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Abstract: In this study, a tripartite decision-making parking pricing model was developed based
on Game Theory to comprehensively reflect the impact of parking pricing on private car travelers,
parking lot operators, and traffic managers. Utility theory is introduced to analyze the behavioral
characteristics of the tripartite participants in parking pricing. A parking behavior model for private
car travelers, an operating profit model for parking lot operators, and a social negative utility model
for traffic managers are established. This article presents an analysis of the mutual influence between
them based on a game theory perspective and introduces parking saturation and road saturation as
new factors influencing parking pricing to address the interactive relationship among the tripartite
participants. A parking pricing model based on tripartite games is established, and a solution
algorithm is designed. The results indicate that when the parking fee rates for the two public parking
lots in the scenario are 8.5 CNY/h and 9 CNY /h, respectively, the parking demand is 300, and the
sum of the total travel costs of private car travelers and the total operating profits are CNY 20,589
and 2187.9, respectively. The parking saturation of the public parking lot and the difference between
the expected value is minimized to 0.25, and the road saturation and the difference between the
expected value are minimized to 1.48, which is the parking pricing plan that minimizes the conflicts
of interest among the tripartite stakeholders in the tripartite game. The parking pricing model of a
public parking lot provides a reference for formulating parking fee strategies that comprehensively
reflect the needs of the three parties involved in the public parking lot.

Keywords: traffic engineering; public parking lot; parking pricing; utility theory; game theory

1. Introduction

In response to the increasingly prominent urban parking issues, parking fees rep-
resent an effective traffic management method for enhancing the utilization of parking
resources and alleviating parking problems. Reasonable pricing for parking fees facilitates
appropriate parking behavior choices by private vehicle users, increases profits for parking
facility operators, and promotes the rational distribution of parking demand in terms of
time and space. The “Opinions on Promoting the Development of Urban Parking Facilities”
issued in 2021 by the National Development and Reform Commission and other four
ministries proposed to “improve parking fee policies, enhance the parking fee mechanism
mainly determined by the market, and gradually narrow the range of government pricing”.
Currently, in some cities in China, there exists loose management and blanket pricing by
operators for parking fee pricing. This situation makes it difficult to reach a consensus
among private vehicle users, parking lot operators, and traffic managers. How to coordi-
nate the interests of the three parties, formulate reasonable parking pricing, and meet the
objectives of saving travel costs for private vehicle users, maximizing profits for parking
lot operators, and minimizing negative social impacts for traffic managers has become an
important research question.
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Research on the impact of parking fee pricing on private vehicle users, parking lot
operators, and traffic managers has mainly focused on changing parking behaviors, en-
hancing parking facility operational profits, and increasing public transit modal share. He
Kangkang et al. [1] constructed a nested Logit model based on data including dynamic
pricing parking reservation intentions and driver personal attributes, revealing significant
influences of parking reservation fees on driver travel behavior choices. Li Hao et al. [2]
investigated the combined management strategies of flexible working hours and dynamic
parking fees, establishing a bi-level planning model based on travel distribution and dy-
namic parking fee rates, with results indicating that combined strategies are more effective
in alleviating traffic congestion. Hensher et al. [3] surveyed some parking facilities in the
Sydney CBD area, suggesting that raising parking fees would increase the proportion of
public transit usage and significantly affect private vehicle users’ parking location choices.
Xu Hongli et al. [4] constructed a parking fee model based on traffic flow distribution
considering ridesharing incentives, proposing that reasonable parking fees and ridesharing
incentives can significantly increase travelers’ willingness to participate in ridesharing and
increase the number of successful ridesharing matches. Hu Xiaowei et al. [5] analyzed
the interests of various stakeholders in urban parking PPP projects, constructing target
planning models under different expected pricing for PPP project companies, government
entities, and parking users. Proulx et al. [6], through a survey of commuting behaviors
at the University of California, argued that both public transit fares and parking fee rates
influence travel behavior choices, with parking fee rates having the greatest impact. Wang
Jianjun et al. [7] proposed that parking pricing methods should not only consider the
interests of parkers and operators but also address the needs of the general public, based
on studies of public transit modal share, to analyze optimal pricing mechanisms. Research
indicates that parking fee rates have significant effects on travelers’ mode choice, travel
behavior selection, and overall transportation demand.

In recent years, the application of game theory in transportation research has become
increasingly widespread [8-15]. Research on game models mainly includes studies on
solution algorithms for game models, application research on public transportation sys-
tems, application research on congestion pricing, and application research on parking
fees, among others. In the research on formulating parking fee strategies using game
theory, the objectives of travelers or parking operators are usually selected. By reasonably
setting the relative weights of each objective and constructing the management objectives
of traffic managers, the balance of parking supply and demand is adjusted. Tsai et al. [8]
constructed a parking fee pricing game model and studied the pricing problem of parking
lots jointly operated by government management departments and parking operators when
the government management department owns parking spaces. Qian et al. [9,10] analyzed
the characteristics of private parking lots from an economic perspective, established four
equilibria based on peak-hour travel parking fee management under perfect market condi-
tions, and discussed how parking fee policies through market competition can minimize
social costs to the greatest extent. Zhu Chengjuan et al. [11] considered the characteristics
of private operators pursuing maximum operational profits and governments pursuing
minimum total social costs and constructed a game model to study parking space allocation
strategies and parking fee pricing problems. The dynamic Stackelberg leader-follower
game was developed to set parking prices in real-time for effective parking access and
space utilization [12]. This model allowed a parking agency to set system optimal pricing
policies while considering user competition and market equilibrium. Both the theories of
the Stackelberg game and the Nash equilibrium were used to build a two-level parking
pricing model, which can determine the optimal parking rate and thus balance the temporal
and spatial distribution of the parking demand in urban areas [13]. Wang Yuqiong et al. [14]
established a three-stage parking fee game model based on the FSC utility function to solve
the bargaining range between fee collectors and parkers during the parking fee process.
Karri and Dhabu [15] proposed a pricing strategy using a multistage game model where
the two players—drivers and parking lot owners—try to maximize their benefits, and the
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model finds a Nash equilibrium between these two players regarding the prices of the park-
ing slots. Previous studies have shown that the participants involved in parking fee pricing
can adjust parking fee rates by establishing game models to achieve their own interests.

