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Abstract: The increasing number of objects in Earth orbit has encouraged the development of
space surveillance and tracking (SST) applications. A critical aspect of SST is the identification and
characterization of close encounters between pairs of space objects. The present work introduces a
tool for the analysis of conjunctions, consisting of several modules. The first module, which has been
shown to greatly speed up the process, employs a series of geometric and temporal filters to shorten
the list of potential colliding pairs. The remaining objects are then propagated to compute important
parameters such as time of closest approach (TCA), miss distance (MD), and probability of collision
(PoC), the latter using three different methods. When a conjunction assessment returns an MD or a
PoC that exceeds predefined alert thresholds, the algorithm enables the planning of an impulsive
collision avoidance maneuver (CAM) at specific maneuver epochs. CAM candidates are determined
using an analytical Keplerian approach, with the goal of achieving the desired PoC or MD. The user
can then verify the performance of a specific candidate through perturbed propagation, and the MD
and PoC are recalculated after the maneuver to ensure that they meet the desired thresholds. In
conclusion, this paper evaluates the performance of the tool using synthetic and real data, providing
valuable insights into its effectiveness.

Keywords: space situational awareness; space surveillance and tracking; space traffic management;
resident space objects; space debris; EUSST; conjunction analysis; collision avoidance; probability of
collision; MOID

1. Introduction

In the last few decades, space debris, including inactive satellites, rocket bodies, and
fragments of various sizes, has emerged as a global challenge for space agencies and
institutions, thus becoming a major concern. The two orbit regions most densely populated
by space objects are the low earth orbit (LEO) and the geostationary orbit (GEO). Notably,
the majority of objects in orbit are space debris, while cooperative satellites make up only a
small fraction [1].

The presence of space debris poses a substantial threat to space operations. Potential
collisions with space debris can result in a range of consequences, from gradual erosion of
satellite surfaces to the complete destruction of active satellites. Such collisions can also
lead to the creation of thousands of additional fragments, contributing to environmental
problems and the risk of cascade effects [2].

To ensure the safety of space operations, space agencies and organizations world-
wide have implemented various strategies. Moreover, international cooperation is actively
underway in the field of space surveillance and tracking (SST). In Europe, two notewor-
thy programs address this issue: the European Space Agency (ESA) Space Situational
Awareness (SSA) Programme [3] and the European Union Space Surveillance and Tracking
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(EUSST) Framework [4]. EUSST is a collaborative consortium involving European national
agencies and institutions, and it is responsible for providing essential services such as
conjunction analysis [5], fragmentation analysis [6,7], and re-entry prediction [8]. These
services rely on data collected from ground-based sensors, including optical telescopes
(offering precise angular data) [9], radars (providing both angles and range or Doppler
shift measurements) [10], and lasers (supplying exceptionally accurate range measure-
ments) [11]. In particular, survey radars play a critical role in characterizing the orbits of
unidentified objects upon their initial detection [12–14]. In addition to the above-mentioned
services, a crucial role is played by maneuver detection [15] and proximity operations
monitoring [16,17]. The latter is expected to become more and more fundamental in the
future for the active debris removal programs.

Italy’s participation in the EUSST program involves three entities: the Italian Space
Agency (ASI), the Astrophysics National Institute (INAF), and the Italian Ministry Of
Defence, with the Italian Air Force (AM) largely involved. Italy’s specific role within this
program pertains to re-entry and fragmentation services. To effectively manage the vast
amount of observational data, there is a need for the development of efficient and reliable
tools. In this context, the Flight Test Department of the Italian Air Force is responsible
for establishing a system architecture which collects and processes data to provide SSA
services to both military and civilian users, as well as to the EUSST consortium. The system,
named the ISOC Suite after the Italian SST Operational Centre (ISOC) of the Italian Air
Force, has been meticulously designed with a web-based infrastructure, where space objects
and associated data populate a catalog [18]. The ISOC Suite provides SST services and
functions which work in unison to enhance awareness of space events in Earth-centered
orbits. The embedded software is the result of a collaborative effort with national industry
and academia, designed and implemented with a focus on operational requirements.

As mentioned above, the collision avoidance service is crucial for space traffic man-
agement, and it is tasked with assessing potential conjunctions among cataloged objects.
When a conjunction is detected, a conjunction data message (CDM) [19] is generated, con-
solidating information about the involved satellites. Typically, these objects are categorized
as primary (typically maneuverable satellites) and secondary (either operational or inactive
satellites), composing a pair [20]. The CDM includes information on the Cartesian state of
these satellites, both in terms of mean and covariance, the time of closest approach (TCA),
the associated miss distance (MD), representing the distance at the closest approach, and
the probability of collision (PoC).

This work presents the prototype of the conjunction analysis tool developed for the
ISOC Suite, a collaborative effort involving the Italian Air Force, Leonardo Company
(Rome, Italy), and Politecnico di Milano. The development of this tool was conducted to
meet the tailored requirements, satisfying very specific needs. The software architecture
prioritizes optimal computational performance, and comprises three main modules, each
dedicated to the precise identification and characterization of potential conjunction events.
The initial module employs a filtering sequence to screen out pairs that fail to meet specific
criteria, thus narrowing down the candidates. Subsequently, the remaining events are more
meticulously characterized through the calculation of critical parameters (including the
metrics mentioned above), and the user can choose to store information for relevant events
and generate output files, such as the CDM, adhering to the standard format set by the
Consultative Committee for Space Data Systems (CCSDS). In addition, based on the user
requirements, the tool offers the possibility to compute a collision avoidance maneuver
(CAM), providing operators with a potential means to avoid collisions. Overall, the tool
can manage input files like the CDM, two-line elements (TLEs), Orbit Ephemeris Message
(OEM), and Orbit Parameter Message (OPM).

