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1 INTRODUCTION

1.1 Background

Following [SESAR, 2007],hte SESAR concept of operations beyond 2020 (SESAR2020+)
involves a series of changes relative to curranfTfaffic Management (ATM)Central to these
changes is the paradigm fhihat aircraft should fly according to agreed conflict free 4D
trajectory plans which are made known to all actors involved as Reference Business Trajectories
( RB T A Bsigunknown in this RBT framework is how everything works under various kinds of
uncertainty, as a result of which one or more airtr
several categories afncertainty(including unexpected disturbances) that cannot be totally
avoided, such as: Meteorological uncertainties; Data related uncegaiftuman related
uncertainties; and Technical systems related uncertainties.

In principle the SESAR2020+ ConOps has been designed to take care of these kinds of
uncertaintythrough the possibility to revise 4D trajectory plans, and also to allow aiictraff
control to issue tactical flight instructions to pilots if the 4D planning layerirasut of time.
Although these tactical instructions are quite similar to the established way of working by an air
traffic controller, there also are significant difaces.

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 hanoptimize the socibechnical 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 providedtbg 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 hasen 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
systemsaircraft 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 tlah fiemsible using
established evaluation techniques.

1.2 EMERGIA project

During large European research projects HYBRIDGE and iFly, innovative complexity science
technigues have been developed and applied to airborrgepalfation 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 emergentibetsahave to be
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repairedat alate stageat huge operational costs, and will shorten the period needed to optimize
the system architecture and design of SESAR2020+.

The most advanced airborne se#fparation concept of operations studied within iFlgkes use

of similar 4D planning and tactical layers as SESAR2020+, though fully airbbinree ConOps

is referred to as the A3 mod@&ased on rare event Monte Carlo simulatiohshis A3 model,
conducted within the iFly project, [Blom & Bakker, 2@l 2012] have shown that ian
advancedirborneself separatiomBO concept théD planning and tactical layecsanwork so

well together that this leads to very powerful positive emergent behaviours, even beyond
expectations of the concept developers. Asesult of these powerful positive emergent
behaviours, the advanced airborne -sefparation concept considered can safely accommodate
very high enroute traffic demands. This raises the questlwatherthese powerful emergent
behaviours can be maintainedhile moving the 4D planning layer and the tactical layer to the
ground, as is the case with SESAR202Dke objective oEMERGIA is to answer this research
questionEMERGIA, 2012]

1.3  The objective of this report

The originalEMERGIA plan was toaddress tl aboveformulatedresearch question in three
steps The first step is taevelop a grountbased version of the A3 model (shortly referred to as
A3G model), to compare this to the SESAR2020+ ConOps, amektthe innovative complexity
science techniques tdentify the emergent behaviourstbfs A3Gmodel.The second step is to
compare these emergent behaviours to the powerful positive emergent behaviours of the
advanced airborne sedkparation ConOps, and study the possiblenprovement ofthe A3G

mode in case of significant difference in emergent behaviours. The third step is to evaluate the
improved A3G modelon its emergent behaviours, again by using the innovative complexity
science techniques.

Hence, acording to the initial EMERGIA plan, the commison of the A3G model results versus

the A3 model results would only be done during step 2. Howéveenrned out to be more
practical to follow another approach. The idea behind this new approach is that by changing
appropriate parameter values in th8@ 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 @im delaying such comparison to step 2. Therefore ctinegent report
presents the resultbtained during step ksavell asthe results of the comparison against the A3
model behaviouplanned fotthe 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 grodrased 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 drasegnt
Monte Carlo simulation model of the A3G model.

The systematic evaluation of the A3SG model regardive feasibility of getting itmergent
behaviourthe sameas it has been seen for the A3 model, is addressed in secoris dection
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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. Subséy&atiyn

5 it is investigated whether thease additional requirements on the model parameter settings
under theeight aircraft encounter scenarios. Finally, in Section 6, a systematic study is
conducted regarding the task load of pilots and contsollader the A3G model relative to those
under the A3 modekFinally, section 7 draws conclusis.

For sections 2, some material has been used from [Nieskens, 2014].
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2 THE NOVEL CONOPS: A2GROUND

In subsection 2.1 the novel concept of operations (ConfSpdgscribed; it is a grourshsed
version of the A3 ConOps. Subsequently in subsection 2.2 a comparison is made of this novel
A3G ConOps versus the SESAR2020+ ConOps [SESBR2013].

2.1 From A3 ConOpsto A3Ground (A3G) ConOps

Withinthei F1 y pr o jsadvancedCon@@S NASA, 2004 has gratefully been used as
starting point for the development of an advanced airborne self separation conceptoiateen
traffic under the name A3 ConOp§ly D1.3, 201(Q. This A3 ConOps intentionally addresses
the hypotletical situation of 100% well equipped aircrefor thisA3 ConOpsan Operational
Services and Environmental Description (OSEDglso availabl¢iFly D9.1, 2009.

Similar to the SESAR2020TBO conceptthe A3 ConOps adopts TBO in the sense that each
aircraft maintains a 4D trajectory intent that is shared with all other aircraft. According to
SESAR2028 terminology BESAR, 200¥, the 4D trajectory intent of an aircraft is referred to

as a Reference Business Trajectory (RBIQwever, RBT management the A3 ConOps is

done by each aircraftself, 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 dedadtresolve 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 managédetajrcraft. In the A3GConOps

the responsibty for separatiorassurance imovedbackto ATC. Hencethe 4D trajectoy plans

and actical resolutions are provided gyoundbased ATC.

Figure 21 gives a graphical presentation of A3 ConOps vs. A3G ConBiphe leftside is the
A3G ConOps where separation is controlblgdATC. At the rightsideis the A3 ConOps where
thepilots are responsible for self separation.

0
'r CoMm %

D AA COM

Figure 2.1: Graphical representation of % ConOps (left) and AConOps (right) (Cuevas, et

al., 2010)

Similar as iIn[NASA, 2004}, A36s uses two |l ayers in the de¢
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 conflice ABAS support of the RBT layer
consists of aMedium Term ConflictDetection andResolution MTCDR) supportsystem. The
tactical layer takes care ofsolving short term conflicts. The ASAS support of the Tactical layer
consists of &hort Term ConflicDetection andResolution (STOR) support system

Because the development of proper working MTCDR and STCDR support sysierbeen 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 systéthggne 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 ConOpghe ATC systenmwill maintain a database containing all currently active
RBTOS.

For each aircraft, MTCDR spprts the controller indentifying 4D trajectorieswhich are
conflict-free (i.e. centrelines stay 5NM or 1000 ft apartyith the currently actveRBT 6 s o f
higher priority aircraft over a time horizon of at least 15 minugagh time MTCDR detects a
medum term conflict between any of the curre
then MTCDR tries to resolve this through determining a new cotfiféet 4D trajectory for the

aircraft having lower priority.The priority of an aircraft is primdy determined by the
remaining distance destination. Confliefree also means that the 4D trajectory doeiscreag

a new conflict with an RBT of any of the other aircraft that have higher prioritigzon
acceptance of such new 4D trajectory by the cdietrat 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 A
systemthisdownlmked RBT is then stored in the databa

STCDR provides tactical maneuver support to a controller for conflict resolution vtithea
horizon of 3 minutesat a gparation criterion 056Nm/900ft. WhenSTCDR detects a potential
infringement of these separation criteria, t8RAICDR 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 corresgdhgdht 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 aiffenaftfrgum
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 updatingand MTCDR inthe A3G ConOps

Similar as in the A3 ConOps, in the A3G ConOps an RBT prescribes multiple wayphbioks
can be inserted by the pilot in the FMS, directing the aircraft to its end goal.

In Figure 2.2the new procedure fdRBT updatingin the A3G ConOps is presented. In this
procedure the grourddased ATC system and the ATCo are incorporated.
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_ 4D FMS-i RBT a/c-i AR
trajectory plan transmitter-i

alc receiver-i . 4D Pilot-Flying-i
trajectory plan
D

OK / Not-OK
trajectory plan

AG Up‘lmk . 4D Planning ATCo
Transmitter trajectory plan

Figure 2.2: RBT updating in the AG ConOps

4

New 4D
trajectory plan

ATC Ground
System

RBT a/c-i

OK / Not-OK:

The procedure is initiated on the ground by the AsyStem.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 cosffiee trajectory is proposed

as candidate RBT update the planning ATCoATCo-P). The ATCeP will check if the
proposal is OK or not. If the ATGB accepts the proposal, then it is submitted to the
corresponding aircraft through telrC Uplink Transmitter. The Pilot Flying will check the
given RBT updateand when approved will insertishin the FMS and the aircraft will follow

this updated RBTFinally the aircraft will broadcast thgpdated RBT from its FMS tthe ATC
ground systenusing ADSB or ADS-C. Upon reception this received RBT is used to uptize

RBT data in the ATC ground system.

