments that are correctly or 
incorrectly associated with the fragmentation event, respectively. Simi-
larly, the percentages of true negatives and false positives correspond to 
the proportio n of objects, which passed the catalogue screening, that are 
correctly or incorrectly identified as unrelated to the fragmentation event, 
respectively. In this scenario, all simulated fragments are correctly
associated to the event, while all catalogued and unrelated objects do
not satisfy the association threshold.

True positives False negatives True negatives False positives 

100 % 0 % 100 % 0 % 

Table 6 
Unperturbed scenario with no OD error. Comparison with FRED in 
terms of correct solutions in the epoch estimation and computational time
per simulation. Source: (Montaruli et al., 2023c). It can be seen that 
FRED 2.0 achieves a higher percentage of correct solutions with respect to 
original FRED, by also reducing the computational burden required for
the analysis on a single fragment.

FRED FRED 2.0 

Correct solutions 92.8 % 100 % 
Computational time per fragment 30 s s  4 6  

Table 7 
Perturbed scenario with no OD error. Epoch estimation results. FRED 2.0 co
them. The estimation for these two outliers falls in the ranking failure case
conversion SGP4 - TEME when exploiting a dynamical model with the addit

Correct solutions Computation fails

99.1 % 0.0 %

9187
(that is 39). If the number of mixture elements were 
increased, longer computational times would need to be 
taken into account. The comparison in terms of computa-
tional time required by the simulations is also reported in 
Table 6, as well as the number of correct solutions achieved 
in the epoch detection by both algorithms.

In addition to its computational efficiency, it can be 
noticed that FRED 2.0 achieves a higher number of correct 
epochs detection. This enhancement may be attributed to 
the methodol ogy employed for generating mean state and 
covariance, which differs in the two algorithms, as 
explained in Section 3.1.5. However, it should be also con-
sidered that the definitions of ”Correct” solut ions is differ-
ent between the two methods.

3.3.2. Perturbed scenario, no OD error 
The present analysis is conducted on a perturbed sce-

nario in which SGP4 (Vallado et al., 2006) is used both 
in the generation of the data set and in the FRED 2.0 algo-
rithm itself. The parameter employed within SGP4 is set 
to zero, both in the generation and detection of the frag-
ments and in the algorithm. This propagation process 
involves a conversion from Cartesian coordinates to 
TEME frame at the initial propagation epoch, followed 
by a subsequent conversion from the obtained SGP4 ele-
ments back to Cartesian coordinates at the final epoch. 
Within the function which applies this model, these conver-
sions are achieved through a fixed-point iter ation loop, 
thereby introducing an error that accumulates during prop-
agation and could potentially influence the outcomes. The 
effects of these non negligible errors may appear both in the
results of the TCA candidate epochs, as well as in the
uncertainty propagation of the covariance matrices, inputs
to the PoC evaluation.

B 

In the scenario here presented, no error is introduced in 
the OD process, and the epoch detection solutions are cor-
rect for almost all the 226 fragments that passed through
the filters, as reported in Table 7. 
rrectly detects the event epoch for all simulated fragments except two of 
 B. This might be attributed to the numerical errors introduced by the 
ion of perturbations.

Ranking fails (A) Ranking fails (B) 

0.0 % 0.9 % 
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Table 8 
Perturbed scenario with no OD error. Median time error percentiles. The 
epoch estimation is not correctly estimated for all simulated fragments, 
but for most of them, as confirmed by the 100th percentile, which falls 
above the three minutes limit. For all other fragments in the data set the 
epoch estimation is correct and also accurate, as the percentiles from the
5th to the 75th deviate from the true epoch by less than one second.

Percentiles [min] 

5th 25th 50th 75th 100th 

9.013e-04 0.003 0.007 0.013 94.268 

Table 9 
Perturbed scenario with no OD error. Results of the fragment-parent 
association process. The percentages of true positives and false negatives 
represent the number of simulated fragments that are correctly or 
incorrectly associated with the fragmentation event, respectively. Simi-
larly, the percentages of true negatives and false positives correspond to 
the proportion of objects, which passed the catalogue screening, that are 
correctly or incorrectly identified as unrelated to the fragmentation event, 
respectively. In this scenario, the association algorithm performance 
degrades with respect to the unperturbed case, not being able to associate 
all the simulated fragments. On the contrary, when tested against false
positives, the association algorithm fully succeeds in discarding all objects
derived from the catalogue screening and not related to the event.

True positives False negatives True negatives False positives 

76.6 % 23.4 % 100.0 % 0.0 % 
The median error is reported in terms of percentiles over 
the simulated fragments in Table 8. A discrepancy in the 
order of magnitude of the time errors is evident when com-
pared with Table 4. The latter is larger compared to the 
Keplerian case, which may be attributed to the numerical 
errors introduced by the conversion SGP4 - TEME, that 
alter the results of the computation, since neither noise 
nor error in the state is introduced in the OD process,
nor any additional propagation mismatching.

The performance of the association process described in 
Section 2.1.3 is verified for this scenario as well. In this 
case, a lower number of fragments than in Section 3.3.1 
correctly associate to the event, as observed in Table 9 with 
respect to the results in Table 5. The performance of the 
association algorithm is found to be degraded in compar-
ison, as evidenced by its inability to associate all the simu-
lated fragments. Conversely, when evaluated against false 
positives, the association algorithm fully succeeds in dis-
carding all objects derived from the catalogue screening
and not related to the event.

As done in (Montaruli et al., 2023c), an analysis on the 
Keplerian parameters is conducted, to determine if the 
reciprocal geometry of parent and fragment orbits can be 
correlated to the estimation error. It is acknowledged that 
the MOID computation is inherently less stable when the 
orientations (hence inclination and RAAN) of the frag-
ment and parent orbits are very close one another. For this 
reason, significant fluctuations in the MOID values may 
occur when the fragment orbit is varied from the mean 
state of one GME to another. Consequently, even when 
the final solution converges to the right periodicity, the 
TCA candidate epochs at that periodicity may not centre 
around the actual fragmentation epoch, but can be dis-
tributed around epochs that are several minutes away. This
is due to oscillation in the evaluation of the epochs of pas-
sage through the MOID.

