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RESUMEN 

Como en todos los medios de transporte, la seguridad en los viajes en avión es de primordial 

importancia. Con los aumentos de tráfico aéreo previstos en Europa para la próxima década, es 

evidente que el riesgo de accidentes necesita ser evaluado y monitorizado cuidadosamente de 

forma continúa. La Tesis presente tiene como objetivo el desarrollo de un modelo de riesgo de 

colisión exhaustivo como método para evaluar el nivel de seguridad en ruta del espacio aéreo 

europeo, considerando todos los factores de influencia. 

La mayor limitación en el desarrollo de metodologías y herramientas de monitorización 

adecuadas para evaluar el nivel de seguridad en espacios de ruta europeos, donde los 

controladores aéreos monitorizan el tráfico aéreo mediante la vigilancia radar y proporcionan 

instrucciones tácticas a las aeronaves, reside en la estimación del riesgo operacional. Hoy en 

día, la estimación del riesgo operacional está basada normalmente en reportes de incidentes 

proporcionados por el proveedor de servicios de navegación aérea (ANSP). 

Esta Tesis propone un nuevo e innovador enfoque para evaluar el nivel de seguridad basado 

exclusivamente en el procesamiento y análisis trazas radar. La metodología propuesta ha sido 

diseñada para complementar la información recogida en las bases de datos de accidentes e 

incidentes, mediante la provisión de información robusta de los factores de tráfico aéreo y 

métricas de seguridad inferidas del análisis automático en profundidad de todos los eventos de 

proximidad. 

La metodología 3-D CRM se ha implementado en un prototipo desarrollado en MATLAB © para 

analizar automáticamente las trazas radar y planes de vuelo registrados por los Sistemas de 

Procesamiento de Datos Radar (RDP) e identificar y analizar todos los eventos de proximidad 

(conflictos, conflictos potenciales y colisiones potenciales) en un periodo de tiempo y volumen 

del espacio aéreo.  

Actualmente, el prototipo 3-D CRM está siendo adaptado e integrado en la herramienta de 

monitorización de prestaciones de Aena (PERSEO) para complementar las bases de 

accidentes e incidentes ATM y mejorar la monitorización y proporcionar evidencias de los 

niveles de seguridad. 

 

 

  



 

 

 
 

ABSTRACT 

As with all forms of transport, the safety of air travel is of paramount importance. With the 

projected increases in European air traffic in the next decade and beyond, it is clear that the risk 

of accidents needs to be assessed and carefully monitored on a continuing basis. The present 

thesis is aimed at the development of a comprehensive collision risk model as a method of 

assessing the European en-route risk, due to all causes and across all dimensions within the 

airspace.  

The major constraint in developing appropriate monitoring methodologies and tools to assess 

the level of safety in en-route airspaces where controllers monitor air traffic by means of radar 

surveillance and provide aircraft with tactical instructions lies in the estimation of the operational 

risk. The operational risk estimate normally relies on incident reports provided by the air 

navigation service providers (ANSPs).  

This thesis proposes a new and innovative approach to assessing aircraft safety level based 

exclusively upon the process and analysis of radar tracks. The proposed methodology has been 

designed to complement the information collected in the accident and incident databases, 

thereby providing robust information on air traffic factors and safety metrics inferred from the in 

depth assessment of proximate events.   

The 3-D CRM methodology is implemented in a prototype tool in MATLAB © in order to 

automatically analyze recorded aircraft tracks and flight plan data from the Radar Data 

Processing systems (RDP) and identify and analyze all proximate events (conflicts, potential 

conflicts and potential collisions) within a time span and a given volume of airspace.   

Currently, the 3D-CRM prototype is been adapted and integrated in AENA’S Performance 

Monitoring Tool (PERSEO) to complement the information provided by the ATM accident and 

incident databases and to enhance monitoring and providing evidence of levels of safety. 
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Chapter 1.  
 
INTRODUCTION 

1.1 INTRODUCTION TO COLLISION RISK MODELS 

Collision risk estimation in airspace and mathematical modelling of mid-air collisions have been 

carried out for over more than 40 years [1]. During this period there has been a development of 

mathematical models for processes leading to possible collisions of aircraft flying nearby in 

order to estimate the risk of collision. 

The risk of collision between aircraft was initially studied in the early 1960s by B. L. Marks [2] 

and P. G. Reich [3]. The Reich model assesses the collision risk for an airway structure 

consisting of one or more parallel routes. ICAO has used the Reich model with some minor 

modifications to, for example, assess the minimum safe separations between parallel routes in 

the North Atlantic Organised Track System [4]. 

However, the main problem with the application of the Reich CRM in the European airspace is 

that the model assumes procedural control and takes no account of the intervention capability of 

Air Traffic Control (ATC) to monitor and prevent conflicts and hence collisions. 

In the past years great effort has been invested in the development and improvement of 

Collision Risk Models. Some authors have extended the original Reich model 

(Anderson/Karppinen [5] 1994, Bakker/Blom [6] 1993). Others researchers have worked on new 

models applied to different geographic regions (i.e. USA [7], en-route controlled airspace [8]), to 

different flight regimes (i.e. landing on closely [9] and ultra closely spaced runways [10]), to 

specific flight phases (i.e. separation between aircraft on final approach and landing [11]), to 

different types of separation (vertical and longitudinal as well as lateral) and to current and 

future operational concepts [12]. 

Nevertheless none of the previous models is appropriate to assess and monitor the level of 

safety in high density en-route radar airspaces using as a sole source of input data the recorded 

aircraft trajectories. Traditional approaches to Collision Risk Models (CRM), generally based 

upon statistical or probabilistic concepts do not capture the complexity inherent to an 

operational radar environment like the one in Europe, with high amount of traffic, a large number 

of crossings tracks, climbing and descending aircrafts and complicated route structure. It has to 
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be noticed that, besides its importance and potentiality for safety level assessment, not too 

much effort have been devoted until now to the development of risk and collision models based 

upon the analysis of the stored aircraft tracks that have flown in it within a given time frame.  

Nowadays, the operational risk estimations are calculated with information provided by the Air 

Navigation Service Providers (ANSP) following a methodology which requires full participation 

of controllers and pilots in the identification and reporting of incidents. This implies that the 

process is quite often prone to personnel changes and workload. 

Therefore, in order for ANSPs to understand their safety performance (rate of occurrence and 

severity) for key risks it is necessary to develop a comprehensive collision risk model that 

should be able to assess the operational collision risk due to all causes for current systems, 

including the probability that ATC together with flight crew will prevent a collision, and 

complement the information of the reports collected from the states. The basis of this 

methodology is a 3-Dimensional mathematical framework (3-D Collision Risk Model, CRM) [13], 

which is the main objective of this thesis.  

The rationale behind the 3-D CRM is that aircraft collisions are extremely rare events, so their 

probability cannot be established by direct observation. It is therefore necessary to examine the 

occurrence of more frequent events that may lead to a collision. These frequent events are 

defined as proximate events or hazards. 

A variety of definitions can be used for the terms “Hazard” and “Risk” but they may generally be 

considered as defined in ESSAR 4, EUROCONTROL Safety Regulatory Requirement for Risk 

Assessment and Mitigation in ATM [14]: 

 Hazard: Any condition, event, or circumstance which could induce an accident. 

 Risk: The combination of the overall probability, or frequency of occurrence of a harmful 

effect induced by a hazard and the severity of that effect.  

 
Figure 1.1. Model Overview. Bow Tie Diagram. 
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1.2 RESEARCH SCOPE 

As stated in [15], “accidents are dramatic examples, among other less critical events, pointing 

out how prospective assessment methods often poorly represent human and organizational 

aspects and hence limit their value for accident prevention”. 

According to the above statement a Collision Risk Model should give both level of safety figures 

and useful safety metrics to identify “system weaknesses” that require mitigation. These metrics 

are vital in explaining the variation in collision risk estimates provided by the model upon 

analysing different airspaces, or the same airspace in different time-periods. 

At the present time, ANSP and Civil Aviation Authorities (CAA) mainly use ATM accident and 

incident databases to monitor and provide evidence of levels of safety. However, although these 

databases are very powerful tools and are improving constantly, they still have some weak 

points that need to be considered: 

 Not all incidents are reported by pilots and air traffic controllers. In fact, it is very difficult 

to infer how many real incidents have occurred for each one that is reported. 

 Incident severity is generally ranked solely on how close aircraft get, without 

considering the geometry of the event or other parameters, e.g. closure rate. 

 Incident classification is not homogeneous in all databases. Furthermore, special care 

has to be taken to train database personnel so that the same classification criteria 

always apply. 

 Sometimes the evolution of a mid-air incident is very complex making it difficult to 

capture all of the information relating to this incident in a database. 

A major objective of the 3-D CRM is not to replace but to complement the information collected 

in the accident and incident databases, thereby providing: 

 Identification of all proximate events based on radar data. 

 Complete classification of all proximate events using clear and consistent criteria. 

 Detailed information on the evolution of each proximate event. 

 Safety metrics and other air traffic factors. 

 Collision risk estimate 

 

Figure 1.2 3D-CRM Processes 
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The 3-D CRM methodology is implemented in a prototype tool in MATLAB © in order to 

automatically analyze recorded aircraft tracks and flight plan data from the Radar Data 

Processing systems (RDP) and identify and analyze all proximate events (conflicts, potential 

conflicts and potential collisions) within a time span and a given volume of airspace. 

The results of the prototype are used to validate the mathematical model. This validation allows 

the reception of any alteration to the model as early as possible. 

Currently, the 3D-CRM prototype is been adapted and integrated in AENA’S Performance 

Monitoring Tool (PERSEO) to complement the information provided by the ATM accident and 

incident databases and to enhance monitoring and providing evidence of levels of safety. 

1.3 ABBREVIATIONS AND ACRONYMS 

Acronym Meaning 

A/C Aircraft 

ACAS Airborne Collision Avoidance System 

ANSP Air Navigation Service Provider 

ANT Airspace and Navigation Team 

AOR Area of Responsibility 

ASTERIX All-purpose STructured EUROCONTROL Radar Information eXchange 

ATC Air Traffic Control 

ATM Air Traffic Management 

ATS Air Traffic Services 

CF Conflict 

CPA Closest Point of Approach 

CRM Collision Risk Model 

DMOD Distance MODification 

EEC EUROCONTROL 

FL Flight Level 

FPL Flight Plan 

GAT General Air Traffic 

HMU Height Monitoring Unit  

IATA International Air Transport Association 

ICAO International Civil Aviation Organization 

IFR Instrument Flight Rules 

LAT Look Ahead Time 

MADAP Maastricht Automated Data Processing and Display System 

MDG Mathematics Drafting Group 

MNPS Minimum Navigation Performance Standards 

MUAC Maastricht Upper Area Control Centre 

NAT North Atlantic 

NSG Navigation Sub-Group 

OAT Operational Air Traffic 

PE Proximate Event 

PCF Potential Conflict 

PDF Probability Density Function 

RA Resolution Advisory (TCAS) 

RDP Radar Data Processing  
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Acronym Meaning 

RNAV Area Navigation 

ROC Rate of Climb 

ROD  Rate of Descent 

RVSM Reduced Vertical Separation Minimum 

SESAR Single European Sky ATM Research 

SME Safety Metrics Estimation 

SSR Secondary Surveillance Radar 

STCA Short-Term Conflict Alert 

TA Traffic Advisory (TCAS) 

TCAS Traffic alert and Collision Avoidance System 

TLS Target Level of Safety 

TMA Terminal Manoeuvring Area 

TBD To Be Defined 

UAC Upper Area Control (Centre)  

UIR Upper Information Region 

UML Unified Modelling Language 

VFR Visual flight Rules 

1.4 DEFINITIONS AND SUMMARY OF CRM CONCEPTS 

This section includes the definition of the main concepts used in the definition of the 3-D 

Collision Risk Model.  

 Representation of Aircraft 

In order to simplify the complex aircraft shapes and collision geometries, it is convenient to 

replace the aircraft shape by a cylinder, which envelopes the aircraft. Then, the average aircraft 

size is given by xy and z, where xy is the length (or wingspan if longer) and z the height. 

The aircraft in the model are represented by a cylinder of diameter xy and height z. See 

Figure 1.3. 

- xy: Average Aircraft length of the aircraft fleet operating in the selected airspace 

(or wingspan if longer)  

- z : Aircraft height of the aircraft fleet operating in the selected airspace 

 

Figure 1.3. Representation of aircraft 
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 Moving Reference Frame 

The model uses a moving reference frame relative to the trajectory of one aircraft (Figure 1.4). 

In this moving reference frame, one aircraft position is fixed (AC1), whereas the second aircraft 

(AC2) has a position and velocity relative to AC1. In this moving reference frame, the aircraft at 

the centre of the reference frame is represented by a cylinder with twice the diameter xy and 

twice the height z of the average aircraft, whereas the other is represented by a point with zero 

size. In this representation, the intersection of the cylinders associated to both aircraft in the 

fixed referential is equivalent to aircraft AC2, modelled as a point with zero size, entering into 

the double-sized cylinder around AC1.  

 
Figure 1.4. Moving Reference 

 Passing event 

A passing event occurs when two aircraft in level flight on adjacent flight levels (vertically 

separated by H) pass each other within a horizontal distance R, see Figure 1.5. R and H are 

introduced within the Conflict definition below. 

  

Figure 1.5. Radar Tracks of a Passing Event 
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 Proximate event  

A proximate event is defined as a conflict, a potential conflict, a passing event or a potential 

collision. 

 Conflict  

A situation when two aircraft simultaneously lose both horizontal and vertical separation minima. 

In the majority of the events, a conflict is always preceded by a potential conflict.  

The conflict zone is represented by a cylinder of radius R and height 2H centred about one of 

the aircraft, where R and H are normally the horizontal and vertical separation minima. R and H 

are often taken to mean the actual radar separation minima of 5 NM and 1000 ft applicable in 

the European airspace. See Figure 1.6. 

However, depending on the ATC practices of the selected airspace the values of R and H could 

be substituted by the horizontal and vertical separations in which aircraft were perceived to pass 

too close to each other for pilots to ensure safe separation. 

 Collision  

Two aircraft, represented by cylinders with a circular base of diameter xy and height z, are in 

collision when the horizontal component of the separation vector between their centres is within 

xy and the vertical component between z and +z; in other words, if one aircraft 

(represented by a point at its centre) sits inside a cylinder centred on the other aircraft with 

radius xy, and height 2z. See Figure 1.7.  

 

Figure 1.6. Conflict 

 

Figure 1.7. Collision 

 Potential conflict 

Potential conflict is a situation which would result in conflict, within a given look-ahead time if not 

corrected by the ATC and/or air crew of one or both aircraft; in other words aircraft on conflicting 

R

2·H

Conflict

2·xy

2·z

Collision
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paths would lose both vertical and horizontal separation within the look-ahead time. See Figure 

1.6 for an example. 

 Potential collision 

Potential collision is a particular case of potential conflict, where two aircraft on converging 

tracks would not only pass very close but would in fact collide if no action is taken by the ATC 

and/or air crew of one or both aircraft. In order words, the projected separation at the closest 

point of approach (CPA) within a given look-ahead time, if no action is taken to modify their 

course, will be lower than the physical dimensions of aircraft and then a collision will occur. 

 

Figure 1.8. Radar Tracks of a Potential Conflict  

 Look-ahead time (LAT) 

The look-ahead time (LAT, ) is the time horizon within which all aircraft positions are projected 

to explore existence of “potential conflicts”.  

 Aircraft speeds 

vr and vz are the horizontal and vertical components of the relative velocity vector. 

 Aircraft track segmentation 

This refers to a 4-D track representation, obtained from radar data processing (RDP), by a 

sequence of straight segments, where each segment is assumed to be flown by the aircraft at a 

constant speed. Spatial and time differences between a RDP radar track and its segmented 

representation must at any time be less than specified thresholds. 

 Overall Reaction Time 

This period of time represents the duration of the potential conflict since it has been detected.. 

 Time to Conflict 

The time to conflict is the period of time between the detection of the potential conflict and the 

predicted time of entry into the conflict volume. 

 Time-to-go to the CPA 

The Time-to-go to the CPA is period of time between the detection of the potential conflict and 

the predicted time of the CPA. 

 Closest Point of Approach (CPA) 

Extrapolated 
Positions

Time

Y

X
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Radar Track A/C 2
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The CPA refers to the state at which two aircraft reach their minimum geometric separation. 

o ( )ij CPAr  =[rij] CPA: (Projected) Horizontal Separation between aircraft at the CPA 

o ( )ij CPAh  = [hij] CPA: (Projected) Vertical Separation between aircraft at the CPA 

o CPA = time at CPA 

 Closest Point of Approach-Horizontal (CPAH) 

The CPAH refers to the state at which two aircraft reach their minimum horizontal distance. 

 Closest Point of Approach-Vertical (CPAV) 

The CPAV refers to the state at which two aircraft reach their minimum vertical distance. 

 Normalised Closest Points of Approach (CPAN) 

The CPAN refers to the state at which two aircraft reach their minimum normalised separation 

(SN): 

2 2

ij ij

N

r h
S

R H

   
    

   

 

  

- rij: Horizontal Separation between aircraft 

- hij: Vertical Separation between aircraft 

• Risk of collision 

ICAO Doc 4444: Airprox – risk of Collision: “The risk classification of an aircraft proximity in 

which serious risk of collision has existed.” 

• Severity 

Describes the level of effect/consequences of hazards on the safety of flight operations (i.e. 
combining level of loss of separation and degree of ability to recover from hazardous situations).  

• Risk 

The combination of overall probability, or frequency/likelihood, or occurrence of a harmful effect 
induced by a hazard and the severity of that effect. 

 TCAS (Traffic alert and Collision Avoidance System) 

In Europe, from the 1st January 2005 all civil fixed-wing turbine-engined aircraft with a 

maximum take-off mass over 5,700 kg, or capable of carrying more than 19 passengers, must 

be equipped with TCAS II version 7.0. On 20 December 2011, the European Commission 

published Implementing Rule 1332/2011 mandating the carriage of ACAS II version 7.1 within 

European Union airspace from 1 December 2015 by all aircraft currently equipped with version 

7.0 and from 1 March 2012 by all new aircraft above 5,700 kg maximum take-off mass or a 

maximum passenger seating capacity of more than 19. 

 TCAS Resolution Advisory – a TCAS alert providing advice to a pilot on how to modify or 

regulate his vertical speed to avoid a potential mid-air collision. 
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Chapter 2.  

 
STATE OF THE ART OF 

COLLISION RISK MODELS 

ICAO Doc 9689-AN/953 - Manual on airspace planning methodology for the determination of 

separation minima [16] - states in Chapter 5 - Identifying the method of safety assessment for a 

proposed system – that:  

“There are two basic methods for determining whether the system is acceptably safe: a 

comparison with a reference system; and the evaluation of system risk against a threshold.  

The evaluation of a system risk against a threshold is an absolute method where, after 

identification and quantification of all safety-related characteristics of the system, and explicit 

relation between these characteristics and collision risk is determined and used to estimate 

system safety. This estimate is then compared against a maximum tolerable risk- for example, a 

target level of safety (TLS)… ” 

Collision risk models (CRM) are specific methods that provide a quantitative indication of the 

risk inherent to a system. In general, two types of CRM can be found; analytical and simulation 

models. The former ones are expressed by mathematical equations while the latter require a 

coding process previous to its execution in a computer. Analytical models are usually preferred 

for cost-efficiency reasons, although mathematical solutions are not always available for real 

application cases. In the context of this thesis, CRMs are referred as analytical models. 

In Air Traffic Management, Collision Risk Modelling enables to assess the Societal Risk 

associated to a collision between aircraft. The Societal Risk, which is defined as the “Average 

risk, in terms of fatalities, of groups of people (e.g., port employees, crew or even society at 

large) exposed to an accident scenario”, is a well accepted indicator of the level of hazard 

associated to an activity. The usual metrics for Collision Risk Models is the average number of 

fatal accidents per flight hour, each collision counting as two fatal accidents. This metrics can 

easily be converted into Societal Risk, by considering, as a multiplicative factor, twice the 

average number of passengers per aircraft. 
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In ICAO documentation [16], the risk assessment determined by a collision risk model is 

decomposed as two independent components. The first component represents the influence of 

the route network on the collision risk, in terms of “how often a pair of aircraft is likely to fall into 

a given scenario of accident”. The second component, which depends on the performance 

capability of the environment, corresponds to the probability of collision associated to the pair of 

aircraft. It is within this second component that the performance capability of the environment is 

taken into account, and decomposed as the aircraft navigation performance, the ground and 

airborne communication performance, and the surveillance performance. 

Collision risk models have been used as a quantitative risk assessment in the reduction of 

separation minima. Collision risk models are used either in a comparative safety assessment 

(comparison with a reference system), or by evaluation of the Societal risk against a threshold. 

This threshold, which is expressed in terms of average number of fatal accident per system 

hour, is denoted as a Target Level of Safety (TLS). 

In the past, the use of a TLS has provided a convenient way to design specifications for on-

board equipment, such as the performance of altimetry systems in the Reduced vertical 

separation minima (RVSM) project, or the accuracy of track keeping devices, through the 

Required Navigation Performance (RNP) concept, used for lateral and longitudinal separation 

minima. In practice, the performance capability parameters, used in the second component of 

the collision risk model, are defined in such a way that the TLS is met; this enables to define 

constraints on the range of acceptable values for these parameters, which are converted, for 

instance, into specifications of accuracy (as in the RNP).  

However, when the accuracy of both the surveillance and the navigation systems reaches a 

certain level of quality, the main contribution of collision risk becomes the operational errors. In 

most cases, these errors result from a misunderstanding between pilots and controllers, when 

the pilot executes a manoeuvre that the controller had not anticipated. Because of these 

operational errors, procedures are designed in such a way that the controller is still able to 

manage the situation, even when an operational error happens. For instance, if, in a Terminal 

Manoeuvring Area (TMA), a flow of climbing aircraft has to cross a flow of steady aircraft, it is 

likely that the flow of climbing aircraft will not be allowed to go above a certain flight level until 

they cross the flow of steady aircraft. This will lead to the design of an appropriate procedure.  

Today’s challenge is that aviation systems are large-scale, complex and dynamic. New 

automated tools are developed to assist air traffic controllers and pilots and to reduce 

separation. These technologies introduce a change in a new human-machine interface and 

increase the complexity of the ATM system [18]. The classical risk models have not been 

designed for such challenges. They are generally linear and static and do not appear to account 

well for operations in which,  

 There are multiple conditions affecting system response and operator behaviour.  

 There are different ways in which human operators may perform a task incorrectly, and 

there are multiple dynamic responses of the system and human operators to these different 

errors. 

 The physical status evolution has an influence on the stochastic discrete events related to 

failure and recovery. 

 There are multiple time-dependent interactions between the system and its environment, 

and between the system elements themselves. 

 There are uncertainties due to inherent randomness or unpredictable variability or due to 

the imperfect knowledge or incomplete information. 
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There is therefore an urgent need for complementary models that account for technical and 

human, context, interactions and dynamics. This is the focus of 3-D CRM to provide an 

improved risk picture. 

2.1 PRINCIPAL FACTORS AFFECTING COLLISION RISK 

The en-route collision risk is influenced by a large number of variables and parameters. An 

extensive list is given in [19]; the principal factors among these are: 

 exposure to risk given by traffic density and complexity of the route network within the 

airspace, 

 navigation (lateral deviation and height-keeping) accuracy of aircraft, and  

 surveillance, communication and intervention capability of ATC. 

The exposure of a typical aircraft to other aircraft within the system is one of the main factors 

contributing to collision risk. This is given by the frequency with which aircraft pass each other 

on adjacent routes (in both the same and opposite directions), on crossing routes or on adjacent 

flight levels. The proximity to climbing or descending aircraft also has to be taken into account, 

since parts of the en-route airspace system are used for vertical transitions and these involve 

periods of high work-load activity for both pilots and controllers. Traffic density is expressed as 

the number of aircraft within the airspace per unit of time and is, as a rule, highly variable. 

In the collision risk modelling for the North Atlantic (NAT) this is referred to as occupancy. 

However, the NAT treatment is too narrow for the European airspace, with its large number of 

crossing tracks, climbing or descending aircraft and complicated route structure. In the context 

of the comprehensive collision risk model the exposure concept needs to cover all possible risk-

bearing events such as traffic crossing on the same flight level under ATC control, overtaking 

and one or both aircraft climbing or descending in the vicinity of other traffic. 

The navigation performance of the aircraft population has also been identified as a major 

influence on the risk of collision. Navigation accuracy, as expressed by the RNP type, it includes 

the accuracy necessary for operation within a defined airspace and is based on the combination 

of three errors; path definition error, the position estimation or navigation error (produced by 

sensors, airborne receiver, and navigation computer) and the flight technical error. The height-

keeping accuracy is also a major factor; the same components are considered for the total 

vertical error taken as the height difference between the actual pressure altitude flown by the 

aircraft and its assigned pressure altitude. 

Surveillance is a function that supplies periodic reports on the current position of aircraft to the 

Air Traffic Control. Most of Europe is within radar coverage; this provides independent 

surveillance with fast update rate and a high degree of accuracy. Dependent surveillance is 

provided through communications in the form of voice and data position reports; this reflects the 

assumption that the actual position corresponds to the transmitted position of the aircraft (to a 

specified accuracy). Automatic dependent surveillance (ADS) is said to exist when the position 

reports are sent to ATC via data link without the flight crew’s involvement, while in procedural 

dependent surveillance pilots send reports at given reporting intervals or specified reporting 

points along the route. 

Communications capability determines the speed and ability of the air traffic control (ATC) to 

ascertain an aircraft’s current position and to intervene in order to modify the route that an 

aircraft is flying, if necessary. The quality of communication is measured by the time required to 

accomplish this process, and the accuracy and completeness of the information delivered. 

Existing capabilities range from indirect voice communications (ATC sending information by 
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teletype for high frequency relay) and direct voice communications to the use of automated data 

exchange between aircraft and ground stations. 

Air traffic services can provide various types of service to the aircraft, some ensuring separation,  

while others only give general information to pilots. The level of air traffic service is necessarily 

reflected in the collision risk. The additional margin of safety provided by controller intervention 

can be assessed in part by estimating the delay from the time that the controller perceives that a 

collision hazard exists until instructions are communicated and the involved aircraft reacts. 

2.2 HISTORICAL EVOLUTION OF CRMS 

The application of mathematical modelling of mid-air collisions to air transport started in 1963 as 

a consequence of a proposal to reduce separation minima over the North Atlantic region (NAT). 

In that time, applicable vertical and longitudinal separation standards were 2.000 feet and 20 

minutes respectively, while lateral separation had been established at 120 nautical miles. In the 

framework of ICAO, IATA proposed to reduce lateral separations minima to 90 nautical miles, 

with strong opposition of pilots association (IFALPA), which considered this measure would be 

unsafe. In this context, B. L. Marks [2] developed the principles in which a collision risk model 

could be developed. Marks' work was modified and enhanced by P. Reich [3] and that model, 

later called the Reich model, has been the basis for many of the important developments in this 

field.  

ICAO incorporated the model to its regional planning activities, creating in 1966 the NAT SPG 

group to coordinate the ATM service provision in the NAT region. This forum joined for the first 

time all the operational personnel (pilots and air traffic controllers), technicians and 

mathematicians and the Reich model was incorporated into their working methods. 

The model was improved trough the collection of data (operational errors and radar information 

to estimate the navigation performances of the aircraft). From this moment, the Reich CRM 

model became the basic tool to assess the proposals to improve route structures over the North 

Atlantic, including the specification of the Minimum Navigational Performance Standards 

(MNPS). 

In the 70s, following the works carried out by the NAT SPG, several States from the Asia/Pacific 

region of ICAO constituted a planning group to assess the viability of different proposals to 

reduce the separation minima in the oceanic routes. Again, the Reich model played an 

important role in these initiatives, and the model evolved as new requirements were raised in 

this region. 

More recently, during the implementation of RVSM in Europe, one of the main safety activities 

carried out was the development of a Collision Risk Assessment (CRA). The mathematical 

model used in that process was developed by the Mathematical Drafting Group (MDG) of 

EUROCONTROL and is also based on the Reich CRM, and estimates the collision risk in the 

vertical dimension due to technical height keeping error. In 1997, RVSM was firstly implemented 

in the North Atlantic (NAT) Region. Progressively other areas of the world have implemented 

RVSM in the following years (EUR and SAT in 2002, PAC in 2004, NAM in 2005,etc). 

The Reich model and its evolutions use information related to the probabilistic distributions of 

aircraft's lateral and vertical position, traffic flows of the routes, aircraft's relative velocities and 

aircraft dimensions to generate estimation of collision risk. However, these models do not cover 

adequately situations where ground controllers monitor the air traffic through radar surveillance 

and provide tactical instructions to the aircraft crews. Furthermore, the problem of collision risk 

modelling in the analysis of “high traffic density” ATC scenarios is different to that of “procedural 
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scenarios”, which have been developed by Reich [3] and Brooker [20], amongst others. This is 

mainly due to the active role of Controllers in the first case. In this case positive control is used 

extensively to modify the planned aircraft route. This requires the inclusion in the model of 

“human factor response” behaviour.  

New models have been developed and continually refined and improved so they can be applied 

in radar environments [8][13], and different flight regimes (for example, high-altitude cruise and 

landing on close [21],[22],[23] and ultra close spaced runways [24],[25], for specific flight phases 

[26] (focused for example on the separation between aircraft on final approach and landing, 

when flight risks are greater than during any other phase of flight), for different types of 

separation (vertical, longitudinal and lateral) and also for current and future operational 

concepts [12], such as free flight [27], airborne self separation [28],…. 

Most of these models, amongst them the formula proposed by Brooker [29] for mid-air collision 

risk, involve the aggregation of terms comprising different factors related to: initiating events 

which produce defective flight paths; the probability of safety defences correcting these 

defective flight plans; and traffic and kinematic scalars. But, as he indicates: “it does no more 

than spell out the mechanisms by which collisions logically have to occur. The hard problem is 

how to populate the parameters in the formulation with sensible numbers”. 

Risk models have also been developed for the estimation of conflict probability (understood as 

the probability that the distance between a pair of aircraft becomes smaller than some specified 

minimum separation value). Paielli and Erzberger’s [30],[31] emphasis was on the development 

of algorithms to numerically evaluate approximations of conflict probabilities. Prandini et al. 

[32],[33] emphasized the analysis of the problem and distinguished three subproblems of 

evaluating conflict probability. 

The main point of conflict probability is its clear relation to a well known safety criterion in civil 

aviation: the separation minimum, which puts a requirement on the air traffic management 

system; not to let aircraft come closer to each other than a certain minimum distance. In addition 

to minimum separation values, ICAO (International Civil Aviation Organization) has also defined 

limiting criteria for acceptable risk levels of fatal accident, and in particular, for the risk of mid air 

collision [34]. The allowed probability values for such events are of the order of one mid-air 

collision or physical crossing per 10^9 flight hour. 

Furthermore , some effort has been also devoted to the problem of aircraft conflict detection. An 

excellent survey of the different conflict detection and resolution schemes has been carried out 

by Kuchar [35][36], where the conflict detection schemes are classified according to the 

modeling method used for projecting the aircraft position in the future.  

According to Brooker [8], mid-air collisions derived from radar inaccuracies are very rare, so to 

estimate their frequency, it is necessary to model the factors that might lead to such events. But 

this extremely low value makes it difficult to obtain reliable empirical results from reasonably 

computational amount of data.  

As collisions are very unlikely events most of the previous approaches to estimate collision risk 

were centred on simulations techniques applicable to rare event estimations such as Montecarlo 

simulations [37] [38]. Nevertheless, simulations are not enough, as the components of the 

collision models have to be verifiable, i.e. match reality, and cautious. ‘Verifiable’ in the present 

context means that the model description can be demonstrated to match what happens in 

practice, and that most of the parameters in the model can be measured directly by analyzing 

air traffic patterns.  

Some authors, like L. Burt [13], have formulated expressions that attempt to estimate the 

average Probability of Potential Collision, distinguishing four different aircraft encounters 
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geometries. The mathematical formulas are customized for these geometries so they are only 

applicable for circumstances that they have been developed for and barely provide an estimate 

of the average conditional probability of collision. However, they do not provide an individual 

value of potential collision for each encounter. Therefore, this approach does not assess the 

severity of each individual potential encounter. 

Other authors, such as Campos [39] have calculated the probability of coincidence for aircraft 

on arbitrary straight flight paths (either climbing, descending, or in level flight) with constant 

speed as an upper bound for the probability of collision. Although in this approach the time and 

distance of closest approach are used to calculate the position for maximum probability of 

coincidence. In [40] same authors illustrate the relationship between the aircraft RMS (Root 

Mean Square) position error and the minimum separation distance for achieving a certain 

Target Level of Safety (TLS) for low probability of collision. 

Nevertheless, most of the researches on this field have just worked in the estimation of 

probabilities of conflict (before deliberate actions are taken to solve the conflicts) and how these 

probabilities depend on aircraft separation standards. Different current and future Air Traffic 

Management operational concepts have been studied under this perspective in an attempt to 

reduce aircraft separation standards [41],[42] or with the aim of designing proper avoidance 

manoeuvres in order to maintain the prescribed minimum separation standards among aircraft 

[43][44] 

The previous considerations give an idea of the complexity of using stored aircraft tracks, within 

a given scenario and time frame, to infer safety level, collision risk probability and associated 

system weaknesses. In most high density airspace scenarios recorded tracks can be obtained 

for all aircraft flying in it, for example, from Radar Data Processing systems (RDP). In fact, this 

provides us with a robust data source, which could be used for safety analysis. This could 

include indirect information which is closely related to the “human factor response”. Despite its 

importance not much effort has been devoted to the development of risk and collision models 

based upon the analysis of the stored aircraft tracks. 

Furthermore, it has to be considered that the distribution of aircraft position errors over their 

intended tracks is one of the most important factors in determining route safety, and 

consequently it has been broadly studied. Reference [45], for instance, presents a modelling 

technique to compute the probability density function of position errors as the aircraft proceed 

along the route taking into account not only the time dependence, but also all the factors 

influencing an aircraft's position errors, e.g., surveillance and navigation errors, surveillance fix 

rate, and air traffic control procedures. 

Table 2.1 summarizes the evolution of the reduction of separation minima, where Reich model, 

as it has been stated before, has played an essential role.   

YEAR ACHIEVEMENT REGION 

1963 First CRM (Marks and Reich) NAT 

1968 

Acceptance of the conclusions of a CRM regarding lateral separation over NAT region: 

 Lateral Separation Minimum of 120 NM  Safe 

 Lateral Separation Minimum of 90 NM  Unsafe 

NAT 

1971 
Reduction of separation minima based on the conclusions of the CRM Reich model in the NAT region 
(Separation of 120 / 60 NM). 

NAT 

1976 Reduction of separation minima in Asian Pacific routes (Separation of 120 / 60 NM) PAC 

1981 
Reduction of separation minima in North Pacific routes (Separation of 120 / 60 NM) PAC 

Specification of the Minimum Navigational Performance Standards (MNPS) in NAT region NAT 

1983 
Reduction of longitudinal separation for aircraft flying at the same height and speed (15 min.  10 
min.) based on conclusions of the Reich model. 

NAT 
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YEAR ACHIEVEMENT REGION 

1990 
Acceptance of Reduced Vertical Separation Minima (RVSM) for aircraft (2.000 ft1000 ft ) based on 
conclusions of the Reich model. 

NAT 

1996 
Reduction of longitudinal and lateral separations in the Pacific/South (50 NM and 7 min.) based on 
conclusions of the Reich model. 

PAC 

1997 RVSM implementation in NAT NAT 

2002 RVSM implementation in EUR EUR 

2009 
ICAO. A Unified Framework for Collision Risk Modelling in Support of the Manual on Airspace Planning 
Methodology for the Determination of Separation Minima (Doc 9689) 

NAT 

Table 2.1. Evolution of the Application of Reich CRM 

2.3 REVIEW OF SELECTED CRMS 

2.3.1 CRM for determination of separation minima (ICAO) 

B. L. Marks, developed one of the earliest studies of mid-air collision risk, and is the basis for 

the Reich model. It recognises that “… the task of relating collision risk to a traffic configuration 

can be taken in two parts: determining the frequency with which aircraft are exposed to risk by 

passing close together, and determining what chance of collision is inherent in the passing”. 

Marks proceeds to derive what has come to be known as the Reich model for parallel tracks. 

The model goes on to consider aircraft flying random independent paths, a topic relevant to the 

“flexible use of airspace” concept. It also recognises that the problem of estimating conflicts and 

collisions is essentially one and the same: “In the rest of this chapter we consider the frequency 

of conflicts, regarding the frequency of collision as a special case in which not only the conflict 

regions but also the much smaller collision shapes overlap”. 

The use of CRM for determination of separation minima, as recommended by ICAO, is 

published in the following documents: 

 Report of the sixth meeting of the General Concept Review of the Separation Panel 

RGCSP/6, Doc 9536): the Reich Model is introduced in detail; 

 Manual on Airspace Planning Methodology for the Determination of Separation Minima 

(Doc 9689): the Reich model is used in the Appendices 12 to 15 for deriving navigation 

performance specifications of aircraft with a predetermined lateral separation between 

adjacent parallel routes. Moreover, the longitudinal collision risk model for aircraft on the 

same route is introduced in Attachment A to Appendix 5 of Doc 9689 to address 

distance-based separation;  

 Manual on Implementation of a 300 m (1 000 ft) Vertical Separation Minimum Between 

FL 290 and FL 410 Inclusive (Doc 9574): use of Reich model in the derivation of the 

performance specifications for RVSM (reduced vertical separation minima) 

According to the Reich model, described in [16], the number of fatal accidents per flying hour 

(where one collision is an accident involving two aircraft) for aircraft on parallel tracks separated 

at a distance Sy is:  

               
  
  

    
        

   
 

        

   
 

        

   
     

  

  
 

        

   
 

        

   
   

Here,  

            is a measure for the size of an aircraft in three dimensions. 
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 is the probability that two aircraft are in lateral overlap at the 

time when they start being in longitudinal overlap, where       is the pdf of the relative 

lateral position y. Further approximations provide                . 

                
  
     

 is the probability that two aircraft are in vertical overlap at the time 

when they start being in longitudinal overlap. Further approximations provide       
        . 

           ,           and            are the expected absolute value of the relative longitudinal, lateral and 

vertical speed, conditional on longitudinal overlap. 

   = 120 NM and     is average aircraft speed.  

Values for these parameters need to be determined by collecting a sample of air traffic during 

an observation period. In [16], a similar formula is provided for aircraft on different flight levels, 

and another formula for aircraft on intersecting tracks. 

The Reich model mainly applies to the determination of strategic separation minima, i.e. lateral 

separations between parallel routes or vertical separation between adjacent flight levels. An 

important assumption in the Reich model is that aircraft are always assumed to have been flying 

sufficiently long on their routes to have reached a “steady state” in the lateral and vertical 

dimensions, where the distributions of the error terms no longer depend on time. 

Recently (in 2009) ICAO issued the Circular 319 AN/181: “A Unified Framework for Collision 

Risk Modelling in Support of the Manual on Airspace Planning Methodology for the 

Determination of Separation Minima [17].  

This circular contains a theoretical introduction to all the collision risk models (CRMs) used in 

the ICAO manuals mentioned above and also provides further applications. To help the reader 

acquire a comprehensive understanding of all these CRMs, a unified derivation of these models, 

based on a general framework, is presented. It appears that all the CRMs in ICAO guidance 

material can be derived from the same fundamental equation, known as the Rice Formula, so 

that the main differences between the different models lie in the assumptions and 

approximations made for each of them. Understanding the assumptions and the simplifying 

approximations made in deriving a collision risk model is essential in order to assess whether 

the model is applicable to the airspace that one intends to study. 

The circular summarizes the features of CRM used in the ICAO documentation listed above 

support essentially procedural separation. It is explained that the pertinent lateral and vertical 

models do not account for any air traffic controller intervention. The longitudinal distance based 

models do, but the current modelling is valid only for low rate in the position update (e.g. use of 

ADS-C surveillance in procedural airspace, where the update period for position reporting is 

sufficiently long to allow the two aircraft to lose their separation until they eventually collide.). 

When the position update rate is high and contradicts this assumption (as in radar surveillance), 

the current CRM is no more valid. Even if one or two position updates have a large error, the air 

traffic controller can predict the aircraft position from the previous position updates and correct 

the large errors. It is only for consecutive large errors that the air traffic controller will not be able 

to detect and correct the errors.  

This aspect is not covered in the currently existing ICAO CRM. It is necessary to refine the 

chain of causation leading an ATCO to miss a loss of separation that is visible on a display. This 

requires, for instance, inclusion in the modelling of potential misunderstandings between pilots 

and controllers or heavy controller workload. 
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Note that several attempts (not taken onboard ICAO publications) were made to extend the 

Reich model, by relaxing some of the restricting assumptions.  

One of them is the Hsu Model [46] in which the distribution of the position errors is likely to vary 

with the time. The main difference with the Reich model is that the probability of collision is not 

determined on the small time interval corresponding to a horizontal overlap, but on a time 

interval representing the duration during which a collision is likely to happen. This duration, in an 

ADS-C environment, might be between two consecutive position reports, which would 

correspond to between ten and thirty minutes depending on the frequency of the reports. 

Another is the model developed by Davies and Sharpe, see  [47], which introduces different 

topologies of operational errors (incorrect ATC instruction, ...etc). 

The 3-D Collision Risk Model (CRM), see  [48][49], reviewed and enhanced in the present PhD, 

aims at assessing the European en-route risk, due to all causes and across all dimensions 

within the airspace. This model aims at providing a means for assessing the Level of Safety in 

en-route airspaces, where controllers monitor air traffic by radar plots and provide tactical 

instructions to aircraft, and also provides the safety metrics required to understand these 

results. The 3-D CRM is based on the analysis of recorded aircraft tracks from Radar Data 

Processing systems in order to identify and analyze automatically all proximate events within a 

time span and a given volume of airspace.  

2.3.2 Collision Risk Assessment of the EUR RVSM region 

The purposed of this CRM [79], based on the Reich model, was to assess and monitor the 

safety of a 300 m Vertical Separation Minimum (RVSM) in the European region. 

The following safety objectives were initially agreed for application when determining the 

feasibility of introducing RVSM within European airspace: 

(a) The implementation of RVSM shall not adversely affect the risk of en-route mid-air 

collision; 

(b) The management of vertical collision risk within RVSM airspace shall meet a TLS of 5x10
-9

 

fatal accidents per flight hour, as contained within ICAO Guidance Material;  and 

(c) The risk of mid-air collision in the vertical dimension within RVSM airspace due to technical 

height-keeping performance shall meet a TLS of 2.5x10
-9

 fatal accidents per flight hour. 

It was further agreed that verification against these objectives will require an analysis of 

operational and technical data to allow both the quantification of risk and a comparison of risk 

before and after RVSM implementation 

This CRM is based on a number of assumptions, which are either of operational nature or 

reflect the modelling process. These are summarised below: 

 One collision between aircraft is counted as two fatal aircraft accidents: the chance of a 

collision involving three or more aircraft is considered negligible and no allowance is made 

for fatal accidents due to the effect of vortices; 

 The “independence” assumptions: height-keeping errors and track-keeping errors are 

independent; height-keeping errors and lateral deviations are independent for different 

aircraft as the longitudinal positions of aircraft on adjacent flight levels of the same track; for 

aircraft on crossing tracks the arrival times at a crossing are uncorrelated; and the 

probability distributions for all these random quantities involved are considered to be the 

same for any aircraft; 
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 Operational: no allowance is made for risk reduction due to visual avoidance manoeuvres 

by pilots; 

 Aircraft are represented by cylinders of diameter 
r  and height 

z , which do not “tilt” with 

the aircraft but remain horizontal; and 

 The relative velocities between aircraft in overlap are constant 

Based on these “independence” assumptions the estimation of the probability of vertical overlap 

and the estimation of the probability of horizontal overlap are calculated independently in the 

CRM, using different sources of data (HMU data and radar data) and set of parameters and 

then are multiplied to get the total collisions risk.  

This approach based on the above “independence” assumptions makes it unfeasible to 

understand the causes of the changes of the probability of exposure to midair collision risk 

(especially for those people who have to make decisions based on these assessments). The 

limitations of this CRM were the main motivation for the development of the 3D CRM. 

2.3.3 A Stochastic Model of Controlled Airway Traffic (Dunlay W. J.) 

Dunlay [50][51][52][53] presents a model which estimates the expected number of conflicts 

arising from overtaking, merging and crossing traffic (all for level flight) in an airway network. 

The procedure is to evaluate the probability of conflict for each pair of aircraft for given initial 

conditions, and then to sum over all pairs. The model also considers ATC intervention, and uses 

an exponential probability density function to describe the total reaction time of the ATC loop, 

the mean of the distribution corresponding to the total estimated delay in the several 

components of the system (controller reaction time, communication delay, flight crew reaction 

and aircraft response time). This model also considers airways capacity and the controllers’ 

intervention workload and examines the ATC responses in more detail - in particular, the human 

factors involved. Two types of response probability are considered; the first predicts when 

controllers would intervene based on analysis of human and equipment error in the air traffic 

control process. The second type predicts when controllers actually intervene, based on data 

from real-time simulations of conflict detections. 

The number of conflicts on crossing routes is given in terms of the probability that controllers 

perceive various aircraft separations as potential violations of the 5 nm separation minimum. 

The expected number of perceived overtake conflicts is shown to depend only on the relative 

speeds of in-trail aircraft. In both cases the expected number of conflicts is found to vary as the 

square of the traffic flow rate. The intervals between conflicts of either type are shown to follow 

a Poisson distribution. This model also shows that the characteristics of en-route air traffic 

passing through a small volume of airspace, such as a sector, are quite variable from day to 

day, in spite of the constancy of the underlying airline schedule. Air traffic is represented by a 

stochastic point process, which for the particular airway studied was shown to be a Poisson 

process and also that the number of aircraft passing through an ATC sector in relatively long 

time periods is approximately Poisson-distributed. 

