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ABSTRACT This paper studies the drone-aided last-mile delivery problem with shared depot resources. Our
research motivation comes from E-commerce logistics, where big companies such as Amazon, are already
filing up patents for the development of drone-friendly fulfillment centers towers that could serve as both
charging hubs and convenient pit stops for delivery drones to pick up and drop off packages efficiently.
We mainly focus on the tactical decisions about the selection of shared fulfillment centers used as the
drone launch and retrieve stations and the fleet size plans. The operational drone route decisions are also
incorporated into a unified framework to account for the mutual impact between tactical and operational
plans. Moreover, we consider explicitly the non-linear and load-dependent nature of the energy consumption
function for drone batteries. The problem is formulated as a mixed integer program with linear constraints,
developed in the realm of layered networks, where the non-linear nature of energy consumption and its
load dependency are incorporated and efficiently handled without the need of approximating non-linear
terms. The proposed model is tested on an extensive set of instances with up to 75 customers, showing its
computational efficiency. Insights about the route costs and spatial configuration of depots are also discussed.

INDEX TERMS Last-mile delivery, E-commerce, drone delivery, UAV, non-linear energy consumption,
multi-depot routing problem.

I. INTRODUCTION

The two digits growth of e-commerce is reshaping the
distribution of goods in our cities and the associated logistic
business processes and models. Its disruptive impact on the
delivery process has dramatically challenged transportation
companies [1], [2], not only for the increased volume of
last-mile deliveries, but also for the consequent change in
customers, more connected and informed, and whose orders
are smaller, more frequent and normally characterized by
very tight time-windows (up to one hour). This prompted
companies to explore new delivery methods, such as cargo
bikes, lockers, and delivery robots [3], [4]. One of the more
interesting options, both from an industrial and an academic
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point of view, is represented by Unmanned Aerial Vehicles
(UAVs), also known as drones. The scope of applications
for UAVs technology is quite broad ranging from target
hunting [5], wildfires monitoring [6], military and civil
surveillance [7] to post-disaster management and commercial
deliveries [8], [9], [10], [11], [12].

Drone-aided deliveries offer significant benefits in terms
of cost and delivery time savings [13], [14], [15] together
with lower CO2 emissions and congestion [16], especially
compared to terrestrial vehicles. In addition, drones often
represent the unique option to get access to distant and/or
isolated areas [17], for their ability to travel across different
directions and altitudes. Acknowledging such potentials,
Amazon released a number of patents for multi-level
Fulfillment Centers (FC)s that facilitate drone landing
and take-off within the delivery operations, especially in
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populated urban settings [18], but other similar systems
are under test, as Google’s “Project Wing” [19], DHL’s
“Parcelcopter”’ [20], and the joint venture between Swiss
Worldcargo (the air freight division of Swiss International Air
Lines) and the California-based start-up Matternet [21].

Generally speaking, FCs are, in fact, drone stations that are
centrally controlled and are built in a beehive-like tower shape
to ease the accommodation of a large number of drones. The
FCs also provide retail companies with a variety of different
services from package handling to recharge operations. The
use of such facilities, in a shared way can be an opportunity
for retail companies interested in drone delivery services.

Although the idea of shared FCs seems so appealing,
there are some tactical challenges to cope with. In practice,
the agreement between the retailer and the FCs owner is a
long-term contract to specify the set of shared FCs selected
by the retailer and the required amount of space at each
center for stocking the parcels. This also depends on the fleet
size, which is another important decision the retailer should
take in advance. Since tactical and operational decisions are
highly connected and influenced by each other, addressing
the tactical decisions without considering the impact of
operational plans may lead to system failure and severe
losses. To account for such mutual effect, the tactical and
operational plans should be addressed simultaneously in a
unified framework. Moreover, drone battery consumption
plays a key role in the planning and optimization of drone
operations. Unfortunately, this component is highly non-
linear, with a consequent increase in the complexity of the
problem at hand.

To cope with these issues, the main contributions of this
paper are the following.

« We present an integrated model to jointly address both
tactical and operational decisions arising in the drone-
aided delivery context.

« Differently from the majority of the literature, we inte-
grate the non-linear drone battery energy consumption.
In particular, Dorling et al. [22] showed that drone
energy consumption is a non-linear function of drone
payload and travel time. Clearly, considering the highly
non-linear nature of the energy consumption function
enhances the realism of the models, but exacerbates their
complexity.

o We formulate the drone routing problem with non-linear
and load-dependent energy consumption as a Mixed
Integer Linear Problem (MILP).

« We conduct an extensive set of computational experi-
ments, using data that reflect the main issues involved in
the problem.

The rest of the paper is organized as follows. In Section II,
we review the relevant contributions to the drone-aided rout-
ing problem. In Section III, we describe the problem, provide
a brief discussion on drone battery energy consumption,
and present the MILP. In Section IV, we comment on the
computational experiments. Finally, Section V summarizes
the paper and presents directions for future research.
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II. LITERATURE REVIEW

In this Section, we briefly cover the literature on the pure-play
drone-based models which focus on drone usage to deliver
parcels directly from depots to customer sites. In order to
place our contribution in the right perspective, among the
pure drone routing problem contributions, we also address
those involving depot/drone base/station/fulfillment center
location/selection decisions.

The literature clearly states the importance of consid-
ering explicitly the technological issues in drone delivery
as the integration with blockchain [23], ToT [24], edge
computing [25], 5g/6g telecommunications [26], [27], and
ad-hoc wireless networks [28]. One of the most critical
aspects is battery consumption, due to safety and security
problems. This highlights the importance of the adoption of
appropriate energy consumption models, considering energy
consumption as an explicit non-linear function of drone
payload and travel time. The work of Dorling et al. [22]
is one of the first studies that acknowledge the non-linear
nature of energy consumption in drone batteries. To avoid
the computational intractability of non-linear constraints,
the energy consumption function is replaced by its linear
approximation. The authors proposed two multi-trip drone
routing formulations with different objective functions (either
total operating cost or total delivery time) and designed a
simulated annealing heuristic to solve the model. Similarly,
Cheng et al. [29] applied a linear approximation of the
load-dependent energy consumption function in a multi-
trip drone routing problem. The model is enriched by valid
cuts embedded into a branch-and-cut algorithm. In [30],
the drone’s maximum payload, maximum flight duration,
and customers’ time windows are considered in a multi-trip
routing context. The energy consumption is approximated
as a linear function of drone weight and travel time.
Rabta et al. [31] studied a drone routing problem for parcel
delivery with the possibility of en-route charge from a
single depot, considering the energy consumption linearly
dependent on the distance and the payload. The model is
tested on a small example with one depot, one recharging
station, and five customers.

