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START
A	STABLE	AND	RESILIENT	ATM	BY	INTEGRATING	ROBUST	AIRLINE	OPERATIONS
INTO	THE	NETWORK
This	Deliverable	is	part	of	a	project	that	has	received	funding	from	the	SESAR	Joint	Undertaking	under	grant	agreement	No
893204	under	European	Union’s	Horizon	2020	research	and	innova0on	programme.

Abstract

This document describes the concept of operations and the simulation environment for the
development of an artificial intelligence algorithm capable of generating a set of pan-European (i.e.,
considering the whole traffic over Europe) robust trajectories that make the European ATM system
resilient when facing these relevant uncertainties. We include the formulation of a concept of
operations implementing Trajectory Based Operations allowing for the appropriate management of



operations implementing Trajectory Based Operations allowing for the appropriate management of
uncertainty. The complexity metrics used to evaluate the level of mental effort needed to manage a set
of aircraft is described. The fourth section details the optimization model and the algorithm process,
which is based on Simulated Annealing, used to solve the problem. Finally, some preliminary results
are shown, including a realistic case with 8000 four-dimensional trajectories in the French airspace.
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1 Introduc,on
1.1 START	project	goals

The	development,	implementa0on,	and	valida0on	of	op0miza0on	algorithms	for	robust	airline
opera0ons	 that	 result	 in	 stable	 and	 resilient	 Air	 Traffic	 Management	 (ATM)	 performance	 even	 in
disturbed	 scenarios	 is	 the	 overall	 goal	 of	 START.	 To	 reach	 this	 goal,	 START	 will	 combine	 various
methods	from	applied	mathema0cs,	i.e.:	mathema0cal	op0miza0on,	op0miza0on	under	uncertainty,
Ar0ficial	Intelligence	(AI)	and	data	science,	as	well	as	algorithm	design.	Furthermore,	insight	into	the
uncertain0es	 relevant	 in	 Trajectory-Based	 Opera0ons	 (TBO)	 systems	 will	 be	 gained	 through
simula0ons.	According	to	START’s	Project	Management	Plan	(PMP)	[1],	the	main	focus	of	the	project
is	the	op0miza0on	of	conven0onal	traffic	situa0ons	while	considering	disrup0ve	weather	events	such
as	thunderstorms.

The	main	uncertainty	sources	considered	in	this	project	can	be	classified	as:

1. Uncertainties at the micro-level or trajectory level, e.g., due to inaccurate wind forecasts,
aircraft performance models, aircraft weight estimation, aircraft intent, and take-off times.

2. Uncertainties at the macro-level or ATM network level, e.g., due to disruptive events in the
network such as thunderstorms, due to congested airspaces or airports, and due to the
propagation of micro-level (trajectory level) delays over the network.

Within	the	main	goal	stated	above,	the	following	specific	goals	arise:

1. To model uncertainties at the micro (trajectory) level, assimilate air traffic observations every
15 minutes using advanced data science methods, and propagate trajectory uncertainties using
assimilated models and a stochastic trajectory predictor.

2. To model uncertainties at the macro (ATM network) level, assimilate observations (satellite data
for storm and network status) every 15 minutes using advanced data science methods and
propagate ATM network uncertainties using the assimilated models.

3. To develop an AI algorithm capable of generating a set of pan-European (i.e., considering the
whole traffic over Europe) robust trajectories that make the European ATM system resilient
when facing these relevant uncertainties.

4. To implement those algorithms as an advanced fight dispatching demo functionality for airspace
users to obtain robust trajectories.

5. To validate these concepts through system-wide simulation procedures in order to evaluate their
stability, assessing the benefits for both the airspace users and the network manager.
Recommendations for the derivation of resilient TBO networks will be derived.

The	overall	concept	underpinning	the	project	is	sketched	in	Figure 11.	In	this	structure,	one	can
iden0fy	 five	 blocks	 (each	of	 them	 corresponding	 to	 the	 five	 specific	 goals	 of	 the	 project),	 namely:
Micro-Level	(trajectories);	Macro-level	(ATM	Network);	AI	Metaheuris0c	Algorithm;	Flight	dispatching
tool;	Fast-Time	Simula0ons.



Figure 11 START project concept schema

1.2 START work plan
According	to	START’s	PMP	[1],	the	project	is	divided	into	seven	Work	Packages	(WP),	as	sketched

in	Figure 12,	which	describes	the	different	tasks	to	be	performed	in	START.	The	objec0ves	of	each	WP
are	the	following:

• WP1	-	Project	management:	The	goal	 is	to	effec0vely	fulfill	all	the	administra0ve,	contractual,
financial,	and	technical	aspects	of	the	coordina0on	of	the	project.

• WP2	-	Trajectory	level	-	Uncertainty	modeling,	data	assimila0on,	and	uncertainty	propaga0on:
The	 goal	 is	 to	 develop	 uncertainty	 propaga0on	 models	 at	 trajectory	 level;	 iden0fy	 and
characterize	 poten0al	 sources	 of	 trajectory	 level	 uncertainty	 following	 a	 data-driven
approach;	build	and	develop	methods	for	the	cyclic	inges0on	of	data	inputs	that	will	feed	the
uncertainty	propaga0on	models	at	the	trajectory	level.

• WP3	-	ATM	network	level	-	network	modeling,	uncertainty	propaga0on	with	disrup0ve	events:
The	goal	is	to	develop	an	approximate	ATM	network	model	from	the	historical	data	enabling
to	 simulate	 and	 analyze	 uncertainty	 and	 delay	 propaga0on;	 integrate	 individual	 trajectory
uncertain0es	 into	 the	 network	model;	 provide	models	 for	 disrup0ve	 events	 and	 integrate
them	into	the	network-wide	model;	validate	the	model,	procedures	and	provide	a	simula0on
environment/tool	for	use	case	analyses.

• WP4	 -	 Network-wide	 robust	 trajectory	 planning	 and	 resiliency	 management	 based	 on
simula0ng	 annealing:	 The	 goal	 is	 to	 formulate	 a	 concept	 of	 opera0ons	 implemen0ng	 TBO
allowing	 for	 the	 appropriate	management	of	 uncertainty;	 formulate	 the	network	 resiliency
and	 develop	 network	 resiliency	 management	 procedures	 in	 case	 of	 disrup0ve	 events;
develop	op0miza0on	algorithms	for	the	determina0on	of	efficient	strategic	interven0ons	that
increase	 the	 predictability	 and	 resiliency	 of	 ATM	 opera0ons	 and	 validate	 the	 proposed
methods	through	use	case	simula0on	and	analysis.

• WP5	 -	 Flight	 dispatching	 prototype	 tool:	 The	 goal	 is	 to	 validate	 the	 concept	 in	 a	 simulated
dispatch	 environment	 of	 one	 or	 more	 airline	 operators,	 u0lizing	 the	 FLIGHTKEYS5D	 flight
management	system.

• WP6	 -	 Simula0on	and	 valida0on:	 The	 goal	 is	 to	 validate	 the	 concept	 in	 a	 simulated	dispatch
environment	of	one	or	more	airline	operators,	u0lizing	the	FLIGHTKEYS5D	flight	management
system.