2.3.4 Airspace Conflict Equations (Geisinger K. E) 

The expression for the probability of overlap/conflict between aircraft on crossing routes is 

usually derived assuming both aircraft are in level flight (e.g., [2], [50]). Geisinger [54] develops 

equations for computing the number of potential conflicts at an intersection of flight paths and 

extends the level-flying result to cover climbing and descending aircraft. He considers the 

number of potential conflicts within a sector as a useful measure of either the workload placed 

on the ATM system or of the relative risk. 
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The equations derived in the above paper have been used by Geisinger to develop an analytic 

blunder risk model, which estimates collision risk for a given single event scenario of two aircraft 

under ATC control. In this context a “blunder” is defined as a simultaneous violation of 

separation minima in the horizontal and vertical planes (i.e. a cylindrical hazard volume). The 

inputs for this computer program are the climb angles of the “blunderer” and “evader” aircraft, 

their speeds, initial distance of the “blunderer” to the closest point on the “evader’s” path 

horizontally, their vertical separation and the traffic frequency on the “evader’s” track. Also the 

probability density functions of the communication delay, reaction times of the controller, flight 

crew, and manoeuvre response time for both aircraft are required. The probability density 

function of the overall delay time is found by a numerical convolution of the individual probability 

density functions. With these inputs the program works out the conflict and collision probability 

with and without ATC intervention. The equations solved by computer are those as described in 

[54]. Geisinger suggests that actual data on blunders can be obtained by analysis of 

Operational Errors (failure of the ATC human/technical system) and Pilot Errors. 

2.3.5 Airport Congestion and Near-Midair Collisions (Gifford J. L. and Sinha P) 

Gifford and Sinha [55] offer a model that estimates the number of near mid-air collisions from a 

combination of parameters, such as traffic levels, type and amount of air traffic control and the 

complexity of the airspace. (In the context of this paper near mid-air collisions are taken to mean 

an incident when “two or more airborne aircraft pass within 500 feet of each other or when a 

pilot or flight crew member states that a collision hazard existed”.) The authors choose to work 

with near mid-air collisions, because “… accidents are rare. Near mid-air collisions occur much 

more frequently, thereby permitting more precise analysis of variations”. The emphasis is on 

aviation risk in metropolitan regions and as such is probably more appropriate to TMA 

operations than to en-route airspace. 

2.3.6 Modelling Risk in ATC Operations with Ground Intervention (Simpson R. 

W) 

The model developed by Simpson [56] describes the difficulties of analysing risk in ATC 

operations with ground intervention capability and proposes a framework for solving these 

problems. The primary aim of the paper is to provide an indication of benefits of introducing 

intervention processes which use improved surveillance and communications as well as 

improved decision support for controller intervention. The paper describes two distinct 

intervention processes in ATC: Conformance Management and Hazard Management. Each of 

these has two sub-processes of Monitoring and Resolution. Both processes are intended to 

operate in real time and use a concept of maximum “probe time” and minimum “resolution time” 

ahead of each aircraft. The resolution time allows a controller to identify and find a resolution, 

transmit it to the aircraft and for the pilot to receive and execute it. 

2.3.7 Generalized Reich incrossing model (Bakker G. J. and Blom H. A. P) 

Bakker and Blom [57] have adopted a more general approach to modelling an airspace with an 

arbitrary route network by considering the traffic pattern to be a (Markov) diffusion process and 

uses Monte Carlo simulations and Petri net models. The generalized Reich incrossing model 

has been developed in order to cover a much larger variety of air traffic situations. For the use 

of this towards the prediction of incrossings between two aircraft three sub-problems need to be 

addressed: 1) Prediction of joint probability density functions, 2) Assessment of the incrossing 

rate, and 3) Integration of the incrossing rate over the time interval considered, and from this the 

incrossing probability. 
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While avoiding many assumptions and approximations in the “deterministic” models, the 

collision probability estimate requires the solution of a partial differential equation with difficult 

boundary conditions for each pair of aircraft involved. Further assumptions are needed to arrive 

at a computable result.  

This Generalized Reich collision risk model is used within TOPAZ (Traffic Optimization and 

Perturbation AnalyZer) methodology, see [58], [59],[60] and [61]. TOPAZ is a multi-agent 

dynamic risk modelling methodology for the evaluation of air traffic risk. This methodology uses 

Monte Carlo simulations and uncertainty evaluations to analyse the safety risk of air traffic 

operations up to the level of accidents. In [62] an initial version of this methodology has been 

introduced under the name TOPAZ. Subsequently, this methodology has been extended with 

multi-agent situation awareness modelling [63], an integrated qualitative safety risk assessment 

cycle [64],risk bias and uncertainty assessment [65] and compositional specification of accident 

models by Petri nets [66] &[67]. 

2.3.8 Estimation of Passing Frequencies for Germany (Hurrass K-H.) 

The model developed by Hurrass  [68] is based on processing and analysing radar data 

recordings from nine radars in Germany in order to estimate the mean passing frequency for the 

northern and southern part of the country. The original radar records are first filtered to remove 

any irrelevant data, then a slant correction is carried out. Tracking of each aircraft is necessary 

to obtain position and velocity; a Kalman filter is used for track updating. This method uses the 

available information in an optimal manner and is therefore well suited to multi-radar tracking. 

2.3.9 A Collision Risk Model for a Crossing Track Separation Methodology 

(Anderson D. and Lin X. G.;) 

Anderson and Lin [69] develop a mathematical model that estimates the collision risk at track 

intersection for aircraft at the same flight level outside the range of radar cover and with 

surveillance provided by means of position reports. The situation, where a small proportion of 

crossings are made under no control, is also investigated in order to consider the implications of 

communication or surveillance failure. 

2.3.10 Safety Assessment to Determine the Feasibility of Introducing RVSM in 

the London FIR (Burt L., Olujide L. and Owens S.) 

This method [70] for estimating the vertical collision risk for aircraft operating in UK airspace is 

the of an initial study for RVSM operations. Radar data tracks from a multi-radar tracker are 

used to obtain the frequency of vertical proximate events; this occurs when two aircraft pass 

within a horizontal distance R of each other on adjacent flight levels. The value of R is chosen to 

be large enough (e.g., 5 nm) so that a sufficient number of events are observed over a 

reasonable time. At each event the position, speed and heading of each aircraft, obtained from 

radar data, are used as an input to the CRM to arrive at the estimate of vertical risk. 

2.3.11 Hazard Analysis of Reduced Vertical Separation Minimum 

This method [71] uses Hazard Analysis to estimate the collision risk in European airspace under 

RVSM. Hazards are identified from historical data or by recourse to expert judgement; these are 

then used to create various scenarios involving different types of hazard and their frequency of 

occurrence. The Reich and crossing models then generate collision risk estimates without ATC 

intervention. These are combined with ATC intervention success probability, assessed using 

consequence analysis, to produce an overall risk, averaged over the six scenarios involving 

operational errors – e.g., crossing and joining wrong flight levels. The historical incident data is 
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rather sparse, so that there is a wide spread between the optimistic and pessimistic collision 

rates predicted in the study. 

2.4 CLASSIFICATION OF CRMS 

The extended literature review presented in the previous section concludes with the 

development of Table 2.2, which summarizes the different CRMs currently in use, together with 

their application environments and mathematical base. It can be observed that most of the 

models are derivations of the Reich CRM and are still focused on the oceanic en-route phase. 

Two of them, 3D CRM and Bakker-Blom, are applicable to more complex en-route continental 

scenarios. On the other side, the collision risk models are mainly oriented to simultaneous 

multiple runways operations, either on parallel or crossing runways.  

AIRSPACE ENVIRONMENT CRM 

E
N

-R
O

U
T

E
 

Oceanic 

Parallel routes 
Procedural separation (no 
radar) 

Marks / Reich (1966): 
Overlapping by spatial deviation 
Without ATC intervention 

Davies / Sharpe (1993):  
Improved Reich model 
Error weighting including 
ATC intervention 

Parallel and crossing routes 
Procedural separation 
(CPDLC / ADS) 

Anderson (1994): 
Improved Reich model 
RNP and CPDLC / ADS 
Without considering technical 
and operational errors 
Available time for ATC 
intervention 

Hsu (1993): 
Based on reliability theory  
Extended Reich formulation  
 
ICAO Doc9689 (2009) 
. A Unified Framework for 
Collision Risk Modelling in 
Support of the Manual on 
Airspace Planning 
Methodology for the 
Determination of 
Separation Minima  

Continental 

Crossing routes 
Evolving traffic 
Distance based separation 
(radar) 

EUR RVSM Safety Case 
Assess the safety of a 300 m 
Vertical Separation Minimum 
(RVSM) in the European region 
3-D CRM : 
Improved Reich model 
Extended Reich formulation for 
crossing routes and  
ATC intervention 

Bakker Blom(1993): 
Improved Reich model 
Based on Markov hybrid 
states processes  
 

A
P

P
R

O
A

C
H

 

Final 
Approach 

Simultaneous operations 
Parallel runways 
 

BRM(1990): 
Based on Monte Carlo 
simulations 
Estimates significant aircraft 
blunder and reaction time (pilot 
and ATC)  

Speijker (1997): 
Analytical model calibrated 
with real data  

Simultaneous operations 
Crossing runways 

Blom (2001): 
Stochastic model 
Petri nets 

Table 2.2 Current Collision Risk Models. 

2.5 LIMITATIONS OF CURRENT CRMS 

Previous sections provide an overview of the evolution and development of CRMs, where 

oceanic en-route and approach have been identified as main application areas for these 
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techniques, since those scenarios are relatively less complex compared to continental en-route 

and terminal areas.  

Current CRMs present some limitations that are jeopardizing further applications. Those 

drawbacks should be solved to extend the use of these methods into new scenarios. Some of 

the main limitations are summarized below: 

 Adherence to Nominal Route. Classical models are based on the estimation of position 

deviation with respect to the nominal route followed by each aircraft. In oceanic 

airspaces, aircraft usually fly along published routes, and it can be easy to calculate 

those errors. However, in continental airspaces where most of the aircraft are flying 

“direct to” or headings it is difficult to ascertain the navigation deviations required to 

calculate the risk estimation.    

 Human Factor appears as a causal component in most of the collisions and airprox 

incidents. This issue is not usually included in classical CRMs (or it is treated at a very 

simplistic level), where the main contributors to the risk are the technical capabilities of 

the aircraft and traffic situation.  

 Validation of the results. It is very difficult to obtain reliable statistical inferences from 

extremely rare events such as mid-air collisions. The lack of real life information to 

calibrate the components of the model is directly linked to the use of assumptions and 

simplifications that produce very conservative risk figures that may not be useful to 

solve particular problems. 

 Complex Theoretic Formulation. The application of CRMs in the framework of ICAO 

regional planning groups can be considered a positive experience that has contributed 

to the progressive reduction of separation minima. However, the extension of these 

models to more complex scenarios usually requires sophisticated mathematical 

formulations that imply a difficult understanding out of the world of mathematicians. This 

situation may lead to a loss of confidence in these models by the final users (pilots, 

controllers and authorities), since they are perceived as theoretical methods far from 

reality. 

 Limitations of Current Stochastic Modelling From Air Traffic Controllers’ Point of View. If 

we consider an environment like the European continental airspace, where, in multi-

radar environment, positions are reported to the controller’s scope every 4 seconds (for 

two radars), the previous modelling is no longer valid. When the rate of position 

reporting corresponds to the radar update rate or less, the modelling of possible 

deviations of the aircraft from its assigned route has to be deterministic, and must 

correspond to real scenarios of operational errors.  For example, if the trajectory of two 

aircraft, one of them climbing and levelling off and the other one steady at the next flight 

level. In this case, the risk of collision is mainly because the climbing aircraft would keep 

climbing; the associated trajectory, represented in dashed line, consists in an 

extrapolation of the climbing trajectory, and is deterministic. On the other hand, what is 

not deterministic and has to be modelled in probabilistic terms is the following: 

1. What if the arrival time of the steady aircraft at the “vertical colliding point” had 
been slightly different?  

2. How long would it take to the controller to detect this operational error? 

3. What would be the chance for the controller to solve the operational error before 
the collision? 
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Figure 2.1. Example of Potential Operational Error 

From an air traffic controller’s point of view, the uncertainties are more time related than 

position related.  

 Limitations of Current Stochastic Modelling from an Operational Point of View. From an 

operational point of view, the current stochastic modelling does not allow to model the 

effect, on the risk of collision, of a given procedure, or of a device such as a short term 

conflict alert (STCA).   

 Risk exposure in current airspace. Many CRMs deal with obtaining passing frequencies 

for aircraft on adjacent flight levels. In a general framework, however, the situation is 

more complicated, and the collection and treatment of radar data would need to be 

extended and modified to cover all possible risk-bearing events including overtaking, 

aircraft crossing on the same flight level and aircraft climbing/descending in the vicinity 

of other traffic. 

 A mechanism for model validation.  One of the problems of existing collision risk models 

is that it is not possible to validate the results by observation. To overcome this problem 

to some extent it is therefore necessary to modify the collision risk model in such a way 

that it is capable of estimating frequencies of observable events, e.g. controller 

intervention rates, losses of separation or near misses.  This in turn means that the 

existing collision risk formulae must be extended to deal with a larger volume than the 

aircraft-sized boxes or cylinders presently used. It is important to realise that the same 

model needs to work for a range of volumes (from larger-than-conflict down to aircraft 

size); verifying a “conflict” model would be of little use if it then could not be used to 

assess collision risk. If, on the other hand the same model were to be valid over the 

range of volumes, it could estimate not only collision risk with reasonable confidence 

but also the expected intervention rates for a proposed future system (when used with a 

conflict volume), and so quantify the additional workload that would be placed on the 

controller. 

2.6 LINES OF IMPROVEMENT 

As a reaction against the previous limitations, several lines of action have been identified with a 

twofold purpose; first to allow the extension of CRMs into more complex scenarios while, at the 

same time, ensuring the validity on their results. Second, to gain confidence from the 
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operational staff (aircrews and controllers) on CRMs and to involve these groups in the CRM 

development process. To reach these goals, the actions described below are suggested and 

considered in the development of this thesis.    

 Assessment of More Frequent Events. Since collisions are very remote occurrences, it 

is proposed to adapt CRMs to provide estimations of more frequent observable events 

(e.g.: separation infringements, ATC interventions, etc.), leading to a latter calculation 

the relation between those observable events and collisions. To follow this approach it 

is required to obtain flight data samples (radar and flight plan) to allow such a validation 

process.  

 Human Factor. The availability of flight data could also help to test different analytical 

models of human behaviour (either ATC loop or aircrew) by identifying the traces of 

interventions in the radar track and the associated reaction times. 

 Extended Use of Software Tools. The use of software tools is essential to allow a timely 

management of significant volumes of flight data. If those tools are designed with 

common purpose graphical interfaces, any person can be easily taught about their use. 

This graphical approach can also be applicable to the development of the CRM itself, 

presenting their inputs and results in such a way that will be easily understood for non 

mathematical experts.   
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Chapter 3.  
GENERAL DESCRIPTION OF THE 3-D 

COLLISION RISK MODEL 

3.1 NEED FOR A NEW COLLISION RISK MODEL 

The major constraint in developing appropriate monitoring methodologies and tools to assess 

the level of safety in en-route airspaces where controllers monitor air traffic by means of radar 

surveillance and provide aircraft with tactical instructions lies in the estimation of the operational 

risk. The operational risk estimate normally relies on incident reports provided by the air 

navigation service providers (ANSPs). The provision of incident reports is highly dependent on 

the safety management practices of each ANSP and requires the complete cooperation of both 

controllers (in identifying and reporting altitude deviations) and incident investigators (in 

providing operational reports to the RMA in good time). The EUROCONTROL 2009 SRC 

Annual Safety Report [72] concludes that whilst ”there has been an improvement in reporting of 

safety occurrences, overall progress towards full reporting by states is too slow.” 

The two main features of the 3-D CRM are the following: 

 it does not rely on altitude deviation reports for the assessment of operational risk; and 

 it explicitly accounts for the effect of ATC/aircrew intervention in European en-route 

airspace within radar cover and under tactical control.  

A major element of the development of the 3-D CRM for European airspace is therefore to 

quantify the role of ATC (and aircrews) in preventing mid-air collisions.  

The 3-D CRM relates aircraft collision events, therefore, to more frequently occurring events 

involving pairs of aircraft for which the 3-D distance between the aircraft is less than a horizontal 

proximity distance. 

Conflicts and potential conflicts are examples of proximate events with the proximity distances 

taken as the prevailing horizontal and vertical separation minima respectively, i.e. a conflict is 

taken to mean a simultaneous violation of horizontal and vertical separation minima and a 

potential conflict is a situation which would result in conflict if not corrected within a given look-

ahead time (LAT) by the ATC and aircrew of one or both aircraft. In other words, a potential 
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conflict is a situation where aircraft on conflicting paths would lose both vertical and horizontal 

separation within the look-ahead time. 

Given that an aircraft pair is involved in a proximate event, the 3-D CRM then models the 

probability of the event developing into a collision, i.e. a situation in which the minimum 

horizontal and vertical distance between the centres of the aircraft is less than the average 

aircraft length denoted xy and the average aircraft height denoted z.  

3.2 FUNDAMENTALS OF THE 3D-CRM 

The 3-D CRM mathematical model was first formulated by Dr. L. Burt in [13] and is primarily 

based on the principle stated by B.L. Marks in [3]: “… the task of relating collision risk to a traffic 

configuration can be taken in two parts:  

1. determining the frequency with which aircraft are exposed to risk by passing close 
together; and  

2. determining what chance of collision is inherent in the passing”. 

Risk is defined in [73] as the probability of a particular adverse event occurring during a stated 

period of time. A variety of definitions can be used for the terms “Hazard” and “Risk”, but they 

may generally be considered as follows: “Hazard” is the potential to cause harm; and “Risk” is 

the likelihood of the harm occurring.  

 
Figure 3.1. Hazard and Risk Concepts 

Applying these definitions to an ATC scenario, it is accepted that hazard is closely related to 

situations in which two aircraft are on a conflict course. According to this idea, the probability of 

aircraft collision can be expressed as composed by two factors; the relative frequency (FeR) in 

which aircraft are exposed to hazards and that the chance of collision (risk) associated to this 

hazard. The second factor can be also decomposed into two terms, one indicating the intrinsic 

severity of the risk and the other one pointing out the probability of failure of safety barriers.  

The final expression is then composed by three factors: 

).()..()( collpotcollPconfpotcollpotPFeRcollisionP   (1) 

Where: 

 FeR, Frequency exposition to Risk (frequency of hazards), is here considered as the 

relative frequency that an aircraft would potentially violate the separation standards 

defined for a particular situation, here named as potential conflict. It is easily seen that 

this value increases with the traffic density. 

 P(pot.coll/pot.conf) (Pa),  is the conditional probability of a potential collision (pot.coll) 

between two aircraft that were previously involved in a potential conflict. Its value 

depends on the encounter’s kinematics and uncertainties associated to the predicted 

positions. It represents the intrinsic severity of the encounter and it is independent of the 

traffic density. 
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 P(coll/pot.coll) (Pb), is the conditional probability of collision among potential collisions 

if all the safety barriers (ATC, TCAS) that mitigate the risk fail.  

The two last factors associated to the severity and mitigation measures respectively, can be 

considered as those determining the chance of collision inherent in the separation standards 

violation. 

The frequency, or probability, of having a particular severity in a particular potential encounter 

can be established as (Pa), defined as conditional probability of a potential collision among two 

aircraft that are projected to be closer than the prescribed horizontal and vertical separation 

minima. This implies that if the aircraft do not change their course, due to any corrective action 

by any of the ATC safety barriers  at least not until they pass each other, they will collide. 

The chance of collision, within this context, can be stated as probability (Pb) that two aircraft in 

collision course do not change their course and continue on in straight flight at constant speed 

until they pass each other. In other words, even if ATC issues a conflict resolution in time, this is 

not translated into a desired change in aircraft speed, direction or climb/descent rate. 

 

Figure 3.2. Model Overview. Bow Tie Diagram. 

This approach is completely aligned with EUROCONTROL’s Risk Analysis Tool (RAT) 

methodology [74]). The EUROCONTROL RAT provides a method, based on the Barrier model, 

for consistent and coherent identification of risk elements. The final goal of this tool to improve 

the quality of the incident/accident databases by harmonising reporting of severity assessment 

of Separation Minima Infringements. In addition with this methodology the aggregation of such 

occurrence data becomes far more meaningful. 

 

Figure 3.3. EUROCONTROL’s RAT version of the Barrier model 
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3.3 MATHEMATICAL FORMULATION 

In mathematical terms a potential conflict can be expressed as follows. Consider two aircraft on 

converging tracks, each flying along a straight line and at a constant velocity. A potential conflict 

among two aircraft (i,j) occurs at time (t) when they are predicted to come into conflict (tCF) 

within the look-ahead time  , i.e. if their projected trajectories determine a CPA with vertical 

(hij) and horizontal (rij) separations less than the prescribed radar separation minimum, R and H, 

that is: 
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  (2) 

Where: CPA  denotes the time of CPA and   is the look-ahead time. 

On the other hand, a conflict exists for all times (t) while: 

   HthRtr ijij  )()(   (3) 

Potential collision and collision would then be defined similarly to previous potential conflict and 

conflict definitions, respectively, as:  
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where xy and z are the physical aircraft dimensions. 

 

Figure 3.4. View of potential conflict (Note: h12 < H) 

The main questions that arise for the previous mathematical definitions are: 

 Value of Look Ahead Time (LAT) and 

 Physical aircraft dimensions (xy and z) 

 Conflict volume dimension (R and H) 

The main purpose of the look-ahead time   is to ensure that “potential conflicts” are not 

identified by extrapolation too far into the future. However, it needs to be long enough so that no 

risk-bearing potential conflicts are filtered out. 

[r12]min

tCF tCPA
tCI

Aircraft 2

Aircraft 1tCI: time of identification of potential conflict
tCR: start of a conflict resolution manoeuvre
tCF: predicted time of entry into conflict volume
tCPA: predicted time of CPA

tCF – tCI < Look Ahead Time

Note: h12<1000 ft

R

Predicted

Trajectory

tCR

Actual  Track
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The selection of the value for the look-ahead time (LAT, ) to be used in the 3-D CRM model 

has to be based upon operational factors and needs to be validated with air traffic controllers 

and pilots.  

A carefully analysis of the literature (see [75]) shows that nearly all conflict resolutions in high 

traffic density areas are realized in the last 12 minutes before falling short of CPA, and that the 

vast majority occurred in the interval between 7 and 12 minutes. 

In a first approach, a value of  =10 minutes has been introduced in the model. However, such 

a parameter can easily be modified in the 3-D CRM tool.  

The values for the average aircraft dimensions have been obtained from the EUR RVSM 

Mathematical Supplement [79]; 

r = 132.94ft, z = 39.22ft (5) 

The values of R and H are normally the horizontal and vertical separation minima. In an en-

route European airspace R and H are often taken to mean the actual radar separation minima of 

5 NM and 1000 ft.  

However, depending on the specific ATC practices of the selected airspace the values of R and 

H could be substituted by the horizontal and vertical separations in which aircraft were 

perceived to pass too close to each other for pilots to ensure safe separation, e.g. 3 NM and 

750 ft. 

In terms of frequencies for a given air traffic population and scenario, frequency of exposition to 

Risk can be expressed as: 

HoursFlight

ConflictsofN

hourFlight

conflictpotP
FeR

º).(
  (6) 

The FeR can be easily obtained from high traffic density scenarios using stored radar tracks 

data. 

The intrinsic severity of the risk is given by Pa: 

)( conflictpotentialcollisionpotentialPPa   

The probability of ATC resolution failure, Pb, or probability of collision among potential collision 

is expressed as: 

)( collsionpotentialcollisionPPb   (7) 

 

Figure 3.5 Hierarchy of Events 
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The 3-D CRM assumes that the probability of collision may be estimated as product of previous 

probabilities. 

ba PP
HoursFlight

ConflictsPotofN

CollisionPotCollisionPConflictPotCollisionPotP
HoursFlight

ConflictsPotofN

ConflictPotCollisionP
HoursFlight

ConflictsPotofN

HazardCollisionPFeR









.º

)./()./.(
.º

)../(
.º

)/(n)P(collisioRiskCollision 

(8) 

3.4 METHODOLOGY 

The 3-D CRM is based on the process and analysis of radar data to observe the frequency and 

types of proximate events. A proximate event (PE) is defined as either  

 a passing event (PEv), where two aircraft in level flight on adjacent flight levels pass  

each other within a given horizontal distance; or 

 a conflict (CF), a situation when two aircraft simultaneously lose both horizontal and 

vertical separation; or 

 a potential conflict (PCF) in which two aircraft are predicted to be in conflict within a set 

look-ahead time, with their future positions obtained by linear extrapolation from their 

current positions and velocities but a correction action is taken to avoid an actual 

conflict; 

 a potential collision (PCO) in which two aircraft are predicted to be in collision within a 

set look-ahead time, with their future positions obtained by linear extrapolation from 

their current positions and velocities but a correction action is taken to avoid an actual 

collision. 

This classification makes a clear distinction between passing events and conflicts because the 

risk associated with two aircraft in level flight nominally separated by 1000ft is related to the 

height keeping errors and requires a specific analysis. See [79]. 

Therefore, the 3-D CRM is based on the analysis of the conflicts, potential conflict and potential 

collisions. From the radar data processing, first the probability of having a potential collision is 

calculated. Finally, the model estimates the conditional probability that a potential collision does 

actually become a collision (probability of failure of tactical safety barriers). 

 
Figure 3.6. 3-D CRM Methodology. 
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3.5 PROBABILITY OF POTENTIAL COLLISION (PA) 

3.5.1 Definition of Pa 

The conditional probability Pa of a collision is the probability that two aircraft on a conflict course 

would not only pass closer than the prescribed horizontal and vertical separation minima, but 

would in fact collide. This assumes that the aircraft do not change their course due to any 

corrective action by any of the ATC safety barriers. 

3.5.2 Consideration of aircraft protection zones 

As stated by Ennis [76], a protected zone represents a region around a given aircraft that no 

other aircraft should penetrate. A simplification of the Bellantoni [77] approach for the definition 

of a collision surface can be made by modelling the aircraft as a cylinder of diameter xy and 

height z as indicated in Figure 1.3.  

Two aircraft are taken as colliding if their cylinders touch. With this bounded and closed 

airspace region representing the aircraft, a “collision cylinder” can be settled as a larger cylinder 

of twice the dimensions represented in Figure 1.3, and defined by height 2z and radius 2xy 

(see Figure 1.7). 

On the other hand, all high density traffic ATC scenarios have established minimum separation 

standards defined by two values, the minimum horizontal (R) and vertical (H) separations. When 

two aircraft are closer than these distances the ATC system is considered to have failed. These 

values (R, H) allow us to use another cylinder shaped protection model for all aircraft which 

should be free of any other aircraft to fulfil this separation minima (see Figure 1.6). This volume 

will be called the “conflict cylinder” as it is considered that two aircraft potentially violating these 

separations are exposed to risk. 

During the en route phase of flight, for example, the conflict cylinder would be 5 nm in radius 

and 2,000 ft in height. However, these current minimum separation standards were determined 

many years ago and the method by which they were developed is not well documented. 

Recently, Reynolds & Hansman [78] identified factors involved in defining the aircraft separation 

standards and discussed the importance of accurate state information for controllers in 

maintaining them.  

The dimensions of the conflict and collision cylinders are summarize below 

Cylinder Diameter Height 

Aircraft representation 
xy  

z  

Collision 2
xy  2 z  

Conflict 2R 2H 

Table 3.1. Dimension of conflict and collision cylinders 

When civil aircraft are climbing or descending, it is considered that pitch angles are small and 

so, vertical and horizontal dimensions have small changes. Therefore, all the “modelling 

cylinders” will be considered as horizontal, as indicated on Figure 3.7.  

As all the cylinders are considered parallel, the longitudes and surfaces ratios among them will 

be constant when they are projected onto any plane. 
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Figure 3.7. Modelling Cylinders Orientation 

As both cylinders are always parallel, the longitudes and surfaces ratios among them are 

maintained constant, when they are projected onto any plane. 

It is expected from a number of previous studies1 that aircraft are considered to be on crossing 

tracks for crossing angles from 5 to 175. Therefore, there are three categories of relative 

headings (same, opposite and crossing events): 

Between-track Angle Classification 

-5 <-> 5 Same Direction 

-5 <-> -175º & 5 <-> 175º Crossing Tracks 

175 <-> 185 Opposite Direction 

Table 3.2. Geometry classification for proximity events 

3.5.3 Original formula of Pa 

The original 3-D CRM formulation developed by Dr. L. Burt [13] to estimate Pa distinguished 

four different aircraft conflict geometries: 

 Both aircraft in level flight and aircraft on same or opposite headings: Equation C1. 

 One of both aircraft climbing and/or descending and aircraft on same or opposite 
headings: Equation C2. 

 Both aircraft in level flight and aircraft on crossing tracks: Equation C3. 

 One of both aircraft climbing and/or descending and aircraft on crossing tracks: Equation 
C4. 

 Both aircraft 
in level flight 

One or both aircraft climbing  
and/or descending 

Aircraft on same 
or opposite 
headings 

Equation C1: Equation C2: 
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where: 

                                                                 

1 The same geometry classification has been adopted for use the European RVSM assessment. 
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 Py(0) denotes the probability of lateral overlap for aircraft using the same track flying in 

the same or opposite direction;  

 Pz(0) is the probability of vertical overlap for aircraft flying at the same flight level; 

 xy and z are the diameter and height of a cylinder enveloping the aircraft and vr and 

vz are the horizontal and vertical components of the relative velocity vector; and 

 R and H are the diameter and height of the conflict cylinder and often taken to mean the 

actual radar separation minimum of 5 NM and 1000 ft applicable in the en-route 

airspace.  

The mean or expected value of Pa of the selected scenario is calculated as the arithmetic mean 

of all (Pa)i values, 

1( )

T

i

N

a

i
a

T

P

E P
N




                      (9) 

where NT is the total number of the selected proximate events. 

The equations above can be derived from a general equation, obtained without introducing “a 

priori” assumptions on the encounter type and on the probabilities for lateral and vertical 

separations. 

3.5.3.1 General Expression 

The general expression is based on the definition of a generic projection plane containing the 

centre of the reference aircraft and a moving reference frame centred in the reference aircraft 

and having Z-axis always vertical and X-axis parallel to the relative horizontal speed of the 

aircraft. 

Let’s also define another moving reference frame with X1-axis perpendicular to the projection 

plane and Z1-axis the intersection of the projection plane and the a vertical plane define by X 

and Z axis. See figure below: 

 

 

Figure 3.8. Definition of Moving References OXYZ and OX1Y1Z1 

Intruder AC (j)

Reference AC (i)
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plane Intruder AC (j)
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Let’s assume that f(y1,z1) is the bi-dimensional probability density function (pdf) of the projected 

separation of the aircraft in the projection plane. The conditional probability (Pa) that a potential 

conflict will result in a collision is given by the general expression below, provided that the 

aircraft do not change their course or speed until after the closest point of approach between 

the aircraft pair:  

 
1 1 1 1

1 1 1 1

( , )

( , )

PCOL

PCF

S

a

S

f y z dy dz

P
f y z dy dz

 




 (10) 

being:  

 SPCOL the projection of the collision cylinder in the selected projection plane and 

 SPCF projection of the conflict cylinder in the selected projection plane 

   refers to the scenario under consideration, i.e. potential conflict between aircraft on 

crossing tracks with one or both aircraft climbing/descending 

The following sections further address the different conflict geometries and their associated Pa 

expressions. 

3.5.3.2 One or both aircraft climbing and/or descending 

For this case, the horizontal XY plane is defined as the projection plane and therefore, 

 Z1-axis is equal to the X-axis 

 Y1-axis is equal to the Y-axis 

Then,  

 
1 1 1 1

1 1 1 1

( , ) ( , )

( , ) ( , )

PCOL PCOL

PCF PCF

S S

a

S S

f y z dy dz f y x dydx

P
f y z dy dz f y x dydx

  

 

 
 (11) 

 Aircraft on crossing tracks 

Figure 3.9 illustrates a typical situation when one or both aircraft are climbing or descending. 

One aircraft is at the centre 0 of the conflict and/or collision cylinder and the relative path of the 

second aircraft is shown as the line AD. The second aircraft crosses the horizontal plane 

containing the base of the cylinder at A, enters the conflict space at point B, exits at point C and 

crosses the horizontal plane containing the top of the cylinder at D. The vertical separation 

between points A and D is less than the minimum, and the horizontal separation is less than the 

minimum between points B and C. Points 1 and 2 mark in turn the vertical and horizontal closest 

points of approach between the two aircraft. 
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Figure 3.9 Probability Pa: Aircraft on crossing track 

Consider first the conflict cylinder with radius R and height 2H. For the aircraft to be in potential 

conflict at all (i.e., pass through the conflict cylinder), the point A must lie within the outlined  

shape SPCF consisting of a rectangle and two semi-circles at each end (see Figure 3.9 and 

Figure 3.10); this is in fact a projection of the conflict cylinder into the horizontal plane containing 

the base of the cylinder along the relative velocity vector. The area of SPCF can be calculated as 

follows. The two semi-circles have radius R, so their combined area is R
2
. If vr and vz are the 

horizontal and vertical components of the relative velocity vector, respectively, then the 

rectangle has sides 2R and 2H vr /vz. The total area of the outlined shape SPCF is therefore: 

2
4 r

PCF

z

v
S R RH

v
           (12) 

The same calculations can be carried out for the collision cylinder with radius xy and height 

2z. For the same aircraft to enter the collision cylinder around the first aircraft, it must pass 

through a similar  shape SPCOL, with the area now obtained from Figure 3.9 by replacing R 

with xy and H with z: 

2
4 r

PCOL xy xy z

z

v
S

v
              (13) 

 

Figure 3.10 Probability Pa: Shape SPCONFLICT. 
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Hypothesis 1: With view to estimate Pa, it is considered that, for aircraft on crossing tracks, the 

point A can be anywhere within SPCF with equal probability. In the same way, it is considered 

that for aircraft on crossing tracks, aircraft can be anywhere within SPCOL with equal probability.  

( , )f y x Uniform  

The conditional probability that the conflict will result in a collision is therefore the ratio of the two 

areas: 

 

( , )

( , )
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PCF

S PCOL

a

PCF
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f y x dydx
S

P
Sf y x dydx
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Equation C4: 
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 (15) 

provided that the aircraft do not change their course or speed until after the closest point of 

approach between the aircraft pair. The symbol   refers to the scenario under consideration, 

i.e. here aircraft on crossing tracks with one or both aircraft climbing/descending. The equation 

(16) is in fact the ratio of the collision and potential conflict volumes multiplied by the ratio of the 

two kinetic factors. The last expression in (16) is only suitable if the horizontal component of the 

relative velocity vector, vr, is non-zero. 

 Aircraft on same and/or opposite headings 

For aircraft on nearly the same or opposite headings the point A is likely to be close to the axis 

of SPCF that passes through the centres of both semi-circles.  

Hypothesis 2: the minimum horizontal separation is independent of the minimum separation 

along-track, so: 

( , ) ( ) ( )
y x

f y x f y f x  (16) 

 fy(y), pdf of minimum horizontal separations between the aircraft 

 fx (x) pdf of minimum separations between the aircraft along-track 

And the formula to estimate Pa can be simplified to: 

 

( , ) ( ) ( )

( , ) ( ) ( )

PCOL PCOL

PCF PCF

y x

S S

a

y x

S S

f y x dydx f y f x dydx

P
f y x dydx f y f x dydx

  

 

 
 (17) 

The probability density function (pdf) in a direction perpendicular to this axis is fy(y), which is the 

pdf of minimum horizontal separations between the aircraft while in the other direction fx (x) 

(along-track). 

Hypothesis 3:  the pdf fx (x) can be considered uniform (see Figure 3.11). 
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Figure 3.11. Probability Pa: Aircraft on same or opposite headings 

Taking that into account, the conditional probability that the conflict will result in a collision has 

the following expression: 

 

( ) ( ) ( )

( ) ( ) ( )

PCOL PCOL

PCF PCF

y x y

S S

a

y x y

S S

f y f x dydx f y dydx

P
f y f x dydx f y dydx

  

 

 
 (18) 

Hypothesis 4: The integration over the “small” SPCOL shape, with the assumption that fy is 

nearly uniform over the small range xy, yields, 
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Considering that, 

)0(f2dy)y(f)0(P yxyyy
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The integration over the “small” SPCOL shape is approximately the following, 
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Hypothesis 5: For the integration over the “large” SPCF shape it is considered, as is usually the 

case, that R is much greater that the standard deviation of fy, then, 

1dy)y(f

R

R

y 


 ,  (22) 

and an integration over the “large” SPCF shape is approximately the following, 
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The conditional probability that the conflict will result in a collision is then the ratio: 
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assuming again that the aircraft do not change their course or speed until after the closest point 

of approach between the two aircraft. In equation (17), the symbol   refers to the particular 

scenario under consideration, i.e. aircraft on crossing tracks with one or both aircraft 

climbing/descending. If the horizontal component of the relative velocity, vr, is not close to zero. 

Equation C2: 
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3.5.3.3 Both aircraft in level flight 

This section addresses both scenarios, aircraft on same and/or opposite headings and aircraft 

on crossing tracks. However, since in this case the vertical component of the relative velocity 

will be small, it is more suitable to use the vertical plane as the projection plane; this is 

illustrated in Figure 3.12: 

 Y1-axis is equal to the Y-axis 

 Z1-axis is equal to the Z-axis 

Then,  

 
1 1 1 1

1 1 1 1
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  (26) 

Hypothesis 6: the minimum horizontal separation is independent of the minimum vertical 

separation, so: 

( , ) ( ) ( )
y z

f y z f y f z  (27) 

 fy(y), pdf of minimum horizontal separations between the aircraft 

 fz (z) pdf of minimum vertical separations between the aircraft  

And therefore conditional probability Pa that the conflict will result in a collision in this scenario 

has the following expression: 
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Figure 3.12 Probability Pa: Both aircraft in level flight 

For the aircraft to be in conflict (i.e., pass through the conflict cylinder with radius R and height 

2H), the point of horizontal closest point of approach (point “2”) must lie within the outlined 

shape SCF consisting of a rectangle and two semi-ellipses at each end. The shape SCOL is a 

projection of the cylinder into the vertical plane through the origin O perpendicular to the 

horizontal component of the relative velocity vector. The rectangle within SCF has sides 2R and 

2H. The two semi-ellipses have semi-axes of length R and R vz /vr in the horizontal and vertical 

directions, respectively. 

For aircraft in level flight on crossing tracks the point “2” (HCPA) is likely to be close to the 

horizontal axis of S; the pdf of vertical separations between the aircraft at HCPA will be denoted 

by fz. Similarly, the pdf of horizontal separations between the aircraft at HCPA will be denoted 

by fy. It is assumed again for both scenarios (aircraft on same and/or opposite headings and 

aircraft on crossing tracks) that fy is nearly uniform over the range xy (see Hypothesis 4). 

Hypothesis 7: fz is nearly uniform over the range z Then the probability that point “2” is 

within SPCOL is obtained as 
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Hypothesis 8: For the potential conflict cylinder (with radius R and height 2H) it is necessary to 

distinguish between the two scenarios. However, for both scenarios it can be assumed that H is 

much greater that the standard deviation of fz(z), so 

1dz)z(f
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Hypothesis 9: For aircraft in level flight on crossing tracks the point “2” (HCPA) is likely to be 

close to the horizontal axis of SPCF; the pdf of horizontal separations between the aircraft at 

HCPA, denoted by fy (y), can be considered nearly uniform. 

( ) ( ) ( ) 2 (0)
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If for the integration over the “large” SPCF shape for aircraft in level flight on same or opposite 

headings, it is considered, as is usually the case (see Hypothesis 5), that R is much greater that 

the standard deviation of fy then, 

1dy)y(f

R

R

y 


 ,   (32) 

And the integration yields, 
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Taking into account the above expressions and considering that, 
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the conditional probability for aircraft in level flight on crossing tracks Pa( ) that the conflict will 

result in a collision is then the ratio: 

Equation C3: 
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while for aircraft in level flight on parallel or anti-parallel headings ( ) it is instead 

Equation C1: 
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3.5.3.4 Summary of Hypothesis 

Equation Hypothesis 

C1 
Level & 

Same/Opposite 

6 ( , ) ( ) ( )
y z

f y z f y f z  

7 fz is nearly uniform over the range z   

8 H is much greater that the standard deviation of fz(z) 
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4 fy is nearly uniform over the small range xy 

5 R is much greater that the standard deviation of fy 1dy)y(f

R

R

y 


 

C2 
Climbing/Descending 

& Same/Opposite 

2 ( , ) ( ) ( )
y x

f y x f y f x  

3 ( )
x

f x Uniform  

4 fy is nearly uniform over the small range xy 

5 R is much greater that the standard deviation of fy 1dy)y(f

R

R

y 


 

C3 Level & Crossing 

6 ( , ) ( ) ( )
y z

f y z f y f z  

7 fz is nearly uniform over the range z   

8 H is much greater that the standard deviation of fz(z) 

9 ( )
y

f y Uniform  

C4 
Climbing/Descending 

& Crossing 
1 ( , )f y x Uniform  

Table 3.3. Hypothesis of the original 3-D CRM 

3.5.3.5 Calculation of Py(0) and Pz(0) 

The formulas to calculate the probability of collision are based on the pdfs:  

 fy: the pdf of minimum horizontal separations between the aircraft, and  

 fz: the pdf of vertical separations between the aircraft at CPA. 

These pdfs are used to calculate the lateral (Py) and vertical (Pz) overlap probabilities.  

Taking into account the hypotheses 7 and 4, 

)0(f2dz)z(f)0(P zzzz

z

z

 




 , (38) 

and  )0(2)()0( yxyyy fdyyfP
xy

xy







 


 

These expressions only have sense if in the first case both aircraft have the same assigned 

flight level and in the second case both aircraft are flying exactly the same route. 

There are two possible methods of estimating Py and Pz: one approach based on the type of 

navigation equipment being used by the aircraft, and a second approach based of the 

measured minimum separations between aircraft in the radar data sample. 

A. Approach based on the type of navigation equipment being used by the aircraft. 

In an ATC environment, in the case of fz, the calculation method is well analysed and 

documented by EUROCONTROL [79], but for fy it is dependent on the type of navigation 

equipment being used by the aircraft (dead reckoning, off-set tracks, RNAV with different 

accuracy levels or conventional ground based radio aids navigation). Besides, the 

hypothesis regarding the shape of the pdf fy should be verified using real data. 

B. Approach based on the measured minimum separations between aircraft in the radar data 

sample. 

In order to empirically calculate fy, histograms of the minimum horizontal separation 
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between aircraft flying on the same or opposite headings have to be determined from the 

radar data samples.  

In the case of Maastricht AOR (Area of Responsibility), the analysis of the traffic data samples 

provided by MADAP servers (see section 5.1.1) provides the histograms for fy and aircraft on the 

same or opposite headings are shown below. The same type of histogram for crossing traffic is 

shown below for comparison purposes.  

 
Figure 3.13. Lateral Separation at the CPA. Aircraft on Same Headings. 

 

Figure 3.14. Lateral Separation at the CPA. Aircraft on Opposite Headings 

 

Figure 3.15. Lateral Separation at the CPA. Aircraft on Crossing Tracks 

The histograms of the minimum horizontal separations at the geometric CPA for aircraft flying 

on the same, opposite or crossing tracks were tested to observe if they are consistent with a 

uniform distribution using the chi-square test and a confidence level of 0.05. In the three cases 
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the H0 hypothesis that the lateral separation at the CPA follows the uniform distribution was 

accepted. 

This approach provides an estimate of the average probability of collision (Pa) of each conflict 

geometry but it cannot be applied to calculate the probability of collision of one individual 

encounter. 

3.5.3.6 Verification of Pa Hypotheses in MUAC  

The traffic data samples to perform the verification of Pa hypotheses were provided by MADAP 

servers (see section 5.1.1). They cover a period of thirty-one days from 1
st
 to 31

st
 January 2007. 

The track data were encoded in ASTERIX Cat 62/Cat 65.  

The analysis has been performed over the Maastricht AOR (Area of Responsibility) as a whole. 

Specific studies of individual Maastricht UAC sectors could be carried out if necessary in the 

future.  

The main parameters used in the scenario definition are: 

- Proximate Event Definition: 

 R: 5 NM; 

 H: 850 ft; 

 LAT: 10 minutes; 

- Aircraft Dimensions: 

 xy  134 ft; and 

 z = 40 ft.  

The radius (R) and height (H) of the conflict volume are often taken to mean the actual radar 

separation minimum of 5 NM and the vertical separation minimum of 1000 ft applicable in the 

en-route airspace. However, a height of 850 ft has been used in this study to avoid false 

detections of potential conflicts caused by the Mode C height resolution being limited to 100 

feet, which is the value of the least significant bit in the Mode C altitude report.  

In practice, the decision to select a conflict height of 850 ft will remove from the analysis those 

actual conflicts caused by small deviations (less than 150 ft) in the vertical plane. 

Based on the analysis of the separations at the CPA, the proximate events are classified in: 

 potential conflicts: events with a predicted minimum horizontal separation at the CPA 

( ij CPA
r   ) less than a value of R (in NM) and a predicted minimum vertical separation 

at the CPA ( ij CPA
h   ) less than a value H (in ft). 

 potential collisions: events with a predicted minimum horizontal separation at the CPA 

( ij CPA
r   ) and a predicted minimum vertical separation at the CPA ( ij CPA

h   ) less 

than the diameter xy and height z of the cylinder enveloping the aircraft, 

respectively. 

The following table summarizes the results obtained from the radar data processing: 
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Type of Encounter Hypothesis Validation 

Aircraft on crossing tracks 
1 ( , )f y x Uniform  ? 

9 ( )
y

f y Uniform  Fail to reject 

One or both aircraft climbing  
and/or descending 

2 ( , ) ( ) ( )
y x

f y x f y f x  ? 

3 ( )
x

f x Uniform  ? 

Aircraft on same or opposite 
headings 

4 fy is nearly uniform over the small range xy Fail to reject 

5 

R is much greater that the standard deviation of fy 

1dy)y(f

R

R

y 


 
Reject 

Both aircraft 
in level flight 

6 ( , ) ( ) ( )
y z

f y z f y f z  Fail to reject 

7 fz is nearly uniform over the range z   Fail to reject 

8 H is much greater that the standard deviation of fz(z) Fail to reject 

Table 3.4. Verification of Pa Hypotheses in MUAC  

The hypothesis 5 is not validated as it was shown in Figure 3.13 and Figure 3.14. This is 

explained because in high density en-route airspaces, some pilots are flying offset routes by a 

small amount in order to ensure lateral separation in the event of a flight level error (i.e. 1.0 NM 

right offset). As it is stated in [81], EUROCONTROL has recently undertaken two studies to 

address the use of offset tracks within the ECAC airspace. 

