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Abstract: Operation scheduling of apron support vehicles is an important factor affecting aircraft
support capability. However, at present, the traditional support methods have the problems of low
utilization rate of support vehicles and low support efficiency in multi-aircraft support. In this paper,
a vehicle scheduling model is constructed, and a multi-layer coding genetic algorithm is designed to
solve the vehicle scheduling problem. In this paper, the apron support vehicle operation scheduling
problem is regarded as a Resource-Constrained Project Scheduling Problem (RCPSP), and the support
vehicles and their support procedures are adjusted via the sequential sorting method to achieve the
optimization goals of shortening the support time and improving the vehicle utilization rate. Based
on a specific example, the job scheduling before and after the optimization of the number of support
vehicles is simulated using a multi-layer coding genetic algorithm. The results show that compared
with the traditional support scheme, the vehicle scheduling time optimized via the multi-layer coding
genetic algorithm is obviously shortened; after the number of vehicles is optimized, the support time
is further shortened and the average utilization rate of vehicles is improved. Finally, the optimized
apron support vehicle number configuration and the best scheduling scheme are given.

Keywords: support vehicles operation scheduling; multi-layer coding genetic algorithm; time opti-
mization; utilization rate; safety assurance capability

1. Introduction

Operation scheduling of apron support vehicles is an important support activity
at the direct preparation stage of aircraft support. The aircraft support activities at this
stage should be completed within the last 30 min before the flight time. Furthermore, the
maintenance and support capability of the aircraft on the apron is related to the efficiency
of the aircraft’s re-deployment [1,2].

The traditional apron support vehicle operation process is derived from the stand-
alone preparation process, which is formulated by the support unit based on the daily
support experience. This guarantee model can accurately guarantee each aircraft, reduce
guarantee errors, and ensure guarantee quality. However, the traditional support mode
often results in delayed aircraft support or long-time vacancy of the vehicle [3]; furthermore,
the lack of a thorough scheduling plan causes the consequences of low support efficiency
and waste of support resources [4,5].

In this case, people are accustomed to taking the ground dispatch service of the airport
as a Vehicle Routing Problem with Time Windows (VRPTW) [6,7] by considering the
utilization of the vehicle reuse rate, the minimum used vehicle or the constraints, such as
parallel services to analyze the problem, and an ant colony optimization algorithm [8,9],
genetic algorithm (GA) [10,11], greedy algorithm [12], or multi-objective optimization
algorithm [13] to solve the problem of guaranteed vehicles scheduling. Solving the vehicle
routing problem can guarantee the shortest driving path of the vehicle, thereby reducing the
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guaranteed time. However, in support tasks, facing time windows and resource constraints,
consideration should be taken of how to maximize the allocation of existing resources to
form the best job scheduling.

Many scholars regard the airport ground scheduling service problem as a Resource-
Constrained Project Scheduling Problem (RCPSP) [14,15]. Under the premise of satisfying
various constraints, the resources should be reasonably allocated and used [16,17] to rea-
sonably schedule the internal activities of the project [18] and finally achieve the goals
of compressing time and reducing costs. The RCPSP problem is an NP-hard problem.
The support capability and resource configuration of vehicles are important factors to
ensure vehicles on the apron. Li et al. [19] comprehensively evaluated the support ca-
pability of support vehicles from the perspectives of availability, mission success rate,
and combat readiness rate, to find out the optimal configuration principle of support
resources. Sheng et al. [20] established a model through orthogonal experimental design
and simulation and believed that the number of refueling vehicles was greater than that
of oxygen-filled vehicles. Wang et al. [21] and Zhang et al. [22] divided the support per-
sonnel into levels and realized the optimal configuration of the maximum efficiency of
the support personnel by establishing a dynamic model. In terms of model establishment,
Wang et al. [23] established a non-linear programming model featuring a balanced equip-
ment utilization rate by using ranking theory to solve the optimal allocation scheme of
support vehicles. However, only single-aircraft support was analyzed, and it was more
inappropriate to prioritize the support vehicles with short working hours under the con-
dition of multi-aircraft support. Some scholars have suggested a two-stage method [24]
and a real-time scheduling algorithm [25] based on a heuristic algorithm to solve vehicle
scheduling under multi-aircraft support. Han et al. [26] innovatively constructed a ferry
vehicle capacity network by using the introduced virtual aircraft and ferry depots as nodes.
In addition, based on the capacity network, a mixed-integer programming model was
established to minimize the number of ferry vehicles required. To determine the appropri-
ate vehicle scheduling scheme, Widemann et al. [27] used data management techniques
to select the most appropriate option based on the relative position of the vehicles to the
task assignment location, to link tasks and resources in the flight plan. Zhao et al. [28]
analyzed the cooperative scheduling problem of airport ferry vehicles and tractors and
established a dual-objective mixed-integer programming model to solve this problem.
Gui-hong et al. [29] used a particle swarm optimization algorithm to find the optimal
position and global optimal position of each vehicle so as to obtain the aircraft sequence
and service schedule that the vehicle should follow. The research conducted in the above-
mentioned literature mainly aimed at the operation scheduling of a single support vehicle,
and there is a lack of complete research on how to configure multiple support vehicles in
the case of multi-aircraft support and how to coordinate support operations for multiple
support vehicles.

In comparison with the traditional support vehicle scheduling problem, this paper an-
alyzes the problems of different aircraft quantities, different support vehicle quantities, and
different support processes and optimizes the number of scheduling objects and processes
by designing a multi-layer coding genetic algorithm. Meanwhile, the model is constrained
according to the actual guarantee requirements, and the problem of variable change is
solved by improving the coding method. Intelligent algorithms have been widely used in
solving such problems, including the genetic algorithm [30,31], tabu search algorithm [32],
ant colony algorithm [33], decentralized search algorithm [34], etc. The genetic algorithm
features excellent global optimization ability and strong robustness and is one of the best
algorithms for solving global problems [30,35]. The genetic algorithm has become one of
the best algorithms to deal with global problems because of its excellent global optimization
ability, strong robustness, strong universality, and computational performance. However,
the genetic algorithm also has the problems of premature convergence and low searching
efficiency in the later stage. At the same time, the information cannot be expressed when
the genetic algorithm solves complex problems. The multi-layer coding method is suitable



Appl. Sci. 2022, 12, 5279 3 of 24

for complex research objects; it divides individuals into multiple layers, and each layer
represents different meanings. Chromosomes can better and fully express the information
about the number of vehicles and the guarantee process. The results of this paper confirm
the feasibility of the algorithm. With the full dispatching of the support vehicles, the
support time is reduced, the vehicle utilization rate is improved to the greatest extent, and
the departure efficiency of the aircraft is increased, providing a solution for the operation
scheduling problem of apron support vehicles.