• WP7	 Dissemina0on,	 exploita0on,	 and	 communica0on:	 The	 goal	 is	 to	 coordinate	 all	 START
dissemina0on,	 exploita0on,	 and	 communica0on	 ac0vi0es	while	 ensuring	 that	 the	 different
targets	have	been	reached.



Figure 12 START project work package breakdown

1.3 Purpose	and	scope	of	the	deliverable	within	START	project
This deliverable is part of WP4. The goal of WP4 (Network-wide Robust Trajectory Planning

and Resiliency Management based on Simulating Annealing) is to formulate a concept of operations
implementing Trajectory Based Operations allowing for the appropriate management of uncertainty;
formulate the network resiliency and develop network resiliency management procedures in case of
disruptive events; develop optimization algorithms for the determination of efficient strategic
interventions that increase the predictability and resiliency of ATM operations; validate the proposed
methods through use case simulation and analysis.

1.4 Intended	readership
This document is intended to be used by START members, SJU (included the Commission Services),
and interested stakeholders.

1.5 Acronyms

Acronym Descrip0on

2D Two	Dimensional

4D Four	Dimensional

ADS-B Automa0c	Dependent	Surveillance-Broadcast

AI Ar0ficial	Intelligence

ANS Air	Naviga0on	Services

ANSP Air	Naviga0on	Service	Provider

AU Airspace	User

ATC Air	Traffic	Control

ATCO Air	Traffic	Control	Officer

ATM Air	Traffic	Management

ATS Air	Traffic	Services

BADA Base	of	Aircra_	Data

BDT Business	Development	Trajectory

CAS Calibrated	Airspeed



CONOPS Concep	of	Opera0ons

CSA Classic	Simulated	Annealing

DAC Dynamic	Airspace	Configura0ons

DCB Demand-Capacity	Balancing

DMAs Dynamic	Mobile	Areas

DSA Distributed	Simulated	Annealing

ECAC European	Civil	Avia0on	Conference

FF-ICE Flight	and	Flow	Informa0on	for	a	Collabora0ve	Environment

FIXM Flight	Informa0on	Exchange	Model

FL Flight	Level

FOC Flight	Opera0ons	Centre

FPL Flight	Plan

FRA Free	Route	Airspace

GPGPU General-Purpose	Graphics	Processing	Unit

GPU Graphics	Processing	Unit

ICAO Interna0onal	Civil	Avia0on

LDS Linear	Dynamical	System

LMS Least	Mean	Square

M Mach

NM Network	Manager

PMP Project	Management	Plan

QAR Quick	Access	Recorder

RAD Route	Availability	Document

RBT Reference	Business	Trajectory

R&D Research	and	Development

SA Simulated	Annealing

SBT Shared	Business	Trajectory

SE Simula0on	Environment

SESAR Single	European	Sky	ATM	Research

SJU SESAR	Joint	Undertaking

SWIM System	Wide	Informa0on	Management

TA Trajectory	Ac0on

TBO Trajectory-Based	Opera0ons

ToD Time	of	Departure

XML Extensible	Markup	Language

WP Work	Package

Table	11:	Acronyms

Acronym Descrip0on

BDG Boeing	Research	and	Technology	Europe-Germany

DLR German	Aerospace	Center

Figure 31 The speed distributions are identical
in the top 4 situations and the bottom 4 situations;
however, the relative distance is smaller in the bottom
4 situations. The most critical situation is located at
the bottom right (strong convergence and low relative
distance).

Figure 32 The variation of the relative
distance between two airplanes indicates whether or
not they are converging, and at what speed.

Figure 33 Two airplanes are represented in a
proximity/convergence referential. The airplanes located in the top-right
zone are the most critical

Figure 34 This figure presents two extreme
traffic situations. On the left, the airplanes are
completely structured in terms of speed and the
situation presents no difficulties. On the right, however,
the situation is extremely disordered and will
consequently be harder to manage.

Figure 35 Location of the eigenvalues matrix A. The central
rectangle corresponds to organized traffic situations (in pure rotation
or translation).

Figure 36 Radar captures associated with three aircrafts

Figure 37 Vector field produced by the
linear dynamic system



ENAC École	Na0onale	de	l’Avia0on	Civile

FLIGHTKEYS	/	FK FlightKeys

ITU Istambul	Teknik	Universitesi

UC3M Universidad	Carlos	III	de	Madrid

UPC Universitat	Politecnica	de	Catalunya

Table	12:	START	consor,um	acronyms

2 Opera,onal	Concept
In this chapter, we provide the concept of operations we follow in START project, which is

aligned with the main concepts proposed by ICAO and SESAR to modernize and digitalize air traffic
management (ATM). The START concept is underpinned by the ICAO flight and flow information for
a collaborative environment (FF-ICE) and the well-known Trajectory Based Operations (TBO)
concepts. Moreover, we have also identified some relevant SESAR solutions with strong synergies
with START. Namely, free route operations and some concepts under the umbrella of the SESAR
research on optimized ATM network management. Thus, we first provide some insights on the ICAO
FF-ICE concept (section 2.2) and SESAR Conops (section 2.3), before presenting in detail the
proposed framework for the START project (section 2.4).

2.1 ICAO’s FF-ICE
As a product of the ICAO Global ATM Concept, the flight and flow information for a

collaborative environment (FF-ICE) defines information requirements for flight planning, flow
management, and trajectory management and aims to be a cornerstone of the performance-based air
navigation system. This exchange of flight and/or flow information will assist the construction of the
best possible integrated picture of the past, present, and future ATM situation. This exchange of
information enables improved decision-making by the ATM actors involved in the entire duration of a
flight, i.e. gate-to-gate, thus facilitating four-dimensional (4D) trajectory operation [2].

Especially relevant for START, the FF-ICE is guided by the requirement to eliminate or reduce
the limitations of the present Flight Plan (FPL) format to support 4D management by trajectory; the
introduction of intents; and the incorporation of information for increased and more automated
collaborative decision making. In this context, the flight information exchange model (FIXM) is
proposed as a global exchange standard to capture flight and flow information. The FIXM standard is
implemented in XML and provides harmonized data structures allowing flexible exchanges between
users instead of enforcing rigid communication patterns. In this context, the FIXM Core captures the
flight data structures identified in the ICAO FF-ICE concept, while the FIXM extensions cover local
or regional data structures not globally applicable. Then, a wide set of FIXM applications can be
defined as components that address the use of the FIXM standard in a given context, particularising
message data structures and message templates [3].

With the introduction of FF-ICE it is expected, among others, to increase the collaborative
planning among all ATM actors; provide facilities for real-time information exchange; maximize the
benefits of advanced equipment, and encourage the deployment of improved air and/or ground
systems; achieve a much more dynamic trajectory management [2].

