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Abstract

Besides commercial and military applications, unmanned aerial vehicles (UAVs) are now used more commonly in disaster relief
operations. This study proposes a novel model for proactive and reactive planning (different scenarios) that allow for a higher
degree of realism, thus a higher likelihood for a mission of being executed according to the plan even when weather forecasts are
changing. The novelty of this study results from the addition of a function of resistance of UAVs mission to changes in weather
conditions. We link the influence of weather conditions on the UAV’s energy consumption. The goal is to ensure the completion
of planned deliveries by a fleet of UAVs under changing weather conditions before their batteries discharge and to identify the
emergency route for returned if the mission cannot be completed. An approach based on constraint programming is proposed, as
it has proven to be effective in various contexts, especially related to the nonlinearity of the system’s characteristics. The proposed
approach has been tested on several instances, which have allowed for analyzing how the plan of mission is robust to the
changing weather conditions with different parameters, such as the fleet size, battery capacity, and distribution network layout.

Keywords Unmanned aerial vehicles routing - Unmanned aerial vehicles scheduling - Re-routing - Rescheduling -

UAV fleet mission planning - Robust planning

1 Introduction

The unmanned aerial vehicles (UAVs) are used for the pur-
pose of disaster relief in three application domains: aerial
monitoring for damage’s evaluation, logistics and cargo deliv-
ery, and post disaster aerial assessment [1]. Besides natural
disasters, such as earthquakes, landslides, avalanches and
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tornadoes, flooding poses the most immediate impact to per-
sonal safety. In that context, deliveries of essential goods, such
as medical supplies, food and water, within the first couple of
hours are crucial [2-5]. Therefore, expectations related to the
organization of appropriate logistics support, indicate that a
tool is needed to support the planning of rescue missions for
UAYV fleets. Planning of UAV missions extends the well-
known Vehicle Routing Problem, which belongs to the class
of NP-hard (nondeterministic polynomial-hard) problems, by
adding the complexity of three-dimensional space [6, 7].
Vehicle routing in the context of relief operations, differs sig-
nificantly from commercial routing problems, where the pri-
mary goal is to minimize costs [8]. The routing decisions
should ensure prompt and sufficient distribution of essential
goods to all aid recipients. Decision making is performed in a
highly volatile and dynamic environment. Planning and
routing of a disaster relief mission should take into consider-
ation typical conditions, such as [9]:

*  Small number of destinations per trip.

» Damages in infrastructure.

* Delays in fulfilment of the requirements may increase the
receiver’s distress.
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Moreover, plans of UAV missions must consider con-
straints resulting from a UAV’s characteristics (such as: max-
imum payload, energy capacity, physical dimensions, etc.)
and weather conditions (wind speed and wind direction) [10].

A research gap exists with regard to the planning of UAV
missions in a manner, which is robust the changing weather
conditions. Our work is application-oriented and it extends the
previous works of Thibbotuwawa et al. [11, 12], and Radzki
etal. [13], as we use declarative modelling methods in order to
provide alternative scenarios for disaster relief operations. In
our previous works we have proposed:

In our previous works we have proposed:

* Declarative modelling framework for an iterative ap-
proach to planning of UAV missions in the environment
with constant weather conditions [11],

» knapsack driven proactive UAVs mission planning
[13],by using a model that takes into account the change
of the cargo’s weight during the flight,

» Fast prototyping of feasible UAVs fleet scenarios with
different weather conditions (wind speed and direction),
different flight strategies (with constant air speed or con-
stant ground speed), variable fleet sizes and number of
recipients [12].

This study considers the mission planning of a UAV fleet
under the assumption of an emergency return route (reactively
activated when the weather conditions change beyond the
expected range), and provides new contributions to the cur-
rently available literature. The novelty of the presented ap-
proach results from the extension of the declarative model
used in our previous works, particularly in [11-13], by the
addition of a function of resistance of a UAV mission to
changes in the weather conditions. The proposed approach
allows for foreseeing the UAV’s battery discharged before
completing its mission and thus, can be used in the process
of reactive planning of UAVs fleet mission.