Additionally, the semi-major axis is expected to influ-
ence the outcomes, as the orbital periods are more similar 
between objects with similar semi-major axes. This suggests 
that, given a single combination of parent and fragment 
mean states of the mixtures, their relative distance from 
one set of TCAs to the one of other periodicities remains
relatively unchanged. Since such relative distance enters
9188
the computation of the collision probability, the Vittaldev 
PoC values may not vary largely from one set of TCAs 
to another one. Consequently, any error or positional 
uncertainty can lead to an erroneous ranking of the TCAs
based on the PoC criterion.

The differences between parent and fragment orbital ele-
ments computed at the estimated epoch (for the whole ana-
lyzed data set) are reported in Fig. 7, versus the median 
time error. It can be noticed that significant errors associ-
ated with convergence to periodicities other than the third 
one (ranking fails) tend to arise when the parent and the 
fragment have similar semi-major axis, which induces a 
ranking fail (in this case, ”Ranking fails (B)”). This finding 
aligns with the previous ly mentioned observations concern-
ing the mutual geometry of the two orbits and their corre-
lation with the estimation ac curacy. However, no cases
related to ”Ranking fails (A)” are observed, as evidenced
by the percentages in Table 7. On the other hand, errors 
classified as ”Computation fails” also do not occur, so no 
consideration can be done in this case on the mutual orien-
tation of the two orbits.

For the 226 fragments that were not discarded, this sim-
ulation required a computational time of about 3.4 h. This 
results in approximately 54 s per fragment. A comparison 
in terms of computational time with the original version 
of FRED is reported for this scenario as well, in Table 1 0. 
Furthermore, the results for both methods are reported in 
terms of epoch estimation. FRED 2.0 achieves again a 
higher number of correct epochs detection. This improve-
ment can be attributed to the same considerations in the 
data set generation as above. Most importantly, the com-
putational effort is reduced significantly. This is likely due 
to having replaced a MC analysis for representing uncer-
tainties with the use of GMM. However, it is clear that 
the time required for FRED 2.0 to conduct the simulation 
of this scenario is higher than the one reported in 6, since 
SGP 4 (Vallado et al., 2 006) is more demanding with respect 
to a Keplerian analytical propagation.
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Fig. 7. Perturbed scenario with no OD error. Difference between Keplerian elements of the parent and fragment objects versus median time error. In this 
scenario, significant ranking errors (ranking fails of type B) occur when the parent and fragment share similar semi-major axes, as can be seen in Fig. 9a 
where the two dots superimpose. This confirms the impact of orbital shape on epoch estimation accuracy. No cases of ranking fails type A or computation
fails are observed, preventing further analysis on orbital orientation.

Table 10 
Perturbed scenario with no OD error. Comparison with FRED in terms of 
correct solutions in the epoch estimation and computational time per 
simulation. Source: (Montaruli et al., 2023c). It can be seen that FRED 2.0 
achieves a higher percentage of correct solutions with respect to original 
FRED, by also reducing the computational burden required for the
analysis on a single fragment.

FRED FRED 2.0 

Correct solutions 90.0 % 99.1 % 
Computational time per fragment 5 min 54 s 

Table 11 
Perturbed scenario, nominal OD error. Epoch estimation results. FRED 2.0 cor
are few failures solely due to an unstable estimation of the candidate TCAs (i.e.
the PoC-based ranking in selecting the correct periodicity, however only in the
the scenario lacking of orbit determination errors, due to the difference of the

Correct solutions Computation fails

91.6 % 0.4 %
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3.3.3. Perturbed scenario, nominal OD error 
In order to evaluate the performance of FRED 2.0 tool 

in a realistic scenario, both orbital perturbations and OD 
errors are included in the simulation. The detection of 
the fragments is conducted through the approach described 
in Section 3.1.5, employing the SGP4 model (Vallado et al., 
2006) for the input generation, the OD process and the exe-
cution of FRED 2.0 algorithm.

The corresponding results are reported in Table 1 1. 
rectly detects the event epoch for almost all the simulated fragments. There 
, ”Computation fails”). Most incorrect results are attributed to a failure of 
 ”Ranking fails (B)” case. In any case, the results get worse with respect to 
fragments orbital states with respect to the ground truth.

Ranking fails (A) Ranking fails (B) 

0.0 % 8.0 % 
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Table 12 
Perturbed scenario, nominal OD error. Median time error percentiles. The 
epoch estimation is not correctly estimated for all simulated fragments, 
but for most of them, as confirmed by the 100th percentile, which falls 
above the three minutes limit. In particular, the value corresponding to the 
100th percentile indicates the convergence to the most distant periodicity 
with respect to the correct one. For all other fragments in the data set the 
epoch estimation is correct and also accurate, as the percentiles from the
5th to the 50th deviate from the true epoch by less than one minute.

Percentiles [min] 

5th 25th 50th 75th 100th 

0.014 0.077 0.225 1.224 190.239 
As shown in Table 11, the results deteriorate with 
respect to the case with no errors introduced in the OD
(Table 7), due to the difference of the fragments orbital 
states with respect to the ground truth. It is also interesting 
to notice from results in Table 11 that there are few failures 
solely due to an unstable estimation of the candidate TCAs 
(i.e., ”Computation fails”). Most erroneous results are 
therefore due to a failure of the PoC-based ranking to 
select the correct periodi city, however only in the ”Ranking 
fails (B)” case. The median error values are shown in terms
of percentiles over the simulated fragments in Table 12. 

The results of the fragment-parent association are 
slightly affected by the error in the mean orb ital state of 
the fragments, since the computation of the parameter 

is underestimated in one case. Indeed, not all, but 
almost all simulated fragments are correctly associated to 
the parent object, as shown clearly in Table 1 3. Instead, 
the entire population of ”false” fragments derived by cata-
logue screening is correctly identified and discarded. In 
general, the results of the association process in this sce-
nario are better than those in Table 9, possibly due to 
the interaction between the errors due to the OD process 
and those introd uced in SGP4 propagation, which may 
coun teract each other.

