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[Abstract] This paper evaluates through Monte Carlo (MC) simulation an airborne self
separation concept which has been developed for use in en-route traffic conditions such as
encountered over the Mediterranean area. For three different encounter scenarios,
probabilities for violating minimum separation and for near-mid-air and mid-air eventsare
estimated by applying powerful novel MC simulation approaches in rare event estimation.
This provides great new insight in the efficacy of airborne conflict resolution management.
The paper shows several quantitative risk estimates and presents an interpretation of these
results in terms of safety. It shows that airborne self separation can be very effective, but
also has its limitations for dense traffic conditions when conflict resolution is done in a
sequential and un-coordinated way.

I. Introduction

The aim of this paper is to present an initial safesk assessment using Monte Carlo (MC) simufatié an
airborne self-separation concept of operation umdgnanding traffic conditions. In Ref.1 such a gthds been
performed for self-separation equipped aircraft there assumed to fly within a conventional fixedte structure.
The current paper studies a true airborne selfragpa concept of operations, i.e. one without gdiimed route
structure. Earlier simulation studies of airbosedf separation without route structure focusedr tapalysis on
safety in terms of conflict probability (e.g. Ref3, 3 and 4). These papers clearly demonstrateditite of
challenges these simulations have to deal wittthéncurrent study, however, we go further and siteulp to the
level of mid-air collisions. The specific airboreelf separation application for which we conduathsgsimulations,
has been developed for air traffic in the Mediteean area (Ref. 5). For short we refer to this ajgmral concept as
AMFF (Autonomous Mediterranean Free Flight).

The capability to perform MC simulations up to @itins for airborne self separation without routeicture,
has been acquired through a sequence of theorstigdies and developments in the area of rare eastimation.
The main results of these developments are:

* An approach towards the systematic specificatioth@fAMFF operational concept in terms of a
mathematically unambiguous model (Ref. 6), whigbpguits the use of two complementary evaluation
approaches: i) MC simulation of this model, angifchastic analysis of this model in order to suppare
event importance sampling.

* An extension of a powerful MC simulation importarszmpling approach for estimating rare events (Ref.
7) and its application to mid-air collision risks'essment of airborne self separation (Refs. H) &nd 11).

Rather than elaborating on these powerful novelr@gghes, the aim of this paper is to explain the MC
simulation results obtained by applying these aagmnes towards demanding scenarios within the AMFF
operational concept setting. In Ref. 12 we gavenéial presentation of the collision risk estinwti results. The
current paper further elaborates the results obdain

* To systematically show what these MC simulatiorutesmean for the conflict resolution phases ttrestsp
from medium term conflict through short term coctflio near mid-air.

* To explain the MC simulation results obtained foe tmodel with results obtained for a gas modelh wit
expectations of the concept design experts, arfdantED78a safety analysis (Ref. 13).
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To develop valuable argumentation of what theseulsition results mean for the AMFF operational
concept considered and for airborne self separatigeneral.

The paper is organized as follows. Section Il siagrtesents the airborne self separation concepsidered.
Section Il presents a high level view of the M@aslation model. Section IV presents MC simulatiesuits for a
two aircraft encounter scenario. Section V pres#fitssimulation results for an eight aircraft encsrscenario.
Section VI presents MC simulation results for asgerandom traffic scenario. Section VII comparesFMvith
coordinated multi-aircraft conflict resolution. $iea VIII draws conclusions.

