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With the rapid increase in vehicle population, solving difficult-to-park and inconvenient-to-park problems has become a necessity
for sustainable transportation in major cities. This study investigated the parking resource allocation optimization problem based
on a two-level grid model. To address this problem, first users’ travel data were matched to the map to obtain the distribution of
both parking resources and demands. Second, key demand-supply imbalanced grids were identified. Subsequently, the parking
resource allocation optimization problem was formulated as an integer linear programming (ILP) problem aiming to minimize
the total cost, including the parking facility construction cost, users’ total walking distance, and the penalty for unserved users.
Finally, a case study based on real-world data in Cangzhou was conducted to verify the feasibility and effectiveness of the proposed
method. The results show that the imbalance between the supply and demand of parking resources can be effectively alleviated.

1. Introduction

For large and medium-sized cities, traffic problems caused by
the rapid growth of motor vehicle ownership, such as traffic
congestion, environment pollution, traffic safety, and parking
inconvenience, are becoming increasingly serious. Previous
research [1, 2] has mainly focused on traffic congestion,
energy consumption, and traffic safety problems. However,
with economic development, urban expansion, and the rapid
increase of vehicle population, the difficult-to-park and in-
convenient-to-park problem has become a bottleneck
restricting sustainable transportation in major cities. Shoup
[3] found that the 35% of cars in traffic were cruising for
parking. According to a report by a transportation data
company, drivers in the United States waste $73 billion each
year in terms of time, fuel, and emissions costs when
searching for a parking space [4]. Moreover, a significant
share of the total amount of energy consumption and CO,
emissions originates from cruising for parking [5, 6].
Therefore, providing high-quality parking services is crucial
to easing congestion and reducing emissions.

In recent years, research on parking problems has re-
ceived considerable attention. Previous research [7-11] on
the parking problem has mainly focused on parking pricing,
parking behavior analysis, and parking reservation. Moti-
vated by the sharing economy model, the parking space
sharing problem has received more and more attention
[12-14]. Although both parking pricing and shared parking
spaces are effective means of allocating parking resources,
regardless of the type of management measures, it is nec-
essary to ensure that parking spaces are available in the area.
Therefore, reasonable parking planning and construction of
parking facilities is a prerequisite. Owing to the less effort
being devoted to parking planning at present, the unrea-
sonable layout of urban parking spaces has exacerbated the
above-mentioned difficult-to-park and inconvenient-to-
park problems. The parking planning problem cannot be
solved simply by continuously building new parking facil-
ities, particularly in urbanized areas with high traffic density
and limited land resources. Therefore, in the early stages of
urban planning, reasonable planning of parking facilities
should be formulated considering a macro-perspective;
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otherwise, there are possibilities of no land availability or
expensive reconstruction costs.

This study focused on the parking resource allocation
optimization problem during the early stages of urban
planning, when land resources are abundant. An optimized
parking resource allocation scheme should provide sufficient
parking space and reasonable spatial distribution of parking
resources. Otherwise, when approaching a destination,
drivers always need to cruise to find an available parking
space, and consequently certain people may choose to park
disorderly. Moreover, drivers may still need to walk a long
distance to reach their destination even after parking the car.
This is because there are always distances between the origin/
destination and parking spaces. As shown in Figure 1, for a
trip, users must depart from their origins, walk to parking
lots, drive cars, park cars, and finally walk to their desti-
nation. Two parking spaces are required for each trip: the
trip origin and destination. Thus, the spatial distribution of
parking resources determines whether it is convenient for
drivers to park and further influences their driving
behaviors.

The travel origin and destination information of the
driver plays an important role in the parking resource al-
location optimization problem, as it directly determines the
walking distance. However, the above-mentioned infor-
mation in most previous research on parking planning
problems has been primarily obtained through question-
naire surveys or manual records, which is time-consuming
and costly. Moreover, the accuracy of the data collected from
traditional traffic surveys or records cannot be guaranteed.
Fortunately, the rapid development of big data and machine
learning technologies has provided new opportunities for
innovation in transport modelling and has been increasingly
applied in solving various transportation problems. Big data
is superior to traditional survey data in terms of data volume,
velocity, variety, and veracity [16]. Furthermore, it can reveal
a wealth of hidden travel information using special tools for
processing and crawling. In recent years, big data and
machine learning methods have been applied to forecast
traffic demand and speed, assess traffic congestion and
safety, etc. [17-20]. However, studies on parking problems
that have applied big data methods are scarce. In fact, in-
troducing the big data method to obtain accurate travel
origin and destination information can bring revolutionary
changes to parking planning research.

