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Abstract: The popularity of unmanned aerial vehicle (UAV) technology has made UAV logistics
transportation possible. However, based on the current development status of logistics UAVSs, there
are difficulties in using UAVs directly for door-to-door logistics transportation. Therefore, it is
necessary to establish UAV parcel-receiving stations that can gather logistics needs in a small area.
The construction of stations allows the UAVs to transport back and forth between the distribution
warehouse and the established stations, enabling customers to send and receive packages at the more
convenient stations. Based on the current situation, it is a more appropriate air-ground cooperative
transport mode to solve the “last-mile” cargo transportation problem. In this paper, a bi-layer UAV
parcel-receiving station and public air-route planning method is proposed to explore the interaction
between station location and public route planning, and is solved with a genetic algorithm and
max—min ant system (GA-MMAS). The model proposed in this paper can determine the location
of the stations and plan the public air routes between the warehouse and stations simultaneously.
Simulation results show that the planning results of the bi-layer optimization model proposed in this
paper meet the requirements of station location and public air-route planning. Compared with the
layered planning results, the cost of the upper-layer model is reduced by 5.12% on average, and the
cost of the lower-layer model is reduced by 4.48%.

Keywords: logistics UAV; location problem; public air route; bi-layer optimization

1. Introduction

With the rapid development of artificial intelligence, unmanned aerial vehicles (UAVs)
have gradually come into the public’s view. Their low costs and high mobility make
UAVs have great development potential in many fields [1]. At the same time, with the
advent of the Internet era, online shopping has become more popular, and the demand for
logistics distribution is also growing. However, due to the scattered destinations of logistics
transportation, the door-to-door distribution mode consumes many resources at the end
of the transportation chain. Therefore, it is urgent to explore the potential of low-altitude
airspace and improve “last-mile” cargo transportation [2].

Based on the development status of logistics UAVSs, there are certain difficulties in
infrastructure construction and operation management of logistics UAV door-to-door
distribution. Therefore, this paper proposes a UAV air-ground cooperative transport
mode. Parcel-receiving stations are set up in the demand-intensive area so that UAVs
can transport goods between the distribution warehouse and the parcel-receiving stations,
while customers can receive and send goods at the parcel-receiving stations. In addition,
public air routes need to be planned between warehouses and stations to ensure the safety
and efficiency of logistics UAV transportation. To sum up, the main research contents of
this paper can be summarized as two points. One is the parcel-receiving station location
problem on the land side, and the other is the public air-route planning problem on
the air side.
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The location method of the UAV parcel-receiving station can refer to the relevant
research on UAV vertical airport (vertiport) locations. The main factors to be considered
for vertiport locations include the construction cost [3,4], the coverage area [5], the storage
capacity [6], and a special airspace environment with low-altitude transport characteris-
tics [7,8]. However, the object of the above research is medium and large vertiports, which
is different from the parcel-receiving station function studied in this paper. Similar research
can also refer to the layout system of ground logistics facilities. Liu S et al. [9] studied
the location of logistics pickup points, aiming to maximize the economic benefits of the
transportation network, which is similar to the research scenario in this paper. There are
also many types of research on the location problem of logistics pickup points, mainly
considering the walking distance for customers to pick up goods, the coverage area of
pickup points, etc. [10-12].

For UAV air-route planning, scholars in various countries mostly focus on the UAV
path-planning field. Damilano et al. [13] emphasized that route creation is the core step
of UAV task allocation and took the shortest time, minimum distance, minimum risk, etc.,
as the optimization goals of the UAV air route. Traditional methods to solve the prob-
lem of route planning mainly include fast search random tree [14], the artificial potential
field method [15], genetic algorithms [16], ant colony algorithms [17], and the A* algo-
rithm [18-20], among which the A* algorithm has an excellent route-planning ability in
known environments. From the perspective of overall air-route configuration, Nanyang
University of Technology [21] proposed three low-altitude route structures based on the ur-
ban layout, namely air matrix, over buildings, and over roads, and discussed the operation
effects of three route configurations.

Although there have been some excellent research results in UAV vertiport location
and public air-route planning, these studies are separated from each other and are two
relatively independent research fields. Parcel-receiving stations and public air routes are
both the basic guarantee facilities for UAV operation, and their layout should interact and
influence each other. Therefore, a logistics UAV parcel-receiving station and public air-
route planning method based on bi-layer optimization [22] is proposed in this paper, which
determines the location scheme of the parcel-receiving stations and the layout structure of
the public air-route at the same time. The output of the model meets the planning demands
of both the landside and airside and supports the UAV logistics transportation mode of
air-ground coordination.

2. Models
2.1. Problem Description and Model Assumptions

Due to the characteristics of high aggregation and strong repeatability of terminal
demand points, it is difficult to directly use logistics UAVs for door-to-door distribution
between the distribution warehouse and the demand points. In this paper, a UAV parcel-
receiving station is set up in an area with intensive customer demand to receive and
temporarily store logistics packages. The “last-mile” logistics transportation can be split
into two parts: “distribution warehouse—parcel-receiving station” and “parcel-receiving
station-demand point”. Logistics UAV are used to perform the transportation task of
“distribution warehouse—parcel-receiving station”. Therefore, the problem solved in this
paper can be described as follows: According to the location and demand volume of each
demand point on the landside, reasonably locate the UAV parcel-receiving stations to
obtain an economical, practical, and fair logistics UAV parcel-receiving station location
scheme. Based on the location results, plan the public air-route configuration of logistics
UAVs, and obtain a safe and efficient public air-route planning scheme for logistics UAVs.

To solve the transportation problem of “distribution warehouse—parcel-receiving
station”, the transportation network diagram G = (N, E) can be defined, where N = WU S.
N refers to the set of all nodes (UAV takeoff and landing points) in the transport network
diagram, W refers to the set of distribution warehouses, S refers to the set of selected UAV
parcel-receiving stations, and E refers to the set of connecting edges between nodes. The
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model proposed in this pater determines the layout scheme of the UAV parcel-receiving
stations set S and designs the connection mode of the public air routes E simultaneously.

The assumptions of the logistics UAV parcel-receiving station and public air-route
planning bi-layer optimization model are as follows:

1. The location of the distribution warehouse and the location and demand volume of
each logistics demand point are known.

2. Take the multi-rotor UAV as the operating user, and the layered route strategy is
adopted in air-route planning. The UAV can only adjust its flight altitude at the
takeoff and landing area; the air routes with different operation directions are at
different altitudes.

3. The distribution warehouse does not provide external services. Users can only pick
up goods at the parcel-receiving station.

4. Due to the high accessibility and connectivity of ground-road junctions, all junctions
are selected as alternative locations for parcel-receiving stations. Each alternative loca-
tion is biased towards the open space beside the road to ensure that the construction
of the parcel-receiving station does not affect the normal operation of ground traffic.

