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Abstract—In the future Air Traffic Management (ATM) sys- Opposite to conventional procedures, it is widely knowr tha

tertn, fthe tra{gctory begomes tne ‘;!J”?am?maldetlemer_‘lf of ta new the best aircraft performance is that resulting from cardirs
set of operating procedures collectively referred to as Trgectory- ; ; ; ; ;
Based Operations (TBO). This has encouraged a renewed intest operathns, |.e.,.Contlnuous Climb Departure (CCD), Gonti
for the application of trajectory optimization techniques in com- uous Climb Cm'se (CCC), and Continuous Descen,t Approaf:h
mercial aviation, resulting in the so-called continuous oprations (CDA). Extensive research related to the potential benefits
that have shown significant benefits in terms of fuel savings derived from the application of continuous operations heenb
and CO; emissions. Unfortunately, the real implementation of recently done both in simulation scenarios and real-triads
continuous operations is in turn still far to be possible. Is im- the former, see for instancé][ [5], [6], and [7]. For the later,

plementation must be also tested and compared against oth&ey . . . "
performance indicators such as safety and capacity. Therefe, refer for instance to Project AIRE (Atlantic Interoperatyil

the main contribution of this paper is to provide a preliminary initiative to Reduce Emissionsy], including [9], [10], [11],

analysis on how continuous operations might impact the trdfc  or [17]. Some of the most relevant findings of these references

and subsequent conflict patterns (i.e, number and distribtibn of  are described in the following paragraphs.

potential interactions among trajectories) at the Europea ATM Based on theoretical analysis and benchmark simulations

network level. Conflict patterns serve as an indicator of thesafety . .
Soler et al. in §] and more recently Dalmau and Prats in

and capacity levels of the ATM system. The problem analysis . O e
has two scales, i.e., the mircroscale and the mesoscale. Inet [13] provide both qualitative and quantitative measure of the

microscale analysis the optimal trajectories have been foud for  potential benefits of continuous operations with respect to
each flight, whereas in the mesoscale the conflict patterns & current procedures for a single flight. I6][results showed
been analysed within a given volume of airspace (in this case  hat continuous profiles can achieve around 11% (short-haul

big single sector representing the entire European airspa. . . . .
Index Terms—aD Trajectory Optimization, Continuous Oper- flights) and 6% (medium-haul flights), i.e., between 220 and

ations, Conflict Detection, Conflict Pattern Analysis. 380 [kg], of fuel savings and the correspondingL&nissions
when compared to current operations. I} fesults showed
|. INTRODUCTION that the continuous cruise phase can lead to fuel savings

Nowadays aircraft usually fly following predefined routebetween 1% and 2% of the total trip fuel for an Airbus A320
for the lateral profile and using flight level or isobars soem (also a reduction of trip times between 1% and 5%).
for the vertical profile according to ICAO rule§][ In addition, Within the framework of project AIRE{], more than 1000
operations rely on continuous tactical intervention frorn Atrial flights were performed with a global savings of 400
Traffic Control (ATC). As a result, flown trajectories argons of CQ emissions (roughly 0.4 tones per flight). Ih(
usually far from optimal, thus increasing operational costuise climb, direct routing and variable speed were aralyz
and environmental impact’] Section 3.5]. In the futurelly through Reykjavik Control Area (CTA). Estimation of bengfit
envisioned Air Traffic Management (ATM) system, the traef cruise climb was around 0.1%-0.4% compared to 1000
jectory becomes the fundamental element of a new set [&f step climb and around 0%-0.5% of total en-route fuel
operating procedures collectively referred to as Trajgeto burn for variable speed. InL]] several trial scenarios in the
Based Operations (TBO)3]. Improved capabilities in tra- Santa Maria Area Control Center (ACC) were studied. Results
jectory management, i.e., planning, sharing, agreeing, ashowed that a vertical profile based on steps in altitude of
updating (including real time revision of the trajectorydan1000 [ft] could save 29 [kg] of fuel compared to a 2,000
synchronization of airside and ground side systems), wjft] step climb or 12 [kg] if it is compared to two 1,000
result in enhanced ATM performances in terms of capacityt] step climbs. Additionally, several airlines have estited
efficiency, safety, and environmental impact. Indeed,véeri from experience that cruise climb, in the case of B747-400,
from the above mentioned TBO concept, new operationaduld save up to approximately 1% in fuel consumption in non
concepts are demanded to reduce the cost and environmeRt¥M (Reduced Vertical Separation Minima) airspace and a
impact per flight as much as practicable. bit less in RVSM [L0].
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Figure 1. Block diagram of the simulation architecture.

