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Abstract

Dynamic parking pricing refers to the adjustment of the price of parking to achieve the required occupancy rates. It plays
a significant role in parking management systems to minimize traffic congestion and cruising time, as well as to maximize
revenue. The optimization of parking pricing and supply through a time-varying pricing strategy is a crucial issue. This paper
reviews academic work on approaches to parking pricing, giving emphasis to time-varying pricing strategies. Approaches
based on game theory, dynamic and stochastic control, multiobjective and multilevel programming, queuing theory, artificial
intelligence, statistics, among others, are reviewed. We categorize these techniques to examine various issues of dynamic
parking pricing. The main contributions and methods used are summarized. Furthermore, a brief discussion of the strengths,
limitations, and possible future work is given.
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1. Introduction

Parking is a crucial part of a sustainable urban mobility plan and strategy. Due to the increasing number
of vehicles and the limited amount of parking spaces, typically in urban areas, finding a vacant parking
lot in central urban areas is becoming a frequent problem faced by drivers worldwide. Drivers who
need parking spaces during busy hours are often forced to cruise around parking places until they get
vacant parking spaces. This practice is labeled in the literature as cruising for parking [96] which is
known to cost a lot of time, and gas for drivers, propagate unnecessary traffic congestion, and affect the
environment due to emissions of COs.

Some researchers like [3, 44, 98, 99] considered parking as a public resource and examined the ben-
efits of pricing it. In line with the general economic theory, the price of a good changes with demand
when changes in supply are costly as stated in [97]. The tremendous effect of free parking in urban
development has been investigated by [88]. Shoup [86] studied how factors including parking time, car
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occupancy, walking speed, and the value of saving time spent walking affect parking decisions when
costs rise as drivers get closer to their destinations.

Parking pricing is one of the key elements of proposals for parking transformation and proper reg-
ulation. Dynamic parking pricing enables more economical space usage, lower searching for parking
space, and upgrade gratification to the parking experience. Parking pricing is expected to reduce parking
demand and dexterously allocate commuters to spaces. Parking can significantly impact the driver’s be-
havior and thus is one of the urban problems that are top priorities for traffic management policymakers
and planners. It plays an important role in the effectiveness of the parking industry and life quality for
travelers and commuters. Studies indicated that a typical car trip pays a parking charge of at least $5
on average and almost 70% of the direct travel cost in some major cities of USA [101]. Parking prices,
availability, and accessibility are the main components of parking facilities, which substantially affect
travelers’ decisions when to leave, which path to choose, and where to park. All these parking compo-
nents should be optimized to effectively manage the traffic and build a sustainable transportation, traffic,
and parking system. Optimal parking pricing can be a flexible and desirable tool for most system plan-
ners and regulators of limited urban space for parking facilities in most mega cities. Parking is a growing
problem in many large cities, especially in business centers, and both on-street parking and the limited
parking supply can lead to significant travel delays [13].

Curb parking is a public resource [53]. Drivers’ preference to cruise or to pay for a parking lot can be
decided using the model presented in [87]. The model also forecasts the market price for curb parking and
the tariff of neighboring off-street parking which are almost equal. Drivers do not explicitly determine
whether to cruise or to pay, but many factors like the price of curb parking, price of off-street parking,
parking duration, cruising time at the curb, fuel cost of cruising, number of commuters, and value of
time spent cruising influence the decision. Based on certain studies conducted in Europe and the USA
on cruising for parking spaces in large business centers, it was concluded that cars searching for free
parking space contribute to over 8% of total traffic. Some studies in large city downtown areas concluded
that on average 30% of vehicles in traffic congestion are cruising for a parking space [107]. In London,
[60], parking searches accounted for between 30% and 40% of the travel distance for trips ending in the
downtown area, whereas in Frankfurt, the percentage was predicted to be 40% when there was the most
traffic [12]. Some studies showed that 60% of drivers have abandoned their search for a slot at least once
and 25% of them have gotten into an argument with other drivers. This issue is also supported by the fact
that the average time cars are parked at home for about 80% of the time, parked somewhere for nearly
16.5% of the time, and used for the remaining 3.5% [18].

Numerous research has been conducted on parking and related issues. Bifulco and Gennaro [11]
presented many parking types, fees, and average walking times to the steady-state traffic assignment
model, to analyze the effectiveness of governing parking policies in a network. DAcierno et al. [17]
discussed the optimal parking pricing for a set of fare zones to balance the modal split between private
cars and transport systems. Although these static models give a basic idea of traffic congestion and
network realization, they overlook the dynamic queuing of traffic flow and time-varying traffic flow.
Arnott et al. [4] examined the effects of parking availability on morning scramble hour congestion and
assessed the relative efficiency of road tolls and parking charges. In the absence of pricing, drivers occupy
parking in order of increasing distance from the central business area. As for parking modeling in the
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dynamic context, they studied the dynamic user equilibrium for parking preference. Qian et al. [73]
developed a method to maximize parking management advantages through optimal dynamic parking
pricing. For a collection of sequential parking places, a generic parking model was offered. The outcome
also demonstrated that each parking space should be charged in a way that imposes maximum occupancy.
Additionally, they calculated the optimal parking rates based on average occupancy, which may serve as
a guide for parking rate adjustment for traffic management.

A spatially explicit approach for setting on- and off-street parking rates that ensure a preset uniform
level of occupancy over the surrounding place is the GIS-Based Nearest Pocket for Prices algorithm
which has been developed in [23]. Gu et al. [25] developed a macroscopic parking dynamics model for
an adjacent parking area, where the interaction between on- and off-street parking places was explicitly
considered in the search for parking spaces. Results indicated that proactive pricing performs better due
to its capacity for prediction helped by optimization.

Numerous models have been developed to analyze parking issues. Young et al. [114] discussed in detail
parking models categorized into choice models, [2, 5, 6, 35], optimal allocation models [24, 108, 109] and
interaction models [10] most of them considered walking distance, parking cost, search time, and capacity.
Parking models and pricing in traffic impact studies were modified by [9] to account for factors influencing
motorist behavior.

Leclercq et al. [46] studied the dynamic macroscopic simulation of on-street parking search using
a tri-phased approach and investigated the relationship between the average travel distance to the park
and the parking occupancy over an urban area. Dynamic macroscopic parking pricing and optimization
model to maximize the parking pricing revenue and minimize the total cruising time on the network
was proposed in [38]. The model also provides main recommendations for stakeholders concerning an
optimal parking pricing policy contributing to financial revenues without having a serious negative effect
on short-range traffic efficiency and environmental conditions.

Tilahun et al. [94] studied the cooperative multiagent system for parking availability prediction based
on time-varying Markov chains with a learning parameter [93]. Qin et al. [76] investigated the impact
of time-varying parking prices on parking demand and built a multi-agent-based simulation of on-street
parking. The result supports the idea that demand-driven dynamic parking pricing may effectively con-
trol the distribution of parking demand. Based on a multi-agent system, Hassine et al. [30] proposed
a dynamic parking charging system that aimed to maximize the demands of parking management. They
showed that the multi-agent smart parking system can reduce traffic congestion and make optimal use of
available parking spaces, particularly during peak hours.

Guo et al. [26] proposed both a static game-theoretic model and a dynamic capacity model to handle
the competition among drivers for limited available parking spaces. These are some of the research
directions focused on by researchers. Interested readers can refer to [36, 59, 68, 114] and the reference
for parking-related research in general. Several theoretical studies analyzed parking markets by assuming
hourly uniform parking fees. On the other hand, empirical studies likely found parking fees to be concave
in parking duration. Parking agents are in spatial competition with each other and with curbside parking
spaces. They are mostly privately operated, while curbside parking spaces are mostly publicly operated.
Guo et al. [27] developed a pricing structure to increase the total revenue of parking agents. The study
provided parking lot operators with a mathematical model of a new price system and three dynamic
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scenarios (such as uncontrolled charging, limited charging, and smart charging). The proposed model
demonstrated to the operators which charging scenario will generate the maximum revenue.

Willson and Irish [110] compared evaluation techniques for dynamic parking pricing. Sandeep et al. [81]
presented a systematic literature review on various dynamic pricing techniques applied in the area of
Intelligent transportation systems in smart cities. Dynamic parking pricing, congestion pricing, road
pricing, and toll pricing were all included in the systemic study. Mei et al. [61] used simulation-based
analysis to evaluate various parking price strategies.

Parking pricing was not explored in the existing reviewed papers to their full potential. Thus, there is
a need for a comprehensive review that discusses dynamic parking pricing from various methodological
perspectives. The major contributions of this paper are as follows.

e Considering the importance of dynamic parking pricing.
e (lassification of Various techniques used to determine dynamic parking prices into broad categories.

e Considering the strengths and limitations of various methods used for dynamic parking pricing.

This review paper is focused on dynamic parking pricing. It is organized as follows. Besides the
already provided Introduction, Section 2 describes the review method. Section 3 explains various parking
pricing approaches used to review the previous research papers. Section 4 provides a discussion of
strengths, shortcomings, and future research directions.

2. Review method

The review process and strategy were made based on the principles suggested by Kitchenham et al., [43,
66]. The study started with the exploration of databases, methods to determine information and evaluation.
The identified studies, articles, and books were first assessed for adequate relevancy and then extracted and
organized. To find information, the inclusion of a wider range of references has been extracted.

We conducted a review that employs scientific strategies. We systematically assembled and synthe-
sized many relevant studies on dynamic vehicle parking pricing. Following that, we applied a repro-
ducible search of previous works on the Web of Science and Scopes databases by including keywords
related to dynamic vehicle parking pricing strategies listed in Figure 1. Each of the searches in the
database is combined with further keywords taken from the referred papers.