The paper structure is as follows. The ISOC Suite and the PoC computation method-
ology are presented in Section 2 and Section 3, respectively. Then, the algorithmic flow is
illustrated in Sections 4 and 5. Subsequently, the tool validation is presented in Section 6
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and, finally, the algorithm performance is evaluated through real-case operational scenarios
in Section 7.

2. Italian SST Operations Centre

The ISOC was originally established in 2014 and operated by the military personnel
of the Flight Test Department of the Italian Air Force. Currently, the operational activities
are led by the the Space Situational Awareness Centre (C-SSA), whereas the Flight Test
Department is responsible for research and development operations. The ISOC Suite is
a complex system that was originally developed to support SST tasks, but it is currently
evolving towards a broader awareness of the space scenario, to enhance the national
security for both civil and military applications. The ISOC is also included in the EUSST
framework, supporting the services listed below:

• Re-entry (RE): primarily responsible for the analysis of uncontrolled re-entry into the
low atmosphere for large and dangerous objects.

• Fragmentation (FG): primarily responsible for the analysis of in-orbit fragmentation
as a consequence of satellite break-ups or collisions.

• Collision avoidance (CA): cold redundant operational center for the analysis of the
collision probability and geometry for conjunction events.

The ISOC Suite is used to support the above-mentioned services, whose high level
architecture is represented in Figure 1. The main inputs of the suite are provided by
national sensors, consortium observations, and the European observation catalog, along
with available public sources. The inner part of the system is also able to use commercial
off-the-shelf (COTS) and proprietary software. The system’s outputs are the services shown
in the right part of Figure 1. A functional part of the entire system is the collision avoidance
service, that could be guaranteed by the suite described in this document.

Figure 1. ISOC architecture.

3. Probability of Collision

To accurately deal with the uncertainty linked to the orbital state of a tracked satellite,
it is crucial to determine the alert level in satellite conjunctions through a stochastic descrip-
tion. As a result, the PoC becomes a pivotal parameter in the operational management of
the CA service. In the present suite, the PoC computation is conducted in the one-to-one
analysis, as better discussed in Section 4.2.

Let us consider the relative position r between a primary and a secondary. Associating
a diameter to the involved objects’ geometry, through the definition of Dp and Ds for the
primary and the secondary objects, respectively, it is possible to define the hard body radius:
HBR =

(
Dp + Ds

)
/2. From a conceptual point of view, a collision occurs when |r| ≤ HBR
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and, to compute the associated PoC, two models exist, depending on the conjunction
features:

• The short-term encounter model [21] is designed for conjunctions featuring a high
relative velocity between the objects at the TCA. It is particularly well-suited for LEO
encounters. This model operates under the assumption of constant position uncer-
tainties during the conjunction and employs a deterministic approach for describing
velocities [20].

• The long-term encounter model [22] is designed for conjunctions with a minimal
relative velocity between the involved objects. In these scenarios, the objects spend a
substantial amount of time in close proximity, and the encounters may occur multiple
times per orbit. This model is particularly applicable to GEO encounters, formation
flying, and proximity operations.

In the present study, the focus is placed on the short-term encounter model due to
its advanced state of development. This model assumptions facilitate the definition of an
encounter frame, commonly referred to as the B-plane, at the TCA. The precise formulation
of the B-plane may vary among authors, but it consistently exhibits two key characteristics:
it is centered on the mean-position center of gravity of one of the two objects, and is oriented
orthogonally to the direction of the relative velocity.

Based on the assumptions of the short-term model, it becomes feasible to simplify the
problem into a two-dimensional space, thus obtaining the integral in Equation (1), which is
a compact version of the one in [23].

PoC =
1

(2π)
√

det(Σ2D)

∫
exp

(
−1

2
(r − µ2D)

TΣ−1
2D(r − µ2D)

)
dr (1)

This reduces the computation of the PoC to a multinormal law 2D integral over the
random variable r, which represents the two-dimensional position, and whose µ2D is the
mean value, and where Σ2D is the related covariance.

Therefore, the short-term encounter model enables the calculation of the PoC through
a 2D integral. The problem can be solved using either numerical or analytical methods. In
the tool, both approaches have been implemented for this purpose.

Concerning the numerical approaches, the algorithm presented in [24] is selected
and referred to as the “Patera” method in this work. It reformulates the 2D PoC as a
one-dimensional integral by treating it as a path integral along the contour of the integra-
tion domain. To enhance the PoC’s numerical precision, a numerical scheme has been
implemented in the suite to ensure convergence, and the accuracy of the PoC depends on
the number of integration steps used. In addition to the numerical approach, two analytical
methods have been incorporated: the algorithms described in [21] and in [25], referred to
as the “Chan” and “LAAS” methods, respectively. Both methods exploit a series expansion
of the PoC, and the accuracy of the results depends on the chosen expansion order. It is
important to note that these analytical methods are computationally more efficient than the
numerical methods. In addition, the “LAAS” method compensates numerical instabilities
through the inclusion of a pre-conditioning term [25].

In the context of the PoC computation, it is essential to highlight one more aspect. Since
the PoC value relies on the covariance associated with the orbital states of the involved
objects, underestimating or overestimating the uncertainty can have a significant impact
on the results. This problem is usually referred to as probability dilution [26], and it is
experienced when an increase in the covariance that is used to compute the PoC leads
to a decrease in this quantity. This seems to imply that lowering the data quality makes
satellites safer, that makes no sense. Therefore, to face this issue, a sensitivity analysis can be
conducted to determine the maximum PoC (referred to as max-PoC). As suggested in [27],
this analysis can be conducted adjusting the covariances of the involved objects by applying
an inflating factor, typically within the range of 0.25 to 4, to assess the PoC sensitivity to
these changes. From an operational perspective, within the algorithms implemented in the
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tool, a grid of N points ranging from 0.25 to 4 is defined, which are used as multiplicative
factors to augment or reduce the covariance of the primary and the secondary, one at a
time. For each augmented or reduced covariance the PoC is recomputed, finally obtaining
a grid of values for this quantity that allows the max-PoC to be identified. The conjunction
analysis suite developed for the ISOC Suite embeds the possibility to conduct this analysis
as well.