After AIRE, AIRE-2 was launched seeking similar goalsstrategic deconfliction, however none of these researcins h
Several projects an trial flights were performed. For instan considered continuous operations during the simulatitivesy(
RETA-CDA project [L7] realized trial flies to quantify C® only consider scenarios in which flights follow Flight Lesel
emissions and fuel consumption reduction, concluding thaere considered).

a CDA procedure from FL210 emits above 20% less2CO Therefore, the main contribution of this paper is to provide
emissions than a non CDA procedure. IV a trajectory ga preliminary analysis on how continuous operations might
based night time CDA's at Schiphol airport were flown. Thignpact traffic (i.e., number and distribution of potential i
new procedure was very satisfactory with an approximatet! fueractions among trajectories) at the European ATM network
consumption reduction of 74 [kg] per flight. For further ist  |evel, since the resulting conflict patterns have a direct im
on AIRE2 projects and reports, please refeai@-2-reports  pact in the safety and capacity levels of the system. Based

Despite discrepancies in the real benefits, all these ees@h simulations using realistic traffic demand scenarios and
clearly illustrate that the implementation of continuog®@- realistic flight performances, this paper provides insighthe
tion could bring benefits that are somehow aligned with song@nflict patterns (as an indicator of safety and capacitglenn
the main goals pursued by SESAR, i.e., 8-14 [min] gain peie consideration of continuous operations in the European
flight on average; 300-500 [kg] reduction in fuel per flight omTM. The problem analysis has been divided in two scales:
average; 945-1575 [kg] reduction 6fO, emissions per flight the microscale and the mesoscale. The microscale refers to
on average by 2020 Unfortunately, the real implementationsingle trajectories, whereas the mesoscale refers to a eumb
of continuous operations is in turn still far to be possilite. of trajectories that may interact among them within a given
implementation must be also tested in multi-aircraft sc@sa volume of airspace (in this case, a big single sector repre-
at a traffic network level and compared against other kegnting the entire European airspace). Figlrsketches this
performance areas such as safety and capacity. architecture.

Approaches to quantitatively characterize the safety @&d ¢ The microscale analysis will be tackled using optimal
pacity levels of the ATM system include different perspeesi ¢oniro| techniques, solving a minimum fuel flight planning
(€.g., human factors, human decision support tools, arélsevyroplem. Optimal control theory and its solution approach
of automation for the former; sectorization, flow analysisd g analyzed in Sectionl. The mesoscale analysis (i.e., the
delays for the later) that go beyond the scope of this papghpact of introducing continuous operations in the Europea
However, it is under common agreement that both the numbgf\y) in Section 111 will be tackled based on the execution
of potential conflicts and their distribution, i.e., the quiexity, f srategic conflict detection (i.e., predicting confligtith a
directly affect safety and capacity (understood as themami |ook-ghead time of 2 hours) and using a realistic European
amount of aircraft a controller can safely handle within it§afic demand pattern with thousands of flight trajectories

assigned volume of airspace and with an acceptable leyebo environment with highly predictable 4D trajectories
of workload). Indeed, recent work has been done related {0 55sumed). The distribution of the conflicts (i.e., conflic

strategic deconfliction of trajectories_ towards.incregsihe _patterns) will be analyzed and relevant conclusions about
capacity of the system (number of flights) while augmenting,,y the introduction of continuous operations may impact
or at least maintaining the current levels of safety (by o#iy e safety and capacity will be provided, together with a

or at least maintaining the number of conflicts). See fQ§ieliminary analysis for the potential strategic de-catitin
instance 5], [16], [17], and the project STREAM (Strategic of the traffic at the mesoscale.

