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Abstract: Based on the current background of airport management and flight-gate scheduling in
China, this paper takes Shanghai Pudong International Airport’s flight number of the rising and
landing aircraft in a certain day as the research object, and it establishes an uncertain FGAP (Flight-
Gate Assignment Problem) multi-objective programming model under the framework of uncer-
tainty theory. Using genetic algorithm to solve the model, the specific flight-gate assignment sched-
uling plan is given. The research results show that the model in this paper can effectively alleviate
the problems, such as unbalanced flight-gate allocation and excessive operating pressure of a single
gate, in the conventional model, and make the allocation and scheduling more reasonable and effi-
cient. Finally, we give the future application of uncertainty theory in finance and management, as
well as the prospect of combining it with symmetry in physics.

Keywords: goal programming; uncertainty theory; FGAP model; genetic algorithm; airport sched-
uling

1. Introduction

According to the “National Civil Airport Layout Plan” issued by the State Council of
China, by 2020, the total number of civil aviation transportation airports in China have
reached 244, with 97 newly added airports [1]. With the increase in the total number of
airports, passenger flow has also increased exponentially, and the daily passenger flow of
many airports has approached supersaturation. Therefore, how to optimize flight-gate
scheduling and reduce the pressure on airport operations is becoming more and more
important for airport operators.

Symmetry is the most important physical law in physics theory. It describes the in-
variance under a certain transformation. Both it and uncertainty are general procedures
for re-evolution within consciousness. In addition to having an important connection with
symmetry in the field of quantum mechanics, uncertainty has also grown rapidly in the
field of mathematics. As a system parallel to probability theory, uncertainty theory has
gradually developed since 2000 [2]. In 2004, Liu proposed concepts, such as credibility
measurement, in 2007, he established the uncertainty theory system for the first time and
in 2010, systematized it, making it a mathematical system that conforms to the normality
axiom, duality axiom, subadditivity axiom, and product axiom [3]. In addition, in the time
since then, the framework has been continuously completed, and now a conceptual sys-
tem containing uncertain planning, uncertain risk analysis, uncertainty credibility analy-
sis, uncertain statistics, and uncertain differential equations has been formed. As usually
studied, probability theory usually deals with the problem of having sufficient sample
data, and the sample frequency is studied under its system. However, in real life, there
are often data failure or variable uncertainty. Under the exploration of this phenomenon,
the uncertainty theory has emerged. This theoretical system mainly studies sample
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reliability, can solve indecisive phenomena in the absence of data or invalid historical
data, and is excellently applied to real life. As a young system with a relatively short de-
velopment time, there are few research studies on uncertain theoretical goal programming
problem. Wang et al. [4] used the uncertainty theory to study the multi-objective combat
planning of UAVs, regarded the variables involved in the combat process as uncertain
variables, and carried out model construction and problem analysis; Wei [5] studied the
transportation problem of hazardous chemicals under the framework of uncertainty the-
ory.

The problem of flight scheduling has always been a key concern of the airport indus-
try, Avella et al. [6] proposed a MIP method to solve to optimality real-life instances from
congested airports. Flight-Gate Assignment Problem (FGAP) is a concrete manifestation
of flight scheduling, belongs to a class of optimization problems [7]. The main goal of this
problem is to allocate each pair of flights to an available boarding gate, which could limit
allocation of existing airport resources, and convenience of passengers and the operational
efficiency of the airport can be improved as much as possible, so that the airport can be
operated more efficiently [8]. Ornek et al. [9] had proposed FGAP as an integer and con-
straint programming model formulations. They realize efficient scheduling by consider-
ing integer and constraint programming models in mathematics. In 2006, Drexl et al. [10]
had formulated fuzzy multicriteria flight gate assignment. This literature deals with a spe-
cial kind of multi-criteria multi-mode resource constrained project scheduling problem
with generalized priority constraints or time windows. Marinelli [11] developed a me-
taheuristic approach, which could solve high level combinatorial problems with fast con-
vergence performances. Based on above discussion, a survey of the airport Gate Assign-
ment Problem was uncovered in 2014 [12].

