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How to efficiently guide passengers and ensure the order of airport operation is an urgent transport problem for airport
management. Based on the analysis of the factors that affect the driver’s decision-making, this paper deeply explores the col-
laborative association of the core factors, such as the number of flight arrivals in different periods and the average seeking distance
of taxis. Firstly, according to the GPS data of taxis, the paper uses clustering algorithm to get the average passenger-seeking time
from the airport and makes matching interaction between the number of flights based on time distribution and the average
passenger-carrying capacity of vehicles in the parking garage, so as to build a decision-making model based on the number of taxis
N; secondly, it takes passenger safety and traffic order as the priority and uses M/M/S queuing model to integrate the two factors.
Taking the maintenance cost and passenger evacuation time as constraints, the judgment condition of minimum cost Z,,;, and the
optimal number of boarding points S,, are solved. Finally, taking the flight and taxi data of Shanghai Hongqiao Airport as an
example, the driver’s decision-making standard is simulated, and the accuracy of the model is verified by the deviation rate. It can
provide decision-making support for taxi management of urban transportation hub and rapid evacuation of airport passengers, so

as to realize the collaborative optimization of airport flight arrival and taxi carrying order.

1. Introduction

When arriving at the airport, taking taxi is one of the main
choices of passengers. Most of the airports in China separate
the drop off (departure) and pick up (arrival) channels. Taxi
drivers who drop off passengers to the airport will face two
choices: (1) Proceed to the arrival area to wait for carrying
passengers back to the city. Taxis must wait in a line at the
designated “taxi storage pool” and enter the venue according
to the “first come, first served” queue. The waiting time
depends on the number of taxis and passengers in the queue,
and a certain time cost is required. (2) Return directly to the
city to search passengers. Taxi drivers will pay no-load fees
and may lose potential passenger revenue. Generally, the
driver can make a choice based on the number of flights
arriving at the current time and the number of taxis already

in the storage pool, combined with the experience. If pas-
sengers want to take a taxi after getting off the plane, they
must line up at the designated boarding area and queue up in
order. Airport taxi management personnel are responsible
for letting taxis into the “riding area” in “quantitative
batches” and arranging a certain number of passengers to
board the bus. In actual operations, there are still many
factors that affect the determination and uncertainty of taxi
drivers’ decision-making. Their correlations are different,
and their effects are also different.

At the airport, there are often situations in which taxis
should queue up to wait for passengers and passengers also
should line up for boarding the taxi. How to set the boarding
point of passengers to ensure the safety and order of pas-
sengers should be determined so that the overall efficiency of
the operation can be the highest. The taxi driver’s income is
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related to the distance of passengers. Taxi drivers cannot
refuse to carry passengers, no matter whether the passengers’
destination is far or near, but the taxi is allowed to carry
passenger multiple times. How can the plan be arranged to
make the income of the taxi as balanced as possible? All of
the above issues require in-depth study of the influence
mechanism of relevant factors in taxi driver’s decision-
making, comprehensively considering the changing law of
the number of airport passengers and the income of taxi
drivers, establishing a taxi driver selection decision-making
model, and giving drivers’ corresponding strategies.
Airport taxi carrying optimization problem is a typical
decision-making problem. At present, the mainstream de-
cision-making theories in academia include extension de-
cision-making theory, decision tree, behavioral decision-
making theory, and multiobjective decision-making:

(1) Extension decision-making mainly has high re-
quirements for the existing strategy generation,
conversion bridge method, optimization evaluation
method, and extension analytic hierarchy process,
but it has low matching degree with the airport taxi
scheduling optimization problem.

(2) Decision-making based on decision tree requires
decision-makers to have a clear decision-making
scheme at every step, while taxi drivers do not have a
strict and clear scheme on the way to carry pas-
sengers, so the decision tree scheme is difficult to
apply.

(3) Behavioral decision theory is more valued by re-
searchers. It has developed from the maximum ex-
pected utility theory based on rational people and
puts forward heuristic deviation. However, in the
airport taxi scheduling problem, it is difficult for
drivers and passengers to be rational.

(4) Multiobjective decision-making needs to establish
multiple objective optimization models to solve
high-dimensional linear programming or even
nonlinear programming, so it is difficult to obtain the
optimal solution.

Combined with the practice of the above optimal de-
cision-making problems, this paper makes field investiga-
tion and data analysis, establishes a decision-making model
based on driver income, and calibrates the parameters. The
model is accurate through the verification of actual data.