Dynamic parking
pricing approaches |

| , |
Dynamic and stochastic | Multiobjective and multilevel | Adtificial intelligemce \
control approach programming approach | and related approaches
J | |
Game theory Queuing [ Statistical based
based approach method \ analyses

Figure 1. Dynamic parking pricing approaches
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By identifying the redundant works between different searching mechanisms, we retrieved 140 unique
works from which 117 were found relevant to the topic of this research. Among those, 53 prior studies
are more related and divided into the following categories: 6 dynamic and stochastic control, 10 game
theory, 10 multiobjective and multilevel programming, 2 queuing models, 10 Artificial Intelligence and
related approaches, and 15 statistical parking pricing approaches. Figure 1 summarizes the parking
pricing approach which is our focus methodologically.

3. Parking pricing approaches

The issue of parking pricing has received a lot of attention in the literature. According to [61], there are three
parking pricing strategies which are: different parking lots constantly charge the same price, charge different
prices, and charge different prices during peak periods concerning occupancy percentage thresholds. The first
parking pricing strategy is commonly used in China.

Hassija et al. [29] analyzed the effects of dynamic parking pricing on travel demand in the change of time
hourly. Based on the study, the adaptive pricing model enhances the overall revenue of the parking lot owners
and users. The proposed model is deterministic, which is used to minimize the average parking cost and time.
The model impacts accurate parking space allocation, minimizing cost, and parking space utilization.

Rodriguez et al. [80] developed a model with the aim of simulating dynamic pricing policies and their
impact on parking demand, driving habits, and mobility. They were able to show several advantages of
dynamic fares as a result, including decreased searching time, a reduction in traffic and pollution, and
a new modal redistribution of parking options between off-street and on-street supply. Parking pricing
policy is used to govern the parking market and reduce traffic congestion in general and parking in
particular to improve the utilization of the limited parking capacity at higher demanding places. The
pricing policy fulfilled its objective to increase the ease of finding a vacant parking place. Parking pricing
policy and its impact attracts significant research attention. Shoup [88] developed parking guidelines that
suggest that the optimal pricing results in 85% of parking occupancy.

In this section, we categorized the previous works into six mathematical and computational approaches
with a common objective of parking price setting as described in Figure 1 (namely, Dynamic and stochastic
control-based approaches, Game theory Technique, multiobjective and multilevel programming based ap-
proaches, Queuing model, Artificial Intelligence and related methods & statistical analysis approaches). Opti-
mization methods play a fundamental role in the determination of dynamic parking prices. These techniques
are of utmost importance to maximize or minimize one or many parameters subject to various constraints.

3.1. Dynamic and stochastic control approach

Dynamic programming can be used to develop a time-varying parking pricing framework. The relations
between dynamic parking prices and provision of parking information can be represented in a general
parking network as below in Figure 2 where the red nodes (O;), blue nodes (F;) and black nodes (D;)
represent the origins, parking lots and destinations of drivers, respectively. In the general parking network,
each parking lot could be used by demands associated with multiple origins and multiple destinations.
The arrows m with indigo color and fﬁ of green color are the searching direction for parking place
and waking path to the desired place respectively.
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Qian et al. [74] investigated the interaction of dynamic parking prices with the provision of parking
information in a general parking network shown in figure 2. They proved that any optimal flow pattern
can be achieved by lot-based parking pricing schemes depending on occupancy. Drivers make parking
choices to minimize their generalized travel costs using the accessed parking information. The main
components of the generalized travel cost are dynamic parking prices and cruising time.

Origins Parking lots Destinations

Figure 2. General Parking Network based on [74]

To increase the expected profit for the parking manager, Tian et al. [92] presented a dynamic pricing
approach for parking reservations. The stochastic dynamic programming approach has been used to for-
mulate the dynamic pricing problem, where the optimal price maximizes the manager’s expected income.
The result showed that the dynamic pricing plan may significantly increase income and fully utilize park-
ing resources during peak hours. Wang et al. [105] developed a continuous time stochastic dynamic
model for the optimal parking management of vehicles using multiple parking. Bolza optimal control
problem is formulated aiming at preserving the available parking space at a desired level, resulting in
significantly reduced traffic congestion and fuel consumption. They also developed an algorithm to solve
a nonlinear optimization problem and prove its convergence. Optimal parking price has been proposed in
[75] as a stochastic control issue to control parking demand. The cost of parking and the availability of
information are discovered to be dynamically stabilized controllers for the traffic demand. Researchers
used a stochastic control strategy to simulate the ideal parking fee in the desired (better) parking cluster.
Demand uncertainties and user heterogeneity in the value of time were considered. Additionally, it is
discovered that stochastic control models are promising methodologies.

Lei et al. [47] studied a demand-driven parking pricing and reservation problem provided that the
agency is interested in achieving its objectives by having a spatial and temporal distribution of parking
prices. Drivers compete for limited parking spaces through online reservations with different origins
and destinations. The dynamic Stackelberg leader-follower game is formulated as a multiperiod non-
cooperative equilibrium bilevel model. The agency makes pricing decisions in the upper level and the
drivers make parking location decisions in the lower level. The multiperiod model is solved using a non-
myopic approximate dynamic programming(ADP) method.

Magsino et al. [57] assessed the socially optimal range and economic effects of temporal and spa-
tiotemporal-based dynamic parking pricing methods on users and parking management authorities. The
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evaluation of various pricing strategies shows the effect of the parking charge rate on the income genera-
tion of business owners as well as the impact on the daily parking expenses of frequent parkers. Table 1
summarizes the solution approach and the corresponding Results found of dynamic and stochastic control

methods discussed above.

Table 1. Summary of dynamic and stochastic control methods

Solution approach Factors considered Main result Ref.

demonstrates consistency

ADP algorithm parking demand and supply in managing with the temporal [47]
and spatial changes in parking demand

Stochastic control arkine reservation reduce cruising time [92]

and Poisson process p & v and maximize the expected revenue

Variational inequality general parking network derived the system optimal prices [74]

Pontryagin’s interactions between the parking determines the optimal pricing [105]

minimum principle agents and maintaining demand policy for each parking lot

proved that stochastic pricing
strategies perform better than [72]
deterministic pricing methods

. . demand and travelers’
Dynamic programming parking choice
demonstrated that based on demand
and traveler heterogeneity, [75]
parking fees are altered in real-time

Dynamic prosrammin various demand levels
y prog g (high, low, or unstable)

proposed adaptive pricing methods

enabling online reservations [57]

and valet services

Temporal and spatial-temporal  land value, entry time,
based dynamic pricing demand value and unique services

3.2. Game theory approach

Game theory is the study of mathematical models of strategic interactions among different agents. Re-
cently, parking has been the main focus of dynamic pricing research. Game theory can be used to de-
termine parking pricing. Different interactions, such as those between parking agents, between parking
agents and drivers, and among drivers, affect how much parking charges. Various interactions like be-
tween parking agents, parking agents, and drivers and among drivers in determinations of parking pricing.
Parking agents set prices with the aim of maximizing their profit whereas drivers aspire to access parking
lots with minimum cost and another criterion. Mathematical models are used to establish dynamic pric-
ing based on various game theories applied in various situations. Wang et al. [104] proposed a pricing
model that applies the principal-agent theory to the parking pricing problem. The parking pricing game
consists of the government, drivers, and parking firms as players.

The interaction between these players on parking pricing has been summarized as shown in Figure 3.
It is assumed that everyone participating in the parking pricing game is unbiased and seeking to optimize
their interests. The relationship between players must be stated in game theory. To determine how players
are connected, game theory is applied. Finally, each player develops their dominant strategy. If there is a
Nash equilibrium for the entire game system, it is produced by a combination of their dominating tactics.
Game theory can be applied in the determination of parking pricing. Private parking garages and public
ones may compete on and cooperate in open markets. Sometimes there is competition among drivers for
a limited parking space.
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Game theory matches with situations involving cooperation and competition among rational decision-
makers. Due to the adaptability to pricing problems, game-theoretic methods, especially the Stackelberg
model [51], Bertrand model [85], and Cournot model [100] have been extensively used. Even though
game theory has historically been used to solve a variety of issues, few studies particularly analyzed the
pricing behavior of parking spaces. The only difference between the Stackelberg and Cournot leadership
models is how players are prioritized. The parking agent who adjusts the price is considered as leader
and the one deciding later after observing the leader’s strategy acts as folls.

Government
Control <
o,
<
I;;}O
&
O
é}‘\ Pricing
I
o
O
¢ o
&
Parking Firms s Drivers
Parking Demand

Figure 3. Players Relationship [104]

Tsaietal. [95] constructed a three-stage Stackelberg game model considering the government, drivers,
and the parking firm as stakeholders to analyze the interaction between them. The government releases
more parking spaces to private parking firms to maximize welfare. Hollander et al. [33] formulated a
non-cooperative Stackelberg game and used a logit model to obtain the choice distribution of all drivers.
They also introduced a preference coefficient for each combination of destination and transportation
mode of drivers. Following this, [118] presented an extended three-stage Stackelberg model with user
equilibrium.

Xiao et al. [111] studied a parking pricing problem of a game between public and private parking
infrastructures. For the parking pricing problem, they created a two-player Nash game model in which
the government, which manages the public parking infrastructure, seeks to maximize social welfare (also
known as minimizing the total social cost), and the private operators who manage the private parking
infrastructure seek to maximize their profit. They discovered the ideal parking charge levels for two
players at the Nash game equilibrium. The sensitivity analysis is used to determine how changes in the
number of public parking lots, their capacity, and overall demand affect parking rates. For capturing the
competition among drivers for a finite number of attractive parking spaces, Guo et al. [26] presented
two different types of parking choice models, a static game-theoretic model and a dynamic model. The
static model was designed to capture the rational aspect of parking choice behavior without considering
the characteristics of each driver. However, the dynamic model takes into account the driver’s behavioral
characteristics, which reflects the effects of both the rational and irrational sides of parking behavior. The
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results of [26] showed that the outcome of the prediction of the dynamic model is more precise than the
static game theoretic model.

