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 ACRONYMS  

 

4D 
 

4 dimensional 

a/c 
 

aircraft 

A
3
 

 

Autonomous Aircraft Advanced 

A
3
G 

 

Autonomous Aircraft Advanced Ground 

ABMS 
ACAS 

 

Agent Based Modelling and Simulation 
Airborne Collision Avoidance System 

ADS-B 

 

Automatic Dependent Surveillance-Broadcast 

AMFF 
ANP 

 

Autonomous Mediterranean Free Flight 
Actual Navigation Performance 

ANSP 
AP/FD 

 

Air Navigation Service Provider 
Auto Pilot / Flight Director 

AOC 
 

Airline Operations Centre 

ASAS 

 

Airborne Separation Assistance System 

ATC 

 

Air Traffic Control 

ATCo 
ATI 

 

Air Traffic Controller 
Aeronautical Telecommunication Information 

ATM 

 

Air Traffic Management 

CAA 

 

Civil Aviation Authority 

CAST 

 

Commercial Aviation Safety Team 

CD 
 

Conflict Detection 

CD&R 
CDTI 

 

Conflict Detection and Resolution 
Cockpit Display of Traffic Information 

CICTT 

 

CAST/ICAO Common Taxonomy Team 

ConOps 

 

Concept of Operations 

CPDLC 

 

Controller Pilot Data Link Communication 

CR 
 

Conflict Resolution 

DAG-TM 

 

The Distributed Air/Ground Traffic Management 

DCPN 
FDPS 

 

Dynamically Coloured Petri Net 
Flight Data Processing System 

FL 

 

Flight Level 

FMS 

 

Flight Management System 

ft. 
 

foot 

GNC 
 

Guidance, Navigation and Control 

GNSS 
 

Global Navigation Satellite System 

GPS 
GSHS 

 

Global Positioning System 
General Stochastic Hybrid System 

HMI 
 

Human Machine Interface 

ICAO 

 

International Civil Aviation Organization 

IPN 
 

Interaction Petri Net 

IPS 

 

Interacting Particle System 

IRS 
 

Inertial Reference System 

JAA 

 

Joint Aviation Authority 

LOS 

 

Loss of Separation 

LPN 

 

Local Petri Net 

MAC 

 

Mid Air Collision 

MC 

 

Monte Carlo 
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MSI 

 

Minimum Separation Infringement 

MTC 

 

Medium Term Conflict 

MTCD 
MTCDR 

 

Medium Term Conflict Detection 
Medium Term Conflict Detection and Resolution 

MTCR 

 

Medium Term Conflict Resolution 
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not applicable 
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National Aerospace Laboratory 
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Nautical mile 
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Near Mid Air Collision 
Operational Services and Environment Description 
Predictive Airborne Separation Assurance System 

PF 
 

Pilot Flying 

PN 
 

Petri Net 

PNF 
 

Pilot-Not-Flying 

R/T 
 

Radio-Telephony 

RA 

 

Resolution Advisory 

RBT 
RTA 

 

Reference Business Trajectory 
Required Time of Arrival 

RTCA 
 

Radio Technical Commission for Aeronautics 

SA 
SBT 

 

Situation Awareness 
Shared Business Trajectory 

SDCPN 

 

Stochastically and Dynamically Coloured Petri Net 

SES 
 

Single European Sky 

SESAR 

 

Single European Sky ATM Research 

SMC 

 

Sequential Monte Carlo 

SSA 

 

Self-Separating Airspace 

SSR 

 

Secondary Surveillance Radar 

STC 

 

Short Term Conflict 

STCA 

 

Short Term Conflict Alert 

STCD 
STCDR 

 

Short Term Conflict Detection 
Short Term Conflict Detection and Resolution 

STCR 

 

Short Term Conflict Resolution 

SWIM 

 

System Wide Information Management 

TBO 

 

Trajectory Based Operations 

TCP 
 

Trajectory Change Point 

TOPAZ 
WP 

 

Traffic Organization and Perturbation AnalyZer 
Work Package 
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1 INTRODUCTION 

 

1.1  Background  

Following [SESAR, 2007], the SESAR concept of operations beyond 2020 (SESAR2020+) 

involves a series of changes relative to current Air Traffic Management (ATM). Central to these 

changes is the paradigm shift that aircraft should fly according to agreed conflict free 4D 

trajectory plans which are made known to all actors involved as Reference Business Trajectories 

(RBTôs). A big unknown in this RBT framework is how everything works under various kinds of 

uncertainty, as a result of which one or more aircraft may not realize their RBTôs. There are 

several categories of uncertainty (including unexpected disturbances) that cannot be totally 

avoided, such as: Meteorological uncertainties; Data related uncertainties; Human related 

uncertainties; and Technical systems related uncertainties. 

In principle the SESAR2020+ ConOps has been designed to take care of these kinds of 

uncertainty through the possibility to revise 4D trajectory plans, and also to allow air traffic 

control to issue tactical flight instructions to pilots if the 4D planning layer has run out of time. 

Although these tactical instructions are quite similar to the established way of working by an air 

traffic controller, there also are significant differences.  

Under SESAR2020+ an air traffic controller is expected to handle significantly more aircraft in 

its sector. Therefore the SESAR2020+ ConOps also foresees dedicated tactical decision support 

tools for air traffic controllers. The key issue is how to optimize the socio-technical collaboration 

between the 4D planning layer and the tactical layer in order to manage air traffic most 

effectively while taking into account the various uncertainties.  

In conventional ATM, mediumterm planning is provided by the planning controller, flight crews 

and their Flight Management Systems (FMS), whereas the tactical loop is formed by the tactical 

controller and flight crews. Thanks to decades of evolutionary developments, the collaboration 

between these two layers has been optimized. For SESAR2020+ a similar optimization of the 

novel 4D planning layer with the tactical layer is needed. Because the collaboration between 

these layers involves dynamic interactions between human decision makers, technical support 

systems, aircraft evolution, weather and other uncertainties, the combined effects result in types 

of emergent behaviours that cannot be predicted from the sum of the elemental behaviours. This 

can easily lead to negative emergent behaviours at time scales that remain invisible using 

established evaluation techniques. 

1.2  EMERGIA project  

During large European research projects HYBRIDGE and iFly, innovative complexity science 

techniques have been developed and applied to airborne self-separation concepts of operations. 

In order to understand and improve the emergent behaviours of SESAR2020+ at multiple time 

scales, the EMERGIA project will use these innovative complexity science techniques. This way 

EMERGIA aims to dramatically reduce the risks that negative emergent behaviours have to be 
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repaired at a late stage, at huge operational costs, and will shorten the period needed to optimize 

the system architecture and design of SESAR2020+.  

The most advanced airborne self-separation concept of operations studied within iFly, makes use 

of similar 4D planning and tactical layers as SESAR2020+, though fully airborne. This ConOps 

is referred to as the A3 model. Based on rare event Monte Carlo simulations of this A3 model, 

conducted within the iFly project, [Blom & Bakker, 2011a,b, 2012] have shown that in an 

advanced airborne-self separation TBO concept the 4D planning and tactical layers can work so 

well together that this leads to very powerful positive emergent behaviours, even beyond 

expectations of the concept developers. As a result of these powerful positive emergent 

behaviours, the advanced airborne self-separation concept considered can safely accommodate 

very high enroute traffic demands. This raises the question whether these powerful emergent 

behaviours can be maintained while moving the 4D planning layer and the tactical layer to the 

ground, as is the case with SESAR2020+. The objective of EMERGIA is to answer this research 

question [EMERGIA, 2012]. 

1.3  The objective of this report  

The original EMERGIA plan was to address the above formulated research question in three 

steps. The first step is to develop a ground-based version of the A3 model (shortly referred to as 

A3G model), to compare this to the SESAR2020+ ConOps, and to use the innovative complexity 

science techniques to identify the emergent behaviours of this A3G model. The second step is to 

compare these emergent behaviours to the powerful positive emergent behaviours of the 

advanced airborne self-separation ConOps, and to study the possible improvement of the A3G 

model in case of significant difference in emergent behaviours. The third step is to evaluate the 

improved A3G model on its emergent behaviours, again by using the innovative complexity 

science techniques. 

Hence, according to the initial EMERGIA plan, the comparison of the A3G model results versus 

the A3 model results would only be done during step 2. However it turned out to be more 

practical to follow another approach. The idea behind this new approach is that by changing 

appropriate parameter values in the A3G model it should be possible to arrive at the same 

emergent behaviour results as those found for the A3 model. This novel approach however 

required that a regular comparison between the A3 model and the A3G model was made already 

during step 1, rather than delaying such comparison to step 2. Therefore, the current report 

presents the results obtained during step 1 as well as the results of the comparison against the A3 

model behaviour planned for the first half of step 2.  

1.4  The organization of this report  

This report is organized as follows. First, in section 2 it is described how the A3 model is 

systematically used to develop an ground-based version of it, i.e. the A3G model. Also a 

systematic comparison of the A3G model is made with the SESAR2020+ ConOps. 

Subsequently, Section 3 presents the systematic development and verification of an agent-based 

Monte Carlo simulation model of the A3G model.  

The systematic evaluation of the A3G model regarding the feasibility of getting its emergent 

behaviour the same as it has been seen for the A3 model, is addressed in sections 4-6. In section 
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4, for 2 aircraft encounter scenarios it is considered under which A3G model parameter values 

the behaviour is the same as it has been observed under the A3 model. Subsequently, in Section 

5 it is investigated whether there are additional requirements on the model parameter settings 

under the eight aircraft encounter scenarios. Finally, in Section 6, a systematic study is 

conducted regarding the task load of pilots and controllers under the A3G model relative to those 

under the A3 model. Finally, section 7 draws conclusions. 

For sections 2-4, some material has been used from [Nieskens, 2014]. 
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2 THE NOVEL CONOPS: A
3
GROUND  

In subsection 2.1 the novel concept of operations (ConOps) is described; it is a ground-based 

version of the A3 ConOps. Subsequently in subsection 2.2 a comparison is made of this novel 

A3G ConOps versus the SESAR2020+ ConOps [SESAR-JU, 2013]. 

2.1  From A3 ConOps to A3Ground (A3G)  ConOps   

Within the iFly project, NASAôs advanced ConOps [NASA, 2004] has gratefully been used as 

starting point for the development of an advanced airborne self separation concept for en-route 

traffic under the name A3 ConOps [iFly D1.3, 2010]. This A3 ConOps intentionally addresses 

the hypothetical situation of 100% well equipped aircraft. For this A3 ConOps an  Operational 

Services and Environmental Description (OSED) is also available [iFly D9.1, 2009]. 

 

Similar to the SESAR2020+ TBO concept, the A3 ConOps adopts TBO in the sense that each 

aircraft maintains a 4D trajectory intent that is shared with all other aircraft. According to 

SESAR2020+ terminology [SESAR, 2007], the 4D trajectory intent of an aircraft is referred to 

as a Reference Business Trajectory (RBT). However, RBT management in the A3 ConOps is 

done by each aircraft itself, without any support from air traffic control at the ground. Each 

aircraft is assumed to be equipped with the same dedicated ASAS system which is monitoring 

the surroundings and helps the flight crew to detect and resolve conflicts.  

 

The A3G ConOps is an adaptation of the A3 ConOps. The A3G abbreviation is short for 

A3Ground. In the A3 ConOps the separation was managed by the aircraft. In the A3G ConOps 

the responsibility  for separation assurance is moved back to ATC. Hence the 4D trajectory plans 

and tactical resolutions are provided by ground-based ATC.  