The main structure of this paper is as follows: Section 2 explains the expression and
symbol of the problem; Section 3 describes the proposed algorithm; Section 4 mainly
analyzes the vehicle scheduling in a case in detail, and Section 5 summarizes this paper.

2. Operation Analysis of Apron Support Vehicles
2.1. Operation Process of Apron Support Vehicles

The difference between flight missions results in various aircraft apron support op-
erations and in turn increases the types and quantities of equipment involved. However,
regardless of whether it is a large aircraft or a small one, the operation process is basically
the same. Taking the aircraft departure process as the mainline, based on the typical support
process, the apron support vehicle operation can be divided into several stages, as shown
in Figure 1.
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It can be seen from Figure 1, notified by the aircraft unit, the airport support personnel
and equipment enter the airport orderly. Following the professional service support proce-
dures, contents, and requirements, the support teams carry out the support preparation
work and serve in advance to ensure the direct preparation of the aircraft. The apron
support vehicle operation is based on the demand of aircraft centering around the direct
preparation of aircraft, and the professional service support force is concentrated to com-
plete the completion of the service support work. The main guarantee work includes the
start of the apron support operation, aircraft traction, aircraft refueling, aircraft oxygenation,
aircraft charging, hanging weapons, and calibration inertial navigation. At the same time,
the aircraft inspection is carried out by the mechanic review, which is followed by pilot
inspection and acceptance. The acceptance of the inspection indicates the accomplishment
of the direct aircraft preparation work. The apron guarantee vehicle operation is over after
the flight order.

According to the literature [11,24], though there is no sequence for refueling, oxy-
genation, and charging, they cannot be carried out at the same time. The maintenance
inspection work can be carried out during these support works. After the inspection work
is completed, it can be carried out. After that, nobody is allowed to enter the cockpit before
the pilot checks and accepts it.

2.2. Contents of Apron Support Operations

The apron support operation is based on the crew responsibility system, and the
ground crew is responsible for the maintenance of the aircraft and the quality of the flight.
The ground crew is mainly composed of four professional support personnel, including
machinery, avionics, ordnance, and ad hoc, who provide full-time service support for the
aircraft assigned to them. Under the unified leadership of the mechanic, each crew member
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completes the maintenance work required by the flight mission. The major part of the
apron support operation is the maintenance work, and service equipment is required in
each professional maintenance operation. The professional service support equipment on
the apron is mainly based on various support vehicles, mainly including tractors, oxygen
refilling trucks, power vans, refueling trucks, and loaders of air-launched weapons. The
main tasks of each major are shown in Table 1.

Table 1. The main content of each major of the crew.

Specialty Main Work

Mechanical specialty
Responsible for aircraft structure, engine, operating system, and so on. Complete the filling of
oil, hydraulic oil and lubricating oil, nitrogen, etc. with the assistance of the refueling truck, air

conditioner, and other supporting vehicles.

Avionics specialty Responsible for the aircraft control system, fire control system, communication and navigation
equipment, etc. Complete the inspection and collation with the assistance of power vehicles.

Ordnance specialty Responsible for aircraft’s seats, pylons, aircraft guns, etc. Complete the loading and unloading
of weapons with the assistance of the loader of air-launched weapons.

Ad hoc specialty Responsible for cockpit electronics, instruments, special equipment, and so on with the
assistance of power vans and oxygen filling vehicles.

3. Modeling of Apron Support Vehicle Operation Scheduling Problem
3.1. Problem Description

The actual apron support vehicle operation is very complicated, involving a lot of
support equipment and support personnel. For better understanding of the problem, the
apron support vehicle operation is simplified into 7 stages, as shown in Figure 1.

The scheduling problem of apron support vehicles is that m types of support vehicles
are used to serve n aircraft. Each aircraft has to go through P support processes, and each
support process requires a certain operating time. At the same time, each support vehicle
can only support one aircraft, and one operation of each aircraft can only be completed by
one support vehicle. The sequence of support operations for each aircraft and the support
process of the support vehicle is random. The purpose of the support operation scheduling
is to determine the process combination of all aircraft and support vehicles under the
condition that a certain number of support vehicles are satisfied, so as to minimize the total
support operation time.

According to the actual situation of the apron support vehicle operation, the following
assumptions are made for the scheduling problem of the apron support vehicle operation:

(1) The travel time of the support vehicle is ignored, and only the support operation time
is calculated;

(2) The problems of aircraft towing, bomb hanging, calibration of inertial navigation, and
inspection and acceptance are free from resource constraints;

(3) Each support operation of the aircraft requires only one type of support vehicle for
one service;

(4) For a certain type of aircraft, the operating hours of the guaranteed vehicles are
the same;

(5) The contents of support operations for all aircraft are independent of each other, and
there is no mutual restraint between aircraft;

(6) A guaranteed vehicle can only serve one aircraft at the same time;
(7) Each aircraft must complete all support operations;
(8) The support vehicle is allowed to be idle and the aircraft to wait for the support vehicle;
(9) Once the vehicle starts, the support operation to a certain aircraft starts, and there is

no interruption until the service support operation is completed;
(10) The resources carried by each support vehicle are sufficient or can be replenished in

time, without affecting the aircraft support mission.
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In this paper, the guarantee processes such as refueling, charging, and oxygenation
are selected as the research objects. Before the start of the support task, all support vehicles
should prepare for the approach and resources in advance. In comparison with the support
time, the scheduling time of support vehicles among support aircraft can be neglected.
Simultaneously, the same support operation time of the same model has a small difference,
so it can be regarded as equal. The assumption is based on the actual situation, and at
the same time, it highlights the operation scheduling link of support vehicles, which is
applicable and effective for most support vehicle operation scheduling. The notations and
their definitions appearing in this paper are shown in Table 2.