In this study, a two-level grid-based area division
method was proposed to process travel OD big data and
study the parking resource allocation optimization problem
by considering the differences between parking demand and
current parking spaces. First, a two-level grid model was
designed to divide the study area and process drivers’ travel
OD data. The proposed area division method can signifi-
cantly improve computational efficiency while preserving
the properties of each grid. Second, key demand-supply
imbalanced grids were identified by calculating the gap
between parking demand and parking spaces in each grid.
Subsequently, the parking resource allocation optimization
problem was formulated as an integer linear programming
(ILP) problem, simultaneously optimizing three competing
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objectives: minimizing construction costs of parking facil-
ities, minimizing drivers’ walking distances after parking,
and maximizing the number of served drivers. Finally, a case
study based on parking planning in Cangzhou was con-
ducted to demonstrate the practical significance of the
proposed method.

The remainder of this paper is organized as follows.
Section 2 reviews the relevant literature. Section 3 develops a
framework for parking resource allocation optimization,
including data processing, key imbalanced grid identifica-
tion, and an optimization model. In Section 4, a case study
based on Cangzhou parking planning is presented to il-
lustrate the application of the method. Finally, Section 5
provides conclusions and suggests future research
directions.

2. Literature Review

Parking problems have attracted considerable attention in
the past decade and can be generally classified into three
types: parking planning, parking operations, and parking
management. Existing studies have overwhelmingly focused
on operations and management, such as parking pricing and
behavior analysis [7-10, 21-23], parking reservation
[11, 24-29], and shared parking [12-14].

As stated in the Parking Guidelines [30, 31], optimal
parking pricing can significantly balance parking demand
and supply based on existing parking facilities. Therefore, a
large amount of literature on the parking problem is devoted
to investigating ways to use parking pricing as the main
policy strategy to influence drivers’ parking behavior, such as
the hourly or daily periodic adjustments of parking pricing
policy and the completely dynamic pricing scheme. Nour-
inejad and Roorda [10] studied the impact of hourly parking
pricing on travel demand and found that parking pricing
policies should be devised with sufficient knowledge of
dwell-time elasticities. Fei [22] analyzed changes in travel
behavior after eliminating the free parking policy and found
that increasing parking pricing can increase the utilization
rate of public transportation. He et al. [9] presented an
uncooperative static atomic parking game with complete
information to address parking competition issues. They
discussed optimal pricing schemes that steer parking
competition in a system that optimally assigns parking
spaces. Considering the impact of parking pricing on the use
of private cars, Tezcan [21] used data obtained from a
questionnaire to propose a mode choice model to analyze
travelers’ willingness to pay for different parking pricing.
Qian and Rajagopal [7] proposed a dynamic pricing scheme
wherein parking prices were adjusted in real time to achieve
an optimal flow pattern for demand and travelers’ hetero-
geneity. They also studied a similar problem for parking
pricing under stochastic demand [8].

The above price strategy is a typical market-oriented
allocation model, wherein resources are allocated to users
with stronger demand and willingness to pay for price
adjustment. Conversely, the reservation mechanism is a
nonmarket allocation model that can ensure fairness in
parking resource allocation [29]. Certain reservation
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FIGUrke 1: lllustration of a vehicle driving trip.

strategies have been proposed for improving parking space
usage efficiency. Zhang et al. [26] and Yang et al. [32] found
that parking reservations with parking permit distribution
and trading are efficient parking management methods.
Ferreira and Silva [11] proposed an optimal parking-lot
selection model based on a reservation system. Lei and
Ouyang [28] used dynamic location-dependent parking
pricing and reservation to determine the spatial and tem-
poral distribution of parking prices, with the goal of system-
wide optimization. Moreover, Mei et al. [29] analyzed and
compared the benefits of parking charges and reservation
mechanisms and provided operational suggestions for urban
parking managers. They established a parking simulation
model based on agents and discussed two parking allocation
mechanisms. The results showed that parking charges and
reservations could remarkably improve comprehensive
benefits.

