
Research Article
Vertical Equity Analysis of Parking Reservation Based on the
Auction Strategy

Rong Chen , Ge Gao , Fahui Pan , Shuo Liu , and Xinbo Mao

College of Transportation, Shandong University of Science and Technology, Qingdao 266400, China

Correspondence should be addressed to Ge Gao; gaoge1@sdust.edu.cn

Received 1 September 2023; Revised 15 March 2024; Accepted 23 March 2024; Published 30 March 2024

Academic Editor: Michela Le Pira

Copyright © 2024 Rong Chen et al. Tis is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As an on-demand mobility service, parking reservations can greatly alleviate the issue of parking challenges. Tere are currently
three primary strategies for parking reservation: frst-come-frst-served, permit reservation, and auction. In contrast to the frst-
come-frst-served and permit-reserved strategies, the auction strategy uses dynamic pricing to allocate parking supplies efciently
based on the auction, which attracts more scholars for the research. However, parking reservations based on the auction process
may have an inequity issue because drivers’ age, gender, income level, and location of residence fuctuate. Tis inequity may limit
the growth of reserved parking by infuencing parking drivers’ acceptance of reserved parking. But currently, very few scholars
focus on the issue of reserved parking equity, and even fewer measure this nebulous and personal issue. In consideration of this,
the Lorenz curve of parking reservation and the vertical equity index of parking reservation are proposed in this paper along with
the calculation method for the index, which enables the problem of reserved parking vertical equity to be visualized and made
concrete. Te numerical experimental method is used to analyze the vertical equity of drivers with varying income levels, utilizing
the Vickrey–Clarke–Groves (VCG) auction process as an example. According to the research, loss-averse drivers are more than
gain-neutral and gain-seeking drivers when the income levels of the drivers using reserved parking are the same. With the
increasing number of high-income drivers involved in the parking reservation, medium to low-income drivers would lose their
chances of successful reservations because of their uncompetitive bid price which leads to inequity issues when the number is less
than the number of parking spaces. In contrast, the vertical equity index changes more for gain-seeking drivers while being
generally steady when loss-averse and gain-neutral drivers participate. For instance, when the proft and loss coefcient is 3 and
15% of drivers with high-income levels use the parking reservation platform, the vertical equity index rises from 0.09128 to
0.45434. Te reference price has a moderating infuence on the vertical equity index when the number of driver participants at
high-income levels remains constant. In general, within a reasonable range, the higher the reference price, the more equitable the
parking reservation procedure and the lower the vertical equity index.

1. Introduction

Te rate of urbanization has been accelerating as China’s
economy continues to strengthen. Based on the statistical
data, China’s rate of urbanization increased by 31.94% be-
tween 2008 and 2022, from 33.28% [1] to 65.22% [2]. Te
notable progress in urbanization has resulted in a substantial
surge in automobile ownership. Research indicates that an
additional 1.2 to 1.5 parking spaces are required for each new
automobile to accommodate the increased demand for
parking in cities [3]. Based on this forecast, China may be 80
million parking spaces short, which is the root cause of the

problem of parking difculties. Furthermore, the problem of
parking difculty is made worse by the fact that car parks
and parking drivers fail to share information, making it
challenging for drivers to locate suitable and empty parking
spaces quickly [4]. Transportation congestion [5, 6] caused
by parking issues also contributes to environmental
pollution [7].

Reducing carbon emissions has emerged as a major area
of transportation-related scientifc interest in recent years
[8–10]. Afterward, intelligent parking emerged as a solution
to lessen carbon emissions and ease parking issues. On the
one hand, academics suggested using the sharing theory to
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make private parking spaces public and increase the efec-
tiveness of how residential areas’ parking facilities are used.
Tis was accomplished by ofering a staggered, paid shared
parking service, which initially solved the issue of parking
challenges [11–15]. On the other hand, an increasing
number of academics approach the problem of parking
difculties from the standpoint of parking reservation, with
the goal of reducing its severity through optimal parking
resource allocation and raising the rate at which parking
spaces in public parking lots are flled [16]. Inaba et al.
introduced the idea of parking reservation, and the frst
parking reservation system was put forward [17]. Sub-
sequently, scholars have conducted comprehensive studies
on the construction of intelligent parking systems [18–21],
the response to demand disturbances [22–25], and the be-
havior of reserved parking [26–31], which enables safe and
efcient reserved parking.

Te efectiveness and equity of the parking reservation
process are determined by the parking reservation strategy.
Te frst-come-frst-served strategy served as the foundation
of early research studies on reserved parking strategies
[32, 33]. “First-come-frst-served” is a strategy that allocates
parking spaces according to the order of drivers’ reservation,
with the frst reserved frst served. Te classic parking lot
charging system, in which the parking fee is set and decided
by the parking lot itself, is preserved with the frst-reserved-
frst-served reservation system. Parking attendants are thus
limited to passively accepting the car park’s pricing structure
and are unable to negotiate a better rate for their spaces.
Meanwhile, the frst-come-frst-served strategy, which does
not take into account the individual characteristics or ac-
tions of drivers when it comes to parking, does not guarantee
that drivers who have an immediate need for a space will be
granted priority in securing that space, nor does it meet the
needs of various drivers for parking spaces.

Furthermore, numerous academics have examined the
topic of parking permit management [34–37] since the
suggestion of a tradable parking credit management model
[38]. Nevertheless, the issue of exorbitant parking rates has
not been resolved. To solve the parking cost issue, Xu and
Sun developed an enhanced parking permit reservation
model that does away with the drawbacks of the conven-
tional fee-based and permit reservation models, such as low
parking space utilization, lengthy search times, and parking
uncertainty [39]. Nevertheless, the model has imple-
mentation issues and ignores the efect that pricing varia-
tions have on parking drivers.

