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Abstract. In this paper, we study the problem of dynamically routing Unmanned
Aerial Vehicles (UAVs) taking into account not only the known requests, their type,
pick-up, and delivery locations, and time windows, but also considering traffic,
i.e., collision avoidance, and changing weather conditions as well as the arrival
of new customer requests or request cancellation by impatient consumers and
emergency departures caused by low battery. This problem can be viewed as the
dynamic version of the well-known Vehicle Routing Problem with Time Windows
(VRRTW), where current routings are subject to change at any time. Its NP-hard
character following the vehicle routing and deadlock-avoidance problems implies
the need to use a constraint programming based framework that has proven to
be effective in various contexts, especially related to the nonlinearity of system
characteristics. The approach has been tested on several examples, analyzing cus-
tomer satisfaction, i.e., service level, throughput (number of serviced requests).
Revenue maximization is influenced by different values of the mission parameters,
such as the fleet size, travel distance, wind direction, and wind speed. Computa-
tional experiments show the results that allow assessing alternative strategies of
UAV mission planning.
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1 Introduction

Fleet mission planning for Unmanned Aerial Vehicles (UAVs) creates flight plans for
the specific sets of service times and travel times, typically over some time. However,
there are often situations where not all information about the problem instance is known
in advance. Such cases occur in situations related to the ordering of services carried out
at strictly defined intervals, i.e., remaining active for a certain deterministic amount of
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time and then expire, which is the case with impatient customers [9]. In other words, in
such cases where the fulfillment of an active service request enables one of the UAVs to
visit the location of a new request [4, 5]. Dynamism is mostly considered for customer
requests. Since the most common source of dynamism in UAVs routing is the online
arrival of customer requests during the operation, i.e., the current routing is subject to
change at any time. Hence, vehicles do not know their next destination until they finish
serviced requests.

The UAVs mission planning problem specified above belongs to the class of Vehi-
cle Routing Problems (VRP). Because possible occurrences are dynamically changing
demands, service, and travel times, i.e., the input data revealing during the execution
of the plan, is also referred to as online VRP or the dynamic VRP (DVRP) [4, 6, 12].
Because part or all of the inputs are unknown and revealed dynamically during the design
or execution of the fleet mission plan, the UAV routes are redefined in an ongoing fashion
that correspond to rapidly evolving problem constraints.

The DVRP and its related problems have been studied since the late eighties of the
last century [1, 5]. The issues extensively studied in the literature cover various issues of
modeling and planning mobile vehicle fleets in flying ones [3, 7, 8]. Excellent reviews
on DVRPs and their taxonomy, are given in [2, 10, 12].

This research addresses the existing gap in the state-of-the-art of UAVs fleet mission
planning concerning the changing weather conditions, and it allows generating alter-
native robust mission plans. Assuming limited battery capacity, any change in weather
conditions results in a range change for a drone. In this context, it can be seen as the con-
tinuation of our previous works [11, 14] by assessing the possibility of using declarative
modeling methods in order to provide a strategy for determining the minimum number of
UAVs needed to ensure that a certain fraction of service requests is fulfilled in assumed
time horizon. Our main contributions to considered dynamic and energy-dependent
multi-route VRP with time windows problem can be summarized as follows:

1. The proposed approach considers multiple factors that influence the UAVs’ ability to
complete the missions, such as changing weather conditions, different UAVs energy
consumption, and the possibility of an emergency interruption of the UAV’s mission,
that forces him to return to the depot.

2. The declarative modeling-driven approach is formulated, which allows for the assess-
ment of alternative UAVSs fleet routing and scheduling variants. The proposed Con-
straint Satisfaction Problem (CSP) based framework enables for predictive (i.e., con-
sidering forecasted weather conditions) and reactive (i.e., enabling UAVs emergency
departure) planning of missions aimed at impatient customers service.

