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11..  AABBSSTTRRAACCTT  

11..11..  EEnngglliisshh  

This document addresses methodologies for computation of the collision risk of a satellite. Two different 

approaches need to be considered for collision risk minimisation. 

On an operational basis, it is needed to perform a sieve of possible objects approaching the satellite, 
among all objects sharing the space with an operational satellite. As the orbits of both, satellite and the 

eventual collider, are not perfectly known but only estimated, the miss-encounter geometry and the 
actual risk of collision shall be evaluated. In the basis of the encounter geometry or the risk, an eventual 
manoeuvre may be required to avoid the conjunction. Those manoeuvres will be associated to a 
reduction in the fuel for the mission orbit maintenance, and thus, may reduce the satellite operational 

lifetime. Thus, avoidance manoeuvre fuel budget shall be estimated, at mission design phase, for a better 
estimation of mission lifetime, especially for those satellites orbiting in very populated orbital regimes. 

These two aspects, mission design and operational collision risk aspects, are summarised in Figure 3, and 
covered along this thesis. Bottom part of the figure identifies the aspects to be consider for the mission 
design phase (statistical characterisation of the space object population data and theory computing the 
mean number of events and risk reduction capability) which will define the most appropriate collision 
avoidance approach at mission operational phase. This part is covered in this work by starting from the 

theory described in [Sánchez-Ortiz, 2006]T.14 and implemented by this author in ARES tool [Sánchez-Ortiz, 

2004b]T.15 provided by ESA for evaluation of collision avoidance approaches. This methodology has been 

now extended to account for the particular features of the available data sets in operational environment 
(section 4.3.3). Additionally, the formulation has been extended to allow evaluating risk computation 
approached when orbital uncertainty is not available (like the TLE case) and when only catastrophic 
collisions are subject to study (section 4.3.2.3). These improvements to the theory have been included in 

the new version of ESA ARES tool [Domínguez-González and Sánchez-Ortiz, 2012b]T.12 and available through 
[SDUP,2014]R.60.  

At the operation phase, the real catalogue data will be processed on a routine basis, with adequate 
collision risk computation algorithms to propose conjunction avoidance manoeuvre optimised for every 
event. The optimisation of manoeuvres in an operational basis is not approached along this document. 
Currently, American Two Line Element (TLE) catalogue is the only public source of data providing orbits 
of objects in space to identify eventual conjunction events. Additionally, Conjunction Summary Message 

(CSM) is provided by Joint Space Operation Center (JSpOC) when the American system identifies a 
possible collision among satellites and debris. Depending on the data used for collision avoidance 
evaluation, the conjunction avoidance approach may be different.  

The main features of currently available data need to be analysed (in regards to accuracy) in order to 
perform estimation of eventual encounters to be found along the mission lifetime. In the case of TLE, as 
these data is not provided with accuracy information, operational collision avoidance may be also based 
on statistical accuracy information as the one used in the mission design approach. This is not the case 

for CSM data, which includes the state vector and orbital accuracy of the two involved objects.  

This aspect has been analysed in detail and is depicted in the document, evaluating in statistical way the 
characteristics of both data sets in regards to the main aspects related to collision avoidance. Once the 
analysis of data set was completed, investigations on the impact of those features in the most convenient 
avoidance approaches have been addressed (section 5.1). This analysis is published in a peer-reviewed 
journal [Sánchez-Ortiz, 2015b]T.3.  The analysis provides recommendations for different mission types 

(satellite size and orbital regime) in regards to the most appropriate collision avoidance approach for 
relevant risk reduction. The risk reduction capability is very much dependent on the accuracy of the 
catalogue utilized to identify eventual collisions. Approaches based on CSM data are recommended 

against the TLE based approach. Some approaches based on the maximum risk associated to envisaged 
encounters are demonstrated to report a very large number of events, which makes the approach not 
suitable for operational activities. Accepted Collision Probability Levels are recommended for the 
definition of the avoidance strategies for different mission types.  
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For example for the case of a LEO satellite in the Sun-synchronous regime, the typically used ACPL value 
of 10-4 is not a suitable value for collision avoidance schemes based on TLE data. In this case the risk 
reduction capacity is almost null (due to the large uncertainties associated to TLE data sets, even for 
short time-to-event values). For significant reduction of risk when using TLE data, ACPL on the order of 

10-6 (or lower) seems to be required, producing about 10 warnings per year and mission (if one-day 
ahead events are considered) or 100 warnings per year (for three-days ahead estimations). Thus, the 
main conclusion from these results is the lack of feasibility of TLE for a proper collision avoidance 
approach. On the contrary, for CSM data, and due to the better accuracy of the orbital information when 
compared with TLE, ACPL on the order of 10-4 allows to significantly reduce the risk. This is true for 
events estimated up to 3 days ahead. Even 5 days ahead events can be considered, but ACPL values 

down to 10-5 should be considered in such case. Even larger prediction times can be considered (7 days) 
for risk reduction about 90%, at the cost of larger number of warnings up to 5 events per year, when 5 
days prediction allows to keep the manoeuvre rate in 2 manoeuvres per year.  

Dynamics of the GEO orbits is different to that in LEO, impacting on a lower increase of orbits uncertainty 
along time. On the contrary, uncertainties at short prediction times at this orbital regime are larger than 
those at LEO due to the differences in observation capabilities. Additionally, it has to be accounted that 
short prediction times feasible at LEO may not be appropriate for a GEO mission due to the orbital period 

being much larger at this regime. In the case of TLE data sets, significant reduction of risk is only 
achieved for small ACPL values, producing about a warning event per year if warnings are raised one day 
in advance to the event (too short for any reaction to be considered). Suitable ACPL values would lay in 
between 5·10-8 and 10-7, well below the normal values used in current operations for most of the GEO 
missions (TLE-based strategies for collision avoidance at this regime are not recommended). On the 
contrary, CSM data allows a good reduction of risk with ACPL in between 10-5 and 10-4 for short and 
medium prediction times. 10-5 is recommended for prediction times of five or seven days. The number of 

events raised for a suitable warning time of seven days would be about one in a 10-year mission. It must 
be noted, that these results are associated to a 2 m radius spacecraft, impact of the satellite size are also 
analysed within the thesis. 

In the future, other Space Situational Awareness Systems (SSA, ESA program) may provide additional 
catalogues of objects in space with the aim of reducing the risk. It is needed to investigate which are the 
required performances of those catalogues for allowing such risk reduction. The main performance 

aspects are coverage (objects included in the catalogue, mainly limited by a minimum object size derived 
from sensor performances) and the accuracy of the orbital data to accurately evaluate the conjunctions 
(derived from sensor performance in regards to object observation frequency and accuracy). The results 
of these investigations (section 5.2) are published in a peer-reviewed journal [Sánchez-Ortiz, 2015a]T.2. This 
aspect was not initially foreseen as objective of the thesis, but it shows how the theory described in the 
thesis, initially defined for mission design in regards to avoidance manoeuvre fuel allocation (upper part 
of figure 1), is extended and serves for additional purposes as dimensioning a Space Surveillance and 

Tracking (SST) system (bottom part of figure below). The main difference between the two approaches is 
the consideration of the catalogue features as part of the theory which are not modified (for the satellite 
mission design case) instead of being an input for the analysis (in the case of the SST design). In regards 
to the outputs, all the features computed by the statistical conjunction analysis are of importance for 
mission design (with the objective of proper global avoidance strategy definition and fuel allocation), 
whereas for the case of SST design, the most relevant aspects are the manoeuvre and false alarm rates 
(defining a reliable system) and the Risk Reduction capability (driving the effectiveness of the system). In 

regards to the methodology for computing the risk, the SST system shall be driven by the capacity of 
providing the means to avoid catastrophic conjunction events (avoiding the dramatic increase of the 
population), whereas the satellite mission design should consider all type of encounters, as the operator 
is interested on avoiding both lethal and catastrophic collisions. 

From the analysis of the SST features (object coverage and orbital uncertainty) for a reliable system, it is 
concluded that those two characteristics are to be imposed differently for the different orbital regimes, as 

the population level is different depending on the orbit type. Coverage values range from 5 cm for very 

populated LEO regime up to 100 cm in the case of GEO region. The difference on this requirement 
derives mainly from the relative velocity of the encounters at those regimes. Regarding the orbital 
knowledge of the catalogues, very accurate information is required for objects in the LEO region in order 
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to limit the number of false alarms, whereas intermediate orbital accuracy can be considered for higher 
orbital regimes.  
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Figure 1: Statistical Conjunction Analysis Methodology for Mission Design (top) and for SST design 
(bottom) 

In regards to the operational collision avoidance approaches, several collision risk algorithms are used for 
evaluation of collision risk of two pair of objects. Figure 2 provides a summary of the different collision 

risk algorithm cases and indicates how they are covered along this document. 

Encounter Type

High Relative Velocity
Encounter

Low Relative Velocity
Encounter

Objects with
Spherical Geometry

Objects with
Complex Geometry

Objects with
Spherical Geometry

Objects with
Complex Geometry

Large number of existing algorithms
No additional research is required on this topic
Only sample Monte Carlo result in section 4.2

Analysis within the ThesisInvolved Objects

A

New developed algorithm defined in section 4.4.2
Monte Carlo analysis within section 4.4.4

Reduced number of existing algorithms
Patera's algorithm implemented and tested with Monte
Carlo analysis in section 4.5.2

Reduced number of available algorithms
The new developed algoritm for complex geometries is
integrated into Patera's algorithm for low relative velocity
encounters in section 4.5.3

B

C
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Figure 2: Summary of collision risk algorithm analysed in this thesis document 
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The typical case with high relative velocity is well covered in literature for the case of spherical objects 
(case A), with a large number of available algorithms, that are not analysed in detailed in this work. Only 
a sample case is provided in section 4.2.  

If complex geometries are considered (Case B), a more realistic risk evaluation can be computed. New 

approach for the evaluation of risk in the case of complex geometries is presented in this thesis (section 
4.4.2), and it has been presented in several international conferences. The developed algorithm allows 
evaluating the risk for complex objects formed by a set of boxes. A dedicated Monte Carlo method has 
also been described (section 4.1.2.3) and implemented to allow the evaluation of the actual collisions 
among a large number of simulation shots. This Monte Carlo runs are considered the truth for comparison 
of the algorithm results (section 4.4.4).  

For spacecrafts that cannot be considered as spheres, the consideration of the real geometry of the 
objects may allow to discard events which are not real conjunctions, or estimate with larger reliability the 
risk associated to the event. This is of particular importance for the case of large spacecrafts as the 
uncertainty in positions of actual catalogues does not reach small values to make a difference for the 
case of objects below meter size. As the tracking systems improve and the orbits of catalogued objects 
are known more precisely, the importance of considering actual shapes of the objects will become more 
relevant. The particular case of a very large system (as a tethered satellite) is analysed in section 5.4. 

Additionally, if the two colliding objects have low relative velocity (and simple geometries, case C in 
figure above), the most common collision risk algorithms fail and adequate theories need to be applied. 
In this document, a low relative velocity algorithm presented in the literature [Patera, 2001]R.26 is 
described and evaluated (section 4.5). Evaluation through comparison with Monte Carlo approach is 
provided in section 4.5.2. The main conclusion of this analysis is the suitability of this algorithm for the 
most common encounter characteristics, and thus it is selected as adequate for collision risk estimation. 

Its performances are evaluated in order to characterise when it can be safely used for a large variety of 

encounter characteristics. In particular, it is found that the need of using dedicated algorithms depend on 
both the size of collision volume in the B-plane and the miss-distance uncertainty. For large 
uncertainties, the need of such algorithms is more relevant since for small uncertainties the encounter 
duration where the covariance ellipsoids intersect is smaller.  Additionally, its application for the case of 
complex satellite geometries is assessed (case D in figure above) by integrating the developed algorithm 
in this thesis with Patera’s formulation for low relative velocity encounters. The results of this analysis 

show that the algorithm can be easily extended for collision risk estimation process suitable for complex 
geometry objects (section 4.5.3).  

The two algorithms, together with the Monte Carlo method, have been implemented in the operational 
tool CORAM for ESA which is used for the evaluation of collision risk of ESA operated missions, [Sánchez-

Ortiz, 2013a]T.11. This fact shows the interest and relevance of the developed algorithms for improvement 
of satellite operations. The algorithms have been presented in several international conferences, 

[Sánchez-Ortiz, 2013b]T.9, [Pulido, 2014]T.7,[Grande-Olalla, 2013]T.10, [Pulido, 2014]T.5, [Sánchez-Ortiz, 2015c]T.1. 
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Figure 3: Collision avoidance aspects at satellite mission design and operational phases. 
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11..22..  SSppaanniisshh  

 

Esta tesis aborda metodologías para el cálculo de riesgo de colisión de satélites. La minimización del 
riesgo de colisión se debe abordar desde dos puntos de vista distintos. 

Desde el punto de vista operacional, es necesario filtrar los objetos que pueden presentar un encuentro 

entre todos los objetos que comparten el espacio con un satélite operacional. Puesto que las órbitas, del 
objeto operacional y del objeto envuelto en la colisión, no se conocen perfectamente, la geometría del 
encuentro y el riesgo de colisión deben ser evaluados. De acuerdo con dicha geometría o riesgo, una 

maniobra evasiva puede ser necesaria para evitar la colisión. Dichas maniobras implican un consumo de 
combustible que impacta en la capacidad de mantenimiento orbital y por tanto de la visa útil del satélite. 
Por tanto, el combustible necesario a lo largo de la vida útil de un satélite debe ser estimado en fase de 
diseño de la misión para una correcta definición de su vida útil, especialmente para satélites orbitando en 

regímenes orbitales muy poblados. 

Los dos aspectos, diseño de misión y aspectos operacionales en relación con el riesgo de colisión están 
abordados en esta tesis y se resumen en la Figura 3. En relación con los aspectos relacionados con el 
diseño de misión (parte inferior de la figura), es necesario evaluar estadísticamente las características de 
de la población espacial y las teorías que permiten calcular el número medio de eventos encontrados por 
una misión y su capacidad de reducir riesgo de colisión. Estos dos aspectos definen los procedimientos 

más apropiados para reducir el riesgo de colisión en fase operacional. Este aspecto es abordado, 
comenzando por la teoría descrita en [Sánchez-Ortiz, 2006]T.14 e implementada por el autor de esta tesis en 
la herramienta ARES [Sánchez-Ortiz, 2004b]T.15 proporcionada por ESA para la evaluación de estrategias de 
evitación de colisión. Esta teoría es extendida en esta tesis para considerar las características de los 

datos orbitales disponibles en las fases operacionales de un satélite (sección 4.3.3). Además, esta teoría 
se ha extendido para considerar riesgo máximo de colisión cuando la incertidumbre de las órbitas de 
objetos catalogados no es conocida (como se da el caso para los TLE), y en el caso de querer sólo 

considerar riesgo de colisión catastrófico (sección 4.3.2.3).  Dichas mejoras se han incluido en la nueva 
versión de ARES [Domínguez-González and Sánchez-Ortiz, 2012b]T.12 puesta a disposición a través de 
[SDUP,2014]R.60.  

En fase operacional, los catálogos que proporcionan datos orbitales de los objetos espaciales, son 
procesados rutinariamente, para identificar posibles encuentros que se analizan en base a algoritmos de 
cálculo de riesgo de colisión para proponer maniobras de evasión. Actualmente  existe una única fuente 
de datos públicos, el catálogo TLE (de sus siglas en inglés, Two Line Elements). Además, el Joint Space 

Operation Center (JSpOC) Americano proporciona mensajes con alertas de colisión (CSM) cuando el 
sistema de vigilancia americano identifica un posible encuentro. En función de los datos usados en fase 
operacional (TLE o CSM), la estrategia de evitación puede ser diferente debido a las características de 
dicha información. 

Es preciso conocer las principales características de los datos disponibles (respecto a la precisión de los 
datos orbitales) para estimar  los posibles eventos de colisión encontrados por un satélite a lo largo de su 

vida útil. En caso de los TLE, cuya precisión orbital no es proporcionada, la información de precisión 
orbital derivada de un análisis estadístico se puede usar también en el proceso operacional así como en el 
diseño de la misión. En caso de utilizar CSM como base de las operaciones de evitación de colisiones, se 
conoce la precisión orbital de los dos objetos involucrados. 

Estas características se han analizado en detalle, evaluando estadísticamente las características de 
ambos tipos de datos. Una vez concluido dicho análisis, se ha analizado el impacto de utilizar TLE o CSM 
en las operaciones del satélite (sección 5.1). Este análisis se ha publicado en una revista especializada 

[Sánchez-Ortiz, 2015b]T.3.  En dicho análisis, se proporcionan recomendaciones para distintas misiones 
(tamaño del satélite y régimen orbital) en relación con las estrategias de evitación de colisión para 
reducir el riesgo de colisión de manera significativa. 

Por ejemplo, en el caso de un satélite en órbita heliosíncrona en régimen orbital LEO, el valor típico del 

ACPL que se usa de manera extendida es 10-4. Este valor no es adecuado cuando los esquemas de 
evitación de colisión se realizan sobre datos TLE. En este caso, la capacidad de reducción de riesgo es 
prácticamente nula (debido a las grandes incertidumbres de los datos TLE) incluso para tiempos cortos de 
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predicción. Para conseguir una reducción significativa del riesgo, sería necesario usar un ACPL en torno a 

10-6 o inferior, produciendo unas 10 alarmas al año por satélite (considerando predicciones a un día) o 
100 alarmas al año (con predicciones a tres días). Por tanto, la principal conclusión es la falta de 
idoneidad de los datos TLE para el cálculo de eventos de colisión. Al contrario, usando los datos CSM, 
debido a su mejor precisión orbital, se puede obtener una reducción significativa del riesgo con ACPL en 
torno a 10-4 (considerando 3 días de predicción). Incluso 5 días de predicción pueden ser considerados 
con ACPL en torno a 10-5. Incluso tiempos de predicción más largos se pueden usar (7 días) con 

reducción del 90% del riesgo y unas 5 alarmas al año (en caso de predicciones de 5 días, el número de 
maniobras se mantiene en unas 2 al año). 

La dinámica en GEO es diferente al caso LEO y hace que el crecimiento de las incertidumbres orbitales 
con el tiempo de propagación sea menor. Por el contrario, las incertidumbres derivadas de la 

determinación orbital son peores que en LEO por las diferencias en las capacidades de observación de 
uno y otro régimen orbital. Además, se debe considerar que los tiempos de predicción considerados para 
LEO pueden no ser apropiados para el caso de un satélite GEO (puesto que tiene un periodo orbital 

mayor). En este caso usando datos TLE, una reducción significativa del riesgo sólo se consigue con 
valores pequeños de ACPL, produciendo una alarma por año cuando los eventos de colisión se predicen a 
un día vista (tiempo muy corto para implementar maniobras de evitación de colisión).Valores más 
adecuados de ACPL se encuentran entre 5·10-8 y 10-7, muy por debajo de los valores usados en las 
operaciones actuales de la mayoría de las misiones GEO (de nuevo, no se recomienda en este régimen 
orbital basar las estrategias de evitación de colisión en TLE). Los datos CSM permiten una reducción de 
riesgo apropiada con ACPL entre 10-5 y 10-4 con tiempos de predicción cortos y medios (10-5 se 

recomienda para predicciones a 5 o 7 días). El número de maniobras realizadas sería una en 10 años de 
misión. Se debe notar que estos cálculos están realizados para un satélite de unos 2 metros de radio. 

En el futuro, otros sistemas de vigilancia espacial (como el programa SSA de la ESA), proporcionarán 
catálogos adicionales de objetos espaciales con el objetivo de reducir el riesgo de colisión de los satélites. 

Para definir dichos sistemas de vigilancia, es necesario identificar las prestaciones del catalogo en función 
de la reducción de riesgo que se pretende conseguir. Las características del catálogo que afectan 

principalmente a dicha capacidad son la cobertura (número de objetos incluidos en el catalogo, limitado 
principalmente por el tamaño mínimo de los objetos en función de las limitaciones de los sensores 
utilizados) y la precisión de los datos orbitales (derivada de las prestaciones de los sensores en relación 
con la precisión de las medidas y la capacidad de re-observación de los objetos). El resultado de dicho 
análisis (sección 5.2) se ha publicado en una revista especializada [Sánchez-Ortiz, 2015a]T.2. Este análisis 
no estaba inicialmente previsto durante la tesis, y permite mostrar como la teoría descrita en esta tesis, 
inicialmente definida para facilitar el diseño de misiones (parte superior de la figura 1) se ha extendido y 

se puede aplicar para otros propósitos como el dimensionado de un sistema de vigilancia espacial (parte 
inferior de la figura 1). La principal diferencia de los dos análisis se basa en considerar las capacidades de 
catalogación (precisión y tamaño de objetos observados) como una variable a modificar en el caso de un 
diseño de un sistema de vigilancia), siendo fijas en el caso de un diseño de misión. En el caso de las 
salidas generadas en el análisis, todos los aspectos calculados en un análisis estadístico de riesgo de 
colisión son importantes para diseño de misión (con el objetivo de calcular la estrategia de evitación y la 

cantidad de combustible a utilizar), mientras que en el caso de un diseño de un sistema de vigilancia, los 

aspectos más importantes son el número de maniobras y falsas alarmas (fiabilidad del sistema) y la 
capacidad de reducción de riesgo (efectividad del sistema). Adicionalmente, un sistema de vigilancia 
espacial debe ser caracterizado por su capacidad de evitar colisiones catastróficas (evitando así in 
incremento dramático de la población de basura espacial), mientras que el diseño de una misión debe 
considerar todo tipo de encuentros, puesto que un operador está interesado en evitar tanto las colisiones 
catastróficas como las letales. 

Del análisis de las prestaciones (tamaño de objetos a catalogar y precisión orbital) requeridas a un 
sistema de vigilancia espacial se concluye que ambos aspectos han de ser fijados de manera diferente 
para los distintos regímenes orbitales. En el caso de LEO se hace necesario observar objetos de hasta 
5cm de radio, mientras que en GEO se rebaja este requisito hasta los 100 cm para cubrir las colisiones 
catastróficas. La razón principal para esta diferencia viene de las diferentes velocidades relativas entre 
los objetos en ambos regímenes orbitales. En relación con la precisión orbital, ésta ha de ser muy buena 
en LEO para poder reducir el número de falsas alarmas, mientras que en regímenes orbitales más altos 

se pueden considerar precisiones medias. 
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En relación con los aspectos operaciones de la determinación de riesgo de colisión, existen varios 

algoritmos de cálculo de riesgo entre dos objetos espaciales. La Figura 2 proporciona un resumen de los 
casos en cuanto a algoritmos de cálculo de riesgo de colisión y como se abordan en esta tesis.  

Normalmente se consideran objetos esféricos para simplificar el cálculo de riesgo (caso A). Este caso está 
ampliamente abordado en la literatura y no se analiza en detalle en esta tesis. Un caso de ejemplo se 
proporciona en la sección 4.2. 

Considerar la forma real de los objetos (caso B) permite calcular el riesgo de una manera más precisa. 

Un nuevo algoritmo es definido en esta tesis para calcular el riesgo de colisión cuando al menos uno de 
los objetos se considera complejo (sección 4.4.2). Dicho algoritmo permite calcular el riesgo de colisión 
para objetos formados por un conjunto de cajas, y se ha presentado en varias conferencias 
internacionales. Para evaluar las prestaciones de dicho algoritmo, sus resultados se han comparado con 

un análisis de Monte Carlo que se ha definido para considerar colisiones entre cajas de manera adecuada 
(sección 4.1.2.3), pues la búsqueda de colisiones simples aplicables para objetos esféricos no es aplicable 
a este caso. Este análisis de Monte Carlo se considera la verdad a la hora de calcular los resultados del 

algoritmos, dicha comparativa se presenta en la sección 4.4.4. 

En el caso de satélites que no se pueden considerar esféricos, el uso de un modelo de la geometría del 
satélite permite descartar eventos que no son colisiones reales o estimar con mayor precisión el riesgo 
asociado a un evento. El uso de estos algoritmos con geometrías complejas es más relevante para 
objetos de dimensiones grandes debido a las prestaciones de precisión orbital actuales. En el futuro, si 
los sistemas de vigilancia mejoran y las órbitas son conocidas con mayor precisión, la importancia de 
considerar la geometría real de los satélites será cada vez más relevante. La sección 5.4 presenta un 

ejemplo para un sistema de grandes dimensiones (satélite con un tether). 

Adicionalmente, si los dos objetos involucrados en la colisión tienen velocidad relativa baja (y geometría 
simple, Caso C en la Figura 2), la mayor parte de los algoritmos no son aplicables requiriendo 

implementaciones dedicadas para este caso particular. En esta tesis, uno de estos algoritmos presentado 
en la literatura  [Patera, 2001]R.26 se ha analizado para determinar su idoneidad en distintos tipos de 
eventos (sección 4.5). La evaluación frete a un análisis de Monte Carlo se proporciona en la sección 

4.5.2. Tras este análisis, se ha considerado adecuado para abordar las colisiones de baja velocidad. En 
particular, se ha concluido que el uso de algoritmos dedicados para baja velocidad son necesarios en 
función del tamaño del volumen de colisión proyectado en el plano de encuentro (B-plane) y del tamaño 
de la incertidumbre asociada al vector posición entre los dos objetos. Para incertidumbres grandes, estos 
algoritmos se hacen más necesarios pues la duración del intervalo en que los elipsoides de error de los 
dos objetos pueden intersecar es mayor. Dicho algoritmo se ha probado integrando el algoritmo de 
colisión para objetos con geometrías complejas. El resultado de dicho análisis muestra que este algoritmo 

puede ser extendido fácilmente para considerar diferentes tipos de algoritmos de cálculo de riesgo de 
colisión (sección 4.5.3). 

Ambos algoritmos, junto con el método Monte Carlo para geometrías complejas, se han implementado en 
la herramienta operacional de la ESA CORAM, que es utilizada para evaluar el riesgo de colisión en las 
actividades rutinarias de los satélites operados por ESA [Sánchez-Ortiz, 2013a]T.11. Este hecho muestra el 

interés y relevancia de los algoritmos desarrollados para la mejora de las operaciones de los satélites.  
Dichos algoritmos han sido presentados en varias conferencias internacionales [Sánchez-Ortiz, 2013b]T.9, 

[Pulido, 2014]T.7,[Grande-Olalla, 2013]T.10, [Pulido, 2014]T.5, [Sánchez-Ortiz, 2015c]T.1. 
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22..  IINNTTRROODDUUCCTTIIOONN  

The purpose of this thesis is to characterize the collision events that a satellite may encounter along its 
lifetime. This characterization is intended to define a methodology to compute the associated collision risk 

and to define strategies for avoidance manoeuvres. 

The population of objects orbiting around Earth is constrained to some particular orbital regimes of 
special interest, as the LEO Sun-synchronous orbit, MEO or GEO regimes. Those orbits, and in particular 
the LEO Sun-synchronous one, is associated to a large collision risk. That risk imposes the need, within 
the operational activities, to estimate the eventual collision encounters, and to evaluate the associated 

risks. 

The only current public catalogue of objects is the American TLE catalogue. Thanks to this catalogue, we 

(approximately) know the orbital position and velocity of the objects orbiting around Earth. Those orbits 
can be propagated and compared with the orbit of a satellite to determine any eventual encounter. There 
are, currently, about 20000 objects in this TLE catalogue. Among them, about 10000 are LEO objects, 
which make this orbital regime the one with higher risk. Figure 4 provides information on the distribution 
of those objects as a function of apogee altitude. 

 

Figure 4: Distribution of LEO objects (left plot) and high-altitude objects (right plot) as a function of 
apogee altitude, data obtained from TLE catalogue dated January 2012  

In order to get more details in the space population status, ESA DISCOS database is used as data source. 
Currently, ESA DISCOS, [Flohrer, 2013a]R.54, [DISCOS_SUM]R.52, [DISCOS_web]R.53, system is the most 
complete database in Europe characterising the objects in space. Analysis of this database provides 

complete information on the current status of space population.  

Regarding the object category, DISCOS considers: payloads, payload Mission Related Objects (MRO), 
payload debris, Rocket Bodies (R/B), R/B MRO, and R/B debris. In the analysis, data for debris groups 

will be merged in one category (debris: mainly coming from fragmentation or degradation of P/L or R/B) 
and MRO groups will also be merged in one category (MRO = any piece that has been intentionally 
released from a P/L or a R/B). 

In the following, some snapshots of the current space population as provided by DISCOS database, 
retrieved at 25/06/2013 are provided. Data is included as per May 2013. 

DISCOS web site provides a summary of the number of objects as a function of year for the most 
relevant countries/organisations. It can be seen (Figure 1) that the most relevant contributions come 

from USSR/Russia and USA, with an important increase of China contribution in the past years. This 
contribution increase is related to the increase in launches from this country (Figure 3) and the 
fragmentations released at the encounter in 2009). Indian debris are also a relevant contribution to the 

population. 
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In regards to object category (Figure 2), the number of payloads increases almost linearly with year (as a 
function of launch rate), whereas the number of debris (both payload and rocket body-related) increases 
considerably due to fragmentations mainly (although a relationship with the number of launches also 
exists). 

Launch rate (Figure 3) is also dominated by USSR/Russia and USA, with increase contributions in the past 
years from China, India, Europe (through Arianespace) and others. It is worthy to notice the large 
number of launches during 1960-1980. The number of launches diminished during nineties and first years 
of this century. From 2005, a slight increase can be noticed. 

Fragmentation events (Figure 4 with cumulative events per year) shows a steadily increase along years 
of fragmentation events which seems to stabilize in the last years. 

 
Figure 1 History of Population, per Ownership 

 
Figure 2 History of Population, per object category 

 
Figure 3 Launches per Year 

 
Figure 4 Fragmentations per Year 

As described above, the LEO regime is the most populated one, and thus, that associated to higher 
collisions risks. Along this document, the risk and the imposed requirements on avoidance manoeuvres 
along mission lifetime, and cataloguing needs will be analysed for the different orbital regimes. 

A detailed analysis of the most populated region (LEO) is summarised in dedicated annex A. It provides 
information on the number of objects for different orbits, in terms of altitude-inclination, RAAN-inclination 
and altitude-eccentricity values.  

Encounters in LEO regime are characterized by a large relative velocity. Up to now, most of the 
developments in regards to methodologies of risk evaluation have focused on this orbital regime, and 
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consequently, there are a number of algorithms which are applicable to the case of large relative velocity. 

Those algorithms are not applicable to the case of low-relative velocity encounters, that may happen in 
the GEO regime. A difficulty raises when considering encounters that last a long interval (involving 
objects with similar orbits), where the collision risk is not constrained to a particular time of event, but to 
a region close to it. 

Similarly, most of the existing algorithms simplify the object geometry in order to allow the computation 
of the associated risk. Only a couple of algorithms consider complex geometries, but they reduce the 

computation of risk to the sum of the risk of each part of the objects, which is not always true, Chan, 
2008 [Chan, 2008]R.11.  

The main objective of this thesis is to define a methodology to compute the collision risk associated to 
low relative velocity encounters, or to events involving objects with complex geometries. 

In addition to this, a characterization of the uncertainty associated to the events will be done in order to 
evaluate the impact on the risk computation and the capabilities of existing algorithms. Mean number of 
events to be found for a mission along its lifetime and the capability to reduce the risk thanks to 

avoidance manoeuvre will also be defined. 