Scholars have focused on parking reservation strategies
based on the auction in light of the issues with frst-come-
frst-served and parking permit reservation strategies in
reserved parking [40–47]. Drivers can use the auction res-
ervation strategy to select their desired parking spaces and
apply for reservations to the reserved parking platform based
on their willingness to pay. Te highest bidder will even-
tually be awarded the perfect parking space. Te auction
reservation strategy also ofers high market efciency,
transparency, and revenue for the reserved parking plat-
form, allowing for greater awareness of the true value and

scarcity of parking spaces and the realization of their
maximum value. Specifcally, the VCG auction strategy
maximizes the overall benefts of the reserved parking
platform by taking into account not only the interests of
individual bidding drivers but also the fnal price paid by
each successful reservation driver from the standpoint of the
bidding drivers collectively. Despite achieving efcient re-
served parking, the auction reservation strategy ignores the
equity issue during the practical application.

As a result of variations in the drivers’ ages, genders,
economic levels, and places of residency, among other
factors, it could lead to inequity issues. Assuming that the
bidding price of drivers is positively correlated with their
income level, the success rate of low-income residents in
making reservations will continue to decline as the partic-
ipation rate of high-income drivers continues to increase.
Tis seriously undermines the interests of low-income level
drivers and triggers inequity, which will also lead to poorer
social welfare. At the same time, Viegas points out that
equity is a crucial sign of popular acceptance [48].Terefore,
this inequity may afect the acceptance and participation
rates of drivers in parking reservations and further constrain
the sustainable development of parking reservations.
However, when it comes to research on reserved parking,
particularly research on reserved parking based on the
auction, the majority of academics concentrate on the ef-
fectiveness of reserved parking, with very few researching its
equity. Terefore, ensuring the equity of the reserved
parking strategy is crucial for developing a sustainable
transportation system and will play a signifcant role in
future intelligent parking.

In the context of congestion charges, the question of
equity has been extensively researched. Research on con-
gestion pricing equity is mostly split into two areas. On the
one hand, there are empirical studies that are based on
public approval [49–51]. On the other hand, researchers
mostly use the Gini coefcient and Lorenz curve to analyze
the equity of congestion charge in equity evaluation re-
search. Sumalee et al. included the Gini coefcient as
a constraint in the optimization model to analyze the spatial
equity of congestion charging [52]. Fridstrøm et al. analyzed
the congestion charging equity problem by plotting the
Lorenz curve and calculating the Gini coefcient [53]. In
addition, Wang and Yu introduced the Lorenz curve and the
Gini coefcient into the evaluation of trafc equity at the
same time for the frst time [54]. Wu and Cao further used
the Gini coefcient to carry out in-depth empirical analyses
and investigated the problem of trafc equity in the City of
Zibo [55].

As previously stated, the auction reservation strategy
may result in inequity even though it ofers the benefts of
a clear method, high market efciency, and high revenue for
the reserved parking platform. However, equity is a crucial
determinant of public acceptance and infuences drivers’
acceptance and involvement in parking reservations, which
limits the long-term growth of the auction reservation
strategy. Terefore, this paper researches the equity of the
VCG auction reservation strategy.
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With reference to the defnition of the Gini coefcient
and the Lorenz curve, this paper proposes evaluation in-
dicators for vertical equity of reserved parking and gives
steps for analyzing vertical equity of parking reservation. It is
noteworthy that this paper realizes the quantifcation and
visualization of the equity issue of reserved parking for the
frst time. Subsequently, this paper analyzes the vertical
equity issue of reserved parking by taking the VCG auction
reservation strategy as an example. In the numerical ex-
periments, the following questions are discussed. (1) What is
the impact of rising high-income driver participation on
medium to low-income drivers’ reservation success rate
when it comes to reserved parking? (2) What is the impact
on the equity of reserved parking? (3) What kind of fuc-
tuations may drivers with medium to low income expect in
the ultimate price they pay? (4) What adjustments will be
made to the reserved parking platform’s overall revenue?
Tree categories of drivers are distinguished among those
who take part in the bidding process: loss-averse, loss-
neutral, and loss-seeking drivers. (5) How do diferent
types of drivers afect the vertical equity of parking reser-
vation? (6) Does vertical equity change with reference price?

Tis paper is organized as follows. In Section 2, the VCG
auction reservation strategy model is explained, along with
the auction reservation process and an analysis of the utility
of various parking driver types. Te proposed vertical equity
evaluation index of reserved strategy and its calculation
method combines the Lorenz curve and the Gini coefcient.
In Section 3, the vertical equity index is calculated through
numerical experiments. Additionally, the impact of various
driver types on vertical equity is analyzed, along with
parking reservation by varying percentages of high-income
drivers who have access to the parking reservation platform.
In Section 4, the research conclusions are compiled and
further research avenues are suggested.

2. Vertical Equity Analysis and Modelling of
Parking Reservation

Revenue from the parking reservation process is a repre-
sentation of the platform’s benefts. Terefore, the decline in
revenue would lead to inequity and would be detrimental to
the platform. Te utility represents the benefts of drivers,
and drivers with diferent income levels obtain diferent
utilities, while a decrease in utility is equally inequity to
drivers. Terefore, this paper examines the vertical equity of
reserved parking under the efect of drivers with varying
income levels, taking into account the reserved parking
platform and drivers as a whole. It does this by utilizing the
Gini coefcient. Section 2.1 introduces the parking space
allocation model based on the VCG auction reservation
strategy. Section 2.2 outlines the VCG auction reservation
process and the driver-paid price model. Section 2.3 analyzes
the parking utility of diferent types of drivers. Section 2.4
proposes the vertical equity index based on the Gini co-
efcient researching the vertical equity of parking reserva-
tion and summarizes the calculation method of the vertical
equity index.