 

Figure 2.1 gives a graphical presentation of A3 ConOps vs. A3G ConOps. At the left side is the 

A3G ConOps where separation is controlled by ATC. At the right side is the A3 ConOps where 

the pilots are responsible for self separation.  

  

 

 
 

Figure 2.1: Graphical representation of A
3
G ConOps (left) and A

3
 ConOps (right) (Cuevas, et 

al., 2010) 

Similar as in [NASA, 2004], A3ôs uses two layers in the detection and resolution of potential 

conflicts: the RBT layer and the tactical resolution layer. The RBT layer takes care in making 
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updates of the RBT in case of a medium term conflict. The ASAS support of the RBT layer 

consists of a Medium Term Conflict Detection and Resolution (MTCDR) support system. The 

tactical layer takes care of resolving short term conflicts. The ASAS support of the Tactical layer 

consists of a Short Term Conflict Detection and Resolution (STCDR) support system.  

 

Because the development of proper working MTCDR and STCDR support systems has been a 

major effort within the iFly project, and these support systems have proven to work well, the 

proposal is to reuse these MTCDR and STCDR support systems, with one major difference: now 

they are going to be used as support systems for ATC instead of flight crews. In addition to this, 

in the A3G ConOps the ATC system will maintain a database containing all currently active 

RBTôs. 

 

For each aircraft, MTCDR supports the controller in identifying 4D trajectories which are 

conflict-free (i.e. centre lines stay 5NM or 1000 ft apart) with the currently active RBTôs of 

higher priority aircraft over a time horizon of at least 15 minutes. Each time MTCDR detects a 

medium term conflict between any of the currently active RBTôs in the ATC system database, 

then MTCDR tries to resolve this through determining a new conflict-free 4D trajectory for the 

aircraft having lower priority. The priority of an aircraft is primarily determined by the 

remaining distance to destination. Conflict-free also means that the 4D trajectory does not create 

a new conflict with an RBT of any of the other aircraft that have higher priorities. Upon 

acceptance of such new 4D trajectory by the controller, it is uplinked to the appropriate aircraft 

and evaluated by the flight crew. Upon acceptance by the flight crew this 4D trajectory plan is 

entered into the FMS and downlinked to the ATC system as the aircraftôs new RBT. In the ATC 

system this downlinked RBT is then stored in the database of currently active RBTôs. 

   

STCDR provides tactical maneuver support to a controller for conflict resolution with a time 

horizon of 3 minutes, at a separation criterion of 5Nm/900ft. When STCDR detects a potential 

infringement of these separation criteria, then STCDR proposes tactical resolution maneuvers to 

the controller for each of the aircraft involved. The controller can select one of these tactical 

resolution maneuvers and subsequently instructs the corresponding flight crew to implement this 

tactical maneuver. This tactical maneuver instruction is then also inserted in the ATC database as 

a correction to the corresponding RBT. 

 

In the A3 ConOps there is an emergency procedure for the crew in case an aircraft suffers from 

technical problems. Within the A3G ConOps however, the pilot has to inform ATC about an 

aircraft emergency situation. Subsequently ATC should start to handle this problem. The current 

A3G ConOps does not yet describe what ATC should do.  

 

2.2  RBT up dating and MTCDR in the A3G ConOps  

Similar as in the A3 ConOps, in the A3G ConOps an RBT prescribes multiple waypoints which 

can be inserted by the pilot in the FMS, directing the aircraft to its end goal.  

 

In Figure 2.2 the new procedure for RBT updating in the A3G ConOps is presented. In this 

procedure the ground-based ATC system and the ATCo are incorporated.  
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Figure 2.2: RBT updating in the A
3
G ConOps 

 

The procedure is initiated on the ground by the ATC system. The MTCDR support system of 

ATC detects a medium term conflict and will then try to generate a new conflictfree trajectory 

based on the available intent information of all aircraft. This conflict-free trajectory is proposed 

as candidate RBT update to the planning ATCo (ATCo-P). The ATCo-P will check if the 

proposal is OK or not. If the ATCo-P accepts the proposal, then it is submitted to the 

corresponding aircraft through the ATC Uplink Transmitter. The Pilot Flying will check the 

given RBT update and when approved will insert this in the FMS, and the aircraft will follow 

this updated RBT. Finally the aircraft will broadcast the updated RBT from its FMS to the ATC 

ground system using ADS-B or ADS-C. Upon reception this received RBT is used to update the 

RBT data in the ATC ground system.  

 

The above described procedure for RBT updating may also be used to let the FMS guide an 

aircraft back to its initial path after a tactical resolution manoeuvre. In such case the RBT 

updating consists of a conflict-free 4D trajectory that brings the aircraft back to its goal.  

 

In the MTCDR support system used within the A3 ConOps, the selected conflict resolution 

approach was based on Velocity Obstacles [Fiorini & Schiller, 1998; Abe at al., 2001]. Velocity 

Obstacles (also known as Collision Cones) based conflict resolution means that an aircraft stays 

away from the set of courses and velocities that lead to a predicted conflict with any other 

aircraft. In airborne self-separation research, such Velocity Obstacles approach has been referred 

to as Predictive ASAS [Hoekstra, 2001]. At this moment the Velocity Obstacle approach is 

limited to horizontal maneuvering only. 

 

Complementary to the choice of Velocity Obstacle based conflict resolution, the following 

implementation principles have been adopted for the MTCDR support system: 

+ MTCDR detects planning conflicts (5Nm/1000ft) 10 min. ahead and subsequently determines 

a 4D trajectory plan that is conflict free over a horizon of 15 min. 

+ Aircraft nearest to destination are given priority over other. 

+ Aircraft with lowest priority are assumed to make its 4D plan conflict free (15 min ahead) with 

all other plans.  

+ If there is no feasible conflict free plan then rather than doing nothing, it is better for the 

MTCDR to identify a plan that has a minimal undershooting of the 5Nm/1000ft criterion and 

does not create a short term conflict. 
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+ Upon approval by the controller a non-conflict-free 4D trajectory plan is uplinked to the 

aircraft together with a ñHandicapò message. For the flight crew this handicap message means 

that the priority of its aircraft has been increased, and that the controller will resolve the 

remaining conflicts with the help of those aircraft having now a lower priority. Upon acceptance 

by the flight crew, the 4D plan is entered into the FMS, and it is downlinked as the new RBT to 

ATC, again together with the Handicap message. This new RBT are stored in the ATC database 

together with the Handicap message. 

  

Using the above principles, for each aircraft the MTCDR computes an RBT advisory by 

determining a sequence of Trajectory Change Points (TCPôs) with minimum turning angles (to 

the left or to the right) such that there are no predicted conflicts remaining with any aircraft 

which has higher priority and which is within the MTCDR horizon. If there is no minimum 

turning angle possible below a certain value űM, max, then the turning angle below űM, max is 

identified which does not create a short term conflict and provides the lowest undershooting of 

the minimum spacing criteria of 5Nm/1000ft between the RBTôs. In that case ATC assumes the 

corresponding aircraft to be handicapped. As soon as the advised MTCDR advisories have been 

accepted by the controller and the pilot, then they are implemented in the FMS and downlinked 

to ATC together with the handicap message.  

 

2.3  Tactical resolution and STCDR in the A3G ConOps  

When a short term conflict is detected its resolution through RBT updating would take too much 

time. Hence a faster tactical resolution process is necessary. Just as in the A3 ConOps a tactical 

resolution is based on aircraft states and if available also on intent information. A tactical 

resolution consists of an immediate heading change or a height change. In Figure 2.3 the tactical 

resolution process as used in the A3G ConOps is presented.  

Figure 2.3: Short Term Resolution (STC) process in the A
3
G ConOps. 

 

The tactical resolution process starts with the detection of a short term conflict by the STCDR 

support system of ATC. This STCDR will then automatically determine a possible tactical 

resolution in terms of a heading or height change. Because the time horizon is short, this tactical 

resolution is open loop, i.e. it does not include a back-to-goal maneuver. The proposed tactical 
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resolution is shown to the ATCo-Tactical (ATCo-T). The ATCo-T verifies the proposed 

resolution, and may reject or accept it. If accepted it is sent to the corresponding aircraft through 

the ATC uplink transmitter (CPDLC message).  

 

Upon receiving the CPDLC message, the Pilot flying will implement the tactical resolution by 

switching the aircraft from FMS to manual (tactical Auto Pilot / Flight Director) mode and 

subsequently implement the given heading or height change. Subsequently ADS-B broadcasts 

the slowly changing heading or height to the ATC ground system.  

 

Simultaneously with sending the tactical resolution through CPDLC, the ATCo-T inserts the 

instructed heading or height change in the ATC ground system. A side-effect of this is that the 

actual behaviour of the aircraft will happen with some delay relative to the information in the 

ATC ground system. This allows the ATC system to anticipate on the proposed heading change, 

because it is already aware of the oncoming heading or height change of the aircraft. By directly 

updating the intent information before the aircraft actually has changed its heading, the detection 

and resolution of other short term conflicts works more efficiently.  

 

The specific implementation principles adopted for the STCDR support system are at this 

moment directed to horizontal maneuvers only: 

+ STCDR detects conflicts (5Nm/900ft) 3 min. ahead and subsequently determines a course 

change into a direction that is conflict free over a horizon of 3 min. plus 1 min. 

+  Short term conflict resolution is also based on Velocity Obstacles approach.  

+ When a short term conflict is detected between two aircraft, then agent-based STCDR 

identifies two conflict-free tactical maneuver options, one for each aircraft. It is up to the 

controller to select one of the proposed tactical maneuver options, and then to instruct this 

maneuver to the applicable flight crew, and to enter this as an RBT modification in the ATC 

database. 

+ If there is no feasible alternative, then rather than doing nothing it is better to choose a tactical 

maneuver which minimizes the undershooting of the minimum tactical separation criterion. 

+ Upon approval of the crew, the aircraft downlinks its new course, which allows the ATC 

system to verify that the instruction has been implemented well. 

 

Using the above principles, STCDR proposes resolution course as the minimum turning angle (to 

the left or to the right) such that there are no predicted conflicts remaining with any aircraft and 

which is within the short term horizon. If there is no minimum turning angle possible below a 

certain value űS, max, then the turning angle below űS, max is identified which provides the lowest 

undershooting of the minimum separation criteria. 

 

2.4  A3G ConOps versus SESAR 2020+ ConOps  

The SESAR2020+ ConOps [SESAR, 2007, 2012] aims for a Trajectory Based Operation (TBO), 

in the sense that aircraft should fly according to agreed conflict-free 4D trajectory plans which 

are made known to all actors involved as Reference Business Trajectories (RBTôs).  

Well ahead of take-off by an aircraft, its airline will publish a Shared Business Trajectory (SBT). 

Before take-off, this SBT is agreed between Airline and ATM, becomes registered as a 

Reference Business Trajectory (RBT), and is distributed through System Wide Information 
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Management (SWIM). After take-off, this RBT is updated and down linked by the pilot to ATC 

using ADS-B out, and when it is accepted by both pilot and ATC it will be registered as an 

Update in SWIM. From then on, it is an active RBT. Every stakeholder will have access to the 

RBTs in SWIM.  

 

If during the flight there is any change or delay (e.g. due to significant wind deviations from the 

predictions) then an RBT updating process will be conducted with the active involvement of 

controllers and pilots concerned [SESAR, 2007, 2012]. Although there is agreement about the 

need for such RBT updating process there are multiple views of how this should be done under 

SESAR2020+. The consensus is that when there is sufficient time, then an updated RBT is being 

produced by the aircraft concerned. In this case the role of ATC is to timely inform the aircraft 

about applicable constraints. Because this exchange and verification of information between 

ATC and aircraft crews takes significant time, there also is consensus that ATC should propose 

an updated RBT themselves when time is too short. 