3. The proposed approach enables us to replace the usually used computer simulation
methods of routes prototyping and UAVs scheduling by employing a constraint
programming environment. Since CSP based framework allows us to search for
the answer to the opposite question: what conditions do guarantee the success of a
mission? In this context, the proposed solution can be recognized as an outperforming
solution approach concerning those usually used for UAV mission planning.

The rest of the paper is organized as follows. In Sect. 2, using the illustrative example,
the UAVs fleet mission planning problem was introduced. A dynamic programming
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approach, including the detailed description of the solution method adopted, is given in
Sect. 3. Section 4 reports the computational experiments to assess the model behavior
and evaluate the impact of some key input parameters. Concluding remarks are provided
in Sect. 5.

2 Problem Formulation

As an example, let us consider a company that provides air transport services using a
fleet of UAVs. In a case in point, the fleet i/ = {Uy, U, U3} consists of three UAVs with
identical technical parameters (Fig. 1). The UAVs deliver goods to 19 customers located
in an area covering 100 km? — the network of connections is shown in Fig. 1. Node N}
represents the location of the company (the depot which the UAVs take off from/land
at), and nodes Ny — Npq represent the individual customers.
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Fig. 1. Transportation network

Known is the demand z; of the individual customers, they are respectively: zo =
3 =2 =25 = 26 = 5[kgl, z7 = 10 [kg], zs = 15 [kg], z0 = 15 [kg], z10 =
211 = ... =216 = 5 [kgl, z17 = 10 [kg], zi18 = z19 = 15 [kg], z20 = 5 [kg]. It
is also assumed that time windows tw; are known in which the i-th consumers make
the deliveries they have ordered. The considered time horizon for deliveries does not
exceed 1.5 h (4 = 5400 [s]). The problem under consideration boils down to seeking
the answer to the following question: Is the available fleet U able to guarantee the
delivery of the required amount of goods {z3, . . ., 220}, to the customers {Na, ..., Nag
J, in a given time horizon (tya,)? The answer to this question allows one to designate
flight mission S carried out by the UAVs fleet, and more specifically, to designate the
routes I1 of individual UAV and the associated delivery schedules Y. The assessment
of the feasibility of carrying out the planned mission takes into account the forecast
of weather conditions. Weather conditions accompanying the mission are determined
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based on forecasts (Fig. 2a), enabling the determination of the so-called set of allowed
weather conditions Z (Fig. 2b). Z is a set of forecasted weather conditions represented
by the pairs: (wind’s direction 8, a wind’s speed vw), that may occur during the mission:
Z = {(6,vw)|0 € [0°,360°), vw < Z(0)}. The set Z is determined by the function Z(0)
where: 6 € [0°, 360°) whose values determine the maximum forecasted wind speed for
given direction 0. It is assumed that the function Z(0) is known and determined based
on available weather forecasts (e.g., see Fig. 2b).

a) Forecasted weather conditions 0 2(0)
Wind direction Wind speed
E east 0..8 0° 8
ENE east northeast 0...85 22°30' 8.5
NE northeast 0..9 45° 9 »
NNE north northeast 0...9 67°30' 9
N north 0...9 90° 9
NNW | north northwest 0...95 112°30' 9.5
NW northwest 0...10 135° 10 0
WNW west-northwest 0...10 157°30' 10
w west 0...10 180° 10
WSW west southwest 0..95 202°30' 9.5
SW southwest 0...9 225° 9
SSW_| south-southwest 0..9 247°30' 9 0
S south 0...9 270° 9
SSE south southeast 0...85 292°30' 8.5
SE southeast 0..8 315° 8 20 00
ESE east southeast 0..8 337°30" 8 270

Fig. 2. Sample weather forecast a) and the corresponding function Z(®) b)

The variability of weather conditions (as part of the adopted set Z) significantly
affects the level of battery consumption [11, 13, 14] of UAVs carrying out the planned
mission S and thus determines the possibility of its completion. In practice, there are
situations when, when the wind is too strong. It is impossible to perform the planned mis-
sion within a given time horizon. This concept introduces the concept of the robustness
of the mission plan § to the weather conditions Z.