In summary, some scholars, both domestically and internationally, have examined
the effects of parking fee rates on travelers’ travel choices, parking lot operational profits,
the proportion of public transportation usage, and other aspects. They have analyzed the
impact of parking fee pricing on private car travelers. Investigating the relationships and
respective interest demands among private car travelers, parking lot operators, and traffic
managers in parking fee pricing can provide a reference basis for formulating parking fee
strategies for public parking lots. Previous studies of parking pricing always took parking
agencies and individual drivers as the participants of the game, while traffic managers,
such as the government management department, were also important participants in
deciding parking pricing. At the same time, shared parking is developing rapidly in China,
so it is significant to study this new intelligent parking mode. For the bi-level game theory
models built in previous studies, the iterative solutions of the Nash equilibrium can be
acquired, while the trilateral game in our paper makes it difficult to deduce the Nash
equilibrium solutions. Therefore, a new method to calculate the optimal solution for a
trilateral game needs to be researched.

This paper takes into account the interests of private car travelers, parking lot operators,
and traffic managers, respectively, and analyzes the interactive relationships among the
three parking participants from the perspective of game theory. Also, the coefficient
of variation method for obtaining the optimal solutions is proposed to determine the
deviation. It constructs a parking fee pricing model for public parking lots and explores
the globally optimal parking fee pricing strategy under the condition of the three parties
jointly participating in parking fee pricing.

2. Materials and Methods
2.1. Parking Pricing Tripartite Participant Gaming Relationships

The pricing of public parking lots involves decision-making by three stakeholders:
private car travelers, parking lot operators, and traffic managers. In parking price deci-
sions, these three participants typically opt for decisions that minimize their own costs or
maximize their benefits, aiming to find solutions that optimize their respective interests.
Addressing the minimal conflicts of interest among the stakeholders is the key issue that
needs to be resolved in parking fee pricing.

Utility theory is a typical decision theory in economics, representing the subjective
evaluation of decision outcomes by decision-makers, quantifying their satisfaction with the
consequences of their decisions through mathematical functions [16]. In the parking system,
traffic managers formulate parking fee schemes, parking lot operators provide parking
services, and private car travelers choose routes and parking lots. Based on the decision-
making behavior of the three parties, this paper simulates the psychological activities of
parking fee pricing participants, assigns a utility value to each decision-making behavior,
assumes that participants choose the decision-making behavior with the maximum utility
value, i.e., the highest satisfaction, providing a basis for constructing parking fee pricing
models using game theory.

Game theory is a theoretical framework and methodology for studying the interactive
decision-making of two or more decision-making entities, as well as the issues of decision
equilibrium [17]. The constituent elements of game theory include the set of participants,
the set of strategies, and the set of payoff functions. In the context of studying parking
pricing issues, the set of participants consists of the three parties involved in public parking
fee pricing, namely private car travelers (drivers), parking lot operators (enterprises), and
traffic managers (administrative authorities). Based on utility theory, the set of strategies
represents the optimal strategies chosen by the three parties participating in parking fee
pricing, while the set of payoff functions quantifies the benefits of each party’s strategies.
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The three parties involved in the parking service chain exhibit both adversarial and
cooperative relationships. The interactions among them necessitate considerations of
overall benefits, aiming to maximize relative interests while minimizing the overall losses
in the entire parking service chain due to conflicts among the participants. The game
problem at hand pertains to the optimization of parking fee rates under the game played
by the three parties, as illustrated in Figure 1, depicting the game relationships among the
three participants.

Social Transportation Managers

Differences in road Parking revenue
saturation and parking lot affects
saturation affect parking
choices of parking users

Parking User Behavior
Affects Roadway
Saturation and Parking
Lot Saturation

Parking fee
policy affects

transportation platform revenue

managers' pricing

Y Parking Demand and Parking Hours Y
. Affect Platform Parking Revenues Shared parking lot
Parking Users o p £
» platform managers

Parking Lot Finding Time and
Walking Distance Influence Parking
User Choice

Figure 1. Game relationship between three participants.

From the perspective of parking fee pricing participants, private car travelers constitute
the lower tier of the tripartite game. Metrics such as parking rates and search time reflect
the economic and time costs incurred by private car travelers. Private car travelers make
parking decisions with the goal of maximizing their travel utility and providing feedback
on decision information to parking lot operators and traffic managers.

Parking lot operators occupy the intermediate tier in the tripartite game, engaging
with private car travelers in an ordered yet non-cooperative manner and influencing each
other within the tripartite game hierarchy. They adhere to parking fee policies issued by
traffic managers while providing feedback to them for policy improvement.

Traffic managers represent the upper tier in the tripartite game, utilizing indicators
such as road saturation and parking saturation to assess the rational utilization of traffic
resources. They formulate parking fee schemes to guide or constrain the decision-making
behaviors of private car travelers and parking lot operators based on social factors.