 

Because the SESAR2020+ ConOps is a work in progress, it was felt to be most relevant to take 

into account SESAR2020+ ConOps developments agreed within SESAR-JU. In consultation 

with SESAR-JU, it has been decided that SESAR-JUôs Preliminary OSED_2 report [SESAR-JU, 

2013] forms the most up to date reference document for the SESAR2020+ ConOps for use 

within EMERGIA.  

Regarding ASAS, on page 60 of the project P04.07.02 report [SESAR-JU, 2013] it is explicitly 

described that ASAS aspects are out of scope, because other SESAR-JU projects address various 

ASAS topics, such as: 

+ P04.07.04a ñATSA-ITP Pioneer trialsò; 

+ P04.07.04b ñASAS-ASEP Oceanic Applicationsò; 

+ P04.07.05 ñEn Route Trajectory and Separation Management ï ASAS Separation (Cooperative 

Separation)ò; 

+ P05.06.06 ñASAS Sequencing and Mergingò. 

The aim of this subsection is to provide a systematic comparison of the A3G ConOps against this 

SESAR2020+ ConOps, as a result of which similarities and differences are identified. This 

comparison is organized in three steps. 

Step 1 compares their scopes. 

Step 2 compares their 4D trajectory layer 

Step 3 compares their tactical resolution layer. 

 

Step 1: Comparison of scopes 

Table 2.1 gives an overview of the main scoping issues for the two ConOps considered. 

 

Table 2.1  Comparison of scoping issues 
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Aspect  SESAR2020+  A3G ConOps  

Airspace En Route and TMA  En Route 

Traffic demand 1.22x 2010 traffic  3x 2005 traffic ~ 3x 2010 traffic                 

RBT based operation Yes Yes 

RBT equipped aircraft 40%   100%      

SWIM Yes Yes 

ASAS No ASAS use by pilots No ASAS use by pilots 

ACAS Improved TCAS Improved TCAS 

The main similarities are RBT approach, SWIM and the no use of ASAS by pilots. The main 

differences concern the percentages of fully equipped aircraft, the traffic demands, and the type 

of airspace.  

The 100% equipment level assumed within the A3G ConOps has its rationale in the objective of 

the EMERGIA project. It simply will be unrealistic to expect that the remarkably positive 

emergent behaviours identified for the A3 ConOps can be realized with not fully equipped 

aircraft. Hence from an EMERGIA project perspective this difference is less relevant, although it 

will  have posed extra challenges to the designers of the SESAR 2020+ ConOps.  

For the higher traffic demand (about a factor 2.5) of the A3G ConOps and the restriction to En-

route airspace it has been shown that an agent based model of the A3 ConOps produces the very 

positive emergent behaviour we are looking for in a ground based ConOps model.  

Step 2: Comparison of 4D trajectory layers 

Table 2.2 gives an overview of the main 4D trajectory layer based issues for the two ConOps 

considered. 

 

Table 2.2  Comparison of 4D trajectory layer issues 

Aspect  SESAR2020+  A3G ConOps  
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Separation Minima 5 NM / 1000 ft  5 NM / 1000 ft  

Time Horizon 25 - 8 minutes 15 ï 3 minutes 

4D trajectories RBT sharing  RBT sharing 

Responsible Planning Controller Planning Controller 

TRACT Subliminal speed 

advisories through CTOôs 

Not considered within A3G 

Conformance 
Monitoring 

MONA for PC MONA for PC 

Conflict Detection MTCD  Medium term conflict detection  

Conflict Resolution MTCD probing by PC MTCDR based proposals to PC 

4D Conflict Resolution 
Architecture 

None; based on mental 
model of PC 

Distributed architecture, i.e.  conflict resolution 
algorithm works concurrently for each aircraft.  

4D info to aircraft  CPDLC CPDLC 

Pilot role Reject OR Accept and 
implement 

Reject OR Accept and implement 

4D trajectory downlink  ADS-C ADS-B 

The main differences in the 4D trajectory layer are: the shorter time horizon of A3G, No 

subliminal speed advisories in A3G, and conflict resolution is supported by algorithms instead of 

MTCD probing by ATCo-P. 

The subliminal speed advisories could very well be integrated in an extended version of the A3G 

ConOps, which may be a sound option for an improved next A3G version. In such case it also 

would make good sense to increase the upper value of the time horizon for this next A3G version 

to the 25 minutes of SESAR2020+.  

Regarding the lower value of the time horizon, it is important to notice that according to 

[SESAR-JU, 2013] it remains to be determined what the optimal prediction time horizon is to 
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define the split between the RBT layer and the Tactical resolution layer. From this perspective it 

is quite relevant that for the A3 Conops significant experience has been gained regarding this 

design aspect. For example in [Meulenbelt, 2012], it has been shown that a decrease of the 

splitting value below 3 minutes leads to a deterioration, while an increase above the 3 minutes 

does not lead to an improvement. Thatôs why for the A3 ConOps the splitting value has been set 

at  3 minutes in order to give the RBT layer as much time as possible to resolve as many 

conflicts as is possible, and thus leaving as few as possible to the Tactical resolution layer. 

Hence the same splitting time value of 3 minutes has been adopted for the A3G ConOps. 

Regarding the SESAR2020+ MTCD supported resolution by the ATCo-P, there are large 

differences with the 4D resolution approach in the A3G ConOps. However, in order to maintain 

the powerful emergent behaviour of the A3 model, the specific choice made for the A3G 

ConOps follows from the principle in staying as close as is possible to the architecture of the 

MTCDR in the A3 ConOps. Moreover, the A3G ConOps aims to accommodate a 2.5 times as 

high traffic demand than SESAR2020+. Such factor of 2.5 implies two complementary 

challenges: 1) there are far more conflicts to be resolved, and 2) the resolution of each conflict 

involves more aircraft and is therefore more complex. 

Step 3: Comparison of tactical resolution layers 

Table 2.3 gives an overview of the main 4D trajectory layer based issues for the two ConOps 

considered. 

Table 2.3  Comparison of Tactical layer issues 

Aspect  SESAR2020+  A3G ConOps  

Separation Minima 5 NM / 1000 ft  5 NM / 1000 ft  

Time Horizon 8 - 6 minutes  3 - 0 minutes  

Type of instructions Closed loop heading/height 
change OR Open loop 

heading/height change 

Open loop heading/height change 

OR 

Back to 4D trajectory clearance 

Responsible Tactical Controller Tactical Controller 

Surveillance SSR Mode-S and ADS-B out SSR Mode-S and ADS-B out 

Conformance Monitoring MONA for TC MONA for TC 
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Conflict Detection MTCD and STCA Short Term Conflict detection  

Conflict Resolution MTCD probing by TC STCDR based proposals to TC 

Tactical Conflict 

Resolution Architecture 

None; based on mental model of 
TC 

Distributed architecture, i.e. conflict 
resolution algorithm works concurrently 

for each aircraft.  

Sequence of pair-wise 
resolutions 

TC decides on basis of Safety, 
Geometry, Queue management 

FIFO (of proposed resolutions) 

ATCo ï Pilot 

communication  

R/T CPDLC 

Pilot role Reject OR Accept and implement 

AND Reply 

Reject OR Accept and implement 

through Control Panel AND Confirm 

Insertion of tactical 
instruction in ATC 

system 

Simultaneously with R/T message Simultaneously with CPDLC message 

The main differences in the tactical layer are: Shorter time horizon for A3G, Open loop type of 

tactical instruction under A3G, No use of SSR mode-S for surveillance by A3G, Algorithm 

based conflict resolution by A3G, and ATCo-Pilot communication using CPDLC instead of R/T.  

The rationale of the shorter time horizon has already been explained before. Related to this 

shorter time horizon, tactical instructions always are of the open-loop type, which means that the 

back-to-goal aspect can be resolved through an RBT update with support of the ATCo-P.  

Regarding the SESAR2020+ MTCD supported resolution by the ATCo-T, there are large 

differences with the Tactical resolution approach in the A3G ConOps. However, in order to 

maintain the powerful emergent behaviour of the A3 model, the specific choice made for the 

A3G ConOps follows from the principle in staying as close as is possible to the architecture of 

the Tactical layer in the A3 ConOps. Moreover, the A3G ConOps aims to accommodate a 2.5 

times as high traffic demand than SESAR2020+. Such factor of 2.5 implies two complementary 

challenges: 1) there are far more conflicts to be resolved, and 2) the resolution of each conflict 

involves more aircraft and is therefore more complex. 
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Regarding R/T messages between ATCo-T and Pilots, it may be demanding to continue this 

under a 2.5 higher traffic demand. Hence it seems to make good sense that the A3G ConOps has 

switched to CPDLC.  
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3 THE A3G MODEL 

In this section the A3G model is presented. First, the main A3G model assumptions are listed in 

subsection 3.1. Next, in subsection 3.2, an overview of the agents in the A3G model is presented, 

with the focus on the newly added Local Petri Nets (LPNs). In subsection 3.3 to 3.7 the newly 

and adjusted agents are shown in more detail by presenting the structure of their interconnected 

LPNs. In subsection 3.8 the phased implementation of the A3G model is presented.  

 

3.1  A3G model  assumptions  

In developing the A3G model, the following model assumptions have been adopted: 

 

A1. In the A3G model all aircraft are identical and fly at the same level with the same speed.  

 

A2. In the A3G model no emergency situations are modelled.   

 

A3. In the A3G model no SSR radar data is assumed to be available to ATC. 

 

A4. In the A3G model the 4D plan in Flight Data Processing System (FDPS) is considered to be 

unreliable when ADS-B messages about the RBT in the FMS are not received. 

 

A5. In the A3G model no ground based navigation support is available, i.e. navigation is based 

on Global Navigation Satellite System (GNSS) and Inertial Reference System (IRS) only.     

 

The consequences of these A3G model assumptions shall be taken into account later on when 

arguing about the results obtained for the A3G model.   

 

3.2  Agents in the A 3G model  

This subsection provides an overview of the agents in the A3G model. All agents used in the A3 

model are also incorporated in the A3G model. In the A3G model the following agents are 

present: 

¶ Aircraft-i 

¶ Pilot-Flying-i 

¶ Pilot-Not-Flying-i 

¶ Airborne Guidance, Navigation and Control (GNC) systems-i 

¶ Air Traffic Control (ATC) Ground System 

¶ Air Traffic Controller (ATCo) 

¶ Environment 

 

It should be noticed that this model is an initial one which does not (yet) incorporate Weather, 

Airborne Collision Avoidance System (ACAS) or Airline Operations Centre (AOC).  

The Petri net formalism supports a compositional specification approach, which means that 

first for each agent particular local Petri nets are being developed using agent specific expert 
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knowledge, and without the need to bother about the connections between the agents. Once this 

has been done, the interactions between these local Petri nets are being developed. A listing of 

local Petri nets per agent is given in Table 3.1. 

