Journal of Naval Science and Engineering
2016, Vol. 12, No.2, pp.67-78
Endustri Mihendisi/Industrial Engineering

GENERALIZATION OF A UAV LOCATION AND ROUTING
PROBLEM BY TIME WINDOWS

Ertan YAKICI
Industrial Engineering Department, Turkish Navab8lemy, Istanbul, Turkey
eyakici@dho.edu.tr
Date of Receive: 12.09.2016 Date of Acceptance: 04.11.2016
Abstract

In this study we extend and generalize a locatingd @outing problem for UAVs, with
an objective of maximization of the total scorelaxibd from interest points visited. By
solving the problem we determine simultaneouslg-tak and landing stations and visit order
of interest points for each UAV. The problem isirsef by an integer linear programming
(ILP) formulation. An ant colony optimization appuah is altered for the introduced problem.
Computational experiments are performed to comp2iPe EX solver and the heuristic. We
observe that the heuristic performed well on theeelenced instances.

oz
Bu calsmada/HA'lar icin kullanilan, ziyaret edilen noktalardatoplanan puanlari
encoklamay! amaclayan bir yesteme ve rotalama problemi getirilerek daha genel bir
problem haline getirilmitir. Bu problemin ¢odzimii ile her bifHA igin kalks ve ink
istasyonlari ile noktalarin ziyaret siralari sgamanli olarak belilenmektedir. Problem
tamsayili dgrusal programlama modeli olarak formile editiv. Bir karinca kolonisi
optimizasyon yakkami problem icin modifiye edilgtir. Sayisal denemelerde CPLEX

¢oziclusu ile sezgisel yakla kagilastirilmis, sezgisel yakkamin tecribe edilen problem
ornekleri GUzerinde iyi performans gostejfiespit edilmjtir.

Keywords: Location and Routing Problem; Ant Colony OptimiaatUAV.
Anahtar Kelimeler: Yerlgtirme ve Rotalama Problemi; Karinca Kolonisi OptiasyonuiHA.

1. INTRODUCTION
In recent years we have witnessed that UAVs carease the capability of
military power by achieving difficult tasks thateaunsafe for pilots. More

specifically, small UAVs are employed by navies amkd as surveillance
drones by launching from small platforms.
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For a navy, having mobile platforms and changintergst points, most
survelliance tasks require a predetermined plarsfationing and routing the
UAVSs. A problem for optimal planning such an opematis defined by Yakici

[1], and named as prize collecting location andinguproblem (PCLRP). In

PCLRP, it is assumed that identical UAVs are alleddo bases. Each UAV
takes off from its base follow a route and landitsrbase where each UAV is
limited by a maximum flight time. Optimal solutida this problem maximizes
the collected scores (considered as importanc@ricfrom visited interest
points. Since the Integer Linear Programming (Ild®)vers provide poor
solutions or no solution in reasonable period ahes, an Ant Colony

Optimization method is suggested by the author.

In this study, this basic problem is generalizedltow UAVs to take off and

land at different bases, and to include time winslder assigned tasks to
interest points. To the best of our knowledge, finsblem is not introduced
before. We give a formulation of this new PCLRP eafized with time

windows. We also propose some modifications to fodution method

suggested by Yakici [1] to employ it in solving n&€LRP which we call

PCLRPTW from now on.

Since PCLRPTW and solution method proposed in shisly are similar to

PCLRP and its solution method, we do not give aibtket literature review

here. For this purpose we refer to the literateaew given by Yakici [1].

However, here we should at least specify the melstvant paper which is
introduced by Ahn et al. [2]. It is defined in thentext of planet exploration
missions. The details of the solution method aes@mted by Ahn, DeWeck,
Geng, and Klabjan in another paper [3]. Their pgablis a rich version of
PCLRP. However, it does not consider time windoneiach site visit as we do
in PCLRPTW.

The readers are referred to recent survey papeiBréyl and Schneider [4]
and by Prodhon and Prins [5] for a general reviéthe LRP literature.
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In the following sections, we introduce the probjeexplain the suggested
metaheuristic method and present the result ofcoorputational experience.
Finally, in the last sections we provide concludiamarks.

2. PROBLEM DEFINITION

In our problem, we assume a fleet composed of icEntAVs. Therefore, we
only specify one maximum flight time, one requirthe for each interest
point visit and one cruising speed. Although weuass sufficient number of
platforms, a limit may be introduced on the maximuumber of active
stations where platforms are stationed. The intepesnts and their time
windows are assumed to remain fixed.

A solution to the problem is a number of routesiclvhs equal or less than the
total number of UAVs, each takes off and lands he tllowed time and
without violating time windows defined for intergstints.

Below, we present indices, sets, parameters, \asamnd ILP formulation for
the problems PCLRP and PCLRPTW. PCLRP and PCLRPi@\defined by
the equations and inequalities (1-13) and (1-42)/+&spectively.

ueu set of UAVS.

LjEI set of interest points.