1. Airborne sdf separation concept considered

For a complete description of the AMFF operatiaa@micept we refer to Ref. 5 and Ref. 14. In addjtRef. 15
describes the background of the AMFF design phpbgo One important guideline in the developmenttrod
concept is the pilot's acceptability, including tkemprehensibility of the conflict resolution mamets. This
guideline, and the attempt to avoid vulnerabilitinsthe information exchange between aircraft, lesto the
following AMFF characteristics:

a)
b)

<)
d)

e)

a state-based conflict detection and resolutiortepth(as opposed to an intent-based concept),

implicit co-ordination of maneuvers between aircrafvolved in a conflict (as opposed to explicit
coordination in which information on the trajectewiis exchanged),

sequential multiple conflict resolution (as oppotedolving a multiple conflict in a concurrent Way
straightforward pilot rules and procedures (as spdoto involving dedicated decision-making by
artificially intelligent systems) and

a level of automation in which the pilot followsetlautomatically generated conflict resolution adsiby
steering the aircraft (as opposed to a direct éngpbetween the conflict resolution equipment alne t
aircraft guidance and control equipment).

Although the conflict detection and resolution e@eh developed for AMFF has its roots in the miedif
potential field approach in Ref. 16, there are i§icemt differences. The main difference is thanftiot resolution in
AMFF is intentionally designed to solve multiplendlicts one by one rather than applying one joioteptial field
resolution. The resulting AMFF design can be suniwed as follows:

Aircraft are equipped with Automatic Dependent Silfance-Broadcast (ADS-B), which periodically
broadcasts own aircraft state information, andioously receives state information messages besield
by aircraft that fly within broadcasting range @0INM).

Aircraft are equipped with a system referred toPasdictive ASAS (P-ASAS), which indicates which
maneuvers should be avoided to maintain a corffiée-trajectory. It for example verifies if an a@ft can
safely return to its flight plan after executinganflict resolution maneuver.

Aircraft are equipped with ASAS (Airborne Separatisssurance System), including conflict detectiod a
resolution based on linear extrapolation of the reotaneous states of the aircraft.

The vertical separation minimum is 1000 ft and ltheizontal separation minimum is 5 NM. A conflist i
detected by ASAS if these separation minima willidgnged within a look-ahead time of 6 minutes.

The conflict resolution process consists of twogasa During the first phase (predicted conflic6ito 3
minutes ahead), priority rules determine for eaodwcwhether their aircraft should make a resolution
maneuver or not, and if yes, which one-by-one é¢andhould be resolved first. If this approach does
timely solve conflict(s), then during the secondgd (predicted conflict is 3 minutes or less aheaath
crews should make a resolution maneuver.

Two conflict resolution maneuver options are présgnone in vertical and one in horizontal diresti®he
presence of other aircraft is not taken into acto@rew decides which option to execute.

All aircraft use the same resolution algorithm, aficcrew apply the same procedures.

ASAS-related and surveillance information is preéedrto the crew through a Cockpit Display of Traffi
Information (CDTI).
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I1l. MC Simulation Modél

For the initial safety risk assessment of AMFF eatended, dynamic-stochastic model has been ksiiguhe
compositional specification power of Petri Nets f{R&). Subsequently, stochastic analysis and Mdbéelo
simulations are developed to evaluate the moddk(Re9, 10 and 11).

Main elements taken into account in the Petri netlehare:

e The actual, physical state of a number of airdraét certain volume in airborne self separatiospsce,

« Communication, navigation and surveillance; botl fipecific means (ADS-B receivers and transmitters,
Flight Management Systems, GNSS (Global Navigat®atellite System) receivers, etcetera) and
information flows of individual aircraft, as welkaglobal aspects as frequency saturation or coomuif
GNSS.

« The ASAS system of each aircraft includes P-ASA8nflict detection, conflict alerting and conflict
resolution functionality,

» The crew of each aircraft, including their statel ament situation awareness, their memory, thegnitive
mode and their task performance. The latter costairblue-print of the way tasks are executedefample
prioritizing emergency actions over conflict regmn and navigation tasks.

» Safety critical factors, such as turbulence, endaikires, cabin decompression, ADS-B receiverufai
ASAS system corruption, etcetera.

Important elements that are not yet taken intontloelel are Airborne Collision Avoidance System (AQA®d
Airline Operational Centers (AOC’s).

