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ABSTRACT

We develop and evaluate two significant modeling concepts within the context of a large-scale Airspace Planning and Collaborative Decision-Making Model (APCDM) and, thereby, enhance its current functionality in support of both strategic and tactical level flight assessments.  The first concept is a new severe weather-modeling paradigm that can be used to provide rerouting strategies along with expected delay information.  Our contributions in this context include (a) the concept of “Probability-Nets” and the development of discretized representations of various weather phenomena that affect aviation operations; (b) the generation of flight plans that circumvent severe weather phenomena with specified probability levels, and (c) a probabilistic delay assessment methodology for evaluating planned flight routes that might encounter potentially disruptive weather along its trajectory.              

Our second principal contribution is the development of a slot-exchange modeling concept within the APCDM model that involves airline trading offers for slots at an airport that is affected by the Ground Delay Program (GDP), with the FAA acting as a mediator.  We develop mathematical model formulations that incorporate several alternative equity concepts for examining the impact of “at-least, at-most” (AMAL) trade offers, while being cognizant of the overall effect of the resulting mix of flight plans on air traffic control sector workloads, collision risk and safety, and equity considerations.

For our computational experiments, we construct several scenarios using real data obtained from the FAA based on the Enhanced Traffic Management System (ETMS) flight information pertaining to the Miami and Jacksonville Air Route Traffic Control Centers (ARTCC).  Through our experimentation, we provide insights into the effect of the different proposed modeling concepts and study the sensitivity with respect to certain key parameters.  The overall results indicate that the proposed model offers a viable tool that can be used by the FAA in a timely fashion for both strategic and tactical purposes.
Keywords:  Mixed-Integer Programming, Air Traffic Control, Air Traffic Management, Collaborative Decision-Making, Ground Delay Program, National Airspace, Slot Exchanges, Airline Equity, Slot Offer Network, Trade Restrictions, Probability-Nets. 

1. Introduction

Severe weather along with announced/unannounced airspace sector closures can have a significant impact on the origin and destination airports as well as the planned flight routes.  When an airport’s arrival capacity is reduced due to severe weather and is incapable of slotting the scheduled number of arriving aircraft, the Federal Aviation Administration (FAA) implements a Ground Delay Program (GDP).  Upon the execution of a GDP, specific flights are delayed at their respective departure airports in an effort to thin out the arrival rate at the destination airport.  While the consequences of a GDP are undesirable for the airlines, the FAA Air Route Traffic Control and Command Center prefers this technique to the riskier alternative involving in-flight delays.  In instances where the severe weather intersects only the submitted flight route, the flight is rerouted as long as the proposed route is admissible.  Otherwise, the flight is subject to a ground delay.  In this paper, we propose and evaluate two significant modeling concepts within the context of the Airspace Planning and Collaborative Decision-Making Model (APCDM) developed by Sherali et al. (2003 and 2006) in order to improve flight plan generation at both the strategic and tactical level under severe weather uncertainties.  APCDM is a large-scale mixed-integer programming model designed to enhance the management of the National Airspace (NAS).  Given a set of potential trajectories (referred to as surrogates) for each flight, the objective of the APCDM is to select an optimal set of flights subject to workload, safety, and equity considerations.  This research effort supports the FAA sponsored Collaborative Decision-Making (CDM) initiative regarding Air Traffic Flow Management under uncertainties due to weather, demand, and capacities.       

At the strategic level, we focus on flight plan generation while incorporating probabilistic weather conditions that may have an impact along the existing flight network.  The proposed weather-modeling paradigm integrates severe weather information from a readily accessible forecast data source known as Model Output Statistics (MOS).  The severe weather probability data is used to compute an additional weather delay cost for a given flight for inclusion in the APCDM model’s objective function.  At the tactical level, we include a slot-exchange mechanism using “at-least, at-most” (AMAL) trade offers (proposed by Vossen and Ball (2004)), along with alternative equity formulations, within the APCDM model (designated SE-APCDM) and, thereby, focus on providing viable methodologies to incorporate various practical issues pertaining to the Ground Delay Program (GDP).  The intent is to equitably decrease the overall passenger delay when compared to the passenger delay generated by the imposed GDP without slot exchanges.      

Experimentation results and insights are presented based on flight test cases derived from the Enhanced Traffic Management System data provided by the FAA and weather scenarios derived from the MOS forecast data provided by the National Weather Service.  Different model variations are evaluated and various sensitivity analyses are performed to provide insights into model implementation issues.  Computationally, our proposed modeling constructs provide effective decision-making support to the FAA that can be implemented in a timely fashion at both the strategic and tactical levels.          
The remainder of this paper is organized as follows.  Section 2 provides a review of the conceptual structure of the APCDM model along with some relevant notation.  Section 3 presents the severe weather-modeling paradigm along with computational results related to the severe weather rerouting procedures.  Our principal slot-exchange mechanism is developed and evaluated in Section 4.  We conclude this paper in Section 5 with a discussion on the effectiveness of the proposed modeling concepts within the context of the APCDM model and summarize their respective contributions to the FAA’s CDM initiative.  The present paper summarizes (a) the slot-exchange concepts presented in Sherali et al. (2006) and (b) the weather-based rerouting paradigm and delay estimations presented in McCrea et al. (2006).   
2. Structural Concept of the APCDM Model

In this section, we introduce some notation used in the APCDM model that is relevant to the present paper, and provide a brief review of the basic structure of this model for the sake of completeness.  We refer the reader to Sherali et al. (2003, 2006) for further details (additional discussion related to equity issues is postponed to Section 4.2).    