Let the set Y7455 determine the set of weather conditions (pairs (6, vw)), for which
the plan of mission S by fleet I/ in the distribution network I/ is feasible: Y56 =
{(6,vw)|0 € [0°,360°), vw < Yy56(0)}, where: Y456 (0) —is the function determining
the boundary weather conditions the exceeding of which would result in a situation that
the battery of at least one UAV from the fleet &/ would be empty. Under these assumptions,
it is assumed that a plan of mission S to be executed by fleet I/ in distribution network
G is robust to forecasted weather conditions Z only when, Z C Y5¢-.

According to the above definition, it possible to formulate a new class problem of
searching for proactive plans of missions robust to given changes in weather conditions,
i.e., the robust plans of mission (Fig. 3). It is assumed that a given set of forecast weather
conditions Z is given, for fleet I/ and distribution network G. The answer to the following
question is sought: Does there exist a plan of mission S guaranteeing robustness to given
weather (Yysg(6) > Z(0))? Such a form for the plan for mission S is sought (routes
IT and related flight schedules Y) for fleet &/, which guarantees timely delivery (within
a given time horizon) to all recipients in the G network. That is resistant to forecasted
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weather conditions Z. Therefore, such a form for of plan of mission S, for which the
conditionis met Z C Yz,5¢ that means: Yge[oe,360°) Y56 (0) > Z(0) and it is stated that
for each direction 6 the wind speed value Y755 (6) for which the plan of the mission is
achievable exceeds the maximum forecast wind speed Z () for the given direction. The
problem considered assumes that:

Forecast weather conditions Z Flying mission $ Robustness Z € Y56

o [m/s] 9000)
2@

= 8000)

Z(g 0‘ 7000 y

150 E
6000]-
) 5000)
180 & o .
4000

3000

210 330 2000)

1000|

‘ Function Y55 (0)
T

Does a plan for mission S exist that guarantees robustness given to the weather changing conditions?

.| Function Z(0©)

240 00
210

Fig. 3. Illustration of UAVs fleet robust mission planning

the set of forecasted weather conditions Z is known and constant,

the structure G of the goods distribution network is known (Fig. 1),
the goods are transported by the fleet ¢/ of the same UAVs (Fig. 1),
all missions should be completed in the given time horizon (#;4y),

all UAVs are in the depot (V) before the start of the delivery mission,
after returning to the depot and replacing the battery, the UAV is ready for the next
flight,

the same type of freight is delivered to all customers (demands z;),
during the flight, the total weight of the UAV is constant (67 kg),

the UAVs ground speed are constant speed (vg; ; = 20m/s),

a safe energy level (reserve) is known at the points served.

Due to the limitations related to the size of the available fleet and the constraints related to
the limited capacity of the battery, i.e., the flight range, as well as the possibility of order
cancellations and the occurrence of weather changes exceeding previously forecasted
arrangements the DVRP based approach has been adopted. This approach implies that
a plan of flying mission S is designated as a composition of successively designated
sub-missions “S. In other words, it means that the decision to designate (a safe and
collision-free mission) a new sub-mission S takes place in the distinguished states of
the delivery process (see Fig. 4):

e during the UAV’s stay in the depot (N1): decision on a new mission plan,
e at delivery points: the decision to discontinue the mission and return to depot.

An example of a dynamic process of planning (determining) the flying mission S for a
fleet of two UAVs are shown in Fig. 4. In the first step (moment #1), a sub-mission was
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State: U; and U, in the depot
Decision: plan routes for Dy,

tl 0
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, . W]

N _ - ’

1 ’ﬂ / = 201
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Function Y55 (0) for Uy i
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State: U;and U, in the depot Z(6) =

Decision: no-decision

ts

- depot

- planned route U;

