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Abstract: This paper explores the minimum lateral parking distance and parking acceleration/
deceleration distance of vehicles to improve the efficiency of automated valet parking (AVP) lots
and save urban land. Specifically, the paper focuses on designing parking lots for automated guided
vehicles (AGVs) and their parking attributes. To ensure AGV accessibility and maximize AVP
capacity, graph theories and unique path-driving methods are used in designing mobile priority
parking lots and decision spaces. Additionally, the paper proposes an optimization design for parking
lots with obstacles, considering the layout of load-bearing columns and charging resources for electric
vehicles in underground parking lots. The article further proposes an optimization design for hybrid
parking lots based on spatio-temporal resource conversion in traffic design and the principle of traffic
separation in traffic control since hybrid parking lots that accommodate both conventional vehicles
and AGVs are crucial to the future development of urban parking lots. The experimental results
show that the proposed optimization design for urban parking lots in automated environments is
superior to the traditional parking lots design in terms of capacity and density. This paper provides
an optimal layout scheme of urban parking lots in multiple scenarios, which can improve the service
level of urban static traffic systems.

Keywords: hybrid parking; automated valet parking (AVP); high-density parking; automated guided
vehicle (AGV)

1. Introduction

Automated vehicles are a popular research topic in intelligent transportation systems,
and their widespread adoption will bring new opportunities for urban transportation
development. Xie et al. (2022) consider automated valet parking (AVP) to be one of the
most advanced technologies for improving parking efficiency and safety [1]. The number of
cars in urban areas has increased significantly in recent years. As a result, a constant rise in
demand for parking has led to traffic congestion in traditional parking lots. However, with
the advent of innovative technologies and the growing popularity of automated vehicles,
there is potential for a significant change in the demand for parking. Many scholars believe
that high-density automated valet parking could provide new ideas and solutions for urban
parking, making it more efficient and less congested.

The benefits of self-driving cars include reducing the personnel burden, optimizing
the parking lot location, improving parking efficiency, and increasing land utilization. For
example, Zhang et al. (2021) believe that automated valet parking (AVP) systems based on
automated guided vehicles (AGVs) can reduce the workload and improve the efficiency to a
certain extent due to their fully automatic control and operation [2]. With the advancement
of urbanization, the problem of insufficient parking space in cities has become increasingly
prominent. Chen et al. (2021) adopt high-density parking lots equipped with parking
robots, which can significantly improve the land utilization rate of parking lots [3]. Bahrami
et al. (2020) argue that automated vehicles can park themselves and be stacked on each
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other, like valet parking, thereby improving land utilization [4]. Experimental results
designed by Kang et al. (2022) show that 14.60% to 32.27% (scenario-based) of the area
currently used as parking space for automated vehicles can be reused [5].

Another significant advantage of automated vehicles is the reduced cost. For example,
Zakharenko et al. (2016) suggest that automated vehicles reduce the cost of commuting
per kilometer [6]. In Millard-Ball’s study, automated vehicles could more than double the
number of vehicles entering and leaving dense urban cores, reducing effective parking
costs by 90% [7]. In addition, the implementation of automated vehicles (AVs) can provide
many advantages, such as increased network capacity and fewer accidents.

Previous studies by some authors have envisioned parking schemes to increase the
density of parked vehicles or the equivalent of increasing parking capacity. Ferreira et al.
(2014) first proposed high-density parking for automated vehicles [8]. Zaerpour et al. (2017)
investigated living cube compact storage systems that do not require moving channels
to solve this space shortage [9]. Nourinejad et al. (2018) designed an optimal parking lot
layout, treating each island in the parking lot as a queuing system. They found that self-
driving car parking could reduce parking demand by an average of 62% and by as much
as 87% [10]. The parking lot designed by Azevedo et al. (2020) utilizes electrification and
low levels of driving automation to more than double the density of cars parked in a given
area compared to traditional parking lots [11]. Naji et al. (2022) used a developed real-time
VHDL (VHSIC Hardware Description Language) algorithm to generate various candidate
patterns, providing the best solution with performance metrics. Based on simulation
and experimental results, the AVPS system can detect and recognize parking patterns in
advance. This combination describes a complete implementation based on a specific FPGA
(Field-programmable Gate Array) card on a mobile robot such as a car [12].

Yalcin et al. (2018) proposed the grid-based modeling of parking lots through a puzzle-
based storage system consisting of dense cell loads on a square grid [13]. In the same
research on parking grid modeling, Kim et al. (2022) proposed an intelligent parking
lot for automated vehicles based on edge cluster computing. The intelligent parking lot
consists of fixed-edge vehicles and moving-edge vehicles, using grid maps for parking
management [14]. Siddique et al. (2021) showed how to maximize the number of cars in the
parking lot, assuming that the interfering vehicles can be moved by a central controller to
provide the best results for small batches with a single entry point and provide a heuristic
for larger batches, achieving an 80% increase in parking capacity [15].

