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Collaborative Distribution Strategy of Airport Arrival
and Departure Traffic Flow

Zhang Honghai, Hu Minghua, Chen Shilin
(College of Civil Aviation, Nanjing University of Aeronautics & Astronautics,Nanjing, 210016,China)

Abstract: To use airport capability and reduce {ilght delay, an optimization model for the flow

distribution is proposed. The model takes arrivals and departures as two interdependent processes. The

model minimizes the total delay cost to find optimal flow distribution strategy. It also introduces delay

cost coefficients as decision-preferential information to consider the airlines interest. A genetic

algorithms is designed for the model. Experimental results show that the model has a balance between

airport flows and capabilities, and minimizes the delay cost with airline preferences. So the distribution

strategy is verified to be effective.

Key words: air traffic; flow distribution; genetic algorithms; co-optimization
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Abstract: This is a study of aircraft scheduling problems based on the idea of CDM.
Taking the interests of ATC, airlines, and airports into consideration, we propose a
priority scheduling model that integrally schedules arrivals and departures using
airlines’ preferences. The model minimizes the total flights’ weighted delay costs to
find best landing times for the arrivals or take-off times for the departures and their
expected runways. We also design a genetic algorithm to solve the proposed problem.
Finally, with actual schedule data from an airport with 3 runways, the model has
been verified to work well. The experiment shows a 77% time delay savings
compared with the current FCFS schedule, and equity among airlines is achieved.
The designed genetic algorithm is able to solve the instance with 15 flights in a few
seconds.

Keywords: air traffic control, priority scheduling, genetic algorithm

1 Introduction

Aircraft Scheduling Problem (ASP) has aroused widespread concern [1-6]. However,
the majority of research didn’t take the preferences of and fairness to airlines into
account. In fact, air traffic controllers adopt a First-Come-First-Served (FCES) for
scheduling landing and departing aircrafts. It doesn’t depend on scientific methods,
but basically on the controllers’ experience and judgment. Under a Collaborative
Decision Making (CDM) mechanism, Air Traffic Control (ATC) cooperates with
airlines and airports to manage and control aircrafts, the collaborative ATC is
responsible for guiding aircraft in a safe, equitable and efficient manner. With
consideration of ATC, airlines, and airports’ interests, we present a Collaborative
Aircraft Scheduling (CAS) method based on priority to make safe, fair and efficient
tactical decisions.

2 Priority Scheduling Model

2.1 Cost Function

Due to performance limitations, each flight has an earliest landing or take-off time, a
latest landing or take-off time and target (preferred) landing or take-off time, we will
call them the earliest time, the latest time and the target time. Clearly, the cost of
flight is mainly caused by ahead of or behind the target time; the cost function is
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required to be convex and piecewise increasing and to have a minimal cost of zero at
the preferred time. This implies the non-negative cost function is in fact describing
the extra cost for deviations from the timetable. Moreover, with the fairness
consideration, we define the cost function as a piecewise super-linear increasing
function. The function generally seems to be a realistic description of the costs: A
Jarger delay means a larger increase in cost per time unit. The function can also help
to avoid penalizing a flight too much by assigning to it most of the total delay, and
this is also a purpose of the fairness principle.

The convex piecewise super-linear function C,(t) of flight / landing/departing
at time 7can be written as two super-linear functions on two connected intervals:

I+,
G\ L= L:,S187,
C(h= A7 ) 7 7 o))

a/(r-1,)"  T,s1sL,

Where )

¢, The penalty cost (per time unit) for flight /" with landing or take-off before its
target time 7. ¢, ,: The penalty cost (per time unit) for flight /with landing or take-
off after its target time 7,.. £ : The parameter for the super-linear slow growth reflects
the principle of fairness under CDM philosophy [7], the purpose of which is to avoid
penalizing a flight too much by assigning to it most of the total delay. 0<g <1 B
The earliest time of flight /. Z,: The latest time of flight /. 7, : The target time of
flight /. So, C,(¢) is defined on the interval[£,, Z,]

2.2 Priority Weight

Airlines take part in the scheduling by naming priority-ranks for their own flights in
the CAS. Airlines name priority-ranks for landing/departing in advance. We allow
airlines as much flexibility as possible in naming priority-ranks. Normalization must
be performed, of course, to prevent an airline from gaming the process by naming all
of its flights higher priorities: We normalize these priority-ranks into priority weights
in an equitable manner, and then let them be delay cost weights. So flights with
higher priority would be given a higher weight, and its cost would be less.