In a recent paper, Du et al. [32] proposed a MILP
formulation for the drone routing problem with the aim of
minimizing the total customer service time and drone flight
time. The model considered constraints on drone payload,
maximum flight distance, and customer time windows. The
authors applied a Dantzig—Wolfe decomposition approach to
solve an instance of the problem for medical supply delivery.

Regarding the scientific literature in the location-routing
field, some authors adopted a hierarchical approach in which
first the location decisions are tackled separately and next
the operational drone-routing plans are addressed; others
addressed the strategic/tactical location plans and operational
routing decisions simultaneously. Clearly, the suitability
of each approach depends on the application context; for
instance, in a server-centric application, where the strategic
location decisions are irreversible and costly, especially
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TABLE 1. Summary of multi-depot drone routing problems.

Depot selection  Fleet Drone Flight distance/  Explicit energy
decision sizing  payload duration consumption

Torabbeigi et al. [33] H v v X Linear
Kim et al. [34] v v v X

Liu et al. [35] S v X v X
Yakici [12] S v X v X

Kim et al. [10] S v v v X
Lietal. [36] S v X v X
Grogan et al. [9] S v X v X

This paper v v X Non-linear

s
H: Hierarchical S: Simultaneous.

compared to the operational routing decisions, it makes sense
to adopt a hierarchical framework; on the contrary, in a
customer-centric context, where the delivery plans are highly
affected by the location of drone bases, it is more reasonable
to simultaneously handle both location and routing decisions.

Table 1 categorizes the recent multi-depot drone routing
scientific literature. Specifically, we classify the contributions
based on Depot selection/location decisions (whether
addressed hierarchically or simultaneously), Fleet sizing
decisions, critical energy consumption-related features such
as Drone payload, Flight distance/duration constraints (used
as a proxy for the energy consumption) and Explicit energy
consumption constraints.

Concerning the first stream (hierarchical approach),
Torabbeigi et al. [33] proposed two mathematical formula-
tions involving strategic and operational plans to optimize
the drone routes for parcel delivery. At the strategic level,
a set covering model determines the minimum number of
required depots to cover all customers, next, at the operational
stage, a drone routing model is solved to find the optimal
drone routes minimizing the number of dispatched drones.
The authors included energy consumption constraints in the
problem, which are linear functions of the payload and the
travel time. A variable pre-processing algorithm and primal
and dual bound generation methods are developed to speed
up the computational performance. Kim et al. [34] proposed
a set covering model to find the optimal locations of drone
depots, followed by a multi-depot drone pickup and delivery
model, in a healthcare context. The cost of used drones
is minimized while the drone payload and the maximum
drone flight time constraints are satisfied. A pre-processing
algorithm, a partition method, and a Lagrangian relaxation
are developed as solution approaches.

In the location-routing context, Liu et al. [35] presented
a model in a drone patrol application to simultaneously
find the optimal location of drone launching bases and
the optimal drone routes minimizing the total cost (base
establishment cost, drone usage cost, and flight cost). The
authors imposed a maximum flight duration for drones. Two
heuristic algorithms combined with local search strategies
are designed and tested for 25 target points and 5 potential
base stations. Yaklcl [12] proposed a selective location-
routing problem with the aim of maximizing the sum of
importance values corresponding to the covered points. The
model accounts for a maximum flight time and considers an
upper bound for the number of selected stations to be used.
An ant colony optimization metaheuristic is designed as a
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solution approach. Kim et al. [10] proposed a drone routing
model with multiple depots, and multiple drones, allowing
multiple UAVs to deliver goods to one customer at the same
time. The objective function minimizes the delivery and
drone usage costs. The drone payload capacity and maximum
flight distance are considered as constraints. The optimal
location of selected depots, the fleet size, and the drone routes
are the outputs of the problem. The model is solved for
instances up to 75 customers. In another paper, Li et al. [36]
studied a multi-depot drone routing problem to minimize the
total number of drones used and the total traveled distance.
The model accounts for a maximum drone flight time. Since
not all the depots are required to be used, the optimal location
of used depots is an output of the problem. To solve the
problem, the authors developed a heuristic approach based
on a hybrid large neighborhood search.

In a recent paper, Grogan et al. [9] addressed a drone
application for relief operations conducted after a tornado.
The authors proposed a routing problem considering the
maximum drone endurance limit with the aim of minimizing
the maximum route duration. The number of dispatched
drones and occupied depots are the problem outputs.

To conclude, in order to address the energy consumption
concept in drone-aided last-mile delivery, the majority of
contributions only implicitly account for the limited battery
capacity imposing some constraints on the maximum drone
flight range. It is easy to note that, apart from the present
contribution, only Torabbeigi et al. [33] explicitly accounted
for the drone battery energy consumption. In this case,
however, a strong simplification of the problem is made
since battery consumption is expressed as a linear function
of payload and travel time. Clearly, this assumption makes
the problem more tractable but it raises questions about
the feasibility of designed routes, as we will show in the
computational results. The contribution is also different from
the present paper since the authors dealt with the depot
location plans and routing decisions separately.

In this paper, we aim to fill this gap since we explicitly
account for the non-linear nature of energy consumption
while tackling the tactical depot selection/fleet size and
operational routing decisions simultaneously. Clearly, this
exacerbates the computational intractability of the problem
but enables the decision-maker to adopt tactical policies
which enhance operational efficiency.