The design of an automated parking lot requires careful consideration of the inter-
related movement of automated cars. The allocation and selection of parking spaces are
crucial in ensuring cars’ smooth and efficient movement. Previous studies by scholars have
provided significant help for the design and optimization of automated parking lots. For
example, Han et al. (2017) calculated the optimal path through the Dijkstra algorithm and
sent the assigned location and path information to the driver’s mobile phone [16]. For the
optimization of the parking space scheme, Zaerpour et al. (2017) proposed and solved
a hybrid integer nonlinear model to optimize the system dimension by minimizing the
search time and obtaining a closed expression of the minimum search time [9]. Yalcin et al.
(2018). derived the bounds of the number of eligible empty cars, developed several search
guidance estimation functions, and proposed a heuristic search algorithm to solve a more
prominent problem instance [13]. Bahrami et al. (2020) studied parking location choices for
automated vehicles based on the arrival and departure times to minimize the number of
relocations of automated vehicles [4]. Aiming at the large number of disconnected paths
existing in intelligent parking systems, Wang et al. (2020) proposed a rollback strategy
with an improved ant colony algorithm for the path planning of AVG intelligent parking
systems [17].

Some scholars have also used machine learning to optimize the allocation of parking
spaces in automated parking lots. For example, Agostinelli et al. (2019) adopted a deep
reinforcement learning method, enabling them to reverse-learn how to solve increasingly
difficult states from the target state without specific domain knowledge. In total, 100% of
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all test configurations were solved with DeepCubeA, finding the shortest path to the target
state 60.3% of the time [18]. M. Wu et al. (2021) first predicted the driver’s choice of parking
space and then assigned parking spaces to automated vehicles. The Floyd algorithm for the
shortest distance is used to determine the route for the self-driving car to reach the parking
space [19]. Xie et al. (2022) proposed a collaborative approach based on system-side deep
reinforcement learning (DRL) to solve the parking space allocation problem in a large
AVP environment, improving the allocation efficiency [1]. Some scholars also use robot
platforms to improve the efficiency of parking allocation. For example, Chen et al. (2021)
proposed an improved genetic algorithm and a time-enhanced A* path planning algorithm
for high-density parking lots. The improved genetic algorithm can effectively search the
task execution order and robot assignment and converge to the optimal solution, even in
large-scale, complex scenarios [3].

In a high-density automated parking lot, the movement of the automated vehicle needs
attention, which is related to whether the automated vehicle will have a collision during
parking. Thanks to the development of intelligent network connection and intelligent
vehicle technology, multi-vehicle collaborative driving is possible, and the problem of
automatic parking trajectory planning is transformed into an optimal control problem [20].
In controlling the data transfer process, Ni et al. (2019) proposed a secure and privacy-
protecting automated valet parking protocol that further improves the safety and reliability
of automated parking lots [21]. For motion control in automated vehicles, combined with
today’s new sensors, Jang et al. (2020) proposed a reconfigurable automatic parking system
with an independent ambient view monitor. The system can constantly reflect several errors
and risks of perception, positioning, and control in the actual scene and then re-generate
the parking path, improve the parking accuracy, and avoid collisions [22]. Zhang et al.
(2021) used an improved plan-based collaborative driving approach to enable multiple
AGVs to travel efficiently in conflict zones without collisions and deadlocks [2]. Kim et al.
(2020) believe that, in the future, fully automated vehicles will use various sensors and
communication modules to operate in buildings such as indoor parking lots [14].

Studies conducted by scholars have revealed that automatic parking lots can increase
parking densities by eliminating lanes or employing robot platforms and better parking
allocation algorithms. Nevertheless, automated valet parking can provide a solution to
this problem and achieve even greater parking densities. We already have the necessary
technology. What we need is efficient parking lot design and planning. However, planning
for automated parking has to take into account the transition period between human-
driven vehicles (HVs) and automated vehicles (AVs) in the same parking infrastructure [20].
Electric vehicles will be rapidly popularized in the future, so it is necessary to take electric
vehicle charge and discharge scheduling as part of parking lot planning and design [23].

Previous studies suggested that automated parking lots were obstacle-free and did not
require charging stations. However, with the growth of electric vehicles, it is now crucial
to consider the layout of relevant charging facilities. In addition, there is limited research
on parking lot designs that accommodate both conventional and automated vehicles. The
hybrid parking lot, which caters to both types of vehicles, will become an essential part
of future traffic facilities. Zhang et al. think that, in underground parking lot design, it
has become necessary to develop and build an underground parking system to relieve
the pressure of surface traffic and traffic congestion [24]. Wu et al. believe that with the
development of automated valet parking systems, there will be a transition period during
which human-driven vehicles (HVs) and autonomous vehicles (AVs) will be present in
the same parking infrastructure at the same time [19]. They designed a hybrid parking
lot in three different scenarios. Compared with their design, the parking lot designed
in our paper achieves a higher capacity and density. Infrastructure-based autonomous
driving systems are increasingly being used in confined environments [25]. Compared
with traditional human-driven vehicles, AGVs can ensure the uniformity and stability of
parking motion. At the same time, it can reduce the space for human entry and exit so that
it can achieve more parking capacity and density in the same area of the parking lot.
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Therefore, in this paper, we research the high-density layout design of parking lots that
cater to self-driving cars, considering obstacles and charging stations. We also explore the
high-density layout design of hybrid parking lots that cater to conventional and automated
vehicles in varying proportions. Our study differs from the existing literature in two
significant ways: first, we develop optimal designs for small parking lots that may have
barriers or charging piles, as commonly found in urban settings. Second, we provide
better methods for conventional and automated hybrid parking lots, which can serve as a
reference for future parking lot designs.

