Y. Celikbilek, “A Fuzzy Cluster Based Genetic Algorithm Approach for the Aircraft Landing Scheduling Problem”,
Istanbul Gelisim University Journal of Social Sciences, 5, (1), April 2018, pp. 127-148.

A Fuzzy Cluster Based Genetic Algorithm Approach for the
Aircraft Landing Scheduling Problem

Yakup CELIKBILEK*

Abstract

Aircraft Landing Scheduling (ALS) problem is one of the most important part of
both aviation and air traffic control. The main objective of the problem is determining
the landing time of the aircrafts with minimizing the penalty cost under some
constraints. Each aircraft has an optimum target landing time based on their specialties
related with fuel, airspeed and cost. Deviations from landing time targets increase the
penalty cost of both the aircraft and the problem. In this paper, a fuzzy cluster based
genetic algorithm approach is given for the solutions of ALS problems. An ALS
benchmark, which contains up to 500 aircrafts and five runways, was obtained from OR-
library to execute and evaluate the algorithm. Computational results of the proposed
algorithm are given in detail and compared with the best results in the literature. The
algorithm results show that it is very competitive and have good results when applied to
the regarding problem.

Keywords: Aircraft Landing, Scheduling, Timetabling, Fuzzy Cluster, Genetic
Algorithms

Ucak Inis Probleminin Cizelgelenmesinde Bulanik Kiime Temelli Bir Genetik
Algoritma Yaklasim

0z

Ugak Inis Planlamasi (UiP) problemi hem havacihifin hem de hava trafik
kontroliiniin en énemli boélimlerinden birisidir. Problemin esas amaci, baz kisitlar
altinda ihlal maliyetlerinin minimize edilerek ucgaklarin inis zamanlarinin
belirlenmesidir. Problemde, ugaklarin her biri i¢in yakit, hava hiz1 ve maliyet ile ilgili inis
zamanlarina dayali spefikasyonlarin oldugu optimum hedefler séz konusudur. Inis
zamani hedefinden sapmalar ugagin ve problemin ihlal maliyetlerinin artmasina neden
olmaktadir. Bu ¢alismada bulanik kiime temelli bir genetik algoritma yaklagimu UIP
problemleri icin verilmistir. 500 ugagin ve 5 pistin bulundugu bir UIP test problemi
onerilen teknigin kullanilmasi ve degerlendirilmesi i¢in yo6neylem arastirmasi
kiitiiphanesinden elde edilmistir. Onerilen algoritma ile elde edilen detayli sonuglar
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literatiirde yer alan en iyi sonuglarla kiyaslanmistir. Onerilen yéntem uygulandiginda
elde edilen algoritma sonuglar1 olduk¢a rekabetci ve iyi sonuglardir.

Anahtar Kelimeler: Ucak Inis, Planlama, Cizelgeleme, Bulanik Kiime, Genetik
Algoritma

Introduction

Aviation has an increasing importance in the globalizing world. Due to
varied high cost related variables, copious of the subtle details are vital. Due to
early and late landing costs of aircrafts and those engendered related costs,
Aircraft Landing Scheduling (ALS) problem has an increasing importance in
both aviation and Academic Community. ALS problem encompasses air traffic
control with determining the best schedule for landing and departure of
aircrafts.

The main purpose of the problem is to provide aircrafts landing and
departure at the closest planned time. Controllers in the air route traffic control
centers are responsible for scheduling these planes as an orderly and
sufficiently separated sequence, and assigning each plane a landing and
departure timel. This situation is not only important for the current airport
where aircraft is but also important for the destination airport for departure
scheduling. Tardiness of the departure of an aircraft leads to altering the
schedule of the destination airport and this posture increases the costs of the
airports for both current and destination reciprocal. This is also valid for earlier
departure time than planned. At this point, aircrafts can fly as fast as possible or
can hold in the air with maneuvers and cycles to land the destination airport at
the scheduled time. But, aircrafts has an optimum target landing time
determined based on their most fuel-efficient airspeed, referred to as the cruise
speed?. There are a myriad of copious plans and policies with high costs which
cannot be altered depending on countries and airports.

The structure of the paper is as follows. In Section 2, literature review
within our knowledge is given in detail chronologically. In Section 3,
mathematical notations and formulations used in the solution and the proposed
algorithm are given. In Section 4, the proposed algorithm is explained and given
in detail. In Section 5, the details of Benchmark and the previous results in the
literature are given. In Section 6, computational results are given and compared
with the best results in the literature. Finally, conclusions and discussions are
given in Section 7.

1Ke Tang...[et al.], “A multi-objective evolutionary approach to aircraft landing scheduling
problems”, IEEE World Congress on Computational Intelligence in Evolutionary Computation, CEC
2008, 2008, p. 3652.

2 B.S. Girish, “An efficient hybrid particle swarm optimization algorithm in a rolling horizon
framework for the aircraft landing problem”, Applied Soft Computing, 44, 2016, p. 200.
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Literature Review

According to hardness of ALS problem, there are constraints such as
departures, arrivals, other cost related factors and variables with time
dependence. This kind of problems are known as NP-hard. Solutions of the
problems are obtained from heuristic techniques. There are several
benchmarks and problems including specific problems for ALS and lots of
heuristic techniques for NP-Hard problems in the literature. In this study, an
ALS benchmark derived from OR-library is used. At this point, literature review
is considered with the studies used OR-library benchmark or ALS problems.
Due to the limited literature about ALS problems and the gap for this problem
lead us to scrutinize this problem.