Airline and Flight Plan Related Notation: 
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Aα : The set of flights pertaining to airline α.   
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:, with p=0 representing the flight cancellation surrogate, if offered by the particular airline as a possible option.  This cancellation surrogate is ascribed an inordinately high penalty if it is not a viable option (including the case of airborne flights). 

xfp : Principal binary decision variable, which equals one if flight plan p(
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 is selected for flight f, and zero otherwise, for f=1,…,F.

cfp : The cost to execute flight plan p(P f0 for flight f (prescribed as 
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 are respectively the associated fuel and delay costs, as for example derived in Sherali et al. (2006)).
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APCDM Model Structure:
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subject to:

(a). Exactly one flight plan must be selected from among the surrogates for each flight:
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(b). Constraints related to sector occupancies and workload based on selected flight plans.

(c). Constraints prohibiting any identified fatal conflict, and restricting the number of simultaneously existing resolvable conflicts occurring at any point in time within each sector to be no more than a specified value depending on the capability of the particular sector.

(d). Constraints accounting for measures of equity (see Section 4.2 for more details).

(e). Additional valid inequalities to enhance the model solvability.

(f). Appropriate variable bounding and logical binary restrictions.
Comment:  Sector workloads are incorporated in Sherali et al. (2003, 2006) by means of an average occupancy workload, 
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is defined as the set of flight plans (f, p) that occupy the sector s during the horizon of length H in minutes and 
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 is the total occupancy time interval for flight plan p of flight f in sector s.  Consequently, the (minimization) objective function includes the term 
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 is a constant penalty factor, specified for each sector.  Regarding conflict resolutions, let A be the set of resolvable conflicts between flight plans P and Q over some specified duration.  Sherali et al. (2003, 2006) define a product variable 
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  The conflict resolutions are then penalized within the objective function via the term 
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 dependent upon the geometry of the conflict.  The product variable 
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  For more in-depth details on sector workload and conflict resolution model formulations to include constraints and the prescribed values for related penalty factors, we direct the reader to Sherali et al. (2003, 2006).          
3. Modeling Weather-related Phenomena

Strategic level flight planning without regard to severe weather can significantly increase airline operating costs as a result of excessive delays.  While there exist inherent difficulties in forecasting severe weather, it is economically beneficial to plan flight trajectories in accordance with the probabilistic incidence of severe weather rather than to ignore it and have to non-optimally readjust flight plans en route.  Through a discrete representation of severe weather probabilities utilizing MOS data from the National Weather Service (NWS), we propose a probability-net concept whereby the superimposition of a flight-trajectory-grid network onto this structure provides the capability to generate flight plans that circumvent severe weather based upon a specified probability threshold.  Furthermore, we prescribe a methodology for computing the expected weather delay and related disruption factors for inclusion within the APCDM model.  By including these weather-modeling concepts along with the derived trajectories and their associated delay factors within the framework of the APCDM model, planners can effectively account for probabilistic weather and generate a set of optimal flight plans that circumvent potentially severe weather, with an acceptable threshold probability, while considering issues related to sector workloads, airspace conflicts, as well as overall equity concerns among the involved airlines.  (Note:  The APCDM sector workload constraints (1b) address the problem of excessive demand.)  
3.1. Modeling Approach
A probability-net is comprised of the MOS sites as nodes, and with selected pairs of reporting sites linked by edges, or strands, as long as the great circle distance between the pair does not exceed a specified adjacency threshold.   Figure 1 illustrates an example of a generic probability-net.  Naturally, we must be careful that the adjacency threshold is not too small so as to inadvertently create a “hole in the net” for an area in which there exists a significant weather probability, or too large, thereby making the probability-net unnecessarily dense.  Also, McCrea et al. (2006) propose the application of a k-means cluster heuristic to reduce the number of sites. Note that the data from the MOS text messages contain changing probabilities over time in six-hour increments for convective weather.  Hence, the probability information associated with the MOS sites, and therefore with the links as described below, must be dynamically updated.         