Shared parking has recently emerged as a more efficient
method for using parking facilities. Most research on shared
parking is devoted to solving the reservation and allocation
of existing parking spaces in the period when the owner does
not use it. Shao et al. [12] addressed the allocation problem
in a parking-reservation environment by proposing a binary
integer linear programming model to solve the allocation of
shared parking spaces based on an e-parking platform. The
alm was to maximize parking space utilization and ac-
commodate maximum requests possible under strict park-
ing space and time constraints. However, their work is
limited to the case of a one-sided market and constant
parking fares, and the approach they used was not an auction
mechanism. Xiao et al. [13] proposed two truthful double
auction mechanisms for shared parking problems con-
cerning space allocation and transaction payment rules,
wherein parking time assignment was fully considered.
However, they did not explicitly consider the spatial nature
of parking spaces for the demanders. In addition, the authors
also proposed a novel mechanism for optimizing shared
parking management [14]. Li et al [15]. proposed a shared
parking space optimization model by considering travelers’
credit value and used the modified ant colony algorithm to
solve the problem.

However, compared to parking operations and man-
agement, less research has been dedicated to optimizing
parking systems at the planning stage. Representative studies
include Kazemi et al. [33]; Nourinejad et al. [34]; and Du
et al. [35]. Du et al. [35] proposed a method to optimize the
location of street parking facilities to serve commuters.

Recently, with the rapid advancement in electric vehicle
(EV) and autonomous vehicle (AV) technologies, EVs and
AVs are expected to occupy the market in the next decade.
An increasing number of studies are exploring the design
and allocation of parking resources. Kazemi et al. [33]
presented a new approach for determining the optimal
number, location, and capacity of EV parking lots. Nour-
inejad et al. [34] found that AV car parks could reduce the
need for parking space. Furthermore, they proposed an
optimal AV car-park layout design with minimum reloca-
tions for the blocked vehicle to find a clear pathway when
exiting the parking lot.

Although a comprehensive body of literature on the
parking problem is available, there are still certain limi-
tations and gaps in previous studies, particularly in the
parking planning issue. Most existing research prede-
termines candidate parking space locations and then
treats this problem as a facility location problem. Yet,
whether a parking space needs to be allocated is deter-
mined by the differences between demand and supply.
However, none of the previous studies have treated the
gap between parking demand and supply as a key indi-
cator for determining the allocation of parking resources.
One of the primary reasons is that obtaining accurate
parking demand is challenging. In traditional trans-
portation planning, there are mainly two types of demand
forecasting methods: the “four-stage” model based on the
trip-based forecasting method and the activity-based
forecasting method. The trip-based demand forecasting
method usually divides the study area into traffic zones
and then forecasts the zone demand based on population,
car ownership, land use, etc. [36, 37]. The activity-based
forecasting method focuses on travel purposes [38] and
requires a large volume and high veracity of private in-
formation data, which are difficult to collect based on
traditional data acquisition and processing methods [39].
Fortunately, in recent years, there have been new trends in
the field of demand forecasting owing to the development
of big data technologies, which significantly increase the
number of forecasting samples and improve the accuracy
of forecasting results [17]. Moreover, compared with the
traditional parking demand forecasting method that uses
land use and traffic community information to estimate
travel attraction, the travel origin and destination infor-
mation is hidden in the big travel data, which can be
extracted accurately and directly reflects the potential
parking demand.



Thus, in this study, the aim was to investigate the
parking resource allocation optimization problem by
considering the differences between parking demand and
current supply. The major innovations and contributions
of this study are as follows. A grid-based parking resource
allocation method was proposed. The drivers’ actual travel
data based on the grid model were processed, and sub-
sequently, key demand-supply imbalanced grids were
identified. Thereafter, the parking resource allocation
optimization problem was formulated as an ILP problem
coupling the information of imbalanced grids. The pro-
posed method can support operators in simultaneously
optimizing three competing objectives: minimizing the
construction costs of parking facilities, minimizing
drivers’ walking distances, and maximizing the number of
served drivers.