The above described procedure 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 conflifitee 4D trajectory thatrings the aircraft back to its goal

In the MTCDR support system used within the A3 ConOps, the selected conflict resolution
approach was based delocity ObstaclesHiorini & Schiller, 1998; Abe at al., 20D1Velocity
Obstacls (also known as Collision Conelasedconflict 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 seléeparation research, such Velocity Obstaclgsageh has been referred

to as Predictive ASASHoekstra, 200[L At this moment the Velocity Obstacle approach is
limited to horizontal maneuvering only.

Complementary to the choice of Velocity Obstacle based conflict resolutienfollowing
implementabn principles have been adopted fioe MTCDR support system

+ MTCDR detects planning conflicts (5M®00ft) 10 min. ahead arslibsequently determines

a 4D trajectory plan that is conflict free over a horizoa®Mmin.

+ Aircraft nearest to destinatiare giverpriority over other.

+ Aircraft with lowest priorityare assumetb 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 battdre
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 theomtroller a norconflict-free 4D trajectory plan is uplinked to the
aircraft toget her wiortthe flight cfieW this dandicappmiessage reesns g e .
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 crev, the 4D plans 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 principledpr each aircraftthe MTCDR computes an RBT advisory by
determining a sequencé ®r aj ect ory Change Points (TCPO6s)
the left or to the right) such that there are no predicted conflicts remaining with any aircraft
which has higher priorityand whch is within the MTMR horizon. If there is no minimum

tumi ng angl e possi bl g mkeltohwe na t der ttauinnikisal uaen
identified which does not create a short term conflict and provides the lowest undershooting of
the minimum spacing criteria of 5SNlN0O 0 0O f t b et we e n casdh\EC assBnieths . I n
correspondingircraftto behandcapped. As soon as the advised NDRCadvisories have been
accepted by the controller and the pilot, then theyraptemented in th&MS and downlinked

to ATC together withthe handcap message.

2.3  Tactical resolution and STCDR in the A3G ConOps

When a short term conflict is detectiésiresolution through RBT updating would take too much
time. Hence dastertactical resolutiomprocessis necessary. Just as in the A3 ConOtectcal
resolution is bsed oraircraftstates and if availablealso onintent information. Atactical

resolution consists of an immediate heading changeheight changen Figure 23 thetactical
resolution procgsas used in the A3G ConOps is presented.

Heading / Manual
alc receiver-i height Pilot-Flyingi | eading/ Alreraft ADS-B
9 ying height Guidance transmitter-i
change
change
Current
Tactical ATCo

heading /
height
New heading/height:

Heading / height
change

Heading /
ATC Uplink height
Transmitter change

instruction

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

Proposed
Heading
/ height
change

ATC Ground
System

A

The tactical resolutiorprocess starts withthe detection of ahort term conflict by th&TCDR
support system oATC. This STCDR will thenautomaticallydetemine a possible tactical
resolutionin 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 Hagjoal maneuverThe proposed tactical
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resolution is shown to thédTCo-Tactical (ATCoT). The ATCoT verifies the proposed
resolution, and may reject or accept it. If accepted it isteaihe corresponding aircraft through
the ATC uplink transmitter (CPDLC message).

Upon receiving the CPDLC messaghe tPilot flying will implement the tactical resolution by
switching the aircraft from FMS to manual(tactical Auto Pilot / Flight Directgrmode and
subsequentlymplementthe given headin@r heightchange.SubsequenthADS-B broadcasts
theslowly changincheading or heighto the ATC ground system

Simultaneouslywith sendingthe tactical esolutionthrough CPDLC, theATCo-T inserts the
instructedheadingor heightchange in the ATC ground systef.sideeffect of this is that the
actualbehaviourof the aircraftwill happen with some delay relative to thormaion in the
ATC ground systenilThis allows the ATC systerto anticipate on the proposed heading change
because it is alreadyware of theoncoming heading or height changfethe aircraft. By directly
updating the intent information before the aircrafualty has changed its headinibe detection
and resolution of othehsrt term conflictsvorks more efficiently

The specific implementation principles adopted foe STCDR support systenare at this
moment directed to horizontal maneuvers only

+ STCDR detects conflicts GNm/900ft) 3 min. ahead ansubsequently determines a course
change into a direction that is conflict free over a horizadmin. plusl min

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

+ When a bhort term conflictis detected between two aircraft, then agmged STCDR
identifies two conflictfree tactical maneuver options, one for each aircraft. It is up to the
controller to select one of the proposed tactical maneuver options, and then uot itie
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 mimizes the undershoogrof the minimum tactical separation criterion.

+ Upon approval of the crew, the aircrafbwnlinks its new course, whiclallows the ATC
system to verify that the instruction has been implemented well.

Using the above principleSTCDR proposesesolutioncourse 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
certaigmyat bendidt he t ug dudsdgntifiadwhitherovideslthe vowest
undershooting of the minimum separation criteria.

2.4  A3G ConOps versus SESAR 2020+ ConOps

The SESAR020+ConOps [SESAR, 2002013 aims for aTrajectoryBased Operation (TBO),
in the sense thatircraft should fly according to agreed conflicte 4D trajectory plans which
are made known to all actors involved as Ref

Well ahead of takeff by an aircratft,ts airline will publisha SharedBusness Trajectory (SBT).
Before takeoff, this SBT is agreed between Airline and ATM, becomes registered as a
ReferenceBusiness Trajectory (RBT), and is distributed through System Wide Information
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Management (SWIM)After takeoff, this RBT is updated andown 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, its an activeRBT. Every stakeholder will have access to the
RBTs inSWIM.

If during the flight thee is any changer delay €.g. due to significant wind deviations from the
predictiong then an RBT updating process will be conducted with the active involvement of
controllers and pilots concerned [SESAR, 2007, 2012]. Although there is agreementhabout t
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 AT€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 timéoo 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 SHSAR consultation

with SESARJU, it has been decided tt2ESARJ U6 s P r e |ED Airepoat [SESARS,

2013] formsthe most up to dateeferencedocumentfor the SESAR2020+ ConOps for use
within EMERGIA.

Regarding ASAS, 0 page 60 ofhe project P04.07.02 report [SESARJ, 2013] it is explicitly
described that ASAS aspects are owsadpe, because other SESAR projectsaddress various
ASAS topics, such as

+ P04.07.-DFR RAODBSAer trial so;
+ P04.07.-A8BPAASEASNIi c Applicationso;

+ P04.07.05 AEN Route Tr ajieASASSSeparatiam(Qooperativea r a t
Separation) o;

+ P0O5.06.06 AASAS Sequencing and Mergingbo.

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 i®rganized irthree steps

Stepl compares their scopes.

Step2 compares their 4D trajectory layer

Step3 compares their tactical resolution layer.

Step1: Comparison of scopes

Table2.1 gives an overview of the main scoping issues for the two ConOpslemathi

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 traffi
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 fitesmain
differences concern the percentages of fully equippedadtirthe traffic demans 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 behaviourglentified 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 poseéxtrachallenges tohe 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 airspacé has been shown that an agent based modekeoA3 ConOps produces the very
positive emergent behaviour we are looking for in a ground based ConOps model

Step2: Comparison of D trajectory layers

Table2.2 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

1571 3 minutes

4D trajectories

RBT sharing

RBT sharing

Responsible Planning Controller Planning Controller

TRACT Subliminal speed Not considered within A3G
advisories t

Conformance MONA for PC MONA for PC

Monitoring

Conflict Detection MTCD Medium term conflict detection

Conflict Resolution MTCD probing by PC MTCDRbased proposals to PC

4D Conflict Resolution | None; based on mental | Distributed architecture, i.e. conflict resolution

Architecture model of PC algorithm works concurrently for each aircraft.