Lb]ES set of stations.

d expected elapsed time in flight betweemd,].

pi importance of interest point

ti expected elapsed time on interest point

Ymax maximum number of active stations allowed.

tmax maximum time between takeoff and landing for UAV.
b; beginning time for time window of interest point

e ending time for time window of interest point

Xiju binary variable indicating if UAW has a leg from poinit to

pointj, or not.
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Yi binary variable indicating if statians activated, or not.
Fiu a continuous variable.
A arrival time of UAVuU to interest poinit.
maxz = Z Z Z PiXjiu
FJEluS iel uell (1)
subject to
ZY:' < Vnax i
el (2)
Z Z X:'_;l'u = Yi i1
jel uell ¥iehs (3)
ZZX”“ =1
iES jel vuel 4)
in}'u = ZX_J'iu
jed jEl vieSuel (5)
Z Z Hiju(dis +8) = g
iefuf jelus vuell (6)
Z X:'_;l'u = z X_;l'iu )
iETus ielus vieluel (7)
Z Z}f}-m =1
iE s well ¥ E ! (8)
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Y D Fum DY g See Y Y X

ieTuS uell ieTuS uell ieluS ucl]

wiel (9)
Fiju= Xiju vieluSjeluSuel (10)
Fu 1

wielusSjelusuel

(11)
Y; e {01} VieS (12)
Fiju=10 vieluSjelvuSuel (13)
Y3tz v
el uely Vies (24)
= X; IUl
jiu iju
2.2, ZZ s
ZZ _;li..L _
e jel vuel (16)
X:_;I..a Jiu
2.2%m= 2.0 ves a
Ay < (1 - Z Xi-}-u) M+ E
felus vielLuelU (18)
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Ay; = (Z X —1) M+ B

felus vieluel (19)

Ayjz A+ Xt +d;+ (X —1)M vieluel (20)
A+t + Xpd + (N - 1) M <2,

Yiesjeluel (21)

Ay; vieluel (22)

The function (1) represents total importance valoelected from interest
points. Constraint (2) limits the number of staiothat can be activated.
Constraints (3, 4) force each UAV to start its eofrom only one station to
which it is assigned, while Constraint (5) forcele&AV to return back to its
departure point. Constraint (6) limits flight tim@onstraint (7) serves as flow
conservation. Constraint (8) limits the departuresn interest points to one.
Constraints (9, 10) prevent infeasible tours, wheie a small positive real
number. Constraints (11-13) identify the sets fecision variables. The
objective function and these constraints (2-13)ectively define PCLRP.

We extend PCLRP by implementing two new featureae @f them is
allowing each UAV to land on any one of the actstations and the other is
adding time windows for the task can be startecht®@rest points. Removal of
constraints (5, 6), and employing the constraibfsZ2) provides the extended
problem PCLRPTW.

Constraint (14) ensures that if station is notvastiUAV cannot land on that
station. Constraint (15) restricts that landingaostation can occur if a takeoff
Is realized at that station. Constraint (16) foreash UAV to land on at most
one station. Constraint (17) ensures that if a UKes off, it must land.
Constraints from (18-20) provide the satisfactidriime window restrictions.
Constraint (21) ensures that all UAVs should rettona station before the
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given time. Constraint (22) declares the domainvémiableA,.. The constant
M, used in Constraints (18-21), represents a pesigal number greater than

tmax-
3. HEURISTIC SOLUTION APPROACH

In this section we refer to the Ant Colony Optintiaa (ACO) metaheuristic
tailored for PCLRP by Yakici [1].This heuristic alghm includes two main

procedures, one is related to solution constructiod the other is related to
pheromone update. Robust design of ACO algorithawald us to utilize it for

our problem with a minor modification to the probip distribution employed

in the routing phase of solution construction ie #tudy of Yakici [1]. Since
only the construction procedure is affected by thange from PCLRP to
PCLRPTW, here we do not mention the procedure aegldb pheromone
update. However, to keep the integrity of this cdeti we will define the

parameters used in the construction phase of gueitdm, without explaining

details.

The proposed heuristic technique is similar to MMARAX-MIN Ant
System) [6, 7]. In this method, ants represent UAWsl the collection of
routes by ants constructs one solution. The algoritepeats iterations of
solution construction and pheromone trail updatecémverge to a good
solution.

The visibility componeniyy; is a measure of importance of interest ppipéer
unit time elapsed both in transition between thiefso andj and in executing
the task aj. Two learned knowledge componeni$, « andz® i reflects
the contribution of solution component experiendedprior solutions. A
solution component identified by the indiaes;, j andk relays the information
thati is the station; is the count of UAVs assigned to statipnandk are the
current and the next location of UAV, respectivélysolution must be formed
by feasibly integrated solution components.
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The superscriptgyl andst, used for identifying two different pheromone Isai
represents the words “global” and “stationary”. &k refer to Yakici [1] for
detailed explanation about pheromone trails.