3. A Framework for Parking Resource
Allocation Optimization

This section presents a detailed description of the parking
resource allocation optimization problem. The section is
organized as follows: first, the grid model is introduced to
split a study area into smaller cells; second, the key demand-
supply imbalanced grids are identified based on the collected
big data; third, a traditional parking resource allocation
model is proposed; finally, the key imbalanced grids and
traditional parking resource allocation are integrated to
subsequently formulate the parking resource allocation
optimization model as an ILP.

3.1. Grid Mapping and Size Identification. Traditional
parking planning research usually divides the study area into
several traffic communities or predetermines certain can-
didate parking space locations, which may lead to the fol-
lowing two problems: the lack of high-quality vector GIS
maps may influence the accuracy of the matching between
parking supply and demand, and an unreasonable candidate
location set can hardly obtain an optimal resource allocation
scheme. Thus, in this study, the traffic grid model derived
from the theory of city management grid model was applied
to process multisource traffic data, which is very effective for
solving the parking problem [40].

When dividing the study area into multiple meshes using
a traffic grid model, among the most important issues is
choosing an appropriate grid size. The grid size should be
adjustable for different management purposes, and the grid
attributes should be classified to improve management ef-
fectiveness. Parking resource allocation involves two se-
quential parts: first, the parking facility location should be
determined, and then drivers should be assigned to a parking
location. Moreover, when dealing with parking facility lo-
cation issues, the grid size cannot be too small; else, it would
result in a multitude of grids with no data value, and the scale
of the optimization problem will explode dramatically.
Conversely, the grid size cannot be too large when dealing
with the location assignment issue because the drivers’
walking distance between parking facilities and trip origin/
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destination should be calculated more accurately. Therefore,
in this study, a two-level grid model was proposed, as shown
in Figure 2.

Specifically, the grid size concerning the key demand-
supply imbalanced grid identification issue must be rela-
tively larger than that of the resource allocation issue.
However, it cannot be too large because certain important
grid attributes may be hidden. Here, the maximum ac-
ceptable walking distance [41] was adopted, that is, 200 m, as
the grid size for parking when identifying the key demand-
supply imbalanced grids. Further, considering that the
drivers’ trips and origins/destinations are heterogeneous,
each trip in the travel big data has latitude and longitude
coordinates. Thus, to simplify such a travel big data problem,
the origin/destination information was mapped onto the
grids. Moreover, each upper lever grid was further divided
into 6 x 6 smaller lower-level grids when assigning drivers to
parking facilities.

3.2. Key Demand-Supply Imbalanced Grid Identification.
The identification of key demand-supply imbalanced grids is
crucial to determining the locations of parking resource
shortages. Based on this, parking resources can be allocated
much more reasonably and efficiently, avoiding either over
or under-allocation. Information regarding the parking
resource supply and parking demand of each grid should be
obtained. Generally, parking resource supply information
can be collected from urban land-use documents or by
conducting field surveys. However, compared to parking
resource supply information, parking demand information
is much more difficult to obtain. The parking demand for
each grid should be forecasted. Methods, such as regression
analysis and machine learning, have been proven to effec-
tively predict parking demand. Further details can be found
in Chen et al. [42] and Hensher and King [43] wherein
comprehensive reviews have been presented. Guan et al. [44]
proposed a parking demand prediction method based on big
data of trip origin/destination information and proved that
parking demand has a significant correlation with travel
demand.

Thus, based on the grid model, this study mapped the
obtained spatial and quantity distribution information of the
essential parking resources and parking demand onto each
upper-level grid. Let G represent finite sets of upper-level
grids. For grid i in G, let 5; and p; represent existing parking
resource supply and predicted parking demand, respectively.
Here, as shown in Figure 3, parking demand in grid i € G is
served by parking resources in its surrounding grids within
the maximal walking distance threshold. In a similar
manner, parking resources in grid i € G can also serve the
parking demands in the surrounding grids. Therefore, to
identify the gap between the actual demand and supply in
each grid, the actual number of parking resources and
parking demand in grid i € G can be represented ass; and p;,
respectively. Let G; represent the finite sets of grids sur-
rounding the upper-level grid i € G and the grid itself.
Equations (1) and (2) represent the relationship between §;
and §; and p; and p;.
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Based on s; and p;, the gap between the actual parking
resource supply and parking demand in each upper-level
grid i € G can be calculated. As shown in Figure 4, the
relationship between s; and p; is classified into the following
five situations: s; is approx1mately equal to p,, s; is larger than
P s; is much larger than p;; s; is less than p;; and finally s; is
much less than p;. Further, dlfferent thresholds can be set to
identify the key supply-demand imbalanced grids according
to various real-world planning scenarios. Let G represent
finite sets of the above-obtained key demand-supply im-
balanced grids, where G ¢ G.