ALS problem has been studied more than a decade but it becomes
appealing topic for the researchers mostly in the last five years with the
evolution of the information systems and their performances. The benchmark
used in this study was firstly introduced in 2000 by Beasley et al.3 for up to 50
aircrafts and four runways. The authors studied ALS problem as a static case
and presented a mixed-integer zero-one formulation. They also presented a
heuristic algorithm and showed all computational results. And then in 2004,
Beasley et al.* used the benchmark up to 500 aircrafts and 5 runways. In the
study, the authors considered problems as dynamic aircraft landing problems.
They applied three different approaches and reported all results with a
comparable table in detail. In 2006, Pinol and Beasley> introduced two different
heuristic techniques which are scatter search and bionomic algorithm for the
ALS problems. These heuristic techniques were formerly used by researchers
but have not been applied to ALS. The authors applied the algorithms up to 500
aircrafts and five runways. A hybrid algorithm with Genetic Algorithms (GA)
and Ant Colony Optimization (ACO) was proposed by Bencheikh et al. in 20096.
They applied the ALS problem as a job shop scheduling problem based on a
graphical representation. They applied the hybrid method up to 50 aircrafts
and four runways.

In 2011, Yu et al.” introduced a real-time schedule method based on
cellular automation with the combination of GA. In the study, the authors used
GA to improve the results obtained from cellular automation. They showed the
results up to 500 aircrafts but one runway. Bencheikh et al.8 presented a two-

3]. E. Beasley...[et al.], “Scheduling aircraft landings—the static case”, Transportation Science, 34(2),
2000, p. 180-197.

4]. E. Beasley...[et al.], “Displacement problem and dynamically scheduling aircraft landings”,
Journal of the Operational Research Society, 55(1), 2004, p. 54-64.

5 H. Pinol and ]. E. Beasley, “Scatter search and bionomic algorithms for the aircraft landing
problem”, European Journal of Operational Research, 171(2), 2006, p. 439-462.

6 Ghizlane Bencheikh...[et al.], “Hybrid method for aircraft landing scheduling based on a job shop
formulation”, International Journal of Computer Science and Network Security, 9(8), 2009, p. 78-88.
7 Shenpeng Yu...[et al.], “A real-time schedule method for Aircraft Landing Scheduling problem
based on Cellular Automation”, Applied Soft Computing, 11(4), 2011, p. 3485-3493.

8 Ghizlane Bencheikh...[et al.], “Improved ant colony algorithm to solve the aircraft landing
problem”, International Journal of Computer Theory and Engineering, 3(2), 2011, p. 224-233.

-129-



Y. Celikbilek, “A Fuzzy Cluster Based Genetic Algorithm Approach for the Aircraft Landing Scheduling Problem”,
Istanbul Gelisim University Journal of Social Sciences, 5, (1), April 2018, pp. 127-148.

part solution for ALS problems. They introduced a mathematical formulation
with a linear and nonlinear objective function to minimize deviations between
the landing times and to maximize the objective function to use efficiently the
runway. In the second part of the proposed algorithm, they introduced a new
heuristic approach with ACO to solve the multiple runways cases. They applied
the proposed algorithm up to 50 aircrafts and 4 runways. Dhouib® applied a
variable neighborhood search with a multi start technique. An adaptive taboo
memory was also used to avoid bad solutions and to obtain results earlier. They
also applied the proposed algorithm up to 50 aircrafts and four runways.

In 2013, Salehipour et al.l® introduced a hybrid metaheuristic with
simulated annealing framework. The authors applied the proposed approach
up to 500 aircrafts and five runways. They obtained the best solutions up to
100 aircrafts with the proposed hybrid approach. For more than 100 aircrafts
and multiple runways, they could not obtain best results but they have
converged. A polynomial algorithm was introduced by Awasthi et al.!! to solve
the ALS problems with single and multiple runways. The authors applied the
polynomial algorithm up to 500 aircrafts and five runways. Their results show
that the proposed algorithm get better results than the literature especially for
the multiple runways. Bencheikh et al.l2 introduced four hybrid algorithms
with using Tabu Search (TS) and GA. These hybrid algorithms were especially
introduced for multiple runways. The introduced four hybrid algorithms were
applied up to 500 aircrafts and five runways to prove the success of the
algorithms. The best result for 500 aircrafts and one runway was obtained by
the hybrid algorithm which is based on GA, and then applied TS to avoid the
prolongation of search. Phirouzabadi et al.!3 proposed a time segment heuristic
method especially for the constraint of the unavailability of runways. They
solved the ALS problems with the proposed approach by separating the main
problem to sub problems. The proposed approach was applied up to 50
aircrafts and four runways by obtaining the best results.

In 2014, a hybrid algorithm with differential evolution and simple
descent algorithm was introduced by Sabar and Kendall'*. Simple descent
algorithm was used to accelerate the solutions of differential evolution. They

9 Souhail Dhouib, “A multi Start adaptive Variable Neighborhood Search metaheuristic for the
aircraft landing problem. 4th International Conference on Logistics (LOGISTIQUA), 197-200.