IlIl. PROBLEM DESCRIPTION AND MATHEMATICAL
FORMULATION

In this Section, we introduce the Drone Routing Problem
with Shared Depots (DRP-SD) and provide a brief discussion
on the non-linear load-dependent drone energy consumption.
Next, we formulate the problem as an efficient MILP,
developed based on a load-indexed layered graph [37].

A. PROBLEM DEFINITION
The DRP-SD is a location routing problem that determines
the optimal subset of shared FCs used as drone launch and
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retrieve stations, the optimal size of the fleet to be deployed,
and the optimal drone routes. The choice of the FCs to use is
guided by the minimization of the total cost: the tactical cost
related to the FC tariffs (for packaging and handling services),
the fleet usage cost, and the operational delivery cost. The
retailer can afford to rent a limited number of FCs and each
FC can host up to a pre-specified number of drones.

A fleet of homogeneous drones is available to deliver
homogeneous parcels. The drone batteries are fully charged
at the beginning of the service. The drone routing decisions
define the FC that launches the drone, the order of customers
to be visited, and the FC that retrieves the drone, which
can be different from the starting FC. Once the route plans
are defined, the drone is appropriately loaded and visits the
subset of customers assigned. Clearly, the designed routes
should be energy feasible, i.e. the total energy consumption
should not exceed the battery capacity. Since the drone energy
consumption depends on travel time and (non-linearly) on the
drone payload, it is important to track, at each customer’s site,
the drone payload after dropping the parcel at the customer’s
doorstep. Finally, after delivering the last customer’s package,
the drone is retrieved at one of the FCs.

It is important to note that in the DRP-SD, the main
focus is on tactical plans such as the selection of FCs
and the fleet size decision, while the operational routing
plans are incorporated to account for the connection and
mutual interactions between such long-term and short-term
plans. At the time the tactical decisions are made, the exact
information on the parcels features such as weight is not
available and we should plan based on peak- or average-
demand scenario, depending on the risk aversion of the
decision maker.

Figure 1 represents a DRP-SD instance with four potential
FCs and three drones. In the colored squares above each
customer, the accumulated drone payload after departure
from the customer is reported. All parcels have a weight of
0.5 kg. Each drone is launched from a selected FC, serves
multiple customers and is finally retrieved at one of the active
FCs already used as drone launch points. As we can see, the
choice of FCs is selective and one FC (FC 4) is not used.

B. DRP-SD: MATHEMATICAL FORMULATION

Following Dorling et al. [22]’s approach, the energy con-
sumption (in Watt-hours, Wh) in a drone flying from point
i to point j with travel time #; while carrying a payload of
weight p;; can be expressed as:

3
Ej =/ 35z @+ n+pi)* 1 (1

where g represents the gravity constant (in N/kg), p denotes
the fluid density of air (in kg/m?), & is the area of spinning
blade disc (in m?), & is the number of drone rotors and
and p represent, respectively, the drone frame and battery
mass (in kg) [29]. Clearly, modeling the energy constraints
with non-linear payload-dependent energy function as in (1)
entails the definition of non-linear constraints. Thanks to the
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O Fulfillment Center

[] Customer

FIGURE 1. Example of a DRP-SD instance.

use of load-indexed layered graphs, it is possible to embed
the non-linear energy consumption in a MILP.

The load-indexed layered graph is built upon indexed
levels, which correspond to different drone payloads. To be
more specific, let p be the parcel weight of each customer and
Q be the maximum payload capacity of the drone. Clearly, the
drone can serve up to N = | = | customers. Now, if the parcels
have weight U, (U < Q), the drone payload after delivering
the order of the r—th customer is (U — r p) that corresponds
to the load-index/level of (U — r p). When the drone is on
its trip back to the FC, its carrying payload is 0, which
corresponds to the load index of 0. We may represent the load-
indexed layered graph as displayed in Figure 2. This graph
includes different load levels from N to O where each load
index represents the drone carrying payload just after visiting
a customer. Any node in the graph represents either one of
the customers (denoted by squares and indexed from 1 to n),
or one of the FCs (displayed by circles and indexed from 0,
1,...,m) and the level assigned to the node represents the
drone payload (the number of packages to be delivered) upon
arrival at the node and before serving it. The auxiliary node
0 is used to connect the starting FC to the first customer.
The last customer is followed by the FC that retrieves the
drone. Figure 3 displays the load-indexed layered graph
corresponding to the example in Figure 1. Notice that thanks
to the layered graph, the energy consumption associated to
each load level r can be easily evaluated as

3
e =g+ u+rp’? @)

and hence, becomes a parameter. Defining load-indexed
decision variables, as reported in Table 2 (where the whole
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Load level 0 A ’

Load level 1

Load level 2

Load level 3

Load level N — 2

Load level N — 1

Load level N

FIGURE 2. Load-indexed layered graph.

notation is reported), the DRP-SD can be formulated as the
following MILP:

mn 3 Y e

ieC jeC reL
J#i
+2 D D vapryy
deD jeC rel
+ 2D 3)
jeC rel
dxi=1 iecC )
relL
2.2y =Fs 5)
relL jeC
D5 =220 ©)
ieC reL jeC
x =205 jeC ™
ieD
Dyp=xtl ieC reLr#N 8)
jeC
J#i
Z vi=x jeC,reL, r#N 9)
ieCU{0}
i
Wi=x' jeC (10)
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Load level 1

Load level 2

Load level 3 n @

Load level 4 e
Load level 5 12

Load level 6

Load level 7

Load level 8

FIGURE 3. Load-indexed layered graph for example in Figure 1.