 Pc 
tot 

Overall, in this scenario, FRED 2.0 method allows to 
fully charact erize the fragmentation event, both in terms
Table 13 
Perturbed scenario, nominal OD error. Results of the fragment-parent 
association process. The percentages of true positives and false negatives 
represent the number of simulated fragments that are correctly or 
incorrectly associated with the fragmentation event, respectively. Simi-
larly, the percentages of true negatives and false positives correspond to 
the proportion of objects, which passed the catalogue screening, that are 
correctly or incorrectly identified as unrelated to the fragmentation event, 
respectively. In this scenario, the association is confirmed for almost all the 
simulated fragments, with the exception of one. Instead, when tested 
against false positives, the association algorithm fully succeeds in 
discarding all objects derived from the catalogue screening and not
related to the event. Hence, the association process is quite robust to
errors introduced in the orbit determination.

True positives False negatives True negatives False positives 

99.6 % 0.4 % 100 % 0.0 % 
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of detection of the epoch and in the identification of the 
associated fragments.

The differences between parent and fragment orbital ele-
ments are again reported versus the median time error in 
absolute value in Fig. 8. It can be noticed again that errors 
produced by an evident convergence to an erroneous peri-
odicity (”Ranking fails (B)”) occur at small differences 
between the dimensions of parent and fragment semi-
major axis (Fig. 8a), and occasionally for similar eccentric-
ities as well. On the other hand, when the two orbits have
notably similar orientations (Fig. 8c and 8d), the candidate 
TCAs can be inaccurately computed. Consequently, the 
estimated epoch may deviate by a few minutes from the 
actual epoch, owing to the MOID calculation instab ility, 
and so to the ”Computation fails”, despite being located 
within the correct periodicity (see cross symbol in Fig. 8). 
This analysis underscores the conclusion that the failure 
cases are closely related to the mutual geometry of the 
orbits. Furthermore, it is evident that the failure cases cat-
egorized as ”Ranking fails (A)” are not present in the
results.

For the 226 fragments, this simulation required a com-
putational time of about 3.5 h, similarly of course to the 
time required in scenario described in Section 3.3.2. This 
results in approximately 55.8 s per fragment, that is similar 
to the time reported in Table 10 for the perturbed scenario, 
with no OD error. Therefore, introducing an error in the 
OD process does not induce differences in the computa-
tional effort required by FRED 2.0. A comparison in terms 
of computational time with FRED tool is reported for this
scenario as well in Table 14. Also, the results for both 
methods are reported in terms of epoch estimation. FRED 
2.0 achieves a higher number of correct epochs detection 
also for this scenario. This improvement is related to the 
same considerations as above. The computational time 
required for each simulated fragment is again reduced sig-
nificantly, owing to the use of GMM for the uncertainty
representation.

3.4. Sensitivity analys is 

Sensitivity analyses are conducted on the perturbed sce-
nario with OD error, to test the robustness of the algorithm 
to different conditions. Those that may worsen the results
are reported below.

• t0 tod : The time elapsed between and a longer time win-
dow in the analysis is expected to amplify the effects of 
the sources of error with respect to the ground truth.

 

• The measurements noise: the larger the measurements 
noise, the larger both the expected orbital state errors 
and uncertainties resulting from the OD.

• The inaccuracy of the parent ephemeris: the larger the 
inaccuracy with respect to the ground truth, the larger 
the error on the mean state in input to the algorithm.

• The discrepancy of the B* parameter: the effects of vari-
able drag can be a major factor for small debris.
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Fig. 8. Perturbed scenario, nominal OD error. Difference between Keplerian elements of the parent and fragment objects versus median time error. In this 
scenario, ranking fails of type B occur when the parent and fragment have similar semi-major axes (a) and occasionally eccentricities (b). Additionally, 
significant orbit orientation similarity contributes to the computation fails (c,d), leading to deviations in the epoch estimation despite correct periodicity
convergence (cross symbol). No ranking fails of type A are observed..

Table 14 
Perturbed scenario, nominal OD error. Compa rison with FRED. Source :
(Montaruli et al., 2023c). It can be seen that FRED 2.0 achieves a higher 
percentage of correct solutions with respect to original FRED, by also 
reducing the computational burden required for the analysis on a single
fragment.

FRED FRED 2.0 

Correct solutions 68.9 % 91.6 % 
Computational time per fragment 5 min 55.8 s 

Table 15 
Perturbed scenario with nominal OD error. Sensitivity analysis on the OD epo
detects the event epoch for most of the simulated fragments, for each OD epoch
fragments leading to a successful solution, due to the amplification of the orb

Time from t0 Correct solutions Computation

+13 h 91.6 % 0.4 %
+24 h 77.9 % 0.9 %
+48 h 56.4 % 3.6 %
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An additional analysis is conducted in order to take into 
account the potential inst ance of an ill-conditioned matrix 
associated to the fragment objects.

3.4.1. OD epoch 
In the simulations reported in Section 3.3, the detection 

of the fragments is set to occur 13 h after n the con-
text of operational procedures, it is possible that the initial 
detection and OD process may occur at a later time. To test

ttod I0. 
ch versus nominal OD epoch results (in the first line). FRED 2.0 correctly 
. However, the more is shifted from the lower becomes the number of 
ital errors along the propagation window.

tod t0, 

 fails Ranking fails (A) Ranking fails (B) 

0.0 % 8.0 % 
0.9 % 20.3 % 
0.9 % 39.1 % 
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Table 16 
Perturbed scenario, nominal OD error and variable OD epoch. Results of the fragment-parent association process. The percentages of true positives and 
false negatives represent the number of simulated fragments that are correctly or incorrectly associated with the fragmentation event, respectively. 
Similarly, the percentages of true negatives and false positives correspond to the proportion of objects, which passed the catalogue screening, that are 
correctly or incorrectly identified as unrelated to the fragmentation event, respectively. In this scenario, the association is confirmed for almost all 
simulated fragments, however the percentages of correctly associated ones are reduced when the OD epoch is shifted from the nominal case (first line). 
Similarly, when tested against false positives, the association algorithm succeeds in discarding most of the unrelated catalogued objects, but the number of
missed false positives increases the more the OD epoch is shifted from the nominal one (first line).