L.1. Literature Review. The problem of airport taxi carrying
passengers is related to the external image of a city, and it is
also a problem that plagues many large cities, especially
megacities. It is mainly manifested in the insufficient ca-
pacity of airport taxis, and the arrival of passenger flow at
the airport is greatly affected by the distribution of flight
times. How to coordinate transportation capacity and
match the flow of passengers is the core issue. There are
some relevant basic researches at home and abroad: First,
some scholars have done preliminary research on driver
decision-making.
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Yu [1] proposed that the probability that a vacant taxi is
matched with a passenger during the traversal of a link is
calculated based on temporal Poisson arrivals of passengers
and spatial Poisson distributions of competing vacant taxis.
Passenger destination probabilities are calculated directly
using observed fractions of passengers going to destinations
from a given origin. Yang [2] presented the space-time
trajectory cube as a framework for dividing and organizing
the trajectory space in terms of three dimensions (origin,
destination, and time). After that, space-time trajectory cube
computation and origin-destination constrained experience
extraction methods were proposed to extract the fine-
grained experience of taxi drivers based on a data set of real
taxi trajectories. Zhu [3] started from the factors that in-
fluence the taxi driver’s choice plan, constructed App M
model and ADAM model based on the collected data,
established the driver choice plan, and verified the ratio-
nality of the built model with actual operating data. The
algorithm only simply simulates the driver selection scheme
based on benefit consideration and lacks consideration in
the calculation method of driver benefit, and the selection of
the method needs to be optimized. Yu [4] analyzed the
relevant factors that affect the decision-making of taxi
drivers, established a driver’s decision-making model based
on queuing theory, and gave the driver’s corresponding
selection strategy. Using queuing theory to discuss the
choice of drivers, there are few factors considered. The
choice of whether the driver chooses to pick up passengers at
the airport or back to the urban area is a multifactor sub-
jective decision-making issue that requires comprehensive
analysis and weighing. In terms of balancing long-distance
and short-distance benefits, Li [5] established a prediction
model for passenger flow in the airport taxi ride area,
established a deterministic decision-making model for
drivers whether to wait or not, and used a goal planning
model to solve the priority of short-distance for passengers.
It provides ideas for solving short-distance drivers priori-
tizing recarrying passengers. It is not clear to judge and
identify short-distance drivers, and further research is
needed. Zhou [6] selected six influencing factors: number of
flights, number of vehicles in storage pool, temperature,
weather, time period, and holidays, and established multiple
linear regression models and elastic network regression
models to analyze and judge the driver’s decision-making
choices. The literature has few analyses on the accuracy and
applicability of the model, and subsequent confirmatory
studies are needed. Li [7] used regression model to establish
the evaluation model of the overall service level of taxi pick
up area and the mathematical model between service level
and queuing time and divided the service level; the research
can be used for the planning of taxi pick-up area facilities.
The design provides a quantitative measure. Shi [8] aimed at
the problem of setting up the taxi ride area at the airport and
divided the pick-up process of the taxi in the ride area into
three stages: vehicle seating, passenger boarding, and vehicle
leaving. A simulation model for airport taxi transportation
was established. Then, using Monte Carlo simulation, by
comparing the passing times of unit vehicles under different
conditions, the best setting plan of the airport taxi riding
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area is obtained, which can provide scientific and reasonable
suggestions for the planning of the airport taxi riding area.
The operating efficiency of the airport taxi delivery system is
effectively improved. Yuan [9] constructed a taxi revenue
function in the form of neuron s-characteristic function,
introduced market parameters such as taxi market scale,
waiting time, and price, discussed the supply-demand bal-
ance mechanism of taxi market, and constructed the taxi
market optimization model with the goal of maximizing
social welfare. Lee [10] used a set of hypothetical scenarios
for air taxi network operation and evaluated the accuracy of
the flow model against the outputs of the discrete-event
model and illustrated how the flow model can be applied
towards the optimal pricing of passenger fares for a single
airport taxi service provider. Chen [11] proposed a multi-
view learning algorithm to extract a highly coupled and
robust ship descriptor from multiple distinct ship feature
sets and proposed a framework for integrating a multiview
learning algorithm and a sparse representation method to
track ships efliciently and effectively. Luo [12] analyzed three
main factors affecting driving safety by using fuzzy theory,
and the new calculation method of the reaction time was
obtained. It can improve car-following safety model, which
is established based on different reaction time. Cesar [13]
introduced different operating restrictions on partial ful-
filment of the operational targets as applied to zones of
special interest or relating to the operation of the snow-
clearing machines. The problem is solved by optimization
based on linear programming. Abdelghani [14] did a survey
using the various methods to obtain the solution, which
covers both theoretical and real AGAP with the description
of mathematical formulations and resolution methods such
as exact algorithms, heuristic algorithms, and metaheuristic
algorithms.

The literature above has done basic research on the
optimization of taxi capacity, established a mathematical
model with certain reference significance, and made a de-
tailed study on the optimization of airport and taxi
scheduling. However, the taxi driver’s income is not studied
in combination with the taxi driver’s selection strategy and
airport flight factors, especially the airport lane layout and
the design mode of carrying passenger, which will affect the
taxi carrying efficiency.

From the above point of view, this paper studies the
collaborative optimization of multiple factors, on the basis of
ensuring the travel efficiency of passengers arriving at the
airport and striving to maximize and balance the income of
drivers.

1.2. The Focus of This Paper. This article mainly focuses on
three aspects: (1) When faced with the choice of entering the
airport to pick up passengers and entering the urban area,
how to optimize the driver’s decision and how to attract taxi
drivers to the airport to ensure transportation capacity. (2)
Optimize the passenger order of taxis at the airport and
optimize the layout of the corridors for airport taxis to carry
passengers. (3) Carry out the optimization plan design for

reentry and passenger carrying for drivers who perform
short-distance transportation tasks. The solution of the
above problems will greatly promote the management and
service level of airport taxis in mega cities.

2. Problem Description

At domestic airports, taxi drivers who drop off passengers to
the airport are facing two choices to continue their route.

The first option is to go to the passenger arrival area and
wait in line to pick up passengers. In particular, the taxi must
wait in line at the designated “car storage pool,” according to
“first come, first out” rules queuing to enter the venue to pick
up passengers, and the waiting time depends on the number
of taxis in the queue and the number of passengers, which
requires a certain time cost; the second option is to go back
to the city with empty car to pick up passengers [15, 16], and
the taxi driver will pay no-load charges and may lose the
revenue of potential passengers. The choices for drivers to
choose are shown in Figure 1.

The first option is called the A plan, and the second
option is called the B plan. Then the problem of optimal
allocation of airport taxi passengers can be transformed into
the following subproblems:

(1) Mining the influence mechanism of related factors in
taxi driver’s decision-making. Before entering the
airport, the driver can observe the number of flights
arriving at the airport during a certain period of time
and the number of vehicles currently in the “taxi
storage pool. Based on how to determine the factors
that affect the taxi driver’s decision which are based
on the relationship between the number of pas-
sengers and the income of taxi drivers, we established
a taxi driver’s choice decision model, studied the
algorithm, and finally gave out the driver’s choice
strategy [7, 17, 18].

(2) The management of passengers arriving at the air-
port involves two states [15]: the first one is that the
passengers should queue and wait for taxis, and the
other one is that taxis should queue for carrying
passengers. How the airport management depart-
ment designs taxi approach and passenger boarding
schemes determined the pros and cons of the air-
port’s refined management. Under the premise of
ensuring the safety of people and vehicles, it can
improve the efficiency of transportation and facilitate
airport management.

(3) The income of airport taxis is directly related to the
distance traveled by passengers, which cannot be
known in advance. According to taxi management
regulations, drivers cannot choose passengers or
refuse to carry them, but taxis can travel back to the
airport multiple times to carry passengers. How the
management department implements a “priority”
compensation plan for short-distance passenger
taxis [19], so as to balance the benefits of short-
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Figure 1: Taxi driver decision plan.

distance and long-distance taxis as much as possible,
is of great importance.