10 Amir Salehipour...[et al.], “An efficient hybrid meta-heuristic for aircraft landing problem”,
Computers & Operations Research, 40(1), 2013, p. 207-213.

11 Abhishek Awasthi...[et al.], “Aircraft landing problem: An efficient algorithm for a given landing
sequence”, IEEE 16th International Conference on Computational Science and Engineering (CSE),
2013, p. 20-27.

12 Ghizlane Bencheikh...[et al.], “Hybrid Algorithms for the Multiple Runway Aircraft Landing
Problem”, International Journal of Computer Science and Applications, 10(2), 2013, p. 53-71.

13 M. Mahmoudian...[et al.], “Aircraft Landing Scheduling Based On Unavailability Of Runway
Constraint Through A Time Segment Heuristic Method”, International Journal of Informatics and
Communication Technology (IJ-ICT), 2(3), 2013, p. 175-182.

14 Nasser R. Sabar and Graham Kendall, “Aircraft landing problem using hybrid differential
evolution and simple descent algorithm”, IEEE Congress on Evolutionary Computation (CEC), 2014,
p. 520-527.
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also claimed that proposed hybrid algorithm performs better than differential
evolution without the simple descent algorithm.

In 2015, Sabar and Kendal!> proposed an iterated local search algorithm
with multiple perturbation operators to modify the solutions. Perturbation
operators provide escaping from local optimum and a new solution for local
search procedure. They used a variable neighborhood descent algorithm in the
iterated local search procedure. Ghoniem and Farhadi'® used a two-step
solution method to solve the ALS problems in their study. First step includes
mixed-integer programming with preprocessing routines and symmetry-
defeating hierarchical constraints to improve its performance. In the second
step, problem was reformulated as a set partitioning model and a column
generation approach was used. The proposed method was applied up to 500
aircraft and five runways. Fayel” proposed a method with time discretization.
Mainstay of the method was an approximation of the separation time matrix
which provides lower and upper bounds to be used in algorithm to solve the
problem. The computational results of the proposed method was shown up to
500 aircrafts and five runways.

In 2016, a Modified Variable Neighborhood Search algorithm was
proposed by Ng and Lee!8. Branch and bound algorithm was also used to avoid
from local optimum and to reduce the calculation times. The proposed
approach was applied only up to 20 aircrafts and 4 runways. Bencheikh et al.1?
used a memetic algorithm to obtain the solutions of the dynamic multiple
runways ALS problems. In the study, the authors mainly focused on dynamic
version of the ALS problems. They combined the memetic algorithm with ACO
and a local search. They applied the proposed combined algorithm up to 50
aircrafts and four runways. Ji et al.20 developed a sequence searching and
evaluation algorithm. In the study, the authors classified the different
formulations of ALS problems by the objectives and constraints. They used only
up to 44 aircraft and one runway problems to apply the developed algorithm
and compare the results. A hybrid Particle Swarm Optimization (PSO) was
introduced by Girish?l. Evaluating the effectiveness of the proposed algorithm

15 Nasser R. Sabar and Graham Kendall, “An iterated local search with multiple perturbation
operators and time varying perturbation strength for the aircraft landing problem”, Omega, 56,
2015, p. 88-98.

16 Ahmed Ghoniem and Farbod Farhadi, “A column generation approach for aircraft sequencing
problems: a computational study”, Journal of the Operational Research Society, 66(10), 2015, p.
1717-17209.

17 Alain Faye, “Solving the aircraft landing problem with time discretization approach”, European
Journal of Operational Research, 242(3), 2015, p. 1028-1038.

18K, K. H. Ngand C. K. M. LEE, “A modified Variable Neighborhood Search for aircraft Landing
Problem”, IEEE International Conference on Management of Innovation and Technology (ICMIT),
2016, p. 127-132.

19 Ghizlane Bencheikh...[et al.], “A memetic algorithm to solve the dynamic multiple runway aircraft
landing problem”, Journal of King Saud University-Computer and Information Sciences, 28(1), 2016,
p. 98-109.

20 Xjao Peng Ji...[et al.], “Sequence searching and evaluation: a unified approach for aircraft arrival
sequencing and scheduling problems”, Memetic Computing, 8(2), 2016, p. 109-123.

21 B.S. Girish, ibid, p. 200-221.

-131-



Y. Celikbilek, “A Fuzzy Cluster Based Genetic Algorithm Approach for the Aircraft Landing Scheduling Problem”,
Istanbul Gelisim University Journal of Social Sciences, 5, (1), April 2018, pp. 127-148.

was executed by applying it up to 500 aircrafts and 5 runways. The results of
the proposed algorithm were also compared with two other PSO algorithms
adapted from the literature.

In 2017, Abdullah et al.22 proposed a harmony search algorithm for the
solutions of the multiple runways ALS problem. The proposed approach was
applied up to 500 aircrafts and 5 runways to show the effectiveness of the
algorithm. The results show that the proposed approach is successful especially
small size problems.

Mathematical Formulation

Notations and their explanations used for mathematical formulations are
given in Table 1.