Let us make this more precise. Let 4 be the set of airlines 7€ A |4 = 7 ; let £ be
the set of flights for airline / s #. Let R be the set of priority-ranks and 7, be the
priority-rank of flight / in # 7, € R : »; are arbitrarily named by alrlme 7 with
preference on flight /.

Let p, be the unitary priority weight of the flight /in #, p;is defined such that:

i
i

Py = l :

max i, 7% 5)

To obtain equity, we define a converting factor for each airline. These
converting factors are determined for each airline based on its flights’ priority-ranks.
This not only ensures the ratios between priority weights of their own fights are
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preserved, but also ensures the average priority weights (per flight) of all airlines are
approximately the same. So whatever airlines name priority-ranks for their flights,
this can only affects the ratios between priority weights of their own fights, but not
the weights of other airlines. Therefore delays can only be exchanged in an airline’s
own set of flights without interfering with flights of other airlines.

Let a,be the converting factor of airline 7/, o, is defined such that:

ar'zp[/' lﬁl‘lz ZP’J

JeF; ied jef;
z =].So, a,= — s
22
ied jeF, JeF,

Then an equitable priority weight  , for flight /of airline /can be standardized:
% py )

Y,

ied jeF,

2.3 Optimization Formulation
The following notations are needed to determine the validity of schedules for a
Multi-runway Collaborative Aircraft Scheduling Problem (M-CASP).

F': The set of all the arriving and departing flights /'€ 7 F=UZ, |Fl=n.RW:
The set of runways we &7 |RW#¥|=/..5, : The sequence of flights landing and
departing on runway w £ €.S,. /[S,,,(k)]: The landing or take-off time for the flight in
position kof sequence .S, . E[.S'“,(,{')]: The earliest time for the flight in position 4 of
sequence .5, . [[.S' )] : The latest time for the flight in position 4 of
sequence S, . 7‘[ & ] : The target time for the flight in position 4 of
sequence S, . O[S“,(,{')]: The runway occupying time for flight in position /4 of the
sequence S, . s(c(.S5,(4)), (S, (4 +1))) : The minimal safety separation time required
between the flights in the successive positions £ and 4+1 of the sequence 5, , where
c(f) is the weight class of flight /. There are usually 3 categories: Heavy (H),
Large (L) and Small (S).

The main decision variables are the assigned runways and landing times for the
arrivals and the assigned runways and take-off times for the departures. We will call
tlhc landing time and the take-off time the scheduling time. Further the formulation
requires some additional decision variables: let 6 ; be 1 if flight /" landing/departing
on runway w, otherwise be 0.

The objective function is the minimization of total weighted delay cost and can
be written in as follows: :

S()=Minyy Y 0,C(4) (2)

weRll e,
And it is subject to the following constraints:
S (R4S, (#))< Z[S,(£).Ywe #W Vi S, 3)
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8,={01}, X8,=1Y/ecF YweRW (4)
weRW

45,0)= 715, 45,(6)]= max{z5,(#)] 45,(£-1)]
+max{s(d(s, (£ -1), A5, () AS, (#k-1)]}, Ywe #w VEkes, (5