2.2. Operating Environment Modeling

Based on the model assumptions, the UAV only conducts climb and descent operations
in its takeoff and landing area, and the remaining flight phases are conducted in a two-
dimensional plane. Assume that the two-dimensional plane is a rectangle with length L
and width W. The rectangle is divided into u x v grids with a square grid with grain size I,
where u = int(Length/lq), v = int(Width/l;), and int() is the rounding function. The grid
center point is the optional air-route point. When planning the air-route of logistics UAVs,
the operational risks of UAVs should be considered comprehensively. UAV operational
risks can be expressed as:

1. Collision risk

During actual operation, there is no-fly airspace for terrain obstacles such as tall
buildings, which should be strictly avoided when planning logistics UAV air routes. To
quantitatively describe airspace characteristics, grids in different special areas can be
assigned different grid collision-risk values, as expressed in Table 1.

Table 1. Grid collision risk.

Grid Category Flight Criteria Collision Risk Value
No-fly airspace no entry 1
dangerous airspace flight allowed Dq
free airspace flight allowed 0

In Table 1, Dy is the collision-risk value of the dangerous airspace grid, which can be
expressed as:

Nobstact
Dg _ obstacle(g) (1)

Nsurround(g)

where Npgtacie() refers to the number of no-fly airspace grids around grid g and N,y ron4(
refers to the total number of grids around grid g.

2. Crash risk

The crash risk can be defined by the “equivalent safety level” of the UAV, which is the
number of casualties per unit of time:

g)

Sg = PUAV X Eg X (1 — Gg) X Ng (2)

where S refers to the crash risk of the grid; Pyay refers to the probability of UAV crash
accident per hour—the current 5% NMAC standard is adopted in this paper, that is, the
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maximum collision probability between UAVs is 0.05; Eg refers to the ability of a UAV crash
to cause damage, which is the sum of gravitational potential energy and dynamic potential
energy of the UAV; N, refers to the number of people affected in the grid, which is assumed
to be one over land and zero over water for simplifying the model; and Gq refers to a safety
barrier factor related to the geographical characteristics of the grid [23], with the specific
settings shown in Table 2.

Table 2. Surface safety barrier factor.

Geographical Region Safety Barrier Factor
open area 0
shrubbery 0.25

buildings below 20 m 0.5

buildings above 20 m 0.75

3. Noise risk

The UAV noise risk is mainly affected by three factors: noise source, noise barrier, and
noise exposure. Noise source refers to the description of acoustic energy generated during
UAV operation; noise barrier refers to the sound-blocking ability between the UAV and the
noise-receiving object, which is approximate to the safety barrier factor; and noise exposure
refers to the number of people affected by UAV noise. The noise risk is the additional
noise perception under the normal operation background. This paper uses the residents’
annoyance index to reflect the noise risk of UAV operation [24], which is expressed as:

Ly = Ng x HAg x (1 —0.08G,) 3)

where N refers to the number of people affected in the grid; G, refers to the sound barrier
factor, approximately the safety barrier factor; and HAg refers to the residents” annoyance
index, which is expressed as:

123.81

HA, =
§ 7 14 exp(9.99 —0.15(L — AL))

4)

where AL refers to the noise attenuation, which is related to the distance between the
population and the air route in the grid:

AL = 10~lg(17th2> (5)

where & refers to the vertical distance between the affected people and the air route.

The corresponding noise attenuation amounts of different floors are related to the
number of floors and their height in the grid. For grids with multi-story buildings, the grid
noise-risk index is the sum of the noise risk of all floors in the grid.

To avoid the magnitude difference between different operational risk values, we use
the min-max standardization method for each UAV operational risk, which is expressed as:

A = A —minA ©)

" maxA — minA

where minA and maxA are, respectively, the minimum and maximum values of the risk
indicators to be standardization.

2.3. Single-Air-Route Planning Model of Logistics UAV

In single-air-route planning, the objective is to ensure efficiency and safety, keeping the
travel distance and flight risk of the UAV as low as possible. Based on the modeling results
of the operating environment, the air route can be split according to the grids traversed
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when quantifying route costs. The set of grids through which the route passes can be stated
as G = {g;li =1,2,...,n} of n grids. The travel distance of the UAV within the air route
can be defined as the air range of the air route, reflecting the efficiency of the result. The
flight risk of the UAV can be expressed as the product of the travel distance of the UAV in
each spatial grid from G and the risk value of the grid, reflecting the safety of the result.
Single-air-route planning is mainly limited by UAV performance, which is reflected in the
setting of maximum air range and maximum turning angle of the air route.

The required parameters for the single-air-route planning mathematical formulation
are presented in Table 3.

Table 3. Related parameters for single-air-route planning formulation defined.

Notations
ARmax the maximum acceptable air range of the UAV air route
Omax the maximum acceptable turning angle of the UAV air route
Sets
G the set of grids through which the route passes
Variables
n the number of grids through which the route passes
(xi,v1) the horizontal and vertical coordinates of grid
D; collision-risk value of grid i

i crash-risk value of grid i
noise-risk value of grid i
; turning angle of the air route at grid i

o-W»

1.  Objective function

Based on the parameters stated, the problem can be formulated as a minimization
problem as

n

minCg = ) (1+D;+S; + Li)\/(xi —xi-1)* + (i —yin1)? ?)
i=1

Function (7) indicates that the single-route planning results should minimize the air
range, collision risk, crash risk, and noise risk of the route.

2. Constraints

n

Y \/(xi —xi21)" + (i = ¥i-1)* < ARmax (8)
i=1

(xi — xi—1) (i1 — %) + (Vi — ¥i—1) (Wis1 — i)
\/(xi —xi 1)+ (yi - %'71)2\/(9@41 —xi)? + (i — i)’
Equation (8) refers to the maximum air-range constraint, indicating that the route air
range should be less than the maximum travel distance of the UAVs. Equation (9) refers to

the maximum turning-angle constraint, indicating that there should not be a turning angle
exceeding the UAV’s performance.

0 < 0; = arccos

< fmax (9)

2.4. Parcel-Receiving Station and Public Air-Route Planning

The existing studies only focus on the problem of landing-point location or air-route
planning. However, we believe that the location of parcel-receiving stations and the
planning of public air routes are mutually influenced. In this section, the parcel-receiving
station location problem and the public air-route planning problem are modeled as a bi-
layer optimization problem. The upper-layer model is the parcel-receiving station location
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model, and the lower-layer model is the public air-route planning model. The public
air-route planning needs to be based on the parcel-receiving station location results of the
upper-layer model, and the evaluation criteria of the station location results is also affected
by the public air-route planning results of the lower-layer model.

