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Abstract: Air traffic flow management in Europe has to deal with capacity constraints in en route airspace, in addition to the usual capacity constraints at airports.  The en route sector capacity constraints, in turn, generate complex interactions among traffic flows.  A new deterministic mathematical model for the European ATFM problem is presented along with some model extensions designed to extend its flexibility and applicability.  The model develops flow management strategies involving combinations of ground and airborne holding.   The paper illustrates the complex nature of EU ATFM solutions, the benefits that can be obtained by assigning some airborne holding delays in addition to ground delays, and the issues of equity that arise in the EU ATFM context as a result of the interactions among traffic flows. 

Keywords: Air traffic control, mathematical models, optimization problems.

1.  INTRODUCTION

A critical practical difference between the current air traffic management (ATM) systems in the United States and Europe is that in the former most of the capacity constraints occur at major airports or in the terminal airspace around them, whereas in the latter the en route airspace poses an equally important and frequent capacity constraint as the airports.  In practice, the capacity constraints at the most congested airports in Western and Central Europe have been partly alleviated by treating these airports as “fully coordinated” – meaning, essentially, that the number of flights that can be scheduled there per hour (or other unit of time) is not allowed to exceed the “declared capacity” of the airports (de Neufville and Odoni, 2003).  As a result, scheduled demand at these airports exceeds capacity only on days when weather conditions are particularly unfavourable or other non-routine events occur.  By contrast, some en route sectors, especially in the center of Europe, experience congestion on an almost routine basis, especially during the busy summer months.  While the capacity of these sectors has generally increased in very recent years as a consequence of measures taken on a local and continent-wide basis (e.g., increasing the number of high-altitude flight levels), the problem posed by the en route sector capacity constraints is a persistent one and may take at least one more decade to resolve (EUROCONTROL Performance Review Commission, 2004). 

One of the implications of the simultaneous presence of airport and en route airspace constraints is that air traffic flow management (ATFM) in Europe is, in some respects, a fundamentally more complicated task than in the United States. European ATFM planning must address simultaneously both en route and airport capacity constraints.  Moreover, the overall European ATM system (which is composed of many different national ATM systems) provides limited flexibility when it comes to re-routing flights dynamically to avoid congested sectors on any given day.  Thus, in developing ground-holding strategies, the European ATFM system must consider a network of capacitated elements (en route sectors and airports) as opposed to ATFM in the United States, which, at least approximately, deals with a simple “network” containing only a single capacitated element (the destination airport) at a time.

The European ATFM (EU ATFM) problem can then be stated as follows: given an airspace system, consisting of a set of airports, airways and sectors, each with its own capacity for each time period, t, over a time horizon of T periods, and given a schedule of flights through the airspace system during T, assign ground and airborne delays to the flights in a way that satisfies all the capacity constraints, while minimizing a function of the cost of the total delay assigned. 

The objective of this paper is to present the main features and some extensions to an approximate, low-level-of-detail model for the EU ATFM designed to highlight two points: (a) the intrinsic complexity of optimal ground and airborne holding strategies in the EU ATFM context; and (b) the fundamental conflict that may arise between the objectives of efficiency and equity (or “fairness”) in that same context.  Both of these characteristics are due to the underlying capacitated network structure.  Point (b) requires some explanation.  Efficiency – defined here as the minimization of some function of total cost – and equity – defined as the absence of a systematic bias against certain flights or airlines or origin/destination pairs – are generally thought of as the two overriding considerations of ATFM (Ball et al 2005a).  It will be shown below that, in the context of the EU ATFM, the conflict between equity and efficiency is more fundamental.  Adherence to simple principles, like “rationing by schedule” (RBS), may result in highly inefficient solutions with respect to cost.  Thus, it may prove far more difficult in Europe than in the United States to reach stakeholder consensus on what would constitute “fair and equitable” priority rules during periods of congestion.

Section 2 will present the EU ATFM model that has been developed for the purpose of investigating these issues and will describe some added features that increase the flexibility and applicability of the model.  Section 3 will use a simple network configuration of airports and sectors, to provide two examples of the characteristics of solutions to EU ATFM problems.  Finally, Section 4 will summarize the findings of this research and discuss briefly the practical implications.  