Time from t0 True positives False negatives True negatives False positives 

+13 h 99.6 % 0.4 % 100 % 0.0 % 
+24 h 98.2 % 1.8 % 97.7 % 2.3 % 
+48 h 90.2 % 9.8 % 92.1 % 7.9 % 

Table 17 
Perturbed scenario with nominal OD epoch. Sensitivity analysis on the OD angular measurements noise versus nominal angular noise results (in the first 
line). FRED 2.0 correctly detects the event epoch for most of the simulated fragments, for each angular measurements noise level. However, as the noise 
associated with the angular track increases with respect to the nominal case , the percentage of failures rises. By increasing the angular noise, no 
progressive  trend is observed in terms of failures either; instead, the results exhibit a non monotonic behavior.

(0 01 )

Angular noise Correct solutions Computation fails Ranking fails (A) Ranking fails (B) 

0 01 91.6 % 0.4 % 0.0 % 8.0 % 
0 02 86.7 % 0.0 % 0.5 % 12.8 % 
0 05 69.5 % 1.3 % 0.0 % 29.2 % 
0 1 79.0 % 0.5 % 0.0 % 20.5 % 
this possibility, two shifts of are investigated: 24 h and 
48 h after the event.

tod 

The results for FRED 2.0 epoch detect ion are reported 
in Table 15. It can be noticed that the more is deviated 
from the lower becomes the number of fragments lead-
ing to a successful solution. As previously mentioned 
indeed, the longer the analysis time window, the more both 
the uncertainties and orbital errors are amplified through-
out the propagation. The OD epoch shifting affects the 
computational time as well, which increases slightly with 
respect to the nominal case, up to 58 s per fragment, due
to a longer propagation window.

tod 
t0, 
Table 18 
Perturbed scenario, nominal OD epoch and variable OD error. Results of the
and false negatives represent the number of simulated fragments that are corr
Similarly, the percentages of true negatives and false positives correspond to 
correctly or incorrectly identified as unrelated to the fragmentation event, r
simulated fragments; however the percentages of correctly associated ones ar
process is increased up to and more, with respect to the nominal case 
algorithm succeeds in discarding most of the unrelated catalogued objects, bu
increased from the nominal one (first line). However, looking at the increase of
the performance degradation of the association process.

0 05 

Angular noise True positives False nega

0 01 99.6 % 0.4 %
0 02 99.6 % 0.4 %
0 05 96.9 % 3.1 %
0 10 98.7 % 1.3 %
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The fragment-to-parent association process is also 
affected by the increase of elapsed time, as clearly visible 
in Table 16. Delaying the OD epoch, the percentage of sim-
ulations achieving correctly the association to the parent 
object decreases. Specifically, in the + 24 h case, the per-
centage of simulations correctly associating the fragment 
to the event is reduced from 99.6 % (OD epoch 13 h after 
the event) to 98.2 %. This percentage is reduced signifi-
cantly, to the 90.2 %, in the + 48 h scenario. In any case, 
the fragment-to-parent association algorithm is able to 
detect most of the objects related to the event, as well as
discarding the ”negatives”. In the latter case however the
 fragment-to-parent association process. The percentages of true positives 
ectly or incorrectly associated with the fragmentation event, respectively. 
the proportion of objects, which passed the catalogue screening, that are 
espectively. In this scenario, the association is confirmed for almost all 
e reduced when the angular noise introduced in the orbit determination 
(first line). Similarly, when tested against false positives, the association 
t the number of missed false positives increases when the angular noise is
angular noise in the non-nominal cases, no linear trend can be identified in

tives True negatives False positives 

100 % 0.0 % 
95.7 % 4.3 % 
92.3 % 7.7 % 
95.0 % 5.0 % 
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performance are again slightly worsen with respect to the 
nominal results reported in the first line of Table 16.

3.4.2. Measurements noise 
As evidenced by the results of simulat ions presented in 

Section 3.3, the performance of the routine strongly 
depends on the accuracy of the OD process. This, in turn, 
is influenced by factors such as the algorithm used for 
determination, the length of the observation window, the 
measurement acquisition frequency, and the quality of 
these measurements. In particular, a higher noise intro-
duced by the sensor leads to larger uncertainties and dis-
crepancies of the mean state with respect to the real one. 
Consequently, the robustness of the algorithm shall be 
investigated on a larger set of noise associated to the simu-
lated measurements. Given the tendency of surveillance 
radars to exhibit low angular accuracy, the noise level for 
the range is set constant to the nominal value of 30 m. 
Simultaneously, variations in the angular noise are intro-
duced: from the nominal value  
and ,  as  i  n (Montaruli et al., 2023c). 

0 01 0 02 0 05
 

of to 
0 1 

Results of the epoch detection are reported in Table  17. 
One can observe that, as the noise associated with the 

angular track increases in comparison with the nominal 
case (first line of Table 17), convergence to the correct solu-
tion becomes more challenging and the percentage of fail-
ures rises. It is interesting to notice however that in the 
case of a noise, despite it being higher, the routine per-
forms slightly better compared to the case of noise. 
Possibly, it could occur that the number of correct solu-
tions actually improves due to the interaction between 
the higher OD errors of this scenario and other numerical 
errors (such as those introduced in the propagation with 
SGP4), leading to find the highest PoC value in correspon-
dence of the correct candidate epoch. Therefore, by
increasing the angular noise, no monotonic trend is
observed in terms of failures either.