The upper-layer model is a multi-objective optimization model that is used to select a
parcel-receiving stations set S = {s;|i = 1,2,...,ns} of n, stations from alternative locations.
The objective of the upper-layer model is to minimize the selected station count, average
picking distance, and picking distance standard deviation of unit demand in the planning
area, so as to reflect the economy, practicability, and fairness of the location results. In order
to meet the pick-up needs of all customers, each demand point in the demand point set
D ={d;|li=1,2,...,n,} of ny demand points should be assigned a parcel-receiving station.
The customers of the demand point go to the assigned parcel-receiving station to receive
and send parcels, which is called the matching relationship between demand point and
parcel-receiving station.

The lower-layer model is a single-objective optimization model that is used to deter-
mine the configuration of the public air route. The public air route is the set of connecting
edges E = {e;|li = 1,2,...,n;} between the warehouse and the stations in a transport net-
work diagram. The edge between two nodes is the output of the single air-route planning.
The air route of parcel-receiving station s is a set Rs = {¢; j=1,2,...,n,} of the passing
edges between the warehouse and the station in the public air route, where 7, refers to
the number of passing edges. As in Section 2.3, in order to quantify the operating cost of
public air routes, the edge ¢; of set E can also be split according to the grids-traversed set
G = { g; j=1,2,...,ni ¢ of nl grids. The objective of the lower-layer model is to minimize
the operating cost of the public air route, including the flight risk of the public air route
and the air range of the air route between each warehouse and station, so as to reflect the
safety and efficiency of the planning results.

Compared with the result of single-air-route planning, the air route of stations in
the public air route includes a direct route and transit route to reduce the operating cost.
The direct route is the same as the result of the single-route planning. The transit route
can be represented as the UAV first flying to another station, and then flying from this
station transit to the original station. As shown in Figure 1a, the black solid line is the
single-air-route planning result between warehouse O and stations A, B, and C. In Figure 1b,
the public air route contains three edges, namely OB, BA, and BC. The route OB is a direct
route of station B, which is the same as the result of the single-route planning. The route
OB-BA/BC is a transit route of station A/C. The UAV first flies over station B via edge
OB and then transfers to BA/BC for station A/C. As can be seen, the overall length of the
public air route is shorter and the potential risk to the operating area is less.

A e — A

® Warehouse

Stations

(@) (b)

Figure 1. Schematic diagram of air-route planning result. (a) Single-air-route planning result.
(b) Public air-route planning result.
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The new parameters for the parcel-receiving station and public air-route planning
mathematical formulation are presented in Table 4.

Table 4. New parameters for parcel-receiving station and public air-route planning
formulation defined.

Notations
v; the demand volume of demand point i
Ngnax the maximum allowable number of parcel-receiving stations in the planning area
Armax the maximum acceptable picking distance for a customer
Cmnin the minimum capacity of parcel-receiving stations
Cmax the maximum capacity of parcel-receiving stations
0% the maximum acceptable negative air-range optimization rate
Sets
S the set of selected parcel-receiving stations
D the set of demand points
E the set of connecting edges between warehouse and stations
R; the set of edges through which the air route between warehouse and station s passes
G the set of grids through which edge ¢; passes
Variables
o matching decision variable; equals 1 when the demand point i matches the parcel-receiving station j,
g otherwise 0
Tkw edge-passing decision variable; equals 1 when the air route of station w passes edge k, otherwise 0
Ns the number of selected parcel-receiving stations from alternative locations
nk the number of grids through which edge k passes
Mg the number of grids through which the single air route of station s passes
d; the Manhattan distance from demand point 7 to its matching parcel-receiving station
djj the Manhattan distance from demand point i to parcel-receiving station j
d the average Manhattan distance from unit demand to its matching parcel-receiving station
& the service demand volume of parcel-receiving station j
|Rs]| the number of edges in the set R

2.4.1. Upper-Layer Model

1. Objective function

The upper-layer model of the logistics UAV parcel-receiving station location problem
can be expressed as a multi-objective optimization problem as:

minC; = Nj (10)
Z vidz

minC, = ’Gg ~ (11)
ieD Z

minCs = — Y oi(di —d)° (12)
421)01 ieD
1S

Function (10) refers to the cost of selected parcel-receiving stations count, which
reflects the economy of the location result. The smaller the result of Function (10), the fewer
the number of the location result and the stronger the economy. Function (11) refers to the
cost of the average picking distance, which reflects the practicality of the location result.
The smaller the result of Function (11), the shorter the picking distance of unit demand and
the stronger the practicability. Function (12) refers to the cost of picking fairness, which
reflects the fairness of the location result. The smaller the result of Function (12), the smaller
the picking distance gap per unit demand and the stronger the fairness.
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2. Constraints

di = mindl-]- S dmax (13)
jeSs
N < Nmax (14)
Yo ) xi=1 (15)
ieDjes
Crnin < C] = Z UiXij < Cmax (16)
ieD

Equation (13) indicates the maximum picking-distance constraint. Each demand point
i of D should be matched to the nearest station j of S, and the picking distance between
i and j cannot exceed the maximum acceptable picking distance dmax. Since the ground
roads are mostly square-format roads, Manhattan distance is used when calculating the
picking distance. Equation (14) indicates the maximum selected parcel-receiving station
count constraint; the number of parcel-receiving stations in the area cannot exceed the
maximum allowable number Npmax. Equation (15) indicates the matching constraint; each
demand point should match a parcel-receiving station. Equation (16) indicates the capacity
constraint of the parcel-receiving station; the service demand of each parcel-receiving
station must be within the specified range to avoid unnecessary parcel-receiving stations or
exceeding the service capacity.

2.4.2. Lower-Layer Model

1.  Objective function

The lower-layer model of the logistics UAV public air-route planning problem can be
expressed as a minimization problem as:

nf
minCy = ) ) \/(xv —%-1)"+ Yo — Yo-1)°(Do+ So+ Lo+ Y 1) (17)
keE v=1 weS

Function (17) refers to the cost of public air-route operations, which reflects the safety
and efficiency of the planning results, including the air range of the route between the
warehouse and each station and the flight risk of the public air route.