Based on the current background of China’s airport management and flight-gate
scheduling, this paper makes an empirical analysis with the flight schedule of aircraft on
a certain day at Shanghai Pudong International Airport as the research object. Considering
the influence of uncertain factors, such as flight delays and temporary transfer of passen-
gers, an FGAP multi-objective programming model based on uncertainty theory is con-
structed. The conventional FGAP multi-objective programming model and the FGAP
multi-objective programming model based on the uncertainty theory are solved by using
genetic algorithm, respectively. By comparing the model results, an efficient and reason-
able flight-gate scheduling plan is given, which provides reference for the airport flight-
gate scheduling. At the end of the article, the conclusion and prospect of this research are
given.

The work of this paper lies as follows: the FGAP multi-objective programming under
the uncertainty theory system, which is mainly explored in this paper, is still almost in a
blank state at present. On the other hand, because probability theory is based on the idea
of frequency of a large number of repeated experiments, and, in the actual airport sched-
uling scenario, the uncertain factors, such as flight delays, cannot be ignored, and tempo-
rary scheduling sample data is scarce. Uncertainty theory is used to replace the traditional
probability theory method will be more accurate and practical, and it can provide more
reasonable and effective reference opinions for airport flight-gate scheduling.

The overall structure of this article is as follows: Section 2 describes and introduces
FGAP frame. Section 3 takes Shanghai Pudong International Airport as an example to
conduct empirical analysis, establish models, and provide specific applications. Finally,
the conclusion and prospect are given in Section 4.

2. FGAP Frame

The assignment docking process is shown in Figure 1. In order to facilitate the un-
derstanding of the FGAP process, some proper terms involved in the problem are intro-
duced as follows:

(1) Neutral interval: The time interval between two adjacent aircraft at the same gate
is generally required to be more than 45 min [13].
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(2) Transit process time: the time it takes for the transit passenger to complete the
process of stopping the flight.

(3) MRT time: MRT (Mass Rapid Transit) refers to the line inside the airport that con-
nects the terminal building and the satellite hall, and the MRT time refers to the travel
time of passengers using this line.

(4) Transit time: the difference between the departure time of the next flight and the
arrival time of the previous flight [14].

(5) Transit tension: the ratio of the transit time of the transit passenger to the transit
time, where the transit time of the transit passenger = transit process time + MRT time +
passenger walking time [15].

Arriving Flight Departure flight

Cruise Cruise

Arrival time Departure time

Climbing
¥ Transitions ¥ o

Landing

Shide Departure gate Shde

Figure 1. Aircraft docking diagram.

3. Analysis of Flight-Gate Assignment and Scheduling at Shanghai Pudong
International Airport

3.1. Data Sources

This study takes Shanghai Pudong International Airport, which has a relatively large
domestic passenger flow and is more representative at present, as an example and selects
the flight data of China Eastern Airlines and Shanghai Pudong International Airport on a
certain day for empirical analysis. On that day, there were 2755 transit passengers, 1652
groups of fellow transit passengers, 252 transit flights, and 69 available boarding gates.
Specifically, it includes the precise time and type of arrival of each transfer flight, the de-
parture time and type of departure from the airport, transfer passenger information, and
gate assignment information.

3.2. Research Methods

The typical flight-gate assignment problem is to reduce the number of gates used and
the transfer tension of transit passengers as much as possible when the flights and gates
are matched, as well as to arrange the number of flights to the maximum, so as to maxim-
ize resource utilization. Most scholars currently study airport scheduling in a certain en-
vironment. However, in real life, the airport often has uncertain factors, such as flight de-
lays, cancellations, or temporary passenger transfers due to weather, which will have a
certain impact on the original scheduling plan [16]. In view of this, we put the problem
into the uncertainty theory system for research and establish the FGAP multi-objective
programming model based on the uncertainty theory. Taking into account the impact of
COVID-19 crisis on the airport industry, it is assumed that the airport strictly complies
with Shanghai’s local epidemic prevention and control regulations, and the airport can
operate normally without a potential epidemic.

(1). Objective function

Optimization goal 1: Arrange as many flight departures as possible, and reduce pas-
senger flow and pressure at the airport, that is, to maximize the number of flights allo-
cated:

maxifl..r 1)
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where f, represents each flight on the day of the airport, and 7 is the number of flights.