2.1. Parking Space Allocation Model Based on the VCG
Auction. Assume that the parking reservation platform
containsM parks, and each park m ∈M provides N parking
spaces. Each parking space ni ∈ N can be divided into T
nonoverlapping time slots in a day. Te number of drivers
who need to reserve a parking space in a park m is D. Each
driver dm ∈ D needs to submit the reservation application to
the platform at least one day in advance, which contains one
or more parking spaces ni participating in a bidding process,
the required consecutive time slots ti, and the bidding price
corresponding to each parking space vi(n

ti

i ). Meanwhile, Pm

denotes the set of feasible allocation schemes for a park
m ∈M, where Pm � pm1, pm2, · · · , pmn􏼈 􏼉.

In addition, it is assumed that all the parking spaces in
the park are homogeneous and all drivers reserve the same
space in this paper, each driver bids randomly within the
bidding interval according to income level, and a driver is
allowed to bid for more than one parking space at the
same time.

Each driver in the auction reservation process satisfes
the assumption of a limited rational actor, i.e., each driver
pursues self-interested rationality or individual rationality,
on the assumption of insufcient information, limited ra-
tionality, and cognitive uncertainty [56]. In other words,
every driver will apply for a reservation based on how much
they truly value the parking space, and every driver aims to
optimize their own interest in the variety of parking spaces
that are available. Te model for allocating parking spaces is
shown below.

max 􏽘
dm∈D

􏽘
ni∈N

vdm
n

ti

i􏼐 􏼑xdm
n

ti

i􏼐 􏼑,
(1)

s.t. 􏽘
ni∈N

xdm
n

ti

i􏼐 􏼑≤ 1, ∀dm ∈ D, (2)

􏽘
pm∈Pm

φ pm( 􏼁 � 1, (3)

xdm
n

ti

i􏼐 􏼑 − 􏽘

p
n

ti
i

�n
ti
i

φ pm( 􏼁 � 0, ∀dm ∈ D,
(4)

xdm
n

ti

i􏼐 􏼑 ∈ 0, 1􏼈 􏼉, (5)

φ pm( 􏼁 ∈ 0, 1􏼈 􏼉. (6)

Te objective of the parking space allocation model is to
maximize the revenue of the reserved parking platform.
vi(n

ti

i ) denotes the bid price for the time slot of ti for driver
(dm) to reserve a parking space (ni). xdm

(n
ti

i ) as a 0, 1
variable, which when taken as 1 means that the reservation
platform allocates the slot ti of the parking space ni to the
driver dm. Constraint (2) is a heterogeneous contingent
bidding, where at most only one bid wins when each driver
submits bids for more than one parking space (i.e., each
driver can reserve at most one parking space per driver).
Constraint (3) ensures that only one feasible solution can be
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matched for the parking space in park m. Constraint (4)
indicates that the parking spaces and parking slots allocated
to driver dm by the reservation platform match his reser-
vation request. φ(pm) � 1 indicates that the allocation
scheme Pm is selected as the optimal parking space allocation
scheme for park m.

2.2. Parking Reservation Process and Driver Payment Price
Model. Te VCG auction reservation process is shown
below, and the specifc process is shown in Figure 1.

Step 1. Te driver (dm) participates in the parking
reservation of the car park (m) and submits a reser-
vation application to the reserved parking platform at
least one day in advance.
Step 2. Te reserved parking platform matches drivers
with parking spaces according to the parking space
allocationmodel and solves for drivers who successfully
bid for the parking space.
Step 3. Determine the successful bidders for parking
space drivers to be included in the set Dwin

m . At the same
time, calculate the total revenue received by the parking
reservation platform V(Dwin

m ).
Step 4. Calculate the fnal payment for the driver who
successfully bid for a parking space according to the
Vickrey payment [57]. Vickrey payment is calculated as
shown in the following equation:

pdm
� vdm

n
ti

i􏼐 􏼑 − V D
win
m􏼐 􏼑 − V D

win
m /dm􏼐 􏼑􏼐 􏼑, (7)

where pdm
denotes the fnal amount paid by the driver.

vdm
(n

ti

i ) denotes the bid of the slot ti for the driver dm to
reserve a parking space ni. V(Dwin

m ) denotes the total
revenue obtained by the parking reservation platform
after one round of auction. V(Dwin

m /dm) denotes the
total revenue obtained by the parking reservation
platform after one round of auction when driver dm is
not participating.

Te fnal price paid by a successful driver is the value of
the driver’s loss to other bidders. In other words, the driver’s
fnal payment equals the diference between the amount they
bid and the amount that the reservation platform received in
revenue. Te parking driver receives a reminder to pay the
parking fee on time from the reservation platform once it has
calculated the total price paid by each winning bidder.