2. Designs of the Parking Lots
2.1. Parking Attributes of Automated Guided Vehicles
In this section, model parameters and variables according to the work requirements

are defined in detail. The given parameters and defined variables are described as follows
(some of the variables are described in Table 1):

Table 1. Notation.

Symbol Definition
h Minimum lateral clear distance
R Radius of the curve inside the driving track of
¢ the AGV

Wy Width of the track to the road edge
0 Center angle of the stadia line
s Parking acceleration/deceleration distance
1 Initial velocity of parking
(%) Final velocity of parking
ta Startup time of parking
tp Steady time of parking
Vs Acceleration/deceleration speed
m Number of horizontal grids
n Number of vertical grids
Sy Decision space
C Capacity of parking lots
D Density of parking lots
Sy Actual use area of parking

5(c) Obstruction coefficient
« Automated parking lot coefficient
B Traditional parking lot coefficient

When parking automated guided vehicles (AGV) in a parking lot, it is crucial to
consider the driving time, available space, and movement patterns of the cars. During the
parking movement, AGVs cannot move horizontally in parallel, and a sufficient turning
radius should be considered. This paper outlines the characteristic parameters of the
minimum lateral clear distance & required during the parking process.

Rs(Rs — W) sin @

h=Rs—
\/Rs2 + (Rs — Wy)? — 2R¢(Rs — Wy) cos 6

M

Furthermore, this paper elaborates on the key parameters that determine the accelera-
tion and deceleration distance of automated guided vehicles (AGV) in parking scenarios.

2 2
01 (%) 1
= ————+ -01(tg + ¢ 2
s 20, 201( A+ tB) 2)

This paper employs two formulas: Formula (1) is used to determine the minimum
lateral clear distance required for parking, and Formula (2) is used to assess the acceleration
and deceleration distance. These formulas are used to design three fundamental trajectories
for automated cars in parking space movement. All complex moving trajectories can be
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created by combining these three basic trajectories, and we apply these formulas in the
subsequent calculation and design of parking lot density.

For a car’s simple forward and backward movement, only one grid is required (refer
to Figure 1a). However, a turning radius must be considered for turning, which requires
four grids to complete the movement (refer to Figure 1b). Similarly, four grids are needed
for lateral movement (refer to Figure 1c). Considering these three basic movement patterns,
it is possible to calculate the number of grids required for automated vehicles to enter and
exit parking lots efficiently.

,mm 0 f

()

B N

Figure 1. Parking space analysis of vehicles. (a) Dolly moves; (b) Turning; (c) Lateral moves.

2.2. Mobile Priority Environment

To optimize parking space, each vehicle in this study is assigned two grids. The
parking lot capacity is designed based on proposed parking characteristics for automated
vehicles and three basic moving trajectories. In the case of non-standard-shaped parking
lots, several lots can be merged to accommodate them.

This study proposes a mobile priority parking lot where all cars stay parked in the lot.
The empty spaces are utilized to move other automated vehicles, making it easier for any
car to exit. The parking lot is accessible to both private and public automated vehicles, and
all movements must comply with Formulas (1) and (2).

The mobile priority parking lot is analyzed using unique path-driving methods and
graph theories. After filling most parking spaces, the remaining space is divided into
four scenarios.

m, n are odd and m, n > 3 (Figure 2a); m is even, n is odd, and m > 4,n > 2 (Figure 2b);
misodd, niseven,and m > 4,n > 2 (Figure 2c); m, n are even, and m > 4,n > 2 (Figure 2d).
For example, when the size of a parking lot is 100 x 98, its remaining space is the parking
space layout, as shown in Figure 2d. This paper focuses on the capacity of mobile priority
parking lots, which is determined solely by the remaining decision space S; in the parking
lot. In mobile priority parking lot design, we compute the maximum number of cars that
can be parked when both m and n are odd as: the horizontal parking zone has an area of
m(n — 3) and we park M cars, the vertical parking zone has an area of, and we park
3("127_3) cars, and finally 2 cars in the 3 x 3 base grid, we can park ten cars in the 5 x 5 base
grid. Based on this, a formula for calculating the capacity C4yp1 of mobile priority parking
lots is derived.

