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Abstract—As air traffic volume is growing around 5% each be a way to improve air traffic deconfliction.
year in Europe it has become a priority to improve air traffic Many conflict detection and resolution methods have been

control in order to deal with tomorrow’s air traffic configuration . ; : : :
In 2007 the SESAR (Single European Sky ATM Research) project tested and reviewed in [5]' Among the conflict r_esolu_tlon
methods, lateral and vertical maneuvers are described]in [3

was created under European Community law as an initiative . e > ]
to design the future of air traffic management over Europe. and in [4]. We focus on minimizing the global conflict quantit
One of the objective of SESAR is to increase air traffic density through speed regulation. We choseglabal multiple aircraft

and optimize flight route plans. This can be achieved through conflict resolution method as described in [5] thus congider
en-route deconfliction. Reducing the global number of conflicts the whole traffic simultaneously, using a mixed integerdine

through speed regulation has been tested in the ERASMUS - . . . . .
project (En-Route Air traffic Soft Management Ultimate System) model. The conflict detection part is done using flight inten-

and efficiency of the concept has been analysed through testscan tions and existing routes. Merging all this data, it is plsi
simulations [2]. It provided many insights related to en-route to come up with a map containing all intersections of all fligh

control using speed variations hence becoming a solid reference.trajectories and thus all potential conflicts. Conflict fation
In this paper we develop a mixed integer linear model for a speed through speed regulation is currently not used in practice b

regulation problem that suits SESAR requirements. We focus on .
flights crossing times at intersection points rather than distance ATCos. Indeed, ATCos rarely suggest speed variation teesolv

to ensure separation along our resolution. Speed regulation is & potgn.tial conflict as it is generally not appreciated b_W_B“
thus converted into travel time control. Finally we propose an and airliners for fuel consumption and delay matters. Sirtyj)

integer linear program aiming at minimizing the global potential it is very difficult for an ATCo to perceive speed regulation
conflict quantity by speed modulations. . on a radar screen making the automation of speed control a
Index Terms—ATM, Conflits, Mixed Integer Programming, . . .
Speed Control. natural solution. In the next section we describe the fraomew
of our resolution, then we introduce our model for the speed

regulation problem and conclude with some perspectives.
I. INTRODUCTION

ATM (Air Traffic Management) has become a challenge Il. RESOLUTION FRAMEWORK

in Europe since the beginning of the 90's when it started The method developed here was first introduced in [1], we
to increase over 5% yearly. Airspace capacity is extendeecall part of the original setup for it sets the basics of our
year after year in order to deal with growing demand, slowimodel.

reaching its limits. Europe’s core area has one of the highesTo reach their destination, aircraft follow trajectoridsatt

air traffic density in the world and generates many poteaiial frequently intersect and overlap each other, especially in
conflicts every day. An air conflict occurs when two aircrafiense areas. Most conflicts happen around such intersection
are too close to each other resulting in a loss of separatigmints thus we choose to focus on all those geographical
which is a dangerous situation. Managing aircraft sepamatireferences. The first step in our resolution method is totéoca
requires a high cognitive activity and directly affects A all intersection points of all routes on a two-dimensional
(Air Traffic Controllers) capacity to deal with large numbaf map. Above each of these intersection points we identify the
flights, therefore reducing the global airspace capacignde altitudes of all flights passing near the current intersecti
today’s ATM research and developement is looking forward fmint in order to obtain a three-dimensional map of all
reduce ATCos’ workload by developing new tools to help compotential conflict zones. If two aircraft are below the veati
trollers managing greater quantities of flights simultargyp separation norm in the neighborhood of an intersection
while ensuring a high safety level. The ERASMUS projeqtoint, they are considered in a potential conflict situation
was funded to develop efficient ways to integrate advanc®¥ée now define the notion ofonflict cost This notion is to
automation concepts in the SESAR framework. One of thee understood from the ATCo’s point of view. Indeed, the
objective of the SESAR Master Plan is to optimize flight routeonger two aircraft are predicted to be in conflict, the geeat
plans and as suggested in [2], automatic speed control cotlid monitoring and conflict solving workload is. Therefore,



the more time a controller spends to monitor and solve itersection point, are such that:
conflict, the more expensive it should be. Defining a conflict
Itri —tei] < \/