4D info to aircraft CPDLC CPDLC

Pilot role Reject OR Accept and| Reject ORAccept and implement
implement

4D trajectory downlink | ADSC ADSB

The maindifferences in the 4D trajectorfayer are: theshortertime horizonof A3G, No
subliminal speed advisories in A3G, and conflict resolution is supported by algorithms instead of

MTCD probing by ATCeP.

The subliminal speed advisories could very well be integrated in an extended vethi®®3G
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 dirthdrorizon for this next A3G version

to the 25 minutes of SESAR2020+.

Regarding the lower valuef the time horizon, it is important to notice that according to
[SESARJU, 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 aedieration, while an inease above the 3 minutes
does not | ead to an i mprovement. Thatos why
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 leavingf@s as possible to the Tactical resolution layer.
Hence the same splitting time value of 3 minutes has been adopted for the A3G ConOps.

Regarding theSESAR2020+MTCD supported resolution by the AT there are large
differences with the 4D resolution appch 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 Co®ps. Moreover, the A3G ConOps aims to accommod&® times as

high traffic demand than SESAR2020%uch factor of 2.5implies two complementary
challenges: 1) there are far more conflicts to be resolved, and 2) the resolution of each conflict
involves nore aircraft and is therefore more complex.

Step3: 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 | Open loop heading/height change
change OR Open loop
heading/height change OR

Back to 4D trajectory clearance

Responsible TacticalController TacticalContwoller
Surveillance SSR ModeS and ADSB out SSR ModeS andADS-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 STCDRbased proposals to TC

Tactical Conflict None; based on mental model of | Distributed architecture, i.e. conflict
TC resolution algorithm works concurrently

Resolution Architecture for each aircraft.

Sequence of pairwise | TC decides on basis of Safety,| FIFO (of proposed resolutions)
resolutions Geometry, Queue management

ATCo T Pilot | R/IT CPDLC
communication

Pilot role Reject OR Accept and implement| Reject OR Accept and implement
AND Reply through Control Panel AND Confirm

Insertion  of tactical | Simultaneously with R/T message | Simultaneously with CPDLC message
instruction in ATC
system

The maindifferences in the tactical layer ai®@horter ime horizonfor A3G, Open loop ype of
tactical instructionunder A3G No use ofSSRmodeS for surveillance by A3GAlgorithm
based onflict resolutionby A3G, and ATCePilot communicatiorusing CPDLC instead of R/T.

The rationale of the shorter time horizon has already been explained before. Related to this
shorter time horizon, tacticastructions always are of the opkyop type, which means that the
backto-goal aspect can be resolved through an RBT update with support of theFATCo

Regarding the SESAR2020+ MTCD supported resolution by the AT Cihere are large
differences withthe 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 architécture
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)sthiatien of each conflict
involves more aircraft and is therefore more complex.
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Regarding R/T messages between ATICand Pilots,it may be demanding to contindleis
under a 2.5 higher traffic demartdence it seems to make good sethedthe ASG ConOp has
switched to CPDLC
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3 THE A3G MODEL

In this section the A3G model is presenténist, the main A3G model assumptions are listed in
subsection 3.1. Nextisubsectior3.2,an overview of the agents in the A3G model is presented,
with the focus on th@ewly added.ocal Petri Nets(PNs). In subsectiorB.3to 3.7 the newly
and adjusted agents are shown in more detail by presentistrulcerre of ther interconnected
LPNs. In subsectior3.8the phased implementation of the A3G model is presented.

3.1 A3G model assumptions

In developimg the A3G modelthe followingmodel assumptions have been adopted:
Al. In the A3G modelall aircraft are identical and fly at the same level with the sspred
A2. In the A3Gmodelno emergency situations are modelled.

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

A4. In the A3G model the 4D plan Fight Data Processing SystefOP9 is considered to be
unreliable when ADSB messages about the RBT in the F&t8not received.

A5. In the A3G model no grawal based navigation support is available, navigation is based
on Global Navigation Satellite Syster@NSS andInertial Reference SystentRS) only.

The consequences of these A3G model assumpsbal be taken into accourtater on when
arguing aboutheresults obtained for the A3G model.

3.2 Agentsinthe A 3G model

This subsection provides an overvieftlte 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) systéms

Air Traffic Control (ATC) Ground System

Air Traffic Controller (ATCo)

Environment

E

It should be noticed that this model is an initial one which does not (yet) incorp¢eatber,
Airborne Collision Avoidance System (ACAS) or Airline Operations Cet@Q).

The Petri net formalism supports a compositional specification approach, which means that
first for eachagent particular local Petriets are being developed using agent specific expert
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knowledge, and without the need to bother about the connedigtween the agents. Once this
has been done, theteractions between these locati® nets are being developedl listing of
local Retri netsper agent is given in Tab&1

Table 3.1: All agents and the corresponding number of LPN's in the A®G model
1 Aircraft-i local Retri nes:
o Type
o Evolution mode
0 Engine systermode
o Navigation system mode
o Emergency mode
1 Pilot-Flying-i (PF) local Rtri nets
o State Situation Awareness
o Intent Situation Awareness
o Goal memoy
0 Current goal
o Task performance
o Cognitive mode
1 Pilot-Not-Flying-i (PNF) local Retri nets
0 Current goal
o Task performance
1 Airborne GNGCi local Retri nets
Indicators failure mode for PF
Engine failure mode for PF
Navigation failure indicator for PF
ADS-B receiver failure indicator for PF
ADS-B transmitter failure indicator for PF
Indicator failure mode for PNF
Guidance mode
Horizontal guidance configuration mode
Vertical guidance configuration mode
FMS Intent
Airborne GPS receiver
Airborne Inertial ReferereSystem (IRS)
Altimeter
Horizontal position processing
Vertical position processing
Regular Broadcast FMS Intent
Reguar Broadcast aircraft State
ADS-B transmitter
ADS-B receiver
ATC Uplink receiver
o0 MTCR/STCR audio alert
1 ATC Ground System

O 0OO0OO0OO0O0O0ODO0O0OO0O0OO0ODO0OO0ODO0OO0OOoOOoOOoOOo
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ADS-B ground reeiver
ADS-B receiver mode
ATC uplink transmitter
System mode
State & Intent
Conformance Monitoring
Conflict Detection & Managemenit
Resolution Modei
STCR Advisory-i
MTCR Advisory-i
o Back2Goali
1 Air Traffic Controller:
o Air Traffic Controller
1 Envirorment
o Global Navigation Satellite System (GNSS)
o Global ADSB ether frequency
0 ATC uplink frequencyoccupied
o Weather

O OO O0OO0OO0OO0OOoOOoOOo

The resulting model comprisé&® different local Rtri nets With the exception ofll ATC
system and Environmetdcal Retri nets each loal Petri netis copied for each aircraft in the
model. Hence, for N aircraft, there a@8N+11 local Retri netsin the A3G model. Table 3.2
gives an overview of the agents drfeINsthat were not in the A3 model

Table 3.2: LPNs and corresponding agent added to A®model to obtain A*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 inthe A G 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 LPNO6s. These can be categoris

1 Surveillance and edormance monitoring systems
1 Conflict Detection and Resolution advice generation systems
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This A3 modelstructure is raisedin order to make it possible that tA8G modelcan produce
the same positive emergent behaviour as the A3 model . The resutlimig@ureof the ATC
ground system in the A3G model is showrrigure3.1.

ATC-System
4 )

ATC-System-Other

States, identity and intents of all aircraft

(LPN 5-10)

ATC-CDR-i ATC-CDR-i v ATC-CDR-i

1 oo i k
e (# of aircraft)
(LPN 1-4)

Figure 3.1: Schematic overview of the ATC ground system architecture in the A%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 O6ATCt hseyredd eilnsl ed only oned.heTlhe | GATUG edy
surveillance system. It receives the state and intent information of all aircraft. This part consists
of the following LPNOGs:

State & Intent all aircraft
Conformance monitoring
Surveillance / A[3-B ground receiver
ATC system mode

ATC Uplink transmitter (new)
ADS-B receiver mode (new)

= =4 -4 4 -4 -9

The second part named O6Conflict Detection an
independently. In the system there are k number of aircraft flying.pant CDRIi is introduced

k times in the model, for i=1, .., k. The CBRart is responsible for detecting conflicts and
generating resolution advices for aircrafthe CDRi consi st s of the foll

1 Conflict Detection (CD) & Managemeint

1 Resoltion modei

71 Intent based STCR advisery

1 Intent based MTCR advisoty

1 Backto-goal checker (new)

The following two audio alert LPNOG6s are remo
1 STC Audio Alerting
1 MTC Audio Alerting
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In the A3G model the system automatically gates a conflict free trajectory after a conflict is
detected. So an audio alert is not necessary anymore.