The solution of the three above-mentioned core prob-
lems will finally solve the problem of the current shortage of
airport taxis in mega cities and even the disorderly man-
agement and shorten the waiting time of passengers at the
airport, in the meantime further enhancing the image of the
city and society.

3. Model Symbol Description and
Conditional Assumptions

3.1. Symbol Description. The model symbols used in the
modeling process are drawn uniformly in Table 1, and the
symbol modeling will be used directly as in the following.

3.2. Conditional Assumptions. To study the three problems
decomposed above, we need to make the following as-
sumptions based on actual business to quantitatively study
the parameters and optimization problems in the model:

(1) It is assumed that the driver will immediately look
for the next task after completing a task of trans-
porting passengers.

(2) It is assumed that passengers can board the taxi
immediately when the taxi stopped. It can guarantee
not to waste time.

(3) Itisassumed that the taxi driver will not return to the
airport to continue to carry passengers after expe-
riencing a long-distance passenger journey.

(4) It is assumed that the taxi driver cannot know the
passenger’s destination in advance.

4. The Influencing Factors and Mechanism
Mining of Taxi Driver’s Decision

4.1. Analysis of Factors Affecting Driver’s Decision. After
arriving at the airport, the main factors that affect drivers’
choice are as follows [20]: the number of flights at that time
and the time required to find passengers again. The time
spent by the driver can be regarded as a uniform change at a
constant speed. A high return per unit time of a driver means
a high overall return. The driver’s decision can be studied by
comparing the average time return of each order of feasible
solutions.

The number of flights mainly affects the waiting time of
the drivers at the airport. If the number of passengers who
arrive at the airport during a certain period and choose to
take a taxi is less than the number of passengers in the queue,
the time cost of drivers will increase, which may cause taxis
to decrease. For the passenger searching time, it mainly
affects the completion time of each order in scheme B. The
driver searching time is different in different periods.
Therefore, the GPS data set of taxis around the airport can be
obtained through GPS positioning. This data set contains the
driving route of taxis near the airport. The driving route is
mostly determined by daily passenger experience. Drivers
tend to drive to areas with more passengers or OD areas
where passengers often get on. If there are more taxi travel
demands in a certain range, it indicates that the range is an
area with dense passenger demand [21-23]. The K — Means
clustering algorithm is used to process the collected GPS
data, and then the hot area is obtained, and the distance
between the hot passenger area and the airport is measured
and averaged to obtain the average passenger-seeking dis-
tance for the driver in the urban area, and then the searching
time can be obtained.
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TaBLE 1: Modeling symbols and meanings.

n: the number of flights the driver arrives at the airport

N: the number of cars in the tank when the driver arrives at the airport
W ,: drivers choose to pick up passengers from the airport, the average

revenue per order

W ;: the average return of a driver who chooses to return to the urban area to

carry passengers

C;: the average cost of a single order for the driver to pick up passengers from

the airport

C;: the average cost of a single ticket when the driver chooses to return to the

urban area to carry passengers
D;: driver’s average passenger distance at the airport
D;: average passenger distance of the driver in the urban area

T: the time it takes for the driver to complete a single order from the airport

&: the average number of passengers carried on each flight

a: percentage of passengers choosing to take a taxi

a,: long-distance revenue
a,: short-distance revenue

b,: long-distance fuel consumption
b,: short-distance fuel consumption cost

by: fuel consumption cost per kilometer

~

1: waiting time in the storage tank
t,: one-time pick-up time for long-distance buses

T : the time it takes for the driver to complete a single order
in the city
T: average searching time

v: the speed of taxi
p: the price of fuel consumption per kilometer of the taxi
t: the average pick-up time at the airport

Cy: cost of one kilometer

X: taxi GPS data set
S: average passenger-seeking distance
r: the average number of passengers carried by each taxi at
the airport
k: the proportion of passengers who choose to take a taxi for
the airport
d: average distance from the airport to major landmark
locations
t5: one-time pick-up time for short-distance vehicles
t,: one green channel time for short-distance vehicles
N: the number of times that short-distance vehicles pick up
passengers at the airport
X: the critical distance when the short-distance and long-
distance benefits are equal
K: univariate linear coefficient of short-distance distance
and short-distance cost
V: the taxi speed in the suburbs of the city
e: the passenger capacity of different models

The driver’s choice of the two options is mainly deter-
mined by the economic benefits of the next order A or
B. However, for the economic benefits brought by options A
and B, the judgment criteria cannot be considered solely on
the benefit of the next order. In fact, there are still two
situations.

Option A: Although the carrying distance (hereinafter
referred to as the carrying distance) is large and the single
income is large too, it will be affected by the number of
flights, and the waiting time will be longer, which will affect
the income per unit time.

Option B: Although there is no waiting time, it needs
time to search for passengers and the travel distance will
have a greater impact on the revenue in this situation.

Therefore, a judgment and decision model can be
constructed based on the number of flights and the
passengers in the storage pool, and the clustering algo-
rithm can be used for model and solve the average
searching time from the airport based on the GPS data of
the taxi. We make comparison and judgment on the in-
come of the driver and finally establish a driver selection
decision-making model.

4.2. Calculation of Average Passengers-Seeking Time Based on
K — Means Clustering. Collecting GPS data sets X of taxis
near the airport , the K — Means clustering algorithm is
used for the cluster analysis of taxi searching for passen-
gers , and the specific algorithm steps for establishing the
clustering model are as follows.

Step 1. The k initial clustering centers selected from the data
set X ={x;|lx; e RP,i=1,2,...,n} were recorded as

Step 2. Calculate the distance between each data point to be
classified and the cluster center according to the mean value
of each clustered data point, and redivide the corresponding
data points according to the principle of minimum distance.
The division is based on the Euclidean distance, as shown in
the following formula:

(1)

Step 3. Recalculate the mean value of each cluster after
classification. The calculation method is given below, where
n represents the k — th class inner vector:

1
mt:—Zmij,z:I,Z, ...... k. (2)

Step 4. Calculate the evaluation criterion function value T,
which represents the sum of the individual error squares of
all data center points, P is the data point in the space, and the
cluster center point is represented by M. The results gen-
erated according to the judgment criterion gradually tend to
be independent and convergent.
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Step 5. Repeat Step 2 to Step 4 until the evaluation criterion
function value T stabilizes, so that the error sum of squares
criterion function reaches the minimum,; if the error sum of
squares criterion function reaches the minimum, the algo-
rithm converges and the calculation is completed. Other-
wise, return to Step 2 and proceed to the next iteration.