Mackowski et al. [56] presented the Stackelberg leader-follower game to adjust parking prices in real
time to utilize parking access and space. An integrated parking pricing and management system is fitted
in the model where parking reservations and transactions are facilitated to ensure the availability of con-
venient spaces at equilibrium market prices. For efficient parking access and space usage, the Stackelberg
leader-follower game has been devised to establish parking charges in real time. The suggested dynamic
parking price model is demonstrated with numerical results to have the capacity to almost eliminate cars
searching for parking, which leads to a substantial reduction of detrimental socioeconomic effects like
traffic congestion and emissions.

Zheng et al. [116] proposed an aggregated and dynamic modeling of multimodal traffic systems to
design dynamic parking pricing strategies. The proposed approach captures the congestion dynamics at
the network level for single-mode and bi-modal systems based on the macroscopic fundamental diagram
(MFD. Pricing strategies were developed to reduce traffic congestion and minimize the total travel cost
of all users. Additionally, the Stackelberg equilibrium was examined about the rivalry between parking
agents. There is capacity control and pricing for on-street parking. Zong et al. [119] described an
optimal structure of parking rates in terms of parking places and time duration. A bi-level parking
model based on game theory is established. The Nash equilibrium and Stackelberg game were used
to estimate the model. The parking system was used to explore both the interactions between drivers
and the government as well as among drivers. Ayala et al. [7] presented a game-theoretic framework to
analyze parking situations provided that Vehicular parking can be viewed as vehicles (players) competing
for parking slots. The authors also examined games for assigning parking spaces in situations with full
and incomplete knowledge. They described the Nash equilibrium for the game and demonstrated that it
applied to all cases of pure strategies with complete information.

Mamandi et al. [58] developed parking selection methods including those based on game theory
and priority heuristics. In the game theory paradigm, drivers are viewed as rational agents that want
to maximize their payoffs. On the other hand, the priority heuristic model considers driving attributes
while selecting a parking space. Based on the total number of drivers, the available on-street parking
spaces, the cost distinction between private and on-street parking, and the influence of each factor on the
effectiveness of the parking guidance system, they compared their model to similar existing models and
found it to be more effective.

Using a game theory-based evaluation of the neighbors’ strategies, Li et al. [49] investigated a parking
lot discovery method to identify the best and most accessible parking lot. As drivers cruise around the
parking area, the competing parking agents’ costs are continuously evaluated in a cooperative approach,
which helps to raise the parking efficiency of the system. The parking lot discovery problem is also for-
mulated as an instance of a resource selection game. Each driver’s choice over the competing parking lot
reflects the extra cost of an opponent’s loss. Based on this principle, the total efficiency of all competitors
is derived as Nash equilibrium, and the simulations of the algorithms give information for parking lot
management that aims to raise the efficiency of the parking area.

Aghajani et al. [1] proposed a cooperative game model to determine price adaptively. The profit
maximization of utilities and cost minimization of parking lots are computed. The numerical results
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prove that higher deviation over the spot market price leads to both higher mean and deviation over profit
considering the effect of price’s uncertainty.

Priya et al. [71] focused on the optimization of parking spaces and obtained optimal results for
different scenarios. The nested logit model is used to give segregation between the public transit systems,
which might be more beneficial for the government. The Stackelberg game model is applied to represent
the interaction between the public authority and the travelers. The solution provided in this study can be
collaborated with existing smart parking systems for optimal results.

He et al. [31] considered a finite number of drivers with various origins competing for the same num-
ber of parking spaces found at different sites in the central business area to minimize their parking costs.
Equilibrium assignments are described as a system of nonlinear equations and discussed through optimal
pricing schemes that steer the parking competition to the system’s optimum parking spaces. A valid price
vector was introduced taking the non-unique equilibrium state of parking competition into account and
ensuring that the parking competition outcome becomes the system optimum. Table 2 summarizes game

theory-based parking pricing approaches mentioned in subsection 3.2.

Table 2. Summary of game theory based parking pricing approaches

Solution approach Factors considered Main result Ref.
developed pricing model
Lagrangian function parking agents and parking fees  that applies the principal-agent theory  [104]
to regulate dynamic traffic demand
parking fee and maximizing welfare making
Stackelberg game the searching time cost a profit for the firm (93]
transportation mode, choice . .
Stackelberg game distribution and Logit model maximization of utility [33]
arking space allocation maximize profit
Stackelberg models P § 5pace of the parking agents [118]
and route choice S .
and minimize the total social cost
parking pricing maximize social welfare
Nash game model and transportation network and profit of parking owners (1]
vehicle circling for parkin eliminate vehicle circling
Stackelberg game NS orp & for parking which reduces emissions [56]
and dynamic pricing .
and traffic congestion
suggested pricing strategies
Stackelberg equilibrium total travel cost . maintained system performance [116]
and traffic congestion . .
under capacity reduction
e optimize parking price
:;ZCIEIG;EE reg uilibrium E)efmla)];)li?lll arcll(irsnfg:ial distribution to balance the temporal and spatial [119]
q p & distribution of the parking demand
Dynamic game the. parking compet.mon among prqposed a robust pricing strategy [31]
finite number of drivers to improve the worst-case performance
Evolutionary game trip mode choice behavior minimizing the total social cost [54]

and total social cost

3.3.

In this section, we present various previous works related to parking pricing treated by using multiobjec-
tive and multilevel programming approaches. Multiobjective programming is a mathematical optimiza-

Multiobjective and multilevel programming approach
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tion problem involving more than one conflicting objective function to be optimized at the same time.
Multi-objective programming has been applied to many fields of science, engineering, economics, logis-
tics, transportation, etc., where optimal decisions need to be taken in the presence of trade-offs between
two or more objectives that may be in conflict. Whereas a multilevel programming problem partitions
the control of the decision variables among various decision makers, each acting sequentially or simulta-
neously to optimize their objective function. Some parking-related studies are using a multiobjective and
multilevel optimization approach.

To deal with parking space fairly, Rehena et al. [79] suggested a multiple criteria-based parking
space reservation algorithm. The simulation outcomes demonstrate that the algorithm fairly met the
users’ requests for all preferences. Mondal et al. [64] extended the multiple criteria-based parking
space reservation algorithm which enables commuters to access and reserve the required parking lot.
To increase revenue, the system also takes into account the idea of a dynamic pricing strategy when
determining parking fees.

Ratli [77] studied the application of multiobjective programming to parking management systems
in a dynamic environment. The consequences of the lack of parking slots along with the inadequate
management of these facilities are tremendous. A robust powerful algorithm is created to boost parking
managers’ income and help drivers save time and money. The problem was formulated as a multiobjec-
tive assignment problem in static and dynamic environments. The approximation of the set of efficient
solutions for a bi-objective problem is computed using a bi-phase heuristic algorithm with the static en-
vironment as the first phase. In the second phase, the meta-heuristics technique is used to generate and
approximate the non-supported efficient solutions. Huang et al. [50] examined the competitive equilib-
rium between road pricing and parking charges. A multiobjective bilevel programming approach with an
equity constraint was developed to optimize the time differential road tolls and parking fees throughout
the day. The problem was solved using a penalty function approach combined with a simulated annealing
technique. A bi-objective facility location problem with many servers, price regulations, and immobile
servers was formulated by [28]. A multiobjective vibration damping optimization has been created to
solve the model. Wang et al. [106] explored the influence of the number of facilities on the optimization
objectives and applied the multiobjective optimization model of car occupant transfer facilities.

With demand forecasting as the basic data and on the premise of ensuring occupancy, their model
takes the maximization of intercepted vehicle mileage and the maximization of transfer utility as goals to
establish the collaborative layout decision model. The model can give a reasonable scheme as a reference
for improving the operational efficiency of multimodal transportation networks and meanwhile provides
theoretical support for improving the effectiveness of urban transportation planning. Moradijoz et al.
[65] investigated the optimal size of parking lots and total benefit using multiobjective programming. In
some of the previous studies like [14] parking pricing is determined to the public and used by authorities
as a tool to manage transport demand. Parking pricing was discussed, including dual pricing, the private
environment, and multicriteria decision-making. Goal programming (GP) is the main technique used to
model the issue. A dynamic parking price maintains a balance between the parking demand and fixed
parking supply.

Li et al. [52] developed a bilevel model in which the upper level seeks to maximize the net benefit to
the network in response to parking fees and parking supply; as a result, the lower level is a time-dependent
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network equilibrium issue with elastic demand. To solve the model, a descent-gradient-based solution
algorithm is used. To manage demand in the central business district and determine the lower bound for
dynamic parking fees, Eftekhari et al. [20] devised a bilevel optimization model. The stochastic user
equilibrium model converges to the predicted flow system optimum model based on the indicated prices.

Sub-section 3.3 is summarized in Table 3.

Table 3. Summary of multiobjective and multilevel programming methods

Solution approach Factors considered Main result Ref.
Multiple criteria based ) . .
. smart parking the algorithm enables to balance parking
parking space . . . . [79]
. . and parking reservations save time, reduce traffic and pollution
reservation algorithm
Multiple criteria based dynamic pricing strategy .
) reduces the average extra driving
parking space and revenue of . [64]
. . . and reduce traffic congestion
reservation algorithm government agencies
developed effective algorithms that assist
. static and dynamic drivers save time and money
Bi-objective problem . . [77]
environment and help parking management
generate more revenue
Co L ) ) . maximized the overall profit
Bi-objective optimization  investment cost, optimal site . ) i
. . . . and determined the parking lot’s size [65]
and genetic algorithm and size of parking lots . .
and optimal capacity
Multiobjective bilevel elastic demand, departure time, examined the equilibrium problem (50]
programming route and parking location of road pricing and parking charging
o . maximized total profit
Multi-objective traffic congestion . L.
. . . . and simultaneously minimized [28]
evolutionary algorithm and pricing policy LT
the sum of waiting time in queues
the model ensured the occupancy rate
Multi-objective imbalance between of parking spots and enhanced
L , . [106]
optimization supply and demand the overall service level of vehicle
occupant transfer facilities
i the finding addressed the part that parking
Goal programming parking fee charges play a significant role [14]
and the customer’s threshold . £ ] pay . &
in parking policy
. demonstrate the value of implementing
. descent-gradient-based . . .
Bilevel model i i time-varying parking fees [52]
solution algorithm 4 o
and parking availability
dynamic parking prices determined capacity for public
Bilevel programming and stochastic user transportation and examine different [20]

equilibrium model

public transportation cost function

3.4.