Proposed model supports the decision-makers in the search
for a plan of missions (with routes and flight schedules) which
allows for delivering of the expected quantity of goods to a
specific group of recipients. We consider uncertain weather
conditions during a mission, such as wind direction, and
speed. The goal is to find a robust (“weatherproof”) plan of
mission, which ensures that batteries of UAVs shall not dis-
charge before completing the mission.

The main contributions of this paper are summarized, as
follows:

1) The proposed model takes into consideration several fac-
tors, which influence the ability of UAVs to successfully
complete missions, such as: changing weather conditions,
different energy consumption by UAVs, changes in UAV
weight when operating routes, an emergency return to the
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base before completing a mission. Moreover, collision
avoidance is taken into consideration. Therefore, the al-
ternative scenarios UAV fleet missions can be elaborated,
which are more realistic.

2) The declarative modelling driven approach is formulated
for the assessment of alternative UAV fleet’s routing and
scheduling scenarios. Proposed model allows for predic-
tive (i.e. taking into account changes in the forecasted
weather conditions) and reactive (i.e. enabling interrup-
tion of a UAV mission) planning in terms of the
Constraint Satisfaction Problem.

3) The proposed approach replaces traditionally implement-
ed computer simulation methods enabling offline
planning of UAVs missions, with a constraint pro-
gramming environment enabling online planning,
e.g., IBM ILOG.

The remainder of the paper is structured as follows: related
works are discussed in Sec. 2. A case study is introduced in
Sec. 3. A model for routing and scheduling of missions for a
fleet of UAVs is presented in Sec. 4. The method for planning
of different scenarios for relief missions based on the
Constraint Satisfaction Problem is described in Sec. 5.
Computational experiments are presented in Sec. 6. Final con-
clusions are stated in Sec. 7, followed by a description of
future research.

2 Literature Review

A considerable amount of studies has been devoted to the
application of UAVs in emergency situations in which they
are used for transport of much-needed water, food, and med-
ical supplies over hazardous (flooded) terrain [7]. It confirms
that an interest among academics in UAV-Assisted Disaster
Management is increasing [14]. In particular, there is a need to
search for scenario-driven planning methods that aim at prep-
aration of plans for missions of UAVs, and that allow for
determining whom to serve, how much to deliver, and which
routes to travel. There is need for interactive tools that facili-
tate analyzing and comparing different scenarios for UAV
fleets, as well as an iterative identification of sound and effi-
cient mitigation strategies [15].

Previous related studies cover a very wide range of issues,
such as:

» UAVSs’ fleet planning and scheduling [16].

* Optimization with various criteria e.g.: fuel consumption
[17], delivery time [7] and delivery costs [18].

» Various fields of application e.g., reconnaissance and
mapping [19], package delivery [20] and delivery commu-
nication capabilities [14, 21].
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Planning of UAV missions may take into account different
variants of objective functions such as, reducing individual
UAYV costs, increasing safety in operations, reducing lead time
and increasing load capacity of the entire system [22-24].
Several authors have analyzed a possibility of using drones
in civil (e.g. urban environment [25]), and military (e.g., the
battlefield) applications [26].

One of the more commonly used mathematical representa-
tion for planning and scheduling of drone missions is Mixed
Integer Programming and Mixed Integer Linear Programming
[27-29]. Due to the NP-difficult nature of problems and oc-
currence of non-linear constraints, machine learning and/or
artificial intelligent methods are used i.e., metaheuristics driv-
en, like Variable Neighbourhood Search and Tabu Search [29,
30]. Recent publications also present the declarative model-
ling based models, which enable for constraint programming
problem formulation [10, 11, 13, 31, 32]. The above-
mentioned formal methods are supplemented by simulation
tools, such as flight simulators [33, 34].

A relatively few works are devoted to the planning of UAV
fleet missions taking into account various technical and envi-
ronmental factors influencing possible solutions [10, 35].
Among the listed factors, significant are:

*  Technical parameters of UAVs (UAV dimensions, battery
capacity and carrying payload limits) [36].

* Changing weather conditions (the wind speed, wind direc-
tion, wind gust, precipitation, icing, turbulences and air
density and temperature) [7, 36].

* Dynamically changing terms of delivery and static or
moving obstacles (withdrawing or changing the date and
place of deliveries as well as their volume, collisions
avoidance) [37].