4. Conjunction Analysis Algorithm

The present section provides an insight into the algorithms included in the conjunction
analysis software, except for the CAM planning module, which is described in more depth
in Section 5. First, a pre-processing phase is run to manage the input data before the
conjunction analysis process begins. In particular, the objects’ ephemerides are evaluated
at the starting epoch of the time interval of the analysis, which is set either by default or
according to a specific request by the user. In addition, if no covariance is associated to
an input object, this is attributed through the method presented in [28]. Then, a catalog
screening is conducted, which allows the overall computational demand to be reduced.
Subsequently, a one-to-one analysis for the pairs passing the filters computes the essential
conjunction parameters introduced in Section 1. The overall process is represented in
Figure 2.

Primary Object

Secondary
Object List

Catalog Screening Filtered List
of Secondaries

Cycle on secondaries

One-to-One
Analysis

Conjunction
Quantities

Figure 2. Flow diagram of the conjunction analysis algorithm.

4.1. Catalog Screening

The catalog screening implements the filtering sequence outlined by Hoots et al. [29].
It operates on the concept that primary and secondary objects may not be at risk of collision
due to geometric considerations and the absence of overlapping time intervals. In particular,
the apogee–perigee filter (AP filter) and the orbit path filter (OP filter) work to eliminate
pairs when the orbits of the objects do not permit them to approach closely. Additionally,
the time filter (T filter) considers the real-time positions of space objects on their orbits,
removing pairs that do not cross a region of relative proximity simultaneously.

Based on the way the filters are implemented, they may require the user to define a
duration of the analysis interval. About this, it is worth remarking that, according to what
is highlighted in [30], using simplified motion models in the filters may introduce errors
which grow with longer analysis time windows. This issue is particularly relevant in the
choice of the thresholds to be used within the criteria of the different filters, as the analysis
interval length impacts the size needed to ensure precision in results. This problem can be
partially attenuated by including the orbital perturbations.

Concerning the order of the filters within the catalog screening sequence, as stated
in [31], this choice is driven by the computational cost associated with their operations.
Given the algorithms on which the filters are based, and after their numerical validation,
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the following choice of the order of the filters was taken. The result is a short-listed version
of the original secondary object catalog, which then enters the one-to-one analysis, as
described in Section 4.2.

4.1.1. Apogee–Perigee Filter

The first filter in the series is the AP filter, as it is associated with the minimal compu-
tational requirements. It computes the apogee and perigee for each object. Subsequently,
for each pair, it straightforwardly checks the following geometric criterion:

q − Q < DAP (2)

where q represents the larger perigee, Q denotes the smaller apogee, and DAP signifies
a user-defined threshold distance. Alfano and Finkleman’s work [31] investigated the
use of different threshold values, finally suggesting a value close to 10 km, which should
guarantee an effective trade-off. For this, and for all the filters in such a screening procedure,
it is crucial to underline that the more precise the orbital data, the stricter the threshold
setting can be. More details on this aspect are given in [30].

The pairs satisfying Equation (2) pass the AP filter and enter the T filter, which is
described below.

4.1.2. Time Filter

In the filtering process, it is vital to account for the real-time positions of both space
objects on their respective orbits, extending beyond basic geometric factors. This criterion
mandates that for a potential collision to be plausible, both primary and secondary objects
must traverse a region of relative closeness at the same time.

The core concept of the T filter involves examining the alignment of time intervals
determined by the transit of both the primary and secondary within these critical regions.
Typically, two satellites can collide for a brief period before and after they cross the in-
tersection line of the two orbital planes. To establish these periods, two orbital positions
are selected around the line of nodes, and these positions are then converted into time
intervals using the Kepler equation. For both the primary and secondary objects, a set of
time windows is derived, which are spaced in time according to the orbital period. The
subsequent step verifies possible overlapping time windows of the two objects to determine
whether the pair will pass through the filter or not. In particular, multiple overlaps can be
identified, that is, multiple conjunction time intervals for the same pair of objects.

In detail, the algorithm introduced by Hoots et al. [29] is applied to calculate the time
windows. However, this method proves ineffective in situations involving co-planar and
nearly co-planar pairs. In such cases, an alternative approach is employed in the conjunction
analysis suite, which leverages the rate of change in the relative position between the two
objects to identify the region of closeness. This alternative method detects the change
from negative to positive values in this rate of change, signifying a local minimum. It is
worth to remark that the intersection line between the two orbital planes is not stationary
and evolves over time. For this reason, it is possible for the user to select an accurate
propagation method, to obtain a more accurate estimation across the analysis time window,
as represented in Figure 3. As mentioned above, the threshold setting of the T filter shall be
selected in accordance to the length of the analysis time window.
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Primary Object

Secondary
Object List

Propagation
Method

Perturbed Motion

Keplerian Motion

Perturbed
Windows

Generation

Windows
Generation

Find Overlap

Filtered List of
Secondary Objects

Figure 3. Flow diagram of the time filter.

4.1.3. Orbit Path Filter

The OP filter takes as input the pairs which passed the T filter, each pair with possibly
associated multiple conjunction time intervals. It relies on the determination of the mini-
mum orbital intersection distance (MOID), which is computed for each conjunction epoch,
and then compared to a threshold, based on the following criterion:

MOID < DOP (3)

where DOP represents a user-selected threshold distance. Even for this filter, Alfano and
Finkleman [31] investigated the use of different threshold values, finally suggesting a value
close to 90 km, which should guarantee an effective trade-off. If Equation (3) is satisfied,
the pair passes the filter and enters the one-to-one analysis described in Section 4.2.