The queuing model is used to analyze the relationships between parking pricing, current parking demand,
and parking time as explained by some researchers. Parking dynamics queuing models and model-based

Queuing theory approach
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prediction methods are used to give real-time probabilistic estimates of future parking occupancy. Park-
ing prices are an effective tool for managing parking demand because they motivate clients to shift their
parking needs from peak to off-peak hours, increase vehicle turnover at particular times or in specific
locations, and balance parking demand across various lots. Larson et al. [45] developed a model that
depicts patrolling drivers seeking on-street metered or free parking. Driving around the streets was ex-
pected of drivers looking for parking spots to find the first vacant spot. Modeling the overall process of
parked cars relocating from parking places was done using the Poisson process. Based on their findings,
parking pricing can control local and time-varying traffic congestion using the price differentials between
on-street parking and off-street parking. It is also indicated that the queuing delay and reneging rate are
inversely proportional. When on-street parking spaces are all taken, patrolling drivers are assigned using
a Poisson distribution, and the marginal delay cost imposed by an extra road user becomes constant as
a result of reneging. Parking pricing can be modeled as a queuing model to minimize cruising time and
traffic jams. In the model, drivers who were searching for on-street parking have been considered. Here,
parking pricing can be seen as an alternative to road pricing. Given that the arrival rate and the length
of stay depend on the parking price, Keren and Hadad [42] employed queuing models M /G/N/N to
establish the appropriate parking pricing. The model proved useful in scenarios when the objective func-
tion was to maintain a specific park occupancy rate. The findings indicated that parking price is a crucial
instrument for a car park’s process management and benchmarking (Table 4).

Table 4. Summary of queuing model approach

Solution approach  Factors considered Main result Ref.
found that using the price
differences between on-street and off-street

Queuing model congestion pricing parking, parking pricing can reduce [45]
time-varying traffic congestion
Queuing model zz;\;i{gr?iﬁe parking pricing is one of the most crucial tools [42]

M/G/N/N for process management and benchmarking of a parking lot

and parking price

3.5. Artificial intelligence and related approach

Artificial intelligence has become an essential part of our daily lives. This section provides specific in-
stances of how artificial intelligence and related topics are being used in parking pricing strategies. Ma-
chine learning techniques optimize parameters through its iterative learning capabilities. Saharan et al. [82]
proposed an occupancy-driven machine learning based on on-street parking pricing. A machine learning-
based approach is used to predict the occupancy of parking lots and reduce occupancy-driven prices for
arriving vehicles. The results obtained using the method on-street parking pricing scheme demonstrated
its effectiveness over other existing schemes. For dynamic pricing and allocation of parking spaces in
on-street parking scenarios, Saharan et al. [83] proposed machine learning and game theory. The Stack-
elberg game is used to model the dynamic pricing and allocation problem, and Nash equilibrium is used
to solve it.

To enhance the driving experience in congested regions, provide current parking costs, and offer
reservation as well as guidance services, Jioudi et al. [39] developed a smart parking system based on
multiagent characteristics. The system assigns optimal parking for a driver based on proximity to the
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destination, parking cost, and dwell time, allowing users to share public space fairly and enhance traffic

conditions. In light of the findings, pricing regulations are an effective management tool for reducing

cruising for parking spaces as well as managing parking occupancy and stay duration.

Simhon et al. [89] proposed a demand-based parking pricing used to reduce the amount of cruising for

parking. The occupancy rate of a parking area is predicted by employing a machine-learning approach

based on the past occupancy rates and prices of the entire neighborhood. An optimization problem is

formulated for the prices in each parking area that minimizes the root mean squared error between the

predicted occupancy rates of all areas in the neighborhood and the target occupancy rates. Luque-Cerpa

et al. [55] presented dynamic prices in regulated parking services. Low-quality episodes are predicted

and diverse deep-learning strategies are evaluated to discourage motor vehicle parking using dynamic

pricing in the parking service.

Table 5. Summary of Artificial Intelligence and Related Methods

Solution approach Factors considered Main result Ref.
occupancy rates using nearby block prices considerably increases
Learning model and prices of the the machine learning model’s accuracy [89]
entire parking lots in forecasting occupancy
curbing congestion, . . L
Learning model cruising time and smart predicted occupancy of Parkmg lots Whlc%l 1's used (82]
. . to deduce occupancy driven prices for arriving
city environment
Machine learning paid parking users and minimization of parking prices, maximization (83]
and Stackelberg game restricted parking users  of revenue and balancing the congestion at parking lots
Multi-agent smart smart parking and introduced the e-parking system, which includes reservation (39]
parking multi-agent features and assistance services as well as real-time parking prices
economic parameters
Deep learning and prediction of the proposed dynamic prices to regulate parking services [55]
alert level of pollution
multiple sensors .. . e .
Cloud computing and appropriate maximize parking space'avallablht.y for drivers (84]
L and revenue for the parking authority
communication network
Artificial intelligence parking .management using intelligs:nt algori.thms, prices are fore.cast based (78]
and pricing on distance, time, services offered, and vehicle type
Reinforcement learning  time series based maximize parking resource utilization [19]
dynamic pricing prediction model and parking revenue for parking management
Deep learning black box and white pro.Vic?e alproactive, predictio.n—d.riven . . [34]
box search methods optimization approach for adjusting parking prices
Deep reinforcement parking occupancy data investigated a dynamic pricing system based on parking [70]

learning

revenue and vehicle arrival rate for the parking industry

Sarker et al. [84] proposed a dynamic pricing algorithm to yield the maximum possible revenue for the

parking authority and optimum parking slot availability for the drivers. Reebadiya et al. [78] developed a

dynamic parking pricing scheme based on an integrated vehicle. The finding reflected that static parking
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pricing leads to traffic congestion, air pollution, and illegal parking around parking areas as a driver
always chooses the nearest parking space. The result also shows that the system allows users to interact
with parking service providers. Considering vehicle type, they predicted prices and provided fair price
distribution services to minimize congestion and maximize revenue. As indicated in the study, prices are
changed based on demand and availability.

Deng et al. [19] offered a system that makes use of public resources that are already accessible while
maximizing revenue with predetermined constraints in the area of parking management. A dynamic
pricing model based on reinforcement learning has been utilized to add price restrictions and prediction
models using data-driven time series. To dynamically change parking prices, Hong et al. [34] introduced
a proactive prediction-driven optimization methodology. Future parking occupancy and price data have
been designed using neural ordinary differential equations of the deep neural network.

More recently, Poh et al. [70] developed a dynamic pricing model based on deep reinforcement
learning to control parking prices depending on traffic volume and parking occupancy rate. The model
forecasts vehicle volume and traffic congestion while distributing vehicle flows. Table 5 summarizes
Section 3.5.

3.6. Statistical-based analysis

This section presents statistical methods based parking pricing previous works of which most of them
uses empirical data and analysis. In many studies of parking policy, the role of parking pricing has
been considered. Parking charges can directly contribute to decreased greenhouse gas emissions and air
pollution. As shown in Table 6, statistical techniques were applied to examine parking pricing-related
works in various studies. Simi ¢evi€ et al. [90] developed a meth for parking price determination, which
will balance parking supply and demand. Simicevic et al. [91] extended the model to predict the effects of
changing parking prices and time limitations using logistic regression based on stated preference data. It
is shown that parking pricing can affect car usage and time limitations to determine on-street or off-street
parking. Van et al. [97] studied the consequences of non-optimal pricing of parking by estimating the
employees’ demand for parking and analyzed the effects of price on parking demand. The loss produced
by free parking for workers is about 10% of the organization’s parking costs.

Wan et al. [102] investigated several variables that affect the curb parking price and the time-varying
curb parking price regulations using the time series technique and regression analysis method. The
suggested approach has several flaws, but this curb parking price forecast can aid in the development of
improved parking plans, the balancing of parking supply and demand, and the resolution of the urban
parking issue.

A dynamic macroscopic parking pricing model was the subject of Jacob et al. [37] study. Recent
research has highlighted the need for demand-responsive pricing. Parking pricing was extended from a
previous dynamic macroscopic urban traffic and parking study. The demand-responsive pricing scheme
and cruising for parking space was considered in the study. It appears that parking rates fluctuate depend-
ing on demand. The model also examined how parking pricing affected drivers’ decisions on whether to
pay the required parking fee or keep looking for a lower one.

Wang et al. [103] studied the effects of street parking pricing policies on parking characteristics.
It is indicated that parking pricing is an instrument for improving parking management and relieving
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traffic congestion in urban areas. The result also elaborated that the parking duration decreases as its
price increases. Kolmogorov—Smirnov (K-S) tests showed that on-street parking characteristics differ
fundamentally before and after the implementation of a new parking pricing structure. Strategies that can
improve parking services were also investigated based on the empirical data.

Three frequently employed parking regulations in European cities were examined in recent studies
like [62], notably daily tickets only, daily tickets with time limits, and pricing only. In regulating the
length of parking stays, findings have shown that time restrictions are more successful than pricing-
only measures. Recently, researchers have given more attention to the study of the impacts of parking
pricing on modal transport demand management systems. Even though the effect of a transport demand
management pricing measure is estimated, the potentially varying impacts of pricing measures are often
overlooked in the policy process. Policymakers considered a progressive increase of tariffs and variance
of price impacts for various trip purposes. Kelly et al. [40] showed a progressively widening gap in
the price sensitivity of particular market subsets which can lead to the development of a pricing policy.
The methodology presented by Kelly et al. [41] can be used to produce useful data for analysis in
contemporary on-street parking systems. By presenting the results of the on-street parking market’s
price elasticity of demand, the paper also aims to contribute to the literature on parking.