Table 2. Notation and terminology.

Notation Definition

Om m processors

Cmax the time objective function

Cmax = max{Cj} equal to the end time of the last completed task

P job time matrix, representing the time when j task completes the corresponding job on the i processor.

Tmin the minimum time for ground support operations

Mij the j support operation of the i aircraft

Pij the support vehicle for the support operation Mij

Tij the operation time of the guaranteed operation Mij

Sij the start operation time of the guarantee operation Mij

Fij the end operation time of the guarantee operation Mij

MaxF the longest guarantee operation end time

Ω the set of feasible solutions

P the parent solution which is selected from the population

C the child solution after crossover

M the population which has several initial solutions

pi(i) the probability which the chromosome is selected

Re refueling truck

Ox oxygen refilling truck

Po power van

To operation time, min

Tw waiting time, min

Tt total time, min

3.2. Construct Mathematical Model

The scheduling of apron support vehicles is the RCPSP. The scheduling process of
the security vehicles needs to be sorted by assigning tasks to the processor to optimize the
objective function and complete certain tasks under certain constraints. If each task needs
to work on each processor with an arbitrary order of jobs, it is called a free-order job. It is
convenient to simplify the expression of the problem and use the triple (α|β|γ) to describe
the problem [36,37]. A typical free-order problem expression is:

Om||CmaxP =


p11 p12 . . . p1n
p21 p22 . . . p2n
. . . . . . . . . . . .
pm1 pm2 . . . pmn

 (1)
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where Om refers to m processors; Cmax represents the time objective function, Cmax = max{Cj},
which is equal to the end time of the last completed task; P stands for the job time matrix,
representing the time when the j task completes the corresponding job on the i processor.

Since the oxygenation, charging, and refueling in apron support preparations are
not strictly sequenced, this problem belongs to free-sequence or open operations. The
objective function of the mathematical model for the scheduling of apron support vehicles
is expressed as follows [38]:

Tmin = max∑
i∈n

∑
j∈m

{
Fij
}

(2)

The constraints are as follows:

MaxF− Sij ≥ Tij, 1 ≤ i ≤ n, 1 ≤ j ≤ m (3)

Sqj − Sij ≥ Tij, i f xiqj = 1, 1 ≤ i 6= q ≤ n, 1 ≤ j ≤ m (4)

Sih − Sij ≥ Tij, i f xijh = 1, 1 ≤ i ≤ n, 1 ≤ j 6= h ≤ m (5)

Sij ≥ 0, 1 ≤ i ≤ n, 1 ≤ j ≤ m (6)

(x, y) ∈ Ω (7)

xiqj = {
1 i f Mij is a pre− process o f Mqj, 1 ≤ i 6= q ≤ m; 1 ≤ j ≤ n
0 otherwise

(8)

yijh = {
1 i f Mij is a pre− process o f Mjh, 1 ≤ j 6= h ≤ m; 1 ≤ i ≤ n
0 otherwise

(9)

Formula (2) indicates that the minimum time for ground support operation is the
longest time for Mij to finish operation. Formula (3) guarantees that the support operation
time is always no less than that of a certain support operation; Formulas (4)–(6) ensure that
the support operation is a free sequence operation; Formula (7) gives the range of decision
variables; Formulas (8) and (9) give the way to determine the decision variables.

3.3. Empirical Method of Apron Support Vehicle Operation Scheduling

Through investigation of the airport, it is found that in aircraft support work, the
method of sequential sorting is generally used for multi-aircraft support scheduling. Specif-
ically, before the aircraft takes off, refueling, oxygenation, and charging inspection must be
completed, and various operations cannot be carried out at the same time. Furthermore,
there is competition for resources due to the limited amount of refueling, oxygenation,
and charging equipment. In addition to the highest priority of the refueling operation
for aircraft support, the rest of the operations are carried out in sequence according to
the length of time, that is, refueling→ oxygenation→ charging, so that the working time
delay is minimized. To a certain extent, the apron has been regulated to ensure the order
of vehicles. Assuming that there are 6 aircraft of a certain type to be completed, there are
3 types of support equipment, one for each of the power van (P1), the oxygen refilling truck
(P2), and the refueling truck (P3). The three basic preparations for refueling ensure that the
aircraft numbers are J1, J2,..., J6. Since the models are the same, the guaranteed time for the
same type of work is considered to be equal, and the guaranteed time is ti (i = 1, 2, 3).

Taking the protection of 6 aircraft as an example, the specific steps of the traditional
apron support vehicle operation scheduling based on the sequential sorting method are
as follows:

(1) Sort ti, t1 < t2 < t3.
(2) Use the sequential sorting method for optimal sorting: The support vehicle P3 per-

forms support operations on J1, J2, . . . , J6 in sequence; The support vehicle P2
performs support operations on J1, J2, . . . , J6 in sequence; The support vehicle P1
performs support operations on J1, J2, . . . , J6 in sequence.

(3) Implement support operations.
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When there is more than one support vehicle of the same type, the support vehicles
are grouped first, and then, the operations are carried out in sequence.

4. Design of Multi-Layer Coding Genetic Algorithm

GA has excellent global optimization ability and strong robustness, which is one of the
best algorithms to solve global problems. Firstly, GA initializes population M containing
a feasible solution to the problem and then randomly selects two individuals P1 and P2
from M as parents. It then generates a sub-solution C with less cost via crossover and uses
mutation to optimize the sub-solution again. M will be updated when a better solution S is
obtained. The description of GA is shown in Algorithm 1, and the flowchart is shown in
Figure 2.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 25 
 

aircraft numbers are J1, J2,..., J6. Since the models are the same, the guaranteed time for the 
same type of work is considered to be equal, and the guaranteed time is ti (i = 1, 2, 3). 