[image: image26.emf]
Figure 1:  Graphical Representation of a Probability-Net.
3.2. Model application
Once the respective probability-nets have been constructed, the weather uncertainty analysis is conducted by evaluating each surrogate flight plan as it potentially passes through the probability-net structures.  The discrete representation of the probability data lends itself to a subjective assignment of probability values at the point of intersection between the flight plan and the strand of interest, referred to as the strand intersection probability value (SIPV).  In our approach, we compute this probability through a linear interpolation of the two reporting stations’ probabilities, depending on the relative distance from the point of intersection to the two respective sites.  
The primary focus of our modeling concept with respect to the probability-net framework is to determine a time-dependent shortest path trajectory that skirts the weather system, intersecting no strand having a probability exceeding a specified threshold.  As such, a generated trajectory traverses a contour of strand intersection probabilities as governed by the specified threshold, at least over a critical portion of its path through the weather system.  Hence, a flight plan that enters any probability-net is assigned an exit probability (EP) based upon the highest probability strand it encounters.  Accordingly, and also because the APCDM model is a large-scale national airspace planning model, we use an approximation by treating the trajectory through a given weather system as a “single link” having an associated probability of encountering severe weather equal to the exit probability, which typically coincides with the threshold probability for our generated flight plans.  Note that we might alternatively be tempted to define 
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where n is the total number of strands encountered and 
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 is the intersection probability for strand i.  However, this not only complicates the analysis but is also inaccurate because the strand probabilities are highly correlated.  Hence, we adopt the aforementioned simplified approximation.
3.3. Flight Plan Generation Tool  

Given the probability-net, we ascribe a threshold strand probability 
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 and impose the constraint that the trajectory generated should not intersect any strand at a probability level exceeding 
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.  Accordingly, in the flight-trajectory-grid network, which is based on established way-points with traversals between designated pairs of way-points, we exclude the links that intersect any strand at an SIPV exceeding 
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.  Flight plans that are generated using this method satisfy a specified minimal threshold safety level with respect to encountering severe weather throughout their trajectories.

  An initial flight-trajectory-grid network may be constructed using the way-points, which are U.S. Navigational Aids (Navaids) consisting of 2710 points, as the network nodes, with possibly multiple (spatially distributed) edges between appropriate pairs of nodes.  In order to reduce the computational effort required to generate the time-dependent shortest path between a pair of origin (O) and destination (D) airports, we further curtail the size of the network under consideration by adopting the Ellipsoidal Region Technique developed by Sherali et al. (2003) for ground transportation problems, where in the present context, the curtailed network consists of the subgraph induced by the Navaids (NA) that lie within a specified ellipsoidal region enveloping (O) and (D).  Temporary flight restrictions such as Special Use Airspaces (SUAs) and over-water flights can also be accommodated by removing the edges in our curtailed network that intersect the restricted areas.

3.4. Probabilistic Delay Estimation and Weather Delay Factors
In this section, we derive an appropriate weather delay factor for inclusion within the APCDM model, for any flight plan 
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 are, respectively, the associated fuel and delay costs.  Our focus here is on proposing a modification to the delay cost.  The original APCDM delay cost is as follows:
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where 
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 is the arrival delay time, 
[image: image42.wmf]c

f

d

is a downstream effect-based connection delay cost factor associated with the arrival airport, 
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 is the load factor for the particular aircraft type, and ( is the average delay cost per passenger-minute.  We penalize the arrival delay time 
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 that adequately reflects the probability of encountering severe weather.  This factor is computed as follows.  

As depicted in Figure 2, suppose that for some flight f, we have delays d1, 
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Figure 2:  Illustration of Delay as a Function of the Threshold Probability.
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Figure 3:  Delay Distributions.

Likewise, utilizing a three-step approximation of the delay distribution based on selecting another intermediate threshold value 
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 (see Figure 3(b)), we can compute the expected weather delay as given by:
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Once we have obtained the expected weather delay, we can determine a weather delay factor for the given flight plan as follows.  The original APCDM model delay cost 
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 is the planned arrival time for a particular flight plan p of the flight f.  Now, let 
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 based on the structure of our flight data sets.  Therefore, to avoid double counting the delay generated solely by the flight trajectory, we define the weather delay factor or disruption factor, 
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Note that we cannot just replace 
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3.5. Computational Results 

In this section, we perform experiments to evaluate our probability-net concept and its application in support of the weather-induced decision-making process.  The test cases for our computational experiments were constructed using real data based on the Enhanced Traffic Management System (ETMS) flight data information.  Our weather scenarios were derived from the Model Output Statistics (MOS) forecast data provided by the National Weather Service.  All reported computations have been performed on a Dell Inspiron 8500 laptop computer equipped with a 2.0 GHz Pentium 4 processor and 256 Mb Random Access Memory, and running the Microsoft Windows XP operating system.
3.5.1. Superimposition of a Flight-trajectory-grid Network


As detailed in Section 3.3, we can generate flight plans that are within a specified threshold of circumventing severe weather by superimposing a flight-trajectory-grid network onto the probability-nets.  To illustrate the generation of a flight plan in the presence of multiple probability-nets, we selected a flight from Seattle to Miami departing at 0800 hours on April 17, 2005.  Using the MOS data corresponding to the flight departure date and time, we then constructed two severe weather probability-nets that are intersected by the weather-independent shortest path from Seattle to Miami (4,378 km).  As indicated in Figure 4, when specifying a threshold strand probability of 
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, the shortest path from Seattle to Miami increases (to 4,427 km) as the flight route circumvents the strands having intersection probabilities exceeding 
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.  As expected, the shortest path continues to increase in distance as we further reduce 
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.  Note that the time-dependent shortest path algorithm considers the fact that both the location and structure of the probability-nets are time-varying.  For example, if the Seattle to Miami flight departed twelve hours later, the time-dependent shortest path would coincide with the weather-independent shortest path as the predicted severe weather veers to the northeast.
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Figure 4:  Flight Trajectories Relative to Strand Thresholds.