Some researchers such Ayala et al. [8] used price elasticity theory to examine people’s parking and
travel preferences which discovered that people are more inclined to transfer parking places than they are
to alter modes of transportation. Pricing elasticity is an indicator to reflect the sensitivity of the traveler’s
parking demand change as a response to the pricing change. To improve user experience and accomplish
the objectives of on-street parking, Li et al. [48] devised a way to optimize the price mechanics of on-
street parking. It was suggested to replicate parking decision behaviors between on-street and off-street
parking by using the binary logit style choice model. The value of price elasticity of predicted perceived
parking cost was recommended to meet the objectives of price discrimination with a clear focus on user
perceptions of parking fees. Generally, the findings imply that by discouraging users from vying for
scarce on-street spaces, an optimal on-street parking price profile can assist in realizing significant time
savings.

Zhou [117] presented the correlation between parking pricing and searching for parking spaces in a
steady state using a theoretical economic model. Drivers are assumed to decide on the parking place
based on the expected cost with the option of cruising for a vacant space or proceeding to off-street
parking. It is stated that cruising generates more cost for an increasing number of drivers whose choice
is on-street parking. Additionally, the increment of on-street parking fees to an optimal level reduces the
number of searchers and discourages individuals from illegal parking.

Pierce et al. [69] argued that cities can more effectively manage their parking assets to maximize
public benefits by setting occupancy rather than revenue targets. They supported their argument with
evidence from the most promising practical example of off-street parking public management, which de-
creased parking prices and increased garage occupancy while maintaining revenue for the city. Statistical
methods,and solution approaches with respective results found are presented in Table 6.
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Table 6. Summary of statistical based analysis
Solution approach Factors considered Main result Ref.
Price elasticity of demand parking demand and prfedlcted ex‘pl‘ored the potential for parking [90]
regular number of parking spaces  pricing to control demand
. . oL . evaluated the effect of the price
Descriptive statistics welfare-maximising principles of employee parking on demand [97]
. . solved the traffic problem caused by
Time series . . .
. . curb parking price the imbalance between [102]
regression analysis .
parking supply and demand
maximize the revenue rovided a preliminary idea for city councils
Probability function maximization and minimization fe ardin aﬁ o timalryarkin riciz olic [37]
of total cruising time & & p p ep & poucy
Kolmogorov—Smirnov tests on-street'parklng demonstrated that pa‘rklng duration [103]
and empirical data gets shorter as the price goes up
. . illustrated that parking prices affect
. . parking policy . Lo .
Logistic regression model car usage and time limitations determine [91]
and stated preference data .
the type of parking used
different parking policies results show that time limitations are
Statistical analysis (pricing only, pricing and time more effective than pricing only strategies [62]
restrictions and daily tickets only) in reducing the length of parking stays
Statistical analysis dynamlc.prlcmg the r.e.su.lt h.1gh11ghts the 1mpac?t of price [40]
and parking occupancy sensitivity in developing parking policy
revealed-preference evaluated individual estimations
Statistical analysis ved-p for specific periods and the overall [41]
parking trend data . .
price elasticity of demand level
. - implementing a price strategy ensures
Simulation based analysis parking aval la.lb]hty that each car pays a cost equivalent [8]
and total driving distance . e s
to its equilibrium cost
reduced parking congestion and improved
Simulation based analysis both on- and off-street parking the overall system performance using [25]
real-time parking pricing strategies
Descriptive statistics price elasticity . detenpmed the optlmgl parking rate to achieve [67]
of on-street parking demand a desired level of parking occupancy
. . parking fee, cruising time reduce the occupancy rates
Linear regression model and walking time of curbside parking [115]
. supply pricing scenarios supply price scenarios simulated using
State preference experiment on CBD parking share a nested logit model and parking choices [32]
arkine pricine and cruisin increase the cost of on-street parking
Economic model p g pricing £ to deter people from parking [117]
for parking in a steady state . O
their automobiles in road
maximization of public benefits . .
Statistical method and off-street parking decreased the average driver cost while [69]

public management

maintaining steady revenue

3.7.

Practical implementations

Based on demand, parking agents can improve the parking experience for their clients by using dynamic

pricing. The parking operational process can be made better and revenue can be improved with the im-
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plementation of a dynamic pricing approach. Usually, the aim of parking agents, drivers, and authorities
are profit maximization, minimum price with total travel cost, and reduction of traffic congestion with
minimum air pollution respectively.

The first version of the PARKSIM model was created in 1986 [112]. It has been used to simulate
a parking search within a parking lot [113]. Demand-responsive parking pricing initiatives have been
launched in San Francisco (SFpark), and Los Angeles (ExpressPark), which offer performance pricing
for on-street parking and SeaPark in Seattle. In July 2014, the city of Madrid introduced a dynamic
pricing (DP) system in which the cost of parking is determined by the kind of vehicle and the level of
demand [22].

Drivers can conduct real-time online parking requests and reservations. Numerous smartphone park-
ing apps, like SpotHero, ParkWhiz, ParkMe, and Parking Panda, have emerged, enabling drivers to check
the availability of parking spaces and make reservations before their trip [15]. Parking agents may antici-
pate demand by utilizing smart technologies. They are also able to determine reasonable parking charges.
When there is a lot of demand, they will be able to boost the cost of parking spaces. By doing this, park-
ing lot owners and operators can increase profits and reduce possible losses during times of low demand
and vacant spaces.

Furthermore, by using an effective dynamic pricing approach, parking operators may manage parking
effectively. Instead of using static pricing, it is achievable by making pricing pertinent to the present
supply and demand. Therefore, dynamic parking pricing allows for elastic demand and optimizes the use
of parking resources.

4. Discussion

One of important factors in determining dynamic parking rates is occupancy. Drivers must obtain current
occupancy and cost information to make the best choice of parking spaces. The dynamic programming
method is used to solve the stochastic control formulation. The ultimate optimal parking policy ensures
that a crucial occupancy occurs for each period. When the current occupancy is higher than the essential
occupancy, the closer lot’s parking rate should go into effect. Using dynamic parking price control mode
to modify the driver’s choice of trip mode, the overall social cost can be reduced.

Multiobjective programming is also used to model objective functions consisting of the balance be-
tween the satisfaction of drivers and the interest of parking agents. The need for the nearest parking lot
and parking fee can also be formulated as a bi-objective optimization problem.

Queuing theory is also presented to model the arrival of a vehicle at a parking lot. If vehicle owners
want to be part of the determination of parking pricing, then game theory can be useful. Optimization
techniques are used to optimize various parameters and solve problems of uneven occupancy at different
parking lots. Apart from all such dynamic pricing techniques, the acceptability of dynamic parking fares
among people should be evaluated directly or indirectly. If a variety of parking lots exists, then a machine
learning-based model can be a better option to determine dynamic parking prices. The machine learning
approach is also applicable in predicting the occupancy rates for a set of parking areas, in a neighborhood
and obtaining parking prices. These prices are the solution to an optimization problem, which aims to
achieve occupancy rates close to a certain target level in each parking area.
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Various open challenges and future research directions in the field of dynamic parking pricing have
been discussed in the following sub-section. Dynamic parking pricing approaches have some shortcom-
ings of increasing parking prices for drivers, missing evaluation of real-time data, and performance, lack
of negotiation between drivers who are looking for parking places and parking providers. The depen-
dency of price on parking duration and other parameters are missing like the user’s value of time and
dynamic change in parking price.

This paper reviews different parking pricing approaches as an integral component of urban parking
management systems. The study creates model groupings based on approaches and methodologies for
solving problems. Some of the previous studies like [16, 38, 63, 67] were conducted by collecting primary
data on specific study areas. Others like [82] and [8] used various simulation techniques and analysis.
There are also some works like [21] which have been addressed using statistical methods. Hence, it is
challenging to undertake a comparison study of each methodological approach mentioned in this work
due to the quantity and type of data collected, parameters taken into account, solution methods used,
and several other factors. The factors considered in each method and corresponding contributions can be
summarized in Table 7.

Table 7. Summary of methods, factors considered, and main contributions

Approach Factors considered Main contribution
Dynamic reduce traffic congestion
and stochastic control and improve parking revenue

parking occupancy and parking fee

rational players, parking price,

Game theory demand and supply

profit maximization

travel distance, parking cost,

MOP and MLP . . L
air pollution, cruising time

reserve and Obtain a suitable parking space

arrival rate

ueuing model
Q & and entrance fee

specify the preferred level of park occupancy.

smart parking systems, used to predict the occupancy of parking lots
Al and related parking cost, and dwell time and optimise parking utilization
Statistical empirical data used to improve parking pricing policy

based on updated data and analysis

4.1. Strength and limitations

4.1.1. Strength

As the inadequacy of parking space is becoming a series issue in many large cities, the problem attracts
researchers’ attention. Dynamic parking pricing is by far the most promising solution to use available
spaces efficiently. Adopting an occupancy-driven parking policy is significantly more efficient than using
deterministic pricing schemes. Most of the stochastic control techniques listed in Table 1 are preferable
to increasing occupancy, decreasing total travel time, and used to generate revenue.

The interaction between parking agents, governments, commuters, and other stakeholders can be mod-
eled in a multilevel programming approach using game theory. The aim of maximizing social benefits
can also be achieved under the consideration of incentive compatibility and participation constraints.
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Hence, the pricing strategy can regulate drivers’ demand for parking, thus minimizing traffic congestion
and parking space shortage. Applying the Stackelberg game and Nash equilibrium methods contributes
to reducing cruising time, carbon emissions, and air pollution.

In general, the dynamic parking price-based regulatory framework has been discussed in different
technical approaches that influence the organized parking management system. This study helps suggest
different optimal parking pricing strategies to be used in rapidly growing urban areas that face parking
problems.