Consequently, in Maastricht airspace only 2 different aircraft conflict geometries have to be 

distinguished and not 4: 

- Both aircraft in level flight 

- One or both aircraft climbing and/or descending 

Both aircraft 
in level flight 

One or both aircraft climbing  
and/or descending 

Equation C1’: Equation C2’: 
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The values of the average probabilities of Pa(Ci) using the traffic sample of MUAC is specified 

in the following table: 

Both aircraft 

in level flight 

One or both aircraft climbing  

and/or descending 

C1’ C2’ 

1
,

1'

11' ,

1
( ) (0) 1

4

3.4113e-3

CN
xy xy z i

c z

iC z r i

v
E P P

N R v
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( ) 2.07455e-4

1
4

C

xy z i

N
z r ixy z

c

C z i

r i

v

v
E P

N R H vR

H v



 



 
  

  
 
  

 


 

Table 3.5. Averages of Probabilities Pa(Ci) in MUAC 

where NC1’=5134, NC2’=30806 and where Pz(0) = 0.7734. (Pz(0) is the only parameter that is not 

calculated by the 3-D CRM prototype software tool from the radar data and has been taken from 

other EUROCONTROL studies [79]); 

A weighted mean value of Pa is then calculated as: 
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=6.692e-4 (39) 

3.5.3.7 Parameter Sensitivity Analysis 

The main parameters of the original formula for Pa are: look-ahead time, radius of the conflict 

volume (R) and height of the conflict volume (H). The following figures show the results of the 

sensitivity analysis: 

 
Figure 3.16. Sensitivity Analysis: original formula for Pa vs. LAT (H=850 ft;R=5 NM) 

  

Figure 3.17. Sensitivity Analysis: % PEs of each category vs. LAT. Original formula. 

It can be inferred from the previous figures, Pa highly depends on the percentage of proximate 

events of the type C1’ (both aircraft in level flight). 

 
Figure 3.18. Sensitivity Analysis: Original Pa vs. H (ft) (R=5 NM; LAT=10 min).  
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Figure 3.19. Sensitivity Analysis: Original Pa vs. R (NM) (H=850 ft; LAT=10 min). 

3.5.4 Empirical Method for Pa 

The formula developed by Dr. Burt provides only a estimate of the average conditional 

probability of collision Pa but it does provide an individual value of Pa for each encounter. 

Therefore, this approach does not asses the severity of each individual potential encounter. 

The original approach is based on the assumption of certain hypothesis in order to simplify the 

general expression. If these hypotheses are not verified then the general expression should be 

used and Pa is calculated numerically using the bi-dimensional probability density function 

(f(y1,z1)) obtained from the radar data: 

1 1 1 1

1 1 1 1

( , )
º ( , )

( )
º ( , )( , )

COL

CF

ij xy ij zS PCOL CPA CPA

a

PCF ij ijCPA CPA
S

f y z dy dz
N r hN

E P
N N r R h Hf y z dy dz

        
  

       




 (40) 

where: 

• º ( , )ij xy ij zCPA CPA
N r h        

 is the number of potential collisions corresponding to a 

minimum horizontal separation at the CPA (
ij CPA

r  
) and a minimum vertical separation (

ij CPA
h  

) 

less than the diameter xy and height z of the cylinder enveloping the aircraft respectively. 

• º ( , )ij ijCPA CPA
N r R h H       

 is the number of potential conflicts corresponding to a predicted 

minimum horizontal separation at the CPA (
ij CPA

r  
) less than a value of R (in NM) and a 

predicted minimum vertical separation at the CPA (
ij CPA

h  
) less than a value H (in ft). 

Therefore the probability of potential collision among potential conflicts, that is to say Pa, E(Pa), 

could be taken as the relative frequency that two aircraft, on a conflict course, would not only 

pass closer than the prescribed horizontal and vertical separation minima, but would in fact 

collide. This assumes that the aircraft do not change their course due to any corrective action by 

any of the ATC safety barriers. 

This expression provides an expected or global value, and does not assess the severity of each 

individual potential encounter.  

The number of potential collisions and potential conflicts is calculated by the 3-D CRM prototype 

by processing a representative sample of radar data. The following figure shows a 2D histogram 

of the number horizontal and vertical separations at the CPA obtained from the processing of a 

radar data sample of Maastricht AoR (see section 5.1): 
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Figure 3.20. 2D histogram of projected horizontal and vertical separations at the CPA (31 days 

of radar data, Maastricht AoR) 

The estimation of Pa calculated from the frequencies of potential collisions and potential 

conflicts obtained after processing a traffic data sample of Maastricht AoR (see section 5.1): 

4
º ( , ) 19

5.4029e
35166º ( , )

ij xy ij zCPA CPA
a

ij ijCPA CPA

N r h
P

N r R h H

 


       
  

       
 

The advantages of this method are: 

 it does not require to verify many different hypotheses 

 the potential error of the numeric solution is equivalent to the error derived from 

verifying the different hypotheses of the original formula 

 it is more simple so it is more robust and easy to understand 

3.5.5 Derivation of a Enhanced Empirical method to Estimate the Probability of 

Collision (Pa)  

This section proposes a new approach to estimate the severity of the encounter using the 

conditional probability of a potential collision Pa for each particular aircraft encounter. The 

proposed approach aims at improving the previous works by: 

 Providing an individual probability of collision of each individual encounter based on the: 

o geometry of the encounter, 

o the minimum predicted lateral separation at the CPA, 

o the minimum predicted vertical separation at the CPA. 

 Taking into consideration the radar data errors and the segmentation errors.  

 Assessing the severity of each individual potential encounter. 

The new approach to estimate Pa is based on using always the same projection plane, the one 

perpendicular to the relative velocity between the aircraft, and containing the centre of the 

reference aircraft (assumed as a fixed point). 

In order to obtain a general expression of Pa an impact plane is defined as a generic projection 

plane containing the centre of reference aircraft ACi (assumed as static) and perpendicular to 

          (relative velocity vector between the two aircraft i and j involved in the proximity event). 

H

RPotential Collisions (19)

Potential Conflicts (35166)
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Additionally, the collision area is defined as the projection of the collision cylinder (2 xy
,2 z ). If 

the conflict cylinder would be settled in ACi, being its centroid the one of the cylinder as well, it 

could be also defined the conflict area as the projection of the conflict cylinder (2R, 2H). The 

CPAP (Closest Point Of Approach Projection) is a point with coordinates y1p and z1p obtained 

by projecting intruder aircraft. Figure 3.21 and Figure 3.22 show that a conflict will occur if ACj 

encounters the stationary conflict area, that is, if the CPAp coordinates (y1p, z1p) are inside the 

conflict area. In the same way, a collision will occur if ACj encounters the stationary collision 

area, that is, if the CPAp coordinates are inside the collision area. In order to obtain a general 

expression of Pa some parameters need to be defined.  

           is the relative velocity vector between the two aircraft i and j involved in the proximity 

event (considered as constant as previously stated). 

 Intruder aircraft (ACj) will be represented as a point (effectively at the centroid of the 

aircraft cylinder) and its speed will be the relative velocity vector          . 

 Reference aircraft (ACi) will be represented by a cylinder twice the dimensions of a 
single aircraft cylinder and will be stationary. This cylinder has been previously defined 
as the collision cylinder. 

 The impact plane is defined as a generic projection plane containing the centre of ACi 
(assumed as static) and perpendicular to          .. This plane is represented in Figure 3.21.  

 

Figure 3.21. Projection plane perpendicular to the relative velocity between aircraft 

Two different reference frames centred on reference ACi and associated planes must be  also 

considered on the analysis as indicated on Figure 3.21 and Figure 3.22: 

- OXYZ: Z-axis always vertical and X-axis parallel to its horizontal speed. Vertical plane contains 

Y and Z axis  

- OX1Y1Z1: X1-axis perpendicular to the impact plane and Z1-axis the intersection of this plane 

and the vertical plane defined by X and Z axis. Impact plane contains Y1 and Z1 axis.  

Furthermore, two projected areas and a projected position are defined on the impact plane: 

 The collision area is defined as the projection of the collision cylinder (2
xy ,2 z ).  

 If the conflict cylinder would be settled in ACi, being its centroid the one of the cylinder 
as well, it could be also defined the conflict area as the projection of the conflict cylinder 
(2R, 2H).  

 CPAP is a point with coordinates y1p and z1p obtained by projecting intruder aircraft.  
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Figure 3.22. Impact Plane, Collision Area, Conflict Area and Projected CPA definition. 

Figure 3.22 shows that a conflict will occur if ACj encounters the stationary conflict area, that is, 

if the CPAp coordinates (y1p, z1p) are inside the conflict area. In the same way, a collision will 

occur if ACj encounters the stationary collision area, that is, if the CPAp coordinates are inside 

the collision area.  

From this, we would be able to estimate Pa by counting the number of potential impacts within 

the collision area, and dividing this by the number of potential impacts within the conflict area:  

 aPE
areaconfCPApNum

areacollCPApNum

conflictspotofNum

collisionspotofNum
F 

...

...

..

..
 coll/risk).(pot  

But the CPAp coordinates are obtained projecting ACi and ACj segmented trajectories, using an 

elementary kinematic model. Then they cannot be taken as the real ones, due to the errors on 

the trajectory predictor model used. In our particular model, every change in the straight 

segment will bring a different point of impact on the plane that is, a CPA’p (y’1p,z’1p). Considering 

this, f1(y’1p,z’1p) will be used, assuming that can be statistically determined, as the bi-

dimensional probability density function (pdf) of the CPA’p coordinates (y’1p,z’1p) for each 

projected segment associated to an individual encounter. 

The elementary probability of having an ACj projected segment on the impact plane with 

coordinates (y’1p,z’1p) will be then: 

                                            (41) 

Furthermore, errors due to radar errors, for every projected CPA’p(y’1p,z’1p) there is also an 

associated error as shown in Figure 3.23. 

Considering the probability density function f2(y1,z1), representing the distribution of y1p and z1p 

coordinates errors due to the radar errors, the elementary probability of having an ACj projected 

on the impact plane with coordinates (y1,z1) around the CPA’p coordinates (y’1p,z’1p) will be (see 

Figure 3.24): 

                                     (42) 
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Figure 3.23. Changes in the CPA coordinates due Radar and Segmentation errors (f2). 

 

Figure 3.24. Variation of CPA coordinates affected by f1 and f2 

Therefore, for every CPAp having coordinates (y’1p,z’1p) the probability of collision, that is to say 

the probability that these coordinates are within the collision area (SPCOL) is given by: 

       
                  

                
 

     
                      

 
  (43) 

Last term will be valid only if it is assumed that f2 remains constant within the collision area 

(provided that collision area is much smaller than the conflict area). 

Considering the changes in the CPA coordinates due to radar errors, the probability of potential 

collision for an intruder aircraft that has violated the separation standards and whose projection 

consequently hits within the conflict area can be calculated as: 

                  
 

    
                              

 

     
                        

 (44) 

This equation provides and individual probability of collision based on: (1) geometry and 

kinematics of the encounter, (2) the minimum predicted lateral separation at the CPA, and (3) 

the minimum predicted vertical separation at the CPA. It takes into consideration the two 

probability density functions stating segmentation lateral and vertical errors and the projection 

lateral and vertical errors characterization. As a result the bi-dimensional probability density 

function of the CPAs can be derived from previous equation as: 

                                   
 

     
                   

    
     (45) 

Where: 

 fa is the bi-dimensional probability density function of the CPAs, 

 y1p is the minimum predicted lateral separation at the CPA, 

 z1p is the minimum predicted vertical separation at the CPA , 



 

 

CHAPTER 3. GENERAL DESCRIPTION OF THE 3-D COLLISION RISK MODEL 

 

52 

 SPCF is the conflict area 

 f2(y1,z1) is the probability density function, representing the distribution of y1p and z1p 

 coordinates errors due to the errors in the segmentation process, and 

 f1(y’1p,z’1p) is the statistically determined bi-dimensional probability density function (pdf) 

of the CPA’p coordinates (y’1p,z’1p) for each projected segment associated to an  

individual encounter. Both expressions estimate the probability of potential collision, 

having a potential separation violation (potential conflict), for each aircraft encounter, 

provided that uncertainties in the projection of segmented trajectories and in the 

segmentation process have been characterised by associated pdfs, f1 and f2, 

respectively. 

3.5.5.1 Conflict and Collision Surfaces. 

The area of the projection of collision and conflict cylinders onto the impact plane will be 

calculated as follows: 

 

Figure 3.25. Collision Area determination 

Figure 3.25 illustrates the dimensions of the collision area as: 

SPCOL=Rectangle of collision projected area+2x(semi ellipse area). 

Therefore, it can be expressed as:  

             
  

    
   

 
     

  
  

    
   

 
        

  

    
   

 
   

 

 
 
   

  
 
  

  
      (46) 

Where: 

 vz is the relative vertical speed between ACj y ACi and 

 vx is the relative horizontal speed between ACj y ACi 

It is obvious that: 

 if vz = 0, SCOL  is a rectangle which area is 4λxyλz , and  

 if vx= 0, SCOL is a circle which area is  πλxy
2
  

Similarly, SPCF can be expressed as:  

         
  

    
   

 
     

  

    
   

 
     

  

    
   

 
   

 

 
 
 

 
 
  

  
    (47) 

3.5.5.2 Pa estimation for each aircraft encounter 

It will be assumed now that estimated position of CPAp is taken as the true position, that is, 

there are not any errors affecting it. 
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In this case f1 can be given by a Dirac delta function: 

                                                 (48) 

                        

Then, equation (44) results: 

                                           
      

 
  
          

    
  (49) 

In this equation                 is given in the OX1Y1Z1 coordinate system of the projection 

plane. This plane is oscillating around y-axis for each encounter, for this reason is more 

practical the use of the associated vertical plane by changing z1 axis for z axis. With this simple 

coordinate system transformation, as indicated in Figure 3.26, it is possible to obtain the 

expression in the OXYZ reference system.  Therefore, taking into account: 

  
 
              

                        
    

     (50) 

f*2 represents the probability density function for correspondent y’p and z’p coordinates within 

the OXYZ reference system.  

Introducing the functions transformation, the new expression results in: 

                                            
  

 
               

    
  

       
 
 
              (51) 

The probability of collision for an intruder aircraft that hits within the conflict area will be then 

equal to the product of SPCOL and the f2
*
 value in ACj CPAp coordinates (yp,zp). 

 
Figure 3.26. Reference system transformation. Relationship between f(y1,z1) and f(y,z) 

Where f2
*
can be derived from 2D histograms of lateral and vertical position errors. As lateral and 

vertical radar position tracks are obtained from different sensors (radar and altimeter) lateral and 

vertical errors can be considered uncorrelated and thus, probability density function f2
*
 can be 

expressed as product of the pdfs for y and z random variables, that is, f2
*
(y,z)=f2y (y)f2z (z) 

where: 

 f2y: the pdf of longitudinal position errors  

 f2z: the pdf of vertical position errors 

Consequently (considering OXYZ reference system): 

  
                                   (52) 

the equation (16) can be expressed as follows: 

 

v 

z z1 

vz 

Vx 

dz1 

dz 

f2*(y,z)dydz=f2(y1,z1)dy1 dz1 

f2* 

f2 
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     (53) 

This equation provides and individual probability of collision based on: 

 kinematics of the encounter (ratio vz,to,vx) 

 the minimum predicted lateral separation at the CPA (yp) 

 the minimum predicted vertical separation at the CPA (zp) 

It also takes into consideration the segmentation lateral and vertical errors (       and    ). 

A result for Pa estimation for level flight encounter is shown in the upper part of Figure 3.27. For 

this case when CPAp coordinates (yp,zp) are very close to the reference aircraft (ACi), Pa 

estimated value reaches       . This value has a magnitude of two orders higher than the 

empirical expected result (        ), but strongly decreases when predicted CPAp lays apart 

from ACi, resulting values much lower than the empirical one. In the lower part of this figure, the 

graphs shown when one or both aircraft are climbing/descending but having vz/vr ratio close to 

zero, it could be seen that in spite of the decrease of the maximum value for Pa (7*10-3) it is still 

greater than the empirical expected result for Pa. Furthermore, the probability of collision for 

CPAp for which yp coordinates close to zero but zp coordinates separated from the ACi remains 

significant. Pa estimation for encounters having two different aircraft climbing/descending (vz / 

vx) ratios is shown in Figure 3.28. 

 
Figure 3.27. Pa estimation for different CPAp. 

Above: Aircraft established at a defined flight level or vz equals to zero. 

Below: aircraft with vz close to zero. 

In the lower part of this figure, when one or both aircraft are climbing/descending but having 

vz/vr ratio close to zero, it could be seen that in spite of maximum value for Pa decreases (7*10
-

3
) it is still greater that the empirical expected result for Pa. Furthermore, the probability of 

collision for CPAp if yp coordinates are close to ACi but zp coordinates are distant from  ACi 

remains significant.  

Pa estimation for encounters in which any aircraft is climbing / descending is shown in Figure 

3.28 for two different (vz / vx ) ratios. 
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Figure 3.28. Pa estimation for different CPAp.  

Above: Aircraft climbing/descending and different vz /  vx ratios. vz / vx=0.1 

Below: vz / vx=20 (lower) 

Despite the fact that shape of both functions for Pa in Figure 3.27 are similar to the one obtained 

in the lower part of Figure 3.28, the maximum values for Pa are different in both cases (9*10-3 

for vz/vx=0.1, and 2*10-2 for vz/vx=20), showing that Pa maximum values for CPAp close to 

reference aircraft (ACi) has a decreasing trend when vz/vr ratio increases. The following table 

summarises the results obtained from empirical and estimated Pa for the worst case, that is to 

say Pa for predicted CPAp=(0,0).   

The following table summarises the obtained results both from empirical and estimated Pa , 

considering  the worst case, that is, Pa in CPAp=(0,0). 

Empirical result for expected Pa, E[Pa] 5.4*10
-4

 

Estimated Pa for CPAp=(0,0) and level flight 3*10
-2

 

Estimated Pa for CPAp=(0,0) and vz /vx ≈0 7*10
-3

 

Estimated Pa for CPAp=(0,0) and vz /vx =0.1 9*10
-3

 

Estimated Pa for CPAp=(0,0) and vz /vx =20 2*10
-2

 

Table 3.6. Worst case Pa estimation 

The results clearly shows that it is unrealistic to assign the same probability for potential 

collisions to all potential conflict, independently of the predicted coordinates for CPA, no matter 

how these coordinates have been derived. 

3.5.5.3 Pa estimation for a given scenario and traffic sample 

The expected value for a given population of N potential conflicts between aircraft i and j can be 

derived using the following expression: 

      
 

 
                   

     

 
    

 

 
 
   

  
                          (54) 

Where Pa(           ) is the individual probability of each potential collision being: 

 rji=vz/vx the between vertical and horizontal relative speeds, 

 f2zji is the probability density function applied to each aircraft encounter (between each 
pair of aircraft, i and j), remember they are different for level flight and 
climbing/descending encounters. 

When equation (54) is applied to the MUAC data sample (see section 5.1), expected value for 

Pa results 8.2*10
-4

, which is slightly higher than empirical. The following table contains empirical 
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results, the first obtained as a simple relative frequency, and the second obtained as expected 

value considering all elemental Pa: 

Empirical result for 
expected Pa, E[Pa] 

5.4402*10
-4

 

Empirical refined result 
for expected Pa, E[Pa] 

8.2021*10
-4

 

Table 3.7. Empirical refined result for expected Pa 

3.5.6 Summary of Strengths and Weaknesses of the Different Methods to 

Estimate Pa 
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Pa STRENGTHS WEAKNESSES 

ORIGINAL 

FORMAULAE 

 

CONCEPTUAL 

ISSUES 

Formulation is based 

on the ICAO CRM 

Several Hypotheses have to be verified before the formulae can be used. Formulae cannot be used if hypotheses are 

not verified. 

It only provides a global estimate of the probability of collision in the selected airspace. 

Four different aircraft conflict geometries are defined but there is no continuity between these cases. At the boundaries 

between cases C1, C2, C3 and C4 the probability Pa should be the same.  

Example:   Aircraft on crossing tracks ( relative heading is between 5 and 175 degrees) 

C.3:Aircraft flying level (Vz=0) : 
1 (0)· 0.7734·

xy xy

a zP P
R R

 
 

;  

C.4:One aircraft climbing (and  Vr >>Vz→0)  
2 1· 0.05· 15·

xy xyz
a aP P

H R R

 
  

 

Simple Formulation 

based on few 

parameters 

(xy,z,look-ahead 

time, R, H, vr,vz,

(0) , (0)y zP P ) 

In high density en-route airspaces, some aircraft are flying offset routes by a small amount in order to ensure lateral 

separation in the event of a flight level error (i.e. 1.0 NM right offset ). As it is stated in “HindSight Nº6” (January 2008) 

by Roland Rawlings (EUROCONTROL). 

Therefore, the formula for Pa should use  Py(Sy),instead of Py(0), being Sy the minimum lateral separation at the CPA 

of each proximate event. Similarly, the formula for Pa should use Pz(Hz) instead of Pz(0). 

C4: 1
4

( , )

1
4

xy z

xy z rz
z r

z

r

v

v
f v v

R H vR

H v



 



 
 

  
 
 

 

,  
This probability is completely independent of the 

minimum potential separation at CPA. It does not take 

into consideration the severity of the potential 

encounter. 

PRACTICAL 

ISSUES 

Easy to implement in 

a Software tool. 

)0(yP , )0(yf  should be calculated based on the type of navigation equipment being used by the aircraft (dead 

reckoning, off-set tracks, RNAV with different accuracy levels or conventional ground based radio aids navigation). In a 

high density ATC environment it is not feasible to obtain directly these probabilities. 

zf
: should be obtained from external sources as it cannot be calculated from radar data (Mode C is not accurate 

enough). 
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Pa STRENGTHS WEAKNESSES 

ENHANCED 

EMPIRICAL 

METHOD 

CONCEPTUAL 

ISSUES 

It is based on an observed 3-D frequency. 

. 
It provides an individual probability of collision based on the 

geometry of the encounter and the minimum lateral separation 

and the minimum vertical separation at the CPA. 

It considers the actually flown 4D trajectory of aircraft. 

It takes into account the severity of potential conflicts. 

 

It is only based on information obtained from the radar data 

processing. 

It does not require external parameters. 

Simple Formulation based on few parameters (xy,z,look-

ahead time, R, H, vr,vz) 

PRACTICAL 

ISSUES 

It provides clear explanations of the reasons for changes in Pa 

values. 

It  

It makes easier to compare different scenarios. 

The formula takes into consideration uncertainties introduced 

by the radar data error and the segmentation error. 

Easy to implement in a Software tool. 
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3.5.7 Conclusions 

The original formula of Pa of the 3D CRM is based on several hypotheses that, as it has been 

demonstrated, cannot always be validated. In addition this approach uses external parameters 

that cannot be calculated from radar data processing. These weaknesses of the original formula 

make it unrealistic: 

 Hypotheses have to be verified before the formulae can be used for each scenario. 

 It only provides a global estimate of the probability of collision in the selected airspace. 

 Four different aircraft conflict geometries are defined but there is no continuity between 

these 

 Probability C4 is completely independent of the minimum potential separation at CPA. It 

does not take into consideration the severity of the potential encounter. 

 )0(yf  should be calculated based on the type of navigation equipment being used by 

the aircraft (dead reckoning, off-set tracks, RNAV with different accuracy levels or 

conventional ground based radio aids navigation). In a high density ATC environment it 

is not feasible to obtain directly these probabilities. 

 zf
: should be obtained from external sources as it cannot be calculated from radar data 

(Mode C is not accurate enough). 

In contrast, the above table of strengths and weaknesses shows the clear benefits of 

implementing the enhanced empirical method to estimate the probability of collision to calculate 

Pa. This method allows the determination of the severity of each aircraft encounter as the 

probability of potential collision of each individual aircraft encounter in high density ATC en route 

airspace, based on an analysis of the stored aircraft tracks that have flown in it within a given 

time frame. The proposed mathematical formulation to characterise the severity of each aircraft 

proximity event is based on the convolution of the bi-dimensional probability density function of 

the predicted CPA between the involved aircraft and the distribution of aircraft lateral and 

vertical error in the projected position. The proposed method aims to provide an individual 

probability of collision based on the geometry and kinematics of the encounter and the minimum 

lateral separation and the minimum vertical separation at the predicted Closest Point of 

Approach or CPA and taking into consideration the uncertainties introduced by the radar data 

error and the segmentation error. 

In addition the basic empirical approach is an alternative method to estimate the average value 

of Pa based on the observation of potential collisions and potential conflicts but it requires a 

representative sample of radar data. 

3.6 Probability of Failure of Tactical Safety Barriers (Pb) 

3.6.1 Definition of Pb 

The probability of failure of tactical safety carriers is the probability that two aircraft in potential 

conflict do not change their course and continue on in straight flight at constant speed until they 

pass each other. In other words, even if the ATC system issues a conflict resolution in time, this 

is not translated into a desired change in aircraft speed, direction or climb/descent rate.  

3.6.2 Original Formula to estimate Pb 

To prevent losses of separation, controllers must anticipate conflicts by at least the time 

required to advise one or both air crews to perform appropriate avoiding action. The conflict 

resolution time consists of five delays: 
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 radar update rates and tracking delays; 

 controller’s response time; 

 instruction transmission time; 

 pilot reaction time; and 

 aircraft response time. 

The initial short delay is due to the radar update rates and tracking algorithm  

The controller’s response time encompasses the time taken to recognise that a pair of aircraft is 

on a conflicting course and to decide on appropriate action. It will depend on the controller’s 

workload, experience and the tools available to aid in the decision process. 

The instruction transmission time is the time needed to obtain a clear radio channel and 

communicate the necessary action to the flight crew. 

The pilot reaction time is the interval between receipt of instructions in the cockpit and the 

adjustment of aircraft controls; and the aircraft response time is the time required to achieve the 

demanded manoeuvre change in heading, speed and climb or descent rate. 

To obtain the probability distribution of the overall reaction time of the ATC-loop, denoted by 1, 

each of these delays needs to be modelled, together with the effect of additional on-board 

safety features, such as TCAS.  

However, the modelling of all the individual delays may not always be feasible, as it requires 

specific human factor studies in the ATC system. 

Therefore, an alternative approach is to obtain the probability distribution of the overall reaction 

time directly from the analysis of radar tracks for aircraft pairs in potential conflict. By analysing 

the radar tracks of aircraft before, during and after a potential conflict, the predicted time to 

conflict and time-to-go to CPA can be established; these are denoted by 2 and 3, respectively 

(see Figure 3.29). The onset of potential conflict is time tCI, while tCR is the start of the conflict 

avoidance manoeuvre (see Figure 3.29). The conflict resolution has to succeed in less time than 

is given by 2 = tCF - tCI to prevent a conflict, and within 3 = tCPA - tCI to prevent aircraft 

reaching CPA.  

 

Figure 3.29. Overall Reaction Time, Time to Conflict and Time to CPA 

The following discussion assumes that f1 is the probability density function (pdf) of the overall 

reaction time 1. The probability that a potential conflict is not resolved within time t is 

[r12]CPA

tCI

Aircraft 2

Aircraft 1

tCF tCPA

tCI: identification of potential conflict
tCR: start of a conflict resolution manoeuvre
tCF: predicted time of entry into conflict volume
tCPA: predicted time of CPA
[r12]cpa: horizontal separation at CPA

t2 :Time to Conflict

t3 :Time-to-go to CPA

R

Predicted trajectory

t1 : Overall 
Reaction Time 

t1=tCR-tCI

t2=tCF-tCI

t3=tCPA-tCI

tCR
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 1 1 1

0

( ) ( )
t

P t f d f t d    
 

      (55) 

The probability density functions of “time to conflict” and “time-to-go to CPA” are denoted by f2 

and f3, respectively. 

The elemental probability for having a potential conflict (PCF) with this (2) is given by: 

2 2 2 2 2( ) ( )dP f d    (56) 

Then, the probability to have an overall reaction time (1) equal or greater than 2 is: 

2

1 1 2 1 1 2

0

( ) ( ) ( )P f t dt f d


    
 

      (57) 

Assuming the two previous events probabilities are independent for a PCF with a given value for 

time to conflict (2), then the elemental probability (dPb(2)) of having an actual conflict is: 

2

2 2 1 1 2 2 2 1 2 2 1 2

0

( ) ( ) ( ) ( ) ( ) ( ) ( )bdP dP P f d f t dt f d f t dt


        
 

          (58) 

Expanding the previous expression to all possible times to conflict, the average probability over 

all proximate events that a potential conflict is not successfully resolved within time 2 is given 

by: 

2 1 2 1

0 0 0

( ) ( ) ( )· ( )cP f d f t dt f f t dt d


    
   

         (59) 

This probability is the expected number of actual conflicts as a fraction of potential conflicts and 

as such should be compared with the ratio of actual/potential conflicts obtained directly from the 

radar data. 

Although Pc can be used as an estimate of Pb, the 3-D CRM formulation assumed not only that 

the conflict takes place but also that the aircraft do not change their heading, speed and climb 

or descent rate until they pass each other, so in fact the sought-after probability of conflict Pb, is 

the average probability over all proximate events that 1  3, i.e.  

3 1 3 1

0 0 0

( ) ( ) ( )· ( )bP f d f t dt f f t dt d


    
   

         (60) 

In the above formula the probability Pb is obtained by a convolution of probability density 

functions f1 and f3. This procedure is not dissimilar; for example, to the calculation of the 

vertical overlap probability for aircraft on adjacent flight levels. 

It is expected that the distributions f1, f2 and f3, and therefore the conflict probability, will 

depend on the type of potential conflict; some of these may require greater conflict resolution 

workload and aircraft manoeuvre time than others.  

In particular, due to the relevant differences between potential conflicts solved in the horizontal 

and vertical planes, particularly in terms of aircraft reaction time and time of application for 

instructions issued by controllers, the corresponding events should be analysed separately. 
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3.6.2.1 Calculation of Overall Reaction Time (1) 

The overall reaction time (1), as introduced above, represents the duration of the potential 

conflict, as expressed by: 

CICR tt 1  (61) 

This time 1 depends on: 

 Operational procedures applied within the considered scenario, 

 Particular Controller practices, 

 Crew behaviour  

 Communications quality (considering technical performance and pilot controllers 
language skills), 

 Traffic density that can impose restrictions on conflict resolution, 

 Potential Conflict  (PCF) kinematics and  

 Active ATC barrier. 

All previous aspects are included in results obtained from expression (28). It is then possible to 

estimate f1 from empirical representative radar data samples. This can be done calculating the 

histogram of the overall response times. 

In order to obtain the overall reaction time, it would be necessary to model the previous different 

delays: radar update rates, controller’s response time, instruction transmission time, pilot 

reaction time and aircraft response time, together with the effect of on-board safety features, 

such as TCAS. 

But using radar data samples, the overall reaction time (1) is obtained as the time interval from 

conflict identification time (tCI) to conflict resolution time (tCR). This time interval includes all 

previous delays, but it can also include others produced for different reasons such as: 

 ATC identifies a PCF, but the resolution action is started after some time due to 

different reasons; controller is busy attending other priorities, he is not sure about the 

conflict and waits to gain information on its evolution, etc. 

 Controller issues the instruction, but associated action is delayed until a given condition 

is reached. This is a common situation in PCF solved in the vertical plane. 

 

Figure 3.30. Calculation of Total Reaction Time (1) 

H

AC2 CLIMB TO 
FL 300 AND 
MAINTAIN

tCF

tCPA

tCI

tCR

FL 310

FL 300

FL 200

AC 2

AC 1

ATCO

tII

tCI: start of potential conflict

tII: ATC intruction issued

tCR: resolution time

tCF: predicted time of entry into conflict volume

tCPA: predicted time of CPA

2 :Time to Conflict

3 :Time-to-go to CPA

1 : Overall Reaction Time 
tII:
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Considering that the overall reaction time ( 1 ) expressed by (32) is equal or greater than the 

time interval required to solve the PCF,  

1 ( )CR CI II CIt t t delays t       (62) 

a conservative approach for Pb estimation is obtained, taking into a count that the greater 1  is, 

the greater the probability of having an actual conflict will be. 

There are several possibilities to adapt the method of calculating probabilities Pb and Pc for 

each particular type of potential conflict, modelling some of the behaviour of the actors (ATC 

and pilot) involved in the encounter (i.e. probability of instruction to level-off not correctly 

executed). However, these modifications have not been considered as human factors 

information as in most of the cases it is not always obtainable in most of the cases and the final 

goal of the 3-D CRM software tool is to build an application valid for different airspaces. 

 Summary 

The conditional probability of the ATC-loop failure (the probability that a potential conflict is not 

resolved within 2) is given by 

  3 1 3 1

0 0 0

( ) ( ) ( )· ( )bP f d f t dt f f t dt d


     
   

         (63) 

Due to the differences between the potential conflicts solved in the vertical plane and potential 

conflicts solved in the horizontal plane, mainly due to delayed reaction from instructions issued 

by controllers affecting the vertical plane profile, different pdfs (f1 and f3) for overall reaction time 

(1) and times to CPA (3) are considered, named as f1V, f1H, f3V  and f3H, respectively. Under this 

consideration, expression (30) results into two different conditional probabilities, PbV and PbH, 

defined as probability to have an actual conflict (CFV, CFH) among potential conflict (PCFPV, 

PCFH) solved in vertical/horizontal planes, respectively, given by the following expressions: 

3 1

0 0

3 1

0 0

( ) ( ) ·

( ) ( )

bV V V

bH H H

P f f t dt d

P f f t dt d

  

  

 

 


   



   



 

 

 (64) 

3.6.2.2 Computation of Pb in MUAC using the original formula 

The information produced by the fine proximity analysis function is processed to obtain 

probability density functions of the overall reaction time (f1), of the time to conflict (f2) and of the 

time-to-go to CPA (f3). 

The probability density function for time intervals 1; 2 and 3 are obtained from the analysis of 

radar tracks for aircraft pairs in potential conflict.  

The different probability density functions f1, f2 and f3 have been calculated for potential 

conflicts solved in the vertical plane and for potential conflicts solved in the horizontal plane. 

The following four figures show the f1, f2, f3 and time margin calculated for the potential 

conflicts solved in the vertical plane: 
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Figure 3.31. Vertical Plane. Histogram (f1): Overall Reaction time 

 

Figure 3.32. Vertical Plane. Histogram (f2): Time to Conflict 

 

Figure 3.33. Vertical Plane. Histogram (f3): Time-to-go to the CPA 
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Figure 3.34. Vertical Plane. Histogram (2-1): Time margin 

The following four figures show the f1, f2 and f3 calculated for the potential conflicts solved in the 

horizontal plane: 

 

Figure 3.35. Horizontal Plane. Histogram (f1): Overall Reaction time 

 

Figure 3.36. Horizontal Plane. Histogram (f2): Time to Conflict 
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Figure 3.37. Horizontal Plane. Histogram (f3): Time-to-go to the CPA 

The estimate of Pb obtained using the original formula is: 2.834-2 

3.6.2.3 Verification of Pb Hypotheses in MUAC 

The main hypothesis in the formulation of Pb is that the overall reaction time (1) is independent 

of the time to the conflict (2) and of the time-to-go to the CPA (3). 

The previous hypothesis has been tested calculating the correlation coefficients and p-values 

for testing the hypothesis of no correlation (99% confidence intervals) using as input the times 

1, 2 and 3 obtained from the radar data processing. 

VERTICAL PLANE 

 2 3 

1 

Pearson's Correlation 
Coefficient*

1
 

0.6487 0.6797 

Spearman's coefficient of 
rank correlation*

2
 

0.5458 0.6037 

 

HORIZONTAL PLANE 

 2 3 

1 

Pearson's Correlation 
Coefficient*

1
 

0.5956 0.6093 

Spearman's coefficient of 
rank correlation*

2
 

0.4768 0.5089 

Table 3.8. Results of the Pb statistical hypothesis test 

*
1  

Pearson’s correlation indicates the strength of a linear relationship between two variables 

( , )
XY

X Y

cov X Y
R

 
   

*
2 

Spearman's rank correlation coefficient is a non-parametric measure of correlation without 

making any assumptions about the frequency distribution of the variables. 

 
 1 2
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6·
1

i i
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n n

 
 




;   n = the number of values in each data set (same for both sets).  
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Figure 3.38. Scatter plot: 3 vs. 1 

The dependency between 1 and 3 can be explained by the ATC practices. Air traffic controllers 

do not work using a “first in first out” mentality, but ATC decisions are taken based in multiple 

factors related to the scenario and one of the most relevant issue, when taking a decision and 

prioritising the actions, is the time to conflict of the different encounters currently in the sector. 

Because of the observed dependencies between (1) the overall reaction time and the time to go 

to CPA; and (2) the overall reaction time and the time to conflict, an empirical method is 

preferred for the calculation of the probability Pb. 

3.6.3 New Method to estimate Pb  

Taking into account that a mid-air collision is (fortunately) an extremely rare event, in a first 

approach it is expected that an expression for the probability Pb can be derived though the 

analysis of the different safety barriers. 

As it has been previously stated, any potential conflict has associated two times denoted; time 

to CPA (3) and total resolution time (1). Difference between them can be introduced as time 

margin until CPA (3), defined as: 

3 1m     (65) 

When this time margin is low, in statistical terms, it represents an indication that the ATC system 

is working close to saturation level, or in other words, with high stress level. 

For example, if a clearance was misunderstood by the aircrew and the aircraft continued its 

trajectory, the ATC might not have enough time to take a resolution action and prevent a 

conflict.  

Note that the time margin is also related to the activated ATC barrier when the conflict was 

solved. If this time margin is high, then the ATC is acting under pre-tactical controller 

instructions, but if it is low, say less than 2 minutes, it indicates that a Short Term Conflict Alerts 

(STCA) may have been activated before potential conflict resolution. 

TCAS generates a Traffic Alert (TA) for aircraft which are predicted to come unhealthily close 

approximately 48 seconds before Closest Point of Approach (CPA). The TA draws the flight 
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crew’s attention to the situation and assists their visual acquisition of the threat aircraft. If the 

situation continues to deteriorate, at about 35 seconds before CPA, TCAS issues a Resolution 

Advisory (RA). Resolution is always in the vertical plane. The RA may be passive (don’t climb, 

don’t descend) or active (climb, descend). TCAS communicates the RA to other TCAS equipped 

aircraft to ensure complementary manoeuvres.  

ATC barriers can be considered as separated by times of alarm activation, when this criterion is 

used, three different times can be considered, splitting ATC barriers in four levels, as it is shown 

in the next figure: 

 

Figure 3.39. ATC Warning Times. Safety Barriers. 

 

Figure 3.40. Event Tree. Safety Barriers. 

Therefore the probability of safety barriers failure can be stated as: 

                                                   

                                                                                                

 
            

                            
 

        

            
 
           

        
 
           

           
 

          

           
                     

   (66) 

The last coefficient, the ratio between collisions and number of TCAS Resolution Advisories 

(RA), cannot be calculated directly from radar data analysis but it can be derived from other 

specific studies. 
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However the main problem of this approach is that it requires a very large radar data sample is 

extremely large because the frequency of potential collisions evolving into TCAS RAs is 

extremely rare.  

Therefore, the method to estimate Pb has to be based on the observation of more frequent events. 

Assuming that Air Traffic Controllers (ATCos) use the same skills to solve both potential 

conflicts and potential collisions, it can be assumed that the probability of taking an effective 

corrective action to prevent a collision is the proportional to the probability of taking an effective 

action to prevent a serious loss of standard separation. 

                                                 

                                                                                                      

Therefore an expression for the probability  can be derived based on the assumption that the 

ratio between the number of actual collisions and the number of potential collisions is 

proportional to the ratio between the number of serious incidents and the number of potential 

serious incidents (obtained directly from the radar data processing): 

                                                   
                    

                              
  

                                
                                     

 (67) 

A serious incident is defined in this context as the separation when it is considered that the 

tactical ATC and STCA safety barriers have failed. However, this incident should not be so 

infrequent in order to be observed without analysing a very large sample data (e.g. less than 30 

days of data). Therefore a serious incident is defined as the incident when the minimum 

separation achieved between aircraft is less than 50% of the minimum separation: 

      
                       

           
               

       
 (68) 

where: 

                         is the number of actual conflicts with corresponding to 

a minimum actual horizontal separation (rij) and a minimum actual vertical separation 
(hij) less than half horizontal separation minimum (R) and half the vertical separation 
minimum (H) defining the conflict cylinder respectively.  

                                   is the number of potential conflicts 

corresponding to a predicted minimum horizontal separation at the CPA ( ij CPA
r   ) 

less than half the value of R (in NM) and a predicted minimum vertical separation (

ij CPA
h    less than half the value H (in ft). 

   is a factor that represents the reduction in the risk of mid-air collision due to 
TCAS. 

This last assumption is based on the principle that the ATC system shall always avoid situations 

with aircraft passing each other having vertical and horizontal separations lower than minimum 

established for the scenario. However, depending on the ATC practices of the selected 

airspace, the values of R and H could be replaced by the horizontal and vertical separations in 

which aircraft are perceived to pass too close to each other for pilots to ensure safe separation.  



 

 

CHAPTER 3. GENERAL DESCRIPTION OF THE 3-D COLLISION RISK MODEL 

 

70 

The factor   represents the level of protection provided by TCAS in an en-route RVSM airspace 

and has been estimated as a factor of about 60 (see [85]). This risk reduction was estimated to 

be ten times greater at the RVSM altitudes than in the airspace as a whole. 

Therefore, probability Pb is estimated by the following formulae: 

   
                    

                              
 

 

  

                       

           
               

       
  (69) 

3.6.4 Example: estimation of Pb for a traffic sample of MUAC 

The estimate of the probability of ATC resolution failure (Pb) using the new approach is based 

on the ratio of serious incidents to potential serious incidents. The estimate of Pb obtained from 

the radar data processing of the sample of 31 days of traffic is: 

   
 

  

                       

           
               

       
 

 

  

 

    
             (70) 

where R: 5 NM;  H: 850 ft;  

3.6.5 Summary of Strengths and Weaknesses of the Different Methods to 

Estimate Pb 
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Pb STRENGTHS WEAKNESSES 

ORIGINAL 

FORMAULAE 

CONCEPTUAL 

ISSUES 
 

The formula for Pb is based in a wrong hypothesis: the overall reaction time 

(1) is NOT independent of the time to the conflict (2) and of the time-to-go to 

the CPA (3). 

The dependency between 1 and 2 can also be explained by the ATC 

practices. Air traffic controllers do not work using a “first in first out” mentality, 

but ATC decisions are taken based in multiple factors related to the scenario 

and one of the most relevant issue, when taking a decision and prioritising the 

actions, is the time to conflict of the different encounters currently in the sector. 

 

Therefore, 3 and 2 are normally larger than 1 because the Safety Barriers 

work correctly. 

PRACTICAL ISSUES 
 

The relation between 1 2and 3 cannot be obtained from the observation of 

radar data.  Human factor studies are required. 
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Pb STRENGTHS WEAKNESSES 

NEW METHOD  

CONCEPTUAL 

ISSUES 

It is only based on information obtained from the radar 

data processing.  

Factor · is still under discussion (relation with safety barriers). 

Human factor studies are NOT required 

It considers the actually flown 4D trajectory of aircraft. 

It requires a  representative sample of radar data. 

Simple Formulation based on few parameters (look-

ahead time, R, H) 

PRACTICAL 

ISSUES 

It provides clear explanations of the reasons for 

changes in Pb values. 

 
It makes easier to compare different scenarios. 

Easy to link Pb values and safety metrics. 

Easy to implement in a Software tool. 
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3.6.6 Conclusions 

The original 3D CRM formula for Probability of Failure of Tactical Safety Barriers (Pb) is based 

on a wrong hypothesis (i.e. the overall reaction time (1) is not independent of the time to the 

conflict (2) and of the time-to-go to the CPA (3)) and for this reason it has been discarded from 

this model.  

A new method has been formulated to estimate Pb. based on the observation of accident 

precursors (serious incidents). This new method is easy to implement in a software tool and 

once more data are available it will be feasible to reassess the value of  .  

3.7 IDENTIFICATION OF ATM SYSTEM WEAKNESSES 

In addition to the collision risk estimate, the 3-D CRM methodology also comprises the 

calculation of several parameters and safety metrics in order to provide a more comprehensive 

and accurate information of the safety level of the selected airspace. Specifically, the following 

information can be derived:  

 Hazard context, i.e. information relevant to initiating events leading to potential 
collisions. 

 Safety metrics, i.e. indicators of the effectiveness and level of stress of the ATC safety 
barriers. 

3.7.1 Hazard Context 

The hazard context is depending on the traffic complexity of a selected airspace and is defined 

in the 3-D CRM model in terms of the following traffic statistics: 

1. Flight-time: sum of flight-times of all the flights within the selected airspace and during 
a selected time period. 

2. Number of movements: numbers of flights within the selected airspace and during a 
selected time period. 

3. Number of entries and exits in the selected airspace and during a selected time period. 

4. Traffic density of the selected airspace and during a selected time period. 

 Horizontal: provided by means of a grid overlaid to the analysed airspace. 
Depending on the number of flights flying over each cell, the horizontal 
traffic can be represented using a coloured scale. 

 Vertical: the number of aircraft per flight level; as for the horizontal traffic, it 
can also be displayed using a coloured scaled. 

5. Route structure. From the analysis of the traffic density map it is possible to identify 
the main flying routes of the airspace (without using flight plan data): 

The route structure complexity of a selected airspace can be also measured using the 

number of flying routes and the percentage of aircraft flying outside the main routes 

during a selected time period. 

6. Evolving aircraft: percentage of non-level aircraft within the selected airspace and 
during a selected time period. 

7. Kinematics: velocity distribution of aircraft flying in each of the main flying routes. 

3.7.2 Safety Metrics 

The following safety metrics provide information about the main characteristics associated with 

the proximate events identified in the selected airspace: 
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1. Number of conflicts, number of potential collision and number of potential conflicts 
within the selected airspace and during a selected time period. 

2. Hot Spots: Spatial and Temporal Location of Proximate Events. 

3. Classification of Proximate Events.  

4. Classification Criteria:  

A. Nature: conflicts, potential conflict, potential collision, passing event 

B. Traffic Type: civil traffic, military traffic 

C. Vertical regime: Level, climb, descent 

D. Relative heading: same, opposite, crossing. 

E. A/C Reaction: change vertical profile; modify heading, change of speed. 

F. Activated Alert System: TCAS RA, TCAS TA, STCA, no alert. 

5. Percentage of potential conflicts solved in the vertical plane and in the horizontal plane.  

6. Correlation between Hot Spots and traffic density maps. 

7. Average number of aircraft near proximate events. 

 

Figure 3.41. Safety metric: Average number of aircraft near proximate events. 