Constraint (3) ensures that each flight / must land or take off during its
specified interval; we will call it the interval constraint. Constraint (4) guarantees that
each flight /'is assigned a single runway that is in £/ ; we will call it the runway
constraint. Constraint (5) makes sure that each flight /" lands or takes off in a safe
way which accords with the minimum time separations on a cleared runway; we also
determine the scheduling time for flight /using it, and let the scheduling time of the
first one in .S, be its target time. We will call it the separation constraint.
3 Genetic Algorithms
3.1 Coding based on Flight ID and Runway Assignment
We designed two-string gene codes based on flight ID and runway assignment for
the M-CASP, an example for an individual chromosome is depicted in figure 1. The
first string codes express flights ID, we call it flight chromosome; the second string
codes express assigned runways for these flights, we call it runway chromosome:
suppose that there are 3 runways signed in 0, 1 and 2 respectively. While coding we
selected a single runway for a flight in a stochastic way. To obtain an initial feasible
solution, constraints (3) and (4) must be satisfied.

Paseni | Offipriag |

V23 ja]s|ejr2i8]8]n [eLtTz]e]2 IIIIIIEIEEHEHIIIIIIIII‘I
olgj2qo0f2a]lt]ogy|eq2 P 8 G I R E S A D of]2]o]2fefaf2]’i]e
Oflspnng 2

i Pacent 2 !
Fig.1 Coding based on flight ID und runway assignment Fig2 Single point crossover based on nunway assignment

3.2 Selection based on Excellence Reservation

To implement easily, we selected optimal individuals using an excellence reservation
strategy. Firstly, we compute the fitness value for each individual in population, and
arrange individuals in descending sequence according to their fitness values.
Secondly, we eliminate those individuals whose fitness values are less through

selection in a pre-established eliminating probability ( 22 ), and copy the same

proportional excellence individuals to ensure the size of population is invariable.

3.3 Crossover based on Runway Assignment

We adopted a single point crossover method to generate offspring in a crossing
probability ( Pc). An example of such a crossover is depicted in Figure 2. Firstly, we
select a crossing point stochastically and swap these genes before the crossing point
in parent’s runway chromosomes. Secondly, we rearrange flights in ascending
sequence according to their target times for each runway sequence. Lastly, we
compute the scheduling time for each flight with constraints amending: if the
computed scheduling times of all flights can meet their interval constraints, end the
crossover; otherwise reselect a crossing point and do it again.

3.4 Mutation based on Flight Swapping
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To speed up the algorithm, we do the mutation operator by swapping the flight genes
of runway sequences in a mutation probability ( 27 ). We developed two swapping
mutation operators as follows: (a) swapping flight genes in two consecutive positions
of one runway sequence; (b) swapping flight genes in two stochastic positions of two
different runway sequences. A simple example is depicted in figure 3. There are 3
runway sequences (S0, S1 and S2) each with several flights.

S0 | T’_\; " 194

Slbc’5‘ N3 s|s
s2 3|67 2(6[17

Fig.3 Skeich map of the two swapping mulations

4 Simulation Results
We implemented the described optimization methods and ran tests on an instance of
collaborative arrivals scheduling. The minimum safety separation we used was the
standard without wind recommended by the International Civil Aviation Organization.
We used actual schedule data from an airport with 3 runways, and some of the
original data are listed in Table 1. There are 15 flights waiting for landing from 3
airlines (A, B and C) each with 5 flights. Where Ty, T, and T, (in mmss) respectively
denote the target times of runway 0, runway 1 and runway 2.We pre-established 5
priority-ranks of landing: £ = {1,2,3,4,5}; Let ¢, ,equal toc, ,, and supposed they are
4,2 and 1 for the Heavy, Large and Small aircrafts; & = ¢, =0.5.
The GA programs were implemented in Visual Basic.NET under Windows XP.
Let the size of the population 20, the max-generation 50, Pe 0.4, Pc 0.8 and APm
0.4. The scheduling results of the optimization method are shown in Table 1. The
results from FCFS and our method are given in the table. The result consists of
assigned runway (RW), landing time (LT, in mmss) and delayed time (DT, in second)
for each flight. Where “+”denotes behind schedule and “~"denotes ahead of schedule.
Tab.1 The result of scheduling simulation