When running the MGimulations, it is possible to keep track of thaatyically developing states of all agents
involved. In particular, it is considered interaestito track the physical states of the aircraft tmdecord safety
related events as defined in Table 1 below. Thasetysrelated events are MTC (Medium Term Confli&JC
(Short Term Conflict), MSI (Minimum Separation limgement), NMAC (Near Mid-Air Collision) and MAC (M-

Air Collision). Their definition is in

terms of the prediction time over Table 1. Safety related events definition
which the current state is extrapolated,

and a test on the remaining minimurh Event MTC STC MSI NMAC] MAC
horizontal and vertical distance pPrediction time

between aircraft centres. (minutes) 8 2.5 0 0 0
MC simulations have been performefdHorizontal

for three AMFF scenarios. The first gistance (Nm) 4.5 4.5 4.5 1.25 0.054
scenario  considers a  head-Oflygrtical

encounter of two aircraft. The seconfl gistance (ft) 900 900 900 500 131
scenario considers a simultaneous

eight aircraft encounter. The third

scenario considers dense random traffic. The maipud of a set of MC simulations constitutes ofnpastimates
of the probabilities of safety related events. Bu@ractical limitations, a bias and uncertaintyalgsis has not yet
been performed, which means that the results sHmildterpreted in a relative way only.

IV. Simulation of two head-on air cr aft

In this scenario, two aircraft start at the sanighfl level, some 250 km away from each other, dgcoh
opposite direction flight plans head-on with a grdwspeed of approximately 240 m/s. For this enaruittcan
analytically be evaluated that without any controterms of conflict detection and resolution, grebabilities of
MTC, SCT, MSI, NMAC and MAC would be 1.0, 1.0, 100 and 0.85 respectively. The ratios betweendthe
nothing model (i.e. gas model) and those assess#tiMC simulations can be considered as a medsutée
efficacy of the conflict detection and resolutianmovided by the AMFF concept.

By conducting MC simulations for the two aircraficounter scenario under AMFF, the following pralitéds
on safety related events are estimated (Table 2).
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Apparently, AMFF  conflict detection  and 1gp162 probabilities on safety related events
resolution are quite effective in avoiding STC (€ac

equals 1.0 / 4.5E=& 2200) in case of a head on

/ ) Event Estimated Probability

encounter between two aircraft. The ratio betweep MTC 10
STC and MSI probabilities is a complementary facto STC 15 'E_04
of about 180 (= 4.5E-4 / 2.5E-6). Together this nsea -

. ; . M Sl 2.5 E-06
that the AMFF operational concept is very effeciive NMAC 5 6 E-07
preventing MSI for a head on encounter between tw .
aircraft. MAC 1.9 E-07

In order to assess the dependability of the results
on GNSS, ADS-B and ASAS systems, the parameter
values specifying the availability of those systdmsge also been improved a factor 100, and MC sitiauls have
been executed again. Figure 1 shows both the hasedsults and the results when the availabilits factor 100
higher.

Figure 1 clearly shows that for the
two aircraft head-on encounter, a 100-
fold improvement in the |
availability/reliability of GNSS, ADS-B |  °~ o oM
and ASAS systems leads to a 100-fold
improvement of the factor between STC |
and MSI probabilities, whereas the ratio or
between the probabilities of higher or
lower levels remains unchanged. This
indicates that the main cause for"
collision risk in this scenario lies in the
availability of GNSS, ADS-B and ASAS | o-
systems. Moreover, this result suggests® | ~—
that for a two aircraft encounter the TEimino el

-4

AMFF  concept can reduce the | TR sl T o wsi
probabilities for MSI, NMAC and MAC ™ | TR ]
by increasing availability of critical "% wac
systems. ‘ ‘

The MC simulation results also show Basdline Availability/reliability — High

that the estimated STC, MSI, NMAC
and MAC probabilities are such low that
straightforward MC simulation falls

short in evaluating airborne self
separation applications if these are based on deauaof 10,000 runs or less.

