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Abstract—As the air traffic increases at a hub airport, som
flights cannot land or depart at their preferragieatime. This event
happens because the airport runways become occtpieear their
capacity. It results in extra costs for both pagsem and airlines
because of the loss of connecting flights or moagtimg, more fuel
consumption, rescheduling crew members, etc. Hedeeising an
appropriate scheduling method that determinestaldairunway and
time for each flight in order to efficiently useetthub capacity and
minimize the related costs is of great importarinethis paper, we
present a mixed-integer zero-one model for scheduliset of mixed
landing and departing flights (despite of most es studies
considered only landings). According to the faetttthe flight cost is
strongly affected by the level of airline, we catesi different airline
categories in our model. This model presents alesimpjective
minimizing the total sum of three terms, namelyti® weighted
deviation from targets, 2) the scheduled time &f st flight (i.e.,
makespan), and 3) the unbalancing the workloaduonvays. We
solve 10 simulated instances of different sizesauf0 flights and 4
runways. Optimal solutions are obtained in a reabntime, which
are satisfactory in comparison with the traditiondé, namely First-
Come-First-Serve (FCFS) that is far apart from roplity in most
cases

Keywords—Arrival and departure scheduling, Airline level,
Mixed-integer model

|. INTRODUCTION

IR traffic has experienced a major increase in thddvo

during the last decade. It can be resulted fronwiyg
air transportation demands (i.e., passenger, cdrgcause of
its comfort, foundation of new airlines, more adisgament
for air travels, and the like. According to glolaffic forecast
executed by Airports Council International (ACI)hig
increase of the total passenger and freight tragfigoing to
continue to reach over 9 billion passengers and raildon
tons by year 2025 [1]. Figure 1 depicts this fastdfor the
total annual passengers and freights followingdat of the
previous years.
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Fig. 1 Forecast for the total annual passengersraights

It is clear that by such rising in amount of pagses and
cargo, the number of flights, which meet airpodsland or
depart, increase simultaneously. This phenomenaltrés
congested airports. The reason is that airportiitfes (e.g.,
runways, taxiways, gates and terminals) are limiesburces
and have a bounded capacity. The most criticaluress in an
airport are runways because building new runwayesxsting
airports is not simply possible due to environmkritaancial
and geographical constraints. Therefore, devising a
appropriate method for scheduling flights, whick going to
depart or land on airport runways, is of great ingooce and
the main scope of this paper.

The final result of such a schedule determines efach

flight a suitable runway, departing or landing tiroa the

chosen runway and gives for each runway its apatspr
sequence of flights.

As a landing aircraft enters the radar range ddigport, the
aircraft's flight number, altitude and speed amsn$mitted to
controllers in the air traffic control tower [9].aBed on this
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obtained information the controllers consider aetimindow
for the aircraft to land within it. This time windoconsists of
a lower bound called, the earliest time definedhastime the
aircraft can land on the runway if it flies at ilsaximum
airspeed and an upper bound called the latest tlefined as
the time the aircraft can land on the runway ifligs at its
most fuel efficient airspeed while holding for theaximum
allowable time. Each landing aircraft has also efqared or
target time, that is the time the aircraft can hethe runway if
it flies at its most economical, preferred speefenred to as
the cruise speed [2], [9], [12]. These times cardéfined for
a departing aircraft in a similar way. Such tha garliest time
is the time when the aircraft can take off if itcbenes
embarked and directed to the runway as quick asilesthe
latest time is the time when the aircraft can take if it

The problem of scheduling landing and departurghts
can have different objectives, often used separaigl the
previous studies carried out in the literature. Tdigective
function used widely is to minimize the sum of dsigns (or
weighted deviations) of all flights [2], [3], [9-1,012-13]. By
this work, we enter the airline category or levéltloe flight
into this objective to come closer to a real situat Another
objective applied much fewer [4], [6] is to minireizhe time
required all flights to be done (land or depart)tloe time of
the last flight, which is known also as makespasdheduling
problems. It is totally clear that if we reducesthime the
constant cost imposed to airport for the correspundet of
aircraft also decreases. The other objective censitiby the
current study is to balance the workload betwekrualvays.
If we construct new runways but they are not belesemuch

becomes embarked and directed to the runway asalateas we investigate them or accumulate most of #igit a few

possible and with maximum holding, and finally greferred
or target time is the time when the aircraft reactine take off
runway if it becomes embarked and directed to thattime,
in which no extra cost incurs. It is obvious thathie aircraft
scheduled to land or depart before or after itgeatime, the
extra cost will incur. This cost increases as tlifeer@nce
between assigned time and the target time grows.