2.2 SESAR Concept of Operations
The latest edition of the SESAR concept of operations (ConOps) [4] identifies three operational

key features, where operational improvements supported by technical enablers will bring performance
gains that yield the overall performance expected in the Single European Sky High-Level Goals, as set
out in the European ATM Master Plan [5]. These are Optimised ATM network management, advanced
Air Traffic Services (ATS), and high-performing airport operations. Furthermore, it identifies
Trajectory-Based Operations (TBO) and free route operations as transversal topics in the ConOps.

2.2.1 Trajectory based operations

SESAR and the United States’ Next Generation Air Transportation System (NextGen) are
among the first programs that conceptualize the recent advances in ATM and advances in avionics
technology. Both programs share the common goals built on the notion of  TBO (in contrast to the
current airspace centric paradigm), dynamically managing flights on an end-to-end time basis and

Figure 42 Objective-function evaluation based on a
simulation process

Figure 44 Critical flights selection process in DSA

Figure 51 Parallel flow toy example

Figure 52 Eight aircraft converging
at the same point

Figure 54 Traffic complexity of a traffic sample over French airspace. To each aircraft
position is associated a color map dick which gives the local level of complexity around each
aircraft.



current airspace centric paradigm), dynamically managing flights on an end-to-end time basis and
enabling airspace users to fly their preferred flight trajectories, delivering passengers and goods on
time to their destinations as cost-efferently as possible [5]. In order to achieve this ambitious goal, the
ATM system will face the digital transformation of the underlying infrastructure system requiring
satellite-based navigation and a specific level of automation and connectivity between stakeholders.

TBO is a core transversal topic in the SESAR Concept of Operations, which resides in the
adoption of 4D trajectory management principles to manage flights, facilitating in this way the
performance-friendly transition from tactical intervention towards a more strategic focus on planning
and intervention by exception (although in some situations, tactical processes might enable increased
levels of flexibility and flight optimization, without necessarily having a negative impact on controller
workload and productivity). TBO is expected to provide highly accurate and predictable trajectories
through a seamless process from planning to execution; a seamless process from gate-to-gate; and
with airborne and ground actors sharing consistent information throughout the Business Trajectory
lifecycle via ground-ground and air-ground System Wide Information Management (SWIM). In this
way, airspace users will be enabled to design its trajectory based on the company policy and business
models and, therefore, to operate close to their preferred trajectories [4].

The SESAR ConOps distinguishes three different types of trajectories for the planning stage of the
flight and engagement of the stakeholders in the system, the so-called Business Trajectory lifecycle:

1. Business Development Trajectory (BDT) – BDT exists during Business Development processes
and is internal to the airspace user;

2. Shared Business Trajectory (SBT) – SBT is the trajectory published by the airspace user that is
available for collaborative ATM planning purposes. The refinement of the SBT is an iterative
process. The final form of the SBT becomes the Reference Business or Mission Trajectory
(RBT) and is part of the filed flight plan;

3. The Reference Business Trajectory (RBT) – RBT is created from the last version of the SBT. It
is the trajectory that the airspace user agrees to fly and that the ANSP and Airport agree
to facilitate. It is associated with the filed flight plan and includes both air and ground
segments. It consists of 2D routes (based on published waypoints and/or pseudo waypoints
computed by air or ground tools to build the lateral transitions and vertical profiles); altitude
and time constraints where and when required; altitude, time, and speed estimates at
waypoints, etc.

2.2.2 Free route operations

The SESAR ConOps envisages extending current free route operations to all complexity
airspaces (including very high complexity ones and cross-border free route areas). This would be
enabled by the introduction of higher levels of automation in support of different ATM processes (such
as, for instance, integrated network management and extended ATC planning, dynamic airspace
configurations, flight- and/or flow-centric operations, etc.). This would result in airspace managed as a
continuum with optimal use of capacity [4].

In line with TBO principles, the generalization of free route airspace would provide airspace
users with significant opportunities to optimize their flights and fly their preferred trajectories.
Nevertheless, in case of observed/anticipated significant airspace complexity increase and potentially
detrimental effects on capacity or safety harming airspace users’ needs and global Network
performance, some constraints may be applied to manage the containment of agreed trajectories. In
this context, advanced demand-capacity-balancing concepts, such as dynamic airspace configurations
(DAC) or integrated network management and (extended) ATC planning (INAP) functions, are
especially aimed to be executed in free route environment (see section 2.3.3).

Furthermore, in order to guarantee access to airspace to all airspace users (and additionally
support airspace capacity performance objective), but also to facilitate air-ground communication,
some published waypoints have to be maintained in FRA and can be used at airspace users’
convenience and ATCOs´ needs [4].

Free	 rou0ng	 solu0ons	 as	 such	 are	 not	 part	 of	 SESAR	wave	 2	 R&D.	 Indeed,	 FRA	 is	 already
widely	implemented	in	Europe	and	its	implementa0on	is	mandatory	from	the	1st	of	January	2022	at
and	above	FL310.

2.2.3 Optimized ATM network management

A	 wide	 set	 of	 ac0vi0es	 at	 the	 network	 level,	 underpinned	 by	 the	 TBO	 principles,	 are
envisaged	 by	 the	 SESAR	 ConOps	with	 the	 aim	 to	 increase	 ATM	 capacity	 while	 increasing	 ANS	 (air



envisaged	 by	 the	 SESAR	 ConOps	with	 the	 aim	 to	 increase	 ATM	 capacity	 while	 increasing	 ANS	 (air
naviga0on	services)	produc0vity	and	reducing	the	cost	per	flight.

In this context, SESAR proposes to have airspace users more involved in demand-capacity
balancing (DCB) processes via holistic planning management, in order to allow their preferences to
be taken into account wherever possible. In particular, airspace users would be able to provide the
ATM network with accurate input to better reflect demand during the planning phase. During this
process, they would receive an improved and harmonized picture of ATM constraints (which includes
meteorological information and aeronautical information services); and they would be able to indicate
their preferences (used when choosing between different trajectory adjustment alternatives for DCB
purposes) and/or priorities.

Moreover, since it is expected that TBO would provide the opportunity to better understand
traffic demand, concepts such as dynamic airspace configurations (DAC) would enable advanced
airspace management in order to maximize airspace capacity in those areas where it is actually
needed, making the most of the ANS resources. The integration of DAC with 4D targets would
provide the complete DCB solution, which foresees the optimized adaptation of capacity to meet a
minimally adjusted demand. Furthermore, the Integrated Network Management and (Extended) ATC
Planning (INAP) concept would allow to assess and resolve local issues, making the most from DAC
and 4D trajectory adjustment. DAC (and its integration with INAP) is addressed in industrial project
PJ.09-W2-44.

 

As noted in the SESAR ConOps, the core of effective DCB across the planning and execution
phases is trajectory management, making full use of iterative development of the 4D trajectory. In this
context, Holistic Planning Management allows each stakeholder, in particular the airspace user, to get
a comprehensive view of all constraints. This view provides the opportunity to find the global
optimum among the various stakeholders’ requirements. It includes airspace users’ preferred
trajectories and costs associated with deviation, as well as ATM Planning constraints issued for airport
optimization, airspace management, DCB, air traffic control sequencing, and flow optimization.
Holistic Planning Management can be seen as a toolbox evolving along the timeline from planning to
execution, where the different actors, can use the tools and what-if capabilities as and when needed,
but always able to consider the Network view [4].