8. Overall Reaction Time (1), Time to Conflict (2) and Time-to-go to the CPA (3). (see 

Figure 3.29) 

The overall reaction time (1) represents the duration of the potential conflict, as 

expressed by: 

CICR tt 1  (71) 

Time to Conflict, is the time interval between the detection of the potential conflict and 

the predicted time to entry into conflict volume: 

2 CF CIt t    (72) 

Time-to-go to the CPA is the time interval between the detection of the potential conflict 

and the predicted time of the CPA: 

3 CPA CIt t    (73) 
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The time 1 depends on: 

- Operational procedures applied within the considered scenario, 

- Particular Controller practices, 

- Crew behaviour,  

- Communications quality (considering technical performance and pilot 
controllers language skills), 

- Active ATC barrier, 

- Traffic density that can impose restrictions on conflict resolution and 

- Potential Conflict (PCF) kinematics. 

3.7.3 Relation between Pa, Pb and Safety Metrics 

The collision risk estimate is calculated as the product of three factors, which represent the 

frequency of conflicts, the intrinsic severity of the scenario (Pa) and the effectiveness of the ATM 

tactical safety barriers (Pb).  

 

Figure 3.42. Mathematical Formulation of the 3-D CRM 

The safety metrics described above can be classified into three categories based on their 

relation with the three factors of the mathematical formulation of the 3-D CRM. 
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Chapter 4.  
 
SPECIFICATIONS OF THE 3-D CRM 

PROTOTYPE TOOL  

4.1 OBJECTIVES OF THE 3-D CRM TOOL 

A major objective of the 3-D CRM tool is to complement the information collected in the accident 

and incident databases, thereby providing: 

 Identification of all proximate events based on radar data. 

 Complete classification of all proximate events using clear and consistent criteria. 

 Detailed information on the evolution of each proximate event. 

 Collision risk estimate 

In order to achieve these goals, the CRM 3D will be integrated into an automated system 

monitoring platform, which will incorporate information from several sources (radar data, 

incidents database, meteo information,…etc). The objective of this platform will be to support 

decision making by improving the awareness and providing complete assessments of the air 

traffic management system. 

Identifying potential conflicts by processing flight data is similar to the task performed by the 

short-term conflict alert (STCA) tool, which has been installed in some of the ATC centres.  The 

STCA tests the aircraft tracks to determine whether there are any pairs of aircraft likely to 

infringe radar separations within a given probe time and, if so, generates an alert displayed to 

the controller. 

There are two main differences between STCA and the processing envisaged for CRM.  The 

STCA works in “real-time” and the probe time is optimised to prevent the incidence of “false 

alarms”. For CRM application the data can be post-processed and the look-ahead time need not 

be as short; in fact it needs to be long enough to cover all the possible delays inherent in conflict 

resolution.  And since there is no “real-time” requirement for CRM, it should be feasible to 

employ suitable filtering techniques using both “past” and “future” track data, and so obtain 
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better estimates of aircraft positions and velocities than is possible with real-time tracking on 

past values only. 

 

Figure 4.1. Data Management and Analysis Platform 

4.2 GENERAL DESCRIPTION OF THE 3-D CRM PROTOTYPE 

SOFTWARE TOOL 

The 3-D CRM prototype software tool processes radar data in order to eventually provide an 

estimate of the operational risk in the airspace under assessment. In the development of the 3-

D CRM software prototype tool, the following criteria have been taken into account: 

 The capability to handle large amounts of radar data in an efficient way with a high level 
of automation; 

 The provision of a user-friendly interface; 

 The provision of a graphical interface to visualise potential conflicts and conflict areas; 
and 

 A modular development to allow different modules to be run either individually or jointly. 

The 3-D CRM tool processes are grouped into two main functionalities that can be run 

independently or sequentially: the Radar Data Processing (RDP) Module, and the Safety 

Metrics Estimation (SME) Module.  

The RDP Module reads the radar data in ASTERIX format performs track segmentation (see 

Annex B) and identifies all proximate events within a selected scenario.  

The SME Module calculates all the parameters of the mathematical model; providing estimates 

of the probability of collision within the scenario and several other safety metrics. 
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Figure 4.2. 3-D CRM Software Tool 

The detailed description of the 3-D CRM Software Architecture and User’s Guide in included in 

Annex C. 

4.3 METHODOLOGY 

From a broad perspective, the approach to accomplish the development of the 3-D CRM 

software tool can be summarized into the following three steps: 

Step 1. Model Formulation, which includes the development and derivation of the 
analytical expressions required to provide a risk estimation; 

Step 2. Prototyping / Testing, which comprises the development and coding of 
algorithms, as well as the integration into a software prototype to allow further 
tests with flight data as an input; and  

Step 3. Software Application Development, which comprises the development of an 
auto-executable software application. This software application could be provided 
to EUROCONTROL Member States as a support tool for their safety assessment 
activities. 

Figure 4.3 illustrates the three steps. The use of a design platform such as MATLAB
©
 to develop 

the prototype (step 2) has proven to be a valuable choice, since it provides the required 

flexibility to convert algorithms into software modules that can be easily tested and updated if 

necessary. 

However, if the software is going to be installed at several places to support safety activities 

(step 3), its dependence on MATLAB© may complicate its implementation. For this reason, it is 

intended to convert the prototype into a self-portable tool programmed in a suitable common 

language. 
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Figure 4.3. Proposed Approach to Develop 3-D CRM Tool 

4.4 RADAR DATA PROCESSING (RDP) 

The basic input data required to run this module of the 3-D CRM prototype software tool are 

radar data files, but the prototype software tool can also handle flight plan data, if available, to 

optimise the performance of some of its functions (e.g. identification of military traffic). 

The processing of radar data poses two major problems, namely: 

 the large amount of information held to represent the track followed by each aircraft; and 

 the complexity of the proximate event identification and characterisation. , which is carried 
out using algorithms of the short-term conflict alert (STCA) type to determine the distance 
between the actual or potential (projected) position of each aircraft, and the positions of all 
other aircraft at that moment. 

These problems can be simplified, given that, in the scenarios corresponding to en-route 

airspace, most aircraft behave in a fairly regular manner, with "segmented" paths. This means 

that the paths are made up of an ordered sequence of "straight" sections, with altitude or course 

changes at specific points. In addition, the speed of the aircraft in each segment is mainly 

uniform. To take advantage of these characteristics, an aircraft track segmentation process has 

been implemented. The identification and analysis of potential conflicts is based on this aircraft 

track segmentation (see Annex B). 

The radar data pre-processing module therefore comprises three  different sub-modules to 

perform important pre-processing functions:  

1. decoding and storage of radar track and flight plan files,  

2. track segmentation of radar data, and 

3. proximate Event Identification 

4.4.1 Decoding and storage of radar track and flight plan files 

This sub-module decodes all the information contained in the selected input files. Currently, the 

software tool takes as input the radar track stream data provided by the Maastricht ATC ( 

MODEL FORMULATION

Development and Derivation 
of Analytical Expressions

PROTOTYPE / TESTING

Development of Algorithms

Development of Prototype

Tests with Input Data

Results Analysis

SOFTWARE APPLICATION
Prototype Conversion into 

Sw Application

Tests with Input Data

Results Analysis

Sw Validation Process

Radar Data
Files



 

 

CHAPTER 4. SPECIFICATIONS OF THE 3-D CRM PROTOTYPE TOOL 

 

81 

ASTERIX CAT 062/065 binary data encoding) and by AENA (PALESTRA’s files) However, the 

software is flexible with regard to handling track data provided in different formats. 

The minimum set of data needed to perform the 3-D CRM calculations is the aircraft state 

vector, consisting of position, velocity, rate of climb/descent, flight level, track number and time 

of track information for each aircraft flying into the airspace under assessment. 

4.4.2 Track Segmentation 

The use of radar data poses two major problems:  

 the large amount of information held to represent the track followed by each aircraft; 
and 

 the search for proximate events is carried out with the use of algorithms similar to 
those used in STCA, determining the distance between the actual or potential 
(projected) position of each aircraft, and the positions of all other aircraft at that 
moment. 

A Short-Term Conflict Alert (STCA) identifies the proximate events by calculating the predicted 

minimum separation of each pair of aircraft and applying a coarse filter. The conflict detection 

and conflict prediction element of the STCA are typically executed every 5 seconds and the 

forecast interval (to,to+LAT (Look-Ahead Time)) is divided into n+1 equidistant discrete points: 

. ; 0,1,....,o

T
t i where i n

n


   (74) 

In chronological order, the whole traffic situation is stepwise predicted for the n+1 sample points 

defined above, starting with the traffic situation at the current time to. In high density airspaces, 

where more than 400 aircraft may simultaneously be flying, the use of long look-ahead times 

(LAT) in the exploration of potential conflicts, leads to extremely long computing time. 

This method is also not very efficient in the search and establishment of characteristics of 

proximate events.  

Since there is no “real-time” requirement for collision risk modelling purposes, it is feasible to 

employ a (track segmentation) method that uses both “past” and “future” track data, and thus 

obtain better estimates of aircraft positions. 

At least in the scenarios corresponding to "en route" air space, most aircraft follow a more or 

less regular behaviour, with "segmented" paths. In other words, each path is made up of an 

ordered sequence of "straight" sections, with punctual altitude, course or speed changes.  

The purpose of the segmentation is to replace the full detailed track of each aircraft, with a 

series of line segments, or, effectively, a sequence of points with defined coordinates, time at 

which an aircraft passes each point, and speed for each segment. Thus, the segmented track 

for the i-th aircraft will be defined by the following set (time, position, speed): 

  0 0 0 0 0 0 1 1 1 1 1 1, , , , , , , , , , , ,..., , , , , ,i i i i i i i i i i i i i in in in in in inR t x y h v h t x y h v h t x y h v h            (75) 

Each point of the segmented track is complemented by some characteristics, indicating whether 

the aircraft is starting a turn, finishing a turn, changing attitude, rate of climb/descent, speed, 

etc. Figure 4.4and Figure 4.5 provide an example of the horizontal and vertical segmentation of 

an aircraft’s full radar track. 
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Radar Track: 797 points Segmented Track: 25 points 

Figure 4.4. Example: En-route Segmented Track. Horizontal plane. 

  

Figure 4.5. Example: En-route Segmented Track. Vertical plane. 

The segmentation method is based on the use of a criterion that minimises the number of 

segments in the trajectory that represents the path of an aircraft, whilst ensuring that a specified 

maximum error limit is not exceeded at the same time. 

Basically, the segmentation is performed in two steps. 

 First, a statistical characterisation of aircraft performance is derived from an 

assessment of a large number of tracks. The goal of the statistical analysis is to 

characterise the mean and the standard deviation of the main parameters (heading and 

speed) in each phase of the horizontal flight and in the vertical profile. So for each 

parameter a point estimate and a confidence interval are determined. 

 Secondly, by means of a simple logic, it is then possible to identify whether an aircraft is 

flying straight, turning, accelerating/decelerating or climbing/descending. 

A complete description of the methodology followed to perform the track segmentation can be 

found in Annex B. 

4.4.3 Proximate Event Identification  

The main task of this function is to identify all the proximate events of a scenario. In order to 

perform this task, the following parameters must be introduced in the 3-D CRM tool: 
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a) Scenario Definition:  time interval and airspace boundaries of the scenario. 

b) Look-ahead time (LAT): is the time horizon within which all aircraft positions are projected to 

explore existence of “potential conflicts”. The main purpose of the look-ahead time is to 

ensure that “potential conflicts” are not identified by extrapolation too far into the future. 

However, it needs to be long enough so that no risk-bearing potential conflicts are filtered 

out. After several meetings with air traffic controllers and pilots, and careful analysis of the 

literature (e.g., [16]) a look-ahead time of 10 minutes was initially chosen for the model. 

However, the 3-D CRM tool allows filtering of events based on any of the model 

parameters.   

c) Conflict Definition: The conflict zone is represented by a cylinder of radius R and height 2H 

centred about one of the aircraft, where R and H are the horizontal and vertical separation 

minima. R and H are often taken to mean the actual radar separation minima of 5 NM and 

1000 ft applicable in the European airspace. 

 R: radius of the conflict volume 

 H: height of the conflict volume 

d) Collision Definition: Two aircraft, represented by cylinders with a circular base of diameter 

xy and height z, are in collision when the horizontal component of the separation vector 

between their centres is within xy and the vertical component between z and +z; in 

other words, if one aircraft (represented by a point at its centre) sits inside a cylinder 

centred on the other aircraft with radius xy, and height 2z. 

 xy: Aircraft length (or wingspan if longer). 

 z : Aircraft height. 

The tool allows performing the identification of the proximate events using 2 methods: 

 Classic method based on the reproduction of the traffic evolution. 

 New approach based on track segmentation. 

4.4.3.1 Classic method 

In order to detect proximate events, the software tool reproduces the traffic evolution following a 

time step pattern. As aircraft move, internal calculations are made to determine relative 

distances and position estimations in the look-ahead horizon (projected positions are calculated 

every 15 seconds until reaching the maximum look-ahead time). In case of violation of the 

separation thresholds, actual or potential, aircraft tracks and flight plans are stored to allow 

further analysis. Figure 4.6 represents the prototype tool processes. This approach will be 

referred from now on as ‘classic method’. 

After completing the execution, this module allows for a quick access to a summary of the results. 

The interface also shows the tracks of the selected aircraft pairs, indicating the position of each 

aircraft at the starting time and their evolution in time. Additionally, the position of the aircraft in 

the Closest Point of Approach (CPA) is displayed, the time of the event, the horizontal and 

vertical distance and the look-ahead time (an example can be observed in Figure 4.7). 
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Figure 4.6. CRM Execution Processes (classic approach) 

 

 

Figure 4.7. Example of Potential Proximate Event (Look Ahead Time = 60 s) 

4.4.3.2 New Approach based on Track Segmentation 

After segmentation of the paths of all aircraft in the scenario, two aircraft will be in potential 

conflict when the two following conditions are met at the same time: 

 The vertical separation between the projected positions of both aircraft is less than or 
equal to the vertical separation minimum established by Hmin (H); and 

 The separation in the horizontal plane between the projected positions of the aircraft is 
less than or equal to the horizontal separation minimum established by Dmin (R). 

The formulae to obtain the instant of time of minimum separation and the corresponding 

distance are based on the hypothesis of the aircraft flying straight and at constant speed. 
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Figure 4.8. Example of Proximate event 

 Formulas used to calculate the minimum separation 

Two aircrafts i,j, are characterised by their position on the horizontal and vertical plane on any 

instant, with the following parameters: positions, on a given instant ti0 and tj0 respectively, 
0ir


, 

0jr


 and  hi0, hj0 and speeds , considered to be constant, 
iv
  and 

jv
 . Therefore, their position 

vectors will be:  
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Taking i as the reference aircraft, the position of j will be established at instant t>tj0 by:  
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Calling tji=tj0-ti0, where tj0>ti0, the previous expressions can be reduced to: 
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Where: 
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Figure 4.9. Proximate Events Conditions 
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The previous figure shows how a proximate event is only possible if the two following conditions 

are met: 

min

min
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ji
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    (80) 

 Analysis of Proximate Events in Vertical Movements 

In accordance with the previous expressions, a proximate event is only possible when the two 

following inequalities are met. 

The vertical coordinate hji can evolve with time to the forms indicated on the following figure. 

The results are the following: 
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 Proximate events are only possible in the conditions marked with “yes”. 

 
Figure 4.10. Analysis of Proximate Events in Vertical Movements 

In case [C.1], when in tj0, hji(tj0)<Hmin, instant t1 with a difference in heights hji(t1) that starts to be 

greater than Hmin and the duration t1 of the potential proximate event is obtained with: 
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In case [C.2], instant t0 on which the difference in heights between the aircrafts i and j, hji, is 

zero, is obtained with: 
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The period of time around t0 during which the difference in heights hji is lower than Hmin, is 

obtained with: 
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The previous set of expressions determine the existence of potential  proximate events in the 

vertical coordinate and the corresponding characteristic times, supposing there is no superior 
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limit of time. A limit tf for the look-ahead time of the event will determine the modification of the 

previous values as follows. 

In case [C. 1], when tj0, hji(tj0)<Hmin,  
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In case [C.2], when 
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there is no proximity event. On the contrary, the potential event will exist in the time interval, 
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 Analysis of Proximate Events in Horizontal Movements 

A potential proximate event between two path segments for aircrafts i and j, identified after 

exploring the evolution of the difference in the vertical coordinate, will become a potential or 

actual event when, in addition to breaking the vertical separation regulations Hmin, it 

simultaneously breaks the horizontal separation regulations Dmin. 

Therefore, the exploration of proximate events will be reduced to those path segments for 

aircrafts i and j selected as potential when analysing their vertical evolution. 

 

Figure 4.11. Horizontal movements 

Again, the horizontal separation has two different cases, an initial distancing [CH.1] and an 

initial movement near [CH.2]: 

 

 





























noDr
v

v
andtrv

yesDr
v

v
andtrv

CH

yesDtrandtrv

noDtrandtrv
CH

ji

ji

ji

jjiji

ji

ji

ji

jjiji

jjijjiji

jjijjiji

min0

min0

min00

min00

0)(

0)(

2.

)(0)(

)(0)(
1.

















    (88) 

Only one potential proximate event will exist under the circumstances marked as “yes”. 
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In case [CH.1], where there is a potential proximate event, i.e., when 
min0 )( Dtr jji 


, the time 

interval in which this situation is produced can be determined as follows. 

 

Figure 4.12. Case H 1. 

The minimum distance reached in the former time tmin, by aircrafts i and j, [rmin] can be 

determined with the following expression: 
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Instant tmin <tj0 can be determined by taking into account the equations for uniform movement: 
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With the previous results, we can determine instant t when aircraft j is at a minimum separation 

Dmin from the aircraft of reference i, applying the Pythagoras, as shown on the previous figure. 

Where: 
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Therefore, the interval of time in which a proximate event can occur in assumption [CH.1] will be 

determined by Tpe= [tj0, t1], whereas t1 will be determined by the previous expression. 

In the case of the initial approximation, only the following cases are applicable: 
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Figure 4.13. Case H 2 

The determination of instants t1 and t2 where there is a potential proximity event will follow a 

similar process to that used to determine the previous equation (85), in other words: 
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Defining the interval Tpe= [t1,t2]. 

 Determining Proximate Events Between the track segments of two aircrafts 

The separate determination of potential proximate events in vertical and horizontal movement 

for aircrafts i and j, flying through their path segments, with a uniform movement, is 

characterised in the previous sections. 

The potential events for both movements must be simultaneous, in order to convert them into 

actual or potential events. 

The time intervals, determined for each type of vertical or horizontal movement, are defined as 

follows: 
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   (94) 

A proximate event will exist when: 

    
HpeVpe TT    (95) 

In this case, the time interval is defined by: 

   212211 ,),min(),,max( ttttttT HvHvpe     (96) 

The full characterisation of the event will be established by the temporary evolution of the 

vertical and horizontal movements and, particularly, by the following data: 

 Minimum horizontal distance and corresponding instant. 

 Minimum difference between heights and corresponding instant. 

 Highest approximation point and corresponding instant. 

 Geometry of the kinematics of the event. 

The minimum distance and corresponding instant are established by expressions (83) and (84), 

respectively. This is where tminTpe, otherwise, the time will be max(t1v, t1H) and the 

corresponding minimum distance between aircrafts will be obtained with expression (72), 

obtaining: 

   011min
),max( iHvjijiji tttvrr 


  (97) 

The minimum difference in heights will be zero with instant t0, determined by expression (77), 

which is part of interval Tpe. On the contrary, the instant will be max(t1v, t1H) as in the horizontal 

case and, likewise, the minimum difference in heights will be given by: 

   011min
),max( iHvjijiji ttthhh     (98) 

Expressions (91) and (92) show situations of proximate events that are going to be eliminated or 

ruled out, i.e., when the aircrafts start to move away from each other. However, the following 

information is focused on situations that represent a process where aircrafts move near each 

other, followed by the process where they move apart. Therefore, these cases will be governed 

by equations (72), (77), (83) and (84). 



 

 

CHAPTER 4. SPECIFICATIONS OF THE 3-D CRM PROTOTYPE TOOL 

 

90 

If time is counted from the instant given by equation (84): 
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Then, equation (4) is converted in the following: 
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with 
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The equations (94) can be reformulated as follows: 
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Where: 

   


 jijiji vrr ˆ)0(
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   (103) 

 Potential and Actual Proximate Events 

Each proximate event, identified in accordance with the information in the previous sections, 

has been determined by the projection of the segments that define the track of an aircraft in an 

unlimited period of time, as shown in expressions (71). However, expression (69) shows how 

each segment for aircraft i has a duration that is limited by instants tik and tik+1. This can be also 

stated for the segments of aircraft j, with segments limited temporarily by tjm and tjm+1, where k 

and m are the discrete variables that begin at 0 and end with the value corresponding to the 

number of segments.  

With two segments k and m corresponding to the paths for aircrafts i and j, respectively, we will 

obtain an actual proximate event between both when the conditions of the following relation are 

met: 

1111 & tttt jmik  
   (104) 

Where t1 is defined by the previous expression (90). 

There are three different situations in a real proximate event: 

Aircraft i reacts by modifying its path; 

21 ttik      (105) 

Aircraft j reacts by modifying its path; 

21 tt jm 
    (106) 

There is no reaction by the aircrafts involved; 

2121 ttytt jmik  
    (107) 

Obviously, the conditions given by (98) and (99)] can occur simultaneously and in this case the 

reaction to the proximate event is produced by both aircrafts. 

A potential proximate event occurs when the circumstances that are complementary to those 

expressed by (96) occur, i.e., when: 

1111 ttortt jmik  
   (108) 
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 Potential Proximate Events and Look Ahead Time 

Potential proximate events are defined as those events that are solved by a modification of the 

path/s of aircrafts involved before breaking the separation regulations established in the 

scenario, as stated in expression (101).   

In the method describe above to identify proximate events it is not given a maximum look-ahead 

time. This consideration can lead to the assessment of situations that do not have sense in a 

realistic point of view as proximate events. Therefore, we must establish a maximum limit to the 

time used to explore for proximate events. 

The establishment of a limit for the look-ahead time must be done following a criterion that 

simultaneously satisfies the gathering of all information about potential events, ruling out 

situations that do not have a meaning in real terms. 

The method followed in a short-term conflict alert or STCA in the radar data treatment systems 

involves the establishment of a fixed look-ahead time (for example, 120 seconds). This option 

used to establish potential proximate events would rule out corrective actions of the previous 

tactic event, which, in principle, would not have to be eliminated from the analysis. 

The method proposed involves ruling out the potential proximate events that meet any of the 

following conditions: 

The proximate event between segments k and m for aircrafts i and j is produced out of the 

scenario analysed, i.e., when the following set is met: 

 
jmbikb ttt ,min1   

where tikb and tjmb are the instant when segments k and m of aircrafts i and j, respectively, 

intercept the limits of the scenario; t1 represents the instant when the proximate event starts, in 

accordance with expression (90). Considering that the scenario is marked by a set of surfaces, 

which are usually flat, the establishment of the previous instants is reduced to the resolution of 

searching the intersection between straight lines and planes. 

The proximate event between segments k and m for aircrafts i and j is produced when both 

aircrafts have abandoned the scenario, i.e., when the following set is met: 

 
maxmax1 ,min jmik ttt   

where tikmax and tjmmax are the instants when the aircrafts abandon the scenario. These instants 

are included between the segmented lines that represent the paths. 

4.4.3.3 Application of Both Methods to a MUAC Data Sample 

The classic approach and the segmentation method have been implemented in the 3D CRM 

prototype and have been compared performing an analysis over a traffic data sample provided 

by MADAP (Maastricht Automatic Data Processing and Display System) servers. The data sets 

are composed of radar and flight plan information corresponding to one day (26
th
 April 2004 

between the 6:00 and 19:00). 

Both analyses give the same information to characterise the traffic behaviour: the number of 

flights, flightime, number of entries and exits and traffic density. 

 
Flight Time 

 (hours) 
Aircraft Entries Exits 

26/04/2004 1.119,39 3.241 2.936 3.044 

Table 4.1. Traffic Statistics (26
th
 April 2004) 
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The classic approach identified around 500 proximate events between General Air Traffic (GAT) 

aircraft in the traffic sample, 90% were potential and 10% actual events. The analysis of GAT 

proximate events shows that the majority of encounters are passing events, where two aircraft 

in levelled flight pass each other within a given horizontal distance. For 70% of the cases, both 

aircraft are flying levelled, and in 95 % of these cases, the vertical separation is very close to 

1000 ft.  

Proximate events are normally located in the intersection of the main flows of traffic. Only 3% of 

the encounters involved two aircraft flying in the same direction. 

The proximate events identified using the new approach based on the segmentation of the 

tracks are to some extent different. As it can be observed in the next table, the new method 

detects more actual events.  

D min= 5 NM 

H min= 1000 ft 

Classic 

Approach 
Segmentation 

Nº Actual events 45 78 

Table 4.2. Number of Proximate Events 

However, only 60% of the actual events identified in the classic method are contained in the list 

of events obtained with the new method as the segmentation smoothes the small deviations of 

the vertical profiles of the aircraft. The following figure shows as an example the vertical profiles 

of two aircraft, which trigger the identification of an event in the classic method when having 

small vertical deviations simultaneously: 

 
Figure 4.14. Vertical profile with small Deviations 

The new approach identifies more actual events than the classic method due to two different 

reasons: 

 The identification of the potential events is more accurate using the segmentation as the 

extrapolation of the positions of the aircraft is done more precisely. 

 It is possible to detect conflicts with a shorter time interval than the step pattern (e.g. 5 

seconds). 

 The segmentation introduces small deviations that may induce events when the 

separation between aircraft is very close to the limits. 

Figure 4.15 shows the geographic location of the events detected with both methods: 



 

 

CHAPTER 4. SPECIFICATIONS OF THE 3-D CRM PROTOTYPE TOOL 

 

93 

  

Figure 4.15. Actual events (26/4/2004) 

a)Classic method        b) New Approach  

 Proximate Events File 

Once the software tool has processed all the radar tracks, it will produce a file containing the 

track numbers of all the aircraft involved in a proximate event, the minimum separation for each 

pair of aircraft, the time it happened, the time to CPA, position of both aircraft and convergence 

angle. 

TIME 

A/C 

PAIR_1 

A/C 

PAIR_2 DIST. (NM) 

TIME TO 

CPA (sec) FL_1CPA FL_2 CPA X_CPA_1 Y_CPA_1 X_CPA_2 Y_CPA_2 ANG_CPA 

8.85359 1169 1634 4.17347 493 320 330 -317851.51 -8733.17 -318658.01 -1046.1 114.69 

8.87076 1179.1 555 2.21918 528 414.87 416.98 130719.52 -124377.57 133226.73 -121120.98 175.52 

8.87342 1156 521 3.97558 297 310 320 10696.07 -61441.47 18049.67 -61808.94 13.94 

8.87500 702 961.1 3.09785 597 380 380 81906.23 -5443.06 87446.31 -3952.02 117.67 

8.87500 702 1520 3.22743 475 380 378.51 88854.99 22852.99 94355.48 25192.11 99.89 

8.88951 505.2 680.1 4.87276 429 310 300 -215657.16 -13517.09 -220943.76 -20830.82 164.46 

8.88951 1634 680.1 4.51512 584 329.09 339.09 -259309.25 -20446.9 -251154.17 -22295.64 155.99 

8.89167 511 1099.1 2.93381 630 360 350 -133878.8 -111477.09 -128773 -113335.25 133.62 

8.89217 1785 135 0.50584 552 310 319.44 -167996.79 -43278.65 -168153.35 -42355 112.94 

8.89484 1516 1868 4.21754 565 350 350 282395.04 -125687.93 288048.36 -131077.74 63.84 

Table 4.3. Example of Proximate Events File 

4.5 SAFETY METRICS ESTIMATION (SME) 

The following processes are performed in the 3-D CRM safety metrics estimation module: 

 Analysis of Proximate Events 

 Classification of Proximate Events 

 Detection of Activated Alert Systems 

 Statistical Analysis 

- Hazard context  (Traffic statistics) 

- Safety metrics (Proximate Events statistics) 

- Calculation of Pa  and Pb 
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4.5.1 Analysis of Proximate Events 

The 3-D CRM tool initially identifies all proximate events and then performs an in-depth analysis 

of each of them, thereby determining: 

1. The time that the proximate event was first identified (tCI), the predicted time of Closest 

Point of Approach (CPA) (tCPA) and other event information, such as, relative speeds 

between aircraft, real separation at that time and vertical and horizontal separation at 

CPA. To illustrate the parameters calculated in the proximity analysis, the following 

figure describes the vertical positions and attitudes of two aircraft, in potential conflict, 

flying on the same route. 

 

Figure 4.16. Example. tCI: First time to identify the proximate event 

2. Turns, changes in the speed or in the vertical attitude of the aircraft. Track 

segmentation identifies a turn or change in vertical attitude or speed of the aircraft. The 

analysis carried out by the 3-D CRM tool uses the information provided by track 

segmentation to identify the time of a manoeuvre and stores all of the parameters 

associated with this change: relative speeds between aircraft, real separation at that 

time and new vertical and horizontal separation at the CPA. See Figure 4.17, tm 

(m=1,2,3…,n) is the time of a manoeuvre which does not solve the conflict 

 
Figure 4.17. Example: tm-Detection of Manoeuvres. Potential conflict still exists. 

3. Manoeuvres performed by the aircraft to erase the potential conflict. The software tool 

identifies what type of manoeuvre was performed and when such actions were initiated, 

tCR is the time of a manoeuvre which effectively solves the conflict.  

tCI

v1

v2

CPA(t cpa ,[r12]cpa,[h12]cpa)

t cpa : time at CPA 

[r12]cpa: horizontal separation at CPA

[h12]cpa: vertical separation at CPA

[r12]cpa<R & [h12]cpa<H

tCI : time of identification of potential 

conflict

tCI

v1 *

v2

t cpa *: new time at CPA 

[r12]cpa *: new horizontal separation at CPA

[h12]cpa *: new vertical separation at CPA

[r12]cpa * <R & [h12]cpa * <H

t m: time of maneuvre

Change in the Rate of 
Climb (ROC)

New CPA*(t* cpa ,[r12]*cpa,[h12]*cpa)

tm
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Figure 4.18. Example: tCR-Detection of Manoeuvre, Potential Conflict resolution. 

4. The time when two aircraft enter in conflict (tCF). The software tool monitors the actual 

separation between the aircraft and detects when they simultaneously loose both 

horizontal and vertical separation. The tool stores all of the information related to this 

event. 

 
Figure 4.19. Example: F3-Loss of both horizontal and vertical separation.  

5. Activation of traffic alert and collision avoidance system (TCAS) and the short-term 

conflict alert  system (STCA). The software tool tries to reproduce the logic of the TCAS 

and the STCA to identify situations in which it is believed that a TCAS resolution 

advisory, a TCAS traffic advisory or an STCA alert would have been triggered. 

6. When the distance between a pair of aircraft increases as a function of time, the pair is 

said to be diverging. A diverging pair is no longer analysed, provided that the present 

separation is equal to or greater than the horizontal separation minima. 

As a result, the 3-D CRM prototype software tool calculates and stores for each proximate 

event: the time of identification of a potential conflict (tCI), the start of a conflict resolution 

manoeuvre (tCR), the predicted time of entry into the conflict volume (tCF), and the predicted time 

of CPA (tCPA). It also distinguishes whether no action was taken, or whether the potential conflict 

was resolved either by an action in the horizontal plane or by one in the vertical plane. 

tCI

v1

v2

[h12]cpa : vertical separation at CPA

[h12]cpa >H

t m: time of a conflict resolution manoeuvretm tCR

Climb->Level

tCI

H

r12: actual horizontal separation 

h12: actual vertical separation

r12 <R & h12 =H

t m: time to entry into conflict volumetm tCF



 

 

CHAPTER 4. SPECIFICATIONS OF THE 3-D CRM PROTOTYPE TOOL 

 

96 

 

Figure 4.20. Analysis of Proximate Events 

Once the analysis of the proximate event is complete, the 3-D CRM prototype tool automatically 

generates a report describing the proximate event in terms of the changes in the main 

parameters. 

The analysis of proximate events function of the 3-D CRM prototype tool calculates the time to 

conflict (tCF), the time-to-go to CPA and the overall reaction time for each of the selected 

proximate events, distinguishing whether the potential conflict was solved by an action in the 

horizontal plane or in the vertical plane or no action was taken. 

Most of the potential conflicts evolve along several segments before they are solved, or reach 

their CPA. In these situations, each pair of involved segments has its own time to conflict, or 

time to CPA. Figure 4.21 shows a potential conflict with well-defined initialisation and resolution 

times, represented by tCI and tCR. The time to conflict (tCF) and time-to-go to CPA (tCPA) are 

calculated from the analysis of the last pair of segments in conflict, just before the resolution 

action is taken to solve the problem. 

 

Figure 4.21. Different times to be considered within a Potential Conflict Evolution. 

Once the fine proximity analysis is complete, the 3-D CRM prototype tool generates 

automatically a report describing the proximate event in terms of the evolution of the main 

parameters. Figure 4.22 shows an example of the information provided in such a report. 
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Figure 4.22. F4-Automatically Generated Report describing the Proximate Event 

 Note:  

 Tm is the time of the segmented track point, which indicates the start of a manoeuvre. 

Tm=T0 is the time that the proximate event was first detected (TCI). 

 [r12]cpa: is the (projected) horizontal separation at the CPA. 

 [h12]cpa: is the (projected) vertical separation at the CPA. 

 TTC: is the time-to-go to the CPA ( 3 CPA CIt t   ). 

 Dur: is the period of time between manoeuvres ( 1i itm tm  .) 
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 TCPA: is the relative time between the different CPAs. The time of the first CPA is the 

time origin. If TCPA is negative, the new CPA of the aircraft is reached sooner than in 

the first event and if it is positive the new CPA is reached later. 

The 3-D CRM prototype tool also displays the time evolution of any of the above parameters 

graphically. See Figure 4.23 and Figure 4.24. 

 
 

 

Figure 4.23. Example: Evolution of the Potential Separations and the Time-to-go to CPA 

  

Figure 4.24. Real Horizontal and Vertical Separation versus Time 
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4.5.2 Classification of Proximate Events 

The 3-D CRM prototype software classifies proximate events on the basis of the following 

criteria: 

 Nature 

 Traffic Type 

 Vertical regime 

 Relative heading 

 A/C Reaction 

 Risk of collision criterion as described by EUROCONTROL’s RAT. 

 Activated Alert System (TCAS, STCA) 

The information for the last criterion (activated alert system) is obtained from analysis of times-

to-go to CPA. 

This classification is essential to carry out the statistical analysis required for the 3-D CRM. 

 

Figure 4.25. Classification of Proximate Events 

4.5.2.1 Classification by Nature 

A proximate event (PE) is defined as either  

 a passing event (PEv), where two aircraft in level flight on adjacent flight levels pass  

each other within a given horizontal distance; or  

 a conflict (CF), a situation when two aircraft simultaneously lose both horizontal and 

vertical separation; or 

 a potential conflict (PCF) in which two aircraft are predicted to be in conflict within a set 

look-ahead time, with their future positions obtained by linear extrapolation from their 

current positions and velocities but a correction action is taken to avoid an actual 

conflict. 

 A potential collision (PCO) in which two aircraft are predicted to be in collision within a 

set look-ahead time, with their future positions obtained by linear extrapolation from 

their current positions and velocities but a correction action is taken to avoid an actual 

collision. 

Before the proximate events are classified by their nature a refined proximity check is applied to 

limit the false alert rate. The coarse proximity check only identifies the start of a proximate event 

(tCI), whereas the refined proximity check analyses the evolution of the encounters until an 

action is taken to resolve the potential conflict (tCR) or the event become an actual conflict (tCF). 
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From the results of this analysis it is possible to identify situations where a potential conflict 

does not become a conflict and no clear action on the aircraft is taken. These events are 

classified as false alerts and, therefore, must be ruled out as potential conflict. See Figure 4.26. 

 

Figure 4.26. Classification by Nature 

In the segmentation process certain allowances for errors are granted in both the track speed 

and rate of climb, which implies the acceptance of a certain number of false alerts. This is 

particularly the case for early detections of proximate events when using long look-ahead times. 

In the case of using large look-ahead times (e.g. LAT=10 minutes) the extrapolation of the 

aircraft position, particularly in the vertical plane, might result in proximate events located too far 

away from any reasonable flight profile for aircraft in their en-route phase, which, hence, would 

not match the potential conflict definition. 

Figure 4.27 shows an example of a false identification, where small variations in the rate of 

climb in one of the aircraft cause the resolution on the potential conflict without any ATC action 

(i.e. ATC do not usually instruct an aircraft to change its ROCD). 

 

Figure 4.27. Example of a False Detection 
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traffic from the analysis of the radar tracks. (Example: combat training: unpredictable flight paths 

in Figure 4.28).  

 
 

Figure 4.28. Identification of Military Traffic through the analysis of radar tracks 

Figure 4.29 shows an example of a potential conflict between a military aircraft and a civil 

aircraft. 

  

Figure 4.29. Example. Potential Conflict between a Military aircraft and a Civil aircraft 
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CD: one aircraft is climbing, the other descending, 

DD: both aircraft are descending. 
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Figure 4.30. Some Examples of Proximate Event Classification by Vertical Regime 
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The cut-off values will be revisited using radar data from Maastricht UAC. 
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Figure 4.31. Some Examples of Proximate Event Classification by Relative Heading 

4.5.2.5 Classification by A/C Reaction 

From the information obtained in the fine proximity analysis, the 3-D CRM software classifies 

the proximate events on the basis of the type of manoeuvre performed by the aircraft to avoid a 

loss of separation:  

 Change of vertical profile; 

 Modification of heading; 

 Change of speed; or 

 No Reaction. 

4.5.2.6 Classification by risk of collision as defined in EUROCONTROL RAT 

The EUROCONTROL Risk Analysis Tool classifies the risk of collision based on the separation 

and rate of closure between 2 aircraft as it is described in [74]. The proximate events are 

classified as: 

• Severity / Separation: 0,1,3,7,10. 

• Severity /Rate of closure: 0,1,2,4,5. 
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4.5.2.7 Classification by Type of Activated Alert 

The analysis of the proximate events provides information on whether the TCAS system or the 

STCA was activated. This analysis is based on the bearing, range, trajectory, speed and relative 

altitude of the segmented tracks (see section 4.5.2.7). The proximate events are classified as: 

 TCAS RA (i.e.: time to CPA less than 35 seconds); 

 TCAS TA  (i.e.: time to CPA less than 48 seconds); 

 STCA  (i.e.: time to CPA less than 2 minutes); or 

 No Alert.  

4.5.3 Detection of Activated Alert Systems 

4.5.3.1 TCAS Alerts 

The Traffic Collision Avoidance System (TCAS) was introduced in order to reduce the risk of 

mid-air collisions or near mid-air collisions between aircraft. ICAO PANS-ATM (document 4444-

paragraph 15.7.3.5) states that the performance of ACAS in the ATC environment should be 

monitored. Several monitoring activities take place in EU countries and in US. But there is no 

standard practice currently to perform monitoring exercises or to collate monitoring data from 

different organizations. 

To characterize the severity of a conflict not just by infringement of the horizontal and vertical 

separation regulations – actual or potential –, the 3-D CRM software tool reproduces the logic of 

the TCAS system to identify if and when a TCAS alert was activated. 

The TCAS system is based on time-to-go to CPA, rather than distance-to-go to CPA. A warning 

time or threshold is compared with the time-to-go to CPA, computed by dividing the slant range, 

between aircraft, by the closure rate. The warning time values are a function of the altitude of 

the aircraft. In an en-route scenario, above FL 200, the warning time of a TCAS Resolution 

Advisory (RA) is 35 seconds and for a TCAS Traffic Advisory (TA) 48 seconds (see Figure 3.40 

and reference [86],[87 and[88]).  

In order to avoid an intruder coming very close in range without triggering a TA or an RA, the 

protection boundaries derived from the warning time principle are modified if the closure rate is 

very low. This modification is referred to as DMOD (Distance MODification) and allows TCAS to 

trigger TA and RA alerts even when the encounters have very low closure rates. The value of 

DMOD varies with the different sensitivity levels and the values used to issue TAs and RAs are 

shown in the following table: 

Own Altitude 
(feet) 

SL 
Time to CPA (Seconds) DMOD (NM) 

Altitude Threshold 
(feet) 

TA RA TA RA TA RA  

< 1000  2  20  N/A  0.30  N/A  850  N/A  

1000 - 2350  3  25  15  0.33  0.20  850  300  

2350 . 5000  4  30  20  0.48  0.35  850  300  

5000 . 10000  5  40  25  0.75  0.55  850  350  

10000 . 20000  6  45  30  1.00  0.80  850  400  

20000 . 42000  7  48  35  1.30  1.10  850  600  

> 42000  7  48  35  1.30  1.10  1200  700  

Table 4.4. TCAS Sensitivity Level (SL) Definition and Alarm Thresholds 

4.5.3.2 STCA Alerts 

The algorithms implemented in the 3-D CRM software tool have extended the logic of the TCAS 

system to include the logic of the Short Term Conflict Alert (STCA) system (see [89]). 
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The STCA is also based on Time-to-Go to CPA and normally uses a warning time of two 

minutes [90].. This threshold of two minutes can also be used to distinguish between tactical 

ATC actions (when a proximate event is resolved with time-to-go to CPA lower than two 

minutes) and strategic ATC actions (when a proximate event is resolved with time-to-go to CPA 

larger than two minutes). 

The logic implemented in the 3-D CRM can be represented in a graphics art like the following:

 

 
Figure 4.32. TCAS (SL=7) and STCA Logic 

As an example, Figure 4.33 represents in the TCAS and STCA diagram the evolution of the 

encounter described in Figure 4.22. A TCAS RA is activated if the kinetic and geometric 

characteristics of the event in the horizontal plane and in the vertical plane are in the red area at 

the same time. 

  

Figure 4.33. Example: TCAS RA (Time: T3) 
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Although the thresholds or warning times of the Alert System considered (TCAS and STCA) are 

fixed on the specifications of each system, a sensitivity test have been undertaken to examine 

the possible effects of using different values to the thresholds of the Alert System (i.e. values 

other than the 120, 48, and 35 sec). Figure 4.34 shows the sensitivity analysis of the identified 

proximate events for different values of look-ahead time using one day’s radar data from the 

Maastricht Area of Responsibility (AoR): 

 

Figure 4.34. Proximate Events vs. Look-Ahead Time (1 day of traffic, Maastricht AoR) 

As can be seen in Figure 4.34 the longer the look-ahead time is a higher number of proximate 

events are identified, giving place to false detections. In the conflict detection processes certain 

allowances for errors are granted in both the track speed and rate of climb, which imply the 

acceptance of a certain number of false alerts. This is particularly the case for early detections 

of proximate events when using long look-ahead times.  

4.5.4 Statistical Analysis: Identification of ATM System Weaknesses 

To provide more comprehensive and accurate information on the level of safety of the selected 

airspace and time frame, the 3-D CRM tool calculates several metrics. These may be grouped 

in two categories: 

 Hazard context, which provide information on the initiating events which lead to 
potential collisions. 

 Safety metrics, which indicate the effectiveness and stress level of safety barriers. 

4.5.4.1 Hazard context metrics 

The hazard context metrics represents traffic complexity of a selected airspace. It is defined in 

the 3-D CRM model in terms of the following traffic statistics: 

1. Flight-Time: the sum of flight-times of all flights within the selected airspace and within a 

selected time period. 

 One example of the display capabilities of the 3-D CRM prototype software tool is shown 

below. 
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Figure 4.35. Traffic Statistics Display Capabilities (Flight-time) 

2. Number of Movements: the numbers of flights within the selected airspace and during a 

selected time period. 

3. Number of Entries and Exits in the selected airspace and within a selected time period. 

4. Traffic Density of the selected airspace and during a selected time period. 

 Horizontal: obtained using a grid overlay to the analyzed airspace. Depending on the 
number of flights flying over each cell, a colour scale is displayed with red and yellow 
denoting the highest and lowest figures respectively. 

 

Figure 4.36. Maastricht Upper Airspace Traffic Density (1 day if traffic).Grid Side Length: 7.5 

NM. 

 Vertical: the number of aircraft per flight level, can also be displayed using a colour 
scale. 

5. Route Structure: analysis of the traffic density map enables identification of the main flying 
routes of the airspace (without using flight plan data). The route structure complexity of a 
selected airspace can be measured using the number of flying routes and the percentage of 
aircraft flying outside the main routes during a selected time period. 

6. Evolving Aircraft: percentage of non-level aircraft within the selected airspace and during 
a selected time period. 
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Figure 4.37. Vertical Attitude 

7. Kinematics: velocity distribution of aircraft flying in each of the main flying routes. 

 

4.5.4.2 Safety Metrics 

The safety metrics provide complete information of the main characteristics associated with the 

proximate events identified within the selected airspace: 

1. Total number of conflicts, number of potential collisions and number of potential conflicts 
within the selected airspace and during a selected time period. 

2. Classification of Proximate Events by: 

a) Nature: conflicts, potential conflict or potential collision, passing event 

b) Traffic Type: civil or military 

c) Vertical Regime: level, climb or descent 

d) Relative Heading: same, opposite or crossing. 

e) A/C Reaction: change vertical profile; modify heading or change speed. 

f) Activated Alert System: TCAS Resolution Advisory (RA), TCAS Traffic Advisory (TA) or 
STCA or No Alert. 

The function filters events using the seven classification criteria developed in Section 4.5.2 

and computes the frequencies of occurrence per hour and per A/C movement using the 

results obtained with the traffic statistics function. It displays the statistics in pie charts, 

frequency diagrams and tables. See Figure 4.38 and Figure 4.39 

 
Figure 4.38. Example: Generation of Statistics based on the classification of Proximate Events 
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Figure 4.39. Numbers of Proximate events and flight hours per hour. 

3. Hot Spots: Spatial and Temporal Location of Proximate Events.  

The 3-D CRM prototype software allows representing the geographical situation of the 

selected events as illustrated in Figure 4.40 and Figure 4.41. 

 

 

Green: Activated filter. Grey: Deactivated Filter. Blue: Information Represented. 

Figure 4.40. Example: Geographical Distribution of Military-Civil Potential Conflicts (1 Day of 

Traffic) 

 

 

Green: Activated filter. Grey: Deactivated Filter. Blue: Information Represented. 

Figure 4.41. Example: Potential conflict Geographical Distribution of Activated Alert systems 
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4. Percentage of potential conflicts resolved in the vertical and horizontal planes.  

5. Correlation between Hot Spots and traffic density maps. 

6. Overall Reaction Time (t1): represents the duration of the potential conflict, from the first 
time that the potential conflict is identified (tCI) to the Conflict Resolution Time (tCR) or the 
time of entry into conflict volume (tCF) if no action is taken to resolve the encounter. 

