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Featured Application: This study introduces ramp control into parking management and pro-
poses intelligent control strategies for vehicle departure in urban complex parking lots. Specif-
ically, in these strategies, the frequency of gate lever lift is optimized using timing control and
inductive control. The proposed intelligent control strategies are applied in the Jinding area in
Shanghai, China, with large underground parking lots. Compared to non-controlled situations,
the driving efficiency of the ground-level traffic is improved.

Abstract: The entrances and exits of underground parking lots of large complexes are the key nodes
for the conversion between ground-level dynamic traffic and underground static traffic. Since
congestion is caused by a large number of vehicles leaving parking lots at peak hours, the departure
control strategy can effectively manage vehicle departure and reduce the congestion of ground-
level traffic. In this study, we introduce cooperative control in ramp control into parking lot exit
management. The frequency of parking lot exit gate lever lift is used as the control and optimization
variable. To ensure the efficiency of regional traffic, we designed timing and inductive control
strategies to control the speed of departing vehicles. In an experimental model, we took Shanghai
Jinding super-large underground parking lot as an example. The changes in the external road network
were simulated when different strategies were implemented on the Simulation of Urban Mobility
(SUMO) simulation platform. The experimental results show that the proposed control strategies can
significantly ease the congestion of the regional road network, improve the average speed of dynamic
traffic, and reduce the queue length at intersections.

Keywords: smart parking; cooperative control; control strategy; SUMO simulation

1. Introduction

With the comprehensive development of China’s economy, society, and living stan-
dards, the scale of cities has also increased dramatically with the construction of a large
number of urban complexes. Since urban complexes have strong traffic generation and
attraction, the construction of parking facilities is required. Specifically, the construction
of super-large parking lots is one of the important ways to solve parking difficulties in
urban complexes, which contain over 2000 parking spaces on a single level and the total
number of parking spaces exceeds 5000 [1,2]. For a large-scale urban complex, the bigger
the building area, the more concentrated the parking demand, with more parking spaces
and exits being required. Generally, underground parking lots are equipped with different
numbers of parking spaces according to the construction area of 30–40 m2/per standard
parking space. Moreover, the number of entrances and exits of the parking lot also depends
on the number of parking spaces [3].

The entrances and exits of parking lots are the bottleneck, as they connect the internal
road of parking lots and external ground-level roads. The control of parking lot entrances
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and exits can provide efficient services for parking vehicles and increase the accessibility
of parking lots. Meanwhile, parking lot control can minimize the negative influences of
super-large parking lots on surrounding roads. However, most studies of the entrances and
exits of parking lots focus on the location and design of entrances and exits. For example,
Chen and Wang used queuing theory to study the length and location of the entrance and
exit lanes to reduce the impact on road traffic flow [4]. Fan et al. conducted a theoretical
analysis on the location selection of parking entrances and exits [5].

In recent years, various studies have focused on the association between the traffic
organization of entrances, exits, and traffic. Guo et al. proposed that parking lot entrances
and exits are bridges for connecting static and dynamic traffic and emphasized the impor-
tance of traffic organization [6]. Xiong et al. investigated traffic at the interface between
parking lot entrances and main roads and indicated that the traffic delays on the main road
were caused by vehicles entering and exiting parking lots. Their research on the traffic
organization of entrances and exits shifted from qualitative to quantitative analyses [7]. Zhu
et al. studied the effect of vehicles entering and exiting parking lots on the driving speed of
main roads, and called the traffic blockage caused by the intersection of vehicles that leave
parking lots and enter main roads the “blocking effect” [8]. Tang et al. analyzed the impact
of different traffic organization designs on the connected roads and the degree of the impact
based on VISSIM simulation. Their study showed that the impact (e.g., delay, speed, and
stop times) on the traffic flow of the main road varies greatly when vehicles leave parking
lots, according to the allowed intersections or following the main road priority policy [9].
Recently, more and more studies focus on the traffic organization and control of parking
lot exits, but few studies pay attention to the implementation of intelligent control of
parking lot exits based on the static traffic demand of parking lots and the real-time state of
ground-level dynamic traffic. In addition, the robustness and stability of control strategies
are crucial in real-world applications. Fault detection and the influence of disturbances,
modeling errors, delays, and various uncertainties in real systems should be considered
to achieve better practical performance in complicated systems [10–13]. However, it is
difficult to consider the aforementioned factors in traditional manual management.