D=y j€C.reL r#l (11)
deD
>33 dep a2)
jeC reL jeC
r#l1
> > vy <Cap; deD (13)
jeC rel
=Yy deD,jeC,reL r#l (14)
DT (15)
deD
ea+ D erlaypy < e+
relL
r#1
My(1—>"y;) deD.jeC (16)
relL
r#1
e+ Z értijyfj = e+
relL
r#N
Mgl =D yp) i, jeC i#j (17)
relL
r#N
ei+e D tiayy <E jeC.deD (18)
deD
x €{0,1} ieC,relL (19)

v €10,1} i,jeDUCUD, i#j, relL (20)
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TABLE 2. Notation.

Sets and indices

Cc={1,---,n} Set of customers, indexed by ¢, j
D={1,---,m} Set of potential FCs, indexed by d
D’ = {0} Auxiliary node
L=1{0,1,---,N} Setofload levels, indexed by r
Parameters

cij Travel cost between (4, j)

Vq Weight-based tariff of the FC d

p Customer’s package weight

5 Drone usage cost

FS Fleet size

Cap, Capacity of the FC d

T Maximum number of FCs to use
€r Constant parameter 1/ 5 th (W p+rp)d/2
E Battery capacity

Decision variables

-
i

Binary variable which takes value 1 if customer ¢ is visited at load-level  (upon arrival at the location of customer i, the drone carries 7 parcel packages)

Y5 Binary variable which takes value 1 if node j is visited right after node 4 and there are exactly  — 1 parcels to be delivered after
24 Binary variable which takes value 1 if FC d is used
e; Continuous variable that indicates the accumulated energy consumption upon arrival at node ¢
z0€{0,1} deD 21 IV. COMPUTATIONAL RESULTS
;>0 ieC (22) In this Section, we report the computational results conducted
on two sets of instances with 50 and 75 customers. The data
eq=0 deD (23)

The objective function (3) minimizes the total cost. Con-
straints (4) ensure that each customer is visited exactly once.
Constraint (5) expresses the restriction on the maximum
fleet size. Constraints (6) and (7) ensure that all the drones
are retrieved back at the end of the service. Constraints
(8)-(10) represent the connectivity constraints and express the
relation between the binary variables x] and yl’] According
to constraints (8), any customer i visited at the upper level
r + 1 should be connected to exactly one customer (name it j)
at level r by traversing link (7, j). Constraints (9) guarantee
that each customer j visited at level r should be linked to
exactly one customer (assume i) or connected directly to
the auxiliary node O by the link (0,j) in the same level.
Constraints (10) require that customers visited at level N
should be visited right after the auxiliary node 0 via arc
(0, /) in the same level. Constraints (11) define the relation
between yO and yd variables. Constraints (12) ensure that
only the FCs selected as drone launch sites can retrieve the
drones back. Constraints (13) represent the restriction on
the FCs’ capacity. Constraints (14) allow drones to dispatch
only from selected FCs. Constraints (15) impose an upper
bound on the number of selected FCs. Constraints (16)-(18)
express the drone energy consumption: notice that thanks
to the load-indexed graph, the payload of the drone in each
level r can be represented as constant rp, as embedded
into the parameter €,. Constraints (16) are for the first
visited customers along each tour, and constraints (17) for
the remaining customers. M;; and M(/ij are large enough
constants that make the constraints binding only when the
corresponding y variables take the value one. Constraints
(18) limit the total energy consumed to the battery capacity.
Finally, constraints (19)-(22) express the nature of variables
and constraints (23) set the initial accumulated energy
consumption.
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set with 50 customers is taken from the benchmark [29].
In order to test the model on larger instances with
75 customers, we have extended the 50-customer instances
by adding 25 new customers where the demand and the
coordinate location of the new customers were randomly
generated from the range of demand and coordinate locations
for the 50-customer instances. As in [29], the travel time
between customers i and j is set equal to the travel distance
between nodes i and j, calculated according to the Euclidean
norm. The delivery cost is set as ¢; = oat; where
a = 0.94 $/h is the delivery cost per hour. The drone usage
cost§ was sett0 0.7 $ and the FC tariff is computed as vy = %
(the parameter y € {5, 10} represents the proportion between
the FC tariff and the drone usage cost). For all experiments,
we have considered five potential FCs with Cap; = 5 and
T = 4. Depending on the instance size, we have set
FS= 10 or FS= 12.

Regarding the spatial configurations of the FCs, we have
considered a Centered configuration, where the FCs are
located close to the center of the delivery area, and a Marginal
configuration, where the facilities are marginally located
around the outskirt of the area. In more details, let (X;, Y;) be
the location coordinates of customer i in the 2-dimensional
space, we define

ieC
- 1
= Z Y;
ieC
RX = Xmax - Xmin
RY = Ymax - Ymin (24)
where X, = Il’llélX,, Xpax = maCXXu Yoin =
micn Yi, Yuae = maxY; For thecentered configuration the
ic ieC
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coordinates of the FCs are:

FCl : (X,Y)

FC2 :(X,Y — BRy)

FC3 :(X,Y + BRy)

FC4 :(X — BRx.Y)

FC5 : (X + BRx,Y)

where the input parameter 8 € (0, 1) controls the dispersion
among the FCs for the centered configuration (we set
B = 0.2 in all experiments). For the marginal configuration,
the coordinates of the FCs are:

FC1 : (Xmin» Ymin)

FC2 (Xma)u Yonin)

FC3 : Xonin, Yinax)

FC4 : (Xnax, Yimax)

FC5 : (Rundome 1y,

We have considered a MATRICE 600 PRO drone with a
payload of 6 kg and six TB47S batteries with a power of
0.099 kWh. The estimated parcel weight is 0.8 kg.

Even if Model (3)-(23) belongs to the class of NP-hard
problems, it can be easily solved by a general-purpose
state-of-the-art solver. In particular, all the experiments
have been performed on an Intel® Core 17-10750H, with
2.60 GHz CPU, 16 GB RAM working under Windows 10 and
Gurobi 9.1 has been used as MILP solver.