The tripartite game process entails private car travelers, parking lot operators, and
traffic managers influencing each other’s actions directly or indirectly through parking
fee prices, with the aim of achieving the most favorable outcome for themselves. This
paper reconstructs this dynamic process based on utility theory and applies game theory to
elucidate the interactions among the involved parties.

2.2. Decision-Making Behavior of Parking Lot Participants

Under the premise that each tripartite participant solely considers their own interest
indicators, all parties involved will engage in decision-making behaviors aimed at maximiz-
ing their respective benefits. Utilizing utility theory, models are constructed to depict the
maximization of individual interests by each tripartite participant, providing a theoretical
foundation for the game of pricing parking fees among the tripartite participants.
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2.2.1. A Model of Travelers’ Parking Behavioral Choices

The act of parking entails a series of decision-making behaviors by private car travelers
in the process of seeking and selecting parking spaces for their vehicles. After driving
from the starting point to the vicinity of the destination, private car travelers have multiple
parking lots to choose from, resulting in multiple paths to different parking lots from the
starting point. For private car travelers, three processes are involved: driving on the road,
approaching the destination to choose a parking lot for parking, and walking from the
parking lot to the destination after parking.

The decision-making process of parking users can be divided into four components
and three stages. The four components consist of the origin, road network, shared parking
facilities, and destination. The three stages involve the parking user departing from the
origin and entering the road network, selecting a specific shared parking facility within the
road network, and finally walking to the destination to complete the entire process. The
process of selecting a shared parking facility within the road network entails a series of
decision-making behaviors, as illustrated in Figure 2. Parking users depart from a certain
origin point Oy, select a driving route d, with relatively low time costs, park at a specific
shared parking facility z, within the shared parking domain and ultimately walk to the
destination d;. The relevant parameters utilized in the following model are presented in
Table 1.

shared L
origin road network . destination
parking area

Figure 2. Parking decision-making process.

Table 1. Definitions of parameters and variables.

Parameters Define

Ccz Operating costs per unit of time for shared berths in shared parking lots ($/h)
Fpar Parking fees per time interval

F, Shared parking fees for parking lot z in the parking domain
te Unit cost of driving

1 Unit fuel consumption cost

We Unit cost of walking

v Average walking speed

vy Average travel speed

p Fuel price ($/L)

1y Number of shared parking spaces in shared parking lot z
Ly Distance from shared parking lot z to destination des

tinz Average parking time for parking users

vé Actual traffic on section d (pcu/h)
v5 Actual capacity of road section d (pcu/h)
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Table 1. Cont.

Parameters Define
01 Parking costs for parking users
02 Shared parking operating platform profit
03 Management utility within a shared parking system

Deviation of the objective values of parking costs, parking operating platform

Pa profit, and management utility
A Ay Upper and lower limits for optimal parking saturation in shared parking lots
01 62 Upper and lower limits of optimal road saturation

toz Parking user travel time from starting point O to shared parking lot z(h)

8 &P 1% &

toj Time through intersection (h)

ty Travel time on road segment d (h)

t; Parking user seek time in shared parking lot z (h)

tod Walking time of parking users from shared parking lot z to destination des (h)

m Number of parking requests

m, Number of parking users in shared parking lot z

From Figure 1, it can be observed that parking users choose different routes based on
their destination and traffic delays, resulting in varying parking costs C,,. Therefore, the
objective of the parking user’s parking decision model is to minimize the total parking cost.
The objective function is formulated as follows:

M
minp; = Y Cp. ¢y
m=1

The parking cost C;, comprises two stages: the journey from the origin to the shared
parking facility (OZ) and from the shared parking facility to the destination (ZD). In the
OZ stage, the driving time and the search time within the shared parking facility are
considered travel costs, while the walking time in the ZD stage is regarded as pedestrian
costs. Therefore, the expression for Cy, is as follows:

Cm = tc(toz + tz) +we -ty + F 2

2.2.2. Shared Parking Operating Platform Revenue Model

Determining parking pricing is a process that comprehensively considers factors such
as supply and demand dynamics, geographical location, types and quality of parking facili-
ties, market competition, as well as policies and regulations. The aim of reasonable parking
pricing is to balance the interests of parking facility operators and vehicle owners while
adhering to market competition rules, policies, and regulations to ensure fair, equitable,
and sustainable parking services. As an intermediary player in the game, the profit of
shared parking operation platforms is the sole criterion for meeting their requirements. The
platform’s operational profit is determined by subtracting operating costs from parking
fee revenue. Therefore, it is necessary to establish a reasonable shared parking fee rate to
maximize profit. Based on this, the objective function for maximizing the total operational
profit of the platform is as follows:

z
maxpy; = Z mz(F; — Cztmz). 3)
z=1

2.2.3. Shared Parking Operating Platform Revenue Model

The benefits of traffic management are reflected in various aspects, such as improving
road utilization efficiency, reducing traffic congestion, enhancing traffic safety, reducing
environmental pollution, and promoting socio-economic development. Through scientific
traffic management, traffic flow can be optimized, and road resources can be allocated
reasonably, thereby reducing ineffective driving and traffic congestion and improving road
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capacity and utilization efficiency. Additionally, traffic management can enhance traffic
safety, reduce the incidence of traffic accidents, and mitigate environmental pollution,
providing strong support for urban sustainable development and residents’ travel. In
the context of shared parking systems, the benefits of traffic management are reflected in
whether the road saturation g1 and shared parking facility saturation g, within the shared
parking domain are within the optimal saturation range. The objective function for this is
as follows:

Z
m
c1=) |——A| @)
=11 Mz
D |y}
QZ = Z ) - 9 7 (5)
d=1|Y4
Z D 1
m 0
= Lo|me A+ 1| % e, ©
=11 "z d=1|Y4
A € [A1,A2),0 € [61,6]. @)

Equation (4) describes the road saturation, where m, represents the number of parking
users in a shared parking lot z, 1, represents the number of shared parking spaces in a
shared parking lot z, and Ay, A, represents the upper and lower limits for optimal parking
saturation in shared parking lots, respectively. Equation (5) describes the shared parking
facility saturation, where v} represents actual traffic on section d, v3 represents the actual
capacity of road section d, and 6, 6, represents the upper and lower limits of optimal road
saturation, respectively.