TRajectory de-confliction to Enable seamless Aircraft gonfl . I . :
: It is worth mentioning that the authors of this manuscript
Management), launched under the auspices of SESAR WP—ﬁ. S W 'oning . : uscrip

k . o ave proven experience in solving flight planning problems
These works introduced different algorithmic approactoes f(at the microscale)1d], [19], [20], [21], [5] [2, [23, and

Lhttp://www.sesarju.eu/newsroom/brochures-publicetiaire-2-reports solving strategic deconfliction prol_alems (at the mesojcale
2please refer tovww.sesar.ju [24, [29], [29], [1711 [27, reSpeCt'Vel}’- .However,_for th.e
3www.hala-sesar.net/projects former, the analysis has been always limited to a singletfligh
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thus not considering any network effect (i.e., interaciarth i(t_) :[ Jzz[ff(t)(’t“(t%’p}
traffic at mesoscale level). Regarding the later, the medesc ~ gL, utt), p e

straints, and thus not including continuous operations ihe
problem. The present paper represents a joint effort tolé¢ac
the problem from a more holistic perspective.

A case study is presented and discussed in Settiarsing
the real air traffic demand data of a yearly peak traffic day
(July 1st 2011) provided by EUROCONTROL (uncertaint
and stochastic events are not considered in this paper). |At
the microscale level, all flights are optimized according t
the business interest of minimizing file consumption (angsth ¢,
CO, emissions), resulting in a set of continuous operations’
trajectories. This set of trajectories is shared and aedlyz
using a conflict detection toollf] aimed at providing a
descriptive analysis of the traffic patterns in terms of namb

and distribution of conflict generated, which will be retate Variable ¢ € [to,t;] C R represents time ang € R"
§ @ vector of parameters. Notice that the initial timg is

with the impact of continuous operations in the safety arLxed and the final time; might be fixed or left undeter-

capacity indicators of the ATM system. X .
pactty y mined. z(t) : [to,tf] — R"* represents the state variables.
[I. MICROSCALE TRAJECTORYPLANNING u(t) : [to,ty] — R™ represents the control functions, also
HFferred to as control inputs, assumed to be measurable. The

objective functionJ : [to,tf] x R™ x R™ x R™ — R is

platljn!ngt.probletr)T, wr_:_lﬁhtca}n tbe regtgr(jedf as aoglrajectogg}(/en in Bolza form. It is expressed as the sum of the Mayer
optimization problem. The trajectory optimization prablean .- E(t;,x(t,)) and the Lagrange terrm;f L(z (1), u(t), p)d.

b_e stud_ied as an optimal C(_)ntrol proble_m applied to ind_iﬂlduFunctionsE [to, t7] x R™ — R and L : R™ x R™ x R™ — R
flights, in other words, applied to the microscale level anttiw are assumed to be twice differentiable. The system is a DAE
no regarding about the potential network effects (mesejcalsystem in which the right hand side function of the difféant
This Section describes the solution approach used to cgkt of equationg : R™ x R™ x R™ — R™ is assumed to
culate the optimal (in terms of fuel cost) or near-optimdle piecewise Lipschitz continuous, and the derivative ef th
trajectories. SubsectiditA outlines the theoretical frameworkalgebraic right hand side functiog: R™* x R™* x R"» — R"=
in which the model used is based (i.e., Optimal Controljvith respect to: is assumed to be regulary € R"= represents
and Subsectionl-B presents the model of aircraft dynamicghe vector of initial conditions given at the initial tintg and

P(a(ty)) =0

t € [to,ty]

Figure 2. Optimal control problem.

Continuous operations result to the solution of a flig

considered. the functiony) : R"» — R™ provides the terminal conditions
) at the final time and it is assumed to be twice differentiable.
A. Optimal Control Problem The system must satisfy algebraic path constraints given by

The goal of optimal control theory is to determine théhe functiong : R™ x R™ x R"» — R"# with lower bound
control input that will cause a dynamical system (typically: € R" and upper bound, € R"¢. Function¢ is assumed
characterized by a set of differential-algebraic equalian t© be twice differentiable.