Optimization goal 2: Use as few gates as possible, and reduce airport operating costs,
that is, to minimize the number of gates used by flights:

min Zl:uj./ )
=

where u; represents usage of the gates, and m is the number of gates.
Optimization goal 3: Ensure the smooth transfer of transit passengers, and improve

passengers’ satisfaction, that is, to minimize the transit tension of transit passengers:
u H +K +M
min ) 'S, , here, S, =——~L—F, ®)
par N
where §; represents the transfer tension of transit passengers, p is the set of passen-
gers who need to transfer, H , represents the time transit passengers p take to com-

plete the transfer process, K , represents the time transit passengers p spend on MRT

process, M , Tepresents the time spent by transit passengers p on foot, and N repre-

sents transit passengers p corresponding transit time.

(2). Constraint conditions
(a) Uniqueness constraint:

ini =1, 4)

where X; represents allocation of flights and gates, to ensure that each flight can only

stop at one gate.
(b) Restrictions on the use of gate:

LY x, #0
=1 Q (5)

"0y x, =0

where u = I, meaning that the gate has been used; when u = 0, it means that the gate

has not been used.
(c) Flight allocation constraint:

B {1, Flight i stops at gate j
i )

6
07 Other ( )
when X; = 1, it means that the flight i is assigned to the gate J .
(d) Time constraint of neutral interval
L, +AT < 4, (7)

where L[j represents departure time, A[j represents arrival time, and AT represents

the time interval between two successive flights using the same gate. That is, the time
interval between arrival and departure between two adjacent flights at the same gate
should be greater than or equal to the specified neutral interval.

(e) Flight type matching constraint:
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m

2.%(F=0)=0, (8)

where P, represents type of gates, P, =1 corresponding narrow-body aircraft, and P,

=2 corresponding wide-body aircraft; Q. represents type of flights, O, =1 corresponds

to narrow-body aircraft, and , =2 corresponds to wide-body aircraft. That is, if the air-

craft type matches the flight type, the flight type of the narrow-body aircraft can be ar-
ranged at the gate of the wide-body aircraft, while the flight type of the wide-body aircraft
cannot be arranged at the gate of the narrow-body aircraft.

(f) Flight attribute matching constraint:

ix,j(C/—D,.)=O, 9)

where C; represents attributes of gates, C ; =1 corresponding domestic, C ; =2 corre-

sponding international; Dl. represents attributes of flights, D. =1 corresponding do-

mestic, and Dl. =2 corresponding international. That is, according to the attribute match-
ing of the flight and the gate, domestic flights can only stop at the boarding gate of do-
mestic flights, and international flights can only stop at the boarding gate of international
flights.

(g) Passenger safety distance restriction:

d, =21, (10)

where d p Trepresents safe distance between transit passengers, to ensure compliance

with the requirement that the safety distance between people in the epidemic should be
greater than or equal to 1 m.
Let h,h,,h, denote the number of allocated flights, the number of gates used, and

the transfer tension of transit passengers, respectively, and the FGAP multi-objective pro-
gramming model based on uncertainty theory can be constructed as follows:

max i, = Zfl
i=1
minh, =Y u, 11)
Jj=1
P
min A, = z S
i=1
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s.t.

fo,:l

=1
I,Zx” =0

u, =4 !
"0, x,=0
3 {1, Flight i stops at gate j

Other
L, +AT < 4;

X

> %, (F=0)20
=1

> %(C,=D)=0
j=1
d,>1

In view of the uncertain variables cannot be solved directly, first, find their expected
value E(h) and use the Theorem to transform the above uncertain model into an equiv-

alent deterministic model form:
Theorem [17]. Assume that the objective function f(x,&,&,,...,E)) is strictly mono-in-

creased to &,&,,...,&, and strictly mono-decremented to &, ., & ..., &, ; at the same time,
the constraint function g (X,&,,8y,...,,) is strictly mono-incremented to &,,&,...,5, and
strictly mono-decremented to &,,,,&, ,5,...,&, . In addition, if &,&,,...,&, are mutually inde-

pendent uncertain variables and obey the uncertain distribution @, ®,,..., D, respectively,

then the uncertain multi-objective programming model is

mxin(E[f(X,fl,fz,---, é:n):l)