Separate probability distributions are employedassigning UAVS to stations
and routing them between points. The probabilistrdbution for assignment is
given in Equation 23. Any UAV not assigned to distahas a probability to
depart any station to reach any interest point

i ol a5t ga
. _ 0F) () ()

T 5097 68 0" (23)

yg'ij andy®j are cumulative pheromone trails reflecting totapleeromones on
the leg from statiom to interest poin with greater number of UAVs at station
I (compared to current UAV count). (Please see Ydkicfor details aboup
parameters). The power parameters, to which termsassed in the formula,
affect the relative importance of these terms. $uaperscriptz identifies the
“assignment” phase.

Equation 24 defines the routing probability of a WAtationed at’, from its
current poinf’ tok’, given exactlyn; UAVs stationed at statiah.

(" In (7Y JAT KM = (@7 Iny 7)1V Mg (@) (G KTy 1 T E™Y st ) (st
(24)

Note that this probability is set to zero if prableonstraints are violated by
correponding routing. The superscniptientifies the “routing” phase.

Differently from PCLRP, here we define the paraméfe, which is employed

to decrease the probability of a UAV to arrive atiaterest point too early
before its time window. With the utilization of ghfunction, the probability
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decreased proportional to the waiting time beforetwindow. Calculation of
@; value is given in the following expression:

6y = 1- max(0,b; — w—d;;)
b; (25)

wherew is the current time of UAV.
Pseudocode for solution construction phase is pteden Figure 1.
4. EXPERIMENTS

Keeping all of the experiment settings same afhénexperiment of PCLRP,
we have experienced the algorithm on the extendeilgm PCLRPTW for 9
instances reported by Yakici [1]. To activate timendow constraints, a
number of interest points are randomly chosen asiis\vo those points are
restricted with certain time windows. Table 1 pd®s these numbers and
assigned time windows (beginning and ending times).
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1: procedure CONSTRUCTSOLUTION(éter)

14:

15:
16:
1T
18:
19:

while any u € U is not assigned to a station i € S do
for Vi € S do
if (30 1< Ymaz)V (i € A) then > AJA C § is set of assigned stations
ilied
Calculate 7:’; and % Vie S,jel
end if
end for
forVie 5,j €I do
Calculate pﬁmﬂm‘
end for
Choose the assignment component (£, j) randomly
end while
DN o € 7T L () A | > sum is set to a positive number arbitraril
2= \Tiniggik) Minggk) ™ T3k p ¥
i1,y
. L st .
while , Z:.k(rzfii.i.k} g (Tz',f-n,-,j1k) (ﬂj.k)a >0do
BTy
forVie S,je {ijul,keldo
Calculate p:ﬂ:f;ﬂf
end for
Choose the routing component (i, n;, j, k) randomly
end while

20: end procedure

Figure 1. Pseudocode for Solution Construction elibs

Table 1. Time Window Restrictions

Instance number Number of points restricted with time windows
(as given in Yakici [1]) X

Assigned time window

16x (300-600)

10x (200-600), 1 (400-600)

10x (100-300), 12 (200-300)

15x (200-600), 24 (400-600)

1
2
3
6 24x (300-600)
-
8

15x (100-300), 24 (200-300)

11 32x (300-600)
12 20x (200-600), 36« (400-600)
13 20x (100-300), 36 (200-300)
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Table 2 provides the results. The columns indiaaséance number, best and
worst heuristic solution value, gap between besLE>P (version 12.6.2.0)
solution obtained in one hour and best heuristigtem ((C-H)/H whereC and

H are best CPLEX and heuristic solution, respedtlyeind average solution
time for one run. The experiments have been coeduch a PC with 4 GB
RAM and 1.9 GHz processor.

Table 2. Experimental Results

Instance Best Worst Gap between | Average run
number heuristic heuristic best CPLEX time of
(as givenin| solution solution solution ancH heuristic
Yakici [1]) (H) (in sec.)
1 110 105 -65,7 % 108
2 125 121 -66,4 % 195
3 87 82 -18,4 % 162
6 116 107 -81,9 % 190
7 140 133 -77,9 % 334
8 84 76 -71,4 % 252
11 149 132 -50,3 % 316
12 194 181 -100 % 485
13 108 102 -57,4 % 396

In all of the experienced instances, we obsenigraficant difference between
heuristic solutions and CPLEX solutions. CPLEX paris very poor in this
hard combinatorial problem, while it cannot findygrositive value in one of
the problem instances (instance 12). On the otlardhheuristic method
provides significantly better solutions in very dheriods.

5. CONCLUSION
In this study, we generalize a variant of LRP, whimaximize collected

importance points from visited locations, introddidey Yakici [1]. A fleet of
identical UAVs is assumed. UAV routes are constdihy allowed sortie time
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and the requirement of same takeoff and landingostaWe enhance the
problem by removing the limitation of having sarakeoff and landing station
and by adding a practical characteristic, time wimsl for interest points.

Experiments show that altered ant colony optimmaatnetaheuristic provides
the best solutions in a few minutes.
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