Partial original data of flight FCFS CAS
kK e @ w Ty T, T, |RW| LT DT |RW | LT | DT
Al | H| 5] 0.111 | 0012 | 0036 | 0024 | 0 | 0012 0 1 0036 | 0
Bl | L | 1]0022] 0112 | 0118 | 0048 | 2 | 0048 0 0 j 0112 | 0
Cl | S| 1]0.022]|0118 | 0142 | 0106 | 1 | 0142 0 2 | 0106 ] O
A2 | L | 4| 0.089 | 0236 | 0218 | 0242 | 0 | 0236 0 0 | 0226 | -10
B2 | L |2 |0.044 | 0330 | 0348 | 0254 | 2 | 0254 0 2 [ 0254 | 0O
C2 | H | 2 |0.044 | 0348 | 0336 | 0406 | 1 | 0336 0 1 1033 | 0
A3 | H| 3 | 0.067 | 0430 | 0454 | 0418 | 2 | 0418 0 2 | 0418 | O
B3 | H | 3 | 0067 | 0536 | 0548 | 0606 | O | 0536 0 1 0536 | -12
C3 | L |3 ]0.067]| 0606 | 0618 | 0554 | 1 | 0618 0 0 | 0554 | -12
A4 | S| 2 ]|0.044 | 0612 | 0624 | 0630 | O | 0823 | +131 | 2 | 0705 | +35
B4 [ S|4 ]0089 | 0642 | 0636 | 0718 | 2 | 0718 0 0 | 0708 | +26
C4 | S| 410089 | 0730 | 0836 | 0648 | 1 | 0836 0 1 0844 | +8
A5 | L | 1]0.022 | 0806 | 0754 | 0730 | 0 | 0937 [ +91 1 | 0730 | -24
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Bs [H |5 [o0111 0836|0754 |0912| 2 0912 0 [ 0 |08%6 | 0
C5 | H| 5| 0.111 | 0842 | 0824 | 0812 1 1010 | +106 | 2 0819 | +7

Table 1 show that improvements are obtained using the CAS compared with

FCFS. The total time delays are reduced remarkably: the total delay time using FCFS
is 328 seconds and ours is only 76 seconds (sum of “+” times), 77% time delay
savings. The maximal delay time of FCFS reaches 131 seconds and ours is 35
seconds, so the CAS can avoid assigning too much delay to one flight and tend to be
fairer. Furthermore, the average delay costs (per flight) of the airlines are
approximately the same. This indicates each airline has a tradeoff and equity is
achieved. Besides we can also find that the delays of flights with higher priority are
less. What’s more, the scheduling times of most flights are equal to or near their
target times. This accords with requirements of the airlines and its users.
5 Conclusions
We propose a priority scheduling model to schedule arrivals and departures at a
multiple runway airport. Delay costs are used as the objective. Safety, efficiency and
equity are considered. We also provide an effective genetic algorithm, capable of
considering some operational constraints. We analyze model and algorithm
performances on actual data. The experimental analyses show that huge
improvements are obtained compared with the current FCFS; the algorithm is
capable of solving the experiment in a few seconds so as to fit into a dynamic
operating environment.
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Abstract: On the basis of an analysis of the decision-making behaviors of
manufacturer, retailer and customer, this paper presents a three-level equilibrium
network model for supply chains. Then, the variational inequality model equivalent
to the equilibrium conditions supply chain network is established by the relationship
between variational inequality and a mathematical programming model. Third, the
characteristics of the solution to the model are discussed and a heuristics algorithm
is developed. This provides a useful tool for further analysis and evaluation of the
performance of the supply chain network.