34 I nterconnected LPNG6s of the ATC System

In the A3Gmodel, the ATC system is modelled through the SDCPN depicted in Bdlifarst

we describe th&ae PNG6s t hat are similar to those wusec
Subsequently we describe the thiPNATCLUpIMIKO S wh
transmitter to send each MTCDR advisory or STCDRIinstruction through datalink to the
appropriateaircraft LPN ADS-B receiver mode sometimes switches from working to not
working, and LPN Back2Goal

The ADSB information received from all aircraft is processed by the LPN A&D§round
receiver. This yields up to date information about the staterdadtiof 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&Managemenmd detect conflicts of a/i with any of the
other aircraft. The LPN Resolution Modeletermines which type of conflict advise should be
provided to aircraft i. The LPN STCDR Adviseryand LPN MTCR Advisonyi generate
advisories for aircraft i, and show these to the air trafbintroller (ATCo).

An MTCR Advisory applies to conflicts with any other aircraft within time horizoAof It is
determined as the minimum turning angle (to the left or to the right) such that there are no
predicted conflictsdft with any aircraft which has higher priority than aircraft i and which is

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

value/M’maX, then the turning angle losv / mmaxis 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 advisorges and th
corresponding advisories have been accepted by the controller and by the crew of aircraft i, then
these are broadcasted together with a handioagssage.

An STCDRAGdvisory applies to conflicts of a/c i with any other aircraft within time horizon of
’s 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 thhorizon. If there

is no minmum turning angle possible below a certain vdi&é‘ax, then the turning angle below

/ smaxig identified which provides the lowest underscoring of the minimum separation criteria.
Finally, there are the followgitwoc o mp| ement ary LPNOSsS:

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

(failed or corrupted mode also influences
T LPN Conformance Monitoring Il nt ent compa
inffoomat i on agrees with | o6s i ntent i nfor ma
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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.

ppppppppp

MTCR Advisory-i

ATC Uplink Transmitter

Figure 3.2: Complete DCPN specification of the ATC Ground system agent in the A*G model

Back -to -Goal -i

The Backto-goati LPN is modelled for each aircraft separately. It is part of the Cp&t of

the ATC Ground SystenThe LPN Back2Goal verifies whether the final RBT direction is
aiming for the destination of aircratft 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 by the LPN MTCDR Advisory . In such case the RBT should satisfy

the S5NM/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 Back2Gutil keep on
sendirg reminders to the LPN CD&Management until a feasible 4D plan has been found by the
LPN MTCDR Advisoryi and this has been accepted by the ATCo and the crew, and downlinked
as current RBT through ADB and stored in the LPN State&Intent.
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In Figure 3.3 a simulation realization sh@awwhat happens whe#fter a short term conflict
resolution the aircraft has no longer an intent which leads to its final gbal.magenta parts of

the curve indicate when ttarcraft iscontolled 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 isn the A3 model initiated by the Piléllying after an STCR. In the A3G
model this is automatized. After a short term conflict has occurred thettgdal initiates the
check for a backo-goal resolution. This is done at predetermined times. The rigsoligt
generated in th€ 66CPN& Management

X 105 2D paths, Turn=Red, Command Mode=Magenta, PID is 1

T T T ! L L L

2

0 0.5 1 15

m 5

Figure 3.3: Eight aircraft scenario A’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 ADSB ground receiver / surveillance receives the ATC ground system the state and
intent information of all aircraft. This is only received if the ABSeceiver mode is working.
The ADSB receiver mode is only modelled once. The AB$eceiver mode has the following
places:

1 Working

1 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 receivehas two places for the following modes:

1 Sending
1 Issent

The ATC Uplink transmitter the resolution ¢

aircraft. Due t o -AT@oeUpliskygxiieluiea@r ya pgluaecuee OGilsnt p c
handled on a firsin-first-out basis. The ATC uplink transmitter sends the resolution advice to
the corresponding aircraft i f the O0GI obal £
transmitter wil/ remain in O0sendingd mode.

resolution advice at a time.
3.5 ATCoas agentinthe 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:
1 Notice the alert of a retution advice generated by the ATC ground system after a
conflict is detected.
1 Confirm if the resolution advice is still viable by checking if the aircraft is still in conflict
in OResoliuét iionn tnhoed eATC ground system.
1 Insert the resolution advige 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 LPNOs. The ATCo0s
tactical part anadne the strategic part. The tasks require different responses. TheTRtGcal
(ATCo-T) deals with the short term resolutions. The ATRanning (ATCeP) deals with the
strategic tasks. Strategic tasks contain the medium term conflict resolutions &ro-gaal

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 th
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
possi bl e. The -ATCHUplink-© ine ypd éa c ma kde ta havet a qpeaesos | b
outstanding resolution advices.
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ATC ground system
State & Intent

Processing

/ g) Int-STC-State&Intent-i

ATC Uplink Transmitter

Res Mode-i

C:]< Int-ATCo-Uplink-Queue

CD & Management-i

ATCo-Planning
MTC

Int-MTC-i

MTC Advisory-i

Figure 3.4: Schematic overview of the ATCo agents and communicating LPN's

ATCo Tactical (ATCo-T)

The ATCoT is only modelled once. Due to the auxilig p | &SF@i 66 Ifmotd el | ed f
aircraft independently a queue is possible. An outbound queue is also possible in the place of the
0 |-ATCo-Uplink-Queued | PN. Resol ut i on -inficstvout prensiplear e |
The place IMSTGi canbe overwritten, meaning the resolution advice can be updated while the
ATCo is working on it.

Start of the ATCer tasks is a short term resolution from STC Advisoryhe ATCGT then
validates if the corresponding aircraft is still in conflict in Resoh Modei (Res Modei). 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. Simultaneougthéimserts the new heading
change directly in the ATC grourgystem. If the resolution is not viable anymore the ATICo

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

The ATCGP i s modell ed only once-MTCBube mood etl H ee da u>
aircraft independently a queue is possible.oitbound queue is also possible in the place of the

0 I-ATCo-Uplink-Queued | PN. Resol ut i on -inefitstvout prénaiplear et
The place IMMTC-i can be overwritten, meaning the resolution advice can be updated while the
ATCo-P is woking on it. The ATCeP receives Medium Term Conflict Resolution (MTCR)
advices via t-h@. o0 Mibgoalkeadvicds sitoch gre needed after a short term
conflict resolution advice air@® IgkMNMeirmatede bl
system.

The task starts with an incoming resolution advice. The APGhecks if the aircraft is still in
conflict diMm bdORédDrB®odendi ng the resolution t
the resolution is dropped.

3.6 New communication syste ms in the A G model

In this section the newly added grovzad r communi cati on LPN6s wil
agents are the ATC Uplink Transmitter, global ATC uplink and the airborne ATC Uplink
receiveri.

Figure 3.5 shows a schematic overview of the path of a resolution advice from ATC ground
system to the pilot. Ikigure3.6 the full process is shown using the SDCPN structure as used in
the A3G mode

The process in the figures starts with a generated resolution advice in the STC agWSiy
advisoryi or CD & Management. The ATCo checks in ATC resolution mode (Res Mode) if
the resolution is still viable before inserting it in the ATC Upltrdnsmitter. 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 reeeiVée
received message will generate adiatalert. 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.

‘ ATC Ground ! ‘ | ‘ ATC Uplink | ‘ ATC Uplink | . . .
System ATCo Transmitter receiver Audio Alert PilotFlying

Figure 3.5: Schematic overview of the agents involved in the resolution advice process in the A’G model.
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Int-MTC-Audio

Int-MTC-B2G-Audio
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Int-Emergency-Audio

L Int-Indicator-Audio

Figure 3.6: DCPN specification overview of the resolution advice process in the A*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:

1 Working
1 Not working
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The global ATC uplink frequency is the frgency 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 globalBE8quency in the A3
model

ATC uplink receiver

For the ATC uplink receiver on-board ofaircrafti a DCPN models presented irFigure 3.7.