2.3. Driver Utility Analyses. In order to study driver be-
havior, Shao et al. divided drivers into three types, including
the loss-averse, the gain-neutral, and the gain-seeking [23].
Set the proft and loss coefcient as λdm

; 0≤ λdm
< 1 drivers

are loss-averse; when facing the same amount of gains and
losses, they think that losses are more intolerable; λdm

� 1
drivers are gain-neutral, which means that they do not have
any obvious preference for gains or losses; λdm

> 1 drivers are
gain-seeking; when facing the same amount of gains and
losses, they are more inclined to pursue gains. Meanwhile,

Shao et al. highlight that the auction reservation strategy can
accomplish individual rationality, allocation efciency, and
incentive compatibility if there is a uniform reference price
[23]. As a result, the reference price for parking space must
be established by the reserved parking platform by com-
bining the historical price paid by the driver with an analysis
of the actual cost of the parking space in the parking lot.
Diferent types of drivers will experience varying levels of
proft and loss (defned by Zdm

) in response to the fnal price
paid by the platform feedback; these sensations are expressed
as follows:

Zdm
�

r
ni

m − pdm
, r

ni

m ≥pdm
,

λdm
r

ni

m − pdm
􏼐 􏼑, r

ni

m <pdm
,

⎧⎪⎨

⎪⎩
(8)

where r
ni
m denotes the reference price of parking space ni in

park m. pdm
denotes the fnal price paid by the successful

reservation driver. λdm
denotes the proft and loss coefcient

of the driver dm. Te diference between the reference price
and the fnal price paid by the driver who was successfully
reserved is the proft and loss perception when the reference
price is greater than or equal to the price paid by the reserved
driver; when the reference price is less than the price paid by
the reserved driver, the proft and loss perception is asso-
ciated with the type of driver.

Ten, the utility of the driver consists of two parts: one is
the economic beneft, and the other is the feelings of proft
and loss. Te driver utility is shown in the following
equation:

udm
� vdm

n
ti

i􏼐 􏼑 − pdm
+ Zdm

, (9)

where udm
denotes the utility of the driver. vdm

(n
ti

i ) denotes
the bid of the slot ti for the driver dm to reserve a parking
space ni. pdm

denotes the fnal price paid by the successful
reservation driver. Zdm

denotes the personal proft and loss
feelings of the driver.

When the drivers participating in the auction are gain-
neutral drivers, at which point the proft and loss coefcient
λdm

� 1, then the driver utility is shown in the following
equation:

udm
� 2

vdm
n

ti

i􏼐 􏼑 + r
ni

m

2
− pdm

⎛⎝ ⎞⎠. (10)

If vdm
′ � vdm

(n
ti

i ) + r
ni
m/2, then the driver can be reduced to

udm
� 2 vdm
′ − pdm

􏼐 􏼑. (11)

Similarly, when the bidding driver is loss-averse
(0≤ λdm

< 1) or gain-seeking (λdm
> 1), the proft and loss

coefcient λdm
≠ 1; then the utility of the driver is shown in

the following equation:

udm
� 1 + λdm

􏼐 􏼑
vdm

n
ti

i􏼐 􏼑 + λdm
r

ni

m

1 + λdm

− pdm

⎛⎝ ⎞⎠. (12)

If vdm
″ � (vdm

(n
ti

i ) + λdm
r

ni
m)/(1 + λdm

), then the utility of
the driver can be simplifed to
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udm
� 1 + λdm

􏼐 􏼑 vdm
″ − pdm

􏼐 􏼑. (13)

In conclusion, the utility of the driver is shown in the
following equation:

udm
�

2 vdm
′ − pdm

􏼐 􏼑, r
ni

m ≥pdm
,

1 + λdm
􏼐 􏼑 vdm

″ − pdm
􏼐 􏼑, r

ni

m <pdm
.

⎧⎪⎨

⎪⎩
(14)

2.4. Evaluation and Analyses of Vertical Equity in Parking
Reservation Based on the Gini Coefcient

2.4.1. Te Lorenz Curve and the Gini Coefcient. Te re-
nowned Lorenz curve was frst presented in 1907 by
American statistician Max Otto Lorenz (1876–1959) as
a means of researching the national income distribution
among citizens. Te curve that results from calculating the
cumulative percentage of the poorest population up to the
point at which the cumulative percentage of the richest
population equals the percentage of income for each per-
centage of the population in a sample is known as the
Lorenz curve.

Te cumulative percentage of the population, or the
cumulative number of persons from the lowest to the highest
income, is shown by the horizontal axis in Figure 2, while the
cumulative percentage of income is represented by the
vertical axis. Te cumulative proportion of income-
population is a straight line, known as the line of absolute
equity when the population’s income distribution is in an
absolute equity scenario. Te Lorenz curve gradually bends
as the degree of inequality increases; a larger curvature
suggests an increasingly unequal distribution of income
among the population at this point. Consequently, the Gini
coefcient was proposed in 1912 by Corrado Gini, which is
used to represent the inequality in wealth among inhabitants
of a nation or region, an Italian statistician and sociological
specialist [55]. From the diagram of the Lorenz curve, the
Gini coefcient is the area of graph A surrounded by the line
of absolute equality and the actual Lorenz curve divided by

the area of the triangle surrounded by the line of absolute
equality and the horizontal and vertical coordinates, which
can be calculated using the following formula:

Gini �
SA

SA + SB

�
0.5 − SB

0.5
� 1 − 2SB. (15)

Te range of values for the Gini coefcient is 0 to 1. Te
reverse is more inequitable and the Gini coefcient is smaller
in more equitable distributions. Te warning line of the
distribution gap is typically set at 0.382. Te Gini coefcient
is then divided into fve degrees of equity, with 0.2, 0.3, 0.4,
and 0.6 serving as the cutof points, after being incorporated
into the assessment of transport equity [58].Te caution line
for the transport equity measurement is 0.4 among them.
Table 1 illustrates the correlation between the Gini co-
efcient and the level of transport equity.

2.4.2. Te Vertical Equity Index of Parking Reservation.
Under the VCG auction strategy, due to the diferences in
the income levels of the drivers participating in the parking
reservation, the bidding drivers with diferent income levels
will choose parking spaces according to their economic
ability and parking preferences, giving diferent bidding
prices, which determine the probability of the bidding
drivers’ success in reserving the ideal parking spaces.
Eventually, drivers with diferent income levels obtain dif-
ferent parking utilities.