Keywords: supply chain; network; equilibrium; variational inequality

1. Introduction

Modeling and analysis of supply chains (SC) have received great attention in the
fields including information, control and management. Gunasekaren (2000)
summarized the related studies on modeling and analysis on SC. Tayur (2003)
provided many different aspects of the modeling of SC, especially the problems of
optimization and control. Chen et al. (2001) analyzed some optimization models and
presented interesting fields about SCM. Liu (2002) studied the problem on synergic
supply in SC and discussed the integration of system software of the model. Pan
(2004) studied decision-making in manufacturing and the optimization ofa  flexible
SC with uncertain demand, and developed a decision-making model on
manufacturing in the environment of flexible SC by making the minimum of
expected cost of SC as the objective function. Kinderlehrer et al. (1991) gave an
introduction to variational inequations and their applications. Nagurney et al. (2002)
studied the model for an SC network by network economy theory. However, there is
little research on applying variational inequation to an SC network.

Combined with a theory of the equilibrium distribution of space price, according to
the network economy, a three-level equilibrium network model for SC is established.
The model deals with independent behavior of different decision-makers as well as
the reciprocity between them. This provides a useful platform to evaluate price and
product flux and a new way for the further research on the dynamic process of SC.

2. Problem description

As shown in Figure 1, the first level, the second level and the last level represent 77
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SCHEDULING MODEL AND HEURISTIC ALGORITHM FOR

DEPARTURE MANAGEMENT IN MULTIAIRPORT
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Abstract: A mathematical model is presented for sequencing departure flights in
different airports within one terminal area. Both airport runways and departure routes
are considered in the model. Practical issues that affect the implementation of the
schedule are carried out by Constraint Position Shifting (CPS). Then a tabu search
algorithm is developed and implemented to obtain reasonable solutions within
acceptable computation times. Simulation results validate the model and show the
algorithm’s advantage. Efficient scheduling flights for takeoff can reduce the total
separation between aircraft and thus increase the output of each airport.

Keywords: air raffic flow management, multiairport system, departure scheduling,

tabu search algorithm

1 Introduction

The important aspects of air traffic flow management (ATFM) are the
management of departure flow and arrival flow in the terminal area, which are known
as departure management and arrival management. Papers relevant to arrival
scheduling problems were published by Beasley et al. (2000), and Bianco et al.
(2006). Bolender (2000) in his dissertation studied two major problems relating to
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departure management. Avid search algorithms and related algorithms were designed
to minimize the total time needed to dispatch a set of aircraft. A brief summary of
some of relevant work in departure scheduling is presented in Atkin et al. (2007).
They applied hybrid metaheuristics to aid in runway scheduling at London Heathrow
Airport. However, the previous studies mainly focused on a single airport’s departure
scheduling problem. In this paper, we develop a new model and an efficient algorithm
for computing an optimal departure sequence in order to minimize the time span in
multi-airport terminal areas.

2 Problem Definition

The purpose of multi-airport departure scheduling is to determine an optimal
sequence of takeoff times under different conditions. Besides the constraints listed in
Bal Krishnan (2007), an important factor in the multi-airport scheduling problem is
the traffic interaction between airports. In a terminal area, departure routes of each
airport may intersect at a fixed point or even have a similar route segment. The
Airport Controller will keep a safe separation for aircraft flying over intersection point.
Therefore departure traffic from one airport may have impact on flights from other
airports. With intersection limitations, departure scheduling must take the whole flow
under consideration, otherwise it will cause airspace congestion and increase
controller workload.

3 Model Formulation
Let A= {1,2,..., /} be the set of airports’ indices, where /is the number of airports

under consideration. Let 2={0,1,2,..,72} be the set of intersection points’ indices,
where 7 is the number of the points. Let #'= {1,2,..., 7} be the set of departure flights’
indices, where 7 is the total number of flights under consideration. Let @, & 4 be the
airport that flight 7 departs from. Let p, € Z represent the intersection point in the
route of flight /. Particularly, p, = 0stands for there is no intersection point of flight /.
Here we chose variable ¢, to be an integer to represent the position of flight /in the
departure order, and assigned &, as the calculated take off time of flight 7 . Other
variables are defined as follows:

e,: Earliest take off time of flight /

o,: Position of flight /in the First Come First Service (FCFS) schedule

/: A predetermined number of Maximum Position Shifting (MPS)

7 : Flying time of flight /between its origin airport and route point .