2. Constraints

[Rs|> 1 (18)

n 15

Y ) \/(xv — % 1)+ (Yo —Yo1)" < (1 +7) Y \/(xv — %o 1)* 4 (Yo — Yo1)* (19)

k
e
keRs v=1 v=1

g
Z Z \/(xv - xv—l)2 + (}/v - yv—1>2 < ARmax (20)
keRs v=1

Equation (18) is the route accessibility constraint. Each station can be reached by a set
of edges in the public air route; that is, the number of edges in each route set Rs should
not be less than 1. Equation (19) is the air-range negative optimization constraint; the
route air range of each station in the public air route should be within an acceptable ratio
compared to the air range of the single-air-route planning result. Taking Figure 1b as an
example, assuming that the air range of OB-BA between O and A exceeds the acceptable
ratio compared to the air range of OA, the transit route of OB-BA cannot be selected for the
route of A when planning the public air route; instead, the direct route of OA should be
selected. Equation (20) is the maximum air-range constraint, indicating that the route air
range should be less than the maximum acceptable travel distance of the UAVs.
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3. Algorithms
3.1. Single-Air-Route Planning Based on A* Algorithm
3.1.1. Valuation Function
1. Cost function
Based on the layered route strategy, it is assumed that the starting point S coordinate
of the UAV is (X, Yp) and the ending point E coordinate is (X, Y,). The coordinates

of a point Py in the planned route are (Xy, Yy), and the cost function is set according to
Function (7) as follows:

X

9(x) = Y (14 D;+ S + L)y (Xe — Xoo1)2 + (Yo — Yy p)? @1)
i=1

2. Heuristic function

Euclidean distance is a widely used heuristic function form in the A* algorithm. We
believe that UAV transportation should be mainly point-to-point flight, and only fly around
in obstacle avoidance or high-risk areas. Therefore, using Euclidean distance as the heuristic
function is suitable for the research scenario of this paper. The Euclidean distance between
the current point P, and the endpoint E can expressed as:

h(x) = \/ (Xn — X2)* + (Yu — Ya)? (22)

The A* algorithm judges the merits and demerits of the track points through the
valuation function f(x), expressed as:

f(x) =g(x) +h(x) (23)
3.1.2. Smooth Route

Due to the limitation of the path-finding direction of the A* algorithm in a two-
dimensional grid environment, the air route can only be found in eight directions during
air-route planning. Therefore, the planned UAYV air route may have unnecessary turns due
to the limitation of the air-route-finding direction of the A* algorithm, and such turns need
to be smoothed. The smoothing idea is: For point P; with a direction change in the planned
air route, judge whether deleting P;,; and connecting P; directly with P, will cause the
air route to cross the no-fly airspace. If it does not cross the no-fly airspace and segments
P;-Pi;» meet the constraints of route planning and the total cost is smaller, then delete route
point Pj;; and update segments P;—P;.1-Pj.2 to Pi-Pj.,. Repeat this operation until there is
no change in each segment of the output route. As shown in Figure 2, the initial air-route
segment is P1—P,—P3—P4s—P5-P¢—P7—Pg, which is updated to P1-Pg after smoothing.

—— _ B ___ap _ P
% ~_ %

() (b)

Figure 2. Air-route smoothing result. (a) Before smoothing. (b) After smoothing.
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3.1.3. Single-Air-Route Planning Flow

The processes of single-air-route planning can be described as follows:

Step 1: Obtain the starting point S and ending point E, establish the OPEN and CLOSE
list, and add the starting point S to the OPEN list.

Step 2: Judge whether the OPEN list is empty. If it is not empty, perform the following
steps; otherwise, turn to Step 7.

Step 3: Pop up the grid point with the smallest f(x) value in the OPEN list, take this
grid point P as the next air-route point, and put it in the CLOSE list.

Step 4: Judge whether point P is the ending point. If it is the ending point, turn to step
7; otherwise, turn to step 5.

Step 5: Check the grid points adjacent to point P. If the adjacent grid points are not in
the OPEN list, add them to the OPEN list, and take point P as the parent node of the new
grid. If the adjacent grid points are in the OPEN list, check whether the cost of the current
path is minimum.

Step 6: Recalculate g(x), h(x), and f(x) according to the cost function, and return
to step 3.

Step 7: Judge whether the ending point E is reached. If the endpoint has been reached,
turn to Step 8; otherwise, the planning fails.

Step 8: Smooth the air-route planning result and output the air route.

3.2. Parcel-Receiving Station and Public Route Planning Based on GA-MMAS

In this section, the genetic algorithm (GA) is used to solve the upper-layer model
of the logistics UAV parcel-receiving station location problem and determine the layout
of the parcel-receiving station from alternative locations. Then, based on the current
location scheme, determine the public air-route structure using the max—min ant system
(MMAS). Use the GA-MMAS algorithm for nesting optimization to obtain the logistics
UAV parcel-receiving station and public air-route planning results.

3.2.1. Parcel-Receiving Station Location Based on GA
1.  Population initialization

1) Chromosome coding

The logistics UAV parcel-receiving station location model is a 0-1 integer programming
model. Randomly assign 0-1 variables to the alternative location of the parcel-receiving
station during chromosome coding. Zero means no parcel-receiving station is set at this

alternative location, and one means a parcel-receiving station is set at this alternative
location, as shown in Figure 3:

O L|L{O[O]O]L{L]{0]0O

Figure 3. Chromosome coding mode.

(2) Initial population generation

According to the chromosome coding mode, NV initial individuals are randomly
generated to obtain the initial population.

2. Fitness calculation

Individual fitness is an indicator to measure the degree of individual excellence. In
this section, individuals are ranked according to their performance to determine the fitness
of each individual. For each cost i, generate a sequence X; based on the performance of
each individual to the cost, and the fitness of the individual to the cost is reflected by the
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order of individuals in the sequence. The fitness calculation formula of individual j to cost

i1is as follows: )
NY — (Ri(X)))*, Ri(X;) > 1
F],(XD:{ (NY = (R;(X;))%, Ri(Xy)

KNUY, Ri(X,) = 1 24

where F](X,) refers to the fitness of individual j to cost i; NV refers to the total population;
R;(X;) refers to the sequence number of individual j in sequence X; after all individuals in
the population rank the cost i; and k is a constant in the interval [1,2] that can increase the
fitness of the best individual with a single objective.

According to the optimization objective, the overall fitness of the individual population is:

F(X)) = ) wiFi(X;) (25)

n
where Y w; = 1; n refers to the number of costs to calculate.
i=1

3. Genetic operator operation
D Select

Ranking-based selection is used in this section. The individuals in the population are
sorted from the best to the worst, and the parent individuals are selected by ranking and
roulette. We use ranking-based selection instead of the absolute fitness value to prevent
premature convergence of the algorithm.

(2) Crossing and mutation operators

In order to avoid overmodifying the original solution and the potentially superior
solution, double-point crossover and 0-1 single-mutation change are used. Double-point
crossover refers to selecting two cross nodes and exchanging the sequence between the
corresponding nodes in two-parent individuals. A 0-1 single-mutation change refers to
modifying the 0-1 variable at a certain position of an individual chromosome. The crossing
and mutation operators are shown in Figures 4 and 5.

0
L
0

Sequence from parent 1

@ Sequence from parent 2

0
0

0j1/1{0/0

Figure 4. Schematic diagram of double-point crossover.