 

 
Table 3.1: All agents and the corresponding number of LPN's in the A

3
G model  

¶ Aircraft-i local Petri nets: 

o Type 

o Evolution mode 

o Engine system mode 

o Navigation system mode 

o Emergency mode 

¶ Pilot-Flying-i (PF) local Petri nets: 

o State Situation Awareness 

o Intent Situation Awareness 

o Goal memory 

o Current goal 

o Task performance 

o Cognitive mode 

¶ Pilot-Not-Flying-i (PNF) local Petri nets: 

o Current goal 

o Task performance 

¶ Airborne GNC-i local Petri nets: 

o Indicators failure mode for PF 

o Engine failure mode for PF 

o Navigation failure indicator for PF 

o ADS-B receiver failure indicator for PF 

o ADS-B transmitter failure indicator for PF 

o Indicator failure mode for PNF 

o Guidance mode 

o Horizontal guidance configuration mode 

o Vertical guidance configuration mode  

o FMS Intent 

o Airborne GPS receiver 

o Airborne Inertial Reference System (IRS) 

o Altimeter 

o Horizontal position processing 

o Vertical position processing 

o Regular Broadcast FMS Intent 

o Reguar Broadcast aircraft State 

o ADS-B transmitter 

o ADS-B receiver  

o ATC Uplink receiver 

o MTCR/STCR audio alert 

¶ ATC Ground System: 
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o ADS-B ground receiver 

o ADS-B receiver mode 

o ATC uplink transmitter 

o System mode 

o State & Intent  

o Conformance Monitoring 

o Conflict Detection & Management -i 

o Resolution Mode -i 

o STCR Advisory -i 

o MTCR Advisory -i 

o Back2Goal -i 

¶ Air Traffic Controller: 

o Air Traffic Controller 

¶ Environment: 

o Global Navigation Satellite System (GNSS) 

o Global ADS-B ether frequency 

o ATC uplink frequency occupied 

o Weather  

 

The resulting model comprises 50 different local Petri nets. With the exception of 11 ATC 

system and Environment local Petri nets, each local Petri net is copied for each aircraft in the 

model. Hence, for N aircraft, there are 39N+11 local Petri nets in the A3G model. Table 3.2 

gives an overview of the agents and LPNs that were not in the A3 model. 

Table 3.2: LPNs and corresponding agent added to A
3 
model to obtain A

3
G model  

Agent  Local Petri Net  

Airborne GNC systems: communication systems -i  ATC Uplink receiver -i  

ATC ground system  ADS-B ground receiver mode  

ATC Uplink transmitter  

Back-to -Goal-i  

Air Traffic Controller  ATCo-Tactical  

ATCo-Planning  

Environment  Global ATC Uplink frequency  

 

3.3  ATC ground system a rchitecture in the A 3G model  

In this subsection the internal structure of the ATC ground system agent in the A3G model is 

presented.  

 

The ATC ground system is designed using the ASAS from the A3 model. The internal LPN 

structure of the ASAS remained the same in order to obtain similar results. The agent ASAS 

consists of 10 LPNôs. These can be categorised in two tasks: 

¶ Surveillance and conformance monitoring systems 

¶ Conflict Detection and Resolution advice generation systems 
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This A3 model structure is re-used in order to make it possible that the A3G model can produce 

the same positive emergent behaviour as the A3 model . The resulting architecture of the ATC 

ground system in the A3G model is shown in Figure 3.1. 
ATC-System

States, identity and intents of all aircraft

(LPN 5-10)

ATC-System-Other

i 

(LPN 1-4)

ATC-CDR-i

...1
k

(# of aircraft)
...

ATC-CDR-iATC-CDR-i

 

 

Figure 3.1: Schematic overview of the ATC ground system architecture in the A
3
G model 

 

Instead of relocating each individual ASAS from the air to the ground, there is one ATC ground 

system designed in the A3G model. The ATC Ground system consists of two parts. The first part 

named óATC system-otherô is modelled only once. The óATC system-otherô is used as a global 

surveillance system. It receives the state and intent information of all aircraft. This part consists 

of the following LPNôs: 

¶ State & Intent all aircraft 

¶ Conformance monitoring 

¶ Surveillance / ADS-B ground receiver 

¶ ATC system mode 

¶ ATC Uplink transmitter (new) 

¶ ADS-B receiver mode (new) 

 

The second part named óConflict Detection and Resolution (CDR)ô is modelled for each aircraft 

independently. In the system there are k number of aircraft flying. The part CDR-i is introduced 

k times in the model, for i=1, .., k. The CDR-i part is responsible for detecting conflicts and 

generating resolution advices for aircraft-i. The CDR-i consists of the following LPNôs: 

¶ Conflict Detection (CD) & Management-i 

¶ Resolution mode-i  

¶ Intent based STCR advisory-i  

¶ Intent based MTCR advisory-i  

¶ Back-to-goal checker-i   (new) 

 

The following two audio alert LPNôs are removed from the system: 

¶ STC Audio Alerting 

¶ MTC Audio Alerting 
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In the A3G model the system automatically generates a conflict free trajectory after a conflict is 

detected. So an audio alert is not necessary anymore.  

 

3.4  Interconnected LPNôs of the ATC System 

In the A3G model, the ATC system is modelled through the SDCPN depicted in Figure 3.2. First 

we describe the LPNôs that are similar to those used in the ASAS agent of the A3 model. 

Subsequently we describe the three LPNôs which are completely new, i.e. LPN ATC Uplink 

transmitter  to send each MTCDR advisory or STCDRinstruction through datalink to the 

appropriate aircraft, LPN ADS-B receiver mode sometimes switches from working to not-

working, and LPN Back2Goal-i  

The ADS-B information received from all aircraft is processed by the LPN ADS-B ground 

receiver. This yields up to date information about the state and intent of all aircraft which are 

maintained in the LPN State&Intent.  This LPN also maintains other relevant information for 

each a/c, such as mode, priority and handicap information. 

This information is used by LPN CD&Management-i to detect conflicts of a/c i with any of the 

other aircraft. The LPN Resolution Mode-i determines which type of conflict advise should be 

provided to aircraft i. The LPN STCDR Advisory-i and LPN MTCR Advisory-i generate 

advisories for aircraft i, and show these to the air traffic controller (ATCo).  

An MTCR Advisory applies to conflicts with any other aircraft within time horizon of Mt . It is 

determined as the minimum turning angle (to the left or to the right) such that there are no 

predicted conflicts left with any aircraft which has higher priority than aircraft i and which is 

within reach of the Mt  horizon. If there is no minimum turning angle possible below a certain 

value ,maxMj , then the turning angle below ,maxMj is identified which provides the lowest 

underscoring of the minimum spacing criteria of 5Nm and 1000 ft between centrelines. In that 

case aircraft i is assumed to be handicapped. As soon as the advised MTCDR advisories and the 

corresponding advisories have been accepted by the controller and by the crew of aircraft i, then 

these are broadcasted together with a handicap-i message.  

An STCDRAdvisory applies to conflicts of a/c i with any other aircraft within time horizon of 

St. It is determined as the minimum turning angle (to the left or to the right) such that there are 

no predicted conflicts left with any aircraft and which is within reach of the St horizon. If there 

is no minimum turning angle possible below a certain value ,maxSj , then the turning angle below 

,maxSj is identified which provides the lowest underscoring of the minimum separation criteria.  

Finally, there are the following two complementary LPNôs: 

¶ LPN system mode represents whether the ATC system is working, failed, or corrupted 

(failed or corrupted mode also influences the resolution LPNôs). 

¶ LPN Conformance Monitoring Intent compares for each a/c j whether jôs state 
information agrees with jôs intent information. In case a significant difference is 
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identified, then both Medium Term and Short Term CD&R for each other aircraft is 

informed to stop using intent information of aircraft j. 
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Figure 3.2: Complete DCPN specification of the ATC Ground system agent in the A
3
G model 

 

Back -to -Goal -i  

The Back-to-goal-i LPN is modelled for each aircraft separately. It is part of the CDR-i part of 

the ATC Ground System. The LPN Back2Goal-i  verifies whether the final RBT direction is 

aiming for the destination of aircraft i; if this is not the case, then a token is generated to an IPN, 

from which the LPN CD&Management  is reminded that an appropriate RBT should be 

determined for aircraft i by the LPN MTCDR Advisory-i . In such case the RBT should satisfy 

the 5NM/1000ft separation criterion; i.e. no undershooting is allowed. This may have as 

implication that no feasible RBT is found. In the latter case the LPN Back2Goal-i  will keep on 

sending reminders to the LPN CD&Management  until a feasible 4D plan has been found by the 

LPN MTCDR Advisory-i and this has been accepted by the ATCo and the crew, and downlinked 

as current RBT through ADS-B and stored in the LPN State&Intent.   
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In Figure 3.3 a simulation realization shows what happens when after a short term conflict 

resolution the aircraft has no longer an intent which leads to its final goal.  The magenta parts of 

the curve indicate when the aircraft is controlled manually (i.e. not by FMS), meaning in Short 

Term Conflict resolution mode. As can be seen after an aircraft comes in STC mode, it will 

continue to do so. The aircraft will continue to fly the proposed STC heading change. The back-

to-goal resolution is in the A3 model initiated by the Pilot-Flying after an STCR. In the A3G 

model this is automatized. After a short term conflict has occurred the back-to-goal initiates the 

check for a back-to-goal resolution. This is done at predetermined times. The resolution is 

generated in the óCD & Management-iô LPN. 
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Figure 3.3: Eight aircraft scenario A
3
G model without back-to-goal checker. Magenta = a/c in STC 

Resolution mode, Red = a/c in MTC Resolution mode.  

 

ADS-B receiver mode 

Via the ADS-B ground receiver / surveillance receives the ATC ground system the state and 

intent information of all aircraft. This is only received if the ADS-B receiver mode is working. 

The ADS-B receiver mode is only modelled once. The ADS-B receiver mode has the following 

places: 

¶ Working 

¶ Not Working 

 

The system changes at exponentially distributed times.  

 

ATC uplink transmitter  
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The ATC Uplink transmitter LPN is part of the ATC ground system. It is only modelled once. 

The ATC uplink receiver has two places for the following modes: 

¶ Sending 

¶ Is sent 

 

The ATC Uplink transmitter the resolution advices from the ATCoôs to the corresponding 

aircraft. Due to the auxiliary place óInt-ATCo-Uplink-queueô a queue is possible which is 

handled on a first-in-first-out basis. The ATC uplink transmitter sends the resolution advice to 

the corresponding aircraft if the óGlobal ATC Uplink frequencyô is working. Otherwise the 

transmitter will remain in ósendingô mode. The ATC uplink transmitter can only send one 

resolution advice at a time.  

3.5  ATCo as agent in the A 3G model  

In this subsection an overview of the Air Traffic Controller (ATCo) agent is presented.  

 

The task of the Air Traffic Controller in the A3G model consists of three steps: 

¶ Notice the alert of a resolution advice generated by the ATC ground system after a 

conflict is detected. 

¶ Confirm if the resolution advice is still viable by checking if the aircraft is still in conflict 

in óResolution mode-iô in the ATC ground system. 

¶ Insert the resolution advice in the ATC Uplink transmitter so it can be send to the correct 

aircraft.  

 

The steps are combined in one reaction time parameter in the A3G model. 

 

The agent consists of two LPNôs. The ATCoôs tasks are divided in two parts; one being the 

tactical part and one the strategic part. The tasks require different responses. The ATCo-Tactical 

(ATCo-T) deals with the short term resolutions. The ATCo-Planning (ATCo-P) deals with the 

strategic tasks. Strategic tasks contain the medium term conflict resolutions and back-to-goal 

advices.   

 

In Figure 3.4 the schematic overview of the agent is given with the external interacting agents. 