3.5.2. Incorporating Weather Delay Factors within APCDM 
To demonstrate our probabilistic delay estimation and weather delay factor procedures for inclusion within the APCDM model, we generated four flight plans as a function of different threshold strand probabilities 
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 for a single flight from Albany (ALB) to Las Vegas (LAS)  scheduled to depart at 1930Z (1530 EDT) on April 18, 2005.  The aircraft type for this example is a B737-700 with an economical cruising speed of 850 km/h.  Figures 5(a) and 5(b) respectively depict the probability-net for convective weather, and the four resulting flight routes using different threshold probabilities.  In the absence of severe weather, the arrival time associated with the shortest path (3591.5 km) is estimated at 0001Z on April 19 (1701 PDT, April 18) using the ASPM-Complete historical data, which also corresponds to the departure and arrival times listed in the OAG.  When we superimposed the flight-trajectory-grid network onto our probability-nets and generated a flight plan based upon a small value for the threshold strand probability 
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 for this example, the resulting time-dependent shortest path increased the total distance to 4106.3 km (an increase of 514.8 km).  Historical records for the past month indicate that the average ground speed for this route (east-west route) is approximately 650 km/h due to atmospheric effects (FlightAware, 2006).   Therefore, using this average ground speed as opposed to the economical cruising speed, the 
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-threshold delay is computed as 47.52 minutes.
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Figure 5:  Albany to Las Vegas Example.
  
The flight plans generated using threshold strand probabilities of 
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 increased the total flight distance by 51.2 km and 103.4 km, respectively, when compared to the weather-independent shortest path.  Using the average ground speed of the aircraft, the associated trajectory delays are approximately 4.73 and 9.54 minutes, respectively.  Letting 
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 minutes, the two-step approximation results in 
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 minutes via (4).  Continuing with our example, the delay for the threshold value 
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, which results in 
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 minutes using the three-step approximation.  (Note that for this instance, the three-step approximation is not monotone decreasing as depicted generically in Figure 3(b), and provides a more reliable delay estimation based on recognizing this feature of the underlying distribution.)  The expected weather delay 
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 determined above using the three-step approximation for the flight route corresponding to the threshold probability of 
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 produces the weather delay factor for this particular flight route via Equation (6) as 
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4.  Modeling Feasible Slot-Exchanges within APCDM
In this section, we propose an augmentation for the APCDM model to account for slot exchanges between participating airlines.  Vossen and Ball (2004) previously demonstrated reductions in overall flight delays resulting from effective slot exchanges between airlines.  The APCDM model described in Section 2 selects an optimal set of flight plans, one from each surrogate set.  Each flight plan conforms with an arrival time corresponding to a designated slot, where a given flight might have the option of arriving at one of possibly multiple slots.  Accordingly, suppose that each airline delineates alternative arrival times for each of its flights that are later than the originally scheduled times, based on the slots it owns, as well as based on slots that it could possibly acquire through trade offers.          

As an illustrative example, consider the following situation at a particular airport in the overall problem at which a GDP has been imposed.  Suppose that the execution of the RBS procedure produces the arrival slot allocations for Airlines A, B, and C as depicted in the shaded regions (or the left-hand blocks) of Figure 6(a).  For example, Flight 1 for Airline A (designated as A1) has been allocated the 0800 slot arrival time, and so forth.  Under the enhancements to the GDP, Airline A owns the 0800-slot and thus, may either utilize it for another one of its flights through a swapping process, or may consider offering that slot to another airline in return for a slot that reduces the delay for one of its subsequent flights.  In this spirit, consider the AMAL trade offers from Airlines A, B, and C as shown in Figure 6(a).
For example, Airline A has offered to increase the delay of Flight 1 with an arrival time no later than the 0816 slot in return for moving Flight 3 up to an arrival time ranging between the 0824 and 0816 slots.  Using the slot times as nodes, and the transition of flights from current to new slots as arcs, we can represent the slot offers as a directed network (see Figure 6(b)).  For notational simplicity, we designate slot time 0800 as Node 1, slot time 0804 as Node 2, and so on.  Acceptable trades, subject to the aforementioned trade restrictions, are in the form of directed cycle(s) in this network.  For example, referring to Figure 6(b), some resulting directed cycles that correspond to sets of possible trades that preserve feasibility to the trade restriction include 
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.  The following two subsections describe our modeling approach for automatically selecting feasible and equitable trades, respectively, within the APCDM model.
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Figure 6:  Airline Slot Allocations and Slot Offers.
4.1. Model Development
Consider any particular airport in the problem that is concerned with such trades under a GDP.  For this airport, suppose that based on various offer schemes, we have a collection of exchange graphs 
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 corresponding to the related slots with their currently occupying flights, and where each directed arc in the graph corresponds to a flight plan 
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 that switches from the tail-slot to the head-slot.  For example, Figure 6(b) illustrates a particular exchange graph in which, for instance, arc (1,4) corresponds to Flight A1 adopting a designated flight plan that arrives at the GDP destination airport at time 0812.  Note that in case we wish to consider multiple flight plans corresponding to a given slot-trade (or arc) that might differ in their trajectories and departure times, we will maintain multiple corresponding arcs, each representing the particular plan.  Observe that we do not construct self-loop arcs pertaining to plans that retain the associated assigned slot for the corresponding flight in this approach.  The 
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-variable pertaining to any such flight plan would be directly accommodated within Constraint (a) for the APCDM model, and if set equal to one, would therefore automatically imply the retention of the allocated slot for the particular flight.  Since the selected flight plans that constitute a valid exchange scheme within any graph 
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 would be represented by directed cycles, with a node being involved in at most one such cycle, we formulate the following constraints:
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where for each 
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Hence, (8) requires flows to be circulatory, and to have at most a unit flow in each circulation or cycle, with at most one cycle involving any particular node.