- planned route U,

- completed route Uy

- completed route U,

Fig. 4. Example of UAV mission accomplishment

set 1S, under which UAV's make deliveries following routes: 71 = (N1, N2, N4, Ng, N1),
my = (N1, N3, N7, N1). After U, return to the depot (moment 7), a decision was made
to start a new sub-mission S for this UAV (planned route: 7> = (N1, N5, N3, Ng, N1)).
At 13, it turned out that the weather conditions exceeded the allowable value (11 m/s),
which resulted in the decision to discontinue the mission and return U, to the depot.
Deliveries to Ng and Ng were carried out by Uy (sub-mission 387 = (N1, Ng, Ng, N1)).
Adopting the above approach to mission planning, S is conditioned by the possibility of
effectively determining safe and collision-free (robust to forecasted weather conditions)
sub-missions *S, at every stage of decision making. To this end, declarative programming
techniques implementing the model proposed in the next section were used.
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3 Dynamic Programming Approach

3.1 Declarative Model

The mathematical formulation of the model dedicated to the robust mission planning
employs the following parameters, variables, sets, and constraints:

i

Parameters

“G graph of a distribution network: *G = (N, E) for sub-mission *S, where N =
{1...n}isasetof nodes, E = {{i,j}|i,j € N, i # j} is a set of edges

Z demand atnodei € N,z; =0

tw; the time window in which goods should be delivered to node i € N, tw; = @

d;j travel distance from node i to node j

tij travel time from node i to node j

w time spent on take-off and landing of a UAV

ts the time interval at which UAVs can take off from the base

“U set (fleet) of UAVs: U = {U, ..., Uk, ..., Ug} which can be used to execute
the flying sub-mission ¢S, where Uy is a k-th UAV

K size of the fleet of UAVs

“Yysg *U fleet resistance to changes in weather conditions during the execution of
the plan of mission “S in distribution network *G

0 maximum loading capacity of a UAV

Cp the aerodynamic drag coefficient of a UAV

A front-facing area of a UAV

ep the empty weight of a UAV

D air density

g gravitational acceleration

b width of a UAV

CAP  the maximum energy capacity of a UAV

H time horizon H = [0, 4]

Z(®) function determining the upper value of wind speed for wind direction 6

va ; airspeed of a UAV traveling from node i to node j

©ij heading angle, angle of the airspeed vector when the UAV travels from node i
to node j

Vg ground speed of a UAV traveling from node i to node j

course angle, angle of the ground speed vector when the UAV travels from node
i to nodej

Decision Variables

k

L,

xt.  the binary variable used to indicate if Uy travels from node i to node j

& { 1 if Uytravels from node i to node j
o

bJ otherwise.

yf.‘ time at which Uy, arrives at node i
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o weight of freight delivered to node i by Uy

flkJ weight of freight carried from node i to node j by Uy

Pk energy per unit of time, consumed by Uy during a flight from node i to j
bat® total energy consumed by Uy

s take-off time of Uy

cp; total weight of freight delivered to node i

k
w,  route of Uy, w, = (vl, ey Vi Vil o et vﬂ), vi €N, Xyvigs = 1

Y% set of times yl]? , schedule of Uy

“Y family of Y, schedule of fleet *U/

Cck  setof cf?, payload weight delivered by Uy
“C  family of C¥

“IT set of UAV routes H’I’(L /

%S  plan of sub-mission: “S = (0‘17, xy, “C)

Constraints

1. Routes. Relationships between the variables describing drone take-off times/mission
start times and task order:

$>0k=1...K (1)
(‘sk—sq‘zts);k,qzl...l(; k#q 2)
n
k _ 1.1 —
ijlxl’j_l,k_l...K (3)
(x]fyjzl)=>(yf:sk+t1,j>;j=1...n;k=1...K (4)

(F # oA #0) = (

yff—y?(zw);i=1...n;k,q=1...1<; k£q 5

() =1)= (F =sb+uy+w)ij=1.mi=2 . mk=1..K (©

ij
(xl’{jzl):>(yj’.‘etwj);jz1...n;i=2...n;k=1...1< )
Y>0i=1..mk=1...K ®)
Tk koL .
ijlxi,jzzjzlxj,i’l:1"'n’k:1“'K’ 9

n
y{.‘5zmaxxzj=]x{fj,i=1...n;k=1...K, (10)

