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Abstract

Within WP7 of the IFLY project, several studies badeen performed on the development of
various complementary methods that aim to imprénespeed-up performance of rare event
Monte Carlo simulation of advanced ATM concept petions. The aim of the current

report is to provide an overview of these completagnspeed-up results, and to show how
this has been exploited, within the iFly project.tihe rare event Monte Carlo simulation of
the A3 ConOps.
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1 Introduction
1.1 iFly project

Air transport throughout the world, and particyanh Europe, is characterised by major
capacity, efficiency and environmental challeng&¥ith the predicted growth in air traffic,
these challenges must be overcome to improve théorpwnce of the Air Traffic
Management (ATM) system. The iFly project addredbese critical issues by developing a
paradigm step change in advanced ATM concept dpmedat through a systematic
exploitation of state-of-the-art mathematical tegbes including stochastic modelling,
analysis, optimisation and Monte Carlo simulation.

The iFly project will develop a highly automated MTdesign for en-route traffic, which
takes advantage of autonomous aircraft operatipalshties and which is aimed to manage a
three to six times increase in current en-routiéicrievels.

iFly will perform two operational concept designctes and an assessment cycle comprising
human factors, safety, efficiency, capacity andnecaic analyses. The general work
structure is illustrated in Figure 1. During thesfidesign cycle, state of the art Research,
Technology and Development (RTD) aeronautics reswill be used to define a “baseline”
operational concept. For the assessment cyclesecwhd design cycle, innovative methods
for the design of safety critical systems will sed to refine the operational concept with the
goal of managing a three to six times increasedfiic demand of 2005. These innovative
methods find their roots in robotics, financial mamnatics and telecommunications.

Air and

Ground
Requirements
\ Advanced

Operational
Design Cycle 1 Design Cycle 2 Concept

- Assessment -

Figure 1. iFly Work Structure.

As depicted in Figure 2, iFly work is organisedoilgh nine technical Work Packages (WPs),
each of which belongs to one of the four typeseMatbpments mentioned above:

Design cycle 1
The aim is to develop an Autonomous Aircraft Adveth¢A’) en-route operational concept

which is initially based on the current “state-bétart” in aeronautics research. Thé A
ConOps is developed within WP1. An important startand reference point for this® A
ConOps development is formed by the human respidihsdnalysis in WP2.

Innovative methods
Develop innovative architecture free methods towdmely issues that have to be addressed by
an advanced operational concept:
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* Develop a method to model and predict complexitgiotraffic (WP3).

* Model and evaluate the problem of maintaining rsadfent Situation Awareness (SA) and
avoiding cognitive dissonance (WP4).

» Develop conflict resolution algorithms for whichstformally possible to guarantee their
performance (WP5).

Assessment cycle

Assess the state-of-the-art in Autonomous Aircraftvanced (&) en-route operations

concept design development with respect to humetiorfs, safety and economy, and identify

which limitations have to be mitigated in orderalmcommodate a three to six times increase

in air traffic demand:

+ Assess the Aoperation on economy, with emphasis on the impacirganisational and
institutional issues (WP6).

« Assess the Aoperation on safety as a function of traffic dgnsicrease over current and
mean density level (WP7).

Design cycle 2
The aim is to refine the AConOps of design cycle 1 and to develop a visiow &

equipped aircraft can be integrated within SESARcept thinking (WP8). WP9 develops
preliminary safety and performance requirementthemapplicable functional elements of the
A3 ConOps, focused on identifying the required tetdmp

Design Cycle 1

Assesment Cycle

WP1 WPE
3 .
0.4 o 8 operacons
A3 ConOps Cost benefit
TO+20 —»
wpP7 ;
WP2 A3 operations
Safety / T0 + 44— ; .
" capacity / + Safety / Capacity / Efficiency
uman efficiency
responsibilities
TO + 12
TO + 38
WP3 l
Start at
Complexity TO + 21
prediction WPS 3
T0+44 A op_eratlons )
3 non-airborne Requirements
WP4 A refinement and mitigations
Start at >
Multi-agent * TO+21
SA consistency WP9
8 A 3 operations
A airborne TO+44 . per
. Air Requirements
requirements
WP5
Conflict -
resolution Design Cycle 2
TO + 44 - Innovative methods

Innovative methods
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1.2 Objective of iFly work package 7

The objective of iFly WP7 is to assess the Autonosnircraft Advanced (3 operations
developed by WP1 (AConcept) and WP2 (Human responsibilities in automas aircraft
operations), through hazard identification and Mo@&arlo simulation on accident risk as a
function of traffic demand, to assess what trafiéenand can safely be accommodated by this
advanced operational concept, and to assess ticeerdtly of the flights. The accident risk
levels assessed should be in the form of an exgpeckie, a 95% uncertainty area, and a
decomposition of the risk level over the main rgntributing sources. The latter verifies
which of these sources should be mitigated dutieg?t” design cycle. In order to accomplish
this assessment through Monte Carlo simulation,cthraplementary aim of this WP is to
further develop the innovative HYBRIDGE speed uprapches in rare event Monte Carlo
simulation. The work is organised in four sub-WPs:

« WP7.1: Monte Carlo simulation model of Aperation

« WP7.2: Monte Carlo speed up methods

*  WP7.3: Perform Monte Carlo simulations

*  WP7.4: Final report

1.3 WP7.1 Monte Carlo simulation model of A® operation

The development of a Monte Carlo simulation model boperation is accomplished through
a sequence of steps. First, a scoping has to Hermped regarding the desired risk and
capacity simulation study. An important aspectlo$ tscoping is to identify the appropriate
safety requirements to be derived from safety @gni. This has been reported in iFly
deliverable D7.1a on ‘Scoping and safety targdtly{iD7.1a]. Then, a hazard identification
and initial hazard analysis has been performedHherA® operation as has been developed by
WP1 and WP2 [iFly D1.3],[iFly D2.2]. This has bemported in [iFly D7.1b]. In parallel to
the initial hazard analysis, the development of andd Carlo simulation model has been
started that aims to capture the accident risktadlight efficiency of the Aoperation. Such

a simulation model covers the human and technigahis, their interactions and both the
nominal and non-nominal aspects of the operatitws fias been reported in [iFly D7.1c].

1.4 WP7.2 Monte Carlo speed up methods

Within HYBRIDGE novel Monte Carlo simulation speeg techniques have successfully
been developed and applied. In [iFly F7.2a] a mevi&s been provided of the Monte Carlo
simulation based accident risk assessment situalohsequently, the following directions
have been investigated for the development of cemehtary speed-up and bias and
uncertainty assessment techniques:

* To combine Interacting Particle System based raeatesimulation with Markov
Chain Monte Carlo (MCMC) speed up technique. Tlais been reported in [iFly
D7.2b].

* To study the relation between complexity of muttipircraft encounter geometries
and collision risk, and develop importance sampéipgroaches which take advantage
of this relation. This has been reported in [Prand011], [iFly D7.2c].

31 December 2011 TREN/O7/FP6AE/S07.71574/037180 IFLY Page 9/47



iFly 6" Framework programme Deliverable D7.2g

» To study ways how Interacting Particle System spgetbchniques that apply to a
pair of aircraft can effectively be extended taaitons of multiple aircraft. This has
been reported in [iFly D7.2d].