Nevertheless, and although PJ09 projects mentioned above do envisage processes to take into
account AUs preferences, they are not the principal actors. In the context of START, which is focused
on the AU side, the industrial research project PJ07 “Optimised airspace user’s operations” is of
special relevance. It aims to effectively bridge the gap between airspace users’ requirements in terms
of preferred trajectories and ATM capabilities. The aim of PJ.07-01 (“Airspace user processes for
trajectory definition”) in the SESAR 2020 Wave1, was “to fully integrate the Flight Operations Centre
(FOC) into the ATM network process through improved interaction tools, which will deliver improved
collaborative decision making throughout the trajectory lifecycle. This includes defining and
validating an iterative trajectory planning process for each flight covering the creation of the trajectory,
update, negotiation, and agreement” [6]. This solution refined the operational requirements of the
ICAO FF-ICE concept explained above.

The further development of the mentioned processes will be realized in the second wave of
SESAR industrial research projects that have been initiated at the beginning of 2020 [7]. Namely
under PJ.07-W2-38 “Enhanced integration of airspace user trajectory definition and network
management processes”; PJ.07-W2-39 “Prioritisation strategies for arrivals including UDPP”; and
PJ.07-W2-40 “Mission Trajectory management with integrated DMAs (dynamic mobile areas) of
Type 1 and 2”.  

Particularly relevant for START, PJ.07-W2-38 focuses on the planning phases and SBT
management, but also considers the execution phases regarding negotiation and information exchange.
This project addresses the anticipation of trajectory planning and negotiation to support pre-tactical
phases processes; the provision by the airspace users of preliminary flight plans as early as possible;
the assessment of interaction with the Network Manager, the inclusion of airspace users’ priorities and
preferences in the flight-plan; the development of working methods for airspace users’ trajectory
definition/negotiation together with DCB; and the DCB support to FF-ICE.

2.3 Proposed framework for START project
In Figure 21, we provide an overall operational framework of the START project in line with

the TBO concept.  Indeed, assuming a number “N” of flights, we start with a number “N” of BDT
(Business Developed Trajectories) provided as input.



(Business Developed Trajectories) provided as input.
 

In the first block (trajectory level block), we propagate different sources of uncertainty, resulting
in what we coin here as “N” probabilistic BDTs. These “N” probabilistic BDTs are passed over to the
ATM network block in which we slightly modify the set of “N” of BDTs to output a set of “N”
resilient BDTs. We then get these “N” resilient BDTs and optimize them following what we describe
in Section 2.4.3. The new set of trajectories is termed “N” robust BDTs.
 

This set of “N” robust BDTs is passed back to the flight dispatcher, who is to produce and share
the trajectories with the network manager. In this step, we produce a new set of trajectories that we
term “N” SBT (Shared Business Trajectories). Note that we would eventually have different batches of
trajectories, as many as airspace users (we are assuming a number “m” of airspace users).
 

The set of “N” SBTs is to the shared with the NM. The NM, as it does today, would do the
balancing of capacity and demand and issue new modifications (if any) before setting the net of “N”
RBTs, which airspace users agree to fly and ANSPs agree to provide services to.
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Figure 21: START proposed operational Framework
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2.3.1 Assumptions

The assumptions we are considering in the START project are listed in Table 21.

Assumptions

Assu
#1

Full concepts developed on a Trajectory Based Operations ConOps. We consider 2D free-route
airspaces with vertical structure (discrete flight level allocation and orientation schemes). No
RAD/Flow restrictions are considered, only those permanently restricted areas are considered.



RAD/Flow restrictions are considered, only those permanently restricted areas are considered.

Assu
#2

Airlines will follow a competitive scheme. Thus, we will have access only to detailed flight plan
information (with less uncertainties on particular features) of those companies being served by FKs,
and the information about competitor airlines is to be retrieved from a SWIM feeder (with more
uncertainties on particular features).

Assu
#3

Airlines cost function based on Cost index and overflying charges. Fuel tankering is not
considered.

Assu
#4

Use cases on full ECAC airspace, for both airport & en-route operations,

Assu
#5

Use cases will be restricted to a temporal window of few hours (~4) in a day.

Assu
#6

Data assimilation of probabilistic models, re-computation of optimization problems every 15 min.
 

Assu
#7

As disruptions, we will restrict ourselves to the study of severe meteorological events caused by
massive thunderstorms (strikes will not be considered, though methods could be extrapolated).
Additionally, predictions on the capacity of the different traffic network nodes (i.e., airports,
airspaces) and their impact on the airspace user’s planning capabilities will be also studied.

Table 21: START assumptions.

2.3.2 Research Questions and Hypotheses

In START we want to answer the following Research Questions:

Research Questions (RQ)

RQ#1: Can trajectory level uncertainty be modeled, assimilated on a cycle-based, and propagated?

RQ#2: Can ATM network uncertainty be modeled (including thunderstorms), cyclically assimilated, and
propagated?

RQ#3: Can a robust operational plan for ATM system resilience be found?

RQ#4: Can this advanced functionality (build upon successful achievement of RQ#1 to RQ#3) be
implemented in operational dispatching tools such as FK’s one?

Table 22: START Research Questions

In the end, the following two hypotheses are to be verified:

• H1: The calculation of the robust trajectories that make the European ATM system resilient
when facing disruptive events (e.g., thunderstorms) and relevant uncertainties can bring
improvements on the airline side (verified in WP6 deliverables)

• H2: The calculation of the robust trajectories that make the European ATM system resilient
when facing disruptive events (e.g., thunderstorms) and relevant uncertainties can bring
improvements on the Network side (verified in WP6 deliverables)

 

2.3.3 Methodological description of the Meta-heuristic AI algorithm for
robust flight planning and ATM resilience

Given the set of probabilistic trajectories (micro-level block) and the network disruptions and
delay propagation models (macro-level block), a methodology is developed to design the set of
trajectory modifications that represents the optimal course of action for the Airspace User in the
presence of uncertainty, in such a way that the ATM system is resilient. See Figure 22.



Figure 22: Meta-heuristic AI algorithm for robust flight planning and ATM resilience.

Following the proposed framework described in the previous sections, which is based on the
TBO conops, we will have a set of decision variables or possible modifications in the flight plan,
herein coined as Trajectory Actions (TAs).

These TAs include:

• Speed profile modification (Calibrated Airspeed (CAS) or Mach (M) profile).

• Time of Departure (ToD) modifications.

• Flight level (FL) modifications.

• Alternative trajectories (in terms of priorities). These priorities will be based on Avoiding
potentially unsafe areas (e.g., areas with thunderstorms).

To design this set of modifications, we will develop an AI algorithm for automated decision-
making that uses trajectory uncertainty estimations (input from micro-level) and ATM system-level
resiliency and predictability models (input from macro-level) to characterize the performance of the
ATM network. Then, this algorithm will optimize a combination of TAs for all the trajectories to fulfill
a certain set of objectives, producing an optimized solution for the whole Network (considering
thunderstorm disruptions and potential congestions).