1101 0/0j1|1|0]1 Sequence before mutation

0
U
1

1101

Figure 5. Schematic diagram of 0-1 single mutation.

0/0j1|1/0]1 Sequence after mutation
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©)] Genetic parameter adaptation

The main factors affecting the behavior of the genetic algorithm include the crossing
probability P. and mutation probability Py,. The choice of crossing probability P. and
mutation probability P, will affect the convergence of the algorithm. In this section, the
genetic parameters are adaptively adjusted. The adjustment formula is as follows:

Amax —Aavg

(26)
Py, Al < Auvg

(Pc —P )(A,_AIH}
Pc:{ P — e L g);A/ZAng

Amax*Aavg (27)

P _ Pml _ (Pml_ mZ)(Amax—A)IA 2 Auvg
=
Pmer < Auvg

where A’ refers to the higher fitness among the two individuals who perform crossover
operators, A refers to the fitness of individuals undergoing mutation, Amax refers to the
maximum fitness in the population, and A, refers to the average fitness in the population.
To reduce the probability of mutation and crossing of individuals with excellent perfor-
mance, we make individuals with a relatively poor performance have a higher probability
of variation. Generally, P,y = 0.9, P = 0.6, P;;; = 0.1, P2 = 0.001 [25].

3.2.2. Public Air-Route Planning Based on MMAS

The process of determining the public air-route configuration is the process of gen-
erating the minimum tree for all nodes. The greedy algorithm is used when planning the
route of each station with a certain planning sequence to form the public air route. When
planning the route for station i, based on the public air-route planning results of the first i-1
stations, we select the node-connection mode with the smallest increment to Function (17).
According to Function (17), if the route of station i is a direct route, Function (17) should
increase the air-range cost and flight-risk cost of the direct route on the basis of its original
value. If the route of station i is a transit route, Function (17) should increase the cost of the
air range passed by all edges and the cost of the flight risk from the transit point to station i
on the basis of its original value. As shown in Figure 6a, the dotted line in Step 0 is the set
of edges that can be selected between nodes after single-air-route planning. In Step 0, since
there is no station that has a planned route with warehouse O, only the direct route OA can
be planned for station A. In Step 1, because there is an air route between stations A and O,
we can choose to plan the OC direct route and OA-AC transit route when planning the air
route for station C. According to Function (17), the increased cost of the OC direct route
includes the air-range cost and flight-risk cost of edge OC. The increased cost of the OA-AC
transit route includes the cost of the air range of edge OA and edge AC and the cost of the
flight risk of edge AC. We compare the increased cost of OC and OA-AC and choose the
smaller increased cost-planning method (in Figure 6a, it is assumed that the increased cost
of OC is smaller). In Step 2, the route that can be planned for station B includes the direct
route OB and the transit routes OA-AB and OC—CB, and the planning method with the
minimum increased cost is selected (OA-AB is assumed to have the minimum increased
cost in the figure). In the order of the planning sequence of A-C-B, the route of station A
is the direct route OA, the route of station B is the transit route OA—-AB, and the route of
station C is the direct route OC. The public air-route contains three edges, which are OA,
AB, and OC.
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Figure 6. Public air-route planning process. (a) Public air-route planning sequence of A-C-B.
(b) Public air-route planning sequence of B-A-C.

In Figure 6b, we find that different route configurations can be obtained with the
planning sequence of B-A—C using the same greedy algorithm. The route of station A
is the transit route OB-BA, the route of station B is the direct route OB, and the route of
station C is the transit route OB-BC. The public air-route contains three edges, which are
OB, BA, and BC. Therefore, after the parcel-receiving station location is determined, it is
also necessary to determine the optimal public air-route planning sequence of stations, and
then plan the public route according to the greedy algorithm above to obtain the optimal
public route configuration.

In this section, the max—min ant system (MMAS) is used to solve the route-planning
sequence of each parcel-receiving station and then determine the configuration of the public
air route. Compared with the ordinary ant colony algorithm, the max—min ant system used
in this section is mainly different in the following ways:

1.  The max-min ant system strengthens the feedback of the optimal path information,
only allowing the pheromone updates on the optimal path of each generation:

Tj(t+1) = (1 - p)7ij(t) + ATh o5

where Arg“t = 1/ Cpest, and cps¢ refers to the optimal ant’s total cost of public air-route
operating in this iteration. The cost of each ant can be calculate by Function (17).
2. To prevent the algorithm from falling prematurely, pheromones of each path are

determined in the interval [Tpin, Tmax), where:

1 1

Tmax = 1= p Cpoot (29)
. 2Tmax (1 = {/Prest 1 (30)

Tmin =
mn (n - 2) / Pbest  Cbest
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where py,s; refers to the probability of ants finding the shortest path in one exploration.
The max—min ant system efficiency is not sensitive to the value of ppes;, which is
generally 0.05 [26].

3. Unlike the basic ant algorithm, which initializes the pheromone to a minimum value,
the max-min ant system initializes the pheromone to a maximum value Tmax.

In addition, to avoid unnecessary calculations, an early-stop condition is set for
MMAS. MMAS can be stopped in advance when the optimal results of successive NMM45
generations do not change.

3.2.3. Parcel-Receiving Station and Public Air-Route Planning Strategy

In this paper, the genetic algorithm and max-min ant system are nested to solve the
logistics UAV parcel-receiving station and public air-route planning problem. First, the
genetic algorithm is used to generate the location scheme, and the max—min ant system is
used to carry out the public route-air planning for each location scheme in the population.
The comprehensive fitness of each individual in the population to each cost is calculated
and genetic operators such as crossing and mutation operators are performed on the
population. We then iterate through the above operations until the end of the algorithm.

This nested solution of GA-MMAS requires a great deal of computational power. When
MMAS is used to solve the lower-layer model, the calculation amount of the route-planning
sequence with the minimum public air-route operating cost is positively correlated with
the number of stations to be planned. In addition, when the number of station location
results is too large, the selected stations count cost of the upper-layer model is higher and
the economy of the location scheme is poor, so this kind of solution is not the best solution
to this problem. Therefore, to reduce the calculation amount and improve the calculation
efficiency, the genetic algorithm can be used to solve only the upper-layer model and
obtain the parcel-receiving station location scheme without considering the influence of
the lower-layer model. When performing the GA-MMAS algorithm nesting solution, the
number of parcel-receiving stations N is scaled. If the number of parcel-receiving stations
Nj is greater than (1 + x)Ng, it will not be transferred to the calculation of public air-route
planning to avoid unnecessary waste of computing resources.

