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Abstract—This paper evaluates through Monte Carlo (MC)
simulation of a model of an airborne self separatio concept
which has been developed for use under low en-routeaffic
conditions such as encountered over the Mediterraam area. In
this self separation concept, each aircraft is egoped with an
Airborne Separation Assistance System (ASAS) that rpposes
uncoordinated changes of its own aircraft path in aler to resolve
a conflict with the nearest other aircraft. For three different
encounter scenarios, probabilities for violating mimum
separation and for near-mid-air and mid-air eventsare estimated
through rare event MC simulation. The paper preserd
guantitative risk estimates for several scenariosand provides an
interpretation of these results for the model of te airborne self
separation concept considered. This provides noveisight in the
efficacy of airborne conflict resolution managementand shows
that uncoordinated airborne self separation can bevery effective
in safely handling low density en route airspace.tlalso shows
that events of multiple conflict clusters may growin size more
rapidly than an uncoordinated airborne self separaibn may be
able to solve. The insight gained shows developarkairborne self
separation which issues are key for improvement irorder to
safely accommodate future high en-route traffic desities.

Index Terms— Sequential Monte Carlo simulation, Petri net
modelling, Safety risk assessment, Safety-criticalsystems,
Autonomous Free flight

. INTRODUCTION

In [1] it has been proposed that aircrew obtainfteedom
to select their trajectory, and the conceptual ilea been
called free flight. Airborne self separation chamg€TM in
such a fundamental way, that one could speak ciradigm
shift: the centralised control becomes a distridutene,
responsibilities transfer from ground to air, fixed traffic
routes are removed and appropriate new technologies
brought in. Each individual aircrew has the resjuliy to
timely detect and solve conflicts, thereby assistey
navigation means, surveillance processing and ewnp
displaying conflict-solving trajectories. Due toethmany
aircraft potentially involved, the system is highdistributed.
Since the initial free flight concept definitionales open
many challenges in developing adequate procedsystems
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and regulations, it has motivated the study of ipleltairborne
self separation operational concepts, implememtatiooices
and requirements, e.g. [2]-[8].

All these concepts make use of an Airborne Semarati
Assistance System (ASAS) on board an aircraft. Key
differences concern the coordination assumed betwke
aircraft, and whether all aircraft are equippechot. [2] and
[5] both assume all aircraft to be ASAS equippelde Tormer
assumes full coordination of all aircraft trajeé@sr through
some centralized automated system, whereas tee éstsumes
some implicit form of coordination in tactical ctiof
resolution only. [8] proposes a self separationceph which
incorporates airborne based distributed coordinatio

Inherent to the nature of air traffic, the challertd airborne
self separation increases with increasing traffimend. In [9]
the safety of airborne self separation design éve dJSA and
European airspace has been addressed, and thisdsltioay it
is crucial to gain an understanding of how to takéety well
into account during the design of an airborne seffaration
operation. This question applies as well to advadraetraffic
management concepts that do not use self separdtmn
example, the Automated Airspace Concept [10]-[lib}sato
accommodate much higher traffic demand levels ugiognd
based centralized coordination. For this advanceacept,
[12]-[13] address the question whether the postibibf
service outages means that automation cannot Ipeitfest to
exceed the traffic densities that are safe to labgl manual
control. The results of a fault tree analysis ssgtfeat service
outages may be tolerable under two significant rapsions.
One significant assumption is that the centralizgdund
system is able to timely manage and communicataratgl
trajectory plans that are conflict free for an exked period
and which remain in effect while the system is oefigured
from its fault condition, and traffic is reroute@he other
significant assumption is that simultaneous ocawes of two
or more defined faults in the system have no sicgnit impact
upon the proper working of the specific design.

In [14] it is well explained that the key difficyltof
evaluating advanced operations is to include enmérge
behavior, i.e. behavior which emerges from the doeth
dynamic actions and reactions by individual systesnsl
humans within the overall system. This emergentatsiein
typically cannot be foreseen and evaluated by exiaqithe
individual behaviors alone. [14] also explains thatlti-agent
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based simulation allows prediction of novel emetdpihavior
resulting from a change in the air transport desigeration.

The aim of this paper is to develop a multi agentiet of
an airborne self separation operation, includingninal and
non-nominal conditions and in an operational envinent
with imperfections, and then to perform MC simwas with
this multi agent model of the operation. [15]-[}@rformed
such a safety risk study for airborne self sepanaéiquipped
aircraft that are obliged to fly within a convemtéd fixed route
structure. The main finding is that the largest dentribution
came from communication imperfections and commarses,
and also that the safety risk imposed by this wamesvhat
reduced when the conflict detection and resoluwomtrol
loop was shortest (i.e. pilot is in this loop, atwhtroller is
not). A key limitation of this study is that airérare required
to fly within a fixed route structure.

The current modelling and MC simulation study cdaess a
concept where airborne self separation equippectadirfly
without any route structure restriction. The specdoncept
that we consider is referred to as Autonomous Medihean
Free Flight (AMFF). AMFF has been developed as ainthe
potential advanced operational concepts to accorateodir
traffic over the Mediterranean area [17].