Taking the protection of 6 aircraft as an example, the specific steps of the traditional 
apron support vehicle operation scheduling based on the sequential sorting method are 
as follows: 
(1) Sort ti, t1 < t2 < t3. 
(2) Use the sequential sorting method for optimal sorting: 

The support vehicle P3 performs support operations on J1, J2, …, J6 in sequence; 
The support vehicle P2 performs support operations on J1, J2, …, J6 in sequence; 
The support vehicle P1 performs support operations on J1, J2, …, J6 in sequence. 

(3) Implement support operations. 
When there is more than one support vehicle of the same type, the support vehicles 

are grouped first, and then, the operations are carried out in sequence. 

4. Design of Multi-Layer Coding Genetic Algorithm 
GA has excellent global optimization ability and strong robustness, which is one of 

the best algorithms to solve global problems. Firstly, GA initializes population M contain-
ing a feasible solution to the problem and then randomly selects two individuals P1 and 
P2 from M as parents. It then generates a sub-solution C with less cost via crossover and 
uses mutation to optimize the sub-solution again. M will be updated when a better solu-
tion S is obtained. The description of GA is shown in Algorithm 1, and the flowchart is 
shown in Figure 2. 

Algorithm 1 Overview of GA 
1: Initialize the population m 
2: for i = 0 → max do 
3: (a) Two parent P1 and P2 are selected from the population m 
4: (b) Use the crossover algorithm to get an offspring C 
5: (c) Educate the offspring C with the mutation algorithm to obtain the new solution S 
6: (d) Update the population M with S 
7: end for 
8: Return the solution S with minimum C in the population m 

 
Figure 2. Flowchart of scheduling algorithm for apron support vehicles. 

With the traditional genetic algorithm, chromosomes can easily solve the potential 
solutions of simple problems, but for more complex problems, it is difficult for one chro-
mosome to accurately express the solution of the problem, and the information cannot be 
fully expressed [39]. The multi-layer coding method is very suitable for complex research 
objects. It can divide individuals into multiple layers, and each layer of coding can repre-
sent different meanings. Via multi-layer coding, many parameters of the problem and the 
final solution are completely expressed. Thus, for problems with multiple variables, chro-
mosomes can express the information more completely. In the following, the design steps 
of multi-layer coding genetic algorithm are introduced in detail. 

  

Figure 2. Flowchart of scheduling algorithm for apron support vehicles.

Algorithm 1 Overview of GA

1: Initialize the population m
2: for i = 0→max do
3: (a) Two parent P1 and P2 are selected from the population m
4: (b) Use the crossover algorithm to get an offspring C
5: (c) Educate the offspring C with the mutation algorithm to obtain the new solution S
6: (d) Update the population M with S
7: end for
8: Return the solution S with minimum C in the population m

With the traditional genetic algorithm, chromosomes can easily solve the potential
solutions of simple problems, but for more complex problems, it is difficult for one chro-
mosome to accurately express the solution of the problem, and the information cannot be
fully expressed [39]. The multi-layer coding method is very suitable for complex research
objects. It can divide individuals into multiple layers, and each layer of coding can rep-
resent different meanings. Via multi-layer coding, many parameters of the problem and
the final solution are completely expressed. Thus, for problems with multiple variables,
chromosomes can express the information more completely. In the following, the design
steps of multi-layer coding genetic algorithm are introduced in detail.

4.1. Individual Coding

Using the model proposed in this paper, the chromosome coding method adopts
integer coding, and each chromosome individual represents a feasible solution to the
problem for optimization. At the same time, the coding process has to reflect the aircraft
support operation process and the support vehicle serial number of the current module.
To solve the variable problem caused by the change of the number of support objects, and
to ensure the same coding dimensions of the aircraft support operation process and the
support vehicle serial number, this result cannot be achieved by using the commonly used
coding methods in the past. In the improved coding method, the chromosomal coding is
divided into two layers, i.e., the first half of the support operation process of the aircraft
and the second half of the support vehicle serial number corresponding to each support
process. For example, for the individual [123321213123321213], the individual represents
the support sequence of the aircraft with 3 support procedures on the 3 support vehicles.
Among them, the first half represents the support order of the aircraft, that is, Aircraft 1→
Aircraft 2→ Aircraft 3→ Aircraft 3→ Aircraft 2→ Aircraft 1→ Aircraft 2→ Aircraft 1→
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Aircraft 3; the second half represents the support vehicle, that is, Vehicle 1→ Vehicle 2→
Vehicle 3→ Vehicle 3→ Vehicle 2→ Vehicle 1→ Vehicle 2→ Vehicle 1→ Vehicle 3.

The specific implementation process is described as follows: in this case, when the
number of guaranteed aircraft is n, and the guaranteed process of aircraft ni is mj an integer

string with a chromosome length of 2
k
∑

i=1
nimj is generated.

4.2. Fitness Value

The fitness value function is the criterion for the evaluation of the pros and cons of
the plan. In general, the value of the objective function is converted into the fitness value
of the corresponding chromosome. Combined with the scheduling model established
in this paper, the time required to complete all aircraft support tasks is expressed as the
chromosome. The fitness value of its calculation formula is as expressed as follows:

f itness (i) = time (10)

When calculating the fitness function value according to the formed chromosome, in
the case of a small fitness value, the scheduling scheme corresponding to the chromosome
will be better. In other words, the shorter the time to complete all aircraft support, the better
the chromosome.

4.3. Selection

In the selection operation, the roulette method is used to pick up the chromosomes
with better fitness values. The roulette method will refer to the fitness value of the previous
generation of individuals when selecting individuals, so that individuals with large fitness
values have a greater probability to be retained. In the next step, the probability of an
individual being selected is shown in Formula (11):

pi(i) = Fitness(i)/
n
∑

i=1
Fitness(i)

Fitness(i) = 1/ f itness(i)

(11)

4.4. Crossover Operation

The crossover operation is one of the main operations of chromosome evolution. New
chromosomes are obtained through the crossover operation between chromosomes, thereby
promoting the evolution of the entire population. In this paper, the integer crossover
method is adopted in a crossover operation. Firstly, two chromosomes are randomly
selected from the population as parent chromosomes, and the first half of each chromosome
is taken out for crossover. After that, the crossover position is randomly selected for
crossover. In the case that the crossover position is 4, the parent chromosome is crossed
from the starting position to the crossover position, and only the first half of the individual
is crossed. The operation method is described as follows.

