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ABSTRACT Three main changes are currently taking place in the context of the automotive industry:
electrification of vehicle propulsion, automated driving and a shift towards mobility as a service. While
the first two represent opportunities for the industry growth, the later questions the private ownership of a
car. Keeping the concept of a privately owned car will involve reducing the economical and environmental
cost of such ownership. In this paper, we address the reduction of the parking footprint of cars, leveraging on
electrification and low-level driving automation tomore than double the density of cars parked in a given area,
compared to conventional parking lots. We perform a complete evaluation of different strategies of vehicle
coordination based on large-scale datasets of parking sessions in distinct scenarios and under varying demand
patterns. Our results on the key metrics, namely area per vehicle, travel distance while parked, and removal
time - clearly highlight the relevance and efficiency of this novel approach to parking. We also empirically
derive guidelines for designing high-density parking systems (e.g. parking lot layout or capacity) and show
the involved trade-offs.

INDEX TERMS Autonomous vehicles, high-density parking, parking, path planning, vehicular networks.

I. INTRODUCTION
Private transport is the dominant form of transportation
in most of the world, relying increasingly on automobiles
to move people from one place to another [1]. Car-based
transport has proved unsustainable [2], consuming excessive
energy, affecting the health of populations, and being greatly
responsible for the phenomena of urban sprawl, which con-
sumes natural habitat and agricultural lands. Most measures
to mitigate the negative effects of a car-based society are
centered on the use of fiscal policies to influence vehicle
purchase decisions with a low CO2 emissions figure often
resulting in reduced taxation [3]. However, centering such
policies on the potential emissions of each car captures only
the environmental impact caused during the mobile existence
of the vehicles, which typically represents only 5% of their
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overall lifespan. The impact of a parked car is non-existent
in terms of pollutant emissions or noise, but clearly exists in
terms of land use, where it is a major consumer, leaving less
land available for other purposes. Note that in some urban
areas the parcel of land solely devoted to parking can exceed
20% (e.g. Atlanta, USA [4]), becoming the single biggest
land use in terms of public infrastructure.

The straightforwardmeasure that would capture the impact
of a parked car in terms of land use is obviously the area
occupied by each vehicle. However, fiscal and pricing poli-
cies built around the area of each car are very rare. As a
result, and in contrast to what we observe in terms of CO2
emissions of cars during the last decades, the area of the top
selling automobiles in the world has been increasing steadily.
The top selling car in Europe in 2017 and in 2008 was the
Volkswagen Golf, which grew almost 2% in area over that
period. A similar or even higher increase in area occurred
with all of the most representative cars sold worldwide over
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the last years (e.g. the area of the Volkswagen Polo grew by
more than 8% in the last decade).

A simple reason that explains why area-related measures
have been absent from fiscal and pricing policies for cars is
the fact that the area occupied by a parked car is determined
rather by the area of the delimited parking spot. As the areas
of these parking spots are essentially identical, the areas
occupied by a small versus a large car parked in such parking
spots are exactly the same, becoming irrelevant for the pur-
pose of policy making. The fact is that in terms of land use,
the ownership of a large car or a small car is not differentiated,
given the current paradigm of delimited spaces, either for
curbside or off-street parking.

To consider the area of each car in fiscal and pricing
policies that can influence the buying decisions of car owners,
we need a new paradigm of urban car parking where parking
spaces are unbound and the actual measures of each car are
what defines the occupied area while parked. In addition,
and to significantly reduce the land use devoted to parking,
the new paradigm shall achieve a much higher density in
terms of the number of cars parked in a given area, compared
to current parking lots. By achieving a 2 or 3 times higher
density, this new approach to parking has the potential to
change the landscape of our cities in a very significant way.

Few works in the literature focused on improving
space efficiency being the vast majority of the research
devoted to sensing and disseminating parking availability
(e.g. [5]) or automatic parking of vehicles (e.g. [6]). In
a seminal paper [7], we have presented the concept of
high-density parking based on the collaborative mobility of
parked cars that autonomously move to accommodate enter-
ing cars, or to create exit paths to blocked vehicles. This slow
and autonomous mobility of parked cars is highly compatible
with the current technology of new cars, both in terms of
sensing and control, as well as in terms of energy efficiency,
given the market shift to hybrid and fully electric propulsion.