2.3. Shared Parking Charge Pricing Model

In game theory models, parties engage in continuous dynamic optimization to achieve
their individual optimal states. The process of dynamic optimization involves the continual
mutual influence among the participants in the game, which is reflected in the model by
establishing multi-level models to seek the optimal solution. In the research model of this
paper, the three parties involved are the upper-level traffic management efficiency model,
the middle-level shared parking platform revenue model, and the lower-level parking user
decision-making model. These parties coordinate their conflicting interests by continually
reducing their respective costs and increasing their respective revenues, aiming to approach
the overall optimum.

2.3.1. A Multi-Tier Pricing Model in Shared Parking Domains Based on Game Theory

In this multi-level optimization model, the upper level aims to maximize traffic man-
agement efficiency, the middle level strives to maximize the shared parking platform
revenue, and the lower level parking user decision-making seeks to minimize costs. By
adjusting pricing, the three parties in the game can regulate their costs and revenues to
achieve the overall optimum. The specific model is as follows:

M

minpy = Y, Cy

5 m=1
maxp; = Zl my(F, — Cztmz) . (8)

z=

Z D | ol

minps = Y, mz—)\‘—i- ) —g—@
z=1| Nz d=1|90y

The first objective is to minimize the parking costs for shared parking users, which
contains the costs from the origin to the shared parking facility and from the shared parking
facility to the destination. Where the charge rate F,, parking user travel time f,;, parking
users seeking time in a shared parking lot ¢,, and walking time ¢,; are control variables. The
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second objective is to maximize the profit for a shared parking operating platform, which is
the difference between operating costs and parking fee revenue. Where the charge rate F,
and the number of parking users in a shared parking lot 11, are control variables. The third
objective is to minimize the management utility within a shared parking system for the
traffic management department, which is measured by road saturation and shared parking
facility saturation. Where the actual traffic in a section v} and the number of parking users
in a shared parking lot m, are control variables. p1, p2, and ps are the utility functions of
parking users, the operating platform of shared parking, and the management department
of shared parking, respectively.

The characteristic of this model lies in its consideration of the optimization not only
for individual participants but also in coordinating multiple participants to achieve a
balanced equilibrium in which all parties approach optimality. The solution to this model
entails finding a balance point that satisfies all three parties, thus achieving equilibrium in
the game.

2.3.2. Determination of Weights

In a shared parking system, owing to the involvement of complex issues across
multiple aspects and the fact that the parties involved in the game are not in the same
dimension and do not consider the same factors, various indicators exhibit conflicting or
mutually constraining relationships. Moreover, the process of mutual coordination is rather
ambiguous, which may ultimately lead to an inability to achieve ideal results. Therefore,
this paper simplifies the multi-level model for ease of resolution using the coefficient of
variation method.

The coefficient of variation method is a statistical approach for determining weights
that measure the dispersion of different datasets and mitigate the influence of units of
measurement [18]. It is suitable for use in a multi-index evaluation system when the
dimensions of various evaluation indicators differ significantly or when there is substantial
variability. The advantages of the coefficient of variation method mainly lie in its operability,
objectivity, repeatability, wide applicability, and simplicity. The specific steps are as follows:

The formula for calculating the coefficient of variation is as follows:

5= )
] x*].’

7" s

where ”0']' , X7, and ”(5]-” represent the standard deviation, mean, and coefficient of
variation for the j-th indicator, respectively.

Normalizing the coefficients of variation for each indicator, we obtain the weights “@;”
for each indicator as follows:

@ = 1. (10)

Unlike bi-level game theory models, it is difficult to deduce the Nash equilibrium
solutions for the trilateral game in our paper. Therefore, the coefficient of variation method
is used to obtain the optimal solutions, and the deviation is the criteria for evaluating the
proposed model. Based on the determined weights for each indicator and the normalized
results, the deviation for each indicator is obtained by weighted summation. The expression
for determining the deviation is:

pa = @1P1 + @202 + @303. (11)
2.3.3. Determination of Parameters
(1) Parking User Unit Trip Costs

The unit travel cost for parking users comprises time and fuel costs. Therefore, the
total travel cost is represented by the sum of fuel consumption cost and time cost. The
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time cost serves as the cost of walking to the destination. Additionally, existing research
indicates that fuel consumption expressions during peak and off-peak hours differ [19].
As this research focuses on peak hours, the fuel consumption cost expression during peak
hours is utilized as follows:

c1 = (5.917 — 0.12701 + 0.0020% ) p. (12)

The time value of travel for transportation users is influenced by various factors,
including their income level, consumption level, consumption structure, and value orienta-
tion. In this study, the ratio of annual income to annual working hours for parking users is
selected as a determinant [20]. The expression is as follows:

Al

AWE (13)

We =
where Al represents the annual average income (CNY) of parking users within the shared
parking domain, while AWH signifies the annual average working hours (hours) of parking
users within the shared parking domain.