Individual 1 [112322331112121222] crosses over to get [221322331112121222].
Individual 2 [221331213112212111] crosses over to get [112331213112212111].
At the completion of the chromosome crossover, errors may occur. For example,

the support process 2 of individual 1 aircraft is redundant, and support process 1 of the
aircraft is missing. In view of the changes after the crossover, it is necessary to convert the
redundant aircraft process into the missing aircraft process, thereby making it conform
to the normal guarantee process. The repair method is as follows: change the redundant
safeguard process that appears for the first time after the intersection into the missing
safeguard process; at the same time, transform the safeguard vehicle corresponding to the
missing process, as shown below:

After crossover, individual 1 [221322331112121222] is adjusted to [221312331112221222].
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4.5. Mutation Operation

The population obtains new individuals through mutation operations, increasing the
diversity of the population and promoting the evolution of the entire population. During
the mutation operation, the mutant individuals are randomly selected from the population,
and then, the mutation positions Pos1 and Pos2 are randomly selected. Finally, the aircraft
processes of Pos1 and Pos2 in the individual and the corresponding security vehicle serial
numbers are exchanged to generate new chromosomes. Suppose the intersection positions
are 2 and 4 as follows:

Individual 1 [221322331112121222] mutates to get [231222331112121222].

5. Examples of Scheduling Optimization of Apron Support Vehicles

In this paper, certain apron support is taken as the scheduling optimization object,
and a certain type of aircraft at the airport is used as an example for analysis. The average
support time of each support vehicle is shown in Table 3. The basic parameters of the
multi-layer coding genetic algorithm are set as follows: the population number is 40;
the maximum number of iterations is 50; the crossover probability is 0.8; the mutation
probability is 0.6, and the specific code is implemented in Matlab. They are simulated
in the environment of Windows 10 operating system with Intel® CoreTM i7-11800H CPU
2.30 GHz.

Table 3. Average operating time of each support vehicles.

Vehicle Tractor Refueling Truck Oxygenation
Refilling Truck Power Van Loader of

Air-Launched Weapon

Time/min 10 30 15 10 2

The apron support operation in the direct aircraft preparation stage must be completed
within 120 min. To ensure the smooth completion of other support operations and shorten
the support time to the maximum extent, it is stipulated that the completion time of the
three tasks of refueling, oxygenation, and charging shall be controlled within 120 min.

Power vans, oxygenation refilling trucks, and refueling trucks are the optimization
objects for the operation scheduling of apron support vehicles. The operating positions of
the three types of support vehicles at the airport are shown in Figure 3. There is no conflict
of operation positions among the support vehicles, and it is ignored. The travel time of the
vehicle is guaranteed, thereby satisfying all the previous assumptions.
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5.1. Simulation 1: Traditional Assurance Model

Based on the support experience, usually a maximum of 6 aircraft are dispatched in
a single batch. Combined with the daily support experience of the airport, the quantity
configuration of each support vehicle is shown in Table 4. By optimizing the apron vehicle
support operation scheduling when 3, 4, 5, and 6 aircraft are dispatched, the population
fitness value changes are obtained, as shown in Figure 4. The guaranteed vehicle utilization
rate and three job completion time statistics before and after scheduling optimization are
shown in Table 5. In addition, the vehicle scheduling scheme is shown in Figure 5.

Table 4. Number of support vehicles for a certain type of aircraft.

Vehicle
Aircraft

1 2 3 4 5 6

Re 1 1 1 2 2 3
Ox 1 1 1 1 1 1
Po 1 1 1 2 2 3
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Table 5. Statistics of support vehicle utilization and completion time of three operations before and
after scheduling optimization.

Aircraft

Before After

Vehicle To Tw
Utilization

Ratio Tt Vehicle To Tw
Utilization

Ratio Tt

3
Re 90 0 100%

115
Re 90 0 100%

90Ox 45 60 42.9% Ox 45 10 81.8%
Po 30 85 26.1% Po 30 40 42.9%

4

Re1 60 0 100%

100

Re1 60 0 100%

60
Re2 60 0 100% Re2 60 0 100%
Ox 60 30 66.7% Ox 60 0 100%
Po1 20 50 28.6% Po1 10 15 40%
Po2 20 80 20% Po2 30 25 54.5%

5

Re1 90 0 100%

115

Re1 90 0 100%

90
Re2 60 0 100% Re2 60 30 66.7%
Ox 75 30 71.4% Ox 75 10 88.23%
Po1 30 55 35.3% Po1 40 40 50%
Po2 20 95 17.4% Po2 10 0 100%

6

Re1 60 0 100%

130

Re1 60 30 66.7%

90

Re2 60 0 100% Re2 60 30 66.7%
Re3 60 0 100% Re3 60 10 85.7%
Ox 90 30 75% Ox 90 0 100%
Po1 20 50 28.6% Po1 40 0 100%
Po2 20 80 20% Po2 10 15 40%
Po3 20 110 15.4% Po3 10 0 100%

It can be seen from Figure 4 that with the increase of the number of iterations, the
average fitness value of the population tends to be stable. After 50 iterations, the fitness
value of the population converges, and the corresponding shortest times are 90 min, 60 min,
90 min, and 90 min, respectively, indicating that the multi-layer coding genetic algorithm
is feasible to solve the optimization problem of vehicle operation scheduling for vehicles
with 3 to 6 vehicles on the apron.
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(1) Optimization of vehicle operation scheduling guaranteed by 3 aircraft

For the 3-aircraft support, the support vehicle completes the support operations of the
3 aircraft in turn in the sequence of refueling→ oxygenation→ charging. From Figure 4a,
it can be seen that the population fitness value is stable at 90 min, and the population
average value is stable at 90 min. While the population fitness value remains unchanged,
the reason for the change of population mean is that there are fewer support vehicles, the
corresponding support process is simple and clear, and the corresponding solution process
is relatively simple. It can be seen from Table 5 that the utilization rate of the refueling truck
before and after optimization is 100%. After scheduling optimization, the utilization rate of
the oxygenation refilling truck and power van has increased by a large margin. Specifically,
the utilization rate of oxygenation refilling trucks has increased from 42.9% to 81.8% and
that of power vans has increased from 26.1% to 42.9%, thereby improving the resource
utilization efficiency of support vehicles and reducing the waste of resources. At the same
time, the completion time of the three tasks after optimization was 90 min, that is, a saving
of 25 min compared with 115 min before optimization.