The optimization of this collaborative mobility is a highly
interesting problem, for which we have done preliminary
studies [8], [9]. The main challenge is related to the
determination of movement plans for (cohorts of) vehicles
whose motions might be interdependent due to the paral-
lel task execution and the high-density parking configura-
tion. In this paper we make the first complete study of the
high-density parking concept, evaluating large parking lots
in different settings, using different strategies and spatial
configurations.

To summarize our main contributions are as follows:
• we propose a planning and control framework to effi-
ciently move (a cohort of) vehicle(s) in a high-density
parking configuration considering the interdependent
motions of vehicles;

• we present several algorithms for selecting the original
destination for each entering vehicle and the associated
reallocation strategies for in-park vehicles;

• we perform a large-scale evaluation of the proposed
framework making use of empirical data from several

parking lots considering different parking technologies,
layouts, capacities and demand patterns.

The remainder of the paper is organized as follows.
We review the relevant state-of-the-art in Section II. The
proposed planning and control framework is detailed in
Section III, while section IV presents the four strategies for
reallocating vehicles in a high-density parking configuration.
In Section V, we characterize the three empirical datasets
collected in San Francisco, USA. The proposed methods
are evaluated making use of empirical data in Section VI.
Concluding remarks and future work directions are given in
Section VII.

II. RELATED WORK
A. (AUTOMATIC) PARKING ASSISTANCE SYSTEMS
In recent years, much of the literature in the area of parking
has focused on smart parking solutions, where information
collection based on networked sensors and real-time dissem-
ination to drivers are the main topics. Numerous works in the
area of parking assistance systems propose the use of sens-
ing, computation and communication technologies to solve
the problem of finding available on- and off-street parking
spaces. Sensing technology [e.g. WiFi [10], LIDAR [11],
GPS [12] or sensors [13]] can be used to detect available
parking spaces. Parking availability is then shared through
parking information systems to assist on parking space selec-
tion, guidance to parking space [14], [15] and space reserva-
tion. Klappenecker et al. [16] proposed the dissemination of
parking information (e.g. occupancy and arrival rate) through
vehicular networks so that vehicles can predict the availability
of free parking spaces upon arrival. A complete survey on
smart parking is presented in [5].

In addition to these research efforts in the context of smart
city sensing and information dissemination related to parking,
vehicle manufacturers have also presented several systems
that automate parking operations to simplify the process,
with a more local and maneuver-oriented perspective. In this
context, self-parking systems (e.g. [6]) automatically perform
parallel and perpendicular maneuvers by controlling the vehi-
cle actuators depending on sensing information. Specifically,
several authors proposed specific path/motion planningmeth-
ods (e.g. [17]) for automated parking given the more compact
nature of parking lots (i.e. tight environments). Automated
Valet Parking (e.g. [18], [19]) combines self-parking with
autonomous driving, allowing the passenger to leave at its
destination rather than at the parking lot. A survey on auto-
matic parking is available in [6].

B. HIGH-DENSITY PARKING
In the above mentioned works the architecture of parking lots
and parking spaces are unchanged, with no implications in
terms of the space occupied by parked cars. To reduce the
space occupied by parked cars, automated robotic parking
systems (e.g. Parkmatic1) - that resort to electric elevators

1http://www.parkmatic.com
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and rotating/sliding platforms to automatically move vehicles
in a high-density parking configuration - have been proposed
decades ago. However, due to their complexity, these systems
present high capital and operational costs, which results in
high costs for the end user. Additionally, access times to
retrieve vehicles can be high due to the limited availability
of moving platforms.