 

These objectives can be classified into three categories:

1. Airline cost: this objective will consider the magnitude of the TAs as well as the number of
them. In other words, it is looking into the adherence to the Shared Business Trajectory (SBT).
Thus, the algorithm will prioritize sets of TAs that result in trajectories closer to the ones
originally preferred by the Airspace User and contained in the original flight plans.

2. Complexity: this objective will consider the complexity of the traffic patterns, which is an
indirect measure of the number of conflicts and the ratio between sector capacity and sector
demand in a given airspace. See Section 3.

3. Resiliency: this objective will consider the resulting predictability and stability of the
operations. This module is to be developed as part of

The effects of a TA set upon these objectives will be quickly computed in a Simulation
Environment (SE). This software executes the set of trajectories “as is”, applying only the
modifications stipulated by the set of TA, and simulates them with all the associated uncertainties. The
SE then outputs computed values for trajectory efficiency, number of conflicts, sector occupancy and
encounters with hazardous weather.

The following factors will be considered by the SE:

• Time-varying 4D weather (winds, temperature), with uncertainties

• Moving obstacles (convective cells), with uncertainties

• Static obstacles with opening hours (military-restricted areas)

To determine the set of TAs that optimizes the desired objectives, we will rely on AI techniques;
specifically, we will employ Simulated Annealing (SA) optimization techniques. This method is a



specifically, we will employ Simulated Annealing (SA) optimization techniques. This method is a
metaheuristic derivative-free global optimization algorithm inspired by physical processes. In SA, a
solution is iteratively refined: random modifications are continuously tried with the SE and accepted
according to a probabilistic criterion. The partners already have some experience using these
techniques in ATM contexts [8], [9], with promising results.

Nevertheless, many iterations are often required to obtain optimal or near-optimal results;
therefore, for these techniques to be applied in a real-time concept, each of these iterations must be
performed as fast as possible. In our case, each iteration requires the simulation of the modified SBT
under multiple scenarios by the Simulation Environment, to characterize uncertainty. As this
represents a computationally demanding process, we will implement a GPU-parallelized version of the
SE. By employing a General-Purpose Graphics Processing Unit (GPGPU) framework, it is possible to
group similar computations and perform them at the same time, thus reducing the runtime of the
simulation. Previous works by some of the partners [10] show that the simultaneous computation of
multiple trajectories under scenarios can be performed in this way, greatly improving the
computational performance of the simulation and enabling the use of metaheuristic optimization
techniques.

Finally, use case simulations will be defined and developed to characterize the potential benefits of
the proposed scheme and study relevant limitations and trade-offs. These use cases will cover different
types of situations, from “normal” conditions to challenging scenarios (such as high traffic and bad
weather), in order to demonstrate the value of improved predictability and resiliency. The output of
these use cases will be later validated and simulated. The definition of these cases has been included in
D6.1.

3 Complexity	Metrics
In the context of operational control, the ideal would be to find a metric that precisely measures

the level of mental effort needed to manage a set of aircraft. Without going quite so far, it is possible to
find complexity metrics that go beyond a simple measurement of the number of aircraft.

Traffic complexity is an intrinsic measurement of the complexity associated with a traffic
situation. This measurement is independent of the system in charge of the traffic and is solely
dependent on the geometry of trajectories. It is linked to sensitivity to initial conditions and to the
interdependency of conflicts. Incertitude with respect to positions and speeds increases the difficulty of
predicting future trajectories. In certain situations, this incertitude regarding future positions can
increase exponentially, making the system extremely complex in that it is virtually impossible to
reliably extrapolate a future situation. When a future conflict is detected, a resolution process is
launched which, in certain situations, may generate new conflicts. This inter-dependency between
conflicts is linked to the level of mixing between trajectories. The objective of most of the complexity
is to model the control workload associated with given traffic situations. The main approaches adopted
are detailed in the following sections.

3.1 Convergence	metric

The convergence indicator is used to quantify the geometric structure of the speed vectors of
airplanes present in a sector. Thus, for identical proximity values, the convergence indicator allows us
to distinguish between converging and diverging aircraft.

When a dense zone has been identified, the zone may be characterized using the rate of
convergence of the aircraft present in this area. This indicator is higher the closer the aircraft and the
faster the convergence. Thus, in the example shown in Figure 31, the convergence indicator is used to
provide an unambiguous classification of the eight situations. Each situation corresponds to two
aircraft, for which the relative distance is constant (higher in the top four cases) and the relative speed
varies from strong divergence to strong convergence. In the case of divergence, the indicator will be
null, and for convergences, it will be increasingly high as the relative distance diminishes and the
relative speed increases.

Let us take two moving points and (see Figure 32), the level of variation of their relative
distance is:



where is their reduced relative distance. Thus, a pair of airplanes converges if, and only if, this
level of variation is negative; convergence becomes increasingly rapid as the absolute value of this
level increases.

Let be the reduced relative position vector and the reduced relative speed vector:

is thus given by:

In reality, the risk associated with the convergence of a pair of aircraft also depends on the
relative distance between airplanes. We must therefore simultaneously account for the speeds and
relative distances of each pair of aircraft. One possible form of a convergence indicator associated
with an airplane is given below:

where and are weighting coefficients.

Thus, for each airplane , it is possible to calculate a proximity value and a local convergence
level in order to locate it in a referential of which the axes are the proximity and the convergence level
(see Figure 33).

3.2 Cluster	metric

This indicator directly takes into account multiple interactions between aircraft. Thus, if
airplane A is in interaction with airplane B and airplane B with airplane C, we consider the cluster A,
B, C using a pseudo-transitivity relation. It is possible to characterize a cluster using its construction in
terms of relative distances and/or relative speeds.

“Clusters” are small groups of neighboring aircraft which appear when the airspace is heavily
congested. In a cluster situation, the resolution of a conflict between two aircraft A1 and A2 must take
into account the other individuals in the cluster:



• either because A1 or A2 is also involved in a conflict with other airplanes in the cluster,

• or because maneuvering capabilities of A1 or A2 are limited by the presence of the other
airplanes in the cluster.

To construct clusters, we calculate a clustering coefficient for each pair of aircraft present in the sector:

Where is the spatial aggregation factor   and the associated convergence level:

Where is the level of variation of the reduced relative distance . Two airplanes and belong to the same
cluster if ( clustering threshold).

Another way to account for speed vectors is to calculate a pseudo-measurement of disorder by
constructing the Grassmannian matrix associated with the relative speed vectors between pairs of
airplanes.

3.3 Grassmannian	metric

When we observe a field of speed vectors, it is natural to imagine a measurement of the disorder
of the speed vectors in order to differentiate between two situations shown in Figure 34.

We also need to take account of the relative distances between the aircraft in order to
characterize only those situations which are disordered in a limited space. Thus, the larger the zone
considered, the less the notion of complexity is relevant in relation to the associated complexity. The
objective of this new metric is to provide a local measurement of disorder in the field of speed vectors,
taking into account relative distances.