Te Lorenz curve of parking reservation can more in-
tuitively represent the degree of vertical equity of parking
reservation, whose horizontal coordinate is the cumulative
percentage of the number of drivers, and the vertical co-
ordinate is the cumulative percentage of the sum of the
revenue of the platform and the driver’s utility (i.e., the
cumulative percentage of the revenue and utility), as shown
in Figure 3.

Te vertical equity index is obtained by referring to the
Gini coefcient calculation. As a result, the following are the
steps for determining the vertical equity index of parking
reservation.

car park: M
parking space: ni
parking Slot: ti

bidding price: vdm
 (ni

ti)

dm

Step 1
Submits a reservation

application

Step 2
Parking reservation

platform match drivers
with parking spaces

Step 3
Parking Reservation

Platform

Step 4
Calculate the final
payment amount

Successful
drivers

Successful
drivers

Failed
drivers

Calculate the total
revenue

V (Dm
win) V (Dm

win) V (Dm
win/dm)

Dm
win

pdm

vdm
 (ni

ti)

-

Figure 1: Te VCG auction reservation fowchart.
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Step 1. Calculate the allocation of parking reservations
to diferent proportions of drivers with high-income
levels entering the parking reservation platform and
calculate the revenue of the reserved parking platform
and the utility of each driver.
Step 2. Calculate the sum of the number of drivers, i.e.,
P � 􏽐

n
i�1pi, and the sum of the revenue of the parking

reservation platform and the sum of the utility of the
drivers, i.e., RU � 􏽐

n
i�1(ri + ui).

Step 3. Calculate the number of participating reserved
drivers in each group of experiments as a percentage of
the total number of participating reserved drivers, i.e.,
Ni � pi/P, and calculate the sum of the benefts of the

parking reservation platform and the utility of the
drivers in each group of experiments as a percentage of
the total, i.e., Wi � (ri + ui)/(RU).
Step 4. Calculate the ratio of Ni to Wi (i.e., Ci � Ni/Wi)
and sort the results of the experiment in order from
smallest to largest according to the amount of Ci.
Step 5. Calculate the cumulative percentage of drivers
participating in the parking reservation, i.e.,
xn � 􏽐

n
i�1Ni, and the cumulative percentage of the

beneft utility, i.e., yn � 􏽐
n
i�1Wi.

Step 6. Calculate the vertical equity index according to
the following equation:

Gev � 1 − 2􏽘
n

i�1

xi − xi−1( 􏼁∗ yi + yi−1( 􏼁

2
. (16)

Tomake the procedure of determining the vertical equity
index of parking reservation simpler to comprehend, we
convert the above processes into a fowchart, as shown in
Figure 4.

In addition, it is worth noting that the larger the vertical
equity index of parking reservation is, the more curved the
Lorenz curve of parking reservation is, which indicates that
there is a great diference in the costs paid by drivers of
diferent income levels in this situation and that equity is
poorer. In other words, low-income level drivers bear greater
pressure to make reservations and have a lower level of social
welfare. Conversely, the smaller the vertical equity index of
parking reservations, the higher the level of social welfare.

3. Numerical Experiments

Drivers can be divided into two groups based on their in-
come level when making parking reservations: high-income
drivers and medium to low-income drivers. Te income
level of the drivers involved in parking reservations will
defnitely afect their valuation of the reserved parking space,
which in turn will impact the bidding price. High-income
drivers tend to value time more than money and consider
that there is more to be gained from time-saving, while
medium to low-income drivers prioritize the value
of money.

Terefore, based on the income levels of the drivers
participating in reserved parking and the cost of parking
spaces in major cities of China (e.g., Beijing, Shenzhen,
Shanghai, etc.), this section establishes the bidding price
range of parking drivers in the numerical experiment. Te
experiment then yields the outcomes of parking allocation
for drivers of varying income levels using the VCG auction
process, and the experiment’s fndings are used to research
the equity of reserved parking. In Section 3.1, the platform’s
revenue is examined when only drivers with medium to low
income participate. Additionally, the impact of various
driver types and reference prices on drivers’ utility is ex-
amined. Section 3.2 discusses the vertical equity when dif-
ferent proportions of high-income drivers participate and
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Table 1: Comparison table between transport equity and Gini
coefcient.

Te Gini coefcient Transport equity
[0, 0.2] High degree of equity
[0.2, 0.3] Relative equity
[0.3, 0.4] Relatively reasonable
[0.4, 0.6] Wide equity gap
[0.6, 1] High inequity
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analyzes the changes in the vertical equity index brought
about by changes in the proft and loss coefcients and
reference prices for diferent proportions of high income.

3.1. Experimental Reference. In the parks of major Chinese
cities, Guangzhou has the highest rate (26 RMB/h), followed
by Shanghai (20 RMB/h), Shenzhen (20 RMB/h), Nanjing
(20 RMB/h), Hangzhou (12 RMB/h), Beijing (10 RMB/h),
Suzhou (10 RMB/h), Chengdu (10 RMB/h), Chongqing (8
RMB/h), Tianjin (8 RMB/h), and Wuhan (4 RMB/h).
Consequently, the average parking fee in major cities in
China is 13.45 RMB per hour. Parking drivers’ bidding
prices are likewise not fxed, as the income level is a range
value instead of a defnite amount. Assume that drivers with
medium to low income will randomly bid between [10, 16]
RMB/h for parking spaces. Considering the income level and
time value of high-income drivers, the bidding price for
parking spaces should be higher than that of the medium to
low-income groups, and the random bidding interval of
high-income drivers is assumed to be [17, 23] RMB/h in
experiments. Te two income categories’ bidding discrep-
ancies are still 6 RMB apart. In addition, RMB is the Chinese
currency “Renminbi.” US$1 approximates RMB7.1333 as of
December 25, 2023.