Table 1: Notation and Explanations

Notations Explanations

n Number of Aircrafts

N Set of Aircrafts

m Number of Runways

M Set of Runways

TA; Appearance Time of the Aircraft i

TS; Scheduled Landing Time of the Aircraft i

TE; Earliest Landing Time of the Aircraft i

TT; Target Landing Time of the Aircraft i

TL; Latest Landing Time of the Aircraft i

TD;; Separation Time for Landing of Aircraft j after Aircraft i

PE; Penalty Cost per Unit of Time for Landing Earlier than Target Time
PL; Penalty Cost per Unit of Time for Landing Later than Target Time
P Total Penalty Cost

DE; Time Difference of Earlier Landing

DL; Time Difference of Later Landing

R; Landing Runway of Aircraft i

Cijk Membership of Aircraft i for Cluster j of Runway k

Sis Solution Matrix of the Problem (Columns: R;, TS;, TE;, TT;, TL;)

The objective function of the ALS problems is the same as other NP-hard
problems. The objective is to obtain the minimum penalty cost which is

22 Omar Salim Abdullah...[et al.], “Harmony Search Algorithm for the Multiple Runways Aircraft
Landing Scheduling Problem”, Journal of Telecommunication, Electronic and Computer Engineering
(JTEC), 9(3-7), 2017, p. 59-65.
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calculated by using the deviations of the target landing times in ALS problems.
The penalty cost function or the objective function of the problem is given in

Eq. (1).
min (P) =Y ,(DE,PE;+ DL,PL;) (1)

While calculating the total penalty cost function in Eq. (1), constraints
are given in Eq. (2) and Eq. (3) have to be ensured.

TE,<TS;<TL, Yi€EN (2)
TSl‘ 2 TS(i—l) + TDU (3)

where (i-1) represents the aircraft landing before the aircraft i on the same
runway. Because of the proposed algorithm design, the runway constraints are
not included in the model used in this study.

The Proposed Algorithm and Foundations

In this section, the proposed fuzzy cluster based genetic algorithm
(FCGA) approach and its foundations are given.

Fuzzy Set Theory

Fuzzy Set Theory (FST) was firstly introduced by Zadeh?3. Zadeh has
provided handling with the problems by the help of membership functions.
Since FST was introduced, it has been implemented a wide range of fields. A
basic notation of a fuzzy set is shown in Eq. (4).

A={(x,p,(x)) x €[0,1]} (4)

where A is a fuzzy set, u,(x) is the membership function which describes the
membership degree of x in set A. In this study, while applying the proposed GA,
the fuzzy clusters are used for the time ranges. This provides improving the
initial bad solutions rapidly. None of the memberships is left 0, not to let escape
the better solutions, because of the different penalty costs per minute.

Generally, in the literature, triangular fuzzy numbers are used in the
studies. An example of membership functions by using triangular fuzzy
numbers is shown in the Figure 1.

23 Lotfi A. Zadeh, “Fuzzy Sets”, Information and Control. 8, 1965, 338-353.
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Figure 1: An Example of Membership Functions of the Triangular Fuzzy
Numbers

The membership function of x for the set A in the Figure 1 is calculated
by using Eq. (5).

0 x € (—,a,y)
x—a
ﬁ x € [ay, a,]
wa) =4 27" (5)
S €
o—a, FC€lozal
0 X € (aSl +OO)
Genetic Algorithm

Solutions based on GA were firstly introduced by Holland?4. The method
models the problems inspired by genetics. Variables in the problems are
defined as genes and chromosomes, and solutions are obtained by using
techniques such as crossover, mutation etc. like in the genetics. In the following
paragraphs, basic genetic operators and definitions used in the proposed
algorithm are given briefly.

Fitness Function (FF): FF is calculated by using the objective function
which is penalty cost function in this study. Generally, in the literature, FF is
equal to objective function in maximization problems, in contrast in this study
FF used for minimizing the objective function which is given in Eq. (6).

24 John H. Holland, Adaptation in natural and artificial systems: an introductory analysis with
applications to biology, control, and artificial intelligence, Ann Arbor, University of Michigan Press,
1975.
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1
FF =4 (6)
i

Mutation: altering the random genes by using a predefined percentage
value. Mutation is mostly preferred in GA-based solutions, because it eliminates
trapping to the local optimums.

Roulette Wheel Selection (RWS): RWS technique is used for the selection
of parents to form the next generations. Two of the population is selected with
this technique, and then a child solution is generated by using crossover the
parent solutions. RWS increases the selection chance of better solutions, and
worse solutions vanished faster from the population. An example of RWS is
given in Eq. (7) with the penalty function which means that minimum value is
better.

p,

2’(1/1’1)

where ¢; is selection chance of the parent solution i and P, is the penalty cost of
parent i.