S.t. > (12)
Mig,(x,$,6,,.,6,)<0b 2, j=1,2,...,p

equivalent to deterministic multi-objective programming model

'[01 f(x, @' (a),D; (a),.... D, (), D, ,(1-),..., D, (1-a))da

st (13)
g,(x,0 (@), D (@),.. 0, (), Py, (1-a)),... D, 1-2,)) <0, =1,2,...

Due to the conflicts between the three goals involved, the article uses the “linear
weighting method” to transform the aforementioned multi-objective determination
model into a single-objective mathematical model, and it turns to find its Pareto effective
solution under the uncertainty theory system. Substituting the values to get the final
FGAP multi-objective programming model based on uncertainty theory:
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minf:&E(hl)'*'ﬂ“zE(hz)“'ﬂsE(hﬂ

S.t.
ixii =1
j=1
LY x,#0
= 0, x,=0

|1, Flight i stops at gate j (14)
710, Other '
L,+AT < 4,

>3, (P-0)=0
j=1

2.%(C;=D,)=0
=

d, =1

3.3. Specific Model Establishment
In this case, m=69, n=252,and p=1652. It is assumed that the uncertain varia-

bles f; ,U;, and S, are monotonically increasing; the uncertain variables f,,u ; obey
the linear uncertainty distribution, the uncertain variables §, obey the normal uncer-
tainty distribution, and each uncertain variable satisfies f ~ L(a,,b)=L(2i,3i) ,
u,~L(a;,b)=L(j,j*), S;~N(e,0,)=N(2i,1). Therefore, the inverse uncertainty dis-
tributions of each uncertain variable are:

o (a)=(1-a)a, +ab,

-1 _
Y (@)=(-a)a,+ab,,

o3 1-a
Y In——-.
P a

Y (a)=¢ +

Thus, the deterministic form of FGAP multi-objective programming model based on
uncertainty theory can be obtained:

252

max E(h) = jol S 2ia +3i(1-a)lda

1 69
minE(hz):J-OZ[(I—a)j+aj2]da ’ (15)

1652 \/’ l—a

minE(h3)=j;2[2i+731n
i=1

ldo

(24

And the constraint conditions are the same as above.
Let 4 =05, 4,=0.3, and A, =0.2, respectively, which means that the first thing

we want to achieve in the flight-gate assignment problem is to make full use of the number
of flights as much as possible and further reduce the number of gates used [18]. On the



Symmetry 2021, 13, 1915

8 of 14

basis of achieving the above two goals, the transfer tension of transit passengers is mini-
mized and passenger comfort is improved. Getting the case’s FGAP multi-objective pro-
gramming model based on uncertainty theory:

min f =0.5E(h)+0.3E(h,)+0.2E(h,)

s.t.

I,inj;tO
70,3 %, =0

_ |1, Flight i stops at gate j (16)
710, Other ’
L, +AT < 4,

69
2 5,(B,-0)20
j=1

69
2.%,(C;=D)=0
j=1

d, 21

3.4. Model Solving and Result Analysis

FGAP is a Non-deterministic Polynomial Hard (NPH) problem. For such problems,
heuristic algorithms are often used to solve them [19]. We use genetic algorithm to solve
the FGAP model under uncertain conditions, and we calculate the shortest path for airport
scheduling. The research results of Yu et al. [19] show that under similar data volume, the
parameters can be directly set as follows: Set the population size to 300, the maximum
number of iterations to 100, the crossover probability to 0.8, and the mutation probability
to 0.2. The average running time is 7.3 s, and the path optimal value is reached after 38
iterations. The result is shown in the Figure 2, and the maximum value of the image is the
shortest path length sought. It can be seen that the shortest path obtained by genetic algo-
rithm is about 4100, which is the total length of the route scheduled for Shanghai Pudong
International Airport on the day of temporary cancellation of flights and temporary trans-
fers of passengers.