Ko=0i=1..mk=1...K. an

i,
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2. Delivery of freight. Relationships between the variables describing the amount of
freight delivered to nodes by UAVs and the demand for goods at a given node:

d=0i=1..mk=1...K (12)
k kL .
¢ <0 x jzlxi,j,l:l...n,kzl...K (13)
n k
Z_lcifQ;kzl...K (14)
=
(=)= ztk=1Ki=1.mj=2..n (15)
K & s
Zk:lci =cpini=1...n (16)
cpi<zii=1l..n 17)
Zfllcfzcsk;kzl...l( (18)
=
(xlf’j:1>:>(cjl~‘:csk);j: ..nk=1...K (19)
(x{szl):>(cfzfc{f—c{?);i,jz1...n;k=1...1< (20)
(df,=1)= (fy=c)i=1mk=1...K 1)
<x{.fj=1):>(ﬁ{}:fc]’.‘);i,jz1...n;k=1...K 22)

3. Energy consumption. The plan of sub-mission *S is robust to weather conditions
Z(0). That means the amount of energy needed to complete tasks performed by an
UAV cannot exceed the maximum capacity of its battery.

“Yusc(0) = Z(); V6 € [0°,360°) (23)

Yy 56(0) = max () (24)

P(©) = {wivw € R} A Veer. xybat* 6, vw) < caP) 25)
bat* (6, w) = Z; Z;’:l x5ty x PE(0, vw) (26)

(o c12) <o) @7)

D x b? x va,; ;(6, vw)

1 3
Pl{fj(e, W) = ECD x A x D x (vai’j(e, vw)) +
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where va; j(0, vw) and #; ; depend on the assumed strategy for goods delivering. If
the ground speed vg; j is constant, then the air speed va; j is calculated from:

2 2
vai,j(G, W) = \/(vgi,j X cosvij — vw X cos@) + (vgi)j X sind; j — vw X sin9>
(23)
d. .
tij=—L. (29)
V8

4. Customer’s satisfaction. For modeling purposes, we assume that the equitable aid
distribution is measured by customer’s satisfaction CSL expressing a percentage of
the expected amount of goods delivered to the recipients:

Z?:l Ccpi
Z?:l i

x 100% > CSL. (30)

3.2 Method

The adopted approach assumes that mission S consists of successively designated sub-
missions: 'S ... S ... LS. The decision to designate the next a-submission is made
after the UAV returns to the depot, or the mission is discontinued because of the pre-
vailing weather conditions. Determining the submission S boils down to solving the
following problem. Consider a fleet “I{ servicing customers allocated in the supply dis-
tribution network “ G. Does there exist a plan of sub-mission “S (determined by variables
“I1,“Y,*C) guaranteeing robustness to given weather (Yy45G(0) > Z(6) (constraints
(24)—(30)) while following customer’s satisfaction level CSL (30)? This kind of prob-
lem can be seen as recursive Constraint Satisfaction Problem (CSP) [14] given by the
following formula (31):

aCP((af])n’ @Dy (otfl)c) _ (otV7ozrD7aC((otf])H’ @y (ozf])c)> 31)
where:

@y = {"‘H , Y, 4C, "‘G} - a set of decision variables determining a plan of sub-
mission % S: “IT - aset of UAV routes, Y - a schedule of
a UAV fleet, “ C - a set of payload weights delivered by
the UAVs, “ G — graph of a distributed network updated
by completed deliveries.