* To extend Interacting Particle System based ragatesimulation for application to
hybrid systems. This has been reported in [iIFlyZe}.

* To study Monte Carlo simulation based bias and aicgy assessment with
operation design parameter optimization. This leenlreported in [iFly D7.2f].

1.5 WP7.3 Perform Monte Carlo simulations

Monte Carlo simulations are performed to assesisionl risk of the A operation. At this
stage of the work, the results were of point ediiomatype.

1.6 WP7.4 Final Reporting

The Monte Carlo simulations have been directed tlurther elaboration of the results,
including sensitivity analysis. This sensitivity adysis has revealed unexpectedly positive
behaviour of the A3 ConOps. This is reported imyiB7.4].

1.7 Current report D7.2g

The current report is the final report of WP7.2eTdim of the current report is to provide an
overview of the Monte Carlo speed-up results oleiwithin WP7.2, and to show how these
results have been exploited, within the iFly prgjéc the rare event Monte Carlo simulation
of the A3 ConOps, reported in [iFly D7.4].

This report is organised as follows. Section 2 es an overview of the Monte Carlo speed-
up results obtained within WP7.2. Section 3 exgldiow each of these speed-up results have
been used for the evaluation of the A3 ConOps withe iFly project. Section 4 illustrates
how the various speed-up methods in rare evenhastn have helped in obtaining the risk
assessment results reported in [iFly D7.4]. Fina@lgction 5 draws conclusions.
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2 Monte Carlo speed-up approaches studied within iFly

This section aims to provide a short overview @& iRly studied speed-up approaches for
rare event Monte Carlo simulation of an advanced/Adesign. All these methods have been
aimed at the improvement of the Interacting Patigystem (IPS) method that has originally
been developed by [Cerou et al., 2002, 2005], afdeqjuently been elaborated for use to
advanced ATM designs [Blom, CDC2006, CRC2007]. T®extion is organized as follows.
First a high level description of the IPS approdsh ATM is given in Subsection 2.1.
Subsequently, Subsection 2.2 through 2.7 shorthfaéx the results of the IPS enhancement
studies performed within iFly WP7.2.

2.1 Interacting Particle System (IPS)

The background of rare event simulation and IPSbhleas documented in [iFly D7.2a]. The
basic idea of assessing collision risk is to penfonany Monte Carlo (MC) simulations with a
stochastic model of the operation considered, artimate the collision risk by counting the
number of collisions and dividing this by the numbé simulated flight hours. Though this
idea is simple, in order to make it work for raxemts, we need an effective way of speeding
up the MC simulation. This subsection describestssc idea of how this works with the IPS
method. The IPS method is a sequential MC simuladjgproach, i.e. one which consists of a
series of MC simulation cycles, where each cyclesube output of the previous cycle as
input to its next cycle. This way it is possible pgcle to zoom further into the behavior of
the simulated trajectories. During the first sintigla round we are interested in counting
events that happen quite regularly, i.e. say on@bout 10 to 100 MC simulation runs. Each
next cycle we are interested in events that hagmeorder of magnitude less frequent. To
make this cyclic approach work, the MC simulatiesuits that have been obtained by one
cycle are going to be used to partly generate ¢eelss for the next MC simulation cycle. In
[Cerou et al., 2002, 2005, 2006] a precise mathealdramework and algorithm has been
developed for conducting such a sequential MC satrant well. It also has been proven that
the estimated event probabilities converge to thie probabilities under some technical
conditions. The main conditions are that the predesbe assessed needs to satisfy semi-
martingale and strong Markov properties. The speBiétri net formalism that has been used
for the A3 model development and specification [i&y&Blom, 2005, 2006],[Everdij, 2010],
assures that the technical conditions are satigk@gstul, 2006], [Krystul et al., 2007],
[Blom&Everdij, 2010]. Within the Hybridge projedhis IPS method has been adapted to the
safety analysis of the Autonomous Mediterraneam Heght (AMFF) ConOps [Blom, ATC-
Q2009]. Because it was anticipated that the A3 G@n®ould pose additional challenges to
the IPS method, several complementary approaches Ieen studied within WP7.2. An
overview of the results of these studies is pravigethis Section. Next, Section 3 describes
the rationale for using these results (or not)thar safety analysis of the A3 ConOps within
the iFly project, as has been reported in [iFly4).7.

2.2 |IPS x Markov Chain Monte Carlo

This study has been documented in [iFly D7.2b]. Tim@n outcome of this study is the
proposal to include in each IPS cycle a Markov @iMonte Carlo (MCMC) operation. Such
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MCMC operation has as crucial property that it doest change the probabilistic
characteristics of the statistical estimates. Fly[iD7.2b] it has been announced that the
inclusion of this MCMC operator step requires thkofving changes to the IPS method as it
has been used in [Blom, ATC-Q2009]. These changes a

- The nested subsets have to be choosen much ¢mss&ch other; otherwise it is quite
unrealistic that an appropriate MCMC operator st@p be developed.

- In the original IPS, resampling is applied icle&ycle. This should be avoided; resampling
is only allowed if the diversity of the particlesderscores some critical threshold.

- Because the MCMC operator step applies to thies of the particles, there is a need to
copy/restore the particle histories in/ffrom computemory.

Although [iFly D7.2b] provides guidelines for thewklopment of such an MCMC operator,
this remains to be done for the specific applicatmnsidered, including a systematic
evaluation of its working.

2.3 Importance Sampling of Initial Traffic Condition

This study has been documented in [Prandini, 20The key idea is to perform an
importance sampling of the initial condition of bggarticle, based on an evaluation of the
complexity of initial traffic condition in a randosample. In [iFly D3.2] several proposals for
such complexity measures have been evaluated, landcdnflict probability prediction
approach appeared to be the best choice. SubsbqueefPrandini, 2011] it has been studied
how well this probabilistic conflict prediction nietd can be combined with the IPS method.
Based on simulations performed for the Autonomousdiiérranean Free Flight (AMFF)
ConOps, it has been estimated that the IPS spe@tdarpvement may go up to a theoretical
factor 15.6x [Prandini, 2011], although in practibes factor may be lower.

2.4 Periodic Boundary Condition

This study has been documented in [iFly D7.2d]okder to simulate a realistic en-route
situation, it is required to study a very large gpace area containing hundreds of aircraft.
Because for so many aircraft, the IPS method weuidinto dramatic dynamic computer
memory limitations, a Periodic Boundary ConditioABC) has been adopted. This has
already been done in the study of the AMFF Con@bsnh, ATC-Q2009]. The PBC used is
to pack the airspace full with same size boxes,tanet fly a fixed number of aircraft in each
box. Each moment one of the aircraft wants to fly @f the box, then a copy of that aircraft
enters the very same box at the opposite side. Whis of working is well known from
performing simulations in theoretical physics [Rapd, 2004]. Obviously when the sizes of
the box become too small, then the practical usiiefPBC approach will become useless.
And when the sizes of the box become too large themrmany aircraft have to be simulated.
So the question is what sizes are right for the. hdixfortunately in literature there is no
specific theory available regarding this aspecPBfC. Hence in [iFly D7.2d] minima to be
posed on the sizes of the box have been studikidgtanto account performance bounds of
commercial aircraft in en-route airspace.