. . 2(112 2
cost in accordance with ATCos’ workload seems to be the Dg(u*+u? +2auu) B
right manner to characterize the severity of a conflict. Feom wu? (1-a)?
mathematical point of view, we define the cost of a conflict QShere u and U are the flights speedsy is the cosinus of

a function of the time two aircraft spend under the sepanati%e angle between their trajectories abg the separation
norm. Adding up the costs of all potential conflicts over florm (.e. 5 NM) parameter. The case where both aircraft

given region we obtain a global conflict indicator for thisshare a common segmerite( a — 1) is not described here
region. Our objective is to minimize this indicator ustnformation on this case can be found in [1]

speed modulations on concerned aircraft.

Let I"¢4; be the right hand side of (1). We define the cost

Flight trajectories, intersection points and aircraftfper of 5 potential conflict between flights and f' at intersection
mances are used as input data in our model. After calculatipgint i such as:

the theoritical arrival times of all flights on all intersiot
points and all the travel times from an intersection point max(T ¢ — [tri —tif,0) (2)

to the next one, the next step is to optimize those arrival Thjs |ocal cost vanishes as soon[s—t¢| is large enough
times through speed modulations in order to minimize thg ensure separation between flighitsind ', and the closer
global conflict indicator. Recalling the method used in [llhe crossing times are, the higher the cost is. Defining the
we modify travel times to express speed variations. Indeqglobal cost as the sum of all the local ones, for all the flights
bounding the speed variation range is equivalent to bogndigng all the intersection points, our objective is to minienitzis
the travel time from an intersection point to another fon&@0i ¢ost. In order to achieve en-route speed regulation onadircr
aircraft. Due to aircraft engine characteristics, the Mpti fiying on intersecting routes, we focus on travel times from
speed variation range for an Airbus A320 4% 10 +3% one intersection point to the next one. Let be the travel

of the nominal en-route speed according to [2]. Althougfime of flight f from its (i — 1)!" to ith intersection point, we
this is the recommended speed variation range, it should §& the relations (3) and (4):

considered as one of the optimization problem parameter as

well as the separation norm. As described in [1], we suppose ti=tri—1+Tri, Vi#l i€l 3)
that a sliding horizon loop with a fixed step is used to tf1 = TrRer + Tr1 4)
continuously regulate the traffic flow. The regulation tinteps

has to be chosen carrefully since the optimization problem i Wherels is the set of all intersection points of fligt
solved during each iteration. The optimization horizom.( TfrReF is equal toTrer, the time when the picture of the traffic
the period of time affected by the optimization) is to bés taken (i.e. the reference instant), if the aircraft issatly
determined together with the regulation step to limit therayt  @irborne, and to the flight take-off time of fligtt otherwise.
optimization problem size as it may reach extremely lonfgduations (3) and (4) can be rewritten in a matricial form:
computation times. Simulations are thus required to aehiev Bt; = 71 + Tir (5)
better tuning of these parameters. The output data of our

optimization problem are the optimized arrival times of aNvhereTir is a vector of zeros, except for its first component,
flights at intersection points in the optimization horizdn. €qual to Trrer, and whereB is a square matrix such that
the next section, we introduce our mathematical formutatidij =1 if i=j, bjj =-1if i—1=j (i > 1), andbj =0

for the speed regulation problem. otherwise.