Apart of the TLE catalogue, there is another operational source for collision event identification. American 
JSpOc provides information on eventual encounters based on the accurate orbital data behind TLE. This 
information is provided in the form of Conjunction Summary Messages (CSM). A characterisation of the 
uncertainty associated to CSM data is also addressed in this work. 

22..11..  MMoosstt  rreelleevvaanntt  ppaarraammeetteerrss  iinn  tthhee  RRiisskk  CCoommppuuttaattiioonn  PPrroobblleemm  

Once a possible encounter between two space objects is identified, it is needed to evaluate the associated 

risk of collision by considering: 

 Size and geometry of the objects  

Regarding the size, a larger object has larger collision probability than a small object. This larger risk 
comes from the integration over the area projected over the B-plane (perpendicular to relative 

velocity vector) by the collision volume. The collision volume is the 3D region where a the objects 
may be located to produce a collision. The need of using the concept of probability derives from the 
fact that the position of objects are not known but estimated with some accuracy. The orbit accuracy 
and its impact on the risk computation is described in dedicated section. 

The geometry of the objects may determine the collision depending on the orientation of the two 
objects at the time of event. Additionally, it is needed to compute the area projected by the collision 
volume which is not easy to compute for the case of complex geometries. 

 Minimum estimated distance 

It may be expected that encounter events with smaller estimated miss distance have larger risk than 
those with larger associated distance. But the risk is not directly related to the distance because of 
the impact of the uncertainty. In particular, for a defined estimated distance, there is an orbit 
accuracy which provides maximum risk. 

 Relative velocity and encounter geometry 

Encounter events with large relative velocity allow to simplify the problem of computing the collision 
risk by assuming that the encounter occurs at an instance of time. Most of the risk computation 
algorithms are based on the simplification coming from this assumption. 

Regarding the geometry of the encounter, for the case of complex objects, it may play an important 
role, which is not considered by those risk computation algorithms based on simple geometries. 

 

 

 Orbit uncertainties and miss distance accuracy 
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The uncertainty associated to the object orbits and miss distance is one of the most relevant aspects 

in the collision risk computation. The uncertainty of the orbits knowledge, defined by means of the 
covariance matrix defines the probability of finding an object at its nominal position. This probability, 
together with the probability of finding the second object at its nominal position, determines the 
probability of having a real encounter. 

As already mentioned, the uncertainties associated to the two orbits are translated into the 
uncertainty of the miss distance. The probability associated to the miss-distance is integrated over 

the area projected by the collision volume of the two objects to compute the risk of collision. Figure  6 
summarises the idea of the risk computed when integrating over an area (Ac) the probability density 
function. In the case of a very well known orbit, the integration of the blue function over the area is 
almost null leading on a null risk, on the contrary, a density function associated to a worse-known 

orbit will produce a larger risk when integrating over the projected area. 

 

Figure 5: Representation of impact of the orbital uncertainty on the collision risk computation. 
Image: Krag, H. 

 

The main problem associated to the computation of the collision risk derives from the lack of knowledge 
on the orbital data. TLE catalogue is not very accurate, and additionally, it does not provide an estimation 
of the accuracy of each orbit. Several studies have been done in the past to evaluate the uncertainties of 
orbits in the catalogue. In this thesis, a new approach to evaluate the knowledge of the orbits with the 
aim of computing collision risk is analysed. It is based on the comparison of TLE data sets with 
operational precise orbits of some satellites, considering the propagation time.  

Other analysis have been based on the comparison of TLE data sets with operational data with the aim of 
obtaining the covariance information (position and velocity) at the time of the orbital data set is released. 

In order to compute the covariance at the time of event, the initial covariance needs to be propagated in 
the same way the state vectors are propagated. Several assumptions have to be undertaken regarding 
on the uncertainty associated to some dynamic parameters as the drag and solar radiation pressure 
coefficients which may drive the evolution of the position uncertainty with time. The approach presented 
in this document is based on the comparison of propagated TLE data sets with the operational orbits, and 

to characterise the uncertainties as a function of the prediction time. 

Similar analysis is presented for CSM data, which provides the accuracy for a provided propagated time. 
The accuracy will be characterised as a function of that propagation time. 
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22..22..  OObbjjeeccttiivveess  

The main objective of this thesis is to address the most relevant aspects playing a role in the 
computation of the collision risk between objects in space. These relevant aspects have been listed in 
former section. In particular, the following issues are analyzed in detail, due to the current limitations in 
their knowledge: 

 Methodology for computing the collision risk encountered by a satellite along its lifetime 
(methodology for mission design), strategies to avoid such collisions as a function of the so-called 
ACPL (Accepted Collision Probability Level) and the capability to reduce the collision risk thanks to 
those avoidance strategies. First issue is to analyze the theory that allow estimating the impact of 
avoidance strategies along mission lifetime and improve it if needed. In particular, this theory, 

initially defined for the mission design of a satellite is improved to to only consider encounter events 
related to catastrophic collisions. With this upgrade, the theory can be applied for the definition of the 

requirements of a space situational awareness system to ensure proper support to mitigate collision 
risks. This theory, both initial and upgraded versions (from this thesis) have been implemented in the 
ESA DRAMA ARES tool, [Sánchez-Ortiz, 2004b]T.15 and [Domínguez-González and Sánchez-Ortiz, 2012b]T.12 
respectively. The tool is extensively used along the thesis for the presented analysis. 

Such methodology addresses the capabilities of the avoidance strategies as a function of the orbital 
data accuracy. This analysis is done in a statistical approach in the basis of the current uncertainties 

of TLE and CSM data. Proposal for future catalogues as the European SSA are also considered. 

Main difficulty for this analysis is to find reference orbital data to check the capabilities (in terms of 
accuracy) of those catalogues. Several spacecraft operators are contacted to obtain such orbital 
information. Information from ESA and DEIMOS missions are used.  

A comprehensive and complete statistical analysis of the accuracy of the two TLE and CSM data sets 

is provided in this thesis as second main issue of the topic. 

A third issue within this objective is to address the operational impact derived from collision 

avoidance manoeuvres. By applying the theory for statistical risk encountered along the mission 
lifetime and the statistical accuracy estimation, an analysis of the most adequate strategies regarding 
the reduction of risk with a low number of false alarm rates for different mission types and catalogue 
data is deduced. 

 Algorithms for collision risk computation during satellite operations, with their selection and  
detailed analysis of their performance as a function of encounter miss distance, object sizes, accuracy 
of the nominal orbits, etc. In particular, low relative velocity encounters and complex geometries are 

reviewed in detail. Modifications of existing algorithms in literature are proposed, implemented and 
tested. 

Existing algorithms and those developed for the thesis purpose are implemented to compare their 
performance against MonteCarlo approach. The accuracy of the orbital data, derived from previous 

mentioned objective is one of the more relevant parameters to evaluate every algorithm, accounting 
for realistic values of catalogue accuracy. 
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33..  SSTTAATTEE  OOFF  TTHHEE  AARRTT  

This section is focused on a review of the main issues playing a role in the collision risk computation of 
orbiting objects. Main limitations on the current algorithms and approaches are highlighted to introduce 

the main issues covered within this work. 

33..11..  CCoonnjjuunnccttiioonn  eevveenntt  pprreeddiiccttiioonn  

The identification of eventual encounters between a satellite and other orbiting objects requires the 

knowledge of the population of those orbiting objects that share the space with the satellite (see section 

3.5 for summary on available catalogues). Once the orbits and features of the objects are known, it is 
needed to propagate the state vector of all objects along the analysis time interval to find the eventual 
encounters. 

As already mentioned, the currently available catalogue is the TLE one, based on mean orbital elements. 
In this case, a suitable theory for propagation of such elements needs to be considered. In particular, for 
TLE data sets, theory described in Hoots,1998 [Hoots, 1988]R.17 and Vallado,2006 [Vallado, 2006]R.33 is to 
be used. 

In order to avoid large computation budget, catalogued objects are filtered to discard those orbits that 
cannot lead into a collision with the object under study. The most common filtering techniques are 
depicted in [Klinkrad, 1997]R.22 and [Sánchez-Ortiz, 2001]R.34. Additionally, some authors have defined 
some techniques to improve the quality of the published orbital data,  Sánchez-Ortiz, 2009 [Sánchez-Ortiz, 

2009]R.36. 

There are no relevant limitations on this particular aspect of conjunction identification, but for the case of 
objects with very similar orbits leading on events with low relative velocity which are to be considered 

during this work 

33..22..  CCoolllliissiioonn  RRiisskk  ccoommppuuttaattiioonn  aallggoorriitthhmmss  

A large literature exists on algorithms for computing the collision risk between two orbiting objects. As it 
is indicated in the introduction section, most of them focus on the case of high relative velocity and 

simple object geometries. 

Satellite operations in regards to encounter avoidance are based on two different approaches: 

 Exclusion volume approach. Exclusion volume is defined as a region in the sky around the operational 
satellite. Any object that may enter this exclusion volume is considered as a possible encounter. This 

approach does not account for risk evaluation, and involves the definition of conservative large 
exclusion volumes (to account for orbital uncertainties of both involved objects). This leads to 

unnecessary large number of avoidance manoeuvres. 

 Computation of collision risk. This approach is based on executing an avoidance manoeuvre when the 
risk of collision is larger than the Accepted Collision Probability Level (ACPL) for the mission. The main 
difficulty of this approach is to get the data for the computation of such risk, in particular, the 
uncertainty associated to the two objects state vectors at the time of collision and the ACPL to be 
applied to each mission. The ACPL needs to be evaluated to ensure an appropriate risk reduction 
along mission lifetime. This aspect is addressed in section 4.3.2. In that chapter a discussion on the 

importance of such evaluation and the methodology to address it is highlighted. Additionally, this 
approach requires the use of appropriate algorithms for risk evaluation which is also the topic of this 
work. 

The most extended algorithm is that published by Foster, 1992 [Foster, 1992]R.14 and evolved by Alfriend & 
Akella, 2000, [Akella, 2000]R.3, [AlfriendAkella, 1999]R.1. This algorithm is limited to the case of simple object 

geometry (spheres) and high relative velocity encounters. It is largely used due to its simplicity. 
Algorithms proposed by Alfano, 2002, [Alfano, 2002]R.4 has similar limitations. Alfano, 2002, [Alfano, 
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2007]R.5 provides a review of all these algorithms. [Sánchez-Ortiz, 2001]R.34 also provides a review of some 

algorithms by [Akella, 2000]R.3 and [Klinkrad, 1997]R.22. 

All these approaches have several commons assumptions: 

 The position uncertainty can be described by 3D Gaussian distribution 

 The target and chaser object move along straight lines at constant velocities (this assumption may 
fail in case of considering close encounters at low velocity) 

 The uncertainties in the velocities can be neglected (this assumption may also fail for low-velocities 

encounters) 

 The target and chaser objects position uncertainties are not correlated 

 The position uncertainties during the encounter are constant, with corresponding covariances as at 
the time of closest approach 

The collision probability scheme that is already implemented in CRASS (see [Klinkrad, 2005]R.23) is based 
on the formulations described in [AlfriendAkella, 1999]R.1. 

Let us explain briefly this algorithm. It uses as inputs the relative position tcar  and relative velocity 

tcav  of the conjunction risk object with respect to the target, at the time of the closest approach tcat .  

At tcat , the propagated covariance matrixes of the extended target and chaser can be added to retain the 

upper left 33 combined position error covariance matrix )( tcatC : 

)()()( arg tcachasertcaetttca tCtCtCC   

This 33 error ellipsoid C  can be mapped onto a 22  position error ellipse BC  in the B -plane. This 

B -plane contains the miss-vector tcar , and is perpendicular to the approach velocity vector tcav . 

Therefore, the resulting collision probability CP  can be determined from: 
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Here, a circular collision cross-section of radius CR  is assumed, which surrounds the circular cross-

sections of the chaser and the target. 

Other algorithms addressed the low-relative velocity encounters, as in Patera, 2001, 2003, 2006, [Patera, 

2001]R.26, [Patera, 2003]R.27, [Patera, 2006]R.28 and Chan, 1997, 2004, 2008, [Chan, 1997]R.9, [Chan, 2004]R.10, 
[Chan, 2008]R.11. Additionally, these two authors address the problem of non-spherical geometries. 

Other references also address this topic: Bérend, 1999, 1999, [Bérend, 1997]R.6, [Bérend, 1999]R.7, 
Carpenter 2207 [Carpenter, 2007]R.8, [Chan, 2008]R.11, Dolado-Perez,2011 [Dolado, 2011]R.13, Garmier, 2011 
[Garmier, 2011]R.15,  Gist, 1999, [Gist, 1999]R.16, Khutorovsky, 1993 [Khutorovsky, 1993]R.21. All those 
algorithms address the computation of risk of the complex geometries by assessing the risk associated to 
different parts of a satellite. The shadowing effects (among different elements of an object) are not 

considered in these approaches. This shadowing effects do not allow to consider the total risk as the sum 

of the individual risks. 
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This limitation is one of the topics of this work. Additionally, other algorithms are compared at different 

encounter conditions to evaluate the most accurate algorithms. The most relevant algorithms for low-
velocity encountered are also analysed, and adapted to the case of complex algorithms if needed. 

In order to evaluate the performances of different algorithms, it is needed to compare their capabilities 
with Monte Carlo approach. This Monte Carlo executions requires a large number of shots to be run in 
order to obtain significant results. Monte Carlo shots are to be selected at a neighbourhood around the 
nominal position of the orbits. This neighbourhood is defined by the uncertainty associated to the orbits. 

33..33..  SSttaattiissttiiccaall  eevvaalluuaattiioonn  ooff  CCoolllliissiioonn  RRiisskk  

The algorithms introduced in former subsection evaluate the risk for a particular encounter. But, in order 
to estimate the appropriate avoidance strategy of a mission is needed to consider the mean number of 
events to be encountered along the mission lifetime. 

This estimation allows to define avoidance strategies suitable for risk mitigation down to an acceptable 

level and to size the fuel budget for avoidance considerations as part of the mission analysis. Martin, 
2004 [Martin, 2004]

R.12, Klinkrad, 2005 [Klinkrad, 2005
]R.23 and Sánchez-Ortiz, 2004, 2005 [Sánchez-Ortiz, 

2004]R.35, [Sánchez-Ortiz, 2006]T.14, provide the applicable theory together with some examples for 
existing satellite missions. This theory has been implemented in the first version of ESA DRAMA ARES 
tool by the author of this thesis. The tool is distributed by ESA to allow mission designers to allocate 
appropriate budget for collision avoidance activities and thus support the compliance of such missions to 

the ESA Space Debris Mitigation Guidelines. This tool is upgraded as a result of the work done in this 
thesis (section 4.3.3). 

Those analysis are based on the estimation of accuracy of the TLE catalogues. This estimation is based on 
preliminary analysis based on the orbital accuracy at the time of TLE data sets, which needs to be 

propagated to account for the time-dependence. This propagation requires further assumptions on the 
uncertainties associated to main perturbations (like drag and Solar radiation pressure) that may produce 
larger errors than expected. The work presented in this document provides a new approach for such 

evaluation of risk and considers a method to avoid the propagation of the covariance. New estimations of 
the catalogue uncertainties demonstrate that those former estimations were too pessimistic. 

Additionally, the TLE are not only considered for such statistical evaluation. Currently, JSpOC provides 
some information on encounter events with more accurate data. So, the number of events encountered 
along the mission lifetime, the risk that can be diminished and the false alarms are dependent on the 
underlying data sets generating the warnings. It is then interesting to analyse the risk mitigation scenario 
in the basis of JSpOc data in the form of the Conjunction Summary Message (CSM), JSpOC [CSM, 2013]R.2. 

More details on these data is provided in section 1.3.5. 

Current limitation on this statistical analysis is related, not the theory behind the computation, but behind 
the uncertainties associated to the orbits, which is one of the topics of the work described in this thesis. 

 

33..44..  CCoolllliissiioonn  AAvvooiiddaannccee  mmaannooeeuuvvrreess  

Decision to manoeuvre a satellite to avoid an eventual collision shall account for the collision risk, the 
encounter geometry and operational aspects. A number of authors have reviewed the optimum 
manoeuvre.  

Eckstein [Eckstein, 1989]R.41 presents the problem for the case of collocated GEO satellites. His collision 
risk computation is based on MonteCarlo simulations, accounting for the uncertainties in the orbital 

knowledge and the manoeuvres. Risk is computed by evaluating the object miss-distance at the time of 
closest approach. Manoeuvre avoidance strategies are based in the computation of minimum fuel budget 
associated to a minimum miss-distance, accounting for operational constraints regarding orbit 
maintenance. Gaylor [Gaylor, 1999]R.29 also provides some risk evaluation method and computation of 

mitigation strategies. 
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Patera and Peterson, [Patera, 2003]R.30 provide an efficient implementation of the avoidance manoeuvres, 

thanks to the risk computation computed in one dimension, and the evaluation of optimum manoeuvres 
in a two-step process. 

Alfano, [Alfano, 2005]R.40 presents an approach based on attitude manoeuvres to reduce the risk. Slater 
[Slater, 2006]R.31 address the collision risk of formation flying satellites. Because of the periodic nature of 
some of the dominant covariance terms, the probability of collision is far from monotonic, and in addition 
the probability of collision can approach one, only when the time to collision is a small fraction of an orbit. 

Their conclusion is that accurate state estimation is essential to an efficient collision avoidance algorithm 
and that the specific correction capability of the satellite will determine when to specify a velocity 
correction.  

Chapter 7 of Chan’s book [Chan, 2008]R.11 is devoted to “Manoeuvres to Mitigate Potential Collision 

Threats”. In this chapter the author investigates the usefulness of applying in track manoeuvres to 
mitigate the collision threat in many instances and derives some interesting expressions to reduce the 
risk minimising the use of propellant. The most relevant equation is derived by inverting the 

approximated risk equation to obtain a formulation of the miss distance as function of the collision 
probability and the rest of the conjunction parameters. Both the direct problem (obtain in track delta-V 
for a given reduction in risk) and the inverse problem (obtain new risk for a given in track delta-V) are 
analysed and an approximate solution is proposed. 

 

33..55..  CCaattaalloogguuee  ooff  SSppaaccee  PPooppuullaattiioonn  

In order to evaluate possible encounters between a satellite and other object, a catalogue of space 
population objects is needed. The catalogues need to provide information to allow the propagation of the 

objects along time and compare the orbital positions with that of the satellite to evaluate eventual 
encounters. Catalogues information comprises orbital information, object characteristics data (mass, 
cross sectional area, etc.), suitable theory for propagation (if mean elements are used) and the 

associated uncertainty. 

Currently, there is a unique organization providing data of objects orbiting around Earth. The American 
USSPaceCom provides orbital information of the objects. These data is based on the observation of the 
objects by means of radars and telescopes. These sensors are mainly located on ground, although space-
based optical sensors also contribute to the catalogue maintenance. Currently, the American catalog 
covers most of the orbiting objects larger than 10 cm in Low Earth Orbit (LEO) regime and 1m on high 
altitude orbits (Geostationary ring, GEO).  

This catalogue is published in the so-called two line element (TLE) format. This format is composed by 
two lines of data, each of them with 60 characters, containing the object identification id, epoch, and 
estimated orbital data. Orbital information of most of the objects is updated in a daily basis, thanks to the 
revisit time of the objects from the sensors. This information does not provide mass, area and accuracy 

information of the orbits. Specially, this last missing item limits the use of TLE catalogue for risk 
conjunction prediction. A number of analysis have been done so far to allow the conjunction risk 

evaluation, [Flohrer,2009]R.59. 

The second line in this data set contains the position and velocity information (in mean orbital elements) 
of every object, together with a check element and the identification id. First line provides the epoch to 
which the orbital data is referred and additional fields to provide derivative information to the pure 
keplerian orbit. Next figure provides a brief description of the elements of this format. 
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Figure  6: Two Line Elements Data set format, as presented in NASA Web page, [RD.1] 

TLE data set are mean elements obtained from the adjustment of the observations of an object to a 
trajectory based on the SGP4/SDP4, (Hoots [Hoots, 1988]R.17, [Vallado, 2006]R.33). SGP4 is applied to 
objects whose orbital periods are smaller than 225 minutes, whilst SDP4 is applied to the rest of objects. 
It is absolutely needed to make use of these propagation theory when using TLE elements, otherwise the 
generated osculating elements are not correct. Historical TLE data sets can be found at some web pages 
[Kelso, 2010]R..20 y [SpaceTrack, 2010]R.18. 

In addition to the data provided by USSpaceCom, the american Joint Space Operation Center (JSpOc) 

provides a collision encounter warning system to satellite operators (CSM, [CSM, 2013]R.2). This warning 
system is based on orbital data which is more accurate that the TLE data. The uncertainty associated to 
each catalogue plays an important role in the selected risk evaluation method and the most appropriate 
avoidance manoeuvre approach. Currently, warning from JSpOc does provide the uncertainty associated 
to the orbital data at the time of encounter but does not provide the risk associated to the encounter, 

which shall be computed by the satellite operator. 

Other countries perform space surveillance activities, but they do not publish the derived orbital data. 
Among them, France, through the GRAVES radar, maintains a catalogue of orbital data associated to low 
orbiting objects. Japan and Russia also make other surveillance activities. 

Currently, the European Space Agency (ESA) has approved a Preparatory Space Situational Awareness 
Programme (SSA). This programme has recently started to develop the required technologies and the 
governance guidelines. The objective of such system is the creation of a system of independent services 

for the access and use of data on the space environment, the derived hazards and the sustainability of 
access to space. This system is composed by three segments: Surveillance and Tracking (SST), Space 

Weather (SWE) and Near Earth Objects (NEO) segment. 

When this European system is available, the orbital data may be accessible in a more accurate way than 
the current available information. This would allow evaluating the eventual risk with higher accuracy. In 
any case, even with accuracy similar to that currently available (Olmedo-Casal [Olmedo, 2009]R.25), the 
provision of associated orbital accuracy allows a more effective computation of conjunction risk. The 

expected accuracy of the SST catalogue, and the impact on the reliability of the conjunction risk 
evaluation is under study by several authors, Sánchez-Ortiz ([Sánchez-Ortiz,2011]R.37, [Sánchez-

Ortiz,2011B]R.38), and Olmedo-Casal ([Olmedo, 2011]R.24, [Olmedo, 2009]R.25). 

As already indicated, the main limitation to evaluate the risk evaluation capacity of each catalogue is the 
knowledge of the accuracy associated to the orbital data. 
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44..  SSPPAACCEECCRRAAFFTT  CCOOLLLLIISSIIOONN  RRIISSKK  CCOOMMPPUUTTAATTIIOONN  

This section is devoted to define the main algorithms used for the computation of collision risk for an 
estimated miss-event and the impact on mission design accounting for the encounters to be avoided 

along mission lifetime. 

First, a review of the methodology for miss-encounter evaluation (prediction and risk computation) is 
provided. For the computation of risk, both Monte Carlo methods and dedicated algorithms are described. 
In the case of Monte Carlo method, the case of objects built by complex geometries (defined by a set of 
boxes) is described in detail as it is a complex case and it is needed for the verification of the algorithm 

designed in this thesis.  

The influence of the aspects impacting the risk evaluation are then described. First, impact of object size 

and miss distance is summarized. 

Then, the impact of orbital accuracy in the capability to properly determine the risk is evaluated. This 
aspect plays an important role in the capability to properly assess the risk and on the methodologies to 
be followed by missions’ operators to avoid collisions along mission lifetime (methodology in mission 
design). A description of the state-of-the-art theory, implemented by the author of this thesis in former 
literature and operational tools, and its upgrades are described. Among these upgrades, a complete 

analysis of accuracy of different catalogue data sets is done (section 4.3.3)  and its impact on the mission 
design is evaluated. These two main considerations fulfill the first of the objectives of the thesis. The 
upgrades in the theory and the statistical information used by the implemented tools are applied to some 
analysis cases in section 5 and have been subject to some peer-reviewed publications and presentations 
in conferences. 

Then, the impact of object geometries is analysed (section 4.4). A new algorithm for the computation of 
the collision risk when involving complex geometries is proposed. It is analyzed for some cases. Further 

application cases are included in section 5. This new algorithm addresses the second objective of the 
thesis intended to improve collision risk algorithms used in operations. 

Finally, the impact of relative velocity among the two involved objects in a collision is analyzed. A 
collision risk estimation method presented in literature is evaluated. The algorithm for complex 
geometries developed along this document is integrated in this method for low relative velocity 
encounters. A number of exemplary cases are presented to demonstrate the need of considering the 
encounter interval for low relative velocity encounters and the suitability of the analyzed methods.  

44..11..  DDeeffiinniittiioonn  ooff  MMeetthhooddoollooggyy  aanndd  AAllggoorriitthhmmss    

44..11..11..  MMeetthhooddoollooggyy  ffoorr  MMiissss--EEnnccoouunntteerr  PPrreeddiiccttiioonn::  MMiissss  DDiissttaannccee  oorr  CCoolllliissiioonn  RRiisskk  

In order to find eventual conjunctions for a satellite under study, it must be computed the minimum 

distance between that object position and all the objects in the catalogue. Filtering techniques are 
normally used to save computation time. The filters will sieve all objects that do not have a chance of 
colliding with the object under study. Commonly used filters are used: 

 Perigee-Apogee Filter: In order to remove those objects with an altitude interval that does not 
intersect the target satellite altitude belt (first plot in Figure  7). This figure shows two orbits that  will 
never collide due to different altitude regimes. 

 Radial Filter: To eliminate orbits with a far relative position at the orbits intersection line. Second plot 

in Figure  7 shows two orbits that have far relative positions at the intersection line, where the 
encounter has to occur. Thus, the objects will never collide one to each other. 

 Time Filter: It removes objects crossing intersection line at a very different epoch. In spite of small 
distance between objects at the intersection line, the objects cross that line at very different times, 
avoiding a possible collision (see third plot in Figure  7). 
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Figure  7: Perigee-Apogee, Radial and Time filter. 

 

Every object passing the filters is a possible candidate to collide with the target object. For all objects 
passing the filters, points of Conjunction Events are estimated and their relative distances computed. If 
the estimated distance is larger than an accepted value, collision probability is computed. In case the 

estimated collision probability is larger than a defined value, a warning is raised. 

Once an object is identified as a potential collider (it passes all the above mentioned filters). Several 
methods can be used to identify the time of closest approach (TCA). A bisection method (also called 
binary search) is normally used. A big enough interval should be used as a starting point close to the 
intersection line of the two orbital planes. Every sub-interval is analysed in regards to the existence of a 
minimum (decreasing relative distance at starting point and increasing distance at end point). If an 
interval contains the TCA, the distance function will only have one minimum (the TCA) and no 

maximums, except at the beginning and end of the interval. That is, the first derivative of the distance 
function is always negative in the interval before the TCA, and positive after the TCA. The bisection 
method, as the Newton method, searches for the zero in the first derivative. 

The bisection method divides the interval by two, by checking the middle point of the interval. If the first 
derivative on the middle point is negative (as the beginning of the interval), the TCA is in the second half 
of the interval. If the first derivative of the middle point is positive, the TCA is in the first half. 

The half-interval containing the TCA is used as the new interval, and the process is repeated several 
times until a small enough interval remains, smaller than certain defined tolerance. 

Once the TCA is identified, the interval of the close encounter is defined by evaluating the entry and exit 
points where the distance between the nominal orbits are below a defined limiting value. 

Once an encounter is predicted, the decision to manoeuvre cannot be taken in the basis of the distance 
or encounter geometry. The distance provides an evaluation of the associated risk only in the case of 
perfectly known positions of the two objects. In that case, a manoeuvre would be executed if the miss 

distance between the two objects is lower than the sum of the object dimension in the encounter 
direction. 

When the positions at encounter time are associated to some uncertainty, the miss distance is not the 
only element in which to base the manoeuvring decision. On the contrary, it is needed to evaluate the 
risk or collision probability and manoeuvre the satellite in the basis of an Accepted Collision Probability 
Level (ACPL). The risk computation shall consider the miss distance, encounter geometry, uncertainties 
associated to the position of the two orbiting objects and the geometries of the involved satellites (or 

satellite and debris). 

Several authors have developed methods for the computation of probability of collision in case of close 
encounters in the space debris context (see Foster, [Foster, 1992]R.14; Khutorovsky [Khutorovsky, 1993]R.21; 
Berend, [Bérend, 1997]R.6; Alfriend and Akella, [AlfriendAkella, 1999]R.1; Klinkrad, [Klinkrad, 1997]R.22 and 
Patera, [Patera, 2001]R.26). [Sánchez-Ortiz, 2001]R.34 provides a comparison of some of them. All these 
approaches have several commons assumptions: 

 The position uncertainty can be described by 3D Gaussian distribution. 

 The target and chaser object move along straight lines at constant velocities (this assumption may 

fail in case of considering close encounters at low velocity). 
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 The uncertainties in the velocities can be neglected (this assumption may also fail for low-velocities 

encounters). 

 The target and chaser objects position uncertainties are not correlated. 

 The position uncertainties during the encounter are constant, with corresponding covariances as at 
the time of closest approach. 

The most simple (and commonly used) algorithm is the one defined by Alfriend and Akella, [AlfriendAkella, 

1999]R.1. In the following, a brief description of this algorithm is provided. It uses as inputs the relative 

position tcar  and relative velocity tcav  of the conjunction risk object with respect to the target, at the 

time of the closest approach tcat .  

At tcat , the propagated covariance matrixes of the extended target and chaser can be added to retain the 

upper left 33 combined position error covariance matrix )( tcatC : 

)()()( arg tcachasertcaetttca tCtCtCC   

This 33 error ellipsoid C  can be mapped onto a 22  position error ellipse BC  in the B -plane. This 

B -plane contains the miss-vector tcar , and is perpendicular to the approach velocity vector tcav . 

Therefore, the resulting collision probability CP  can be determined from: 
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Here, a circular collision cross-section of radius CR  is assumed, which surrounds the circular cross-

sections of the chaser and the target. 

In [Patera, 2001]R.26, Patera provides a method to calculate orbital collision probability without making any 
simplifying assumptions. A formulation was developed that reduces the two-dimensional integral to a 
one-dimensional integral involving only a simple exponential function in the integrand. Instead of 

integrating over an area, the integration can be done along the perimeter of the area, thereby reducing 

the number of evaluations of the integrand and increasing the computational speed. This computational 
efficiency is particularly advantageous when large numbers of collision probability evaluations are 
required. This formulation differs from all others in that there is no need to assume a spherical shape to 
the space objects. Space objects of highly irregular shape can be handled readily because it is easy to 
define the perimeter over which the integral is performed. However, the integral is not performed around 
the physical contour of the object, but around the collision region. In the particular case of spherical 

objects, the collision region is also a sphere with the radius equal to the sum of both radii. In the case of 
more complex geometries, this collision region can be hard to compute (see section 4.4.2).  

Next figure provides some results for the computation of collision risk by different algorithms (spherical 
objects and covariance matrices). It can be seen how most of the algorithms provide similar 
performances for large uncertainty values. In this regime, it is worthy to note the need to execute a large 
number of MonteCarlo shots to derive the appropriate collision risk. The larger the uncertainty values are, 

the lower the uncertainty, and then, the larger the number of shots to accurately evaluate the risk 
through MonteCarlo. 