4.1.2. Limitations

Some dynamic parking pricing approaches have some shortcomings of increasing parking prices for
drivers, missing evaluation on real-time data performance, and lack of negotiation between drivers who
are looking for a parking place and parking agents. Variations of price with the change of time, user’s
value of time, and change in parking price with occupancy were not considered in the previous studies.
Several of the discussed approaches have the following limitations:
e Disregarding competition among parking agencies.
e Disregarding such parameters as distance from destination, sound pollution due to cruising, parking
space accessibility, etc.
e Parking fees limited to on-street or off-street parkings only; reservation fees, acceptance of reserva-
tions, and other issues not considered at the time.
e Disregarding the influence of parking information and trip purposes on parking choice.
e Lack of frequent price adjustment of a floating charge.
e Assuming the increase of parking fees concerning occupancy and time and disregarding constant
travel time.
e Lack of a fully satisfactory description of the capability of parking model, parking choice, and
parking search capabilities.
e Disregarding some social events, the effect of neighborhood parking lots, drivers’ behavior in
choice-making, and environmental situations.

4.2. Conclusions

Given the active nature of the field and the increasing number of vehicles with the increasing global
population, the study of transportation in general and parking pricing-related issues, in particular, will
play a vital role in the development of modern cities. Below are some of the possible topics or issues for
future research in the context of our discussion:

e Performance-based analysis and robustness of dynamic parking pricing.

e Joint optimization of road pricing and parking pricing with a dynamic situation.

e Fuzzy approach of parking choice behavior of drivers under the consideration of demand and dy-
namic prices.

e Stochastic optimal control-based parking pricing model deals with random demand levels and sys-
tem performance, which is expected to be explored more.
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e Analyze situations in parking pricing problems based on rational game models, consideration of
commuter behavior and benefits, demand and supply-based pricing game with various parking lot
standards and early booking for reservation.

e In most of the previous studies, more attention was given to the deterministic approach, whereas
in reality uncertainty widely exists in demand and user behavior. Hence, the interaction between
parking agencies and drivers can be explored under uncertain circumstances, which is an interesting
topic for future research.

e Stakeholders in the parking management system may have their conflicting objectives while seeking
to achieve their goals.

e Drivers may consider the nearest parking place(minimum distance) and parking cost(minimum fee).

e Parking agents may adjust the price as per demand and supply, whereas the parking management
authorities give more emphasis on the minimization of cruising time to regulate the traffic system,
maximize social benefit, and related issues to time-varying step parking prices shall also be explored
further.

e Bridging the gap between the proposed methods and the planning and operational implementation
needs further study.

5. Summary

This paper presents a comprehensive literature review of the numerous dynamic parking pricing ap-
proaches in different urban areas. From various published works we infer that parking agents can utilize
a dynamic pricing technique to maximize their revenue and make optimal use of the capacity of their
parking lots. Instead of paying a random static price, drivers can benefit from dynamic parking rates
by paying vehicular parking fees based on the real value of the parking lots. It has also numerous envi-
ronmental advantages, including fewer traffic jams as well as more drivers choosing alternatives at peak
hours.

With a detailed discussion of previous works, dynamic parking pricing approaches were categorized
into six approaches: dynamic and stochastic control, game theory, multiobjective and multilevel pro-
gramming, queuing theory, artificial intelligence and related ones, statistical, and other. A summarized
discussion is presented after the detailed discussion of these methods with corresponding contributions.
The general benefits and drawbacks of various techniques are outlined along with potential future works.

Acknowledgement
The first author acknowledges the support of Arba Minch University.

References

[11 AcHAJANI, S., AND KALANTAR, M. A cooperative game theoretic analysis of electric vehicles parking lot in smart grid. Energy
137 (2017), 129-139.

[2] ALGERs, S., HANSEN, S., AND TEGNER, G. Role of waiting time, comfort, and convenience in modal choice for work trip.
Transportation Research Record 534 (1975), 38-51.

[3] ANDERSON, S. P., AND DE PaLma, A. The economics of pricing parking. Journal of Urban Economics 55, 1 (2004), 1-20.

[4] ArNoTT, R., DE PALMA, A., AND LINDSEY, R. A temporal and spatial equilibrium analysis of commuter parking. Journal of
Public Economics 45, 3 (1991), 301-335.



56

S. H. Bayih and S. L. Tilahun

(3]
(6]
(71
(8]
(9]

(10]
(11]

[12]
[13]
(14]
(15]
(16]
(171
(18]

(19]
[20]

(21]

[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]

(30]

(31]
(32]
[33]

(34]

AxHAUSEN, K. W., BEYERLE, A., AND SCHUMACHER, H. Choosing the type of parking. A stated preference approach. In
Proceedings of the 20th Annual UTSG Conference, London, United Kingdom, 1988.

AxHAUSEN, K. W., AND Porak, J. W. Choice of parking: stated preference approach. Transportation 18,1 (1991), 59-81.
Avara, D., Worrson, O., Xu, B., Dascupta, B., aND LiIn, J. Parking slot assignment games. In Proceedings of
the 19th ACM SIGSPATIAL International Conference on Advances in Geographic Information Systems (Chicago IL, 2011), ACM,
pp- 299-308.

AvaLa, D., WorrsoN, O., Xu, B., DasGupTta, B., AND LIN, J. Pricing of parking for congestion reduction. In Proceedings
of the 20th International Conference on Advances in Geographic Information Systems (Redondo Beach, CA 2012), ACM, pp. 43-51.
BAGLOEE, S. A., Asapi, M., AND RicHARDSON, L. Methodology for parking modeling and pricing in traffic impact studies.
Transportation research record 2319, 1 (2012), 1-12.

BatEs, J., AND BRADLEY, M. The clamp parking policy analysis model. Traffic Engineering & Control 27, 7-8 (1986), 410—411.
BiruLco, G. N. A stochastic user equilibrium assignment model for the evaluation of parking policies. European Journal of
Operational Research 71, 2 (1993), 269-287.

Bovrrze, M., AND PuzicHA, J. Effectiveness of the parking guidance system in Frankfurt am Main. Parking Trend International
(1995), 27-30.

Cao, J., MENENDEZ, M., AND NikIAs, V. The effects of on-street parking on the service rate of nearby intersections. Journal
of Advanced Transportation 50, 4 (2016), 406—420.

CHaNG, C.-T., CHunGg, C.-K., SHEU, J.-B., ZHUANG, Z.-Y., AND CHEN, H.-M. The optimal dual-pricing policy of mall
parking service. Transportation Research Part A: Policy and Practice 70 (2014), 223-243.

CHEN, Z., YIN, Y., HE, F., aAnD Lin, J. L. Parking reservation for managing downtown curbside parking. Transportation
Research Record 2498, 1 (2015), 12-18.

CHENG, C., AND QI, P. Impact analysis of parking price adjustment on the quality of service of airport parking lots for light
vehicles. Journal of Advanced Transportation 2019 (2019), 3847837.

D’AcierNoO, L., GaLLo, M., AND MONTELLA, B. Optimisation models for the urban parking pricing problem. Transport
Policy 13,1 (2006), 34-48.

DauNrELDT, S.-O., RupnoLMm, N., AND RAMME, U. Congestion charges and retail revenues: Results from the Stockholm
road pricing trial. Transportation Research Part A: Policy and Practice 43, 3 (2009), 306-309.

DENG, D. Dynamic Pricing for Predictive Analytics in Parking. Master’s thesis, The University of Manitoba, Canada, 2021.
ErTEKHARI, H. R., AND GHATEE, M. The lower bound for dynamic parking prices to decrease congestion through CBD.
Operational Research 17,3 (2017), 761-787.

FeENG, N., Zuang, F.) LiN, J., ZHAL, J., AND Du, X. Statistical analysis and prediction of parking behavior. In Network and
FParallel Computing. 16th IFIP WG 10.3 International Conference, NPC 2019, Hohhot, China, August 23-24, 2019, Proceedings,
(Cham, 2019), X. Tang, Q. Chen, P. Bose, W. Zheng and J.-L. Gaudiot, Eds., vol. 11783 of Lecture Notes in Computer Science,
Springer, pp. 93-104.

FRrIESEN, M., AND MINGARDO, G. Is parking in Europe ready for dynamic pricing? A reality check for the private sector.
Sustainability 12, 7 (2020), 2732.

FuLman, N., AND BENENSON, I. Establishing heterogeneous parking prices for uniform parking availability for autonomous and
human-driven vehicles. IEEE Intelligent Transportation Systems Magazine 11,1 (2018), 15-28.

GovaL, S. K., aAND GoMEs, L. F. A. M. A model for allocating car parking spaces in universities. Transportation Research
Part B: Methodological 18, 3 (1984), 267-269.

Gu, Z., Naimi, A., SABERI, M., Liu, W., aND RasHip1, T. H. Macroscopic parking dynamics modeling and optimal
real-time pricing considering cruising-for-parking. Transportation Research Part C: Emerging Technologies 118 (2020), 102714.
Guo, L., Huang, S., ZHUANG, J., AND SADEK, A. W. Modeling parking behavior under uncertainty: A static game theoretic
versus a sequential neo-additive capacity modeling approach. Networks and Spatial Economics 13, 3 (2013), 327-350.

Guo, Y., Liu, X., YaN, Y., Zuang, N., aND Su, W. Economic analysis of plug-in electric vehicle parking deck with
dynamic pricing. In 2014 IEEE PES General Meeting| Conference & Exposition (National Harbor, MD, 2014), IEEE, pp. 1-5.
HaJipoUR, V., FARAHANI, R. Z., AND FaTTAHI, P. Bi-objective vibration damping optimization for congested location—pricing
problem. Computers & Operations Research 70 (2016), 87-100.

Hassia, V., SAXENA, V., CHAMOLA, V., AND YU, F. R. A parking slot allocation framework based on virtual voting and
adaptive pricing algorithm. IEEE Transactions on Vehicular Technology 69, 6 (2020), 5945-5957.