2.  THE MATHEMATICAL MODEL

The deterministic, discrete-time mathematical model developed for this study is designed to highlight the strategic aspects of the EU ATFM problem.  Demand, as well as airport and sector capacities are assumed to be known in advance for every time period t.  The model assigns airborne delay to a flight only in the terminal airspace around the destination airport and not at the en route sectors.  Indeed, in practice, traffic managers rarely, if ever, plan in advance on holding aircraft in en route airspace, while local air traffic controllers exercise en route holding only for tactical reasons, such as a brief period of excessive workload in a downstream sector.  It is also assumed that dynamic re-routing, in response to en-route sector congestion, is not an available option, an assumption which again is a good approximation to practice in European airspace.  Moreover, we suppose that, for each aircraft, the flight time between any two elements of the system is known in advance.  These last two assumptions simplify the model greatly by making it unnecessary to track individual aircraft (or types of aircraft) and to consider distances between elements of the network. 

With respect to the original model that we have described in a recent paper (Lulli and Odoni, 2006), we introduce here the following two significant extensions:

1. The sector capacity is modelled as the maximum number of flights that may occupy the sector at any specific point of time. For instance, suppose that all aircraft flying a certain route require an amount of time ( (>1) to cross a sector and that all fly at roughly the same speed.  Then the number of flights traversing the sector during any interval of ( contiguous time periods is not allowed to exceed the specified sector capacity.

2. The possibility of “continued flights” is accounted for.  A flight is continued if the aircraft which will perform it is also scheduled to perform at least one more flight later in the day. The sequence of flights performed by any given aircraft is known, as is the “slack” time between flights, s f , such that if the previous flight arrives at its destination at most s f time periods late, the departure of the next flight f will not be affected.

The EU ATFM model, in common with most other ATFM models in the literature, minimizes a linear combination, of the form 
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A second feature of the model is aimed at ensuring equity in the assignment of delays to flights and is a feature of other models, as well (Kotnyek and Richetta, 2006).  This is achieved by including in the objective function cost coefficients that are a super-linear function of the tardiness of a flight of the form 
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is the scheduled time of arrival of flight f.  The use of these cost coefficients will favour the assignment of a moderate amount of total delay to each of two flights rather than the assignment of a small amount to one and a large amount to the other.


The following additional notation is now defined:

K

the set of airports;

F

the set of flights;

S

the set of sectors;
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the scheduled arrival time of flight f, which is also the earliest time flight f can arrive at its destination airport;
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the scheduled departure time of flight f;
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the subset of sectors that will be visited by flight f en route;
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the airport of destination of flight f;
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the flight time from the origin of flight f until it arrives at sector
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the total scheduled airborne flight time for flight
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Ak(t)
the capacity (arrival acceptance rate) of airport
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the capacity of sector
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the flight turnaround time as described above;
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the follow-up flight to flight f, i.e., the next flight to be performed by the aircraft that flew f;
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the number of time intervals required to fly sector 
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The decision variables are:
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z f
an artificial variable which captures the airborne delay cost of flight f

The EU ATFM model is the following:
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Constraints (1) and (2) are the assignment constraints that determine uniquely the arrival and the departure time of each flight,
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. Constraints (3) and (4) are the airport and sector capacity constraints, respectively, that impose a bound on the number of flights that can be handled in each time period. In the sector capacity constraints and for each time period t, the number of departures in a set of 
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 contiguous time periods is considered, namely those departures taking place in time period t –
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 time periods.  The capacity of airports and sectors may change over time due to many factors, most commonly meteorological conditions. Constraints (5) are the constraints linking the variables: the time of arrival of each flight is given by the departure time plus the flight time, which may include some airborne holding delay. Constraints (6) state that if a follow-up flight s(f) departs by time t+(, then flight f must have arrived at the airport by time t. Constraints (7) capture the non-linearity of the airborne holding cost, as already discussed. 
The EU ATFM model can be viewed as a “macroscopic version” of the model presented in Bertsimas and Stock Patterson (1998) with some new features.  Its objective function is also different.  The Bertsimas and Stock Patterson model is notable for using an alternative set of decision variables that lead to fast solutions of the resulting integer programs.  The tightness of the formulation is not an issue in this paper, as the problems we solve are modest in size and solution times are insignificant.  By adopting a low level of detail and a straightforward formulation, the EU ATFM model is better able to highlight the critical characteristics that could prove of overriding practical importance in the EU ATFM environment.   