(2) Optimization of vehicle operation scheduling supported by 4 aircraft

For the 4-aircraft support, XX refueling trucks support 2 aircraft, respectively, and then
complete the 4-aircraft support operations in sequence in the sequence of oxygenation→
charging. Figure 4b shows that the population fitness value is stable at 60 min, and the
population average value is stable at 87 min. The same situation occurred here, where the
population fitness value remained unchanged, while the population mean value changed,
for the same reason as for the 3 aircraft. As can be seen from Table 5, the utilization rate
of the refueling truck before and after optimization is 100%. However, the utilization rate
of the optimized oxygenated car and power car has been greatly improved. Specifically,
the utilization rate of the oxygenated car has increased from 66.7% to 100% and that of
power car 1 and 2 has increased from 28.6% to 40% and from 20% to 54.5%, respectively.
Therefore, scheduling optimization improves the equipment resource utilization of oxygen
vehicles and power vehicles to a certain extent, shortens the waiting time, and reduces the
waste of guaranteed resources. At the same time, the completion time of the three tasks
after optimization is 60 min, that is, 40 min less than the 100 min before optimization.

(3) Optimization of vehicle operation scheduling supported by 5 aircraft

For the 5-aircraft support, 2 refueling trucks and 2 power supply trucks protect
2 aircraft and 3 aircraft, respectively. According to the sequence of refueling→ oxygenation
→ charging, the 5-aircraft support operations are completed in turn. Figure 4c shows that
the population fitness value is stable at 90 min, and the population average value is stable at
117 min. The population fitness value changed after 45 iterations. In order to ensure that the
population fitness value did not change after 50 iterations, it was repeated 100 times, and
the result did not change, and it can ensure the applicability of 50 iterations to 5-aircraft
support. It can be seen from Table 5 that the utilization rate of refueling truck 1 before
and after optimization is 100%, and that of refueling truck 2 after optimization is reduced
from 100% to 66.7%. However, the utilization rate of the oxygenation refilling truck and
power vans has been greatly improved. The utilization rate of the oxygenation refilling
truck and the power van 1 has increased from 71.4% to 88.23% and from 35.3% to 50%,
respectively. Furthermore, the utilization rate of power van 2 has increased from 17.4%
to 100%. Therefore, scheduling optimization improves the equipment resource utilization
rate of the oxygenation refilling truck and power vans to a certain extent. However, the
utilization rate of refueling vehicle 2 decreases. The most important thing is that the three
jobs were completed within 90 min after optimization, which is 25 min, that is, less than
115 min before optimization.

(4) Optimization of vehicle operation scheduling guaranteed by 6 aircraft

For the 6-aircraft support, each refueling truck and power van protects 2 aircraft and
completes the 6-aircraft support operation in the sequence of refueling→ oxygenation→
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charging. Figure 4d shows that the population fitness value is stable at 90 min, and the
population average value is stable at 118 min. As can be seen from Table 5, the utilization
rate of the top 3 refueling trucks is 100%. After optimization, the utilization rate of refueling
trucks decreases slightly. Specifically, the rates of refueling truck 1 and 2 drop to 66.7%,
and that of refueling truck 3 drops to 85.7%. However, the utilization rate of the optimized
oxygenation car and power van has increased significantly, and the utilization rate of
the oxygenation car and the power van has increased from 75% to 100%; specifically, the
utilization rate of power van 1 and 2 has increased from 28.6% to 100% and from 20% to
100%, respectively. Moreover, the rate of power van 3 has increased from 15.4% to 100%.
At the same time, the total time of the three tasks after scheduling optimization is 90 min,
which is 40 min shorter than the previous 130 min.

For single-aircraft and dual-aircraft vehicle scheduling operations, the optimal schedul-
ing method is as described above with the results shown in Table 6.

Table 6. Statistics of support vehicle utilization and completion time of three operations before and
after scheduling optimization.

Vehicle
Single-Aircraft before Single-Aircraft after Two-Aircraft before Two-Aircraft after

Utilization Ratio Tt Utilization Ratio Tt Utilization Ratio Tt Utilization Ratio Tt

Re 100%
55

100%
55

100%
85

100%
60Ox 33.3% 33.3% 40% 66.7%

Po 18.2% 18.2% 23.5% 36.4%

Except for 1–2 aircraft, the operation scheduling of 3–6 aircraft has been improved
to varying degrees, the support time has been shortened to varying degrees, and the
utilization rate of support vehicles has been significantly improved. The main reasons
are as follows: through scheduling optimization, the waiting time of support vehicles is
reduced, and the connection between support processes is more compact. In addition, the
job scheduling process is clearer, the guarantee order is more orderly, and the utilization
rate of resources is improved.

5.2. Simulation 2: Configuration Optimization of Support Vehicle Quantity

Through the optimization of support vehicle scheduling, the guarantee process of
refueling trucks, oxygenation refilling trucks, and power vans for different numbers of
aircraft can be obtained. For a certain number of guaranteed vehicles, by optimizing the
guarantee process of guaranteed vehicles, the guarantee is improved. With the increase
of working efficiency of the vehicle, the guaranteed time is greatly shortened, which is
beneficial to the management of the apron vehicles.

The relationship between the number of aircraft supported by multiple aircraft and
the total time of the three support tasks is shown in Figure 6. It can be seen from the data in
the figure that as the number of aircraft increases, the time to complete the three support
tasks using the traditional support vehicle scheduling method gradually increases. When it
exceeds 4 aircraft, the support time shows a linearly upward trend, and the support time of
6 aircraft has exceeded 120 min.