The computation starts with the relative speeds associated with possible pairs of aircraft. These
vector pairings are then weighted using a factor linked to relative distance. The determinant
representing the associated expansion rate of the Grassmannian matrix of this new vector, in theory,
should be computed. However, when airplanes are in cruise mode, the third dimension of the speed
vectors cancels out, systematically canceling the determinant of the associated Grassmannian matrix,
then the product of all singular values greater than one is calculated. This avoids problems associated
with dimensions. The aggregated metric is then constructed by calculating the sum of the products of



the singular values of the weighted Grassmannian matrices associated with each pair of aircraft.

We obtain the following mathematical formulation:

Let be the Grassmannian matrix associated with :

The decomposition of the weighted Grassmannian matrix into singular values is thus written:

Where is the weighting coefficient associated with the relative distance of airplanes and () and is
a diagonal matrix containing the singular values.

The disparity factor of the relative speeds, , associated with the airplane pair is the product of
the singular values greater than one:

The overall factor is thus constructed by considering all pairs of airplanes:

3.4 Linear	Dynamic	System	metric

This approach consists of modeling a set of trajectories using a linear dynamic system with the
following equation:

Where represents the state vector of the system.

This equation associates a speed vector with each point in the state space .

The coefficients of matrix determine the mode of evolution of the system in relation to its
dynamics. More precisely, the eigenvalues of this matrix will determine the behavior of the system.
Thus, the real part of the eigenvalues indicates whether the system is convergent or divergent in each
of the eigenvectors. An eigenvalue with a positive real part produces a divergence, and an eigenvalue
of which the real part is negative produces convergence. The absolute value of these real parts is
proportional to the level of contraction or expansion of the system. The imaginary part of the
eigenvalues shows the tendency of the system to organize itself following a global rotation movement
associated with each of the eigen axes.



In the complex plane, it is then possible to identify the locus of the eigenvalues of matrix A
associated with organized traffic situations (see Figure 35).

Our problem, therefore, consists of determining the dynamic model which is closest to the
observations we have available at a given instant. The least mean squares method is applied in order to
adjust the model to the observations.

Let N be the number of observations at a given instant (number of airplanes present in a sector
at a given instant).

For each of these observations, we have a position measurement (see Figure 36):

And a speed measurement:

We thus wish to find the vector field described by a linear equation () which is best fitted to
our observations. To illustrate this aspect, we construct a grid over the airspace (see Figure 37) on
which we carry out a regression of a vector field in such a way as to minimize the error between the
model and the observation.

We then construct an error criterion based on a norm (Euclidian, in our case) which should be
minimized in relation to matrix A and vector , which represents the parameters of the model:

The linear dynamical system generates a vector field that exactly fits the observations in case
there are 3 or fewer aircraft in that sector: error becomes null. This exact fitting

is not always possible with a linear system: if there are more than 3 aircraft in the sector, an
error is going to remain between the observations and the modeled vector field. Although the fitting of
the linear system is not flawless, the Least Mean Square procedure determines the system which better
fits the observations. The computed linear system suffices our needs since our purpose is to obtain a
metric from that system to be able to estimate the traffic pattern, i.e., the local disorder and interaction
of the set of trajectories.



of the set of trajectories.

 

4 Op,miza,on	via	Simulated	Annealing
4.1 Mathematical model

As for any real optimization problem to be solved, the modeling step is critical and must be done
carefully. It exhibits the state space (the definition of the decision variables), the objective function,
and the associated constraints, both of which must be defined in terms of the decision variables and the
given data.

4.1.1 Input

The input used in the model is composed of a set of trajectories for each flight plan in a set .
Only one of the alternate trajectories must be allocated. Those trajectories are prioritized to satisfy at
best the airlines’ requests. The alternate trajectories are composed of different cruise flight levels and
lateral route changes.

Another input required for the model is the maximal time deviation from the requested time of
departure. The maximal time deviation might be different from each flight f. Plus, the flight maximal
time window is not necessarily the same for sooner or later departure time.  Thus, the early maximal
time deviation is noted , and the late maximal time deviation is noted .

4.1.2 Decision variables

During the trajectory planning process, each flight may be scheduled at a different time of
departure. The decision variable indicates the difference between the scheduled and requested
departure times. Another solution to decrease the airspace’s complexity is to change the cruising speed
with the decision variable . The decision variable represents the choice of the ith trajectory for the
flight . All the alternative trajectories are prioritized. The 0th trajectory is the requested and the other
are sorted by priority. An alternative trajectory is based on offsets of the requested trajectory. Only the
trajectory, avoiding potentially unsafe areas such as weather hazardous areas, are included in the state
space. The flight’s complexity is included in the decision variable to select the flights with the biggest
complexity.

4.1.3 Constraints

Most of the problem’s constraints are considered in the input data given to the model. The
maximal length extension is included in the alternate trajectories given. Same as the length extension,
the maximal flight level difference is included in the state space of the alternate trajectories.

The maximal time gap between the requested and allocated departure time is given as an input
and is included in the state space of the decision variable . Thus, the constraints are the following:

 

The maximal speed deviation between the requested and allocated speed is given as an input
and is included in the state space of the decision variable . Thus, the constraints are the following:

4.1.4 Objective function

The objective function is composed of several objectives. The objective of the process is to
reduce the airspaces’ complexity. It is the sum of all flights’ complexity.

As well as minimizing the time difference between the requested and given time of departure.

And minimize the difference between the requested and given speed.

Plus, minimize the difference between the requested flight plan and the allocated flight plan.

Those objectives are weighted in order to sum them up as one objective function.

The solution has to be resilient to the positions’ uncertainty in 4D.



4.1.5 Combinatory

The problem has a great combinatorial. The state-space dimension is the number of possible
lateral routes times the number of possible flight levels times the possible rescheduling departure time.
It roughly .

4.2 Resolution algorithm
Due to the large combinatory of the problem a heuristic algorithm is required. The choice of a

non-deterministic algorithm is preferred to a deterministic optimization algorithm. Hence, an adjusted
version of the Simulated Annealing is picked from all the heuristic.

4.2.1 Simulated Annealing

In material physics, the principle of annealing consists of carrying a solid at a high
temperature until reaching the melting point and then slowly decreasing its temperature to reach a state
of minimum energy.

In the liquid phase, the particles constituting the material are arranged randomly in space.
Conversely, when the cooling is carried out slowly, the material reaches a crystalline state of minimum
energy for which the atoms are structured in a regular manner, thereby leading to preferred features of
the material.

This minimum energy state can only be achieved if the material has been sufficiently heated
and a slow cooling down process has then been used.

If these two conditions are not respected, the material is found in an amorphous solid state
whose energy does not correspond to the global minimum energy. In metallurgy, the phenomenon of
heating a metal and then cooling it suddenly in a water bath is called "quenching". Quenching,
therefore, makes it possible to reinforce the mechanical rigidity.