2.5 Managing IPS for large hybrid systems

This study has been documented in [iFly D7.2e]. Sta¢e space of an safety model of ATM
operations is hybrid, i.e. it is a product of a Eilean space and a discrete set. [Krystul &
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Blom, 2005] have developed a Hybrid IPS (HIPS) rodtlwhich is able to handle such a
hybrid state space. The HIPS method uses a larggemnof particles per mode. And the
safety model of the A3 ConOps comprises some libi@égoower 110 discrete modes [iFly
D7.4]. This would mean that application of HIPS Wbrequire a particle system using more
than 10 to the power 110 particles. Obviously tkigpractically impossible to manage. In
order to resolve this problem, in [iFly D7.2e] camdtorially many modes are aggregated
into a small number of high level modes. Subsedyeant IPS has been developed which
manages in the order of 10 thousand particlesdoh @f these high level modes, and where
each of the particles covers a realization of tiiehybrid state space. This extension of IPS
has been named Hierarchical Hybrid IPS (HHIPS) m8lcCDC2007, Wiley2009], and its
practical use has been illustrated for the AMFF Qo [Blom, ATC-Q2009].

2.6 Parameter Sensitivity analysis

This study has been documented in [iFly D7.2f]. sk analysis purposes it is important to
assess the influence of parameter variation upewdhation in assessed safety risk levels. In
general, a relatively simple approach in performsogh a sensitivity analysis is to assess the
safety risk once for the baseline value of eaclampater, and subsequently change the value
of each parameter, one at a time. The differenge@rameter value also leads to a difference
in assessed risk level. The problem in using thfg@ach in combination with IPS is that the
estimation errors in IPS are non-negligible, arid tmly gets worse for a difference between
two IPS estimated risk values. In order to resohie problem the idea is to exploit a multi-
dimensional regression analysis for the assessafenbdel parameter sensitivities. In [iFly
D7.2f] several multi-dimensional regression anaysiethods have been evaluated, such as:
Classical Least Squares (CLS), Least Squares wibr&Penrose (LS-MP), Partial Least
Squares based on NIPALS (PLS-N) and Partial Legstafes based on SIMPLS (PLS-S).
Complementary to this, two sampling approaches hmen evaluated: Standard Random
Sampling (SRS) and Latin Hypercube Sampling (LHS)ese evaluations have shown that
best performance is obtained with the LS-MP method;ombination with an SRS based
sampling of parameter values for the input of thkety risk simulation model. The study has
also shown that the number of random parameter Iseanfpr which an IPS should be
performed is 2N or more, where N is the numberetduwant (groups of) parameters. In [iFly
D7.2f] this multi-dimensional regression analysisinot been tested out for the AMFF
ConOps and neither for the A3 ConOps.
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3 What has been used in rare event estimation of the A3 ConOps

This subsection explains for each of the methodscrdeed in Section 2 the rationale
regarding their use (or not) in the evaluationhaf A3 ConOps as reported in [iFly D7.4].

3.1 A3 ConOps dedicated IPS

In the earlier study of the AMFF ConOps, the IP$rapch has played a crucial role in the
analysis of the rare events. This also was the fasthe rare event estimation of the A3
ConOps. However, it appeared necessary to defirevasequence of conflict severity levels.
This old and new set of conflict severity levels apecified in Table | and Table Il

respectively. The key reason why there was a ne@dake this change is that due to the 4D
trajectory planning and broadcasting, there havetye any predicted conflicts anymore. At
the same time there was a need to introduce additprediction-free conflict severity levels.

TABLE |
IPSCONFLICT LEVEL PARAMETER VALUES USED FORAMFF

k 1 2 3 4 5 6 7 8
A 5.0 5.0 5.0 5.0 25| 12% .5( .054
Nm

rf]tk 1000 | 1000 | 1000| 1009 1000 50 250 131
A_k 8 25| 15 0 0 0 0 0
min

Table I. The conflict severity levels used foreravent estimation of the AMFF ConOps [Blom, CDCZ00

TABLE Il
IPSCONFLICT LEVEL PARAMETER VALUES USEFD FO#® CONOPS
k 1 2 3 4 5 6 7 8 9 10 11 12 13
l\?rkn 6.0 55 5.0 4.5 4.0 3.5 3.4 2.5 2.0 15 10 g5 4.05
?tk 900 900 900 900 900 900 90 75 60D 500 400 300 131
A, k 0 0 0 0 0 0 0 0 0 0 0 0 0
min

Table Il. The conflict severity levels used fora@vent estimation of the A3 ConOps [iFly, D7 4 f
the two and eight aircraft encounters are defineddrameters

dy = horizontal distancey, = vertical distance, anf\ , = prediction period.

An important improvement over rare event simulaiperformed for AMFF, and those to be
performed for A3 ConOps, is that the computer systeas been upgraded from two Dell
Precision 390 to two Dell Precision T7500 (eachhviswo Intel Xeon X5680 CPU’s). This

implies two key improvements: 1) availability of amder in magnitude more computer
power; and 2) availability of an order in magnitudere dynamic memory.

Regarding the effectively available dynamic memanth the novel this has gone up from
about 2 GigaByte to about 40 GigaByte. This fa@0rimprovement allowed to use many
more particles in one sequential MC (IPS or HHIPS)the other hand, because 4D intent of
other aircraft is now incorporated in particle emitbed information, the memory occupancy
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of one particle has also increased significantlgvéitheless, the net improvement still is an
order of magnitude.

Regarding the computer power, the largest improveemeas that each new Dell has 12
CPU’s each of which can work in parallel. When ragna normal Monte Carlo simulation,
each of these CPU’s performs MC simulation rundependently of the other CPU’s. For
IPS, however, theory tells that it is better totletse CPU’s work in a coordinated way. In
order to manage this, one IPS run has been divaded the 12 CPU’s as follows. At the
beginning of an IPS cycle, each CPU starts withséi@e numbeiN, of particles (e.g. 10

thousand). Based on this input, each of the 12 GRlENn performs independently all local
steps of one IPS cycle for its own particles. Upompletion of the local IPS steps, each CPU
will stop and has identified those particles thavdnreached the next level. Each CPU stores
these particles in static memory. Next a global $89 is performed by one of the 12 CPU'’s.
This global step collects all arrived particlesnfrstatic memory, adds extra copies of them
(according to the IPS resampling step), and rezatks all particles in this set randomly over
12 new particle subsets. Finally, each of theseulisets is allocated to one of the CPU'’s.
Subsequent the next local steps of an IPS cyclearéucted by each CPU (as has been done
during the previous IPS cycle). This approach inniag one IPS by multiple CPU’s has
successfully been implemented and tested. A sinaipgoroach in running a HHIPS based
SMC on multiple CPU’s remains to be developed.

3.2 IPS x Markov Chain Monte Carlo

Although [iFly D7.2b] provides guidelines for tharther development of the IPSXMCMC
approach, it is not yet ready for application te th3 ConOps. Prior to such a demanding
application, the following aspects of the IPSxMCM@proach remain to be addressed:

- To develop an effective MCMC operator step;

- To develop an effective way to store particlgdrigs in static memory;

- To develop a sequence of nested subsets whiathesatvell to the MCMC operator step;

- To develop a particle resampling strategy whicuks well in combination with the above.

- To perform a systematic evaluation of this fa &8 ConOps.