On the contrary, for small uncertainty values, different algorithms provide divergences, as many of them 
make assumptions on the relative size between the miss-distance, object radius and covariance values. 
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Figure  8. Collision Risk as a function of the covariance standard deviation as computed by different 
algorithms 

 

An interesting approach for collision risk computation, is the evaluation of maximum risk for a particular 
encounter geometry. Section 4.3 is devoted to the analysis of the orbit accuracy impact on the collision 
risk computation; It provides some information on the dependency shown by different collision risk 
computation algorithms. All of them show the existence of a maximum risk for a particular value of the 
uncertainty, which is dependent on the miss distance, and eventually on the encounter geometry. This 

maximum value is also shown in Figure  8, where a maximum at covariance values about 10 meters is 
shown, for a miss-distance of 15 m. 

When the covariance matrix knowledge is unavailable or very inaccurate (for example, when using TLE), 
it may be better to compute the maximum probability of collision, making no use or a limited use of the 
covariance matrix information. 

There are several analytical methods to compute the maximum collision risk probability. However, most 

of these methods are limited to spherical covariances, spherical objects and high velocity encounters, and 

even in those cases, they are limited to large covariance values for which the density function is almost 
constant along the integration area. 

Two analytical methods are mentioned here. The first one defined by Chan [Chan, 2008]R.11 as the 
maximum collision likelyhood for spherical covariance in the Bplane, and by Klinkrad [Klinkrad, 2006]R.47, 
with a scaled covariance in the B-plane that maintains the shape of the covariance but scales it so the 
density function is maximised at the nominal position of the collision volume centre. 

This scaling factor is obtained by considering the covariance matrix as the original one multiplied by: 

BB

T

B rCrk  12

max
2

1
 

Where CB is the nominal covariance matrix projected in the B-plane, and rB is the nominal miss-vector 

projected in that plane.  
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Additionally, Sánchez-Ortiz et al, [Sánchez-Ortiz, 2013a]T.11, describes a numerical method to compute the 

maximum collision risk probability. Given a covariance matrix (not necessarily spherical), a scaling factor 
is applied to the whole matrix in a loop, so the scaling factor sweeps from a very small to a very big 
value. Using any collision risk computation algorithm, the new probability is calculated. Once the loop is 
completed, the maximum risk probability obtained from all the runs is returned.  

 

44..11..22..  RRiisskk  ccoommppuuttaattiioonn  iinn  tthhee  bbaassiiss  ooff  MMoonnttee  CCaarrlloo  ssiimmuullaattiioonnss  

In addition to the analytical or semi-analytical methods described previously, the collision risk can also be 
computed by means of a Monte Carlo approach, valid for low-speed and high-speed encounters and with 

any geometry combination. This simulation, however, is much slower than other methods and the main 
use is to check the results of other methods or to avoid the propagation of the covariance matrix.  

The collision risk computed by a Monte Carlo execution is the ration between the executed shots (number 
of runs, Nruns) and the number of cases that lead on an actual collision (Ncol). 

runs

col
MC

N

N
CR   

Increasing the number of trials improves the accuracy of the result, but it also increases the computation 
time. This presents a problem for very low collision risk, because the Monte Carlo method needs roughly 
ten times the inverse of the computed collision risk to provide an accurate value. That is, if collision risk 
is about 10-10, about 1011 executions could be needed. 

In this document, Monte Carlo runs are used for analysing different algorithms depending on the 

geometry of the involved objects (spherical or complex) and the relative velocity between the two 

objects. A summary is provided in  Figure 2. 

44..11..22..11..  IIddeennttiiffiiccaattiioonn  ooff  ssiinnggllee  ccoonnddiittiioonnss  ffoorr  eeaacchh  rruunn  

For the Monte Carlo execution, each of those runs shall be defined accordingly to the nominal conditions 
for every object and the associated covariances. 

At the initial time for the simulation, the nominal state vector (XNom) and covariance (C) is considered. 
For every run a vector is randomly built and multiplied by the covariance matrix to size it accordingly to 
the knowledge of the state vector (XRun). 

At every Monte Carlo shot, the drag and solar coefficients, and the manoeuvre values are also initialised 
according to their uncertainties, if those parameters are configured. The parameters chosen for each run 
are maintained during the whole run. 

The initial state vector for each run (XRun) is then the used for every operation within the Monte Carlo 

execution. 

44..11..22..22..  EEvvaalluuaattiioonn  ooff  CCoolllliissiioonn  ffoorr  ssiimmppllee  oobbjjeecctt  ggeeoommeettrriieess  

In the case of spherical objects, it is possible to check for collision by searching the Time of Closest 
Approach (TCA) by propagating both objects looking for the minimum distance between them, and then 
checking if the separation distance is lower than the sum of radii.  

If it is lower, then both satellites are in collision. If not, then there is no collision at TCA and therefore, 

there is no collision at all in that encounter. 

44..11..22..33..  EEvvaalluuaattiioonn  ooff  CCoolllliissiioonn  ffoorr  ccoommpplleexx  oobbjjeecctt  ggeeoommeettrriieess  

We can identify complex geometries as a set of boxes defining the desired object geometry. In the case 
of oriented boxes, however, the simple approach for Monte Carlo followed for the spherical cases is not 
necessary valid. Two objects may be colliding at a time different that TCA, if TCA is calculated according 

to the boxes’ centres, as shown in Figure  9. 
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TCA

 

Figure  9: Two oriented boxes not colliding at TCA. Right: They collide at a different time  

A suitable algorithm is needed to efficiently implement a Monte Carlo simulation with oriented boxes, 
which can detect the overlapping of boxes. 

Such algorithm is detailed in [Ericson, 2006]R.50. It is based on an algorithm called separating axis test. It 

says that two oriented boxes are separated if, with respect to some axis L, the sum of their projected 
radii is less than the distance between the projections of their centre points. An example of this test for 
two dimensions is illustrated in Figure  10. 

 

Figure  10: Two oriented boxes not colliding at TCA. Right: They collide at a different time 

 

In the case of two 3-dimensional boxes, it is necessary to check at most 15 of these separating axes to 
determine if they overlap. These axes correspond to the three coordinate axes of A, the three coordinate 

axes of B and the nine axes perpendicular to an axis from each. If there is not overlapping in the 
projection of any of these 15 axes, then there is not overlapping between the two boxes. 

In order to check for collision between two objects, each of them composed of several boxes a check of 

every pair of boxes should be done. This is efficiently accomplished as follows: 

 A bounding sphere for each object is calculated. This bounding sphere covers the whole object and it 
provides a quick test of collision: if the bounding spheres don’t overlap, then the satellites are not in 
collision. 

 Determine the TCA of the centre of the bounding spheres, to use it as a starting point. 

 Check if the bounding spheres are colliding at TCA. If not, then a collision can be discarded at this 
encounter. 

 If the bounding spheres overlap, then a slow sweep with tiny time increments is performed because 

the possibility of collision exists. 
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 The initial and final points of potential collision are calculated. These points can be calculated 
checking when the bounding spheres start and end the overlap. 

 A time sweep is done, propagating tiny amounts of time and checking if any pair of boxes of the 
different objects is in collision. This tiny amount can be determined from the size of the boxes.

 If any pair of boxes, at any time, is detected to collide, then the encounter produces a collision and it 
is not necessary to perform the whole sweep. 

 If the sweep is ended with no collision, then the encounter can be considered collision-free. 

This algorithm is executed in every shot of the Monte Carlo simulation.  

44..11..22..44..  EEvvaalluuaattiioonn  ooff  nnuummbbeerr  ooff  rruunnss  ddeeppeennddiinngg  oonn  ddeessiirreedd  aaccccuurraaccyy  

It is possible to evaluate the number of shots required for the MonteCarlo execution as a function of an 
accuracy and confidence value. Accuracy is defined as the interval of the computed collision risk +/- the 
accuracy percentage. Computation of the confidence interval is required, if it fits inside the accuracy 
interval, then the execution of Monte Carlo is finished. 

The higher the value of accuracy, the more confident the result is but more runs are needed. The 
confidence interval can be computed by assuming a binormal distribution, and using the Wilson score 
interval method. 

In general, a binomial distribution applies when an experiment is repeated a fixed number of times, each 
trial of the experiment has two possible outcomes (labelled arbitrarily success and failure), the probability 
of success is the same for each trial, and the trials are statistically independent. Then, this assumption is 
applicable to the Collision risk computation by MonteCarlo method. 

The Wilson interval is an improvement (the actual coverage probability is closer to the nominal value) 
over the normal approximation interval and was first developed by Edwin Bidwell Wilson, [Wilson, 
1927]R.42.  

 
This interval has good properties even for a small number of trials and/or an extreme probability. The 
center of the Wilson interval 

 

can be shown to be a weighted average of  and 1/2, with  receiving greater weight as the 
sample size increases. For the 95% interval, the Wilson interval is nearly identical to the normal 

approximation interval using 

sample size increases. For the 95% interval, the Wilson interval is nearly identical to the normal 

 instead of . 

The Wilson interval can be derived from Pearson's chi-squared test with two categories. The resulting 
interval 

 

can then be solved for  to produce the Wilson interval. 

The test in the middle of the inequality is a score test, so the Wilson interval is sometimes called the 
Wilson score interval. 

A side effect of using this scheme is that it is not possible to estimate a priori the number of executions 
needed, as it depends on the estimated collision risk, accuracy and confidence interval. 

http://en.wikipedia.org/wiki/Statistically_independent
http://en.wikipedia.org/wiki/Coverage_probability
http://en.wikipedia.org/wiki/Edwin_Bidwell_Wilson
http://en.wikipedia.org/wiki/Pearson%27s_chi-squared_test
http://en.wikipedia.org/wiki/Score_test
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Following figure illustrates the evolution of collision risk as a function of number of runs for a particular 

conjunction event. The risk is provided together with the confident interval. It can be seen that a large 
number of cases is required to get a stable collision risk. The confident interval becomes smaller as the 
number of runs increases, providing a higher accuracy of the Monte Carlo result. 

 

Figure 11: Evolution of number of Collisions (left), Collision Risk and confident interval (right) as a 
function of number of Monte Carlo shots 

 

44..22..  IImmppaacctt  ooff  OObbjjeeccttss  SSiizzee  aanndd  MMiissss  DDiissttaannccee  

The risk associated to an object is computed by the integration of the probability density function over a 
surface defined by the projection of the collision volume into the encounter B-plane. The collision volume 
is computed as the volume where a collision can occur. In the case of two spherical objects, this volume 
is computed as the sphere of radius the sum of the radii of the two objects. 

It is obvious then, that a large satellite is exposed to a larger risk than a small object at the same orbital 

regime. 

The relationship between the risk and the object size is linear with the area projected into the B-plane, 
for medium or large orbital uncertainties, because the integrated probability density function over the 
area is almost constant. For the case of small uncertainties, the probability density function largely varies 
along the points in the integration area, and then, the direct relationship does not exist anymore. 

Figure 12 provides the probability of collision as computed by the algorithm defined by Alfriend and 

Akella for different values of miss-distance and standard deviation in position accuracy. A perpendicular 

collision of two spherical objects in circular orbit at 700 km altitude is assumed. Radius of each object is 5 
meters. Covariance matrices for both objects are considered spherical, with different standard deviations 
as shown in the plots. 

Obviously, the smaller the miss-distance is, the larger the collision risk. But this is only true for the case 
of perfectly known orbits or low orbital uncertainties. 
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Figure 12: Collision Risk as a function of miss-distance and different values of the standard deviation of 
orbital position accuracy 

As shown in Figure 12, for very small uncertainties, risk close to 1 is achieved for null miss-distances. For 
small uncertainties, the dependency of the risk with the miss-distance is observable, whereas for large 
uncertainties, the risk is constant whatever the value of the distance between the two objects. 

For small uncertainty values, the risk is cumulated at very small distances, and it vanishes when the 
distance increases. In those cases, even close encounters with small miss-distance do not pose any risk 
and can be consider as safe encounters. 

On the contrary, uncertainties larger than 100 m provide almost constant risk no matter the distance of 
the encounter. This is related to an almost constant probability density function over the surface where 
the integral is computed. This type of encounters would force an operator to manoeuvre a satellite even 

for the case of a large estimated miss-distance, since it cannot be ensured that the encounter is not 
going to occur due to the lack of knowledge of the real orbits. 

Another feature observable in this figure is the different collision probability values for a fixed miss-
distance value. Depending on the orbital accuracy, the risk associated to a miss-distance is very different, 

and then, satellite operators shall account for the expected orbit accuracy of the catalogues used for 
encounter identification to select the risk level over which an avoidance manoeuvre is executed. Thus, if a 
catalogue is related to orbital uncertainties of about 1km, and a satellite operator decides to manoeuvre 
only for encounters with associated risk larger than 10-4 (commonly used values), no manoeuvres will be 
executed, and no risk will be diminished along the mission. Next section summarised the theory to 
analyse the most appropriate Accepted Collision Probability Level (ACPL) for every satellite mission and 

catalogue. 
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44..33..  IImmppaacctt  ooff  OOrrbbiitt  AAccccuurraaccyy  

44..33..11..  CCoolllliissiioonn  RRiisskk  ddeeppeennddeennccyy  wwiitthh  rreessppeecctt  ttoo  OOrrbbiitt  AAccccuurraaccyy  

As already mentioned before, the orbital accuracy impacts largely in the probability of collision associated 
to an encounter. Figure 13 provides the probability of collision as computed by the algorithm defined by 

Alfriend and Akella, for different values of the position accuracy and the miss-distance. 

Only the cases with very small orbital uncertainties provide collision risk close to 1, and this only occurs 
for very small miss distances.  For relatively small miss-distances (15 m), the risk is almost null if the 
uncertainty of the orbits is very good, as the real encounters can be easily discriminated from close-
encounters. Small position errors provide almost constant risk for small distances.  

On the contrary, when the orbit positions are associated to large uncertainties, the risk is much lower 
than 1, and the dependency with the miss-distance disappear, providing the same estimated risk for a 

real encounter (miss distance smaller than the sum of the two objects radii) than for the case of large 
miss distances (see overlapping curves for all distances when the standard deviation is larger than 100 
m). 

The figure clearly shows the existence of a maximum risk associated to every miss-distance. The 
maximum is larger for smaller distances, and the uncertainty value associated to maximum risk is small 
for small miss-distances. 

 

Figure 13: Collision Risk as a function of standard deviation of orbital position accuracy and different 
values of the miss-distance  

 

44..33..22..  AAccccuurraaccyy  ooff  oorrbbiittss  aanndd  iimmppaacctt  oonn  tthhee  ssttaattiissttiiccaall  ccoommppuuttaattiioonn  ooff  ccoolllliissiioonn  rriisskk  

This section and sub-sections provides the first of the two main issues listed among the objectives of the 

thesis in section 2.2. 
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In addition to operational activities when a satellite is flying, computation of the collision risk for a 

satellite in orbit, shall be also considered at the mission definition time. During the design of the mission, 
and in particular the available fuel budget for operations, is shall be considered the mean number of 
avoidance manoeuvres to be executed along its mission lifetime. This number of manoeuvres depends on 
the population level of the space region where the satellite lies: the larger the number of objects in the 
vicinity is, the larger the number of opportunities to encounter a risk event.  

The accuracy of the orbital data used for risk encounters prediction plays also an important role.. 

Catalogues with very good accuracy would allow identifying encounters, only when they are associated to 
real collision events, and then, would allow reducing the fuel budget allocated to avoidance manoeuvres. 
On the contrary, catalogues with poor accuracy would impose the manoeuvring of the satellite for many 
encounters, which may not lead in a real collision.  

In addition to the estimation of the expected number of encounters, the orbital accuracy of the 
catalogues shall be considered in order to evaluate which is the minimum threshold for manoeuvring a 
satellite (Accepted Collision Probability Level, ACPL).  A catalogue with a good accuracy may allow 

manoeuvring only when the predicted encounter has a large associated risk, and this approach would 
allow a large reduction of risk over the mission. Catalogues with poor accuracy force to manoeuvre even 
in case of low risk encounters in order to reduce the global risk to the mission. Then, the appropriate 
avoidance strategy depends on the catalogue underlying the collision encounters identification. 

This section shows algorithms for the derivation of appropriate collision avoidance strategies. It will be 
demonstrated that collision avoidance strategies for an accepted collision probability level are 
characterized by the number of evasive manoeuvres, the expected risk reduction, the false alarm rate, 
and the required V and propellant mass fraction. 

The assessment of avoidance strategies takes into account statistical models of the observable space 

object environment and a mathematical framework for the collision risk estimation as used in satellite 

operations. The statistical population model is used to mimic the trackable space object population 
subset. It has to be considered that not all the objects in space can be catalogued (small objects are not 
observed by surveillance sensors) and these objects also cumulate risk to satellites. 

The, ‘observable’ object population is then grouped by orbit types to enable group-wise associations with 
catalogue orbit determination uncertainties. 

44..33..22..11..  SSttaattiissttiiccaall  SSppaaccee  OObbjjeeccttss  PPooppuullaattiioonn  

 

The assessment of the number of near-miss events and avoidance manoeuvres, during the lifetime of a 
satellite, requires the knowledge of the object population that can cause conjunction events. The 
population provided by the MASTER-2009 environment model for objects larger than 1 cm in size is the 
most up-to-date reference nowadays and is considered in the example cases provided along this 
document. These cases are computed with the DRAMA ARES software package, which which implements 
the theory presented in these sections, and it is fully detailed in papers by the author of this thesis: 

[Sánchez-Ortiz, 2006]T.14 [Sánchez-Ortiz, 2004b]T.15 [Sánchez-Ortiz, 2006]T.14, [Domínguez-González and 
Sánchez-Ortiz, 2012b]T.12,. 

MASTER provides a semi-deterministic population of natural and man-made objects for a reference 
epoch. Natural objects are discarded for collision avoidance manoeuvres computations. MASTER provides 
data on the whole orbiting population, but avoidance manoeuvres are dependent on that part of the 
population that can be tracked. Thus, the incompleteness of the catalogue must be taken into account by 
introducing a correcting function to consider only population data over the cataloguing size limit.  

Another main issue related to risk reduction is the uncertainty in the orbital data. The orbit determination 
uncertainty of the population objects, together with the orbit determination of operating spacecraft play 
an important role in the risk associated to each near-miss event. The orbit determination uncertainty of 
the spacecraft and population objects is handled in terms of the associated error covariance matrices. In 
the case of the debris objects, the covariance matrices are dependent on the type of orbit. ARES provides 
suitable covariance data for different orbital regimes, but the results presented in this paper are related 

to fixed covariance values as those expected for the future SSA. 
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44..33..22..22..  CCoonnjjuunnccttiioonn  EEvveennttss  SSttaattiissttiiccss  aass  ccoommppuutteedd  iinn  AARREESS  

The annual collision risk depends on the population, the type of orbit and spacecraft size, and it is 
computed in a completely statistical way. 

Avoidance schemes are based on the definition of the level of risk associated to an encounter that forces 
the spacecraft to perform a manoeuvre to diminish that risk. This level of risk is known as the Accepted 
Collision Probability Level (ACPL). The computation of the avoidance manoeuvres is based on semi-
statistical formulations, which make use of deterministic formulae and the statistical population. 

This section describes the main approach for the computation of conjunction event statistics, flowcharts 
of this approach are provided in section 4.3.2.5 and dedicated Annex ANNEX B. 

 

44..33..22..22..11..  AAnnnnuuaall  CCoolllliissiioonn  RRaattee  

 

The Annual Collision Rate (ACR) for a spacecraft with a cross section Cs from an object population 
within a given size threshold [rmin, rmax] is usually computed by means of the simple formula: 

srrr CFACR
maxmin   (1) 

where min maxr r rF    is the flux of orbiting objects (number of object passages per unit area and year) with 
sizes in the defined range [rmin, rmax]. 

The flux provides the number of mean object passages per area and year, and does not take into account 
the size of the debris object. However, the area to be taken into account for the computation of the risk 
must be related to the size of the debris impacting the spacecraft (a collision occurs when an object 

passes near the spacecraft at a distance less than the sum of the two radii, assuming spherical objects). 
Thus, the total collision probability must be obtained by the addition of the contributions of all objects. 

 
2

max

min





r

rj

jSCj rRFACR   (2) 

where RSC is the mean radius of the operating spacecraft and rj  is the radius of each one of the 

population objects. 

The Annual Collision Rate gives an idea of the risk of collision of the spacecraft with one of the orbiting 
objects. A spacecraft operator cannot completely remove this risk. Firstly, because avoidance 
manoeuvres will only be performed for conjunctions with a predicted risk larger than an allowed limit 
(Accepted Collision Probability Level, ACPL), and so a residual risk is left. Secondly, part of this risk 
intrinsically cannot be diminished, as it comes from objects orbiting the Earth which are not catalogued. 

Thus, two Annual Collision Probabilities can be defined. The ACRw is the Annual Collision Rate due to the 
whole population, and defines the risk level of the environment. On the other hand, ACRc is the Annual 
Collision Rate due to the catalogued objects, and defines the maximum amount of risk that can be 
diminished by avoidance manoeuvres. This latter probability is used to assess the appropriateness of the 
avoidance strategy. 

The relationship between these two concepts is provided by the ratio of the trackable and global 
population for different object sizes. 

Former computations cannot be performed for each object j. Several ranges of object size are used 
account the fact that the area to be used in previous formulae is related to the size of the debris object. 
Each size range is defined by a minimum and maximum radius, and the flux associated to each group is 
computed. Then a reference radius is defined for each interval (mid-point of the two radii defining the 
interval limits). This object size also impacts on the accuracy of the associated orbits, as described in 
section 4.3.3. 

An interesting derived computation is related to the evaluation of catastrophic collisions only. This case is 

addressed in section 4.3.2.3 and has been implemented to allow extending the application field of this 
theory for the definition of requirements of a Surveillance and Tracking system (SST). 
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44..33..22..22..22..  MMeeaann  NNuummbbeerr  ooff  AAvvooiiddaannccee  MMaannooeeuuvvrreess  ppeerr  YYeeaarr  

 

As already mentioned, several formulations for the collision risk associated to a near-miss encounter are 
available in literature for the operational day to day activities of a satellite (deterministic approach of 
encounters). In such deterministic, operational environment, the decision to perform an avoidance 
manoeuvre is related to the defined Accepted Collision Probability Level (ACPL). The spacecraft operator 
defines this collision probability value. If the risk associated to an event is larger than this value, then a 
manoeuvre must be performed. Otherwise, no avoidance manoeuvre needs to be carried out. 

If the Accepted Collision Probability Level (ACPL) is very large, there will be few predicted encounters 

with a risk larger than the ACPL, and the number of required manoeuvres will be low. On the other hand, 

if the ACPL is too small, a large number of predicted encounters will have an associated collision risk 
larger than the ACPL, and a huge number of manoeuvres will be required (with the associated fuel 
consumption). Thus, a trade-off between the risk reduction requirements and the fuel consumption is 
needed. 

The assessment of collision risk over the whole life of the spacecraft, on the other hand, requires a non-

deterministic formulation. This formulation must be related to the deterministic algorithms and make use 
of similar concepts. Thus the deterministic algorithms are used together with the average flux of an 
object crossing the altitude band of the spacecraft orbit. 

The flux can be obtained for several groups of objects within the debris catalogue. The groups are 
specified by orbit characteristics that define the orbit determination uncertainty behaviour. Each of these 
orbit groups provides a flux over the spacecraft orbit and an associated mean impact velocity direction. 
Thus, a mean conjunction event can be described. This mean conjunction event is defined by the 

characteristics of the B-plane. Among them, the directionality with respect to the spacecraft velocity 
vector (given by the impact directionality) and the combined covariance matrix for the miss-vector. 

The different values of the direction of the impact velocity define several B-planes. In order to obtain the 
appropriate combined covariance matrix, the directionality of the spacecraft and the debris flux is also 
required. The direction of the spacecraft with respect to the B-plane is given by the velocity impact 
azimuth and elevation (provided by the statistical space objects population). 

Once the approaching direction of the objects is assessed, this ellipsoid has to be translated to the B-

plane reference system. In order to translate the population covariance matrix to the B-plane, the radial 
contribution to the population flux has to be also assessed. The easiest assumption is to consider this 
radial position of the debris flux equal to that of the spacecraft. The assumptions here considered are 
based on the computation of near-miss events. Thus, the position of the debris object and operational 
spacecraft must be similar (radial position for both of them is considered equal) and the moduli of the 
velocities of both objects have to be similar because both objects are in similar orbits.  

Once their covariance matrices are translated to the B-plane reference system, the combined covariance 
matrix can be obtained. By means of the deterministic formulation, the collision risk associated to each 

point of the related mean B-plane is computed. Those points with an associated collision risk larger than 
the ACPL define an area (manoeuvring area) composed of those points that would involve an avoidance 
manoeuvre. The number of avoidance manoeuvres, related to each one of the debris object groups, is 
then dependent on the size of that area and the associated flux, caused by the catalogued objects (Fj´ in 
the following). The total manoeuvre rate is the sum of the avoidance manoeuvres rates over all the 

catalogued groups. 

0

´
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A j

j A

M F dA


 
 

(3) 

 

The risk associated with the catalogued objects may also be divided in the same orbit groups, thus, 
former equation for ACR can be written in the following way: 
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The integral operations in equation (4) can be split in two parts: the first part associated with the 

manoeuvring area, and the second covering the rest of the space.  
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44..33..22..22..33..  RRiisskk  RReedduuccttiioonn  aanndd  RReessiidduuaall  RRiisskk  

 

The first term in the previous equation is associated with the reduction of risk related to the avoidance 

strategy (henceforth Q). The second term represents the existing risk that is not intended to be reduced 
(R). The ratio between these two quantities and the total risk associated with the catalogued objects are 
known as the fractional risk reduction and fractional residual risk, respectively. They provide information 
on the appropriateness of the avoidance strategy.  

As explained before, ACRC does not provide the value of the total risk, but the risk due to catalogued 
objects. Thus, the residual risk is the amount of risk that could be avoided, but it is not avoided. If the 

total remaining risk (S) is required, ACRw has to be used: subtracting the risk reduction from ACRw, the 
total remaining risk is obtained. A fractional remaining risk can also be obtained by normalizing the 
remaining risk with the total ACRw. 

 

44..33..22..22..44..  FFaallssee  AAllaarrmm  RRaattee  

Avoidance manoeuvres are performed for high-risk events, which may result in a collision. The False 
Alarm Rate (FAR) defines the probability of performing a manoeuvre to avoid an event that would not 
result in a collision.  

The ratio between the risk reduction (Q) and the yearly avoidance manoeuvres rate offers the collision 
risk that is removed by a mean manoeuvre. Thus, the probability of no-collision, for a mean event, is: 

1
A

Q
FAR

M
 

 
(6) 

 

The false alarm rate is related to the accepted collision probability level. An avoidance manoeuvre is 
carried out when the collision risk associated with an encounter is larger than the defined ACPL. If the 
risk of collision is ACPL, the risk of no-collision is (1-ACPL). This value would be the false alarm rate for 
an event with a risk equal to ACPL. However, the number of manoeuvres is calculated for all events with 

a risk equal to or larger than the ACPL. Thus, the risk of no-collision must be equal to or smaller than (1-
ACPL). 

 

44..33..22..33..  CCoonnjjuunnccttiioonn  EEvveennttss  SSttaattiissttiiccss  ffoorr  CCaattaassttrroopphhiicc  CCoolllliissiioonnss  oonnllyy  

One of the purposes of a space surveillance system is to reduce the catastrophic collision risk to ensure 
the safety of the space activities. In particular, the future European SSA system aims to reduce the 
catastrophic collision risk by one order of magnitude. This risk reduction depends both on the catalogue 
coverage and the quality of the orbital data in that catalogue. 

The definition of catastrophic collisions is that event with resulting energy-to-mass ratio (EMR) exceeding 
a certain level. The value which is consistently used for environment evolution studies of various space 
agencies (including ESA and NASA) is 40J/g. The EMR is defined as follows: 
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Mt

VMc
EMR

imp

2··5.0
  (7) 

 

Where Mc is the mass of the chaser 

Mt is the mass of the target 

Vimp is the impact velocity 

Depending on the impact velocity, the size/mass of an object for a catastrophic collision will vary. A 
number of analysis have been done. Many of them worst-case analysis of head-on collision to estimate 

the encounter velocity. This has a large impact on the final required coverage at the different orbital 
regimes. 

If only those encounters with EMR over 40J/g are considered, then, we can also compute the ACPc_cat and 

ACPw_cat, associated to the catastrophic risk only, both for the risk derived from the whole or the 
catalogued population. The number of required avoidance manoeuvres and related risk reduction and 
false alarm rate can then be constrained to this type of collisions. 

 

44..33..22..44..  RReeqquuiirreedd  VV  aanndd  PPrrooppeellllaanntt  MMaassss  FFrraaccttiioonn  BBuuddggeett  

Determining the most efficient avoidance manoeuvre is a classic optimisation problem with three 
parameters to estimate (the three components of the delta-velocity V to be applied), one constraint (the 

minimum distance between objects) and the cost function. Since the problem of computing the average 
annual propellant consumption due to avoidance manoeuvres is based on a semi-statistical formulation, 

the characteristics of single near-miss events are not known. Thus, a completely optimised value of the 
V cannot be obtained. 

Avoidance strategies are classified into two groups: short and long-term strategies. For the second case, 
results depend on a new parameter defined as the number of revolutions between avoidance manoeuvre 
execution and the predicted event. 

Operational satellites must be located in pre-defined orbits and this operational orbit must be maintained 
throughout the spacecraft operational lifetime. Thus, if an avoidance manoeuvre is performed and the 
satellite is located in a different transit orbit, an inverse manoeuvre must be carried out to re-locate it in 
its operational orbit. This double V fuel consumption can be avoided if the manoeuvres are combined 

with orbit keeping requirements. Unless very tight orbital constraints are imposed on the mission, this 

alternative is usually feasible.  

The computation of the required V associated with the mean number of avoidance manoeuvres must be 

related to a defined Allowed Minimum Miss Distance (AMMD). This minimum miss distance has to be in 

agreement with the accepted collision probability level. If there are points in the B-plane, with distance 
larger than the defined AMMD that have a collision probability larger than the ACPL, the parameters are 
not compatible. In this case, an encounter with a predicted miss-distance larger than the AMMD would 
result in a manoeuvre that would try to put the spacecraft at a distance larger than the AMMD; a 
condition that is true without the manoeuvre. In order to avoid such a situation, the accepted collision 
probability level is taken as the foreground parameter. Thus, if there are points with collision probability 

larger than the defined ACPL, the largest distance of those points to the spacecraft is considered to be 
the allowed minimum miss distance. In this way, the manoeuvres executed are in agreement with the 
selected accepted collision probability level. 

The V is computed for each point in the B-plane. The spacecraft has to be moved a distance that 

depends on the point in the B-plane at which the debris object involved in the near-miss event is located.  
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44..33..22..44..11..  TTyyppee  ooff  AAvvooiiddaannccee  SSttrraatteeggyy  

The required manoeuvre also depends on the type of strategy to be executed. The two types can be 
considered for the statistical analysis: long and short-term manoeuvres. The V required for a manoeuvre 

is dependent on the time delay between the predicted encounter and the prediction time. The least costly 
manoeuvre for a given AMMD is always the earlier one.  

Long-term strategies are based on an along-track separation between the spacecraft and the debris 
object. In this case, the manoeuvre is performed at the encounter point a fixed number of revolutions 
before the predicted event. Along-track manoeuvres are intended to cause an along-track separation 

between two objects at the time they were expected to collide. This along-track separation is induced by 
achieving a new arrival time of the operating satellite at the encounter point, resulting from the 

difference in the orbital period between the obtained transit orbit and the initial orbit. Steps for the 
computation of the required V for a defined along-track manoeuvre are listed in Figure  14. 