3. THE TEST CASE

To explore the characteristics of solutions to the EU ATFM and illustrate the consequences of sector capacity, of flight connections and of the network structure, a simple test case is examined.  This example will be used to underscore the strong possibility that optimal solutions to the EU ATFM problem may violate fundamental notions of “fairness” and of equitable treatment of all network users.  In addition, it will be shown that the judicious use of airborne holding, can generate large potential benefits in the form of substantial reductions in the total amount of delay and of delay cost.  This is entirely unlike the case in which no en route capacity restrictions exist.  In this latter case, it is well known that optimal solutions, in the absence of uncertainty, do not include any airborne holding (see, e.g., Terrab and Odoni 1993). 
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Figure 1: Instance of EU ATFM problem.  

The case study considers two flows of flights (denoted as Flow A and Flow B) with different origin-destination pairs (A, A’) and (B, B’) crossing the same sector, see Figure 1.  The demand pattern for each of the airports A( and B( will be assumed identical to that depicted in Figure 2, where the landing demand at Milan’s Malpensa (MXP) airport is shown.  The bars represent the scheduled landings per time unit (15 minutes) between 7:30 and 10:30 a.m., the airport’s busiest 3-hour period.  Time unit 10 corresponds to the 15-minute period commencing at 7:30 a.m., and so on.  
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Figure 2: Demand for landings at MXP (7:30 - 10:30 local time) 

For clarity of exposition, we assume, without loss of generality, that all aircraft fly at the same speed.  This is not a restrictive assumption and is also a reasonable approximation to practice, when applied to turbojets, which, almost exclusively, populate high altitude en route sectors and constitute the great majority of aircraft at the busiest commercial airports.

We assume that the flight time through the sector for aircraft flying routes AA( and BB( is two and one time periods, respectively. Let us also assume that the flight times for Flow A aircraft from Airport A to the en route sector and to Airport A( are 4 and 9 time periods, respectively: a flight departing from A at time period 1 will enter the en route sector at time period 5, will leave the en route sector at the end of period 6 (two time units to fly through the sector) and will arrive at A’ in time period 10.  Analogously, we suppose that the flight time for Flow B aircraft from the airport to the en route sector and to B( are 4 and 7 time periods, respectively. 

From knowledge of all the flight times, between the en route sector and the origin and destination airports, as well as of the number of time periods necessary to cross the en route sector, one can easily compute the sector demand, i.e., the number of aircraft scheduled to occupy the sector at any specific point in time.  For instance, the sector demand at time period 8 is given by the demand for landings at time periods 12 and 13 at Airport A(, and at time period 12 at Airport B(; for a total of 39 aircraft (Figure 3).  Figure 3 displays both the sector demand and the sector capacity, which is set to a constant value of 30 flights per time period throughout the interval of interest, for the purposes of this example.  There is an excess of demand at the sector in time units 6, 7, 8 and 9 as well as 13, 14 and 15.  This will impact the schedules of arrivals at one or both airports.  For instance, sector congestion in time units 6, 7, 8 and 9 may impact flights scheduled to arrive during the time interval 10-14 at Airport A( and time interval 10-13 at Airport B(.
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Figure 3: Sector demand and capacity.

In the objective function, two values of the equivalence factor 
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 have been used: 1.2 for airborne delays shorter than 3 time units and 3 for longer airborne delays.  These values reflect the fact that airlines are willing to accept small amounts of airborne delay for a flight, but are strongly averse to long airborne holding.  For the exponent of the super-linear coefficients for the tardiness of a flight we have used
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 = 1.05.