For this AMFF application, fault trees have beeneal@ped
and safety requirements have been derived [18] thar
enabling technical
Separation Assistance System), ADS-B (Automaticedelent
Surveillance-Broadcast) and GNSS (Global
Satellite System). [18] also concludes that thelt faree
approach used has limiting analysis capability, Hretefore
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modeling and MC simulation, and then focuses orla@xing

the MC simulation results obtained by applying ¢hes

approaches to demanding scenarios within the AMFF
operational concept setting. [27] presents theainiollision
risk estimation results that have been obtaineldvdhg this
approach. The current paper further elaborates réiselts
obtained, such as:

*  To systematically show what these MC simulationultes
mean for the conflict resolution phases that pasm f
medium term conflict through short term conflictrtear
mid-air;

»  To compare the safety of operation under AMFF again
a situation where aircraft are assumed to behave an
collide like individual molecules within the welhkwn
gas model [28];

* To discuss what these simulation results mean Her t
AMFF operational concept considered and for airborn
self separation in general.

The paper is organized as follows. Section Il piesi a
brief overview of the AMFF concept of operation simtered.
Section Il explains the Monte Carlo simulation eggch
developed for assessing collision risk. Section gkésents
results of Monte Carlo simulations performed faethtraffic
encounter scenarios. Section V provides conclucéngarks.

Parts of the research results in this paper haven be

systems such as ASAS (Airborngresented at the AIAA-ATIO Conf. of September 2067

Belfast, Ireland [29]; and at the Eurocontrol Saf&&D

NavigatioBeminar of October 2007 in Rome, Italy [30].

Il.  AIRBORNE SELF SEPARATION CONCEPT CONSIDERED

recommends taking a more advanced safety modelling The development of the AMFF operational conceps wa

approach which is able to handle dynamic interastioetween
the multiple pilots involved.

The AMFF concept of operations has also been a=dess
pilot acceptability through conducting real-timensiations of
nominal and non-nominal conditions [19]-[21]. Indégbn,
some flight trials have been conducted [22]. Thsuits
obtained show that pilots typically experience &MFF way
of operation as being acceptable and comfortable.

MC simulation studies of airborne self separatiommonly
assess safety in terms of conflict probability,. §4, [23]-
[25]. These studies already demonstrate the kinchaflenges
such studies have to deal with. There is a majalitiadal
challenge if one wants to conduct simulations ainad
estimating mid-air collision probability; it is raged to further
accelerate MC simulation by many orders of mageitueor
self-separation equipped aircraft that are assumdlgt within
a conventional fixed route structure, such factorsMC
acceleration have been realized by taking advantdgene
fixed route structure [26],[16]. Since this accat@n
approach does not work for concepts without rotrigctire,
another approach in accelerating MC simulationsdsded.
Such a novel approach has been developed throsghwence
of dedicated studies in rare event estimation.

The current paper briefly outlines the novel depeients in

completed prior to the current research, and faliside the
scope of this paper. For this reason, we providigh level
description of AMFF only; for a complete descriptiof
AMFF we refer to [17],[31]. An important guideline the
development of the AMFF concept has been pilot atedlity
and comprehensibility of the conflict resolution meavers.
This guideline, and the attempt to avoid vulneitibd in the
information exchange between aircraft, has ledhéadoption
of the following simple principles during the despinent of
the AMFF design [17]:

a) In order to avoid dependence of exchange of any
trajectory intent information between aircraft, tats-
based conflict detection and resolution is adopaed, it
is assumed that there is no coordination or netimtiaf
intent between aircraft;

b) In order to accommodate pilot wishes, conflisfsown
aircraft with other aircraft are detected and resdlin a
sequential way (priority goes to resolving the esar
conflict), and without taking into account that bua
local resolution need not improve the overall cohfl
situation between all aircraft;

c) Pilot rules and procedures are straightforwarnd, do not
involve decision-making by artificially intelligesupport
systems;
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d) The level of automation is such that the pilas tthe
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Information (CDTI).

decision power to adopt one of the automatically Largely due to the adoption of the simple designqgiples,

generated conflict resolution advisories and t@rstbe
aircraft away from the corresponding
accordingly, i.e. without a direct coupling of tbenflict

the resulting AMFF concept may perform less wedinttwhat

conflictmight be feasible with a coordinated airborne sefparation

concept design. In spite of AMFF's design choicavoid any

resolution advisories with the guidance and contraloordination, human factors research and piloteal-thee

systems of its own aircratft.

simulations have shown that an AMFF operation ixgiged

It is remarked that the conflict management apgroady pilots to be comfortable both under Mediterranéaffic

developed for AMFF has its roots in the modifiectguial
field approach in [5], where simultaneous multiglenflicts
are resolved through an implicit coordination vie tjoint
potential field. This implicit coordination partowever, has
not been taken over in AMFF by the MFF designeid fbr
reasons of improved pilot acceptability and compredibility
of resolution maneuvers. Therefore all resolutioangauvers
are completely uncoordinated between conflictingcratt,
with the exception of priority rules described heloThe
resulting AMFF design can be summarized as follows:

« Aircraft are equipped with ADS-B, which periodiya
broadcasts own aircraft state information,
continuously receives state information
broadcasted by aircraft that fly within broadcagtiange.

e Aircraft are equipped with a system referred t® a -
Predictive ASAS (P-ASAS), which indicates which

maneuvers should be avoided to maintain a corffle-
trajectory. For example, it verifies if an aircraétn safely

return to its flight plan after executing a cortflic

resolution maneuver.

e Aircraft are equipped with ASAS, including couwfli
detection and resolution based on linear extrajpolaif
the current states of the aircraft.

e The vertical separation minimum is 1000 ft ane th

horizontal separation minimum is 5 NM. A conflid i

detected by ASAS if these separation minima will be

infringed within a look-ahead time of 6 minutes.

e The conflict resolution process consists of twwages.
During the first phase (predicted conflict is 6 &
minutes ahead), unambiguous priority rules detesrfon
each crew whether their aircraft should make aluéiso
maneuver or not. Those priority rules are in favotir
respectively aircraft in emergency, aircraft withnited
maneuverability, aircraft flying level, et ceterd. this
approach does not timely solve the conflict, thenirdg)
the second phase (predicted conflict is 3 minuteless

demands [22] as well as under high continentaloerertraffic
demands [20],[32]. The aim of the current studgoisormally
assess if a model of the AMFF concept can safely
accommodate high en-route air traffic demands atwahe the
reason(s) when this cannot.

An AMFF model has been developed of the AMFF
operation, and subsequently this AMFF model is used
perform MC simulations. By definition, the AMFF meld
forms an approximation of the true AMFF operation.
Moreover, within this AMFF model some aspects oé th
AMFF operation are intentionally not covered, ahdréfore

anthese have not been mentioned earlier in this @eciihese
messagéstended differences between AMFF operation and AMF

model are:

In the AMFF concept there is a Flight Level Otagtion

Scheme (FLOS), and aircraft flying according tayét

priority over aircraft that do not. In the AMFF neld

there is no FLOS.

* In the AMFF operation there are adjacent airspaue
therefore transitions to or from Managed Airspdndhe
AMFF model there is no adjacent airspace at all.

e In the AMFF concept there are flight planning aaid
traffic flow management. In particular, a ground MT
network has means to monitor traffic density and
mechanisms to prevent aircraft entering the aimspéc
the traffic density is considered too high. Morepvbe
Air Traffic Controller has the task to provide
precautionary information if specific local arease a
predicted to become too congested. In the AMFF iinode
there is none of this.

I1l. AMFF MODEL AND MC SIMULATION

A. Agentsin AMFF model

In the AMFF model developed [33] the following typef
agents are taken into account:

ahead), both crews should make a resolution maneuve *
Two conflict resolution maneuver options are presd: .
one in the vertical and one in the horizontal dicet .
The presence of other aircraft than one in neamttict .
is not taken into account in these conflict resotut .
maneuver options. The crew decide which maneuver*
option to execute.

All aircraft use the same resolution algorithnmd aall

Aircraft state

Pilot-Flying (PF)

Pilot-Not-Flying (PNF)

Airborne GNC (Guidance, Navigation and Control)
Airborne Separation Assistance System (ASAS)
Communication / Navigation / Surveillance systems

It should be noticed that this AMFF model is artid@thione
which does not

(yet) incorporate environment/wegthe

crew apply the same procedures.

Airborne Collision Avoidance System (ACAS) or Airé

« ASAS-related and surveillance information is praed Operations Centre (AOC). For each agent, particldasl
to the crew through a Cockpit Display of TrafficPetri Nets (PNs) have been developed, and substyytiea
interactions between these local PNs have beerifiggecA
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listing of agents and local PNs (per agent) isgiveTable 1.

TABLE |. AGENTS AND LOCALPN’S IN THEAMFF MODEL
 Aircraft state local PNs:
o Type
o Evolution mode
0 Systems mode
o Emergency mode
 Pilot-Flying (PF) local PNs:
0 State Situation Awareness
Intent Situation Awareness
Goal memory
Current goal
Task performance
o Cognitive mode
 Pilot-Not-Flying (PNF) local PNs:
o Current goal
0 Task performance
¢ Airborne GNC local PNs:
o Indicators failure mode for PF
Engine failure mode for PF
Navigation failure indicator for PF
ASAS 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 flightplan
Airborne GPS receiver
Airborne Inertial Reference System (IRS)
Altimeter
Horizontal position processing
Vertical position processing
ADS-B transmission
0 ADS-B receiver
» ASAS local PNs:
o Processing
Alerting
Audio alerting
Surveillance
System mode
Priority switch mode
Anti-priority switch mode
o Predictive alerting (of other aircraft)
« Communication / Navigation / Surveillance systdmhés:
0 Global Navigation Satellite System (GNSS)
0 Global ADS-B ether frequency
0 SSR Mode-S frequency

O O O O

O OO O0OO0O0OO0OO0OO0OO0OO0OO0OO0OO0OOoOOo

O OO0 o0 oo

B. From AMFF model to MC simulation model

Once the AMFF model has been specified in termBetfi
nets, then the next phase consists of a systegtiglopment
of a corresponding Monte Carlo simulation modelisTis
done through the following sequence of steps:

» lIdentification of the scenarios that have to bal@ated
through MC simulations, and identification of thefety
relevant events that have to be counted duringetis
simulations.