be steered from an initial state configuration to a final ONe, 1) solving continuous time optimal control problenTp-
satisfying a set of path constraints, and at the same tim&y ontimal control problems are highly non-linear &
optimize some performance criterion. Figuzeillustrates it very difficult to find an analytical solution even for the silegt
schematlcglly. cases. The common practice is to use numerical methods to
The optimal control problem can be stated as follows: g solutions. There are three fundamental approaahes t
Problem 1 (Optimal Control Problem). numerically solving continuous time optimal control prob-
¢ lems: Dynamic Programming (DP) methods, whose optimality
min J (¢, z(t), u(t),p) = E(ty, x(ty)) +/ L(x(t),u(t), p)dt; criteria in continuous time is based on the Hamilton-Jacobi

_ to Bellman patrtial differential equation?{]; indirect methods,
subject to: that rely on the necessary conditions of optimality that lsan
@(t) = f(z(t),u(t),p), dynamic equations; derived from the Pontryagin’s maximum principled]; direct

methods, that are based on a finite dimensional parameteriza
tion of the infinite-dimensional problen3(]. Direct methods
have been extensively used for solving aerospace trajector
Y(x(ty)) = 0, terminal boundary conditions; optimization problems in spite of the fact that they present
¢ < olz(t), u(t), p] < ¢u, path constraints. less accuracy than indirect methods][ Two comprehensive
(OCP) surveys analyzing direct and indirect methods for trajgcto

0= g(x(t),u(t),p), algebraic equations;
x(tg) = xo, initial boundary conditions;



optimization are 7], [37] the point variable-mass motion of the aircraft over a splaéri

2) Direct collocation methods:Collocation methods en- Earth model. We consider a symmetric flight, that is, we
force the dynamic equations through quadrature rules assume there is no sideslip and all forces lie in the plane
interpolation B4], [35]. A suitable interpolating function, or of symmetry of aircraft. Wind must be considered due to
interpolant, is chosen such that it passes through the stitsetremendous impact in fuel consumption and flight time.
values and maintains the state derivatives at the nodesisigan However in the preliminary case study to be discussed in
one interval, or subinterval, of time. The interpolant ierth the forthcoming sections has been removed for the sake of
evaluated at points between nodes, called collocationtgoirsimplicity.
At each collocation point, a constraint equating the indéapt 1) Equation of motion: The equations of motion of the
derivative to the state derivative function is introduced taircraft are:
ensure that the equations of motion are approximatelyfigatis

across the entire interval of timé]. o r T®)-D(he(t),V(#),Crt)—m(t)-gsiny(t) 7
Colllocation methods are characterized. by thg interpaatin | V' L(he(t),v(t;’fgg(t)),siw(t)
function and by the nodes and collocation points they use. | X m(tg-V(t)cosv(t)
One of the simplest methods of collocation is the Hermite | 7 Lihe (8),V(5),0r 2)(:;;;;;;)7“1@).9@08v(t)
Simpson collocation method{], [37]. In this method a third- - | Ae | = | V(cosa(ticosx(t) 4 7 (X (1), 0, (1), he (1)) 1)
order Hermite interpolating polynomial is used locally it Oe Wt).m;g‘;s(t;‘sﬁ;x(t)
the entire se fti i h R + Wy (1), 0e(?), he(t))
guence of time subintervals, each solved at the|/te .
: . o V(t) -siny(t) + Wo(Ae(t),0e(t), he(t))
endpoints of a subinterval and collocated at the midpoint. |7 ~T() - n(V (1))
When arranged appropriately, the expression for the calloc - -
tion constraint corresponds to the Simpson integratioa. Al
generalization of the method is obtained using #hth order
Hermite interpolating polynomial, and choosing the nodes I
and collocation points from a set of Legendre-Gauss-Lobatt ZoaZe T
points defined within the time subintervals. These choices
give rise to the Hermite-Legendre-Gauss-Lobatto (HLGL):~ -
collocation method 36].
Another family of collocation methods is based on pseu- mg
dospectral methods, which generally use global orthogomal (a) Top view (b) Front view (c) Lateral view
grange polynomials as the interpolants while the nodeseare s Figure 3. Aircraft state and forces