The ATC uplink receivemodel manages a proper reception by and alerting of a pilot for the
three differentypes of resolution advices from the ATC ground sysf€attical instruction4D

plan update proposal, aB&ckto-Goal resolution advice. The ATC uplink receiver is modelled
asan Interacton Petri Net (IPN)Yhat aims tamitate the response of the PHelying in the A3
model.The specifics of this response aresentedn Table 3.3.

ATC Uplink Receiver-i (IPN)

ATC Uplink
Transmitter
()
A\
tpnkmc

FMS Intent-i

Int-MTC-B2G-Audio
Int-MTC-Audio

Int-Emergency-Audio

Audio Alert (IPN)

Figure 3.7: DCPN specification of the ATC Uplink receiver IPN including communicating LPNs

In Table3.3 theupper rowindicates the current task of the Pilélying. The left column
indicates theype of resolution receiveéach of the matrix elemengpecifies what the pilot
should doThepossibleresponse options fohé pilotare: 1)to start a new taslor 2) to locally
save this task anstartdoing it after the current task is finishetihe specificof Table 3.3 are
captured in the I PN6s in Figure 3.7.
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Table 3.3: overview of the pilot response for incoming alerts in the A’G model

Audio Alert - Audio Alert Audio Alert
+ + + +
Restart MTC task Finish STC task Start MTC task Start MTC task

Save MTCR advice

Audio Alert - Audio Alert Audio Alert
+ + + +
Start STC ta sk Finish STC task Start STC task Start STC task

Save STC advice

Audio Alert Audio Alert
+ + +- +
Save B2G advice Save B2G advice Restart B2G task Start B2G task

3.7 Pilot Flying as Age ntinthe A G 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 insertegbkition 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 sainethe A3G model theverall
responsibilities of the Pileflying 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 thieraft.

In Figure 3.8 the Pilot Flying agent from the A3G model is presenksslative to the A3 model,
the changes are only in the Audio Alert IPN and the Task Performanceth&dé¢ are further
explanednext.

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. I&ructure 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*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 presentim A3G model:

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

1 Task Performance Goal 5: Navigation horizontal actions for BaXoal

1 Task Performance goal 6: Preparation route changes

1 Task Performance 7: Miscellaneous.

The Tasks Gda 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 PiBlying 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 tsB® CPNmodel in theselectegorogramming languagevhich is
the object oriented Delphi XE3 languagee. he same language used for the A3 model
implementation.

The implementation of the A3G model code is damesteps.The motivation behind this
stepwise approach is that it alloasnducing anintermediateverification test after eacstep

Step1: Il ntroduce 6éshadowd aircraft, agent O

A new agent QOs introduced Eventually, his agent Qwill form the ATC system agentin step
agentOisfilledwitt he 4 LPNG6s -of hé AdG Cpayt teetiam8.8 Ageri e d i
0 receives the state and intent informafimm all other aircrafthrough ADSB downlink.

Verificationtestl:

Using the eight aircraft scenario the state and intent information in eachaafict 6 s A SA
surveillance part is compared to the state and intent information in ag€eid®. corrections

have been made unthis verification test has shown that the state and intent data on the ground
equals the state and intent data in the ASAS syst# the aircraft.

Step2: Insert CDR-i part to agentO

The Conflict Detection and Resolution (CDR) pafrtagent 1,.N is added to agent ®lence in
agent 0 lhe CDR part iseparatelynodelled for each aircrafEachCDR-i in agent Ouses the
information of the ATC system to detect conflicts and generate a conflict trajectory for aircraft

Verification test2:

Using the eight aircraft scenarithe resolution advice generated by agent 0 is compared to the
resolution advice generated by correspogdinai r cr af t 6 sCodeicarrbcbonsnhave A S A ¢
been made untihie outcome of the verification test wassitive.
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Step3: Add air -ground uplink
The LPN for ATC uplinkis added to the system. The ATC uplink is used to seragent O
generated resolain advice to the corresponding aircraft.

Verificationtest3:

Using the eight aircraft scenayithe resolution advice receivesl compared to theesolution
advice generated by agent Oode corrections have been made untéd ttutcome of this
verification testwas positive.

Step4: Add an Air Traffic Controller (ATCo)
The Air Traffic Controlleragent isinsertedbetween the agent 0 and the ATC uplinkFigure
3.9 an overview of thenodel afterstep4 is shown.

Verification test4:

Using the eight aircraft scenayithe resolution advice receivesl compared to theesolution
advice of generated by agent ©ode corrections have been made until the outcome of this
verification test was positive.

Agent0 Aircraft-i

Save
resolution
advice

A 4

ATC Uplink
Agent0

State & Intent all
aircraft +
system

Aircraft-i

Save
resolution
advice

A 4

Figure 3.9: Schematic overview of sending the resolution advice to the aircraft.

Step5: Using ATC ground resolution advice in the air

So far in the model each aircraft ssesolutions generated iy own ASAS. In thisstep5 the
resolution adviceseceived througATC uplink from the ground are used instead of those from
own ASAS. Due to this step 5aeh aircraft will fly according to the resolution advice generated
by agent Oon the ground.

Verification test5:

Using the eight aircraft scenayib has been compared whether #weraft behaved the same as

in the previous tesCode corrections have been made until the outcome of the verification test
was positive.

Step 6: Delete airborne ASAS
Finally, for each aircraft airborn®SAS is deleted.

Verification &st6:
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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 \erification

The verification tests conductdd steps 1 through ére based on a few simulation runs for the
implemented code-ence, the positive outcomes of theseification testsdo not preclude the
occurrence of rare event differences either dueneaming 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 ofrare event difference the next sections we conduct rare event MC simulations
for 2 and 8 aircraftrcounters.

During the rare event simulations for 8 a/c encowntbere appeared to l®me unexplained
differences between the behaviour of the A3 model and the A3G model [Nieskens, 2014].
Through conducting additional rare event MC simulations, theesaofSthese differences have
been identified, and subsequently the necessary improvements in the code have been made anc
verified through running additional rare event MC simulations.

The threemain improvements that resulted from this rare event veiicand 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 impletadrnn the A3G code.

- After having given an open tactical resolution, ATC determines a-toegéal
tactical instruction. In doing so an erroneous waypoint and an erroneous distance
calculation was used, as a result of which the fiagjoal instruction cold work
counterproductive in some rare cases.

- A pilot receives an audio alert in case of an MTCR uplwikich makeghe pilot
stop finishing his current activity, e.g. onplamenting an STCR instruction. In
some rare events this could lead tsemuencef instructions rendering pilot
becwming totally unproductive. In order to avoid this, the pilot does no longer
receive an audio alert when there seguence of instructions awaiting

The proper working of these improvements in the A3G model have \enifired through
running additional rare event MC simulations.

Page 37 of 96



4 MC SIMULATION OF 2 AIRCRAFT ENCOUNTERS

The aim & this section is to investigate under which conditions fossible to get A3G model
rare event MGimulation result$or two aircraft emountersas good as obtained for the A3
model.The two aircraft headn encounter scenario is the same as the one being used for the

Monte Carlo simulation results of the A3 moflom & Bakker, 2014,4.

This section is organized as follows subsectin 4.1 A3G baseline parameter values for the
A3G model areadoptedsuch 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 valueg ahosenn a conservative way, i.such thafor the 2 a/c encounter
scenariojt is sure thathe A3G model performs as goodtae A3 model doesSubsection 4.2
providesMC simulation resits for the A3G model usintheseA3G baseine parameter values.

In subsection 4.3 theffect of A3G results is shown when A3 baseline parameter values would
be used instead of the A3G baseline parameter values. From this point on ABGtharameter

values that diffefrom the A3 baselinevalues, extra MC simulation tests are conductedrder

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. Firsgubsectio.4 the Monte Carlo simulatiomests

to be conducted are definégbsequentlyni subsectiosn4.5to 4.16the Monte Carlo simulation
results obtained fothese Tests otwo aircraft heagbn encounter scenarios are presenbed.
subsection4.17, A3G selectedparameter values and corresponding simulation results are
summarized, anchisubsectio.18an interpretations givenof theresults obtained for thisvo

aircraft encounter scenarios.

4.1 A3G Baseline parameter values

In this subsectioM3G baseline paranter values for the A3G model aeelopted 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 s [Blom & Bakker, 201d]. For the completelist of adopted A3G
baseline parameter vaki€l77 in totalthe reader is referred appendix C. In this subsection

only those parameter valuese explainedhat differ from the A3 baseline parametealues
TheseA3G baseline parameter valua® shown inTable4.1. The number in the first column
corresponds to the number in the full parameter list in Appendix C.