An airport is used by different airlines. Some ingt are
the home carriers, which have large number of figand
transfer passengers. At some airports home cartiexe
private facilities even their own terminal to mat@nfort for
the passengers using them. Flights operating bseth&lines
have higher priority to schedule near to their ¢argmes as
much as possible. This is because of several appagasons,
such as having large number of transfer passengdrigh
may lose their connecting flights or have to wait éxtra time
to get on them, or often these carriers belongeacbuntry the
airport located in and so much attempt is madedtept them
to absorb more passengers and gain larger revéheeother
category are usual airlines, often belonging t@otiountries,
they may have also transfer passengers but mucér fean
home carriers. Therefore, the priority for this egiry of
airlines is smaller than the first one or hub owndrhe third
category of airlines using the airport is a gro@igarriers that
operate low price or charter flights. These aidineave
approximately no transfer passengers, and deviattiegn
from targets is not so important. Hence, they hagesmallest
priority in scheduling.

The crucial task of air controllers is to ensuregaon the
runways. This can be achieved respecting an elgptsine
between two successive flights using a same rurbeaause
all aircrafts create wake vortices at the backheiselves.
These vortices have a chaotic evolution and casecaarious
turbulence to a closely following aircraft; evercén cause a
crash [2], [12]. This elapsing time is refereedlas separation
time between two aircrafts that depends on sewweshents,
such as the type of the leading and following aiftsr or
environmental conditions. The separation timestheemost
critical limiting factors that reduce the capacdf runways

[9].
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number of runways, it yields the cost in the systel@ence, we
take the objective of minimizing the unbalancing tbie
runways. These objectives will be further explaiézhrly in
Sections Il and IV. Now, we have three objectiaesl for the
sake of simplifying the problem considering a weifgir each
one related to the importance of it. Schedulers damose
alternatively these weights according to signifammthat they
have assumed for each of the above-mentioned olgect

Il. PREVIOUSLITERATURE

Most of the previous studies are concentrated liedaling
only the landing and considering just one objecfoféen sum
of deviations from targets). The previous papers t&
categorized by different aspects. However, we me\ttem in
terms of their solution methodologies, which can ditaer
exact or heuristic methods. Exact methods are based
predetermined fixed structures rather than random o
probabilistic selection. They start from an initgdlution and
try to reach a better one by each new iteratiorthgofinal
solution is always the same (i.e., the same saiudiotained
running them for each time). On the other hand,risgc
methods are based on making random or probabitknges
in the solution in each iteration to obtain maybebetter
solution in the next iteration. Therefore, theyutes different
final solutions by each time, running them whiche ar
appropriate if they fall near to the optimal sabuti

A.Exact Methods

Models proposed by Beasley al [2] are widely used by
researchers. The problem of scheduling landingsrisidered
and a mixed-integer zero-one formulation for thegk
runway case is presented and extended to a multipbe.
They strengthen the linear programming relaxatiohghese
formulations by introducing additional constraintéoreover,
they discussed how the formulation can be used ddeina
number of issues emerge in practice. This probkersolved
optimally using linear programming based tree deafthe
computational results were presented for a numbbetest
problems. Bojanowskgt al[4] considered a multiple runways
problem with the goal of minimizing the total landitime
(i.e., makespan). They presented an algorithm, hvprovides
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a polynomial-time feasibility condition. Xiangweit al [13]
presented a mixed-integer formulation based onptiegious
literatures originally proposed by Beasletyal [2]. A sliding
window method is applied for solving the given. Tdieling
window algorithm divides the time into equal segiseand
considers a number of the segments to use infosmatithin
it, but only scheduled the times assigned to direvethin the
specific segment by each iteration.Wen [12] prodosgain a
mixed-integer model based on Beasté¢wl [2]. A branch and
price exact algorithm which was the combinationcofumn
generation and the branch and bound algorithm &l der
solving the model. It was the first attempt to depesuch an
algorithm for aircraft land scheduling problem. Theanch-
and-bound method was developed to find the optintaber
solution for the problem. The total branch and eric
algorithms is implemented and tested with instangeso 50
aircrafts and 4 runways. Sharma [11] presentedoal@m of
assigning the scheduled times of arrival to theraft such the
separation time between two successive aircraftctwrand
on a single runway and the time windows were foddw
Under these constraints, the total delays of diraaa the
single runway are to be minimized. The problem atved
optimally using the GAMS/CPLEX software.