7. Time-to-Conflict (t2): the period of time between the detection of the potential conflict (tCI) 
and the (predicted) time to entry into conflict volume (tCF) 

8. Time-to-go to the CPA (t3): period of time between the detection of the potential conflict 
(tCI) and the (predicted) time of the CPA (tCPA). (See Figure 3.29) 

As an example, using a traffic data sample of 31 days of the Maastricht Area of 

Responsibility, the following figure shows a 2D histogram of the time-to-go to CPA (t1) and 

the overall reaction time (t3) obtained from the analysis of radar tracks for aircraft pairs in 

potential conflict: 

 

Figure 4.42. 2D histogram of the times-to-go to CPA and overall reaction time (31 days of radar 

data) 

The hazard context and safety metrics described above are classified into three categories 

based on their relation with the three factors of the mathematical formulation of the 3-D CRM as 

it is described in section ¡Error! No se encuentra el origen de la referencia.) 

4.5.4.3 Calculation of Pa  and Pb 

Once the 3-D CRM prototype software tool has classified all the proximate events, the 

probabilities Pa  and Pb and the collision risk of the selected airspace and time period can be 

calculated automatically base on: 

• Number of potential conflicts 

• Number of potential collision 

• Number of conflicts 

• Number of Serious Incidents 

• Number of Flight hours 

• Number of Flights 

. 
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Chapter 5.  
 
VALIDATION AND POST ANALYSIS 

OF MODEL OUTPUTS   

The aim of this chapter is to apply the 3D CRM methodology to several radar data samples of 

different scenarios in order to: 

o present a practical application of the 3D CRM methodology using different 
scenarios, 

o introduce all the safety metrics and graphic possibilities of the 3D CRM tool, 
and 

o provide data results to refine, improve and verify the model. 

5.1 APPLICATION OF THE 3-D CRM TO MUAC 

This section describes the application of the 3-D CRM to a radar data sample from the Maastricht 

Upper Area Control Centre (MUAC). 

EUROCONTROL’s Maastricht Upper Area Control Centre (MUAC) is a regional air traffic control 

centre, which provides seamless air navigation services in the upper airspace (above 24,500 feet) 

over a large multinational airspace in Europe, approximately 260.000 square kilometres wide. An 

advanced and complex ATC automated system named MADAP (Maastricht Automated Data 

Processing and Display System) is responsible for managing, processing and presenting in real time 

the information related to the air traffic flows in the whole area. MADAP performs centralized multi-

radar tracking using the information provided by a large number of radars and computes a high 

quality air situation. This air situation is then described by a specific ASTERIX (All-purpose 

STructured Eurocontrol Radar Information eXchange) category for processed radar data. See Figure 

5.1. 

In the MADAP system, a unique horizontal separation standard of 5 NM is used throughout the total 

area of responsibility. In the vertical plane a separation of 1000 ft is used. 
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Figure 5.1. Maastricht Area of Responsibility 

5.1.1 Radar Data Sample 

The traffic data samples to perform the current study were provided by MADAP servers. They cover 

a period of thirty-one days from 1
st
 to 31

st
 January 2007. 

The track data are encoded in ASTERIX Cat 62/Cat 65. A complete description of the information 

contained in the files can be found in [80].  

The study has been performed over the Maastricht AOR (Area of Responsibility) as a whole. Specific 

studies of individual Maastricht UAC sectors could be carried out if necessary in the future.  

5.1.2 Radar Data Processing 

The radar data samples have been processed by the 3-D CRM prototype software tool in eleven 

sequential steps: 
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1. Decode ASTERIX Cat 62/65 files 
Pre-processing 

2. Track Segmentation 

3. Scenario Definition 
Proximate Event Identification 

4. Coarse Proximity Filter 

5. Fine Proximity Analysis 

3-D CRM Parameter Estimation 

6. Classification of Proximate Events 

7. Detection of TCAS alerts 

8. Statistical Analysis 

8.1. Traffic Statistics 

8.2. Proximate Event Statistics 

8.3. Calculation of Pa 

8..4 Calculation of Pb 

The main parameters used in the scenario definition of the current study are: 

 Timeframe: from 1
st
 to 31

st
 January 2007 between 00:00 and 24:00 hours; 

 Geographical Area: Maastricht AOR (Min FL: 240); 

 Proximate Event Definition: 

o R: 5 NM; 

o H: 850 ft; 

o LAT: 10 minutes; 

 Aircraft Dimensions: 

o xy  134 ft; and 

o z = 40 ft.  

The radius (R) and height (H) of the conflict volume are often taken to mean the actual radar 

separation minimum of 5 NM and the vertical separation minimum of 1000 ft applicable in the en-

route airspace. However, a height of 850 ft has been used in this study to avoid false detections of 

potential conflicts caused by the Mode C height resolution being limited to 100 feet, which is the 

value of the least significant bit in the Mode C altitude report.  

In practice, the decision to select a conflict height of 850 ft will remove from the analysis those actual 

conflicts caused by small deviations (less than 150 ft) in the vertical plane.  

The aircraft dimensions xy  and z  have been obtained from several References (see “The EUR 

RVSM Mathematical Supplement”, [79]). These values have been calculated using the length, 

wingspan and height of different types of aircraft and proportions of flights made by each of the 

types. 

5.1.3 Hazard Context 

The flight time and number of aircraft movements within the Maastricht AOR are two of the main 

parameters of the 3-D CRM. The results of their estimation obtained by analysis of 31 days’ traffic 

samples of Maastricht radar data are shown below and in Figure 5.2 and Figure 5.3: 
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Total flight time (in hours): 47078 

 Total A/C Movements: 131151. 

 

Figure 5.2.  Hours flown within Maastricht AOR during each day 

 

Figure 5.3. Number of Movements within Maastricht AOR during each day 

In addition, the 3D CRM tool provides other traffic metrics in order to improve the description of the 

complexity of the selected airspace: 

 Number of entries and exits in the selected airspace per hour: 

 

Figure 5.4. Number of entries and exits per hour (1 day). Maastricht AoR. 

 Traffic density of the selected airspace in the horizontal plane, provided by means of a grid 

overlaid to the analysed airspace. Depending on the number of flights flying over each cell, a 

colour scale is displayed with red and yellow denoting highest and lowest figures. 
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Figure 5.5. Traffic Density (1 day of traffic). Maastricht AoR 

 Traffic density of the selected airspace in the vertical plane, represented by number of aircraft 

per flight level, can is displayed using a colour scale. 

 

Figure 5.6. Vertical Traffic Density (1 Day of Traffic). Maastricht AoR. 

 Evolving aircraft: percentage of time of non-level aircraft within the selected airspace and during 

a selected time period. 

 

Figure 5.7 Aircraft Vertical Attitude- % of Time - (1 Day of Traffic) 

5.1.4 Safety Metrics 

5.1.4.1 Classification of Proximate Events 
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In a first stage of the processing of the 31 days of radar data, the 3-D CRM prototype software tool 

identified more than 45.000 proximate events in the en-route airspace assigned to the Maastricht 

UAC. A civil aircraft was involved in most of the proximate events and in only 3.2 % of the cases both 

aircraft were military traffic. The events involving military aircraft have been filtered out of the current 

analysis, as separation minima (5 NM and 1000 ft) do not apply to military traffic and a specific study 

should be performed if required. See Figure 5.8. 

  

Figure 5.8. Sample Data Maastricht AoR: Classification Of Proximate Events by Traffic Type 

The classification by the nature of the events involving only civil traffic (41.397 events), is shown in 

Figure 5.9. Among all the proximate events (PE) identified by the coarse filter, only 84.86% 

corresponds to potential conflicts (PCF) and 0.08% correspond to actual conflicts (CF). The 

remaining 15.05% is made up of 0.46% of passing events (when two aircraft in level flight on 

adjacent flight levels [ 0ijh ]) and 14.59% of false identifications. 

 

Figure 5.9. Sample Data Maastricht AoR: Classification of PEs by Nature (Civil Traffic Only) 

The false detections and passing events are filtered out from the risk assessment of the scenario as 

they do not imply any real risk of loss of separation. Additionally, the analysis of the collision risk 

associated with passing events has to be carried out in a separate way, using information about 

aircraft altitude deviations. 
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The analysis of the geometry of the potential conflicts and actual conflicts (35.166 events) shows that 

the majority (59.6%) of the proximate events involves one aircraft climbing and the other on level 

flight, i.e. events are normally located in the intersection of the main flows of traffic and between 

traffic in evolution and flying level. See Figure 5.10. 

  
Figure 5.10. Sample Data: Classification by Vertical Regime and Relative Heading (Civil Traffic Only, 

Passing events and false detections removed)  

Figure 5.11 shows that among the PCFs and CFs between civil traffic only 72.4% are solved through 

actions on the rate of climb or descend (vertical reaction), 23.6% through change in heading 

(horizontal reaction) and 3.9% through actions on both, vertical attitude and heading. 

  
Figure 5.11. Sample Data Maastricht AoR: Classification of PEs by A/C Reaction  

(Civil Traffic Only, Passing events and false detections removed) 

Additionally, all the proximate events have been classified based on the time margin values, 

according to the activated ATC barrier when the conflict was solved: 

SAME 5.9%

OPPOSITE 4.9%

CROSSING 89.2%

Total Number of Proximate Events: 35166

LEVEL-LEVEL 13.8%

LEVEL-CLIMB 59.6%

LEVEL-DESCENT 7.1%

CLIMB-CLIMB 11.9%

CLIMB-DESCENT 6.4%

DESCENT-DESCENT 1.2%

Total Number of Proximate Events: 35166

NA TURE TRA FFIC TYPE

Passing Event

Conflict

Potential Conflict

No Military 

Aircraft

Both Military 

Aircraft

One Military 

Aircraft

False Detection

Vertical Reaction 72.4%

Horizontal Reaction 23.6%

Vertical+Horizontal Reaction 3.9%

No Reaction - Conflict 0.1%

Total Number of Proximate Events: 35166
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Figure 5.12. Frequency diagram of the Activated ATC Barrier. Maastricht AoR. 

Other possible graphics include TCAS RA geographical distribution and the relative heading and 

vertical regime of these events.  

 

Figure 5.13. TCAS RAs Classified by Relative Heading & Vertical Regime  

(31 days of radar data). 

As seen above, the majority of TCAS alerts were produced by aircraft in evolution on the intersection 

points of the main traffic flows. 

5.1.4.2 Characterization of the performance of safety barriers 

Safety barriers are procedures and systems employed to prevent or mitigate accidents between 

aircraft operating in controlled airspace. The main safety barriers are, as described above, ATC 

actions, activation of STCA and activation of TCAS. As seen from Figure 5.12, most potential 

collisions are prevented by an ATC action. 

Statistical analysis of data of proximate events provides information on the attributes necessary to 

characterize the performance of safety barriers: effectiveness, stress and response time.  

 Effectiveness 

The effectiveness of safety barriers is characterized in the 3-D CRM through a comparison of the 

predicted separation at the CPA with the actual minimum separation of proximate events.  

Analysis of safety barriers is performed by distinguishing the type of action taken to solve conflicts: 

ATC STRATEGY 69.6% 

STCA 28.0%

          TCAS TA 2.1% 

TCAS RA 0.3% 

SAME 2.6%

OPPOSITE 6.4%

CROSSING 91.0%

LEVEL-CLIMB 50.0%

LEVEL-DESCEND 20.7%

CLIMB-CLIMB 3.7%

CLIMB-DESCEND 24.4%

DESCEND-DESCEND 1.2%

Total Number of Proximate Events: 82
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1) Action in the vertical plane 

2) Action in the horizontal plane  

3) No action 

For example, Figure 5.14 shows the variation of the predicted minimum horizontal separation at CPA 

with regard to the actual minimum separation due to safety barriers. 

 

Figure 5.14. Predicted horizontal separation and actual minimum horizontal separation in PCFs 

resolved on the horizontal plane (7 days of data) 

 Time-to-go to CPA (Stress) 

Time-to-go to CPA can be defined as the time margin available to recover from a potential conflict in 

situations when an ATC instruction is not translated into a desired change in aircraft speed, direction 

or climb/descent rate. 

The histogram of values of time-to-go to CPA in potential conflicts, as shown in Figure 5.15, gives an 

indication of the degree of stress of the ATC system.  

 

Figure 5.15. Histogram of times-to-go to CPA (31 days of radar data) 
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The definition of a “stress threshold”, for example a time-to-go to CPA of 1 minute, enables us to 

define a stress metric being the ratio of the number of encounters, with values of time-to-go to CPA 

lower than the threshold, to the total number of proximate events. 

 Overall Reaction Time 

The overall reaction time of a potential conflict indicates the duration of the threat of a conflict 

between aircraft. The overall reaction time depends on: 

 operational procedures applied within the scenario considered, 

 local controller practices, 

 crew behaviour  

 communication quality (including technical performance and pilot/controllers language skills), 

 active safety barrier, 

 traffic density that can impose restrictions on conflict resolution and 

 potential conflict (PCF) kinematics. 

From radar data processing it is possible to calculate the overall reaction time as the time interval 

between Conflict Identification Time (tCI) and Conflict Resolution Time (tCR), as described in Fig. 2. 

This time interval includes all previous delays, but can also include additional delays for other 

reasons, such as: 

 ATC identifies a PCF, but the resolution action is started some time after due to, for 

example, controller being busy attending other priorities, controller not sure about the conflict 

and waiting for information on its evolution, etc. 

 Controller issues the instruction, but associated action is delayed until a given condition is 

reached. This is a common situation for PCF resolved in the vertical plane (see Figure 3.29). 

Bearing in mind how the overall reaction time is calculated by the 3-D CRM, we can say that this 

value is always equal to or greater than the time interval required resolving the potential conflict. 

Therefore, statistical analysis of calculated Overall Reaction Times still provides a good indication of 

the response time of safety barriers.  

 

Figure 5.16. Histogram of Overall Reaction Time (31 days of radar data) 

Finally, the correlation between time-to-go to CPA and overall reaction time gives information on the 

response time depending on the severity of the encounter. Figure 4.42 shows a 2D histogram of the 

time-to-go to CPA and the overall reaction time: 
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5.1.5 Detection of TCAS Alerts 

The 3-D CRM prototype software tool identifies where and when a TCAS RA was activated by 

analysing the bearing, range, event geometry, closure rates and relative altitude of the segmented 

tracks and applying the algorithms of the Aircraft Collision Avoidance System (ACAS). This function 

of the 3D CRM tool has been validated using the InCAS tool developed by EUROCONTROL, which 

is an ACAS simulator, and includes all features required to analyse aircraft encounters taken from 

real radar data. InCAS allows the user to: 

• Prepare encounters from a number of standard radar track data formats, 

• Configure ACAS scenarios, 

• Run of playback ACAS simulations, 

• View an ACAS encounter through simulated pilot and controller displays, 

• Analyse and diagnose ACAS behaviour, and 

The results of both tools were compared with a >95% of coincidence in the results.  

However, when the 3D CRM function uses segmented tracks as input data (instead of radar data), 

the number of TCAS RAs detected by the 3-D CRM tool is higher than the number of TCAS RA 

events registered in the “Monthly Summary of the Maastricht UAC safety Data” (see [91]) due to the 

smoothing performed in the track segmentation. Figure 5.17 and Figure 5.18 show the numbers of 

detected TCAS RAs and their geographical distribution respectively.  

 

Figure 5.17. Detected TCAS RA per day in Maastricht AoR. 

 

Figure 5.18. TCAS RA Geographical Distribution. Maastricht AoR 
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The majority of the TCAS alerts were produced by aircraft in evolution in the intersections of the 

main flows of traffic: 

  
 

Figure 5.19. TCAS RAs Classified by Relative Heading & Vertical regime 

 

Figure 5.20. Example of TCAS RA. Maastricht AoR. 

The high number of detected TCAS RAs is, at least in part, due to the smoothing of the ROC/D 

performed by the track segmentation. For example, some aircraft, when close to the assigned flight 

level, decrease to some extent their speed and ROC without modifying their climb gradient (see 

Figure 5.21). In addition, the frequency of the TCAS interrogation-and-response cycle(several times 

per second) and the accuracy in the horizontal-plane position of the TCAS is much higher than the 

radar data information. 

Nevertheless, the algorithms of the track segmentation method maintain a maximum error limit, 

which guarantees that all the detected situations were at least very close to the TCAS RA 

boundaries. 
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Figure 5.21. Example Smoothing of the ROC in the Track Segmentation 

5.1.6 Estimation of Probability of Potential Collision (Pa) 

5.1.6.1 Formula for Pa 

• Empirical Approach (see section 3.5.4) 

After processing the 31 days of traffic data, the estimation of Pa is calculated from the frequencies of 

potential collisions and potential conflicts: 
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 (109) 

where R: 5 NM;  H: 850 ft; xy  134 ft; and z = 40 ft. 

• Enhance Empirical Approach (see section 3.5.5) 

Appling equation (54) to the MUAC data sample the following result is obtained:  

      
 

 
                

  

 
     

 
    

 

 
 
   

  
                                  

  

 

5.1.6.2 Pa Parameter Sensitivity Analysis 

The main parameters of the formula for Pa are:  

 the average aircraft size, given by xy and z, where xy is the length (or wingspan if 

longer) and z the height, 

 the look-ahead time,  

 the radius of the conflict volume (R) and 

 the height of the conflict volume (H). 

The following five figures display the results of the sensitivity analysis performed for each parameter 

under the ceteris paribus assumption: 
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Figure 5.22. Sensitivity Analysis: Pa vs. xy. Maastricht AoR. 

 

Figure 5.23. Sensitivity Analysis: Pa vs. z. Maastricht AoR. 

 

Figure 5.24. Sensitivity Analysis: Pa vs. R (NM). Maastricht AoR 
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Figure 5.25. Sensitivity Analysis: Pa vs. H (ft). Maastricht AoR. 

 

Figure 5.26. Sensitivity Analysis: Pa vs. Look-Ahead time. Maastricht AoR. 

 

Figure 5.27. Sensitivity Analysis: Nº Potential Conflicts vs. R (NM) & H (ft). Maastricht AoR. 
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the last 12 minutes before falling short of CPA, and that the vast majority occurred in the interval 

between 7 and 12 minutes.” 

The number of identified proximate events increases rapidly with R, H and the look-ahead time. 

However, the variation of Pa is not very noticeable for values of R, H and Look- Ahead time close to 

the nominal values (R=5 NM, H=850 ft and LAT=10 min). 

The sensitivity analysis must be repeated for Pb in order to obtain a final conclusion about the 

sensitivity of the 3-D CRM to the various parameters. 

5.1.7 Probability of Failure of the Safety Barriers (Pb) 

The probability of failure of the safety barriers (Pb) is based on the ratio of potential and actual  

serious incidents conflicts as expressed equation (67). 

The estimate of Pb obtained from the radar data processing of the sample of 31 days of traffic is: 

   
 

  

                       

                                 
 

 

  

 

    
             

5.1.7.1 Pb Parameter Sensitivity Analysis 

 The following figures show the sensitivity in the estimate of Pb to the values of the look-
ahead time under the ceteris paribus assumption:  

 

Figure 5.28. Sensitivity Analysis: Pb vs. LAT (min). Maastricht AoR. 

5.1.8 Risk Estimation 

The overall risk estimation of a scenario is calculated as the product of the proximate event 

frequency, Pa and Pb as it was described in section 3: 
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The following table summarizes all the data regarding frequencies, Pa and  Pb calculated in the 
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Total flight time (in hours): 47078 

Total A/C Movements: 131151 

Total Number of Proximate Events (PEs): 

- Between Civil Traffic 

- R= 5 NM; H=850 ft 

35169 

Frequency of PEs per Flight hour: 0.7470 

Frequency of PEs per A/C Movements: 0.2681 

Conditional Probability of Collision Pa: 8.2021·E
-4

 

Probability of Failure of Tactical Safety Barriers Pb: 6.7641·E
-6

 

Table 5.1. Summary of Results. Maastricht AoR. 

Thus, the collision risk estimate for the Maastricht AoR is: 

                                                                          

                                                                         

 
The probability of mid-air collision risk of 4.1445x10

-9
 per flight hour which corresponds to one 

collision every 20 years in the European airspace, does not exceed the ICAO Target Level of Safety 

for midair collision (5x10–9 per flight hour).  
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5.2 Application of the 3-D CRM to Madrid UIR 

The Madrid upper information region (UIR) includes the autonomous regions of Galicia, Asturias, 

Cantabria, Basque Country, Navarre, Castile-León, La Rioja and Madrid, as well as parts of Castile-

La Mancha, Extremadura and Aragón; it also includes the maritime zone of the Bay of Biscay and 

the coast of Galicia. The vertical separation between the UIR and the lower region configuration 

(FIR) in Madrid is established at flight level FL 245. 

As the largest in terms of national territory, this region boasts a large number of airports. These are: 

A Coruña, Asturias, Bilbao, Burgos, Huesca-Pirineos, León, Madrid-Barajas, Madrid-Cuatro Vientos, 

Madrid-Getafe (military), Madrid-Torrejón, Pamplona, Salamanca, San Sebastián, Santander, 

Santiago, Valladolid, Vigo, Vitoria and Zaragoza.  

 

Figure 5.29. Madrid en-route airspace 

In the Madrid en-route airspace, a unique horizontal separation standard of 8 NM is used throughout 

the total area of responsibility. In the vertical plane a separation of 1000 ft is used. 

5.2.1 Radar Data Sample 

The traffic sample was provided by the Spain's automated ATC system, known as SACTA, which 

provides a highly sophisticated tool to manage Spain's airspace 

The traffic data samples cover a period of thirty-one days from 1
st
 to 31

st
 January 2008. The track 

data were provided in plain text files. 

The study has been performed over the Madrid upper information region as a whole.  
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Figure 5.30. Sectorisation of Madrid UIR 

 

5.2.2 Processing 

The radar data samples have been processed by the 3-D CRM prototype software tool using the 

sequential steps described is section 5.1.2: 

1. Decode SACTA files 
Pre-processing 

2. Track Segmentation 

3. Scenario Definition 
Proximate Event Identification 

4. Coarse Proximity Filter 

5. Fine Proximity Analysis 

3-D CRM Parameter Estimation 

6. Classification of Proximate Events 

7. Detection of TCAS alerts 

8. Statistical Analysis 

8.1. Traffic Statistics 

8.2. Proximate Event Statistics 

8.3. Calculation of Pa 

8..4 Calculation of Pb 

In this case the main parameters are: 

- Timeframe: from 1
st
 to 31

st
 January 2008 between 00:00 and 24:00 hours; 

- Geographical Area: Madrid UIR (Min FL: 240); 

- Proximate Event Definition: 

 R: 8 NM; 

 H: 850 ft; 

 LAT: 10 minutes; 
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- Aircraft Dimensions: 

 xy  134 ft; and 

 z = 40 ft.  

The radar separation minimum in Madrid UIR is 8 NM, larger that the radar separation minimum 

applied in Maastricht AoR. The vertical separation minimum is, as in Maastricht, 1000 however again 

a height of 850 ft has been used to avoid false detections of potential conflicts. 

5.2.3 Classification of Proximate Events 

After completing the first steps of the processing of the radar data sample, the 3-D CRM prototype 

software tool identified around 3500 proximate events (false alerts and passing events not included) 

in the Madrid UIR. This number is significantly smaller than in the case of MUAC although the radar 

separation minimum is 8 NM. Most of these encounter involved civil aircraft events and in only 0.5 % 

of the cases a military traffic was involved.  

  

Figure 5.31. Sample Data: Classification Of Proximate Events by Traffic Type. Madrid UIR. 

Among all the proximate events (PE) identified by the coarse filter, only 3.75% corresponds to actual 

conflicts (CF) and 96.25 are potential conflicts (PCF). 

 

Figure 5.32. Sample Data Madrid UIR:Classification of PEs by Nature (Civil Traffic) 

The analysis of the geometry shows that 91.1% are located in the intersection of routes and in 94.6% 

of the cases one aircraft is on level flight 
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Figure 5.33. Sample Data: Classification by Vertical Regime and Relative Heading (Civil Traffic Only, 

Madrid UIR)  

 

Figure 5.34. Traffic Routes Distribution. Madrid UIR. 

Next figure shows that 78.1% of the proximate event are solved through actions on the vertical 

plane, 18.2% through a change in heading (horizontal reaction) and 1.1% through actions on both, 

vertical attitude and heading. 

  
Figure 5.35. Sample Data: Classification of PEs by A/C Reaction. Madrid UIR. 

(Civil Traffic Only, Passing events and false detections removed) 

NA TURE TRA FFIC TYPE

Passing Event

Conflict

Potential Conflict

No Military 

Aircraft

Both Military 

Aircraft

One Military 

Aircraft

False Detection
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Additionally, all the proximate events have been classified based on the time margin, according to 

the activated ATC barrier when the conflict was solved: 

 

Figure 5.36. Frequency diagram of the Activated ATC Barrier. Madrid UIR 

 

Figure 5.37 Geographical locations of TCAS alerts. Madrid UIR 

5.2.4 Traffic Statistics 

The analysis of the traffic of the radar data files performed by the 3D CRM prototype provides the 

following metrics: 

• Total flight time (in hours): 29392 

• Total A/C Movements: 73886. 

• Average Movements per Day: 2500 

• Average Flight-hours per Day: 1000 
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Figure 5.38.  Hours flown within Madrid UIR during each day. Madrid UIR. 

 

Figure 5.39. Number of Movements within Madrid UIR during each day. Madrid UIR. 

The 3D CRM tool provides other traffic metrics in order to improve the description of the complexity 

of the selected airspace: 

 Number of entries and exits in the selected airspace per hour: 

 

Figure 5.40. Number of entries and exits per hour (1 day of Madrid traffic). Madrid UIR. 
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 Nº of Hours flown within Madrid UIR during each hour 

 

Figure 5.41. Nº of Hours flown within Madrid UIR during each hour. Madrid UIR. 

 Traffic density of Madrid UIR in the horizontal plane, provided by means of a grid overlaid to the 

analysed airspace. Depending on the number of flights flying over each cell, a colour scale is 

displayed with red and yellow denoting highest and lowest figures. 

 

Figure 5.42. Traffic Density (1 day of traffic). Madrid UIR. 

 Evolution of Nº of Aircraft in Madrid UIR vs. time 

Side Length=7.5 NM
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Figure 5.43. Nº of Aircraft in Madrid UIR vs. Time. Madrid UIR. 

 Traffic density of the selected airspace in the vertical plane, represented by number of aircraft 

per flight level, can is displayed using a colour scale. 

 

Figure 5.44. Vertical Traffic Density (1 Day of Traffic). Madrid UIR. 

 Evolving aircraft: percentage of time of non-level aircraft within the selected airspace and during 

a selected time period. 

 

Figure 5.45 Aircraft Vertical Attitude- % of Time - (1 Day of Traffic). Madrid UIR. 
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5.2.5 Detection of TCAS Alerts 

The analysis of the TCAS alerts performed by the 3-D CRM prototype software tool identifies where 

and when a TCAS RA was activated.  

 

Figure 5.46. TCAS RA Geographical Distribution. Madrid UIR. 

The majority of the TCAS alerts were produced by aircraft in evolution in the intersections of the 

main flows of traffic: 

  

Figure 5.47. TCAS RAs Classified by Relative Heading. Madrid UIR. 

 

Figure 5.48. TCAS RAs Classified by Vertical regime. Madrid UIR. 

The 3-D CRM prototype software tool can also produced an individual description of each event, 

providing the evolution of the main parameters of the severity of the encounter. For example, the 
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next figure shows an example of TCAS RA and the evolution of the potential horizontal and vertical 

separation at the CPA: 

 

Figure 5.49. Example of TCAS RA. Madrid UIR. 

The yellow square represents the most critical instant of time with the shortest time to CPA. 

5.2.6 Estimation of Probability of Potential Collision (Pa) 

Figure 5.50 shows a 2D histogram of the number horizontal and vertical separations at the CPA: 

 

Figure 5.50. 2D histogram of projected horizontal and vertical separations at the CPA (Madrid UIR) 

• Empirical Approach (see section 3.5.4) 

Only potential conflicts and conflicts between civil traffic have been selected to estimate Pa. After processing 

the 31 days of traffic data, the estimation of Pa is calculated from the frequencies of potential collisions and 

potential conflicts: 

Number of Potential Collisions (6)

Number of Potential Conflicts (3496)
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where R: 8 NM;  H: 850 ft; xy  134 ft; and z = 40 ft. 

• Enhance Empirical Approach (see section 3.5.5) 

Appling equation (54) to the Madrid UIR data sample the following result is obtained:  

      
 

 
                

  

 
     

 
    

 

 
 
   

  
                                  

  

 

5.2.7 Probability of Failure of the Safety Barriers (Pb) 

The estimate of Pb obtained from the radar data processing of the sample of 31 days of traffic of 

MADRID UIR is: 

   
 

  

                       

                                 
 

 

  
 

 

   
             

5.2.8 Risk Estimation 

The following table summarizes all the data regarding frequencies, Pa and  Pb calculated in the 

previous sections: 

Total flight time (in hours): 29392 

Total A/C Movements: 73886 

Total Number of Proximate Events (PEs): 

- Between Civil Traffic 

- R= 8 NM; H=850 ft 

3496 

Frequency of PEs per Flight hour: 0.11894 

Frequency of PEs per A/C Movements: 0.047316 

Conditional Probability of Collision Pa: 9.0398 E
-4

 

Probability of Failure of Tactical Safety Barriers Pb: 3.6036 E
-5

 

Table 5.2. Summary of Results. Madrid UIR. 

Thus, the collision risk estimate for the Madrid UIR: 

                                                             

             

                                                                          

The probability of mid-air collision risk of 3.8746x10
-9

 per flight hour in Madrid UIR, which 
corresponds to one collision every 22 years in the European airspace, is lower than in Maastricht 
AoR. The frequency of proximate events per Flight hour and per A/C movement is lower in Madrid 
UIR than in Maastricht AoR, the probabilities of potential collision (Pa) are similar (which means that 
the airspace design in Madrid UIR is more complex) and the probability of failure of tactical safety 
barriers (Pb) is higher in Madrid (i.e. safety barriers are slightly more efficient in Maastricht).  
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Chapter 6.  
 
IMPLEMENTATION OF THE 3-D CRM 

TOOL BY AN ANSP 

New Performance Monitoring capabilities and tools must be developed or enhanced at any 

operational level (Network, FAB or Local) in order to satisfy the current and future Performance 

Scheme requirements of the Single European Sky. In line with this goal, AENA (Spanish Air 

Navigation Service Provider) has decided to integrate the 3-D CRM tool, described in section 4, 

in its monitoring tool (PERSEO) to complement the information collected in the accident and 

incident databases. 

The implementation of the 3-C CRM tool by AENA, has showed how automated in-depth 

analysis of radar data provides robust information on air traffic factors and safety metrics, using 

few external parameters. After this demonstration, new applications of the 3-D CRM tool have 

been developed to enhance efficiency monitoring capabilities on Terminal Manoeuvring Areas 

(TMA). 

6.1 IMPLEMENTATION METHODOLOGY 

This section describes the methodology followed to integrate the 3-D CRM tool into the AENA’s 

Automatic Efficiency Monitoring and Reporting Local system, named PERSEO. 

6.1.1 Information Integration 

The first step was to integrate in PERSEO all the relevant operational information data for 3-D 

CRM metrics calculation (e.g. radar data, airspace information, incident and accident database, 

etc). Previously these sources were diverse, disconnected, and non-homogeneous. 
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Figure 6.1. ANSP sources of information 

This information management platform also features historical data recording, so that long-term 

analysis, as well as comparative performance monitoring can be performed. Identification of 

seasonal effects and traffic patterns are also potential uses for this functionality. 

Special mention should be given to the quality of the information used. As the accuracy of the 

data is essential for the accurate calculation of metrics, data integrity checks were put in place 

in the platform.  

6.1.2 Rapid Prototyping Cycle 

To 3-D CRM prototype is used to demonstrate a quickly put-together version of PERSEO so 

that AENA’s requirements can be revised. 

The process starts by developing a prototype in MATLAB © (see annex C). This prototype is 

designed to automatically analyze recorded aircraft tracks and flight plan data from the Radar 

Data Processing systems (RDP) of AENA.  

The results of the early prototype are used to validate original requirements and define the daily 

and monthly safety report. This feedback allows the reception of any alteration to the 

requirements as early as possible, which is critical to minimizing the high cost of requirements 

creep (one of the most common risks found in software projects). 

 

Figure 6.2. Rapid Prototyping Cycle 

6.1.3 System Architecture 

The PERSEO platform receives a wide range of operational information, both on-line (flight 

plans messaging during operation) and off-line (post-operational information and reports from 

several sources, as flight radar data or actual landing times and runways).It integrates all the 

information together into an AIXM (Aeronautical Information Exchange Model) and FIXM (Flight 
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Information Exchange Model) based data schema [92],[93], generating its own historical data 

repository that is later used (in combination with operational on-line data) for suggested optimal 

sector configurations (Demand Capacity Management support functionality). Figure 6.3 shows 

the whole data source integration scheme of the PERSEO platform. 

For the accurate implementation of the new metrics in the PERSEO platform it was required to 

include the radar data files. Any other information required was already included in the platform. 

Once integrated, the data capture is done in a fully automated way, with no human operator 

intervention on the system, performing also automatic data integrity checks.  

The PERSEO platform is a web-based tool, thereby providing wide end-user access through the 

internal AENA Air Navigation Network. Access is granted through secure user authentication in 

the web browser. The platform has been used for years in operation and has been tested under 

heavy concurrent user conditions, relying on a redundant cluster architecture that provides the 

necessary robustness and reliability for operational usage (over 99.9% service availability 

during the 2011-2012 period), taking also advantage of its cross-domain capabilities. 

 

Figure 6.3. PERSEO Data Source Integration Scheme 

Although any authorized end-user can access the PERSEO platform to specifically monitor the 

metrics, automation has been considered a fundamental aspect for consistent efficiency 

monitoring according to expected Local and Network Performance Monitoring needs. Thereby, 

all the metrics defined are calculated periodically (in a fully automated way, typically every 24 

hours but being completely configurable), and included on a daily efficiency report that allows 

both short-term monitoring and long-term evolution analysis. One report is generated daily for 

each airport, containing all the information described in section III, as well as a monthly report 

and an overall yearly report, which all together constitute an extremely useful set for efficiency 

performance monitoring at a local level. A specimen of part of this daily report is shown in Fig. 

24 (sample obtained from non-operational data). 
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In case an end-user checks a daily report and wishes to add some comment or attach some 

relevant information (i.e. meteorological report) to further clarify or enhance some aspect of the 

automatically displayed information: the PERSEO platform allows doing it through a form that is 

later attached to the report. However, purposely, the end-users cannot modify the indicators 

results and graphics. When a report has been filled with comments or attached files, these will 

appear displayed in its status field (shown in Fig. 25 below). Once validated by an authorized 

end-user, the report gets blocked to any later modification. 

Additionally, these reports are also automatically stored in an internal repository as a 

downloadable PDF file, which can be accessed from the web tool with time interval filtering.  

6.1.4 Calibration in respect to the Prototype 

While all key aspects of the deployment of the prototype are addressed - through the various 

levels of the architecture described - the validity of the implementation of the metrics’ algorithm 

requires a validation process: as the code developed for it is not a direct automatic 

transformation of the 3-C CRM prototype (developed in MATLAB © code) but a recoding on 

Java language (for computational effectiveness of the deployed performance module). For this 

reason the results obtained require calibration against those from the 3-D CRM prototype. 

The calibration activities are first done in respect to a previously unknown set of calculations 

obtained by the 3-D CRM prototype. A maximum deviation of 1% is accepted, to compensate 

for calculation errors between different programming languages and different internal function 

implementation (i.e., percentile calculations). With this procedure a final similarity percentage 

between results of 99.5% was obtained. 

Finally the results are newly validated by the same expert group validating the initial 3-D CRM 

prototype, with both known samples (knowing which system performed the metric calculation) 

and blind samples (unknown metric provider). Both were compared towards manual 

measurements obtained through real flown data observation in a traffic reproduction. The 

results were better for the implementation in the PERSEO platform, with a 97.7% similarity to 

manual measurements against 97.3% of the 3-D CRM prototype, showing that the 0.5% 

discrepancy between them pointed out in the previous paragraph is usually more on the 

PERSEO implementation (as expected since being a prototype refinement). A set of 5 days 

data and reports was used to perform this successful validation prior to operational deployment. 

The 0.4% of results found to be different will be addressed in new versions of the algorithm, 

being part of this difference a potential improvement of the algorithms, nevertheless the error 

margin of manual measurement must also be taken into account. 

6.2 EXTENSION OF 3-D CRM TO ENHANCE EFFICIENCY 

MONITORING 

The Air Navigation Service (ANS) related to European Terminal Manoeuvring Areas (TMA) is 

currently monitored by EUROCONTROL using three performance indicators (Airport ATFM 

delays, ASMA additional time, and taxi out additional time) as required by RP1 (2012-14) of the 

Single European Sky (SES) performance scheme.  

However, as recognized in [94], “active monitoring and management of other performance 

indicators, both by the Network Management function and local ATC units, could bring 

significant benefits”. 
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In order to improve the monitoring of Environment/Flight efficiency performance in Spanish 

TMAs, the Quality Management and the Environmental Divisions of AENA identified the 

following additional TMA performance metrics: 

1. Number and geographical location of holding patterns per day; 

2. Separation of Aircraft at Initial Approach Fix (IAF) and runway threshold; 

3. Percentage of time that an aircraft is “flying level” from Top of Descent (ToD) to 
threshold;  

4. Percentage of Continuous Descent Operations (CDOs)  from a height of 6000ft (no level 
flight; or one phase of level flight not longer than 2.5NM); and 

5. Percentage of Continuous Descent Operations (CDOs) from ToD. 

The capacity of the 3-D CRM tool to automatically process and analyse radar data allows 

calculating the above efficiency metrics by making improvements in the tool. 

For example, the track segmentation algorithms developed for the 3D-CRM can be used to 

identify and analyse holding patterns and separation between aircraft in arrival sequences 

within the TMA (see Figure 6.4) and to identify when an aircraft has performed a stepped 

approach to the airport. 

 

Figure 6.4. Horizontal track segmentation 

The following sections describe in detail how the calculation process of the above first two 

performance indicators has been automated. The process to obtain the other three indicators is 

similar.  

The final goal of enhancing the 3-D CRM is the automatic generation of daily reports (see 

Annex D) by just selecting the TMA of analysis and a radar data file. The daily report contains 

the main TMA performance metrics and is divided in 2 sections: holding patterns and 

separations. The results are exported into excel files and the figures are saved as JPG files. 

6.2.1 Holding patterns  

This section contains the following information and figures: 

 Nº. Arrivals (total, per configuration, per RWY) 
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 Nº. of holding patterns (total, per conf., per RWY) 

 Nº. of Circuits (total, per conf., per RWY) 

 

Total 

North  

Conf. 

South  

Conf. RWY 33R RWY 33L 

RWY 

18R 

RWY 

18L 

Nº Arrivals 469 469 0 266 203 0 0 

Nº of arrival 

 holding pattern 34 34 0 8 26 0 0 

Nº Circuits 36 36 0 8 28 0 0 

Table 6.1. Example of Summary Table: Holding Patterns 

 

 

Figure 6.5. Flight trajectories (holding patterns in red). 

 

Figure 6.6. Histogram: Nº of operations per configuration (blue=north, green=south) (time 

interval of 20 mins) 
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Figure 6.7. Nº of arrivals per RWY (time interval of 20 mins) 

 

Figure 6.8. Histogram: Nº of arrivals and holding patterns (time interval of 20 mins) 

It can be observed from Fig.13 that most of the holding patterns took place around 10am, 

 

Figure 6.9. Map of Nº of Circuits (in brackets) in each holding fix 
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Figure 6.10. Histogram: Nº of circuits per arrival holding pattern 

Figure 6.11 shows that most of the aircraft completed only 1 circuit and only 3 aircraft flew 2 

circuits (Fig. 6.11 shows an example of 2 circuits). 

 

Figure 6.11. Example: aircraft flying 2 circuits 

6.2.2 Separations 

The longitudinal separations between aircraft in an arrival sequence to an airport are calculated 

at different reference points: Initial Approach Fix (IAF), 4NM to land and at the Threshold.  

 

Figure 6.12. Histogram: Separations at THR (NM) 
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The separation minima are calculated taking into account minimum radar separation, wake 

turbulence radar separation minima and other factors as runway configuration (e.g. diagonal 

separation requirements between aircraft on parallel runways during parallel dependent ILS 

approaches). 

 

Figure 6.13. Nº of Circuits in each holding fix vs. time (time interval of 20 mins) 

 

Figure 6.14. Nº of arrivals per RWY and holding patterns in red (time interval of 20 mins) 

 

Figure 6.15. Histogram: Separations at THR (NM) vs. Time (time interval of 20 mins, 90th 

percentile) 

 

Figure 6.16. Histogram: Separation at THR minus minimum separation (NM) vs. Time (time 

interval of 20 mins, 90th percentile) 
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Figure 6.17. Histogram: Separations at IAF (NM) vs. Time (time interval of 20 mins, 90th 

percentile) 

6.2.3 Detailed information. 

At the end of the report a table is included, detailing for each fight arriving to the airport the 

following information: 

 Flight ID. 

 Wake vortex category (Super, Heavy, Medium, Small). 

 Origin (ICAO airport code). 

 Arrival time. 

 TMA Entry time. 

 Initial Approach Fix (IAF). 

 Lading RWY. 

 Separation at IAF and at THR. 

 Separation at THR minus minimum separation. 

 Nº of Circuits. 

 Holding fix and flight level (FL). 

An example of this table is presented in Annex D. 

6.2.4 Validation and Post-Analysis of the Prototype Outputs 

The results of the enhanced 3-D CRM tool were verified and validated by a group of experts 

who performed manual measurements by observing real flown data in a traffic reproduction.  

The design of the prototype was frozen after the requirements were validated and the average 

accuracy of the results was above 95%. 
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Chapter 7.  
 
CONCLUSIONS AND FUTURE 

WORK 

This chapter summarizes the main contributions of this thesis and afterwards a few directions 

regarding future research are presented. 

7.1 RESEARCH CONCLUSIONS 

This thesis presents a new and innovative 3-D Collision Risk Model and tool to assessing 

aircraft safety level within high density airspaces (e.g. European Airspace) based upon the 

process and analysis of radar tracks.  

The 3-D CRM tool has been designed to complement the information collected in the accident 

and incident databases, thereby providing the following information inferred from the in depth 

assessment of proximate events: 

1. Identification of all proximate events based on radar data. 

2. Complete classification of all proximate events using clear and consistent criteria. 

3. Detailed information on the evolution of each proximate event. 

4. Safety metrics and other air traffic factors. 

In chapter 3 we have analysed the original 3-D CRM mathematical model, finding that it is 

based on unrealistic hypotheses and requires external parameters. Then a new method is 

proposed to determine the severity of each aircraft encounter in high density en route airspace 

based on an analysis of the stored aircraft tracks that have flown in it within a given time frame.  

It is considered that collision risk for high air traffic density can be analysed from the estimation 

of three different factors: 

 Relative frequency of exposition to risk (FeR). The value of this factor can be easily 

obtained from any radar data sample and strongly depends on the minimum applied 

horizontal and vertical separations standard and increases with air traffic density, 
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 Expected severity E(Pa). This value can be directly derived from individual probabilities 

of potential collision (Pa). Furthermore, having individual severities, it also permits 

additional assessment on safety (hot spots identification, etc.). 

 Expected probability of failure of safety barriers (ATC, TCAS, etc.) 

The proposed method aims to provide an individual probability of collision (Pa) based on the 

geometry of the encounter and the minimum lateral separation and the minimum vertical 

separation at the Closest Point of Approach or CPA. The formula takes into consideration 

uncertainties introduced by the radar data error and the route segmentation error. The proposed 

mathematical formulation to characterise the severity of each aircraft proximity event is based 

on the convolution of the bi-dimensional probability density function of the estimated Closest 

Point of Approach between the involved aircraft, and the distribution of aircraft lateral and 

vertical error in the projected position. The results show that there is not the same severity for all 

the proximity events on which aircraft pass closer than the prescribed horizontal and vertical 

separation minima. The expected severity for a given scenario and a traffic sample depend on 

the kinematics of the aircraft involved. This method has been validated with data sample from 

MUAC airspace. Two methods to estimate the probability of failure of safety barriers are also 

proposed based only in the processing and analysis of radar data. The results are promising but 

further work is required to validate some of the hypotheses. The 3-D collision risk analytical 

model is backed up by a modular software tool developed to analyze radar data samples and to 

support the different processes that need to be addressed to obtain the required 3-D CRM 

outcome. 

In addition to the collision risk estimate, the 3-D CRM methodology also comprises the 

calculation of safety metrics in order to provide a more comprehensive and accurate information 

of the safety level of the selected airspace. At the end of chapter 3 a selection of relevant 

metrics are presented and discussed regarding:  

 Hazard context, i.e. information relevant to initiating events leading to potential 

collisions. 

 Safety metrics, i.e. indicators of the effectiveness and level of stress of the ATC safety 

barriers. 

Chapter 4 describes the main functions and modules of the 3-D CRM tool. This tool is based 

principally on the analysis of recorded aircraft tracks from Radar Data Processing systems 

(RDP) in order to identify and analyze all proximate events (conflicts, potential conflicts and 

potential collisions) within a time span and a given volume of airspace. 

One of the main purposes of this thesis is to show how an in-depth analysis of radar data 

provides robust information on air traffic factors and safety metrics, using few external 

parameters. This empirical approach makes it easier to compare metrics between different 

airspaces and to monitor the evolution of these metrics over time. 

Chapter 5 presents the results of applying the 3D CRM methodology to several radar data 

samples of different scenarios in order to introduce all the safety metrics and graphic 

possibilities of the 3D CRM tool, and to provide data results to refine, improve, validate and 

verify the model. These results were presented to AENA (the Spanish Air Navigation Service 

Provider) and they decided to integrate the 3-D CRM tool into the AENA’s Automatic Efficiency 

Monitoring and Reporting Local system, named PERSEO, to complement the information 

collected in the accident and incident databases. The results provided by the tool inspired new 

applications, which have also been developed and integrated in PERSEO to enhance efficiency 

monitoring capabilities on Terminal Manoeuvring Areas (TMA). The implementation process and 

new capabilities of the tool are presented in Chapter 6. 
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7.2 FURTHER RESEARCH 

7.2.1 Extension of 3-D CRM for TMA 

Once the 3D CRM for the en-route scenario is completed, the model has to be enhanced to 

assess collision risk in terminal areas. First, the existing mathematical expressions need to be 

reviewed, since the operation in TMA differs significantly from the en-route scenario (e.g.: 

passing events do not occur in terminal areas). Accordingly, proximate events respond to other 

patterns that may impact on the nature of conflicts, frequency, and intervention.  