lected as the roots of the derivative of these polynomiaishs

as Legendre-Gauss-Lobatto (Legendre pseudospectrak coll In the ;b(i;/e’r:hz thfree dyn?mm equations argtﬁxptrhessed n
cation methods), Chebyshev-Gauss-Lobatto (Chebyshew ps%n arrcrat-attached reterence ram,yw,zw) andtne ree
Inematic equations are expressed in a ground based reéeren

dospectral collocation methods), Legendre-Gauss (Gaess L
b ’ ). Leg uss ( péréame (Ze,Ye, z.) @s shown inFigure 3 The states areV,

dospectral collocation methods), or Legendre-Gauss4Ra ferring to the t : d headi | d flight
(Radau pseudospectral collocation methods). The reader]g/ T¢'€MNNG to the rue arspeed, neading angie, and Tig

referred to g, [39 and references therein for recent an a?h angle, respectivelys., f., he referring to the aircraft

comprehensive reviews of pseudospectral methods for apti D position (Iong|tud_e, Iatltude_, altitude); arml_ referring to
control. e aircraft massR is the radius of earthy is the speed

In this article a Hermite-Simpson collocation method wiIPDeEegde;E ;urzl tifélcczlgrzcyo(r:]%iftlcé?l:ﬁ;i ZdCLni fn?‘é‘fog?‘g
be employed. Thus, the continuous optimal control problem lh = D4 ) P R Y ! 5
transcribed into a NLP problem. See, for instancg].| the reference wing s_urface area apg 5pV" is theQ dynamic

3) Interior point nonlinear solver IPOPT:For the NLp Pressure. A parabolic drag poléi = Cp + KC7, and an
problem to be solved, the NLP solver IPOPT (Interior Poir% ternational Standard Atmosphere (ISA) model are assumed

Optimizer) is one of the most suitable ones because it handlé” Is a known funct|on Of. t_he gngle of attagkand thg Mach
X number. The aircraft position in 2Dz{, y.) is approximated
properly large-scale, sparse, non-convex problems, wilge
. . . . .. asTe = Ae - (R4 he) - cosl, andy. = 0. - (R + he). The
number of equality and inequality constraints. Moreoves it . o )
._bank angleu, the engine thrust’, and the coefficient of lift
open source. IPOPT can be used to solve general nonlin Fore the control inouts. that i () = (T(1), ut), O (1))
programming problems. IPOPT implements an interior poinf® W andv den(F)Jte t’he corﬁ’ on;nts ofvtﬁe v’vin%I ve;:tor
line search filter method. The mathematical details of IPOP*’ (5[} W 7{4/ ). expressed 0'?] an Earth reference framé
algorithm can be found in4[l]. Source and binary files can ‘"% ¥ 0 #” b

H F6(061x€1ye726)'4
be found atCoIN-OR (www.coin-or.org. Note that the herein presented framework is not only valid