Crossover: Crossover techniques are used to generate child solutions
from parent solutions. There are three main crossover techniques, which are
one point crossover, two point crossover and uniform crossover, have been
using in the literature. Examples of one point crossover and two point
crossover are given in Figure 2.
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Figure 2: One and Two Point Crossovers

H

In this study, two point crossover is used according to the cluster
memberships. This means that if a crossover does not satisfy the memberships,
it will not be happened.
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The Proposed Algorithm

In this sub-section, proposed algorithm for the solutions of ALS
problems is given. Proposed algorithm can be considered as solving problems
dividing them to sub-problems. But the main approach of the algorithm is that
penetrating members of each cluster to another clusters by using membership
values. With this perspective, aircrafts can be controlled under the clusters in
which they have higher membership value. Not to let escape the better
solutions, membership values of the aircrafts for each cluster have values
greater than zero which are also depending of their earliest and latest landing
times. If a cluster is out of the aircraft’s earliest or latest landing time interval,
then the membership value for the cluster is zero. Memberships are also
controlled together with the probabilities in the solution process of the
algorithm.

The beginning of the algorithm is determining the number of time
clusters in the solution. Number of clusters can be determined depending on
the complexity of the problem. According to similar problems in the literature,
larger clusters get closer the problem to main problem and smaller clusters
make the calculations of the problem heavy which effects the solution times.
After determining the number of time clusters, membership values of each
aircraft are calculated for all clusters of runways. Then, the proposed GA is
executed by including fuzzy clusters. Flowchart of the proposed FCGA is shown
in Figure 3.
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Determine the
number of clusters

Determine the memberships and
calculate the membership values

1

Determine the initial solutions depending
on the best cluster membership values by
fitting the constraints of the problem

1

Calculate the penalty costs
and fitness values

{

Select the parents by using | _
RWS technique

1

Crossover to generate
chilren

1

Replace S0%26 of the worst parents
with the best chidren solutions

il

Crossover between
runways of individuals

1

ANfutation (3%) I

—_—

Calculate the penalty costs and
fitness values of new generation

1

Recalculate the memberships and
membership values if needed

Figure 3: Flowchart of the Proposed FCGA
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Table 2: Fuzzy Cluster Based Genetic Algorithm
Read n,TE;, TT;, TL;, TD;;, PE;, PL; from
database

2: Determine m
Generate S;g
4:  Determine Clusters
Calculate Cjj; as an initial
6:  Calculate initial TS; according to memberships
and constraints
Calculate P and FF of initial solution
8. do
for (all population)
10: select parents with RWS
crossover parents to generate children
considering memberships of the clusters

ijr

12: end for
for (%80 of population)
14: Replace the worst parent with the best
child
end for

16: for (all population)
select two runway of the individual
randomly
18: crossover runways considering
memberships of the clusters
end for
20 for (all population)
mutation with 3% possibility
22: end for
check and fix T'S; within S;5
24: Recalculate P and FF of all population
Recalculate the memberships and
membership values
26. while (Pnew best < Pold best)
Print the best solution

In the proposed algorithm, probabilities, crossovers and mutations are
restricted by fuzzy clusters. Cut values of the fuzzy cluster memberships can be
determined depending on the problem or by user. If a cut value is never
defined, algorithm works as a plain GA. Because, as it was reported before, not
to let escape better solutions, none of the memberships left zero. The main
difference of the algorithm is controlling the GA by using changing fuzzy
clusters and cut values. Computational results of the proposed approach are
given in detail with the comparison of the best results in Section 6.
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Benchmark and Results in the Literature

This section is allocated to introduce the benchmark which is used to
evaluate the proposed algorithm. Benchmark instances will be given with the
results as in the literature.

Results in the Literature

The benchmark instances have been taken from the OR-library
website?s. It was firstly used in 2000 by Beasley et al.26 up to 50 aircrafts and
four runways. And then in 2004, Beasley et al.2? used the benchmark up to 500
aircrafts and 5 runways. The benchmark has 13 problems up to 500 aircrafts
and 5 runways. Details of the benchmark and the results of the benchmark
problems in the literature are given in Table 3. Only comparable literature
results are reported in the table. Results which are only up to 50 aircrafts are
eliminated in the table.

Table 3: Airland Benchmark and the Comparative Results in the Literature

Beasley Beasley Pinol & Awasthi Sabar & Ghoniem

PN n m etal etal. Beasley Salehipour etal. Bencheikh Kendall & Farhadi Girish Best
2000 2004 2006 etal. 2013 5443 etal. 2013 545 2015 2016
AL 10 1 700 740 700 720 700 700 701 700 700 700
2 9 90 90 90 90 90 90 90 90 90
3 0 0 0 0 0 0 0 0 0 0
Az 15 1 1480 1730 1480 1480 1480 1480 1485 1480 1480 1480
2 210 210 210 210 210 210 211 210 210 210
3 0 0 0 30 0 0 1 0 30 0
A3 20 1 820 940 820 820 820 820 825 820 820 820
2 60 60 60 70 60 60 64 60 70 60
3 0 0 0 10 0 0 1 0 10 0
A4 20 1 2520 2700 2520 2520 2520 2520 2523 2520 2520 2520
2 640 680 640 660 640 640 643 640 660 640
3 130 130 130 160 130 130 136 130 160 130
4 0 0 0 30 0 0 0 0 30 0
AS 20 1 3100 3180 3100 3100 3100 3100 3102 3100 3100 3100
2 650 680 650 650 650 650 658 650 650 650
3 170 240 170 170 170 170 176 170 170 170
4 0 0 0 30 0 0 1 0 30 0
A6 30 1 24442 24442 24442 24442 24442 24442 24458 24442 24442 24442
2 554 809 554 554 554 600 564 554 554 554
3 0 0 0 0 0 0 0 0 0 0
A7 44 1 1550 3974 1550 1550 1550 1550 1558 1550 1550 1550

25 QR-Library, < http://people.brunel.ac.uk/~mastjjb/jeb/orlib/airlandinfo.html> Accessed
01.02.2017.

26]. E. Beasley...[et al.], ibid.