With the development of technologies, the parking management system has shifted
from manual management to intelligent management. The information collection and man-
agement [14], demand prediction [15], system modeling [16,17], and intelligent control [18]
provide sufficient conditions for the implementation of vehicle departure intelligent control
strategies. In this study, we firstly composed and analyzed the vehicle departure character-
istics of the parking lot exit, and innovatively introduced the concept of cooperative control
of ramp control into parking lot exit control. Then, we proposed timing and inductive con-
trol strategies for leaving parking lots in coordination with the ground-level dynamic and
underground static traffic. Specifically, timing control and inductive control of exit vehicles
are achieved through intelligent control of the exit gate levers of parking lots. Finally, the
effectiveness of the control strategy was verified based on the Simulation of Urban Mobility
(SUMO) simulation with the example of the Jinding super-large underground parking lot
in Shanghai, China, which is composed of nine rectangular grids.

The contributions and originality of this study are summarized as follows. First, we
propose novel control strategies for vehicle departure using the concept of cooperative
control of ramp control, which significantly eases the congestion of the regional road
network. Second, we simulated the application in a representative parking lot in the
Jinding area to carry out experiments and provide a reference for real-world applications.
Third, the proposed control strategies can be further cooperatively used with signal control
at intersections to improve the safety and efficiency of regional traffic.

2. Vehicle Departure Characteristic Analysis

The exit of a parking lot plays an important role in connecting the internal roads of the
parking lot with the external roads on the ground. As shown in Figure 1, the traffic flow on
the external road tends to be saturated. In this situation, the departing vehicles in the exit
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lane of the parking lot are affected by the ground-level vehicles and associated intersection
signal. Since it is difficult to merge into the external road, a queue is generated in the exit
lane of the parking lot. As a result, the external road becomes a bottleneck. As time goes on,
the queue traces back to the entrance and internal roads of the parking lot, which affects
parking and regional traffic. As a node for the transition between underground static traffic
and ground-level dynamic traffic, the entrances, exits, and management equipment of
parking lots can limit or divert traffic flow. Therefore, we make full use of the entrance and
exit of the parking lot to reduce the impact of the departure from super-large parking lots
on the surrounding roads.
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Figure 1. Influence analysis of vehicle departure in the parking lot.

Dynamic traffic on the ground and static traffic underground interacts with each other.
The ground-level roads around parking lots can be influenced by the departure vehicles.
During peak hours, vehicles often wait in the entrance and exit lane of the parking lot,
which also affects the dynamic traffic on the ground-level roads. It can be seen that the
separate management and control of surface ground-level traffic and underground static
traffic cannot meet traffic control requirements. Thus, it is necessary to coordinate these
control approaches to ensure driving efficiency.

The problem related to traffic coordination control is commonly solved using ramp
control [19]. The method takes the on-ramp of an expressway as the research object. Under
the normal and continuous operation of the vehicles on main roads, the real-time traffic
flow of the upstream and downstream of the ramp is coordinated, and the optimal off-ramp
mediation rates for different upstream and downstream flows are calculated. In this way,
the vehicles on the auxiliary road can enter the main road one by one, which achieves good
control results. The scenario in which parking lot vehicles enter the ground-level road via
the exit is highly similar to that of vehicles on the auxiliary road entering the main road
via the ramp. This study introduces the coordinated control concept of ramp control to
formulate intelligent control strategies for vehicle departure to avoid traffic congestion and
improve driving efficiency.