The ATCo receives resolution advices the ATC Ground system agent. The ATCo inserts the 

resolution advice in the ATC Uplink transmitter and with a STCR also directly in the ATC 

system. The place before the ATCo has space for multiple resolution advices therefore a queue is 

possible. The IPN with place óInt-ATCo-Uplink-Queueô makes it possible to have a queue of 

outstanding resolution advices.  
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Figure 3.4: Schematic overview of the ATCo agents and communicating LPN's 

 

ATCo Tactical (ATCo-T) 

The ATCo-T is only modelled once. Due to the auxiliary place óInt-STC-iô modelled for each 

aircraft independently a queue is possible. An outbound queue is also possible in the place of the 

óInt-ATCo-Uplink-Queueô IPN. Resolution advices are handled in a first-in-first-out principle. 

The place Int-STC-i can be overwritten, meaning the resolution advice can be updated while the 

ATCo is working on it.  

 

Start of the ATCo-T tasks is a short term resolution from STC Advisory-i. The ATCo-T then 

validates if the corresponding aircraft is still in conflict in Resolution Mode-i (Res Mode-i). If 

the aircraft is still conflict the resolution is accepted. The ATCo will then give a sign to the ATC 

Uplink Transmitter to send the resolution advice. Simultaneously he/she inserts the new heading 

change directly in the ATC ground system. If the resolution is not viable anymore the ATCo-T 

will drop the resolution advice.  
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ATCo Planning (ATCo-P) 

The ATCo-P is modelled only once. Due to the auxiliary place óInt-MTC-iô modelled for each 

aircraft independently a queue is possible. An outbound queue is also possible in the place of the 

óInt-ATCo-Uplink-Queueô IPN. Resolution advices are handled in a first-in-first-out principle. 

The place Int-MTC-i can be overwritten, meaning the resolution advice can be updated while the 

ATCo-P is working on it. The ATCo-P receives Medium Term Conflict Resolution (MTCR) 

advices via the óMTC advisory-iô. The back-to-goal advices which are needed after a short term 

conflict resolution advice are generated by the óCD & Management-iô LPN in the ATC ground 

system.  

 

The task starts with an incoming resolution advice. The ATCo-P checks if the aircraft is still in 

conflict in óRes Mode-iô before sending the resolution to the ATC Uplink transmitter, otherwise 

the resolution is dropped. 

 

3.6  New communication syste ms in the A 3G model  

In this section the newly added ground-air communication LPNôs will be discussed. The new 

agents are the ATC Uplink Transmitter, global ATC uplink and the airborne ATC Uplink 

receiver-i.  

 

Figure 3.5 shows a schematic overview of the path of a resolution advice from ATC ground 

system to the pilot. In Figure 3.6 the full process is shown using the SDCPN structure as used in 

the A3G model.  

 

The process in the figures starts with a generated resolution advice in the STC advisory-i, MTC 

advisory-i or CD & Management-i. The ATCo checks in ATC resolution mode (Res Mode) if 

the resolution is still viable before inserting it in the ATC Uplink transmitter. The ATC uplink 

transmitter sends the resolution to the corresponding aircraft, but only if the global ATC uplink 

frequency is working. This resolution is received in the airborne ATC Uplink receiver-i. The 

received message will generate an audio alert. This audio alert will be picked up by the pilot and 

the corresponding task performance will be initiated.  

 

Next the new communication systems will be presented in more detail.  

 

 

Figure 3.5: Schematic overview of the agents involved in the resolution advice process in the A
3
G model.  
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Figure 3.6: DCPN specification overview of the resolution advice process in the A
3
G model 

 

Global ATC uplink freque ncy  

The global ATC uplink frequency LPN is part of the environment agent. It is only modelled 

once. The global ATC uplink LPN has two places representing the following modes of the 

system: 

¶ Working  

¶ Not working  
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The global ATC uplink frequency is the frequency used to send the resolution advice from the 

ATC ground system to the corresponding aircraft. The switches occur at exponentially 

distributed times. The ATC uplink frequency is based on the global ADS-B frequency in the A3 

model.   

 

ATC uplink receiver  

For the ATC uplink receiver-i on-board of aircraft-i a DCPN model is presented in Figure 3.7. 

The ATC uplink receiver model manages a proper reception by and alerting of a pilot for the 

three different types of resolution advices from the ATC ground system: Tactical instruction, 4D 

plan update proposal, and Back-to-Goal resolution advice. The ATC uplink receiver is modelled 

as an Interaction Petri Net (IPN) that aims to imitate the response of the Pilot-Flying in the A3 

model. The specifics of this response are presented in Table 3.3.  
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Figure 3.7: DCPN specification of the ATC Uplink receiver IPN including communicating LPNs 

 

In Table 3.3 the upper row indicates the current task of the Pilot-Flying. The left column 

indicates the type of resolution received. Each of the matrix elements specifies what the pilot 

should do. The possible response options for the pilot are: 1) to start a new task, or 2) to locally 

save this task and start doing it after the current task is finished. The specifics of Table 3.3 are 

captured in the IPNôs in Figure 3.7.  
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Table 3.3: overview of the pilot response for incoming alerts in the A
3
G model 

Current Ÿ 

 

Incoming Ź 

MTC task  STC task  Back -to -Goal task  Else  

MTC 

resolution  

Advice  

Audio Alert  

+ 

Restart MTC task  

- 

+ 

Finish STC task  

Save MTCR advice 

Audio Alert  

+ 

Start MTC task  

Audio Alert  

+ 

Start MTC task  

STC  

resolution  

advice  

Audio Alert  

+  

Start STC ta sk  

- 

+ 

Finish STC task  

Save STC advice 

Audio Alert  

+  

Start STC task  

Audio Alert  

+  

Start STC task  

Back -to -goal 

resolution 

advice  

- 

+  

Save B2G advice 

- 

+  

Save B2G advice 

Audio Alert  

+  

Restart B2G task  

Audio Alert  

+  

Start B2G task  

 

3.7  Pilot Flying as Age nt in the A 3G model  

In this subsection the Pilot flying agent in the A3G model is presented.  

 

In the A3G model the pilot flying is responsible for the final step in executing the resolution 

advice generated by the ATC ground system. The Pilot inserts the resolution advice in the FMS 

after which the aircraft will change its heading.  

 

In the A3G model only small adaptations to the Pilot Flying agent are made in comparison with 

the A3 model. The internal LPN structure remained the same. In the A3G model the overall 

responsibilities of the Pilot-Flying are decreased and taken over by the ATC Ground system. The 

pilot is not in the position to initiate a process. All instructions are generated by the ATC ground 

system and by the ATCo via ATC Uplink send to the aircraft.  

 

In Figure 3.8 the Pilot Flying agent from the A3G model is presented. Relative to the A3 model, 

the changes are only in the Audio Alert IPN and the Task Performance LPN; these are further 

explained next.  

 

Audio Alert (IPN)  

The Audio Alert is an Interaction Petri Net (IPN). Its goal is to give alerts to the pilot of 

incoming events. In the A3G model it is just only used for the incoming resolution advices 

coming from the ATC Uplink receiver. Its structure is very basic. The adaptations are made due 

to the fact that emergency procedures are not yet implemented in the A3G model. In case of an 

emergency this is saved in a separate file, this can be used for analysis.  
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Figure 3.8: DCPN specification of the Pilot Flying agent in the A
3
G model  
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Task Performance 

The internal structure of the Task Performance LPN has not been changed in comparison with 

the A3 model. The following tasks are present in the A3G model: 

¶ Task Performance Goal 3: Conflict resolution actions for STC and MTC 

¶ Task Performance Goal 5: Navigation horizontal actions for Back-to-Goal  

¶ Task Performance goal 6: Preparation route changes 

¶ Task Performance 7: Miscellaneous. 

 

The Tasks Goals 2 (Emergency Actions) and 4 (Vertical Navigation) are not used in the A3G 

model. The A3G model can only cope with horizontal heading changes. Task performance goal 

1 is not used in both the A3 model as the A3G model.  

 

The other change is the Pilot-Flying now implements the new resolution advice from the ATC 

Uplink receiver instead of from the ASAS as in the A3 model.  

 

3.8  Implementation and verification of the A 3G code  

The next step is to implement the SDCPN model in the selected programming language, which is 

the object oriented Delphi XE3 language, i.e. the same language used for the A3 model 

implementation. 

 

The implementation of the A3G model code is done in steps. The motivation behind this 

stepwise approach is that it allows conducting an intermediate verification test after each step.  
 

Step 1: Introduce óshadowô aircraft, agent 0 

A new agent 0 is introduced. Eventually, this agent 0 will form the ATC system agent. In step 

agent 0 is filled with the 4 LPNôs of óATC system-otherô part described in subsection 3.3. Agent 

0 receives the state and intent information from all other aircraft through ADS-B downlink. 

 

Verification test 1: 

Using the eight aircraft scenario the state and intent information in each aircraftôs ASAS 

surveillance part is compared to the state and intent information in agent 0. Code corrections 

have been made until this verification test has shown that the state and intent data on the ground 

equals the state and intent data in the ASAS systems of the aircraft.   

 

Step 2: Insert CDR-i part to agent0 

The Conflict Detection and Resolution (CDR) part of agent 1,..,N is added to agent 0. Hence in 

agent 0 the CDR part is separately modelled for each aircraft. Each CDR-i in agent 0 uses the 

information of the ATC system to detect conflicts and generate a conflict trajectory for aircraft-i. 

  

Verification test 2: 

Using the eight aircraft scenario, the resolution advice generated by agent 0 is compared to the 

resolution advice generated by corresponding aircraftôs airborne ASAS. Code corrections have 

been made until the outcome of the verification test was positive.  
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Step 3: Add air -ground uplink  

The LPN for ATC uplink is added to the system. The ATC uplink is used to send an agent 0  

generated resolution advice to the corresponding aircraft. 

 

Verification test 3:  

Using the eight aircraft scenario, the resolution advice received is compared to the resolution 

advice generated by agent 0. Code corrections have been made until the outcome of this 

verification test was positive.   

 

Step 4: Add an Air Traffic Controller (ATCo)  

The Air Traffic Controller agent is inserted between the agent 0 and the ATC uplink. In Figure 

3.9 an overview of the model after step 4 is shown.  

 

Verification test 4:  

Using the eight aircraft scenario, the resolution advice received is compared to the resolution 

advice of generated by agent 0. Code corrections have been made until the outcome of this 

verification test was positive.   
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Figure 3.9: Schematic overview of sending the resolution advice to the aircraft. 

 

Step 5: Using ATC ground resolution advice in the air 

So far in the model each aircraft uses resolutions generated by its own ASAS. In this step 5 the 

resolution advices received through ATC uplink from the ground are used instead of those from 

own ASAS. Due to this step 5, each aircraft will fly according to the resolution advice generated 

by agent 0 on the ground. 

 

Verification test 5: 

Using the eight aircraft scenario, it has been compared whether the aircraft behaved the same as 

in the previous test. Code corrections have been made until the outcome of the verification test 

was positive.  

 

Step 6: Delete airborne ASAS 

Finally, for each aircraft airborne ASAS is deleted.  

 

Verification test 6: 
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It has been verified that the simulation results do not change due to the deletion of the airborne 

ASAS from the implemented code.  

 

Step 7: Rare event verification  

The verification tests conducted in steps 1 through 6 are based on a few simulation runs for the 

implemented code. Hence, the positive outcomes of these verification tests do not preclude the 

occurrence of rare event differences either due to remaining code errors or due to differences in 

rare emergent behaviour of the A3G model relative to the A3 model. In order to get hold on 

either type of rare event differences, in the next sections we conduct rare event MC simulations 

for 2 and 8 aircraft encounters. 

During the rare event simulations for 8 a/c encounters, there appeared to be some unexplained 

differences between the behaviour of the A3 model and the A3G model [Nieskens, 2014]. 