27]. E. Beasley...[et al.], ibid.
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2 0 0 0 0 0 0 1 0 0 0
A8 50 1 1950 2000 1950 1950 1995 1950 1959 1950 1950 1950
2 135 135 135 135 135 135 143 135 135 135
30 0 0 10 0 0 2 0 10 0
A9 100 1 78484 56117 60918 5703.5 6890 56140 56119 56117 56117
2 5732 4529 4502 4441 453 4552 4441 4441 4441
3 88.7 75.7 75.7 75.7 76 827 75.7 75.7 75.7
4 0.0 0.0 0.0 0.0 0 22 0.0 0.0 0.0
A10 150 1 177260 123293 123293 135156 14230 123443 123107 122922 122922
2 13722 12887 12192 12037 1320 12815 11437 11440 11437
3 2461 2207 2064 2052 246 2115 2052 2062 2052
4 342 342 352 342 42 412 342 352 342
5 0.0 0.0 1.0 0.0 0 11 00 1.0 00
A1l 200 1 193274 124183 124183 134015 16790 124195 124183 124183 124183
2 16837 15408 14168 14006 1830 14160 13309 13309 13309
3 3335 28038 2729 253.1 320 2764 253.0 253.0 253.0
4 69.6 545 545 545 55 655 545 545 545
5 0.0 0.0 0.0 0.0 0 12 0.0 0.0 0.0
A2 250 1 250492 162097 162097 173464 16242 162169 163022 161221 161221
2 22049 19613 19613 17536 1980 19696 16956 16956 16956
3 4305 290.0 2797 2334 324 2909 2219 2219 2219
4 28 34 34 24 3 74 24 24 24
5 0.0 0.0 0.0 0.0 0 12 0.0 0.0 0.0
A13 500 1 583206 448323 414481 430520 44832 413914 372947 370641 370641
2 48979 55019 54758 4593.7 5502 54701 39203 39213 39203
3 8218 11085 7449 7128 1140 11144 6738 6738 6738
4 1233 1884 1006 89.9 188 1048 89.9 89.9 89.9
5 0.0 73 38 0.0 7 91 0.0 0.0 0.0
*PN: Problem Name, A1l: Airland1, ..., A13: Airland13.

An Example of Benchmark Data

The ALS problem data set for the Airland1 problem is given in Table 4.

The ALS problem data sets are generally represented like in the Table 4 without
special conditions of the problems, airports and companies. First column of the
table, represents the aircraft numbers. Columns between 2 and 11 show the
separation times between the landings of following aircrafts. Columns between
12 and 15 show the appearance time, the earliest landing time, the target
landing time and the latest landing time respectively. 16th column is for the
penalty cost per unit of time for landing earlier than target time and the 17th
columns is for the penalty cost per unit of time for landing later than target
time.
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Table 4: Airland1 Data Set

n 1 2 3 4 5 6 7 8 9 10 TA; TE; TT; TL;, PE;, PL
1 X 3 15 15 15 15 15 15 15 15 54 129 155 559 10 10
2 3 X 15 15 15 15 15 15 15 15 120 195 258 774 10 10
3 15 15 X 8 8 8 8 8 8 8 14 89 98 510 30 30

4 15 15 8 X 8 8 8 8 8 8 21 96 106 521 30 30

5 15 15 8 8 X 8 8 8 8 8 35 110 123 555 30 30
6 15 15 8 8 8 X 8 8 8 8 45 120 135 576 30 30
7 15 15 8 8 8 8 X 8 8 8 49 124 138 577 30 30
8 15 15 8 8 8 8 8 X 8 8 51 126 140 573 30 30
9 15 15 8 8 8 8 8 8 X 8 60 135 150 591 30 30
10 15 15 8 8 8 8 8 8 8 X 85 160 180 657 30 30

Computational Results

In this section, computational results of the study are given. Calculations
of the proposed algorithm were implemented in Java and executed on a
computer with Intel(R) Core (TM) i7-4720HQ 2.60 GHz, 16 GB RAM and
windows 8.1 professional 64 bit operating system.

Because of the size of the problems all of the results cannot be given but
obtained results are given in detail as much as possible. In this section, detailed
schedule results of the first two problems for one and two runways are given as
examples. And then, obtained penalty costs for all problems are given with the
best results in the literature as a comparable table.