B.Heuristic Methods
Beasleyet al[2] also presented a heuristic, which is a

TABLE |

are implemented. The computational results are epted
showing that feasible solutions of good quality cha
produced relatively quickly. The results indicatdtht the
bionomic algorithm outperformed the scatter sedmhthe
non-linear objective. However, on the other harrdtie linear
objective, that is totally vice versa. Captial [5] presented a
new innovation for air traffic scheduling probleronsidering
the departing flights into the aircraft sequencedyxamic
model is setup to take account of time-varyingatales, and a
specific genetic algorithm was used to solve theraft
sequencing problenHansenet al [7] aimed to develop a
solution procedure based on a genetic local se@@Edts)
algorithm for solving the ALP with runway dependent
attributes. The objective function was to minimie total
delays.Zhanet al[14] applied for the first time the ant colony
optimization (ACO) algorithm to land scheduling pkem.
This algorithm was applied with the aim of recedhmaizon
control techniques (RHC) and suitable results vedrtained.

At the end of this section, we compare our papéhn wiher
previous studies to make the contribution of thégper more
clear. Table | shows this comparison in terms dfedint
characteristics.

COMPARISONOF CHARACTERISTICSOF THE PREVIOUS
STUDIES AND THIS PAPER

Flight Runway Objectives ( to be minimized) Soluion methodology

Beasleyet al[2] Landing Single, multiple  Sum of deviations dex and heuristic
Beasleyet al [3] Landing Single Sum of squared deviations Heuristic
Bojanowskyet al [4] Landinc Multiple Makespa Exact

Capriet al[5] Landing and departing Single Sum and maximumfalelays Heuristic
Harikiopoloet al[6] Landing Single Makespan Exact

Hanseret al[7] Landing Multiple Sum of delay Heuristic

Yu-Hsin Liu et al [8] Landinc Multiple Sum of delay Heuristic

Pinolet al[9] Landing Single Sum of (also squared) deviai® Heuristic
Soomeret al[10] Landing Single Sum of deviations Heuristic

Sharma [11 Landinc Single Sum of deays Exac

Wen [12 Landinc Multiple Sum of deviatior Exact

Xiangweiet a[13] Landing Multiple Sum of deviations Exact

Zhanet al[14] Landing Single Sum ofdelay: Heuristic

This pape Landing and departir Multiple Sum of deviation+makespaunbalanc  Exact

version of FCFS, modified for multiple runway caskssorts
the aircrafts according to ascending targets aad tegins to
search on runways for a runway with minimum cosageign
the aircraft to it. By this method, all the flightse assigned at
or after their targets.

Ill.  PROBLEM DESCRIPTION

In this section, we return to the concepts in titeoduction
section to give additional problem specific expléoma and
make them more understandable.

As mentioned before, we consider a set of airci#iftghts)

The use of evolutionary heuristics become recentf Pe of both landing and departing status. A ntiestion

common due to the complexity of large-sized airffiza
scheduling problems [3], [5], [7-9], [14]. Pinddt al [9]
considered the multiple runway case of the staticraft
landing problem. A mixed-integer zero-one formuatiis
used with two different objective functions, ondeebr and
the other time non-linear one. The two populatiGurfstic
techniques, namely scatter search and bionomicritiges,
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here is that what the differences between scheglulin
parameters of a landing and departing flight arelaiding
flight is in the air by the earlier step, so forgiih to reach the
runway sooner or later than predetermined targee tyield
much extra cost than a departing flight that stastiat a gate
or on a taxiway. Moreover, a departing aircraft hasmaller
flexibility to be scheduled before its target besmuthe
planning at airports is so, that the aircraft carb@embarked
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much sooner that the determined target. On the btned, the
departing flight has larger flexibility to be dety and
scheduled after its target than a landing one. Elenee

consider a time window with a target approximatiglythe

middle of it for a landing flight, but a wider tinmeindow with

a target near to the lower bound (earliest time)afaeparting
flight. The cost of each flight by different schéstlitimes can
be considered as a function. Figure 2 depictsfthistion for

landing and departing flights.

safety reasons that have been explained before féerthe
sake of simplifying, we assume that the separdiioes are
only dependent on the type of leading and followilights
that use a same runway and do not mention whetlegetwo
flights are either landing or departing. We considee
standard separation times that are used by [718], [These
separation times are shown in Table IlI.