®)

(mxn—6)

(mxn=5) .
Chopt = ~———, if both m and n are odd
~———, otherwise
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(b) (c) (d)

Figure 2. Remaining space of the mobile priority parking lot: (a) 3 x 3; (b) 4 x 3; (¢) 5 x 2; (d) 4 x 2.
The capacity of a parking lot of any size is only related to the remaining space.

According to Formula (3) for mobile priority parking lot capacity, the density formula
D gpp1 can be deduced as follows:

mn
(mxn—6)
mn

(4)

. (mX1=5) i £ both m and n are odd
Aoyl , otherwise

According to Formulas (3) and (4), it is possible to perform additional calculations to
determine the result.

. mn .. .
m,lrllr—r>looCAUp1 = T’m,l%rl}ooDAWl =1,ifm—oo,n— o0
Based on the findings, it can be inferred that when the parking lot is sufficiently
spacious, the parking density of the mobile priority parking area proposed in this research
is nearly one, implying that it is almost fully utilized.

2.3. Obstruction Environment

Many cities face limited land resources, which means that parking lots often cannot
be built on the surface. This has led to the increasing importance of designing efficient
underground parking lots. However, these parking lots often present obstacles such as load-
bearing columns or electric vehicle charging stations, which can complicate the movement
of vehicles within the lot. To address this, the lot’s capacity is designed based on the parking
characteristics of automated vehicles and their three basic moving trajectories. If the lot has
an irregular shape due to obstacles, it can be made up of several obstacle parking lots with
varying specifications.

Compared to the mobile priority parking lot in the obstruction-free scenario in
Section 2.2, the automated parking lot with obstacles (as seen in Figure 3a) has higher
requirements for vehicle movement during the parking process. In Figure 3b, each size
of the obstacle parking lot can be approximated as an m x n mobile priority parking lot
covered with ¢ = a x b rectangular obstacles (where a represents the number of obstacles
on the horizontal side and b represents the number of obstacles on the vertical side). In
Figure 3c, the space they occupy cannot be fully utilized due to the length / and width w of

a
the obstacles. In the formula, }_ [; represents the lateral length of the parking lot affected
i=1

b
by the obstacle, and ) w; represents the vertical width of the parking lot affected by
i=1
the barrier.
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(a)

=]
l o |

s s - _ L 3

(b) (c)

Figure 3. Schematic diagram and actual use area of the parking lot with obstructions. (a) Schematic
diagram; (b) Actual use area; (c) Area (adjusted).

Thus, we can further deduce the actual use area formula S, of the parking lot with

obstacles as follows: ,
a
Sy = (m—ZlZ) (n—Zw,-) 5)
i=1 i=1

Using the mobile priority parking lot design from Section 2.2, we will utilize unique
path driving methods and graph theories to analyze automated parking with obstacles. For
m X n parking lots, most areas of the parking lot are filled with parked cars. The remaining
decision space S; will be divided into four scenarios.

m, n are odd and m, n > 3 (Figure 4a), m is even, n is odd, and m, n > 6 (Figure 4b), m
is odd, n is even, and m, n > 6 (Figure 4c), and m, n are even and m, n > 6 (Figure 4d). The
obstructions for small car parks are usually located on the periphery of the car park. Hence,
the remaining decision space for small car parks of the remaining size is consistent with
that of accessible car parks. Additionally, the formula for obstruction parking lot capacity
in the case of a large parking lot scale C 4,2 can be derived from the following:

(6)

o M, if both m and n are odd
Avp2 , otherwise

(m><n 8)
2

¢ e g g
(@) (b) © (@

Figure 4. Remaining decision space of a parking lot with obstruction: (a) 3 x 3; (b) 4 x 3; (¢) 5 x 2;
(d) 4 x 2. The capacity of a parking lot of any size is only related to the remaining space.

Formulas (5) and (6) can be used to further deduce the density formula D 40 of the
mobile priority parking lot.

<m><n m):w,—n):l—&-Zw,El—)
i=1 i=1 i=1 i=1 4
= , if both m and n are odd
mXxXn— m)::w,—n):l—&-[‘,w,[;l—)
i=1 i=1 i=1 i=1
mn

DAUpZ = ( @)

, otherwise
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When there are no obstacles, the obstruction parking lot can be converted to a mobile
priority parking lot, and the formula for the obstruction influence coefficient é(c) can be

derived as: L
o= { L g

Formulas (3), (6), and (8) can be used to deduce the capacity formula Cy4y) for auto-
mated parking lots.

Chop = { M, if both m and n are odd )

—(mX"%;z 20 otherwise
Formulas (3), (6), and (8) can be used to deduce the density formula D 4, for auto-
mated parking lots.

b b
(mxnfmlz wz-fn_i Li+ Y% wii 1;—5—-2 % 6(c)

i=1 i=1 i=1 i=1 :
i , if both m and n are odd

DAvp = b a b a (10)
(mxnfm Ywi—nY L+ Y w; Y [;—6—2 % é(c)
i=1 i=1 =1 =1

e , otherwise

According to Formulas (9) and (10), it is possible to perform additional calculations to
determine the result.