(2) Driving time from the starting point to the shared parking lot

The driving time from the origin to the shared parking lot comprises two components:
one is the travel time within the road section, and the other is the time spent passing
through intersections along the road section [21]. The expression is as follows:

foz = ZD tg + Z] toj/ (14)

where D represents the total number of road sections within the shared parking domain,
while | signifies the number of intersections within the shared parking domain.

The travel time of road sections within the shared parking domain, denoted as t;, is
calculated using the BPR (Bureau of Public Roads) traffic impedance model as expressed in

reference [22-24]:
0 vy ’
ti=t11+a , 15
d d 02 ( )

d

where a represents the free-flow travel time of ) given road section d, while x and B are
undetermined parameters of the model, typically set at 0.15 and 4, respectively.

The calculation of intersection passage time “#,;” is divided into two parts: one part
is uniform delay time, and the other part is oversaturated delay time. The combined
expression of the two is provided in reference [25]:

(1—A)2 8ex

toj = 0.5C Y +900T[(x 1)+\/(x 1) +CAP-T , (16)

where C represents the cycle length, A denotes the green time ratio, x signifies the lane
saturation flow, e represents the correction coefficient for the type of signal control at a
single intersection, CAP denotes the calculated lane capacity (pcu/h), and T represents the
duration of the analysis period.

(3) Finding shared berth times

The search time for parking users in a shared parking lot can be expressed through
the occupancy rate of parking spaces, as detailed in reference [26]:

b= a2 (17)

nz
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where #) represents the parking duration for users under free flow conditions (in hours), a
equals to 1, and j equals to 1.

(4) Walking time from the shared parking to the destination for parking users

The walking time of parking users is jointly determined by the distance from the shared
parking space to the destination and the walking speed of the parking user, expressed
as follows:

!
ty = 7d (18)

2.3.4. Model Solution

The fundamental solution approach of game theory involves analyzing the rules of
the game and the strategy selection of the participants to identify the equilibrium state of
the game. Throughout this process, it is necessary to consider the anticipatory and actual
behaviors of the participants, as well as their interactions and influences. By resolving the
equilibrium state of the game, it becomes feasible to anticipate the behaviors and outcomes
of the participants, thereby determining the optimal solution. In this study, by providing
a given parking pricing range, simultaneously and iteratively calculating the costs for
parking users, the revenue of the sharing platform, and the traffic management benefits to
achieve a three-party equilibrium result, the algorithm proceeds as follows:

Step 1: Input parameters: comprising parking user information, traffic flow informa-
tion within the shared parking domain, intersection details, shared parking lot information,
and destination information.

Step 2: Initialization: setting the maximum and minimum values for parking pricing,
as well as the iteration increment; iteration counti = 1.

Step 3: Parking user’s parking decision: based on the pricing F, set by the upper-level
traffic manager for various parking lots within the shared parking domain. Parking users’
parking demands m lead to choosing the most favorable parking path and shared parking
lot, resulting in an incurred parking cost p1. Updating the parameters based on this parking
path affects the overall parking domain’s traffic distribution, prompting parking users
m 4+ 1 to make new parking decisions based on the updated parameters, repeating until all
parking users M have completed parking.

Step 4: Result determination: yielding the three-party game outcomes under the pric-
ing scenario F, parking user parking decision costs pil, shared parking operation platform
revenue p), and traffic management benefits pt.

Step 5: Iterative update: if i < I, then the iteration count is i = i + 1, redefining the
shared parking fees based on the iteration increment set in Step 2, proceeding to Step 3 for
a new round of parking fee pricing. If i = I, proceed to Step 6.

Step 6: Output results: after completing all iterations, obtain the parking cost matrix
for parking users as in Equation (19), the profit matrix for the shared parking platform as
in Equation (20), and the traffic management benefit matrix as in Equation (21).

o1 = [OhixriPhawai - i0haa (19)
o2 = [PRucriPhunai iRt (20)
03 = [Pt P+ ir (21)

Step 7: Weight determination: calculate the standard deviation ¢} and average value
X; for each indicator based on the results matrix of these three indicators. Compute the
coefficient of variation dj for each indicator, normalize the coefficients of variation, and
derive the weightings ; for each indicator.

Step 8: Stable point identification: utilize the calculated weights determined in Step 7
to perform weighted calculations on the elements of matrices p1, p2, p3, and p4 using



Systems 2024, 12, 269

11 0f 19

Equation (11). Identify the value minp, with minimal deviation, signifying that the three-
party game within the shared parking domain has reached a stable state.

3. Case Study

As illustrated in Figure 3, this study selects the central urban area of the Heping
District, Tianjin City, focusing on the “Three Verticals and Three Horizontals” main roads,
which include Hebei Road, Xinhua Road, Jianshe Road, Tangshan Road, Baoding Road,
and Yantai Road. This area boasts a prime geographical location, encompassing densely
populated residential areas such as Wuhu Li, Wenquan West Garden, and Sande Li, as well
as large commercial centers such as Xinhua Building and commercial office locations like
the Haizhu Building and Hongda Building. Survey results indicate a significant overflow
of parking demand within the region, along with intersecting parking demands, thus
rendering it suitable for use as a shared parking domain.
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Figure 3. Road network within shared parking areas.

3.1. Parameter Input

Due to the proximity requirement for shared parking lots within the shared parking
domain, locations A and B have been chosen as two such facilities, both servicing the
endpoint D. Additionally, a high-traffic intersection has been selected as the starting point
O. Within the shared parking domain, there are a total of eight intersections and eleven
road segments. Parking users depart from the starting point O and select different routes
based on the traffic flow of each road segment and the occupancy rate of parking spaces at
lots A and B in order to complete parking.