To reduce space requirements for parking, while simul-
taneously maintaining low capital and operational costs,
we proposed a novel concept for autonomous parking enabled
by drive-by-wireless (DbWl) and vehicular networks [7].
A high-density parking configuration - where inter-vehicle
distance is kept to a minimum - improves considerably
space utilization. Instead of using mechanical moving plat-
forms, our system relies on collaborative vehicle mobility that
replaces the concept of a static parking session by a slow
motion idle state that is particularly compatible with electric
vehicles. The collaborative in-park vehicle mobility is gov-
erned by a controller that determines planning strategies and
controls remotely vehicles through wireless communications
in combination with drive-by-wire. Note that currently an
increasing number of high-end cars offer the ability to slowly
move and maneuver the car from a smartphone (e.g. [20]).
A video2 with a small-scale prototype done with radio-
controlled miniatures provides a clear and visual explanation
of the concept. In [21], the authors also study parking space
optimization for automated valet parking making an in-depth
theoretical analysis of the parking lot properties under various
aspects, including the worst-case extraction time, total trav-
eled distance, and the number of movements per car. A later
work [22] also studied high-density parking but made several
unrealistic assumptions (e.g. fixed demand).

The design of a high-density parking lot configuration
allows improving the space requirements but demands the
implementation of collision-free path plans for multiple
vehicles to allow the entry or exit of selected vehicles from
the parking area while minimizing a cost function (e.g., total
travel distance). This task relates to the Multi-agent Path
Planning Problem.Multi-agent path planning has been shown
to be a PSPACE-hard problem [23]. Wang and Botea [24]
proposed a multi-agent path planning algorithm for grid maps
that runs in low-polynomial time. Wang et al. [25] pro-
posed a Scalable Multi-Agent Path Planning Algorithm with
Tractability and Completeness Guarantees for the class of
problems termed Slidable. Wilde et al. [26] presented the
Push and Rotate algorithm to move agents to specific posi-
tions through evasive movements of other agents. Similar
tasks are found in other application domains, namely goods
transfer [27], warehouse storage [28], transshipment [29],
container stacking [30], among others. Ma et al. [31] dis-
cussed the challenges arising from the application of multi-
agent path finding to real-world scenarios and present several
research directions for the generalization of this problem.

2https://youtu.be/eD9KUGIzTfA

In the classical bin-packing problem a set objects of differ-
ent sizes must be packed into a minimum number of identical
bins. This problem has been extensively studied during the
last decades due to the its computational complexity and the
number of possible application domains (e.g., [32]). Com-
pacting vehicles of variable size in a high-density parking
configuration relates to the family of two-dimensional pack-
ing problems (e.g. [33]). More specifically, the herein con-
sidered problem is to allocate a set of rectangular items (i.e.,
vehicles) to the minimum number of bins (of a rectangular
high-density parking area) fulfilling certain constraints, such
as fixed orientation (i.e., vehicles should be parked bumper-
to-bumper), vehicle constraints (e.g., minimum door-to-door
distance or minimum turning radius) and possibly fixed vehi-
cle ordering.

III. PLANNING AND CONTROL FRAMEWORK
A. SYSTEM FUNCTIONING
In a setting of automated parking lots, users will leave their
cars at the entrance of these infrastructures, where for safety
reasons only empty vehicles will enter. Upon arrival, the vehi-
cle and the Parking Lot Controller (PLC) exchange infor-
mation (e.g. user identification, estimated exit time, parking
map) via vehicular networks. The PLC is responsible for
controlling the access to the parking area and for coordi-
nating the vehicle mobility inside the parking lot. Depend-
ing on the automation level of the vehicle, the PLC will
1) remotely drive the vehicle by sending control messages
(e.g. accelerate, brake, steer) to the onboard unit (OBU) that
forwards them to the vehicle actuators using Drive-by-Wire
(DbW) technology, or 2) assign new parking position to fully
autonomous vehicles. The vehicles will report the execution
of the maneuvers to the PLC. Due to the high-density parking
configuration, the parking lot controller often needs to move
vehicles to allow the entry or exit of vehicles, which will be
coordinated by the in-park systems. The system functioning
relies on several assumptions:

• vehicles can be controlled remotely with high precision
(e.g. already available in commercial vehicle for remote
vehicle parking in tight spaces [20]);

• accurate positioning and environment sensing informa-
tion is available;

• low-latency, reliability and secure Vehicle-to-Vehicle
(V2V) and Vehicle-to-Infrastructure (V2I) communica-
tions (e.g. [34]);

• selected system information (e.g. vehicle exit times) is
available or can be estimated with high accuracy.