TABLE II
MINIMUM SEPARATION TIME REQUIRED BETWEENTWO FLIGHTS THAT
USEAN IDENTICAL RUNWAY ACCORDINGTO THEIR TYPE

Flight cost , O
Trailing
Leading Small Large Heavy
Small 1 1 1
@ Large 15 15 1
Heavy 2 15 1

Time

(b)

gi /}
— 1 »
E T Lo

Fig. 2 (a) Cost function of a landing flight, arg) Cost function of
a departing flight, where
E;: earliest time of flight; T;: target timeL;: latest time
g : earliness cost per unh: delay cost per unit

As explained before, another factor that has miaftuence
on the cost of a flight, scheduled after or befisetarget, is
the category of the airline that operated it. Heve,consider
three types of airlines, namely home carriers thetairport is
their hub, usual carriers and charter or low pdeeriers. To
implement the effect of airline levels (types), sensider a
specific coefficient for each airline level and tiplly the cost
of each flight by it.

The objectives are to minimize (1) the total cdsti@ay or
earliness of all flights, (2) the time required thhole set of
aircraft to land or the makespan, and (3) unbafanbietween
runways. Then, we choose a weight for each objectiv
according to the importance of it and add the weidh
objectives together to make a single total objectitzis worth
to note that we should pay much attention in chapghe
weights by considering several factors that cawlifferent at
each airport and determine an appropriate weightefich
objective. Here we think that the first objectivashthe most
significance after that are the second and thijdatives.

In the next section, we present our mathematizalel for

As we know, delaying a flight annoys passengers amr traffic scheduling based on the explained cptgend

airline so much, but also earliness of a flight geeid cost for
airline and airport, although it is not so bothgriffior

passengers or even provide more pleasure for thbkarefore,
we consider larger penalty (cost) per a unit oagehan a unit

assumptions.

IV. MATHEMATICAL MODEL
In this section, a mixed-integer zero-one prograngMmi

this fact.

The other fact, which affects the flight cost ambd be
embedded in the cost function, is the type of aimploperated
the flight because a larger aircraft has more pegss, so
deviation of it causes higher disturbance. In théper, we
consider three types of aircrafts like most of threvious
studies, but more types can be regarded in real.a¥¢eme
that each aircraft in the set of flights is smallg( Boeing 737,
Airbus 320), large (e.g., Airbus 330, Boeing 77T)heavy
(e.g., Airbus 380, Boeing 747).

Another critical factor in air traffic schedulingét is related
to the aircrafts type is a minimum separation tibsween
two aircrafts that use an identical runway. Asihotated, this
is the most limiting factor for capacity of runwayShese
separation times should be respected in scheddtinghe
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in the model and then the mathematical formulatdrthe
model is presented.
A.Notations

Parameters:
P number of flights

R number of runways

] indices corresponding to flights j O {1, 2, ..., P}
r index corresponding to runways{l, 2, ...,R}
T, target time of flight

Tmax Maximum of target times

E, earliesttime of flight on runway

Lir latest time of flight on runwayr

AL; airline level of flighti

wl;  the workload of flight i on each runway
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S,  minimum separation time required betweerhflig
ang if j comes after and on a same runway

C cost of delaying the last flight per unit

B cost for unbalancing of the maximum and minimu

workload on runways per unit
Wi, Wo, W Weights that reflect the importance of the
objectives

Decision variables:
X

scheduled time for flighit
a.