Through conducting additional rare event MC simulations, the causes of these differences have 

been identified, and subsequently the necessary improvements in the code have been made and 

verified through running additional rare event MC simulations. 

The three main improvements that resulted from this rare event verification and improvement 

activity are: 

- When an MTCR plan is too old in the sense that it includes trajectory changes that 

should already have been made by the aircraft, then the pilot will not enter this 

plan in the FMS. This condition was not properly implemented in the A3G code. 

- After having given an open tactical resolution, ATC determines a back-to-goal 

tactical instruction. In doing so an erroneous waypoint and an erroneous distance 

calculation was used, as a result of which the back-to-goal instruction could work 

counterproductive in some rare cases. 

-  A pilot receives an audio alert in case of an MTCR uplink, which makes the pilot 

stop finishing his current activity, e.g. on implementing an STCR instruction. In 

some rare events this could lead to a sequence of instructions rendering a pilot 

becoming totally unproductive. In order to avoid this, the pilot does no longer 

receive an audio alert when there is a sequence of instructions awaiting. 

The proper working of these improvements in the A3G model have been verified through 

running additional rare event MC simulations.  
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4 MC SIMULATION OF 2 AIRCRAFT ENCOUNTERS  

The aim of this section is to investigate under which conditions it is possible to get A3G model 

rare event MC simulation results for two aircraft encounters as good as obtained for the A3 

model. The two aircraft head-on encounter scenario is the same as the one being used for the 

Monte Carlo simulation results of the A3 model [Blom & Bakker, 2011a,b].  

This section is organized as follows. In subsection 4.1 A3G baseline parameter values for the 

A3G model are adopted such that it is sure that the A3G model has the same performance on two 

aircraft encounters as the A3 model had with the A3 baseline parameter values. These A3G 

baseline parameter values are chosen in a conservative way, i.e. such that for the 2 a/c encounter 

scenario, it is sure that the A3G model performs as good as the A3 model does. Subsection 4.2 

provides MC simulation results for the A3G model using these A3G baseline parameter values. 

In subsection 4.3 the effect of A3G results is shown when A3 baseline parameter values would 

be used instead of the A3G baseline parameter values. From this point on, for the A3G parameter 

values that differ from the A3 baseline values, extra MC simulation tests are conducted in order 

to find out whether there is room for a less conservative value, i.e. somewhere in between the A3 

baseline and the A3G baseline values. First, in subsection 4.4 the Monte Carlo simulation Tests 

to be conducted are defined. Subsequently, in subsections 4.5 to 4.16 the Monte Carlo simulation 

results obtained for these Tests on two aircraft head-on encounter scenarios are presented. In 

subsection 4.17, A3G selected parameter values and corresponding simulation results are 

summarized, and in subsection 4.18 an interpretation is given of the results obtained for the two 

aircraft encounter scenarios.  

4.1  A3G Baseline parameter values  

In this subsection A3G baseline parameter values for the A3G model are adopted. These A3G 

baseline parameter values are adopted in a conservative way in order to be sure that the A3G 

model has the same performance on two aircraft encounters as the A3 model had with the A3 

baseline parameter values [Blom & Bakker, 2011a]. For the complete list of adopted A3G 

baseline parameter values (177 in total) the reader is referred to appendix C. In this subsection 

only those parameter values are explained that differ from the A3 baseline parameter values. 

These A3G baseline parameter values are shown in Table 4.1. The number in the first column 

corresponds to the number in the full parameter list in Appendix C.  

 

The adopted A3G baseline parameter values can be separated in three groups: 

¶ The twelve parameters that are coloured white in Table 4.1: These influence the state of 

the technical systems. A system failure event has a probability of occurrence and a mean 

duration of failure. For the A3G baseline parameter values the mean duration parameters 

have not been changed. The ATC global frequency is new, though its function is similar 

to the global ADS-B frequency in the A3 model. The value zero for the first two 

parameters reflects that this functionality is not implemented in the A3G model. The 

other A3G baseline probability values are all set to a probability of failure or Not 

Working of 101*10- . This is many orders in magnitude better in comparison with the A3 

baseline parameter values.  
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¶ The seven parameters that have a grey shading in Table 4.1: These are all used by the 

newly added ground-based agents. First the location of the ATC ground system is located 

in the centre. Second the parameter 2B GT   is added to the ATC ground system, because 

this was previously done in the A3 model for the pilot. The rest of the new baseline 

parameter values are all set to 1 second to simulate almost no delay.  

¶ For the remaining 158 parameter values, the adopted A3G baseline parameter values 

equal the A3 baseline parameter values. 

 

Table 4.1: Baseline parameter values for the A
3
G model that differ from baseline A

3
 model 

# Parameter  Explan ation  

A
3

G Baseline 

Value  

A
3

 Baseline 

Value  

2 
Fail

Enginep  Probability of Engine  Failure   0 1/6000  

4 
down

OESp  Probability of Other Emergency Failure  0 1/6000  

62  
down

SATp  Probability of Global GNSS/GPS  Not  working  
101*10-  

51*10-  

66  
occ

ADS Bglobalp -
 Probability of ADS-B global  Occupied  101*10-  

61*10-  

69  down

ATC globalm -
 

Mean duration of Global ATC uplink  Occup ied 

Ą Not Occupied  

1 hr.  1hr.      
1
 

70  
down

ATC globalp -
 Probability of Global ATC uplink  Occupied  101*10-  

61*10-     
1 

94  down

GNSS RECp -
 

Probability of Airborne GPS receiver  Not 

Working   

101*10-  
55*10-  

98  
down

Altimp  Probability of Airborne Altimeter  Not Working   101*10-  
55*10-  

111  
down

ADS TRMp -  Probability of ADS-B transmitter  Not Working   101*10-  
55*10-  

165  
ownx  Position of ATC ground system [x,y,z]  [0,0,0]  - 

168  
corr

ATCsysp  Probability of ATC ground system  Corrupted  101*10-  
55*10-     

2
 

169  
down

ATCsysp  Probability of ATC ground system  Not working  101*10-  
55*10-     

2
 

170  

2B GT  
ATC ground system , Interval time  for Back -to -

Goal Evaluation  

20 s  -   
3
 

172  

,

down

ATC ADS RECp -
 

Probability of ADS-B ground receiver  Not 

Working  

101*10-  
55*10-     

4
 

                                                

1 The global ATC uplink is new, but in function the same as Global ADS-B frequency in A3 model 

2 The ATC ground system is new, but system mode is a direct copy of ASAS in A3 model 

3 In A3 model Back-to-goal resolution advice generation was initiated by Pilot Flying with an interval of 20 

seconds until a conflict free back-to-goal advice was generated. 

4 ADS-B ground receiver is new but exactly the same as aircraft ADS-B receiver in A3 model 
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173  Transmit

uplinkT  
ATC ground Uplink Transmitter duration  of 

sending resolution to aircraft  

1 s  - 

174  min

ATCo TT -
 ATCo -Tactical  minimum response time   1 s  - 

175  max

ATCo TT -
 ATCo -Tactical  maximum response time  1 s  - 

176  min

ATCo PT -
 ATCo -Planning  minimum response time   1 s  - 

177  max

ATCo PT -
 ATCo -Planning  maximum response time   1 s  - 

4.2  MC simulation results under A3G baseline parameter values  

In this subsection the MC simulation result for the A3G model using A3G baseline parameter 

values is presented. Similar as in [Blom & Bakker, 2011a], in this scenario two aircraft start at 

320 km (178 Nm) from each other. The initial 3D-position has standard deviations of 20m in 

longitudinal direction along the Reference Business Trajectory (RBT) centreline, 0.5 Nm in 

lateral direction and 20m in height. Both fly straight opposite flight plans at 250 m/s airspeed.  

The short and medium term detection and resolution criteria used in the MC simulations are 

shown in Table 4.2. The horizontal separation minimum (medium and short term) is 5 Nm.  

Table 4.2: Short term and medium term separation criteria for the A
3
 and A

3
G model  

 

Look ahead 

tim e 

Resolve ahead 

time  

Horizontal 

separation  min  

Vertical separation  

min  

Max Turn 

angle  

STC 3 min  3 min + 10 s 5 Nm  900 ft.  60  degrees  

MTC  10 min  15 min  5 Nm  1000 ft.  60  degrees  

 

Figure 4.1 presents the results of one million Monte Carlo simulations of the A3G model using 

the A3G baseline parameter values. The simulation results in Figure 4.1 show the same curve as 

obtained for the A3 baseline parameter results for the A3 model [Blom&Bakker, 2011a].   
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Figure 4.1: MC simulation results for two aircraft encounter under the A
3
G model with A3G baseline 

parameter values. 

4.3  A3G simulation results under A3 Baseline parameter values  

Figure 4.2 presents MC simulation results of the A3G model using the A3 baseline parameter 

values for those parameters that coincide with those of the A3G model. As expected, Figure 4.2 

shows far less good results than Figure 4.1. Comparison with Figure 4.1 shows the same positive 

behaviour during the left part of the curve, though far less good results for the right part of the 

curve. The difference can be seen from the 42*10-  event probability level, meaning once in 

5000 Monte Carlo runs of 2 aircraft encounters.  
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Figure 4.2: MC simulation results for two aircraft encounters under the A
3
G model with parameter settings 

according to the A
3
 model baseline parameter values.  

 

4.4  Additional MC simulation  Test s of 2 a/c encounters  

For those A3G baseline parameter values that differ from the A3 baseline values, extra MC 

simulation Tests will be conducted in order to find out whether there is room for a less 

conservative value, i.e. somewhere in between the A3 baseline and the A3G baseline values. 

These extra Tests are conducted in subsection 4.5 to 4.16. These extra tests are defined in the 

current subsection. 

 

An overview of the parameter setting in the additional scenarios is given in Table 4.3. Each of 

the tests will be performed with the two aircraft encounter scenario and contains one million rare 

event Monte Carlo simulations. In each test only one parameter value is changed with respect to 

the A3G baseline parameter values. 

 

Tests A and B have been conducted in sections 4.1 and 4.2 respectively. Tests C-N are 

conducted in the remainder of this section. 

 

The A3G model parameter tests C-N can be categorised in two groups. The categorisation is 

based on what they influence in the system. The two categories are: 

 

¶ Performance of the technical systems parameters (tests C ï K). 
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¶ Parameters of the new ground based agents and LPNôs, which generate a delay in the 
system (tests L ï N). 

Table 4.3: Overview of the alternative parameter setting test for the two aircraft encounter scenario 

Test  Parameter  Explanation  Baseline 

Value  Test value  

A Same A3 Baseline Parameter value setting  A3 baseline  - 

B All  A3G Baseline Parameter value setting  A3G baseline  - 

C 
down

SATp  
Probability of Global GNSS/GPS  Not 

working  

101*10-  51*10-  

D 
occ

ADS Bglobalp -
 Probability of Global ADS -B Occupied  101*10-  61*10-  

E 
down

ATC globalp -
 

Probability of Global ATC Uplink 

frequency Occupied  

101*10-  61*10-  

F 
down

GNSS RECp -  
Probability of Aircraft GPS receiver  Not 

Working   

101*10-  55*10-  

G 
down

Altimp  
Probability of Aircraft altimeter  Not 

Worki ng   

101*10-  55*10-  

H 
down

ADS TRMp -  
Probability of  Aircraft ADS -B transmitter 

Not Working   

101*10-  55*10-  

I 
corr

ATCsysp  
Probability of ATC ground sy stem  

Corrupted  

101*10-  

 

55*10-  

 

J 
down

ATCsysp  
Probability of  ATC ground System Not 

working  

101*10-  55*10-  

K ,

down

ATC ADS RECp -
 

Probability of ATC Ground  ADS-B 

receiver Not Working  

101*10-  55*10-  

L max

ATCo TT -
 ATCo -Tactical  response time   1s 10 s  

M max

ATCo PT -
 ATCo -Planning  response time  1s 10 s  

N 
Transmit

uplinkT  ATC Uplink transmitter Send time  1s 12 s  

 

 

Each test will be performed using a series of Monte Carlo simulations, whereby in each test only 

one variable is changed compared to the baseline parameter value setting. If the results of the 

tested version are the same as the baseline results, the parameter has no substantial (negative) 

influence on the system and can therefore be changed.  