These steps have been judged to be too much tadmnalished within the iFly project.
Hence, within the iFly project, IPSXMCMC can not bsed for the evaluation of the A3
ConOps.

3.3 Importance Sampling of Initial Traffic Conditions

In [Prandini et al., 2011] it has been estimateat theoretically this approach might deliver a
significant factor extra speed-up for the AMFF C@sOUnfortunately, we have not found a
way to exploit this theoretical factor in a praatlg useful way. In contrast with AMFF
ConOps, the medium term conflict-free 4D trajectpignning by the A3 ConOps changes the
nature of medium term complexity prediction in swcliramatic way that the probabilistic
complexity prediction method proposed by [Prandiral., 2011] becomes less effective as an
importance sampling method. Hence, within the ifsoject, this complexity based
importance sampling could not be used for the extadn of the A3 ConOps. This finding
does not mean anything regarding the potentialafighis complexity prediction method to
other problems, such as strategic traffic flow nigmaent.
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3.4 Periodic Boundary Condition

The criteria identified by the PBC study [iFly Dd]2have gratefully been used within the
rare event Monte Carlo simulations of dense ranttaffic under the A3 ConOps. This has
led to differences with the PBC used for the AMROps [Blom et al., ATC-Q2009]:
- For the A3 ConOps it is assumed that air traffieglnot climb or descend,;
- The highest traffic density has gone up by a fa8t8r
- The size of a container has been changed from 4@Rkmxx4000ft to
62NmMx62Nmx1000ft.

3.5 Managing IPS for large hybrid systems

For two aircraft encounters under the AMFF ConQbs,HHIPS has been used to evaluate
the impact of varying the dependability of ASAS gaging technical systems. For the A3
ConOps it also is desired to evaluate such depditgafor more demanding aircraft
encounters. However an effective approach remairsetdeveloped in applying HHIPS to
multi-aircraft encounter situations.

3.6 Parameter Sensitivity analysis

The A model has a set of 164 scalar parameters. Baseagett judgement, the following
six (groups of) parameters have been selectecefwmitsvity analysis:

- Flight crew response times (28 parameters)

- Dependability parameters of ASAS supporting systérnsarameters)

- Actual Navigation Performance (ANP)

- Medium Term CD&R minimum horizontal separation

- Short Term CD&R minimum horizontal separation

- Aircraft groundspeed
For this selected (groups of) parameters, it has lpedged to be more realistic to conduct a
sensitivity analysis using a one-at-a-time appropaekher than the more involved multi-
dimensional regression analysis of [iFly D7.2f].eTbne-at-a-time approach changes the
value of one parameter only by a factor two (ahianges all values of the parameters in one
group by this factor), rather than randomly chaggih parameter values.
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4 Definition of scenarios to be evaluated

4.1 Air traffic scenarios

For the A model, MC simulations will be conducted for thédwing encounter scenarios:
- Two-aircraft head-on encounter scenario
- Eight-aircraft encounter scenario
- Random traffic scenarios for various traffic dées

For each encounter scenario simulation resultobtained under A3 control as well as for
the uncontrolled condition, i.e. without doing atgnflict detection and resolution. Under the
uncontrolled condition, the safety related evenobpbilities in the various encounter
scenarios have also been calculated using the gdslrfAlexander, 1970; Endoh & Odoni,
1983]; these results agreed with the estimatedegadbtained through MC simulation.

Because of the objective of the current report, ritaerial in this report is focused on the
working of the rare event simulation methods. Tikisn contrast to [iFly D7.4] where the

focus is on the results obtained for the A3 Con@pserder to stay well aware of the relation
between the scenarios considered and the methqd®edpTable Il shows which SMC

speed-up methods are used for the evaluation ofi e@icthe above mentioned traffic
scenarios.

TABLE I11. SMC speed-up methods used for the evaluation of which traffic scenario.

SM C method Two a/c | Eight a/c | Random

IPS - Yes Yes

IPS on multiple CPU'’s - - Yes

IPSXMCMC - - -

Complexity importance sampling - -

PBC bounds - - Yes

HHIPS Yes - -

Sensitivity analysis Yes Yes -

Regression analysis - - -

4.2 Measurements per scenario
The aim is to estimate for each scenario, prolsdslifor the following safety related
events:
- Minimum Separation Infringement (MSI)
Loss Of Separation (LOS) = 2/8f MSI [NATS, 2011]
Near Mid Air Collision (NMAC)
Mid Air Collision (MAC)

These safety related events are defined througke tparameters: a prediction time, a
horizontal distance criterion, and a vertical cis& criterion. The specific values adopted for
MSI, LOS, NMAC and MAC are given in Table IV. TheSWMvalue of 3 Nm has been
proposed in [iFly D1.3].
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TABLE IV. Definition of safety related events used in collecting statistics from the rare event
MC simulations of the A> ConOps. For A® ConOps it appeared to be rather ineffective to use
a non-zero prediction period.

Event MSI LOS NMAC | MAC
Prediction period (minutes)| O 0 0 0
Horizontal distance (Nm) 3.0 2.0 1.0 0.054
Vertical distance (ft) 900 600 400 131

In addition to these specific safety related evehis frequency of occurrence is measured for
various intermediate distance values also. Antiiéusve picture of a possible resulting curve
is provided in Figure 3. In this Figure, the horta axis is linear and typically runs from 6.0
Nm to 0.0 Nm miss distance (from left to right timéss distance reduces, which means that
time runs from left to right also). The MAC poirst only some 100 m away from the 0.0 Nm
point. The vertical axis is logarithmic and covd® orders of magnitude in frequency of
events (either per encounter or per flight hour).

Event Probability per aircraft—

10 i | | | | | | | | | |
6.0Nm 5.5Nm 5.0Nm 4.5Nm 4.0Nm 3.5Nm MSI 2.5Nm LOS NMAC MAC

3.0Nm 2.0Nm 1.0Nm 100m
Safety related events

Figure 3. lllustration of the typical kind of resubbtained through rare event simulation.
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4.3 Model Parameter Values

Inherent to the early phase of design, for an AB@us there are several parameters in the
model for which it is not yet clear what the exaatue should be. Therefore, one of the
purposes of the early rare event simulation isdeniify what the impact is of parameter
values on the behaviour of the A3 ConOps. Because tare 164 model parameters, it is not
realistic to start such analysis for all 164 paremnealues. Instead we work as follows:

Step 1: With the help of literature sources andousr experts, for each model parameter a
baseline parameter value has been identified; thaseline values have been documented in
Appendix B of [iFly D7.4]. For some key parameténsthe A3 ConOps model, baseline
parameter values are given in Table V and Tablelghle V provides the baseline minimum
separation values proposed in [iFly D1.3] for th@®D&R and the STCD&R of the A3
ConOps. Table VI provides the baseline dependgbiilues adopted for the main safety
critical parameters of the A3 enabling technicadtesns (GNSS, ADS-B and ASAS). The
baseline dependability values are based on [RTA®2R and [Scholte & KleinObbink,
2005].