3. Intelligent Control Strategies for Departure from the Parking Lot

With the rapid development of smart parking technology, parking facilities have
been continuously upgraded for intelligence. The exit of the parking lot is equipped with
intelligent configurations, such as intelligent lever lift control systems and electronic toll
collection systems, which provide a foundation for the implementation of intelligent control
strategies. To avoid the impact of the departure of vehicles in super-large parking lots
on the efficiency of regional traffic, this study uses the idea of coordinated regulation in
ramp control, which comprehensively considers the flow changes of the main road and the
auxiliary road. Then, we propose timing and introductive control strategies for the lever at
the exit of parking lots. The strategies use the control frequency of the lever as a control and
optimization variable. The strategies intelligently manage and control the departure of the
parking lot according to the state of ground-level roads, associated intersections, and the
departure demand of underground parking lots to ensure the efficiency of regional traffic.
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3.1. Timing Control Strategy

Timing control strategy takes the control frequency of the gate lever, known as the
“mediation rate” in the following, as an optimization goal. As shown in Figure 2, the control
strategy takes the road capacity of the main road as a reference, considers the departure
demand of vehicles in the parking lot, and regularly adjusts the number of vehicles driving
onto the ground-level main road. As a result, the sum of vehicles on the ground-level main
roads and the vehicles in the exit lane of parking lots is less than that of the control targets.
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On the one hand, the mediation rate of the intelligent lever lift system must meet
the normal departure demand of vehicles in the parking lot to avoid a long queue in the
parking lot. On the other hand, an excessive mediation rate of the intelligent system leads
to a situation in which a large number of vehicles rapidly pour into the road from the
parking lot, which exceeds the traffic capacity of downstream intersections and affects the
efficiency of regional traffic. In Equations (1)–(4), the formulations for the mediation rate r
and the lift period T of the intelligent lever lift system at any exit of the parking lot in the
timing control strategy are shown.

First, for any exit m of the parking lot in an intelligent lever lift system, the sum of
mediation rate r and the upstream road traffic demand q should not exceed the downstream
intersection traffic capacity C with the turning n:

Cn ≥
L

∑
l

M

∑
m

rlmn + qn, ∀n (1)

where rlmn represents the meditation rate of any exit m of the parking lot in the regional
plot l with turning n; Cn represents the traffic capacity of entrances of intersection n; and qn
represents the upstream traffic flow of the corresponding intersection.

Secondly, the mediation rate of all turns of the regional plot l parking lot exit is not
lower than the vehicle departure demand of the regional plot Dl :

N

∑
n

rlmn ≥ Dl , ∀l (2)

Finally, we calculate the fixed lever lift period of the intelligent lever lift system for the
exit m of the parking lot in regional plot l:

Tlm = max

 3600
N
∑
n

rlmn

, Tmin

, ∀l, m (3)
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Tmin =
3600
Dl

(4)

where Tlm represents the cycle length of the intelligent lever lift system at the exit m of the
parking lot of the regional plot l and Tmin represents the minimum cycle length. Therefore,
according to the above restrictions, the cycle length of each gate can be solved, and the
timing control scheme of the gate levers at the entrance and exit of each parking lot can
be obtained.

3.2. Inductive Control Strategy

The timing control strategy comprehensively considers the vehicle departure demand
of the parking lot and the traffic capacity of the associated intersections on the ground-level
road. The traffic flow that enters the ground-level road is controlled by setting the fixed
mediation rate of the intelligent lever lift system to avoid exceeding the capacity of the
ground-level main road. The traffic capacity not only meets the basic departure demand of
vehicles in the parking lot, but also ensures the efficiency of regional traffic.