HassiNE, S. B., KooLr, E., AND MRAIHI, R. Multi-agent smart parking system with dynamic pricing. In Proceedings of the
14th International Conference on Soft Computing and Pattern Recognition (SoCPaR 2022) (Cham, 2023), A. Abraham, T. Hanne, N.
Gandhi, P. M. Mishra, A. Bajaj and P. Siarry, Eds., vol. 648 of Lecture Notes in Networks and Systems, Springer, pp. 781-790.

He, F., YN, Y., CHEN, Z., AND ZHoOU, J. Pricing of parking games with atomic players. Transportation Research Part B:
Methodological 73 (2015), 1-12.

HENsHER, D. A., aAnD KiNg, J. Parking demand and responsiveness to supply, pricing and location in the Sydney central
business district. Transportation Research Part A: Policy and Practice 35, 3 (2001), 177-196.

HOLLANDER, Y., PRASHKER, J. N., AND MAHALEL, D. Determining the desired amount of parking using game theory.
Journal of Urban Planning and Development 132, 1 (2006), 53-61.

Hong, S., SHin, H., CHol, J., AND PARK, N. Prediction-based one-shot dynamic parking pricing. In Proceedings of the 31st
ACM International Conference on Information & Knowledge Management (Atlanta, GA, 2022), ACM, pp. 748-757.



Dynamic vehicle parking pricing. . . 57

[35]

(36]
(37]

(38]

(391

(40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]

[49]

(501

[51]
[52]
(53]
[54]
[55]
[56]
[57]
(58]

(591
(60]

[61]
[62]
[63]
[64]

[65]

Hunt, J. D. Parking location choice: insights and representations based on observed behaviour and the hierarchical logit modelling
formulation. In Institute of Transportation Engineers (ITE), Annual Meeting, 58th, 1988, Vancouver, Canada (1988), pp. 439-446.
Inci, E. A review of the economics of parking. Economics of Transportation 4, 1-2 (2015), 50-63.

JakoB, M., MENENDEZ, M., AND Cao0, J. A dynamic macroscopic parking pricing model. In /4th World Conference on
Transport Research (WCTR 2016) (Shanghai, China, July 10-15, 2016), (2016), pp. 1-20.

JakoB, M., MENENDEZ, M., AND CA0, J. A dynamic macroscopic parking pricing and decision model. Transportmetrica B:
Transport Dynamics 8, 1 (2020), 307-331.

Jioupl, B., AMARI, A., MOUTAOUAKKIL, F., AND MEDROMI, H. e-parking: Multi-agent smart parking platform for dynamic
pricing and reservation sharing service. International Journal of Advanced Computer Science and Applications 10, 11 (2019), 342—
351.

KEerLLy, J. A., AND CLINCH, J. P. Influence of varied parking tariffs on parking occupancy levels by trip purpose. Transport
Policy 13, 6 (2006), 487-495.

KEeLLy, J. A., AND CLINCH, J. P. Temporal variance of revealed preference on-street parking price elasticity. Transport Policy
16, 4 (2009), 193-199.

KEREN, B., AND HADAD, Y. Using queuing models to set the right parking price. International Journal of Process Management
and Benchmarking 11,2 (2021), 271-289.

KrrcHENHAM, B., BRERETON, O. P., BUDGEN, D., TURNER, M., BAILEY, J., AND LINKMAN, S. Systematic literature
reviews in software engineering — A systematic literature review. Information and Software Technology 51, 1 (2009), 7-15.
Kosus, M. B. W., GUTIERREZ-I-PUIGARNAU, E., RIETVELD, P., AND VAN OMMEREN, J. N. The on-street parking
premium and car drivers’ choice between street and garage parking. Regional Science and Urban Economics 43, 2 (2013), 395-403.
Larson, R. C., AND SasaNuma, K. Congestion pricing: A parking queue model. Journal of Industrial and Systems Engineering
4,1(2010), 1-17.

LECLERCQ, L., SENECAT, A., AND MARIOTTE, G. Dynamic macroscopic simulation of on-street parking search: A trip-based
approach. Transportation Research Part B: Methodological 101 (2017), 268-282.

Ler, C., AND OUYANG, Y. Dynamic pricing and reservation for intelligent urban parking management. Transportation Research
Part C: Emerging Technologies 77 (2017), 226-244.

L1, J., Wu, S., aANnD FENG, X. Optimization of on-street parking charges based on price elasticity of the expected perceived
parking cost. Sustainability 13, 10 (2021), 5735.

L1, P., L1, D., AND ZHANG, X. CGPS: A collaborative game in parking-lot search. In Proceedings of International Conference on
Soft Computing Techniques and Engineering Application, S. Patnaik, S. and X. Li, Eds., vol. 250 of Advances in Intelligent Systems
and Computing, Springer, 2014, pp. 105-113.

L1, Z.-H., Huang, H.-J., Lam, W., AND WoNG, S. Time-differential pricing of road tolls and parking charges in a transport
network with elastic demand. In Transportation and Traffic Theory, R. E. Allsop, M. G. H. Bell and B. G. Heydecker, Eds., Elsevier
Ltd., 2007, 55-85.

L1, T., aND SETHI, S. P. A review of dynamic Stackelberg game models. Discrete & Continuous Dynamical Systems-B 22, 1
(2017), 125-159.

L1, Z., Huang, H., Lam, W. H. K., AND WoNG, S. C. Optimization of time-varying parking charges and parking supply
in networks with multiple user classes and multiple parking facilities. Tsinghua science and technology 12,2 (2007), 167-1717.

Lin, T., Lvu, G. L., TiaN, F., anD Lu, Y. A pilot study of on-street parking charge in Shenzhen. Urban Transport of China
14, 4 (2016), 30-39.

Lin, X., AND YuaN, P. A dynamic parking charge optimal control model under perspective of commuters’ evolutionary game
behavior. Physica A: Statistical Mechanics and its Applications 490 (2018), 1096-1110.

LuqQue-CERPA, A., GUTIERREZ-NARANJO, M. A.; AND CARDENAS-MONTES, M. Dynamic price of parking service based
on deep learning, 2022. Preprint version available from arXiv: https://doi.org/10.48550/arXiv.2201.04188.

Mackowski, D.,; Bal, Y., AND OUYANG, Y. Parking space management via dynamic performance-based pricing. Transporta-
tion Research Procedia 7 (2015), 170-191.

Magsino, E. R., Arapa, G. P., aAxD Ramos, C. M. L. An evaluation of temporal- and spatial-based dynamic parking
pricing for commercial establishments. IEEE Access 10 (2022), 102724-102736.

MamMANDI, A., YOUSEFI, S., AND ATANI, R. E. Game theory-based and heuristic algorithms for parking-lot search. In 2015
International Symposium on Computer Science and Software Engineering (CSSE) (Tabriz, Iran, 2015), IEEE, pp. 1-8.

MARSDEN, G. The evidence base for parking policies—a review. Transport policy 13, 6 (2006), 447-457.

May, A. D., aND TURVEY, 1. G. The Effects of Wheel Clamps in Central London: Comparison of Before and After Studies. ITS
Working Paper 184, Institute for Transport Studies, University of Leeds, 1984.

Mer1, Z., FEng, C., KonNg, L., ZHANG, L., AND CHEN, J. Assessment of different parking pricing strategies: A simulation-
based analysis. Sustainability 12, 5 (2020), 2056.

MiINGARDO, G., VERMEULEN, S.; AND BORNIOLI, A. Parking pricing strategies and behaviour: Evidence from the Netherlands.
Transportation Research Part A: Policy and Practice 157 (2022), 185-197.

Mo, B., Kona, H., WanG, H., Wana, X. C., AND L1, R. Impact of pricing policy change on on-street parking demand
and user satisfaction: A case study in Nanning, China. Transportation Research Part A: Policy and Practice 148 (2021), 445-469.
MonpAL, M. A., REHENA, Z., AND JANSSEN, M. Smart parking management system with dynamic pricing. Journal of
Ambient Intelligence and Smart Environments 13, 6 (2021), 473-494.

Morabp1joz, M., MocuaDDAM, M. P., HagHiFam, M. R., AND ALISHAHI, E. A multi-objective optimization problem for



58

S. H. Bayih and S. L. Tilahun

[66]

[67]
[68]
[69]
[70]

[71]

[72]
(73]
[74]
[75]
[76]
(771

(78]

(791

[80]
[81]
(82]
[83]
[84]
(85]
[86]
(87]
(88]
[89]
[90]
[91]
(92]

[93]
[94]

[95]

[96]

allocating parking lots in a distribution network. International Journal of Electrical Power & Energy Systems 46 (2013), 115-122.
MunN, Z., PETERS, M. D. J., STERN, C., TUFANARU, C., MCARTHUR, A., AND AROMATARIS, E. Systematic review
or scoping review? Guidance for authors when choosing between a systematic or scoping review approach. BMC Medical Research
Methodology 18, 1 (2018), 143.

OtrrossoN, D. B., CHEN, C., WaNG, T., aNnDp LiN, H. The sensitivity of on-street parking demand in response to price
changes: A case study in Seattle, WA. Transport Policy 25 (2013), 222-232.

ParMAR, J., Das P. axD Dave, S. M. Study on demand and characteristics of parking system in urban areas: A review.
Journal of Traffic and Transportation Engineering 7, 1 (2020), 111-124.

PIERCE, G., WILLsON, H., AND SHOUP, D. Optimizing the use of public garages: Pricing parking by demand. Transport Policy
44 (2015), 89-95.

Pon, L. Z., Connig, T., Ong, T. S., AND GoH, M. K. O. Deep reinforcement learning-based dynamic pricing for parking
solutions. Algorithms 16, 1 (2023), 32.

Priva, R. P., AND BaksHI, S. Optimization of parking lot area in smart cities using game theory. In Soft Computing for
Problem Solving. SocProS 2018, K. Das, J. Bansal, K. Deep, A. Nagar, P. Pathipooranam, and R. Naidu, Eds., vol.1057 of Advances
in Intelligent Systems and Computing, Springer, 2020, pp. 21-33.