B delay of flighti
Y maximum scheduled time of all flights (i.e.,x{va})

A

Ir

earliness of flight

binary variable equals to 1 if flight assigned to

runway
r ; 0, otherwise

Z; binary variable equals to 1 if flightandj use a
same runway and O otherwise

5”. binary variable equals tol if flightomes after

E, earliest time of flight on the chosen runway

L, latesttime of flight on the chosen runway

Z7 ., maximum amount of workload between runways

ZZ ., minimum amount of workload between runways

B. Formulation

Min Wy AL@a +hB) + WOy ~Tou) + WEBZZ,0-22) (1)

S.t.
Es<xsL 0 )
d;, +9J; =1:0ijandi# @)
X 2x+72S —(L -E +§)J, 71, ] andiZ 4)
z;2 A, +A, -1 L1, jandi#; ; Or
(5)
z, =z; Ui jandi# (6)
R .
M =1 0 (7)
= R R
Ei :ZAIrEir’Li :Z/‘irLir ;ﬂ (8)’(9)
r=1 r=1
x =T, —a,+pB, Ui (10)
O<a, <T,-E i (11)
a, =T, -x i (12)
0<B <L -T, ;0 (13)
/Gi 2 X~ T i (4)
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P
2Zp0 = Y A Wl LA (15)
i=1
P
22, <D A, wl, L (16)
i=1
yzx, i 17)
X,a;,B 20 ;Ui (18)
A2, 0; binary ;/Z7i,jandi#;; Or (29)

ir v &ij o

Constraint (1) is the objective function of the rabdhat
consists of the sum of the three weighted objestiVée first
term multiplies the earliness or delay of eachhtiigy their
unit cost and again multiplies this later amount the
coefficient related to airline level of the flighthe second
term minuses the time assigned to last flight frohe
maximum of target times and multiplies it by theitun
corresponding cost. It is obvious that if the latesheduled
time is before the maximum target the amount ofd¢beond
term becomes negative and causes our total caftdease.
Finally, the third term counts the difference betwe
maximum and minimum workload of the runways and
multiplies this value by its unit cost.

Constraint (2) forces the scheduled time of eaightflto be
within its time window determined later by (8)-(8ycording
to runway chosen for it. Constraint (3) demonstreitber j
comes after (i.e., 5; =1) or vice versa(i.e;=1). Constraint
(4) is very significant constraint in the model,chaese it
ensures respecting the separation time betweenflighis
assigned to a same runway. If flightandj are assigned to a
same runway anflcomes after (i.e., z=1 andg; =1), then

the equation is converted t&; =X +S;. It ensures the

separation time between the two flights. In ott@nbinations

of z; and &; this constraint becomes always true and satisfied.
Constraint (5) ensures that if flights i and j assigned to the
identical runway r , i.el.; =1 andl =1, thenz;=1.Constraint

(6) enforcesz; andz; to be equal. Equation (7) forces each
flight to be assigned to only one runway. Equati@)sand (9)
determine the amount of earligs) and latest timgL;) of
flight i according to the runway it has been assigned to.
Constraints (10)-(14) set the amountsapfand g; to be the
earliness and delay of flight in from its target time.
Constraints (15) and (16) ensure thaf.. and zz,, are the
values of workloads corresponding to the most Ideated the
least loaded runways. Constraint (17) ensures that the
maximum of scheduled times, i.e=max {x}. Finally, (18)
and (19) demonstrate the positive and binary vigga the
model.

V. COMPUTATIONAL RESULTS

A.Simulation and Creating Instances

In this section we should generate test problendiffdérent
sizes to be solved with appropriate solver softwese
judgment about the merit of our model and solution
methodology can be made. For this purpose we dedide
have instances of 10, 20, 30 flights and solve eawh with
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different number of runways. The parameters of |@mls
with different sizes have been created using tHeviing
simulation:

We randomly generate 10, 20 and 30 integer nunfbems
[5, 20], [5,30] and [5,40], respectively. In additi we
consider them as the target times of instances 1@t0 and
30 flights. Then, we generate the same number tefgérs
from [0,1] that considers as the status of fligl&s, if O is
generated for a flight, we assume that it is aitagndne and 1
is corresponding to a departing one. To deterrtieetype of
flights, we consider that a flight is with probatis of 0.2,
0.6 and 0.2 for small, large and heavy aircrattspectively.
To determine airline levels the probabilities 0063, 0.1 are
corresponding to home carriers, usual carriers,lawdprice
carriers, respectively. The considered coefficidotgshem are
1.5, 1 and 0.5. The workload assumed for eactntflig
according to its type. So, we consider 1, 2 anar3small,
large and heavy, respectively. We determine the agost for
earliness and delay in the order of flight types, @, 1.5 and
1, 2, 3. We generate the earliest and latest tioresach
runway randomly with paying attention to its statis last,
we choose the objective weightg=0.6,w,=0.3 andws=0.1.