The characteristics of UAV greatly affect the energy con-
sumption. The current literature presents primarily linear ap-
proximations of energy consumption [12], which makes real-
istic planning difficult.

In the literature, weather conditions are mainly addressed in
relation to control of trajectory of UAVs mission. In the cur-
rent studies, Kazim et al. [38] propose a fully nonlinear robust
adaptive controller for tracking the trajectory of UAVs in the
presence of realistic wind gusts. In related work [39], a self-
calibrated UAV control framework is proposed to compensate
the changing wind conditions without operator intervention or
manual tuning. A similar approach is proposed in [40]. There,
the algorithm estimates and compensates uncertainties to
maintain UAV flight with disturbance generated by wind
gusts. However, the work on the UAV trajectory control in
changing weather conditions might be complementary to
this paper, but they don’t provide a relevant solution
that may be implemented for alternative scenarios of
mission planning.

The indicated research gap has become inspiration for
conducting this research.

The reactive strategies play a pivotal role in disaster relief
mission, as they are linking the “route discovery” (route plan-
ning), and “route maintenance” (reaction for mission interrup-
tion) concepts [41]. This study proposes a novel declarative
model for proactive and reactive planning (different scenarios)
that allow for a higher degree of realism, thus a higher likeli-
hood for a mission of being executed according to the plan
even when weather forecasts are changing.

3 A Case Study

Planning of a relief mission is challenging especially for the
last mile operations (from distribution center to the recipients)
due to limited resources and other constraints [42].

Besiou et al. [43] have identified a need for “empirically-
grounded analytical modeling papers” in the domain of disas-
ter relief operations research. In order to illustrate an essence
of the problem, we consider a situation of the distribution of
basic necessities (clothing, medicines, dressings, and food
during) in flood relief operations. Figure 1 (and Table 1) pre-
sents the map of floodplains (352 km2) for the surrounding
areas of Wolinia (north Poland, Pomeranian Region: 54°36’
56"N 17°3220"E). In order to ensure the safety of inhabitants
of the flooded area, there are designated collection points (re-
ferred here also as pickup points) for deliveries No — Ny; (see
Fig. 1). Essential goods are delivered by a Volunteer Fire
Brigade (VFB) unit, which is stationed in Wolinia during the
flood (V| — Fig. 1). The number of essential goods stored inV
is determined by the number of recipients at a given collection
point (N, — Np). They are respectively: zo = 5 [kg], z3 = 5
[kgl, z4 = 5 [kel, zs = 5 [kg], z6 = 5 [kglz7 = 10 [kglzs = 1
5 [kglzo = 15 [kgl,z10 = 5 [kg], z11 = 5 [kg].

It is assumed that the transport of items in such a defined
distribution network G is performed by the fleet of three
UAVs: U = {U,,U,, Us} owned by VFB in Wolinia.

Technical parameters of the UAVs are presented in
Table 2. All UAVs are available at zero time. Times of deliv-
ery depend on the sequence of customers to be served along
flight routes. Breakdown and maintenance times and costs are
not considered.

In disaster relief operations a prompt response and an eq-
uitable distribution of aid among recipients are crucial [44]. In
modelling of a mission’s plan, the emphasis should be placed
on a dynamic approach to scheduling and routing of vehicles
(and their tracking) whilst ensuring robustness to changing
conditions [45].

To meet the above mentioned postulates, it is assumed here
that essential goods should be delivered within 45 min from
receiving an order (#,,,. = 2700 [s]). A delivery takes place in
different weather conditions, i.e., the wind speed forecast is
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Fig. 1 The area of the floodplain with the distribution networkG, (own study based on: https://www.floodmap.net/11=54.646227,17.545076& z=12&e=
22 and https://dziennikzachodni.pl/wiosna-dopadnie-nas-powodz-stulecia-zobacz-mape/ga/216213/zd/478064)

Table 1 Travel distances between the nodes [km]

N,

di; N,

N 0
N, 128
Ny 122
Ny 118
Ns 10,0
Ne 69
N7 92
Ng 30
No 79
Nio 5,0
Nn 5,9

12,8
0
1.3
29
4,5
10,6
14,6
10,3
17,5
16,8
17,9

known vw and wind’s direction 6. In the analysed case, a south
wind is forecasted (6 = 80°) with a speed not exceeding
vw=10%. For the presented weather conditions, a re-
search question is stated, as follows:

Is an available fleet I/ able to ensure the deliveries of the
required quantity of goods {zy, ....., 211 }, to the collection

Table 2 Technical parameters of UAVs

Technical parameters of UAVs Value Unit
Payload Capacity (Q ) 25 kg
Battery capacity (CAP ) 7500 kJ
Airspeed (va ) 20 m/s
Drag coefficient (Cp ) 0.54 -
Front surface of UAV (A) 12 m?
UAYV width (b) 8.7 m
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points {N, ...... ,N11 }, in a given time horizon (¢, ) and
for the forecasted weather conditions (vw, 6 )?

In this disaster relief mission, a proactive mission plan S is
sought (including routes and UAVs’ flight schedules), that
ensures the delivery of the expected number of items, in the
given weather conditions (6 = 80°,vw < 10% ) and in the
defined time (45 min.).

An example of such plan is presented in Fig. 2a. Routes of
the UAVs 7'('1:(Nl,N27N3,N4,N5,Ng,N1), T, =
(Nl,Nll,Nlo,Ng,Nl) Ty = (Nl,N7,N6,N3,N1) enable to
deliver the required goods at the given collection points, while
not exceeding the minimum battery level of each UAV. Total
energy consumption results from the consumption during the
transportation of the articles of a certain weight (z; ) and the
energy consumption associated with customizing airspeed of
the UAV (va ) to weather conditions (flying counter wind and
with the wind). They are calculated, as 90.3 %, 93.7 %, 79.1
% of the battery capacity CAP=7500 kJ. In the presented
solution it is assumed that drones move with a constant ground
speed vg = 20" . Adoption of a constant ground speed en-
sures a timely delivery of goods regardless of the weather
conditions (# = 80°,yw < 10% ). However, that assumption
results in significant energy consumption, because airspeed va
needs to be adjusted in accordance with the existing weather
conditions [12].

In the second scenario (Fig. 2b), the initial plan of mission
(from Fig. 2a) is executed in different weather conditions (e.g.,

in a north-west wind 6 = 150°). In such case, the initially
acceptable (for § = 80°) energy consumption U; has been
excelled. The energy consumption for the new case is respec-
tively: 106.4 %, 82.5 and 69.7 %. It means that the presumed
change in weather makes it impossible to finish the flight by
one of the UAVs. The mission U; would finish earlier be-
tween nodes Ng and N (due to the lack of fuel/empty battery —
see Fig. 2b). This means that a change in weather conditions
significantly affects the success of the planned mission, and
consequently leads to the following question:

Does a delivery plan exist which is robust to the assumed
changing weather conditions for a given fleet of UAVs
performing deliveries in a defined distribution network
(routes and corresponding delivery schedules)?

In order to answer this question, firstly, robustness of a
mission plan S to weather conditions must be defined. It is
assumed that the weather conditions prevailing during the
mission S are described by the pair(d, vw) € Z. Where Z is
a set of forecasted weather conditions that may occur during a
mission:Z = {(6,vw)|0 € [0°,360°),vw < Z(0)}. Set Z is
determined by the function Z(6) where: 6 € [0°,360°) deter-
mines the maximum forecasted wind speed for a given wind

directiond. It is assumed that the function Z(0) is known and
determined on the basis of available weather forecasts.
Examples of two weather conditions are shown in Fig. 2a
(80°;10%) and 2b (150°;102) .

The considered weather conditions (including 16 different
wind directions), are shown respectively in Fig. 3a and b. Area
limited by the graph of function Z(6) contains points corre-
sponding to the weather conditions that may occur during a
mission — set Z.

The function Yysg: @ — UW (where: & = [0°,360°) is a
set of directions 6, and UW C R}, = {ala € RAa >0} isa
set of wind speedsvw ) that represents the maximum wind
speed Yysg(0) = vw (for a given direction ) at which a
mission S can be completed. It is worth noting that usually
an inequality occurs: Yysg(0) > Z(6). The function Yys6(6)
determines the boundary weather conditions (speed vw for a
given direction 6 ), so when they would be exceeded then a
battery of at least one UAV from the fleet ¢/ shall be empty.