 
05 

0 1 
0 
Table 19 
Perturbed scenario with nominal OD error and nominal OD epoch. Sensitivity 
scenario with nominal OD error, nominal OD epoch and nominal input paren
state generally degrade the epoch estimation accuracy, except in a few cases. T
mostly slightly affected. No clear trend emerges due to complex error interactio
inaccurate TCAs computation.

n Correct solutions Computation fails Ranking fails (A)

- 91.6 % 0.4 % 0.0 %
1 88.1 % 0.0 % 0.0 %
2 85.4 % 1.3 % 0.0 %
3 90.7 % 0.4 % 0.0 %
4 92.9 % 0.9 % 0.0 %
5 92.0 % 0.9 % 0.0 %
6 92.9 % 0.5 % 0.0 %
7 91.6 % 0.0 % 0.0 %
8 84.5 % 0.9 % 0.4 %
9 90.3 % 0.9 % 0.0 %
10 90.3 % 1.3 % 0.0 %
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The association process results are reported in Table 18. 
Regarding the association of the simulated fragments, the 
performance here are partially affected. With respect to 
the almost complete success rate of the nominal case (first 
line of Table 18, that is of 99.6 %), the situation does not 
change when increasing the angular noise to Instead, 
with larger errors, the correct associations degrade to 96.9 
% for noise and 98.7 % for noise. The number of 
successful associations is still very high, despite many suc-
cess cases do not lead to a correct estimat e of the event
epoch (Table 17). By instead looking at the analysis of 
the ”false” fragments (Table 18, columns on the right), 
most of the unrelated objects are correctly discarded (in 
the worst case 92.3 %). However, the method is sensitiv e 
to higher OD errors, since the number of false associations 
increa ses with respect to the nominal case (first line of
Table 18), where the entire population of catalogued 
objects is correctly found to have a value that is not 
compliant with the threshold. Overall, the non monotonic 
behaviour while increasing the angular noise is confirmed 
also for the association process.

0  . 

5 0

c 
o t

 02 

0 0  1 

P t 
3.4.3. Parent mean stat e pertu rbation
The results presented in all preceding sections have been 

obtained using a statistical representation of both objects. 
However, it is important to note that the mean state of 
the parent object is never altered from the ground truth 
(represented by the state acquired from the last available 
TLE before the event), except during the splitting process 
required for the GMM generation. However, in real case 
scenarios, the prediction of the parent orbital state is not 
completely accurate, and inaccuracies shall be taken into 
account. Therefore, it is relevant to investigate the impact
of an inaccurate orbital state of the parent object on the
algorithm performance. This perturbation is introduced
as follows:
analysis on the parent state perturbation. In the first line, the results of the 
t state are reported for comparison. The mismatches on the parent orbital 
he association algorithm occasionally outperforms the nominal case but is 
ns. Most failures stem from incorrect periodicity convergence rather than

Ranking fails (B) True positives [km]er [km/s]ev 

8.0 % 99.6 % - -
11.9 % 98.7 % 0.1488 1.58e-04 
13.3 % 99.1 % 0.1931 2.12e-04 
8.8 % 100.0 % 0.4757 5.30e-04 
6.2 % 100.0 % 0.4845 5.38e-04 
7.1 % 99.1 % 0.5101 5.71e-04 
6.6 % 100.0 % 0.6335 6.93e-04 
8.4 % 99.1 % 0.8047 8.85e-04 
14.2 % 96.0 % 1.2844 0.0014 
8.8 % 99.1 % 1.6257 0.0018 
8.4 % 98.2 % 2.8786 0.0032 
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Table 21 
Perturbed scenario with nominal OD error, nominal OD epoch and 
modified B* value for both parent and fragments objects. Results of the 
fragment-to-parent association process. The association is confirmed for 
almost all simulated fragments, however the percentage of correctly 
associated ones is reduced when the B* values are shifted from the
nominal case (first line).

Parent B* Fragment B* True positives False negatives 
each sample:

 

 

10 (xp 
s )random multivariate samples are generated 

from the parent orbital state, distributed accordi ng to 
the covariance matrix 

000 

Pp . 

1. 

2. The perturbed samples are ranked according to their 
statistical distance with respect to the initial distribution 

, by computing the M ahalanobis distance for ( xp Pp )
0 0 99.6 % 0.4 % 
0.694e-04 1e-05 87.1 % 12.9 % 
0.694e-04 1e-04 86.5 % 13.5 % 
0.694e-04 1e-03 87.0 % 13.0 % 
 

dM x
p 
s xp 

s xp T 
Pp 1 

xp 
s xp

and by selecting 10 values, going from the lowest to the 
highest. The 10 corresponding state samples are the only 
considered from now on.

3. 10 simulations are repeated with FRED 2.0, providing 
in input as the parent ephemeris each perturbed sample 
just derived.

The results of the different runs are reported in Table 19, 
for the scenario with perturbed dynamics and nominal OD 
epoch and OD error. Each simulation is associated to a dif-
ferent error between the perturbed parent ephemeris and 
the ground truth. The norm of this error is expressed in 
terms of position and velocity in the results, respectively 
as and Additionally, a column expressing the percent-
age of successful  associations between the simulated frag-
ment and the parent is reported.

er ev. 

As can be observed from the results presented in
Table 19, the perturbation on the orbital state of the parent 
object generally leads to a decrease in the number of cor-
rect solutions for the epoch estimation, resulting in a degra-
dation of the performance. The exceptions are runs 4, 5, 6 
and 7, where the number of correct solutions is slightly 
higher (or equal) compared to the nominal case results
(first line of Table 19). As for the fragment-to-parent asso-
ciation algorithm, it occasionally performs better than in 
the nominal case, reaching percentages of 100 % of cor-
rectly associated objects, against the nominal 99.6 % 
reported in the first line of Table 19. However in most of 
the 10 simulations the introduced perturbation slightly 
degrades the number of true positives found. Therefore, 
this process as well is compromised by having modified 
the input TLE state. From these considerations, it appears 
that a general trend cannot be identified. This is likely due 
to the combination of errors introduced by the perturba-
tion of the initial parent ephemeris and those caused by
Table 20 
Perturbed scenario with nominal OD error, nominal OD epoch and modified B
B*, FRED 2.0 correctly detects the event epoch for the majority of the simul
failure and ranking fail of type (B). The performance deteriorate in any case wi
drag effect is not included in the SGP4 propagation. This degradation is attrib

Parent B* Fragments B* Correct solutions Co

0 0 91.6 %
0.694e-04 1e-05 73.3 %
0.694e-04 1e-04 80.4 %
0.694e-04 1e-03 73.1 %
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the OD error on the fragments detection, and by the con-
version from SGP4 elements to Cartesian coordinates 
and back. These factors may indeed influence and compen-
sate each other in a not linear way that is not entirely quan-
titatively interpretable. It is evident, on the other hand, that 
in most failure cases the metric of the highest PoC con-
verges to an incorrect periodicity, with a time error that 
is not mitigated by its uncertainty, while it occurs less fre-
quently that failures are due exclusively to inaccurate
TCAs.