B. Aircraft dynamics for set of equationsl). Yet, it is suitable for more accurate

In prder to plan opt|mal aircraft traJeCt9r|eS' Itis comnton . 4Recall that wind is considered null in the case study to beered. We
consider a 3 degree of freedom dynamic model that descritxesp in the model for the sake of completeness.
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models, e.g.: a drag curve considering compressibilitgat$, sufficient time to allow a Collaborative Decision Makingg(i.
an Earth model based on the World Geodetic System 8#llaborative Flight Planning) process to occur. This term
(WGS84), standard in aviation; more accurate aircraft dynaexcludes tactical instructions and clearances that regair
ics considering, for instance, sideslip, angle of attack] the immediate response but includes activities such as dynamic
effects of wind in the force equations; more realistic medetoute allocation.
for the atmosphere (different from ISA); etc. Strategic conflict management and traffic synchronization
2) Flight envelope constraintsThese constraints are de-would lead to pre-deconflicted 3D routes subject to dynamic
rived from the geometry of the aircraft, structural limitetts, refinement or adjustment during flight (i.e. 4D contract$)isT
engine power, and aerodynamic characteristics. We use tmmstitutes a quantum leap with respect to the currentagesp
BADA 3.9 performance limitations model and parametersructure, which consists of a set of predefined airways de-
[47): pending on a ground-based infrastructure of navigatios aid
and relying on the subdivision of airspace into Flight Level
(FLs) aimed at facilitating the management of flights.
Because safety cannot be reduced, the trajectories will
be strategically deconflicted even prior to the take-off of
| - e the flights. In this context, the introduction of automation
Trin(t) < T(t) < Tnaa (), pt) < fi suppogr]t to conflict detection, situation monitoring and ftion
In the aboveh, is the maximum reachable altitude,(¢) is resolution will be one of the principal changes for incregsi
the maximum operative altitude at a given mass (it increassisspace capacity, safety and efficiency in the period up to
as fuel is burned))M (¢) is the Mach number and/,,, is the 2020.
maximum operating Mach numbef;, is the minimum speed The STREAM (Strategic TRajectory de-confliction to En-
coefficient,Vs(¢) is the stall speed ant),, is the maximum able seamless Aircraft conflict Management) project, laedc
operating calibrated airspeed, anda; are respectively the under the auspices of SESAR WPHleveloped innovative
maximum normal and longitudinal accelerations for civiiaand computationally efficient Conflict Detection and Res-
aircraft. Ty, (t) andT,,,. () correspond to the minimum andolution (CD&R) algorithms for strategic de-confliction of
maximum available thrust, respectivejy.corresponds to the thousands of trajectories within a few seconds or minutes by

maximum bank angle due to structural limitations. taking into consideration the Airspace Users (AUs) prefees
Note that both the ordinary differential equation systeéin (and network constraints. This system may enable air traffic t
and the set flight envelop constraints are nonconvex. be de-conflicted over wide airspace regions and may permit

large look-ahead times on the order of hours (e.g., 2-3 h).
The strategic de-confliction STREAM algorithms can con-
tribute to the achievement of Network Manager (NM) goals
This Section argues the importance of considering thedrafthrough the development of a proper traffic micro-model
trajectories and their potential interactions at mesestalel framework in which all the traffic at European airspace scale
and also details the importance of performing a conflictgpatt can be represented and managed as a (large) set of individual
analysis for the European traffic as a preliminary step gdor 4D business trajectories (i.e. microscale), and by suigggst
tackle the problem of global strategic de-confliction of thetrategically de-conflicted trajectories which closely tcha
traffic under the consideration of full continuous openasio AUs preferred ones in a free-flight environment, i.e., itleal
One of the key aspects of the new ATM concept propos@adt constrained by pre-structured routes and/or by Flight
by the SESAR Concept of Operations is the management anslel Schemes as occurring today (note that this approach
utilization of the airspace as a continuous mean (with as l6§ congruent and could contribute to thetegrated Network
restrictions as possible), so that the planning and ex@tutimanagement and ATC PlannintlAP, function defined in the
of trajectories can be as close to optimum as possible. It3ESAR Concept of Operations Step42).
understood that such paradigm shift will bring as a conse-However, the capability of the causal algorithms to provide
quence more complex traffic patterns that may require obex#fficient conflict-free scenarios is limited by the conflicitp
operational capacity to preserve the same safety levels.  terns found in the scenarios (i.e., number and distributibn
Therefore, the SESAR concept considers the deploymentigferactions among the traffic trajectorie€y]. Thus, the in-
tools to assist the controllers with involved situationsida  sjghts obtained through the conflict pattern analysis peréal
reduce complexity by strategic deconfliction measures @heh the simulation of this paper could contribute to assess th
necessary to increase capacity (note that extra capa@tgas possibilities of performing strategic de-confliction undee
already required because an increment of the current #ictraconsideration of applying continuous operations for alffic,
levels is forecasted). a research topic that has not received sufficient attentjon b
The term Strategic De-confliction is often used in thghe ATM scientific community.
SESAR context to define separation actions taken when thesSTREAM algorithms are available through the TPAS tool
flight takeoff time is known with sufficient accuracy (e.g.,
after push-back) or even after the flight is airborne but with Swww.hala-sesar.net/projects

IIl. M ESOSCALE CONFLICT DETECTION AND PATTERN
ANALYSIS
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Figure 4. Set of optimal trajectories.