In Ref. 13, a safety assessment of two aircrafoeniers for the AMFF design has been performedrdaup to
the ED78a methodology of RTCA/Eurocae. The MSI BI#AC probabilities are estimated in a static wayusing a
fault tree. Because the geometry of the encourtamnsidered are not the same, a direct quantitativeparison is
not feasible. From a qualitative perspective howeie two results are quite well in line on thédaing aspects:

» Both predict effective resolution impact between®dnd STC, and between STC and MSI.

» Both predict that collision risk decreases lineanligh increasing availability and reliability of G3\§,

ADS-B and ASAS systems.

In comparison to ED78a, the MC simulation approacbvides a much better evaluation means for the
stochastic dynamic behaviour of aircraft while diot§ are evolving, and to investigate the effetvarying key
parameter values, such as the encounter geométiy.atids significantly to the insight of the safagpects of a
two aircraft encounter. Ref. 13 also identifiedl@ac need to assess multi-aircraft encounter gitaston collision
risk, but did not know a way how to do so using Bi¥78a methodology.

Figure 1. Two aircraft encounter under AMFF; dependability on
GNSS, ADS-B and ASAS systems

V. Simulation of an eight-aircraft encounter

In the second scenario eight aircraft that flyhat same flight level, and have initial flight plathat would make
all eight aircraft to fly through the same pointspace at the same moment in time (if there woelad control).
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Without such control, the probability of MTC, SCWSI, NMAC and MAC for an individual aircraft wouldll be
equal to 1.0.

The outcomes of the MC simulation of AMFF for thght- aircraft encounter scenario are comparechéo t
probabilities obtained for two aircraft in scenatioThe results for these two scenarios are preddntFigure 2,
with at left the two aircraft encounter, and atitithe eight aircraft encounter.

Figure 2 shows that the overall efficacy in thi€@mter is reduced significantly compared to the aircraft
encounter, especially in the phase prior to STGhAtsame time, by comparing the STC-MSI, the MMAC and
the NMAC-MAC levels, it is concluded that the
concept has apparently still resolving power
after STC’s have occurred. -8 L

A more detailed evaluation of simulation -
results (by tracing back what happened prior tc -
a simulated MAC event) has shown that such ao” - _. oMl 7
MAC is typically caused by the following - -
effect. A crew starts to solve a multiple conflict o~ -
sequentially by executing a certain manoeuvreo™ - -7 1
that resolves a conflict with one other aircraft. T -
This manoeuvre may have three possible - - e
outcomes, or any combination of these threeo® T T 1
outcomes: 8= = -

- It solves the conflict aimed for;
- It solves other conflicts by coincidence; °f 1
- It induces new conflicts.
All together, the coincidental, uncoordinated
way of working on resolutions may delay the "
implementation of a joint conflict resolution.

Through additional MC simulations it has  Figure 2. Two aircraft encounter vs. eight air craft encounter
been shown that the MAC probability for the
eight encounter scenario is invariant with resgecthe availability of GNSS, ADS-B and ASAS systeriifis
confirms that the main cause for collision risktims multiple conflict scenario lies in the slowseis which
multiple conflicts are resolved, which in turn che due to the AMFF design approach to solve ousfli
sequentially.

2alc #of aircraft - 8alc

V1. Simulation of dense random traffic

The third scenario artificially simulates aircrdfying randomly through a virtually unlimited Freglight
airspace by imposing periodic boundary conditiond eandom initial positions and velocities, aftenieh traffic
flies a sufficient period in time to obtain a steathate.

The gas model can be used to determine analytitaly1TC, STC, MSI, NMAC and MAC probabilities ihis
scenario without any control in terms of conflietelction and resolution, depending on the aircrafisity. This has
provided positive verification of the results of M&mulations with GNSS, ADS-B and ASAS systems lipta
unavailable.