A focused discussion shall be devoted to the MOID computation, which is based
on Gronchi’s algorithm [32]. If a Keplerian propagation method is selected by the user,
this approach is carried out using the orbital data available at that moment, without
further refinement, and this results in a non-time-dependent MOID. However, when a
more accurate propagation method is selected by the user, a specific procedure for MOID
computation is activated. This latter procedure is presented in [6], and is composed of the
following steps:

• Calculate the MOID and the corresponding true anomalies using the orbital elements
of the primary and secondary objects as defined at the initial epoch of the analysis
time window.

• Determine the times of flight from the current positions to the true anomalies corre-
sponding to the MOID.

• Propagate the states of the primary and secondary objects for the times of flight
computed in the previous step.

• Convert the propagated states into orbital elements.
• Recalculate the MOID and the corresponding true anomalies using the updated orbital

elements of the primary and secondary.
• Compute the times of flight from the updated positions to the updated true anomalies

corresponding to the updated MOID.
• Examine these times of flight, and if they exceed a predefined threshold, repeat

the process.

The overall OP filter workflow is represented in Figure 4. Given that it is the last filter
of the sequence, and that the pairs passing it have already passed the T filter, temporal
considerations can be made to extract useful information about the TCA. As also remarked
by Hoots et al. [29], the interval of interest in which to analyze the relative motion between
the two objects may be shortened to those intervals identified by the T filter. In this regard,
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being that the time windows of the T filter have been generated around portions of the
orbits close to the line of intersection, that is in proximity to the MOID, this allows the epoch
of transit of one of the two objects through the MOID to be considered as a candidate TCA.

Primary Object

Secondary
Object List

Propagation
Method

Perturbed Motion

Keplerian Motion

Perturbed MOID

Instantaneous
MOID

Check Threshold

Filtered List of
Secondary Objects

Figure 4. Flow diagram of the orbit path filter.

4.2. One-to-One Analysis

The pairs which pass the AP filter, the T filter, and the OP filter exit the catalog
screening step and enter the one-to-one analysis, which implements more meticulous
operations. To this end, the tool processes one primary object and one secondary object at a
time, as follows.

To refine the TCA candidates computed in the OP filter, the states of both objects are
propagated on the time intervals identified by the T filter, and their relative positions are
computed. The TCAs are refined by using the time rate of change in the relative position,
based on the method presented in [29], which detects the presence of local minima. During
this operation three cases can occur:

1. The time rate of change in the relative position solely increases: this indicates that
the two objects are moving away from each other, and the TCA is taken as the initial
moment of the time interval.

2. The time rate of change in the relative position exclusively decreases: in this case,
the objects are approaching each other, but no local minimum is detected within
the time window. Consequently, the TCA is assumed to be the final moment of the
time interval.

3. The time rate of change in the relative position undergoes a sign change from negative
to positive: in this scenario, a local minimum exists within the time window, and the
corresponding moment is selected as an initial estimate. This serves as a starting point
for an optimization, which searches for the TCA as the epoch in which the relative
position and the relative velocity between the two objects become orthogonal.

The MD is then computed as the norm of the relative position at the TCA. In the third
case, it is possible to encounter multiple local minima in the relative position. If this occurs,
the time corresponding to the minimum relative position norm is selected as the TCA, and
the distance between the objects at that moment is recorded as the MD. In any case, the
tool retains information about the other time points and their respective relative position
norms for potential future use.

Following this stage, the state transition matrix, computed through the method pre-
sented in [33], is applied to propagate the objects’ covariances (possibly associated during
data pre-processing) to the TCAs. Subsequently, other conventional parameters associated
with a conjunction event are computed, including the PoC, which is determined based
on the user’s chosen method (i.e., Chan, Patera, LAAS) and can be then modified in the
maximum PoC by applying the inflating factor to the covariances, as described in Section 3
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Finally, the user can choose to create the CDM file for the one-to-one analysis carried
out. If for the same object pair multiple conjunctions are identified, multiple CDMs can be
written coherently.

5. Collision Avoidance Algorithm

Operationally, if the PoC or the MD exceeds a threshold, it is recommended to plan a
CAM, which can be executed in either a low-thrust manner [5] or an impulsive one. The
algorithm developed for the ISOC Suite embeds procedures to plan impulsive maneuvers
given their advanced operational status.

The process begins with the collection of data related to the collision event from a
CDM, possibly returned by the conjunction analysis algorithm described in Section 4, and
other essential inputs. The first step carries out optimal CAM planning using algorithms
based on Keplerian assumptions. Subsequently, a refinement procedure is run including
orbital perturbations.

5.1. Optimal CAM Planning

The planning phase of the CAM starts from the data extracted from the input CDM
and a range of true anomalies to serve as potential locations for candidate maneuvers. In
addition, optional inputs can be provided, such as user-specified upper limits for the PoC
and lower limits for the MD to be achieved after the maneuver, and the option to request a
tangential maneuver (that is aligned with the velocity vector direction). In the absence of
user-defined thresholds, reasonable values are set as default.

The CAM planning is performed based on the algorithm introduced by Bombardelli
and Hernando-Ayuso in [34]. Thanks to a Keplerian assumption, this approach devised
a linear relationship between the impulsive maneuver vector and the relative position
between the primary and the secondary objects, projected onto the conjunction plane. This
relationship allows the CAM planning to be defined as a quadratic optimization, which
results in an eigenvalue problem. In [34], two optimization problems are established: the
first seeks the maximum MD (MMD), while the second seeks the minimum PoC (mPoC).
The resolution of these problems provides the direction for the impulsive maneuver vector.
It is important to stress that the original formulation of this approach requires fixing the
magnitude of the impulsive maneuver vector to determine its direction.