A. ENERGY CONSUMPTION VERSUS FLIGHT RANGE

In order to highlight the importance of dealing with
energy consumption in the drone delivery context, we have
first carried out a set of experiments on the instance
50 — 5 and marginal configurations of the FCs, with
the following input parameters 77 = 4, Cap; = 2,
FS= 6, y = 5. For the considered drone, the flight time
endurance is ¢ = 16 minutes. This flight time has been
evaluated considering the drone always flying fully loaded.
This is quite a conservative assumption since, in practice, the
drone is never in this situation. Despite this, in the results,
we will show that it may happen that the drones do have not
enough energy to complete the route.

We have compared three different models reflecting different
modeling approaches for drone endurance: the Energy-based
Model, Flight Range Model and the No Energy Model.

The Energy-based Model incorporates (1) embedded into
the MILP model, as discussed in Section III; the Flight
Range Model implicitly accounts for the limited battery
consumption, limiting instead the total flight time for each
drone. To be more precise, the energy-related variables e; and
their corresponding constraints are removed; instead, a set of
continuous variables ¢;, i € DUC are introduced denoting the
flight duration upon arrival at node i. Also, constraints (25)-
(28) are added into the model to set the flight duration upon
arrival at a customer and to limit the flight duration.

i+ tpyy=1i€CUD,jeCi#j (25

relL

G+ Gy <¢ieD. jeC (26)
ieD
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TABLE 3. Comparative results: energy consumption versus flight range.

Energy-based Model Flight Range Model No Energy Model
EC FD EC FD EC FD
(kWh) (min) (kWh) (min) (kWh) (min)
0.085 10.38 0.052 8.16 0.052 8.16
0.077 9.54 0.089 11.46 0.077 9.54
0.091 12.06 0.095 11.40 0.095 11.40
0.078 9.24 0.085 10.44 0.085 10.44
0.075 8.76 0.111* 12.90 0.111* 12.90
0.085 11.16 0.093 10.80 0.118* 14.70
0.099 11.70 0.132* 15.54 0.107* 11.64
0.096 11.52 0.101* 12.72 0.101* 12.72
ti=0ieD Q7
>0ieC (28)

The No Energy Model is obtained by excluding the variables
e; and the corresponding set of constraints.

Table 3 reports the comparative results for the models
discussed earlier. The energy consumption and flight duration
are specified in columns with headings EC and FD,
respectively.

As can be observed in Table 3, in both the Flight Range
Model and No Energy Model some drones violate the battery
capacity which means the routing plans specified by an
asterisk are neither valid nor reliable in practice. On the other
hand, the Energy-based Model not only provides feasible
routes, but it also gives more balanced solutions, where the
drones are evenly used. In fact, the average flight duration
(in minutes), for the Flight Range Model is 11.67 with a
variation among drones of 7.38 minutes. The same values for
the No Energy Model are 11.43 and 6.54 minutes while for
the Energy-based Model, we get 10.54 and 3.30 minutes. It is
interesting to note that the Energy-based Model provides the
best performance especially compared to the Flight Range
Model. In fact, not only the Flight Range Model fails to
provide energy-feasible routes, but it even results in higher
flight times both in terms of the average value and the spread
amongst different drones.

B. MODEL VALIDATION AND DISCUSSION

Table 4 displays the results for instances with 50 customers
where for each instance, we have considered two different
y values (5 and 10) and two FC configurations, for a total
of 20 instances. The first three columns in Table 4 display
the instance-related information for each case: the instance
name, the y parameter, and the FC configuration set for the
instance.

In terms of computational time, all the instances are solved
in less than 11 minutes and, on average, the CPU time
is about 3 minutes. The columns FCC and VC represent,
respectively, the percentage of the tactical Fulfillment Center
Cost and the Vehicle Cost over the total costs expressed as

> X X vapryy > 2 8y

deD jeC reL L
FCC= &&tre-

100 and VC= ““5-—100. In a

Obj
similar way, DC represents the percentage of the operational
Delivery Cost over the total costs DC= 'E’Eor—,fj 100.
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TABLE 4. Computational results: benchmark instances.

Instance v  FC configuration FCC  VC AvgAT Avggc > 80% Obj CPU
(%) (%) (min)  (kWh) (s)
50-1 5 Centered 47.15 47.15 570 3.06 0.072 3 11.87  39.95
10 30.84 61.69 745 3.06 0.075 3 9.07 44.37
50-2 5 Centered 47.13 4713 572 330 0.076 3 11.88  53.36
10 30.83 61.67 748 3.30 0.073 3 9.08 127.34
50-3 5 Centered 4731 4731 574 3.06 0.073 4 11.83  138.92
10 3098 6197 7.52 3.06 0.072 4 9.03 84.14
50-4 5 Centered 4722 4722 554 312 0.076 4 11.85 102.17
10 3091 61.83 7.25 3.12 0.074 3 9.05 148.03
50-5 5 Centered 4732 4732 534 288 0.073 4 11.83  11.29
10 3099 6199 7.00 2.88 0.072 2 9.03 14.82
50-1 5 Marginal 4694 46.94 3.72 0.081 5 11.92 23551
10 30.67 6134 798 3.72 0.084 6 9.12 463.87
50-2 5 Marginal 47.07 47.07 585 342 0.081 5 11.89  642.59
10 30.78 61.56 7.65 3.42 0.088 7 9.09 380.15
50-3 5 Marginal 47.03 47.03 593 372 0.081 5 11.90 24278
10 30.74 6149 776 3.72 0.082 6 9.10 398.82
50-4 5 Marginal 4711 4711 577 354 0.083 6 11.88  151.50
10 30.81 61.63 755 3.54 0.084 6 9.08 268.39
50-5 5 Marginal 47.13 4713 573 342 0.088 8 11.88  116.90
10 30.83 61.66 749 342 0.078 5 9.08 43.21

We have also reported the average Arrival Time (Avgar) to
the customers and the average Energy Consumption over all
the drones (Avggc) as important Key Performance Indicators
(KPIs). Finally, the last column reports the number of drones
(out of eight) that require at least 80% of a fully charged
battery to complete the route.