Since we want to control the aircraft speeds along their
. M ATHEMATICAL FORMULATION trajectories, we have to bound the aircraft speed variation

. . . . range. This is done by bounding their travel times. ttand
As mentioned in the previous section, the cost of a conflicf, - L

; . . ; 1" be two vectors to limit the range of these modifications for
depends on the configuration of the intersection as well ﬁ\k

the aircraft speeds. In the en-route airspace the conflea a{cl)grhet IOZ‘Z!gvzﬁé Zci)n(tjirrlljirz)z(;:)r?oLrlgglserzm(.jc\a/\\/lglc?rgdni?\w[ﬁple
is a cylinder of 5 NM radius and 1000 ft height centered on P P P P '

the aircraft. Any other aircraft entering this area is cdasd .
“in conflict’ with the current aircraft. In order to be more mmZ max{ [¢pi —[tri —tpil, 0
compatible with existing and future technology in ATM, we 'c f}fffﬁ (6)

define the notion of conflict using a time interval. Focusing
on the difference of the crossing times at a given intersecti
point of two aircraft, we can ensure separation. Quoting [IWherets;,t¢; € RT are the decision variables of the problem,
we say that flightsf and f’ are in conflict at intersection | is the set of the intersection points, the set of the flights
pointi if the instantsts; andts; when flightsf and f’ cross crossing intersection pointandF the set of all flights.

st. TM4+Tir<Bty <tV +Tr, VfeF



This formulation is not linear because of the absolute value IV. CONCLUSION
in the objective function. In order to linearize this exzies
we introduce new parameters. Ligi andis be the minimal mixed integer linear model designed to solve the speed reg-
and maximal instants possible for flightto cross intersection |,jation problem in air traffic control. Experimentationsear
pointi according to the speed variation range. We define twgy required to set the limits of our approach, in partic-
binary variablesyt; and yrj to characterize the crossingy|ar to determine the maximum flight density we can deal
order between flights and " at intersection point. Variable \yith As many mixed integer problems can have exponential

Vi IS such as:

o 1 if tg <ty
Yiti=1 0 otherwise

and reciprocally fotys ;.

We developed an air conflict resolution method using a

computation times, we should watch carrefully the program
total running time when implemented on real-size scenarios
in order to cope with SESAR requirements. Tuning of the
optimization problem parameters is essential to betteieaeh
deconfliction through speed modulations, hence tests and
simulations are to be performed in a near future. Results fro

Consider the following optimization problem with decisioRpese experimentations should guide us in our future wodk an

Variableswff/i, tsi, teriy Vg and Vi

min Ws 4 (7)
f,f'eR
iel
f<f’
subject to:
T%n—FTfR < Bt < T%VI + TiR, vfeF (8a)
Wi > een — (L — s
ti > T g (L £1i) (8b)
— (Fepi+ (i —t4i)) - Ve i
wssri > s — (L — i
tii > i (l i) (80)
— (Teei + T —ten)) - Yersi
tei <tei+ (i —thi) - Ve (8d)
th <tpi+ (T —ti) -y (8e)
1=ytpi+Yefi (8f)
wr i, ti tp € RT (89)
Vi, Yefi € 10,1} (8h)

could be compared to other results achieved in the ERASMUS
project.
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We show that this mixed integer program is a correct

formulation of optimization problem (6). Consider for iaste
the case where flightt crosses intersection poinbefore flight
f’: we havets; <ty thusyss; = 1. Constraint (8b) becomes:

Wrpi = (tpi —Tpp) + (ti —tri)

which right-hand side is negative and thus vanishes because
of (8g) (by redundancy). Constraint (8c) becomes:

wyq > T — (Lo —ti)

Since ws i only appears in constraints (8b), (8c) and (8g),
its value at the optimum is:

w?f/i = maX(rff/i — (tf’i —tfi),O).

This last expression aby ¢/ is equivalent to the main part of
the objective function in optimization problem (6). Simmila
we can obtain the transposed formulatiorisif <t;;. There-
fore, optimization problem (7) subject to the set of conetsa
(8a) to (8h) is a linear formulation of optimization problem
(6). This mixed integer program can now be implemented on
a linear programming solver such as CPLEX.