 

The goal of tests C - K is to bring these A3G model baseline parameter values closer to the 

baseline parameter values used in the A3 model. For the parameters depending on probability, 

this means that they are set to a higher probability, or a higher likelihood of failure.  

 

The goal of tests L ï N is to investigate the influence of a longer delay on the total system. 

Instead of the A3G baseline parameter value of 1 second the ódelay or response timeô parameters 

will be set to higher values.  
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4.5  Test C: Global GNSS/GPS  

The parameter óGlobal GNSS/GPSô is a parameter setting for the probability of Global 

GNSS/GPS not working in the environment agent. If global GPS is down, all aircraft are not able 

to use the navigation satellites to determine their position. Aircraft are then left to depend on 

their inertial reference system (IRS). The non-baseline test C parameter setting of 1*10-5 is 

obtained from the A3 baseline parameter values. In Figure 4.3 the Monte Carlo simulation 

results for test C are presented. 

 

 

Figure 4.3: Monte Carlo simulation results for Test C; the non-baseline Global GNSS/GPS parameter 

setting in the A
3
G model 

 

The curve in Figure 4.3 is the same as in Figure 4.1. A global interruption of the navigation 

satellites has no significant effect on the results. This can be explained as follows. Each aircraft 

has a second system to determine its position, namely the Inertial Reference System (IRS). The 

broadcasted state information of each aircraft will thus still be quite precise. The results of the 

Monte Carlo simulation show that the effect of the non-baseline variable is not significant. 

Therefore the parameter can be changed to the value used in the A3 model. 

 

In Table 4.4 the outcome of test C is indicated through a green background. 
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Table 4.4: Non-baseline parameter value setting for the Global GNSS/GPS parameter 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test C 

value  

Environment  GNSS system (GPS/ 

Nav. Global) / 

Satellites  

down

SATp  

Probability of Global 

GNSS/ GPS Not working  
101*10-  

51*10-  

 

4.6  Test D: Global ADS -B frequency  

The parameter óGlobal ADS-B frequency concerns the probability of global ADS-B frequency 

being occupied in the environment agent. Global ADS-B frequency is used to send state and 

intent information of the aircraft to the ground.  If the ADS-B frequency is occupied, this mean 

that the ATC ground system cannot receive the latest intent information of all aircraft. The non-

baseline test D parameter setting of 1*10-6 is obtained from the baseline parameter values of the 

A3 model. In Figure 4.4 the Monte Carlo simulation results for test D are presented.  

 

 

Figure 4.4: Monte Carlo simulation results for Test D; Global ADS-B frequency non-baseline parameter 

setting 

As can be seen the effect of the non-baseline value is negligible. The effect of a global 

interruption of the ADS-B frequency has no significant effect on the total safety of the system. 

This effect can be explained by two arguments. Firstly if aircraft intent information is not 

received the old information can still be used.  Also new intent can still be send up via the ATC 
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uplink frequency. Secondly the non-baseline parameter value is still very small, an effect of 

1*10-6 is hard to detect with only one million simulations. 

 

In Table 4.5 the outcome of test D is indicated through a green background.  

 

Table 4.5: Non-baseline parameter setting for Global ADS-B frequency parameter 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test D 

value  

Environment  Global ADS -B 

ether 

frequency  

occ

ADS Bglobalp -
 

Probability of ADS-B global  

Occupied  
101*10-  

61*10-  

 

 

4.7  Test E: Global ATC Uplink frequency  

The parameter óGlobal ATC uplink frequency is a parameter setting for the probability of global 

ATC uplink frequency being occupied in the environment agent. Global ATC uplink frequency 

is used to send the short term and medium term resolution advice from the ATC ground station 

to each corresponding aircraft. Although the parameter is new, the test E value is based on the 

very similar global ADS-B frequency baseline parameter value used in the A3 model.   

 

In Figure 4.5 the Monte Carlo simulation results for test E are presented; they show a significant 

effect. When the ATC uplink frequency is blocked, no aircraft can receive a new resolution 

advice. Although this blocking happened only once in the one million simulation runs, its effect 

is large when it happens. Therefore a better value is needed. The results in Figure 4.5 also mean 

that a factor 100 improvement relative to the A3 baseline value of 61*10-  will suffice. Therefore 

we conclude as outcome of test E that the frequency of Global ATC Uplink frequency blocking 

probability should be 81*10- . The latter value is indicated with green background in Table 4.6. 

 

In Table 4.6 the non-baseline parameter setting and the outcome of test E is presented.  

 
Table 4.6: Non-baseline parameter setting for the Global ATC uplink frequency parameter 

Agent  LPN Parameter  Explanation  

Test E 

derived 

value  

A
3

G 

Baseline 

Value  

Environment  Global ATC 

uplink 

frequency  

down

ATC globalp -
 

Probability of Global ATC 

Uplink frequency  Occupied  
81*10-  

101*10-
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Figure 4.5: Monte Carlo simulation results for Test E; Global ATC uplink frequency non-baseline 

parameter setting.. 

 

4.8  Test F: Aircraft GPS receiver  

The parameter óAircraft GPS receiverô is a parameter setting for the probability of GPS receiver 

not working in the own positioning systems agent of the aircraft. If the GPS is not working, the 

specific aircraft is not able to use the navigation satellites to determine its position. The aircraft is 

then only depending on its inertial reference system (IRS). 

 

In Table 4.7 the non-baseline parameter setting for test F-2 is presented. The test F parameter 

setting of 5*10-5 is the A3 baseline parameter value. 

Table 4.7: Non-baseline parameter setting for the aircraft GPS receiver parameter 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test F 

value  

GNC systems: 

Own 

Positioning 

Systems 

Aircraft GNSS/ 

GPS receiver 

 

down

GNSS RECp -  

Probability of Aircraft GPS 

receiver Not Working   
101*10-  

55*10-  
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In Figure 4.6 the Monte Carlo simulation results for test F are presented. For rare events the 

results in Figure 4.6 differ from those in Figure 4.1. Therefore the A3G model parameter value 

should not be changed to the A3 baseline parameter value. 

 

 

Figure 4.6: Monte Carlo simulation results for Test F; aircraft GPS receiver non-baseline parameter 

setting 

 

 

Test F-2 

In test F the effect of the simulation results were significant but not very large. Therefore a 

second test has been performed with the parameter setting and the test F outcome shown in Table 

4.8.  
 

Table 4.8: Test F-2: parameter setting for the aircraft GPS receiver; the green background indicates the 

outcome of test F-2. 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test F -2 

value  

GNC systems: 

Own 

Positioning 

Systems 

Aircraft GNSS/ 

GPS receiver 

 

down

GNSS RECp -  

Probability of Aircraft GPS 

receiver Not Working   
101*10-  

61*10-  
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In Figure 4.7 the results of Monte Carlo simulation for test F-2 are presented. The simulation 

results are similar to the simulation results in Figure 4.1. This means that changing the GPS 

receiver parameter to 61*10-  is sufficient for two aircraft encounters.  

 

 

Figure 4.7: MC simulation results for Test F-2; GPS receiver setting to 10
-6

 in the A
3
G model 

 

4.9  Test G: Aircraft altimeter  

The parameter óAircraft Altimeterô is a parameter setting for the probability of Altimeter not 

working in the own positioning agent of the aircraft. The A3 model and A3G model only detect 

horizontal conflicts. The non-baseline test G parameter setting of 5*10-5 is obtained from the 

baseline parameter values of the A3 model. In Figure 4.8 the Monte Carlo simulation results for 

test scenario G are presented. 



   

 

 

Page 50 of 96 

 

 

Figure 4.8: Monte Carlo simulation result for Test G; aircraft altimeter non-baseline parameter scenario 

 

As can be seen the effect of the aircraft altimeter not working is negligible. The results are the 

same as the baseline parameter results. A failure with the aircraft altimeter has no effect on the 

system. In the A3G model all aircraft fly at the same flight level. Therefore an error in the 

vertical position calculation is negligible.  

 

In Table 4.9 the outcome of test G is indicated through a green background.  
 

Table 4.9: Non-baseline parameter setting for the altimeter scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test H 

value  

GNC systems: Own 

Positioning Systems  

Aircraft 

Altimeter  

down

Altimp  
Probability of Aircraft 

Altim eter  Not Working   

101*10-  
55*10-  

 

4.10  Test H: Aircraft ADS -B transmitter  

The parameter óAircraft ADS-B transmitterô is a parameter setting for the probability of the 

ADS-B transmitter not working in the communication systems agent of the aircraft. The ADS-B 

transmitter only sends the intent information of the aircraft to the ground. In Figure 4.9 the 

Monte Carlo simulation results for test scenario H are presented. 
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Figure 4.9: Monte Carlo simulation results for Test H; aircraft ADS-B transmitter non-baseline scenario. 

The results Figure 4.9 are significantly different from those in Figure 4.2. The effect is large; this 

can be explained as follows. The aircraft sends own intent information via the ADS-B transmitter 

to the ATC ground system. If the aircraftôs ADS-B transmitter is not working the intent 

information is not received on the ground. Because this denies 4D trajectory plan verification, in 

the A3 model the 4D plan of such an aircraft is considered to become unreliable. The same 

approach has been copied in the A3G model. That this unreliability assumption yields far more 

problems for the A3G model than it does for the A3 model is because in the A3 model the 

aircraft with the failing ADS-B transmitter still has high quality state and intent information from 

all other aircraft. Hence this aircraft will continue to provide a very reliable resolution. In the 

A3G model however, there is only agent 0 (the ATC system) where all state and intents of 

aircraft are used to determine proper resolutions; and this agent 0 is lacking proper intent of the 

aircraft with failing ADS-B transmitter.  

 

In Table 4.10 the outcome of test H is indicated through a green background.  

 

Table 4.10: Non-baseline parameter value for the aircraft ADS-B transmitter scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test H 

value  

GNC: Communication 

Systems 

ADS-B 

Transmitter  

down

ADS TRMp -  

Probability of Aircraft ADS -B 

transmitter  Not Working  
101*10-  

55*10-  
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4.11  Test I: ATC ground system corrupted  

The parameter is the probability of ATC Ground system being corrupted. This parameter is used 

in the ATC system mode in the ATC ground agent.  When the system is corrupted the system 

doesnôt detect conflict and also doesnôt give an indication that the ATC system has a failure. 

 

The ATC ground system agent is newly added to the model, but is originated from the ASAS 

agent in the A3 model. The ATC system mode is a direct copy of the ASAS system mode, 

therefore the non-baseline test value is based on the A3 model baseline value. In Figure 4.10 the 

Monte Carlo simulation results for test scenario I are presented.  

 

Figure 4.10: Monte Carlo simulation results for Test I; scenario ATC ground system corrupted  

The results show a significant effect on the total system. The ATC ground system is responsible 

for the resolution advice for all aircraft. If the ATC ground system is corrupted the system does 

not detect conflicts. When there are no conflicts detected, there is no resolution advice generated. 