For the capacity of each of the airports, A( and B(, we shall consider two cases. In the first one, presented in Section 3.1, airport capacity is set to 13 flights per period at both airports. Note that in this case, there is sufficient capacity to accommodate the landing of all incoming flights without delays at both the airports. This case is purposely proposed to better highlight the effects due to the combination of sector capacity constraints and of flight connections.  In the second case (Section 3.2), the airport capacities are the same as above with the exception of Airport A(, which now experiences a capacity reduction to 7 flights in time period 13 and to 0 flights in time periods 14 and 15, presumably due to bad weather.  This second case illustrates the complexity of solutions to the EU ATFM solution due to the presence of sector constraints, which, in combination with airport capacity constraints and flight connections, trigger a “network effect”.
3.1 Characteristics of Solutions to the EU ATFM: Sector Capacity Constraints and Flight Connections

In this Section we review the solution of the EU ATFM model for variations of Case 1 of the example described above. Case 1 considers simultaneously sector capacity restrictions and flight connections.  We suppose that all aircraft flying to Airport A( have to perform one more flight departing from Airport A(, as opposed to flights directed to B(, which do not have any flight connections.  It is also assumed, without loss of generality, that the “slack” time for all flight connections at A( is equal to zero.  Obviously, this is an oversimplified example of a case in which one of the two airports (A() is a hub airport, with a very tight schedule of connections.  Any delay assigned to any aircraft directed to A( propagates in its entirety to its next flight.  This is taken into account in computing the resulting value of the objective function. 

Figure 4 displays the EU ATFM solution. The top diagram refers to Flow A, i.e., the flow of flights with connections, while the bottom one refers to Flow B.  The following discussion will clarify Figure 4:  Per the solution to the EU ATFM, one of the flights scheduled to arrive at Airport A( at time period 11 is delayed on the ground for one time period, thus increasing by one the total demand for landings at time period 12. The delayed aircraft will arrive at the sector one time period later than scheduled, thus entering and leaving the sector in time periods 7 and 8 respectively, instead of 6 and 7.  The net effect on the sector demand is that the demand at time period 6 is reduced by one unit, thus matching the available capacity of 30 flights, while no change (35 flights) takes place at time period 7 and an increase of one flight occurs at time period 8.  Thus, at time period 7, the sector demand of 35 still exceeds the available capacity by 5 units.  This forces two flights of Flow A, scheduled to land at time period 12, as well as three flights of Flow B scheduled to land at time period 11, to be delayed on the ground.  This explains the three flights (leftmost bar) shown to be delayed in the lower half of Figure 4.  These three delayed Flow B flights will then depart one time unit later than scheduled, thus increasing the total demand for landings at time period 12 and the sector demand at time period 8.  The solution shown beyond time unit 12 can now be understood in similar fashion.
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Figure 4: The EU ATFM solution to the flight connections example.

It can be seen that most of the burden of sector capacity constraints is borne by flights directed to Airport B(: 41 flights of Flow B are delayed on the ground for one time period each, as opposed to only 27 flights of Flow A.  This happens, despite the fact that the demand at both airports is the same, and there are no airport capacity restrictions at either airport!  Flights of Flow B are purposely delayed in order to avoid penalizing the continuing flights out of Airport A(.  In fact, if the capacity of Airport B( were increased to 20 flights per period throughout the time interval of interest, i.e., there was an excess of capacity at Airport B(, then only 20 flights of Flow A would have been delayed on the ground, as opposed to 54 of those directed to Airport B( which would be even more heavily penalized.  (Note that, in the two instances described in this paragraph, 27 and 20 continuing flights, respectively, out of Airport A( will also be delayed.)  

This example clearly demonstrates the type of equity issue that might arise in the EU ATFM context: in the interest of minimizing total delay costs, Flow A flights that spend twice as much time as Flow B flights in the en route sector, obtain preferential treatment even though they consume twice as much of the scarce resource (en route sector capacity) as their Flow B counterparts. 

3.2
The Characteristics of Solutions to the EU ATFM with Airport Capacity Constraints

In this Section, we present the solution of our EU ATFM example for the case in which airport capacity constraints are also in effect.  The capacity of Airport A(, that was constant at 13 flights per time period in the previous example, is now reduced to 7 flights in time period 13 and 0 flights in time periods 14 and 15.  This instance demonstrates the complexity of the EU ATFM solution in the presence of a network effect triggered by the interaction of en route sector capacity constraints with airport capacity constraints and the desire to accommodate flight connections.

The new EU ATFM solution is shown in Figure 5. The top half refers to Flow A and the bottom one to Flow B.  For each time period, the number of flights delayed for one time unit, either on the ground or in the air, is shown in solid and in dashed bars, respectively.  (No Flow B flights are assigned any airborne delay.) 