However, we also want to ensure that the trades prompted by the selected directed cycles satisfy the trade restrictions.  Toward this end, let 
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and for each 
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Note that for any distinct flights 
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Hence, in any of the exchange graphs, if for some flight 
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While some slot exchanges may result in a significant improvement by reducing the net delay in passenger-minutes, the structure of the individual trade offers may result in a net increase in passenger-minutes of delay for one or more airlines.  In some instances, this might be acceptable for the corresponding airline as long as that airline’s primary concern was to perform the designated AMAL trade.  However, we could impose an additional restriction that for each airline, the realized net reduction in passenger-minutes of delay at the GDP-imposed airport due to slot exchanges should be nonnegative.  Note that whereas the information regarding the actual number of passengers on any flight is not readily available, and is in fact guarded by the airlines, we could use a fixed (agreed-upon) value to estimate this quantity (referred to as 
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 below) based on applying an assumed load-factor to the type of aircraft, perhaps using historical data.  To model this (optional) restriction, we define the following additional entities, where all delays are measured with respect to the published schedule.
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The restriction on achieving a nonnegative net reduction in passenger-minutes (NRPM) of delay at the GDP airport for each airline can be formulated as follows:
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 Accordingly, we formulate the SE-APCDM as given by (Model APCDM) plus (8) and (14), and optionally, (15).

4.2.  Equity With Respect to Slot Exchanges 
When addressing equity issues, Vossen et al. (2002), Tadenuma (1998), and others agree that efficiency and equity habitually conflict in that attempts to improve equity amongst the participants vying for a resource typically results in a reduction in the efficient distribution of that resource.  The original APCDM model attempts to tradeoff efficiency and equity through the objective function (1), where the equity related terms are based on certain collaboration efficiency and collaboration equity functions defined for each airline as described below.  This structure will then be used as a foundation for proposing four new alternative equity formulations in this section.  


Given the cost parameters introduced in Section 2, let us define a relative performance ratio as follows:
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where 
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 Sherali et al. (2003, 2006) restrict 
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Accordingly, we then define the collaboration equity function as
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Figure 7:  Collaboration Efficiencies.


The four alternative equity concepts proposed specify different relative performance ratios (16) and their related efficiency functions (17), and then use the same constructs as embodied by (18) – (20) above.  Toward this end, consider the following alternative definitions (a) – (d), where we focus on delays, assuming that the wind/weather optimized trajectory costs are compatible among the different surrogate plans for each flight.  We specify below the relative performance ratios for Methods (a) – (d).  The corresponding efficiency functions 
[image: image164.wmf])

(

,...,

)

(

4

1

x

E

x

E

a

a

 are depicted in Figure 7.  Note that the first two of these performance ratios are based on the aforementioned passenger estimates 
[image: image165.wmf].

,

f

PAX

f

"

 Although actual passenger counts are typically unavailable, this affords a reasonable, uniform estimate of passenger-minutes of delay that serves the purpose in the present context.  As another option, given that the FAA subscribes to the general policy of treating all aircraft uniformly, we could assume that 
[image: image166.wmf],

,

1

f

PAX

f

"

=

 in what follows, so that the focus in the equity measures is on aircraft delay, as opposed to passenger-weighted delays.  Alternatively, in lieu of taking 
[image: image167.wmf],

,

1

f

PAX

f

"

=

 we could treat 
[image: image168.wmf]f

PAX

 as a normalized ordinal weight provided by airlines for prioritizing the different flights based on their criticality with respect to downstream operations (and/or profits), if this information is available.  Any of these alternative interpretations apply likewise to the derivations below.  