A survey was conducted on the traffic conditions within the designated shared parking
domain. The traffic parameters for road segments are presented in Table 2. Intersection
information within the survey domain includes traffic details such as signal cycle length,
green signal ratio, and the number of inbound lanes, as shown in Table 3. The routes
available for parking users between origin and destination (OD) are outlined in Table 4,
while the computational parameters for shared parking lots A and B are provided in Table 5.
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Table 2. Road network parameters.

Section Road Traffic Roadway Mobility Section Road Traffic Roadway Mobility
Number Volume Free Travel (ocu/h) Number Volume Free Travel (ocu/h)
(pcu/h) Time (s) P (pcu/h) Time (s) P
0-1 432 32.1 1800 3-6 340 52.2 700
1-2 854 242 900 4-7 1221 51.3 1700
1-3 142 61.4 700 5-8 690 62.1 1600
2-4 1221 32.8 1700 67 520 61.2 1300
4-3 352 429 1300 8-B 120 20.3 700
4-5 540 36.7 1300
Table 3. Intersection parameters.
Intersection  Signal Cycle  Direction of Green Intersection  Signal Cycle  Direction of Green
Number Length Traffic Flow  Signal Ratio Number Length Traffic Flow  Signal Ratio
1 —— —_ —— 5 —— —_— ——
. north and
north 1nd Straight 0.2 6 70 south 0.6
2 140 sout Left 0.2 east and west 0.4
Straight 0.25 north and 03
east and west ” 110 south
Left 0.2 Straight 0.4
3 _ o - east and west Left 0.3
north and 02 north and 03
4 110 south 8 80 south
d Straight 0.4 east and west 0.6
east and west Left 0.35
Table 4. Parking path.
Trails Nodal Trails Nodal Trails Nodal Trails Nodal
1 01367D 3 01247D 5 013458D 7 02458D
2 01347D 4 0247D 6 012458D
Table 5. Parking lot parameters.
Serial Number Number of Free-Flow Down-Stream Walking Shared Berth Average Parking
Shared Berths Parking Search Time Time Operating Costs Time
Shared parking lot A 300 0.2 0.15 0.35 6.0
Shared parking lot B 250 0.1 0.05 0.5 5.8

The remaining parameters are shown in Table 6. According to the survey conducted
in December 2023, the average price of 92# gasoline in Tianjin City is 7.82 CNY/L. The
average cruising speed of parking users in the city center is 45 km/h. Substituting the data
into Equation (10) yields the unit fuel consumption cost (c1) for parking users as 28 CNY /h.
In 2023, the per capita disposable income of residents in Tianjin City, denoted as (AI), is
CNY 51,271, with 250 statutory working days in a year and assuming an 8 h working day;
resulting in an annual average working hours for residents (AWH) of 200 h. Based on
Equation (11), the unit time cost for parking users (w,) is determined to be 22 CNY/h. In
order to better compare the merits and demerits of various parking strategies, this paper
does not consider the situation where parking demand exceeds the number of shared
parking spaces. Thus, the total parking demand is set as a fixed value of 300. It should be
noted that the exceeded parking demand will be allocated to regular public parking, and
the proposed model can also deal with this situation.
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Table 6. Other parking parameters.

Parameter Name Parameter Parameter Name Parameter
Value Value
Fuel Costs for Parking User Driving (CNY/h) 28 Upper limit of optimal road saturation 0.6
Value cost of time for parking users (CNY/h) 22 Lower limit of optimal road saturation 0.4
Maximum fee rate for shared parking (CNY /h) 9 Upper limit of optimal parking saturation 0.8
Lower limit of fee rate for shared parking (CNY/h) 1 Lower limit of optimal parking saturation 0.7

The pricing of shared parking facilities is influenced by operational costs, which en-
compass labor costs, equipment maintenance costs, land rent, and insurance expenses.
Additionally, operational costs may include utilities, taxes, and other fees. Specific op-
erational costs are affected by various factors such as the scale of the parking facility,
geographic location, condition of equipment, and service quality. Based on the survey of
parking prices in nearby parking facilities within the selected shared parking area, this
study sets the pricing range for shared parking spaces from a minimum of 1 CNY /hour to
a maximum of 9 CNY /hour, considering the operational costs of shared parking spaces
and average parking durations.

The road traffic saturation level “x” is commonly used to describe the congestion level

"

of road traffic. Typically, when “x” is between 0 and 60%, the traffic is considered relatively

78z

smooth-flowing. When “x” ranges from 60 to 80%, the traffic condition is generally regarded
as congested. When “x” exceeds 80%, the traffic is considered heavily congested, with
vehicles unable to maintain normal speeds, resulting in almost stagnant traffic flow. This
study selects values “8;” and “6,” as 0.6 and 0.4, respectively. Simultaneously, according
to surveys, there exists an optimal parking saturation within shared parking facilities.
Insufficient parking spaces lead to the wastage of parking resources, while excessive
parking spaces cause overcrowding and traffic congestion, affecting parking experiences
and potentially increasing risks of vehicle damage and scratches. Moreover, excessive
parking spaces increase management difficulties of parking facilities. Based on surveys
of surrounding parking facilities, this study sets the optimal parking saturation between
0.7 and 0.8. Deviations below or above this range result in operational losses for parking
facilities. Therefore, values “A;” and “A,” are set to 0.8 and 0.7, respectively.