In any case, in this scenario as well, FRED 2.0 achieves 
the goal of an accurate estimation of the epoch and detec-
tion of the fragments for the majority of simulated
population.

3.4.4. Variable B* 
In the nominal simulations (Section 3.3.3), the SGP4 

propagator employs a ballistic coefficient B* equal to zero, 
assigned to both the parent object and its fragments, 
thereby neglecting orbital decay. Given the crucial role of 
atmospheric drag in circularizing and reducing low Earth 
orbit semi-major axes, a sensitivity analysis is performed, 
employing a non-zero B* value for the parent object and 
for the fragments. Specifically, a value of 0.69413e-04 is 
assigned to the parent object, while three cases of B* value 
are considered for all the fragments: 1e-03, 1e-04 and 1e-05. 
It is worth to remark that the B* value is set each time 
equal both in the fragments data set generation and inside 
the algorithm. Therefore, the analysis evaluates the influ-
ence of B* perturbations, notably drag, on the stochastic
distribution and on the error growth in OD through ampli-
* value for both parent and fragments objects. In all cases with modified 
ated fragments. The incorrect estimations fall mostly in the computation 
th respect to the zero B* used in the nominal scenario (first line), where the 
uted to the addition of the drag effect in the perturbations.

mputation fails Ranking fails (A) Ranking fails (B) 

0.4 % 0.0 % 8.0 % 
12.0 % 0.4 % 14.3 % 
6.5 % 0.0 % 13.1 % 
12.5 % 0.0 % 14.4 % 

move_t0095
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Table 22 
Unperturbed scenario with no OD error, nominal OD epoch and modified covariance matrix for fragments objects. FRED 2.0 epoch detection is 
significantly impacted by an ill and large covariance matrix. The majority of simulated fragments are unable to identify the correct periodicity due to the 
dilution effect arising. Conversely, in scenarios where the uncertainties are negligible, as illustrated in the first line, the epoch is consistently and accurately
identified.

Covariance matrix Correct solutions Computation fails Ranking fails (A) Ranking fails (B) 

Pp 100 % 0 % 0 % 0 % 
e + 04Pp 1 6.5 % 0.0 % 10.1 % 83.4 % 
fication effects, neglecting the mismatching between the B* 
in data set generation (ground-truth) and the B* in the 
algorithm. This phenomenon arises because a non-zero 
B* in the OD process amplifies the variations in the mean 
states of the mixtures. Furthermore, the selection of three 
different B* values for the fragments facilitates the analysis 
of the impact of altering the ballistic coefficient and, conse-
quently, the variable drag perturbation on the performance 
of the algorithm on small objects, such as fragments . The
execution of FRED 2.0 in the scenario involving nominal
OD error and perturbations (see Section 3.1.5), with the 
modification of the B* only, results in the outcomes here 
presented. The epoch detection solutions are reported in 
Table 20 for the 225 fragments that passed through the
filters.

As shown in Table 20, the results deteriorate with 
respect to the case with negligible drag perturbation (first 
line). In all the cases, most erroneous results are due to a 
failure of the PoC-based ranking to select the correct peri-
odicity, in the ”Ranking fails (B)” case. When the frag-
ments B* value is increased (B* = 1e-03) the effect of 
drag is larger, and this is reflect ed in the percentage of cor-
rect solutions, which is more degraded than in the other
cases.
Fig. 9. Unperturbed scenario with no OD error, nominal OD epoch. 
Original and modified covariance matrix of fragments objects. Values of 
total probability in tim for fragments with correct periodicity 
detection, according to the results of the modified covariance case 
(logarithmic scale). The PoC values decrease significantly (grey stems) due 
to the dilution effect caused by the large and ill initial uncertainty, with
respect to the unmodified and small covariance case (black stems).

c 
tot ,e P 
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The results of the fragment-to-parent association are 
affected as well by the addition of the drag contribution 
in the dynamics. Not all, but almost all simulated frag-
ments are correctly associated to the parent object, as 
shown in Table 21. The number of correct associations is 
degraded with respect to the nominal scenario results (first 
line), for all the variations of the fragments B*. In a man-
ner analogous to the epoch detection results, the fragment-
to-parent association is found to be more negatively 
impacted with growing B* values (even if not linearly), as
a greater number of associations are missed due to the
growing effect of the drag perturbation.

3.4.5. Ill-conditioned covari ance 
In the immediate aftermath of a break-up event, there 

may be a high variation of the initial covariance matrices 
(which may be very large), particularly in the case of rele-
vantly eccentric fragments. In such cases, the probability 
of collision, used as a metric in the algorithm, may be sub-
jected to dilution and therefore affect the performance of 
the method. It is important then to take into consideration 
the presence of such debris pieces following high-energy 
events. The present additional analysis is, accordingly, 
reported herein to take into account this aspect. Specifi-
cally, the simulation is conducted through FRED 2.0 in
the scenario involving no OD errors (see Section 3.1.5) 
and and an unperturbed dynamics. Subsequent to the 
retrieval of the mean estimated orbital states of the frag-
ment objects, their associated covariance matrix is fixed 
to an ill-conditioned and very high one. This covariance 
is obtained by multiplying the matrix in Eq. 7 by a factor 
of 1e + 04, resulting in excessivel y amplified position and 
velocity uncertainties = 87.6 km and = 0.1 km/s). 
Additionally, the same matrix is ill-conditioned, having a 
condition number of 2.9e + 23. This situation of increased 
uncertainty and, consequently, dilution on the computa-
tion of the total collision probability, is expected to affect 
the results of the algorithm. As expecte d, a high failure rate
is observed in the epoch detection method (Table 22), as 
well as a drop of certain values resulting from the influ-
ence of a diluted uncertainty (Fig. 9). This outcome is fur-
ther supported by the comparison with the unperturbed 
scenario with no OD errors (Section 3.3.1), where the 
epoch detection is accurat ely achieved (first line of 
Table 22). In this condition, the total PoC employed for 
the association (black stems in Fig. 9) is only marginally

 

P

(rr rv 

c 
to t

move_t0110
move_f0045


P. Grattagliano et al. Advances in Space Research 77 (2026) 9174–9200
influenced by dilution, which arises solely from the pertur-
bation of the mixture components mean states with respect 
to the true mean state. It is worth to remark that the
values in Fig. 9 only refer to those fragments which yeld 
a correct detection of at least the event periodicity, through 
the PoC metric, under the case of employing the large ill-
conditioned covariance matrix.

 
ot Pc 
t 

4. Operational scenar io 

The performance of FRED 2.0 tool is also assessed on 
real data, in order to verify its application to a real opera-
tional scenario. Specifically, Section 4.1 describes the real 
break-up event used as the real test case, along with the 
associated information. The results of this test case, with 
respect to the fragment association and event epoch com-
putation algorithms, are presented in Section 4.2. 