It is assumed that function Yysg(6) is determined for a
feasible plan of mission S, as the maximum value of set 17(6)
C UW that contains relevant wind speed’s values vw, for a
given direction 6:

Tusg(0) = max'(6) (1)

Where: I'(6) C UW — a set of wind speed’s values vw,
which for a direction 6 ensures the successful completion of a
plan of missions S by a fleet I/ in a distribution network G.

Function Yys6(6) determines a set of weather conditions
Yusg = {(0,vw)]0 € [0°,360°), vw < Yysg(6)} which en-
sures a successful completion of a plan of mission S by a fleet
U in a distribution network G. Therefore, it enables for the
definition of a robust plan for a mission S.

Definition A plan of mission for a fleet in a distribution net-
work is robust to weather conditions only if, all UAVs from a
fleet return to the base after all deliveries are made.

According to the above definition, a robust plan of mission
is such a plan which implementation is possible for all fore-
casted weather conditions (0,vw) € Z C Yysg. Fig. 4 pre-
sents the graph of function Yysg(6), which is designated (in
accordance with (1)) for UAV’s routes that are performed
during the mission from Fig. 2. The area limited by a graph
of function Yysg(0) contains points, which correspond
to the weather conditions that ensure completion of a
plan of mission S — set Yysg. In this chart also, two
points are distinguished for the forecasted weather con-
ditions: Z = {(80°;10%2); (150°;102) }.

In the first case, the highlighted point is located inside the
Yusg, while in the second case, it is not. It means that in the
first case, the wind speed vw is lower than the allowed max-
imum value: vw - thus the mission S is accomplished, as
UAV’s batteries are not discharged. In the second case, a wind
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Fig. 2 Plans of UAVs fleet missions specified by routings, delivery flow charts and energy consumption time diagrams under different wind directions:

(a) vw = 10 m/s, € = 80° (b) vw =10 m/s, 6 =150°

speed exceeds the permissible value: vw' > Yys5(150) which
means that during this mission a battery of at least one of the
UAVs would be discharged. Due to the fact that not all
elements of the set Z belong to the set Yysg, the plan of
mission S from Fig. 2 is not robust to the weather condi-
tions. Thus, there is a risk that not all essential goods
would be delivered.

The search for a plan of mission S, that is robust to given
weather conditions requires determining a plan (including
routes of individual UAVs), that shall ensure its successful

@ Springer

execution for both weather conditions. Therefore, a plan
of mission S is sought, which function Yysg(f) meets
both conditions simultaneously: Ysg(150) > vw and
Tugg(SO) > VW.

In Fig. 5, a search for a proactive plan of mission is pre-
sented, that shall be robust enough to the given changes in
weather conditions. A set of forecast weather conditions Z is
given, for a fleet I/ and a distribution network G. A searched
plan of mission S (routes and related flight schedules) for a
fleet U, shall ensure a timely delivery (within a given time
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a) b) 90 s
Forecasted weather conditions 9 7(0) 120 1123 60
Wind direction Wind speed 11
E cast 0..8 0° 8 700 10
ENE east northeast 0..85 22°30' 8.5
NE northeast 0..9 45° 9 150 30
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
WNW west northwest 0...10 157°30" 10 180 0
\\ west 0...10 180° 10
WSW west southwest 0...9.5 202°30' 9.5
SW soutwest 0...9 225° 9
SSW south southwest 0...9 247°30' 9
S south 0...9 270° 9 , o
SSE south southeast 0..85 | 292°30' | 85 210 e
SE southeast 0...8 315° 8
ESE east southeast 0...8 337°30' 8

Fig. 3 (a) A sample weather forecast (b) and a corresponding function Z(6)

horizon) to all recipients in a G network, and shall be
robust to forecasted weather conditions Z. Thus, a plan
of mission S shall meet conditions Z C Yys¢ that:
Y gefoe 3600) Yusg(0) > Z(0).

Planning of a UAV mission, that is robust to the given
weather conditions belongs to the combinatorial optimization
problems in the class of synthesis problems. These types of
problems are NP-hard. A search for a robust UAV fleet’s
mission can be modeled using the Constraint Satisfaction
Problem (CSP) formalism (which allows taking into account
non-linear constraints of the energy consumption). That

Fig. 4 Robustness Yysg(6) for
mission S from Fig. 2

Weather conditions
from Fig. 2b

180

210

240 300

27

o

allows for implementing the proposed model directly in com-
mercially available constraint programming environments,
such as IBM ILOG CPLEX, Gurobi, ECL'PS®, Oz Mozart
(and others).