3.2. Comparison and Analysis
3.2.1. Programmatic Comparison

Following the solution process outlined in Section 2.3.4, a MATLAB (R2019b) program
was developed to solve the game-theory-based pricing model for shared parking domains.
The program iteratively evaluates parking prices ranging from 1 CNY /hour to 9 CNY /hour
for Parking Facility A (Site 1) and Parking Facility B (Site 2) within the selected area, with an
iteration step of 0.1. The computed results were imported into Origin for three-dimensional
plotting. Figure 4 illustrates the relationship between travel costs for parking users and the
pricing rates of the two shared parking facilities. In the context of game theory, the optimal
point for parking users corresponds to the minimum parking cost point.

According to Figure 4, under constant total parking demand, when the parking rates
at Shared Parking Facility 1 (Site 1) and Shared Parking Facility 2 (Site 2) are both set at
1 CNY per hour, the minimum parking cost for users is CNY 7038.28. Specifically, the
demand at Site 1 is 145 vehicles, and at Site 2 is 155 vehicles. Additionally, from the figure,
it can be observed that if the parking rates at Site 1 and Site 2 are maintained constant while
ensuring that the rate of fee increase at the other shared parking facility remains consistent,
the rate of increase in travel costs for parking users accelerates more rapidly with increases
in the parking fee at Site 1. This phenomenon arises because users at Site 1 have longer
average parking durations and a larger number of shared parking spaces. Therefore, due
to varying intrinsic conditions among the shared parking facilities within the domain, the
impact of price changes on parking users varies in magnitude.
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Figure 4. The relationship between travel costs and parking rates.

The total operational profit calculations for two shared parking facilities are depicted
in Figure 5, with all parking fees directly attributed to the shared parking management
platform without intermediary commissions. The peak point in the figure represents the
most advantageous position for the shared parking management platform in game theory
terms. At a shared parking rate of 9 CNY per hour for both Parking Facility 1 and Parking
Facility 2, the maximum total operational profit amounts to CNY 2265.12, with Parking
Facility 1 accommodating 145 vehicles and Parking Facility 2 accommodating 155 vehicles.
In comparison to Figure 4, under ideal conditions, there exists an absolute antagonistic
relationship between the operational profit of the platform and the benefits to parking
users. Each party’s optimal point corresponds to the maximum point of the other’s loss,
which aligns more closely with real-world scenarios. Consideration of costs incurred by
the platform for leasing shared parking spaces would further diminish profits. This study
assumes compliance by parking users with established agreements, parking exclusively
during shared space availability. In reality, the users can use the shared parking within a
set time period, which, over time, will influence the use by the parking owner. Therefore,
the platform offers fixed leasing fees to providers of shared parking spaces, which does
not affect the outcomes of this research. Hence, to determine the optimal solution for the
overall shared parking system, transportation managers need to evaluate its traffic benefits.
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Figure 5. The relationship between total operating profit and parking rates.

In the shared parking system, the saturation level index of shared parking facilities in
the upper-tier transportation management benefits is illustrated in Figure 6. When Parking
Facility 1 charges 2.7 CNY per hour and Parking Facility 2 charges 3.2 CNY per hour, the
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minimum value of “p3” is 0.2457, with a total travel cost of CNY 10,443 for parking users
and a profit of CNY 457.3 for the shared parking platform. It can be observed from Figure 6
that the region with minimal discrepancy between the saturation level and the expected
value lies at points where the charging rates of the two shared parking facilities are close.
In other words, the closer the pricing of shared parking facilities within the shared parking
domain, the greater the enhancement in transportation management benefits.

Sum of the gap between parking
saturation and expectations
7 0. 7560

®

0. 6920

0. 6280

0. 5640

0. 5000

0. 4360

0.3720

Parking lot 2 rates(CNY/h)

0. 3080

0.2440

Parking lot 1 rates(CNY/h)

Figure 6. The relationship between parking saturation and expected value gap and parking rate.

As shown in Figure 7, another metric of transportation management effectiveness,
the sum of road saturation deviation from the expected value, reaches its minimum when
Parking Facility 1 charges 1 CNY per hour and Parking Facility 2 charges 1.6 CNY per
hour, with a value of 1.4827. The travel cost for parking users is CNY 7551, the shared
parking platform incurs a loss of CNY —41.9, and the sum of parking saturation deviation
from the expected value is 0.2521. Similar to the parking saturation trend, areas where the
charging rates of two shared parking facilities are close exhibit smaller deviations between
road saturation and the expected value. However, when Parking Facility 2 charges higher
and Parking Facility 1 charges lower, the deviations in both saturations from the expected
values are larger. Unlike the parking saturation trend, when Parking Facility 1 charges
higher and Parking Facility 2 charges lower, road saturation is closer to the expected value
compared to parking saturation. This divergence is attributed to parking saturation being
more influenced by parking prices, whereas road saturation correlates more closely with
traffic conditions within the shared parking domain.
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Figure 7. The relationship between road saturation and expected value gap and parking rate.
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3.2.2. Weighting Calculations

Based on the calculation results of four indicators, travel cost for parking users, total

operational profit of the shared platform, parking saturation, and road saturation, and
utilizing the coefficient of variation method for weight determination as described in

Section 2.3.3, the computed results are presented in Table 7.

Table 7. Game parameters.