[17], which has been used in this paper for the traffic simulaimilar traffic pattern was simulated with the considematio

tions and conflict analyses. of FL constraints and only 311 conflicts were found in the
en-route phase of the fligitsOverall, these results suggest
IV. CASE sTUDY that the introduction of continuous operations may notably

A. Scenario increase the number of potential conflicts during the ttajsc

: : ' xecution by a factor of 4 to 5, yet the complexity of the traffi
Real air traffic demand data of a yearly peak traffic day (Ju ¥Iying continuously changing altitudes). Thus, continsiou

1st 2011) provided by EUROCONTROL are considered. . g .
) . ) : . —Qperations would be affecting negatively the levels of tsafe
The intended flight have been simulated to obtain optima Lo
) i ) . : . and capacity in the ATM. It also suggests that the current
trajectories according to Sectidh. Trajectories have been

computed without any ATM constraint (e.g., no flight levefnec.han}sm for strategic _sepgratmn of .trafﬂc based on the
%peohcatmn of FL constraints is performing reasonably Iwel

scheme or route structure have been considered) and un : L . '
) i the separation and simplification of vertical traffic pats.

no weather conditions, thus the horizontal profile of each , h he distribufi ¢ i | he diff
trajectory corresponds to a Direct Route between origipoair _F|g. 6 shows the |str|_ ut|or_1 of contlicts along the difterent
Flight Levels (barometric altitude FL=0 has been assumed

and destination airport (orientation of runways have bdso a | to MSL Il th . f th o). | b
not considered for the sake of simplification) and the valticequal to or all the regions of the scenario). It can be

profile corresponds to a continuous operations (BADA 3.]_o_l_bserved that most of the conflicts occur in altitudes betwee

models assumed). The resulting 4D trajectories have bd:elnzgo and FL390, while also a relevant number of conflicts

cropped to fit within a spatial region covering most of th&an be found at altitudes from FL80 and below. The results are

European airspace as defined with latitudes in the inteBaal [c_ongruent with the fact t_hat flights tend _to find their optimu_m
70], longitudes in the interval [-20, 30] and flight levelsn flight levels for the cruise phase at higher altitudes, while
FL50 to FL430. A time-window filter corresponding to 2 h ofhe conflicts below FL80 can be explained due to the natural
maximum airspace demand during the day (i.e., from 16_00i{bcrease of traffic density near airports. This high numter o
18.00) has been also applied to the computed trajectores onflicts in FL80 and below also confirms the importance of

resulting scenario included close to 3700 trajectorie$ it aving special air trafflc_ management ruIe_s and procedures
average length of 51.6 min near highly-demanded airports (e.g., dynamic route diioca

with specific constraints to separate departing and agivin
B. Results flights).

Fig. 4 shows the set of optimal trajectories. The character- F19- 7 shows t_he distributior_1 of trajectories with a certain
istic altitude and speed profiles of continuous operatioas, number of COI‘IﬂICFS (the_ maximurm ””m*?er (,)f conflicts that
continuous climb and slightly decreasing cruise speed,buaemhaS been found in a,s'”g',e trajectory IS elght): Note that
readily observed. This set is thereafter processed to zmal)tpe tptal numb(_ar Of_ trajectorles. that are involved in the @49
conflict patterns. predmted cor_1fI|cts is 1677, which repr_e;ents the 44% of the

Fig. 5 shows a snapshot of the retained trajectories after tﬁgﬁ'c scenario. It_means _that the remaining 56% of the traffi
Conflict Detection (CD) processing, which resulted in altotgOUId fly their optimal trajectories without any constrainb
of 1496 conflicts detected among the set of optimal trajéssor
(CD algorithm’s Computational time employed is less than 4_6N0tice t_hat in 5] only flights flying abpve _FL200 were con_sidered. A
sec.). The conflict regions are represented in red. Thestige fair comparison would require thus to consider in the presenulations only

h > - ) Sthose conflicts above FL200, resulting in 1211 conflicts @lour times more
can be compared with those obtained it][ in which a conflicts)
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conflicts are foreseen). Therefore, as already arguedemurmost of the times prior to be handled by controllers, thus
airspace design succeed at strategically de-conflictirg tteducing their workload).
traffic at the expense of increasing flight inefficiencies and