“D - a finite set of decision variable domain descriptions,

“C((“_I)H, (@=Dy (e=1 C,) - a set of constraints (1)—(30) parameterized by the
solution of problem @~DcpP

To solve the * CP defined in formula (31), one must determine the values of the decision
variables for which all the constraints are satisfied. By implementing “ CP in a constraint
programming environment, such as IBM ILOG, it is possible to obtain the sub-mission
%S guaranteeing robustness to given weather conditions.
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A dynamic mission § = (1 S...%S... LS) algorithm based on the proposed concept
“CP is shown in Fig. 5. Mission S is determined in an iterative way wherein subsequent
iterations (corresponding to the stages of deciding on a new route) the problem *CP
is solved (solve function). The existence of an acceptable solution (i.e. ("‘17 #* VJ) A
(“Y # P)A(*C # ¥)), means that there is a sub-mission S ensuring delivery to selected
points in the network “G. Subsequent sub-missions are set up until the demands of each
customer z; are met. In the absence of an admissible solution to the problem “CP, an
increase in the UAVs fleet should be considered. If this is not possible (‘“L{ | > LU,
where: LU — maximum fleet size), no solution is returned. The proposed algorithm has
been implemented in the IBM ILOG environment.

Input data: °G , *U

M =0,Y=¢
C=0.a=1
[ >«
Increase fleet size “U ayy, ey, «C, oG « solve(“CP((“‘l)H, (a=Dy, (“‘1)0) )

a=a+1;
S = (*I1,%Y,*C,*G) | atlqy = aqq

| No solution: S =@ |

NO

Do all customers’ requests
are met?

| Solution: § = (15, ...,“S)l

Fig. 5. Algorithm of dynamic flight mission S planning

4 Computational Experiments

Consider the case of UAVs fleet mission planning presented on Fig. 1. A plan of flight
mission is sought such that it guarantees the completion of planned deliveries within a
given time horizon (5400 s) in the given range of changing weather conditions. Parame-
ters of the three UAVs forming the fleet are summarized in Fig. 1. In particular, the answer
to the question is sought: Is there a plan of mission S for fleet U that would guarantee
timely delivery of expected essential goods in order to fulfill basic needs (CSL = 100%)
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if weather conditions would change to: vw = 0% —9%; @ = 0° —360°? In order to find
the answer to the stated research question, the proposed algorithm (Fig. 5) was used.
Due to the algorithm from Fig. 5 the plan sought was obtained within three iterations
(28 s: 16 s for 1% iteration, 6 s for the 20d jteration, 6 s for 31 iteration) in the declara-
tive programming environment IBM ILOG (Intel Core i7-M4800MQ 2.7 GHz, 32 GB
RAM). Figure 6 shows the computed flight routes:

e first iteration (¢ = 1): 171'] = (N1, N14, Nag, Ng, N3, N12, N1), 17'[2 =
(N1, Ns, N4, N1, Ni7, N1), 'ty = (N1, Ni3, Nig, Nis, N2, Nig, N1);

e second iteration (o = 2): 2712 = (N1, N7, Nig, Ny);

» third iteration (o = 3): 37, = (N1, Ni9, N3, No, N1), 375 = (N1, No, Ng, N1);

guaranteeing that the demanded quantity of goods is delivered to customers under
the given weather conditions and given horizon (5400 s).

. [m]

ﬁ“m ‘ '
[1500,20'(\110] e [350\0'4000] 3 - routes of 1* flight

17 7 \ ]
’ \ i nd g1:

\ - _E - routes of 2" flight
====5) \ —_—
8000 |- [3500:4500] ey . [1000,1500] -

9000 -

[1000,1500]

7000 - 1
6000 =
5000 3
4000 1
3000 H500,10 N3 4
[1500,2000]
CA\Y
L \ 4
2000 \\\
o
8
1000 - Y N 4
ON; [15000,20(1)8] [4000,5000]

[1000,1500]

| 1 | 1 | 1

1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 [m]