 

t1  

t2 = t1 + T·nrev 
Known V1 at Encounter 
Defined d (along-track) 

d = (T·nrev)*V1 

T= d /(nrev·V1) 

T2 = T1 + T 

V2 at point of Manoeuvre 

V = V2 – V1 

New transit orbit a2  

Encounter Point = Manoeuvre Point 

V 

 

Figure  14: Outline of the V calculation for an along-track separation strategy  

 

  

Encounter Point 
Defined d (radial) 

r2 = r1 + d 

V2 at Point of Manoeuvre 

V = V2 – V1 

Manoeuvre Point 
V 

V1,  V2 

r1,  r2 

 

 

Figure  15: Outline of the V calculation for a radial separation strategy  

 

Short-term strategies are based on radial separation between the two objects and the manoeuvre is 
carried out at the point opposite to where the encounter is predicted. The radial separation is induced by 
an altitude increase at the encounter point. A short-term strategy would require a larger amount of V 

than any of the long-term strategies. The manoeuvre is performed at the point in the orbit opposite to 
the encounter point, in order to maximise the increase in altitude. Steps for the computation of the 
required V for a defined radial manoeuvre are listed in Figure  15. 

The required Vj  (for each population group) is obtained by integrating the V associated with each point 

in the B-plane weighted by the associated flux over the manoeuvring area. The total  (VT) is obtained by 

adding the contribution of each population group: 
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44..33..22..44..22..  PPrrooppeellllaanntt  MMaassss  FFrraaccttiioonn  

 

The propellant mass fraction to be burned during the expected avoidance manoeuvres in a satellite 
lifetime is linked to the required V for those manoeuvres (VT). The ratio between the propellant mass 

to be burned by a known VT and the initial satellite mass is given by: 

1 exp
p T

am

o sp

m V
PMF

m I g

  
     

 
     

(12) 

where Isp is the specific impulse of the propellant, g is the gravitational acceleration at sea level, mp and 
m0 are the propellant mass and initial mass of the spacecraft respectively. 

 

44..33..22..55..  OOvveerraallll  llooggiicc  ffoorr  tthhee  ccoommppuuttaattiioonn  ooff  tthhee  ssttaattiissttiiccaall  ccoommppuuttaattiioonn  ooff  ccoolllliissiioonn  rriisskk  

The formerly presented algorithms for statistical computation of the collision risk are implemented 
following the workflow described in following figure. It provides the top level approach as implemented in 
ARES. Annex B provides further information on this flowchart by providing the description of some of the 
routines in its original version prior to this thesis works. First version of ARES provided most of the 
capabilities, but it has required some updates in order to cope with new aspects needed for the analysis 
presented in section 5. The analysis covers different aspects, as the impact of using TLE or CSM data for 
collision avoidance approaches, or the definition of the requirements of a future space surveillance 

system. From first to second ARES version, the main modifications are (highlighted in light grey in Figure 
16, including in italics the modified aspect): 

 Initialization of orbit and size groups: New binning for object sizes and orbit types is defined in order 
to fit with the uncertainty types identified during the analysed described in section 4.3.3.  A complete 
analysis of the typical accuracy of the orbital data is done in this thesis. This analysis results are used 
as a look-up table within the tool for selection of the proper value of the orbital uncertainties for the 
case to be analysed. Additionally, the capability of selecting a user-defined uncertainty instead of 

relying on that of the catalogues is also considered now. This capability allows to study the most 
appropriate uncertainty values for a requested reduction of risk. 

 Evaluation of flux associated to catastrophic collision risk only to cope with the analysis of these type 
of events, allowing to extend the application of this theory from pure mission design to design of a 
surveillance system (described in section 4.3.2.3 and applied in section 5.2).  

 Computation of Collision probability was formerly done for a unique algorithm (Alfriend & Akella), 

now it includes the maximum probability case (for evaluating avoidance approaches based on TLE for 
which uncertainty is not known) as described in section 4.1.1, and use in the analysed reported in 
section 5.1. The computation of the risk is now done in the basis of the TLE, CSM or user-defined 
uncertainty. The TLE and CSM pre-defined uncertainties are considered as from the analysis described 
in section 4.3.3. This last modification affect mainly the evaluation of mean events features, among 
those features the risk of collision under several assumptions/algorithms are computed. 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 50 Noelia Sánchez Ortiz 

 

Yes

ARES

Initialisation:

Object binning as a function

of orbital Accuracy analysis

(orbital type and object size)

Loop in population
groups

Obtain Flux and directionality

of mean  events

Including evaluation of EMR if
needed

Compute ACP

Loop end?

END

No

Add  all
contributions

Print out of results

Compute
Manoeuvres Rate

Define mean events

characteristics:

Retrieve proper Accuracy from TLE

or CSM or userDefined

Compute A&A or Maximum Collision

Risk

Loop in avoidance
schemes

Loop  end?

Loop  end?

Compute DeltaV

Compute
Required
Propellant

functionality =a

Yes

No functionality =b No

functionality =c No

Yes

Yes

Loop in mean
events

No

Compute scheme
feature

Yes

TLE
Uncertainty

Data

CSM
Uncertainty

Data

No

 

Figure 16. Top Level Flowchart for Statistical Conjunction Events Computation 
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44..33..33..  AAccccuurraaccyy  ooff  ccuurrrreenntt  CCaattaalloogguueess,,  ssttaattiissttiiccaall  aannaallyyssiiss  

44..33..33..11..  RRaattiioonnaallee  bbeehhiinndd  tthhee  CCoovvaarriiaannccee  AAnnaallyyssiiss    

The knowledge of the true position of an object orbiting the Earth depends on a large number of factors. 
Among them, several orbital elements have an influence over the position uncertainties: 

 Perigee altitude: A low perigee altitude causes a high uncertainty, due to the influence of the 
atmospheric drag. In addition to this, the observation feasibility  of the object depends also on the 

perigee altitude. 

 Inclination: It influences the observation feasibility  , together with the perigee altitude. 

 Eccentricity: It influences the decay rate (provided the perigee altitude is low enough), and the 
observation feasibility of highly eccentric orbits. 

Additionally, the knowledge of the orbits degrades when propagating the state vector along time, since 
the uncertainties in velocity cumulate error in position and the uncertainties in the perturbations 

cumulate larger errors in velocity. Additionally, as the perturbations are different for the different type of 
orbits, the evolution of the uncertainty is quite different for different orbit cases (mainly depending on the 
eccentricity and altitude). 

For the conjunction risk assessment problem, the knowledge of the orbit at the time of orbit 
determination process is not the most relevant aspect. As already mentioned, the uncertainty of the 
orbits shall be known at the time of encounter, and then, it is required to propagate the best estimated 
orbit up to the time of close approach. 

Then, the accuracy analysis presented hereinafter addresses the typical accuracy of current catalogue 
data as a function of the propagation time (time to event) and for different orbit groups and object sizes. 

Once analysed the orbital data used for the analysis presented in the following sections, the following 
orbital groups are considered: 

 Perigee altitude: Results of the analysis of orbital data show that, below a certain altitude, the 
uncertainties become very large. Therefore, the following division of orbital groups regarding the 
percienter altitude is [0km < hp < 450km], [450km < hp < 600km], [600km < hp < 800km],  

[800km < hp <25000km], and  hp > 25000km. 

 Inclination: three groups are defined, for inclinations lower than 30 degrees, [30º< i <60º], [60º< i 
<80º] and [80º< i < 90º]. 

 Eccentricity: eccentricity lower than 0.1, and eccentricity larger than this value. 

In addition to the orbital parameters, the radar cross section (object size, RCS) also impacts on the 
achievable orbital accuracy. The cross section plays obviously a major role in the process of orbital 

determination, and therefore, in the position uncertainties of any tracked object. The analysis of typical 

accuracy of the catalogues is intended to be done separately for objects with small cross section (RCS < 
0.1m2), medium (0.1m2< RCS < 1m2), and large objects (RCS > 1m2), as these three groups are 
indicated in the CSM data.  

Due to the limited data available for the analyses, it is not possible to characterize the medium group 
properly. We had a large amount of data for the Deimos-I, and few for other objects. This would have 
made a clearly biased population. Therefore, we decided to use only two subdivisions for sizes: small and 

large. All available medium objects were considered large, because their results have shown that they fit 
that group better than the small objects one.  

The following naming convention is adopted throughout this document. 

 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 52 Noelia Sánchez Ortiz 

 

Table  1. Naming Convention for Orbital groups used in the analysis of orbital accuracy 

Eccentricity  Perigee Altitude  i<30º 30º <i<60º 
60º 

<i<80º 
i>80º 

e < 0.1 

Hp<450 km e1,hp1,i1 e1,hp1,i2 e1,hp1,i3 e1,hp1,i4 

450 km Hp<600 km e1,hp2,i1 e1,hp2,i2 e1,hp2,i3 e1,hp2,i4 

600 km Hp<800 km e1,hp3,i1 e1,hp3,i2 e1,hp3,i3 e1,hp3,i4 

800 km Hp<25000 km e1,hp4,i1 e1,hp4,i2 e1,hp4,i3 e1,hp4,i4 

Hp>25000 km e1,hp5,i1 e1,hp5,i2 e1,hp5,i3 e1,hp5,i4 

e >0.1 

Hp<450 km e2,hp1,i1 e2,hp1,i2 e2,hp1,i3 e2,hp1,i4 

450 km Hp<600 km e2,hp2,i1 e2,hp2,i2 e2,hp2,i3 e2,hp2,i4 

600 km Hp<800 km e2,hp3,i1 e2,hp3,i2 e2,hp3,i3 e2,hp3,i4 

800 km Hp<25000 km e2,hp4,i1 e2,hp4,i2 e2,hp4,i3 e2,hp4,i4 

Hp>25000 km e2,hp5,i1 e2,hp5,i2 e2,hp5,i3 e2,hp5,i4 

 

44..33..33..22..  SSttaattiissttiiccaall  aannaallyyssiiss  ooff  TTLLEE  ddaattaa  aaccccuurraaccyy  

44..33..33..22..11..  MMeetthhoodd  

In this section it is provided an assessment of the uncertainties that can be expected from TLE 

propagation (standard SGP-4). To do this, we compare position vectors obtained from TLE propagation 
and from reference orbits obtained from different sources. We provide the differences between the 
positions obtained from the TLE and those obtained from reference orbits as a function of propagation 
time. This way, the covariance matrixes which can be expected from TLE propagation can be 
approximated. 

The procedure followed to obtain the position errors from TLE propagation is depicted here: 

1. For each of the reference orbits, we obtain a set of state vectors (in J2000 reference frame) and UTC 

times. The process followed to obtain these state vectors is different for each kind of reference orbits, 
and is dealt with separately in following subsections subsections. We disregard the position errors 
associated with these reference orbits, as it will be much smaller than the position errors associated 
with TLE propagation. 

2. Convert the reference positions from J2000 to an intrinsic UVW coordinate system, which is defined 
as: 

 U is parallel to the instantaneous radius vector (of the reference orbit). 

 W is normal to the orbital plane. 

 V is contained within the orbital plane, is normal to U and goes in the direction of the movement. 
Note that it is not always parallel to velocity vector. 

3. For each reference orbit, fetch their corresponding TLEs. Then, for each of the points in the reference 
orbit we propagate some TLEs before and after that date, from the TLE date to the reference orbit 
date. For the propagation we use the standard SGP4 propagation model. Then, for each point of the 
reference orbit we have several position vectors, each one predicted by a different TLE. 

4. We obtain the difference between the reference orbit position and the TLE predicted positions in the 

aforementioned UVW reference frame. Therefore, we have a few position errors as a function of the 
TLE age (that is, the time from the creation of the TLE to the time of the point in the reference orbits. 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 53 Noelia Sánchez Ortiz 

 

5. Finally, we obtain the orbital elements from the state vector obtained in the reference orbit. We use 

these orbital elements to sort the data into the different orbital group bins. 

After the procedure explained above is performed on all reference orbits, we can get statistics of the 
position errors as a function of the TLE age. Figures similar to those provided for CSM analysis are 
provided. 

In addition to the explained above, we have used the state vectors provided by the CSMs to obtain the 
covariance matrixes for some orbit groups that were empty. Although these are not reference orbits, the 

results are quite similar to those obtained from reference orbits (assuming that the position error 
associated to the CSM-provided state vector can be disregarded). Also, the use of CSMs as reference data 
presents a major advantage: it allows us to obtain figures for small objects, for which there are almost no 
reference orbits available. 

44..33..33..22..22..  AAvvaaiillaabbllee  DDaattaa  

The number of orbit files for each orbital group is provided in next table, for small and large objects, 

respectively. 

Table  2. Available orbital data for TLE accuracy analysis 

Eccentricity  Perigee Altitude  i<30º 30º <i<60º 
60º 

<i<80º 
i>80º 

e < 0.1 

Hp<450 km 

 

3 

 

1 

450 km Hp<600 km 

   

1+3 

600 km Hp<800 km 

 

1+1 26+8 30+7 

800 km Hp<25000 km 

 

0+31 0+19 0+1 

Hp>25000 km 0+4 

   

e >0.1 

Hp<450 km 

 

0+2 

  450 km Hp<600 km 

    600 km Hp<800 km 

    800 km Hp<25000 km 

    Hp>25000 km 

     

The data used in the analysis is provided in different orbital formats and come from different data 

sources: 

 Operational orbital data provided by ESA/ESOC 

An orbit file which contains the state vectors at different dates, either in TEME or J2000 reference 
systems is available. We fetch the state vectors and dates directly from the file. A conversion from 
TEME to J2000 is performed, if needed. 

 Laser Ranging reference orbits 

Laser ranging measurements usually reach a very high accuracy. The primary objective of most of the 
available laser ranging orbits was indeed to perform laser ranging measurements. Therefore, it is 
feasible to consider these reference orbits are precise enough for the purpose of this study. 

The files containing laser ranging orbits provide position vectors in TEME, with a time step of 180 
seconds. As stated above, we need a full state vector in order to perform the transformation to the 
intrinsic UVW coordinate system. Therefore, we need to estimate the messing velocity components. 

This is done by means of numerical difference of the positions at two consecutive time steps. 
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 DEIMOS-I operational orbit 

The DEIMOS-I operations team provided with a precise reference orbit of the DEIMOS-I spacecraft. 
This reference orbit was obtained from the onboard GPS receiver. This reference orbits provides a full 
state vector for each time. Therefore, no further processing is required. 

 GPS and GLONASS sp3c reference orbits 

Due to the nature of the GNSS constellations, precise positions of each satellite in the constellations 
are published regularly. For our analyses, we fetched sp3c ephemeris files from the CODE FTP server 

(ftp://ftp.unibe.ch/aiub/CODE/) for a week from 30 January 2011 to 6 February 2011. 

These sp3c files provide the positions of all GPS and GLONASS files at intervals of 15 minutes. These 

positions are provided in the IGS-05 reference system, and the times are provided in GPS time. 
Therefore, we perform conversions to J2000 and to UTC time. 

First, we remove all satellites which had manoeuvred at dates ranging from 20 days before 30 
January 2011 to 20 days after 6 February 2011. This step prevents wrong results caused by 
manoeuvring satellites. 

The components of the velocity vector are unavailable, and they are required. In this case, given that 
the time step is quite large, we did not perform the method described above. Instead, for each couple 
of points of the reference orbit we obtained the velocity vector by solving the Lambert problem 
between those points. The obtained velocity vector is accurate enough for either the conversion to 
UVW reference system and the orbital elements 

 Reference data extracted from CSMs 

We use the CSMs analysed in next section. Each CSM contains two precise state vectors with their 

date. Although these data are not precisely reference orbits (because they only comprise one point), 

the large number of CSMs available allows us to provide significant results. 

It could also be possible to use the data contained in the CSM (state vector, drag coefficients, etc.. ) 
to obtain a reference arc, by means of propagating the state vector. Such approach is not covered in 
this analysis, in order to prevent propagation-induced inaccuracies (for example, due to the 
atmospheric model). In addition to this, the comparison with a large number of TLEs provides enough 

data points for the present analyses. 

 

44..33..33..22..33..  RReessuullttss  

As an example, next figure is provided. This figure shows the position error (i.e. the difference between 
the position vector given in the reference orbit and the position vector predicted by the TLE). It shows 
the position errors in U, V and W as a function of date. We can see that the propagation with the latest 

available TLE keeps the position errors almost null. 

When propagating from a fixed TLE data set, we can see that the position errors grow steadily with time. 
The most relevant growth is in the V component, while U and W remain near 0 (although they also grow 
with time). Additionally, next figure shows the results of a propagation from an approximately 11 days 
old TLE. The figure shows that the error does not grow linearly after a long time. We can also see that 
the end of the red curve has approximately the same error as the beginning of the green curve, although 
each curve comes from the propagation of a different TLE. 

Finally, final figures in this sub-section show the position errors resulting from TLE propagation as a 
function of the propagation time, for two of the orbit groups defined above. Other cases are provided in 
dedicated Annex C. 

These figures intends to summarise the importance of characterising the errors for different orbital 
groups, as the catalogue performance is very different as a function of the observation means (optical for 
high orbits and radar for low orbits), observation frequency (also dependent on altitude), and object size. 

For example, a case for Low Earth Orbit in the very populated Sun synchronous regime is shown first, 

and then a case for GEO object. 
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In the first case, a smooth graph is shown since the statistics are obtained with a large number of orbits, 

whereas for the case of GEO satellite, only a couple of orbits have been processed. In addition to this 
fact, important differences among the two cases are observable: 

 Mean position error in Radial direction for the LEO objects is lower than 500 meters, with a slight 
dependency with propagation time. On the contrary, the radial error for the GEO satellites is about 2 
km  

 Mean position error in along-track direction has a strong dependency with time in both cases. For the 

case of LEO satellites, small errors of about 1 km for 1 day propagation times grow up to about 25 
km when propagating 20 days. For the case of GEO satellites, it can be seen that the error size is 
much larger, starting at about 5-10 km for 1 day propagation times, and reaching about 100 km if 

propagation last about 20 days. 

 For the cross-track direction (out of plane), the dependency with time is very small for the LEO cases 
and almost unnoticeable for the GEO case. Errors for the LEO case range from 200 meters up to 0.5 
km, whereas the GEO case has errors about 5 km for the complete 20 days period. 

These differences make the process of computing collision risk to be different in these two orbital 
regimes. For the LEO case, large differences in orbital behaviour are also observable in the accuracy 
evolution for other orbital altitudes.  

 

 

Figure  17: Comparison of TLE propagation and reference orbits for different TLEs. Object 25482  
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Figure  18: Position errors for object 25482 (propagation from a 11-day old TLE)  
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Figure 19: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp3,i4 (LEO 
Sun synchronous orbit type) 

 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 58 Noelia Sánchez Ortiz 

 

 

 

 Figure 20: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp3,i1 (GEO 
type) 
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44..33..33..22..44..  CCoommppaarriissoonn  ooff  ddeerriivveedd  oorrbbiittaall  aaccccuurraaccyy  wwiitthh  ffoorrmmeerrllyy  ccoommppuutteedd  TTLLEE  aaccccuurraacciieess    

The theory described in this document for statistical computation of conjunction encounters is 
implemented in ESA DRAMA ARES tool by this author. This tool has been upgraded in this thesis by 
including the covariance data derived from the statistical analysis reported above (section 4.3.3). 

It must be noted that the former covariance classification did not account for size-dependent covariance 
matrices. This may play a relevant role, since smaller objects are observed less frequently than larger 
ones, and thus, the knowledge associated to their orbits is poorer 

The covariance information included in the former ARES version were obtained by means of propagating 
a covariance matrix for a representative object of each of the orbital groups. Assumptions for the 
propagation of the covariance matrix along time were done during the development of ARES v1.0, and 

they are mainly summarised on the consideration of a 10% of uncertainty in drag and solar radiation 
pressure forces, and other residual accelerations (i.e. additional uncertainty to account for unknown 
source of errors) up to a level of 10-11 km/s2). These assumptions leads to an evolution of uncertainties 

as presented in [Sánchez-Ortiz, 2004b]T.15. 

Next figures show a comparison of the old ARES covariances and the new TLE-based covariance data. 
The behaviour of the U and W components is quite similar in both cases. However, differences arise in 
the V component. While for LEOs the old V uncertainty was clearly overestimated, for GEOs the long-term 
behaviour was modelled accurately, while the short-term covariances were quite optimistic. 

 

Figure 21: Comparison of former ARES covariances and new TLE covariances (LEO orbits)  
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Figure 22: Comparison of former ARES covariances and new TLE covariances (GEO-type orbits)  

 

44..33..33..33..  SSttaattiissttiiccaall  CCSSMM  aaccccuurraaccyy    

44..33..33..33..11..  MMeetthhoodd  

Most CSMs provide covariance matrixes for both colliding objects, along with their state vectors, their 
radar cross sections, the creation time of the CSM, and the time of the close encounter. CSMs are issued 
at most 5 days before the close approach for LEO satellites, and 7 days before the event for GEO-type 

satellites. 

In order to obtain statistical data, the following procedure is performed on each CSM: 

1. Read the CSM and extract all relevant data for both colliding objects (if such data is available). 

2. Convert the given state vector into orbital elements. 

3. Based on the orbital elements of both objects and their radar cross section, decide which of the 
orbital groups described above fits each object. 

4. Compute the time to event. This is defined as the time between the CSM creation date and the 

foreseen close encounter. 

After all CSMs are processed, we compute, for each orbital group, the uncertainties in radial, along-track 
and cross-track (U, V and W) directions as a function of time to event. That is, the diagonal terms of the 
covariance matrix provided in the CSM, as a function of the time to event. Mean, maximum and minimum 
values for the uncertainties are then obtained. 

 

44..33..33..33..22..  AAvvaaiillaabbllee  DDaattaa  

Due to limited amount of available CSM data, the statistical analysis provides limited results, and some 

extrapolation afterwards shall be accounted to generalize the results. The number of CSM data for each 
orbital group is provided in next table, for small and large objects, respectively. 
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Table  3. Available CSM data 

Eccentricity  Perigee Altitude  i<30º 30º <i<60º 
60º 

<i<80º 
i>80º 

e < 0.1 

Hp<450 km 

    450 km Hp<600 km 

   

1+2 

600 km Hp<800 km 

 

1+2 26+9 30+105 

800 km Hp<25000 km 

    Hp>25000 km 0+22 

   

e >0.1 

Hp<450 km 

 

0+2 

  450 km Hp<600 km 

    600 km Hp<800 km 

    800 km Hp<25000 km 

    Hp>25000 km 

     

44..33..33..33..33..  RReessuullttss  

A complete analysis is done for the set of available CSM data, due to confidentiality reasons the resulting 
data cannot be provided. 

The analysis is based on handling CSM data provided by JSpOc trough space-track interface to ESA and 
DEIMOS. The provision of data is done in the basis on an agreement for using such data in the frame of 
operational collision avoidance activities. Additional agreements1 have been reached to use these data for 
the statistical analysis here reported. This agreement allows to handle the CSM data to derive the 
statistical analysis, the use of the analysis results into the methodology here described and the 
introduction of the resulting statistical results into the DRAMA/ARES tool. The publication of images 

showing the analysis results is out of the agreement and thus, here avoided. 

The agreement between JSpOc and ESA demonstrates the interest of these two institutions on the 
reported analysis and the use of the results in the analysis of impact of using the CSM for operational 
collision avoidance strategies. 

Contrary to the case of TLE, no figures on the position uncertainties as a function of time to event derived 

from CSM are reported. A number of CSM have been processed to derive such information, that will be 
used for further analysis, agreement with JSpOc allows to use the statistical information for the analysis 

but the derived data cannot be directly shown.  

For the sake of demonstration of the type of results obtained from the analysis, following figure shows 
the type of information resulting from the work. This figure shows the position error as a function of time. 
No values on the actual position error are provided due to confidentiality reasons. Data as this figure are 
obtained for different orbital regimes and object types, these data will be used for the analysis of close 
events characterisation to evaluate the capacity of reducing the risk over a mission. 

                                                

1 The space-track user agreement mandates that "The User agrees not to 

transfer any data or technical information received from this website, or 

other U.S. Government source, including the analysis of data, to any other 

entity without prior express approval." 
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Figure 23: Position Uncertainty in along-track direction as a function of time for CSM data of objects in one 
of the analysed groups. No information on position error dimension is provided due to confidentiality 

reasons. JSpOc (CSM provider) data cannot be published without prior authorisation. 

 

44..33..33..44..  CCoommppaarriissoonn  CCSSMM  aanndd  TTLLEE  uunncceerrttaaiittiieess  

As already explained, no actual value from the CSM analysis can be provided. Only derived results from 

the analysis over the impact on the whole lifetime can be shown. As a summary, only for the sake of 
comparison of the two types of catalogue data, it can be mentioned, that along-track errors one order of 
magnitude below the TLE ones can be found in the CSM data. For the out-of-plane and radial position 
error in CSM, they are about 5 times lower than the errors in TLE orbital information. 

Section 5.1provides information on the impact of the obtained accuracy into the capability of estimating 

the close encounters for a mission. Analysis for CSM and TLE data are reported in that section, so a 
comparison of the capabilities of both orbital data types can be estimated. 

 

44..44..  IImmppaacctt  ooff  SSppaacceeccrraafftt  GGeeoommeettrryy  

44..44..11..  LLiimmiittaattiioonnss  ooff  CCuurrrreenntt  AAllggoorriitthhmmss  ffoorr  CCoommpplleexx  GGeeoommeettrriieess  

As indicated in former section, common collision risk algorithms assume the two involved objects as 
spherical. This assumption allows to easily computing the collision volume projection as the circle of 
radius equal to the sum of the radius of the two objects. In order to safely evaluate the risk of an 
encounter with two noSEveral an-spherical objects, most operators consider the radius of the sphere that 
includes the complete volume of every object. In this way, it is ensured that any encounter involving the 

two objects will be identified by evaluating the complete sphere. The drawback of this approach is that 
some events reporting large collision risk may not be associated to real high risk events when considering 
the real shape of the objects (especially for those cases where the objects are very elongated). 

In order to prevent the large number of high risk events raised by the former approach, an equivalent 
circle can be used for collision risk integration. Such equivalent radius shall be computed to provide the 
same area as the projected collision volume of the two objects. Then, a method for actually computing 
the collision volume is needed. Additionally, this approach may be appropriate only if the combined 

covariance is significantly larger than the equivalent radius. 

When the geometrical components of satellites are given (plates, discs, spheres, ellipsoids, cylinders, 

cones, parallelepipeds) and when self shading is ignored [Chan, 2004]R.10 proposes the following approach: 
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to obtain the collision cross section of each component and convert it to an equivalent circle having the 

same area and the same centroid.  

In [Patera, 2001]R.26, Patera provides a method to calculate orbital collision probability without making any 
simplifying assumptions. A formulation was developed that reduces the two-dimensional integral to a 
one-dimensional integral involving only a simple exponential function in the integrand. Instead of 
integrating over an area, the integration can be done along the perimeter of the area, thereby reducing 
the number of evaluations of the integrand and increasing the computational speed. This formulation 

differs from all others in that there is no need to assume a spherical shape to the space objects. Space 
objects of highly irregular shape can be handled if defining the perimeter over which the integral is 
performed.  This author proposes a method to compute the collision volume by evaluating the vertices of 
the combined hard body by considering the shape of the primary object and considering the second one 

as spherical. According to the author, This adjustment results in a good approximation to the shape of 
the combined hard body, as long as the secondary object is smaller than the primary. For cases involving 
secondary objects significantly larger than the primary objects, one can assume both objects spherically 

symmetric to simplify the calculation without much loss of accuracy.  

A method for the two objects as complex objects is then investigated as some room for improvement is 
found. 

 

44..44..22..  DDeeffiinniittiioonn  ooff  aa  nneeww  aallggoorriitthhmm  ffoorr  ccoommpplleexx  ggeeoommeettrriieess  

All algorithms described in previous sections deal with the problem of collision risk assuming spherical 

objects. This assumption may work fine if the size of the satellite is much smaller than the standard 
deviation of the position uncertainty and it shows approximately the same area for any attitude, as the 
collision risk will depend on the total area exposed and not to the precise shape of the objects. 

As the orbit determination algorithms and the surveillance systems improve, this assumption may fail for 
some satellites. This situation can be solved using complex geometries definition, where a satellite can be 
defined by some other parameters than a sphere. 

In the context of this work, the problem of complex geometries is solved here by assuming a satellite 

made by several oriented boxes. Orientation of the whole object can be chosen arbitrarily. For the sake of 
simplicity, the developed software allows to define boxes oriented Radial/along-track/cross-track frame 
or with inertial-fixed attitude to a given direction. 

Each object is composed of a set of boxes. Each box can be defined with the following properties: 

 Offset from the centre, in local reference system. 

 Size of each side in the local reference system. 

 Orientation: a constant offset from the local reference system orientation, defined as an azimuth and 

elevation from the local horizontal-local vertical system. 

 Attitude: Each box may be aligned to the object’s reference system (plus offset) or sun-pointing (plus 
offset). 

Two objects defined this way are considered to be in collision if any box of the chaser intersects with any 
other box of the chaser, if Monte Carlo is executed. In the case of collision probability algorithm 
evaluation, it is needed to use a dedicated algorithm as described in section 4.1.2.3. 

The new algorithm addresses the computation of collision risk for the case of complex geometries by 
means of the computation of the collision volume accounting for the geometry of the two objects. While 
in the spherical case the hard-body object (collision volume) can be computed as another sphere whose 
radius is the sum of the radii of the two original spheres, in the complex case this hard body computation 
is more complicated. It is accomplished by assuming constant attitude and calculating the Minkowski sum 
[Minkowski, 2013]R.48 of the two objects, and then projecting it onto the encounter plane. Additionally, the 
collision volume shall be translated to the B-plane, by means of the projection of the vertices of such 

volume. The flowchart of the main algorithm is described in Annex D, with some information on particular 
algorithms in the following subsections. 
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The designed approach for collision risk evaluation in the case of complex geometries is simple to 

implement and quick to run so it is suitable for insertion into the algorithms for evaluation of low-relative 
velocity encounters. This is demonstrated in the following section. 

44..44..22..11..  MMiinnkkoowwsskkii  ssuumm  

To easily compute the Minkowski sum [Minkowski, 2013]R.48  of two complex objects, it is better to divide 
the objects in convex shapes and compute the sum by pairs, for all combinations and then reconstruct 
the final object. The flowchart of this algorithm is described in Annex D. The algorithm is based on the 

computation of  the Minkowski sum for every two boxes of the objects but only for the vertex points, 
without reconstructing or saving any information about the faces. The resulting sum will be also convex. 

Those points are then projected onto the encounter plane, and the contour (convex hull) that the points 
form is calculated. This convex hull is the contour of the projected Minkowski sum, represented convex 
closed irregular polygon. This polygon defines the collision volume, similar to the combined sphere used 
in the special case. The next step for the developed algorithm is to identify the points in the B-plane that 

are included within the polygon (shadowed), and those which are outside the polygon. 

44..44..22..22..  ZZ--bbuuffffeerr  CCoommppuuttaattiioonn  

The encounter plane is checked to evaluate which part of it is shadowed by the projected collision volume 
(complex geometry). This is a problem usually addressed in computer vision programs and games. In 
this thesis, it is decided to use the philosophy of the Z-buffer algorithm [Z-Buffer, 2013]R.49 used in 
computer vision system within the collision risk frame. Z-buffer refers to the evaluation of the Z value of 

a 3D object, being Z de direction perpendicular to the point of view. In order to compute that, without 
the aid of graphical representation and visual-tools, the approach designed in this thesis is based on the 
evaluation of points in a plane belonging to a polygon. For the sake of the projected area evaluation, the 

actual Z value is not needed. It is only required to know if the point is shadowed by part of the object. 