The following observations can be drawn from the results.
On average, FCC and VC are about 39% and 54% of the
total cost, while DC is limited to 7%. Such results are
expected since, in general, tactical costs are higher than
operational costs. The average customer’s waiting time is just
about 3 minutes, showing a speedy delivery and implying
good customer satisfaction. In addition, the average energy
consumption is about 79% of a fully charged battery. This
is an informative insight since the fluctuations in energy
consumption, mostly due to weather-related disruptions can
drastically affect the validity of designed routes. In this case,
an energy buffer of 20% contributes to the robustness of the
routing plans. When y = 10, the contribution of FCC and
VC are, on average, 30.86% and 61.72% of the total costs
incurred to the system showing that the VC is two times the
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FCC. Instead, in the case of y = 5 (that corresponds to
doubled FC tariffs), the average share of FCC and VC are
equal to 47.14%. In terms of the delivery cost, no significant
variation is observed (the average DC of 5.75% in the case of
y = 5 compared to the average DC of 7.47% corresponding
to y = 10). Second, in terms of KPIs, the average arrival time
clearly is not affected by the increase in FC tariffs, and the
slight variation in the average energy consumption is related
to the flexibility of the proposed model to choose any of the
FCs as the drone retrieve sites as long as the battery capacity
is respected.

Regarding the spatial configuration of FCs, we can draw
two important insights. First, by switching from the centered
to the marginal configuration and under the same tariff
setting, the total system cost slightly increases due to the
increase in the total traveling cost. Needless to say, marginal
areas of the city are less populated while most of the
customers are closer to the city center and farther from the
marginal FCs. Clearly, when the tariffs are the same, it is more
beneficial to utilize the FCs near the city center which ensures
speedy delivery and lower energy usage.
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TABLE 5. Computational results: larger instances.

Instance y  FC configuration FCC  VC DC  AvgaT Avggc > 80%  Obj CPU
(%) (%) (%) (min)  (kWh) (s)
In75-1 5 Centered 49.59 4545 495 282 0.068 2 1693  494.57
10 3297 6044 658 2.82 0.071 2 12.73  388.12
In75-2 5 Centered 49.53 454 5.05 3.06 0.074 5 1695  1533.54
10 3292 6035 6.71 3.06 0.078 4 12.75 1138.42
In75-3 5 Centered 49.69 4555 475 294 0.073 3 16.9 907.37
10 33.06 60.61 632 294 0.071 3 12.7 273.07
In75-4 5 Centered 49.57 4544 497 294 0.068 4 1694  387.09
10 3295 6042 6.61 294 0.074 3 12.74  170.71
In75-5 5 Centered 49.62 4548 489 2.76 0.07 3 16.92  3538.15
10 3299 6049 6.5 2.76 0.069 3 12.72  2171.62
In75-1 5 Marginal 4936 4525 537 3.30 0.083 5 17.01  717.78
10 3277  60.08 7.14 3.30 0.08 5 12.81 1344.51
In75-2 5 Marginal 4938 4526 535 3.30 0.087 6 17.01  887.89
10 3278 60.1 7.1 3.30 0.086 5 12.81  1044.79
In75-3 5 Marginal 4941 4529 528 3.54 0.083 6 16.99  1075.07
10 32.81 60.16 7.01 3.54 0.08 5 12.79  524.17
In75-4 5 Marginal 4938 4527 534 348 0.081 5 17 1446.78
10 3278 60.11  7.09 348 0.082 7 12.8 957.2
In75-5 5 Marginal 49.39 4527 532 342 0.08 2 17 801.57
10 32779 60.12  7.07 342 0.087 5 12.8 531.96

The second insight comes from the comparison of the
centered configuration with higher tariffs (y = 5) and the
marginal one with lower tariffs (y = 10). In many real-
world applications, the FCs located on the outskirts of the
city incur in lower tariffs compared to those in the city
center. Nonetheless, the marginal configuration can be quite
appealing since the tactical costs can be reduced. If the
marginal configuration is adopted, the drones should fly
longer distances to reach the customers and this, in turn,
will increase the operational delivery cost, and other time or
distance-related KPIs.

For instance, under the marginal configuration, the tactical
cost decreases by 50% but, instead, the delivery costs increase
from 2% and up to 8%. In addition, the Avgar KPI,
under the marginal case, is always worse than the centered
one (at least 4% and at most 21.57% higher). Under the
centered case at most half of the drones consume an amount
of energy that is more than 80% of the drone capacity
while under the marginal setting, this value may increase
with an average energy consumption always above the
0.078 kWh (this value is below 0.076 kWh under the centered
configuration).
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Table 5 reports the results for the larger instances with
75 customers. The optimal fleet size is equal to 11 drones for
all cases and the average CPU time is about 17 minutes; as
expected, the solution time increases with the instance size.
We observe that if y = 5, FCC and VC are comparable,
instead for y = 10, VC is almost double FCC. The Avgar
values are always below 4 minutes and the Avggc is at most
87% of the drone battery. Under the centered setting, at most
45% of the drones consume more than 80% of the drone
battery while this value increases to 63% if the marginal
setting is selected.

V. CONCLUSION

In this paper, we have investigated a drone delivery problem
to address the tactical decisions arising in last-mile applica-
tions where the connection with operational plans is taken
into account. The problem deals with the tactical selection
of a subset of FCs to launch and retrieve the drones, and
the fleet sizing decisions on the optimal number of drones to
be employed. We have incorporated the non-linear and load-
dependent energy consumption function into the definition of
a load-indexed layered network, leading to the definition of a
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MILP that can be efficiently solved for instances with 50 and
75 customers. There are several fruitful directions for future
research. The use of shared depots implies for the drones the
freedom to choose different FCs for departure and arrival.
Anyway, a drawback may exist in the considered scenario,
since we should have enough drones in each FC for the next
period. The extension of the present model to the multi-period
location routing case, where the location decisions are taken
once and the routing plans are addressed within each period,
is an interesting issue for future research. Moreover, the
design of heuristic and self-adaptive approaches to alleviate
the computational burden for larger instances deserves further
attention, as well as the extension of the present model to en-
route drone charging.