» Software coding: The SDCPN specification languafje
the Petri net model is transferred to any preferred
computer coding language. For the AMFF model
computer coding we used Borland’s Delphi 2006
Professional coding language. Since SDCPN
specification forms a detailed model, the trandfer
Delphi code is rather straightforward;

» Software testing. This is done through conductihg
following sequence of tests: random number germrati
statistical distributions, common functions, eacRNL
implementation, each agent implementation, intérast
between all agents, full MC simulation;

* Numerical approximation testing. This is needed t
identify the maximum  numerical integration step
allowable, and the minimum number of particular MC
simulations required for reaching statisticallyrsfigant
results;

» Development of suitable methods for the acceatemabf
the MC simulations for each of the identified scéog
and implementation of these methods in the forma of
software shell around the MC simulation model saftv

» Graphical user interface testing. This is to fyettat the
input and output of data works well;

e Parameterization. This is done through a searth o
literature and statistical sources, and complenteite
conducting expert interviews. The fusion of these
different pieces of information is accomplishedduling
a Bayesian approach.

In addition to the above, initial model validatibias been
performed in three ways:

* By comparing MC simulation results of the uncofi&d
model with analytical results obtained through tees
model [28],[34];

» By discussion and interpretation with AMFF exgeof
the MC simulation results of the AMFF model; and

* By running specific additional MC simulations upo
requests by AMFF experts, and subsequent discuss§ion
the results obtained with their expectations.

C. Parameter values
The AMFF model has a set of 108 scalar paramelens.

The resulting AMFF model comprises 41 differentaloc each of these parameters a baseline value hasiderified.

PN'’s. With exception of the last three local PNtmowae, each

local PN is copied for each aircraft in the AMFF deb
Hence, for N aircraft, there are 38N+3 local PNthien AMFF
model.

In addition to these baseline values, for the patars of

AMFF enabling technical systems and for the paramsebf

the pilot flying response, non-baseline sets ofie#alhave also
been identified.



Paper Ref 2008_133

The set of values used for the main safety critical-

parameters of the AMFF enabling technical systeBiNSS,
ADS-B and ASAS) are given in Table Il. Three sdtyaues
are identified; a set of baseline dependabilityd amo sets of

10x and 100x improved dependability respectivelyhe T

baseline dependability values are based on [35][a6H In
the 10x and 100x improved
individual dependability value is respectively 18rd 100x
improved over its baseline value.

TABLE Il. PARAMETER VALUES OFAMFF ENABLING TECHNICAL SYSTEMS

Model parameters of Baseline 10x Baseline |100x Baseline
AMFF enabling technical |Dependability |Dependability|Dependability
systems

Probability of Global -5 -6 -7
GPS down 1.0 x10 1.0 x10 1.0 x10
Probability of Global -6 -7 -8
ADS-B dowrt 1.0 x10 1.0 x10 1.0 x10
Probability of Aircraft 5 6 &
ADS-B Receiver down 5.0x10 50x10 5.0x10
Probability of Aircraft 5 6 7
ADS-B Transmitter down | 20 *10 50x10 5.0x10
Probability of Aircraft ASAY

System mode corrupted (s66.0 x10 5.0x10° 5.0 10"
LPN 6 in Fig. 1)

Probability of Aircraft

ASAS System mode failure| 5.0 x10™ 5.0x10° 5.0x10
(see LPN 6 in Fig. 1)

For the Pilot Flying activities, two sets of parderevalues
are used, a baseline set and a “fast responseTlsethaseline
set of values are best estimates based upon experigined
during real-time piloted simulations. All “fast” PFesponse
values are hypothetically low, but useful for thakes of
understanding the impact on reduction of collisisk as a
function of improving PF response.

D. Air traffic scenarios and safety related events

For the AMFF model, MC simulations are conductettfie
following encounter scenarios:

- Two-aircraft head-on encounter scenario

- Eight-aircraft encounter scenario

- Random traffic scenarios for various traffic déas

The specifics of each of these encounter scenaridsthe
resulting MC simulation results are presented intiSe 1V,
for the following sets of parameter values:

- AMFF model with baseline parameter settings;