4 The Model for Planning of UAVs’ Mission

The mathematical formulation of the proposed model for the
Robust Mission Planning employs the following parameters,
variables, sets, and constraints:

Weather conditions
from Fig. 2a

Area of weather conditions for which it
is possible to implement a mission S

270
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4 N\
Forecast weather conditions 4

Robustness
Z < Yqyse

Flying mission S
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9000
8000
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6000

5000
180

4000

3000

330

2000

1000
300 eit,

240

90
13
120 12 60

270 0
0

A J

.

2000 4000 6000

Does there exist a plan of mission S guaranteeing robustness to given weather?

Fig. 5 Illustration of UAVs fleet robust mission planning

Parameters
Network

G graph of a distribution network: G = (N, E) where
N = {l...n} is a set of nodes (n = |N]), E = {{i,
JH i, j € N, i # j} is a set of edges

demand atnodei € N,z; = 0

travel distance from node i to node j

travel time from node 7 to node j

time spent on take-off and landing of a UAV

time interval at which UAVs can take off from the base
position of node 7 in geographical coordinates: pn; =
(¢:, ), where ¢, - latitude of node 7, A\, — longitude of
node i

Customer’s Satisfaction Level expressed, as a % of the
amount of delivered goods ordered by customers

CSL

UAV Parameters

set (fleet) of UAVs: U = {Uy, ..., Uy, ..., Ug } where
Uy is a k-th UAV

size of the fleet of UAVs

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

maximum loading capacity of a UAV
aerodynamic drag coefficient of a UAV

front facing area of a UAV

empty weight of a UAV

air density

gravitational acceleration

width of a UAV

Yusg

SEIISE RO S

@ Springer

CAP  maximum energy capacity of a UAV

Environmental Parameters

H time horizon H = [0, 4]

Z(0) function determining the upper value of wind speed for
wind direction 6

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

¢; ; heading angle, angle of the airspeed vector when the
UAV travels from node i to node j

vg;; ground speed ofa UAV travelling from node i to node j

¥; ;  course angle, angle of the ground speed vector when

the UAV travels from node i to node j

Decision Variables.

xk ;  binary variable used to indicate if Uy travels from node

i to node j x, =
1 if Uy travels from node i to node j
{ 0 otherwise.
; time at which Uy arrives at node i

cff weight of freight delivered to node i by Uy

ff‘ weight of freight carried from node i to node j by U,

P;;  energy per unit of time, consumed by Uy during a flight
from node i to node j

b/fltk total energy consumed by U,

K take-off time of Uy

cp;  total weight of freight delivered to node 7
Iy route of Uy T = (Vi, ooy Vis Vi 4 1r -vs Vi), Vi € N,
ViVt =1
Auxiliary Variables
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es® total weight of freight transported by Uy
fcf.‘ weight of freight transported by Uy, at the moment of
arrival to node i

Sets

set of times )%, schedule of U, UAV

family of Yk, schedule of fleet U4

set of ¥, payload weight delivered by U, UAV
family of C*

set of UAV routes
plan of mission: S =

LA qQ~~

(1, Y, C)

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

s >0k=1,...K (2)
V>0i=1,.,mk=1,..K (3)
(|sk—s‘7‘ >ts)ik,g=1,....K; k+#gq (4)
> o= Lk=1 (5)

O #0Ay #0) =
=1,...mkg=1,..