Setting up an experimental reference is important to
assess the change in the vertical equity index when the high-
income drivers join the platform. Tere are 15, 25, and 35
parking spaces provided by the park, and 100, 200, and 300
drivers participating in the parking reservation, respectively,
are the drivers in the experimental reference group who are
all medium to low-income drivers.

As can be seen in Figure 5, the revenue of the platform
rises as the number of parking spaces increases, and the
revenue is basically the same when the number of parking
spaces is certain. It can be seen that the VCG auction
strategy ensures a stable revenue when the income level of
the drivers is the same. However, the revenue of the
platform only represents the beneft of the park and
cannot adequately characterize the utility of the drivers.
Tus, it is necessary to research the utility of drivers from
the perspective of proft and loss coefcient and reference
prices.

According to equation (14), the proft and loss coefcient
will have an impact on the driver’s utility if the platform sets
a specifc reference price. Te change in driver utility is
displayed in Tables 2–4 with the proft/loss perception values
for the number of spaces (15, 25, and 35) and the reference
price (r� 13), respectively.

In accordance with Tables 2–4, drivers who are loss-
averse are more benefcial than those who are gain-neutral or
gain-seeking. Te utility of the driver reduces as the proft
and loss coefcient rises. It is evident that drivers who are
more conservative will have higher utility while gain-seeking
drivers will have considerably lower utility than loss-averse
and gain-neutral drivers.

Moreover, the utility of drivers is impacted by the ref-
erence price. Table 5 illustrates how the reference price
afects drivers’ utility when there are 15 spaces and a proft
and loss coefcient of 15. Table 5 shows that when the
reference price rises, driver utility rises as well. Most driver
utility values are negative if the reference price is too low
(e.g., when the reference price r� 13 in Table 5).

Calculate the allocation of parking
reservation

Calculate the revenue Calculate the utility

Step 1 Step 2 Step 3

Step 6 Calculate the vertical equity index

The cumulative
percentage of
the revenue

and the utility

(xn, yn)

SA

(x4, y4)
(x3, y3)

SB

......
(x0, y0) The cumulative percentage

of the number of drivers

Gev = 1-2 ∑
n

i=1

P = ∑
n

i=1

(xi - xi-1) * (yi + yi-1) 2

Calculate the sum of
the number of drivers

The revenue

The utility

Calculate the cumulative
percentage of drivers

Step 5 Step 4

Cumulative percentage of the
benefit utility

Sort the results of the
experiment in order

from smallest to largest

pi

xn = ∑
n

i=1
Ni

yn = ∑
n

i=1
Wi

RU = ∑
n

i=1
(ri + ui)

Ni =
pi

P

Wi =
ri + ui

RU

Ci = Ni /Wi

Figure 4: Te fowchart for the calculation of the vertical equity index.
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At the same time, the reference price also afects the
utility of drivers. Table 5 shows how the utility of drivers is
afected by the reference price when the proft and loss

coefcient λ � 1 and the number of spaces is 15. From
Table 5, it can be found that driver utility increases as the
reference price increases. If the reference price is too low,
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Figure 5: Parking reservation platform revenue graphs.

Table 2: Te efect of the proft and loss coefcient on drivers’ utility (r� 13, parking spaces� 15).

Proft and loss coefcient 100 drivers 200 drivers 300 drivers
λ� 0.2 11 −7 9.6
λ� 0.3 8.5 −11 6.9
λ� 1 −9 −39 −12
λ� 2 −34 −79 −39
λ� 3 −59 −119 −66

Table 3: Te efect of the proft and loss coefcient on drivers’ utility (r� 13, parking spaces� 25).

Proft and loss coefcient 100 drivers 200 drivers 300 drivers
λ� 0.2 25.4 −4.8 61.8
λ� 0.3 22.1 −10.7 61.2
λ� 1 −1 −52 57
λ� 2 −34 −111 51
λ� 3 −67 −170 45

Table 4: Te efect of the proft and loss coefcient on drivers’ utility (r� 13, parking spaces� 35).

Proft and loss coefcient 100 drivers 200 drivers 300 drivers
λ� 0.2 27.2 27.6 9.4
λ� 0.3 21.8 21.9 2.1
λ� 1 −16 −18 −49
λ� 2 −70 −75 −122
λ� 3 −124 −132 −195

Table 5: Te efect of reference price on drivers’ utility when λ� 1 and the number of spaces is 15.

Reference price 100 drivers 200 drivers 300 drivers
r� 13 −9 −39 −12
r� 16.5 43.5 13.5 40.5
r� 20 96 66 93
r� 25 171 141 168
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most driver utility values are negative (e.g., when the ref-
erence price r� 13 in Table 5).Tis occurs when the platform
pays the driver a fnal price that is greater than the reference
price, causing the driver to feel a loss and the utility to
decline. As a result, choosing a suitable reference pricing for
parking reservation platforms based on past data can help
safeguard drivers’ utility.

3.2. Te Vertical Equity Analysis of Parking Reservation.
To research changes in the success rate of medium to low-
income drivers and to calculate the vertical equity index of
the overall participation under diferent driver types, dif-
ferent proportions of high-income drivers were introduced
based on the experimental reference, with a certain number
of drivers participating in parking reservations. Tese
drivers’ numbers accounted for 5%, 10%, and 15% of the
total number of participants.

Figures 6–8 show the change in revenue with high-
income levels entering the parking reservation platform
when 100, 200, and 300 drivers participate in parking
reservations.