. mn . .
m,l,%rﬂoocf‘w = T,m,l}lr_r}wDAvp =1,ifm—o00, n— o0
Based on the findings in this paper, it can be inferred that automated parking lots
can achieve close to full utilization when the parking lot size is large enough. However,
smaller parking lots with obstacles are significantly impacted by the number and size of
those obstacles, which aligns with real-world observations.

2.4. Hybrid Environment

To develop parking lots in the future, a necessary process will be the hybrid parking of
traditional vehicles with automated vehicles. Hybrid parking lots are expected to continue
for a long time. The design of these parking lots is based on the parking characteristics
of automated vehicles proposed in Section 2.1. The design also considers the three basic
movement tracks proposed in Section 2.1, as well as the mobile priority parking lot and the
obstruction parking lot proposed in Section 2.3. The design applies the principles of space
and time resource conversion in traffic design and the traffic separation principle in traffic
control. A hybrid parking lot with a unique shape can be considered as a combination of
several specifications of obstruction parking lots and several traditional parking lots. The
area of the subarea of the hybrid parking lot is determined by the number of horizontal
grids m and vertical grids n of the automated parking lot.

In Figure 5, there is a hybrid parking lot consisting of four sub-areas measuring
15 x 6 each. The parking lot is divided into 50% automated and 50% conventional areas,
and the allocation of parking rights for each sub-area depends on the real-time needs of
both automated and conventional vehicles. For example, if there is a higher demand for
traditional parking, more sub-areas can be designated for conventional vehicles. This
results in variability in the design of the hybrid parking lot sub-area.
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Figure 5. Design of a hybrid parking lot with humans and automated vehicles.

To facilitate research, this paper assumes that the road width of a traditional parking
lot occupies two grids (as shown by the green-covered area in Figure 5). If a sub-area
is used as an automated parking lot, the blue-covered area can be utilized as a parking
space. Conversely, the blue-covered area can be used as a driving road if it is used as a
conventional parking lot. The berth layout of the sub-area of the hybrid parking lot is
illustrated in Figure 6a,b.

D @ S &
D () (D
! D
l \ D
-\ (0 () O
N (S &

(a)
/ N
(b)

Figure 6. Hybrid parking lot design in sub-areas. (a) Automated subarea; (b) Conventional subarea.

4

This paper proposes a hybrid parking lot that can be combined with & * m x n obstacle
parking lots and 8 * m X n traditional parking lots. If no rectangular obstacles exist, the
obstacle parking lot can be transformed into a mobile priority parking lot. This allows
automated subareas to have decision spaces consistent with the mobile priority or obstacle
parking lot. In the calculation of the capacity and density of hybrid parking lots with
different mixing proportions, we set the traditional parking lot with obstacles. In the
traditional parking lot, we set up a two-grid-width lane for human-driven vehicles on the
left and right sides and inside the parking lot. Therefore, the number of horizontal grids
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in the traditional parking lot is (m - i I; — 4) , and the number of vertical grids in the

b

traditional parking lot is (n - Y w;— 2§> With this, the actual area S, that a single
i=1

conventional subarea can use can be calculated more accurately.

a b
Su—<m—21i—4> (n—Zwi—2-§> (11)
i=1 i=1

The parking lot capacity and parking density in the calculation process are greatly
affected by the limited driving conditions of the road in the conventional subarea. This
is due to the impact of the occupied area of the road. As a result, the capacity C; of the
conventional subarea can be further derived.

(12)

{ (Smxn—12n—(n+1)(m—4)=6 * 3(c)) , if both m and n are odd
C =

6
(3m><n—12n—n(6m—4)—6 * (S(C))/ otherwise

According to Formula (11), the density of the conventional subregion D; can be derived.

b a b a
<3m x n—3(m —4)'2 wi—n) li+3} wi) li— 2n(m — 2)>
D; = i=1 Bl;lln i=1 i=1 (13)

Based on the capacity formula of the automated parking lot in Formula (9) and the
capacity formula of the conventional parking lot in Formula (12), the capacity of the hybrid
parking lot Cj, is further derived:

o mxn=5-2+4(c)) |
B (3mX"—12”—(”+é)(m—4)_6 * () if both m and n are odd
Cp = (mxn—6—2 % 6(c)) o
a.—_'_
p. Groxn=1n-nln—4)-6 £ 3c)) | o4perzpise

According to Formulas (10) and (13), the density of the hybrid parking lot Dj, can be
further derived:

o (mxn—m}% w;—n f lﬁ-i w; )a: 1;—5-2 (5(c)>
i=1 i=1 =1 =1 +

(zx+[3)mn

B<3m><n 3(m— 4Zw, nZl+32w,Zl —2n(m— 2))
i=1 i=1 i=1 :
D, = (Hﬁ)mn , if both m and n are odd (15)

oc(mxn m):w,—nZl+Zw,Zl—6 2*(5())

i=1 i=1 = +

(uc—i—ﬂ)mn
B <3m><n 3(m—4) Zw17n21+32 wl):l —2n(m— 2))