TABLE V. Basdline values of A®> ConOps model based MTCD&R and STCD& R parameters

Look ahead time |Horizontal |Vertical Info used M ax turn
separation | separation angle @y, ..
STCD 3 minutes 3Nm 900ft State & Intent N.A.
STCR 3 minutes + 10 se¢ 3Nm 900ft State & Interg, . =60°
MTCD 10 minutes 5Nm 1000ft Intent N.A.
MTCR 15 minutes SNm 1000ft Intent P max = 60°

TABLE VI. Baseline values of key dependability parameters of A®enabling technical systems

Math Model parameters of A®|Basdine
symbol enabling technical systems |dependability
ngVTvn Probability of GNSS down 1.0 x10°

occupied Probability of Global ADS-B1 0 x10°
Pabs,Fro dowrt

down Probability of Aircraft ADS-B 50 x10°
Pabs rec Receiver down

down Probability of Aircraft ADS-B 5 0 x10™®
Paps TRY Transmitter down
pcorrupted Probability of Aircraft ASAS 5 o x10°

ASAS performance corrupted

fail Probability of Aircraft ASAS5 0 x10™®
Pasas System down

! Global ADS-B down refers to frequency congestioattbad of data transfer technology used by ADS-B.
TREN/O7/FP6AE/S07.71574/037180 IFLY

31 December 2011

Page 19/47




iFly 6" Framework programme Deliverable D7.2g

TABLE VII. Parameter values identified for sensitivity analysis of A*> ConOps model

Model Id |# settings | Specific setting(s)

par ameter ()

Baseline 0 1 Baseline parameter values [iIFLY DAghendix B]

Crew responsgl 1 All crew response times in the model are redulcg a

delay factor 2, i.e. the crew is expected to respondevais fast as
has been assumed for the baseline.

Dependability| 2 2 10x better, 100x better thanvileiles in Table V

ANP 3 2 ANPO.5 and ANP2 in contrast to baseline ANP

MTCD&R 4 1 Horizontal separation 6Nm instead of 5Nm

STCD&R 5 2 Horizontal separation 4ANm and 5Nm indte3Nm

Groundspeed| 6 1 300m/s instead of baseline 250m/s

Step 2: The 164 model parameters have been wdlkedgh regarding their importance to
assess the sensitivity of the assessed safetyewsk to changes in their adopted value(s).
This has led to the identification of the six (goswof) parameters specified in Table VII.

Step 3: Rare event simulations are repeated orabyor each of the six parameter changes
in Table VII. Typically, both a standard MC simudat as well as a Sequential MC simulation
is conducted. The reason for doing so is that adstal MC simulation typically is more
detailed in the assessment of events that happea freqjuent, whereas a Sequential MC
simulation often is better in the estimation of thee event frequencies.

Step 4: Evaluation of the simulation results ol#dinin the current report the evaluation is
directed to building a proper understanding of differences in results obtained by running
standard MC and Sequential MC (IPS or HHIPS) sitmuia. The evaluation of what the
obtained results mean for the A3 ConOps is docuedeint[iFly D7.4].
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5 SMC versus MC for Two-Aircraft encounters

51 Two-aircraft encounter scenario considered

In this encounter scenario, two aircraft starthat same flight level, some 320 km (173 Nm)
away from each other, and fly on opposite directlmht plans head-on with a ground speed
of approximately 250 m/s. The initial 3-dimensiopalkition has standard deviations of 20m
along the RBT centerline, 0.5Nm in the lateral clin (RNP1) and 20m in height.

The scenarios considered are specified in Tablé WHe identity number refers to the
parameter settings adopted in Table VII. For easmpeter setting both a standard MC and a
HHIPS has been conducted. For the assessment lofseaoario for one set of parameter
values, we ran both a standard MC simulation antim®s an HHIPS based Sequential MC
(SMC) simulation [Blom CDC2007, Wiley2009]. TabldIMalso shows the number of MC
runs or the number of particles used, and the tiomation of the simulation.

TABLE VIII. Parameter value scenarios simulated, MC types and time durations of the
computations on two Dell precision T7500

Parameter value|Id Figure | Standard MC HHIPS

scenario #of runs  |Duration |# of particles |Duration
Baseline 0 4 28 million| 12 hrs |10x80 thousandl hr
Crew response 1 5 4 million 2 hrs |10x80 thousandl hr
Dependability 2 6 4 million| 2hrs |10x80 thousandl hr
ANP 3 7 0.7 million| <1 hr 10x80 thousand 1 hr
MTCD&R 4 8 1.5 million | <1 hr 10x80 thousand 1 hr
STCD&R 5 9 0.8 million| <1 hr |10x80 thousandl hr
Groundspeed 6 10 1.5 million <1 hr |10x80 thousand1 hr

The total duration of using both Dell machines fbe running of simulations for two
aircraft encounter scenarios amounts 24 hours,hwbietnes down to running the two Dell
computers 1 day full time. In practice, there datsan order in magnitude more days needed
for the preparation of the simulations (includimgting of the software adaptations), and for
the evaluation and documentation of the resultainetl.

52 Simulation results: MC versus SMC

The simulation results are shown in Figures 4 thhol0. In this subsection we only address
the differences observed between the results ofaMdCHHIPS based Sequential MC (SMC).
In [iFly D7.4] the behavior of the A3 model itsekill be discussed on the basis of the
simulation results obtained.

Figure 4 presents the estimated probabilitiesterldaseline parameter values (Id. O in Table
VIII). Because the standard MC simulation is soetimemanding, only for the baseline
parameter values a very large number of standardrihS has been simulated. Hence the
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curve obtained using standard MC simulations istyp@ccurate in Figure 4. Comparison of
the standard MC simulation results with the HHIRSdd Sequential MC results in Figure 4
shows that standard MC has an advantage in asgesgular event frequencies, and HHIPS
has a significant advantage in assessing rare dramniencies. In figures 5 through 10, the
total simulation time for both approaches is alitbatsame: then the advantage of HHIPS for
estimating rare event frequencies becomes reagyr cl

Figure 6 presents sequential MC estimated prakiabifor the safety related events defined
in Table VIII under & control for three sets of dependability parametdues. The lowest
probability that has been estimated this way isE418. In order to estimate this value

similarly well through straightforward MC simulatip this would require7 x10° standard
7x10°
28x 10

(approximately 3.5 years). The HHIPS accomplistiesl in 1 hour, which comes down to a
speed-up factor of 30 thousand times.

MC runs. For two Dell Precision T7500 this wouldkda x12= 30.00C hrs.
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FIGURE 4:Sandard MC versus HHIPS based SMC for A3 ConOps using Baseline values.
Estimated event probabilities: * = standard MC results, o = sequential MC results. The
vertical segments show the 95% uncertainty intervals for the standard MC simulation based
estimated frequencies.
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FIGURE 5: Sandard MC versus HHIPS based SMIC for Varying Crew Response values.
Estimated event probabilities for scenario 1.0 and 1.1. o0 = sequential MC results scenario
1.0 (baseline), * = sequential MC results scenario 1.1, -. = standard MC results.
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FIGURE 6: Sandard MC versus HHIPS based SMC for varying Dependability levels. The
standard MC simulation results are for the 100x better dependability values only. Estimated
event probabilities for scenario 1.0 and 1.2. o0 = sequential MC results, * = standard MC
results.
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FIGURE 7. Sandard MC versus HHIPS based SMC for varying ANP values. For ANP0.5
and ANP2, the number of MC runs has been much lower than for ANP1. o = sequential MC
results scenario 1.0 (baseline), * = sequential MC results scenario 1.3 for ANP2, ¢ =
sequential MC results scenario 1.3 for ANPO.5, -. = standard MC results for ANP0.5, ANP1
and ANP2 respectively.
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FIGURE 8. Sandard MC versus HHIPS based SMC for varying 4D trajectory separation
values. Estimated event probabilities for scenario 1.0 and 1.4. o = sequential MC results
scenario 1.0 (baseline), * = sequential MC results scenario 1.4, -. = standard MC results.
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FIGURE 9: Sandard MC versus HHIPS based SMC for varying tactical separation values.
o = sequential MC results scenario 1.0 (baseline), * = sequential MC results scenario 1.5,