Fig. 6. Obtained routes

As can be seen, each UAV executes two flights (Fig. 6 and 7), robust to the given
range of weather conditions (vw € [0% 9%]; 6 € [0°,360°]). Until the wind exceeds
the permissible value of vw > 9 m/s, the implementation of the mission following the
schedule in Fig. 7 is not threatened. The robustness of execution plans of individual
UAVs is different and changes over time. Missions carried out by U, are characterized
by the highest robustness level (see éTuSG and %TL{SG), in turn, missions carried out
by U; have a lower level of robustness (see %TUSG and %TMSG). In addition, the first
part of the mission of each UAV covering routes ' 1 1712, 1713 carried out in the period
t € [0, 3000) [s] have less robustness level than the second part of the mission cowering
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routes 3711, 27(2, 37r3) carried out in the period ¢ € [3000, 5400) [s]. Therefore, the charts
presented (see Fig. 7) show that UAV Uy, is the most exposed to changes in weather
conditions in the period ¢ € [0, 3000) [s].

a) | t € [0,3000) L t € [3000,5400) o
- Lt B |
T T T T Transport operation of U- T T T
= E H; E E I 4 ]inkingnodsslﬁandl3 E .I. |
Us

--0--0Q. O O o

F 1 Niz Ny Nis N,
o j
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Battery
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N. 16
swapping operation
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O -~ <
1 Ng Ny Ny Ny N
Ul
-0, - ‘ o
(A 500 Ny, Ny 1000 N 1800 N, 2000 N;, 2500 N, 3000 Nio 4000 N 4500N, 5000 time[s]
90 90,
b) 120 m/s g0 120 120 60
3Y.
150 150 21usc 30
1Y’USG
180 0 180 0
Forecasted weather con-
210 ditions Z(6) = 9m/s 330 210 330
300 240 300 240 300
270 270
C) 90 m/s | Robustness executions of U, 90 m/s
in period t € [3000,5400) P
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Fig. 7. Gantt chart for the mission S from Fig. 6 a) and robustness of mission plan in periods:
t € [0,3000) [s]b) and ¢ € [3000, 5400)[s] c)

5 Conclusions

The dynamic vehicle routing approach presented in this paper provides a new way of
studying the fleet mission planning of UAVs in dynamically changing environments.
Indeed, we presented the DVRP driven approach to the design of reactive flight mission
planning, resulting in dynamic routing strategies for networks allowing the presence of
impatient consumers awhile used in conditions of weather changes exceeding previously
forecasted ones, i.e., forcing the emergence of emergency departures. It is worth noting
that this approach extends reactive planning models (including weather forecasts) with
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elements of reactive planning (considering dynamically occurring changes of different
nature).

The results of the conducted experiments were not compared with the results of other
studies. Because there is currently no reference benchmark for DVRPs as well as there
is a lack of work on the taxonomy of these problems [6, 10].

The conducted review of the existing literature revealed that a significant fraction
of work done in the area of dynamic routing does not consider stochastic aspects. We
are convinced that developing algorithms that make use of stochastic information will
improve the fleet performance and reduce operating costs. Of course, many other key
problems in UAVs systems implementation could benefit from being studied from the
perspective of proactive-reactive fleet mission planning models presented in this paper.
Some examples include search and rescue missions, force protection, map maintenance,
and pursuit-evasion [6, 10]. Thus this line of research taking into account the specificity
of these applications should become a priority in the near future.

References

1. Backer, B., Furnon, V., Shaw, P., Kilby, P., Prosser, P.: Solving vehicle routing problems using
constraint programming and metaheuristics. J. Heuristics 6(4), 501-523 (1999). https://doi.
org/10.1023/a:1009621410177

2. Braekers, K., Ramaekers, K., Van Nieuwenhuyse, I.: The vehicle routing problem: state of
the art classification and review. Comput. Ind. Eng. 99, 300-313 (2016). https://doi.org/10.
1016/j.cie.2015.12.007

3. Bullo, E, Frazzoli, E., Pavone, M., Savla, K., Smith, S.L.: Dynamic vehicle routing for robotic
systems. Proc. IEEE 99(9), 1482-1504 (2011). https://doi.org/10.1109/jproc.2011.2158181

4. Grippa, P.: Decision making in a UAV-based delivery system with impatient customers.
In: 2016 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
pp- 5034-5039 (2016). https://doi.org/10.1109/ir0s.2016.7759739