The encounter plane is discretized and sampled. A z-buffer grid  is constructed where every cell of the 
grid is a true/false indicator of the “shadow” of the hard body onto the encounter plane. Every grid 
contains a small amount of contribution of the collision risk and the last step is to compute the risk 

associated to every shadowed grid and sum them up. 

 

Figure  24. Representation of Encounter plane with the projection of the boxes forming the collision volume 
(one satellite built by three boxes, and the other based on a unique box), the related contour for the case of 

two satellites and the Z-buffer evaluation. 

 

Only cells not previously shadowed (by other box) by other polygon are checked by means of a fast 
point-in-polygon algorithm. These steps are repeated for every box-box pair of the complex objects, and 
the resulting z-buffer grid is evaluated to calculate the collision risk. This approach solves the problem of 

self-shadowing effects and the impact on the evaluated risk. 
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In order to do that, it is possible to use Alfriend & Akella or Patera methods on each cell. It can be easily 

done by replacing every cell by an equivalent circle in the encounter plane and applying a collision risk 
method to them. The final sum provides the total collision risk.  

44..44..22..33..  EEvvaalluuaattiioonn  ooff  aa  ppooiinntt  bbeelloonnggiinngg  ttoo  aa  22DD  ppoollyyggoonn  

The point-in-polygon evaluation (required for the Z-buffer computation) is done by an algorithm based on 
the following steps: 

 A point (center of each cell in the B-plane) is checked against the vertices of the convex shape 

 The angle formed by the point and two consecutive points in the shape are evaluated, this is done 

for every pair of consecutive points. 

 The sum of all the formerly computed angles is computed 

 In case the sum is 2π, the point is considered to be into the shadow polygon, otherwise, it is out. 

 If the point is considered to be within the polygon, then the cell is considered to be shadowed by 
the projected collision volume. 

 

44..44..33..  EEvvaalluuaattiioonn  ooff  tthhee  ccrreeaatteedd  aallggoorriitthhmm  ffoorr  ddiiffffeerreenntt  eennccoouunntteerr  ccaasseess  

In order to identify when the use of an algorithm considering the real geometry of the objects is needed, 
several cases are executed. The algorithm described in previous section and created during this thesis 
work is used for this evaluation. These cases are defined by a conjunction geometry that can be easily 

analysed and interpreted. 

Parameters like orbital accuracy, relative position and geometry are analysed and the resulting cases are 
compared with the results from the use of an algorithm based on the spherical assumption. 

44..44..33..11..  AAnnaallyyssiiss  ffoorr  ddiiffffeerreenntt  oorrbbiittaall  aaccccuurraaccyy  vvaalluueess  

We investigate first the impact of the orbital accuracy. An head-on event between two objects defined by 
boxes is defined. The relative velocity of the two objects is 15 km/s and the miss vector is defined at 20 
m, well outside the equivalent circumference (9.3 m radius) computed by considering the same area than 
that of the projected collision volume. 

First object is composed by three boxes, whereas the second object is defined by a unique box. Figure  

25 provides the geometry of the two objects at the time of close approach. The shape of the first object 
is not reflecting a real satellite. On the contrary, it is defined on purpose to demonstrate the capabilities 
of the defined algorithm and evaluate its performances. For that, large surfaces, far from spherical 

assumption are defined, with large gaps in between the boxes, are used. Second object is located within 
one of the boxes forming the first object at the time of closest approach.  

Following figures provide some graphical representation of this head-on encounter of two satellites. 
Geometry of the encounter is shown in Figure  25. Dashed line indicates the equivalent cross-section area 

assuming spherical geometry whereas the green circle is the nominal encounter point. 
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Figure  25. Example Encounter geometry (left figure) and B-plane representation (right figure) 

 

Different orbital accuracy levels have been defined to evaluate the estimation of the risk for every 
different case. Three different cases are here depicted: 

 Very good accuracy, spherical combined covariance at the level of 10-10 km2 (1 cm position 

accuracy) 

 Good accuracy, spherical combined covariance at the level of 10-6 km2 (1 m position accuracy) 

 Normal accuracy, spherical combined covariance at the level of 10-2 km2 (100 m position 

accuracy) 

These cases are represented in Figure  26. Figure provides the probability density function, in the form of 
3D surface at the left part, and as curve levels in the right part. In the first case, the probability density 
function is almost null in all the B-plane (blue colour in right plot) but in the point of the nominal 
encounter (green point in the figure). At that point, the density function is 1. This indicates that we have 

100% chances of encountering second object at that point. 

In the case of 1 m orbital accuracy, the density function is still concentrated within the nominal point of 
collision but it is slightly spread out over the B-plane. In any case, the accuracy is so god, that the most 
significant contribution to the probability density function is still constrained within the projected collision 
volume.  

On the contrary, when the orbital accuracy degrades down to 100 m, the probability of finding the second 
object at the nominal position is lower than in the two other cases, ant the density function is completely 

spread out in the B-plane. If we integrate this function over the projected shape, large contribution of the 
density function will not be accounted as it is out of the integration surface. 

In addition to the cases presented in Figure  26, two more cases with degraded accuracy (on the order of 
km, and 10 km) are also analysed. Table 4 provides the resulting collision probability for these 
encounters computed with the algorithm suitable for complex geometries, and considering the spherical 
assumption (Alfriend & Akella, and Patera algorithms). Additionally, results from Monte Carlo analysisare 
also provided. 

The need of considering the actual objects geometry instead of assuming spherical case is very much 
dependent on the miss-distance and the values of the covariances of the orbital data.  

In the case of accurate orbital data (small covariance values, about 1 m, case C), the miss-encounter 

would be perfectly estimated with a high accuracy only considering the actual geometries of the objects. 
Otherwise, the integration of the risk along the spherical projection would provide a very low collision 
risk.. The computed collision probability with the complex-geometry algorithm here described is 0.9959, 
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whereas the collision risk computed by algorithms based on spherical assumptions is 1.49·10-14. Monte 

Carlo analysis of this case provides a collision probability equal to 1, demonstrating the need of 
considering the actual geometry of the objects for this particular case. 

In the case of larger uncertainties in the orbital position of the two objects (about 100 m, case B), the 
probability density function is spread across larger areas of the B-plane, providing very similar results 
when integrating the risk along the actual object geometries than integrating the risk along the 
equivalent circle (Figure  25). The computed risk is 2.14·10-3 for the two cases. Monte Carlo analysis 

offers the same result. In this case, with poorer accuracy, there is no need of using a compelx geometry 
algorithm. 

Similar results are obtained when degrading the accuracy down to 1 km position error. The two 
approaches provide similar results. In this case the Monte Carlo defined with 106 runs does not provide 

an accurate estimation of the collision risk. This is due to the very low associated risk, which would 
require a larger number of cases to be executed. 

 

Table 4. Results from Complex Geometry algorithm with different accuracy levels 

Case 
Covariance 

level 
Alfriend 
& Akella 

Patera 
Complex 

Algorithm 
MonteCarlo 
(runs: 106) 

A 0 2.16E-05 2.17E-05 2.15E-05 9.3E-06 

B -2 2.14E-03 2.15E-03 2.14E-03 2.15E-03 

C -6 1.48E-14 1.49E-14 0.9959 1 

D -10 0.00E+00 0.00E+00 0.9953 1 
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Figure  26. Probability density function in the B-plane for different accuracy levels of encounter defined in 
Figure  24. 
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44..44..33..22..  AAnnaallyyssiiss  ooff  eennccoouunntteerr  rreellaattiivvee  ppoossiittiioonn  

Formerly defined encounter is slightly modified to consider the effect of the differences in the encounter 
geometry. The nominal point of encounter is varied to consider different cases with nominal miss-
distances ranging from 0 m to 100 m. The encounter is defined at different directions. 

Three cases are depicted in Figure  27. Figure provides the density function in the B-plane for the case of 
accurate orbital position (order of 1 m) as it has been demonstrated in former section that this is the 
case where a complex geometry algorithm is required. 

Several cases are shown in Table  5, considering different position uncertainty levels. It can be seen that, 
for accurate position levels (m level, =O(-6)), the relative direction of the miss-encounter is relevant. For 
example, the case where the distance is 10 m, provides a different estimate of the collision risk when the 

encounter is defined in radial direction than in the case of cross-track direction. In the first case (case B) 
in Figure  27, the second object is at a position close to one of the big boxes of object 1, then the 
integration over the projected collision volume provides larger contribution (7.23·10-4) than the case of 

having the miss-encounter in the cross-track direction (6.73·10-10).  

If the position accuracy at the time of closest approach is worse, the effect of the relative position is not 
that important, as the probability density function is well distributed over the B-plane. In this case, 
considering the objects as spherical, with similar cross section would provide similar results.  

For the case of a really improved accuracy (centimeter level), the collision risk is null as the miss 
encounter is not a real collision, as it can be seen in plots B and C of Figure  27. In these two cases, a 
simple algorithm based on spherical assumption would provide a collision risk close to 1, as the miss 

encounter point is located within the equivalent cross-section circumference.  

Let’s analyse also the case of an encounter with null miss-distance: the two objects are at the same 
nominal position at the time of event. Due to the configuration of the first object (with very separated 

large boxes, and a small box in the center), it is needed to have a really good orbital accuracy 
(centimetre level) to identify the event with a risk of collision close to 1. Even for good accuracies (on the 
level of meters), the estimated risk is half that value, since the uncertainty of the orbits are on the same 
order of magnitude than the size of the boxes. In that case, a significant part of the density function lies 

out the integration contour, providing a lower collision risk. 

For the case of degraded accuracies (100 m level), the risk of collision is small (10-3) in spite of being a 
real collision. This indicates that low values of risk shall be considered for considering a risk event. Due to 
the poor orbital knowledge, the manoeuvring of an object shall be considered for events with risk well 
below the unit. The value of the risk over which a satellite is manoeuvred has to be selected upon the risk 
to be diminished and the false alerts a mission operator can accept. This approach is defined in section 

4.3.2.2. 
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Case Encounter Geometry Surface level for the  Probability Density 
Function over B-plane 

A 

 

 

 

 

 
 

B 

 

 

 

C 

  

Figure  27. Encounter Geometry and Probability density function in the B-plane for different encounter 
geometries. 

 

 

 

Table  5. Results from Complex Geometry algorithm with different encounter geometry and accuracy levels 
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Covariance 
level 

Miss distance in 
cross-track 

direction (m) 

Miss distance in 
Radial direction 

(m) 
Collision Risk 

-10 

0 0 0.99407 

0 0.5 0.99747 

0 1 0.99361 

0 5 0 

0 10 0 

0 100 0 

0.5 0 0.99686 

1 0 0.99652 

5 0 0 

10 0 0 

100 0 0 

-6 

0 0 0.50496 

0 0.5 0.48445 

0 1 0.42657 

0 5 4.7803E-003 

0 10 7.2322E-004 

0 100 0 

0.5 0 0.48404 

1 0 0.42598 

5 0 4.7768E-003 

10 0 6.7337E-010 

100 0 0 

-2 

 

0 0 2.12245E-003 

0 0.5 2.12409E-003 

0 1 2.12328E-003 

0 5 2.12975E-003 

0 10 2.13471E-003 

0 100 1.82065E-003 

0.5 0 2.12249E-003 

1 0 2.12242E-003 

5 0 2.12136E-003 

10 0 2.11783E-003 

100 0 1.66091E-003 
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44..44..33..33..  IImmppaacctt  aannggllee  iinnfflluueennccee  

One of the former cases, with second object at 10 m from the center of the first object is modified in 
regards to the impact angle. This is done by modifying the relative velocity angle, with impact on the B-
plane orientation, and then, on the projected cross-section. The collision risk varies from 1·10-2 to 5·10-4 
depending on the impact angle due to the changes of the cross-section size and relative position of the 
miss encounter point. Two cases are provided in Figure 28 to show the impact of the B-plane orientation 
on the area where integration is done. Plot in the left part of the figure shows a larger integration area 

close to the region where the density function has significant values, whereas the right plot shows a small 
area for integration close to that region. 

  

Figure 28. Probability density function in the B-plane for different impact angles 

 

44..44..44..  CCoommppaarriissoonn  wwiitthh  MMoonntteeCCaarrlloo  mmeetthhoodd  

This section demonstrates the capabilities of the developed algorithms for collision risk computation when 

complex geometries are involved in the event. Different cases of encounters with varying miss-distances, 
approaching geometries and position uncertainty values are considered.  

The event is related to the case of one main object formed by 5 boxes (a main satellite body, two solar 
panels and two joints between the main body and panels). The second object is a small simple box of 10 
cm size. Figure below provides the encounter configuration of the simulated cases. 

All the cases have been executed assuming different values of the uncertainty of the two objects position, 
resulting in combined accuracy (covariance) at the B-plane of the order of magnitude of 0.2 m 2 m, 20 m 

and 200 m. 

Each case has been executed with different algorithms:  

 The complex geometry algorithm defined in the thesis  

 The Monte Carlo approach suitable for complex geometries, in order to check the correctness of 
results of the developed algorithm. 

 The Alfriend and Akella’s algorithm for the case of same equivalent projected area in the B-plane  

 

The case of the complex geometry algorithm provides probability density functions over the B-plane, 
which are shown in dedicated Annex E. These figures are useful to understand the results provided by the 
different approaches executed. 
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Figure  29. Simulated cases for complex geometries. Left plots show events where the chaser impact in the 
left side of the target; right plots show events where the impact is below the target nominal position. 

Nominal miss-distances are 1m (first row), 2 m (second row) and 3 m (third row). 

 

The collision risk results for the case of impact in the left side of the target object are very similar among 
the three simulated miss-distance events. The risk computed for every case varies similarly with the 
uncertainty size. It can be seen how the risk associated to the case of miss-distance equal to 2 m, and 
very small uncertainty values (the event can be precisely estimated) is slightly larger than the case of 

miss-distance eual to 1 m (in spite of being this miss-distance lower) as the event occurs in one of the 
simulated joints between the main body and the solar pannel, and the density function spreads part of its 
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contribution out of the countour surface. It is important to note that in this case, the density function lies 

over two differet projected boxes. In particular, the higher density values takes place exactly over the 
projection of two boxes, and it can be seen that the resulting probability does not account for the 
integration over the two projections, but only one (shadowing effects are properly considered). Similarly, 
the case of miss-distance equal to 3 m has a significant part of the probability density function out of the 
integration surface. The resulting collision probability for this case is 0.57, and it can be seen that a 
approximately half of the relevant density function lies over the contour in the B-plane. 

The case where the nominal encounter point is below the target object does not correspond to an actual 
encounter. When the covariance is very small, this fact can be clearly identify. Only the case of miss-
distance equal to 1 m offers a relatively high collision risk of 1.9·10-2. For the rest of cases, the density 
function is almost null over the integration area. For larger uncertainty values, it can be seen that the 

density function provides significant contribution over the contour surface and thus the collission risk 
increases when the uncertainty is on the order of magnitude of the miss-distance. For larger 
uncertainties, the risk is similar for the three simulated miss-distances. 

 

Figure  30. Collision probability for the complex geometries cases, for different miss-distances as a function 
of the projected covariance value. Left plot represents the case where the impact occurs at the left side of 

the target object, right plot show the case where the impact occurs below the target object. 

 

 

In order to check the results provided by the algorithm defined in this thesis for the case of complex 
geometries, Monte Carlo runs for the presented cases have been executed. The results are provided 
below, showing a perfect match between the collision probability provided by the Monte Carlo and the 
probability computed by the algorithm. 
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Figure  31. Collision probability for the complex geometries cases (CG algorithm and Monte Carlo 
comparison), for different miss-distances as a function of the projected covariance value. Left plot 

represents the case where the impact occurs at the left side of the target object, right plot show the case 
where the impact occurs below the target object. 

 

Final comparison of results is related to the case of computing the risk as spherical objects projecting an 

equivalent area over the B-plane. For the case of encounter in the left side (always a true encounter), it 
can be seen that the case of 3m miss-distance is not properly considered for the very small uncertainty 
values. As encounter occurs out of the integration area (equivalent span equal to 3.2 m) and the density 
function is very much concentrated within the neighborhood of the encounter point, the computed risk is 

erroneously small for the case of equivalent area. For larger uncertainties, as the integration area is 
similar the risk is similar for the two applied algorithms. For smaller miss-distances, as the encounter 

occurs within the integration area, very small difference exists between the results of the two algorithms. 

Finally, when the encounter takes place below the target object, the equivalent integration area includes 
the encounter point for the case of miss-distance equal to 1 m, resulting on a wrong large collision 
probability. For the miss-distance equal to 2 m, the density function still contributes to the equivalent 
circular integration area, providing larger risk than that computed with the complex geometries algorithm 
(demonstrated correct thanks to the Monte Carlo executions). 

  

Figure  32. Collision probability for the complex geometries cases (CG algorithm and A&A for Equivalent Area 
comparison), for different miss-distances as a function of the projected covariance value. Left plot 

represents the case where the impact occurs at the left side of the target object, right plot show the case 
where the impact occurs below the target object. 

 

Regarding the Monte Carlo executions, the method described in section 4.1.2.4 for selection of number of 
runs has been used in former cases. Following figure provides a summary of the number of runs required 

for every execution, in order to get the desired 99% accuracy and 95% confidence interval. As it can be 
seen, the number of runs is very high for the collision probability values normally handled in satellite 
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operations. Due to the typical position uncertainty values of the catalogued objects (section 4.3.3), the 

accepted collision risk to take an avoidance maneuver is normally on the order of 10-4-10-5 
(recommended values for such threshold are provided in section 5.1). Thus, for normal operations, a 
large number of Monte Carlo shots would be required, which makes interesting to have a reliable 
algorithm to compute the risk in a more (run-time performance wise) effective approach. 

 

 

Figure  33. Number of Runs in Monte Carlo execution as a function of Collision Probability for 

 

 

44..55..  IImmppaacctt  ooff  RReellaattiivvee  VVeelloocciittyy  aanndd  EEnnccoouunntteerr  DDuurraattiioonn  ((LLooww  rreellaattiivvee  

vveelloocciittyy  ccaassee))  

44..55..11..  DDeeppeennddeenncciieess  PPrreeddiicctteedd  bbyy  CCuurrrreenntt  AAllggoorriitthhmmss  

The method presented in [Patera, 2001]R.26 provides exact solutions for cases involving linear relative 
motion. For cases involving non-linear relative motion, this method provides solutions differing by only a 
few percent from exact solutions. This accuracy is sufficient to quantify the collision risk. The problem is 
addressed by transforming to a scaled coordinate frame in which the combined error covariance matrix is 

symmetric in three dimensions. In the scaled frame the dimension parallel to the relative velocity vector 
decouples from the other two dimensions, thereby permitting inclusion of time-dependence in collision 
probability parameters. Thus, the method is valid for cases where the relative velocity varies through the 
encounter region. 
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Figure 34: Comparison of linear and non-linear probability for a linear relative motion ([Patera, 2003]R.27) 

 
 

  
Figure 35: On the left the relative trajectory for non-linear encounter and on the right the corresponding 

probability of collision (see ([Patera, 2003]R.27) 

[Patera, 2003]R.27 details a method to calculate the collision risk for a given period of time in case of non-
linear relative motion. The first steps of Patera’s method involve coordinate system transformation of the 
relative position, covariance matrices and the spherical volume that sweeps the collision probability 
region. It is in this transformed space where a 3-dimensional integral along the swept volume should be 
integrated to obtain the collision risk. 

The expression to obtain the collision risk is as follows: 

 
Where the limits of integration are defined by the volume swept out by the object in the encounter frame.  

The coordinate z in this new space represents the direction of motion, and it is convenient to transform 
the integral to cylindrical coordinates with the z axis aligned with the cylindrical axis, so the integral 
becomes 
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As this volume is very complicated, Patera proposes an alternative method to perform the integral. He 
splits the region in transversal slices in the z direction. Each slice is approximately cylindrical, and it is 
thin enough so the covariance matrices are almost constant in the velocity direction. This way, it is 
possible to perform the integral along the z axis in incremental steps. Each slice may have different size 
and orientation to the adjacent slices, but differences will be minor if slices are thin enough. Next figures 
show an example of these tubular regions, and how it can be sliced in cylindrical sections.  

 
Figure 36: Example of a tubular region. 

 
 

Figure 37: Tubular region divided in several slices. 
Gaps and overlaps are clearly visible. 

 

 

A slice can be integrated as 

 

where perim is the perimeter of the body in the encounter plane.  

For each slice, velocity and probability density remain constant. If it is assumed that the cylinder is 
infinite in length, then the problem is transformed to a linear-motion problem as seen previously, and the 
first term (bracketed) of PRI

 is equal to one, resulting in a cumulative collision probability of 

 

So PRI can be expressed as 

 

Both Δz and σ(1) are constant for each interval, but can vary among intervals.  

Probability risk for each interval can be obtained by dividing PRI by the time increments associated to Δz 
to obtain 

 
If the time increments are made sufficiently small, the rate Δz/Δt can be approximated with the velocity 
along the z axis, Vz, having 
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The collision probability associated to a time period can be obtained integrating the PRR expression from 
t1 to t2: 

 

that can be solved numerically using the slice method previously commented, and the integral is 
transformed in a sum of the different slices. 

In the developed software, the collision risk is computed as the sum of the risk at each slice, and this 
intermediate risk is computed by means of PRR, where PRc is computed as in the case of high-speed 
encounter. 

The slicing approximation is valid in general, but there is a condition that should be met. When the tube 
is sliced, and each slice is approximated by a cylinder, there are some gaps and some overlapping in the 
adjacent cylinders. 

Overlap’s volume and gap’s volume are almost the same, and usually the overlap excess compensates for 
the gap defect. This is true as long as the probability density is approximately the same in the overlaps 
and in the gaps. If this condition is not met, there would be a net excess or defect that would not be 
compensated. Patera shows with numerical results that this approximation holds very well if the body 
resulting in the sum of both radii is smaller than the position-error ellipsoid. He says that the collision risk 
error would be about 2% if the body’s radius is 30% of the standard deviation of position uncertainty 
(r/σ=0.3), and about 6% if the radius is 50% of the standard deviation (r/σ=0.5). Figure 38 shows this 
effect as the r/σ varies. 

 
r/σ ratio 

Figure 38: Percent error of Patera's method as r/σ varies ([Patera, 2003]R.27). 

Special care should be taken if the collision region intersects itself during the sweep. If that is the case, 
the intersected volume would be accounted several times, giving a figure for the collision risk higher than 
the actual value. In that case, several approaches are available: 

 The optimal solution would be to identify and remove the overlapped region from the calculations. 
However this is a very complex problem and it is not the recommended approach. 

 It would possible to calculate the collision risk during a shorter period of time, to avoid the 
overlapping. 

 Finally, it is possible to ignore this particular problem altogether. In the worst-case scenario, it 
would mean that the given collision risk is higher than the actual value, so it is a simple and 
conservative approach. 

The number of slices needed to get accurate results is an open question. Patera shows in his simulations 
that about one hundred slices are needed to get an error lower than 1%. He suggests that the accuracy 
could be checked by running several times the method reducing the slice’s thickness in each run. This 

way it is possible to check when the algorithm converges to the final value. Figure 39 shows Patera’s own 
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graph about the convergence of his method as the number of slices increases, where values as low as 50 

slices produce a very good result.  

 

Figure 39: Convergence of the collision risk as the number of slices increases ([Patera, 2003]R.27). 

 

In the particular case of complex geometries, Patera’s method for the spherical case can be applied 
directly to an object made of boxes, by evaluating the risk at every slice with the algorithm suitable for 

complex geometries defined in former section 4.4.2.  

44..55..22..  AAnnaallyyssiiss  ooff  llooww  vveelloocciittyy  eennccoouunntteerr  aallggoorriitthhmmss  aanndd  ccoommppaarriissoonn  wwiitthh  MMoonnttee  

CCaarrlloo  mmeetthhoodd  

The algorithm described by Patera [Patera, 2003]R.27 has been implemented and tested during this thesis 
work for a variety of cases, varying the relative velocity, the collision volume over the B-plane and the 

projected covariance onto that plane. Relative velocities and uncertainty cases are summarized in next 
figure. The radius of the collision volume for the different cases has been set to 1, 2, 3, 5, 8, 14 and 20 
meters. All cases are defined to have an encounter with null miss-distance. 

As it can be seen from the left figure below, the relative duration of the miss-encounter largely varies as 
a function of the relative velocity. For extreme cases, where the relative velocity is very low, the 
encounter lasts for several hours with small distances.  

 

Figure 40: Summary of cases for testing the low relative velocity algorithms. Relative Velocity and 
Distance (left plot) and projected combined covariance onto B-plane (right plot) 

For those cases, the collision probability (resulting from the sum of scaled probability of every slice within 
the encounter duration) is computed (200 slices are used). Next figures show the cumulated collision risk 

together with the instantaneous collision risk rate for the different uncertainty values, relative velocity 

equal to 10-6 km/s and collision volume radius = 2 m (exemplary case only, other cases are presented in 
dedicated Annex F). It can be seen how the larger the uncertainty is, the longer the period over which 
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the probability cumulates to the collision risk. For the cases where the uncertainty is small (top left plot), 

the covariance ellipsoids only encounter close to the TCA, and the collision risk is similar to that of the 
instantaneous encounter. On the contrary, for the cases with large uncertainty (bottom right plot), the 
covariance ellipsoids overlap for a long period of time, and the probability of collisions along that time 
shall be considered for proper estimation of collision risk. Thus, the first conclusion from this analysis of 
the low velocity cases is that the low velocity algorithm applicability depends on the relative velocity of 
the two objects but also on the actual accuracy of the predicted positions. 

Additionally, the limitation of the algorithm described by [Patera, 2003]R.27 in regards to the relative size 
between the collision volume radius (R) and projected uncertainty  () is analysed. In the following, 

results for the relative velocity case about 10-6 km/s are presented. The rest set of cases are provided in 
dedicated Annex F. This algorithm is evaluated for a large number of cases. The resulting collision 

probability is compared with the risk encountered by means of a Monte Carlo method in order to 
characterize the behavior of the algorithm. Additionally, the maximum collision risk along the encounter 
is also evaluated. Summary of those results for the case of relative velocity about 10-6 km/s are reported 
in figure below.  For large R/ ratios, the instantaneous maximum collision probability is similar to the 

Monte Carlo result (considered as the reference truth) as the encounter can be represented as an 
instantanaeous event. For those cases, the risk computed by Patera’s low velocity method is equal to that 
of the instantaneous risk (which indicates that no low-velocity algorithm is needed).  On the contrary, for 
large uncertainties (small R/ ratio), the need of considering the cumulated risk along the encounter time 

is clear. This is again related to the fact that, the larger the uncertainty is, the application of low velocity 
algorithm becomes more relevant.  

It is demonstrated that the method described by Patera provides appropriate estimated collision risk 
values when compared with the Monte Carlo results. Due to the time required for Monte Carlo execution, 
only some selected cases are executed to evaluate the similarity between the risk computed by Patera’s 
method and that from the Monte Carlo execution. It can be clearly seen that the instantaneous collision 

probability differs from the  MonteCarlo results (considered as the reference truth) and that the solution 

offered by Patera’s low velocity method fits with that reference truth. Additionally, Monte Carlo solutions 
can always be used for ensuring correctness of the result when the method may fail (some divergences 
between algorithm and Monte Carlo results are found for very large sigma values). 
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Figure 41: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) and combined collision volume radius =2m (Relative 

Velocity E-6 km/s) 
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Figure 42: Collision Risk for different r/sigma ratios and Relative Velocities (maximum uncertainty in the 
B-plane used as sigma value) 

 

 

Figure 43: Collision Risk for different r/sigma ratios and Relative Velocities for collision volume radius 
equal to 1 m. 
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44..55..33..  LLooww  RReellaattiivvee  VVeelloocciittyy  EEnnccoouunntteerrss  iinnvvoollvviinngg  CCoommpplleexx  GGeeoommeettrriieess  

In order to evaluate how Patera’s method for low velocity encounters can handle with complex 
geometries cases, the method defined in this thesis and described in former section 4.4.2 for complex 
objects is implemented for the risk computation at every slice within Patera’s algorithm. The simplicity of 
Patera’s method and flexibility to include any collision risk computation method makes it suitable for 
integrating the complex geometry algorithms and low velocity encounters. Indeed this method for low 
velocity encounters is not limited to spherical objects [Patera, 2001]R.26. Although the description in that 

paper and the examples provided are related only to the simple geometry case, it is theoretically 
applicable to other cases. This applicability is here demonstrated with some examples. 

The complex geometry involved in the encounter is that used for the evaluation cases of former section 

(encounter geometry is provided in figures of second section within dedicated annex F). As an example, 
the probability density function at three instances of the encounter interval (initial, middle and final 
times) is shown in figure below, together with a representation of the covariance ellipsoids of the two 

objects). The presented case is related to the very low position uncertainty case (Case 1, with maximum 
uncertainty in the B-plane about 15 m). Other plots from additional cases are included in the annex. It 
can be seen how the probability density function evolves at different times within the encounter interval. 

The evolution of the cumulated collision risk along the duration of the encounter is similar to that of the 
spherical objects cases (see figure below) and the behaviour for different relative velocity values follows 
also similar patterns to that of the simple case. Additional data are provided in the dedicated Annex F. 

 

Figure 44: Collision Probability accumulated along encounter duration for the case of an encounter 
involving  complex geometries with different projected covariance onto the B-plane. 
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Figure 45: Probability Density onto the Bplane (left) and covariances of the two objects for  the low 
relative velocity encounter with complex geometries at initial (top), medium (middle) and final slice 

(bottom plot) along encounter interval. Uncertainty case 1 with maximum position uncertainty in the B-
plane of about 15 m 

 

 

Similarly to the case of spherical objects, when the encounter has a large uncertainty, the need of using 
a method like Patera’s one becomes more relevant, as it is needed to integrate the risk along the 
encounter interval. In those cases, the instantaneous collision risk differs from the Monte Carlo result 
(see figure below). 
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Figure 46: Collision Risk for different r/sigma ratios and Relative Velocities for collision volume associated 
to a complex geometry encounter (equivalent radius = 1.6 m). 

 

The limitations of the methodology defined by [Patera, 2003]R.27 are not considered relevant for 
preventing of using such algorithm for most common miss-encounter cases, and it is considered not 
needed to further investigate in improvements of this algorithm. 

Thus, during this thesis, it is not considered to evolve the method presented by Patera for low relative 
velocity encounters. It has been tested (though cross-checking against Montecarlo executions) for simple 
geometry objects, and for complex geometries, extending the implementation to account for the new 

algorithm defined in section  4.4.2. 
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55..  AAPPPPLLIICCAATTIIOONN  OOFF  TTHHEE  IIMMPPRROOVVEEDD  MMEETTHHOODDOOLLOOGGYY  AANNDD  

DDIISSCCUUSSSSIIOONN  OOFF  RREESSUULLTTSS  

This section is devoted to the application of the developed theories, described in former section, to some 
particular cases. 