3.2.4. Parcel-Receiving Station and Public Air-Route Planning Flow

The pseudo-code and algorithm flow chart of the GA-MMAS is shown in Algorithm 1
and Figure 7. In the solution, the cost of the selected station count, the cost of the average
picking distance, the cost of picking fairness, and the cost of public air-route operation
are considered. If the number of parcel-receiving stations in the parcel-receiving station
location scheme exceeds (1 + x)Ns, it will not be transferred to the lower-layer model for
the solution, making the cost of public air-route operation infinite. Otherwise, we use the
max—min ant system to calculate the public air-route operating cost, and the individual
fitness of the parcel-receiving station and public air-route planning scheme is calculated
based on the cost sequence with Function (24). The upper-layer model fitness FV of scheme
i includes the cost of the selected station count Fj1, the cost of the average picking distance
Fi», and the cost of picking fairness F3, expressed as FZ.U = w1 F1 + woFp + w3 Fj3, where
w1 + wy + w3z = 1. The total fitness F; is the sum of the fitness of the parcel-receiving station
location results and the public air-route planning results, expressed as F; = ¢ F° + ¢oFF,
where ¢1 + ¢ = 1.
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Algorithm 1 The GA-MMAS pseudo-code.

GA_iter = 0;/ /Iteration times of GA 1
Parents = InitializeP(NV);/ /Initialize population with scale NY 2
While(GA_iter < max_GA_iter){ 3
fori = (1:NY){ 4
c_numli], c_dis[i], c_fair[i] = cal_cost(P[i]);/ / calculate station 5
count cost, distance cost, and fair cost
if (c_numl[i] < upper_num){c_route[i] = MMAS(P[i]);} 6
else{c_route[i] = inf;} 7
} 8
Fitness = cal_FitnessP(c_num, c_dis, c_fair, c_route); 9
Children = GA-OperationP(Parents, Fitness);//GA operations such as 10
crossing and mutation
P = Children; 11
} 12

inf
C4 or

MMAS
result

Next
Generation

Generating ant colony

Genetic operator operation

|
|
| | Ant
! I" | 1. Randomly select the first planned
) ) ! . y planned route station.
| 1. ranking-based selection ! || 2, Based on the current public route configuration, the greedy Next
|2, double point crossover ! I | algorithm is used to add the route of this site to the public route. | | Ap| | Ant| » | Ant ‘lel\CT‘dlIUI’\
; ! ; | | o
[A]o[aToTeloalalol 1] [A]a[Telolalolalol 1] | } 3. Repeat the preceding steps according to the pheromone |
I
| |
I
| |
I
I
I

T
[o[i[aTelolaTelaT ol o] [o4TaToToToTaTaTolo]

([0l ToTolo 1T 1ol 1]
(2Tol1[aTo[o[a]a[o[1]

distribution until the route planning for all stations is complete.
4. Output the cost of public air routé planning C4 and common
route configuration.

|
|
|
| 3.0-1single mutation
|
|

No  Update pheromone
distribution

Meet the end condition?

Parcel receiving station and
public air route planning result

Figure 7. GA-MMAS algorithm flow chart.

The max-min ant system pseudo-code of the public air-route planning model is shown
in Algorithm 2. Based on the pheromone distribution and greedy algorithm, the optimal
public air-route planning sequence, optimal public air-route configuration, and minimum
public air-route operating cost were obtained.

Algorithm 2 The max—-min ant system pseudo-code.

init antCount, alpha, beta, and other coef’s 1
for j = (1:max_MMAS_iter){ 2
for k(1:antCount){lower_cost[j][k] = cal_route_cost(pheromone);} 3
c_route[i] = min(lower_cost[j]); 4
pheromone = update(min(lower_cost[j]));/ /updating pheromone matrix using 5

the best ant}
} 6
7

Output(min(lower_cost[j]));
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4. Simulation and Analysis
4.1. Simulation Environment

In this paper, the Jiangjun Road Campus of Nanjing University of Aeronautics and
Astronautics is selected as the simulation scene. The selected scene is rasterized, and the
collision-risk, crash-risk, and noise-risk values of each grid are calculated. The grid attribute
map is shown in Figure 8:
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Figure 8. Grid attribute map. (a) Real map of the simulation scene. (b) Obstacle height map.
(c) Grid collision-risk value. (d) Grid crash-risk value. (e) Grid noise-risk value. (f) Grid comprehen-
sive risk value.

The demand distribution can be calculated from the number of grids and floors
occupied by each building, and the entrance of each building is selected as the demand
point distribution location, as shown in Figure 9 and Table 5. The open space beside the
ground-road junctions in the simulation scenario is selected as the alternative location
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of the parcel-receiving station. See Figure 10 for the distribution of the 122 alternative
locations of the parcel-receiving station.
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x/(5 m)
Figure 9. Distribution of logistics demand.
Table 5. Distribution and volume of logistics demand.
Demand Volume The Number of Demand Point Proportion/%
(0,200] 12 16.22
(200,500] 36 48.65
(500,1000] 12 16.22
(1000,5000] 13 17.56
>5000 1 1.35
total number 74
total volume 55,787
minimum volume 132
maximum volume 7546
average volume 754
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Figure 10. Alternative locations of the package-receiving station.
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After airspace rasterization, 320 x 236 airspace grid matrices can be obtained. The
height of the building grid is mainly 15-30 m. In order to facilitate supervision and reduce
the impact on ground activities, we plan distribution routes with the same structure and
different levels for UAV round-trip distribution. In the simulation, it is assumed that the
round-trip routes are arranged at 30 m and 50 m [26], and the operational risk is considered
when the UAV flies at 40 m. The settings of other simulation parameters are shown in
Table 6 [8,27,28].

Table 6. Simulation parameter settings.

Parameter Value Parameter Value

Maximum UAV air range Lmax/m 3000 Minimum cost-scaling factor k 1.5
Maximum UAV turning angle pmax /2 Upper-layer model fitness weight ¢, 0.5
Maximum negative route optimization y 20% Lower-layer model fitness weight ¢» 0.5
Maximum acceptable picking distance dmax/m 200 Parcel-receiving station count weight w; 0.6
Grid width/m 5 Average picking distance weight w» 0.2

Maximum picking distance point dmax/m 200 Picking fairness weight w3 0.2

Maximum parcel-receiving station count N;"** 74 Pheromone volatilization factor p 0.95
Maximum parcel-receiving station capacity Cmax 15,000 Pheromone factor a 1.0
Minimum parcel-receiving station capacity Cmin 1000 Heuristics factor 1.0
GA population size NY 50 Ant colony size m 50

GA maximum iterations NS4 200 MMAS maximum iterations NMMAS 200
Parcel-receiving station scaling x 0.5 MMAS early-stop iteration N; %MAS 20

4.2. Results of Analysis

According to the above simulation scenarios and simulation data, the logistics UAV
parcel-receiving station and public air-route planning model is solved. All experiments
were performed on a server with 4.7 GHz Intel-Core i7 processors, 16 GB RAM, with
Windows Server 11 Operating System and the maximum solution time set to 3600 s. We
repeated the experiment for 30 groups. The average solution time was 2352 s, and we
selected one group to display the best solution.