For the above reasons, it is recognised in advance the difficulties associated to the extension of 

the 3D CRM into terminal airspace. Therefore, the first task to accomplish is an analysis of the 

traffic sample oriented to the detection of proximate events (potential and actual separation 

infringements, effect of holding patterns,...etc). A subsequent characterisation of those events 

paves the way for the upgrade of the model.  

7.2.2 New CFMU Concept 

In the context of SESAR (Single European ATM Research), it is proposed to use the 3-D CRM 

as new criteria for the ATFM processes based on 4D-trajectory deconfliction instead of trying to 

satisfy en-route capacity constraints which will no longer exist in the future. 

This activity will have two clear phases, the first phase is related to 4D-trajectory planning and 

strategic deconfliction and the second phase is related to dynamic replanning and operational 

deconfliction. 

The goal of the first phase will be to establish the criteria to define what a planned deconflicted 

trajectory is. The 4D CRM will not only analyse overlapping routes but also potential conflicts, 

time to conflict between trajectories, time to collision…etc. 

The definition of planned deconflicted trajectories will be the basis for the next goals: 

 Development of a Collision Risk Model to assess the safety level of the airspace 

based on the processing and analysis of SBTs/SMTs. 

 Development of algorithms to propose changes to the SBT/SMT to solve the potential 

conflicts in case the Target Level of Safety (TLS) is not achieved. 

 Provide support in the collaborative airspace planning process. Analyse the impact of 

a new proposed SBT/SMT. 

 Finally, provide the criteria to achieve a 4D-trajectory planning and strategic 

deconfliction scenario and estimate its safety level. 

The second phase of this activity will be related to the near-real-time air operations planning and 

execution.  

The SESAR operational concept describes that at some point prior to start up, the Aircraft 

Operator and the Service Provider will agree on the trajectory details and the SBT / SMT will be 

published as the Reference Business / Mission Trajectory (RBT / RMT). RBT / RMT is defined 

as the trajectory that the Airspace User agrees to fly and that the ANSP and Airport agree to 

facilitate. 

In the SESAR operational concept the RBT / RMT is the agreed trajectory to be achieved and 

will be progressively validated by the conformance and conflict detection tool. 

The 3D CRM concept aims at not only being a conflict detection tool but seeks to: 

 Assess the safety level across the European airspace in real time 

 Assess the impact on safety of the proposed changes in the RBT / RMT 
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7.2.3 Risk Assessment for a Proposed Future System 

The main difference between collision risk assessment for the current and for the future system 

is that the actual flight data is not available for analysis. It may be possible to derive a formula 

that provides a good approximation of risk exposure, given the traffic density and parameters 

describing the airspace configuration such as length of tracks, location and number of crossing 

points, amount of traffic operating on opposite direction tracks, etc. 

Failing this, it will be necessary to use a “traffic simulator” (e.g. Monte Carlo simulations). Such 

a program is necessary for European airspace, especially if the proposals involve major 

changes in the route structure (e.g., re-sectorization, flexible use of airspace, etc.). Without this 

tool it would be difficult to predict the changes in European-wide traffic flows; for example, a new 

direct route may significantly alter traffic patterns in the neighbouring sectors, even if the new 

route is not within the airspace region investigated. 
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ANNEX A: ASSESSMENT OF 

RADAR DATA SOURCES 
 

A.1. DATA SOURCES  

In a first step the samples of radar and flight plan data have been provided by Maastricht Upper 

Airspace Centre (UAC). Maastricht Upper Area Control Centre (MUAC) is a regional air traffic 

control centre, which provides seamless air navigation services in the upper airspace (above 

24,500 feet) over a large multinational airspace in Europe, approximately 700000 square 

kilometres wide. An advanced and complex ATC automated system named MADAP (Maastricht 

Automated Data Processing and Display System) is responsible for managing, processing and 

presenting in real time the information related to the air traffic flows in the whole area. MADAP 

performs centralized multi-radar tracking using the information provided by a large number of 

radars and computes a high quality air situation. This air situation is then described by a specific 

ASTERIX (All-purpose STructured Eurocontrol Radar Information eXchange) category for 

processed radar data.  

In the MADAP system, a unique horizontal separation standard of 5 NM is used throughout the 

total area of responsibility. In the vertical plane a separation of 1000 ft is used. 

 

Figure A. 1. Maastricht Area of Responsibility 

The traffic data samples to perform the current study were provided by MADAP servers. They 

cover a period of thirty-one days from 1
st
 to 31

st
 January 2007. 

A.1.1. Flight Plan and Track Management Process   

MADAP Plan and Track servers are the functionalities responsible for the management of the FPL 

and radar data. Both subsystems are tasked with the gathering and distribution of a precise and 

reliable picture of the real or planned situation of air traffic [95],[96].    

Track Message 



 

 

ANNEX A: ASSESSMENT OF RADAR DATA SOURCES  

 

161 

The individual track messages are updated at a 4.8 seconds rate. The information refreshment 

process is subdivided into 16 equidistant incremental steps of 300 msec. In each step, only the 

tracks within a certain geographical sub-area are updated, following a South to North pattern. 

However, not all data items are renewed with that frequency. The subset of data items 

implemented is divided into two classes: 

 Short lifetime data items, such as position, speed, heading, height, are refreshed at 

every basic track update cycle (4.8 seconds). 

 Data items which infrequently change (e.g. callsign, SSR code, controller in charge etc.) 

are generally repeated at a considerable lower update frequency. 

 

Figure A. 2. Traffic Picture Updating (16 Areas) 

Approximately every one-minute, a long track update message is transmitted containing all 

available data items. Thereafter this long track message is generally followed by twelve 

consecutive short track update messages. The short track message contains only the short 

lifetime data items, possibly supplemented by one or more long lifetime class items after the 

occurrence of an event resulting in a change of the data concerned.  

Finally, a track cancellation message is sent whenever a track record is cancelled. If for any 

reason this message is not sent, MADAP includes a time-out feature that extrapolates tracks on 

an individual basis for N display cycles, and remove them once that period has concluded. 

 
Figure A. 3. Track Update Messages Chain 
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Track data messages are composed of a variable number of data items under ASTERIX 

Category 000 and 003 formats. They are transmitted by MADAP, providing a data base of multi-

radar tracks which make up the air traffic situation picture. As it was pointed out before, each 

radar track is updated every 4.8 seconds. The timestamp for all tracks renewed within a 

particular incremental update step is sent in the supervisory messages, which are composed of 

ASTERIX category 000 data items.  

Supervisory messages are sent at the start of every new 4.8 seconds cycle. This message also 

includes information regarding the radar configuration and status.  

ITEM (CAT 003) DESCRIPTION EXAMPLE 

Source Area Code --  4 

Source Id. Code -- 240 

Track Number Unique reference to a particular track record. 1674 

Step Number Id. number of the geographical sub-area 8 

X Coordinate Calculated position of the aircraft in Cartesian coordinates referred 

to 51N, 08E 

-127.7188 

Y Coordinate -4.5625 

Calculated 

Groundspeed 
Aircraft speed in Kts  491.3086 

Calculated Heading:  
Estimated aircraft heading, with a LSB=360/(2 exp16) 

degrees 
108.0231 

Actual Flight Level  Last reported Mode C value, with precision of 25 ft  390 

Track Status LIV Real or simulated Track 1 

Track Status CNF Tentative/Firm Track 1 

Track Status MAN Aircraft is (not) sensed to be manoeuvring  0 

Track Status MDA Plot with (no) valid Mode A received  1 

Track Status SUD Type of update (primary, SSR…) 3 

Track Status ASS Track (not) associated to a flight plan 1 

Track Quality CV Track updated by 1,2 or at least 3 radars 0 

Track Quality Q Track quality (o – 21 high quality) 7 

Rate of 

Climb/Descent 

Mode C derived instantaneous rate of climb/descent 

with precision of 5,86 fpm  
0 

Track Attitude IT Intention Expressed (level, descent, climb) 0 

Track Attitude AT 
Status of vertical action: intention (no) declared or in 

progress. 
0 

Track Attitude RA 
Mode C derived attitude (levelled off, descending, 

climbing) 
0 

Track Attitude CON Conflict between Mode C altitude and planned intention 0 

Callsign  Callsign of the mini flight plan associated to the track ‘RYR304’ 

Mode3A Last received Mode 3/A 330 

Controller Id Identity of the controller currently in charge of the aircraft 25 

Cleared FL Current cleared flight level 390 

Track Category OAT General/Operational air traffic (GAT/OAT) 1 

Track Category FR IFR/VFR 0 

Track Category SP 7 sub-categories  0 

Table A. 1. Track and Supervisory Data Items (Cat 003)         
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ITEM (CAT 000) DESCRIPTION EXAMPLE 

Source Area Code --  4 

Source Id. Code -- 240 

Time of Day 

UTC timestamp, valid for all tracks renewed in the 

following incremental update step (LSB=1/128 

seconds) 

8.0002 

Step Reference 

Number 

Sequence number of the current incremental update 

step (geographical sub-area) 
8 

Radar Status REP 
Nº of radars used to establish the traffic situation 

picture 
 

Radar Status 

C1/C2/AN 
Radar station status sub-fields 

 

Radar Status SR SSR channel (not) in operation  

Radar Status P1 Primary radar channel 1 (not) in operation  

Radar Status P2 Primary radar channel 2 (not) in operation  

Radar Status PP Back-to-back or pair processing  

Processing status COV 

Current setting of the maximum number of radars, 

which are simultaneously updating a particular system 

track. 

5 

Table A. 2. Track and Supervisory Data Items (Cat 000) 

Flight Plan Message 

Specific messages are delivered by the MADAP plan server to inform the activation/deactivation 

of flight plans and to provide flight information. Flight plan messages are repeated every 5 

minutes and are also transmitted every time they are amended. FPL messages are submitted 

under two different formats:  

 Complete Flight Plan (CPL) represents normal system plans with all known flight details 

including the route 

 Short Flight Plan (SPN) is a minimum contents flight plan, generally used for temporary 

identification purposes of a flight for which no MADAP CPL exists (yet). 

Finally, timestamps are sent preceding every FPL repetition or modification. 

As previously mentioned, FPL messages are distributed over a background cycle of 5 minutes. 

Generally, estimations of passing time over route waypoints are provided under CPL format 

every 5 minutes. Flight plan data are formatted under ASTERIX categories 150 and 152. The 

table below presents the data items included in CPL and SPN messages. 

DATA ITEM DESCRIPTION EXAMPLE 

Destination centre  
Id. of the receiving control centre 

255 

Destination workstation  0 

Source centre  Id. of the sending control centre 32 

Message type Event that triggered the transmission 786 

Plan number Plan reference number 1 

Callsign Flight identity LGL9512 

Mode3A Actual transponder code mode 3A  1104 

Next mode3A Next transponder code mode 3A  1104 

Departure aerodrome 
Aerodrome Id. 

EDDH 

Destination aerodrome ELLX 
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DATA ITEM DESCRIPTION EXAMPLE 

GAT General air traffic 1 

OAT Operational air traffic 0 

CPL Complete flight plan 1 

SPN Short flight plan 0 

HLD Aircraft in hold state 0 

RVQ Aircraft is RVSM Equipped 1 

RVC Aircraft is RVSM Capable 1 

RVX Aircraft is RVSM Exempted 0 

Number of aircraft Number of aircraft 01 

Type of aircraft ICAO designator of the aircraft E145 

Wake turbulence Wake vortex category M 

Cleared FL 
Cleared FL from the sector under 

control  
245 

Type RP Type of route fixes (airport, point, ...) [14 1 1] 

Element RP Identification of the route fix 'EDDH ' 'BM ' 'TIMEN' 

X Coordinate Route fix X coordinate 
[159.0469, 

120.7031,98.5156] 

Y Coordinate Route fix Y coordinate [71.0625, 52.5781, 49.687,] 

Hours 
Estimated time over route fixes 

'08'  '08'  '08' 

Minutes '03'  '10'  '14' 

Planned FL Planned flight level over route point '245' '245' '245' 

Speed True airspeed over route point '0436' '0436' '0436' 

Controller id 
Current ATC position in charge of the 

a/c 
'CE' 

Field18 Free text information RTE/0 RMK/WRB RFL240 

Correlated track Nr  
Track Id. that has been correlated to 

the FPL 
683 

Requested FL Requested flight level over route point '250' '250' '250' 

Latitude Route point latitude  [9.9883 9.4500 9.3589] 

Longitude Route point longitude [53.630 53.000 52.632] 

Tracks in Conflict Conflicting track/track combinations - 

Table A. 3.. Flight Plan data Items 

A.1.2. Data Assessment 

The minimum set of data needed to perform the 3D-CRM calculations constitute the aircraft 

state vector, consisting of indications of position, velocity, flight level, callsign, track identification 

and time for each aircraft flying into Maastricht UIR. This section provides a preliminary analysis 

of those parameters, based on the data contained in flight plan and track messages. 

Selected Flights   

Aiming to assess all possible operational conditions in an en-route scenario, a set of real flights 

has been selected from a MADAP data sample. All the records contained in the track and FPL 

messages have been decoded and converted into an Excel sheet, providing the basis for a later 

analysis that is included in following sections.  

Figure A. 4 and Table A. 4 present the main characteristics of the selected sample that can be 

classified according to the phase of flight:   
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 Levelled cruise (#1, 2 and 3) 

 En-route climbs or descends (#4 and 5) 

 Approaches to a destination airport (#6 and 7) 

 Departure from an airport (#8) 

 
Figure A. 4. Selected Flights 

Id. 1 2 3 4 5 6 7 8 

Track Nr 395 323 1506 1606 2045 115 44 982 

Start Time 8:00:02 8:00:01 8:00:00 8:00:01 8:00:02 8:00:00 8:00:00 8:00:10 

End Time 8:29:59 8:29:59 8:29:56 8:29:59 8:29:59 8:29:57 8:19:42 8:29:56 

FPL Number 332 817 706 439 630 338 475 652 

Callsign IBE3317 NCA084 BAW917 GOE401 FIN905 LYBE VLE2403 LTU440  

Origin ESSA EHAM EDDS EGSS EFHK LYBE LIPZ EDDL 

Destiny LEMD LIMC EGLL EKCH LEBL EHAM EBBR MDPP 

Type of AC MD87 B742 A319 B733 MD82 B733 A320 B763 

Table A. 4 Selected Flights  

Track Data 

Track data assessment for the selected flights is focused on the behaviour of dynamic 

parameters required for manoeuvre detection. This issue is critical for the development of 

proximate event and track segmentation algorithms. Since position and velocity estimations are 

affected by noise coming from several sources (radar sensors, multi-tracking processes, 

altimetry errors, wind variations, etc.) it is convenient to find out the order of magnitude of those 

variations to determine clear criteria for the identification of turns and flight level changes.   

A specific analysis of the MADAP status and attitude parameters has also been performed to 

verify if those flags can be used to detect manoeuvres. Although the software design must be 

independent of MADAP features, these indicators could help to check the manoeuvre detection 

algorithms.   

 Leveled Flight/Descend 

Figure A. 5 represents the evolution of flight level for those tracks associated to aircraft on 

cruise levels (#1, #2 and #3 in Table A. 4). Track 395 (#1) maintains FL 330 throughout the time 

interval (30 min.), while track 323 (#2) makes an initial climb from FL310 to FL 330 at 08:01. 

Finally, track 1506 keeps FL380 from 07:59 until 8:25, starting the descent afterwards.  
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Figure A. 5. Flight Level for Levelled Case (#1, 2, 3) 

It can be observed that FL data evolves smoothly, detecting imperceptible variations 100 ft wide 

on tracks #2 and #3. On the contrary, rate of climb/descend data (Figure A. 6) present high 

oscillations (± 2.000 fpm) centred on the X axis (0 fpm). Taking into account that ROCD and 

altitude information are dependent parameters (ROCD is the first derivative of altitude), it seems 

clear that the behaviour of vertical speed is not coherent with the aircraft vertical profile. 

Although precision for MADAP FL data is 25 ft, it may happen that on-board transponders or 

surveillance ground stations are conventional Mode C (100 ft precision).  

Taking into account that ROCD is a MADAP derived parameter, the reason for such a noisy 

estimation during cruise level may be related to bottom-scale.  Nevertheless, once an aircraft is 

on evolutionary flight (continuous descend for #3) it seems that ROCD runs smoother, in this 

case the indication is centred on –1.300 fpm with small perturbations 200 fpm wide. The main 

conclusion for this preliminary analysis on vertical parameters is that ROCD indications for 

levelled flights are not suitable for the detection of manoeuvres involving changes in FL. 

 
Figure A. 6. ROCD for Levelled Case (#1, 2, 3) 

Regarding groundspeed, Figure A. 7 shows small cyclic oscillations (±5 Kts wide) for aircraft 

levelled on straight flight (tracks #1 and #3). The associated period for those variations is 

estimated in 10/12 minutes. Several reasons can justify that behaviour, requiring a detailed 

analysis that is out of the scope of this report. Among them, the effect of wind, the operation of 

the automatic pilot resulting in a longitudinal periodic oscillation, can be interpreted as the cause 

of that phenomenon.        
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Sudden losses in groundspeed are identified for Track #2. In principle, they can be explained as 

the result of a change in direction or a thrust decrement. It can be observed that heading 

changes take place at the same time speed falls (see heading graphic in Figure A. 8). Angular 

deviations for Track #2 are quantified in 35º (08:00) and 40º (08:12), with associated 

groundspeed reductions of 40 Kts and 60 Kts respectively. This turn can be the result of an ATC 

instruction (vector) or a route alignment once a WP has been overflown. 

 

Figure A. 7. Groundspeed for Levelled Case (#1, 2, 3) 

Dynamically, a turn may be followed by a reduction in velocity if height and thrust remain 

constant during the manoeuvre. In that context, more lift is required to compensate weight as 

the aircraft rolls. This can be done by means of an increase of the angle of attack, consequently 

generating more aerodynamic drag that slows the aircraft. The effect of wind can also explain 

the reduction of groundspeed as the aircraft turns, due to the fact that a change in heading may 

increase the head wind component making groundspeed falls. Again, the correct explanation for 

this behaviour requires a detailed study that is out of the scope of this report. Nevertheless, it 

can be concluded that significant heading variations when the aircraft is levelled imply a 

reduction in groundspeed. 

 

Figure A. 8. Heading for Levelled Case (#1, 2, 3) 

 Climb 

Figure A. 9 represents the same parameters described in the previous section for two aircraft 

ascending from FL190 and FL260 (#4-Track 1606 and #5-Track 2045) until they reach FL330 

and FL340 respectively. Both climbs are performed following a stepped profile, where the 

aircraft are levelled temporarily at intermediate altitudes. 
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Figure A. 9. Flight Level for Climb/Descend Case (#4, 5) 

A climb may be obtained by means of an increase of engine power or the angle of attack or a 

combination of both. The result raises vertical and horizontal velocity making the aircraft 

ascend. Track #4 makes a continuous ascent, 12.000 ft high, before levelling at FL310. Vertical 

profile follows a linear trend with a 5% slope. Vertical velocity is set beyond 2.000 fpm, although 

it does not follow the constant regime that would lead to a linear climb. Again, it seems that 

ROCD estimations include a high level of noise that makes this parameter not suitable for 

further use (Figure A. 10). 

 

Figure A. 10. ROCD for Climb/Descend Case (#4, 5) 

Regarding groundspeed (Figure A. 11), the effect of thrust accelerates the aircraft up to 10 Kts, 

although groundspeed decreases 15 Kts during the climbing phase. When the aircraft levels at 

FL310 velocity stabilises again (08:08). The same pattern is followed in the second climb, 

although the thrust excess is used to accelerate the aircraft once the ascent has concluded. 

When the aircraft is levelled at FL330, groundspeed remains stable at 400 Kts, with cyclic 

oscillations ±5 Kts wide. 

 
Figure A. 11. Groundspeed for Climb/Descend Case (#4, 5) 
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Regarding Track 1606, a sudden 10 Kts groundspeed loss is followed by minor perturbations 

around 08:03. These velocity oscillations are not reflected in FL and heading records, although 

ROCD grows 4.000 fpm instantaneously. This behaviour may be caused by meteorological 

phenomena (turbulence or gusts) or an ATC instruction (velocity control). Another 15 Kts 

groundspeed reduction is detected at 08:09, derived from an initial climb and a 30º turn 

manoeuvre. Finally, the main ascent takes place at 08:12. Eight flight levels are crossed while 

groundspeed drops 30 Kts and, at the same time, ROCD grows to 3.000 fpm.          

 
Figure A. 12. Heading for Climb/Descend Case (#4, 5) 

 Approach/Departure 

Following the same approach applied to previous sections, Figure A. 13presents three flights; 

two of them descending towards their destination (#6 and #7) while the remaining one (#8) is 

departing and levelling at FL300. 

It can be observed how arrival tracks follow the typical descending profile, where the aircraft 

apply a linear deceleration in groundspeed between the en-route and the approach phases. 

There are some temporary groundspeed increases when the aircraft levels (Track 44 at 08:14, 

Track 115 at 08:25), derived from reductions in the vertical regime and the subsequent 

horizontal acceleration. Track 44 is particularly interesting, as it includes the whole approach 

procedure. Once the aircraft levels at 6.000 ft, it performs a relevant change in heading (08:14) 

before starting initial and intermediate approach. This behaviour may correspond to an ATC 

vector. The precision segment of the procedure is clearly visible, with a linear descending 

glideslope flown at a relatively constant groundspeed. 

 

Figure A. 13. Flight Level for Approach/Departure Case (#6, 7) 
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Figure A. 14. ROCD for Approach/Departure Case (#6, 7) 

Finally, Track 982 follows a linear departure climb with two intermediate horizontal sections 

before levelling at FL300. The groundspeed rises according to a segmented profile, where the 

highest slopes coincide with peaks in ROCD. The ascent also includes three turns (between 

08:00 and 08:09), probable indication of a SID procedure. 

 

Figure A. 15. Groundspeed for Approach/Departure Case (#6, 7) 

 
Figure A. 16. Groundspeed for Approach/Departure Case (#6, 7) 
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currently implemented in MADAP. Nevertheless, the available flags could be used to validate 

and check the algorithms required for manoeuvre detection or track segmentation. In this 

context, a first approach to assess track status and attitude indicators has been carried out in 

order to validate its potential application.  

 Track Status (MAN) 

This 6
th
 bit of the track status data item indicates whether an aircraft is sensed to be 

manoeuvring (flag = 1) or not (flag = 0). In principle, it may be assumed that a manoeuvre 

involves changes in its heading, speed and/or height. After analysing some particular tracks, it 

has been checked that this parameter identifies changes in speed and heading with very high 

probability, whereas it is not so reliable to identify variations in aircraft altitude. 

 

Figure A. 17. Track Status (MAN) vs. Velocity  

As a matter of example, Figure A. 17 to Figure A. 18 show the behaviour of a particular track, 

where several parameters  (velocity, heading and flight level, all of them scaled on the left axis) 

are compared against the MAN flag (scaled in the right axis). It can be observed that main 

changes in speed (Figure A. 16) and heading (Figure A. 17) are correlated with the MAN flag, 

while flight level changes (Figure A. 18) are not indicated. 

 

Figure A. 18. Track Status (MAN) vs. Heading 
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Figure A. 19. Track Status (MAN) vs. Flight Level 

 Track Attitude/Intention Indicator 

This data item sends information concerning the aircraft intention expressed (IT), the status of 

vertical action (AT), the mode C derived attitude (RA) and the conflict between Mode C derived 

attitude and intention expressed (CON). The encoding rules of these parameters are shown in 

Table A. 5. 

The information supplied by IT, AT and RA parameters have been found very reliable and 

accurate, existing only small uncertainties in fixing the transition periods limits. Figure A. 20 

presents the intention expressed (IT) flags associated to an ascending track. It can be observed 

that the aircraft starts at a cleared level (FL260, IT = 0), then declares its intention to climb (IT = 

2) and finally stabilises at FL300 (IT = 3).      

Regarding vertical action (AT), Figure A. 21shows how the aircraft declares its initial intention to 

climb well in advance (AT = 1), starting the subsequent ascent to FL270 (AT = 3). Then it 

declares a new FL change (AT = 1) and the execution of the manoeuvre (AT = 3). Anyhow, it 

can be observed that the final climb and the vertical action flag are not synchronised, as AT is 

set to 0 while the aircraft is still climbing. 

CATEGORY VALUE DESCRIPTION 

IT 

0 Aircraft at cleared flight level 

1 Intention to descend inserted 

2 Intention to climb inserted 

3 No intention expressed 

AT 

0 No intention declared 

1 Intention declared, action not yet started 

2 Not applicable 

3 Action in progress according to intention 

RA 

0 Aircraft levelled off 

1 Aircraft descending 

2 Aircraft climbing 

3 Unknown attitude 

CON 
0 Default 

1 Conflict between attitude and intention 

Table A. 5. Track Attitude / Intention    
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Figure A. 20. Flight Attitude/Intention – IT  

 

Figure A. 21. Flight Attitude/Intention – AT  

Figure A. 21 presents the behaviour of Mode C derived altitude through the RA status, showing 

that all the ascending intervals are correlated with the proper flag (RA = 2), while  for the 

levelled flight RA is set to 0.        

 

Figure A. 22. Flight Attitude / Intention - RA 
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Finally, the information provided by parameter CON (conflict between intentions and actual FL) 

has been validated in all the cases analysed. Figure A. 23 presents a situation where a track 

does not declare any intention to descend (IT = 3) but the aircraft is in fact changing its FL (RA 

= 1). In this situation, CON is set to 1.   

 

Figure A. 23. Flight Attitude/Intention - CON 

Flight Plan Data 

A preliminary analysis of the FPL data files is performed within this section in order to assess 

the potential use of this information for CRM purposes. Figure A. 24 integrates track data and 

flight plan route definition for the selected list of flights. First thing to notice is that MADAP 

messages provide data from a geographical area that is much larger than Maastricht UIR. It can 

also be observed that, due to the limited timeframe of the track sample (30 minutes), the 

planned routes have not been totally overflown by the radar data.  

 
Figure A. 24. FPL/Track Data Selected Flights 
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routes. Although both deviations take place out of Maastricht border, it is widely accepted that 

today’s on-board capabilities and ATC practices make extensive use of “direct to” routings.        

 Incomplete Route Definition 

In some cases, aircraft flying within Maastricht upper airspace do not present the complete 

chain of waypoints that make up the planned route. As it is shown in Figure A. 25, updated flight 

plan for flight #1 (Track 395) should include some additional waypoint between the last defined 

WP and the end of the track. For any unknown reason, this information is not available in the 

FPL message. It can be observed (Figure A. 26) that this aircraft is levelled at FL330, being fully 

controlled by Maastricht UAC. Therefore, this issue must be clarified, as Figure A. 24 clearly 

shows that FPL data is not even restricted to Maastricht airspace. 

 WP Passing Estimations 

In principle, CRM conflict detection algorithms could be applied to flight plan data, providing 

some benefits in terms of computation time and memory load. This potential application takes 

advantage of the waypoint time estimations that are updated via FPL messages. Two examples 

have been assessed for validation purposes, the first of which corresponds to a levelled aircraft 

on a cruise flight level (Figure A. 27), while the second one belongs to a descending aircraft 

arriving to an airport (Figure A. 30).  

 
Figure A. 25. Incomplete Route Definition (Track) 

 
Figure A. 26. Incomplete Route Definition (Flight Level) 
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Figure A. 27. Levelled Cruise Pattern 

Figure A. 28 displays the planned route and the real track for the levelled case. It can be 

observed that both courses overlap for a long segment, although the aircraft is not passing over 

the initial waypoints (#1, 2, 3 and 4 following Table A. 6 designations)..On the other side, Figure 

A. 29 presents a comparison between the passing estimations and the real over flight time. Two 

relevant issues can be concluded; first, MADAP provides a time estimation associated to a 

waypoint that may have not been overflown.  

Furthermore, the estimation is only rounded to hour and minute. Therefore, both assertions can 

limit the usefulness of the flight plan information. Since an aircraft flying at 430 Kts travels 7,2 

NM in 60 seconds, which is the uncertainty associated to the time estimation, the accuracy of 

this parameter may not be suitable for conflict estimation. Besides, it is not guaranteed that the 

aircraft is flying the planned route.                        

 
Figure A. 28. Planned Route vs. Radar Track (Cruise) 

 

Figure A. 29. FP Updates vs. Real Track (Cruise) 
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The other example, corresponding to an aircraft descending towards the destination aerodrome 

is presented below. Figure A. 30 shows the arrival vertical profile, while Figure A. 31 presents 

the planned route versus the radar track. Those figures show that the aircraft suffers a sudden 

change in heading, due to a probable ATC intervention (radar vectorization for merging 

purposes). It can be observed that the manoeuvre introduces such a significant change in the 

aircraft course, that the system is unable to provide a reasonable position estimation along the 

successive updates. 

ELEMENT RP FP (8:02:31) FP UPDATE (8:07:01) REAL TRACK 

1 NTM         8:03:00 8:04:00 8:03:22 

2 BATTY       8:09:00 8:10:00 8:09:21 

3 TERLA       8:10:00 8:11:00 8:10:29 

4 HORTA       8:14:00 8:15:00 8:13:51 

5 BUB         8:17:00 8:17:00 8:16:29 

6 DENUT       8:22:00 8:23:00 8:22:01 

7 COA         8:24:00 8:25:00 8:23:52 

8 SASKI       8:29:00 8:30:00 N/A 

9 MABIL       8:30:00 8:31:00 N/A 

10 BLUSY       8:31:00 8:32:00 N/A 

11 XAMIK       8:32:00 8:32:00 N/A 

Table A. 6. FP Updates vs. Real Track (Cruise) 

 
Figure A. 30. Arrival Pattern  

 
Figure A. 31. Planned Route vs. Radar Track (Arrival) 
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Element RP FP (8:01:02) 
FP UPDATE 

(8:06:02) 

FP UPDATE 

(8:11:02) 

FP UPDATE 

(8:16:02) 
REAL TRACK 

1 ERPOL       8:03:00 8:04:00 8:08:00 8:08:00 8:03:36 

2 BATTY       8:07:00 8:08:00 8:12:00 8:12:00 8:08:29 

3 EBBR        8:15:00 8:16:00 8:19:00 8:20:00 8:28:25 

Table A. 7.FP Updates vs. Radar Track (Arrival) 

 
Figure A. 32. FP Updates vs. Radar Track (Arrival) 

A.1.3 Conclusions 

The data sources assessment performed in this chapter has provided useful information that 

needs to be considered in further stages of the study. Therefore, the main conclusions obtained 

are summarized below. 

Track Data  

Basic radar information is updated via individual track messages every 4.8 seconds. The area of 

coverage widely exceeds Maastricht boundaries. It is divided into 16 strips for refreshment 

purposes. Adjacent bands are staggered in time 300 msec. Data items are presented under 

ASTERIX Cat 000 and 003 formats. 

After performing a preliminary analysis of dynamic parameters to assess manoeuvre 

indications, it has been found that: 

 Groundspeed for levelled flight presents cyclic oscillations ±5 Kts wide with associated 

periods 10 min long. 

 Due to the high level of noise, ROCD may be excluded for further use 

 Measured precision for Mode C is rounded to 100 ft, although ASTERIX format is 

prepared for Mode S accuracy (25 ft) 

 Turns are accompanied by relevant heading changes, as well as reductions in 

groundspeed (> 30 Kts) 

 Just before a climb, the aircraft increases groundspeed slightly. Once the ascent is 

taking place, velocity reduces until the aircraft levels off. At this point, groundspeed 

increases again 

 On the contrary, when an aircraft descends the effect on groundspeed is not 

immediately detected, but once the manoeuvre is well established      
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Also, manoeuvre status and attitude flags have been assessed on a preliminary basis with the 

following result: 

 Track Status indicator (MAN) presents good performance for the identification of turns 

(changes in speed and heading) 

 Track attitude indicators, and in particular Mode C derived attitude (RA), have been 

found reliable to detect vertical movements 

 Flags that relate intentions with actions such as AT, IT and CON are not always 

correlated with aircraft performance 

Flight Plan Data 

FPL messages are updated every 5 minutes on a regular basis, being also transmitted when 

amended. Data items follow ASTERIX format under Cat 150 and 152. In a similar way as the 

track information, FPL data cover an area that is wider than Maastricht FIR.  

Some shortages have been found in the analysis of flight plans that may prevent their use for 

CRM 3D purposes. First, in some cases it has been detected that the planned route is not 

completely defined. For any unknown reason some waypoints are not included in the FPL 

message and consequently, the aircraft intentions are missing. Secondly, waypoint passing 

estimations are not precise enough to locate the aircraft for conflict detection (the accuracy of 

time estimations is rounded to the minute). Finally, although the system provides a passing 

estimation over a waypoint, it may happen that the aircraft is not flying along the planned route, 

but it is proceeding direct to its destination.     

A.2. SELECTION OF METHODS FOR THE EXECUTION SUB-

PROCESSES   

The Execution stage described in section 4 is responsible for the identification of proximate 

events. The different tasks involved in that process have also been introduced, together with 

several candidate methods that can be applied. Those alternatives need to be explored in order 

to select the most suitable to reach the desired objective. Table A. 8 presents the considered 

options that will be subject to a preliminary trade-off analysis. The assessment will compare 

position estimates versus computational load. A criterion for the selection of the best option 

could be based on the assurance of a reasonable level of precision for the position estimation 

whilst execution times are reduced as far as possible.            

PROCESS SUB-PROCESS OPTIONS 

Traffic Engine Time Synchronization 
 Linear interpolation 

 Cubic Spline interpolation 

 Quadratic interpolation 

Proximate Event 

Detection 

Position Prediction within Look Ahead 

Time 

 Linear Projection based on 
instantaneous MADAP velocity  

 Linear Projection based on average 
MADAP velocity 

 Position predicted by sequential 
estimated (Kalman filter) 

 Exponential smoothing model for 
vertical velocity  

Table A. 8. Candidate Techniques (Execution Stage)   
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A.2.1. Time Synchronization  

By means of this task, an estimation of all the aircraft in a common time mark is generated. 

Then, the resultant state vectors will be updated according to a predefined time-step. Therefore, 

the synchronization process constitutes the basis that allows further comparisons between 

actual and predicted aircraft positions. As stated in Table A. 8 it can be accomplished using 

interpolation techniques. The simplest method is linear interpolation, although more complicated 

polynomial functions can be assessed. Anyhow, the decision for selecting the best technique 

should be taken on the basis of a trade-off between resulting estimation errors and computation 

times. 

The radar track data, filtered and recorded by MADAP, are loaded from the selected data table 

and the list of plots is sorted in ascending order of time. Therefore each track is defined as a 

sequence of points ordered in time (t1,x1,y1,z1), (t2,x2,y2,z2), (t3,x3,y3,z3),… where t1<t2<t3<… etc.  

Tracks are usually spaced 4.8 seconds (MADAP update period), although due to errors in the 

multi-tracking process an aircraft track occasionally may not be updated at that rate. On the 

other side, all the aircraft within the same MADAP geographical sub-area have the same 

timestamp, but adjacent areas neighbouring tracks have an offset of 300 msec in the reference 

time. 

Since the measure of distances between aircraft require time coincident tracks, it is necessary 

to interpolate the track points so all the aircraft are synchronized with a common time reference. 

In that context, synchronization allows measuring distances between aircraft using any time 

interval. 

Figure A. 33 represents the track of an aircraft that is flying from left side of the figure toward the 

right. The blue circle represents the position at time 12:05:25. The white circles represent the 

interpolated track points that are calculated at 3 seconds intervals. 

 

Figure A. 33. Interpolation of Track Data 

Candidate Interpolation Methods 

There are different interpolation methods for estimating the aircraft position. Three of these 

methods have been tested to examine their suitability on this process. 
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attention on one particular interval, between tj and tj+1. Linear interpolation in that interval gives 

12:05:25

12:05:20

12:05:30

12:05:29

12:05:23

Original Track Point

Interpolated Track Point

12:05:26



 

 

ANNEX A: ASSESSMENT OF RADAR DATA SOURCES  

 

181 

the interpolation formula presented at Eq.A. 1. This formula can be interpreted as a weighted 

average. 

   1

1
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Eq.A. 1. Linear Interpolation 

 Cubic Spline  

This method uses a smooth piecewise polynomial interpolation between the sampling points. 

Spline interpolation uses low-degree polynomials in each of the intervals, and chooses the 

polynomial pieces such that they fit smoothly together. For a data set {xi} of n+1 points, the 

cubic spline is defined by n piecewise cubic polynomials between the data points as defined in 

Eq.A.2. 

This equation has four parameters for each pair of nodes. The values for these parameters are 

defined from the function values at the nodes and the (numerical) second derivatives at the 

nodes. S(t) requires to accomplish: 

 The interpolating property, S(ti)=f(ti)  

 The splines to join up, Si-1(ti) = Si(ti), i=1,...,n-1  

 Twice continuous differentiable, S'i-1(ti) = S'i(ti) and S''i-1(ti) = S''i(ti), i=1,..,n-1 
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Eq.A. 2. Spline Interpolation 

For the n cubic polynomials comprising S, 4 x n conditions are needed to determine (since for 

one polynomial of third degree, there are four conditions on choosing the curve). However, the 

interpolating property gives n + 1 conditions, and the conditions on the interior data points 

provide (n + 1) - 2 = n - 1 data points each, summing to 4n - 2 conditions. Two other conditions 

are required, and these can be imposed upon the problem for different reasons. For the current 

assessment, the natural cubic spline has been used, which sets the two conditions expressed in 

Ea.A.3 

0)('')('' 0  ntStS  

Eq.A. 3. Natural Cubic Spline Conditions 

 Quadratic  

Eq.A.4 presents the formula for the quadratic interpolation that makes use of velocity to obtain a 

better estimate of position. The acceleration is assumed to be constant throughout the 

interpolation interval and the groundspeeds are needed as an input. 
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Eq.A. 4. Quadratic Interpolation 
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Interpolation Assessment 

The accuracy of the candidate methods has been evaluated by calculating the deviations 

between the interpolated trajectory and the actual positions provided by MADAP. The 

interpolations have been carried out using all the points of the track, except for the one with 

which it is compared, as if the radar tracks were updated every 9.6 seconds instead of 4.8 

seconds. 

 Error Definitions 

The interpolated position (IPi+1) is compared with the actual aircraft position (TKi+1) provided by 

MADAP at the same time. The distance measurement between these positions is the trajectory 

interpolation error. 

 

Figure A. 34. Measurement of Interpolation Error 

The spatial error can be divided into three orthogonal components: 

 Longitudinal Error: Along distance between a track plot and the interpolated estimate in 

the horizontal plane. This error, depicted in Figure A. 35, is the length of the 

perpendicular from the interpolated track point (IPi+1) to the line produced by the 

aircraft heading in (TKi+1). As seen in that figure, a positive longitudinal error indicates 

that the interpolated point is ahead of the corresponding actual MADAP track. 

 Lateral Error: Across distance between a track plot (TKi+1) and its interpolated estimate 

(IPi+1). A positive lateral error indicates that the interpolated aircraft position is to the 

right of the actual MADAP plot. 

 Vertical Error: It represents the difference between MADAP track altitude and the 

interpolated altitude. A positive vertical error the interpolated estimation is above 

MADAP plot.  

 

Figure A. 35. Trajectory Interpolation Longitudinal and Lateral Errors 
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 Test Case 

To quantify the performance of each method, longitudinal and lateral errors according to the 

previous definitions have been calculated for a test case consisting of a single flight. The 

selected track is coming from the South at Flight Level 350, with a further ascend and level to 

FL 360 while flying NW. Finally it descends to FL 140 during the last 10 minutes of the recorded 

track. Figure A. 36 shows the horizontal trajectory while Figure A. 37 presents the vertical profile 

(altitude versus time) and the evolution of the heading and groundspeed. Finally, the mean 

interval of time between plots of the selected track is 4.8 seconds, as it was stated above.  

 

Figure A. 36. Test Case. Horizontal Trajectory 

 

Figure A. 37. Test Case. Vertical Profile, Heading and Groundspeed 

 Linear Interpolation  

At every update cycle, the position of the aircraft provided by MADAP is compared with the 

position calculated using the linear interpolation technique. Longitudinal and lateral errors are 

presented at Figure A. 38. The obtained distributions show maximum peaks of 100 meters when 

the aircraft is flying straight and 200 meters when the aircraft is turning. 
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Figure A. 38. Linear Interpolation. Longitudinal and Lateral Deviation 

Figure A. 39 presents vertical deviations for the selected track. Some peaks can be appreciated 

during the levelled phase (50 ft) with significant increases when the aircraft starts descending.  

 
Figure A. 39. Linear Interpolation. Vertical Deviation 

Figure A. 40 and Figure A. 41 present the histograms associated to deviations along and across 

the track. As it can be observed, mean values and standard deviations are low, as well as mean 

absolute errors, that for both cases are below 20 meters. 

 

Figure A. 40. Linear Interpolation. Across Track Histogram 
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Figure A. 41. Linear Interpolation. Along Track Histogram 

Regarding vertical dimension, Figure A. 42 illustrates that the difference between the linear 

interpolated altitude and the MADAP value is not greater than 50 ft when the aircraft is levelled 

and to 200 ft when it descends. 

 
Figure A. 42. Linear Interpolation. Vertical Deviation Histogram 

Furthermore, a sensitivity analysis has also been carried out to assess the relation between the 

size of the interpolation interval (time gap) between plots and the spatial error. From Figure A. 

43 and Figure A. 44, it can be observed that when the time interval is doubled to 9.6 second, 

the deviation mean is not so close to zero and the standard deviations are higher, although the 

maximum deviation peaks are still lower than 200 meters in the horizontal plane. 

 
Figure A. 43. Linear Interpolation. Across Track Histogram (9.6 seconds) 
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Figure A. 44. Linear Interpolation. Along Track Histogram (9.6 seconds) 

 Spline Interpolation  

The above described process is repeated using spline interpolation for the same flight track. 

Figure A. 45 shows longitudinal and lateral deviations, presenting a similar pattern to the linear 

interpolation case although deviations are slightly larger. The same can be applied to the 

vertical dimension (Figure A. 46). In this case, the deviation is almost the same than the one 

presented in Figure A. 42. The deviations histograms depicted in Figure A. 47, Figure A. 48 and 

Figure A. 49 confirm the latter conclusions. 

 
Figure A. 45. Spline Interpolation. Longitudinal and Lateral Deviation 

 

Figure A. 46. Spline Interpolation. Vertical Deviation 
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Figure A. 47. Spline Interpolation. Across Track Histogram 

 

Figure A. 48. Spline Interpolation. Along Track Histogram 

 
Figure A. 49. Spline Interpolation. Vertical Deviation Histogram 

 Quadratic Interpolation  

The results for the quadratic interpolation application have been restricted to the calculation of 

the horizontal position of the aircraft, as ROCD cannot be used due to the high level of noise.  

Therefore, Figure A. 50 presents longitudinal and lateral deviations. Again, it can be observed a 

similar behaviour in the evolution of both measurements when compared to the linear and cubic 

spline interpolation. Histograms represented in Figure A. 51 and Figure A. 52 support that 

conclusion. 
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Figure A. 50. Quadratic Interpolation. Longitudinal and Lateral Deviation 

 

Figure A. 51. Quadratic Interpolation. Across Track Histogram 

 

Figure A. 52. Quadratic Interpolation. Along Track Deviation 

Conclusions 

Table A. 9 presents the results from the interpolation assessment applied to the flight track 

described in section . It can be observed that all the techniques provide similar magnitudes for 

the deviations. At the same time, a qualitative indication of the required calculation load for each 

candidate technique is included. Logically, the cubic spline is the method that requires the 

largest amount of computations to estimate the 4 x n coefficients associated to the n 

polynomials that define a track (where n is the number of plots). On the other side, the quadratic 

expression requires a slight increase in computer workload over the linear interpolation, as 

additional arithmetical operations must be performed to obtain the position estimate. Finally, a 
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preliminary conclusion indicates that linear interpolation of position is the method that conciliates 

reasonable deviation errors and minimal CPU load.      

METHOD 

POSITION DEVIATION 
COMPUTATION  

LOAD ALONG 
TRACK 

ACROSS 
TRACK 

VERTICAL 

LINEAR 

Mean 

Standard Dev 

Absolute Error 

-0,25 m 

27,32 m 

19,98 m 

-0,52 m 

22,82 m 

15,61 m 

-0,11 ft 

38,96 ft 

16,38 ft 
+ 

SPLINE 

Mean 

Standard Dev 

Absolute Error 

0,16 m 

33,84 m 

25,31 m 

-0,04 m 

27,45 m 

19,02 m 

-0,07 ft 

45,70 ft 

20,77 ft 
+++++ 

QUADRATIC 
Mean 

Standard Dev 

Absolute Error 

1,44 m 

34,52 m 

24,79 m 

-0,39 m 

22,73 m 

15,08 m 

N/A ++ 

Table A. 9. Interpolation Results (Single Case) 

The previous assessment has been accomplished over a single track. Taking into account than 

the results may be affected by the nature of that trajectory, an extended analysis has been 

made on a sample composed of more than seven hundred (742) tracks. Again, the former 

conclusion can be confirmed, linear interpolation is the best candidate due for implementation in 

the software tool, as it offers the best accuracy (Table A. 10). 

  

Figure A. 53. Linear Interpolation. Histograms (Extended Assessment) 

  

  Figure A. 54. Spline Interpolation. Histograms (Extended Assessment) 
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Figure A. 55. Quadratic Interpolation. Histograms (Extended Assessment) 

METHOD 
POSITION DEVIATION 

ALONG TRACK ACROSS TRACK 

LINEAR 
Std Dev (Mean) 

Std Dev (95%) 

30,06 m 

49,83 m 

35,47 m 

96,58 m 

SPLINE 
Std Dev (Mean) 

Std Dev (95%) 

36,01 m 

53,74 m 

38,56 m 

98.96 m 

QUADRATIC 
Std Dev (Mean) 

Std Dev (95%) 

40,88 m 

74,46 m 

35,45 m 

98,35 m 

Table A. 10. Interpolation Results (Extended Assessment) 

A.2.2. Look Ahead Time Projection 

The core of the proximate event detection process lies in the measurement of distances 

between the actual position of aircraft and their projection within a given time horizon. That 

prediction is achieved by means of a projection of current or past position into future. This section 

describes the proposed alternatives and performs a further assessment to decide which one is the 

most recommendable for implementation in the software tool. 