(aiﬁl)mn =1 =1 , otherwise

According to Formulas (14) and (15), the hybrid parking lot’s parking capacity and
density are related to the number of automated subareas « and conventional subareas .
Ifa # 0,8 = 0,c = 0, the hybrid parking lot can be transformed into a mobile priority
parking lot. If &« # 0,8 = 0,c # 0, the hybrid parking lot can be transformed into the
obstruction parking lot. When the size of the parking lot and the proportion of automated
subareas are large enough, we can further calculate that:

mn

. . o
ml;r_r}lwch = TIm}l}zll)looDh =1,if m—oco,n— oo, P -1
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This paper shows that the hybrid parking lot designed in it has a parking density
almost at total capacity, with a value close to 1. The parking capacity and density of small-
scale hybrid parking lots are significantly influenced by the conventional subarea, which is
consistent with real-world observations.

3. Numerical Experiments and Results
3.1. Motion Rationality Based on Graph Theory

Taking the 7 x 7 size of the mobile priority parking lot as an example (the analy-
sis process is similar for the automated sub-area of the obstruction parking lot and the
hybrid parking lot), according to Formula (3), the mobile priority parking lot capacity
is: (mxn—5)/2 = (7x7—5)/2 = 22 (i.e., the first picture in the upper-left corner
of Figure 7).

Figure 7. Mobile priority parking lot design and vehicle (orange car) exit method.

Based on the above analysis, the steps for the graph theory analysis of the maximum
capacity of the parking lot are as follows:

Step 1: Considering the mobile priority parking, the space that does not affect the
entry of the following vehicle and the maximum number of parking vehicles is fully parked,
as shown in the two rows of parking on the right of the first picture in Figure 7.

Step 2: There is a remaining decision space of a parking lot conforming to the specifi-
cations (the area at the bottom-left corner of the first picture in Figure 7). In the remaining
decision space, considering the movement of cars, the parking space is full of vehicles, as
shown in the top-left corner of the first picture in Figure 7.

Step 3: Fill the remaining decision space form (Figure 2) into the empty position, as
shown in the area at the bottom-left corner of the first picture in Figure 7.

Step 4: By using the residual decision space in the area at the bottom-left corner of the
first picture in Figure 7, other automated vehicles are moved to realize the departure of any
car in the parking lot.

The conversion process of parking space from the fifth to the sixth in Figure 7 is
relatively complicated, and its change process is now explained in detail. The specific entry
and exit mode of vehicles in this scheme (the red car leaves) is shown in Figure 8:
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Figure 8. Specific move process.

3.2. Capacity and Density Numerical Validation

To verify the effectiveness of the parking lot design mentioned in this paper, accord-
ing to the parking lot layout design simulation experiment, the hybrid parking lot with
different sizes and combinations based on Formulas (14) and (15) and the traditional
underground parking lot were analyzed and compared by a computer programming exper-
iment. To facilitate the calculation of parking lot capacity and parking density, the parking
lot involved in the following analysis is composed of four sub-areas (i.e.,, « + p = 4),
each subarea with obstructions contains two obstructions, and the obstruction size is
1grid x 1 grid (i.e., c =a x b =2,I =1, w = 1) Three combination schemes are set for the
hybrid parkinglot (¢ : f=3:1,a:=1:1,a:3=1:3).

Figure 9 shows the optimization effect of the parking lot designed in this paper on
the capacity improvement of the parking lot at different scales. In the 6 x 6 specification
subarea, compared with the 12 vehicles in the traditional parking lot, the parking capacity
(dark blue curve shown in Figure 9) of the mobile priority parking lot contains 60 vehicles,
the capacity increases by 400%, and the parking capacity (red curve shown in Figure 9) of
the hybrid parking lot (« : B = 1 : 3) is 27 vehicles, and the capacity increases by 125%. In
the 12 x 12 specification subarea, compared with 124 vehicles in the traditional parking lot,
the parking capacity (dark blue curve shown in Figure 9) of the mobile priority parking
lot design is 276 vehicles, with a capacity increase of 122.58%; the parking capacity (red
curve shown in Figure 9) of the hybrid parking lot (x : B = 1 : 3) is 165 vehicles, with a
capacity increase of 33.06%. As the size of the parking lot continues to increase, the increase
rate (slope of the curve in Figure 9) of the parking capacity of the five parking lot models
involved in this paper continues to rise, and the traditional parking lot is also consistent
with the reality due to the restrictions of roads and obstructions in the field.

300
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250 —e— Hybrid parking capacity (1: 3)
] Hybrid parking capacity (1: 1)
= 9295 —e— Hybrid parking capacity (3: 1)
o 1 —e— (Obstaction parking capacity
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Figure 9. Comparison of parking capacities of different sizes.