In a first series of MC simulations, the aircraéindity of the third scenario is chosen three tithedevel of one
of the busiest en-route sectors over Europe ha@y 1999. The expected time to the conflict fariadividual
aircraft that is free of conflict is then only apgimately five minutes. The efficacy of the AMFFmm@pt can then
be deduced by comparing the resulting estimateéseofafety related events with the uncontrolledagion. Figure
3 presents the results for both these two situstion

Figure 3 shows that the efficacy of the AMFF coridsprelatively low in this high traffic densityaeh of the
probability values for the safety related events ligher than in the eight aircraft encounter sdiendhe main
cause for further detoriation appears to come feoriess good ratio between the STC and MSI proligisili
Through further analysis of the simulation resitlisas been identified that the relative high risidue to a small
chance that multiple conflict situations occur &mein such a cluster of conflicts tends to growdast size than the
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conflict resolution can handle. This in
turn can again be due to the AMFF

design approach to solve multiple ,» | §=c s -------------——96 M I
conflicts in a sequential way. o T TESIIITITITITooe s
Next MC simulations are performed Tl ~-e s
for a 4 times lower traffic density, still .| o TTee—l |
10 T - -0 NMAC

about a factor 2.5 higher than the current -~
mean en-route traffic density above -~
Europe. Following the gas model (i.e. .| ~ < |
uncontrolled case) the MTC, STC, MSI, TOo  MAC
NMAC and MAC probabilities would all
each reduce by a factor 4. The simulationm,e
results of the AMFF controlled situation
for both traffic densities are presented in
fig. 4.

Figure 4 shows that the MST,
NMAC and MAC probabilities go down
by a far larger factor than 4 (factor 70 for
the MAC probability). This indicates that *° Uncontrolied AMEE
for AMFF the traffic density becomes
critical at a certain point, N Figyre3. High density; uncontrolled vs. controlled
correspondence with expectations of the
concept designers. It is furthermore
noted that the resulting MAC probability
in the scenario with medium traffic

10° g

density is of the same order of 1 | Om - -8 e o
magnitude (within a factor 4) as the one T T o s
estimated for the two aircraft encounter o T

scenario in Section IV. However, this is 10 | o emmT T o nwac ]
not true for the STC, the MSI and the o -

NMAC probabilities. The estimated -

STC, MSI and NMAC probabilities for 10* | o o we ]

a dense random traffic scenario are muct -
higher than these estimated for the two S
aircraft encounter. It shows that effective 10° | o7 .
conflict resolution in this random traffic
scenario is delayed to the late stages o
conflict development, whereas these late; = | i
stages hardly play a role in conflict
resolution of a two aircraft head-on
encounter. Another important difference ;- ‘

is that the MAC probability in the two 3/4 Traffic density - 3

aircraft scenario can simply be reduced o ] )
by improving the availability/reliability ~ Figure 4. Variation of random traffic density (reference value

of GNSS, ADS-B and ASAS systems, IS froma high density en-route sector over Europe in July

whereas this option for improvement 1999)
does not exist for the multi aircraft
scenarios.

VII. Coordinated Conflict Resolution

The MC simulation results for the two aircraft headencounter shows that the self separation agjgit under
assessment can be very effective. Moreover, itstout that in such a relative simple encounter,ctiiésion risk
depends directly on the availability and reliapilitt GNSS, ADS-B and ASAS systems. This shows tiatAMFF
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concept can reduce the probabilities
for MSI, NMAC and MAC in case
of two aircraft encounters by
increasing availability and reliability

80

of GNSS, ADS-B and ASAS 60 1
systems.
For the multi-aircraft scenarios a0l J

in Sections V and VI, however, the
results obtained show that the main
cause for collision risk in such

encounters stems from the slowness
in which multiple conflicts are

resolved. Hence the question is what
the effect would be when the —20} 1
sequential un-coordinated conflict
resolution would be replaced by a
coordinated conflict resolution. In

order to better understand this we
take a better look at the trajectories
that are generated under AMFF for