The algorithm flow is shown in Figure 2.

Finally, the hotspot of passenger area x can be obtained,
and get the average passenger searching distance s according
to the weighted average of the distance between the pas-
senger area and the airport; the average time T of finding
passengers is obtained finally.

4.3. Construction of the Multiple Decision Model Based on
Multiple Parameters. The time required for the driver to
choose plan A mainly includes the following: waiting time
in the taxi storage tank ¢; ;, the time for each taxi to pick up
passengers at the airport t;,, and the time to deliver the
passengers to the destination t;3; the number of taxis in
the storage tank in a certain period of time is N , P; is the
average passenger-carrying mileage of a taxi, D; is the
driver’s choice to determine the average passenger-car-
rying distance under the plan , the cost of the driver’s
choice of plan A is set to C;, W, is the taxi time price and
congestion index , and W, represents the average income
of plan A.

When plan A is selected, the total time spent by the
driver is T',, and the intensity of flight arrivals determines
the number of passengers entering the taxi queuing sys-
tem: when the number of flights is intensive, the number
of passengers waiting to board the system exceeds the
capacity of the taxis in the tank, and T4 can be expressed
as follows:

Ty=NXt,+t;. (4)

When there is no flight entering the port, the number of
passengers waiting for taxi in the system is much less than
the capacity of the taxi in the storage tank, and the taxi needs
to wait in the storage tank; then T', is subjected to

T'y=t;, +Nxt;,+t;;. (5)
Then, the average revenue per minute of the driver under
plan A is given as follows:
W, xD;xP,—C;xD;
= T,

Wa

(6)
W,;x D; x P; = C; x D,

T,

orW’, =

When a driver chooses plan B, the total cost time is T'g; if
the intensive degree of flight arrivals is low, the drivers tend
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FIGURE 2: The process of determining the cluster center point.

to choose plan B. In this situation, the taxi capacity is much
greater than the passenger demand, and the drivers choose
to leave the airport to carry passengers into the urban area
with densely packed passengers; set the passenger-seeking
time as ¢, ; and the passenger-carrying time as t; ,. Tz can be
expressed as follows:

Tp=t, +t;, (7)

The speed at which taxis look for passengers in an
unloaded state is usually slow, denoted as v,. The speed of
passenger-carrying operation is faster, denoted as v ; that is,
Vg2V, t;; and t;, are given as follows:

D.
tiy=—1
Jl v,
(8)
2=
Vs

When plan B is selected, substituting formula (8) into the
drivers’ average income W per unit time under plan is
shown as follows:

D;x P;=D; xCy — D; xC;
B — TB

9)
D;x(P;~C;)-D; xCy

D;/v, + Dilvg

Further simplify the derivation to obtain the following
formula:
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D; x(P;-=C;) - D; x Cy
B D;/v, + Dilvg

(10)
D;x(P;=C) - D;xCy

D;xve+D;xv,

XVfXVe.

Thus, the driver’s decision-making judgment criterion
can be obtained by comparing W, and W in equation (6)
and equation (10) given as follows:

1 choose scheme A, W , > W,

choose scheme B,W , <W

(11)

The drivers can know the number of flight arrivals based
on the granularity of the time period in advance, so the
driver’s decision can be determined based on the relation-
ship between the average number of waiting passengers
(hereinafter referred to as the demand) and the average taxi
capacity during the time period (hereinafter referred to as
the supply). The average number of waiting passengers in a
given period can be obtained from the statistics of the
number of flights and aircraft types given by the airport, and
the average capacity can be obtained based on the number of
taxis in the storage pool during the period.

5. Decision-Making Strategy Modeling of
Airport Taxi Drivers

5.1. Collection of the Driver-Decision Model. According to the
decision-making model constructed in Section 4.3, the taxi
driver’s decision-making strategy model is obtained by
calibrating the parameters with the domestic airport data.

The taxi charging standards and average fuel con-
sumption and driving distance of domestic airport taxis are
shown in Tables 2 and 3, respectively.

According to the flight information of a certain do-
mestic airport, the number of flights arriving at this
airport is mainly affected by the time of day and whether it
is a holiday. According to the collected flight data for every
two hours of a domestic airport on working days, non-
working days, and holidays, the number of flight arrivals is
recorded as n; the number of flight arrivals at a certain
domestic airport in different dates and time periods is
shown in Table 4. According to survey data, the pro-
portion of passengers who choose taxis after arriving at
the airport is relatively stable. About 15% of passengers
will choose taxis during the daytime and 45% at night.
Table 4 and Figure 3 show the ratio of taxis at a certain
domestic airport.

According to flight data, the demand for taxis in the time
period is accurately estimated. The proportion of passengers
who choose to take taxis in a certain time period is shown in
Table 5 , and it can be expressed by the following equation:

M=nxeXa, (12)
where n is the number of taxi drivers arriving at the airport; €

is the passenger capacity of different models; and « is
proportion of taking a taxi.

TaBLE 2: Taxi charging standard in a city.

Kilometers Day (5:00-23:00)  Night (23:00-5:00)
0~3km 14 RMB 18 RMB
3-15km 2.5 RMB/km 3.1 RMB/km
More than 15km 3.6 RMB/km 4.7 RMB/km

TaBLE 3: Average fuel consumption and driving distance of taxis in
an airport of a city.

Average fuel consumption per kilometer (RMB/km) 0.44

Average driving distance (km) 60

TaBLE 4: The flights arrival in different periods of a certain domestic
airport.