environmental impact. Fig. 8 shows the distribution of the identified clusters

(i.e., independent sub-scenarios of trajectories withflis

These results (i.e., increased number of predicted canflieimong them). This distribution is important since affetis t
should continuous operations be introduced) do not nedssaperformance of the strategic de-confliction algorithm. tie t
imply degradation of ATM safety and capacity: since thesmase study under analysis, the 1496 conflicts were distribut
(potential) conflicts are predicted in a strategic phase, among 269 clusters and % of the clusters did not involve
effective traffic separation strategy could be introducgd bmore than seven aircraft. It should be noted that for clus-
using adequate strategic de-confliction algorithms.25 pn ters with less or equal than seven aircraft the strategic de-
efficient strategic de-confliction algorithmic frameworlasv confliction algorithm could provide solutions in less thah 1
developed. It can be continuously executed in real-timea(inseconds due to the application of a reduced set of horizontal
few minutes), and provides a globally optimized conflieer restrictions to a few flightsZ5] (usually in about a 50% of
solution for all trajectories. This in turn may lead to a heégh the set of trajectories with conflicts). For the present aden
degree of safety (traffic shall be separated earlier, while sthis means that only the 22% of the traffic (approximately
preserving the tactical separation provided by contrsliér the half of the traffic in conflict) is expected to require
needed) and a higher capacity (traffic shall be de-conflictettategic flight restrictions, while the other 22% could figir



optimal trajectories. In STREAM algorithms, restrictionsre traffic in case of deviations during flight execution) woulel b
applied usually in the horizontal plane (although alsoigalt capable of increasing safety and capacity to the requiradde
and temporal restrictions can be applied in some compleile still taking advantage of a notable enhancement in the
regions), which means that most of the flights could be stilight efficiency (fuel burnt and emissions) due to continsiou
operated following its optimal vertical profiles. Thus, ¢ke operations: a 78% of the flights would be able to fly their
restricted trajectories shall remain as business prefesver optimal trajectories, whereas only the 22% of the traffic ldou
the alternative flight profiles constrained by FLs structure be constraint (however still flying a flight profile that would
A very large cluster with 900 flights is shown in Fi§. be more efficient than those constraint by FLS).
Since global-optimal conflict resolution is a highly combi- Future work is threefold:
natorial problem, such big cluster must be re-clustered ands A detailed comparison of fuel consumption metrics be-
reduced to several sub-clusters with a maximum size (e.g., tween the scenario flown in this paper (continuous opera-
of seven flights). The re-clusterization could be only palssi tions) and a scenario based on the same air traffic demand
after the identification of those tightly coupled trajedtsr but simulated with the application of FL constraints.
that contribute more to the generation of the big clusters,e An enhancement of existing tools?4], seeking new
whose number is expected to be between 10 trajectorie®(sinc  strategies for re-clustering the traffic more efficiently to
210 = 1024 > 900) and no more than 30 (based on the conflict  add the less constraints as possible to the trajectorids, an
patterns found in Fig7 and Fig.8 that denotes a relatively thus finding better global de-conflicted solutions..
low level of multi-interactivity among the trajectoriesjrther « The addition of uncertainty to the algorithms for strategic
research will confirm that number). Therefore, for a number de-confliction, i.e., the consideration of uncertainty at
of flights between 10 and 30 (which represent 0.8% of the micro level (e.g., wind affecting individual trajectorjes

total traffic scenario) some particular restrictions oiotegon

maneuvers that might be more penalizing than the horizontal

restrictions (e.g., altitude transitions) could be applie the
regions in which they are predicted to encounter a conflittt wi
another certain trajectory of the cluster, thus contritmitio
avoid the emergence of a too large cluster. Again, the riagult
restricted trajectories might be preferred over the trawll

and its propagation effects from the microscale level
to the mesoscale (de-confliction robustness), and vice-
versa, i.e., with the consideration of uncertainty at meso
level (e.g., thunderstorms dropping the capacity of some
airspace volumes) and its propagation effects from the
mesoscale level to the microscale (flight planning robust-
ness).

profiles, since out of the constrained regions the flightdctou
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