Figure 10 shows the optimization effect of the automated parking lot designed in
this paper on improving the parking lot density at different scales. Under the 12 x 12
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specification subarea, the parking density (blue curve shown in Figure 10) of the traditional
parking lot is 0.35, and the parking density (red curve shown in Figure 10) of the mobile
priority parking lot design is 0.96, with a density increase of 174.28%. The parking density
(orange curve shown in Figure 10) of the obstruction parking lot is 0.71, with a density
increase of 102.85%.
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Figure 10. Comparison of the density of automated parking lots.

When the parking lot size is small, the area of obstruction is more significant than that
of the parking lot with obstructions, resulting in a smaller available parking area and lower
parking density. However, as the size of the parking lot m x n continues to increase, the
proportion of the area of fixed obstructions relative to the obstruction parking lot decreases.
The parking density of the obstruction parking lot will continue to rise, exceeding the
density of the traditional parking lot in the 7 x 6 scale subarea (where the orange curve
intersects with the blue curve in Figure 10). When the size of the parking lot m X n is large
enough, we can further calculate that:

lim D; =0.35

m,n—o00
D CAopt = 0 Catop = 5
i Dt = Jim, Dz =100

The parking density of the traditional parking lot is close to 0.35, and the parking
density Dgyp of the two automated parking lots designed in this paper is close to 1, which
is close to the entire utilization state.

Figure 11 shows the optimization effect of the hybrid parking lot designed in this
paper on improving the parking lot density under different mixing ratios and scales. Under
the 12 x 12 specification subarea, the parking density (Figure 11 dark blue curve) of the
traditional parking lot is 0.35. The parking density (red curve in Figure 11) of the hybrid
parking lot (« : B = 1 : 3) is 0.57, and the capacity is increased by 62.86%; the parking
density (green curve shown in Figure 11) of the hybrid parking lot (x :  =1:1) is 0.70,
and the capacity is increased by 100%; and the parking density (light blue curve shown
in Figure 11) of the hybrid parking lot (x : B = 3 : 1) is 0.83, and the capacity is increased
by 137.14%.
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Figure 11. Comparison of the density of hybrid parking lots (in different mixing ratios).

When the parking lot size m x n is small, the parking density of the three hybrid
parking lots is close to each other. As the proportion of automated parking lots keeps
increasing, the overall parking density of the hybrid parking lot also increases. As the
parking lot subarea size m x n gradually increases, it can be seen that the parking density
of the hybrid parking lot tends to be stable. Further, we can calculate that:

lim Dy,;1 = 0.57 lim Dy = 0.70 lim D3 = 0.83
x:=1:3 x:f=2:2 a:f=3:1
m,n — oo m,n — oo m,n — 0

Therefore, compared with the traditional parking lot, the capacity and density of the
parking lot designed in this paper have improved significantly, and the optimization effect
is better.

3.3. Cause of Curve Oscillation

For the parking lot design with the same number of grids, different parking lot capaci-
ties and densities are presented due to the difference between the number of horizontal
grids, the number of vertical grids, and the occupied area of obstacles and roads. According
to the previous setting, the parking lot is composed of four sub-areas (i.e., « + = 4),
taking the parking lot with a hybrid parking lot of an automated sub-area and conventional
sub-area as an example (w : B =1:1).

The superposition of sub-areas is applied to explain the impact on the parking lot’s
capacity. The total number of grids of one 9 x 8 scale parking lot and two 9 X 4 scale parking
lots is the same. Still, the remaining decision space exists in both sub-areas, resulting in
the density and capacity of the stacked parking lot being less than that of an integral one.
When the two automated sub-areas are superimposed, they are merged into a large-scale
automated sub-area to maximize the number of parking lots. As shown in Figure 12.

For the sub-area containing 36 grids, there are two different layout methods: the
sub-area of a 9 x 4 scale and the sub-area of a 6 x 6 scale. The following figure is the design
of the hybrid parking lot under the sub-area of the 9 x 4 scale. As shown in Figure 13.
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Figure 12. The influence of area superposition on the capacity and density of the parking lot:

(a) 2 x 9 x 4 scale parking lot (30 vehicles); (b) 9 x 8 scale parking lot (33 vehicles).
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Figure 13. Parking lot under the sub-area of a 9 x 4 scale. (a) 4 x 9 X 4 scale parking lot (43 vehicles);
(b) 4 x 9 x 4 scale parking lot with obstacles (38 vehicles).

The following Figure 14 is the design of the hybrid parking lot under the 6 x 6 scale

subarea.
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Figure 14. Parking lot under the sub-area of a 6 x 6 scale. (a) 4 X 6 X 6 scale parking lot (42 vehicles);
(b) 4 x 6 x 6 scale parking lot with obstacles (36 vehicles).
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As can be seen from the figure, parking lots of a 9 x 4 scale (43 vehicles), 9 x 4 scale
(38 vehicles in the obstacle scene), 6 x 6 scale (42 vehicles), and 6 x 6 scale (36 vehicles
in the obstacle scene) have different parking capacities in the same subarea containing
36 grids. The oscillation will be more evident if the parking lot scale is small and contains
fixed obstacles (as shown in the figure). With the continuous increase in the scale of the
subarea of the parking lot, the oscillation amplitude of the capacity and density will also
decrease due to the decrease in the proportion of the area occupied by the obstacles and
roads in the subarea, and the density curve will also tend to a stable value.