3.3. Grid-Based Parking Resource Allocation Optimization
Model. In the traditional facility location problem, candi-
date facility locations and demands are provided directly,
and decision variables (etc., x;;) are defined to represent the
assignment relationships between demand and facilities

(demand i is assigned to facility j). This study proposed a
framework for allocating grid-based parking resources. By
introducing the grid model, integration of essential infor-
mation onto a single grid, such as existing parking resource
supply, parking demand, parking facility construction
conditions, is possible.

As defined above, G represents finite sets of upper-level
grids, and each upper-level grid i € G can be divided into
6x 6 lower-level grids. Let G; represent finite sets of all
lower-level grids of the upper-level grid i € G. For grid j € G;
in upper-level grid i € G, let s; and p; represent existing
parking resource supply and predicted parking demand,
respectively. Let T = {t|t =t,,t,} denote a finite set of
parking facility types. Type t; and type t, are the parking
space and curbside parking space, respectively. Further, let a
non-negative integer variable 8 (j, t) represent the maximum
capacity of new parking spaces that can be constructed in
grid j € G;, i € G. Specifically, 6(j,t)=0 implies that the
parking facility of type t can not be constructed in grid
j€G,ieG.

As mentioned previously, drivers are not willing to walk
a long way to reach their destination after parking. Thus,
when assigning drivers to parking facilities, the walking
distance should be considered. Owing to the mapping of
parking resources and trip destination information onto
grids, a parameter d;, can be defined to represent the walking
distance between the lower-level grid j € G; and k € G; in
upper-level grid i,i' € G. Let d,,, represent the walking
distance threshold.

The parking resource allocation optimization problem
must solve the following three issues: construction of
parking facilities, facility capacity setting, and vehicle-to-
resource assignment Thus, three decision variables were
introduced: x*, %, and z . Specifically, the binary decision
variable x", ;= -1 represents that a parking facility of type t is
constructed in grid j € G; , i € G, and otherwise not. Fur-
ther, the nonnegative integer decision variable y", represents

max
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the parking facility capacity of type t constructed in the grid
j € G;,i € G. Finally, the nonnegative integer decision var-
iable z j; represents the number of drivers in the lower-level
grid j € G; assigned to parking resources in grid k € G; of
upper-level grid i,i' € G.

The parking resource allocation problem involves two
types of stakeholders: operators and users. There exists an
obvious trade-off between operating costs and user benefits.
Although adequate parking resources should be provided to
ensure drivers can find a place to park with shorter walking
distance, operators may seek to spend less money on parking
facility construction. However, fewer parking resources can
exacerbate difficult-to-park and inconvenience-to-park
problems. To best address this trade-off, the total operating
cost, drivers’ travel cost, and number of unserved parking
demands were simultaneously minimized. Herein, an ILP
method for determining the optimal parking resource al-
location scheme is presented. The combined model was
formulated as follows:

mina) Y Y Gyi+pes ) Y Y dpzi

teT ieG jeG; i,i €G jeG; keG,-’
(3)
RCIPIPNEDIIPITY
i€G jeG; i,i)€G jeG; keG,-,
t .
s.t.szks Zyj+sijeG,»,zeG, (4)
j€G; teT

y;s6§VteT,jeG,-,i€G, (6)
2 (djg — e ) SOVj € Gk € Gypoii' €G,  (7)

Mx - y;20Vt €T, j € G,i €G, (8)

(Z Zx;—e><z Z(S;.—s)zowe@, 9)

teT jeG, teT jeG,
xj. €{0,1}VteT,jeG,ieG, (10)
y?zOVteT,jeGi,ieG, (11)
zy20Vj,k € G,i € G. (12)