The aircraft will then continue their path along the given trajectories. Hence, the A3G baseline 

parameter value cannot be changed to the test I value. In Table 4.11 the outcome of test I is 

presented with a green background. 

Table 4.11: Non-baseline parameter values for the corrupted ATC ground system scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test I 

value  

ATC Ground 

System 

ATC System 

Mode  

corr

ATCsysp  
Probability of ATC ground 

system Corrupted  

101*10-  
55*10-  
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4.12  Test J: ATC ground system failure  

This parameter concerns the probability of failure of the ATC Ground system, and is used in the 

ATC system mode in the ATC ground agent.  When the ATC ground system fails the system 

doesnôt detect conflict but does indicate that the ATC system has a failure. 

 

The ATC ground system agent is newly added to the model, but is originated from the ASAS 

agent in the A3 model. The ATC system mode is a direct copy of the ASAS system mode, 

therefore the non-baseline test value is based on the A3 model baseline value.  

 

In Figure 4.11 the Monte Carlo simulation for test J are presented.  Figure 4.11 shows that the 

effects on the simulations results under the non-baseline parameter setting are significant. The 

results are very different from the A3G model baseline parameter results. The effect of the ATC 

system failure is comparable to ATC system corrupted in Figure 4.10.  
 

 

Figure 4.11: Monte Carlo simulation result for Test J; ATC ground system failure scenario 

The difference between a system failure and being corrupted is as follows. In both situations the 

ATC system doesnôt detect conflicts. Thus there is no resolution advice generated. When the 

system has a failure it shows a failure indication, this in contrast to ócorruptedô when no 

indication is shown. In the A3G model there is only one ATC ground system. There are no back-

up systems present. The effect of failure or corrupted is the same. In view of the significant 

effect on the results, the A3G baseline parameter value should not be changed to the test J value. 

In Table 4.12  the outcome of test J is indicated by a green background.  
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Table 4.12: Non-baseline parameter setting for the ATC ground system failure scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test J 

value  

ATC Ground 

System 

ATC System 

Mode  

down

ATCsysp  
Probability of ATC Ground 

System Failure  

101*10-  
55*10-  

 

4.13  Test K: Ground ADS -B receiver  

In the A3G model the ADS-B ground receiver is a LPN in the ATC Ground agent. It has two 

places and can be working or not working. The ADS-B ground receiver is a new LPN in the 

model, but is derived from the airborne aircraft ADS-B receiver. Therefore the A3G non-

baseline test value is based on the A3 model baseline value. 

The switches between the two modes happens at exponentially distributed times. The ADS-B 

ground receiver mode is only connected to the Surveillance LPN of the ATC system. When the 

ADS-B ground receiver is not working the Surveillance LPN is unable to receive intent or state 

information. The system will then try to use the old information. When the information becomes 

too old, the system will delete this. For state information this timeframe is 10 seconds, for intent 

information this is 6 minutes. See appendix C, parameters 151 and 152.  In Figure 4.12 the 

Monte Carlo simulation results for test scenario K are presented. 
 

 

Figure 4.12: Monte Carlo simulation result for Test K; ADS-B ground receiver scenario 
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The simulation results in Figure 4.12 are different from the A3G baseline setting results. The 

effects on the results in Figure 4.12 are significant. In the A3G model when the ADS-B ground 

receiver is down the ATC ground system is not able to receive intent or state information from 

any aircraft. In Table 4.13 the outcome of Test K is presented with a green background.  
 

Table 4.13: Non-baseline parameter setting for the ADS-B ground receiver scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline 

Value  

Test K 

value  

ATC 

Ground 

System 

ADS-B ground 

receiver mode  
,

down

ATC ADS RECp -

 

Probability of ADS-B Ground 

receiver  Not Working  
101*10-  

55*10-  

 

4.14  Test L: ATC o-Tactical  maximum response time  

The ATCo agent consists of two parts: The Tactical, ATCo-T, which is in charge of the short 

term conflicts (STC) resolution advices. Second is the Planning, ATCo-P, which handles all the 

medium term conflicts (MTC) and back-to-goal (B2G) resolution advices. In either case, the Air 

Traffic Controller has to check if the resolution advice generation by the ATC system is accepted 

or not. When the ATCo accepts a resolution advice it is given to the ATC Uplink transmitter. 

Because the ATCo does not exist in the A3 model, no reference parameter values can be taken 

from the A3 model. For test L a maximum ATCo-T response of 10 s is used. 

 

Figure 4.13: Monte Carlo simulation result for Test L; the ATCo-Tactical scenario 
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The simulation results in Figure 4.13 are slightly different from the A3G model baseline 

parameter results shown in Figure 4.2. The effect of the non-baseline parameter setting for the 

Tactical Air Traffic Controller is thus significant. In Figure 4.1, the baseline parameter results of 

the A3G model the smallest miss distance obtained was 4.6 Nm, while in Figure 4.13 it is 4.4 

Nm. The non-baseline test L value for the ATCo-T response time is a factor 10 in comparison 

with the baseline. Although this is a large step the effect is noticeable but small. The ATCo-T 

only deals with the short term conflict resolution advice; in this procedure time is an important 

factor.  

 

Although the effect is only small on the simulation results the baseline value for the ATCo 

response time cannot be changed to the non-baseline value of 10s.  

 

In Table 4.14 the outcome of test L is presented as being undecided yet. 

 

Table 4.14: Non-baseline parameter value for the ATCo-Tactical scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline Value  

Test L 

value  

ATCo ATCo-Tactical  

min

ATCo TT -
 

ATCo -T minimum response 

time  

1 s  10 s  

max

ATCo TT -
 

ATCo -T maximum  

response time  

1 s  10 s  

  

 

Test L-2 

In the previous test scenario L the effect on the simulation results were significant but not very 

large. Therefore an additional test scenario L-2 is performed with the parameter setting shown in 

Table 4.15.  
 

Table 4.15: Non-baseline parameter value for the ATCo-Tactical scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline Value  

Test L -2 

value  

ATCo ATCo-Tactical  

min

ATCo TT -
 

ATCo -T minimum response 

time  

1 s  5 s 

max

ATCo TT -
 

ATCo -T maximum  

response time  

1 s  5 s 

 

 

Figure 4.14 shows the Monte Carlo simulation results of test scenario L-2. The smallest miss 

distance obtained is around the 4.45 Nm. This is still different from the A3G model baseline 

parameter result of 4.6 Nm. Also n the lower part of the graph smaller miss distances are 

obtained in comparison with the A3G model baseline results in Figure 4.1. The results in the 

lower part of the graph depend on the Short Term Conflict resolution capacities of the system. 

The ATCo-T plays an important role in solving those conflicts. As the effect of the test L-2 value 

is still noticeable the conclusion is that the A3G parameter value should be lower than 5 seconds.  
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Figure 4.14: Monte Carlo simulation results for Test L-2; ATCo-T response time is 5 seconds in the A
3
G 

model 

 

Test L-3 
  

A third test scenario is conducted. The non-baseline parameter setting in this test is shown in 

Table 4.16, including an indication of the outcome of test L-3 through a green background. 
 

Table 4.16: Non-baseline parameter value for the ATCo-Tactical scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline Value  

Test L -3 

value  

ATCo ATCo-Tactical  

min

ATCo TT -
 

ATCo -T minimum response 

time  

1 s  2 s  

max

ATCo TT -
 

ATCo -T maximum  

response time  

1 s  2 s  

 

 

Figure 4.15 shows the Monte Carlo simulation results for test scenario L-3. The results in Figure 

4.15 are the same as the A3G model baseline parameter results. The response time of the ATCo-

T can therefore be changed to the non-baseline parameter value of 2 seconds. 
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Figure 4.15: Monte Carlo simulation results for Test L-3 ATCo-T is 2 seconds in the A
3
G model 

 

4.15  Test M: ATCo -Planning  maximum response time   

The ATCo-Planning (ATCo-P) deals with the Medium term conflict resolution advisory and the 

Back-to-Goal resolution advisory. Both these resolutions consist of multiple waypoints which 

lead the corresponding aircraft conflict free to its final goal.  

 

The parameter for ATCo-P response time is divided in a minimum and maximum response time 

parameter. This function is not used in this test scenario, but can be used to give boundaries to 

the response time. The ATCo is a newly added agent. The non-baseline test parameter of 10 

seconds is a factor 10 in comparison with the A3G baseline parameter value. It is expected that 

this is enough time for the Air Traffic Controller to check if the resolution advice generation by 

the ATC system is conflict free and to accept this. When the ATCo accepts the resolution advice 

it is given to the ATC Uplink transmitter. 

 

In Figure 4.16 the Monte Carlo simulation results for test scenario M are presented. The results 

are very similar to the A3G model baseline parameter results, but not exactly the same. There is 

a small kink which starts at the 10-3 mark. So it can be stated that the non-baseline parameter 

setting has a minor effect on the results. The overall results are slightly less than the baseline 

parameter results of the A3G model. After the kink in the lower part the results are somewhat 

more to the right side of the graph in comparison with the baseline results, which means a 

smaller miss distance.  
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The smallest miss distance during the one million simulations is 4.55 Nm, which is in 

comparison to the baseline results negligible. This result is not significant. This ATCo-Planning 

only deals with the Medium Term conflict and Back-to-Goal resolution advices. The aircraft is 

not in a direct conflict when these resolutions are generated and therefore a longer response time 

has almost no effect on the results.  

 

The results of the simulation in Figure 4.16 are almost the same as the A3G model baseline 

parameter results and therefore the ATCo-P response time parameter setting can be changed to 

10 seconds.  

 

 

Figure 4.16: Monte Carlo simulation result for Test M; ATCo-Planning response time 

 

In Table 4.17 the outcome of test M is indicated through a green background.  

 

Table 4.17: Non-baseline parameter value for the ATCo-Planning scenario 

Agent  LPN Parameter  Explanation  

A
3

G 

Baseline Value  

Test M 

value  

ATCo ATCo-Planning  

min

ATCo PT -
 

ATCo -P minimum response 

time  

1 s  10 s  

max

ATCo PT -
 

ATCo -P maximum response 

time  

1 s  10 s  
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4.16  Test N: ATC uplink transmitt er  

The ATC Uplink transmitter is a newly added LPN in the A3G model. The ATC uplink 

transmitter is part of the ATC ground system. Just as there is only one ATC ground system, there 

is only one ATC Uplink transmitter. The ATC Uplink transmitter is responsible for the sending 

the resolution advices from the ground to the corresponding aircraft.  

 

The non-baseline parameter setting is based on the send duration parameter in the óBroadcast 

FMS Intentô LPN of the A3 model. In the A3 model the duration of sending is derived from the 

following formula: 

 
Send Send

d Num TimeT T T= Ö
  

The duration for sending is the multiplication of the number of waypoints times the duration for 

sending of a waypoint. For the two aircraft scenario a normal resolution advice consist of 4 

waypoints. The duration for sending of a waypoint is 3 seconds (see appendix C, parameters 90 

and 91), which yields a total of 12 seconds. 

 

In Figure 4.17 the Monte Carlo simulation results for test N are presented.  

 

 

Figure 4.17: Monte Carlo simulation results for Test N; ATC uplink transmitter 

The results in Figure 4.17 are very different from the A3G model baseline parameter simulation 

results in Figure 4.1.  

 

In order to better understand the difference between the results obtained for the A3 model and 

for the A3G model we compare the delays under both models. Under the A3 model the delay is 