However, the demand for vehicle departure in the parking lot is quite different be-
tween peak and non-peak hours, as is the change in dynamic traffic on the ground in real
time. The mediation rate given by the timing control strategy remains fixed for a period
due to the non-real-time nature of the original data. This leads to the timing control strategy
lacking the ability to adapt to real-time changes in external traffic (such as congestion
and traffic accidents) and thus waste road resources. Therefore, this paper proposes an
inductive control strategy based on a timing control strategy with the following principles:

1. The inductive control strategy should obtain the real-time queue of the associated
intersection on the ground-level road and the exit of the parking lot in real time
through perception and communication technologies to provide data and decision-
making support for the real-time speed control in the intelligent lever lift system at
the parking lot exit.

2. The inductive control strategy should ensure that the vehicles in the parking lot are
released under the majority of general circumstances and do not form long queues
too inside the parking lot.

3. The inductive control strategy should avoid the vehicles being released from the exit
of the parking lot seriously affecting the operation of the ground-level road.

4. The inductive control strategy should maximize the overall operating efficiency of the
downstream intersections and the entrances and exits of the parking lot associated
with the ground-level road.

5. The inductive control strategy is applied with information induction methods. When
a long queue is formed at the exit of the parking lot, the guidance information is
released in advance to guide vehicles to choose other exits for a rapid departure
and avoid aggravating congestion of the regional area or a queue forming in the
parking lot.

Based on the above principles, the inductive control scheme of the intelligent lever lift
system at the exit of the parking lot is designed as follows. As shown in Figure 3, intelligent
sensors (e.g., coils, AI cameras) are provided downstream of the exit lane of the parking
lot to detect the length of the downstream queue. The intelligent lever lift system at the
exit of the parking lot is always in the release state, shown as a green light in Figure 3.
When the length of the queue downstream of the main road exceeds the threshold, the
intelligent lever lift system at the exit of the parking lot turns red, indicating that the exit
is not releasing vehicles. The management platform judges the duration time of the red
light and the queue length downstream of the main road in real time. If the queue length
downstream of the main road is less than the maximum duration time of the red light, the
green light is restored. If the duration time of the red light is larger than the maximum
duration time, the intelligent lever lift system at the exit of the parking lot returns to a green
light. If it is less than the maximum duration time and the queue length downstream of
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the main road still exceeds the threshold, the intelligent lever lift system at the exit of the
parking lot shows a red light.
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The threshold of the queue length for the downstream main road is determined based
on the distance between the position of the actual road entrance and exit and the stop line
of the downstream-associated intersection. The maximum duration time of the red light for
the intelligent lever lift system Tmax takes the drivers’ largest parking waiting time Ttolerate
and the maximum waiting time Twait for parking demand into consideration:

Tmax = min{Ttolerate, Twait} (5)

Twait =
3600
Dl

(6)

where the waiting time of drivers at the entrance and exit of the parking lot is Ttolerate = 90 s.
After the waiting time is exceeded, the tolerance of drivers decreases rapidly [20]. Twait
represents the maximum waiting time for the parking demand of the plot, which is used to
ensure the traffic demand can be released normally.

4. Experiments and Results
4.1. Experimental Instructions

To verify the effectiveness of the proposed intelligent control strategies for vehicle
departures in parking lots, this study took Jinding Tiandi super-large underground parking
lot in Pudong New Area, Shanghai as an example. We simulated the regional operation
of the parking lot exit with timing and inductive control strategies based on the SUMO
software. As shown in Figure 4, Jinding Tiandi is located on the north side of Pudong
New Area and contains nine plots. The east side is Shenlun Road, the north side is Keqiao
Road, and the south side is Jufeng Road. Specifically, Jufeng Road is the secondary trunk
road, and the west side of Shenjiang Road is the trunk road, which is an important road
for travelling from the inner ring of the city center to the outer ring, with a peak flow
of more than 1200 pcu/h. With a land area of about 274,000 square meters and a total
construction area of about 715,000 square meters, it is an urban complex with spaces for
research and development, offices, hotels, commercial properties, and a theater. Jinding
Tiandi is expected to attract a large amount of commercial and leisure interest in the future.
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As shown in Figure 5a, the Jinding Tiandi parking lot is equipped with nearly
7000 parking spaces and has 21 traffic entrances and exits. As shown in Figure 5b, the
average spacing between the entrances and exits of some vehicles in the parking lot is
less than 70 m from the intersections. The spaces between the exits are narrow, and the
entrances and exits are distributed on the branch roads with a cross-section width of no
more than 24 m. Since the overall road capacity is low, it is easy to generate local congestion
points at the entrances and exits of the parking lot. Moreover, it is expected that the traffic
flow from the trunk and secondary trunk roads (Shenjiang Road and Jufeng Road) to the
Jinding Tiandi branch roads during the peak hours further aggravates the traffic pressure
inside the plots. In summary, after construction is complete, the Jinding Tiandi parking lot
will have a large parking management burden. The entrances and exits of the parking lot,
as the key nodes of the external dynamic traffic and the internal static traffic conversion,
are breakthrough points in terms of solving the problem of regional traffic control.
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4.2. Simulation Experiments