First, in regards to the methodology for mission design (first objective of the thesis), three different 
cases are presented: 

 In the basis of the statistical analysis of catalogue accuracies presented in former sections, the 

encounter events and capability to reduce the risk along a satellite mission lifetime is analyzed. This 
analysis considers also the upgrade of the methodology to account for the case of maximum risk 
evaluation included during this thesis. Recommendations for optimum approaches for risk reduction 
are provided for different mission types.  This analysis is published in [Sánchez-Ortiz, 2015b]T.3. 

 A second analysis case makes use of the developed theory for an application case, which is not the 

intended use of the developed theory. Thanks to the new upgrade for considering only the 
catastrophic collision risk, the application of the algorithms can be used for driving requirements on 
surveillance systems allowing to reduce the catastrophic collision risk. These requirements are 
basically translated into two aspects, catalogue coverage and orbital accuracy. This analysis is 
published in [Sánchez-Ortiz, 2015a]T.2. 

 An additional application case of the theory presented in former section is presented for evaluation of 
the most promising objects as target for active debris removal mission, as a function of the 

cumulated catastrophic collision risk at different orbital regimes as computed by the developed 
theory. This analysis has been presented in international conference, [Dominguez-González, 2014]T.4. 

In regards to the second objective of the thesis, the development of improved methods for collision 
risk computation, a case for a complex geometry of a target object is presented. This case is based on 
a tethered satellite, where a dimension of the system is much larger than the others. No additional cases 
for the low velocity encounters are included in this application section. Several examples were included 
for the analysis of existing algorithm for both simple and complex geometries in low relative velocity 

encounters (section 4.5).  

55..11..  EExxppeecctteedd  EEnnccoouunntteerr  EEvveennttss  aanndd  CCaappaabbiilliittyy  ffoorr  RRiisskk  RReedduuccttiioonn  ffoorr  

CCuurrrreenntt  CCaattaalloogguueess    

Among the activities to be considered for mission design and fuel budget allocation, the approach for 
collision avoidance activities is addressed and may have a relevant impact on the mission service 

interruption and fuel budget allocation for some particular orbital regimes. As already mentioned, current 
operations for collision avoidance are based on Two-Line-Elements (TLE) orbital data provided by 
USSPACECOM (unique public catalogue of orbiting objects) or the data provided by the operational JSpOc 

service raising collision event warnings in the basis of the Conjunction Summary Message (CSM) data 
format. The most suitable approach for collision avoidance for a particular mission will be different if the 
operations are based on TLE or CSM data, mainly due to the knowledge of the orbital accuracy of those 
data sets. 

As already described above, the uncertainty associated to the miss distance is one of the most relevant 
aspects in the collision risk computation. Most of the algorithms computing collision risk approach the 

problem by translating the uncertainty of the orbits knowledge into the uncertainty of the miss distance. 
This determines the probability of having a real encounter by integrating this uncertainty into the 
projected collision volume of the two colliding objects. Therefore, it determines the operator capacity to 
identify risk events, discard false alerts and finally, avoid an eventual encounter. Manoeuvres are 
normally applied when the computed risk is larger than an Accepted Collision Probability Level (ACPL) for 
the mission. This ACPL value should be carefully defined considering the capabilities to reduce the risk 

(derived from the accuracy of the catalogues).  
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One of the main problems associated to the computation of the collision risk derives from the lack of 

knowledge on the orbital data accuracy. TLE catalogue is not very accurate, and additionally, it does not 
provide an estimation of the accuracy for each orbit. Several studies have evaluated the uncertainties of 
associated to the TLE catalogue [Kelso, 2007]R.19, [LaPorte]R.55, [Levit]R.56, [Flohrer, 2008]R.58, 
[Flohrer,2009]R.59. 

In this section, the resulting data from the statistical analysis of TLE and CSM described in section 4.3.3 
is used to evaluate the most appropriate avoidance manoeuvre approach for operational missions when 

basing the collision risk avoidance activities on TLE or CSM data. This analysis is published in [Sánchez-

Ortiz, 2015b]T.3. 

As the TLE data sets are lacking of orbital knowledge information, some operators are approaching the 
collision avoidance activities in the basis of the so-called maximum risk associated to an encounter 

(mainly based on miss distance and encounter geometry). The analysis below addresses the impact on 
number of avoidance manoeuvres to be executed along mission lifetime when using this approach when 
compared with an approach based on estimated accuracy of TLE data. This analysis is also presented in 

[Sánchez-Ortiz, 2015a]T.2. 

The analysis intends to define general rules for defining collision avoidance schemes, depending on the 
orbital regime and object size, by proposing adequate ACPL over which a manoeuvre should be executed 
to effectively reduce the risk of the mission. Analysis of the impact of the warning time-to-event in the 
decision to perform a manoeuvre on the collision avoidance approach is also discussed. Application cases 
include missions in the most populated LEO orbital regimes, but also MEO and GEO regimes.  

For this analysis, the formulation described along the document is used, making use of the information 

on orbital accuracy for TLE and CSM data (section 4.3.3.2 and 4.3.3.3 respectively) and the different 
manoeuvring criteria described above (section 4.3.2.2). All these algorithms and statistical data are used 
for the generation of the ESA ARES tool [Domínguez-González and Sánchez-Ortiz, 2012b]T.12 which is used in 

the simulations. 

55..11..11..  MMaannooeeuuvvrriinngg  CCrriitteerriiaa  

The criterion to manoeuvre may be based on a defined minimum distance threshold. If any object is 

estimated to pass closer than this distance threshold, a manoeuvre is planned. This approach does only 
require the knowledge of the two objects positions at the estimated time to encounter. As the accuracy of 
the orbital prediction is not considered, the estimation of the effectiveness of the avoidance criterion is 
difficult.   The threshold in the defined distance shall account for the typical uncertainties of the orbital 
information, so the threshold should be larger than the sum of the two expected position errors. 

On the contrary, accounting for the orbital uncertainties leads to the definition of manoeuvring criteria in 

the basis of the level of risk associated to an encounter that forces the spacecraft to perform a 
manoeuvre to diminish that risk. This level of risk is known as the Accepted Collision Probability Level 
(ACPL). Accounting for the risk over which an encounter event is to be avoided allows estimating the 
amount of risk that the operator aims to diminish. 

In the mission design phase, the approach shall not account for deterministic computation of object-to-
object encounters but on statistical considerations on population. 

Following figure shows the typical relationship between this ACPL value and the number of manoeuvres 

required for collision avoidance, and the associated residual risk (part of the collision risk that is not 
intended to be reduced). As it can be seen large ACPL values are associated to very low number of 
estimated encounters along a year of mission. This is caused by the lack of capability of assigning a high 
risk to an encounter due to the level of knowledge of the predicted orbits. As it can be seen from the 
figure, the larger the uncertainty (TLE uncertainties are normally larger than those associated to orbital 
information used for CSM), the lower the opportunities to predict large risk encounters. No warnings are 
raised for ACPL larger than 10-3 in the case of large uncertainties (TLE case), whereas some encounters 

could be predicted with that estimated collision risk if more accurate orbits are considered (CSM case). In 
any case, the number of warning would be very low, and the capability of effectively reduce the risk 
would be small, as it can be observed in the left axis of the plot. Only a small fraction of the risk would be 
removed. In order to significantly reduce the risk (let us consider reduction of risk about one order of 

magnitude with respect to the natural background risk, fractional residual risk equal to 0.1) smaller ACPL 
values shall be considered. The larger the uncertainty of the orbital data is, the smaller the recommended 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 89 Noelia Sánchez Ortiz 

 

ACPL value. Diminishing the ACPL down to very small values, in order to allow further reduction of risk is 

not always possible due to the enormous number of events that would be raised along a mission lifetime 
and the consequent fuel budget to be allocated for collision avoidance activities. 

 

Figure  47. Manoeuvre Rate and Fractional Residual Risk as a function of Accepted Collision Probability 
Level for a LEO mission in the Sun-Synchronous orbital Regime when using CSM and TLE data 

 

As already mentioned, as the uncertainty associated to the orbits of the catalogue may be unknown, and 
in order to provide a criteria based on collision probabilities instead of predicted miss distance, some 
operators consider the evaluation of the so-called maximum collision risk. A detailed analysis of the 

impact of using this maximum collision risk approach is provided for a mission in Sun-Synchronous orbital 
regime. The achievable risk reduction is similar in the two approaches at a cost of a very large number of 
manoeuvres or warnings when the maximum risk is considered.  

55..11..22..  AAnnaallyyssiiss  oonn  ddiiffffeerreenntt  oorrbbiittaall  rreeggiimmeess  

The analysed cases are related to three LEO orbits, a GEO and a MEO case. The three LEO case cover the 
two populated regimes at 800 (SSO like) and 1400 km altitude respectively and a low orbit at 400 km 

altitude (ISS like orbit). 

For any of the orbital regimes, collision avoidance analyses are considered in the basis of TLE and CSM 
approach. For the case of TLE (and due to the lack of knowledge of the accuracy of the orbital TLE data), 
the impact of using a realistic accuracy of the data sets or driving the manoeuvring criteria by the 
maximum collision likelihood is also addressed. 

The catalogue coverage is considered to be 10 cm for the LEO orbital regime and 100 cm for the GEO and 
MEO case. Analysis of improved catalogue in terms of catalogue coverage is provided in dedicated section 

5.1.3.2, to address the scalability of the conclusions for improved surveillance systems. In regards to the 
accuracy of future surveillance systems, analysis is reported in following section 5.2. 

All the analysed cases are based on the same satellite size with radius 2m. This assumption is considered 
in order to allow comparison of risk at different regimes. Analysis of the scalability of the conclusions for 

other satellite sizes is addressed in a dedicated section 5.1.3.1. 
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DISCOS data is used for analyzing the typical size of satellites at different orbital regimes. This analysis is 

constrained on payloads only. DISCOS data has been filtered to provide diameter for all Payloads. For the 
sake of clarity, diameter wise groups are presented in next figures. 

 

Figure 48. Averaged object diameter versus orbit altitude for different size groups for Payloads as 
extracted from DISCOS database (20/11/2012). Left plot reaches up to 50000 km, whereas right figure 

focus on the LEO altitudes 

Typical diameter ranges from 15 cm up to 10 m. A couple of cases can be found for objects larger than 

10 m diameter. For low altitudes, it can be seen that small payloads exist. This is not the case for higher 
altitudes. At GEO regime, the average diameter for smaller satellites is 70 cm (although the number is 
very small). For MEO, an average of 2 m is found for small objects. One 50 cm object at 17000 km 
altitude is found. 

The minimum object size found in DISCOS is about 10 cm derived from the limitation of the underlying 
TLE population. The number of objects at the different regimes and for different size types is also 
analyzed. For payloads, diameters larger than 1 m are dominant for GEO and MEO orbits, whereas for 

LEO regime, there is also a large number of smaller payloads. 

 

Figure 49. Number of objects versus orbit altitude for different size groups for Payloads as extracted from 
DISCOS database (20/11/2012). Left plot reaches up to 50000 km, whereas right figure focus on the LEO 

altitudes 

 

55..11..22..11..  SSuummmmaarryy  ooff  AAnnnnuuaall  CCoolllliissiioonn  RRaattee  aassssoocciiaatteedd  ttoo  eeaacchh  oorrbbiittaall  rreeggiimmee  

Following figure provides a comparison of the global collision risk at the different orbital regimes analyzed 
here below. The global risk is considered for all objects in the population model down to 1 cm diameter 

size. It can be clearly seen that Sun-synchronous regime cumulates the highest risk due to the large 
population in that region. The second high risk is at the 1400 km altitude, whereas the risk at ISS orbital 

altitude is about one order of magnitude lower than the second one. Non LEO orbits, like GEO and MEO 
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regimes have much lower collision risks. In particular, global risk at MEO is about 4 orders of magnitude 

lower than that at Sun-synchronous regime.  

As the analysis here presented is focused in the reduction of the risk for every mission, the provided plots 
along the document give fractional remaining risk, which is a relative risk over the natural and detected 
risk of the mission. There is no information on the absolute risk associated to every mission in the rest of 
the reported data. The absolute risk can somehow be derived from the number of events encountered by 
each mission.  

Additionally, the figure provides the amount of that risk that can be detected and then, eventually 
reduced if appropriate collision avoidance warning and maneuvering scheme is put in place. As already 
mentioned, two catalogue capabilities have been analysed in regards to the minimum size of catalogued 
objects (5cm and 10 cm diameters in LEO; 50 cm and 100 cm in high altitude regimes). It can be seen 

that there is a difference between the risk that can be detected for the two analysed catalogues in the 
LEO regime, but such a difference is not noticeable in the MEO and GEO cases. For the case of LEO, 
although there is a large part of risk that cannot be detected (that posed by the large amount of small 

debris), detecting down to 5cm objects allows to properly cover all objects that could be related to a 
catastrophic collision. Detailed analysis of the capability to reduce the risk of catastrophic collisions is 
reported in following section 5.2. 

 

Figure 50. and Detected Collision Risk for the different analysed orbital regimes 

 

55..11..22..22..  LLEEOO  aatt  880000  kkmm  aallttiittuuddee  ((SSSSOO  lliikkee  oorrbbiitt))  

The analysis of the most populated regime at about 800 km altitude, provides the following main 

conclusions in regards to eventual collision avoidance approaches for the TLE and CSM data sets. 

Typical ACPL 10-4 is not a suitable value for collision avoidance schemes based on TLE data. The risk 
reduction capacity is almost null. This is due to the large uncertainties associated to TLE data sets (even 
for short time-to-event values. Large uncertainties impact on encounter events with low collision 
probability due to the lack of knowledge of the real position of the two involved objects. 

For significant reduction of risk when using TLE data at reasonable time-to-event intervals, ACPL on the 

order of 10-6 (or lower) seems to be required. In those cases, a 90% of reduction of risk (fractional 
residual risk equal to 0.1) can be achieved when evaluating collisions one day ahead (about 10 warnings 

per year and mission). The reduction of risk is almost 90% when collisions are evaluated three days 
ahead but at a manoeuvre rate larger than 100 per year. Thus, the main conclusion from these results is 
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the lack of feasibility of TLE for a proper collision avoidance approach. In any case, pre-warning can be 

considered with TLE. As mentioned in former sections the use of Maximum risk algorithms leads to an 
even larger number of events. 

In case of defining the collision avoidance in the basis of CSM data, and due to the better accuracy of the 
orbital information when compared with TLE, ACPL on the order of 10-4 allows to significantly reduce the 
risk. This is true for events estimated up to 3 days ahead. Even 5 days ahead events can be considered, 
but ACPL values down to 10-5 should be considered in such case. 

Even larger prediction times can be considered (7 days) for risk reduction about 90%, at the cost of 
larger number of warnings up to 5 events per year, when 5 days prediction allows to keep the manoeuvre 
rate in 2 manoeuvres per year. Pre-warning can be considered with larger times (7 days). It has to be 
accounted that JSpOc policy on the prediction times consider normally up to 5 days timeframes for LEO 

missions. 

In the case of TLE-based collision avoidance approaches, it is sometimes considered the maximum risk 
associated to an estimated event geometry. This is caused by the lack of uncertainty information 

associated to the orbital data provided by TLE. In this case, the warning, or manouevring criteria is based 
on the use of a covariance matrix that maximises the risk associated to that geometry. This approach 
leads to a number of events which is much larger than that associated to the real uncertainties. As it can 
be seen from following figure, significant risk reductions are achievable but at the cost of a large number 
of manoeuvres. About ten events per month would be raised with this approach, no matter the prediction 
time considered (as the real covariance is not considered for evaluation of the risk). The reduction of risk 
would be equivalent to that obtained with the approach of considering the real error associated to the 

orbits. 
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Figure 51. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a LEO mission in Sun-Synchronous orbit (TLE based approach) 

 

Figure 52. Manoeuvre Rate and for different ACPL values and time-to-event values for the case of a LEO 
mission in Sun-Synchronous orbit (TLE based and maximum risk approach, left plot) and Manoeuvre rate 

and Residual Risk for the maximum collision risk and nominal risk for TLE based collision warning 
approach (right plot) 
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Figure 53. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a LEO mission in Sun-Synchronous orbit (CSM based approach) 

 

55..11..22..33..  LLEEOO  aatt  11440000  kkmm  aallttiittuuddee    

For this altitude band, and similar to the former SSO case, ACPL 10-4 is not a suitable value for collision 
avoidance schemes based on TLE data for an orbit at the second population peak in LEO. The risk 
reduction capacity is almost null. Risk reduction up to a 90% is achieved for ACPL on the order of 10-6 or 
lower. For a 3 days ahead warning, 90% of risk reduction is achieved with about 20 manoeuvres per 

year, being 50 manoeuvres if warning is raised five days in advance. 

For the case of CSM driven collision avoidance approaches, the risk reduction can be considered with 
ACPL between 10-4 and 10-5 (with warnings of  one up to three days) and ACPL on the level of 5·10-6 for 5 
days ahead collision evaluation. Larger prediction times provide small reduction of risk unless going to a 
very small ACPL value. 

 The number of annual warnings raised per mission for the different prediction times ranges from 1 case 

for a 10 years mission lifetime (prediction one day in advance) to one manoeuvre per year when the 

estimation is done five days in advance. 
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Figure 54. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a LEO mission in a 1400 km altitude orbit (CSM based approach) 

55..11..22..44..  LLEEOO  aatt  440000  kkmm  aallttiittuuddee  ((IISSSS  lliikkee  oorrbbiitt))  

Finally, for the low altitude in this presented study, the analysis provides results similar to former LEO 
missions, but with a lower number of manoeuvres due to small number of objects crossing these 
altitudes. Very small ACPL values are required when basing the collision avoidance approach on TLE, 
leading on large number of collision warning events for prediction times larger than one day. 

For the case of CSM-based avoidance schemes, prediction times up to 5 days can be considered with a 

short number of events. In this CSM case, for one day ahead events, ACPL of 10-4 allows an appropriate 
reduction of risk, with a very short number of events (one in ten years of mission). Behaviour in regards 
to risk reduction, prediction times feasibility and TLE vs. CSM approach is similar to that already reported 

for all LEO missions 

 

Figure 55. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a LEO mission in a 400 km altitude orbit (CSM based approach) 

55..11..22..55..  GGEEOO  ccaassee  

Dynamics of the GEO orbits is different to that in LEO, impacting on a lower increase of orbits uncertainty 

along time. It has to be considered anyway, that the uncertainties at short prediction times at this orbital 
regime are larger than those at LEO due to the differences in observation capabilities. Additionally, it has 
to be accounted that short prediction times feasible at LEO may not be appropriate for a GEO mission due 
to the orbital period being much larger at this regime. 

In the case of TLE data sets, significant reduction of risk is only achieved for small ACPL values, 
producing about a warning per year if warnings are raised one day in advance to the event (too short for 

any reaction to be considered). Suitable ACPL values would lay in between 5·10-8 and 10-7, well below the 
normal values used in current operations for most of the GEO missions. It is definitely clear that TLE-

based strategies for collision avoidance at this regime are not recommended. On the contrary, CSM data 
allows a good reduction of risk with ACPL in between 10-5 and 10-4 for short and medium prediction 
times. 10-5 is recommended for prediction times of five or seven days. Larger warning times would 
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require very small ACPL values. The number of events raised for a suitable warning time of seven days 

would be about one in a 10-year mission. It must be noted that these results are for a 2 m spacecraft. 

 

Figure 56. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a GEO mission (CSM based approach) 

 

55..11..22..66..  MMEEOO  ccaassee  

Missions at this altitude have a very different behaviour when compared to the former ones. The number 
of objects crossing this orbital regime is much lower than those at LEO or GEO. Then, the number of 

warnings raised for both TLE and CSM data sets is much lower. Then, the allocation of Delta-V budget 
required for collision avoidance manoeuvres would also be small. 

It has to be accounted, that a low number of events impact on the risk-reduction. This effect can be 
observed in figures showing the difficulty to reduce the risk unless very small ACPL values are 
considered. With this approach, the satellite is manoeuvred at almost any risk, in order to cumulate 
opportunities to reduce the overall risk. Thus, it may be considered that the residual risk criteria 
(diminish the risk over the mission by one order of magnitude) may not be adequate for defining the 

ACPL of a mission for cases where the annual collision rate is not large.  

For CSM data, and prediction times of 5 days, a constellation would encounter 1 event after cumulating 
1000 years of flight. Thus for a 30 satellite constellation, this would mean about a warning in 30 years of 
operations of the set of satellites,  Those events correspond to ACPL values on the order of 10-5. 

 

Figure 57. Manoeuvre Rate and Residual Risk for different ACPL values and time-to-event values for the 
case of a MEO mission in GNSS constellation type orbit (CSM based approach) 

55..11..33..  SSccaallaabbiilliittyy  ooff  tthhee  rreessuullttss  

Some additional simulation cases have been considered for evaluating how the former results can be 

translated to other missions in these regimes. The main aspects impacting on the number of events for a 
mission is the number of objects in the vicinity of the satellite and the size of the spacecraft. The larger 
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the satellite is, the higher the likeliness to encounter objects posing a risk of collision. Several satellites 

sizes will be considered for this comparison. 

In regards to the number of objects, the collision risk depends on the number of debris in the population, 
but the collisions that can be avoided depend on the number of objects that are catalogued, and thus, 
their orbits can be estimated. As the former analysis has addressed the impact of the number of objects 
as a function of the orbital regime, we address in this section the impact of an improved catalogue in 
regards to the number of catalogued objects (by improving the observable diameter of objects at 

different altitudes.  

All simulations in this section are related to two days prediction times. As it has been discussed before, 
the prediction time may be different for some orbital regimes, but a common value is considered to allow 
comparison of results. 

55..11..33..11..  IImmppaacctt  ooff  SSppaacceeccrraafftt  ssiizzee  

As already mentioned, the number of events encountered by a mission largely depends on the size of the 

satellite. Former analysis was executed for a 2 m radius size satellite. In this section, a small satellite 
(0.5 m radius), a medium 1 m and larger 5 m size cases are also considered. The objective of this 
analysis is to demonstrate that a risk reduction criterion imposes similar approaches for the 
recommended collision avoidance scheme. Figures for TLE Analysis are not reported as the results scale 
similarly for both TLE and CSM cases. 

 

 

Figure 58. Manoeuvre rate and fractional residual risk for different spacecraft sizes at LEO regime 

The obvious result from the analysis is related to the larger number of collision warnings associated to 
larger satellite sizes. Apart of that, it can be also observed that for larger objects, it seems that larger 

ACPL values allow reducing  the risk. This fact can be related to the larger global risk that can be easily 
achieved by addressing some high risk cases. On the contrary, for smaller objects the risk is only reduced 
by addressing even the low risk encounters. This is translated into an almost unique risk reduction – 
manoeuvre rate for all satellite sizes for the low risk cases. Due to similarities of the LEO cases, the 

figures for the 400km case are not included in the document.  
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55..11..33..22..  IImmppaacctt  ooff  CCaattaalloogguuee  CCoovveerraaggee  

This section is devoted to analysis the impact on the collision avoidance scheme to be put in place for 
different missions, when the catalogue coverage performance is improved in regards to the size of 
observed and catalogued objects, and then the number of eventual colliders that can be identified. 
Former analysis focus on catalogue of debris of about 10 cm diameter in LEO regime and 100 cm size in 
the high altitudes of MEO and GEO. Additional simulation cases are considered for a catalogue of objects 
down to 5 cm diameter in low orbits and 50 cm in high altitudes.  

No significant impact on number of events to reduce the risk when improving the cataloguing capacity 
(coverage-wise) in higher orbital regimes. If objects are catalogued down to 50 cm instead of the current 
1 m coverage, the number of warnings and risk reduction capacity are similar for GEO and MEO missions. 

This is mainly caused by the short number of small objects estimated to exist at those regimes. 

On the contrary, for the LEO orbits, the number of warning events is (roughly) multiplied by a factor of 
five. With this, even the CSM approach (at two days prediction time) imposes 5 manoeuvres per year for 

a mission at the very populated 800 km altitude, which would impact on fuel budget and mission 
interruption, but still could be addressed. 

 

 

 

Figure 59. Manoeuvre rate and fractional residual risk for different spacecraft sizes at MEO and GEO 
regime 
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Figure 60. Manoeuvre rate and residual risk for the case of SSO orbit with catalogues down to 5cm and 10 
cm diameter size, for TLE and CSM approach 

 

55..11..44..  CCoommppaarriissoonn  wwiitthh  rreeaall  wwaarrnniinngg  rraatteess  

Collision warning activities carried out by ESA for the missions operated in ESOC provide an extensive 
data set for comparison of the real warning rate and the predicted rates by ARES. Collision warning 
activities are done routinely by ESOC in the basis of the ESA tool CRASS, [CRASS]R.51. CRASS estimates 

the eventual encounters among operational spacecraft and objects in the TLE catalogue. The warning 
rates generated by CRASS for ENVISAT have been analysed and classified as a function of the associated 
collision risk in order to compare the results with those coming from ARES. The collision risk algorithm 

implemented in CRASS is the Alfriend&Akella’s one, so compatible with the approach implemented in 
ARES. Additionally, from April 2009 onwards, maximum risks are also computed by CRASS. The warning 
rates raised by Alfriend&Akella algorithm are analysed for years 2008, 2009 and 2010. For the case of 

warning rate raised by maximum collision risk, year 2010 is compared with ARES estimates. 

The warning rates analysed for ENVISAT are considered for events 1.5 and 2.5 days before the event. 
This data are compared with a mean 2 days before the event case in ARES. 

Following figures provide the comparison between the obtained predicted warning rate with ARES and the 
observed real rate. Indication of the risk reduction for the different ACPL is also provided. ARES 
prediction are executed in the basis of a catalogue of objects down to 5cm and 10 cm diameter size. At 
ENVISAT orbital regime, it is expected that most of the 5cm objects are included in the TLE catalogue, 

especially those coming from the recent break-ups. 5-cm diameter fragments coming from all 
fragmentations may not be included as it is not possible to track them back to their originator. As it can 
be observed from the figures, the predicted warning rate for 2008 and 2009 (assuming catalogued 
objects down to 10 cm diameter) fits very well with the real warning rate encountered along the 

operations of the satellite. For the case of year 2010, the real warning rate is more similar to the 
estimated rate in the basis of a 5 cm cut-off catalogue, which may be related to the recent 5-cm 
fragments being included in the catalogue. Regarding the maximum risk, the fit is also good, except for 

the case of  large ACPL values due to a limitation of the ARES software. In order to limit the run-time  
and RAM budget of the software, limitations are imposed to the number of steps in which some integrals 
are computed. This has an effect on extreme cases as the maximum collision risk one and with large 
ACPL values. The impact on real estimations is not considered important as normal ACPL for operations 
are well below 0.0005 where the difference in the results are more noticeable. 

From this analysis of the warning rate for ENVISAT, and accounting for the maneuvering decision criteria 

which was settled at 10-5 during the years analysed here we can conclude that the capability to reduce 
risk is good allowing a reduction of about 90% of the risk.  
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Figure 61. Collision Warning Rates predicted by ARES for years 2008 (left) and 2009 (right) with 
comparison with the real operational warning rate 

 

 

Figure 62. Collision Warning Rates predicted by ARES for year 2010 in the basis of Alfriend&Akella 
algorithm (left) and Maximum collision risk algorithm (right) with comparison with the real operational 

warning rate for both cases 

 

The number of manouvres for ENVISAT along these years has not been that large as indicated by these 
warning rates. First, the warning rates are considered about 2 days before the event, and some events 
are discarded at very late prediction times in order to reduce the fuel consumption  and service 
interruption associated to this type of manoeuvres. Additionally, CRASS (and so the ARES configuration 
for these cases) is run in a conservative approach considering the maximum span of  ENVISAT (26 m), 

leading to a very large number of warnings. For every encounter, additional analysis was done in order to 

estimate the real need of executing an avoidance manoeuvre. 

 

55..11..55..  CCoonncclluussiioonnss  

The work here reported shows the feasibility of analyzing the expected collision warning rates to be 

encountered by a mission along its mission lifetime. This expected warning, and eventually manoeuvre, 
rates shall be considered in the mission design and fuel budget calculation to ensure appropriate 
reduction of risk posed by the orbital debris to a satellite. The method here presented is compared with 
the encountered warning rates raised during several years of operations of ESA ENVISAT satellite. This 
comparison reports a good match, which allows validating the method described along the thesis, the 
statistical data used for the TLE and CSM data, also described in the document. Additionally, this good 
match between the simulations and the real data allow validating the conclusions for the ACPL selection 

approach presented in this section 5.1. 

For different orbital regimes, recommendations on the most suitable accepted collision probability levels 
(ACPL) are provided. These ACPL values are defined to significantly reduce the risk to the mission. The 
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risk reduction capability is very much dependent on the accuracy of the catalogue utilized to identify 

eventual collisions. Approaches based on CSM data are recommended against the TLE based approach. 
Some approaches based on the maximum risk associated to envisaged encounters are demonstrated to 
report a very large number of events, which makes the approach not suitable for operational activities. 

In summary, the following aspects can be recommended for selection of appropriate collision avoidance 
mitigation approaches: 

 As there is not a bounding regulation for avoidance manoeuvre criteria, the mission designers shall 

select the most appropriate value for each mission. Following aspects shall be considered for such 
selection. 

 Avoid using TLE data, in case no other data source is available, TLE data can be used for identification 

of possible miss-events, which should be confirmed through dedicated observation campaigns to 
improve the orbital accuracy down to a reliable level 

 Avoid using maximum risk criteria derived from the lack of knowledge of the uncertainty information 
(from TLE case). As recommended above, dedicated observations should be accomplished if an event 

is raised through a TLE-based approach, improving the orbital knowledge and providing the 
associated uncertainty. 

 In order to define the most appropriate collision avoidance approach, the mission designers shall: 

 Identify the desired risk reduction over the background population 

 Define the reaction time required to take a decision on manoeuvring as a function of operational 

constraints. It must be accounted that long reaction times may result in very small ACPL values 
and thus large number of unneeded manoeuvres. 

 Determine the average accuracy of the orbital data from the warning system for the selected 
reaction time 

 Evaluate the required ACPL for appropriate reduction of risk in the basis of the theory presented 

in section 4.3.2.2. 

 In case the resulting ACPL is very small, re evaluate the possibility of reducing the reaction time 
or the risk reduction. This is of particular importance for missions orbiting thorugh low populated 
regions. 

 

55..22..  EEvvaalluuaattiioonn  ooff  mmiinniimmuumm  ccoovveerraaggee  ssiizzee  aanndd  oorrbbiittaall  aaccccuurraaccyy  aatt  

ddiiffffeerreenntt  oorrbbiittaall  rreeggiimmeess  ffoorr  rreedduucciinngg  tthhee  ccaattaassttrroopphhiicc  ccoolllliissiioonn  rriisskk  

One of the purposes of a space surveillance system is to reduce the catastrophic collision risk to ensure 
the safety of the space activities. In particular, the future European SSA (Space Situational Awareness) 
system aims to reduce the catastrophic collision risk by one order of magnitude with respect to the 
background risk. This risk reduction depends both on the catalogue coverage and the quality of the 
orbital data in that catalogue. 

The definition of catastrophic collisions is that event with resulting energy-to-mass ratio (EMR) exceeding 
a certain level as described above. In order to check which are the requirements on the catalogue to be 

generated by an SSA system, the analysis below has been made, using the catastrophic collision 
constraint, and the theory presented in this thesis (section 4.3.2.2 and 4.3.2.3). 