The solution results of the bi-layer model are shown in Figure 11, and Tables 7 and 8.
The number of parcel-receiving station locations is 17, the average picking distance is
98.10 m, and the picking distance standard deviation of unit demand is 49.22 m. Each
parcel-receiving station matched two to ten demand points. Among them, 12 package-
receiving stations have matching demand between 2000 and 5000. There are three parcel-
receiving stations with a demand of less than 2000 and one parcel-receiving station with
a demand of more than 10,000. The public air routes include 17 edges, forming 17 routes
connecting the warehouse and stations, including four direct routes and 13 transit routes.
After optimization, the air route between any two points is an almost straight line between
two points, and some routes have a small amount of bends due to obstacle avoidance or
high comprehensive risk.

Table 7. Location results of parcel-receiving stations.

Station Demand Point Demand Station Station Demand Point Demand Station

Number Volume Coordinates Number Volume Coordinates
1 6 2052 (28,174) 10 5 2886 (221, 157)
2 10 3121 (66,211) 11 3 2943 (229, 110)
3 8 2334 (116, 214) 12 2 2320 (266, 115)
4 5 2154 (99, 180) 13 4 3568 (270, 180)
5 2 1125 (95, 158) 14 5 2046 (201, 193)
6 4 11668 (123, 109) 15 5 1140 (230, 213)
7 4 1807 (106, 82) 16 3 5309 (244, 60)
8 2 3561 (145, 41) 17 3 4703 (276, 63)
9 3 3050 (112, 33)
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Figure 11. Logistics UAV parcel-receiving stations and public air-route planning result. (a) Parcel-
receiving station location results and demand-point-matching relationship. (b) Public air-route
planning results based on MMAS.

Table 8. Public air-route planning results.

Direct Air Route Public Air Route Optimization Rate Passing Station
routel 93.72 93.72 0.00% 1
route2 111.38 124.47 —11.75% 5,4,2
route3 115.45 117.21 —1.52% 54,3
routed 79.20 79.19 0.01% 5,
route5 56.83 56.83 0.00% 5
route6 35.69 35.69 0.00% 6
route?7 26.91 26.91 0.00% 7
route8 85.25 84.18 1.25% 7,8
air-range cost route9 74.78 76.62 —2.46% 7,9
routel0 149.81 148.57 0.83% 6,10
routell 142.84 143.48 —0.45% 6,11
routel2 179.98 181.10 —0.62% 6,11,12
routel3 206.26 205.17 0.52% 6,10,13
routel4 150.09 153.15 —2.04% 6,14
routel5 186.52 189.09 —1.38% 6,14,15
routel6 162.75 167.90 —3.16% 7,16
routel? 194.10 200.04 —3.06% 7,16,17
collision risk 4.40 2.82 35.81%

crash risk 487.92 263.73 45.95%

noise risk 112.08 76.16 32.05%

total risk 604.40 342.72 43.30%

total cost 2558.40 2426.04 5.17%

Compared with the public air route combined with the direct route (the results of
the single-air-route planning) for all stations, the total risk is significantly reduced by
43.30%, and the cost of public air-route operation is reduced by 5.17%. This result proves
the effectiveness of using MMAS to solve the lower-layer model, and a public air-route
planning scheme with a lower cost is obtained using MMAS under the same location-
selection results. According to the analysis of each air route, nine of the 17 routes had
a negative optimization of the route’s air range, of which eight routes had a negative
optimization rate of less than 5% and one route had a negative optimization rate of 10-15%.
In addition, there are four air-range-optimization routes among the 13 transit routes.
Analyzing the results, the planned route of the A* algorithm is not the optimal solution,
and the route-smoothing method used in this paper cannot ensure that the route can be
smoothed into the optimal configuration, which further increases the uncertainty of the
route cost. Therefore, some transit routes composed of multiple edges may have slightly
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better planning results than direct routes, which is caused by the limitations of A* algorithm
and the smoothing method used in this paper. The optimization degree of the four distance-
optimization routes is not high, namely, 0.01%, 0.52%, 0.83%, and 1.25%, respectively. This
also proves that although the single-air-route planning method proposed in this paper has
some volatility, its overall results are excellent. Otherwise, compared with the public air
route combined with the direct route for all stations in Figure 12, the route configuration
in Figure 11 is simpler, the number of intersections is less, and it is easier to supervise the
UAV operation.
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Figure 12. Public air route combined with the direct route for all stations.

The actual layout of round-trip public air routes is shown in Figure 13. In the figure, the
blue route is the public route for delivery, the red route is the public route for returning, and
the blue column is the vertical takeoff and landing procedure of the UAV at the distribution
warehouse and parcel-receiving station. In actual operation, the logistics UAV starts from
the distribution warehouse, climbs to the height of the delivery route according to the
established vertical takeoff and landing procedure, uses the delivery route to transport
the logistics parcels to the parcel-receiving station, places the parcels according to the
takeoff and landing procedure, climbs to the height of the return route, and returns to the
distribution warehouse using the return route with an empty aircraft.

' - lublic air route
for delivery
c— Public air r9ute
' for returning
Takeoff and

¢ landing procedure

Figure 13. The actual layout of round-trip public air routes.



Appl. Sci. 2023,13, 1842 21 of 25

4.3. Parameter-Setting Analysis

In this section, we study the influence of different weight settings on the model output
results. We set wy, wy, w3 and took 0.1 as the step size, then set 36 groups of control tests,
where wq + wy 4+ w3 = 1. The experiment was repeated 30 times in each group, and the
results were averaged. The costs of the upper-layer model vary with the weight as shown
in Figure 14. It can be observed that each cost has different sensitivities to different weights,
and there is no single right reorganization. The Pareto optimal solution of each weight-
recombination category is selected as shown in Table 9, which can be roughly divided into
two categories. The first five groups, that is, when w; < 0.4, tend to exchange a higher
selected station count for a lower average picking distance and a lower picking distance
difference of unit demand. The last five groups, that is, when w; > 0.5, tend to exchange a
higher average picking distance and picking distance difference for a lower selected station
count. On the one hand, according to the optimization objective Function (17), it can be
seen that the lower-layer model tends to have a better performance in the location scheme
with a lower station count. Therefore, after the inclusion of the lower model, the algorithm
may be more inclined to choose the scheme with a smaller station count. On the other
hand, a high selected station count is not conducive to the quick solution of the lower-layer
model, and the specific analysis will be given in Section 4.4. Therefore, among the five
solutions of wy > 0.5, weight group 8 (0.6, 0.2, 0.2) with the most balanced performance
among the three costs of the upper-layer model is selected as the weight combination of
the upper-layer model.