We also define the following additional function to model the proposed delay-based equity concepts:
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Method (a).  The relative performance ratio in this case measures the total average delay realized per passenger (or the weighted average delay as discussed above), and is given by
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Observe that, similar to (16), this performance measure encompasses all the flights 
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Method (b).  The relative performance ratio in this case represents the net savings in delay per passenger due to slot exchanges, and is given by
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where for any flight not associated with the GDP-imposed airport(s), 
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Let us assume that 
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We shall also experiment with 
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Method (c).  The relative performance ratio in this case represents the proportion of delay-increasing moves accepted (in compensation of corresponding delay-reducing moves), and is given by
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Note that in achieving equity, the focus here is on the proportion of accepted trade offers at the GDP airport(s), as opposed to the overall impact this has on the average (weighted) delay across all flights 
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Method (d).  The relative performance ratio in this case also focuses on GDP airport(s), but measures an average value realized via delay-reducing moves per offered delay-increasing moves, and is given by
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where 
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  In the absence of airline input, we shall assume that the value functions across all flights are uniformly evaluated via the function 
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with the understanding that this prescription is only meant to provide insights and comparisons against simply using 
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 as in Method (c), as opposed to dictating a value function to be embraced by the airlines.  Alternative value functions are discussed in Sherali et al. (2006).                      

4.3.  Computational Experience
For our computational experiments, we constructed three basic scenarios as shown in Table 1, using real data obtained from the FAA based on the Enhanced Traffic Management System (ETMS) flight information pertaining to the Miami and Jacksonville Air Route Traffic Control Centers (ARTCC).  From this data, we selected flight trajectories that traverse through a subset of the 88 sectors that comprise the two aforementioned ARTCCs.  Modifications to the flight data with respect to the arrival times were made in order to account for specific slot allocations.

Our first test set consists of 30 flights, in which 16 of the flights have been allocated arrival slots into Miami (MIA) based on a hypothetical FAA-imposed GDP having a duration of one hour.  Additionally, eight flights depart from MIA within the one-hour interval.  The arrival slots are at four minute increments, which satisfies MIA’s reported Instrument Flight Rules (IFR) arrival capacity (FAA, 2004).  Whereas we focus on slot exchanges at this single airport for illustrative purposes, the flights pertaining to the other involved airports are also ascribed alternative surrogate flight plans as noted in Table 1, which are staggered with respect to arrival/departure times.  Hence, in effect, the test cases simulate a multiple airport GDP scenario with inter-airline slot exchanges, but with the trading of slots across airlines occurring at a single airport (MIA).  For our second test set, we modified the first test set by adjusting the trade offers at MIA in order to increase slot competition between airlines. Our final test set was constructed by restricting the maximum IFR arrival and departure capacities at MIA.  All reported computations have been performed on a Dell PWS650 Workstation equipped with a 2.4 GHz Xeon processor and 1.5 Gb Random Access Memory, and running the Microsoft Windows XP operating system.  The optimization problems were solved using CPLEX 9.0.    

Table 1:  Test Data Sets for Slot-Exchange Evaluations.
[image: image205.emf]Number of Flights 30 30 110

Surrogates per Flight 6 6 6

Number of Airlines 5 5 6

Number of Flights Arriving Miami 16 16 40

Airlines:  Flights per Airline AAL: 10 AAL: 10 AAL: 24

DAL: 5 DAL: 5 COA: 16

NWA: 5 NWA: 5 DAL: 23

UAL: 7 UAL: 7 NWA: 14

USA: 3 USA: 3 UAL: 17

        USA: 16

Time Horizon 900 minutes 900 minutes 1200 minutes

Number of Conflicts Level 1: 143 Level 1: 147 Level 1: 2868

Identified (using the Probabilistic Level 2: 506 Level 2: 669 Level 2: 544

Aircraft Encounter Module of APCDM)* Fatal: 40 Fatal: 8 Fatal: 60

* Level 1 Conflicts: Based on FAA's standard separation criteria;

   Level 2 Conflicts: Based on halving Level 1's criteria;

   Fatal Conflicts: Unacceptably close encounters.

Test Set 1 Test Set 3 Test Set 2


4.3.1 Computational Results Using Test Set 1

 
For this first test set, Table 2 provides the estimated number of passengers for the flights offered for delay-increasing moves and delay-reducing moves, respectively, as well as the total estimated number of passengers arriving for each airline at MIA.  We first summarize our findings for the five equity formulations (including the original APCDM model’s approach) in Section 4.3.1.1 without the optional constraint (15), and then present results on the effect of including (15) in these runs in Section 4.3.1.2.      

Table 2:  Estimated Passenger Counts for Test Set 1 at MIA.
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4.3.1.1  Comparison of the Different Equity Concepts without the Optional Constraint (15)

Figure 8 displays the optimal solutions for each of the five tested equity approaches by airline in terms of the 
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-values for each 
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(see Equation (15)).  It is evident that, for this test set, the slot exchanges generated from Methods (a) – (d) are preferable over those generated via the original APCDM approach, which exhibits a significant variability across the airlines.  While the total net reduction in passenger-minutes of delay for Method (d) is less than that for Methods (a) – (c), a relative benefit that it provides is that four of the five participating airlines improve their delay status at a minor cost to only one airline.

Given that the various equity formulations consider different relative performance ratio measures as specified in Section 4.2, the results depicted in Figure 8 are biased more towards Methods (a) and (b) that directly focus on passenger-minutes to measure efficiency.  Therefore, we also compared the different methods based on the distributions of their respective collaboration efficiencies achieved over the set of airlines.  These results are depicted in Figure 9.  Note that we have normalized the collaboration efficiencies within each equity method in order to present a fair comparison across all methods.  From Figure 9, equity methods (a) and (c) appear to generate the most equitable solutions when using individual airline collaboration efficiencies as the comparison criteria for this test set.
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Figure 8:  Equity Comparison in Net Reduction by Airline.
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Figure 9:  Comparison of Normalized Collaboration Efficiencies Across Airlines.