B. SETTING
The automated parking lot depicted in Fig. 1 is composed by:

• parking area (P) for long-term storage of vehicles; P
can be viewed as m× n matrix with each parking space
being identified by pij.

• buffer area(s) (Bi) for transferring vehicles between
(different) stacks, short-term storage of vehicles (e.g.
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FIGURE 1. High-density parking lot with n interacting stacks (10 stacks in
the example) each with capacity to hold up to m vehicles (10 places per
stack in the example) and two buffers areas (B1, B2) at each end of the
parking area (P). Buffer area B2 is optional.

for blocking vehicles) and circulation area for for enter-
ing/exiting vehicle;

• (optional) entry/exit pathways.

Vehicles are parked in rectangular cells in a grid structure
P. The bump-to-bump and door-to-door distance between
vehicles in P is kept to a minimum to achieve the high-density
configuration. The grid P can be viewed as being composed
by n parallel interacting stacks (i.e. columns). In this study,
we consider that the high-density parking makes use of a
single buffer area B1.
The parking lot demand is affected by a wide number

of factors, namely time of the day, day of the week (e.g.
weekend vs. weekday), special events (e.g. soccer match),
location (e.g. business districts vs. residential area), among
many others. The demand can be formalized by a sequence
of independent vehicle entry or exit events; each event could
contain the following information: 1) entry time, 2) estimated
exit time, 3) vehicle characteristics, etc. The variable user
demand will greatly impact the performance of the automated
parking lot system.

C. PROBLEM DEFINITION
This system has as basic operation to criteriously assign
vehicles V to parking spaces. In the parking lot vehicles
can travel individually or in a cohort (i.e. platoon) reduc-
ing the in-park mobility. Due to the high-density configu-
ration, the entry or exit of vehicles from the parking lots
usually requires moving additional vehicles as frequently no
obstacle-free path exists between two given cells of P. For
instance, vehicles in the parking lot might be required to
move to allow the entry of vehicle(s) to reach more favorable
parking positions (e.g. entering vehicle has a later departure
time). The proposed system should be able to optimize the
in-park mobility, including (1) safely and efficiently navigate
all vehicles from their start to target positions, while avoiding
movable obstacles, and (2) select the vehicle destination (i.e.
final parking position) taking into consideration a number of
criteria (e.g. total travel distance).

The problem of automatic plan and control of vehi-
cles in a high-density parking lot has unique features that

differentiates it from other similar problems (e.g., container
stacking problem). First, in our setting several vehicles can
be moved simultaneously in a platoon between different
stacks of the parking lot (as opposed to the container stack-
ing problem where only one container can be moved at
once). Second, obstacles (i.e., vehicles) are self-movable,
which creates opportunities for further optimization. The
selection of the vehicle destination is tightly coupled with
path planning in high-density parking lots. Additionally,
exchange of positioning information between vehicles via
V2X networks allows improving the system observability
and predicting possible conflicts. Also, the regularity and
predictability of certain system parameters (e.g. vehicle exit
times), which are used by people in their daily routines, can
further enrich the optimization strategies. On the other side,
there are strict requirements on the algorithmic execution
times since (i) the frequent storage and retrieval of vehicles
creates re-configurations of the system layout in a high-
density parking area that can contain hundreds of vehicles and
(ii) the system should guarantee short vehicle retrieval times
to provide a good Quality of Experience (QoE) to the end
user.

IV. PLANNING AND CONTROL STRATEGIES
In the following, we present four planning and control strate-
gies for parking vehicles in a high-density configuration that
make use of the framework presented in the previous section.
More specifically, we describe heuristic-based procedures
for selecting the Vehicle Destination, which are performed
when a new vehicle enters the system (storage) or whenever
vehicles within the system need to be relocated (relocation)
to allow the entry or exit of other vehicles. The criteria for
selecting the vehicle destination should ensure low in-park
mobility and fast access to vehicles on exit (removal) and
could include a set of geometric (e.g. number of vehicles
in each column), temporal (e.g. vehicle exit times), distance
(e.g. in-park travel distance) parameters, among others. Note
that these planning strategies might have access or able
to estimate with precision future vehicle entry and/or exit
times.