In the ISOC Suite, as described above, the upper limit for the PoC and the lower
limit for the MD to have at the end of the maneuver are either given as input to the CAM
planning or defined through default quantities. Then, in the optimization process the
eigenvalue problem is solved to derive the direction of the maneuver vector, which is then
multiplied by an impulse magnitude ∆v0 to compute the conjunction parameter at the end
of the maneuver (either MD or PoC). These steps are embedded in a cost function which
computes the residual absolute value of either the MD or PoC with respect to the input
threshold quantities. The zero of this cost function is searched for through the Newton
method [35], and the related ∆v0 is returned.

These operations are performed for all the true anomaly candidate locations given
as input, and, for each of them, the process returns the minimum cost maneuver which
matches either the desired MD or PoC. Finally, all these maneuver candidates are ranked
based on the impulse magnitude ∆v0. The overall process is represented in Figure 5.

In the case of a tangential maneuver, the MMD and mPoC optimization problems are
not solved, and therefore, the maneuver direction is not optimized, and it is determined
using the flight path angle, as shown in Figure 6. The only variable to be determined is
the magnitude of the impulse ∆v0, which is computed, for each true anomaly candidate
location, through a zero-search of the same cost function described above. At the end, the
list of maneuver candidates are returned and ranked according to ∆v0.
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Conjunction
Data Message

Other Inputs

Cycle on maneuvering anomalies

Zero-search routine

Optimization
Method
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mPoC

Optimal ∆v0
Residual on MD

Optimal ∆v0
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Impulsive
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Figure 5. Flow diagram of the optimal CAM candidates computation.
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Other Inputs
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Compute ∆v0
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MD Threshold

PoC Threshold

Impulsive
Maneuver Vector CAM Candidates

Figure 6. Flow diagram of the tangential CAM candidates computation.
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5.2. CAM Refinement

The CAM planning procedure described above is based on [34], which exploits a
Keplerian assumption. Thus, if requested by the user, the performance associated with a
specific maneuver (selected from the list of candidates) shall be verified also considering
orbital perturbations. A reasonable way is to start verifying the compliance of the minimum
cost CAM, that is, the candidate featuring the smallest impulse magnitude, or the maneuver
associated with one of the locations that best suits other possible users’ needs. To this
end, the primary object orbital state, which is defined at the TCA (being given by the
input CDM), is back-propagated to the maneuvering epoch. This step is accomplished
according to a high-fidelity propagator which considers orbital perturbations. Then, the
maneuver to be verified is applied, and the state after the maneuver is propagated to the
original TCA. Given that the primary object follows a new trajectory after the maneuver,
updated conjunction quantities are computed: the original TCA is used as the first guess to
compute the new TCA, to which both primary and secondary objects are propagated, and
the new MD and PoC are computed. If they do not respect the threshold quantities, the
user can opt to select an alternative CAM among the candidates (for instance, the next in
the ∆v0 ranking), to then verify its compliance through the refinement process. The CAM
refinement process is represented in Figure 7.

Primary
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to Maneuvering

Epoch
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Maneuver
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candidate

Propagation to
Original TCA

Compute
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Figure 7. Flow diagram of the CAM refinement.

6. Validation

The most remarkable validation steps of the ISOC Suite for conjunction analysis are
reported here. All the tests were implemented in MATLAB (R2022b) [36] and run with an
Intel(R) Core(TM) i7-12700 CPU @ 2.10 GHz processor with 16 GB of RAM.

6.1. Catalog Screening

To validate the catalog screening module, the space objects catalog used is represented
by the two-line elements (TLEs) downloaded from the Spacetrack website [37]. Thus, the
test reported here is a real-case validation rather than a simulation, given that the catalog
considered is composed of real space object data. The validation is performed on a scenario
featuring a single primary object, considered as a user’s asset of interest, and the complete
space objects catalog as secondaries. This scenario, which holds operational significance,
constitutes the “one vs. all” procedure and results in a short-list of potentially colliding
secondary objects, according to the results of the filtering sequence. It is worth remarking
that performing the “one vs. all” procedure for all the space objects in the catalog results in
the “all vs. all” analysis.

As remarked in Section 4.1, the catalog screening module was designed to minimize
the computational workload. Consequently, the focus is on evaluating the time taken by
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each filter to execute its operations and the number of pairs that are eliminated at each
stage. Regarding the choice of the filter thresholds, the considerations made in Section 4.1
about the suggested values have been used for the selected values reported in Table 1. In
particular, to prevent the loss of possible conjunction events, slightly higher values have
been used with respect to the suggested ones.

Table 1 also presents the outcomes for an analysis spanning one week, conducted
from 4 June 2022 to 11 June 2022. This analysis involved a single primary object and a
catalog comprising 24,219 secondary objects, which is returned by the pre-processing. As
delineated in Section 4, this is the initial phase of the catalog screening, in which the objects
are propagated to the starting epoch of the analysis time window and covariances are
possibly associated.

Table 1. Validation results for the catalog screening. The 24,219 input pairs are short-listed to 1655,
that is, 6.83% of the original data set. The computational demand is about 24 min.

Threshold (km) Filtered Pairs Remaining Pairs Computational Time (s)

Pre-process - - 24,219 66.09
AP filter 30 19,783 4436 0.02
T filter 30 2162 2274 1308.98

OP filter 100 619 1655 66.84

From Table 1 the key role played by the catalog screening is clear: out of the 24,219 pairs
at the end of the pre-processing phase, just 1655 (that is, 6.83%) pass all the filters and
proceed to the one-to-one analysis. The overall computational demand is about 24 min,
of which the T filter represents the main part, as it requires the computation of the time
evolution of the objects’ relative positions.