Candidate Projection Methods 

Several options appear as candidate techniques. The simplest one consists of a linear 

propagation of the last position in the direction of the most recent velocity vector. A more 

elaborated method would make use of past aircraft behaviour to obtain a better estimate.  

 Linear Projection based on Instantaneous MADAP Velocity 

As stated before, the simplest method to consider consists of the projection of the actual 

position of a track in the direction of the associated MADAP velocity vector (either horizontal or 

vertical). Equation 7.2.1 presents the corresponding mathematical expression. Direction and 

module for that vector in the horizontal plane are derived from heading and groundspeed data 

respectively, while the time interval [tk+1 - tk ] is equivalent to the Look Ahead Time. This method 

makes use of the instantaneous MADAP value for actual velocity in a certain position, this value 

has been proved to be more reliable and stable than the velocity value calculated from the track 

points coordinates (see Figure A. 56). 

For the vertical dimension, Mode C and ROCD are used to estimate the altitude prediction. In 

this case the MADAP ROCD values are very similar to the ones calculated using the Mode C 

information. 
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Figure A. 56. MADAP vs. Estimated Horizontal Velocity 

 
Figure A. 57. MADAP vs. Estimated ROCD  

If the aircraft is flying levelled, it is expected that velocity will not change significantly and the 

projected estimation will be accurate and stable. However, if the aircraft is performing a 

manoeuvre, the resulting velocity may not be uniform, and calculated positions will be affected 

by changes in velocity. 

 
Equation 7.2.1. Linear Projection (Instantaneous Velocity) 

 Linear Projection based on Average MADAP Velocity 

This technique is aimed to correct the effects of accelerations in the projected estimation. A 

moving average speed  that takes into account associated velocities (either in the horizontal or 

vertical dimensions) from previous plots is calculated before projecting it into the look ahead 

time according to the expression proposed in Equation 7.2.1. This velocity correction is 

restricted to module (groundspeed and ROCD) only, as it is shown in Equation 7.2.2. Although 

this approach could also be applied to the heading, it has been decided not to do so, since 

heading data is quite stable and it does not seem to affect the projection as groundspeed does. 

Also, any smoothing applied to the heading implies in fact a modification of a turn manoeuvre. 
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Equation 7.2.2. Linear Projection (Average Velocity) 
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In the horizontal plane the moving average speed is calculated using the associated MADAP 

velocities from previous plots and in the vertical dimension the average ROCD is calculated 

using only the Mode C information. 

 
Figure A. 58. MADAP vs. Estimated Average Horizontal Velocity 

 
Figure A. 59. MADAP vs. Estimated Average ROCD 

 Kalman Filter 

A Kalman filter is an optimal recursive data processing algorithm. It processes all available 

measurements, regardless of their precision, to estimate the current value of the variables of 

interest, with use of knowledge of the system and measurement device dynamics, the statistical 

description of the system noises, measurement errors, and uncertainty in the dynamics models, 

and any available information about initial conditions of the variables of interest. In this case a 

Kalman filter has been built to combine the MADAP radar data and the knowledge of the various 

systems’ dynamics to generate an overall best estimate of the position and velocity of the 

aircraft. 
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The evolution of the state vector during one step (T) is governed by the linear stochastic 

difference equation presented below.  

kkk wxAx 1
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Eq.A. 5. Kalman Dynamic Equation 

A is the state transition matrix. 

wk represents the process noise and it is assumed to be independent, white, and with 

normal probability distribution: ),0()( QNwp   

Q is the process noise covariance: )·( T

kkk wwEQ  , whose values have been 

estimated supposing the aircraft can accelerate(Q1) and turn (Q2): 21 QQQ   

The measurement equation describes how a measurement vector (zk)  depends on the state 

vector (xk) and a Gaussian noise (k) vector at time k. 
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Eq.A. 6. Kalman Measurement Equation 

zk is the observation vector and H the observation matrix. 

k is the Gaussian measurement noise with covariance R: ),0()( RNp  . 
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At the moment it has not been possible to obtain the position and velocity measurements errors 

from MADAP so this information has been gathered, provisionally, from the Spanish Automated 

Air Traffic Control System (SACTA). The dynamic equation is used to project the state vector 

and obtain the a priori state estimate (


1
ˆ

kx ) at step k+1. The a priori estimate error is defined as 







  111
ˆ
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A posteriori state (


1
ˆ

kx ) is generated incorporating the measurement and in a similar way the a 

posteriori estimate error is defined as 






  111
ˆ

kkk xxe  

These errors are unknown but can be characterized by their covariance matrix. The a priori and 

a posteriori estimate error covariance are presented below. 
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The equations for the Kalman filter fall into two groups: time update equations and 

measurement update equations. The time update equations are responsible for projecting 

forward (in time) the current state and error covariance estimates to obtain the a priori estimates 

(


kx̂ ) for the next time step. The radar measurement update equations are responsible for the 

feedback to obtain an improved a posteriori estimate (


kx̂ ). 

The time update equations can also be thought of as predictor equations, while the 

measurement update equations can be thought of as corrector equations. 

 

Figure A. 60. Kalman Filter Algorithm 

The first task during the measurement update is to compute the Kalman gain. The next step is 

to generate an a posteriori state estimate by incorporating the measurement. The final step is to 

obtain an a posteriori error covariance estimate. 

After each time and measurement update pair, the process is repeated with the previous a 

posteriori estimates used to project or predict the new a priori estimates. 

 Exponential Smoothing  

Vertical position prediction uses aircraft height information to perform future height estimations. 

However, there is a high level of uncertainty in that projection, due mainly to the vertical speed 

fluctuations in the aircraft Mode C data (section ). There are different methods for estimating 

the vertical speed used in the height prediction [97]. The direct method, included in section , 

takes the instantaneous vertical speed provided by the radar tracking system. This approach 

can be improved by the application of an average speed (section ), calculated from the 

previous aircraft plots. Finally, smoothing methods calculate an average vertical speed over a 

certain time frame and include moving averages and exponential smoothing techniques. Note 
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that, contrary to the direct and linear correction methods, the proposed smoothing methods yield 

non-linear vertical trajectories. 

The objective of smoothing methods is to calculate an average vertical speed in such a way that 

rapid fluctuations of the current vertical speed are filtered and that the resulting vertical speed is 

highly responsive to changes in the optimal vertical speed. The basic idea of these methods 

consists of imposing that the variance of the resulting vertical speed be identical to the variance 

of the optimal vertical speed. 

The exponential smoothing method is presented in Eq.A.7, where speed is parameterised by 

the value of  (0   1), which is determined by equalling the variances of the exponential 

smoothing and optimal speeds. 

 

   actual value  

Vi+1  forecasted value  

   weighing factor, which ranges from 0 to 1 

i  current time period. 

Eq.A. 7. Exponential Smoothing 

A.5.2. Projection Assessment  

The precision of the proposed methods has been assessed by calculating the deviations 

between the extrapolated prediction and the future position within the look ahead time. The 

general approach follows the one described in section 0.   

 Error Definitions and Look Ahead Time 

Figure A. 61 presents the extrapolated prediction (PTKi+2+T) that is compared with MADAP 

position (TKi+2+T) at the same time mark. The distance measurement between both positions 

constitute the trajectory projection error, that is expressed in the longitudinal, lateral and vertical 

dimensions following the criteria defined in section  (along error positive if predicted position 

lies ahead of real position, across error positive if predicted position on the left of real position). 

Finally, it has been decided to select a lookahead time of 90 s, representing the lower threshold 

of a STCA system. 

 
Figure A. 61. Projection Errors 
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 Test Case 

The assessment has been performed on the same track used for the interpolation case (section  

). Each plot has been projected into the look ahead time and then, compared against the 

actual position for that time. The resultant measurement is expressed in terms of longitudinal, 

lateral and vertical errors using the same graphics than in the previous study.  

 Linear Projection based on Instantaneous MADAP Velocity 

Along and across track deviations between predicted and real position are presented in Figure 

A. 62. It can be observed how changes in the track beyond the actual horizon produce large 

deviations in the horizontal plane. In particular, lateral error peaks above 1.000 m are 

associated with changes in heading. Also, aircraft turns contribute to the increase of longitudinal 

deviation, although they are smaller in dimension than the across track errors.              

 

Figure A. 62. Linear Projection (Instantaneous). Long. and Lat. Deviation 

For those segments where the aircraft is flying levelled and straight, horizontal deviations are 

enclosed within lower limits, typically one order of magnitude below the aircraft turning case. 

Figure A. 63 shows the results of the projection in the vertical dimension. It can be observed 

that when an aircraft is flying levelled, deviations are almost negligible. On the contrary, when 

an ascent or descent takes place, variations in ROCD produce high fluctuations in the altitude 

prediction. If implemented in the propagation algorithm, the magnitude of such deviations 

(3.000 ft ) may lead to the detection of spurious conflicts, due to the high uncertainty 

associated with that prediction.     

 

Figure A. 63. Linear Projection (Instantaneous). Vertical Deviation 
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Histograms for along and across track errors are shown in Figure A. 64 and Figure A. 65. As a 

general conclusion, it can be stated than longitudinal deviations are lower that lateral errors. 

 
Figure A. 64. Linear Projection (Instantaneous). Across Track Histogram 

 
Figure A. 65. Linear Projection (Instantaneous). Along Track Histogram 

Vertical histogram, presented in Figure A. 66, shows a high dispersion in the results. Although 

mean value is around 100 ft, standard deviation is seven times larger. It can be observed in the 

figure that almost half of the plots present null deviation while the rest is widely spread. 

 

Figure A. 66. Linear Projection (Instantaneous). Vertical Histogram 

 Linear Projection based on Average MADAP Velocity 

A quick comparison between linear projection based on instantaneous and average velocity 

shows short term oscillations on longitudinal deviation. At the same time, across track errors are 
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the same for both techniques. In principle, it was expected that the use of mean values for 

velocity (calculated from the previous five track plots) should generate better predictions, since 

the input velocity estimation is smoothed. However, it seems that the desired goal is not 

satisfied, and the predicted longitudinal position fluctuates significantly. 

 
Figure A. 67. Linear Projection (Average). Long. and Lat. Deviation 

As a mean to understand the behaviour of the average velocity, Figure A. 68 presents the 

evolution of that parameter (calculated from the previous 3 and 10 plots) compared with the 

instantaneous velocity. Logically, it can be observed how average and instantaneous values 

coincide in those segments where the aircraft is levelled and groundspeed is constant. On the 

contrary, once the aircraft starts to accelerate or decelerate, average estimations separate from 

the instantaneous values, since they keep memory of previous groundspeeds. This effect is 

more noticeable for the 10 plots case.            

 

Figure A. 68. Instantaneous vs. Average Velocity  

Regarding vertical prediction, Figure A. 69 presents the result of extrapolating the vertical 

position. The velocity estimation is smoothed with this technique but, as it is shown below, it is 

not very responsive to changes in the speed. 
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Figure A. 69. Linear Projection (Average). Vertical Deviation 

The histograms for along and across track errors (Figure A. 70 and Figure A. 71) present similar 

results to those obtained with the previous method based on the instantaneous MADAP 

Velocity. Whereas the histogram for the vertical error (Figure A. 72) shows a higher error mean. 

 

Figure A. 70. Linear Projection (Average). Across Track Histogram 

 

Figure A. 71. Linear Projection (Average). Along Track Histogram 
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Figure A. 72. Linear Projection (Average). Vertical Histogram 

 Kalman Filter 

The Kalman filter presents similar error behaviour than the previous methods but the lateral 

deviations are considerably higher after a change in heading. This is due to the fact that the 

Kalman filter is governed by a linear stochastic difference equation which does not include the 

forces that can make the aircraft turn. The turn component in the process noise covariance(Q) 

matrix tries to minimize this error in the model. 

 

Figure A. 73. Linear Projection (Kalman Filter). Long. and Lat. Deviation 

The results obtained from the projection in the vertical dimension using Kalman Filter (see 

Figure A. 74 ) shows a slight reduction of the deviation if compared with the previous methods. 
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Figure A. 74. Linear Projection (Kalman Filter). Vertical Deviation 

The histograms for the projection errors using the Kalman filter method are shown below. The 

along track and vertical histograms presents similar results than in the previous methods but the 

across track histogram state a bigger error mean and a bigger standard deviation. 

 

Figure A. 75. Linear Projection (Kalman Filter). Across Track Histogram 

 

Figure A. 76. Linear Projection (Kalman Filter). Along Track Histogram 
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Figure A. 77. Linear Projection (Kalman Filter). Vertical Histogram 

Exponential Smoothing Model  

As it has been stated previously, the exponential smoothing method aims to predict the vertical 

trajectory of the aircraft by calculating an average vertical speed filtering the rapid fluctuations of 

the current vertical speed. As a result, the vertical deviations curve obtained using this method 

is smoother that the one obtained with the previous methods, as it is shown in Figure A. 78. 

 

Figure A. 78. Linear Projection (Exponential Smoothing). Vertical Deviation 

The histogram of the vertical deviation reveals that even the error mean is larger than the first 

projection method, the standard deviation of the error is considerably smaller. 

 

Figure A. 79. Linear Projection (Exponential Smoothing). Vertical Histogram 
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Conclusions 

The results obtained from the projection test case show similar deviations along the track and a 

better behaviour of the direct and average speed methods for the across the track deviations. 

On the other hand, the average speed method is less accurate than the other methods to 

predict the vertical position of the aircraft. 

METHOD 

POSITION DEVIATION 
COMPUTATION  

LOAD ALONG 
TRACK 

ACROSS 
TRACK 

VERTICAL 

INSTANTANEOUS 

Mean 

Standard Dev 

Absolute Error 

-37.91 m 

468.47 m 

278.36 m 

231.74 m 

891.00 m 

505.89 m 

119.67 ft 

903.19 ft 

413.45 ft 
+ 

AVERAGE 

VELOCITY 

Mean 

Standard Dev 

Absolute Error 

-39.49 m 

499.70 m 

298.58 m 

230.66 m 

887.68 m 

504.79 m 

325.72 ft 

826.58 ft 

451.73 ft 
++ 

KALMAN 
Mean 

Standard Dev 

Absolute Error 

-36.17 m 

586.14 m 

334.80 m 

595.33 m 

1065.61 m 

754.93 m 

149.46 ft 

727.91 ft 

409.59 ft 

++++ 

SMOOTHING 
Mean 

Standard Dev 

Absolute Error 

N/A N/A 

224.06 ft 

722.29 ft 

415.92 ft 

+++ 

Table A. 11. Projection Results (Single Case) 

The extended assessment of 778 tracks shows that the direct method, the average velocity 

method and the Kalman filter have similar position deviation along the track and across the 

track. Whereas regarding the vertical deviation, the average velocity method, the Kalman filter 

and the exponential smoothing technique present better results. 
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Figure A. 80. Lin. Projection (Inst.). Across Track Histogram (Extended Case) 

 
Figure A. 81. Lin. Projection (Inst.). Along Track Histogram (Extended Case) 

 
Figure A. 82. Lin. Projection (Inst.). Vertical Histogram (Extended Case) 
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Figure A. 83. Lin. Projection (Avrg). Across Histogram (Extended Case) 

 
Figure A. 84. Lin. Projection (Avrg). Along Track Histogram (Extended Case) 

 
Figure A. 85. Linear Projection (Avrg). Vertical Histogram (Extended Case) 
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Figure A. 86. Linear Projection (Kalman). Across Track Hist. (Extended Case) 

 
Figure A. 87. Linear Projection (Kalman). Along Track Hist. (Extended Case) 

 
Figure A. 88. Linear Projection (Kalman). Histogram (Extended Case) 
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Figure A. 89. Linear Projection (Exp. Smoothing). Histogram (Extended Case) 

 

METHOD 
POSITION DEVIATION 

ALONG 
TRACK 

ACROSS 
TRACK 

VERTICAL 

INSTANTANEOUS 
Std Dev (Mean) 

Std Dev (95%) 

1379.49 m 

3055.2 m 

619.75 m 

1409.2 m 

869.27 ft 

2232.9 ft 

AVERAGE 

VELOCITY 

Std Dev (Mean) 

Std Dev (95%) 

1379.03 m 

3038.7 m 

635.30 m 

1397.4 m 

632.60 ft 

1262.2 ft 

KALMAN 
Std Dev (Mean) 

Std Dev (95%) 

1384.82 m 

2945.6 m 

625.80 m 

1379.5 m 

656.22 ft 

1621.4 ft 

SMOOTHING 
Std Dev (Mean) 

Std Dev (95%) 
N/A N/A 

646.71 ft 

1629.0 ft 

Table A. 12. Projection Results (Extended Assessment) 
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ANNEX B: TRACK SEGMENTATION  
A new approach has been developed to identify portions of the tracks where the aircraft is flying 

at constant speed along a straight line together with turns, start and end of climb and/or descent 

as well as portions where the aircraft is manoeuvring.   

This new method is crucial since the mathematical development is predicated on the 

assumption that during the en-route phase of flight aircraft generally fly on straight track at 

constant speed most of the time. Track Segmentation is performed only once for each track.  

B.1. VERTICAL TRACK SEGMENTATION 

Basically, the segmentation is performed in two steps. First, a statistical characterisation of 

aircraft performance is derived from the assessment of a large number of tracks. The goal of the 

statistical analysis is to characterise the mean and the standard deviation of the main 

parameters (altitude and rate of climb/descent) in each phase of the vertical flight. 

By means of a simple logic, it is possible the identification of vertical manoeuvres (levelled, 

climbing and descending aircraft) and their associated cinematic parameters. 

The way to perform such comparison implies the definition of a window containing a number of 

adjacent plots. This window “slides” through the track while standard deviation and mean of the 

heading and speed values are calculated at each step. Then, they are compared against the 

confidence intervals calculated in the statistical analysis. 

If the calculated vertical regime of the sliding window is different from the previous state, a fine 

discriminator will determine which plot inside the window defines the exact limit between both 

flight segments. 

The size of the sliding window is optimised to improve detection performance. If the sliding 

window is composed of few plots, the estimation of the mean and standard deviation of the flight 

parameters will be inaccurate and many detected transition limits could be wrong. If the window 

is too large it will not be able to detect short segments of flight with different attitude. 

Initially large amounts of track data have been analysed to characterise the tree possible 

vertical status of an aircraft: levelled off, climbing and descending. Each en-route track has been 

manually segmented observing all the parameters and using a specific tool developed in 

MATLAB. The information of each flight segment was stored in a text file to be post-processed. 

 

Figure B. 1. Altitude, ROCD and Attitude flags. 

B.1.1. Statistical Analysis 
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The information of each phase of the flight has been analysed separately. The goal of the 

statistical analysis is to characterise the mean and the standard deviation of the main 

parameters (altitude, ROCD,…) of each phase of the flight. 

 Mean Estimator 

 ix
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  Eq.B. 1 

Confidence interval for a population mean: unknown variance 
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n: number of samples that are used to yield the estimation ( n>30) 

s: standard deviation estimator 

zq: q
th
 quantile of N(0,1)  

(1- ): confidence level 

 Standard Deviation Estimator 
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 Eq.B. 3 

The larger is the number ‘n’ of samples, the better is the estimation s, and the less are the 

variations that are obtained among different samples. It can be demonstrated that ‘s’ actually 

follows a Chi-squared ( 2

n
) distribution with n-1 degrees of freedom as it is depicted in the 

following equation: 
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  Eq.B. 4 

Then, the confidence intervals for   around the estimation s for a given confidence level )(  

are: 

a) Two-sided confidence interval for   
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b) Upper one-sided confidence interval for  
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 Levelled Off  

In a first approach more than 800 horizontal en-route flight segments have been assessed. 
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Figure B. 2. Mean Altitude (Levelled off) 

The standard deviations of the altitude of aircraft flying horizontal are in most of the cases below 

100 ft. 

a)  

b)  

Figure B. 3. a) STD Altitude b) Gradient (%)(Levelled off) 

Most of the average rates of descent are much closed to zero. In only 5% of the studied flight 

segments the absolute of ROCD is higher than 100 fpm. 

a)  
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b)  

Figure B. 4. a) Mean ROCD b) STD ROCD (Levelled off) 

 Descending 

From the analysed data it is observed that en-route aircraft normally descend at a gradient 

lower than 7% with a mean value of 3.89%, which is equivalent to a descent of 236 feet for 

every nautical mile travelled along the ground. 

 

Figure B. 5. Gradient (%) (Descending) 

The aircraft descending with a slope steeper than 10% must correspond to military aircraft or 

data errors. These quick descents can also be observed in the ROCD analysis. 

 

Figure B. 6. Mean ROCD (Descending) 
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 Climbing 

The radar track data show that most of en-route aircraft present a climb gradient close to 3% 

and only less than 2.5% of the aircraft have a climb gradient smaller than 1%. Whereas, The 

rates of climb are normally comprised between 300 fpm and 3000 fpm. 

 

Figure B. 7. Gradient (%) (Climbing) 

 

Figure B. 8. Mean ROCD (Climbing) 

 

Figure B. 9. STD ROCD (Climbing) 
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B.1.2. Confidence Intervals 

The table below summarizes the confidence intervals for different levels of confidence of each 

parameter for each segment of flight: 

Parameter 

Phase of Flight 

Levelled Off Descending Climbing 

CL: 95% CL: 99% CL: 95% CL: 99% CL: 95% CL: 99% 

STD Altitude (ft) 49.29 132.27 N/A N/A N/A N/A 

Mean Gradient 
(%) 

0.048/ -
0.006 

0.138/ -
0.203 

-0.400 / -
6.771 

-0.227/ -
18.486 

7.4087 / -
1.041 

9.426 / -
0.2178 

Mean ROCD 
(fpm) 

20.55/-
62.25 

306.64/-
1101.56 

-413.54 /          
-2881.07 

0 / -
4045.6321 

2276.70 / 
383.37 

3314.03 / 
108.62 

STD ROCD (fpm) 298.80 551.90 N/A N/A N/A N/A 

Table B. 1. Confidence Intervals 

B.1.3. Sliding Window 

Given the radar track data of a segment of flight it is possible to find out the vertical regime of 

the aircraft by comparing the flight parameters with the above-calculated confidence intervals. 

This is the basis of the proposed vertical manoeuvre discriminator. 

In order to detect the vertical transition period limits, a “sliding window” containing a small 

number of track points is dragged along the whole track and in each step of this process it is 

evaluated if the aircraft is flying levelled off, descending or climbing. 

  

Window Size 8 tracks 8 tracks 

Time 13h 26min 24seg 13h 30min 36seg 

Gradient 7.8811e-014 % -1.7 % 

STD FL 0 ft 152.7 ft 

Mean ROCD 0 fpm -277.9 fpm 

STD ROCD 0 fpm 617.9 fpm 

Regimen Levelled Off Descending 

Figure B. 10. Sliding Window 

If the vertical regime of the sliding window is different from the previous state a fine discriminator 

will determine which track point is the exact limit between both vertical regimes. 
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Figure B. 11. Example of a Vertical Track Segmentation 

B.1.4. Size of the Sliding Window 

If the sliding window is composed of few track points the determination of the mean and 

standard deviation of the flight parameters will be very inaccurate so many detected transition 

limits could be wrong. 

 

Figure B. 12. Confidence Intervals of /s 
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If the window is too large it will not be able to detect short segments of flight with different 

vertical regime. Figure B. 13 show that 5 % of the flight segments have duration of less than one 

minute. 
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Figure B. 13. Duration of Flight Segments with Different Vertical Regime 

As radar track points are separated 4.8 seconds in time, it has been found optimum that the 

sliding window is composed by more than 7 and less than 11 track points. It will be necessary to 

carry out a sensitivity analysis to precise the exact number of track points. 

B.1.5. Sensitivity Analysis  

The sensitivity analysis will determine the sensitivity of the accuracy of the method to changes 

in the size of the sliding window. 

The describe technique has been used to calculate the transition limits using different sizes of 

windows and these results have been compared with the manual segmentation carried out by 

checking all the flight parameters. Figure B. 14 shows the results of this comparison: 

 

Figure B. 14. % Coincidences vs. Window Size 

Note: Two limits coincide in time when they are separated less than 18 seconds. 

The results confirm the above reasoning, the window size has to be composed by 7 to 11 track 

points to get a reliability above 90%.  

Additionally, as it was mentioned before, this technique can detect small segment of flight with 

different vertical regime which were not detected by simple eye observation or, if it is not 

correctly adjusted, it cannot detect some of the observed limits. Figure B. 15 shows the 
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percentage of extra transition limits based on the window size. From these graphics it is 

concluded that the optimum window size is 9 track points. 

 

Figure B. 15. Extra Transition Limits vs. Window size 

B.2. HORIZONTAL TRACK SEGMENTATION 

The horizontal track segmentation process is very similar to the previously mentioned for the 

vertical segmentation. The proposed method is aimed at the identification of horizontal 

manoeuvres ( flying straight, turning or accelerating / decelerating) and their associated 

cinematic parameters, based on available radar data (heading and speed). 

An example of horizontal segmentation is presented in Figures B.16, B.17, B.18 and B.19. 

Figure B.16 shows the horizontal track and the segmentation is marked with circles. Figure B.17 

represents the heading and speed of this aircraft while Figure B.18 shows the flight parameter 

values of the sliding window obtained in each time step. The segmentation of the track is also 

represented with vertical lines. 

Figure B.16 shows the longitudinal and lateral errors obtained by comparing the position of the 

track point and the position of the aircraft provided by the segmentation.  

 

Figure B. 16. En-route Track. Horizontal plane. 
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Figure B. 17. a)Heading vs. Time b)Speed vs. Time 

 

Figure B. 18. Sliding window values. a)STD Heading b) STD Speed 

  

Figure B. 19. Longitudinal/Lateral Deviations 

Figure B.20 presents the histograms associated to deviations along and across the track. As it 

can be observed, mean values and standard deviations are low, as well as maximums errors, 

which for both cases are below 300 meters. 

a) 

b) 

a) 

b) 
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Figure B. 20. Across / Along Track Deviation Histogram 

The previous assessment has been accomplished over a single track. Taking into account than 

the results may be affected by the nature of that trajectory, an extended analysis has been 

made on a sample composed of more than six thousands (6281) tracks. Histograms for along 

and across track maximum errors are shown in Figures B.21 and B.22. As a general conclusion, 

it can be stated than longitudinal and lateral deviation maximums are always less than 400m. 

 
Figure B. 21. Maximum Lateral Deviation Histogram (6821 tracks) 
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Figure B. 22. Maximum Longitudinal Deviation Histogram (6821 tracks) 

The segmentation described above is able to reproduce the path of the aircraft maintaining a 

horizontal maximum error of less than 400 m and using an average 6% of the points from the 

RDP.  
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ANNEX C: 3-D CRM SOFTWARE 

ARCHITECTURE AND USER’S GUIDE 
The 3D CRM prototype software tool has been developed with Matlab7.2, but it can also be run 

with MATLAB 6.5.  

The following tables summarize the software specifications. Those specifications constitute the 

criteria that have oriented the design of the SW architecture.      

ITEM SPECIFICATIONS 

Hardware 

Requirement 

Operating System Windows XP, 2000 

Processors Pentium 500MHz (Recommended: Pentium 1,6 GHz or greater) 

Disk Space 

90MB (MATLAB Only) 

5 GB (1 Week Data) 

RAM 1 GB RAM (Recommended: 2 GB RAM or greater) 

Programming Environment MATLAB 

Development Methodology UML 

Table C. 1. SW Platform Specifications 

The required system setting has a screen dimension of 1024 by 728 as the interfaces contain 

many elements. If you try to run it with a different screen dimension, for instance, 800 by 600, 

there will be some distortion on the screen and also some difficulty in reading the text. 

C.1. STARTING THE MATLAB 3D CRM PROTOTYPE 

SOFTWARE TOOL 

To start the MATLAB
®
 program on a Microsoft

®
 Windows

®
 platform, the user has to select Start 

> Programs > MATLAB > R2006a or double-click the shortcut icon for MATLAB  on your 

Windows desktop. 

Then the user has to change the working directory to the 3-D CRM DVD, or wherever the 3-

CRM prototype program is stored, by typing in the MATLAB command window: 

>> cd Directory-of-the-3-D-CRM-prototype  

For example: 

>> cd C:\3D_CRM 

In order to start the program the user has to type in the MATLAB command window  

>> CRM_MAIN_MENU  <enter> 

A pop-up menu-type window titled "3D CRM MAIN MENU" window will appear on the screen. 

 

C.2. ARCHITECTURE REPRESENTATION 



 

 

ANNEX C: 3-D CRM SOFTWARE ARCHITECTURE AND USER’S GUIDE 

 

221 

A Software System can be represented by a continuum of notations ranging from high-level 

descriptions of functional requirements to the fully specified executing system. In this context 

the software architecture is more explicit than the software specifications as it describes 

components and their interactions, but it only outlines how the different modules will function. 

The structure of the CRM software is described in the document through one or more views, 

each of which identifies a collection of high-level components and relations among those 

components.  

The Unified Modelling Language (UML) has been chosen to document graphically the 

architecture. UML allows conceptualising not only the static view of CRM system (class 

diagram, relationships) but also the dynamic perspective with the process call sequences. 

Software Design 

As previously mentioned, the architecture of the application is represented following the Unified 

Modelling Language (UML), which is the industry-standard language for specifying, visualizing, 

constructing, and documenting the artefacts of software systems. 

Mainly, two types of UML diagrams have been used. Static diagrams cover the structural 

characteristic of a system, defining what elements is the system made up of. On the other side, 

Dynamic diagrams comprehend the behavioural features of a system, describing the actions 

executed in response of certain inputs. 

Structural diagrams have been used to describe the static part. These representations identify 

the class structure of a system, including the properties and methods for each class. The main 

elements and connectors presented in these diagrams are defined Table C.2. Consequently, 

activity diagrams are used to model the behaviours of a system and the state of activities by 

showing the sequence of tasks performed. The main elements and connectors presented in 

these diagrams are defined in Table C.3. 

Elements Representation 

Packages provide a general mechanism for partitioning models and 

grouping model elements. Each package is represented graphically by a 

folder. Each package corresponds to a subset of a model and contains, 

depending on the model, classes, objects, relationships, components, or 

nodes, as well as their associated diagrams.  

Table: is a stereotyped class. It is drawn with a small table icon in the 

upper right corner. A table element has a special properties dialog with 

settings for database type and the ability to set column information and 

data related operations such as triggers and indexes.  

Dependency: When a class uses another class, perhaps as a member 

variable or a parameter, and so "depends" on that class, a Dependency 

relationship is formed. A Dependency relationship is indicated by a dotted 

arrow. 

 

Table C. 2. Structure Diagram Elements 

 

 

 

Decode Plan/Radar Data

Plan/Radar Data base
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Elements Representation 

Activity states mark an action by an object. The notation for these states is 

a rounded rectangle. 

 
Control flow is a connector linking two nodes in an Activity diagram. 

Control flow connectors bridge the flow between activity nodes, by directing 

the flow to the target node once the source node's activity is completed. 

 

The Initial State marks the entry point and the initial Activity State.  
 

Final States mark the end of the modelled workflow. 

 
Table C. 3. Activity Diagram Elements 

User-Interface Design 

The dialogue between the user and the CRM application is established through window-type 

interfaces. The interfaces have been designed to provide effective guidance, consistency of 

operational procedures, efficient use of system capabilities and error prevention. 

CRM user interfaces include labels, lists, pushbuttons, checkboxes and dialog boxes. Each 

window interface normally has, at a minimum 

 A title bar to show the purpose of the window  

 A “QUIT” button to close the window 

 A “HELP” button to provide guidance to the user 

 A “BACK” button to return to the previous interface 

 

Figure C. 1. CRM Interface Pattern 

Lists  

This element displays a series of related items in a catalogue to support quick and accurate 

scanning. One and only one item is chosen at a time. If there are too many items to fit in the 

frame, then scrollbars automatically appear.  

Pushbutton 

A pushbutton is used when an immediate action needs to occur after the user presses the 

button. Some examples are shown in Table C.4. 

Scenario Visualization

 

List

Pushbuttons

Editable Text

Checkbox

 

List

Pushbuttons

Editable Text

Checkbox

List

Pushbuttons

Editable Text

Checkbox
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Name Uses 

ACCEPT 
Confirms any information changed in a window, and 

the window is closed. 

QUIT Closes a window after no changes were submitted 

HELP 
Displays contextual help for an item or help for an 

entire window. 

… Opens a dialog box to retrieve a file or a folder 

Table C. 4. Names and Uses for Pushbutton Functions 

 

Figure C. 2. Dialog Box to Select a File 

Checkbox 

Checkboxes are used for non-exclusive options. When choices are not mutually exclusive, 

checkboxes allow for more than one selection to be made. These elements are usually 

displayed as square or rectangular boxes with option labels inscribed alongside each box. An 

example might be to select which data items are stored in the output file. 

Editable Text 

Editable texts ask users to specify preferences and to acknowledge messages from the system. 

The user may modify these editable texts by clicking the field and typing. An editable text allows 

the user to enter inputs, like the name of a file or the value of a parameter. 

C.3. Software Architecture 

The organization of the CRM software system, as shown Figure C.5 represents the integration 

of radar data pre-processing, CRM algorithms and statistical processes using different 

interfaces. 

The aim of the 3-D CRM software tool under development is to analyse the radar data in order 

to identify all proximate events (passings, conflicts and potential conflicts) within a given volume 

of airspace and time span, classify them according to various criteria into classes and estimate 

the frequency of occurrence as well as calculate the different parameters needed to estimate 

the probability of aircraft being on a collision course (Pa) and the probability of ATC-loop 

resolution failure (Pb). 
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All the algorithms have been developed in the MATLAB programming environment. Initially, 

since MATLAB is an interpreter and cannot generate executable code, it is required that 

MATLAB package is available on the computer running CRM software.  

In a next step, MATLAB compiler and/or other programs such as Visual MATCOM will be used 

to generate a stand-alone application. 

C.4. PROGRAM STRUCTURE  

The prototype software tool has a modular structure. This structure has been useful in designing 

and testing the software, and also in the evaluation of new concepts. 

The application is composed of 2 modules, RDP and SME, and the first module is composed of 

two sub-modules: Pre-processing and proximate event identification. Therefore the application 

is composed of three main functionalities that can be run independently or sequentially: 

1. Pre-processing (RDP) 

 Radar Data input and decoding 

 Track Segmentation 

2. Proximate Event Identification (RDP) 

 Scenario Definition 

 Coarse Filter 

3. 3-D CRM Safety Metrics Estimation (SME) 

 Fine Proximity Analysis 

 Classification of Proximate Events 

 Detection of TCAS alerts 

 Statistical Analysis 

o Traffic statistics 

o Proximate Events statistics 

o Calculation of Pa 

o Calculation of Pb 

The CRM software application has been designed to handle large volumes of flight data in an 

efficient way with a high level of automation. At the same time, a set of graphical interfaces 

allows friendly user interaction and visual capabilities have been included for the benefit of 

exploring intermediate and final results.  

 

Figure C. 3. Top Level Processes UML Dynamic Diagram 
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The CRM software application has been designed to handle large volumes of flight data in an 

efficient way with a high level of automation. At the same time, a set of graphical interfaces 

allows friendly user interaction and visual capability has been included to the exploitation of final 

and intermediate results. The overall program static structure is summarized in Figures C.4 and 

C.5. 

 

Figure C. 4. 3-D CRM Software Tool Architecture 
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Figure C. 5. 3D CRM Architecture UML Static Diagram 
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C.4.1. Prototype Directory Structure 

The 3-D CRM Prototype installation includes the following directories below the top directory 

<3D_CRM>, as shown in Figure C.6:  

 \MATLAB_Code: It contains all the MATLAB files included in the prototype. The 
MATLAB files are organized in different subfolders: 

o \COARSE FILTER 

o \DECODE _DATA 

o \FINE_PROXIMITY_FILTER 

o \TRACK_SEGMENTATION 

o \TRAFFIC_STATS 

o \VISUALALIZE_DATA 

 \MAASTRICH_DATA: this directory contains all the input files and data files generated 
by the 3-D CRM prototype. The different data files are organized in different subfolder 
but this directory structure can be modified by the user: 

o \Binary_Files: stores radar binary files from MADAP 

o \Decoded_Files: default directory to store the text files generated after 
decoding the radar binary files. 

o \Segmented_Tracks: default directory to store the text files generated after 
segmenting the radar tracks. 

o \Exercise_Definition: default directory to store the scenario definitions. 

o \Event_Data: default directory to store the list proximate events identified by 
the coarse filter 

o \Event_Analysis: default directory to store the fine proximity analysis files and 
the traffic statistics information. 

 

Figure C. 6. 3-D CRM Prototype Directory Layout 

C.5. MAIN MENU 

Once the CRM application is started, a window will appear showing the 3D CRM menu. This 

interface provides quick and easy access to the three CRM functionalities: 
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Figure C. 7. 3D CRM Program Menu 

C.6. PRE-PROCESSING 

Radar and flight plan data are provided by MADAP in binary format. These files generally use 

the All Purpose Structured Eurocontrol Surveillance Information Exchange (ASTERIX) encoding 

structure. These data cover a huge area of interest, are composed of many different data items 

and may contain errors. Therefore, various pre-processing steps are necessary to prepare data 

for further modelling steps. The minimum input data required to run the 3-D CRM prototype is 

contained in the radar data files but the software tool can also use the flight plan data, if 

available, to optimise the performance of some its functions (e.g. identification of military traffic). 

Therefore, two different sub-modules have been developed to perform the decoding and 

storage of radar track files and flight plan files. 

 

Figure C. 8. MADAP Data Decoding, Visualization and Segmentation UML Dynamic Diagram 

Pre processing module main functions are to decode track and flight plan binary files, store and 

organize the required information in an efficient way in text files, visualize data and carry out the 

track segmentation. The user can access these functions through the Pre-processing interface 

as shown Figure C. 8. 

 

Figure C. 9. Pre-Processing Interface 

The flowchart in Figure C.10 shows graphically how all the Pre-Processing interfaces are 

connected among them. 
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Figure C. 10.Pre -Processing Interfaces Flowchart 

 



 

 

ANNEX C: 3-D CRM SOFTWARE ARCHITECTURE AND USER’S GUIDE 

 

230 

C.6.1.Decode Binary Files 

Currently, the software tool takes as input the radar track stream data provided by the 

Maastricht ATC based on ASTERIX CAT 062/065 binary data encoding. However, the software 

is flexible with regard to handling aircraft trajectories provided in different formats. 

This functionality can decode all the information contained in the selected input files but the 

minimum set of data needed to perform the 3-D CRM calculations constitutes the aircraft state 

vector, consisting of indications of position, track velocity, rate of climb/descent, flight level, track 

number and time of track information for each aircraft flying into Maastricht UIR.  

User Interface 

The first interface of the pre processing allows the user to: 

1. select the MADAP Binary files directory and select one or more MADAP binary radar files 
to be decoded, 

2. select a time interval of the data (default is 0-24h) 

3. select the folder in which the decoded data will be stored,  

4. write the prefix of the output files names (default is ‘TRACK_DATA’),  

5. start decoding and storing data. 

 
 Figure C. 11. Interface to Decode Track & Flight Plan Binary Files 

First, the user has to select the airspace (i.e. Maastricht or Madrid) and a file from the list in the 

upper part of the interface. This list shows all the MADAP binary files located in the current 

folder and it is possible by selecting the “Explore” button to browse through the directory 

structure and select another folder. 

2

5

3

4

6

1
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Figure C. 12. Dialog Box to Select a Directory 

Prefix: TRACK_DATA; Day: 1/1/2007; Time interval:0-24h; →  TRACK_DATA_2007_01_01 

Prefix: TRACK_DATA; Day: 2/1/2007; Time interval:9-10h;→  TRACK_DATA_2007_01_02_9H_10H 

The output file names are displayed in the lower part of the interface. 

A default folder is selected by the program to store the radar and flight plan information, but the user can 

select a different output folder by clicking the “Select directory” button (4). This button displays a dialog box 

for the user to browse the directory structure. The name and the directory path of the selected folder are 

displayed in the text box in the middle of the interface. 

 

Figure C. 13. Dialog Box to Select the Output Folder 

Summary of the main elements of the Decode MADAP binary files interface: 

 MADAP BINARY FILES DIRECTORY: name of the selected folder containing MADAP 
binary files to be decoded. 

 SELECT DIRECTORY: explore the directories and select one folder containing 
MADAP binary files to be decoded. 

 SELECT DAYS: shows the list of days with available radar data. Several days can be 
selected at the same time (press CTRL button). 

 SELECT TIME INTERVAL: select the period of time of the radar data. 

 DECODED FILES DIRECTORY: name and location of the output directory. 

 SELECT DIRECTORY(2): select the output directory in which the decoded data files 
will be stored. 
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 PREFIX: Prefix of the Output files. 

 OUTPUT FILE NAME: name of the decoded text file. 

 START DECODING: start decoding and storing data. 

 QUIT: close the window. 

 BACK: go to previous interface. 

Computational Tasks 

After pressing the “START DECODING” button, the programme calls the corresponding sub-

module that will decode the selected MADAP file according to ASTERIX format and MADAP 

documentation [95]&[96]. At the end of the computation cycle only the required data items are 

stored in the output files specified by the user. 

Database Structure 

Track Data 

The information regarding each point of each track is stored in a different row of the output text 

file. The columns of the file are the selected data items from the MADAP Track Files.  

  

TIME_STAMP   DAY  TRACK_Nº   X_C      Y_C        SPEED     HEADING     FL       ROCD___ 

9.0000043402   2   1275   -176576.5    -78710.0   218.2321   317.8321   348.00   -1950.00 

9.0000043402   2   1099   -165956.5    -73704.0   252.9090   120.0118   268.00    1318.75 

9.0000043402   2    283    -60884.5    -69855.0   255.3605   106.3769   390.00       0.00 

9.0000043402   2   1891    -30124.0    -77842.0   255.1201   106.9789   389.75       0.00 

9.0000043402   2   1544   -123679.0    -62707.5   178.7012    34.5127   175.00   -2643.75 

9.0000043402   2   1047   -146973.5    -62707.5   187.8793   348.7200   204.00   -2750.00 

9.0000043402   2   1482     20082.5    -55010.0   262.5315   131.9507   370.25       0.00 

9.0000043402   2   1809   -434033.5    -55473.0   195.2578   323.6436   380.00       0.00 

9.0000043402   2    386   -126688.5    -62534.0   236.9781   215.9874   389.75       0.00 

9.0000043402   2    443     37676.5    -52348.0   187.5913    16.8894   171.50    2606.25 

9.0000043402   2   1468   -181206.5    -60595.0   265.8591   114.9746   350.00       0.00 

9.0000043402   2    858    279912.5    -56196.5   200.9680   293.5355   338.00    1043.75 

9.0000043402   2   1316    -81777.5    -52232.0   204.3851   292.7385   340.00       0.00 

9.0000043402   2    666    -80909.0    -51827.0   172.7399   281.9442   220.00       0.00 

9.0000043402   2   1169   -299821.5    -39355.0   239.6285   221.4896   330.00       0.00 

9.0000043402   2   1650   -216973.5    -39442.0   165.6557   135.7949   129.00    1975.00 

9.0000043402   2    948   -235638.0    -48383.5    52.0601   272.7525    30.00    -981.25 

9.0000043402   2   1504   -163092.0    -44158.5   172.9691   295.9725   190.00   -1493.75 

9.0000043402   2   1785   -215758.0    -43666.5   256.0195   124.4970   310.00       0.00 

9.0000043402   2    185   -198193.0    -41120.0   268.7305   109.0586   370.00    -987.50 

9.0000043402   2   1031   -477353.0    -38342.0   151.6643   319.7470   220.50   -1550.00 

9.0000043402   2    207    121971.5    -36085.0   224.1885   308.4802   320.00       0.00 

9.0000043402   2   1848   -500329.5    -35477.5   146.5949   313.5489   192.75   -1331.25 

9.0000043402   2    945   -331855.0    -35130.0    75.7649   301.6447    18.00    -337.50 

Table C. 5. Track Text File 

Flight Plan data 

In order to optimise the organization of the flight plan information, it is stored in two different text 

files. 

The first text file stores all the general flight plan information. Each row of the file contains the 

basic flight plan information of one aircraft (plan number, callsign, departure aerodrome, 

destination aerodrome, aircraft type, update time, … etc). 

         TIME        TK_N P_NR CALLSIGN M3A  DEP  DES  AC CONT C_FL GAT 

14.12548177083333  827  147  ------- ---- EGBB EDDF E145 OE  260  1 

14.00042100694444 1405 1856  ------- ---- ---- ---- ---- SR  ---  0 

14.46703342013889 1933  356  KLM861  3150 EHAM RJAA B744 CE  310  0 

14.47539496527778 1331  566  ------- ---- LTAI EHAM B738 RE  260  1 

14.80871527777778 1400  474  DLH1UW  4130 EDDM EGCC B735 DE  340  1 
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14.63371744791667  706  217  JKK108  0740 ESSA LEBL A320 SH  370  1 

14.13368055555556   28  188  ------- ---- EGLC EDDF RJ1H OE  220  1 

14.14204427083333 1525  569  ------- ---- LFML EHAM B737 WE  250  1 

14.58368923611111 1545  299  ------- ---- EDDT LEMG B738 LE  370  0 

14.47539496527778 1667  549  ------- 0737 RJAA EHAM B744 CE  000  1 

14.13368055555556  920  400  ------- ---- EGKK EDDM B734 OU  350  1 

14.56707682291667 1405  740  M0613S2 0613 ---- ---- ---- DE  340  1 

14.15040364583333 1814  610  ------- ---- EHAM LEBL B737 WE  350  1 

14.48375651041667 1610  770  EIA1408 2706 KDOV ETAR B742 OE  250  1 

14.23374565972222 1227  227  ------- ---- EDDH LEJR B738 LE  370  0 

14.55034722222222   85  283  TAQ151  0742 ENGM EDDM LJ55 SE  390  1 

14.38371310763889 1149  266  DLH258  5003 EDDL EDDT B733 HE  250  1 

14.21719835069444   62  376  ------- ---- RJAA LFPG B772 OU  310  1 

14.95875651041667 1843   60  AFR1050 0655 LFPG EKCH A319 CU  390  1 

14.37553168402778  647  202  ------- ---- EDDM ENGM CRJ1 CE  340  1 

14.05047092013889  884  370  ------- ---- EHAM GMMX B737 WE  350  1 

14.31710937500000 1799  728  AFR2334 0652 LFPG EDDT A320 LE  330  1 

Table C. 6. Flight Plan Table I (General Information) 

The second table contains all the information regarding the flight plan route: way points 

coordinates, WP flight levels, WP speeds, WP estimated times, … etc.  
 TK_N  RP     RP_X        RP_Y      P_FL P_SP  P_TIME   PLAN_N 

1930  1  52457.20250 5788564.16500    0  440 15.100000  911 

1930  2 147690.51500 5810527.72750    0  440 15.233333  911 

1930  3 216359.20250 5826298.66500    0  440 15.316667  911 

1930  4 334974.01500 5887704.04000    0  440 15.483333  911 

 471  1 544278.95250 5814115.97750  280  444 14.916667  915 

 471  2 449363.95250 5783847.35250  280  444 15.066667  915 

 471  3 401327.70250 5729271.22750  280  444 15.166667  915 

 471  4 379856.07750 5697758.29000  280  444 15.200000  915 

 471  5 372505.95250 5687051.41500  280  444 15.216667  915 

 471  6 337867.76500 5633372.35250  280  444 15.283333  915 

 471  7 305515.64000 5620900.29000  280  444 15.333333  915 

 471  8 287053.51500 5549800.85250  280  444 15.400000  915  

 471  9 276288.76500 5512529.35250  280  444 15.450000  915 

 471 10 239914.32750 5500722.85250  280  444 15.483333  915 

1603  1 500438.64000 5654641.41500  260  427 15.166667  922 

1603  2 494072.39000 5659965.91500  260  427 15.183333  922 

1603  3 459926.14000 5686501.60250  260  427 15.250000  922 

1603  4 409748.51500 5745678.79000  260  427 15.366667  922 

1603  5 369004.51500 5778638.60250  260  427 15.433333  922 

Table C. 7. Flight Plan Table II (Route Information) 

Flight plan routes can be updated every cycle as WP passing times can be recalculated and/or 

the controller can modify the planned route. In order to minimize the size only the latest flight 

plan information is stored in the text file. 