Mobility in the automated parking lot is triggered by the
entry or exit of vehicles. The interaction between stacks
is materialized by the transfer of vehicles between columns
depending on a number of conditions (e.g. turning radius) and
the selected vehicle control strategy. The transfer of vehicles
between stacks can assume three forms:

• 1-1 strategy: vehicles are moved in convoy to a single
destination stack;

• 1-N strategy: vehicles are moved from their current
position to potentially n different stacks (i.e., new vehi-
cle destinations are computed individually);

• 1-back strategy: vehicles are redirected to the stack that
they left to allow the entry or exit of other vehicle.

We consider the following two planning and control strate-
gies without future system knowledge:
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Smallest Length Stack (SLS): The criteria for selecting
the target vehicle position is the current stack occupancy.
Stack occupancy is defined as the number of parking spaces
that are currently occupied in a given stack. A vehicle arriving
to the parking lot is directed to the stack with smallest stack
occupancy; if there exist several stacks with the minimum
occupancy, the vehicle is placed in the leftmost stack. The exit
of a vehicle from the parking lot might cause the relocation
of other vehicles if these are blocking the current path to a
parking exit. The SLS procedure makes use of the 1-N strat-
egy. In this pattern, vehicles being relocated are assigned a
new parking position as if they were now entering the parking
lot (i.e., the vehicle destination procedure is applied to each
relocating vehicle). Note that vehicles can potentially be re-
directed toN different stacks. After all blocking vehicles have
been moved to new stack(s), the exiting vehicle proceeds to
the closest exit.

Smallest Length Stack Platoon (SLSP): The criteria for
selecting the target vehicle position is the current stack occu-
pancy. A vehicle arriving to the parking lot is directed to the
stack with smallest occupancy; if there exist several stacks
with the minimum occupancy, vehicles are placed in the
leftmost stack (similarly to SLS). If a vehicle leaving a stack i
is blocked by other cars, all blocking vehiclesmove in platoon
to the buffer area to allow the ‘exiting’ vehicle to proceed to
the closest exit. Afterwards, the blocking vehicles return in
platoon to the initial stack i. Note that all blocking vehicles
will be redirected to solely one stack. The SLSP procedure
makes use of the 1-back strategy.
We consider the following two planning and control strate-

gies with future system knowledge:
Conditional Order on Arrival (COA): In this scheme

the main objective is to have vehicles in stacks ordered by
exit time (i.e., vehicles with smallest parking duration are
parked closer to the buffer area). In the following, we assume
that the vehicle exit times are known in forehand. Consider
that tout (v) and tout (vstfirst ) are the exit time of a vehicle v
entering the parking lot and the exit time of the vehicle in
stack st closest to the buffer area, respectively. In order to
reduce the probability of moving vehicles to allow the exit
of a given car, the vehicle destination strategy parks together
vehicles with similar exit times. Thus, the selection of the
vehicle destination is done based on the heuristic δst : min-
imum positive time interval between tout (v) and tout (vstlast ).
The procedure iterates over the different rows, selects the
vehicle closest to buffer area and selects the stack with min-
imum positive δst . We solely select the vehicle closest to
the buffer area to reduce the in-park mobility due to the
introduction of a new vehicle into the system. Since often
the number of available parallel stacks will be small (i.e. all
stack would produce δst < 0), the vehicle ordering might be
lost implying additional maneuvers during vehicle exit and
the vehicle is parked in the stack with smallest occupancy;
if there exist several stacks with the minimum occupancy,
the vehicle is placed in the leftmost stack (similarly to the SLS
procedure).

FIGURE 2. Geographic location of parking garages operated by the San
Francisco Municipal Transportation Agency (SFMTA). The garages used in
the study are represented by red icons, while the remaining parking lots
are depicted in blue.