- AMFF model with 10x and 100x improved depend#pili AMFF  model
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Short Term Conflict (STC)
- Minimum Separation Infringement (MSI)
- Near Mid Air Collision (NMAC)
- Mid Air Collision (MAC)
These safety related events are defined throughe thr
parameters: a prediction time, a horizontal digtaoGterion,

dependability sets, ea@mnd a vertical distance criterion. The specificueal adopted

for MTC, STC, MSI, NMAC and MAC are given in Tadlé

TABLE lll. DEFINITION OF SAFETY RELATED EVENTS USED IN COLLECNG
STATISTICS FROM THEMC SIMULATIONS. THE VALUES TYPICALLY ARE SOME
10%LOWER THAN THE VALUES THAT ARE USED WITHIN THEAMFF DESIGN
FOR SEPARATION MINIMA FORMTC AND STC, THE MSI TEST IS APPLIED TO
THE PREDICTED AIRCRAFT STATE$RESPECTIVELY8 AND 2.5MINUTES

PREDICTED AHEAD).
Event MTC | STC MSI NMAC | MAC
Pr(_edlctlon time 8 o5 0 0 0
(minutes)
Horizontal distance 45 45 45 125 0.054
(Nm)
XS”'C&' distance | 955 | 9o 900 500 131

For each encounter scenario simulation results sdse
given for the uncontrolled condition, i.e. in théWRF model,
the conflict detection and resolution is switchefl &nder
these uncontrolled condition, the safety relatedenev
probabilities in the various encounter scenariogltaso been
calculated using the gas model [28]; these caledlatalues
agreed with the estimated values obtained throug@ M
simulation.

E. Acceleration of MC simulation

The basic idea of assessing collision risk is tdgoe many
Monte Carlo (MC) simulations with the AMFF model feach
of the scenarios identified, and to estimate tHis@mn risk by
counting the number of collisions and dividing thig the
number of simulated flight hours. Though this ideaimple,
in order to make it work in practice, we need deaive way
of speeding up the MC simulation. This section dbss the
basic idea of how this works.

Rather than MC simulation of run after run, we exph
sequential MC simulation approach, i.e. one whighsésts of
a series of MC simulation cycles, where each cysles the
output of the previous cycle as input to its ownleyThis way
it is possible per cycle to zoom further into thehaviour of
simulated trajectories. During the first

of technical systems (see Table I) and baseline F#mulation round we are interested in counting é&vethat

response setting;

happen quite regularly, i.e. say once in aboutd QG0 MC

- AMFF model with baseline dependability parametegsimulation runs. Each next cycle we are interesteevents
settings and hypothetical “Fast PF response” paamethat happen an order of magnitude less frequenardier to

settings.
For each scenario, probabilities for the followisgfety
related events are estimated:
- Medium Term Conflict (MTC)

! Global ADS-B down refers to frequency congestivaftoad of the data
transfer technology used for ADS-B.

make this cyclic approach work, the MC simulatiesuits that
have been obtained by one cycle are going to be taspartly
generate the seeds for the next MC simulation cybie
[37],[38] a precise mathematical framework and athm has
been developed for conducting such a sequential

simulation well. It also has been proven that tsénwted
event probabilities converge to the true probaéditunder

MC
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some technical conditions. The main conditions thet the
process to be assessed needs to satisfy semi-gadetinnd
strong Markov properties. In [39]-[42] it has besrown that
the specific PN specification approach that hashhesed for
the AMFF model, assure that the technical conditiame
satisfied.

This general sequential MC simulation approach lieen
further developed towards the evaluation of thegigelAMFF
scenarios. This has led to several extensions. i@pertant
extension is to insert extra conflict levels inveetn the safety
related events of Table Il [27],[33]. Another inent
extension [43],[44] improves the effectiveness amdiling the
many discrete mode combinations within the AMFF gipd
when only some of them are dominating the colligisk.

IV. MONTE CARLO SIMULATION RESUTLS

A. Two-aircraft head-on encounter scenario

In this encounter scenario, two aircraft start tet same
flight level, some 250 km away from each other, #gdon
opposite direction flight plans head-on with a grdwspeed of
approximately 240 m/s. We present MC simulatiorultssor
the baseline parameters and also those for 10x 1&k
improved dependability.

For the assessment of each scenario for one petrameter
values, we ran 10 times a sequential MC simulatisn
developed in [29],[44]. Running the sequential M@udation
10 times allows us to estimate both the event fitibas as
well as the precision (e.g. variance) of this eatan Each of
such 10 MC simulations used 80 thousand partidles 80
thousand randomly and sequentially simulated tworaft
encounters) and required 8 minutes on one Delliftoec390,
and a computer memory load of about 2.0 Gigabyte.

The lowest probability that has been estimatesiwhy is
1.8E-9. In order to estimate this value similarlglithrough
straightforward MC simulation, this would make obell
Precision 390 run for 2 years. This means thainthel MC

model is very effective in preventing MSI for a Hean
encounter between two aircraft.

The results in Figure 1 clearly show that for tve tircraft
head-on encounter, the 10- and 100-fold improvesngnthe
dependability of AMFF enabling technical systenedi¢o 10-
and 100-fold improvements respectively in the estad MSI,
NMAC and MAC probabilities, whereas the estimated®/
and STC probabilities remain unchanged. This ibni& with
the finding that the cause for collision risk inistecenario lies
in the dependability of AMFF enabling technical teyss.
Moreover, the results show that for a two aircesitounter the
AMFF concept as modelled can reduce the probadslifor
MSI, NMAC and MAC by improving the dependability tife
AMFF enabling technical systems.