Theadopted A3Maseline parameter valueanche separated ihreegroups:

1 The tvelve parametershat arecoloured white inTable4.1: Theseinfluence the state of
the technical systems. A system failure evwas aprobability of occurrenceand amean
duration of failure For the A3G baseline parameter values the naemation parameters
have not been changed. The ATC global frequency is timughits function issimilar
to the global ADSB frequency in the A3 modelThe value zero for the firstwo
parameters reflects that this functionality is not implemented in the A3G nibiuel.
other A3G baseline probability values are all set to a probabilityfaiiire or Not

Working of 1*10*°. This is many orders in magnitubetterin comparison with th&3
baseline parameter values
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1 The seven parametetisat have arey shadingn Table 4.1: Thesare all used by the
newly added grountlased agents. First the location of the ATC ground system is located

in the centre. Second the pareterT,,. is added to the ATC ground system, because

this was previously done in the ABodel forthe pilot. The rest of the new baseline
parameter values are all set to 1 second to simulate almost no delay.

1 For the remainindl58 parameter valuesghe adopted A3G baseline parameter values

equal the A3 baseline parameter values.

Table 4.1: Baseline parameter values for the A’G model that differ from baseline A*> model

. A3G Baseline A® Baseline
# Parameter Explan ation
Value Value
2 pgﬁgine Probability of Engine Failure 0 1/6000
4 pg%‘"é” Probability of Other Emergency  Failure 0 1/6000
62 pa" Probability of Global GNSS/GPS Not working 1*10°%° 1*10°°
66 PAbs Bgioba | PTobability of - ADS-B global Occupied 1*10° % 1*10°°
69 own Mean duration of Global ATC uplink Occupied 1
TC- global . 1 hr. 1hr.
A Not Occupied
70 paoen gobar | Probability of - Global ATC uplink Occupied 1*10°1° 1*10°¢ !
94 Probability of Airborne GPS receiver  Not
Pones Rec oI 1*10%° 5%10°°
Working
98 pa Probability of ~Airborne Altimeter ~ Not Working 1*10° 10 5%10°
111 pf\%"g‘ TRM Probability of ADS-B transmitter ~ Not Working 1*10°2° 5*1(Q5
165 Xown Position of ATC ground system  [x,y,Z] [0,0,0] -
168 pZOTr{;SyS Probability of ATC ground system  Corrupted 1*10 % 5*10° ?
169 pf\(%“énsys Probability of ATC ground system  Not working 1*10°° 5*10° 2
170 T ATC ground system , Interval time for Back -to- 2
B2G . 20s -
Goal Evaluation
172 d Probability of ADS-B ground receiver  Not
Parc. ADS REC _ Y g 1*10° 5%10° ¢
Working

! The global ATC uplink is new, but in function the same as Global ADSB frequency in A*> model

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

% In A® 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.

* ADSB ground receiver is new but exactly the same as aircraft ADS-B receiver in A*> model
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173 Tu'l‘;rl?nnksmit ATC ground Uplink Transmitter duration of s
sending resolution to aircraft

174 Tr,ﬁ,rco ! ATCo -Tactical minimum response time 1s

175 Tr,f\;co ! ATCo -Tactical maximum response time 1ls

176 Tn'::co c ATCo -Planning minimum response time 1s

177 TATeo P ATCo -Planning maximum response time 1s

4.2 MC simulation results under A3G baseline parameter values

In this subsection the ®simulation result fothe A3Gmodelusing A3G baseline parameter
values ispresentedSimilar as in [Blom & Bakker, 20H], in this scenario two aircraft start at

320 km (178 Nm) from each other. The initial -pDsition 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. Botly fitraight oppositélight plans 4 250 m/s aispeed.

The short and medium term detection and resolution critesgal in the MC simulationare
shownin Table4.2. The horizontal separatiominimum (medum andshort termis 5 Nm.

Table 4.2: Short term and medium term separation criteria for the A% and A’G model

Look ahead Resolve ahead Horizontal Vertical separation Max Turn
tim e time separation min min angle
STC 3 min 3min+10 s 5Nm 900 ft. 60 degrees
MTC 10 min 15 min 5Nm 1000 ft. 60 degrees

Figure 41 presentdhe results of one million Monte Carlo simulations of the A3G modgig
the A3G baseline parameter valu€ke simulation results iRigure 4.1 show the same curve as
obtainedfor the A3 baseline parameter results for the A3 mgB&mé&Bakker, 201H].
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Figure 4.1: MC simulation results for two aircraft encounter under the A’G model with A3G baseline
parameter values.

4.3 A3G simulation results under A3 Baseline parameter values

Figure 42 presents MGsimulation result®of the A3G model usinghe A3 baseline parameter
values for tlese parameters that coincide with those ef 3G model As expected,Figure 42
showsfar less good results than Figure 4Zbmparison with Figure 4 4hows the same positive
behaviourduring the left part of the curve, though far less good results for the right part of the
curve The difference can be seen from th&10* event probability levelmeaning oce in

5000 Monte Carlo runs of 2 aircraft encounters.
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A3 model baseline parameters values in A3G model
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Figure 4.2: MC simulation results for two aircraft encounters under the A®G model with parameter settings
according to the A®> model baseline parameter values.

4.4 Additional MC simulation Tests 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 inder 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 conductedsubsectiomt.5to 4.16 These extrdests are defined in the
current subsection.

An overview of the parameter settingthe additional scenarids given inTable4.3. Each of

the tests will be performed with the two aircraft encountemate 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. TéstseC
conducted in the remainder of this section.

The A3G model parametéests GN can be categorised in two groups. The categorisation is
based on what they influence in the system. The two categories are:

1 Performance of the technical systems parameters @ésks).
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1T Parameters of the new ground based agent
system (tests L N).
Table 4.3: Overview of the alternative parameter setting test for the two aircraft encounter scenario
Same A3 Baseline Parameter value setting A3 baseline =
All A3G Baseline Parameter value setting A3G baseline =
own Pr ili f | | GN P N
plow Obf’:lb ty of Global GNSS/GPS Not 1#10'%0 gl
working
Pans. Bglobal Probability of Global ADS -B Occupied 1*10°%° 1*10°°
Probability of Global ATC Uplink
pisl"vén global J . . 1*10°*° 1*10°
frequency Occupied
down robability o ircra receiver 0 _ _
D Probability of Aircraft GPS i Not 14102 S
GNSS REC Working
Probability of Aircraft altimeter Not
Dt N 1*10'%° 5+10°°
Worki ng
down Probability of  Aircraft ADS -B transmitter
1107 5+10°
Pros. mr Not Working
corr Probability of ATC ground sy stem 1*10*° 5*10°°
pATCsys
Corrupted
Probability of ATC ground System  Not
PATcsy: I ground =y 1410 5+10°
working
down Probability of ATC Ground ADS-B 0 "
Patc- apbs rec . . 1*10 5*10
receiver Not Working
Too T ATCo -Tactical response time 1s 10 s
TP ATCo -Planning response time 1s 10's
T ATC Uplink transmitter ~ Send time 1s 12's

Eachtest 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 sametls baseline results, the parameter has no substantial (negative)
influence on the system and can therefore be changed.

The goal of test€ - K is to bring these A3G model baseline parameter values closer to the
baseline parameter values used in therd®lel. 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 I N is to investigate the influence of a longer delay on the total system.
Instead of the AB b asel i ne parameter value of 1 second
will be set to higher values.
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45 Test C: Global GNSS/GPS

The par ameter 060Gl obal GNSS/ GPS6 i s a paran
GNSS/GPS not working in the environmi@gent. 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 (IRSlhe nonbaseline tesC parameter setting of 1*1B is

obtaned from theA3 baseline parameter valuels Figure 4.3 the Monte Carlo simulation

results for test C are presented.
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Figure 4.3: Monte Carlo simulation results for Test C; the non-baseline Global GNSS/GPS parameter
setting in the A*G model

The curvein Figure 4.3 is the same a Figure 41. A global interruption of the navigation
satellites has no gidficant 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 prdtiseresults of the

Monte Carlo simulation show that the effect of the -baseline variable is not significant.
Therefore the parameter can be changed to the value used in the A3 model.