(bf =yl = w)si
K k#gq (6)

(XI;J: 1) = (yf :sk+tu);j: Lomk=1,..K (7)

(foJ: 1) = (yjk :yf+z[J+w);j: 1,..,mi
=2,..mk=1,.,K (8)
noko_ "k —
ijlxw- = Zj:lesi’l =1,.,mk=1,.,K, 9)
y"<tmax><z foi=1,mk=1.K, (10)
x{fizo;izl,...,n;kzl,...,K (11)

Delivery of freight. Relationships between variables de-
scribing the quantities delivered to nodes by UAVs and the
demand for goods at a given node:

E>0i=1,.,mk=1,..,K (12)
cffgngf:I)cf‘J,l lmk=1,...K (13)
Y <ok=1,..K (14)
(5 =1) = d = k=1, Ksi =1, mj=2n (15)

Kook
Zk:lci =cppi=1,..,n (16)
ep; <zyi=1,...n (17)
Zjl lcf =chik=1,....K (18)

(x’;,/. - 1) - (fc]’.‘ :csk);j: Lmk=1,.,K  (19)
(1) =t~
( = ) (ll‘chsk);jzl,...7

<J ) ( fc) l,.,mk=1,..K (22

Energy consumption. The plan of mission S is robust to
weather conditions Z(#). That means that an amount of energy
needed to complete tasks performed by any UAV cannot ex-
ceed the maximum capacity of its battery.

mk=1,..K (20)

3&

nmk=1,.K (21

Tuss(6) > Z(0); V8 € [0°,360°) (23)

Tusg(0) = maxI'(6) (24)
() = {wwlvw € R A Vke{lK}batk(G, ww) < CAP}

bat* (0, vw)

Z: IZH Xij X tij XP (9 vw) (26)

(ten-+7) )’
D x b? X va, S(0,vw)
(27)

k 1 3
Pi;(0,vw) :ECD XA X D x (va (0, vw)) +

Variables va; ;(0,vw) and ¢;; depend on the assumed strat-
egy for deliveries. If the ground speed vg; ; is constant, then the

air speed va, ; is calculated as follows:

2 2
va; (0, vw) = \/(ng X cos¥i; — vw X cns@) + (vg[_j X sind;; — vw x sin€>

(28)
Vg, '

lij = (29)

Where the course angle 1J;; and the travel distance d;; are
known and they are calculated based on the nodes’ geographic
coordinates pn; = (¢;, A;) [46, 47] (R means the radius of the
Earth R = 6371.009[km] ):

dij =R x \/(qu — )+ <cos(@> x (A — )\i)>2

(30)
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Vi = arctg (;J — ;’) (31)
i Yy

Customer’s satisfaction. The previous study [39] has indi-
cated that it might be difficult to define equitable aid distribu-
tion among recipients. For modelling purposes we assume that
the equitable aid distribution is measured by the Customer’s
Satisfaction Level (CSL ). Customer’s satisfaction is
expressed, as a % of the expected amount of goods that are
delivered to the recipients:

n
223—710‘” » 100% > CSL. (32)
i=1%i

In the example from Fig. 2 customer’s satisfaction equals
CSL = 100% (the mission plan assumes delivery of the entire
amount of the expected goodsz; ). The CSL should be equal or
higher than the value arbitrarily assumed by a decision maker.
In the proposed approach it is possible to consider the plans of
missions where not all goods are delivered, thus ensuring a
certain level of CSL lower than 100 %.

Constraints (2)-(11) describe the relationship between routes
(represented by the variables x¥ ) and the delivery schedule

(variables ¥ and s* ). They provide, among others, that it is not
possible to take off several UAVs from the base at the same
time (4), a recipient cannot by simultaneously served by several
UAVs (6), deliveries are made in accordance with the adopted
route (7), (8), it guarantees closed loops of the routes (9).
Constraints (12)-(22), link UAV routes (xf‘ ;) to the amounts

of delivered goods (variables ¢* ). They also ensure that the
UAVs are not overloaded (14), correct amounts are delivered
(17). Constraints (19)-(22) determine the weight (f'f J ) of the
goods at each section of the taken route. Constraints (23)-(31)
describe the values of the determined resistance functions Ysg
() for the fleet U and ensure that these values exceed the value
of the function Z(6) (for forecasted weather conditions). The
value of the Y5g(0) resistance functions depend on the amount
of energy consumed by a UAV in flight which in turn depends
non-linearly on the speed value va;; - see Fig. 6. It means that
some of the constraints, e.g. (26)-(27), in the adopted model
have a non-linear character, thus implying the necessity to use
the capabilities of declarative environments (in particular con-
straints programming).