It is important to highlight that for this conjunction analysis validation the “one-to-one”
step demanded approximately 3 h of computation. Thus, considering that the complete
list of secondary objects was reduced by about 93.2%, the overall computational demand
for the conjunction analysis would have been around 41 h if no catalog screening have
been conducted.

6.2. Probability of Collision

The validation of the 2D PoC methods is carried out in a twofold way. The first test is
based on cases extracted from the literature, while the second one exploits data from the
ESA Collision Avoidance Challenge [38]. Differently from Section 6.1, both analyses are
numerical, as they exploit synthetic data.

The first validation is based on the test cases outlined in [21,39]. Table 2 reports the
input data, in terms of relative position and standard deviations in the B-plane (xm, ym, σx,
and σy), hard body radius (R), and ratios which are significant for the analysis (σx/σy and
R/σy). The validation results are presented in Table 3 and compared to the reference values
either provided in [21] (in terms of both the Patera and Chan methods, separately) or in [39]
(expressed as a Monte Carlo simulation result with 1 × 108 samples), depending on the
literature source considered for the cases. Overall, it is possible to notice the alignment
between the results produced by the implemented PoC methods and the reference values.
However, in “Alfano case 3” and “Alfano case 6”, the Chan method provides a result one
order of magnitude different from the reference value, while both the Patera and LAAS
methods converge to an estimation closer to the reference. From Table 2 it is possible to
observe that these two cases are connected to a small R/σy ratio, which is a key parameter
in assessing the numerical stability of the analytical PoC computation methods [20]. Indeed,
in such methods, high orders are required to achieve a precise PoC computation, but
the large orders can introduce term cancellations, resulting in numerical instability. The
LAAS method mitigates this problem through the incorporation of the pre-conditioner, as
mentioned in Section 3, allowing both a fast and a robust PoC computation. It is worth
to stress that the argument of the LAAS pre-conditioner is −R2/(2σ2

y ), which retraces the
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R/σy ratio mentioned above. In any case, it is important to observe that the implementation
of multiple methods for PoC computation within the ISOC Suite enables a robust analysis.

Table 2. Validation data for the PoC computation for the literature test cases. The data are based
on [21] (first 12 cases) and [39] (last 2 cases) and are reported as relative position and standard
deviations in the B-plane (xm, ym, σx, and σy), hard body radius (R), and ratios which are significant
for the analysis (σx/σy and R/σy).

σx σy R xm ym σx/σy R/σy
Chan case 1 50 25 5 10 0 2 0.2
Chan case 2 50 25 5 0 10 2 0.2
Chan case 3 75 25 5 10 0 3 0.2
Chan case 4 75 25 5 0 10 3 0.2
Chan case 5 3000 1000 10 1000 0 3 0.01
Chan case 6 3000 1000 10 0 1000 3 0.01
Chan case 7 3000 1000 10 10,000 0 3 0.01
Chan case 8 3000 1000 10 0 10,000 3 0.01
Chan case 9 10,000 1000 10 10,000 0 10 0.01

Chan case 10 10,000 1000 10 0 10,000 10 0.01
Chan case 11 3000 1000 50 5000 0 3 0.05
Chan case 12 3000 1000 50 0 5000 3 0.05
Alfano case 3 114.25852 1.41018 15 0.15916 −3.88721 81.02407 10.63694
Alfano case 6 1778.01770 2.20090 10 −1.2531 −2.1046 807.85864 4.54359

Table 3. Validation results for the PoC computation for the literature test cases. The results are
compared to the reference values in [21] (first 12 cases), in terms of both the Patera and Chan methods,
and in [39] (last 2 cases), expressed as a Monte Carlo simulation result with 1 × 108 samples. Generally,
it is possible to notice that the results produced by the implemented PoC methods are in agreement
with the reference values, except for the Chan method in “Alfano case 3” and “Alfano case 6”. This is
due to the truncation of the expansion terms in the analytical formulation. The Patera method is not
affected by this problem, being numerical, while the LAAS method (analytical) solves it thanks to the
pre-conditioner.

Reference
Patera

Reference
Chan Patera Chan LAAS

Chan case 1 9.741 ×10−3 9.754 ×10−3 9.742 × 10−3 9.754 × 10−3 9.742 × 10−3

Chan case 2 9.181 × 10−3 9.189 × 10−3 9.181 × 10−3 9.189 × 10−3 9.181 × 10−3

Chan case 3 6.571 × 10−3 6.586 × 10−3 6.571 × 10−3 6.586 × 10−3 6.571 × 10−3

Chan case 4 6.125 × 10−3 6.135 × 10−3 6.125 × 10−3 6.135 × 10−3 6.125 × 10−3

Chan case 5 1.577 × 10−5 1.577 × 10−5 1.577 × 10−5 1.577 × 10−5 1.577 × 10−5

Chan case 6 1.011 × 10−5 1.011 × 10−5 1.011 × 10−5 1.011 × 10−5 1.011 × 10−5

Chan case 7 6.443 × 10−8 6.443 × 10−8 6.443 × 10−8 6.443 × 10−8 6.443 × 10−8

Chan case 8 3.219 × 10−27 3.216 × 10−27 3.219 × 10−27 3.216 × 10−27 3.219 × 10−27

Chan case 9 3.033 × 10−6 3.033 × 10−6 3.033 × 10−6 3.033 × 10−6 3.033 × 10−6

Chan case 10 9.656 × 10−28 9.645 × 10−28 9.656 × 10−28 9.645 × 10−28 9.656 × 10−28