In Table4.4 theoutcome of ést C isndicated through a green background
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Table 4.4: Non-baseline parameter value setting for the Global GNSS/GPS parameter

AG

. . TestC
Agent LPN Parameter Explanation Baseline

value

Value

Environment GNSS system (GPS/ Probability of Global
Nav. Global) / Pear” GNSS/ GPS Not working 1*10°%° 1*10°®
Satellites

4.6 TestD: Global ADS -B frequency

The par amet e-B frequércyednarhsthé@obability of global ADSB frequency
being occupied in the environment agent. Global ABSrequency is used to serstiate and
intent information of the aircraft to the ground. If the ABSrequency is occupied, this mean
that the ATC ground sgem cannot receive the latest intent information of all aircFag. non
baseline tedD parameter setting of 1*16 is obtained from the baseline parameter values of the
A3 model.In Figure4.4 the Morte Carlo simulation results for test D are presented.

Global ADS-B in A 3G model
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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 #masdéine value is negligible. The effect of a global

interruption of the ADSB 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 oldnformation can still be used. Also new intent can still be send up via the ATC
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uplink frequency. Secondly the ndmaseline parameter value is still very small, an effect of
1*10-6 is hard to detect with only one million simulations.

In Table4.5 theoutcome of tesD is indicated through a green background

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

A’G
. . TestD
Agent LPN Parameter Explanation Baseline
value
Value
Environment Global ADS -B Probabilty of ADS-B global
ether Paos. Bglobal | Occupied 1*10°%° 1*10°
frequency
4.7 Test E: Global ATC Uplink frequency
The parameted G| obal ATC wuplink frequency i s a pare

ATC uplink frequencybeingoccupied in the environment agent. Global ATC uplink frequency
is used to send the short term and medium term resolution advice from the AT@ gtation

to each corresponding aircratlthough he parameter is nevhe test Evalue is based on the
very similar global ADSB frequencybaselingparameteralueused in the A3 model.

In Figure4.5 the Monte Carlo simulation results for test E are presetiiegishow a significant
effect. Whenthe ATC uplink frequency iblocked no aircraft can receive a new resolution
advice.Although tis blockinghappered only once inthe one million simulatio runs, its effect
is large when it happengherefore a better value is needetie Tesults in Figure 4.5 also mean

that a factor 100 improvement relative to the A3 baseline valde i ° will suffice. Therefore
we @nclude as outeoe of test E that the frequency of Global ATC Uplink frequeniogking

probability should bed*10°®. The latter value is indicated with green background in Table 4.6.

In Table 4.6the nonbaseline parameter settingd the outcome aést E is presented.

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

TestE A’G
Agent LPN Parameter Explanation derived Baseline
value Value
Environment Global ATC Probability  of Global ATC %110
. down . . *10-8 1 10
uplink Patc. giobal | Uplink frequency ~ Occupied 1*10
frequency
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Global ATC in A3G model
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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 O6Aircraft GPS receivero i s a
not working in the own positioning systems agent of the airdfafie 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 4.7the nonbaseline parameter setting for t€s® is presented. The teBtparameter
setting of 5*105 isthe A3 baseline parameter value.

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

A’G
) ) Test F
Agent LPN Parameter Explanation Baseline
value
Value
GNC systems: Aircraft GNSS/ Probability of  Aircraft GPS
Own GPS receiver down receiver Not Working 10 -
- Ponss rec 1*10 5*10
Positioning
Systems
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In Figure 4.6 the Monte Carlo simulation results for test F are presefedrare eventshe
results inFigure 4.6 differ from those in Figure 4. herefore the A3SG model paneter value
should nobe changed to the A3 baseline parameter value.

Aircraft GPS receiver in A>G model
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Figure 4.6: Monte Carlo simulation results for Test F; aircraft GPS receiver non-baseline parameter
setting

Test F2

In test F the déct of the simulation results were significant but not very large. Therefore a
second test has been performed with the parameter sattintpe test F outconsiown inTable

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.

A’G
) ) Test F -2
Agent LPN Parameter Explanation Baseline
value
Value
GNC systems: Aircraft GNSS/ Probability of  Aircraft GPS
Own GPS receiver down receiver Not Working 10 -
N Ponss rec 1*10 110
Positioning
Systems
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In Figure 4.7 the results of Monte Carlarsulation for test 2 are presented. The simulation
results are similar to the simulation resufisFigure 41. This means that changing tiB&PS
receiver parameter te10°¢ is sufficientfor two aircraft encounters.

Aircraft GPS receiver 10° in A3G model
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Figure 4.7: MC simulation results for Test F-2; GPS receiver setting to 10°in the A’G model

49 Test G: Aircraft altimeter

The parameter OAircraft Alti meterdéd i s a par
working in the own positioning agent of the aircraft. The A3 model and A3G model only detect
horizontal conflicts.The nonbaseline tesG parameter setting of 5*18 is obtained from the
baseline parameter values of the A3 motteFigure4.8 the Monte Carlo simulation results for

test scenario G are presented.
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Aircraft Altimeter in A3G model
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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 themeflight level. Therefore an error in the
vertical position calculation is negligible.

In Table4.9 theoutcome otest G igndicated through a green background

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

A’G
. . TestH
Agent LPN Parameter Explanation Baseline
value
Value
GNC systems: Own Aircraft down Probability of Aircraft
- S | Pl DIy | 1#10°% 5+10°
Positioning Systems Altimeter Altim eter Not Working

4.10 Test H: Aircraft ADS -B transmitter

The paramet erB OtAiarncsrmaifttt eAMS i s a parameter
ADS-B transmitter not working in the communicationteyss agent of the aircraft. The AES
transmitter only sends the intent information of the aircraft to the grdanBigure 4.9 the
Monte Carlo simulation results for test scenario H are presented.
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Aircraft ADS-B transmitter in A 3G model
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Figure 4.9: Monte Carlo simulation results for Test H; aircraft ADS-B transmitter non-baseline scenario.

The resultg-igure 4.9 are significantly different fnm those inFigure 4.2 The effect is large; this

can be explainedsfollows. The aircraft sends own intent information via the AB&ansmitter

to the ATC ground sy s-B gansmitter fs nat Wwakingather iotena f t 6
informationis not reeived on the ground. Because this dediedrajectory plarverification, 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 yietusdar
problems for the A3G model than it does for the A3 model is because in the A3 model the
aircraft with the failing ADSB transmitter still has high quality state and intent information from

all other aircraftHence this aircraft will continue to pral@ a very reliable resolutiomn the

A3G modelhowever,there is onlyagent 0 (the ATC system) where all state and intents of
aircraft are used to determine proper resolutions; andg@st O is lacking proper intent of the
aircraft with failing ADSB transmitter.

In Table4.10the outcome otest H isindicated through a green background

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

A3G

. . TestH
Agent LPN Parameter Explanation Baseline

value

Value

GNC: Communication ADS-B Probability of Aircraft ADS -B
down

Systems Transmitter DADWS TRM transmitter  Not Working 1*10°* 5*10°
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4.11 Testl: 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
doesndt dendecal scoondfdescntéta gi ve an indication

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 he nonbaseline test value is based on the A3 model baseline VWalbgure4.10 the

Monte Carlo simulation results for test scenario | are presented.

o ATC system Corrupted in A3G model
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Figure 4.10: Monte Carlo simulation results for Test |; 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 groundtsys 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 trajectardesce, theA3G baseline
parameter value cannot lobanged to the test | valutn Table 4.11 the outcome oftest | is
presentedvith a green background.

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

AG
. . Test |

Agent LPN Parameter Explanation Baseline
value

Value
ATC Ground | ATC System corr Probability  of ATC ground i "
pATCsys 1*10 5*10

System Mode system Corrupted
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4.12 Test J: ATC ground system failure

This parameteconcernghe probability of failure of the ATC Ground systeamd isused in the
ATC system mode in the ATC ground agent. When the ATC ground system fails the system
doesndt det ect icateathatftie ATCtsystern has affalees i n d

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 nobaseline test value ssed on the A3 model baseline value.

In Figure4.11 the Monte Carlo simulation for test J are presentéidure4.11 shows thathe

effects on tlk simulations results under the Hoaseline 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 corruptééigare4.10.