Simulation experiments were mainly divided into four stages: demand forecasting,
modeling and solving, testing, and evaluation. In the demand forecast, the parking de-
mand of the Jinding Tiandi parking lot was predicted during peak and non-peak hours.
The numbers of departure vehicles in the parking lot were obtained. Then, the timing
and inductive control models were established for the parking lot exits. The timing and
inductive control schemes of different exits in the intelligent lever lift systems were solved,
respectively. The optimal mediation rate of the intelligent lever lift system on the parking
lot exits and the maximum waiting time of the plot were obtained.

In the testing stage, the Jinding Tiandi traffic simulation environment was built using
SUMO simulation with TraCI (traffic control interface) for real-time control. SUMO is
an open-source microscopic road simulation tool that can simulate vehicle movements,
interactions between vehicles, etc. SUMO can use the traffic control interface TraCI to
achieve cooperation between simulation tools, and realize real-time interaction and data
acquisition using command lines and graphical user interfaces [21,22]. According to the
actual roads in the Jinding Tiandi parking lot, the road topology model was configured in
SUMO, as were the queue and speed detection devices on the parking lot exits required
for timing and inductive control. Vehicle movement models with different ODs were
configured in the simulation platform according to the demand forecast results. According
to the control strategy and solution results, the corresponding lever lift frequency and
algorithm trigger conditions were loaded in the simulation system. We ran the simulation
1000 times to obtain the test results of the regional road network under different schemes
and in different periods.

In the evaluation stage, to verify the effectiveness of the proposed intelligent control
strategy for vehicle departure, the average speed, the average queue length of intersections
of main trunk roads (Shenjiang Road), secondary trunk roads (Keqiao Road, Jufeng Road),
and internal branch roads of the plots (Hanqiao Road, Zhiqiao Road, Shentao Road, Shenqi
Road, Shenlun Road), and the average queue length at the exits of parking lots were used
to compare the performance of the non-controlled strategy, the timing control strategy, and
the inductive control strategy.

4.3. Analysis of Results

In this study, we used the average speed and queue length on road sections and in
parking lots as indicators. The reason for choosing these indicators resides in the fact
that the proposed control strategies aim to ease congestion caused by vehicle departure
from parking lots and ensure the efficiency of vehicle departure. Driving efficiency on
road sections and in parking lots is evaluated by the average speed. Due to the limited
road space and large traffic volume, queuing is inevitable at peak hours. Thus, queue
length was used to evaluate the congestion on road sections and in parking lots caused be
vehicle departures.

This study utilized an application-oriented non-controlled strategy, which is commonly
used in practice research as a baseline. In the experiment, we compared the common control
methods in practice, including no control, timing control, and inductive control strategies.
The simulation environment was established using the investigated information, including
the settings of parking lots, lanes, intersections, signal control schemes, and traffic flow. The
overall analysis of the simulation results shows that the implementation of an intelligent
control strategy for vehicle departure can effectively increase the average speed of regional
roads and reduce the length of queues at intersections.