As shown in equation (3), the objective function includes
three parts: the total construction cost, drivers’ total walking
cost after parking, and the plenty of unserved drivers, where
ct is the fixed construction cost of parking spaces type t € T
ingridi € G, ¢, is the average walking cost of the drivers, and
¢, is the average penalty cost of each unserved driver. A
convex combination of these three parts was used with three
weighting factors «, f8, and yx respectively, where o, 3,y >0
and «a +  + x = 1. Constraint (4) limits the total number of
drivers served that do not exceed the parking capacity
provided by both new construction facilities and existing
parking resources. Further, constraint (5) limits the total
number of served drivers in each lower-level grid to less than
the parking demand. Constraint (6) implies that new
parking facilities can only be constructed in grids with
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construction conditions. Constraint (7) indicates that the
walking distance of all served drivers should be shorter than
the threshold. Constraint (8) indicates that parking facility
capacity can only be introduced if and only if new parking
facilities are constructed. Constraint (9) implies that for each
key demand-supply imbalanced grid i € G, new parking
facilities must be constructed if possible, where ¢ is a suf-
ficiently small positive number. Finally, constraints
(10)-(12) represent the decision variable constraints.

4. Experiment Results and Discussion

In this section, numerical experiments are conducted to
demonstrate the feasibility and effectiveness of the pro-
posed parking resource allocation optimization method.
An illustrative example of a 1.8 kmx1.8 km area in
Cangzhou with parking resources survey data and travel
demand data is conducted. Moreover, the impact of the
maximal walking distance and the effectiveness of the
weight coeflicient were assessed.

4.1. Data Preparation and Computational Results. The ex-
periments were conducted in Cangzhou, Heibei Province,
covering 1.8 km x 1.8 km. As shown in Figure 5(a), the study
area was first divided into 36 grids, where each grid mea-
sured 300 m x 300 m. Thereafter, to obtain essential parking
resource supply information, data on existing parking re-
sources in the study area were collected. Thereafter, the
collected parking resource survey data were mapped onto
grids, as shown in Figure 5(b). In addition to the supply
information, parking demand information is also needed to
identify the key imbalanced grids. Further, as shown in
Figure 5(c), the travel demand data were mapped onto grids,
including 431,593 trips. Considering that parking demand
forecasting is a challenging and independent research field
that only provides a single parameter in this study, the
parking demand forecasting process was simplified and the
big data-driven framework proposed by Guan et al. [44] was
used for parking demand estimation; that is, the estimated
parking demand in each grid was obtained, as shown in
Figure 5(d).



According to equations (1) and (2), parking resources
and parking demand in grids can be calculated based on the
collected information. Table 1 lists the calculated parking
resources and parking demand and their differences.

As shown in Figure 6(a), the imbalanced rate infor-
mation was integrated into the map, where the rate increased
with the color change from light to dark. In this study, the
threshold of the imbalanced rate was set as 0.4; that is, if the
imbalanced rate was larger than 0.4, the grid was identified
as a key demand-supply imbalanced grid; otherwise, it was
not. Moreover, the threshold can be set flexibly according to
different regions and requirements. The results show that
there were 11 key imbalanced grids. The other parameters
related to the parking resource allocation optimization
problem were set as follows: maximal walking distance
d, . =200 meters.

The proposed parking resource allocation optimization
model was coded and solved using CPLEX, and the com-
putational experiments were run on a 1.8 GHz Core i7 PC
with 16 GB of RAM. The proposed model can be solved
within 1min. Figures 6(b) and 6(c) illustrate the optimal
solution for parking resource allocation, including new
parking facility locations and vehicle-to-parking resource
assignments. The results show that 180 parking spaces and
1,130 curbside parking spaces should be constructed. Thus,
the introduction of these new parking facilities can signif-
icantly improve the demand-supply imbalance, as shown in
Figure 6(d). Moreover, among the 2953 parking demanders,
2750 can be assigned to parking facilities within the maximal
walking distance to their final trip destinations, accounting
for roughly 93%, which is an improvement of more than 20%
compared to that before optimization.