201 h

Nm
o
T
L

this scenario. Figure 5a pictures an 80— —— b ———— . -5 m p p
example of trajectories that are Nm

generated for the eight aircraft

encounter scenario under the AMFF Figure 5a. AMFF generated conflict resolutions example
concept of operation. In order to for eight aircraft encounter scenario; ¢ =start; O =end

provide an indication of distances, in
the centre of the figure a 10 Nm
diameter circle is drawn. This shows
that several aircraft make quite
strange maneuvers under the AMFF 260- 1
concept. In order to make the picture
of the maneuvers complete, fig.5b a0l i
shows that some aircraft climb or

descend. Because of random initial m
conditions and random disturbances, 20
each MC simulated eight aircraft

encounter yield patterns which are
each time different from those in

figs. 5a,b. The question one may
pose is what would have happened
when a coordinated conflict

resolution approach had been usec 160 g
rather than the sequential and un-
coordinated one of AMFF. For the

eight aircraft encounter scenario, fig. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
6 shows the trajectories that would 0 2 4 6 8 10 12 14 16 18
be generated under the coordinatea "

conflict resolution approach of Ref.
17. This clearly is much simpler and
effective than the trajectories in
fig.5a. Moreover, under the
coordinated resolution approach none of the fligiats to make a flight level change.

This comparison of AMFF generated resolution tr@ees with optimal coordinated resolution trajeide
clearly show that an important shortcoming of thdF& design is its ineffectiveness to solve multiptaflicts in a
well coordinated way, and this makes the AMFF desigt suitable for dense traffic environments. &oately, the
coordinated resolution example makes clear that ithnot a fundamental limitation. It just was mitation that

x100ft

200 b

180 b

Figure 5b. AMFF generated height profiles example
belonging tothetrajectoriesin figure 5a.
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80 T

AMFF designers have chosen for in
order to accommodate pilot wishes.
Hence, in order to safely accommodate
very high en-route traffic demands
through airborne self separation, the key
guestion that should be addressed is hov

40

to take advantage of multi-aircraft 20 1
coordinated conflict resolution
approaches (e.g. Refs. 16, 17) such tha £ of 1
pilot ~ comprehensibility is  well
maintained. 0l |
VIIIl. Concluding remarks o

The safety analysis of advanced ol |
operational concepts like airborne self
separation has been recognized to be .
problem that needs to be solved in order 5 0 0 20 o 20 a0 s 80
to enable a serious consideration of ) ) _Nm ) )
airborne self separation to be valid and F_lgure 6. Optimal coorqllnated resolution for the e!ght
feasible for application in busy en-route aircraft encounter scenario works well and without flight
airspace. In order to improve this level changes; ¢ =start; O =end

situation, the paper has evaluated several

demanding airborne self separation scenarios agtysttfough estimating probabilities of rare evemtsch range
from Short Term Conflict through Minimum Separatitnringement to Near mid-air and Mid-air collisiomhis
evaluation has become feasible due to a seridseofatical studies and developments in the aréa®Eimulation
model development and MC speed up techniques énenagnt estimation.

The airborne self separation concept that has beesidered is referred to as AMFF. This AMFF condegs
been very well developed for en-route airspaceoaf o moderate traffic demand, and it has been shimough
real-time flight simulation studies that pilots exignce it comfortable to fly under the AMFF contcepne of the
features pilots appreciate of the AMFF concephat ASAS has been designed such that it allowdspito solve
conflicts between aircraft in a sequential way eatthan having to solve a multi-aircraft encourgesblem in a
coordinated way.

This paper has shown that an advanced MC simulaproach makes it possible to gain insight intgafe
related behaviour of such advanced concepts tisabdiabe obtained with any of the traditional apyttes towards
safety analysis

Through these novel MC simulation results we ledroaderstanding key safety related behaviour of thi
advanced design in a way that was not possiblerde8pmetimes the results are better than whaddbgners had
expected and sometimes less good. In both casdedh@ng for the designers is very valuable. Tésslgood
findings do by no way mean that the concept airbaelf separation is unsafe. The only thing it nsdarthat the
current results provide a nice opportunity for dlesigners of AMFF to start the development of iratiwe solutions
for problems they did not observe before.
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