4.1. Real test case 

The real case tested and described in this section is the 
fragmentation of the LEO object CZ-6A R/B, identi fied 
as the explosion of a Chinese launcher upper stage,
occurred on November 12, 2022.

The data used to perform FRED 2.0 execution include 
for the fragment objects a set of 433 TLEs derived from 
the data acquired after the event by the Space Situational 
Awareness Centre (C-SSA) of the Italian Air Force, which 
manages the fragmentation analysis service of the EU SST 
consortium. Since no information on the uncertainty was 
associated to these orbital states, for the fragment objects 
a fixed covariance matrix (with standard deviations on 
position and velocity of respectiv km and 

km/s) is associated to all of them. The parent 
object ephemeris, used as input, is derived from a TLE pre-
sent on Space-Track (Space-Track, 2023) and dated to few 
hours before the event, that was guessed to have taken 
place on November 12th, 2022, between 05:24 and 05:29 
UTC (Montaruli et al., 2023a). The orbital parameters 
related to the parent object TLE used in the following anal-
ysis are reported in Table 23. The covariance matrix asso-
ciated to the stochastic TLE information of  the parent is 
derived by applying the approach described in Section 2.2, 
to a set of 5 TLEs related to the parent object NORAD ID
and available on Space-Track (Space-Track, 2023). These 
TLEs are dated after the event, up to 18:03:50 UTC of 
November 12th, 2022. The resulting covariance matrix is
reported in Eq. 11, with elements referred to uncertainties 
express ed in km and km/s. 

0 0262 
2 e 0 4

ely 
7 0 
Table 23 
CZ-6A R/B Keplerian elements at 2022–11-12 03:24:14.5639 UTC.t eph: 

a [km] e [-] i [deg] [deg]X [deg]x M [deg] B* 

7214.4 0.0028 98.725 320.896 10.263 0 0 
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Pp 

5 8129 2 6805 44 4553 0 0267 0 0308 0 0048 
2 6805 1 2363 20 5009 0 0123 0 0142 0 0022 

44 4553 20 5009 340 0024 0 2041 0 2358 0 0365 
0 0267 0 0123 0 2041 0 0001 0 0001 0 00002 
0 0308 0 0142 0 2358 0 0001 0 0002 0 00003 
0 0048 0 0022 0 0365 0 00002 0 00003 0 000004

11

It is evident from Eq. 11 that the parent covariance is 
greater than that of the fragments. This can be attributed 
to the TLEs of the parent object employed in the method
described in Section 2.2. These TLEs exhibit a lower degree 
of consistency with one another, consequently resulting in 
a covariance matrix characterised by elevated uncertainties 
in comparison to that of the fragm ents. The fixed covari-
ance of the latter, above mentioned, is instead obtaine d
from a fictitious however realistic OD result.

4.2. Real data analysis 

FRED 2.0 is then run to search for the fragmentation 
epoch of the event and the associated objects, in an analysis 
time window ranging from the last available ephemeris 
epoch up to the 08:00:00 UTC on 12 November. The num-
ber of GMEs used for the parent and fragment objects 
uncertainty representation is set to The par-
ent HBR, used as the combined HBR for the collision 
probability computation, is fixed to 3  m, acco rding to
available information on the upper stage dimensions of
Long March launcher (Krebs, 2025). The threshold on 
the lower bound o to detect a positive fragment-
parent association, described in Section 2.1.3, is set equal 
to Finally, the model exploited for the propagation 
of the orbital states an d uncertainties in the UT is SGP4 
(Vallado et al., 2006). 

Nf 9.

Pc 
tot 

10 .

Np 

f 

10 

Differently from the simulated framework in Section 3, 
the aim here is to replicate an operational scenario similar 
to what may occur following a fragmentation event alert. 
For this reason, first, the entire set of real data of the input 
fragments is examined by FRED 2.0 epoch detection algo-
rithm, until the computation of the TCA epochs clusters. 
The total collision probabilities over time are subsequently 
calculated in the fragment-to-parent association algorithm, 
and the fragments that are found to be associated to the 
event (as the value o satisfies the set threshold) are 
retained in the data set, while the rest are not considered. 
It is important to emphasise that this process is applie d 
to one fragment of the initial data set at a time, compared 
with the same TLE of the parent object reported in 
Table 23. For the associated and retained fragment objects, 
the epoch detection algorithm is then completed with the 
PoC-based ranking metric, and the estimated event epoch 
is computed for each of them. Thus , the epoch estimation 
results reported below refer to the set of fragments that
are initially confirmed by the association process, and for
which the computations are completed by the end of the
epoch detection algorithm.

c 
to tf P
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Fig. 10. Perturbed scenario on real data. Results of FRED 2.0 fragment-to-parent associations algorithm, for all fragment objects not discarded by the 
method filters (a) and only for the fragments confirmed to be related to the event by the associa tion process (b). The majority of simulated fragments are 
correctly associated to the parent object, while for some of them the association is not confirmed, since the corresponding values of total probability over 
time fall below the threshold set to represented by the black line (a). Obviously, for all fragments resulting associated to the parent object, the
value of overcomes the threshold (b). Only for these the simulation of the epoch detection is executed till the end..