C.6.2. Data Visualization 

Once radar data files have been decoded and stored, the following interface help the user to 

analyse the information and set all the parameters and rules required for the execution of the 3-

D CRM algorithms. 

First, user can visualize the selected data in the screen. This interface allows the user to 

visualize part of the information contained in the selected file (air traffic density …) and other 

information available (ATC Sectors, airports location,...).  

Additionally, this interface is intended to help the user to define some parameters of the 

exercise definition, as the time interval and the geographical area. 
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Figure C. 14. Data Visualization and Exercise Definition UML Static Diagram 

User Interface 

Previous to the data visualization window, the file with radar data is selected using an interface 

dialogue. 

 

Figure C. 15. Load Data Interface 

The Data Visualization interface shows information regarding the time interval and geographical 

area of the selected radar data and displays the initial position of all the aircraft. 
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Figure C. 16. Data Visualization Interface. 

Main elements of the visualization interface: 

 TIME: time interval of the selected scenario, 
           Start time    Current Time      End Time, 

o Slider: select the instant of time within the temporal interval to display 
the position of the aircraft, 

o Slider step: aircraft position update rate 

 GEOGRAPHICAL AREA: shows the stereographical coordinates of the limits of 
the radar data. These limits can be modified directly in the text boxes or using the 
zoom IN and OUT buttons, 

o Altitude (FL): vertical limits of the scenario. 

 DISTANCE: calculation of distances between two points of the figure. Press the 
Distance button and click by the left mouse button in two points of the figure, 

 DISPLAY OPTIONS. The display options comprise: 
o Geographically reference maps containing ATC sectors and UIR 

boundaries and airports locations,, 
o Aircraft information, as flight level, flight number and speed. 
o Display the figure in a different window, 

 Full Tracks: Display all the track points, 

 Tracks(t): Display the position of the aircraft in the selected instant of time, 

 PLAY: Start reproducing the traffic of the selected geographical area from the 
selected instant of time, 

 PAUSE: Stop reproducing the traffic, 

 QUIT: close the window. 

Inside the timeframe of the interface there is a slider, which allows the user to display the 

position of the aircraft in any other instant of time within the temporal interval. This can also be 

done introducing the selected time in the text box that is in the middle of the frame. It is also 

possible to edit the limits of the time interval and the slider time step. 

The Geographical Area frame shows the stereographical coordinates of the limits of the radar 

data. These limits can be modified directly in the text boxes or using the zoom IN and OUT 

buttons.  
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Blue track: Aircraft above FL 240; Green track: Aircraft below FL 240. 

Figure C. 17. Visualization Interface (II) 

Other functionalities included in the Visualization module are the calculation of distances 

between two points of the figure and several display options. Pressing the “Distance” button and 

clicking by the left mouse button in two points of the figure calculates the distance between 

them.  

The display options comprise: 

i. Geographically reference maps containing ATC sectors and UIR boundaries, airports 
locations, and mainland limits 

ii. Aircraft information, as flight level, flight number and speed. 

Additionally, there is a last checkbox that allows the user to display the figure in a different 

window. 

 

Figure C. 18. Radar Information displayed in a different window 

Computational Tasks 

The Data Visualization module loads the radar track and flight plan data from the selected file to 

a temporary file, extracting the information regarding the time interval and the geographical area 

boundaries.  
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In order to display the aircraft positions in the figure, first the program synchronizes all the 

aircraft because, as it was explained in the Software Specifications, tracks in different sub areas 

are updated at different times. 

Additional information to be displayed in the figure, as ATC Sectorisation and airport 

coordinates, is loaded from a different data set. 

C.6.3.Track Segmentation 

The purpose of the segmentation is to replace the full detailed track of each aircraft, with a 

series of line segments, or, effectively, a sequence of points with defined coordinates, time at 

which an aircraft passes each point, and speed for each segment.  

Each point of the segmented track is complemented by some characteristics, indicating whether 

the aircraft is starting a turn, finishing a turn, changing attitude, rate of climb/descend, speed, 

etc. 

Figure 4.4 provides an example of the horizontal segmentation of an aircraft’s full radar track.  

User Interface 

The track segmentation interface is similar to the previous one used to decode MADAP 

binary files, but now the user has to first select the folder that contains the files to be 

segmented: 

 

Figure C. 19. Track Segmentation Interface 

Main elements of the Track Segmentation interface are: 

 DECODED FILE DIRECTORY: name of the selected folder containing MADAP 

binary files to be decoded 

 SELECT DIRECTORY: explore the directories and select one folder containing 

decoded files 
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 SELECT FILES: shows the list of days with available radar data. Several days 

can be selected at the same time (press CTRL button). 

 DECODED FILE DIRECTORY: name and location of the output directory  

 SELECT DIRECTORY(2): select the output directory in which the segmented 

track files will be stored 

 PREFIX: Prefix of the Output files 

 OUTPUT FILE NAME: name of the segmented text file 

 START TRACK SEGMENTATION: start segmentation process and storing data 

 QUIT: close the window 

 BACK: go to previous interface 

At the bottom of the interface an “EDIT” button has been include to visualize the process behind 

the track segmentation. This new interface allows the user to modify the parameters of the track 

segmentation. 

 

Figure C. 20. Track Segmentation Edit Interface (1) 
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Figure C. 21. Track Segmentation Edit Interface (2) 

 

Figure C. 22. Track Segmentation Edit Interface (3) 

C.7. PROXIMATE EVENT IDENTIFICATION  

The main task of this function is to identify all the proximate events of a scenario. 

A first interface allows the user to define the dynamic scenario by a set of parameters and rules.  
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A second interface is used to define the traffic data from the MADAP radar files and start 

identifying proximate events using the algorithms based in the track segmentation. 

 

Figure C. 23. Proximate Event Identification Interface 

C.7.1. Scenario Definition 

This function allows the user to define environment conditions and all the internal parameters of 

the 3-D CRM algorithms life conflict detection. 

- Timeframe: time interval 

- Geographical Area: airspace boundaries of the scenario 

- Proximate Event Definition: 

 R: radius of the conflict volume 

 H: height of the conflict volume 

 LAT: look-ahead time 

- Aircraft Dimensions 

 xy: length (or wingspan if longer)  

 z : height 

User Interface 

The exercise definition interface is subdivided in four main frames: Time Frame, Geographical 

Area, Proximate Event Definition and Aircraft Dimensions. 

 

Figure C. 24. Exercise Definition Interface 
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The Start Time and End Time delimit the time period of the CRM execution. If these fields are 

left in blank the time interval is obtained from the radar data text files.  

The interface also allows delimiting the geographical area of study by pressing the “Airspace 

Boundaries” button. Doing so can save execution time if the user is only interested in analysing 

the collision risk in a certain region. If this field is left in blank the radar data is used without any 

area restriction. Additionally, the user can delimit the range of flight levels of study. 

 

Figure C. 25. Airspace Boundaries Definition Interface. 

In the right side of the interface the user has to introduce the proximate event definition 

parameters and the aircraft dimensions. These fields are compulsory inputs for the CRM 

execution. 

 

Figure C. 26. Aircraft Dimensions. 

When all the parameters and rules required for the CRM execution are introduced, the user can 

check the conditions of the computation by pressing the “Data Visualization” button (see section 

0). 

Finally the user can save the exercise definition parameters in a data table. This possibility 

allows him to load them in the future and modify the conditions under which the algorithms are 

run. 
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Figure C. 27. Save Exercise Definition Interface 

 

Figure C. 28. Load Exercise Definition Interface 

A summary of the main elements of the Scenario Definition interface is below: 

 TIMEFRAME: The Start Time and End Time delimit the time period of the CRM 

execution. If these fields are left in blank the time interval is obtained from the radar 

data text file. The time step specifies the update frequency of reproducing the traffic 

evolution and determining relative distances  

 AIRSPACE BOUNDARIES: delimit the geographical area and the range of flight 

levels of study. 

 PROXIMATE EVENT DEFINITION: define the parameters of the conflict volume 

(cylinder).  

 AIRCRAFT DIMENSIONS: define the parameters of the aircraft volume (cylinder).  

 LOAD PARAMETERS: load the exercise definition parameters. 

 SAVE PARAMETERS: save the exercise definition parameters in a file. 

 DATA VISUALIZATION: visualize part of the information contained in the selected 

file in a different window 

 ACCEPT: close the window 

 QUIT: close the window 

 BACK: go to previous interface 
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Coarse Proximity Filter 

After segmentation of the paths of all aircraft in the scenario, two aircraft will have proximate 

event when the two following conditions are met at the same time: 

- The vertical separation between the projected positions of both aircraft is less than or 
equal to the vertical separation minimum established by H; and 

- The separation in the horizontal plane between the projected positions of the aircraft is 
less than or equal to the horizontal separation minimum established by R. 

The formulas to obtain the instant of time of minimum separation and the corresponding 

distance are based on the hypothesis of the aircraft flying straight and at constant speed. Using 

formulas based in the track segmentation instead of Short Term Conflict Alert (STCA) 

algorithms to detect proximate events, allows using longer look-ahead times.  

 

Figure C. 29. Example of Proximate event 

Once the software tool has processed all the radar tracks, it will produce a file containing the 

track numbers of all the aircraft involved in a proximate event, the minimum separation for each 

pair of aircraft, the time it happened, the time to CPA, position of both aircraft and convergence 

angle. See table 3.1. 

 

TIME 

A/C 

PAIR_1 

A/C 

PAIR_2 DIST. (NM) 

TIME TO 

CPA (sec) FL_1 FL_2 X_CPA_1 Y_CPA_1 X_CPA_2 Y_CPA_2 ANG_CPA 

8.85359 1169 1634 4.17347 493 320 330 -317851.51 -8733.17 -318658.01 -1046.1 114.69 

8.87076 1179.1 555 2.21918 528 414.87 416.98 130719.52 -124377.57 133226.73 -121120.98 175.52 

8.87342 1156 521 3.97558 297 310 320 10696.07 -61441.47 18049.67 -61808.94 13.94 

8.87500 702 961.1 3.09785 597 380 380 81906.23 -5443.06 87446.31 -3952.02 117.67 

8.87500 702 1520 3.22743 475 380 378.51 88854.99 22852.99 94355.48 25192.11 99.89 

8.88951 505.2 680.1 4.87276 429 310 300 -215657.16 -13517.09 -220943.76 -20830.82 164.46 

8.88951 1634 680.1 4.51512 584 329.09 339.09 -259309.25 -20446.9 -251154.17 -22295.64 155.99 

8.89167 511 1099.1 2.93381 630 360 350 -133878.8 -111477.09 -128773 -113335.25 133.62 

8.89217 1785 135 0.50584 552 310 319.44 -167996.79 -43278.65 -168153.35 -42355 112.94 

8.89484 1516 1868 4.21754 565 350 350 282395.04 -125687.93 288048.36 -131077.74 63.84 

8.90184 1155 466.1 1.70387 565 394.28 390 -309584.87 211291.17 -306482.48 211868.03 78.71 

Table C. 8. Example of Proximate Events File 

User Interface 

The coarse proximity filter interface is subdivided in three main frames: 
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 On the left side of the interface, the user has to select the exercise definition that 

will define the time interval, the airspace volume boundaries of the scenario and the 

proximate events parameters. The user can explore the directories by pressing the 

“Explore” button to select a folder. Next, a list of all the exercise definition files 

presented in the selected folder will appear in the list on the left of the interface. 

Once the user has selected one file from the list, it is possible to verify the 

information contained on it by pressing the “CHECK PARAMETERS” button. 

 On the right side of the interface the user has to select the radar data files, which 

will define the traffic in the scenario. As it is described above, the user has to 

search the directories to find the right radar data files. 

 At the bottom of the interface the user has to indicate the output folder and the 

prefix of the output file name.  

Finally, the user has to press the “START COARSE FILTER” button to initiate the 3D CRM 

algorithms. 

 

Figure C. 30. Coarse filter Interface 

Main elements of the coarse filter interface are: 

 SCENARIO DEFINITION: select the exercise definition and the radar data that will 

compose the scenario and start executing the CMR execution algorithms.  

 SELECT EXERCISE DERFINITION  

 Directory: name and location of the directory. 

 Explore: explore the directories 

 List of Exercise Definitions: List of files containing exercise definitions 

 Check Parameters: visualize the exercise parameters of the selected file. 
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 SELECT RADAR DATA  

 Directory: name and location of the directory. 

 Explore: explore the directories 

 List of Radar Files: List of files containing decoded radar information 

 Data Visualization: visualize part of the information contained in the selected file in 

a different window 

 OUTPUT DIRECTORY: name and location of the output directory  

 EXPLORE: explore the directories 

 OUTPUT FILE NAME: name of the output file 

 START EXECUTION: start running the CMR execution algorithms. 

 QUIT: close the window 

C.8. 3-D CRM PARAMETER ESTIMATION 

The 3-D CRM Parameter Estimation module is composed of five main functionalities: 

 Fine Proximity Analysis 

o Classification of Proximate Events 

o Detection of TCAS alerts 

 Visualization of Proximate Events 

 Traffic statistics 

 Proximate Events Statistics 

 3-D Collision Risk Estimation 

o Calculation of Pa  and Pb 

 

Figure C. 31. 3-D CRM Parameter Estimation Interface 
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The information generated by the Fine Proximity Analysis function is the main input data of the 

next functions of the 3-D CRM Parameter Estimation module. 

 

Figure C. 32. Data flow within the 3-D CRM Parameter Estimation module. 

The execution of the fine proximity analysis function is one of the essential steps in the 

calculation of the 3-D Collision Risk Estimation: 

The execution of the fine proximity analysis function is one of the essential steps in the 

calculation of the 3-D Collision Risk Estimation: 

 

Figure C. 33 Essential Functions of the 3-D Software Tool 

C.8.1. Fine Proximity Analysis 

This function of the software tool performs a deep analysis of each of the identified proximate 

events, determining: 
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1. The time that the proximate event was first detected (T0) and all the information of this 
event: relative speeds between aircraft, real separation at that time and vertical and 
horizontal separation at the CPA.  

2. Turns, changes in the speed or in the vertical attitude of the aircraft.  

3. Manoeuvres performed by any of the aircraft to solve the potential conflict.  

4. The time when two aircraft enter in conflict. The software tool monitors the real 
separation between aircraft and detects when the aircraft loose simultaneously both 
horizontal and vertical separation, and stores all the information related to this event. 

5. Activation of TCAS in any of the aircraft. The software tool reproduces the logic of 
TCAS to identify if and when a TCAS Resolution Advisory or TCAS Traffic Advisory 
was triggered. 

6. When the distance between the pair of aircraft increases as a function of time, the pair 
is said to be diverging. A diverging pair is no longer analysed, provided the present 
separation is equal to or larger than the horizontal separation minima. 

Additionally, the Fine Proximity Analysis function classifies all the identified proximate events 

depending on the following criteria: 

 Nature 

 Traffic Type 

 Vertical regime 

 Relative heading 

 A/C Reaction 

 Activated Alert System (TCAS, STCA) 

User Interface 

The Fine Proximity Analysis interface of the 3-D CRM Parameter Estimation module allows the 

user to: 

1. select the directory containing files with proximate events data and select one or more of 
these files to be analysed, 

2. select the folder in which the output data will be stored,  

3. start the fine proximity analysis. 

Main elements of the Fine Proximity Analysis interface are: 

 PROXIMATE EVENTS DIRECTORY: name of the selected folder containing 
Proximate Events data files to be analysed. 

 SELECT DIRECTORY: explore the directories and select one folder containing 
Proximate Events data files to be analysed. 

 FINE PROXIMITY ANALYSIS FILES DIRECTORY: name and location of the output 
directory. 

 SELECT DIRECTORY(2): select the output directory in which the decoded data files 
will be stored. 

 PREFIX: Prefix of the Output files. 

 OUTPUT FILE NAME: name of the Fine Proximity Data files. 

 START FINE PROXIMITY ANALYSIS: start fine proximity analysis and storing data. 

 QUIT: close the window. 

 BACK: go to previous interface. 
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C.8.2. Visualization of Proximate Events 

Previous to the event display window, the file with event data is selected using an interface 

dialogue. 

Once the user select one file press the ‘LOAD DATA’ button, all the proximate events 

information is loaded into a new interface.  

The interface to visualize proximate events is composed by the following elements: 

 

Figure C. 34. Visualization of Proximate Events Interface 

1. A frame with six popup menus at the top allows the user to select a specific group of 
events depending on their classification. 

2. On the left side of the interface there is a list of all the aircraft pairs that have generated an 
actual event or a proximate event. This list is updated when a new filter is applied. The user 
selects here the encounter that wants to visualize. 

3. The track data of the aircraft involved in selected event are represented in the middle of 
the interface. Both the horizontal and vertical planes can be represented. 

4. The display options allow the user to visualize the evolution of the aircraft, represented by 
a yellow marker. Additionally, the red square markers show the position of the aircraft in the 
CPA. In the right side of the interface it is shown all the information regarding the CPA of the 
pair of aircraft: time to CPA, horizontal and vertical distance and the duration of the proximate 
event.  

Other display options comprise: 

i. Geographically reference maps containing ATC sectors and UIR boundaries, airports 
locations, and mainland limits. 

ii. Display near traffic. 

iii. Aircraft information, as flight level, flight number and speed. 

The user can also click in the checkboxes located on the lower right side of the interface to 

visualize the horizontal plane or the vertical profile of the aircraft tracks. In addition, it is also 

possible to visualize both views at the same time. 
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5. Indicates the classification of the selected pair of aircraft in conflict. 

6. The “FINE PROXIMITY ANALYSIS” button opens a new interface, showing all the detailed 
information related to the selected encounter. 

7. At the bottom right of the interface there us a frame displaying the main parameters used 
in the identification of proximate event: look-ahead time and conflict volume. 

 

Figure C. 35. Example of Proximate events: no military aircraft, Descent-Level and Opposite 

heading. 

Once the fine proximity analysis button is activated, a new interface displays the time evolution 

of any of the main parameters of the encounter and generates automatically. 

 
Figure C. 36. Example: Information from the fine proximity analysis. 

By pressing the button “REPORT”, a description of the proximate event is generated in terms of 

the evolution of the main parameters. Figure C. 37 shows an example of the information 

provided in such a report. 
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Figure C. 37. Automatically Generated Report describing the Proximate Event. 

Note: 

- T if the time of the segmented track point, which indicates the start of a manoeuvre. 

T0 is the time that the proximate event was first detected. 

- D CPA: is the (projected) horizontal separation at the CPA. 

- H CPA: is the (projected) vertical separation at the CPA. 

- TTC: is the time-to-go to the CPA. 

- Dur: is the period of time between manoeuvres. 

- TCPA: is the relative time between the different CPAs. The time of the first CPA is the 

time origin. If TCPA is negative, the new CPA of the aircraft is reached sooner than 

in the first event and if it is positive the new CPA is reached later. 

Traffic Statistics 

This interface allows the user to visualize all the traffic statistics of a selected scenario including: 

- Flight-time;  

- number of movements; 

- number of entries and exits; 

- traffic density; and 

- percentage of evolving 

The file containing the information of the scenario is selected in two steps: 

- first the directory is specified using a window interface and 

- then the name of the file is chosen from the list of available files displayed in a popup 

menu. 

After selecting the scenario the information is loaded into the interface by pressing the “LOAD 

DATA” button. 

The flight time, the total number of aircraft, and the number of entries and exits in the scenario 

are firstly displayed in the interface when the data is fully loaded. 
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Figure C. 38. Traffic Statistics Display Capabilities (Flight-time) 

The number of hours flown within the airspace is also calculated during each hour of the 

timeframe of the scenario. Additional visualization features include: 

 “Aircraft Movements vs. Time” displays the evolution with time of the number of 
aircraft inside the scenario  

 

Figure C. 39. Example: Number of Movements (1 Day of Traffic) 

 “Traffic Route Distribution” displays the aircraft track traces 

 

Figure C. 40. Aircraft Track Traces. 
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 “Geographical Track Density” displays the traffic density by means of a grid overlaid 
to Maastricht airspace. Depending on the number of flights flying over each cell, a 
coloured scale is displayed with red and yellow denoting highest and lowest figures. 
Grid scale can be adjusted depending on user preferences. Also, traffic density can 
be expressed by the number of track points contained in each cell. Main flows are 
easily identified, with highest concentrations of operations in the vicinities of main 
airports (red spots).    

 

Figure C. 41. Traffic Density 

 “Vertical Traffic Density” displays the number of aircraft per flight level using a 
coloured scaled: 

 

Figure C. 42. Vertical Traffic Density (1 Day of Traffic) 

 “Aircraft Vertical Attitude” displays the percentage of aircraft that are in level, climbing 

or descending: 

 

Figure C. 43. Aircraft Vertical Attitude (1 Day of Traffic) 
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 “Entries / Exits per Hour” and “Entries / Exits vs. Time” display the number of entries 

and exits per hour and their evolution in time. 

 

Main functionalities of the Traffic Statistics interface are: 

- DATA FILES DIRECTORY: name and location of the directory ' 

- SELECT DATA FILE: popup menu with the list of available files  

- LOAD DATA: start loading the data' 

- The flight time, the total number of aircraft, and the number of entries and exits in 

the scenario are firstly displayed in the interface when the data is fully loaded.' 

- p/h: displays the number of hours flown within the airspace during each hour of the 

timeframe of the scenario.' 

- AIRCRAFT MOVEMENTS VS. TIME: displays the evolution with time of the number 

of aircraft inside the scenario.' 

- TRAFFIC ROUTES DISTRIBUTION: displays all the aircraft track traces inside the 

scenario.' 

- GEOGRAPHICAL TRAFFIC DENSITY:  displays a grid overlaid to Maastricht 

airspace. Depending on the number of flights flying over each cell, a coloured scale 

is displayed with red and yellow denoting highest and lowest figures.' 

- +,-: Grid scale can be adjusted depending on user preferences.'  

- Flights, Tk points: traffic density can be expressed by the number of flights or track 

points contained in each cell.'  

- VERTICAL TRAFFIC DENSITY: displays vertical traffic density is using a coloured 

scaled.' 

- AIRCRAFT VERTICAL ATTITUDE: shows the aircraft vertical attitude (in level, 

climb or descend), calculated with a vertical segmentation method.' 

- ENTRIES/EXITS PER HOURS: number of entries and exits per hour in the 

scenario during the timeframe of the scenario.' 

- ENTRIES/EXITS VS. TIME: evolution with time of the number of entries and exits.' 

- QUIT: close the window' 
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C.8.3. Proximate Event Statistics 

The proximate event statistics function of the 3-D CRM prototype software tool calculates the 

frequencies of occurrence of each type of proximate event as they were classified in the fine 

proximity analysis. This function allows the user to obtain statistical results of the proximate 

events identified in the analysed scenario using different types of graphics 

User Interface 

A first interface allows users to select one or several fine proximity analysis data files. The files 

are selected using the “ADD” and “ADD ALL” buttons and are deselected using the “REMOVE” 

and “REMOVE ALL” buttons. 

When several files have been added to the Selected Files listbox, it is possible to merge all the 

data in a new file, writing the name of the new file at the bottom of the interface and pressing 

the “GROUP FILES” button. For example, it is possible to generate a new file containing the 

statistical information of one month, merging 30 days data files. 

The proximate events statistics interface is divided in six areas.  

 The first area, at the top of the window, six popup menus allow the user to select a 

specific group of events depending on their classification. 

 The second area, upper left corner of the window, shows the main traffic statistical data 

of the scenario: the number of flight hours or AC movements. 

 The third area, at the left of the window, shows the number of proximate events and 

number of events per number of flight hours and per AC movements per hour. These 

values are updated depending on the selected events. 

 The fourth area, lower left corner of the window, allows the user to select the statistical 

data and the type of graphic to be displayed in the fifth area (right of the window). There 

are two categories of graphics: 

1.- Proximate events geographical distribution.  

2.- Proximate events circle graph 

 The sixth area at the bottom of the interface displays the main parameters used in the 

identification of proximate events. 

 

Figure C. 44. Proximate Event Statistics Interface 
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The Proximate events geographical distribution graphic represents the geographical situation of 

the events. The events are classified and displayed in different colours using the parameter 

marked by the user on the left side of the interface. These parameters are those used to classify 

all the events and two additional parameters: altitude and Pa classification. 

The following figure shows the geographical distribution of actual and potential conflicts 

identifying the activated alert system: 

 

Green: Activated filter. Grey: Deactivated Filter. Blue: Information Represented 

Figure C. 47. Example: Actual &Potential conflicts Geographical Distribution identifying 

Activated Alert systems (Civil Traffic Only 

The proximate events circle graph shows the pie chart of any of the parameters described 

above (classification criteria, look-ahead time, altitude and proximity,…). First the user has to 

select a type of event on the first area of the interface, then mark a parameter and finally press 

the “PE Circle Graph” button. 

 

Figure C. 47. Example: Pie Chart of Activated Alert systems (Civil Traffic Only) 

NA TURE
VERTICAL 

REGIME

RELA TIVE 

HEA DING
A/C REACTIONTRA FFIC TYPE

Passing Event

PROXIMA TE EVENT

Conflict

Potential Conflict

Level-Level (LL)

Climb-Level(CL)

Descend-Level(DL)

Climb-Climb(CC)

Climb-Descend(CD)

Descend-Descend(DD)

Same

Opposite

Crossing

No Military 

Aircraft

Both Military 

Aircraft

One Military 

Aircraft

CRITERIA

Change Vertical 

Profile

Modify Heading 

ACTIVATED ALERT 

SYSTEM

TCAS TA

STCA 

TCAS RA

Change of Speed 

No Alert False Detection No Reaction 

 

ATC STRATEGY 68.5% (5448)

STCA 29.3% (2327)

          TCAS TA 2.0% (162)

TCAS RA 0.2% (14)
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Main elements of the Proximate Events Statistics interface are: 

 EVENT CLASSIFICATION: six popup menus allows the user to select a specific group 

of events depending on their classification 

 TRAFFIC DATA: displays the main traffic statistical data of the scenario: the number of 

flight hours or AC movements 

 PROXIMATE EVENTS DATA: displays the number of proximate events and number of 

events per number of flight hours and per AC movements per hour. These values are 

updated depending on the selected events. 

 GRAPHICS: to select the statistical data and the type of graphic to be displayed in the 

fifth area. 

o There are two categories of graphics: 

1.- Proximate events geographical distribution.';  

2.- Proximate events circle graph. 

 PROXIMATE EVENT PARAMETERS: displays the main parameters used in the 
identification and classification of proximate events.  

o R=horizontal separation minima; 

o H=vertical separation minima 

o Look ahead time 

o Convergence angle: this threshold is used to classify events by their relative 
headings (same, opposite and crossing events). 

 QUIT: close the window 

 BACK: go to previous interface 

3-D Collision Risk Estimation 

The 3-D Collision Risk Estimation interface estimate the probability of a collision for each event 

of the selected scenario as well as estimate the frequency of occurrence of events in each 

class. 

As it is described in section 3 the probability that two aircraft in potential conflict are actually 

involved in a collision is split in the 3-D CRM into the product of two conditional probabilities, 

namely: the probability that a potential conflict results in an actual conflict (Pb) and the 

probability that, given a conflict has occurred, a collision follows (Pa). This can be expressed as: 

( | ) ( | )· ( | )P collision potential conflict P collision conflict P conflict potential conflict
=Pa

 Pb
 

The overall risk estimation of a scenario is presented in the equation below. Collision risk is 

understood as the product, extended to all the conflict types (i), of the proximate event 

frequency, Pa, and Pb. 

Pr.Eventsi ai bi

i

Collision Risk Frequency P P    

User Interface 

The proximate events data are selected and loaded into the 3-D Collision Risk Estimation 

function using a very similar interface to the Proximate Event Statistics function. 

Once the selected scenario data is loaded, the 3-D Collision Risk Estimation interface is opened 

showing a summary of all the statistical data and the main parameters of the model. Then the 
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user has to use six filters to select the type of proximate events are going to be considered to 

estimate the collision risk. 

Finally, clicking the “3D COLLISION RISK REPORT” button will calculate and display the 

estimations of Pa, Pb and of the Collision Risk per A/C Movement and the Collision Risk per 

Flight Hour for the selected scenario. 

The 3-D Collision Risk Estimation interface is divided in seven frames. 

 The first area, at the top of the window, shows the main traffic statistical data (flight 

time and number of aircraft movements in the scenario). 

 The second frame, at the left of the window, shows the number of potential collisions, 

number of potential conflicts and number of actual conflicts. These values are updated 

depending on the selected events. 

 The third frame shows the values of the Conditional Probability of Collision (Pa) and 

the Probability of Failure of Tactical Safety Barriers (Pb). 

 The fourth frame, at the upper right corner of the window, contains six popup menus 

allow the user to select a specific group of events depending on their classification. 

 The fifth frame displays the main parameters used in the identification of proximate 

events. 

 The sixth frame, at the bottom of the window, displays the values of collision risk per 

aircraft movement and of collision risk per flight-hour. 

 Finally, a report containing all the estimations and information of the scenario is 

generated after pressing the ”3D COLLISION RISK REPORT” button. 

 

Figure C. 48. 3-D Collision Risk Estimation Interface 
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ANNEX D: TMA PERFORMANCE 

DAILY REPORT 
An example of the TMA performance daily report is shown below. All the information provided 

below has been extracted from radar data processing by the 3-D CRM tool. 

D.1. HOLDING PATTERNS 

Table I: Summary of Holding Patterns data 

 

Total 

North  

Conf. 

South  

Conf. RWY 33R RWY 33L RWY 18R RWY 18L 

Nº Arrivals 
501 401 100 311 90 49 51 

Nº of arrival 

 holding pattern 
333 252 81 180 72 45 36 

Nº Circuits 316 291 31 559 28 12 19 

 

Radar Track Data F1 

 

Nº Operations per Configuration                                                (Histogram: interval of 20 mins.) F2 
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Nº of Arrival per RWY  F3 

 

Nº de Arribadas Con y Sin Espera F4 

Flights without holging patterns:  334  Flights with holging patterns:  : 168 

 

Nº of holding patterns per RWY F5 

 

Nº de Esperas en cada punto F6 

Nº of Circuits: 316 
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Nº of Circuits in each holding fix vs. time (time interval of 20 mins) F7 

 

Nº of circuits per arrival holding pattern F8 
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Arrival 
Time 

Nº ARR 
Ops 

LETO  
Nº 

Holdings 
Nº Circuits 

ADUX
O 

AVILA BAN BUDOM 
BURE

X 
CJN EPINA 

EREM
A 

HERMI NVS OBIKI ORBIS 
PRAD

O 
SIE SIRGU TERSA TLD 

00:00 
 

 
 

 
                 01:00 3  

 
 

                 02:00 2  
 

 
                 03:00 2  

 
 

                 04:00 5  
 

 
                 05:00 15  

 
 

                 06:00 17  
 

 
                 07:00 21  2 2 
    

1 
         

1 
  08:00 31  21 41 

   
19 3 

    
3 

    
16 

  09:00 32  28 74 5 
  

20 10 
    

3 
  

6 
 

30 
  10:00 33  26 92 4 

 
14 32 7 1 

  
1 3 

  
7 

 
21 2 

 11:00 27 1 1 1 
    

1 
            12:00 37 2 4 4 

   
1 1 

    
2 

       13:00 28 1 10 14 
  

1 
 

3 
 

1 3 
 

3 1 
   

2 
  14:00 22  7 10 

   
5 

   
4 

  
1 

      15:00 25  
 

 
                 16:00 31 1 2 2 
  

1 
       

1 
      17:00 35 1 23 27 

  
1 8 4 

    
3 4 

   
4 

 
3 

18:00 37  6 6 
   

3 
          

3 
  19:00 29  2 2 

     
1 

        
1 

  20:00 34  20 22 
   

13 
 

1 
        

8 
  21:00 25  14 17 

   
8 

 
1 

        
8 

  22:00 8  2 2 2 
   

-1 
         

1 
  23:00 2  

 
 

                 TOTAL 501 6 168 316 11 
 

17 109 29 4 1 7 1 17 7 
 

13 
 

95 2 3 
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D.2. SEPARATIONS 

RWY 33R                                                                                  (Histograms: interval of 20 mins.) 

Nº de Arribadas con y sin Espera RWY 33R F9 

 

Separaciones en THR 33R (4-5 NM) F10 

 

Difference with Separation Minima* at THR                          (*radar/ wake vortex / diagonal) F11 

 

Separations at ASBIN (IAF) (7 NM) F12 
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Histogram: Nº Arrivals vs. Separations at THR 33R (4-5 NM) F13 

 

Histogram: Nº Arrivals vs. Separations at THR 33L (3-5 NM) F14 

 

Histogram: Nº Arrivals vs. Separations at ASBIN (7 NM) F15 

 

Histogram: Nº Arrivals vs. Separations at TOBEK (7 NM) F16 
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D.3. DETAILED INFORMATION OF FLIGHTS 

ID 
WAKE 
VORT
EX 

ORIGIN 
ARRIVAL 
TIME 

TMA 
ENTRY 
TIME 

IAF RWY 
SEP. 
IAF 

SEP
. 
THR 

SEP. THR 
– MIN. 
SEP. 

Nº OF 
CIRCU
ITS 

HOLDING FIX  

XXXX001 H KJFK 8:15:57 7:55:12 TOBEK 33R 11.40 5.13 0.13 
  XXXX002 M LEAS 8:18:17 7:57:52 TOBEK 33R 15.75 3.56 -0.44 
  XXXX003 M LFPO 8:19:17 7:43:43 ASBIN 33R 12.41 3.57 -0.43 2 BUDOM(210FL),(120FL) 

XXXX004 M LPPT 8:20:47 7:58:47 TOBEK 33R 15.29 4.12 0.12 
  XXXX005 M EBBR 8:22:17 7:45:33 ASBIN 33R 22.58 4.43 0.43 2 BUDOM(209FL),(128FL) 

XXXX006 M EGGW 8:24:17 7:50:37 TOBEK 33R 10.46 3.45 -0.55 1 NVS(170FL) 

XXXX007 M GCLP 8:25:37 8:07:37 TOBEK 33R 19.14 5.13 1.13 
  XXXX008 M LSGG 8:27:42 7:52:43 ASBIN 33R 8.02 4.82 0.82 2 BUDOM(200FL),(140FL) 

... 
   

 
        

 

 



 

265 

ANNEX E: CURRICULUM VITAE 
 

Personal 
information 

 

First name(s) / 
Surname(s)  

EDUARDO JOSÉ GARCÍA GONZÁLEZ 

Address(es) C\Príncipe de Vergara 258, 4ºE. Madrid 28016. Spain. 

Telephone(s) +34 914576934 Mobile: +34 686389448 

E-mail eduardojose.garcia.gonzalez@gmail.com 

Nationality Spanish 

Date of birth 18.03.1975 

Gender Male 

Work experience  

Total years of Experience 12 years 

Dates July 2009 onwards 

Occupation or position 
held 

Principal R&D Engineer. Leader of the Trajectory and Separation Management research group. 

Main activities and 
responsibilities 

- HALA! SESAR Research Network (Higher Automation Levels in ATM). Deputy Coordinator. 
- SESAR. Project 5.5.1. Trajectory Management Framework in TMA. Task leader of the TMF 

validation needs. 
- SESAR. Project 16.01.03 Develop techniques for Dynamic Risk Modelling 
- OPTA Project: Optimized Profile Descent Approaches. Coordinator. 
- Development of a Collision Risk Model based on radar tracks. Coordinator. 
- TMA Performance Monitoring Tool. Technical Coordinator. 
- JSBsim. Aircraft Continuous Climb/Descent Modelling Using Computer Based Tools. 

Technical Coordinator. 
- Safety Analysis of Barajas Airport. Assessment of Independent Parallel Operations. 

Technical Coordinator. 
- Safety Analysis of Malaga Airport. Assessment of Independent Operations. Coordinator. 
- SESAR AIRE. RETACDA 2: Reduction of Emissions in Terminal Areas using Continuous 

Descent Approaches. Technical Coordinator. 
- ICATS. Interoperability Cross-Atlantic TrialS. Project contributor. 
- iTEC 4dTM Sub-Group. Project Contributor. 
- A6 Trajectory Management Group 2.2.1. 
Main Achievements: 
The HALA! Network received a letter of recognition from the SESAR Scientific Committee in 
2012 stating that the clarity of goals, committed involvement of the participants and human 
dimension of the program are among the characteristics which make HALA! unique and 
successful. 

Development of new statistical techniques and tools for complex safety assessments (e.g. 
Implementation of Independent Parallel Departures in Barajas airport, Implementation of 
Independent Operations in Malaga airport....etc). 

Development of several tools to monitor the TMA Performance (nº of holding patterns, 
separation between aircraft, ASMA times,...). These tools are already implemented and in use 
by Aena (Spanish Air Navigation Service Provider). 

Name and address of 
employer 

CRIDA AIE. Madrid, Spain. 

Type of business or 
sector 

Research centre. 
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Dates October 2009 onwards 

Occupation or position 
held 

Adjunct Professor  

Main activities and 
responsibilities 

Lecturing on subjects: 
- Air Navigation 
- Air Traffic Management 
- Air Navigation and Avionics Systems 

Supervisor of several master's theses and undergraduate final year projects 
Active member of the Air navigation Research Group (GINA) of the UPM. 
FLY HIGHER Project. Leader of WP 4 DREAM IT! GET IT! – Stimulate and nurture a “Passion 
for Aeronautics”. 
In addition I am professor of Safety Methodologies and Tools in the Master in Airport Systems 
since 2006 (http://master.infra.upm.es/) 
Main Achievements: 
Derek George Astridge Memorial Prize by the Aerospace Divisional Board of the Institution of 
Mechanical Engineers for 2010. 
Safety Award in Mechanical Engineering for 2010 for the paper "Development of a three-
dimensional collision risk model tool to assess safety in high density en-route airspaces" by the 
Institution of Mechanical Engineers 

Name and address of 
employer 

Universidad Politécnica de Madrid (UPM). School of Aeronautical Engineering. Madrid, Spain. 

Type of business or 
sector 

University. 

  

Dates and position held September 2007-June 2009  ATM Safety Analysis Technical Manager 
October 2005-December 2007  Responsible of the ATM Risk Analysis working group 
March 2001.September 2005  ATM Project Engineer 

Main activities and 
responsibilities 

Main projects: 
- A06/11054EC EUROCONTROL: Development of analytical tools based on the application 

of the 3-Dimensional mathematical Collision Risk Model to radar data. Project coordinator. 
- TRS 128 EUROCONTROL: General and Specific Mathematical Activities on 3-D Collision 

Risk Model. Project member. 
- NSAM-ENAM (Study of the future Airport of Madrid), related to the preliminary design and 

planning of the Terminal Airspace Area (TMA). 
- Safety Study of Barajas Airport. Assessment of the interference between Arrivals and 

Departures. 
- Safety Assessment of New Runway Operation at Barcelona Airport. 
- Implementation of a Safety Management System in the “Division de Automatización” of 

AENA in order to adequate SACTA to the safety requirement of NATS. 
- Responsible of safety works in different international projects: 

• GIANT: GNSS Introduction in the Aviation Sector. APV Approaches. 

• OPTIMAL: Optimised Procedures and Techniques for the Improvement of 
Approach and Landing”. 

• RESET. Reduced Separation Minima. 

• EPISODE 3. Single European Sky Implementation support through Validation. 
 

http://master.infra.upm.es/
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Main activities and 
responsibilities 

Main achievements: 
- Development of a prototype tool to validate a Collision Risk Model developed by 

EUROCONTROL based on radar data. This application is oriented towards the analysis if 
radar data to identify and classify proximate events between aircraft in an en-route 
airspace. It can also calculate traffic statistics and carry out proximate events statistical 
analysis. 

- Development of prototype tool ACROR (Analysis of Aircraft performance from the data 
radar processing) 

- Development of a fast-time Monte Carlo simulation tool (SIMMAT) to perform safety 
analysis of complex scenarios involving multiple aircraft operating at a given 
airspace90p’ñ`¡.  

- Development of a tool to reproduce the capability and the algorithms of the Aircraft 
Collision Avoidance System (ACAS). 

- Development of a tool to analyse Flight Data Recorder (FDR) data and radar data 
(MATLAB based) in order to identify procedure patterns, envelope of interest, baseline and 
CDA comparability, statistics, filtering of noise, aircraft performances, etc 

Name and address of 
employer 

INECO. Madrid Spain. 

Type of business or 
sector 

Transport engineering and consultancy 

  
  

Education and 
training 

 

  

Dates 1993-2000  

Title of qualification 
awarded 

MSc in Aeronautical Engineering 

Principal 
subjects/occupational 

skills covered 

Air Transport, Airports and Air Navigation. 

Name and type of 
organisation providing 
education and training 

Universidad Politécnica de Madrid. Madrid, Spain. 

  

Personal skills and 
competences 

 

  

Mother tongue(s) Spanish  
  

Other language(s)  

Self-assessment  Understanding Speaking Writing 

European level (*)  Listening Reading    

English  
C2 

Proficient 
user 

C2 C2 C2 
Proficient 

user 
C2 

Proficient 
user 

C2 Proficient user 

German  A1 Basic user A1 A1 A1 Basic user A1 Basic user A1 Basic user 

 (*) Common European Framework of Reference for Languages 

  

Social skills and 
competences 

Responsibility, creativity, problem-solving attitude 
Ability to establish and maintain good working relations with people of different national and 
cultural backgrounds 
 

  

http://europass.cedefop.europa.eu/LanguageSelfAssessmentGrid/en


 

 

ANNEX E: CURRICULUM VITAE 

 

268 

Organisational skills 
and competences 

I have organized several international conferences and events: 
- ATACCS 2011, 2012, 2013 (International Conference on Application and Theory of 

Automation in Command and Control Systems). www.ataccs.org. Technical 
programme chair. 

- Workshop: Safety-Critical Systems and Video Games: Contradictions and 
Commonalities (fng2012.org) 

- HALA! Summer University 2012: “Research in decision support systems for future air 
traffic management”. 

- Workshop on "Bridging the gap between policy, industry and academia" at the World 
ATM Congress 2012. 

  

Technical skills and 
competences 

Safety, Collision risk models, Trajectory management, Automation 

  

Computer skills and 
competences 

Expert knowledge of MATLAB and R project for statistical computing environment 

I am also lecturer of Computer Science (digital techniques, computer architecture, software – 
operating systems, fundamentals of programming) in the bachelor degree in "Air Transport 
Operations and management" (http://gyota.eiae.upm.es/) since 2010 at the UPM. 

  

Additional 
information 

AWARDS 
Derek George Astridge Memorial Prize by the Aerospace Divisional Board of the Institution of 
Mechanical Engineers for 2010 
Safety Award in Mechanical Engineering for 2010 for the paper "Development of a three-
dimensional collision risk model tool to assess safety in high density en-route airspaces" by the 
Institution of Mechanical Engineers 
 
PUBLICATIONS 

 "Advances in Air Navigation Services". Chapter: Automation in ATM: future directions. 
Edited by Tone Magister, ISBN 978-953-51-0686-9, Hard cover, 174 pages, Publisher: 
InTech, Published: August 01, 2012 under CC BY 3.0 license, in subject Engineering 

 “CRM Model to estimate probability of potential collision for aircraft encounters in high 
density scenarios using stored data tracks”, 1st International Conference on Human 
Factors in Transportation, AHFE, July 2012, San Francisco USA. 

 “Automation in ATM: future directions”, 1st International Conference on Human 
Factors in Transportation, AHFE, July 2012, San Francisco USA. 

 “Multi-Criteria Analysis Methodology for the definition and evaluation of operational 
Continuous Descent Approaches (CDA)”, ANERS. October 21-25, 2011, Marseille, 
France. 

 “Sustainable Air Traffic Management System Development Methodology”, The 51st 
Annual Transportation Research Forum. March 11-13, 2010 Arlington, Virginia, USA 

 “High Density En Route Airspace Safety Level And Collision Risk Estimation Based 
On Stored Aircraft Tracks”. Tokyo, Japan. EIWAC. November 2010.  

 “Development of A Three-Dimensional Collision Risk Model Tool To Assess Safety In 
High Density En-Route Airspaces.” Proceedings of the Institution of Mechanical 
Engineers, Part G: Journal of Aerospace Engineering. ISSN 0954-4100 (Print) 2041-
3025 (Online). Volume 224, Number 10 / 2010. Pages 1119-1129. 

 “4D Collision Risk Modelling – Approaches to future developments”. Munich. October 
2009. Safety R&D Seminar. Eurocontrol. 

 "Identification and Analysis of Proximate Events in High Density Enroute Airspaces". 
Barcelona. July 2007. 7th USA/Europe ATM R&D Seminar. Eurocontrol/FAA. 

  “Classification and Analysis of Proximate Events in high Density En-route Airspaces”. 
A Coruña. June 2008. VIII Congreso de Ingeniería del Transporte. Nacional. 

 “Development of a Collision Risk Model to Analyse High Density En-route Airspaces”.  
Ciudad Real. June 2006. VII Congreso de Ingeniería del Transporte.  

  

 
  

http://www.ataccs.org/
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