Beyond the details of the solution, there are two main points to note.  First, the “unfairness” of the optimal solution to Flow B flights is further exacerbated by the presence of a capacity shortfall at Airport A(.  Note that for flights scheduled to arrive at A( and B( during the time intervals 10-14 and 10-13, respectively, only two flights of Flow A are delayed on the ground as opposed to 44 flights of Flow B.  This happens despite the fact that there are no capacity restrictions at Airport B(!   In effect, the combination of limited capacity at the en route sector and the capacity shortfall at Airport A( during time units 13-15 “forces” the imposition of ground delays on flights to B( so that flights to A( can take full advantage of the available en route sector capacity to arrive at A( prior to its temporary shut-down during the time interval 10-14.  In other words, most of the capacity available at the en route sector is allocated to Flow A so that flights to A( can get to that airport before its capacity is reduced.  The network effect, in this case, means that flights to an un-congested airport (B() will be delayed due to congestion at another airport (A(), which these flights do not ever use, either as an origin or as a destination. This is contrary to any common notion of “fair” resource allocation.  Under a fair allocation of the sector’s capacity, one might expect that a certain number of flights to each of the two airports would be delayed to accommodate the imbalance between sector capacity and sector demand.
The second noteworthy aspect of the solution is the airborne delay (16 time units in total) assigned to Flow A flights scheduled to arrive at A( during time periods 16 and 17.  This airborne delay is induced by the simultaneous presence of en route and airport capacity restrictions in this example.  The presence of an airborne delay in the optimal solution is entirely unlike the case in which only airport capacity restrictions exist.  In the latter case, it is well known that optimal solutions, in the absence of uncertainty, do not include any airborne holding – see, e.g., Terrab and Odoni (1993). 
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Figure 5: The solution to the example with Airport A( capacity constraints.

To better illustrate the effect of sector capacity constraints and the potential advantage of assigning airborne holding delays in the more complex EU ATFM environment, we compare solutions provided by the EU ATFM model with those given by the Only GH model that relies solely on ground holding to address both airport and sector restrictions. Figure 6 displays the solution to the Only GH model (hashed line in top half of Figure 6, continuous line in the bottom half) along with the solution to the EU ATFM model, copied from Figure 5.  Comparing the two solutions, one can clearly identify the benefits obtained through the assignment of some airborne holding delay by the EU ATFM model. The Only GH model increases the total units of delay assigned by 40% (180 vs. 128) and replaces the 16 units of airborne delay assigned by the EU ATFM model with 68 units of ground delay.     
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Figure 6: Comparison of the EU ATFM and the Only GH solutions

4. CONCLUSIONS AND DISCUSSION

This paper has presented a deterministic optimisation model appropriate for the European ATFM environment.  The model takes into consideration both airport and en route sector constraints and assigns both ground and airborne delays to flights.  It can accommodate delay costs that increase non-linearly with the amount of airborne holding and also accounts for the possible propagation of delays to connecting flights.  It also “spreads” delays among similar affected flights, in the sense of a preference for assigning one unit of delay to each of two flights instead of two units to a single flight.

The model has been applied to a simple network configuration to demonstrate the complexity arising from the conflicting capacity constraints imposed by the en route sectors and destination airports when traffic flows compete for access to the same set of resources. Solutions which typically involve complex combinations of ground and airborne holding reduce the amount of total delay assigned, despite the fact that ground delay is less expensive than airborne delay per unit of time. Moreover, s a result of its network structure, the EU ATFM problem gives rise to fundamental conflicts between efficient solutions (in the sense of minimizing some function of total delay costs) and equitable ones (in the sense of handling network users in a first-scheduled, first-served order).  Despite the fact that the EU ATFM model presented here is designed to distribute delay costs evenly among users with similar characteristics (e.g., flights traveling between the same two airports on identical routes), efficient solutions may end up discriminating consistently against, for example, aircraft traveling on certain routes, originating or destined to certain airports, or flying at certain times.  This may have important practical implications, since it may be far more difficult than in the United States, to reach agreement among the various stakeholders in Europe on a fundamental set of “rules of the game”, such as First Scheduled First Served and RBS.  Thus, it may prove much harder to implement a successful CDM program for ATFM in Europe than in the United States.
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