Finally, the two aircraft encounter scenario hasoadbeen
MC simulated for two encountering aircraft that sgoeach
other at angles between 20 and 180 degrees. All MC
simulation estimated event probabilities appeacete equal
for any angle of 30 degrees and higher, and witmarease of
about 25% in probability value for an angle of 2€grkes.

10° MTC
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Event probability for aircraft # 1 —»

Bzzao T L
] TR oo T s
10° S 1
TEITzoo_ NMAC
8 ac
Baseline 10x 100x

Dependability —

simulation accomplished an acceleration factor inC Mrigure 1. Estimated event probability for two-séit head-on encounter

simulation of 100 thousand times.

For the two-aircraft head-on encounter, Figure dsents
the estimated probabilities for the safety relateents defined
in Table 1l for the uncontrolled situation and fédVIFF
controlled with three sets of dependability paramefalues.
For all three AMFF controlled cases, the MAC pradbghbis
dominated by non-nominal global ADS-B.

Figure 1 show that without any control, the probités of
NMAC and MAC are 1.0 and 0.85 respectively. Thustfe
two-aircraft scenario considered, without contriblere is a
100% chance that an NMAC happens and subsequéetly t
is 85% chance that the two aircraft collide. The BM
controlled results in Figure 1 show that in the AMmmodel,
conflict detection and resolution works quite efifiegly in
avoiding STC; only about one in 2200 ( 1.0 / 4/Head-on

under AMFF model, as a function of dependability ®BNSS, ADS-B and
ASAS systems

B. Eight-aircraft encounter scenario

In this Section we consider the eight-aircraft emter
scenario pictured in Figure 2. Each aircraft stattthe same
flight level at a circle of about 250 km in dianet&ach
aircraft has a ground speed of 240 m/s and is hgawi the
opposite point on the circle.

First we compare the MC simulation results obtaified
this scenario with those obtained for the two-aiftcencounter
scenario. Next, we show the effect of “Fast respbiy PF
upon the probabilities of safety related events.

For the assessment of each scenario for one patrameter
values, we ran 30 times a sequential MC simulatin

encounters leads to an STC. Moreover, under base”ﬂeveloped in [45],[33]. This way we estimated trefety

dependability, about one in 180 (= 4.5E-4 / 2.5E6kuch
STC’s leads to an MSI. Together this means thatAtkie-F

related event probabilities 30 times, and this vedid to
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estimate both mean and variance. For each of sQcM@G
simulations we used 25 thousand patrticles (i.eth@Qisand
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more aircraft that are in the scenario to collidehwThus on
first sight, from a MAC probability perspective gnlthe

randomly and sequentially MC simulated eight-aiitcraresults obtained for the eight-aircraft encounteens to be

encounters) and this required about 30 minutes ran Dell
Precision 390, and a computer memory load of aB@uGB.

80

T

20+
E 0 o —=s
pzd

-20

-40

80 60 -40 20 O 20 40 60 80
Nm

Figure 2. Eight aircraft encounter scenario

Without conflict detection and resolution, the pabbity of
MTC, STC, MSI, NMAC and MAC for an individual air&it
are all equal to 1.0. With AMFF modelled confliattdction
and resolution, the estimated probability for oneraft to
collide with at least one of the other seven aft@quals 1.6E-
06. We verified that this risk value was not sewmsitat all to
the dependability of the AMFF enabling technicadteyns. In
Figure 3, the outcomes of MC simulations of AMFF fbe
eight-aircraft encounter
probabilities obtained for two-aircraft head-on emuter
scenario, both under baseline dependability.

0 L
\ yﬁ o
2 2alc -

[/

Event probability for aircraft# 1—

Event probability for aircraft # 1
S
£y

=
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&
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| L | |
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Figure 3. Estimated probabilities of safety redag@ents for a/c #1 in two-
aircraft head-on encounter vs. eight-aircraft eméeu

.
MTC

The MAC probability is increased by a factor 8.4 fhe
eight aircraft encounter, which is almost equathe 7 times

scenario are compared he t

pretty good. However, there are two types of besrasf the
AMFF model on the eight-aircraft encounter scenaviich
indicate that the results are less good.

The first indication is that, in contrast to twoeaaft
encounter, for the eight aircraft encounter the M#@Gbability
does not improve if the dependability of the AMHRRakling
technical systems is improved. The second indinaisothat
the AMFF model starts becoming effective in solvaapflicts
much later for the eight-aircraft encounter thadades for the
two-aircraft encounter. This can be seen by compafin
Figure 3) the factors of improvement when goingrfriTC
to STC, from STC to MSI, from MSI to NMAC and from
NMAC to MAC. This shows that the conflict detectiamd
resolution of the AMFF model starts to become eiflecafter
an STC instant has been passed. This impliesdh#hé eight-
aircraft encounter the conflict resolution in th&BRF model
continues resolving conflicts effectively in theng period that
is currently reserved for the ACAS safety net. Tkiisd of
behavior is quite different from the behavior sémmthe two-
aircraft encounter scenario, where the AMFF moypictlly
solves a conflict before ACAS could become active.