QIAN, S., AND RaJsacoraL, R. Optimal stochastic control for parking systems: occupancy-driven parking pricing. In 52nd IEEE
Conference on Decision and Control (Firenze, Italy, 2013), IEEE, pp. 7771-7776.

QIAN, Z. S., AND RajacopraL, R. Optimal dynamic pricing for morning commute parking. Transportmetrica A: Transport
Science 11, 4 (2015), 291-316.

QIAN, Z. S., AND RajsacopraL, R. Optimal parking pricing in general networks with provision of occupancy information.
Procedia-Social and Behavioral Sciences 80 (2013), 779-805.

QIAN, Z. S., AND RajacoraL, R. Optimal occupancy-driven parking pricing under demand uncertainties and traveler hetero-
geneity: A stochastic control approach. Transportation Research Part B: Methodological 67 (2014), 144—165.

QIN, H., ZHENG, F., Yu, B., AND WANG, Z. Analysis of the effect of demand-driven dynamic parking pricing on on-street
parking demand. /EEE Access 10 (2022), 70092-70103.

RatL1, M. Parking management system in a dynamic and multi-objective environment. PhD thesis, The Polytechnic University of
Hauts-de-France (previously Université de Valenciennes et du Hainaut-Cambresis), 2014.

REEBADIYA, D., GuUpTa, R., KUMARI, A.; AND TANWAR, S. Blockchain and Al-integrated vehicle-based dynamic parking
pricing scheme. In 2021 IEEE International Conference on Communications Workshops (ICC Workshops) (Montreal, QC, Canada,
2021), IEEE, pp. 1-6.

REHENA, Z., MoNDAL, M. A., AND JANSSEN, M. A multiple-criteria algorithm for smart parking: making fair and preferred
parking reservations in smart cities. In Proceedings of the 19th Annual International Conference on Digital Government Research:
Governance in the Data Age, (Delft, 2018), ACM, pp. 1-9.

Robpricuez, A., COorRDERA, R., ALoNso, B., pELL’OLIO, L., AND BENAVENTE, J. Microsimulation parking choice and
search model to assess dynamic pricing scenarios. Transportation Research Part A: Policy and Practice 156 (2022), 253-269.
SAHARAN, S., Bawa, S.; AND KuMAR, N. Dynamic pricing techniques for intelligent transportation system in smart cities: A
systematic review. Computer Communication 150 (2020), 603-625.

SAHARAN, S.; KuMAR, N., AND Bawa, S. An efficient smart parking pricing system for smart city environment: A machine-
learning based approach. Future Generation Computer Systems 106 (2020), 622—-640.

SAHARAN, S., KuMAR, N., AND Bawa, S. DyPARK: A dynamic pricing and allocation scheme for smart on-street parking
system. [EEE Transactions on Intelligent Transportation Systems 24, 4 (2023), 4217-4234.

SARKER, V. K., Gia, T. N., BEN Duaou, I. M., AND WESTERLUND, T. Smart parking system with dynamic pricing,
edge-cloud computing and lora. Sensors 20, 17 (2020), 4669.

SHARKEY, W. W., AND SIBLEY, D. S. A Bertrand model of pricing and entry. Economics Letters 41, 2 (1993), 199-206.
Suoup, D. Pricing curb parking. Transportation Research Part A: Policy and Practice 154 (2021), 399-412.

Suoup, D. C. Cruising for parking. Transport policy 13, 6 (2006), 479-486.

Suoup, D. C. High Cost of Free Parking. Routledge, 2021.

SimHON, E.; Liao, C., AND STAROBINSKI, D. Smart parking pricing: A machine learning approach. In 2017 IEEE Conference
on Computer Communications Workshops (INFOCOM WKSHPS) (Atlanta, GA, 2017), IEEE, pp. 641-646.

SIMICEVIC, J., MILOSAVLIEVIC, N., MALETIC, G., AND KAPLANOVIG, S. Defining parking price based on users’ attitudes.
Transport Policy 23 (2012), 70-78.

SIMICEVIC, J., VUKANOVIC, S., AND MILOSAVLJEVIC, N. The effect of parking charges and time limit to car usage and
parking behaviour. Transport Policy 30 (2013), 125-131.

TiaN, Q., Yang, L., Wang, C., aND Huang, H.-J. Dynamic pricing for reservation-based parking system: A revenue
management method. Transport Policy 71 (2018), 36—44.

TiLaHUN, S. L. Prey predator hyperheuristic. Applied Soft Computing 59 (2017), 104-114.

TiLaHUN, S. L., AND D1 MARZO SERUGENDO, G. Cooperative multiagent system for parking availability prediction based on
time varying dynamic Markov chains. Journal of Advanced Transportation 2017 (2017), 1760842.

Tsar, J.-F., aND CHu, C.-P. Economic analysis of collecting parking fees by a private firm. Transportation Research Part A:
Policy and Practice 40, 8 (2006), 690-697.

Tsiaras, C., HoBi, L., HOFSTETTER, F., LINIGER, S., AND STILLER, B. parkITsmart: Minimization of cruising for
parking. In 2015 24th International Conference on Computer Communication and Networks (ICCCN) (Las Vegas, NV, 2015), IEEE,



Dynamic vehicle parking pricing. . . 59

(971
(98]

[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]

[108]

[109]
[110]

[111]
[112]

[113]
[114]

[115]
[116]

[117]
[118]

[119]

pp. 1-8.

VAN OMMEREN, J., AND Russo, G. Time-varying parking prices. Economics of Transportation 3, 2 (2014), 166—174.

vAN OMMEREN, J., WENTINK, D., AND DEKKERs, J. The real price of parking policy. Journal of Urban Economics 70, 1
(2011), 25-31.

VAN OMMEREN, J. N.;, WENTINK, D., AND RIETVELD, P. Empirical evidence on cruising for parking. Transportation
Research Part A: Policy and Practice 46, 1 (2012), 123-130.

Vives, X. Oligopoly Pricing: Old Ideas and New Tools. MIT Press, 1999.

VucHic, V. R. Transportation for Livable Cities. Routledge, 2017.

WaN, Y., Zuou, J., HE, W., AND MA, C. Modeling the curb parking price in urban center district of China using TSM-RAM
approach. Journal of Advanced Transportation 2020 (2020), 4905059.

Wang, H., L1, R., Wang, X. C., AND SHANG, P. Effect of on-street parking pricing policies on parking characteristics: A
case study of Nanning. Transportation Research Part A: Policy and Practice 137 (2020), 65-78.

WaNG, S., aAND Hu, T. A game-theory based parking pricing policy. In 2020 IEEE International Conference on Industrial
Engineering and Engineering Management (IEEM) (Singapore, 2020), IEEE, pp. 230-234.

Wang, S., LEviN, M. W., anD Cavirry, R. J. Optimal parking management of connected autonomous vehicles: A
control-theoretic approach. Transportation Research Part C: Emerging Technologies 124 (2021), 102924.

Wanag, W., Sun, Z., WaNG, Z., Liu, Y., AND CHEN, J. Multi-objective optimization model for P + R and K + R facilities’
collaborative layout decision. Sustainability 12, 21 (2020), 8833.

WEINBERGER, R. R., MILLARD-BALL, A., AND HamPsHIRE, R. C. Parking search caused congestion: Where’s all the fuss?
Transportation Research Part C: Emerging Technologies 120 (2020), 102781.

WEsTIN, R. B., AND GILLEN, D. W. Parking location and transit demand: A case study of endogenous attributes in disaggregate
mode choice models. Journal of Econometrics 8, 1 (1978), 75-101.

WHiITLOCK, E. Use of linear programming to evaluate alternative parking sites. Highway Research Record, 444 (1973).
WiLLsoN, R., aAND IRisH, A. Dynamic parking pricing: Comparison of evaluation methods. Transportation Research Record:
Journal of the Transportation Research Board 2543, 1 (2016), 143-151.

X1A0, L., Zuang, X., AND WANG, H. A game-theoretical model of the parking pricing for a transportation network with public
and private parking infrastructures. System Engineering Theory and Practice 37,7 (2017), 1768-1779.

YouNG, W. PARKSISM/1 (1): a simulation model of driver behaviour in parking lots. Traffic Engineering and Control 27, 12
(1986), 606-613.

Young, W. PARKSISM 1.1 Users Manual. Department of Civil Engineering, Melbourne, Australia: Monash University (1991).
Young, W., THOMPSON, R. G., AND TAYLOR, M. A. P. A review of urban car parking models. Transport reviews 11, 1
(1991), 63-84.

ZuANG, R., AND Znu, L. Curbside parking pricing in a city centre using a threshold. Transport Policy 52 (2016), 16-27.
ZHENG, N., AND GEROLIMINIS, N. Modeling and optimization of multimodal urban networks with limited parking and dynamic
pricing. Transportation Research Part B: Methodological 83 (2016), 36-58.

Znou, J. An integrated model of parking pricing and cruising. In CICTP 2014: Safe, Smart, and Sustainable Multimodal Trans-
portation Systems. J. Ma, Y. Yin, H. Huang and D. Pan, Eds., ASCE, 2014, pp. 3441-3449.

Zuu, C.-J., Jia, B., AND HaN, L-H. Parking space allocation and pricing based on Stackelberg game. Journal of Transportation
Systems Engineering and Information Technology 15, 3 (2015), 19-24.

ZoNG, F., HE, Y., AND YUAN, Y. Dependence of parking pricing on land use and time of day. Sustainability 7, 7 (2015),
9587-9607.



	Introduction
	Review method
	Parking pricing approaches
	Dynamic and stochastic control approach
	Game theory approach
	Multiobjective and multilevel programming approach
	Queuing theory approach
	Artificial intelligence and related approach
	Statistical-based analysis
	Practical implementations

	Discussion
	Strength and limitations
	Strength
	Limitations

	Conclusions

	Summary