Te experiment demonstrates that revenue does not
always increase as predicted and occasionally declines when
the percentage of high-income drivers using the platform
increases. When 100 drivers use parking reservations in
Figure 6, the platform revenue remains relatively stable
following the entry of high-income drivers, an average in-
crease of 19.43RMB. In Figure 7, when there are 35 parking
spaces and 15% of drivers are high-income, the platform
revenue falls relative to the reference group. A similar sit-
uation is seen in Figure 8, where there are 15 parking spaces
and 5% of drivers are high-income. Te reason for these
scenarios is that when a high-income driver is successful in
bidding, bringing more positive value to the platform, if
there is still a low-income driver who has reserved a parking
space successfully, the high-income driver does not lose
money to the platform in the calculation of the Vickrey
payment. Terefore, high-income driver pays less than or
equal to the price of their bid, and the overall revenue to the
platform decreases or stays unchanged. Tis means that
higher income level drivers will pay less to use the
parking space.

Te bidding price of medium to low-income drivers will
also become less competitive after high-income drivers
outbid them for parking spaces, which will cause a pre-
cipitous decline in the success rate of reservations. When
100, 200, and 300 drivers, respectively, participate in parking
reservations, Figures 9–11 illustrate the success rate of
reservations for medium to low-income drivers.

Figures 9–11 show that when high-income drivers
continue to increase, medium to low-income drivers’ success
rate of making reservations without altering their bidding
strategy drastically drops; medium to low-income drivers
only have a chance to make a reservation when there are
more parking spaces available than high-income drivers, and
even then, their chances are slim. As a result, it infuences
how equitable reservation results are.

Furthermore, when parking spaces are less than high-
income drivers, even though the reservation of drivers with
medium to low-income levels is successful, their fnal price
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Figure 6: Change in parking reservation platform revenue graphs
(100 drivers).
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Figure 7: Change in parking reservation platform revenue graphs
(200 drivers).
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Figure 8: Change in parking reservation platform revenue graphs
(300 drivers).
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paid is higher than the bidding price. Tis is because, in the
VCG auction strategy, drivers participating in the auction
are required to give their inner truest ofer, so that the fnal
price paid by the platform back to the driver can be equal to
or less than the driver’s bid price. In this case, drivers with
medium to low income are considered to be “dishonest,” and
the fnal price will be higher than their initial bid. Te utility
of medium to low-income drivers is undermined. In the long
run, fewer medium to low-income drivers may choose to
reserve parking, which greatly reduces the range of parking
options available to medium to low-income drivers. If
medium to low-income drivers could obtain the real psy-
chological expectation of high-income drivers for parking
spaces and also send the same price to the platform (i.e., to
raise the original initial bid price), then the probability of
their reserving a parking space will be improved, though
they will bear the cost of parking in excess of the expectation
of paying for it. For drivers who choose to reserve a parking
space to go to work, which will undoubtedly increase their
traveling burden, the introduction of the VCG auction
strategy into the parking reservation in this case will lead to
inequity.

Te vertical equity index’s variations for various refer-
ence prices are depicted in Figure 12. Te reference price
modifes the vertical equity index when the percentage of
high-income drivers participating remains constant. Within
a suitable range, the vertical equity index decreases with
increasing reference price.Tis implies that reserved parking
might be made more equal by raising the reference price.

Te vertical equity index’s progression with various
proft and loss factors is shown in Figure 13. From Figure 13,
it is found that not only does the number of drivers with high
incomes afect vertical equity, but also the proft and loss
coefcient will afect vertical equity. Te more the high-
income drivers are, the more inequity the reservation out-
come is for the same proft and loss coefcient. In addition,
the vertical equity index when loss-averse drivers and gain-
neutral drivers participate is relatively stable and in the range
of equity, while the vertical equity index of gain-seeking
drivers fuctuates more. Te vertical equity index under the
participation of gain-seeking drivers rises quickly and even
crosses the equity range as the percentage of high-income
drivers rises. For instance, the vertical equity index for λ� 3
with 15% of high-income drivers participating is 0.45434,
indicating a signifcant bias in the equity of reservation
parking in this case.

Plotting the fuctuation of the Lorenz curve of reserved
parking with proft and loss coefcients for the participation
of 5%, 10%, and 15% of high-income drivers was done using
the data derived from the computation.Te Lorenz curves of
high-income drivers at 5% and 10% do not vary signifcantly
under diferent proft and loss coefcients, as Figures 14–16
more intuitively show. However, the diference between the
Lorenz curves of diferent proft and loss coefcients for
high-income drivers at 15% has increased and even seems to
have a negative value. Te degree of vertical equity is
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Figure 9: Success rate of reservation for medium to low-income
drivers (100 drivers).
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Figure 10: Success rate of reservation for medium to low-income
drivers (200 drivers).
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Figure 11: Success rate of reservation for medium to low-income
drivers (300 drivers).
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Figure 14: Lorenz curve of reserved parking with 5% high-income drivers’ participation.
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represented by the degree of bending of the Lorenz curve for
parking reservations; the more bent the curve is, the more
unfair the situation is at the moment. Tis suggests that the
larger the proft and loss coefcient, the more inequitable the
parking reservation outcome will be, given a consistent
proportion of high-income drivers. In other words, inequity
increases when all drivers are more proft-seeking.