4.2. Assessing Impact of the Maximal Walking Distance.
As previously mentioned, for a trip, users must walk between
parking facilities and origins/destinations. Thus, walking
distance is an important indicator for evaluating the quality
of spatial distribution of parking resources. In this study, it
was assumed that if drivers are assigned to parking facilities,
the walking distance should be controlled at a threshold. The
threshold value can affect the optimal scheme for parking
resource allocation. Thus, a sensitivity analysis was con-
ducted to assess the impact of maximal walking distance on
the optimization of parking resource allocation. The value of
the walking distance threshold was increased from 200 to
400m at intervals of 50 m. Figure 7 illustrates the optimal
solutions under different maximal walking distances and the
optimal solution without new parking facilities. The starting
point of the arrow in Figure 7 represents the grid where the
user’s parking location is located, and the ending point is the
grid where the user’s actual destination is located. It can be
seen from the figure that with the increase of the maximal
walking distance, some users who were unable to find
parking spaces at smaller walking distances can be served,
and some grids have also increased the construction of
parking spaces to serve users who could not be served before.

Table 2 lists the solution details. The results reveal that
the total walking distances, number of new parking facilities,
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TaBLE 1: The parking resource and imbalanced rate in each grid.

D Parking Parking Parking Imbalanced
demand spaces gap rate

0 109 89 20 0.224
1 95 92 3 0.032
2 53 33 20 0.606
3 55 33 22 0.667
4 114 13 101 7.769
5 141 20 121 6.050
6 122 118 4 0.033
7 99 123 24 -0.242
8 74 63 11 0.148
9 20 56 34 0.378
10 128 20 108 0.844
11 130 13 117 9.000
12 132 126 6 0.047
13 109 112 -3 -0.027
14 89 67 22 0.247
15 99 59 41 0.414
16 131 39 92 0.702
17 128 13 115 8.846
18 110 122 -12 —0.098
19 93 124 =31 -0.333
20 104 116 -12 -0.115
21 98 84 14 0.143
22 79 40 39 0.494
23 49 15 34 2.267
24 74 67 7 0.104
25 73 77 —4 —0.054
26 920 89 -6 -0.075
27 57 72 -15 -0.263
28 33 40 -7 -0.212
29 16 48 24 —0.500
30 74 58 -9 —0.155
31 69 98 -29 -0.296
32 67 93 -26 -0.279
33 45 75 =30 —-0.400
34 26 85 -9 -0.257
35 18 48 -30 -0.625

and served drivers increased with the increase of the
maximal walking distances. This is because the unserved
drivers can be assigned to parking facilities with longer
walking distances under the higher threshold. However, the
total cost decreases dramatically with the increase of the
threshold because as the threshold increases, the number of
unserved drivers decreases, which increases the penalty cost.
However, when the threshold reaches 350 m, the total cost
remains stable because all drivers can be served and penalty
cost is eliminated.

4.3. Investigating the Effectiveness of the Weight Coefficient.
This section shows the manner in which the optimization
results change with various combinations of values of the
weighting factors a, f, x in the objective function. The factors
were changed in 0.2 intervals, and there were a total of 21
combinations.

When y =0, the penalty cost for unserved users is ig-
nored, and the objective function becomes the minimum
total travel and operating costs. Consequently, the optimal
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FIGUure 6: The optimization results of the parking resource allocation. (a) Existing imbalanced rate. (b) Optimal new facility location.
(c) Vehicle-to-resource assignment. (d) Imbalanced rate after optimization.

solution is completely inconsistent with the actual situation,
which may lead to illegal parking without searching for an
available space. Thus, six cases of y =0 were excluded from
the combinations. Finally, there were a total of 15 mean-
ingful cases. All instances were solved using CPLEX, and the
results are summarized in Table 3.

4.3.1. Extreme Cases with y =1, =0, and =0. As shown in
Table 3, y =1 corresponds to the situation where the travel
cost and operating cost are ignored, and the total cost is the
highest in all cases. This is because both the total walking
distance and number of new parking facilities increase.
When =0, travel cost is ignored. Drivers choose a
farther parking facility within the given walking distance
threshold, and thus fewer new parking facilities are needed
to satisfy the same parking demand. In all cases with =0,
the number of new parking facilities was minimal, that is,

630. However, the total walking distance was the highest,
approximately 70,000 m, which represents the case of sac-
rificing driver convenience.

=0 indicates that the operating cost is neglected. In
other words, parking facilities can be constructed as re-
quired. In these cases, it is convenient for drivers to park
because they do not need to walk long distances to reach
parking facilities. Table 3 shows that all cases with « =0 had a
minimal total walking distance and the highest number of
new parking facilities.