Observation period Weekday Weekend Holiday
23:00-01:00 4 6 9
01:00-03:00 2 5 8
03:00-5:00 4 8 12
05:00-7:00 12 14 19
07:00-9:00 19 18 31
09:00-11:00 24 28 38
11:00-13:00 20 31 40
13:00-15:00 23 23 34
15:00-17:00 15 13 23
17:00-19:00 16 12 38
19:00-21:00 18 18 26
21:00-23:00 9 15 19

5.2. Calculation of Airport Passenger Revenue. The income of
the driver who chooses to wait for passengers at the airport is
mainly related to the average passenger-carrying distance
and the waiting time in the storage tank. However, it is
difficult to obtain the average passenger distance data of
airport taxis [24]. According to the operating data of the four
major taxi companies in a certain city, the passenger flow
distribution law of the city’s airport passengers, the distri-
bution weight of the passenger flow, and the travel char-
acteristics of different passenger flows are estimated to
obtain the average passenger-carrying distance for different
characteristic dates.

The passenger flow of the airport is mainly divided into two
parts: tourist flow and other passengers flow. The passenger
flow is different in different periods, and the destinations that
different passenger flows choose to go to by taxi also have a
large gap, so the benefit is different too. The passenger flow
ratio of the airport in different periods is shown in Table 6.

Tourists choose taxis mainly to go to scenic spots or
hotels, while residents are familiar with the local traffic
conditions and will choose to take taxis at a relatively short
distance [25]; airport taxi mileage data are collected from
four major taxi operating companies, and the weighted
average of taxi operating mileage is taken and used as the
average passenger-carrying distance of the tourist flow,
denoted as x,; the average travel distance of the resident
passenger flow is recorded as x,, the average passenger-
carrying distances of taxis for different passenger flows on
different characteristic days of a certain airport are obtained,
as shown in Table 7.
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FiGgure 3: Flights arrivals in different periods.

TaBLE 5: Proportion of passengers choosing taxis in Pudong
Airport.

TaBLE 8: Average carrying distances of taxis on different time
periods (km).

Category Daytime (%) Night (%) Time periods Distance
Proportion of taking taxi (a) 15 45 Weekday 21.95828
Weekend 30.07744

. o Holiday 40.47122

TABLE 6: Percentage of passenger flow at an airport with different

daily characteristics.

Category Weekday  Weekend  Holiday 05x N

Tourist flow (,) 0.44 0.51 0.65 = { 05% N+ AL (15)

Other passengers flow (9,) 0.56 0.49 0.35

TABLE 7: Average carrying distances of taxis with different pas-
senger flows on different days (km).

Carrying distances Weekday  Weekend  Holiday
Tourist flow (9,) 24.52 25.68 27.62
Other passengers flow (0,) 16.45 18.24 20.85

According to Table 8, the average passenger-carrying
distance of different passenger flows in different periods is
measured and averaged, and the average carrying distance of
each passenger at the airport of the driver is calculated as
follows:

D; = x; X0y + x, X 0,. (13)

Therefore, the average driver’s income per order W; can
be obtained as follows:

W, =D, x p, (14)

Before entering the storage tank, the driver can know the
number of taxis in the storage tank in advance. Through the
investigation and observation, the average time for pas-
sengers to board the taxi is t = 0.5 min, so the average
waiting time ¢, of the driver in the storage tank can be
calculated as follows:

At is the waiting time in the taxi storage tank.

According to the average fuel consumption per kilo-
meter C; of a certain city and the average passenger-carrying
distance D; of the driver at the airport, the average cost C of
the driver choosing to carry passengers from the airport is
obtained as follows:

C=C;xD, (16)

Calculate the average passenger-carrying time f, based
on the average speed of local taxis as follows:

t,=—. (17)

Add the two times to get the average time T; per order
which is shown as follows:

T, =t +1,. (18)
Finally, the income of picking up passengers at the
airport can be shown as follows:
W, -C
=

1

Wy
(19)
Dy xp;-C; xD,
" Di/lv+0.5N
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5.3. Calculation Income of Carrying Passengers in the Urban
Area. There is a big difference in the calculation method of
income between the carrying passenger in urban area and
waiting for passengers in the storage tank [26]. In the former
mode, there is no waiting time for passengers in the airport
storage tank, but the empty search distance and time are
extra. In the calculation process, assuming that the driver
searches for the next order immediately after completing
one, the passenger-seeking distance is the empty driving
distance (empty driving distance).

In this mode, the average passenger-carrying distance
and empty driving distance need to be obtained to calculate
the average revenue per order. According to the taxi op-
eration data of a certain city, the average passenger-carrying
distance in different periods can be obtained as D;, as is
shown in Table 9.

According to the K-Means clustering algorithm, the
average passenger-seeking time is calculated. The passenger-
seeking distance is the empty driving; however, the empty
driving distance in different periods is different, so the empty
driving distance can be converted according to the mileage
utilization rate in each period, which is shown in Table 10.

Thus, the relationship between average empty driving
distance and average passenger-seeking distance ki.ngy, can
be given by formula (20), and the average passenger-seeking
distance in different time periods is shown in Table 11.

klength =uXx ylength—ylength' (20)

Here, y is mileage utilization; yengy, is operating mileage;
totaliengy, is the total mileage driven; kjegy, is empty driving
distance; tOtallength = ylength + klength; U= ylength/tOtallength'

According to the average speed V' of a taxi, time T ;, cost
Cj, and income w; for the driver to complete a single order
in the urban area are calculated.

T - (Dj+s). 1)
J v
C]- =(Dj + s) X C. (22)

According to formula (21) and formula (22), the average
cost of a single order w; for drivers who choose to return to
the urban area to pick up passengers is shown as follows:

D.—c.

J T]

(23)
_Djxp—(Dj+s)><c

Dj+s/v

6. Optimization of Taxi Passenger-Carrying
Order and Layout

6.1. Analysis of Taxi Queue of Passenger Carrying Based on
Queuing Theory. In order that taxis can serve passengers
arriving at the airport efficiently , the queuing theory is
proposed to optimize taxi queuing and passengers boarding
process [27]. Assuming that there is no upper limit on the

TABLE 9: Average carrying passenger distance of taxis in Shanghai
in different periods (km).

Time distribution Average passenger-carrying distance

Weekday 8.67
Weekend 8.28
Holiday 9.14

TasLE 10: Mileage utilization at different time periods of the op-
erating day.