The scheduling method based on the multi-layer coding genetic algorithm can greatly
shorten the support time of the three tasks and improve support efficiency. In the actual
aircraft support process, due to the limitations of facilities and equipment, such as runways,
power supply air-conditioning vehicles, and combat methods, the maximum number of
sorties in a single batch is six. According to the calculation, the average time to complete
the single-aircraft to six-aircraft support operation after optimization is 74 min, which
can meet the actual needs, and the average time before optimization is 100 min, which
can also meet the training needs. However, with the further increase of the number of
support aircraft, the traditional support model will definitely fail to meet the total time
requirement. To shorten the support time, the airport’s usual practice is to increase the
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number of support vehicles in the form that a group of support vehicles is responsible for
two aircraft. Although requirement of the guaranteed time has been satisfied, the number
of guarantee vehicles suffers a sharp increase, resulting in the difficulty of management and
scheduling and increasing the safety risk of the apron. The scheduling operation method
of the optimization algorithm, under the limit of the guaranteed number of vehicles, can
be used to obtain the scheduling process in the shortest time through the optimization of
the work sequence, thereby further shortening the guaranteed time and improving the
guaranteed efficiency.
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In addition to the general requirement of total guarantee time, the utilization rate of
guarantee vehicles is also an important indicator of optimization. The improvement of the
utilization rate can reduce the number of guarantee resources, save costs, effectively reduce
the idle time of equipment, and lead to a quick completion of the guarantee task. Through
the above calculation, the utilization rates of the refueling truck, the oxygenation refilling
truck, and the power van before and after the optimization are shown in Figures 7–9. It
can be seen from Figure 7 that with the increase of the number of support aircraft, the
utilization rates of the refueling truck before the optimization are all 100%, which decrease
after the optimization, but the average utilization rate reaches more than 70%. On the other
hand, Figure 8 shows that with the increase of the number of support aircraft, the average
utilization rate of the oxygenation refilling truck before optimization gradually increases,
which is basically between 30% and 80%. While the utilization rate of the oxygenation
refilling truck after optimization is 0–39% higher than that before optimization, and the
average is between 33% and 100%. As seen from Figure 9, with the increase of the number
of support aircraft, the fluctuation of the power van before optimization becomes small,
which basically ranges from 18% to 26%. The utilization rate of the optimized power van
increases gradually, which is higher than that before optimization by 0–59%, i.e., between
18% and 80%.

From the vehicle scheduling optimization results of multi-aircraft support, it can be
found that the total time of 3-aircraft support reaches 90 min, exceeding the support time
of 4 aircraft; a 4-aircraft power van worked for 10 min; two of the 5-aircraft power vans
worked for 10 min, and the utilization rate of the refueling trucks decreased compared
with that before optimization, and the total time reached 90 min. Two and three of the
six-aircraft power vans worked for 10 min, the utilization rate of the refueling vehicle
decreased, and the power vans stood in the way of shortening the time. Therefore, the
vehicle configuration is adjusted with the results shown in Table 7.

To further shorten the total working time and improve the guaranteed efficiency, the
guarantee vehicles with fewer working hours and long idle time should be appropriately
reduced, and the key vehicles affecting the working hours should be appropriately in-
creased. Considering the actual situation of the airport support, after further optimizing
the number of support vehicles, the operation scheduling results of the support vehicles
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with the optimized vehicle configuration are obtained. Figure 10 shows the changes of the
population fitness value after vehicle configuration optimization, the guaranteed vehicle
utilization rate and the three job completion time statistics are shown in Table 8, and the
vehicle job scheduling optimization scheme is shown in Figure 11.
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Table 7. Number of support vehicles for a certain type of aircraft.

Vehicle
Aircraft

3 4 5 6

Re 2 2 3 3
Ox 1 1 2 2
Po 1 1 1 2
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Table 8. Support vehicles utilization and completion time of three operations.

Aircraft Vehicle To Tw Utilization Ratio Tt
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Considering that the single aircraft and the double aircraft are under the protection of
a set of support vehicles, through scheduling optimization, the total time can be controlled
within 60 min with good optimization results, and the vehicle configuration can no longer
be added.

(1) Optimization of vehicle configuration with 3-aircraft support

There is a limit to the further shortening of the guarantee time due to the number of
refueling vehicles, and the adjustment measure is to add 1 refueling truck. According to
Figure 10a, the population fitness value is stable at 60 min, and the population average
value is stable at 75 min. As can be seen from Table 7, after optimization, the utilization rate
of the refueling truck is 100%, that of the oxygenation refilling truck is reduced from 81.8%
to 75%, and that of the power van is increased from 42.9% to 54.5%. At the same time, the
completion time of the three operations after optimization is 60 min, which is 30 min less
than that before optimization.

(2) Optimization of vehicle configuration with 4-aircraft support

According to Table 4, the utilization rate of power van 1 is low, the working time is
short, and the waiting time is long. The adjustment measure is to reduce 1 power van. It
can be seen from Figure 10b that the population fitness value is stable at 60 min, and the
population average value is stable at 80 min. As can be seen from Table 7, the utilization rate
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of the optimized refueling truck and oxygenation refilling truck is 100%, and the utilization
rate of the power van is increased to 72.7%. Through vehicle adjustment, the utilization
rate of the power van is improved, the support resources are reduced, and the support time
is kept at 60 min before and after optimization.

(3) Optimization of vehicle configuration with 5-aircraft support

As can be seen from Table 4, the long working hours of the refueling truck and the
oxygenation refilling truck limit the further shortening of the support time, and the long
waiting time of the power van 1 causes a waste of resources. The measures are as follows:
one more refueling truck and one more oxygenation refilling truck and one less power
van. It can be seen from Figure 10c that the population fitness value is stable at 65 min,
and the population average value is stable at 90 min. From Table 7, it can be seen that the
utilization rate of optimized refueling vehicles is 100%, and the waiting time is 0 min. After
optimization, the utilization rates of the oxygenation refilling truck are 66.7% and 75%,
respectively, which decrease from a numerical point of view but remain at a high level; with
the optimization, the average utilization rate of the power van is increased from 75% to
76.9%, which is slightly improved, but the waste of resources is greatly reduced. Total time
of the optimized three tasks is 65 min, which is 25 min shorter than the previous 90 min.