Standard Deviation Average Value Coefficient of Variation Weights
Travel Costs 1927.1578 13,552.5867 0.1422 0.1719
Total Operating Profit 301.5099 912.6079 0.3304 0.3994
Parking Saturation 0.1569 0.4946 0.3173 0.3836
Road Saturation 0.0586 1.5673 0.0374 0.0452

3.2.3. Model Solution

According to the weights determined by substituting into Equation (9) to obtain the
optimal solution of the objective function, the stable equilibrium point in tripartite game
theory is identified. The model’s computational results are illustrated in Figure 8. Following
the principle that a lower deviation indicates better game effectiveness, the point with the
lowest deviation represents the optimal solution of this objective function. When Parking
Lot 1 charges 8.5 CNY per hour and Parking Lot 2 charges 9 CNY per hour, the game
tends towards equilibrium, reaching a stable point with a deviation of 0.8155. At this point,
Parking Lot 1 accommodates 160 vehicles, Parking Lot 2 accommodates 140 vehicles, and
the parking costs for the users total CNY 20,589, the platform operational profit amounts to
CNY 2,187.9, the deviation of parking saturation from the expected value is 0.2457, and
road saturation deviation from the expected value is 1.4847.
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Figure 8. The relationship between deviation degree and parking rate.

3.2.4. Analysis of Results

Based on the obtained results, the scenarios with minimal user parking costs, maximal
shared parking platform revenue, and optimal transportation management effectiveness
are compared individually with the outcomes of the game equilibrium points, as presented

in Table 8.
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Table 8. Strategy comparison.
. Shared Charge Pa.r king . Travel Costs Operating Parklr}g D.lfference
Programmatic Parkin Rate Requirements Deviation (CNY) Profit (CNY) Saturation in Road
8 (CNY) (Vehicles) Difference Saturation
. No. 1 1 145
mingq No. 2 1 155 1.7504 7038.3 —126.9 0.2886 1.5059
No. 1 9 145
maxpz No. 2 9 155 0.8982 21,031.5 2265.1 0.2886 1.5059
. No. 1 2.7 160
minA No. 2 30 140 1.4998 10,443.9 453.7 0.2457 1.4847
. No. 1 1 163
minf No. 2 16 137 1.6789 7551.4 —41.9 0.2521 1.4827
No. 1 8.6 153
Reference [13] No. 2 8.9 147 0.8831 20,317.3 2235.6 0.2697 1.4931
Minimum No. 1 8.5 160
deviation No. 2 9 140 0.8155 20,589.0 2187.9 0.2457 1.4847

When the scenario minimizes user parking costs, the operational profit of the shared
parking platform, deviation from expected parking saturation, and deviation from expected
road saturation are relatively large, resulting in a total deviation of 1.7504. In contrast,
maximizing operational profit significantly increases user parking costs, but since the
parking rates in both shared parking facilities remain unchanged, there is no alteration in
parking or road saturation. Due to the higher weighting of operational profit over travel
costs, the expected deviation of this scenario is lower than that of the scenario minimizing
user parking costs, amounting to 0.8982. When minimizing the deviation from expected
parking saturation, user parking costs tend towards an intermediate value. Although
operational profit is positive, it is comparatively lower, and the deviation from expected
road saturation is also reduced, resulting in a total deviation of 1.4998. Alternatively, when
minimizing the deviation from the expected road saturation, the operational profit of the
shared platform is smaller and negative, leading to a total deviation of 1.6789. The total
deviation in reference [13] is 0.8831. Compared with our model, it has a lower travel
cost but a higher operating profit. In summary, adopting the pricing strategy with the
minimum deviation of 0.8155, while not individually optimal for all parties in the game,
represents the optimal solution for the shared parking system within the shared parking
domain. This minimizes conflicts among stakeholders, achieving equilibrium as per game
theory principles.

4. Conclusions

This chapter, based on game theory, establishes multi-objective functions considering
the tripartite game relationship among parking users, shared parking operators, and traffic
managers in domains with overlapping parking demands. The decision-making processes
of participants in shared parking domains incorporate parking choices by users, revenue
objectives of shared parking operators, and traffic management benefits. The parking
decisions of users, as the lower layer in the game, involve selecting parking routes and
walking distances, considering fuel consumption and time costs, with the objective of
minimizing total parking costs. Shared parking platforms, positioned as the middle layer
in the game, aim to maximize revenue. Traffic managers, as the upper layer in the game,
prioritize enhancing traffic efficiency in the network, using road saturation and parking
saturation as evaluation metrics with the goal of minimizing deviations from expected
values. Due to differing objectives among game participants, weights are determined using
the coefficient of variation method. Finally, through case studies involving varied pricing
strategies at different shared parking facilities, scenarios optimizing for minimum total
travel costs, maximum shared parking platform revenue, minimum deviation in parking
saturation from expected values, and minimum deviation in road saturation from expected
values are analyzed and compared against the scenario with the lowest deviation. This
verification demonstrates that the highest overall benefits of the shared parking system
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are achieved only when deviation is minimized, indicating equilibrium in the game. The
numerical experiment shows that 8.5 CNY per hour for Parking Lot 1 and 9 CNY per hour
for Parking Lot 2 charges are the optimal solutions. Under this policy, parking costs for
users total CNYY 20,589, platform operational profits amount to CNY 2187.9, the deviation
of parking saturation from the expected value is 0.2457, the road saturation deviation from
the expected value is 1.4847, and the model deviation is 0.8155.

This provides a solid theoretical basis for traffic managers to formulate shared parking
pricing strategies within shared parking domains. The research is of benefit for balancing
parking occupancy, reducing parking difficulty, and potentially increasing parking rev-
enue. This work can also provide a reference for formulating parking fee strategies that
comprehensively reflect the needs of the three parties involved in the shared parking lot.

In the future, we aim to evaluate our model on a large traffic network, and the shared
parking lots and urban traffic conditions will be more comprehensive. At the same time,
the dynamic parking pricing is more significant in alleviating parking difficulty and traffic
congestion, and this is also our future research emphasis.
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