-. = standard MC results.
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FIGURE 10: Sandard MC versus HHIPS based SMC for varying Groundspeed. o
sequential MC results scenario 1.0 (baseline), * = sequential MC results scenario 1.6, -.
standard MC results.
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6 Rare Event Monte Carlo Simulation Results for Eight-Aircraft

6.1 Eight-aircraft encounter

Next we consider the eight-aircraft encounter sgenactured in Figure 11. Each aircraft
starts at the same flight level and from a cirdi@loout 320 km (172 Nm) in diameter. The
initial 3-dimensional position has standard dewiasi of 20m along the RBT centerline,
0.5Nm in the lateral direction (RNP1) and 20m ie beight. Each aircraft has a ground speed
of 250 m/s and is heading to the opposite poirthercircle.

100+~ 1
80~ .
TN 7
40+ 1
20~ .
£ o o— — 1
-20+ .

-100 -80 -60 40 -20 O 0O 40 60 80 100
Nm

FIGURE 11: Eight aircraft encounter scenario at same flight level

Because of random initial conditions and randontudignces, each MC simulated eight
aircraft encounter generates trajectories thaediffom those generated before. Figure 12
shows a top view of an example of trajectories tie generated for the eight-aircraft
encounter scenario under thé @ncept of operation.
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FIGURE 12: A generated conflict resolutions example for eight aircraft encounter scenario;
¢ = start of simulated trajectory. The circle in the centre has a 10Nm diameter.

6.2 MC and IPS based SMC scenarios considered

The scenarios considered are specified in Table thé¢; identity number refer to the
parameter settings adopted in Table VII. For eaahaipeter setting a standard MC is
conducted. For the baseline scenario also an IB&BMC is conducted. The number of MC
runs or the number of particles used is also gimerable IX. In addition, Table IX shows the
time-duration of the simulation. Because the steshd&C simulation is so time demanding,
for the baseline scenarios only a large number Gfrivhs has been simulated.
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TABLE IX. Parameter value scenarios simulated, MC types and time durations of the
computations on two Déll precision T7500

Parameter value|ld |Figure|Standard MC IPS

scenario #of runs Duration |#of particles Duration
Baseline 0 13 14 million 207 hoursl2x 15 thousand 7.5 hours
Crew response 1 14 1.2 million 19 hours - -
Dependability 2 15 %) - - - -
ANP 3 16 0.6 million 10 hours - -
MTCD&R 4 17 0.64 million| 11 hours - -
STCD&R 5 18 1.2 million 19 hours - -
Groundspeed 6 19 0.72 millign 12 hours - -

*) Figure 15 is obtained by performing a systematialysis of the standard MC simulation
results obtained for the baseline scenario.

In Figure 13, the frequencies estimated by a stahBl& simulation are quite accurate thanks
to conducting 14 million runs. This kept the twollIDEf500 computers busy for 207 hours.
For each IPS based SMC simulation we used 15 thduparticles. For each particle we
counted the event occurrences for aircraft #1. Rigneuch an IPS 12 times required about
7.5 hours on two Dell Precision T7500 with a cotepunemory load of 40 Gigabyte for
each Dell. Figure 13 shows that the MC results erigpm those of the IPS approach. The
problem is that due to dynamic memory limitatiodme possibility to increase the number of
particles used by an IPS is much more limited ih@nfor increasing the number of runs of a
standard MC simulation. Without any control, théreated probability of MSI, NMAC and
LOS for an individual aircraft are all equal to 1vthile for MAC the probability is
approximately 0.33. These figures are obtainedgusiandard MC, and also analytically.

The total duration of using both Dell machines fioe running of simulations for eight
aircraft encounter scenarios amounts 285 hoursshwmtomes down to running the two Dell
computers 12 days full time. In practice, ther@ase a similar number of days needed for
the preparation of the simulations (including tegtof software adaptations), and for the
evaluation and documentation of the simulationltesabtained.

6.3 Simulation results: MC versus IPS based SMC

The simulation results are shown in Figures 13ubhol9. In this subsection we only address
the differences observed in these Figures betwe€raWl IPS based Sequential MC (SMC).
In [iFly D7.4] the behavior of the A3 model itsekill be discussed on the basis of the
simulation results obtained.

In the standard MC simulations we counted the ewventirrences for each aircraft and also
the miss distances. This resulted in the eventaiitibes for each of the 8 aircraft separately.
In Figures 13-19 we show the mean of the eightreggd probabilities.

Comparison of the standard MC simulation resulth whe IPS based SMC results show that
standard MC has an advantage over IPS.
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A special situation applies for the MC based cuorel00x better dependability in Figure
15. Here the standard MC simulation results arainbtl by conducting an evaluation of the
standard MC results obtained for the baseline saenkn this evaluation, the rare events
counted during the baseline setting have beenifibksaccording to their cause. Rare events
caused by a non-nominal behavior of ASAS supporsiygiems are counted at a factor 100x
reduced weight to imitate the factor 100x bettgrashelability. This explains how we arrived
in Figure 15 at the MC based curve for 100x betegrendability without conducting another
MC simulation that takes so long (207 hours).

—_
o

Event Probability per aircraft—

10f
10 | | | | | | | | |

B.ONm 55Nm 50Nm 45Nm  40Nm  35Nm  MS| 25Nm [LOS NMAC MAC
3.0Nm 2.0Nm 1.0Nm

Safety related events

FIGURE 13: Sandard MC versus IPS based SMC for eight aircraft encounter under A3 and
baseline parameter values. Estimated probabilities of safety related events per aircraft in the
eight-aircraft encounter. * = standard MC result estimate using data of Acl, © = sequential
MC results. The vertical line segments show the 95% uncertainty interval of the standard MC
results.
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Event Probability per aircraft—

10’107 ! ! ! ! ! !