Depending on the impact velocity, the size/mass of an object for a catastrophic collision will vary. A 
number of analyses have been done before. Many of them consider worst-case analysis accounting head-
on collision to estimate the encounter velocity. This has a large impact on the final required coverage at 
the different orbital regimes. Previous analyses have shown that, for LEO, under certain assumptions 

(namely, head-on collisions and constant densities for the debris population), 5 cm is the limiting size for 
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objects capable of causing catastrophic collisions in low orbital regimes. Others limit the catastrophic 

collisions at 7 cm.  

The analysis here presented shows a new approach for that analysis, with no assumption on the 
encounter geometry and debris density. Both aspects are obtained from a suitable population distribution 
and accounted in a statistical way. Catalogue performance in terms of accuracy of the propagated orbits 
and object coverage are imposed for different simulation cases. This analysis is published in [Sánchez-

Ortiz, 2015a]T.2. 

The density of the objects is obtained from MASTER population. The obtained distribution (figure below) 
shows the importance of avoiding imposing a constant density value for all objects, as it is commonly 
done. It can be seen than small objects show larger densities than large objects, which correctly indicates 
that small pieces may be considered solid spheres whereas large objects are cannot be considered solid 

spheres. Additionally, in some former analysis, constant mean densities for all type of objects have been 
considered (with aluminium density, 2700 kg/m3), which produce approximate results to the catastrophic 
collision limit.  

 

 

Figure 63. Density of objects in the MASTER population (for those crossing a particular orbit). 

 

55..22..11..  AAnnaallyysseedd  CCaasseess  aanndd  GGlloobbaall  RRiisskk  ffoorr  ddiiffffeerreenntt  oorrbbiittaall  rreeggiimmeess  

The analysed cases are related to three accuracy levels. The levels are proposed as feasible accuracy 
levels of an European SSA system. Accuracy levels used for the analysis have been selected in agreement 

with ESA recommendations. Catalogue coverage is varied for the different orbital regimes, to account for 
the different options of the combined (coverage-level & orbital accuracy) that allow reducing the risk. The 

larger the number of catalogued objects, the larger the risk reduction, since non-catalogued objects 
provide a risk that cannot be diminished. Comparison of the global risk and catastrophic risk is provided 
with a detailed analysis of the avoidance manoeuvres associated to the reduction of risk for catastrophic 
collisions. 

Table 6 provides the set of cases analysed and presented in this study, for different orbital regimes.  

 

Region Coverage Size Orbital Accuracy 

(radial, along-track, cross-track) 

LEO  3, 5, 8, 20 cm (40 m, 200 m, 100 m) 

(100 m, 500 m, 250 m) 

(200 m, 1000 m, 500 m) 
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Region Coverage Size Orbital Accuracy 

(radial, along-track, cross-track) 

MEO 20, 30, 50, 70 cm (100 m, 500 m, 250 m) 

(300 m, 1500 m, 750 m) 

(600 m, 3000 m, 1500 m) 

GEO 30, 50, 70, 100 cm 1500 m, 2500 m, and 3500 m 

(spherical ellipsoids) 

Table 6. Analysed cases for different orbital regimes 

All the analysed cases are based on the same satellite size with radius 2m. This assumption is considered 
in order to allow comparison of risk at different regimes. The justification of such value is provided in 

section 5.1 above. Considering this analysis, the results obtained for a fixed-size satellite reported in next 
sections of this analysis may be extrapolated for different missions. 

Regarding the mass of the analyzed spacecraft, playing a role in the definition of catastrophic collision 
condition, similar analysis with DISCOS data has been addressed. Figure 64 provides a summary of the 
masses of payloads. It can be seen that the larger amount of payloads is on the range of 500-100 kg in 
the LEO region, but with an important contribution of very small spacecrafts below 100 kg. For high 
altitudes, the satellites become more massive. 

For the catastrophic collision, the most constraining case (in regards to the mass/size of the objects in 
the population that can produce a collision of this type) is related to small payload mass. Considering the 
number of small and large objects, an average value of 300 Kg is obtained and used for the computation 

of the mission cases along this section. For the case of the mission in the MEO region, a 500 kg satellite 
is also analysed to consider the larger masses encountered in that regime. This is considered in order to 
avoid over-constraining the catastrophic collision condition at this altitude. Similarly, the case of a 500 kg 
satellite has also been considered in GEO regime. 

Figure 65 provides information on the natural catastrophic collision risk for every analysed case. It can be 
clearly seen that Sun-synchronous regime cumulates the highest risk due to the large population in that 
region. The second high risk is at the 1400 km altitude, whereas the risk at ISS orbital altitude is about 
one order of magnitude lower than the second one. This is true for the global and catastrophic collisions. 
Non LEO orbits, like GEO and MEO regimes have much lower collision risks. In particular, global risk at 
MEO is about 4 orders of magnitude lower than that at Sun-synchronous orbit.  

 
 

Figure 64. Number of objects versus orbit altitude for different mass groups for Payloads as extracted 
from DISCOS database (20/11/2012). Left plot reaches up to 50000 km, whereas right figure focus on the 

LEO altitudes 
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Figure 65. Global and Catastrophic Collision Risk for the different proposed orbital regimes 

 

 

 
 

Figure 66. Catastrophic Collision Risk and Detected 
Catastrophic Collision Risk for the LEO orbits 

Figure 67. Catastrophic Collision Risk and Detected 
Catastrophic Collision Risk for the MEO and GEO 

orbits 

 

55..22..22..  AAnnaallyyssiiss  oonn  ddiiffffeerreenntt  oorrbbiittaall  rreeggiimmeess  

55..22..22..11..  RReessuullttss  ffoorr  LLEEOO  oorrbbiitt  aatt  11440000  kkmm  aallttiittuuddee  

Catalogue coverage is indicated in the graphs (3 cm, 5 cm, 7 cm, 8 cm, 10 cm and 15 cm). No difference 
is observed between the 3cm and 5 cm cases (curves are overlapped for all catalogue accuracy cases). 

This is consistent with the finding of being the 5cm the worst case value for a catastrophic collision at 
that orbital regime, as indicated in former analysis, [Sánchez-Ortiz, 2012]R.39. It must be reminded that this 
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catastrophic collision limit is obtained for a 300 kg satellite, and lower diameter values could be 

associated to catastrophic collisions for smaller satellites. 

From Figure 68 related to the Fractional remaining risk (better accuracy case),  it is seen how the case of 
cataloguing all 5 cm objects allow the reduction of risk down to 0.1 (as requested by the SSA Customer 
Requirement Document, CRD). On the contrary, for the case of cataloguing objects down to 7 cm, only a 
80% of the risk is diminished. Cataloguing over 15 cm allows a reduction of only 30% of the catastrophic 
collision risk. 

The number of false alarms associated to this good accuracy case and 5 cm coverage is not very large, 
being less than one per year and recommended ACPL values of 10-5. For larger values of the orbit 
uncertainty, the risk can be reduced similarly (for 5cm catalogued objects) but the number of false alerts 
is larger (between 6 and 10 depending on the orbital accuracy). See Figure 69 and Figure 70 for similar 

results with degraded accuracy in the orbital data. 

55..22..22..22..  RReessuullttss  ffoorr  LLEEOO  oorrbbiitt  aatt  441188  kkmm  aallttiittuuddee  

A case was executed for an orbit similar to that of the International Space Station (ISS). It should be 
noticed that, although the orbit is that of the ISS, the cross section of the satellite is the same as all the 
cases in this study. This allows comparing the results for the different orbital regimes. Then, no direct 
conclusions on the risk over the ISS can be extracted from this analysis. 

In this orbital regime, opposite to the case of 1400 km altitude, cataloguing down to 7 cm objects may 
allow a reduction of one order of magnitude the catastrophic collision risk (Figure 71). This is true even 
for degraded accuracy values of the catalogue (Figure 72 and Figure 73). 90% of catastrophic risk 

reduction (fractional remaining risk equal to 0.1) can be achieved with less than 1 false alarm per year 
and recommended ACPL values between 10-4 and 10-5.  

  

Figure 68. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at 1400km altitude, 

for a catalogue accuracy about (40m, 200m, 100m) 

Figure 69. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at 1400km altitude, 

for a catalogue accuracy about (100m, 500m, 
250m) 
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Figure 70. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at 1400km altitude, 

for a catalogue accuracy about (200m, 1000m, 
500m) 

Figure 71. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at ISS altitude, for a 

catalogue accuracy about (40m, 200m, 100m) 

 

  

Figure 72. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at ISS altitude, for a 

catalogue accuracy about (100m, 500m, 250m) 

Figure 73. Fractional Remaining Risk as a function 
of false alarms for a LEO orbit at ISS altitude, for a 
catalogue accuracy about (200m, 1000m, 500m) 

 

 

55..22..22..33..  RReessuullttss  ffoorr  LLEEOO  oorrbbiitt  aatt  SSSSOO  oorrbbiitt  

A case simulating a typical 800 km Sun-Synchronous orbit has also been executed. Similarly to the case 
at 1400 km altitude, it is needed to catalogue small debris, down to 5 cm size to allow an important 

reduction of risk. The behaviour shown by the plots associated to this altitude (Figure 74, Figure 75 and 
Figure 76) is very similar to that shown in figures for the 1400 km altitude. This seems to be related to 
the similarity of the population distribution at those orbital regimes. There is an important difference 
among those cases. The number of false alarms at Sun-synchronous orbit is roughly 5 times that in the 
1400 km altitude. This is caused by the much larger population at the 800 km altitude. A second 
difference between the two cases is related to the role played by the very small particles, associated to 

some catastrophic collision risk, but at a very low level.  
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90% of catastrophic risk reduction can be achieved with about 2 false alarms per year and recommended 

ACPL values between  10-4  and 10-5 for the case of best accuracy of those analysed. Ten false alarms per 
year and mission would occur for degraded orbital accuracy. 

 

 

Figure 74. Fractional Remaining Risk as a function of false alarms for a LEO orbit at SSO altitude, for a 
catalogue accuracy about (40m, 200m, 100m) 

 

Figure 75. Fractional Remaining Risk as a function of false alarms for a LEO orbit at Sun-Synchronous 
altitude, for a catalogue accuracy about (100m, 500m, 250m) 
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Figure 76. Fractional Remaining Risk as a function of false alarms for a LEO orbit at Sun-Synchronous 
altitude, for a catalogue accuracy about (200m, 1000m, 500m) 

 

 

55..22..22..44..  RReessuullttss  ffoorr  MMEEOO  oorrbbiitt    

Similar results are here provided for MEO orbit. Catalogue coverage is indicated in plots (10 cm, 20 cm, 
30 cm, 40 cm, 50 cm, 70 cm and 100 cm).  

A 90% of catastrophic risk reduction can be hardly achieved by cataloguing objects down to 40 cm at this 

regime (current requirement at SSA CRD). Even smaller objects of 20 cm do not allow such risk 
reduction. It would be needed to go down to 10 cm to achieve the risk reduction. This is mainly caused 
by a very small risk at this type of orbit, making difficult to act over the risk. It has to be considered that 
spacecraft at this object regime are larger than the simulated 300 kg satellite (Figure 77 and Figure 79, 
with Upper plot corresponding to a very accurate covariance and bottom plot associated to the accuracy 
as per current requirement). Then the catastrophic collision risk is caused by larger objects. The analysis 
is kept for the same satellite mass to allow comparison with the other orbital regimes. Additionally, a 500 

kg satellite is also analysed (Figure 78 and Figure 80). Following figures provide results from a set of 
cases for these two missions at the MEO GNSS satellite regime with different covariance and coverage 

levels. 

 
Figure 77. Fractional remaining risk versus false alarms for a 300 kg satellite in the MEO regime. 
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Figure 78. Fractional remaining risk versus false alarms for a 500 kg satellite in the MEO regime.  

 

From Figure 78 and Figure 80, it can be seen how the 40 cm coverage imposed by the requirement 
allows reducing the risk down to a 10% for 500 kg satellites. The uncertainty does play a role, but not 
dramatically, then the less constraining case is considered sufficient for a reliable Space Surveillance and 
Tracking system. This case does not provide a large number of false alarms (Figure 81). Additionally, the 
accuracy that can be achieved by normal observational means at that orbital regime seems to indicate 
that good accuracies can be achieved (at the level of the two smaller errors analysed here). 

 
Figure 79. Fractional remaining risk versus false alarms for the MEO regime. Upper plot corresponds to a 

300 kg satellite (for comparison with the rest of regimes) and bottom plot to a 500 kg satellite. 

 
Figure 80. Fractional remaining risk versus ACPL for the MEO regime. Upper plot corresponds to a 300 kg 

satellite (for comparison with the rest of regimes) and bottom plot to a 500 kg satellite. 
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55..22..22..55..  RReessuullttss  ffoorr  GGEEOO  oorrbbiitt    

For the case of GEO regime, the coverage analysis is done for the same values than MEO case.  A 90% of 
catastrophic risk reduction can be achieved with less than 2 false alarms per year whit an accuracy of 
about 2.5 km for propagated orbits and catalogue covering objects larger than 100 cm. The ACPL value 
for that reduction has to be imposed between 10-7-10-6. This is caused by a short number of encounters 
which avoids reducing the risk very much if almost no encounters are considered. Then, it is needed to 
consider encounters with low risk to reduce the global risk. Smaller uncertainties (spherical 1.5 km) 

would allow a suitable risk reduction with one order of magnitude larger ACPL values. The averaged 
achievable accuracy at this regime shows that a better accuracy is possible, with better risk reduction 
capabilities even with ACPL as those recommended for LEO regime. 

For the case of this GEO mission, the difference of considering a satellite of 300 or 500 kg is not 
noticeable. 

 
Figure 81. Annual Manoeuvre rate versus ACPL for the MEO regime. Upper plot corresponds to a 300 kg 

satellite (for comparison with the rest of regimes) and bottom plot to a 500 kg satellite. 

 

This may mean that the catastrophic collision is related to debris pieces of a large size as already 
mentioned (suitable for the catastrophic collision of the two satellite sizes). It can be related to the lack 
of small objects at the GEO regime. 

For the 300 kg satellite, some differences are observed for very good coverage considered at this regime. 
This difference is not noticeable for the case of a 500 kg satellite, as the smallest debris are not related to 
catastrophic collision anymore. Figure 82 is associated to a 300 kg satellite. 

 

Figure 82. Fractional Remaining Risk as a function of false alarms for a GEO altitude, for catalogue 

spherical accuracy about 1.5km 
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55..22..33..  IImmppaacctt  ooff  ssaatteelllliittee  mmaassss  oonn  tthhee  ccaattaassttrroopphhiicc  ccoolllliissiioonn  lliimmiittiinngg  ssiizzee  

As the catastrophic collision condition depends on the mass of the analysed satellite mass, an analysis for 
lower masses than that considered in the former sections have been executed. This analysis evaluates 
the impact on the limiting size of objects to be catalogued to comply with the risk reduction requirement. 

A mass of 100 kg is considered, as assumed in former studies. As it can be seen from next figure, a 
catalogue down to 5 cm would not allow reducing the remaining risk down to a 10%. It is demonstrated 
that 4cm limit is then suit able for such reduction of risk with around five false alarms per year. 

 

Figure 83. Annual Manoeuvre rate versus ACPL for the SSO regime for different satellite masses. 

 

 

55..22..44..  GGlloobbaall  VVeerrssuuss  CCaattaassttrroopphhiicc  CCoolllliissiioonn  RRiisskk  

As already mentioned, the differences among global and catastrophic risk is important, especially in some 
orbital regimes as the case of MEO. 

In order to define the required V budget for collision avoidance when designing a mission, it may be 
considered that a minimum V budget covering the catastrophic risk should be accounted. This would 

allow reducing the risk of catastrophic collisions down to a minimum and reducing the over-population of 

space due to fragments coming from encounters. Although for keeping the risk low for mission purposes, 
the V budget should be that obtained from an analysis considering all types of collisions (at least those 

associated to lethal encounters that can produce a malfunctioning of the satellite or a loss of the 

mission).  

In the following, the results associated to the number of warning events raised for only catastrophic 
collisions and all type of collisions as a function of the catalogue coverage is shown. The accuracy 
selected for every case is that recommended from the former analysis to allow a reduction of 90% of the 
catastrophic collision risk. Then, the best accuracy for LEO case is considered (Figure 84, Figure 85, and 
Figure 86), the intermediate for the case of GEO (Figure 88) and the less accurate for the case of MEO 

mission (Figure 87). All the catalogue coverage cases are analysed. Two plots are normally reported, one 
with the manoeuvre rate for both type of encounters and other for only the catastrophic case. This is 
done to allow observing some catastrophic curves which may lie exactly below the global curve. This is 
not done for the case of GEO, where all the simulated cases (both catastrophic and global events) provide 
the same result. 

The number of manoeuvres or collision warning events is larger when considering all type of collisions 
than when considering catastrophic collisions only. For the case of LEO at 400 km altitude, it can be seen 
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from Figure 84 that for a catalogue covering 5 cm objects (covering most of the risk associated to 

catastrophic events), the number of manoeuvres is larger for the case of all events than for the case of 
catastrophic events (dotted green curve when compared with continuous green curve). It means that 
only a subset of the events involving 5 cm objects are considered catastrophic. The difference in the 
number of events becomes smaller for the two considered collision types for coverage limit increasing, 
reaching null difference for the case of 15 cm coverage. Thus, all 15 cm objects, no matter the encounter 
geometry are involved in a catastrophic collision at that regime.  

For the SSO case, it can be seen in Figure 85 how the 5 cm coverage (green curve) provides larger 
number of events for all type of encounters than for catastrophic encounters only. Thus, there are 
encounters with this size of objects that are not associated to catastrophic collision. For the case of 8 cm 
or larger objects, it seems that almost all the eventual encounters are catastrophic as there is almost no 

difference on the two associated curves. 

Similarly for the 1400 km altitude case, the 5 cm objects producing a catastrophic collisions are only a 
portion of all the 5 cm objects in the population (Figure 86). The number of warning and eventual 

manoeuvres would be larger than that associated for only catastrophic encounters. The number of events 
would be in any case less than 3 per year. Most of objects larger than 8 cm are associated to catastrophic 
collisions at this regime. 

 

Figure 84. Mitigation of global and catastrophic collision risk for the case of an ISS-like orbit 

 

 

Figure 85. Mitigation of global and catastrophic collision risk for the case of a LEO Sun-synchronous orbit 
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Figure 86. Mitigation of global and catastrophic collision risk for the case of an orbit at 1400 km altitude 
LEO 

 

In the case of MEO regime (Figure 87), all the simulated coverage levels provide similar results 
demonstrating that events involving a 20 cm object may result in a catastrophic collision (difference exist 
among the 20 and 30 cm case), but the number of objects of that size is low and then, the risk is not 
diminished a lot by going down in the coverage limit at that altitude. The number of events for all type of 
collisions and only catastrophic events is almost the same. 

GEO case shows that the results for all the curves are equal (Figure 88), showing not many objects below 

100 cm are considered in the MASTER population, as the number of manoeuvres (events)  is not 

increased when accounting for all type of collisions and not only the catastrophic ones. 

 

Figure 87. Comparison of mitigation of global and catastrophic collision risk for the case of a MEO orbit 
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Figure 88. Comparison of mitigation of global and catastrophic collision risk for the case of a GEO orbit 

 

55..22..55..  CCoonncclluussiioonnss    

The described theory for statistical computation of conjunctions to be encountered by an orbiting satellite 

and capability to reduce the risk, accounting for catastrophic collision considerations, allows identifying 
the risk associated to the catastrophic collisions only.  
 

Results are provided for different orbital regimes, concluding that 5cm are to be covered at LEO for 
diminishing the catastrophic collision risk by one order of magnitude. Among those 5 cm objects in the 
population, only a portion of the eventual encounters will be associated to a catastrophic collision. On the 
contrary, all objects over 15 cm will produce a catastrophic event in case of a collision. MEO and GEO 
regime can be safely covered down to 40 and 100 cm respectively to allow a 90% of reduction of the 
catastrophic collision risk. Going down to catalogue smaller objects does not allow to reduce the risk as 
the expected number of small objects is not large in this regime (for GEO) or do not play a role in the 

catastrophic condition (in MEO). 
 
The different collision risk levels at the different regimes are highlighted, with distinction on the global 
and catastrophic collision risk. It is shown how all LEO regimes have larger risk than GEO and MEO orbits. 

Among LEO cases, the Sun-synchronous orbit and the 1400 km altitude case are the most risky orbits. 
 
Regarding the orbital knowledge of the catalogues, very accurate information is required for objects in 

the LEO region in order to limit the number of false alarms, whereas intermediate orbital accuracy can be 
considered for higher orbital regimes.  
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55..33..  AApppplliiccaattiioonn  ttoo  eevvaalluuaattiioonn  ooff  CCoolllliissiioonn  RRiisskk  ttoo  aallll  TTLLEE  oobbjjeeccttss  aass  

ccrriitteerriiaa  ffoorr  sseelleeccttiioonn  ooff  ttaarrggeett  ooff  aann  AAccttiivvee  DDeebbrriiss  RReemmoovvaall  mmiissssiioonn  

The theory described above, and in particular the statistical evaluation of miss-events along mission 
lifetime for catastrophic collisions (section 4.3.2.2 and 4.3.2.3), which was initially foreseen for the 
estimation of required DeltaV for avoidance manoeuvre, has been also applied to the evaluation of 
requirements of an space surveillance and tracking system. Another application foreseen for this theory is 
described in the following. 

In a paper written by Domínguez-González and Sánchez-Ortiz, [Dominguez-González, 2014]T.4, the theory 
described above is used to identify the proper approach to the problem of choosing an adequate target 

for an Active Debris Removal (ADR) mission are studied. In order to select a candidate for active 
removal, the likelihood of a collision between the candidate and other population objects can be 
addressed as one factor for selection of the target object. In this study, we have computed the annual 
collision probabilities for the whole Two-Line Elements (TLE) catalogue, by means of the theory described 
above. 

An estimation of the mass and cross sections of all catalogue objects is used, based on the reported cross 
sections in the Celestrak catalogue [Kelso, 2010]R..20. Shortcoming on the assumptions of such mass and 

cross section estimation are well reported in [Dominguez-González, 2014]T.4.  

The collision probabilities against the whole population of objects larger than 1 cm are computed, as well 
as the collision probabilities against objects which are trackable with the current tracking systems, and 
large enough to cause a catastrophic collision (i.e., a collision involving a fragmentation event).  

The resulting collision probabilities are used to compute the cumulative risks as a function of altitude, 
inclination, and right ascension of the ascending node (RAAN). This way, the orbital regions which would 

benefit more from an ADR mission are identified. Risks faced by inactive (i.e. non-manoeuvrable) and 

active+ inactive objects are considered.  

For this analysis, the whole TLE catalogue was fetched at 31th March 2014. The initial orbital elements for 

each of the objects were extracted from the TLE, and the annual collision probabilities for each of the 
objects in the catalogue was computed. After that, objects from the TLE catalogue were sorted into 1o 

wide inclination bins, 100km wide altitude bins, and 1o wide RAAN bins. Inclinations larger than 90o where 
normalized, so all reported inclinations are between 0o and 90o. When an object has an inclination larger 
than 90o, its RAAN is also modified by 180o For eccentric orbits, a reference altitude was computed, by 

means of averaging the time spent by the object at different altitudes. Therefore, for low eccentricity 

orbits, the reference altitude is almost equal to the semi-major axis.  

Next figure (and following ones) was built by summing the probabilities of no collision in each inclination- 
altitude bin, considering:  

 iCPCP 1  (6) 

In this figure the following can be observed: 

 The largest risk of a collision happening in a year from the reference date is in the crowded 98o 

inclination Sun-synchronous region and the 70º inclination region. 

 In general, the largest risks are seen in the LEO region, due to the large number of objects and the 
resulting spatial density. 

 In the GEO region, the largest risks are seen near the zero inclination, with noticeable risks in more 
inclined regions.  

 In the MEO region, several clusters can be observed. 

 Covering altitudes between approximately 22000 and 29000 km, and inclinations between 60º 
and 75º are a large number of Molniya type satellites, together with rocket bodies and other 
elements related to them. It should be borne in mind that these satellites fly elliptic orbits. The 

plotted altitude corresponds to their reference altitude, as explained above. 
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 At approximately 19000 km altitude and 65o a cluster corresponding to GLONASS satellites can 
be observed  

 Similarly, at 20200 km altitude and 55º inclination active GPS satellites can be found. Disposed 
GPS satellites can be found at altitudes up to 1100 km over the active satellites. Aditionally, GPS 
block I satellites are at 20200 km altitude and 64º altitude. 

 
Figure 89. Annual collision probabilities with the whole population as a function of inclination and altitude 

 

Next figures focus on the LEO region. The Sun-synchronous region is easily identified as the obvious 
target, as the collision risks are the largest. If we take into account that active objects can perform 
avoidance manoeuvres, it is possible to consider only the unpreventable risk, thus obtaining the right 
figure below.  

 
Figure 90. Annual collision probabilities with the whole population as a function of inclination and altitude 

(LEO region) for all and inactive objects only 

 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 117 Noelia Sánchez Ortiz 

 

From these figures, it can be seen that: 

 The greater risks are in the 82º inclination 700-800 and 800-900 km altitude bands. It must be kept 
in mind that 98º inclination objects are included in these bands. Not only is this region densely 
populated, the fragments from the 2007 anti-satellite test are included in it. 

 The 86º-87º inclination, 700-800 km altitude region shows also a noticeable risk. This region includes 
the Iridium constellation, along with part of the IRIDIUM-33 debris resulting from the 2009 Iridium 
33-Cosmos 2251 collision. 

 The 74º-75º inclination, 700-800 km altitude region includes several COSMOS-tagged satellites, and 
the COSMOS-2251 debris resulting from the 2009 Iridium 33-Cosmos 2251 collision. 

 The 82º-83º inclination, 900-1000 km region includes several Cosmos-series satellites and associated 
rocket bodies, as well as fragments from several fragmentation events. Among them, the explosion of 
the battery of COSMOS 1275.  

 When considering only the risks faced by inactive objects (right figure above) we find that almost all 
the risk in non-common orbital regions is caused by old, inactive objects. Also, in the most populated 

zones, we find that a large part of the risk is faced by inactive objects. 

This approach can lead on a list of objects sorted by different criteria, that can support for example the 
selection of a target for ADR mission as it is described in detailed in the paper by Domínguez-González 
and Sánchez-Ortiz, [Dominguez-González, 2014]T.4. This can be based in the collision risk, or a combination 
of collision risk and mass considerations.  The mass has a definite influence on the computation of the 
EMR of potential collisions and the consequences of such collision events. 

55..44..  AApppplliiccaattiioonn  ooff  tthhee  ddeevveellooppeedd  aallggoorriitthhmm  ffoorr  CCoommpplleexx  GGeeoommeettrriieess  ttoo  

aa  TTeetthheerreedd  SSaatteelllliittee  

The complex geometry algorithms are recommended for collision risk computation when the geometry of 
the involved objects is not similar to that of a sphere. One particular case of interest is that of the 
tethered satellites. In this type of systems, a very large tether is attached to the main body of a satellite. 
This creates a complex structure which normally has a dimension much longer than the others. From 
[Peláez, 2004]R.61, a list of the flown tethered missions since 1996 to 2004 is obtained. This list is included 
in following figure. It can be observed that long tethers up to 20 km are used in some missions. 

 

Figure  91. List of the flown tethered missions since 1996 to 2004, from [Peláez, 2004]R.61 
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The analysis shown here is intended to demonstrate the need of considering collision risk algorithms not 

based on the spherical assumption. The applied algorithm is that defined in section 4.4.2 of this thesis. 
The relative dynamics of the tether with respect to the satellite is not considered, and the configured 
system does not intend to reflect any real case of a tethered system. 

The case of a satellite with a 10 km tether is simulated, in order to compute the collision risk for the case 
of an impact at different miss-distances. The configuration of the main satellite is provided in next figure. 
In the first case shown below, the chaser object impacts the main satellite at the nominal position (miss 

distance = 0km). A number of additional cases have been simulated, with the miss distance equal to 0, 
0.1, 0.5, 1, 10, and 15 km. In all these cases, the chaser object is located in nadir direction from the 
satellite. Then, for all cases, the chaser impacts the tether attached to the system. 

 

Figure  92. Simulated Satellite for the case of Analysis of Tether case. Left plot shows the main satellite, right 
plot shows the tether attached to it (be aware of the difference of axis scales) 

 

All the cases have been executed assuming different values of the uncertainty of the two objects position, 
resulting in combined accuracy (covariance) at the B-plane of the order of magnitude of 2 m, 200 m, 
2km and 20 km. 

Each case has been executed with different algorithms. The complex geometry algorithm defined in the 
thesis has been executed for two configurations: the main satellite with the attached tether, and the 
main satellite without the tether. Additionally, the simple Alfriend&Akella’s method for spherical objects 
has been executed. In this case, the configuration is chosen so the equivalent diameter of the cross-
section in the B-plane is equal to the one resulting from the tether case. This resulting diameter is 49 m. 

From next figure, when the complete tethered system is considered, the probability evolves similarly for 

all the analyzed miss-distances (between nominal center of the main satellite and the chaser) but for the 
case where the theoretical impact occurs out of the tether nominal position (15 km miss-distance). As the 

chaser object impacts the tether system, when applying the algorithm for complex geometries, similar 
collision probability is obtained for all the different distance values between nominal positions when the 
same uncertainty is considered. The probability diminishes for all cases as the uncertainty increases, as 
the chances that the chaser impacts the nominal position reduce when increasing the uncertainty of those 
nominal positions. The case of a 15 km miss-distance, which is not a real encounter, provides null 

probability for combined uncertainties in the B-Plane around 200 m and below. For larger uncertainties, a 
non-zero probability is provided, being this risk similar to the other miss distance cases. This is caused by 
the lack of reliability of risk estimation for objects position errors over 1 km. 
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Figure  93. Collision probability for the Tethered Satellite, for different miss-distances as a function of the 
projected covariance value. 

 

If the tether system is not considered for evaluation of collision risk, the resulting probabilities are similar 
to those from the former case for the miss-distance equal to 0. For the other cases, and when the 

position uncertainty is small, the collision probability is very low, as it is only evaluated over the main 
satellite, and not over the tether (where the actual collision occur). When the uncertainty is large (larger 
than the miss-distance) the collision probability is similar among all the cases. Still, the collision 
probability is below that from the completed tethered system. This fact demonstrates that the complete 

system shall be considered for reliable computation of collision risk in those tethered satellite systems. 

 

Figure  94. Collision probability for the Main Satellite, for different miss-distances as a function of the 
projected covariance value. 
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Figure  95. Collision probability for the Equivalent Sphere than the Tethered system, for different miss-
distances as a function of the projected covariance value. 

 

The complex geometry case with the complete tethered system provides an equivalent projected area of 

49 m span over the collision B-plane. Considering this diameter, and applying the spherical case 
algorithm defined by Alfrend&Akella, the resulting collision probability is only close to the actual risk for 
the case of very small miss-distance or for the case of large uncertainties (where the integral of the 
density function over the equivalent area result in similar probability than integrating over the actual 
area). For that case being true, it is needed that the miss distance is on the order of magnitude of the 

uncertainty value. 

In order to evaluate the risk by A&A algorithm as above, it is needed to know the projected area over the 
B-plane. For that, the Z-buffer algorithm developed in this thesis has been used. Even for those cases, 
with large uncertainties, where the spherical assumption may be acceptable, the developed algorithm is 
useful for the computation of such projected area. 