In 1953, three American researchers (Metropolis, Rosenbluth, and Teller [11]) developed an
algorithm to simulate physical annealing. They aimed to reproduce faithfully the evolution of the
physical structure of a material undergoing annealing. This algorithm is based on Monte Carlo
techniques which consist of generating a sequence of states of the solid in the following way.

Starting from an initial state of energy , a new state of energy is generated by modifying the
position of one particle.

If the energy difference, , is positive (the new state features lower energy), the state becomes the
new current state. If the energy difference is less than or equal to zero, then the probability that the
state j becomes the current state is given by:

where represents the temperature of the solid, and is the Boltzmann constant ().

The acceptance criterion of the new state is called the Metropolis criterion. If the cooling is
carried out sufficiently slowly, the solid reaches a state of equilibrium at each given temperature . In
the Metropolis algorithm, this equilibrium is achieved by generating a large number of transitions at
each temperature. The thermal equilibrium is characterized by the Boltzmann statistical distribution.
This distribution gives the probability that the solid is in the state of energy at the temperature :

where is a random variable associated with the current state of the solid, is the distribution
function of at temperature . This allows the normalization:

In the Simulated Annealing (SA) algorithm, the Metropolis algorithm is applied to generate a
sequence of solutions in the state space . To do this, an analogy is made between a multi-particle
system and our optimization problem by using the following equivalences:

• The state-space points represent the possible states of the solid

• The function to be minimized represents the energy of the solid.

A control parameter , acting as a temperature, is then introduced. This parameter is
homogeneous to the criterion that is optimized. It is also assumed that the user provides for each point
of the state space, a neighborhood, and a mechanism for generating a solution in this neighborhood.



of the state space, a neighborhood, and a mechanism for generating a solution in this neighborhood.
We then define the acceptance principle:

Let be an instantiation of a combinatorial minimization problem, and two points of the state
space. The acceptance criterion for accepting solution from the current solution is given by the
following probability:

By analogy, the principle of generation of a neighbor corresponds to the perturbation
mechanism of the Metropolis algorithm, and the principle of acceptance represents the Metropolis
criterion.

Figure 41 Simulated Annealing Pseudo-codeSimulated Annealing

1. Initialization

2. Repeat

3. For to do

• Generate a solution from the neighborhood of the current solution

• If then ( becomes the current solution)

• Else, becomes the current solution with probability

4.
5. Compute()

6. Until

A transition represents the replacement of the current solution by a neighboring solution. This
operation is carried out in two stages: generation and acceptance.

In the sequel, let be the value of the temperature parameter, and be the number of transitions
generated at some iteration . The principle of SA can be summarized in Figure 41:

One of the main features of simulated annealing is its ability to accept transitions that degrade
the objective function.

At the beginning of the process, the value of the temperature is high, which makes it possible
to accept transitions with high criterion degradation, and thereby to explore the state space thoroughly.
As decreases, only the transitions improving the criterion, or with a low criterion deterioration, are
accepted. Finally, when tends to zero, no deterioration of the criterion is accepted, and the SA
algorithm behaves like a Monte Carlo algorithm.

4.2.2 Simulation-based Evaluation

In many optimization applications, the objective function is evaluated thanks to a computer
simulation process that requires a simulation environment. In such cases, the optimization algorithm
controls the vector of decision variables, , which are used by the simulation process to compute the
performance (quality), , of such decisions, as shown in Figure 42.

In this situation, population-based algorithms may not be adapted to address such problems,



In this situation, population-based algorithms may not be adapted to address such problems,
mainly when the simulation environment requires a huge amount of memory space as is often the case
in nowadays real-life complex systems. As a matter of fact, in the case of a population-based
approach, the simulation environment must be duplicated for each individual of the population of the
solutions, which may require an excessive amount of memory. To avoid this drawback, one way to
think about having only one simulation environment which could be used each time a point in the
population has to be evaluated as follows. To evaluate one population, one first considers the first
individual. Then, the simulation environment is initiated, and the simulation associated with the first
individual is run. The associated performance is then transferred to the optimization algorithm. After
that, the second individual is evaluated, but the simulation environment must be first cleared from the
events of the first simulation. The simulation is then run for the second individual, and so on until the
last individual of the population is evaluated. In this case, the memory space is not an issue anymore,
but the evaluation time may be excessive and the overall process too slow, since the simulation
environment is reset at each evaluation.

In the standard simulated annealing algorithm, a copy of a state pace point is requested for
each proposed transition. In fact, a point is generated from the current point through a copy in the
memory of the computer. In the case of state spaces of large dimensions, the simple process of
implementing such a copy may be inefficient and may reduce drastically the performance of simulated
annealing. In such a case, it is much more efficient to consider a comeback operator, which cancels the
effect of a generation. Let be the generation operator which transforms a point from to :

The comeback operator is the inverse, , of the generation operator.

Usually, such a generation modifies only one component of the current solution. In this
case, the vector can be modified without being duplicated. According to the value obtained when
evaluating this new point, two options may be considered:

• The new solution is accepted and, in this case, only the current objective-function value is
updated.

• Else, the comeback operator is applied to the current position in the state space to come back to
the previous solution before the generation, again without any duplication in the memory.

Figure 43 Optimization of the generation process.

This process is
summarized in Figure 43.

The comeback operator must be used carefully because it can easily generate undesired
distortions in the way the algorithm searches the state space. For example, if some secondary
evaluation variables are used and modified for computing the overall evaluation, such variables must
also recover their initial value, and the comeback operator must therefore ensure coherence in the state
space.

The issue in the problem is the objective’s deviation cannot be computed easily. The
new objectives’ value must be computed again without considering the previous objective value.
Therefore, the solution is to use a Distributed Simulated Annealing to differentiate the flights with
different complexity.

4.2.3 Distributed Simulated Annealing



Simulated annealing is a meta-heuristic method to approximate the global optimum in a large
search space for an optimization problem in a fixed amount of time. The method involves heating and
controlled cooling that mimics the process of metal annealing. A critical control parameter in this
optimization process is the temperature. The heating process explores the solution space to search for
a temperature that can ensure a sufficient and deep exploration during the cooling process. The cooling
process refers to the decreasing of the temperature which can be interpreted as a slow decrease in the
probability of accepting worse solutions while exploring the solution space.

In accordance with the structural features when incorporating the models into the solution
algorithm, Classic Simulated Annealing (CSA) and Distributed Simulated Annealing (DSA) are
introduced [12]. As the objective function indicated, the costs of all flights are summed up in the
centralized model, and flights associate with different levels of costs cannot be distinguished.
Consequently, the neighborhoods are chosen blindly which yields a large computational burden.
However, from a distributed perspective, the cost of each flight is treated individually at each iteration.
The flights that associate with costs higher than a standard will be selected as critical flights. The
critical flights are targeted with priority for undergoing changes. Moreover, with a guided searching
process for critical flights, a better solution can be found much easier and faster. The details of both
centralized and distributed simulated annealing are specified as follows.

DSA aims to decentralize the flight information by releasing the integration of all the flights in
the simulation and focusing on the critical ones which are essential in coping with unexpected
situations.