Detailed Schedules of Airland1 and Airland2 for One Runway

Calculated schedules of Airland1 and Airland2 problems for one runway
are given in Table 5. First column of the table is ranking of the aircrafts, second
column is scheduled landing time of the aircrafts obtained by the proposed
approach, third column is the target landing time given in the problem, fourth
column is the difference between the scheduled landing time and the target
landing time of the aircrafts, fifth column is the penalty cost per unit of time
before or after the target landing time, and sixth column is total penalty cost for
each aircraft. Penalty cost per unit of time before or after the target landing
time is given in one column, because both of them are same in these problems.
Total penalty costs of both problem are given at the bottom of the table.
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Table 5: Schedules of A1 and A2 for One Runway

Airland1 Airland2
A i;?«;?:lged Target Landing Time ~ Dif*  Penalty ;‘e’:a[]“':?:f]:y A i;?«;?:lged ::l:%eiflg Dif.  Penalty ;‘e’:a[‘“‘:?::fltty
Time Time Time
3 98 98 0 30 013 90 93 3 30 90
4 106 106 0 30 04 98 98 0 30 0
5 118 123 5 30 150 | 5 106 111 5 30 150
6 126 135 9 30 270 | 6 114 120 6 30 180
7 134 138 4 30 120 (7 122 121 1 30 30
8 142 140 2 30 60 | 8 130 120 10 30 300
9 150 150 0 30 019 138 128 10 30 300
1 165 155 10 10 100 | 10 151 151 0 30 0
10 180 180 0 30 0] 14 171 171 0 30 0
2 258 258 0 10 0] 13 181 181 0 30 0
1 196 155 41 10 410
2 250 250 0 10 0
12 313 313 0 10 0
11 341 341 0 10 0
15 344 342 2 10 20
Total Penalty Cost for Airland1 700 [ Total Penalty Cost for Airland2 1480

* A: Aircraft Number, Dif.: Difference between scheduled and target landing time

Detailed Schedules of Airland1 and Airland2 for Two Runways

Calculated schedules of Airland1l and Airland2 problems for two
runways are given in Table 6. First column of the table is numbers of the
runways and other columns of the table are the same as Table 6. Total penalty
costs are given at the bottom of the table for each problem.
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Table 6: Schedules of A1 and A2 for Two Runway

Airland1 Airland2

Runway A SLT TLT D P TP Runway A SLT TLT D P TP
3 98 98 0 30 0 3 93 93 0 30 0
4 106 106 0 30 0 5 111 111 0 30 0
1 7 138 138 0 30 0 6 120 120 0 30 0
9 150 150 0 30 0 1 9 128 128 0 30 0
10 180 180 0 30 0 10 151 151 0 30 0
5 123 123 0 30 0 14 171 171 0 30 0
6 132 135 3 30 90 15 342 342 0 10 0
2 8 140 140 0 30 0 4 98 98 0 30 0
1 155 155 0 10 0 8 120 120 0 30 0
2 258 258 0 10 0 7 128 121 7 30 210
1 155 155 0 10 0
? 13 181 181 0 30 0
2 250 250 0 10 0
12 313 313 0 10 0
11 341 341 0 10 0
Total Penalty Cost for Airland1 90 | Total Penalty Cost for Airland2 210

All Comparable Results of the Proposed Approach

Computational results of the Benchmark by using the proposed FCGA
approach are given in Table 7 with the comparison of the best results in the
literature. Fourth column named 'best’ is the best results obtained by Table 3.
Fifth column shows the results obtained by executed the proposed FCGA
approach. Last column of the table (A(%) ) represents the difference between
the obtained results and the best results.

Table 7: Computational Results
p n m Best Proposed FCGA A(%)

Al 10 1 700 700 0
2 90 90 0
3 0 0 0
A2 15 1 1480 1480 0
2 210 210 0
3 0 0 0
A3 20 1 820 820 0
2 60 60 0
3 0 0 0
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A4 20 1 2520 2520 0
2 640 640 0
3 130 130 0
4 0 0 0
A5 20 1 3100 3100 0
2 650 650 0
3 170 170 0
4 0 0 0
A6 30 1 24442 24442 0
2 554 554 0
3 0 0 0
A7 44 1 1550 1550 0
2 0 0 0
A8 50 1 1950 1950 0
2 135 135 0
3 0 0 0
A9 100 1 56117 5687.5 0.01
2 444.1 453.2  0.02
3 75.7 76.2 0.01
4 0.0 0.0 0.00
A10 150 1 12292.2 12615.8 0.03
2 11437 11363 -0.01
3 205.2 205.4 0.00
4 34.2 34.2  0.00
5 0.0 0.0 0.00
A1l 200 1 124183 12759.1 0.03
2 13309 13476 0.01
3 253.0 257.3  0.02
4 54.5 57.3 0.05
5 0.0 0.0 0.00
A12 250 1 16122.1 16237.7 0.01
2 1695.6 1701.7 0.00
3 221.9 221.9 0.00
4 2.4 2.4 0.00
5 0.0 1.2 0.00
A13 500 1 37064.1 37183.8 0.00
2 39203 41251 0.05
3 673.8 703.3  0.04
4 89.9 89.9 0.00
5 0.0 0.0 0.00

As a result of our findings, small size problems between A1 and A8 can
be solved no more than 2 seconds. However, problems with larger number of
aircrafts and smaller number of runways have challenging difficulties. While
number of runways are increasing, reaching the solution time decreases yet it is
still challenging for large problems. During the implementation of our
algorithm, problems with large number of aircrafts and small number of
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runways were limited to 3600 seconds. Especially, implementation of problems
with larger number of aircrafts and 5 runways were carried out no more than 5
seconds like small size problems.