We also conducted sensitivity analyses to study the effects of the parameters 
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4.3.1.2 Comparison of the Different Equity Concepts with the Optional Constraint (15)

The structure of the individual trade offers from the initial test set resulted in a negative net reduction for two airlines as indicated in Figure 8. Using Method (a) as an illustration, we compared the impact of imposing the optional restriction (15) on the net reduction in passenger-minutes of delay.  Figure 10 displays the results obtained.  Without this nonnegativity restriction, the total improvement from the slot exchanges was 7,220 PAX-minutes, which includes a negative improvement for DAL of 
[image: image216.wmf]164

-

 PAX-minutes.  The inclusion of (15) reduced the total improvement to 3,924 PAX-minutes, while ensuring that all airlines achieve nonnegative reductions in delay.  In particular, note that Method (c) considers only the number of accepted moves without concern for whether or not it produces additional delays (i.e., negative values for NRPM).  Therefore, it is especially important to use (15) in concert with Method (c).
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Figure 10:  Effect of Imposing Constraint (15).
 4.3.2 Computational Results Using Test Set 2

Test Set 2 explores the effect of increased competition for slots, which was built into this data set (see McCrea et al. (2006)).  The equity comparison under (15) for this alternative test set is displayed in Figure 11.  For each equity method, at least four of the five participating airlines achieve net reductions with respect to passenger delays.            
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Figure 11: Equity Comparison Under Increased Slot Competition.
4.3.3  Computational Results Using Test Set 3

The FAA (2004) Benchmark Results for the MIA details the airport’s reported capacity under optimal, marginal, and Instrument Flight Rules (IFR) operating rates. The third test set (see Table 1) was generated to study the case with MIA operating near the IFR maximum capacity rates (40 arrivals and 52 departures per hour).  In addition, we included 18 other flights (all having six surrogate plans per flight) that transit the Miami and Jacksonville ARTCCs.  To further evaluate the flexibility of the SE-APCDM model, we included multiple AMAL trade offers for two (AAL and NWA) of the six airlines (see Table 3).         

Table 3:  Trade Offers and Estimated Passenger Counts.
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AAL1 600 98 AAL3 616.5 160

AAL8 642 111 AAL10 652.5 200

COA2 630 118 COA3 636 170

DAL1 606 122 DAL2 610.5 179

NWA1 601.5 142 NWA3 621 230

NWA4 645 155 NWA5 651 320

UAL1 607.5 95 UAL2 609 215

USA1 612 112 USA2 618 217


Figure 12 displays the optimal solutions generated under (15) for each equity approach in terms of the 
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.  The first significant observation is that Method (c) did not prescribe any slot exchanges, even though there do exist plausible slot exchanges as identified by the other equity formulations.  A second significant observation is the exclusion of a slot exchange for COA, even though there exists the possibility of a slot exchange between the two COA flights themselves.  This occurred because all the submitted flight plans associated with any potential delay-reducing move for flight COA3 place the aircraft within the fatal conflict range of another more preferably selected flight plan, i.e., they penetrate this aircraft’s separation shell specified by 500 feet in the in-trail and cross-track dimensions, and 100 feet in altitude dimension (Sherali et al., 2003).  Therefore, COA retained its allotted GDP slot.  This also underscores the importance of examining potential slot exchanges in combination with the joint viability of all accepted flight plans.  Due to the imposed trade restriction (14), the retention of COA3’s allotted GDP slot further prohibited any potential delay-increasing moves for COA2 and, thus, the collaboration efficiency for Method (c) in (29) for COA equals zero.

[image: image222.emf]0

50

100

150

200

250

300

350

400

NRPM

α

APCDM (a) (b) (c)  (d)

Equity Method

Equity Comparison

AAL

COA

DAL

NWA

UAL

USA

0

50

100

150

200

250

300

350

400

NRPM

α

APCDM (a) (b) (c)  (d)

Equity Method

Equity Comparison

AAL

COA

DAL

NWA

UAL

USA


Figure 12:  Equity Comparison in Net Reduction by Airline.

4.3.4 Computational Effort Analysis
Note from Figure 12 that the slot exchanges generated under (15) using the original APCDM equity formulation performed almost as well as Methods (a), (b), and (d) did in terms of the net reduction in passenger-minutes of delay.  The original APCDM equity formulation, however, required a computational effort in excess of 7 hours, which is unacceptable given the nature of GDPs.  As indicated in Table 4, when we limited the processing time to 20 minutes, the equity methods (a) – (d) performed significantly better than the original APCDM equity formulation with respect to the optimality gap between the generated mixed-integer programming solution and the corresponding linear programming solution at termination.  Hence, the equity methods (a) – (d) provide a structure that is evidently relatively easier to optimize, at least to near-optimality (i.e. within 3% of optimality).                    