Time period Mileage utilization (%)

1:00~3:00 48
3:00~5:00 38
5:00~7:00 42
7:00~9:00 54
9:00~11:00 66
11:00~13:00 60
13:00~15:00 64
15:00~17:00 58
17:00~19:00 64
19:00~21:00 52
21:00~23:00 50
23:00~1:00 41

TaBLE 11: Average passenger-seeking distance in different time
periods.

Time period Weekday Weekend Holiday
1:00~3:00 9.39 8.97 9.90
3:00~5:00 14.14 13.51 14.91
5:00~7:00 11.97 11.43 12.62
7:00~9:00 7.38 7.05 7.79
9:00~11:00 4.47 4.27 4.71
11:00~13:00 5.78 5.52 6.09
13:00~15:00 4.88 4.66 5.14
15:00~17:00 6.28 6.00 6.62
17:00~19:00 4.88 4.66 5.14
19:00~21:00 8.00 7.64 8.44
21:00~23:00 8.67 8.28 9.14
23:00~1:00 9.78 9.43 11.23

number of passenger boarding points, a taxi is arranged at
each boarding point by default, and the boarding points are
evenly distributed in the airport boarding area, and the
distance between passengers arriving at each boarding point
is the same; the optimization problem conforms to the
M/M]/S queuing system.

The goal of optimization is to ensure that passengers are
evacuated quickly, and the optimal number of waiting points
is calculated through modeling so as to minimize the cost of
the reception and the loss of passengers due to waiting. The
number of passengers arriving at the waiting point can be
obtained from the flight information; calculate the reception
cost and the loss of passengers waiting. From the rela-
tionship between the queue length L, the service intensity p,
and the number of receptions S in the M/M/S model, the
functional dependence of L on S is estimated, and the op-
timal solution of the built model S is calculated finally, that
is, the location and opening number of the optimal boarding
point.
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It is proposed to design a “priority” scheme for drivers
with short carrying distance to enter the airport to carry
passengers, so as to avoid serious imbalance in benefits due
to the large difference in passenger-carrying distance. To
solve the problem, the following optimization model is
proposed. According to equations (9)-(11), the optimal
model of driver benefit balance based on the passenger-
carrying distance can be transformed into the minimum
absolute value of the short-distance taxis and long-distance
taxis in the same time.

The calculation model of the average revenue of long and
short passenger-carrying distances, respectively, is given,
and the actual operating data is used to verify and compare
the average return value, and they are discussed under the
extreme conditions, so as to obtain a critical mileage value
that distinguishes priority release. In addition, we compare
the critical point with the numerical deviation rate and
evaluate the rationality of the model. To make the evacuation
rate of passengers higher and the queuing time as short as
possible, we require as many boarding points as possible. At
the same time, we need to consider that each boarding point
is used reasonably and its construction and maintenance
costs need to be as low as possible; therefore, the utilization
rate p of the boarding point should reach a reasonable value.

6.2. Optimization Plan of Airport Layout Design. Taking into
account the safety factors of boarding passengers at the
airport, if two lanes are queued for boarding passengers,
passengers must cross the inner lane when boarding from
the outer lane, which poses a greater safety hazard. At the
same time, passengers tend to prefer to leave the inner lane,
leading to the outer lane low utilization efficiency. Based on
this, the paper assumes that it is a one-sided lane to board
passengers; the side of the lane near the airport entrance and
exit is the location of the passenger boarding point. The
outer lane is the passage for the taxi to enter and leave the
boarding point. In addition, since the boarding points are
evenly distributed in the boarding area, passengers arrive at
each boarding point with the same distance, so there is no
need to consider the influence of the location of the pick-up
point. Therefore, the influence of the location of the
boarding point is not considered. The exits and boarding
points of airport are shown in Figure 4.

6.3. Linear Programming Model Based on Queuing Theory.
Based on queuing theory, the M/M/S model for setting up
the entire boarding point is a Poisson input, negative ex-
ponential distribution service, and multiple service desks.
When there are people queuing at the exit, the taxi queuing
system starts to enter the busy period. Passengers in the
system are in a queue waiting state or go to the corre-
sponding pick-up point from the exit to get on the car; once
the queue and the number of people on the car is 0, the
system enters the idle period. The utilization rate of the
service desk (pick-up point) of the queuing system is
denoted by p, which represents the service strength of the
queuing system. In the M/M/S model,

Discrete Dynamics in Nature and Society

S is the number of points on board; y is the number of
passengers served per unit time; A is the average number of
passengers arriving at the system per unit time, that is, the
arrival rate.

For the queuing system, the main indicators for evalu-
ating its pros and cons are queuing length and customer stay
time. From the perspective of optimization, the two need to
be shortened as much as possible. The actual queuing
process can be simplified, and the passenger queue can be
defined as a single line. When a taxi arrives at the boarding
point, the corresponding number of passengers will be re-
leased to the simplified model.

In order to determine the amount of the optimal
boarding points in the case of A and y, it is necessary to
calculate the probability p; of i passengers in the system
under the condition of statistical equilibrium.

s—1 i s
(L) 1
Po= = il * s! ¥ 1-p (24)
(sp)’ .
Tpo, 1<i<s
pi = ‘ . (25)
SSPI

Tpo, iSS

Taking into account the actual situation of airport
construction, S cannot be too large. When all the pick-up
points are occupied, the probability D that passengers need
to wait can be expressed as follows:

D=1-) p. (26)

Seek captain L’s expectation L, as shown in the three
following formulas:

L= ) ixp;=sp+ : 2P (27)
i=0 (1-p)
quiixpsﬂ‘ :szs’ (28)
i=0 (1-p)
so: Ly =L, +sp
1 . (ps)® A (29)

s! (1—p)2p0 n

Because passengers are unable to leave the airport or
conduct other personal businesses while waiting in the
queue, passengers should be deemed to have corresponding
losses during the waiting time, and the loss per unit time
(hour) of passengers is converted into economic losses a.
The construction and maintenance costs are f3, and the total
cost is s * 3.