In the case the projected area cannot be computed, and for the safest configuration. All conjunctions 
over the sphere including the complete system should be considered. This would correspond to an 

enormous 20 km diameter sphere, resulting on a non-reliable collision risk computation approach. For 

those cases, it would be needed to estimate, instead of the collision risk, the miss-distance, and only in 
case of having an impact in the nadir direction; it would be required to analyze it further. This option is 
not recommended, especially due to the performances of the developed algorithm and the simplicity of its 
implementation. 

In the following, each miss distance case are shown for the three executed approaches. It can be 

observed that for the miss distance equal to 0, the collision risk reported by the complex geometry case 
does not reach 1. This is caused by the density function to be spread over a longer area than that used 
for integration.  
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Figure  96. Collision probability for tether system with different collision risk computation approaches, for 
different miss-distances as a function of the projected covariance value. 

 

It can be easily observed that the collision probability when considering only the main satellite (without 
the tether) is well below the collision risk of the complete system. Only in the case of the chaser 
nominally impacting the main satellite, this approach would result in adequate probabilities for the very 
accurate covariance cases (on the other of meters).  For more realistic cases (over 20 m), the results 
with this approach are not considered reliable. 

The case of equivalent area used for a simple algorithm is suitable when the position uncertainty values 

are large. It can be observed that, the larger the miss-distance is, the larger the position uncertainty is 
needed to get a collision probability equivalent to that from the complex approach. Additionally, as it has 
already been mentioned, this approach requires a method to compute the projected area, for which the 
developed Z-buffer algorithm can be considered. 

If we consider now an encounter which does not impact exactly at the tether, but 100 meters apart, we 
see that the collision risk evaluation is more useful than simple distance evaluation. Two simulated cases 
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are considered, with the nominal encounter 100 m and 500 m below the main satellite respectively 

(impacting the tether). Those cases are compared with equivalent cases but with an additional miss-
distance of 100 m, perpendicular to the tether direction. The combined uncertainty in the B-plane is 
200m. 

Table 7. Comparison of Miss-encounters for a tethered satellite 

Distance to Main 
Satellite (along 
tether direction) 

Distance to Main Satellite 
(perpendicular to tether 

direction) 

Collision Probability 
with Main Satellite Only 

Collision Probability 
with Satellite plus 

Tether 

100 m 0 m 3.4·10-6 2.43·10-4 

100 m 100 m 3.12·10-6 2.18·10-4 

500 m 0 m 3.07·10-7 3.48·10-4 

500 m 100 m 2.82·10-7 6.08·10-5 

 

The case of a miss-encounter out of the tether location provides similar risk to that of the impact 
occurring at the tether when the miss –distance in tether direction is equal to 100m. As the uncertainty is 
on the level of the miss-distance perpendicular to tether, there is a significant part of the risk integrated 
over the collision area for both cases. Additionally, the probability density function over the main satellite 

is also similar. In this particular case, it can be seen that, normal accepted collision probability levels (in 
between 10-5 and 10-4) would force on an avoidance manoeuvre for the case of considering the tether 
when integrating the risk (using complex geometries algorithms). 

In the case of 0.5 km distance to the main satellite in the tether direction, for both cases where the 
distance out of tether direction is null or 100m, the collision risk when considering only the satellite is 
very small, in spite of having a significant risk to collide with the tether. When considering the complex 
system composed by main satellite and tether, the estimated risk allows to trigger an avoidance 

manoeuvre. 
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66..  CCOONNCCLLUUSSIIOONNSS  

Two main aspects are addressed along this document. First one is the theory and aspects related to the 
estimation of the collision risk encountered along a satellite mission lifetime  and the capability to reduce 

that risk (first objective of the thesis). The second one is related to the collision risk computation 
algorithms required for different encounter geometries (second objective). 

In regards to the theory for statistical evaluation of collision risk along the mission lifetime (first 
objective of the thesis), the theory previously developed by this author [Sánchez-Ortiz, 2006]T.14,  and 
implemented in the ESA DRAMA ARES tool [Sánchez-Ortiz, 2004b]T.15, [Martin, 2004]R.12 has been extended to 

consider: 

 different collision risk estimation algorithms, like the maximum risk criteria, (section 4.1.1 presents 

the algorithm for maxim risk computation which is then used in the statistical approach defined in 
section 4.3.2.2)  

 and address the events of a particular energy to mass ratio (section 4.3.2.3).  

This last aspect has allowed to extend the use of this theory, initially envisaged for the mission design of 
satellite missions, and to apply it for deriving requirements of a future Space Surveillance and Tracking 
System (SST) which intends to support in the reduction of catastrophic collision risk 

Catastrophic collisions are those associated to a high energy to mass ratio. They normally release a large 
number of pieces, impacting on the space population density and, thus, on the risk of the satellites in the 
neighbourhood. A surveillance system shall allow mitigating the risk of such type of collisions in order to 
prevent the exponential increase of objects in space which would produce the so-called Kessler’s 
syndrome. The main requirement to be imposed to an SST system in this regard is the coverage, 

translated in the minimum size of objects properly catalogued to ensure that catastrophic collisions are 
properly identified. Coverage is normally limited by sensor (radar and telescopes) performances and it is 

translated onto a size-altitude limitation.  

In order to mitigate that risk, the system shall raise alerts that allow satellite operators to avoid the 
possible encounters, but shall also ensure a reduced number of false alerts. Otherwise, the reliability of 
the system is not appropriate and it would largely impact on the mission operations and the lifetime of 
the mission. The reliability is normally translated into a requirement on the accuracy of the orbital data 
generated by the system and how this accuracy can be ensured for forward propagation up to the 
predicted conjunction event dates. 

A systematic analysis of these two aspects (coverage and accuracy) is done for different orbital regimes  
in section 5.2. The analysis evaluates different requirements on these two issues for different 
configurations of the possible future European SST system. Main conclusions from this analysis 
recommend that 5cm objects are to be covered at LEO for diminishing the catastrophic collision risk by 

one order of magnitude when compared with the natural risk. Among those 5 cm objects in the 
population, only a portion of the eventual encounters will be associated to a catastrophic collision. On the 
contrary, all objects over 15 cm will produce a catastrophic event in case of a collision. MEO and GEO 

regime can be safely covered down to 40 and 100 cm respectively to allow a 90% of reduction of the 
catastrophic collision risk. Going down to catalogue smaller objects does not allow to reduce the risk as 
the expected number of small objects is not large in this regime (for GEO) or do not play a role in the 
catastrophic condition (in MEO). 

The different collision risk levels at the different regimes are highlighted, with distinction on the global 
and catastrophic collision risk. It is shown how all LEO regimes have larger risk than GEO and MEO orbits. 

Among LEO cases, the Sun-synchronous orbit and the 1400 km altitude case are the most risky orbits. 

Regarding the orbital knowledge of the catalogues, very accurate information is required for objects in 
the LEO region in order to limit the number of false alarms, whereas intermediate orbital accuracy can be 
considered for higher orbital regimes. The results of these investigations are published a peer-reviewed 
journal [Sánchez-Ortiz, 2015a]T.2. 

As already mentioned, the accuracy of the data set used for the collision avoidance strategies plays an 
important role on the capability to diminish the risk over the mission, the number of false alerts and thus, 
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the number of events to be encountered along the mission lifetime. Current data sets for such collision 

avoidance operations are limited to the TLE and CSM information. A detail analysis of the typical accuracy 
of these two data sets is presented (section 4.3.3). The analysis is done in a statistical way and made 
available through a public ESA tool implementing this theory.  

The TLE statistical analysis has been done by comparing TLE data with accurate known orbits and it 
shows that, as expected the most relevant growth of the orbital errors cumulate in along-track direction 
while increase in cross-track and radial components is constrained. The resulting errors are characterised 

orbit-wise as the performance of the error evolution is very different. This is caused by the different 
dynamics affecting different orbital regimes and the different sensors used for observing different 
altitudes (impacting on the derived accuracy in the orbit determination process). It has been observed 
that mean position error in Radial direction for the LEO objects is lower than 500 meters, with a slight 

dependency with propagation time. On the contrary, the radial error for the GEO satellites is about 2 km. 
On the contrary, mean position error in along-track direction has a strong dependency with time in both 
cases. For the case of LEO satellites, small errors of about 1 km for 1 day propagation times grow up to 

about 25 km when propagating 20 days. For the case of GEO satellites, it can be seen that the error size 
is much larger, starting at about 5-10 km for 1 day propagation times, and reaching about 100 km if 
propagation last about 20 days. Finally, for the cross-track direction (out of plane), the dependency with 
time is very small for the LEO cases and almost unnoticeable for the GEO case. Errors for the LEO case 
range from 200 meters up to 0.5 km, whereas the GEO case has errors about 5 km for the complete 20 
days period. 

The analysis for the CSM accuracy statistics is done in the basis of the reported accuracy of the orbits 

within the CSM data. It has been characterised as a function of orbital type and time-to-event. A 
complete analysis is done for a set of available CSM data, but, due to the CSM data policy in regards to 
confidentiality issues, the resulting data cannot be provided. CSM data is provided by JSpOc for the only 
use in the frame of operational collision avoidance activities. Additional agreements have been reached to 

use these data for the statistical analysis here reported. This agreement allows handling the CSM data to 
derive the statistical analysis, the use of the analysis results into the methodology here described and the 

introduction of the resulting statistical results into the DRAMA ARES tool. The publication of images 
showing the analysis results is out of the agreement and thus, avoided in this document. The agreement 
between JSpOc and ESA demonstrates the interest of these two institutions on the reported analysis and 
the use of the results in the analysis of impact of using the CSM for operational collision avoidance 
strategies. 

Comparison of the CSM and TLE capabilities in regards to the actual accuracy are not done directly in 
order to fulfill the CSM data policy. As a summary, it can be mentioned, that along-track errors one order 

of magnitude below the TLE ones can be found in the CSM data. For the out-of-plane and radial position 
error in CSM, they are about 5 times lower than the errors in TLE orbital information. Comparison of the 
two data sets is done by the capability of addressing the conjunction avoidance problem in the basis of 
their accuracy performances (section 5.1). 

This analysis shows the feasibility of analyzing the expected collision warning rates to be encountered by 

a mission along its mission lifetime. The method is also compared with the encountered warning rates 
raised during several years of operations of ESA ENVISAT satellite. This comparison reports a good 

match, which allows validating the method described along the thesis, and the statistical data used for 
the TLE and CSM data, also described in the document.  

For different orbital regimes, recommendations on the most suitable accepted collision probability levels 
(ACPL) are provided. These ACPL values are defined to significantly reduce the risk to the mission. The 
risk reduction capability is very much dependent on the accuracy of the catalogue utilized to identify 
eventual collisions. Approaches based on CSM data are recommended against the TLE based approach. 

Some approaches based on the maximum risk associated to envisaged encounters are demonstrated to 
report a very large number of events, which makes the approach not suitable for operational activities. 
Accepted Collision Probability Levels are recommended for the definition of the avoidance strategies for 
different mission types. 

A third application of this theory (and related to the update for accounting catastrophic collisions only) is 
presented in the document in section 5.3, and it relates to the analysis of the collision risk shown by all 

objects in current TLE catalogues to select objects with high risk for an Active Debris Removal target 

selection. From this analysis, it can be seen that the sun-synchronous orbital region is affected by the 
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higher risk together with the orbital regimes close to the debris resulting from the 2009 Iridium 33-

Cosmos 2251 collision and those coming from the explosion of the battery of COSMOS 1275. This 
analysis has been presented in [Dominguez-González, 2014]T.4. 

These aspects mentioned above fulfil the objective of improving the methodology for collision risk 
computation approaches along the mission lifetime of a satellite. As already  mentioned, the theory has 
been extended to allow different uses than that of mission design. Mentioned updates of the theory have 
been applied for upgrades of the new ESA DRAMA ARES tool [Domínguez-González and Sánchez-Ortiz, 

2012b]T.12, which is distributed by ESA to allow mission designers to allocate appropriate budget for 
collision avoidance activities and thus support the compliance of such missions to the ESA Space Debris 
Mitigation Guidelines. Additionally, the extension of the theory to distinguish different energy to mass 
ratio levels in the analysis has been used for defining the requirements to be imposed to the future ESA 

SST system. These two aspects show the relevance of the mentioned upgrades. The analysis of ESA SST 
requirements definition and the upgrade in regards to the energy to mass ratio limitation has been 
published in a peer-reviewed journal, [Sánchez-Ortiz, 2015a]T.2. This paper completes the initial 

publication made by this author [Sánchez-Ortiz, 2006]T.14, where the first implementation of the 
described theory was presented. The theory and tool has been presented in several international 
conferences, [Sánchez-Ortiz, 2014]T.6, [Gelhaus,2014]T.8 . The analysis of impact of TLE and CSM 
performances for defining most appropriate conjunction avoidance approaches has also been presented in 
several international conferences, Dycoss 2014 and IAC2013, and it is published in a peer-reviewed 
journal [Sánchez-Ortiz, 2015b]T.3. 

In relation to the second objective of the thesis, related to algorithms addressing the collision risk 

computation for particular encounter geometry cases, two different developments have been done 
to address the two main limitations of the risk estimation algorithms.  

Most of existing algorithms deal with the problem of collision risk assuming spherical objects. This 
assumption works fine if the size of the satellite is much smaller than the standard deviation of the 

position uncertainty and it shows approximately the same area for any attitude, as the collision risk will 
depend on the total area exposed and not to the precise shape of the objects. As the orbit determination 

algorithms and the surveillance systems improve, this assumption may fail for some satellites. This 
situation can be solved using complex geometries definition, where a satellite can be defined by some 
other parameters than a sphere.  

A new method that allows the consideration of complex geometries is presented in this document (section 
4.4.2)., and its applicability to some cases is reported (section 4.4.3)The method is based on addressing 
complex geometries by assuming a satellite made by several oriented boxes. A dedicated new algorithm 
to evaluate collision risk is derived. It is based on the computation of the collision volume accounting for 

the geometry of the two objects. While in the spherical case the hard-body object (collision volume) can 
be computed as another sphere whose radius is the sum of the radii of the two original spheres, in the 
complex case this hard body computation is more complicated. It is accomplished by assuming constant 
attitude and calculating the Minkowski sum of the two objects, and then projecting it onto the encounter 
plane. Additionally, the collision volume is translated to the B-plane, by means of the projection of the 

vertices of such volume.  

Demonstration of feasibility of this algorithm is done through Monte Carlo simulations (section 4.4.4). 

The Monte Carlo evaluation of the possible collisions between the two objects, where one of them is at 
least of complex geometry also require specific considerations handled along the document. An additional 
example case of its suitability is given for the analysis of the case of tethered satellites (section 5.4). 
From all these application cases, it can be seen that an algorithm accounting for the actual shape of the 
colliding objects may allow discarding encounter events which are not real conjunctions. This is 
particularly the case when the uncertainty associated to the objects positions is below the order of 

magnitude of the encounter miss distance and the size of the object in some direction.  

For spacecrafts that cannot be considered as spheres, the consideration of the real geometry of the 
objects may allow to discard events which are not real conjunctions, or estimate with larger reliability the 
risk associated to the event. This is of particular importance for the case of large spacecrafts as the 
uncertainty in positions of actual catalogues does not reach small values to make a difference for the 
case of objects below meter size. As the tracking systems improve and the orbits of catalogued objects 

are known more precisely, the importance of considering actual shapes of the objects will become more 

relevant.  
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Additionally, the second issue, related to the relative velocity of the objects involved in the encounter 

(section 4.5), common collision risk algorithms fail and adequate theories need to be applied when the 
relative velocity between objects is low. Algorithm presented in literature is analysed and found suitable 
for application for the most common encounter characteristics. Its performances are evaluated in order to 
characterise when it can be safely used for a large variety of encounter characteristics. In particular, it is 
found that the need of using dedicated algorithms depend on both the size of collision volume in the B-
plane and the miss-distance uncertainty. For large uncertainties, the need of such algorithms is more 

relevant as for small uncertainties the encounter duration where the covariance ellipsoids intersect is 
smaller. Additionally, its application for the case of complex satellite geometries is assessed, integrating 
the algorithm developed in this thesis into this low-relative velocity approach. The results of this analysis 
show that the algorithm can be easily extended for collision risk estimation process suitable for complex 
geometry objects.  

The two algorithms, together with the Monte Carlo method, have been implemented in the operational 
tool CORAM by ESA which is used for the evaluation of collision risk of ESA operated missions, [Sánchez-

Ortiz, 2013a]T.11. This fact shows the interest and relevance of the developed algorithms for improvement 
of satellite operations. The algorithms have been presented in several international conferences, 
[Sánchez-Ortiz, 2013b]T.9, [Pulido, 2014]T.7,[Grande-Olalla, 2013]T.10, [Pulido, 2014]T.5, [Sánchez-Ortiz, 2015c]T.1. 
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88..  AACCRROONNYYMMSS  

The acronyms and abbreviations used in this document are the following ones: 

Acronym Description 

ACPL Accepted Collision Probability Level 

AMMD Allowed Minimum Miss Distance 

ARES Assessment of Risk Event Statistics 

B-plane Plane perpendicular to the miss-encounter relative velocity vector 

CORAM Collision Risk and Avoidance Manoeuvres 

DISCOS Database and Information System Characterising Objects in Space 

DRAMA Debris Risk Assessment and Mitigation Analysis 

e Eccentricity 

ESA European Space Agency 

ESOC European Space Operation Center 

CSM Conjunction Summary Message 

GEO Geostationary Orbit 

hp Pericenter Height 

i Inclination 

LEO Low Earth Orbit 

JSpOC Joint Space Operation Center 

MC Monte Carlo 

MEO Medium Earth Orbit 

MRO Mission Related Object 

NEO Near Earth Object 

P/L Payload 

RAAN Right Ascension of Ascending Node 

R/B Rocket Body 

SGP Special General Perturbations 

SDP Special General Perturbations for Deep Space 

SSA Space Situational Awareness System 

SSO Sun-Synchronous Orbit 

SWE Space Weather  

SST Space Surveillance and Tracking 

TCA Time of Closest Approach 

TLE Two Line Elements 

USSPaceCom United States Space Command 
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AANNNNEEXX  AA::  DDIISSTTRRIIBBUUTTIIOONN  OOFF  OOBBJJEECCTTSS  IINN  LLEEOO  RREEGGIIOONN    

A detailed analysis of the most populated region (LEO) is summarised below with information on the 
number of objects for different orbits as obtained from DISCOS, in terms of altitude-inclination, RAAN-

inclination and altitude-eccentricity values. Bins with no color are associated to bins where no object is 
found. These maps show how some particular altitude-eccentricity regions are highly populated, and how 
these high-population regions vary as a function of the object type (as described above). 

Debris are mainly cumulated in the region within (600-900) pericenter altitude with eccentricities around 
(0.002-0.02). These debris pieces come mainly from the last explosions of objects in the past years. In 

particular it can be observed in figures 1, 2, 3, and 4 in the introduction section, how the debris at those 
altitudes are dominated by pieces coming from China, USSR/Russia and USA, which seems to indicate a 

relationship with the two main fragmentation events in the past (Fungyun FY-1C weather satellite 
intended explosion and Iridium 33- Kosmos 2251 rocket collision).  

Although Rocket Bodies can be found at different altitudes, always with low eccentricities the main 
contribution is located at (600-900) km altitude band and at 1400 km altitude.  Payloads are normally 
associated to low eccentricity orbits with two main altitude peaks at the (500-900) km and (1400) km 
altitude bands.  

  

  

Figure 5. Number of objects (in LEO regime) as a function of eccentricity and pericenter altitude for 
Payloads, Rocket Bodies, Mission Related Objects and Debris as extracted from DISCOS database (date 

03/07/2013) 

http://en.wikipedia.org/wiki/Fengyun
http://en.wikipedia.org/wiki/Kosmos_2251


 

Methodologies for Collision Risk Computation 

 

  

  

2015 139 Noelia Sánchez Ortiz 

 

Mission Related objects are cumulated in the regions where Rocket Bodies can be found and a peak is 

found at the 800 km pericenter band, related to the high density of payloads at that altitude. 

In regards to the Altitude-Inclination distribution, there is a clear Payloads population peak at Sun 
Synchronous region (500-900) km altitude with inclination in the (80-100) degrees band and the 1400 
km altitude with inclinations around (70-80). 

Rocket Bodies are also found at similar altitude-inclination bands. Mission Related objects are 
concentrated at the altitude and inclination band close to Sun Synchronous regime (SSO); Similarly for 

Debris. 

From these maps and former altitude-eccentricity plots, and considering the large number of debris 
(higher than the rest of object types), which are mainly located at the 500-900 km band, this region 

seems to be the most interesting regime for active debris removal to diminish the collision risk and 
eventual population increase as predicted by Kessler syndrome. 

  

  

Figure 6. Number of objects (in LEO regime) as a function of inclination and pericenter altitude for 
Payloads, Rocket Bodies, Mission Related Objects and Debris as extracted from DISCOS database (date 

03/07/2013) 

 

An analysis of the population distribution in the inclination-Right Ascension of Ascending node maps 

(orbital planes) is provided in next plots.  

As already mentioned, debris are mainly concentrated at the SSO regime (close to 98 degrees inclination) 

with large variety of RAAN values (not particular planes are observed). This variety of orbital planes, 
crossing close to the poles, largely contributes to the collision risk at that orbital regime. This inclination 
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corresponds in former plot for debris distribution in inclination vs. altitude, to perigee altitudes in 

between (500-800) km. This is currently the region in space with larger risk. 

Payloads provide a peak at 80 and 98 degrees inclination and different RAAN values.  

Mission Related objects show large variety of orbital planes, showing a maximum of 8 objects in a 
particular bin. High inclination orbits (80) are the most populated by this type of objects. Contrary to the 
case of Rocket Bodies, small MROs exist.  

Similarly, for the Rocket Bodies, which concentrate at the 80 degrees inclination and spread out at 

different planes. In spite of the large variety of orbital planes crossing, the risk derived from them seems 
to be lower than that from debris, since the number of objects is much lower (maximum 16 objects per 
bin, while there is a maximum of 200 objects per bin in the case of debris). In spite of the lower number 

of objects, it must be accounted that the R/B are normally large pieces which largely contribute to 
increase the collision risk.  

Considering the rocket bodies and debris distribution, the altitudes from 500 up to 900 km altitude is 
associated to higher collision risk. 

 

  

  

Figure 7. Number of objects (in LEO regime) as a function of inclination and RAAN for Payloads, Rocket 
Bodies, Mission Related Objects and Debris as extracted from DISCOS database (date 03/07/2013) 
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AANNNNEEXX  BB::  LLOOGGIICCAALL  AALLGGOORRIITTHHMM  FFOORR  CCOOMMPPUUTTAATTIIOONN  OOFF  

CCOONNJJUUNNCCTTIIOONN  EEVVEENNTTSS  SSTTAATTIISSTTIICCSS  ((AASS  PPEERR  AARREESS))  

This annex provides some details of the flowchart of the original ARES routines. The formulation 
described in [Sánchez-Ortiz, 2006]T.14, which is also briefly introduced in section 4.3.2.2 and 4.3.2.4. The 
main modifications with respect to this original version are listed in section 4.3.2.5, and they affect to the 
consideration of different values for TLE, CSM or even user-defined orbital uncertainties, the possibility of 

considering collision risk estimation in the basis of standard algorithms or maximum risk algorithms, and 
the consideration of catastrophic collision events only. All those modifications have allowed adapting the 

original formulation for providing the capability of analysing the aspects presented in section 5. 
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Figure 97. Main Ares Flowchart 
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Figure 98. B-plane_params Flowchart 
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Figure 99. Coll_prob_bplane Flowchart 
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Figure 100. Coll_prob_encounter Flowchart 
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Figure 101. Compute_href Flowchart 
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Figure 102. Compute_deltav Flowchart 
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Figure 103. Determ_Unc Flowchart 
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Figure 104. Manoeuvre_rate Flowchart 
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AANNNNEEXX  CC::  CCOOMMPPLLEETTEE  RREESSUULLTTSS  FFRROOMM  SSTTAATTIISSTTIICCAALL  

AANNAALLYYSSIISS  OOFF  TTLLEE  CCAATTAALLOOGGUUEE  

Following figures report the results from the statistical analysis done on the TLE data when comparing 
with accurate orbits, as explained in section 4.3.3.2. 
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Figure 105: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp1,i2 
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Figure 106: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp1,i4 
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Figure 107: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp2,i4 
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Figure 108: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp3,i2 
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Figure 109: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp3,i3 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 152 Noelia Sánchez Ortiz 

 

 

 

Figure 110: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp3,i4 
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Figure 111: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp4,i2 
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Figure 112: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp4,i3 
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Figure 113: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp4,i4 
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Figure 114: Position Uncertainty as a function of time for TLE data of large objects in group e1,hp5,i1 
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Figure 115: Position Uncertainty as a function of time for TLE data of small objects in group e1,hp2,i4 
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Figure 116: Position Uncertainty as a function of time for TLE data of small objects in group e1,hp3,i2 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 159 Noelia Sánchez Ortiz 

 

 

 

Figure 117: Position Uncertainty as a function of time for TLE data of small objects in group e1,hp3,i3 
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Figure 118: Position Uncertainty as a function of time for TLE data of small objects in group e1,hp3,i4 
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AANNNNEEXX  DD::  AALLGGOORRIITTHHMM  FFOORR  CCOOMMPPUUTTAATTIIOONN  OOFF  CCOOLLLLIISSIIOONN  

RRIISSKK  FFOORR  TTHHEE  CCAASSEE  OOFF  CCOOMMPPLLEEXX  GGEEOOMMEETTRRIIEESS  

This annex provides the flowchart for the developed algorithm for collision risk computation when 
complex geometries are considered. 

This algorithm computes the risk associated to complex geometries. First, it defines the boxes defining 
the objects or the sphere if secondary  object is not complex. Objects are then projected into the Bplane.             

Every box from the first object in the Bplane is summed (Minkowsky sum) with every box in the second 
object, and the associated contour is computed (by means of the Convex-hull algorithm).                                         

Then, the Bplane is divided into cells by calling appropriate function which provides information on the 
cells that are shadowed by any of the formerly mentioned polygons. The cumulated risk over all the 
shadowed cells is finally summed-up. In the case of a sphere as second object, the approach is identical, 
but the Minkowsky sum can be skipped to summed up the radius of the sphere to  each dimension of the 

boxes forming the first object. 
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Figure 119. Top Level Flowchart for Complex Geometry Algorithm 
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Figure 120. Minkwosky Sum Flowchart 
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AANNNNEEXX  EE::  PPRROOBBAABBIILLIITTYY  DDEENNSSIITTYY  FFUUNNCCTTIIOONN  OOVVEERR  TTHHEE  BB--

PPLLAANNEE  FFOORR  CCOOMMPPLLEEXX  GGEEOOMMEETTRRIIEESS  ((SSEECCTTIIOONN  44..44..44))  

The probability density function over the B-plane for the simulated cases presented in seciton 4.4.4 are 
shown below. 

  

  

  

Figure  121. Probability Density function over the B-plane for the complex geometries cases (combined 
uncertainty = 0.2 m). Left plots show events where the chaser impact in the left side of the target; right 

plots show events where the impact is below the target nominal position. Nominal miss-distances are 1m 
(first row), 2 m (second row) and 3 m (third row). 
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Figure  122. Probability Density function over the B-plane for the complex geometries cases (combined 
uncertainty = 2 m). Left plots show events where the chaser impact in the left side of the target; right 

plots show events where the impact is below the target nominal position. Nominal miss-distances are 1m 
(first row), 2 m (second row) and 3 m (third row). 
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Figure  123. Probability Density function over the B-plane for the complex geometries cases (combined 
uncertainty = 20 m). Left plots show events where the chaser impact in the left side of the target; right 

plots show events where the impact is below the target nominal position. Nominal miss-distances are 1m 
(first row), 2 m (second row) and 3 m (third row). 
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Figure  124. Probability Density function over the B-plane for the complex geometries cases (combined 
uncertainty = 200 m). Left plots show events where the chaser impact in the left side of the target; right 

plots show events where the impact is below the target nominal position. Nominal miss-distances are 1m 
(first row), 2 m (second row) and 3 m (third row). 
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AANNNNEEXX  FF::  AAUUXXIILLIIAARRYY  DDAATTAA  RREESSUULLTTSS  FFOORR  TTHHEE  CCAASSEESS  OOFF  

LLOOWW  RREELLAATTIIVVEE  VVEELLOOCCIITTYY  EENNCCOOUUNNTTEERRSS  PPRREESSEENNTTEEDD  IINN  

SSEECCTTIIOONNSS  44..55..22  AANNDD  44..55..33  

LLooww  rreellaattiivvee  vveelloocciittyy  eennccoouunntteerrss  aanndd  ssiimmppllee  ggeeoommeettrryy  CCaassee  ((rreellaattiivvee  

vveelloocciittyy  11EE--66  kkmm))  

This section provides additional data results from the low relative velocity encounters presented in 

section 4.5.2. 

 

 

Figure 125: Collision Risk for different r/sigma ratios and Relative Velocities 
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Figure 126: Collision Risk for different r/sigma ratios and Relative Velocities (R1) 
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Figure 127: Collision Risk for different r/sigma ratios and Relative Velocities (R2) 
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Figure 128: Collision Risk for different r/sigma ratios and Relative Velocities (R3) 
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Figure 129: Collision Risk for different r/sigma ratios and Relative Velocities (R4) 
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Figure 130: Collision Risk for different r/sigma ratios and Relative Velocities (R5) 
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Figure 131: Collision Risk for different r/sigma ratios and Relative Velocities (R6) 
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Figure 132: Collision Risk for different r/sigma ratios and Relative Velocities (R7) 
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Figure 133: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) and combined collision volume radius =1m (Relative 

Velocity E-6 km/s) 
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Figure 134: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) and combined collision volume radius =3m (Relative 

Velocity E-6 km/s) 
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Figure 135: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) and combined collision volume radius =5m (Relative 

Velocity E-6 km/s) 
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Figure 136: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) and combined collision volume radius =8m (Relative 

Velocity E-6 km/s) 

 



 

Methodologies for Collision Risk Computation 

 

  

  

2015 180 Noelia Sánchez Ortiz 

 

LLooww  rreellaattiivvee  vveelloocciittyy  eennccoouunntteerrss  aanndd  CCoommpplleexx  GGeeoommeettrryy  CCaassee  ((rreellaattiivvee  

vveelloocciittyy  11EE--66  kkmm))  

 

 

 

Figure 137: Two simulated complex geometry objects for the low relative velocity encounter at initial 
(top), medium (middle) and final slice (bottom plot)along encounter interval 
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Figure 138: Collision Risk for different r/sigma ratios and Relative Velocities (Complex Geometry Case) 
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Figure 139: Collision Risk for different r/sigma ratios and Relative Velocities (All cases) 
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Figure 140: Collision Probability for different cases varying the uncertainty in the B-plane (increasing 
uncertainty from top and left to bottom and right) for a complex geometry case (Relative Velocity E-6 

km/s) 
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Figure 141: Probability Density onto the Bplane (left) and covariances of the two objects for  the low 
relative velocity encounter with complex geometries at initial (top), medium (middle) and final slice 

(bottom plot)along encounter interval. Uncertainty case 1 with maximum position uncertainty in the B-
plane of about 150 m 
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Figure 142: Probability Density onto the Bplane (left) and covariances of the two objects for  the low 
relative velocity encounter with complex geometries at initial (top), medium (middle) and final slice 

(bottom plot)along encounter interval. Uncertainty case 1 with maximum position uncertainty in the B-
plane of about 3 km 
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