In conclusion, through numerical experiments, we can
fnd that the driver’s income level, the type of proft and
loss, and the platform’s reference price all impact the
equity of the auction reservation strategy. Terefore, the
auction reservation strategy can be implemented in the
process of bidding for part of the parking spaces to

provide high-quality reservation parking services for
drivers who have urgent needs and are willing to pay
higher parking fees. Tis can avoid large fuctuations in
the price paid by drivers with low-income levels, thus
guaranteeing equity and improving the level of parking
space services. Meanwhile, the reservation parking plat-
form can also regulate equity by setting a reasonable
reference price. In addition, this paper suggests in-
tegrating technologies such as ChatGPT into the auction
reservation system, which can constrain drivers to bid in
accordance with real psychological expectations and re-
duce the probability of gain-seeking drivers to ensure the
equity of the auction reservation strategy.
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Figure 15: Lorenz curve of reserved parking with 10% high-income drivers’ participation.
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Figure 16: Lorenz curve of reserved parking with 15% high-income drivers’ participation.
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4. Conclusions and Prospects

Using the VCG auction strategy as an example, this paper
addresses the parking utility of various driver types in the
reserved parking process and investigates the vertical equity
problem of reserved parking from this perspective. To
quantitatively research the vertical equity problem of re-
served parking, this paper introduces the Gini coefcient
and the Lorenz curve into the analysis of the equity problem
of reserved parking and proposes a vertical equity evaluation
index of parking reservation that is easier to understand and
implement.

Python simulation is used to determine the outcomes of
the parking space allocation process as well as the total
amount that winning bidders under the VCG auction
strategy paid. Also, a calculation was made of drivers’
parking utilities. Te experimental data were calculated via
the steps for determining the parking reservation vertical
equity index, and the analysis’s fndings were then displayed.
Furthermore, by varying the proft and loss coefcients, the
variations in the parking reservation platform’s income and
the vertical equity index under various driver involvement
scenarios were examined in more detail. Additionally, the
efect of reference price on vertical equity is explored.

Te following four conclusions are drawn from
this study.

Firstly, the reference price and the proft and loss co-
efcient have an impact on drivers’ utility when all drivers
involved in a parking reservation have the same income.
According to the experiment, drivers who are loss-averse are
more than those who are gain-neutral or gain-seeking when
the reference price rises.

Secondly, as the percentage of high-income drivers using
the parking reservation platform rises, the success rate of
reservations for medium to low-income drivers declines
sharply when high-income drivers exceed parking spaces;
conversely, the parking reservation platform’s revenue also
declines in comparison to the reference group.

Tirdly, the growing proportion of high-income drivers
presents a concern with reservation outcome equity when
driver types remain constant. When gain-neutral and loss-
averse drivers participate, the vertical equity index remains
relatively steady, whereas the vertical equity index of gain-
seeking drivers is more volatile.

Lastly, the reference price modifes the vertical equity
index when the percentage of drivers who participate at
high-income levels remains constant. Te vertical equity
index decreases as the reference price increases.

In conclusion, the reference price, the proft and loss
coefcients, and the drivers’ income levels all have an impact
on the vertical equity of reserved parking. While the auction
strategy satisfes market efciency standards and increases
parking reservation platform revenue, it is unfair to drivers
with lower incomes. Te lack of consideration for social
welfare issues by the auction strategy restricts low-income
drivers’ travel alternatives in places with a dearth of parking
spaces and is detrimental to the steady and long-term growth
of society. In light of this, the parking reservation strategy
can be optimized based on the vertical equity problem, so

that the parking reservation strategy becomes more equi-
table in the process of application. Tus, it is possible to
strike a compromise between efciency and equity. Simul-
taneously, the results of this paper clearly show that resi-
dents’ income levels have a signifcant infuence on the
vertical equity of parking reservation allocation results. In
order to provide efcient reserved parking services for
residents who have higher demand and are willing to pay
higher parking fees, this paper advises adopting the auction
reservation strategy into particular parking spaces during
practical application.

Additionally, the reserved parking vertical equity anal-
ysis methodology that this study presents is universal,
meaning that in addition to the auction reservation strategy,
it can be used to evaluate the vertical equity of other reserved
parking strategies. Te analysis will help the reservation
parking platform choose a more equitable reservation
parking strategy that will raise the participation rate of
resident parking reservations as well as the acceptability of
the driver’s parking reservation strategy. Tis will accom-
plish the goal of guiding most citizens to utilize the city’s
parking resources sensibly and regulate parking, which will
increase the degree of harmony and happiness index in
the city.

While the vertical equity of reserved parking has been
quantifed in this research, there are still three shortcomings
as the discussion of the reserved parking equity problem is
still in the theoretical research stage.

(1) Tis paper has done numerical experiments and
examined the subject of vertical equity of reserved
parking because the auction reservation strategy has
not yet been implemented. During the process of
practical application as a result of the ongoing
implementation of various reservation parking
strategies, managers of the reservation parking
platform will be able to integrate more real data and
take advantage of the vertical equity evaluation index
suggested in this paper to further discuss the vertical
equity of the reservation parking strategy in the
future. When combined with the features of the real
application area, the reservation parking strategy is
promptly adjusted to enhance the parking utility of
various driver categories while efectively and fairly
allocating parking spaces, ofering drivers improved
reservation parking services and ensuring the
parking reservation platform develops steadily in
long term.

(2) Te individual socioeconomic characteristics of
drivers include a wide range of information, in-
cluding the driver’s age, gender, family structure,
degree of education, employment status, and resi-
dential location. Te driver’s psychological assess-
ment of a parking space is infuenced by all of these
elements, and this in turn infuences how a parking
space is allotted and how much is ultimately paid. In
turn, the reserved parking outcome will counteract
the driver’s acceptance, which will afect the issue of
vertical equity of reserved parking. In view of this, in
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the future, the research in this paper can be enriched
from other perspectives of drivers’ personal socio-
economic factors by combining them with practical
applications through questionnaires and other
methods.

(3) Parking reservation strategies have a crucial impact
on the equity of parking reservations. Terefore, the
parking reservation strategies can be optimized with
the goal of social welfare to ensure equity.
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