In general, the exit of a vehicle from the parking lot will
not require maneuvering of other vehicles as vehicles in the
stack are ordered by exit time, reducing the in-park mobility.
However, the COA strategy does not guarantee that vehicles
are always ordered by exit time in the stacks. Thus, whenever
an exiting vehicle is blocked by other vehicles, it will require
that the path to a parking lot exit has to be freed. This strategy
makes use of the 1-N vehicle relocation pattern. In this pat-
tern, each vehicle being relocated is assigned a new parking
position in the stack with smallest δst .
Order on Arrival (OoA): The criteria for selecting the

target vehicle position is the time interval between vehicle
exit times δst . Similarly, a vehicle arriving to the parking lot
is directed to the stack with the minimal (positive) exit time
difference δst . The system determines the vehicles that will
leave the parking lot after the entering vehicle (δst > 0)
and selects the stack spot where the difference between exit
times is minimal. If δst < 0, the vehicle vi is placed on the
lowermost row of the stack sj where the difference between
exit times is minimized. This strategy ensures that vehicles
are ordered in stacks by exit time from top to bottom (i.e.
vehicles with later exit times placed at the topmost row).
A vehicle leaving the parking lot will proceed directly to the
closest exit without requiring the execution of maneuvers by
other vehicles in all situations.

V. DATASETS CHARACTERIZATION
Detailed information on off-street parking lots for the city of
San Francisco, USA, was retrieved from the SFPark website
(http://sfpark.org/). The dataset comprises around 11.6 mil-
lion parking records for the year 2012 and contains the
following information for each parking record: 1) facility
name, 2) entry time, 3) exit time, 4) payment amount and
5) payment type (e.g. cash). The dataset has information on
fifteen distinct parking lots. To emulate the parking function-
ing, we split the data into different datasets per parking lot
and separate vehicle entry and exit events into different rows
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TABLE 1. Dataset characterization.

FIGURE 3. Analysis of San Francisco parking datasets.

ordered by event time to have the sequential events order for
the simulation.

In this study, we assess the performance of the high-density
parking system in three parking lots with distinct parking
patterns, namely Performing Arts Garage (PAG), Golden
Gateway Garage (GGG) and Sutter Stockton Garage (SSG).
We chose these datasets because they have distinct parking
locations, distinct entry distributions and are located in dif-
ferent areas of the city (see Fig. 2). Table 1 summarizes the
characteristics of each dataset. The SF garages have very dis-
tinct number of vehicles spaces, being the average occupancy
clearly below these figures due to San Francisco Municipal
Transportation Agency (SFMTA) target of maximum parking
occupancy of 70% of parking capacity [35]. Valet parking
enables garages to hold more vehicles than its capacity as
stated in [35]. The number of parking events is clearly differ-
ent for the three garages having SSG six times more demand
than PAG despite its capacity being solely around 3 times
larger. The fare system for each parking lot is clearly different
due to the different demand and local characteristics having
the GGG the highest fare throughout the day (until 06:00 pm).

In the following, the surroundings of each of the parking
lots are characterized in more detail. Table 1 presents the geo-
graphical location and the main neighborhoods in the vicinity
of each garage. The Performing Arts Garage is situated in
a predominantly artistic area, full of theaters and nightlife
attractions. The Golden Gateway Garage is situated in the
financial district of the city. Banks, Financial Center and
Gryphon Investors are some of the main points of interest in
this area. The Sutter Stockton Garage is located in a more
general area, with several restaurants, hotels and churches,
being nearby of the Old St Mary’s Cathedral, Pantheon and
St Mary’s Square.

Dataset Analysis: Fig. 3 presents a comparative analy-
sis of the three San Francisco parking datasets, which have
clearly distinct temporal usage patterns:
• Due to the parking location and the associated activities,
the parking duration (Fig. 3a) differs widely between
parking lots: 1) the GGG park exhibits a bimodal dis-
tribution with the main mode at 8-hour that can be asso-
ciated with work-related activities and 2) the other parks
typical have parking duration below 4 hours (modes
below 2-hour and 4-hour for the SSG and PAG, respec-
tively).

• Fig. 3b depicts the frequency of vehicle entries and exits
from the parking lot as a function of the hour of the day.
The GGG and PAG parking lots have more concentrated
entry/exit times (e.g. vehicle entry at 8h for GGG while
19/20h for PAG), while users arrive throughout the day
to SSG. Specifically, the GGG park has a pronounced
entry peak at 8h, while the PAG park has 3 modes (8h,
13h, 19/20h) demonstrating the different usage pattern.
Similar results are obtained for the vehicle exits: the PAG
has exits modes at 16h and 22h, while the GGG has exits
modes at 14h and 17h.