The best results in the literature for the problems between A1l and A8
were obtained by the proposed FCGA approach in this study. Literature review
also shows that almost all of the proposed methods can find the best results for
these small size problems. For the problems between A9 and A13, the FCGA
approach converges the best results. Half of these problems could be obtained
without any difference. Quarter of these problems could be obtained with 1%
difference than the best results. And, the rest of the results shown in Table 7
and whose difference is more than 1% could be obtained in a limit of 3600
seconds. When all of the obtained results by FCGA is evaluated together, it can
be stated that the proposed FCGA approach is competitive and effective.

Conclusion

The ALS problem known as NP-hard problem for heuristic optimization
is an important issue for both aviation and air traffic control. The aim of the
problem is to minimize penalty cost by decreasing the deviations from the
landing time under some constraints. The ALS problem has two main parts
which make finding the best solution of the problem really hard. First part is
sorting the aircrafts. And then, the second part is that calculating the optimum
landing time of the aircrafts.

In this study, the implementation of fuzzy set theory to GA was focused
on. Firstly, foundations of the proposed algorithm, which are fuzzy set theory
and GA, were given briefly. And then, generation of fuzzy clusters by satisfying
the constraints was defined to use in the algorithm. The effectiveness and
validation of the proposed algorithm were tested by executing the algorithm
with a benchmark set which is up to 500 aircrafts and 5 runways. The proposed
algorithm has a satisfactory performance and the results are competitive with
the literature.

For further research, the proposed approach can be also implemented to
other heuristic techniques or adapted with different operators to improve. The
proposed FCGA approach can be implemented to various scheduling problems
from different fields with small modifications depending on problem types and
constraints.
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Ozet

Ucak inis planlamasi(UIP) problemi hem havaciligin hemde hava trafik
kontroliiniin en énemli béliimlerinden birisidir. Problemin esas amaci, bazi kisitlar altinda
ihlal maliyetlerinin minimize edilerek ugaklarin inis zamanlarinin belirlenmesidir.
Problemde, ugaklarin her biri icin yakit, hava hizi ve maliyet ile ilgili inis zamanlarina
dayal spefikasyonlarin oldugu optimum hedefler séz konusudur. Inis zamani hedefinden
sapmalar ucagin ve problemin ihlal maliyetlerinin artmasina neden olmaktadir. Burada
ozetlenmis olan amag dogrultusunda da bu ¢alismada, planlanan inis zamanlarindan
sapmalart en aza indirgeyerek ugaklarin inis zamanlarinin planlanmasi iizerinde
durulmustur.

Bunun icin oncelikle detayli bir literatiir ¢calismast gerceklestirilmistir. Fakat mevcut
literatiirde fazla makale yer almamasi dolayisiyla da erisilebilmis olan makaleler
olabildigince tiim yodnleriyle detayli bir sekilde incelenmeye ¢alisilmistir. Literatiir
taramasinin aktarilmasinin ardindan, onerilmis olan ¢6ziim ydnteminin ve algoritmanin
daha anlasitlir bir hale gelmesi adina yéntemlerde ve algoritmalarda kullanilan
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matematiksel notasyonlar ve formiiller aciklamalariyla birlikte liciincti boliimde
aktarimistir. Calismanin dérdiincti  boliimiinde, bulanik kiime teorisi ve genetik
algoritmalar, yéntemlerde yer alan onemli formiillerle de birlikte ézet bir sekilde
aktarilmigtir. Ayni béliimiin devaminda daha sonra, oOnerilmekte olan yéntem akis
diyagrami ve kaba kodlart verilerek olabildigince detayli bir sekilde aktarimigstir.
Onerilmekte olan yéntemin test problemiyle uygulanmasina gecmeden énce literatiirde yer
alan, problemlerden elde edilmis sonuglar karsilastirmali olarak tablo halinde verilmistir.
Altinct boliimde éncelikle, veri setinin ve sonuglarin anlagsilabilirligini de arttirmak adina
bir ve iki pist i¢in ilk iki test probleminin ¢izelgeleme sonuclari tablo halinde detayli olarak
verilmistir. Son olarak da, tiim test problemlerinin uygulama sonuglarina ait elde edilmis
olan en iyi sonuglar, literatiirde yer alan en iyi sonuglarla karsilastirmall olarak tablo
halinde verilmis ve elde edilen tiim sonuclar ayrintili olarak degerlendirilmistir. Calismada
gergeklestirilen uygulamalar, 500 ugaga ve 5 piste kadar 13 adet farkli problemin yer
aldigh UIP test problemlerinde bulanik kiime temelli bir genetik algoritma yaklasimiyla
gergeklestirilmistir. Kullanilmis olan test problemi Yéneylem Arastirmasi Kiitiiphanesinden
(OR-library) elde edilmistir. Onerilen algoritma ile elde edilen detayli sonuglar literatiirede
yer alan en iyi sonuglarla karsilastirildiginda, elde edilen algoritma sonuglarinin oldukca
rekabetygi ve iyi sonuglar tirettigi g6zlemlenmistir.
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