A more detailed evaluation of simulation results fhe
eight aircraft encounter scenario (by tracing bagkat
happened prior to a simulated MAC event) has shthah a
MAC is typically caused by the following effect. gew starts
to solve a multiple conflict sequentially by exdngta certain
maneuver that resolves a conflict with one othesraft. This
maneuver may have three possible outcomes, or
combination of these three outcomes:

- It solves the conflict aimed for;

- It solves other conflicts by coincidence;

- Itinduces new conflicts.
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Figure 4. Estimated event probabilities for a/c iilan eight-aircraft
encounter scenario under AMFF; baseline PF respandast PF response.
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All together, this means that the coincidental,aordinated
way of working by the AMFF model on resolutions nusftay
the implementation of a joint conflict resolution.

The results above raised the question whetherterfas
response of the PF might be of help in improvirgrisults
for the eight-aircraft encounter. In order to fiis out,
additional MC simulations have been performed Withmean
task durations of pilots reduced to 2s only. The $ii@Gulation
results are shown in Figure 4. The faster respohBé& leads
to about a factor 10 reduction in MSI probabilthyt of this
reduction a factor 2.7 only remains for the MAC lgability.
This means that a faster response by the PF doesaily
help to reduce the risk

C. Denserandomtraffic scenario

The third encounter scenario artificially simulat&sFF
equipped aircraft flying randomly through a virtyainlimited
airspace. In order to accomplish this, the virgualhlimited
airspace is filled up with packed containers. Witléach
container a fixed number of seven aircraft (i =.28) fly at
arbitrary position and in arbitrary direction ageound speed
of 240 m/s. One additional aircraft (i = 1) airosflly straight
through a sequence of connected containers, agthe speed,
and the aim is to estimate its probability of itin with any
of the other aircraft per unit time of flying. Peontainer, the
aircraft within it behave the same. This means #ehave to
simulate each aircraft in one container only, agylas we
apply the ASAS conflict prediction and resolutiotscato
aircraft copies in the neighbouring containers. &yanging
container size we can vary traffic density. In orte avoid
that an aircraft experiences a conflict with itsnowopy in a
neighbouring container, the size of a containerukhamot
become too small.

With SESAR capacity targets for 2020 in mind, oasédline
traffic density value is defined to be 2.5 times tbvel of one
of the busiest en-route sectors in Europe in 182%ed on a
data set of European air traffic that has beerectdt for a
busy day in July 1999, the highest aircraft densitigrence
point is a number of 17 aircraft counted at 23rly 11999 in
an en-route area near Frankfurt of size 1 degréel&gree x

FL290-FL420. This comes down to 0.0032 a/c per3Nramd
multiplied by 2.5 yields our baseline traffic degsdf 0.008

" Eurocontrol Innovative Research Workshop, Bretigdgcember 2-4, 2008

8

The MTC, STC, MSI, NMAC and MAC probabilities ineth
baseline random traffic scenario have been asseasseer
three control conditions: one without any contmltérms of
conflict detection and resolution, one under AMF&del with
baseline PF response, and one under AMFF model“feith
PF response”. The MC simulation results for theomtwlled
and the AMFF model controlled conditions are giuefigure
5. This shows that under baseline traffic dengitFF yields
a factor 220 reduction in MAC probability relative the
uncontrolled case.

For the baseline random traffic scenario, the estchmean
probabilities have been obtained from 10 minutegusetial
MC simulation of random traffic. For the scalingtbge event
probabilities per 10 minutes to event probabilifies hour, the

T
following equation is usedp =1— (1— Pg,c )™ with T =
60 minutes,TSMC the time period used in the sequential MC
simulation (convergence period is not included) amith

Pauc the estimated probability pég,. . For small Pg,c

o _ T
values, this yieldsp = T (Pgvc -
sMmcC

-
o
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Figure 5. Estimated event probability per flighthdor a/c #1 under baseline
random traffic density; uncontrolled vs. AMFF cailed (Baseline and
“Fast” PF responses)

. I
MTC STC

alc per Nn?. The latter is eight times the traffic densityttha

has been considered in the example of [12],[13].
For the MC simulation of baseline traffic densitg,. 0.008

alc per Nn?, we chose containers having a length of 40 N
a width of 40 Nm and a height of 4000 feet, andh\8itaircraft
flying in such container. For this baseline scamave ran the
sequential MC simulation algorithm of [45],[33] teimes
(plus one extra sequential MC simulation run latey over 10
minutes. Prior to this we ran the MC simulation idgr5
minutes in order to assure convergence. The nunaber
particles per sequential MC simulation run is 10,0@ne
sequential MC simulation run took about 24 hour®oe Dell
Precision 390, and the computer memory load wa&e.7

Figure 5 shows the impact of “fast response” of iRF
comparison with the baseline response values. Tiaist
response” leads to an improvement of about a fattor

Myetween first STC instant and first MS| instantisTactor two

remains about the same up to MAC instant. The ivelgt
small reduction in MAC probability seems to showittsome
multi-aircraft conflicts are so difficult to be @ged through
an uncoordinated conflict resolution approach thdbes not
help a lot if the PF responds faster.