ACKNOWLEDGMENT

While working on this article, Guido Perboli was the Head of
the Urban Mobility and Logistics Systems (UMLYS) initiative
of the interdepartmental Center for Automotive Research and
Sustainable mobility (CARS) at the Politecnico di Torino,
Turin, Italy, and the representative in the Logistic Table in the
Regional Council of Piedmont for the Politecnico di Torino.

REFERENCES

[1]1 G. Perboli and M. Rosano, “Parcel delivery in urban areas: Opportunities
and threats for the mix of traditional and green business models,” Transp.
Res. C, Emerg. Technol., vol. 99, pp. 19-36, Feb. 2019.

[2] G. Perboli, L. Brotcorne, M. E. Bruni, and M. Rosano, “A new model
for last-mile delivery and satellite depots management: The impact of the
on-demand economy,” Transp. Res. E, Logistics Transp. Rev., vol. 145,
pp. 102-184, Jan. 2021.

[3] T. G. Crainic, G. Perboli, and N. Ricciardi, “City Logistics,” in Network
Design With Applications in Transportation and Logistics, T. G. Crainic,
M. Gendreau, and B. Gendron, Eds. Boston, MA, USA: Springer, 2021,
ch. 16, pp. 507-537.

[4] G. Perboli, M. Rosano, M. Saint-Guillain, and P. Rizzo, ““Simulation—
optimisation framework for city logistics: An application on multimodal
last-mile delivery,” IET Intell. Transp. Syst., vol. 12, no. 4, pp. 262-269,
May 2018.

[5] W. Wei, J. Wang, Z. Fang, J. Chen, Y. Ren, and Y. Dong, “3U:
Joint design of UAV-USV-UUV networks for cooperative target hunt-
ing,” IEEE Trans. Veh. Technol., early access, Nov. 9, 2022, doi:
10.1109/TVT.2022.3220856.

[6] M. Y. Arafat and S. Moh, “Bio-inspired approaches for energy-efficient
localization and clustering in UAV networks for monitoring wildfires in
remote areas,” IEEE Access, vol. 9, pp. 18649-18669, 2021.

[71 Y. Liu, Z. Luo, Z. Liu, J. Shi, and G. Cheng, “Cooperative routing
problem for ground vehicle and unmanned aerial vehicle: The application
on intelligence, surveillance, and reconnaissance missions,” IEEE Access,
vol. 7, pp. 63504-63518, 2019.

[8] T. Calamoneri, F. Coro, and S. Mancini, “A realistic model to support
rescue operations after an earthquake via UAVs,” IEEE Access, vol. 10,
pp. 6109-6125, 2022.

[9] S. Grogan, R. Pellerin, and M. Gamache, ““Using tornado-related weather
data to route unmanned aerial vehicles to locate damage and victims,” OR
Spectr., vol. 43, no. 4, pp. 905-939, Dec. 2021.

[10] S. Kim, J. H. Kwak, B. Oh, D.-H. Lee, and D. Lee, “An optimal routing
algorithm for unmanned aerial vehicles,” Sensors, vol. 21, no. 4, p. 1219,
Feb. 2021.

[11] K. Peng, J. Du, F. Lu, Q. Sun, Y. Dong, P. Zhou, and M. Hu, “A hybrid
genetic algorithm on routing and scheduling for vehicle-assisted multi-
drone parcel delivery,” IEEE Access, vol. 7, pp. 49191-49200, 2019.

[12] E. Yakici, “Solving location and routing problem for UAVs,” Comput. Ind.
Eng., vol. 102, pp. 294-301, Dec. 2016.

VOLUME 11, 2023

(13]

(14]

[15]

(16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

N. Agatz, P. Bouman, and M. Schmidt, “Optimization approaches for
the traveling salesman problem with drone,” Transp. Sci., vol. 52, no. 4,
pp. 965-981, Apr. 2015.

M. E. Bruni and S. Khodaparasti, “A variable neighborhood descent
matheuristic for the drone routing problem with beehives sharing,”
Sustainability, vol. 14, no. 16, p. 9978, Aug. 2022.

C. C. Murray and A. G. Chu, “The flying sidekick traveling salesman
problem: Optimization of drone-assisted parcel delivery,” Transp. Res. C,
Emerg. Technol., vol. 54, pp. 86—-109, May 2015.

W.-C. Chiang, Y. Li, J. Shang, and T. L. Urban, “Impact of drone delivery
on sustainability and cost: Realizing the UAV potential through vehicle
routing optimization,” Appl. Energy, vol. 242, pp. 1164-1175, May 2019.
W. Gao, J. Luo, W. Zhang, W. Yuan, and Z. Liao, “Commanding
cooperative UGV-UAV with nested vehicle routing for emergency resource
delivery,” IEEE Access, vol. 8, pp. 215691-215704, 2020.

J.-P. Aurambout, K. Gkoumas, and B. Ciuffo, “Last mile delivery by
drones: An estimation of viable market potential and access to citizens
across European cities,” Eur. Transp. Res. Rev., vol. 11, no. 1, pp. 1-21,
Dec. 2019.

M. Kanellos. (2014). Forbes, Google Working on Drones Too.
Accessed: Dec. 10, 2022. [Online]. Available: https://www.
forbes.com/sites/michaelkanellos/2014/08/29/google-working-on-drones-
too/?sh=1d0c93ce79a7

DHL. (2022). DHL’s Parcelcopter: Changing Shipping Forever. Accessed:
Dec. 10, 2022. [Online]. Available: https://www.dhl.com/discover/en-
my/business/business-ethics/parcelcopter-drone-technology

V. Culpan. (2015). Wired, Watch How Swiss Post is Delivering
With Drones. Accessed: Dec. 10, 2022. [Online]. Available:
https://www.wired.co.uk/article/swiss-delivery-drones

K. Dorling, J. Heinrichs, G. G. Messier, and S. Magierowski, ‘“Vehicle
routing problems for drone delivery,” IEEE Trans. Syst., Man, Cybern.,
Syst., vol. 47, no. 1, pp. 70-85, Jan. 2017.