The best performing
weight combinations

Other performing
weight combinations

(b) (c)

Figure 14. Cost of different upper-layer model-weight combinations. (a) Selected parcel-receiving
station count. (b) Average picking distance. (c) Picking fairness.

Table 9. Pareto optimal solution with different weight combinations.

. Parcel-Receiving Average Picking Standard Deviation of
Group Weight Scale Station Count Distance Picking Distance
1 0.1,0.6,0.3 62.0 31.08 36.87
2 0.3,0.4,0.3 50.8 34.67 36.29
3 04,0.1,05 52.0 35.00 36.17
4 0.4,02,04 52.0 35.14 36.14
5 0.4,04,0.2 55.0 33.29 36.52
6 0.5,02,03 17.5 108.00 59.81
7 0.5,0.3,0.2 17.0 108.02 57.31
8 0.6,0.2,0.2 17.0 100.78 61.32
9 0.6,0.3,0.1 17.0 97.42 63.38
10 0.8,0.1,0.1 17.0 97.03 64.26

Further study of the weight proportion of the upper-layer model and the lower-layer
model after determining the weight proportion of the three costs of upper-layer model
was conducted. We set ¢1 and ¢y, took 0.1 as the step size, and set nine groups of control
tests, where ¢ + ¢, = 1. The experiment was repeated 30 times in each group, and the



Appl. Sci. 2023,13, 1842

22 of 25

results were averaged. Based on the layered solution results of the parcel-receiving station
location and the public air-route planning, the cost changes of each weight combination are
shown in Table 10. It is observed that there is no obvious change trend among the weight
combinations, but the cost of public air-route operation of each weight combination is better
than those of the layered solution results. After adding the lower-layer model, the public
route planning affects the location scheme of the upper-layer model. The average selected
station count increased, which also resulted in a decrease in the average picking distance
and picking distance variance. It can be seen that the upper-layer model of parcel-receiving
station location and the lower-layer model of public air-route planning influence each other,
and the bi-layer optimization model proposed in this paper is valuable.

Table 10. Weight combination results in upper and lower layers.

Group Up&:—glizyer LOVV\:]Zri-;hatyer Count Cost Distance Cost Fairness Cost OperI::)il:\;e Cost
1 0.1 0.9 17.4 101.21 58.42 2439.26
2 0.2 0.8 17.7 97.89 57.09 2510.29
3 0.3 0.7 17.9 98.67 57.93 2543.40
4 0.4 0.6 18.1 95.48 56.12 2540.29
5 0.5 0.5 17.4 95.78 53.50 2480.77
6 0.6 04 17.9 93.66 54.82 2539.09
7 0.7 0.3 17.5 101.96 57.12 2537.14
8 0.8 0.2 17.7 97.81 56.08 2490.39
9 0.9 0.1 17.5 90.91 57.20 2475.09

layered solution 17.0 100.78 61.32 2597.23

Considering the cost of the selected parcel-receiving station count, the cost of the
average picking distance, the cost of picking fairness, and the cost of public air-route
operation, the proportion of upper-layer model weight and lower-layer model weight
are selected as 0.5 and 0.5. With this weight combination, the four costs of the bi-layer
optimization model solved by GA-MMAS are the most balanced, where the cost of the
upper-layer model is reduced by 5.12% on average, and the cost of the lower-layer model
is reduced by 4.48%.

4.4. Time Complexity Analysis

In this paper, the nested GA-MMAS algorithm is used to solve the problem of lo-
gistics UAV parcel-receiving station location and public route planning. In general, it is
considered that the time complexity of the genetic algorithm is O(NG x n?), where NG
is the maximum number of iterations of the genetic algorithm and n is the population
size. The time complexity of the MMAS algorithm is O(NC x m x ns2), where NC is the
maximum number of iterations of MMAS, m is the population size, ng is the number of
cities, and, in this case, ng is the number of selected stations. The time complexity of the
GA-MMAS algorithm is the combination of the two algorithms. However, for different
genetic algorithm individuals (location schemes), the selected station count is different, and
the number of iterations of MMAS meeting the early-stop condition is also different, which
will lead to a certain degree of difference in the time for each location scheme to use the
MMAS algorithm to solve the public air-route planning scheme.

As shown in Figure 15, the station count in each generation of the genetic algorithm
gradually decreases from 50 to about 25 with the algorithm iteration and fluctuates around
25. Therefore, taking five as the step length, the calculation time and iteration time of the
MMAS algorithm when the selected station count is between 20 and 50 are analyzed. Each
group was solved 100 times to obtain the average value, as shown in Table 11. It can be
seen that when the selected station count in the location scheme is 20, the calculation time
is only about 4.01 s, while when the station count is 50, the calculation time is as high as
24.21 s, which is consistent with the time complexity of the MMAS algorithm. When the
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average station count of the population is 50, it takes about 1800 s to calculate the public
air-route operating cost of each individual in the population, and this kind of solution was
not the optimal solution expected. If the method proposed in Section 3.2.3 is used, this part
of the calculation can be avoided and the calculation time can be reduced.

50 - Average stations count
in the population

45 A

40

35 1

Stations count

30 1

25 1

T T T T

0 25 50 75 100 125 150 175 200
Number of iterations

Figure 15. Average selected station count in each generation of the genetic algorithm.

Table 11. Weight combination results in upper and lower layers.

Station Count 20 25 30 35 40 45 50
Calculation time (s) 4.01 6.23 8.33 11.96 15.31 19.86 24.21
Iteration times (s) 32.89 34.00 32.48 35.23 35.01 36.42 36.45

5. Discussion

Based on the idea of bi-layer optimization, this paper solves the location problem
of logistics UAV parcel-receiving stations and the planning problem of public air routes.
The genetic algorithm is used to determine the UAV parcel-receiving station location
combination among alternative locations, and the MMAS algorithm is used to determine
the public air-route configuration, where the air route between nodes in a public air route
is the result of the A* algorithm.

Simulation results show that the proposed logistics UAV parcel-receiving station
location model and public air-route planning model are effective. The average cost of the
upper-layer model and the lower-layer model is reduced by 5.12% and 4.48%, respectively,
when the two models are combined into a bi-layer optimization model and solved using the
nested GA-MMAS algorithm. It can be seen that the upper-layer model of parcel-receiving
station location and the lower-layer model of public air-route planning influence each other,
and the bi-layer optimization model proposed in this paper is valuable.

In the future, we will further study the construction method of the logistics UAV
air-route network, add optional routes and alternative routes to public air routes, and
improve the capacity and toughness of the logistics UAV transport air-route network.
Another promising direction is to study the door-to-door logistics scenario, which can be
further studied in combination with multi-level takeoff and landing points, parcel-receiving
stations, and hub-and-spoke logistics networks.
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