0 ,Pc 
tot 10 1 

Pc 
tot 

Table 24 
Perturbed scenario on real data. Epoch estimation results. FRED 2.0 correctly detects the event epoch along almost all fragments associated to the event. 
There are few failures solely due to an unstable estimation of the candidate TCAs (i.e., ”Computation fails”). Most incorrect results are attributed to a 
failure of the PoC-based ranking in selecting the correct periodicity, however only in the ”Ranking fails (B)” case.

Correct solutions Computation fails Ranking fails (A) Ranking fails (B) 

94.2 % 1.0 % 0.0 % 4.8 % 

 

Table 25 
Perturbed scenario on real data. Median time error percentiles. The epoch 
estimation is not correctly estimated for all simulated fragments, but for 
most of them, as confirmed by the 100th percentile, which falls above the 
three minutes limit. For all other fragments in the data set the epoch 
estimation is correct and also accurate, as the percentile s from the 5th to
the 75th deviate from the true epoch by less than three minutes.

Percentiles [min] 

5th 25th 50th 75th 100th 

0.215 0.695 0.895 2.121 102.940
4.2.1. Results 
Firstly, 430 fragments are not discarded by the filters on 

the computed transit epochs through the MOID and on the 
DCA value related to the refined TCA epochs. The non-
discarded fragments, as mentioned above, first undergo 
the TCA epochs computation and then the fragment-to-
parent association process. Of the 430 fragments analysed, 
399 show a positive association to the event. This results in 
a 92.8 % of ”True positives” and a 7.2 % of ”False nega-
tives”. The total probability over time of all the 430 frag-
ment objects that were not discarded by the filters 
internal to the epoch detection algorithm is reported in
Fig. 10a, against the threshold required to confirm the 
association. On the right, in Fig. 10b, the same is reported 
only for the associated fragments, obviously notici ng that 
these values always overcome the threshold of 10 .10 

As previously stated, the set of associated fragments 
which shall undergo the complete epoch estimation is com-
prised of 399 of the initial 433 TLEs. The results of the 
epoch estimation approach, in terms of percentages above 
defined, are reported in Table 24. The epoch detection solu-
tions are coherent with the reference one in (Montaruli  
et al., 2023a) for almost all the 399 associated fragments.
9197
eThe median error is reported for the analysed data 
set, in absolute value and in minutes, in terms of percentiles 
(Table 25). These data reflect the presence of the few fail-
ures in the epoch estimation reported previously in 
Table 24. The differences between parent and orbital ele-
ments of the fragments associated to the event are reported 
versus the median time error in absolute value in Fig. 11.  It
can be noticed that errors caused by an apparent conver-
gence to an incorrect periodicity (”Ranking fails (B)”) 
occur at smaller differences between the dimensions of par-
ent and fragment semi-major axis (Fig. 11a), and occasion-
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Fig. 11. Perturbed scenario on real data. Difference between Keplerian elements of the parent and fragment objects versus median time error. In this 
scenario, ranking fails of type B occur when the parent and fragment have similar semi-major axes (a) and occasionally eccentricities (b). Additionally, 
significant orbit orientation similarity contributes to the computation fails (c,d), leading to deviations in the epoch estimation despite correct periodicity
convergence (cross symbol). No ranking fails of type A are observed..
ally for similar eccentricities as well (Fig. 11b). On the 
other hand, when the two orbits have quite similar orienta-
tions (Fig. 11c and 11d), this becomes a significant factor 
contributing to inaccuracies in computing the candidate 
TCAs. As a result, due to the instability of the MOID com-
putation, the estimate may be a few minutes off from the 
actual epoch, leading to the ”Computation fails”, despite
being in the correct periodicity (cross symbol in Fig. 11). 
This analysis again confirms that the failure cases are clo-
sely related to the mutual geometry of the orbits. In addi-
tion, the failure cases defined as ”Ranking fails (A)” are
not present.

5. Conc lusions 

The research presented in this paper aims to contribute 
to improving the ability to characterize fragmentation 
events in the near-Ear th environment, within the first few 
hours after an event alert, in order to mitigate the damage
9198
caused by debris production and dispersion. The imple-
mented tool can determine the epoch of a fragmentation 
event given a single fragment orbital state and one ephe-
meris of the fragmented object. This is achieved through 
a stochastic representation and manipulation of both frag-
ment and parent orbital states. In addition, a criterion has 
been implemented to associate the fragment to the original 
spacecraft, allowing for a comprehensive event characteri-
zation. Both methodologies are stochastic and exploit tech-
niques drawn from the conjunction analysis.

Several important conclusions can be drawn from the 
simulation results. The tool operates with a 100% success 
rate under ideal conditions, implying Keplerian propaga-
tion and no error introduced into the OD process. In more 
realistic scenarios, the algorithm generally converges to the 
correct solution but it is less robust when fragment and 
parent orbits have similar orientations or shapes. The con-
vergence to a wrong periodicity is identified as the primary 
cause of failures, even in the presence of orbit determina-
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tion errors. A sensitivity analysis reveals that results are 
degraded as the time between the fragmentation event 
and the orbit determination increases. Conversely, an 
increase in measurement noise and a degradation in the 
representation of the parent orbital state result in oscilla-
tory outcomes. The use of Gaussian Mixture models for 
uncertainty representation has been demonstrated to 
enhance the computational efficiency of the algorithm. A 
real case applic ation of FRED 2.0 algorithm generally con-
firms the outcome of the numerical analysis.

A first future extension of this work includes testing dif-
ferent propagation models to introduce additional distur-
bances and customize the dynamics model, as the use of 
high-fidelity propagators ensures greater realism despite 
higher computational demands. Another aspect of interest 
is evaluating the impact of varying the number of GMEs, 
since finer discretization of the initial Gaussian distribution 
theoretically improves the mixture fitting under nonlinear 
pr opagation. Simulation results also highlight the underes-
timation of collision probability when increasing the OD 
uncertainty, affecting therefore the PoC-based ranking 
metric. Future research may theref ore introduce alternative
CA methods to address this dilution problem, inspired by
the approaches presented in (Alfano, 2005; Miller, 2022; 
Laporte, 2014; Massey, 1951). Finally, a procedure to char-
acterize the fragmentation event directly in the measure-
ment space of the observed fragment would represen t an
added value.
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