60Nm 55Nm 50Nm 45Nm  40Nm  35Nm MS| 25Nm LOS NMAC MAC
3.0Nm 2.0Nm 1.0Nm
Safety related events

FIGURE 14: Sandard MC for varying crew response values. * = standard MC results
scenario O (baseline), .= standard MC results scenario 1 with 95% uncertainty interval
with solid line is estimate using data of Acl, dashed lineis estimate using data of all aircraft.
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baseline E

Event Probability per aircraft—

10° © ]
1 0"I 0 i ! ! ! ! ! ! ! ! ! |j
60Nm 55Nm 50Nm 45Nm  40Nm  35Nm  MS| 25Nm  LOS NMAC MAC
3.0Nm 2.0Nm 1.0Nm 100m

Safety related events

FIGURE 15: Sandard MC for varying Dependability values. Estimated probabilities of
safety related events per aircraft in the eight-aircraft encounter with baseline and 100x
improved dependability of GNSS, ADS-B/SWMM and ASAS systems, * = standard MC results
with 95% uncertainty interval for baseline and for 100x better dependability. The standard
MC results for 100x better dependability are obtained through a systematic analysis of the
standard MC simulation results obtained for the baseline parameter scenario using data of
all aircraft.
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Event Probability per aircraft—

0T

10 | | | | | | | | |

60Nm 55Nm  50Nm  45Nm  40Nm  35Nm €S| 25Nm LOS NMAC MAC
3.0Nm 2.0Nm 1.0Nm

Safety related events

FIGURE 16: Sandard MC for varying ANP values. * = standard MC results for ANP1
(baseline), ¢= standard MC results scenario 3 for ANP2, . = standard MC results scenario
3 for ANPO.5. Solid line is estimate using data of Acl, dashed line is estimate using data of
all aircraft. The vertical line segments show the 95% uncertainty interval for the Ac 1

estimates.
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Event Probability per aircraft—

10’107 | | | |

| |
60Nm 55Nm 5.0Nm 45Nm  4.0Nm  35Nm  MS| 25Nm QS NMAC MAC
3.0Nm 2.0Nm 1.0Nm
Safety related events

FIGURE 17: Sandard MC for varying 4D trajectory separation values. * = standard MC
results scenario O (baseline), . = standard MC results scenario 4 with 95% uncertainty
interval. Solid line is estimate using data of Acl, dashed line is estimate using data of all

aircraft.
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Event Probability per aircraft—

10f
10 | | | | | | | | |

B.ONm 55Nm 50Nm 45Nm  40Nm  35Nm  MS| 25Nm [LOS NMAC MAC
3.0Nm 2.0Nm 1.0Nm

Safety related events

FIGURE 18: Sandard MC for varying tactical separation values. * = standard MC results
scenario O (baseline), . = standard MC results scenario 5 with 95% uncertainty interval with
solid line is estimate using data of Acl, dashed lineis estimate using data of all aircraft.

31 December 2011 TREN/O7/FP6AE/S07.71574/037180 IFLY Page 37/47



iFly 6" Framework programme Deliverable D7.2g

Event Probability per aircraft—

1 0'7 L ]
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0|
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6ONm 55Nm 50Nm 45Nm  40Nm  35Nm  MS| 25Nm QS NMAC MAC
3.0Nm 2.0Nm 1.0MNm 100m

Safety related events

FIGURE 19: Sandard MC for varying Groundspeed values. * = standard MC results
scenario O (baseline), . = standard MC results scenario 6 with 95% uncertainty interval with
solid line is estimate using data of Acl, dashed lineis estimate using data of all aircraft.
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7 Rare Event Monte Carlo Simulation Results for Dense traffic

7.1 Dense random traffic

The third encounter scenario simulate® equipped aircraft flying randomly through a
virtually unlimited airspace. In order to accomplithis, the virtually unlimited airspace is
filled up with rectangular boxes. Within each btrere are a fixed number of eight aircraft
flying. With the exception of aircraft one, sevarceaft (i = 2, .., 8) fly at arbitrary position
and in arbitrary direction at a ground speed of 28§€. Aircraft number one (i = 1) aims to fly
straight through a sequence of connected box¢keatame speed, and the aim is to estimate
its probability of collision with any of the othaircraft per unit time of flying. Per box, the
aircraft within it behave the same, and for aircthét pass the boundary of a box the Periodic
Boundary Condition (PBC) approach is applied (ss#ien 3). This implies that we have to
simulate the eight aircraft in one container ordg, long as we apply the ASAS conflict
prediction and resolution also to virtual aircredpies in any of the other boxes. By changing
the size of the boxes the traffic density can beedaas long as this does not lead to a too
small box [iFly D7.2d].

Our baseline traffic density value is selected ¢odl0 times the level of one of the busiest
en-route sectors in Europe in 1999. Based on agddtaf European air traffic that has been
collected for a busy day in July 1999, the higlastraft density reference point is a number
of 17 aircraft counted at 23rd July 1999 in an eate area near Frankfurt of size 1 degree x 1
degree x FL290-FL420. This comes down to 0.0032rafir per Nn?. Multiplied by 4.0

yields our baseline traffic density of 0.0128 aiftrper Nn?. The latter is 12.8 times the
traffic density that has been considered in thergtea of [Andrews et al., 2005, 2006] and 1.6
times the baseline traffic density considered fotF- [Blom, ATC-Q2009].

For the MC simulation of baseline traffic densitg, 0.0128 aircraft per N we assume
for the MC simulations that all 8 aircraft fly ohet same FL within the box. For the baseline
traffic density, this yields 8 aircraft per 62N82Nmx1000ft. Hence in a MC simulation
(both standard MC as well as Sequential MC), wetlis&2Nnmx62Nm horizontal box size.

Because the initial conditions of seven of the edajftraft are random, there will be serious
short term as well as medium term conflicts inlleginning. Hence for each initial condition,
we give the A3 ConOps a time period of 10 minutesrganize the given traffic situation in
line with its concept of operation. Only after tli® minutes convergence time, we start to
measure safety related events, during a perio@® ofibutes.

7.2 Dense random traffic scenarios simulated

The scenarios that are simulated are specifiedailelX. This Table also shows that the
random traffic density is set at a value 3x as lagla busy sector in 2005, and at a value 6x as
high. The latter we simulated by reducing the sizthe Periodic Boundary Condition (PBC)

by a factorv/2in each horizontal direction. As before, the colulinefers to the parameter
scenario number in Table VII. For each paramettdimge both light standard MC and IPS
[Blom, CDC2006, CRC2007] are conducted. The chtwcéPS is because HHIPS remains to
be developed for handling multiple aircraft scemauisee Section 3).
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TABLE X. Parameter value scenarios simulated, MC types and time durations of the
computations on two Déll precision T7500

Parameter Id |Figure |Standard MC IPSbased SMC

value scenario

#of runs Duration |# of particles Duration
Baseline & 0 |20,21| 3.56 thousand 1 hour 120 thousand + 42 hours +
3x high 2005 45 x 10 thousand | 138 hours
Baseline & 0 |20 0.5 thousand <1 hour24 thousand + |44 hours +
6x high 2005 20 x 2 thousand |108 hours

STCD&R & 5 |21 110 thousand 31 hours 24 x 10thousand 6&hou
3x high 2005 a‘

The total duration of using both Dell machines fioe running of simulations for dense
random traffic scenarios amounts 430 hours, whigimes down to running the two Dell
computers 18 days full time. A similar amount of/slavas needed for the preparation of the
simulations (including testing of software adapmtas) and for the evaluation and
documentation of the simulation results obtained.

7.3 MC results simulation results: MC versus SMC

The simulation results are shown in Figures 20 2hd~or the random traffic scenario, the
estimated mean probabilities have been obtained 0 minutes sequential MC simulation

of random traffic. For the scaling of the event @bilities per 10 minutes to event
T

probabilities per hour, the following equation ised: p =1-(1- Py, )ﬁ with T = 60
minutes, T, the time period used in the sequential MC simafaficonvergence period is
not included) and withpg,. the estimated probability p&,.. For small py,. values, this

T
MPsuc -

ields p =
y p TSVIC

The standard MC simulations have mainly been caedua order to identify a good
sequence of early level sets. The resulting seguehlevel set values is depicted in Table XI.
In addition the results of these standard MC sitimta made it possible to improve low
frequency details in the curves of Figure 20.