(4) Optimization of vehicle configuration with 6-aircraft support

From Table 5, it can be seen that the working time of the oxygenation refilling truck
limits the further shortening of the support time, and the utilization rate of power van 2 is
low, resulting in a waste of resources. The measures are as follows: adding one oxygenation
refilling truck and reducing one power van. According to Figure 10d, the population fitness
value is stable at 60 min, and the population average value is stable at 100 min. Table 8
shows that after optimization, the waiting time of the refueling truck disappears, and
the utilization rates all returns to 100%. After optimization, the average utilization rate
of the oxygenation refilling truck decreased, but all of them were above 75%. With the
optimization, the average utilization rate of the power van is 54.5%, which is lower than
that before optimization, but it is still at a high level. In addition, the longest working time
of the optimized power van is 30 min, which is still less than 40 min before optimization,
and at the same time, the support resources are saved. After the optimization, the total
time of the three tasks is 60 min, which is 30 min shorter than the previous 90 min.

Based on the previous vehicle configuration optimization, the total time and vehicle
utilization rate of the three guarantees of 3–6 aircraft after optimization are obtained, and
the results of the three schemes before optimization, after scheduling optimization, and
after vehicle configuration optimization are compared, as shown in Figures 12–15.
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As seen from Figures 12–15, the average time of multi-aircraft support after configura-
tion optimization is further shortened to be 65 min. The utilization rate of refueling vehicles
after scheduling optimization decreases with the increase of the number of support aircraft,
and the utilization rate remains at 100% after configuration optimization. With the increase
of the number of support aircraft, the utilization rate of the oxygenation refilling truck
before optimization is increasing, and after scheduling optimization, the utilization rate is
greatly improved. Although the utilization rate decreases after configuration optimization,
it is still higher than that before optimization. Before the optimization, the utilization rate
of the power van was kept at a low level, and after the optimization, the utilization rate
was greatly improved. Compared with the utilization rate of the oxygenation refilling
truck after the optimization and with the increase of the number of support aircraft, the
utilization rate of only 6 aircraft decreased after the optimization, and the other utilization
rates were further improved. In general, although the utilization rate of some vehicles after
configuration optimization is lower than that after scheduling optimization, it saves more
time, so this adjustment is very necessary.
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5.3. Operation Scheduling Optimization Scheme of Apron Support Vehicles

The support time of apron support vehicles is the key factor restricting the safety
supportability of the apron. In other words, only rapid, safe, and orderly support service
can improve aircraft safety supportability. Therefore, through the scheduling optimization
and vehicle configuration optimization of the guaranteed vehicles, taking the shortest time
as the main optimization objective and referring to the utilization rate of vehicles, the
multi-aircraft guaranteed vehicle configuration and scheduling scheme of the airport are
optimized with the results of the optimization scheme of the airport apron guaranteed
vehicles shown in Table 9.

Table 9. Optimization scheme of airport apron support vehicles.

Aircraft Vehicle Configuration
(Re:Ox:Po) Vehicle Scheduling Least Time/Min

1 1:1:1
Re: A1
Ox: A1
Po: A1

55

2 1:1:1
Re: A1→ A2
Ox: A2→ A1
Po: A2→ A1

60

3 2:1:1

Re1: A2
Re2: A3→ A1

Ox: A1→ A3→ A2
Po: A1→ A2→ A3

60

4 2:1:1

Re1: A3→ A2
Re2: A4→ A1

Ox: A2→ A1→ A3
→ A4

Po: A1→ A2→ A4
→ A3

60

5 3:2:1

Re1: A5
Re2: A2→ A1
Re3: A4→ A3

Ox1: A2→ A1→ A3
→ A4

Ox2: A2→ A1→ A3
→ A4

Po: A1→ A3→ A2
→ A5→ A4

65

6 3:2:2

Re1: A5→ A2
Re2: A4→ A3
Re3: A6→ A1

Ox1: A2→ A4→ A6
Ox2: A3→ A1→ A5
Po1: A1→ A3→ A5
Po2: A2→ A6→ A4

60

A = aircraft.

6. Conclusions

In this paper, the operation scheduling problem of apron support vehicles was studied,
and a new method for the improvement of the airport’s support capability and the efficiency
of aircraft re-deployment was proposed. By using the empirical method, a multi-machine,
multi-guaranteed vehicle, and multi-operation process apron support vehicle scheduling
model was established, and a multi-layer coding genetic algorithm was designed to solve
the operation scheduling problem of the apron support vehicle. Combined with the actual
aircraft support of an airport, the accuracy of the model was verified. The algorithm
converges after 50 iterations, thereby confirming the feasibility of the algorithm.
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Compared with the traditional support method, the proposed method can be used to
greatly improve the utilization rate of the support vehicle while reducing the equipment
support time. Among them, the time to protect 4 aircraft and 6 aircraft was significantly
shortened by 40 min, while the time to protect 2 aircraft, 3 aircraft, and 5 aircraft was
shortened by 25 min. In addition, with the increase of the number of support aircraft, the
utilization rate of the oxygenation refilling truck and power van has been greatly improved.
Although the utilization rate of the refueling truck has decreased, the utilization rate is still
above 70%.

Considering that the number of support vehicles limits the further shortening of the
support time and the phenomenon that the utilization rate of power van is still low after
optimization, the number of support vehicles was optimized twice. Within 65 min, the
average utilization rates of refueling vehicles, oxygen-charging vehicles, and power vans
are 100%, 83%, and 65%, respectively, reaching a high level, which further saves time and
improves resource utilization.

At present, there are still gaps between the research model and the actual situation.
In the next step, we will further study the vehicle scheduling operation under limited
guarantee vehicle transportation resources, conduct modeling analysis under the condition
that the guarantee time of the same process of different aircraft is not equal, and determine
the quantity configuration and scheduling operation of the guarantee vehicle.
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