4.3.2. Cases with o, B, x # 0 or 1. When «, 8, and y attained
values between 0 and 1, a weighted balance among the
walking distances, new facility construction, and unserved
drivers was obtained. As shown in Table 3, with the increase
of the weight coefficient & on operating cost, the total
number of new parking facilities decreased from 1310 to
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FIGURE 7: The optimal solutions under different maximal walking distance thresholds. (a) Assignment with existing parking resources.

(b) d=200m. (c) d=250m. (d) d=300m. (e) d=350m. (f) d=400m.

TaBLE 2: The optimal results under different maximal walking distances.

Walking distance threshold 200 without new facilities 200 250 300 350 400
Total cost — 13712 6473 900 236 235
Walking distance — 36457 41018 46422 46104 46066
New spaces — 1310 1390 1456 1471 1475
Served parkers 2120 2750 2859 2943 2953 2953
Total demand 2953 2953 2953 2953 2953 2953
96.8 99.6 100 100

Percentage 71.8 93.1
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TaBLE 3: The optimal results of different weighting factor combinations.

Weighting factors

Objective values

a B X Total cost Total walking distance New parking spaces Served parkers
0 0 1 40600 69966.61 1872 2750
0 0.2 0.8 32573.24 35083.23 1930 2750
0 0.4 0.6 24546.48 35119.6 1930 2750
0 0.6 0.4 16519.72 35119.6 1930 2750
0 0.8 0.2 8492.96 35119.6 1930 2750
0.2 0 0.8 32485.31 71607.92 630 2750
0.4 0 0.6 24370.61 70945.74 630 2750
0.6 0 0.4 16255.92 69456.91 630 2750
0.8 0 0.2 8141.23 70945.74 630 2750
0.2 0.2 0.6 24467.22 36457.75 1310 2750
0.2 0.4 0.4 16442.67 36477.81 1311 2750
0.2 0.6 0.2 8418.61 36485.07 1327 2750
0.4 0.2 0.4 16355.37 38417.41 1257 2750
0.4 0.4 0.2 8334.44 36457.75 1310 2750
0.6 0.2 0.2 8241.72 38258.29 1254 2750

1254. Further, when a= f3, travel and operating costs are
equally important. Therefore, regardless of « =5=0.2 or 0.4,
the total walking distance and the number of new parking
facilities are the same in the optimal solutions. In contrast,
when a=0.6, $=0.2, and y =0.2, the operating cost is more
important than the walking distance, and an increase of 73
new parking facilities and reduction of 1773.22 meters
walking distance can be observed compared with the case of
a=0.2,$=0.6,and y =0.2. Thus, in practical applications, an
appropriate weight coefficient combination should be
chosen based on the major concerns of real-life problems.

In practical applications, the corresponding coeflicients
are often set according to different scenarios. From the
operator’s point of view, the construction cost is often the
most important one, and the convenience of users is often
sacrificed when a certain utilization rate can be ensured.
Therefore, the weighting coefficient in the construction of
profitable parking facilities is &> > y. However, from the
users’ perspective, what they consider is often more con-
venient parking, so if it is a government-led parking facility
construction of public welfare nature, the coefficient is
generally f>y > a.

5. Conclusion

In summary, based on a two-level grid model, this study
explored a framework for the parking resource allocation
optimization problem. First, the collected travel data and
existing parking resource data were mapped onto upper-
level grids. Thereafter, the gap between parking demand and
existing supply in each upper-level grid was calculated, and
the key demand-supply imbalanced grids were identified.
Furthermore, ILP was proposed for solving the parking
facility location and vehicle-to-resource assignment prob-
lems in lower-level grids. Finally, a real-world case study was
conducted to demonstrate the feasibility and effectiveness of
the proposed method. Compared to the imbalanced rate
before and after optimization, the method proposed in this
study can significantly relieve difficult-to-park and incon-
venient-to-park problems.

However, the proposed method has certain limitations in
practical applications. Generally, directly selecting an
available piece of land for parking facility construction in
urban areas is challenging, particularly in metropolitan
areas. Therefore, the limitation of this model is that it is more
suitable for developing regions where land resources are
more abundant and systematic parking planning has not
been carried out. In future studies, further studies on in-
tegrating parking resource management policies, including
pricing and sharing measures, will be conducted to improve
the research.
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