Table 4:  Equity Method Performance under Time Limits.
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We further compared the computational effort required for each of the aforementioned equity approaches given an optimality threshold by modifying the three test cases of Table 1 with respect to flights or cost parameters to generate several alternative representative test sets as indicated in the notes of Table 5.  For each Slot-exchange Computational Test (SCT) set, we terminated the model run and recorded the computational effort required in cpu seconds once we obtained a solution within 5% of optimality.  The results indicate that the computational effort required for Methods (a) – (d) is significantly less than that for the original APCDM model’s equity formulation.  In particular, we obtained near-optimal solutions quickly for Methods (a) – (d) for the larger instances (SCT-9
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SCT-13) in contrast to the original APCDM model, which failed to produce solutions.  On the other hand, as indicated before, Methods (a), (b), and (d) tend to produce slot-exchange solutions similar to those resulting from using the original APCDM model’s equity formulation.  Overall, Method (b) with 
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 as given by (24) appears to be a best choice for modeling equity.         

Table 5: Computational Effort for Alternative Test Sets Using Different Equity Formulations.
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Method (d)

Original APCDM

SCT - 1

1

0.78

0.79

0.86

0.78

2.375

SCT - 2

1 (1)

0.80

0.75

0.80

0.73

5.70

SCT - 3

1 (2)

0.81

0.86

0.95

0.83

5.72

SCT - 4

1 (3)

0.75

0.81

0.94

0.75

2.41

SCT - 5

2

0.66

0.64

0.97

1.25

2.14

SCT - 6

2 (1)

0.50

0.52

0.94

0.94

1.64

SCT - 7

2 (2)

0.63

0.69

0.83

1.06

1.77

SCT - 8

2 (3)

0.64

0.66

0.86

1.19

1.58

SCT - 9

3

32.01

32.90

12.39

37.78

*

SCT - 10

3 (1)

29.40

24.87

10.44

55.25

*

SCT - 11

3 (2)

32.22

28.81

8.66

11.52

*

SCT - 12

3 (3)

40.95

46.88

12.92

28.92

*

SCT - 13

3 (4)

236.11

66.91

66.10

185.97

*

Notes:

(1) - increased fuel cost from 1.20 $/gal to 2.14 $/gal

(2) - increased delay penalty from 0.2 to 0.4

(3) - decreased maximum sector capacity by 30%

(4) - modified Test Set #3 to 40 arrivals, 40 departures, and no transit flights

*  Exceeded the computer's memory capacity

Equity Approach (cpu seconds)


As discussed in Section 4.3.1.2, the optimal solutions produced under (15) prevent negative values for the net reduction in passenger-minutes of delay for airlines.  However, the inclusion of (15) may also significantly reduce the total NRPM for the GDP airport by eliminating high payoff slot exchanges.  For Test Set 3, the removal of (15) generated the results shown in Figure 13 for Method (a), which represents a 76.8% increase in the total NRPM (from 531 passenger-minutes under (15) to 2296 passenger-minutes without (15)).  Method (b), without (15), produced the same results as Method (a), while the removal of (15) for Method (d) produced a total NRPM of 1270 passenger-minutes.  However, the potential to explore more slot-exchange possibilities without (15) comes at a computational price.  For instance, the computational effort required for Method (a) increased from 32.01 cpu seconds to 87.39 cpu seconds.  Similar increases in the computational effort were observed for Methods (b) and (d) as well.  The ability of the SE-APCDM model to generate optimal slot exchanges with or without (15), nonetheless, provides another level of flexibility to the decision-makers in mediating trade offers.          
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Figure 13:  Effect of (15) on Method (a) for Test Set 3.
5.  Summary and Conclusions
The weather, above all other external factors, wreaks the greatest havoc within the airline industry.  According to the Bureau of Transportation Statistics, 24.83% of all flight delays in 2005 were weather-induced (DOT, 2006), amounting to billions of US dollars in delay-related costs.  Even though there are no absolutes when it comes to severe weather forecasting, a complete disregard for weather forecasts in conducting strategic level flight planning is an impractical option.  Accordingly, we have presented and evaluated two significant modeling concepts within the context of a large-scale Airspace Planning and Collaborative Decision-Making Model in order to enhance its current functionality in support of both strategic and tactical level flight assessments under severe weather uncertainties.  These include the generation of trajectories that circumvent severe weather with specified threshold probabilities along with the determination of expected delay costs as well as the integration of slot-exchange mechanisms at GDP airports based on defined equity concepts. 
Further experimentation is recommended in continued research to evaluate the efficiency and effectiveness under longer GDP periods, and using real test data involving more congested weather-prone airports such as Chicago O’Hare, LaGuardia, Atlanta, and San Francisco, as well as considering slot exchanges under GDPs at multiple airports.  Another area of future research may include the evaluation of side-payments as part of the trade offer and equity structure, as suggested by Vossen (2002).  Furthermore, while our focus has been on commercial air traffic involving major carriers, it is of contemporary interest to include general aviation aircraft in the GDP analysis such as business jets and air taxis.  The proposed model has the flexibility to accommodate this consideration, which will be explored in future studies.      
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