Therefore, evacuating passengers as soon as possible and
ensuring the highest riding efficiency can be transformed
into finding the minimum sum of the losses caused by
waiting for passengers and the construction and
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FiGURE 4: Taxi points in the boarding area.

maintenance cost of the boarding point, which can be
transformed into the following objective function:

min Z(s) = z, + z,. (30)

Here, z, = Ls x « is the loss of passengers for waiting;
z, = s * [ is the construction cost and maintenance cost of
setting up a pick-up point for the airport. The objective
function is shown as follows:

{Z(s)SZ(s+1)

Z(s)<Z(s-1) (31)

Constraints can be transformed as shown in the fol-
lowing formula:

Z(s—1)—Z(s)2%22(s+1)—Z(s). (32)

Finally, finding the optimal solution S,,,, because S,,, is the
optimal solution, there are Z(S, +1)>Z(S,) and
Z(S,, —1)=Z(S,,). The arrival rate of the passenger flow A
collected at an airport and the number of people i boarding
the train per unit time are substituted into the constructed
optimization model to solve the optimal solution.

7. Numerical Experiments
7.1. Model Solving and Rationality Analysis

7.1.1. The Acquisition Scheme of Total Passenger Flow at the
Airport

(1) Location of investigation: Shang Honggiao Airport

(2) Investigators: 20 postgraduates
(3) Survey time: May 28, 2020, to June 3, 2020

According to the characteristics of airport operation
period, 12 time periods are divided, which can be calculated
by investigating the arrival of the airport flight, so the
passenger quantity with travel demand after the flight arrives
at the airport can be calculated.

7.1.2. The Threshold of Driver Decision. According to the
airport data collected in Step 1, the model is established by
using MATLAB, and the results are shown in Table 12.

According to the data in Table 12, in a certain period (1:
00-3:00) (working day), when the number of taxis in the
storage pool reaches a certain value (58), the driver will
choose to go to the urban area to pick up passengers, and the
income will be higher, which can be shown in Figure 5.

7.2. The Solution of the Model. By substituting the flight data
of an airport collected earlier into the model, the number of
passengers arriving at the loading area every two hours at
each exit can be obtained from Table 13.

At the airport, the average number of passengers per taxi
is r=1.5, and the passenger flow of each boarding point
every two hours is calculated to be 360. Two hours is defined
as the unit time, and A is the average number of passengers
arriving in the unit time; that is, the average arrival rate is A
=360 passengers/2h, and y is the average number of pas-
sengers who have completed the service in a unit time.
Through investigation, the ratio of passenger time cost a to
construction cost and maintenance cost B of a single
boarding point is 1:400.

Take the above data into equation (29) to equation (32):
calculate the values of s, and arrange them according to time
period and characteristic day; we can get the number of
boarding points opened in different periods of time in an
airport which is shown in Table 14.

Determine the number of open pick-up points under
different passenger flow, and then put the vehicles and
passengers into the receiving area and loading area in a
certain number of batches.

The boarding points needed are shown in Figure 6.

8. Optimization of Reloading Order and
Sensitivity Analysis

8.1. Optimization of Reloading Order Based on Short Distance.
From the perspective of balancing the interests of taxi
drivers, it is necessary to give priority to drivers carrying
short-distance passengers to return to the airport to pick up
passengers again.

It is proposed to establish a green channel for short-
distance drivers, so that all qualified short-distance drivers
do not need to enter the vehicle storage pool for waiting but
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TABLE 12: Driver selection decision scheme in different periods.

Observing session

Working days (persons)

Nonworking days (persons)

Holiday (persons)

1:00~3:00 58.8 119.6 152.2
3:00~5:00 130.8 163.4 206.4
5:00~7:00 62.2 70.8 84.5
7:00~9:00 3.3 45.0 54.3
9:00~11:00 11.3 28.7 35.1
11:00~13:00 31.3 36.0 43.7
13:00~15:00 26.8 30.9 37.8
15:00~17:00 33.8 38.8 46.9
17:00~19:00 26.8 30.9 37.8
19:00~21:00 6.4 48.4 58.3
21:00~23:00 9.7 16.2 62.7
23:00~1:00 61.7 87.2 120.5
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FIGURE 5: Driver selection decision scheme in different periods.
TaBLE 13: Passengers arriving at the loading area within unit time of an airport in different periods.

Observing session Working days Nonworking days Holiday
23:00-1:00 420 540 540
1:00-3:00 630 630 630
3:00-5:00 540 720 720
5:00-7:00 420 480 480
7:00-9:00 420 480 540
9:00-11:00 480 540 600
11:00-13:00 540 600 660
13:00-15:00 540 600 660
15:00-17:00 480 540 600
17:00-19:00 420 480 540
19:00-21:00 400 420 480
21:00-23:00 400 380 420

queue up in the green channel to receive passengers; the
operation mode of green channel is given below.

Step 6. Before starting to use the green channel, taxis waiting
to receive passengers at the airport should wait ¢, in the
parking pool.

Step 7. When a taxi receives a short-distance order, it can
return to the green channel of the airport when completing

the order and will be given the priority to waiting for
passengers; when a taxi receives a long-distance order, even
when it returns to the airport, it needs to enter the parking
pool to queue up, instead of taking the green channel. Due to
the large distance, high time cost, and high fuel con-
sumption, drivers who receive long-distance orders may not
choose to return to the airport to rearrange the team for ¢, to
pick up the next passenger but choose to solicit passengers
nearby.
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TaBLE 14: The number of boarding points opened in different periods in the airport.
Observing session Working days Nonworking days Holiday
23:00-1:00 4 5 5
1:00-3:00 4 5 5
3:00-5:00 5 6 6
5:00-7:00 4 5 5
7:00-9:00 4 5 5
9:00-11:00 5 5 5
11:00-13:00 5 5 5
13:00-15:00 5 5 5
15:00-17:00 5 5 5
17:00-19:00 4 5 5
19:00-21:00 4 4 5
21:00-23:00 4 4 4

The number of boarding points opened

23:00-1:00

21:00-23:00

19:00-21:00

17:00-19:00

15:00-17:00

13:00-15:00

11:00-13:00

—— Working days
—— Non working days
Holiday

FiGure 6: The number of boarding points opened in different
periods.

Step 8. 'The driver who received a short-distance order in the
last round will pick up the passenger through the green
channel. If the driver still receives the short-distance order in
this round, he can still return to the green channel of the
airport to pick up passengers after completing the order. If
the order received is a long-distance order, the handling
method is the same as that in the second step. This goes on
and on.