5 Problem formulation
The introduced model allows defining a robust plan of UAV

missions. We consider a fleet I/ that delivers to the customers
allocated in a network G. The problem is defined as follows:

@ Springer

Does a plan of mission S (determined by variables IT, ¥, C
) exist, that ensures robustness to the given weather Y55
(#) > Z(0) (constraints (23)~(31)) while maintaining the
required customer’s satisfaction level CSL  (32)?

The investigated problem can be seen as a Constraint
Satisfaction Problem (CSP) described, as (33):

CP = (V,D,C), (33)

Where:

V = {II,Y,C} - a set of decision variables which are de-
termining a plan of mission S: II - a set of UAV routes, Y - a
schedule of a UAV fleet, C - a set of payload weights delivered
by the UAVs,

D - a finite set of decision variable,

C - a set of constraints specifying the relationships between
UAV routes, UAV schedules, and transported materials for-
mulas (2)—(32).

To solve the CP defined in formula (33), the values of the
decision variables need to be found for which all the con-
straints are satisfied. By implementing CP in a constraint
programming environment, such as IBM ILOG, an answer
to the above formulated question is searched.

6 Model Application - Computational
Experiments

The proposed model has got a practical application. It is
designed to facilitate the decision making (DM) on
UAV’s mission planning in changing weather condi-
tions. It enables defining multiple scenarios for chang-
ing weather forecasts, by:

+ [DM1] Assessing the existing plans in terms of their fea-
sibility under the given conditions (as defined by function
2(9))

» [DM2] Finding plans, that are robust (Yysg(f) ) to the
given weather conditions

+ [DM3] Identifying areas, which are not accessible in the
given weather conditions.

+ [DM4] Planning of emergency returns of UAVs, or com-
plementary missions, when the real weather conditions are
more difficult than those indicated by the available
forecast.

In order to present the application of the model for DM1-
DM4 we use the case presented in Fig. 2b. In the initial case
the mission cannot be completed for the conditions: vw = 10
~, 0 = 150° as, the battery would discharge in U, . First the
developed model is used to determine DM2:
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pn; = (¢, %))

ground speed

VY,

airspeed

=3 A

pn; = (¢, A;)

120 T T T
100 ]
energy consumption per unit
'E 80 of time, consumed by U}, 7
N
S 60 b
)
p—
)
40 .
A
21 I/_// ]
0 1 I 1
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Uai'j [m/S]

node’s geographic
coordinates

Fig. 6 Graphic illustration of the nonlinear dependence of the P{‘ ;(6,vw) on the va, (0, vw)

A proactive plan of mission S for fleet I/ ensuring timely
delivery of all expected essential goods(CSL = 100%) if
weather conditions change to: vw € [O%, 10 %], 6 € [0°,
360°).

Thus, the decision maker search for a plan of mission that
enables the delivery of essential goods to all collection points
when the wind speed does not exceed 10% regardless of the
wind direction (DM2). Figure 7a presents the graph of func-
tion Z(#) and the solution of the problem using Eq. (33). The
declarative programming environment IBM ILOG (Intel Core
17-M4800MQ 2.7 GHz, 32 GB RAM) is used. The solution
obtained after 1 s was negative, i.e. no mission S was found.
Figure 7b presents the graph of function Yysg(6), which

Forecast weather conditions Z(6)

150 30

180

210 330

Area of weather
conditions for which:
Yus6(6) £ Z(0)

corresponds to the best (i.e. maximizing the value of ZZ?O

(Yusg(0) — Z(0)) ) of obtained solutions. The value of func-
tion Yysg(156) = 9.3 is smaller than the expected value of
10%. It means that, for the forecasted weather conditions (e.g.
those marked in gray in Fig. 7b) the planned mission would
not be completed, as not all of the planned deliveries would be
made.

An alternative scenario with additional UAV, is tested to
find a proactive plan for the fleet & = {U;, Uy, U3, Us}.
When the problem is solved again for the fleet
U= {U,,U,, Us, Uy}, the first acceptable solution is obtain-
ed in 559 s. Tasks performed by UAVs U,, U; are carried out
in the same way as shown in Fig. 2, while tasks initially per-
formed by U, are partly taken over by Uy.

Robustness

b) Yusc ()

ag [m/s]

13
120 12 60

30

330

240 300
270

240 300
270

Fig. 7 Function vw(6) determining the upper value of wind speed for changing wind direction for fleet i/ = {U, U, U3 }
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