Chan case 11 1.039 × 10−4 1.039 × 10−4 1.039 × 10−4 1.039 × 10−4 1.039 × 10−4

Chan case 12 1.564 × 10−9 1.556 × 10−9 1.564 × 10−9 1.556 × 10−9 1.564 × 10−9

Monte Carlo Patera Chan LAAS

Alfano case 3 1.008 × 10−1 1.004 × 10−1 2.445 × 10−2 1.003 × 10−1

Alfano case 6 4.300 × 10−3 4.335 × 10−3 1.081 × 10−2 4.335 × 10−3

The second validation of the aforementioned PoC methods is based on synthetic data
extracted from the Collision Avoidance Challenge database of the ESA [38]. Three test
cases for LEO orbits are presented, with the data in Table 4 and the corresponding results
in Table 5. The implemented PoC methods provide results in agreement with the reference
values, confirming the robustness of the implemented algorithms. It is worth remarking that
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the largest errors are related to the Chan method, and considerations about the numerical
stability of the analytic methods can be conducted analogously to those above.

Table 4. Validation data for the PoC computation for the ESA Collision Avoidance Challenge test
cases [38]. The data reported are: relative position and standard deviations in the B-plane (xm, ym, σx,
and σy), hard body radius (R), and ratios which are significant for the analysis (σx/σy and R/σy).

σx σy R xm ym σx/σy R/σy

Case 1 72.0645 26.8416 29.71 20.7120 37.8755 2.6848 1.1069
Case 2 631.2708 26.7600 23 −14.3269 345.0316 23.5901 0.8595
Case 3 2719.2000 31.3349 23 −18.6580 665.7557 86.7785 0.7340

Table 5. Additional validation results for the PoC computation for the ESA Collision Avoidance
Challenge test cases [38]. The implemented methods return PoC estimations in agreement with the
reference ones. The largest errors are related to the Chan method, and this is due to the truncation
of the expansion terms in the analytical formulation, which is solved by the pre-conditioner in the
LAAS approach and is absent in the Patera method, as the latter applies a numerical scheme.

Reference Patera Chan LAAS

Case 1 1.360 × 10−1 1.362 × 10−1 1.384 × 10−1 1.360 × 10−1

Case 2 1.094 × 10−2 1.096 × 10−2 1.116 × 10−2 1.096 × 10−2

Case 3 2.4146× 10−3 2.4173× 10−3 2.5201× 10−3 2.4173× 10−3

6.3. Collision Avoidance Maneuver

Numerical validation of the optimal CAM planning calculations is conducted by
replicating the Iridium-Cosmos collision test case described in [34]. The analysis examines
the trends in MD and PoC as a function of the true anomaly where the maneuver is executed.
Specifically, the results achieved by the MMD and mPoC maneuvers, outlined in [34] and
discussed in Section 5, are represented in Figure 8 for a value of the impulse magnitude of
10 cm/s, which has been therefore fixed for this analysis and not computed according to
the zero-search routine explained in Section 5.1.
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Figure 8. Validation results for the optimal CAM planning. The plots report, for the Iridium-Cosmos
conjunction described in [34], the MD (a) and PoC (b) trends as a function of the maneuvering point
before the TCA, expressed as true anomaly difference, for a value of the impulse magnitude of
10 cm/s. It is possible to notice that both methods successfully achieve their respective objectives,
either minimizing or maximizing the relevant quantity according to their formulations.

The comparison reveals that both methods successfully achieve their respective objec-
tives, either minimizing or maximizing the relevant quantity according to their formulations.
This is emphasized by the fact that, for both MD and PoC, the specific method (MMD or
mPoC) is able to provide better results with respect to the other in terms of the objective
quantity to be either maximized or minimized. The presence of jumps that are visible for
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some ranges of the maneuvering anomaly is well explained in [34], where the authors
state that they are due to the presence of an optimality constraint. Additionally, it is worth
noting that a larger maneuvering anomaly, signifying that the maneuver is executed well in
advance of the TCA, results in improved performance in terms of the final MD or PoC. This
underscores the significance of planning and conducting collision avoidance maneuvers
with reasonable advance.

7. Operational Scenario

In this section, the performance of the conjunction analysis software developed for
the ISOC Suite is evaluated through operational scenarios. In particular, both the catalog
screening and the CAM planning are assessed based on real data.

7.1. Catalog Screening

To validate the screening process, a conjunction alerted by Spacetrack [37] is used, and
the related TCA is taken as reference. A screening on the entire Spacetrack catalog is run on
an analysis time window of one week, which includes the reference TCA, to verify whether
the tool is capable of detecting that conjunction. In particular, it is worth to highlight that
the TLEs for the two objects involved in the event are taken at the starting epoch of this
time window, to better retrace the operational need to detect future conjunctions.

The result of this operation is showed in Table 6: the objects pair passes through the
entire filtering sequence, and the TCA computed during the one-to-one analysis presents
less than a 0.13 s difference with respect to the reference value.

Table 6. Real test results for the catalog screening. The same conjunction as the one detected by
Spacetrack [37] is found out, and the computed TCA occurs about 0.13 s later than the reference value.

Time Interval

1 July 2022 00:00:00 7 July 2022 00:00:00

Object ID Object Epoch

50792 29 June 2022 17:48:25
50787 29 June 2022 19:30:47

TCA (computed) TCA (reference)

3 July 2022 04:44:25.494 3 July 2022 04:44:25.368

7.2. Collision Avoidance Maneuver

The CAM module is tested using a real CDM as input, from which mean states,
covariances, and other quantities of the considered pair are extracted. Initially, thresholds
of 6000 m for the MD and 10−7 for the PoC are set, which are reasonable values considering
that the two objects are on GEO orbits. Then, the CAM planning procedure described in
Section 5 is run. Figure 9 illustrates that for both the MMD and mPoC cases the optimized
quantity aligns with the required threshold, which is either the MD (for the MMD maneuver)
or the PoC (for the mPoC one). This is an important result given that the algorithm’s
purpose is to find the minimum impulse magnitude to match the user’s threshold.