According to Figure 6a,b, the average speed range of the road section during peak and
non-peak hours was 10–12 m/s. After adopting the timing control strategy, the average
speed of the roads inside and outside the nine-rectangle-grid increased by about 0.3 m/s.
After adopting the inductive control strategy, the average speed was further increased by
about 0.2 m/s, indicating that the timing and introductive control strategies are obviously
better than the non-controlled strategy. According to Figure 6c,d, the effects of inductive
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control on Jufeng Road and Shenjiang Road were significantly better than that of the timing
control strategy. Moreover, the length of the intersection queue was lower than that of the
non-controlled strategy by about 6 m and lower than that of the timing control strategy
by approximately 2–4 m. However, the decreases in the queue length at the internal road
intersections were not significant.

It can be seen that, regardless as to whether it was at a peak hour with a higher
parking demand or a non-peak hour with small regional traffic flow, the intelligent control
strategy of parking lot exit based on the concept of dynamic and static coordination control
exhibited excellent performance and robustness. Moreover, the inductive control strategy
can be combined with the external dynamic traffic for real-time feedback control. Since
the inductive control has the ability of adaptive coordination, it is better than the timing
control strategy in terms of the average speed and queue length on the roads. In brief, the
control performance of introductive control was superior.

Furthermore, it can be seen from Figure 6e,f that, after the implementation of the
timing control strategy at the exit of the parking lot during the peak hour, the queue length
in the parking lot increased slightly, while the queue length under the inductive control
strategy increased significantly. The inductive control strategy sacrifices the waiting time
of some drivers for higher efficiency of regional traffic. To ensure that drivers benefit, it
is recommended to cooperate with real-time information induction inside the parking lot
when using the inductive control strategy. When an exit is closed or a long queue has
been generated, the departing vehicle is induced to drive out from other exits to avoid
continuing to form a long queue at the exit of the parking lot [23,24].
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Figure 6. Results of the simulation in SUMO: (a) average speed of the road sections during the non-
peak hour; (b) average speed of road sections during the peak hour; (c) average queuing length on
roads during the non-peak hour; (d) average queue length on roads during the peak hour; (e) average
length of queues in parking lots during the peak hour; (f) average length of queues in parking lots
during the peak hour. Specifically, the roads include Keqiao Road (KQ), Hanqiao Road (HQ), Zhiqiao
Road (ZQ), Jufeng Road (JF), Shenjiang Road (SJ), Shentao Road (ST), Shenqi Road (SQ), and Shenlun
Road (SL). The parking lots are located on the No. 13–21 plots.

5. Conclusions

1. Previous studies paid more attention to the layout or design of the entrances and exits
of parking lots, but less attention has been paid to the intelligent management and
control of the entrances and exits of parking lots. This study innovatively introduces
the cooperative control concept in ramp control into parking management. We pro-
pose smart control strategies for vehicle departure that consider internal static and
external dynamic traffic simultaneously and control the speed of vehicles that are
merging onto main roads by adjusting the mediation rate of the parking lot entrance
and exit gate levers. The strategies include timing and inductive control strategies.

2. The timing control strategy is constrained by the capacity of the associated intersection
and the departure demand of parking lots to calculate the mediation rate of gate levers.
The inductive control strategy uses intelligent sensors to obtain the queue length at
intersections, the queue length at the exits, and the waiting time of drivers.

3. The experimental results show that the performance of the proposed two control
strategies is more superior and robust than that of non-controlled strategies under dif-
ferent travel demands. The timing control strategy alleviates queuing at intersections
using the fixed lever lift period. As a result, the average speed of the external road
increased. Inductive control has the ability to coordinate vehicle departure with exter-
nal dynamic traffic. Thus, the improvement in external dynamic traffic is better than
that of the timing control strategy; however, a long queue was also generated inside
the parking lot. In the future, this problem can be solved using parking induction and
path planning.
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