£ ; Required time separation imposed on two consecutive flights that pass

route point g

S, : The required time separation for aircraft 7and aircraft /.
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4.2 Neighborhood Searching

. Our neighborhood A(x)is defined as a constrained 2-opt. A neighbor is generated
swapping the positions of two aircraft in x while complying with the CPS. A
didate set #(x) is used to alleviate the computational burden. If the number of

We aim to minimize the time-span of all the aircraft in the sequence. Tl
objective function is introduced below:

min(max (&) — min(<,))
eF ieF

Subject to: - members in V(x) exceeds 100, we randomly generate 100 new neighbors to make
d>e iefF up /(%) , or else we select the whole neighborhood A/ x) as candidate set #(x).
l// =g, if (7 =1, /e F Tabu List

The last 10 moves of each aircraft are stored in the tabu list. Any moves that
place the aircraft back to its initial position remembered in the list are rejected.

"~ Two criteria will be used in the process of iteration. One criterion is that when all
solutions in a candidate set are forbidden, then the solution with the minimal objective
value is freed. The other is that although one solution is forbidden but its measuring
ction value is better than the value of the current best solution, then this solution
be unbound and returned to the candidate set.

l¢,—o, <k ieF

d,;2 max (4,+3))

reFle;<c a=a,
[@+&)-(@+)\25" ijeFigePle>c p=p=9

Constraint (2) ensures that no flight can take off before its ready. In this model
Measuring Function

A new starting point will be selected from candidate set through the measuring
ction. Here we take the objective function /() as the measuring function.

the earlicst takeoff time is equal to the estimated time of departure (ETD).
We assume that the takeoff time of the first flight is its earliest take off time
constraint (3). '
Constraint (4) implies that rescheduling flights will satisfy the CPS. t
Constraint (5) and (6) together indicate that all flights must comply with!
required separation rules. Constraint (5) guarantees that flights from the same"

top Condition

The TS algorithm stops after it has run for a predetermined number of iterative

will fulfil the minimum takeoff separation requirement. Constraint (6) imposes a' eps MAX _ /TER . Another condition that algorithm terminated is when the objective

separation on flights over flying a route point¢. b jalue does not decrease in limited steps AZ4X_OP7 . In our implementation,
The terms from (1) to (6) make up the optimization model for resolving a - : _ITER=1000, and MAX _OPT=200.

airport departure scheduling problem. We will design a heuristic algorithm to; Solyg 4.6 The algorithm procedure

the proposed model in the next section.

B Step 1. Get an initial solution ¥ as described in 4.1. Let the iteration
4 Tabu Search Algorithm 3

The basic idea of a tabu search (TS) (Glover 1989, 1990) is to explore th
space of all feasible scheduling solutions by a sequence of moves. There are alt
five essentials for a TS algorithm: (1) Initial solution; (2) Neighborhood searc
Tabu list; (4) Measuring function; (5) Stop condition.

r N, =0, the number of optimal solution occurs /,,, =1, the current optimal

iter oot

onx =", and set tabu list 7= @ .
tep 2. (a) If NV, = MAX ITERor N,,= MAX _OPT , terminate the algorithm

irer oot

ixtput for the optimized solution.
- (b) Randomly select 100 new solutions in A(x""") or the whole /(") to form

4.1 Initial Solution didate set #(x"") . These solutions are not forbidden or unbound formed under
FCFS policy is used to get the initial solution. For all flights under considerat iration criteria.
a sequence .x, in order of ascending ETD will be the starting point for TS.

et

For all solutions in #(¥*") , get the optimal one and denote it by x"",
‘=X, N, =N, +1.

ier iter

Ap4 @) If /(X < f(x),letx =2, N, =1;(b)Elselet N, =N, +1.
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