1) Heating procedure: in this model, one simulated annealing algorithm is associated with each
flight. The performance of individual flight is used in the heating procedure. In each transition, a flight
is chosen, the associated cost is considered as the current solution. The neighborhood solution is
generated by changing one of the decision variables of flight . Then the acceptance criterion is applied
to determine the acceptability of the neighborhood solution. Flights in the flight set are chosen
successively to repeat the procedure until the end of this iteration. Like the CSA, temperature
increases as each iteration finished, and once the acceptance rate reaches a certain value (typically
0.8), the heating process terminates.

2) Cooling procedure: the main difference between the cooling procedure of CSA and DSA is
the neighborhood evaluation. To initiate the process, all flights are first evaluated, and the highest cost
is specified as a reference. Then, for a regular iteration, each flight compares its performance with a
cost threshold . Consequently, the flight that has a cost higher than the cost threshold is selected for the
critical flight set. Through targeting the critical flights, the algorithm is efficient in reducing the
randomness of selecting the neighborhood. Flights in the critical set are selected successively for each
transition, and one of its decision variables is randomly changed which will derive a neighborhood.
Instead of evaluating the costs of all flights, a simulation for this particular flight is conducted. The
costs of this flight before and after the decision changing are taken as the current solution and the
neighborhood solution. The qualities of the two solutions are then measured to decide the result of
acceptance.

4.2.4 Implementation

Heating process

In this model, one simulated annealing algorithm is associated with each flight. The
performance of individual flight is used in the heating procedure. In each transition, a flight is chosen,
the associated cost is considered as the current solution. The choice of the flight is among the critical
flights, usually, the flights that have a cost of 80 percent of the maximal cost, see in Figure 44. The
neighborhood solution is generated by changing one of the decision variables of flight . The decision
variables that can be updated are the route change, the flight level shift, the time of departure
rescheduled, and the speed shifting. Then the acceptance criterion is applied to determine the
acceptability of the neighborhood solution. Flights in the flight set are chosen successively to repeat
the procedure until the end of this iteration. Like the CSA, temperature increases as each iteration
finished, and once the acceptance rate reaches a certain value (typically 0.8), the heating process
terminates.



Evaluation

The evaluation process is done only on the flight modified in the neighborhood. It
consists of computing the complexity of the whole trajectory of the new flight’s trajectory taking into
account the changes in the four-dimensional trajectory and the uncertainty of the aircraft’s position. As
a result of the interdependency of the trajectories’ complexity, once in a while, the global complexity
is computed again. That means when a flight is modified, the complexity of all the other aircraft in the
neighborhood are modified too.

 

Neighborhood generator

A neighborhood function is used to generate a local change from the actual solution within each
iteration. Two criteria are considered in its design: low computational time and not pure random
search. The neighborhood generator is changing one flight’s parameter. For instance, the time of
departure is updated to generate a new neighbor. Once the neighbor is generated, the 4D trajectories
have to be updated with the new departure time.

Cooling loop

The main difference between the cooling procedure of CSA and DSA is the neighborhood
evaluation. To initiate the process, all flights are first evaluated, and the highest cost is specified as a
reference. Then, for a regular iteration, each flight compares its performance with a cost threshold .
Consequently, the flight that has a cost higher than the cost threshold is selected for the critical flight
set. Through targeting the critical flights, the algorithm is efficient in reducing the randomness of
selecting the neighborhood. Flights in the critical set are selected successively for each transition, and
one of its decision variables is randomly changed which will derive a neighborhood. Instead of
evaluating the costs of all flights, a simulation for this flight is conducted. The costs of this flight
before and after the decision changing are taken as the current solution and the neighborhood solution.
The qualities of the two solutions are then measured to decide the result of acceptance.

To decrease the temperature, we use a geometric law that has been extensively used in SA
applications:

 

5 Preliminary	Results
The computation of the complexity metric based on the Linear Dynamical System method is

shown in [12]. In the following sections, some toy examples are described to compare the complexity
metric previously described. Then, the metric is tested on some real air traffic data.

5.1 Toy examples
For the following toy examples, no uncertainties are considered, and every aircraft is flying at

the same flight level. Six traffic situations will be classed according to the increasing level of difficulty
(increasing order of complexity) as a function of the level of predictability and interdependency
between trajectories. The full trajectories of aircraft are shown on the following figures and the initial
positions are symbolized.



Figure 51 shows a parallel flow of aircraft. It represents an easy situation since the flow
produces a low sensitivity scenario and no conflicts. There will always be null eigenvalues; therefore,
null entropy and consequently, null complexity. It must be noticed that this is valid only in this
addressed case when every aircraft possesses the same parallel speed; otherwise, there would be one
null eigenvalue and one non-null eigenvalue.

Figure 52 shows a full symmetric convergence of eight aircraft flying at the same speed. It
represents an average situation with high sensitivity and conflicts with no interaction between
solutions.

To build an aggregated metric along the time dimension, we compute for each time sample the
associated eigenvalues of the A matrix for which the real parts are sum up to produce a scalar value
(Figure 53). It must be noticed that the metric begins to be negative, showing the situation is globally
converging. If we continue evaluating that situation along time, after crossing of the aircraft, the
metric will become positive, and the situation will be globally diverging.

Figure 53 Scalar metric function of time for eight
aircraft converging at the same point. As it is shown there
is a discontinuity when aircraft cross each other but if we
consider more aircraft in the crossing, the curve will be
scaled accordingly.

While moving from the negative real
axis to the positive real axis, the eigenvalues will cross the imaginary axis, acquiring the null real part.
As it can be seen in Figure 53, at that moment there is a discontinuity on the scalar position, rapidly
changing from infinite convergence to infinite divergence. This phenomenon is explained next.



 

 

5.2 Real air traffic
Extrapolated to real air traffic control situations, the traffic complexity can be defined as an

intrinsic measurement of the complexity associated with a traffic situation. This measurement is
independent of the system in charge of the traffic and is solely dependent on the geometry of
trajectories. It is linked to sensitivity to initial conditions and to the interdependency of conflicts. This
interdependency between conflicts is linked to the level of mixing between trajectories.

This complexity metric has been computed on traffic simulated with real flight plans of aircraft
crossing the French airspace.  Based on such flight plans, an arithmetic simulator based on the BADA
database has been used to create 8000 four-dimensional trajectories in the French airspace. At a given
time of the day, it is possible to compute the traffic complexity as shown in Figure 54.

6 Concluding Remarks
The purpose of this report was to explain a concept of operations implementing Trajectory Based

Operations allowing for the appropriate management of uncertainty. As well as explaining the
simulation environment that implements the aircraft motion models and network operation models in
order to simulate European airspace. The complexity metrics described are used to measures as close
as possible the level of mental effort needed to manage a set of aircraft. Therefore, the metrics are
used to optimize the air traffic by reducing its value. The optimization problem is described in the
mathematical model. Right after, the optimization process, the Simulated Annealing, is explained.
Then, some preliminary results are shown in the last section. Those results are promising, but the
performance needs to increase, that is why the algorithm is going to be parallelized using GPGPU
robust metaheuristic Simulated Annealing algorithm.
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