TABLE XI. IPS conflict severity levels used for evaluating random scenario 5 under A3

ConOps
k 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
l\(ljrtl 6.0 5.5 5.25 5.0 4.8 4.5 4.3 4. 3.b 30 2|5 40 0 1. 05 .054
t;tk 900 900 900 900 900 900 90 90 90p 900 750 600 400300 131
Ay
. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
min

As shown in Table X, multiple CPU’s have been eipbbby IPS runs in two ways:
1) In running multiple IPS’s, each on one CPU.
2) In running one IPS on multiple CPU’s
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The latter approach has been explained in Secti@hi8 approach allows to run one IPS with
an order in magnitude more particles, which in thieis expected to lead to a possible
improvement in the estimation of rare events. Havein the IPS results obtained for the A3
ConOps no difference has been found between theR8oapproaches. For this reason the
scenario with parameter scenario 5 (i.e. SNm tak8eparation minima) has been conducted
through running one IPS on each CPU.

It is remarkable that in none of these IPS simaietia single event has been counted in which
the miss distance was lower than 2.0 Nm. And tBe\2n value has been counted only once,
and this was for the 6x high 2005 scenario. Becaweseised only 44 thousand particles for
the evaluation of this scenario, this means thatgpeed-up of the IPS approach has been
working well. Although for the 3x high 2005 scemawe used an order in magnitude more
particles this 2.0 Nm level has even not been mchlowever, it should be expected that
also for random traffic scenarios there will be sol@vel at which the ASAS dependability
values will start to play a role. Also for two aift encounters we have seen that this level
can be assessed using HHIPS, but not by IPS. Bet#id#?S remains to be extended for its
application to multiple a/c encounters, this caubd yet be assessed through simulations.
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FIGURE 20: Sandard MC and IPS based SMC estimated event probability per aircraft per
flighthour for random traffic, both uncontrolled and under A® model control (baseline
parameter values). Traffic densities are 3x and 6x high en-route traffic density in 2005. * =
standard MC result estimate, o = SMC results.
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10

FIGURE 21. Estimated event probability per aircraft per flighthour for random traffic under
A® model control and uncontrolled. Traffic densities is 3x high en-route traffic density in
2005. * = standard MC, o = sequential MC results. Left curve is for tactical separation
criterion of 5SNm, right curve for tactical separation of 3 Nm (baseline).

In spite of this limitation of IPS, a comparisontbé simulation results obtained by standard
MC versus those obtained by the IPS based SMC shioaisthe latter has a significant

advantage over the former. For scenario 5, aboun@re particles have been applied than
number of MC runs. However, the estimated frequegans a factor 50 lower for IPS than it

goes for standard MC.
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8 Concluding remarks

Within WP7.2 of the iFLY project, several studiemvh been performed on the development
of various complementary methods that aim to imprtive speed-up performance of rare
event Monte Carlo simulation of advanced ATM coricep operations. This report has
provided an overview of these complementary spgedesaults, and has shown how this has
been exploited, within the iFly project, in theegasvent Monte Carlo simulation of the A3
ConOps.

Section 2 has given an overview of the various istydies to improve the Interacting
Particle System (IPS) method that have been ugetihdorare event evaluation of the AMFF
ConOps [Blom, ATC-Q2009]. An overview of the baatgnd of this IPS approach has been
given in [iFly D7.2a]. The complementary methodsdgtd within iFly WP7.2 are:

e Markov Chain Monte Carlo (MCMC) [iFly D7.2b]

* Complexity measures [iFly D7.2c], [Prandini, 2011]
* Periodic Boundary Condition (PBC) [iFly D7.2d]

» Hierarchical Hybrid IPS (HHIPS) [iFly D7.2€]

* Regression analysis [iFly D7.2f]

Section 3 has explained how the results of theyesitdies on further speed-up of IPS have
been used (or not) within the iFly project for tlage event evaluation of the A3 ConOps. All
five complementary methods have been carefully idensd for their exploitation within the
iFly project. For two (MCMC & Regression) of thed, it has been identified that these novel
approaches were promising, but at the same time imareed of further development prior to
their application to the rare event evaluationhaf A3 ConOps. For one (Complexity) of the
five, no practical way has been found yet to extégadmportance sampling effectiveness
realized for the AMFF ConOps to the A3 ConOps. tay (PBC & HHIPS), the new results
have proven to be of use for the rare event evaluatf the A3 ConOps.

Section 4 has provided an overview of the traftiermrios evaluated using rare event MC
simulations, and which of the specific methods hbgen used for the evaluation of which
scenario.

Section 5 has shown the rare event MC simulaticult® obtained for a two aircraft
encounter scenario. Here the focus is on compastagpdard MC simulation against
Sequential MC simulation. The evaluation of wha MC simulation results obtained imply
for the A3 ConOps is considered in [iFly D7.4].

Sections 6 and 7 have done similar as Sectiorubnbw for an eight aircraft encounter
scenario and a random traffic scenario respectively

The main finding regarding the speed-up methodsiestius that standard MC simulation has
an advantage over Sequential MC (SMC) in the sthadet provides more detailed results for
events that happen regularly. However for rare tsyeproperly tuned SMC allowed to
evaluate for the A3 ConOps up to four orders of mitage less frequent events. This means
that in practice it is best to make a combined oisstandard MC simulations and SMC
simulations. This allows for example to define tl&eel sets in an IPS or HHIPS on the basis
of the standard MC results.

What does this mean for follow-up studies of spegdip rare event simulation of

advanced ATM ConOps? Regarding this question aaw Vs as follows:
* HHIPS [iFly D7.2€e] has proven to be able to assesyg infrequent rare events for
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two aircraft encounters. Hence, in order to doddwme for random traffic scenarios,
HHIPS should be extended for its application totipld aircraft scenarios.

In [Krystul et al., 2011] the convergence proofIBS has been extended to the
Hybrid IPS version of [Krystul&Blom, 2005]. A furdr extension of this
convergence proof to HHIPS remains to be done. Suploof should deliver the
exact mathematical conditions under which convergdmehavior is as expected,
and when not.

MCMC is a promising approach for the further imprment of IPS [iFly D7.2b].
As has been explained in Section 3, this asks peprbandling of several ATM
relevant aspects, the most critical of which is tevelopment of an effective
MCMC operator step for use in an advanced ATM deaedPS.

Complexity prediction methods [iFly D3.2] as aneetive importance sampling
mechanism for rare event MC simulation of thé @onOps, deserves further
attention.

Regression analysis [iFly D7.2f] is another promgsiapproach to be properly
combined with the IPS based SMC approach. Becaliseeohuge size of ATM
safety models, a prerequisite for making this felasis that for the IPS approach an
an order in magnitude extra speed-up is being deeel Otherwise regression
analysis does not form a realistic alternativetfi@r One At-a Time (AOT) approach.
Relative to the speeding-up studies performed witfily, follow-up studies have a
better reference point (i.e. the A3 ConOps) indbsign space for advanced ATM
ConOps that is able to safely accommodate very tgffic demand levels.
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