Figure 10 displays the resulting values of the optimized impulse magnitude as a
function of the maneuvering anomaly. As expected, the figure shows that the earlier the
maneuver with respect to the TCA, the lower the required impulse. The peak near zero
degrees indicates that the impulse needed to meet the thresholds by executing a maneuver
very close to the conjunction anomaly would be very expensive.
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Figure 9. Real test results for the optimal CAM planning: MD and PoC trends. The plots report the
MD (a) and PoC (b) trends as a function of the maneuvering point before the TCA, expressed in true
anomaly difference. It is possible to notice that the MD and PoC align with the values in the MMD
and mPoC maneuvers, respectively.
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Figure 10. Real test results for the optimal CAM planning: impulse magnitude. The trend in the
maneuvering impulse magnitude is represented as a function of the maneuvering point before the
TCA, expressed in true anomaly difference. It is possible to notice that the earlier the maneuver with
respect to the TCA, the lower the required impulse.

As explained in Section 5, the optimal CAM planning phase provides multiple can-
didate CAMs, one for each true anomaly considered to perform the maneuver, and the
user can select the least expensive and run the refinement procedure to verify its perfor-
mance, taking into account orbital perturbations in the process. To assess the algorithm’s
performance, among the candidates computed for the same analysis as above through the
MMD maneuver, the maneuver with the lowest impulse magnitude is selected, whose
characteristics are listed in Table 7. The overall CAM planning performance is listed in
Table 8: the values of the MD and PoC given in the CDM (first column), those that should be
obtained with the optimal CAM, i.e., exploiting the Keplerian assumption (second column),
and those resulting from the CAM refinement phase, both at the original (third column)
and at the new TCA (fourth column). It is possible to observe that the MD computed by
the optimal CAM planning matches the 6000 m threshold, as expected given the MMD
maneuver requested. In addition, it is worth noting that the values computed through the
optimal CAM planning slightly differ from the refined ones at the original TCA. In any
case, they still respect the thresholds, confirming that the maneuver described in Table 7
respects the input thresholds.
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Table 7. Real test data for the CAM refinement. The characteristics of the CAM candidate returned
by the optimal CAM planning phase and selected for the refinement phase are represented in terms
of maneuvering anomaly (in degrees), distance to collision (in orbits), and impulse magnitude. Also,
the collision anomaly (in degrees) is reported.

Collision Anomaly Maneuvering Anomaly Distance to Collision Impulse Magnitude

170.96 deg 214.596 deg 2.88 orbits 7.356 × 10−3 m/s

Table 8. Real test results for the CAM refinement. The table reports the values of MD and PoC given
in the CDM (first column), those that should be obtained with the optimal CAM, i.e., exploiting the
Keplerian assumption (second column), through an MMD maneuver, and those resulting from the
CAM refinement phase, both at the original (third column) and at the new TCA (fourth column).
It is possible to observe that the MD computed by the optimal CAM planning matches the 6000 m
threshold given as input, as expected considering the MMD maneuver requested. Such a requirement
is also respected considering the CAM refinement output, both at the original and at the new TCA.

CDM Optimal Refined (Original TCA) Refined (New TCA)

MD (m) 294.901 6000 6042.25 6001.4
PoC 1.102 × 10−3 3.812 × 10−8 3.703 × 10−8 3.704 × 10−8

8. Conclusions

This paper provides an in-depth overview of the conjunction analysis software for SST
operations, which is integrated into the ISOC Suite. It facilitates the detection and detailed
characterization of potential conjunction events between a selected catalog of primary
objects and the comprehensive space catalog. The software can manage different formats
of the input files and the settings of the parameters can be modified by the user, and this
flexibility makes the tool versatile and accommodates different operator’s requirements.

First, a catalog screening applies a filtering sequence to detect possible colliding pairs
of space objects, and this short-listing allows a much faster computation in the one-to-
one analysis, in which each conjunction is characterized in terms of TCA, MD, and PoC.
In addition, once a potential colliding pair is identified, the tool offers the possibility to
compute multiple candidate CAMs to match specific criteria in terms of the PoC and MD.
From the range of output options, the user can select a candidate maneuver (typically
the least expensive one) to verify whether the criteria are respected considering orbital
perturbations, both at the original and at the new TCA.

The validation and the operational scenario analysis proved both the efficiency and
the accuracy of the developed software. In the future, the ISOC Suite could be enriched
with dedicated procedures to manage conjunctions which do not respect the short-term
encounter model assumptions, through methods developed for the long-term case.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Aeronautica Militare
AP Apogee–perigee filter
C-SSA Space Situational Awareness Centre
CA Collision avoidance service
CAM Collision avoidance maneuver
CCSDS Consultative Committee for Space Data Systems
CDM Conjunction Data Message
COTS Commercial off-the-shelf
ESA European Space Agency
EUSST European Union Space Surveillance and Tracking Consortium
FG Fragmentation service
GEO Geostationary orbit
INAF Istituto Nazionale di Astrofisica (Astrophysics National Institute)
LEO Low Earth orbit
MD Miss distance
MMD Maximum miss distance maneuver
MOID Minimum orbital intersection distance
mPoC Minimum probability of collision maneuver
OEM Orbit Ephemeris Message
OP Orbit path filter
OPM Orbit Parameter Message
PoC Probability of collision
RE Re-entry service
SSA Space Situational Awareness
SST Space surveillance and tracking
T Time filter
TCA Time of closest approach
TLEs Two-line elements
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