4. Discussion

Our paper proposes the optimal design of high-density hybrid parking in different
scenarios, including the mobile priority parking lot, the parking lot with obstacles, and
the hybrid parking lot with human-driven and automated vehicles. We provide examples
of three different mixed-ratio parking lot designs and calculate the effectiveness of six
parking lot models discussed in the paper. Compared to traditional parking lot models, the
proposed parking lot design has significantly improved capacity and density. We present
experimental results and provide suggestions for high-density parking lots in multiple
scenarios in the future.

In the past, researchers have mainly focused on studying high-density parking in
barrier-free and automated scenarios. However, our paper takes into account the design of
an underground parking lot that includes building load bearing, the increasing demand for
charging stations, and the scenario of a hybrid driving parking lot that will exist for a long
time in the future. Therefore, to calculate the capacity and density, we have developed a
parking lot design that is similar to realistic scenarios. We have proposed a high-density
parking model in our paper, which we have compared with a realistic parking model, and
we have drawn a conclusion based on our findings.

Due to the presence of obstacles, the number of vehicles in both the horizontal and
vertical areas will be affected. Therefore, parking lots with obstacles will be affected in
terms of capacity and density, which is very influential for small-scale parking lots. So, the
formula we set up will have a more significant impact when the size of the parking lot is
small. The design of the parking lot with obstacles is related to the location of the barriers.
We arrange the obstacles under the assumed position to obtain the formula of the parking
lot with barriers proposed in the paper.
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The formula proposed in this paper becomes more accurate as the size of the parking
lot increases. For hybrid parking lot designs, different sub-areas can be mixed to create
a parking lot of various shapes and sizes. Due to variations in the sub-areas, scale, and
quantity, we provide a formula for calculating hybrid parking lots. For parking lots with
irregular shapes, it is necessary to divide the parking lot into smaller sub-areas and conduct
a proportional analysis for each area to obtain accurate results. In the result presentation
section of the paper, we provide three rectangular parking lot designs to verify the model.

This paper provides the optimal design of a planar high-density parking lot. However,
for a high-density parking lot that is quickly filled with vehicles, it takes a lot of time to
make the cars inside move out, so it is worth further research on the algorithm of parking
space allocation. It is important to note that a three-dimensional parking lot cannot be
viewed as a simple flat stack. It is necessary to also consider the movement and positioning
of the vehicle, as this will impact the safety and efficiency of parking.

5. Conclusions

This paper innovatively proposes the design of a mobile priority parking lot based on
the parking attributes of automated vehicles, which can optimize the maximum capacity
of automated vehicles. Based on the mobile priority parking lot and considering the
distribution of obstructions in the underground parking lot, the optimized design of the
parking lot with obstructions is further proposed, which can better solve the impact of
charging piles and indoor building-bearing columns on the parking of automated vehicles.
Based on the spatiotemporal resource conversion in traffic design and the principle of traffic
separation in traffic control, this paper designs a mobile priority parking lot, proposes
an optimized design of a hybrid parking lot with conventional and automated vehicles,
and improves the utilization rate of parking lots through the variability of parking areas
to maximize the capacity and density of urban parking lots in different scenarios. In this
paper, we propose a multi-scene high-density parking design, which is more in line with
the situation in real life than previous studies on high-density parking by scholars. This
paper is innovative in studying complex scenarios, such as hybrid high-density parking lots
with obstacles such as load-bearing columns and charging piles. The following conclusions
are obtained through the analysis of numerical examples:

(1) The capacity and density of a parking lot depend on various factors, including the
design, number, size, and mixing ratio of obstacles. It is important to note that the number,
size, and mixing ratio of obstacles play a significant role in determining a parking lot’s
parking capacity and density.

(2) For automated parking lots, that is, mobile priority parking lots and parking lots
with obstructions, with the continuous increase in the scale of sub-areas, the parking density
will approach one, approximately reaching the entire utilization state.

(3) For parking lots with human drivers, such as traditional parking lots and hybrid
parking lots (with different mixing ratios), with the continuous increase in the size of
sub-areas, the maximum density of various hybrid parking lots will tend to be a fixed value,
so in the future design process of hybrid parking lots, we should not only consider the scale
construction but also consider the impact of the mixing ratio on the capacity and density of
parking lots.

When trying to increase the number of parking spaces in urban areas, it may be
helpful to refer to the parameter design outlined in this paper. As automated vehicle
technology advances and land resources become more limited, future research will fo-
cus on maximizing capacity and efficiency in three-dimensional parking structures for
different scenarios.
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