C. Feng, B. Liu, K. Yu, S. K. Goudos, and S. Wan, “Blockchain-
empowered decentralized horizontal federated learning for 5G-enabled
UAVs,” IEEE Trans. Ind. Informat., vol. 18, no. 5, pp.3582-3592,
May 2022.

A. D. Boursianis, M. S. Papadopoulou, P. Diamantoulakis,
A. Liopa-Tsakalidi, P. Barouchas, G. Salahas, G. Karagiannidis, S. Wan,
and S. K. Goudos, “Internet of Things (IoT) and agricultural unmanned
aerial vehicles (UAVs) in smart farming: A comprehensive review,”
Internet Things, vol. 18, May 2022, Art. no. 100187.

C. Chen, H. Li, H. Li, R. Fu, Y. Liu, and S. Wan, “Efficiency and fairness
oriented dynamic task offloading in Internet of Vehicles,” IEEE Trans.
Green Commun. Netw., vol. 6, no. 3, pp. 1481-1493, Sep. 2022.

J. Hu, C. Chen, L. Cai, M. R. Khosravi, Q. Pei, and S. Wan, “UAV-assisted
vehicular edge computing for the 6G Internet of Vehicles: Architecture,
intelligence, and challenges,” IEEE Commun. Standards Mag., vol. 5,
no. 2, pp. 1218, Jun. 2021.

S.Liu,J. Yu, X. Deng, and S. Wan, “FedCPF: An efficient-communication
federated learning approach for vehicular edge computing in 6G com-
munication networks,” IEEE Trans. Intell. Transp. Syst., vol. 23, no. 2,
pp. 16161629, Feb. 2022.

J. Wang, L. Bai, J. Chen, and J. Wang, ““Starling flocks inspired resource
allocation for ISAC aided green ad hoc networks,” IEEE Trans. Green
Commun. Netw., vol. 7, no. 1, pp. 444-454, Mar. 2023.

C. Cheng, Y. Adulyasak, and L.-M. Rousseau, ‘“‘Drone routing with energy
function: Formulation and exact algorithm,” Transp. Res. B, Methodol.,
vol. 139, pp. 364-387, Sep. 2020.

A. Troudi, S.-A. Addouche, S. Dellagi, and A. E. Mhamedi, “Sizing of the
drone delivery fleet considering energy autonomy,” Sustainability, vol. 10,
no. 9, p. 3344, 2018.

B. Rabta, C. Wankmuller, and G. Reiner, “A drone fleet model for last-mile
distribution in disaster relief operations,” Int. J. Disaster Risk Reduction,
vol. 28, pp. 107-112, Jun. 2018.

L. Du, X. Li, Y. Gan, and K. Leng, “Optimal model and algorithm of
medical materials delivery drone routing problem under major public
health emergencies,” Sustainability, vol. 14, no. 8, p. 4651, Apr. 2022.
M. Torabbeigi, G. J. Lim, and S. J. Kim, “Drone delivery scheduling
optimization considering payload-induced battery consumption rates,”
J. Intell. Robotic Syst., vol. 97, nos. 3—4, pp. 471-487, Mar. 2020.

S. J. Kim, G. J. Lim, J. Cho, and M. J. Cote, “Drone-aided healthcare
services for patients with chronic diseases in rural areas,” J. Intell. Robotic
Syst., vol. 88, no. 1, pp. 163-180, 2017.

18569


http://dx.doi.org/10.1109/TVT.2022.3220856

IEEE Access

M. E. Bruni et al.: Energy Efficient UAV-Based Last-Mile Delivery: A Tactical-Operational Model

[35] Y.Liu, Z. Liu, J. Shi, G. Wu, and C. Chen, “Optimization of base location
and patrol routes for unmanned aerial vehicles in border intelligence,
surveillance, and reconnaissance,” J. Adv. Transp., vol. 2019, pp. 1-13,

Jan. 2019.

[36] X.Li,P.Li, Y. Zhao, L. Zhang, and Y. Dong, ““A hybrid large neighborhood
search algorithm for solving the multi depot UAV swarm routing problem,”
IEEFE Access, vol. 9, pp. 104115-104126, 2021.

[37] L. Gouveia, M. Leitner, and M. Ruthmair, “Layered graph approaches
for combinatorial optimization problems,” Comput. Oper. Res., vol. 102,
pp. 22-38, Feb. 2019.

MARIA ELENA BRUNI is currently an Asso-
ciate Professor of operations research with the
University of Calabria. She is the coauthor of
more than 70 articles published on peer-reviewed
international journals and two book chapters. Her
research interests include on mathematical models
and methods for the solution of challenging
problems in logistics, health care, and energy. She
received the Best Paper Prize in 2015 from the
U.K. Institute of Mathematics and its Applications

for a paper published in IMA Journal on Management Mathematics.

18570

Py N

SARA KHODAPARASTI is currently a Post-
Doctoral Researcher with the Politecnico di
Torino. She works in stochastic optimization and
bi-level models applied to logistics, supply chains,
and energy.

GUIDO PERBOLI (Member, IEEE) is currently a
Full Professor of decision making and operations
research with the Politecnico di Torino and an
Associate Member of the CIRRELT, QC, Canada.
Mentor of Startups and with an experience of
15 years in business development and research
and development, he is currently a Shareholder
and a Chief Scientific Officer of Arisk S.p.a.,
a Fintech Startup operating in the usage of Al for
the risk prediction and management and Spinoff

of Politecnico di Torino. He is a member of scientific boards and awards,
including the scientific board of SOS log, the main Italian association of
sustainable logistics. He is the author of more than 100 papers in peer-
reviewed international journals and conferences and the coordinator of
international and national research projects.

Open Access funding provided by ‘Politecnico di Torino’ within the CRUI CARE Agreement

VOLUME 11, 2023