It can also be noticed that for the baseline randfiic
scenario, the effectiveness of AMFF model is rativerak
prior to the first MSI instant. After this, the AN#-model
really starts working, both from MSI instant tostirNMAC
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instant and from this until MAC. This late start AMFF
model becoming effective in resolving conflicts l@so been
seen with the eight-aircraft encounter scenario. Wso
verified for the eight aircraft encounter scenati® estimated
event probabilities do not reduce at all when tbpeshdability
of the AMFF enabling technical systems is improved.

In order to better understand what causes theslaig of
AMFF working effectively and the relatively high lésion
risk, we performed an extra sequential MC simutation, and
memorized in static memory for each particle theeator
history for each sequential MC simulation of théesarelated
events. This allowed us to trace back what happémethe
particles that reached the MAC event. For thiseegsgquential
MC simulation run with 10,000 particles, we countie
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In the Autonomous Mediterranean Free Flight (AMFF)
airborne self separation concept considered, edchgolves
conflicts sequentially and uncoordinated. This AMégnhcept
has been very well developed for en-route airspafcéow
traffic demand, and it has been shown through trered-flight
simulation studies that pilots experience flyingden the
AMFF concept as being comfortable. The MC simufatio
results obtained for an initial AMFF model providevel
insight in safety related behaviour of an uncocatiéd
airborne self separation concept, and the analgéighis
behaviour is not within scope of the traditionalpegaches
towards safety analysis.

The MC simulation results for a two-aircraft head-o
encounter show that an uncoordinated conflict re¢smi can

different MAC events. Evaluation of these MAC ewentbe very effective, and that collision risk can bevéred to a

showed that all five happened under nominal safeitjcal
conditions. More specifically, four of the five MAGvere due
to a growing number of multiple conflicts that cdutot be
timely solved by the AMFF concept as modelled. Tifi
MAC was of another type: at quite a late momenbflct of
aircraft #1 with another aircraft was solved throug fast
climb by aircraft #1 and this created a MAC witltcapy of
that other aircraft in a neighbouring upper corgain

The results in this section indicate that the ptaérof
multiple clogging conflicts are a key factor in tlage start of
effective AMFF and a subsequent increased riskodifson
with random traffic, under baseline traffic densithich is far
higher than what the AMFF operational concept wesighed
for. In the rare occasion that such clogging happéris not
always possible to timely solve a sufficiently hifyaction of
those multiple conflicts. This potential clogging anflicts
(i.e. that simultaneous conflict situations occnd ghen such a
cluster of conflicts tends to grow faster in sizart the conflict
resolution can handle) seems to be due to the ABIESIgn
approach in solving multiple conflicts in an uncdioated
sequential way. Because this clogging of confli@ppens less
than once in thousand dense random traffic sinaratof 10
minutes, this is an emergent behavior that is daliffi to
observe and analyse with established approaches.

V. CONCLUDING REMARKS

The safety analysis of advanced operational coscligt
airborne self separation has been recognized asbéem that
needs to be solved in order to enable a seriousidenation of
airborne self separation to be valid and feasibteapplication
in busy en-route airspace. In order to improve #iligation,
the paper has evaluated several demanding airbselfe
separation scenarios on safety though estimatiobatnilities
of rare events which range from Short Term ConflBTC)
through Minimum Separation Infringement (MSI) to a¥e
mid-air collision (NMAC) and Mid-air collision (MAE This
evaluation has become feasible due to a precedirigssof
theoretical studies and developments in the areaM@f
simulation model development and MC speed up tectasi in
rare event estimation.

desired value by improving the dependability of AMF
enabling technical systems. This allows reducinge th
probabilities for MSI, NMAC and MAC in case of tveiarcraft
encounters by improving the dependability of thegtems.

More generally, the MC simulation results obtairstbw
that this AMFF model works sufficiently safe for -ssute
airspace having sufficiently low air traffic demarkebr a busy
en-route sector, however, some form of coordination
conflict resolution seems needed to prevent theeriat
clogging of multiple conflicts.

As follow up of the current research, the followiveguable
research questions have been identified:

e Up to which en-route traffic demand can safely be
accommodated by airborne self separation whenteféec
use is made of airborne based distributed cooridimat
e.g. [8],[46],[47]?

 What are the potential benefits of using traffiow
management to assure that airborne self separation
aircraft are not caught in dense local traffic?

* How should aircraft with such advanced ASAS
equipment on board, fit best within SESAR and
NEXTGEN?

Within the iFly project fittp://iFly.nlr.nl), stochastic control
experts, cognitive psychologists and ATM concept
development experts from eleven universities anderse
industry partners are collaborating to addressethiesearch
questions.
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