B.Comparing the Results
After creating the required instances we solvedpsablem

an extra runway in some situation has no influeanethe
delays and also increases unbalancing that yielg® roost.
This fact was again happed by instances with 3ghtli. In
these instances the optimal solutions still overedhe FCFS
(by about 40, 25 ,20 and 22%). we have to mentian by
increasing the size of problem the CPU time inaeas
simultaneously to over 40 seconds, but it is stilplicable. It
should be noted that by the last instance we hakent the
concept of runway restriction into account that reeyerge in
practice due to specific features of runways. Se fibrth
runway can only be used by small and large aireraft

It is realized from computational results that thatimal
solution is much better than traditional FCFS mdthay
problems that can be solved in suitable time. Aomemended
approach for problem of larger size could be dividihem to
smaller sub-problems and solving the sub-probleras
optimality.

VI. CONCLUSION

In this paper, we considered the problem of duatieg
landing and departing flights in a hub airport wittking the
effect of airline levels into account. A mixed-igt zero-one
formulation was presented according to our assumgtiThe
model is solved using GAMS/CPLEX for a set of siatad
test problems, and the results were compared wiih

with them using the GAMS/CPLEX solver. The model idraditional FCFS method. The comparison demonstrétat

coded for each instance with the created parameipts
implemented in 1.83GHz Intel Pentium computer wit
0.99GB of RAM. We solve 10 instances and summalttiee
results in Table Ill. In this table, the size ofckaproblem,
which consists of number of flights and number ragsy are
tabulated in the first and second column. For zéddi the
advantageous of our solution approach, we compareetsult
of the traditional FCFS method with our resultse3é two
solutions are presented in third and forth colunise last
column shows the CPU time of solving the each mnoblvith
the GAMS software.

The data given in Table Il depict that for thesfiinstance
the optimal solution is obtained very quickly (iest than 4
seconds). This solution is much better than FCESUB66%
decrease). The second instance is implementedpaitimeter
of the first one but another runway is added t®itly little
improvement is observed (about 4%). It can be edlab
generated parameter that put the FCFS at easdv® is@s
good as an optimal solution. Adding the third rugwa
decreases the amount of objective. Again in thisecdhe
FCFS can gain a near-optimal solution.

As the number of flights increases, we can guessREFS
loses its efficiency. In firth instance we can Basbserve that
the solution provided by FCFS is far apart from optimal
solution (about 86%). By considering the second #mnd
runway superiority of optimal solution is still adysable (by
about 60 and 75%). A strange result that obtaimedifih
instance in comparison with the forth one is insieg the
objective (from 8.25 to 8.55). It was unexpectedduse when
we add one runway, we think that additional resesircause
always smaller cost. But it is not always true,sese adding
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using our approach for different instances is \satysfactory.

h More investigation should be conducted for migdifon

this model to improve its capability for solvingetproblem of
larger sizes in appropriate time. One suggestioto idivide
the whole problem into smaller sub-problems; howewe
precise structure is needed.

Another recommendation is to solve our problenthva
suitable heuristic method for large-sized probleftse chosen
heuristic should provide near-optimal solutiongishort time.
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TABLEIII
COMPARISON BETWEEN THE RESULTS OF OUR METHOD (OPTIMAL SOLUTION

WITH GAMS) AND TRADITIONAL FCFS METHOD

Number of flights Number of runways FCFS solution  Optimal solution with CPU time (s)
GAMS
10 1 189 6.45 3.812
10 2 6.25 6 5.313
10 3 29 2.85 3.719
20 1 59.45 8.25 4.438
20 2 20.38 855 7.078
20 3 10.15 255 15.937
30 1 89.27 54.975 16.09
30 2 73.46 54.975 33.541
30 3 69.73 55.275 35.272
30 4 (theforth runway only for  70.39 55.275 40.172
Small and Large
aircraft)
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