5. Holborn, P.L.: Heuristics for dynamic vehicle routing problems with pick-ups and deliveries
and time windows. Ph.D. Thesis. School of Mathematics Cardiff University, Cardiff, UK
(2013)

6. Khoufi,I., Laouiti, A., Adjih, C.: A survey of recent extended variants of the traveling salesman
and vehicle routing problems for unmanned aerial vehicles. Drones 3(3), 66 (2019). https://
doi.org/10.3390/drones3030066

7. O’Rourke, K.P., Bailey, T.G., Hill, R., Carlton, W.B.: Dynamic routing of unmanned aerial
vehicles using reactive Tabu search. In: 67-th MORS Symposium (1999)

8. Pavone, M., Bisnik, N., Frazzoli, E., Isler, V.: A stochastic and dynamic vehicle routing
problem with time windows and customer impatience. Mob. Netw. Appl. 14(3), 350-364
(2008). https://doi.org/10.1007/s11036-008-0101-1

9. Pillac, V., Gendreau, M., Guéret, C., Medaglia, A.L.: A review of dynamic vehicle routing
problems. Eur. J. Oper. Res. 225(1), 1-11 (2012). https://doi.org/10.1016/j.ejor.2012.08.015

10. Radzki, G., Nielsen, P., Bocewicz, G., Banaszak, Z.: A proactive approach to resistant UAV
mission planning. In: Szewczyk, R., Zielinski, C., Kaliczyriska, M. (eds.) AUTOMATION
2020. AISC, vol. 1140, pp. 112-124. Springer, Cham (2020). https://doi.org/10.1007/978-3-
030-40971-5_11

11. Ritzinger, U., Puchinger, J., Hartl, R.F.: A survey on dynamic and stochastic vehicle routing
problems. Int. J. Prod. Res. 54(1), 215-231 (2015). https://doi.org/10.1080/00207543.2015.
1043403


https://doi.org/10.1023/a:1009621410177
https://doi.org/10.1016/j.cie.2015.12.007
https://doi.org/10.1109/jproc.2011.2158181
https://doi.org/10.1109/iros.2016.7759739
https://doi.org/10.3390/drones3030066
https://doi.org/10.1007/s11036-008-0101-1
https://doi.org/10.1016/j.ejor.2012.08.015
https://doi.org/10.1007/978-3-030-40971-5_11
https://doi.org/10.1080/00207543.2015.1043403

202 G. RadzKki et al.

12. Thibbotuwawa, A., Bocewicz, G., Nielsen, P., Banaszak, Z.: UAV mission planning subject
to weather forecast constraints. In: Herrera-Viedma, E., Vale, Z., Nielsen, P., Martin Del Rey,
A., Casado Vara, R. (eds.) DCAI 2019. AISC, vol. 1004, pp. 65-76. Springer, Cham (2020).
https://doi.org/10.1007/978-3-030-23946-6_8

13. Thibbotuwawa, A., Bocewicz, G., Radzki, G., Nielsen, P., Banaszak, Z.: UAV mission plan-
ning resistant to weather uncertainty. Sensors 20(2), str. 515 (2020). https://doi.org/10.3390/
s20020515

14. Thibbotuwawa, A., Nielsen, P., Zbigniew, B., Bocewicz, G.: Energy consumption in
unmanned aerial vehicles: a review of energy consumption models and their relation to the
UAV routing. In: Swiatek, J., Borzemski, L., Wilimowska, Z. (eds.) ISAT 2018. AISC, vol.
853, pp. 173-184. Springer, Cham (2019). https://doi.org/10.1007/978-3-319-99996-8_16


https://doi.org/10.1007/978-3-030-23946-6_8
https://doi.org/10.3390/s20020515
https://doi.org/10.1007/978-3-319-99996-8_16

	Declarative UAVs Fleet Mission Planning: A Dynamic VRP Approach
	1 Introduction
	2 Problem Formulation
	3 Dynamic Programming Approach
	3.1 Declarative Model
	3.2 Method

	4 Computational Experiments
	5 Conclusions
	References