In the process of receiving passengers at the airport, the
taxi will not return after receiving the long-distance order. If
the taxi goes directly to the short-distance order, it will
return to the airport and enter the green channel for the next
round of passenger-carrying task.

In order to explain the above algorithm ideas, the fol-
lowing indicators are defined.

Then, in order to make the average profits (yuan/minute)
of drivers who pick up long-distance passengers and those
who pick up short-distance passengers N times at the airport
similar, there is a relationship between them as is shown in
the following equation:

N xa,-2N xb,

al—blz (33)
ty+t, t+2Nxt;+Nxt,

It can be seen from the above steps that if the driver of
the short distance receives a long-distance passenger in the
process of transporting passengers from the airport, he will

no longer come back to the airport. Therefore, N can be
taken to approach infinity when calculating the average
profit of drivers.

Then the original relation can be changed into the two
following equations:

a,-b,  Nxa,-2Nxb, (34)
t,+t, t +2Nxt;+Nxt,
a;—b; _ N xa,-2N xb, (35)

= lim .

t,+t, N—oot; +2N xt;+ N X1,

When N tends to infinity, equation (35) can be ap-
proximately equal to

a,—b, _a,-2b,

to+t, 2ttty

(36)

In equation (36), it is assumed that the average revenue
of N short-distance orders is equal to that of a long-distance
order; then they are considered to be in equilibrium.

Through data collection, field research, and other
methods, we can collect the data of different cities and re-
gions a,, by, t;, t,, and t,. When n approaches the limit,
a, = KX, b, = Xb,, and t; = X/V.

Then, substituting formula (36), we get the following
formula:

a,—b, KX -2Xb,

= : 37
t,+t, 2X/V+t, (37)

Solve X, and, compared with the actual situation of the
city and Regional Airport, determine whether the solution
obtained by observation is reasonable.

Taking an airport in a megacity as an example, the critical
kilometers are calculated, and the rationality of the model is
verified with the actual indexes given by the airport , which
is shown in Table 15.

8.2. Sensitivity Analysis. As an optimization problem, sen-
sitivity analysis of model parameters is essential:

(1) During the workdays, by investigating the average
distance d between an airport and the surrounding
landmark buildings and business districts and
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TaBLE 15: Taxi mileage and reference price from an airport to urban landmark.

Destination Mileage (km) Reference fare (yuan)
Xujiahui (Oriental Commercial Building, Ganghui Plaza, Pacific Department Store) 48 180
Xinzhuang 50 185
Lujiazui (Oriental Pearl Tower, Jinmao Tower, Zhengda Plaza) 44 165
Pudong Yohan Center 44 165
Thumb square (Lianyang Community) 37 165
Pentagonal field 45 170
Yuexing global port 56 215
Jing’an Temple 50 185
Shanghai Stadium (Shanghai Gymnasium) 48 180
Jinjiang paradise 46 180
People’s Square (Urban Planning Museum) 48 180
Yu Garden (Town God’s Temple) 46 175
The Bund 50 185
Shanghai Science and Technology Museum 39 145
Shanghai South Railway Station 46 145
Shanghai Railway Station 50 185
Long-distance passenger terminal 50 185
Honggqiao transportation hub 60 230
Average 47.6111 178.8889

TaBLE 16: The optimized calculation results from the airport to urban areas in workdays.

Average distance Percentage of short-distance orders
(km) (%)

The average waiting time

Threshold of long and short distance
(min) (km)

47.61 15

18 22

TaBLE 17: The optimized calculation results from the airport to urban in weekends.

Average distance Percentage of short-distance orders
(km) (%)

The average waiting time

Threshold of long and short distance
(min) (km)

57.23 9

24.1 29.1

combining with taxi charging standards, we can get
the following conclusions: d = 47.61km,

a; =14+ (15-3) x 2.5 + (d — 15) x 3.6 = 178.89,
b, = ¢ xd = 21.08yuan.

According to the survey and statistics, 15% of the taxi
orders from an airport are short-distance orders. In
the initial conditions, taxis entering the airport for
the first time have to queue for 2 hours. Therefore,
the average waiting time of each taxi in the green
channel is as follows:

t, = 120 x 15% = 18 min. (39)

Through Baidu map software, we can get the driving
distance d from the airport to the urban area of the
city, and the time required is ¢, = 90 min,

Substitute the above-mentioned a,, by, t,, t,, and t,
into formula (34).

It can be solved that X = 23.53 km; according to the
investigation, the critical distance to distinguish long
distance and short distance is 22 km, and the devi-
ation rate between X and the critical value given by
the airport is calculated: (23.53 —22)+22 = 6.95%
(keep two decimal places). The deviation rate

between the calculated value and the actual value is
less than 7%, which belongs to the acceptable error
range, so the accuracy of the model is high. The result
is shown in Table 16.

(2) Meanwhile, during the weekends, calculate the
above-mentioned a,, b,, t, t,, and t, into formulas
(34)-(37): we can obtain Table 17.

Comparing the parameter values of airport taxis on
weekends and weekdays, it can be seen that all parameters
have changed sensitively, especially the definition of the
threshold of long and short distance, which fully shows that
the constructed model and parameter calibration are rea-
sonable and accurate.

9. Conclusion

The established decision model calculates the decision-
making relationship, mainly around the relationship be-
tween the number of flights and the number of taxis in the
pool; the final decision variable is the number of taxis in the
pool N. In different cases, the driver only needs to compare
the actual number of vehicles in the storage pool N with the
corresponding critical value N, to make a decision by
comparison, which is very operable. The established
mathematical model can give the corresponding opening
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number of boarding points according to the specific time
period of a day and also can adjust the number of boarding
points for holidays. On the premise of ensuring the evac-
uation of passenger flow as soon as possible, the resources
can also be used reasonably. The utilization rate of boarding
points is high and the model is flexible. Under the premise of
ensuring the balance of long-term and long-distance order
revenue, the established mathematical model is close to the
actual value of long-term and long-distance critical point
and has strong applicability.

The established model largely depends on the number of
flights and the number of taxis in the storage pool and has
insufficient discussion on other factors such as weather and
has insufficient predictive power. In addition, the model
established does not discuss the new maintenance cost
changes due to the change of road traffic conditions, which
will be discussed in the future [28].
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