3000 -
2000 — / B

1000 |

Figure 2. The shortest path for scheduling using GA.
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Regarding the flight number, the usage of the boarding gate, and the transfer tension
of the transit passengers in the objective function as ordinary variables, without changing
the constraint conditions, we establish the conventional FGAP multi-objective program-
ming model. Furthermore, use the genetic algorithm to solve the conventional FGAP
multi-objective programming model and the FGAP multi-objective programming model
based on uncertainty theory, compare the flight-gate allocation and scheduling situation
of the two models, and draw the Gantt chart of the scheduling results.

It is obvious that, after considering the number of flights, the number of gates, and
the tension of the transit passengers as uncertain variables, the airport’s flight-gate assign-
ment and dispatching situation has been greatly improved. Without considering the in-
fluence of uncertain factors, the result shown in Figure 3 can be obtained. It can be seen
from the figure that, although the resources of each gate are fully utilized, there are prob-
lems, such as unbalanced flight-gate allocation, excessive pressure on the operation of a
single gate, and insufficient connections between flights. For example, T3, T5, T6, and T10
boarding gates all have “flight relay” phenomenon. One flight has just ended, and the
next flight will start immediately, which makes the boarding gate lack of rest adjustment
time and excessive pressure on passenger flow operations. While under uncertain condi-
tions, the problem has been significantly improved. Figure 4 shows that the overall allo-
cation of flight-gates is more balanced at this time; moreover, each boarding gate has been
given a certain adjustment time under the premise of ensuring the effective use of re-
sources, so that the arrangements between flights are more reasonable. From the compar-
ison of Figures 3 and 4, the overall flight-gate allocation is more balanced when consider-
ing uncertainty, which also verifies the effectiveness and feasibility of the model.

Flight-boarding gate scheduling Gantt chart
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Figure 3. The conventional FGAP multi-objective programming model flight-gate scheduling Gantt
chart (all).
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Figure 4. The FGAP multi-objective programming model based on uncertainty theory flight-gate
scheduling Gantt chart (all).

4. Conclusions and Prospects
4.1. Conclusions

This paper aims to study the flight-gate allocation scheduling problem under uncer-
tain conditions. The results show that the model in this paper can effectively alleviate the
problems, such as unbalanced flight-gate allocation and excessive operating pressure of a
single gate in the conventional model. However, due to the single algorithm, there are still
many iterations and long running time. The conclusions of the research are as follows:

(1) At present, the established airports have covered any combination of domestic
and international flight types. In comparison, the types of domestic flights are mostly do-
mestic, and the corresponding boarding gate usage is relatively tight.

(2) Based on the results of data processing, after combining the theoretical factors of
uncertainty, compared with the traditional method, the flight-gate allocation is more bal-
anced, and the operating pressure of a single gate is reduced, so that a specific gate has
sufficient Interval adjustment time. This has a certain enlightening effect on the decision
of airport managers on how to allocate flights-gates.

(3) Subsequent research can further consider more detailed constraints and more op-
timization conditions. For example, in combination with current events, scholars in re-
lated fields can treat the COVID-19 situation as an uncertain situation and may lead to a
more optimized allocation plan.

4.2. Prospects

As a system parallel to probability theory, uncertainty theory can solve many prob-
lems that the framework of probability theory cannot handle. When historical data is in-
valid or lacks data, or when the research contains uncertain factors, the uncertainty theory
can handle such problems well.

(1) As a relatively young system, uncertainty theory is currently growing very fast
and has been applied in many fields. For example, uncertain risk analysis [20] and uncer-
tain finance [21] can be applied to financial securities; uncertain planning can be applied
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to fields, such as transportation [22]. In the future, the applied research of uncertainty
theory will also cover other fields.

(2) In view of the fact that uncertainty theory was established and developed only
less than 20 years ago, compared with probability theory, the research time is very short.
Therefore, there are still many areas can be further studied in the future.

(3) Uncertainty theory also occupies an important position in physics, and its rela-
tionship with symmetry is an important law for describing electronic behavior. In-depth
exploration of the relationship between uncertainty theory and symmetry is a research
hotspot for scholars in the future.
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