ATC system failure in A3G model
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Figure 4.11: Monte Carlo simulation result for Test J; ATC ground system failure scenario

The difference between a system failure and being corrupted iiaagston both situations the

ATC system doesnodt detect conflicts. Thus t
system has a failure it shows a failure 1in
indication is shown. In the A3G model tkes only one ATC ground system. There are no back

up systems present. The effect of failure or corrupted is the sameew of the significant

effect on the resultshe A3G baseline parameter vaklouldnot be changed to thest Jvalue.

In Table4.12 theoutcome otest J isndicated by a green background
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Table 4.12: Non-baseline parameter setting for the ATC ground system failure scenario

A3G
. . Test J
Agent LPN Parameter Explanation Baseline
value
Value
ATC Ground | ATC System down Probability of ATC Ground
y Patcsys Y i 1*10°*° 5*10°°
System Mode System Failure

4.13 Test K: Ground ADS -B receiver

In the A3Gmodel the ADSB ground receiver is a LPN in the ATC Ground agent. It has two
places and can be working or not working. The AB$round receiver is a new LPN in the
model, but is derived from the airborne aircraft ABSeceiver. Therefore the A3G non
basline test value is based on the A3 model baseline value.

The switches between the two modes happens at exponentially distributed times. T ADS
ground receiver mode is only connected to the Surveillance LPN of the ATC system. When the
ADS-B ground receier 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 @Adsedor intent
information this is 6 minutes. See appendix C, parameters 151 andli32agure 4.12 the
Monte Carlo simulation results for test scenario K are presented.

ATC ADS-B ground receiver in A3G model
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Figure 4.12: Monte Carlo simulation result for Test K; ADS-B ground receiver scenario
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The simulation results ifrigure 4.12 are different from the A3G baseline setting results. The
effects on the results Rigure4.12 are significant. In the A3G model when the ABSyround
receiver is down the ATC ground system is not able to receive intent or state information from
any aircraftin Table4.13theoutcome of Test K is presented with a green background

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

A3G
. . Test K
Agent LPN Parameter Explanation Baseline
value
Value
ATC ADS-B ground down Probability of ADS-B Ground
. Patc- aps rec . . %110 15
Ground receiver mode receiver Not Working 1*10 5*10
System

4.14 Test L: ATC o-Tactical maximum response time

The ATCo agent consists of two parts: The Tactical, ATCavhich is in charge of the short
term conflicts (STC) resolution advices. Second is the Planning, A, @¢dich handles all the
medium term conflicts (MTC) and bat¢&-goal (B2G) resolution advicel either case, thair

Traffic Controllerhasto check if the resolution advice generation by the ATC systerwcispted

or not. When the ATCo accept@ resolution advice it is given to the ATC Uplink transmitter.
Becaug theATCo does not exist in the A3 model, no reference parameter values can be taken
from the A3 modelFor test L a maximum ATG® response of 10 s is used.

ATCo-T = 10s in A3G model
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Figure 4.13: Monte Carlo simulation result for Test L; the ATCo-Tactical scenario
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The simulation results irFigure 4.13 are slightly different from the A3G model baseline
parameter results shown fgure 4.2 The effect of the nebaseline parameteetting for the
Tactical Air Traffic Controller is thus significant. FFigure 41, the baseline parameter results of
the A3G model the smallest miss distance obtained was 4,6MNi@ in Figure4.13 it is 4.4

Nm. The norbaseline test L value for the ATEoresponse time is a factor 10 in comparison
with the baseline. Although this is a large step the effect is noticeable but small. TheTATCo
only deals with the short term conflict resolution advioethis 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 thebaseline value of 10s.

In Table4.14 the outcome of test lis presenteds being undecided yet.

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

A’G Test L
Agent LPN Parameter Explanation .
Baseline Value value
ATCo ATCo-Tactical TATCo T ATCo -T minimum response
min i 1s 10s
time
TATCo T ATCo -T maximum
max . 1s 10s
response time

Test L-2

In the previous test scenario L the effect on the simulation results werecsighifiut not very
large. Therefore an additional test scenarid is performed with the parameter setting shown in
Table4.15.

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

A®G TestL -2
Agent LPN Parameter Explanation .
Baseline Value value
ATCo ATCo-Tactical TATCo T ATCo -T minimum response
min i 1s 5s
time
TATCo T ATCo -T maximum
max . 1s 5s
response time

Figure 4.14 shows the Monte Carlo simulation results of test scena2o The smallest miss
distance obtained is around the 4.45 Nm. This is still different from the A3G model baseline
paraneter 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 resuli&agare 41. The results in the

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

The ATCaT plays an important role in solving those conflicts. As the effect of the {2stalue

is still noticeable the conclusion is that the A3G parameter value should be lower than 5 seconds.
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ATCo-T = 5s in A3G model

10

<><><><I> T T T T T T
O,
O
<> 4
10" | :
<> ]
1 ]
= 2 )
5107y
‘®
S &
Q. 3 R
£ 10" F E
3 Q ;
3 ]
<] & ]
2 /
"E 10_4 F % E
(5] ]
> p
w 1
10° % ;
o ]
10-6 1 1 0 1 1 1 1 |
6 55 5 45 4 3.5 3 25 2

Miss distance [Nm]

Figure 4.14: Monte Carlo simulation results for Test L-2; ATCo-T response time is 5 seconds in the A’G
model

Test L-3

A third test scenario is conducted. The +@seline parameter settimg this testis shown in
Table4.16, including an indication of the outcome of tesB through a green background.

Table 4.16: Non-baseline parameter value for the ATCo-Tactical scenario

A3G TestL -3
Agent LPN Parameter Explanation .
Baseline Value value
ATCo ATCo-Tactical TATCo T ATCo -T minimum response
min i 1s 2s
time
TATCo T ATCo -T maximum
max . 1s 2s
response time

Figure4.15 shows the Monte Carlo simulation results for test scenaBoThe results ifrigure
4.15 are the same as the A3G model baseline parameter results. The response time of the ATCo
T can therefee be changed to the ntmaseline parameter value of 2 seconds.
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ATCo-T = 2s in A3G model
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Figure 4.15: Monte Carlo simulation results for Test L-3 ATCo-T is 2 seconds in the A’G model

4.15 Test M: ATCo -Planning maximum response time

The ATCoPlanning (ATCeP) deals with the Medium term conflict resolution advisory and the
Backto-Goal resolution advisory. Both these resolutions consist of multiple waypoints which
lead the corresponding aircraft conflict free to its final goal.

The paameter for ATCeP 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. Thdas®iine test grameter 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 acctps. When the ATCo accepts the resolution advice

it is given to the ATC Uplink transmitter.

In Figure4.16 the Monte Carlo simulation results for test scenario M are preséiedesults

are very simlar to the A3G model baseline parameter results, but not exactly the same. There is
a small kink which starts at the -BOmark. So it can be stated that the basseline parameter
setting has a minor effect on the results. The overall results are slegdglyhan 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 distae during the one million simulations is 4.55 Nm, which is in
comparison to the baseline results negligible. This result is not significant. This-RAaGoing

only deals with the Medium Term conflict and BaokGoal 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 iRigure 4.16 are almost the sames dhe A3G model baseline
parameter results and therefore the AT cesponse time parameter setting can be changed to
10 seconds.

ATCo-P = 10s in A3G model
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Figure 4.16: Monte Carlo simulation result for Test M; ATCo-Planning response time
In Table4.17 theoutcome of test M is indicated through a green background

Table 4.17: Non-baseline parameter value for the ATCo-Planning scenario

. AG TestM
Agent LPN Parameter Explanation )

Baseline Value value

ATCo ATCo-Planning T ATCo P ATCo-P minimum response
min . 1s 10 s

time

T ATCo P ATCo -P maximum response

max time 1s 10s
i
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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 respdadiry the sending

the resolution advices from the ground to the corresponding aircraft.

Thenonbasel i ne parameter setting Is based on
FMS I ntentd LPN of the A3 model isderived florhte A3
following formula:

— T Send 3 Seni
Td - TNum ime

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 condist of
waypoints. The duration for sending of a waypoint is 3 sec(se#gsappendix C, parameters 90
and 9), which yieldsa total of 12 seconds.

In Figure4.17 the Monte Carlo simulation results for tesaM presented.

Figure 4.17: Monte Carlo simulation results for Test N; ATC uplink transmitter

The results irFigure4.17 arevery different from the G model baseline parameter simulation
results inFigure 41.

In order to better understand the differer=tweerthe results obtained fothe A3 model and
for the A3G model weompare the delays under both modelsder the A3 model the delay is
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