• Fig. 3c presents a histogram of the parking lot occu-
pancy, i.e. the ratio of number of vehicles inside the park-
ing lot to the parking lot capacity. The result show that
1) the SSG park has consistently higher levels of parking
occupancy (peak around 70%) and 2) that the parking
occupancy varies widely (throughout the day) resulting
in different demand patterns for the high-density parking
system.

• Fig. 3d depicts the inter-arrival time, i.e. time between
consecutive parking entry events. The results show that
this metric is very small for all parking lots. The vehicle
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TABLE 2. Characterization of conventional and high-density parking lots
used in the simulation study for assessing the system performance.

arrival time is below 100 minutes in at least 80% and
95% of the cases for the PAG/GGG and the SSG, respec-
tively, which is also clearly related with the larger garage
capacities and higher demand patterns.

VI. RESULTS AND DISCUSSION
A. SYSTEM SIMULATION
To assess the different planning and control strategies,
we resorted to a discrete event simulator that makes use
of the empirical data previously described. The simulator
keeps track of the (current) parking lot state (e.g., assign-
ment of vehicles to parking spaces, pending action list)
and determines the vehicle trajectories. Vehicles perform
kinematically-valid motions (e.g., we consider maximum
velocities, accelerations and turning radius for vehicles mov-
ing inside the parking lots). The actions performed by the
vehicles are dependent on the different planning and con-
trol strategies. We also compare the performance of the
high-density parking system with a conventional parking lot
design.
Parameter Setting: The settings for the main system simu-

lation parameters are given in Table 2. As show in Section V
the garages have different characteristics, namely in terms of
demand and capacity. In order to further increase the average
parking occupancy (and consequently the system demand),
we have further reduced the effective parking capacities
(Table 1) for this simulation study as shown in Table 2.

The generic layout of our high-density parking lot is
depicted in Fig. 1. The high-density parking lots considered
in the study have different number of n of parallel stacks and
each stack can hold up to m vehicles (shape: m x n). Each
parking space has an area of 10 m2 (width: 2 m and height:
5 m). We defined conservative limits for maximum speed
(10 km/h) and maximum acceleration (0.4 m/s2). Vehicles
enter or leave the parking lot through the closest exit.

B. METRICS
In this simulation study, we consider four metrics for the
evaluation of the different planning and control strategies,
which are defined as follows for mobility inside the garage:

• Parking space per vehicle (m2): quotient between the
total parking area to the parking capacity. This metric

FIGURE 4. Conventional parking lot layout. The conventional parking lot
can hold up to 286 vehicles. For visual clarity reasons, we do not depict
all parking spaces.

allow determining how space efficiency varies with the
system implementation.

• Maneuvers (#): total number of maneuvers performed
per vehicle between each vehicle start until the last full
stop for vehicle entry, vehicle exit and inter-stack mobil-
ity. For conventional parking lots this metric is fixed to
two (1 entry + 1 exit). This metric allows assessing the
number of additional maneuvers and vehicle start-ups
required by automated parking lots.

• Travel distance (m): total distance traveled including
entry/exit and inter-stack mobility, if applicable. This
metric allows understanding the economic and environ-
mental implications of the system implementation.

• Removal time (s): time elapsed between pickup request
and vehicle arrival to the parking lot entrance. This met-
ric allows understanding the Quality of Service (QoS)
that the end-user can experience.

Note that these metrics are aggregated on a per-vehicle
basis and that lower values represent better performance. For
the last three metrics, we estimate the corresponding empiri-
cal Cumulative Distribution Function (eCDF) and present the
percentiles 5, 50, 85 and 99 % of the eCDF - that represent
critical values of the distribution - whenever comparing the
different parking types, capacities and planning & control
strategies. We highlight in dark blue the best performing
algorithm for each tuple (metric, percentile, position), and in
light blue the best performing algorithm for the other position
value in the tables given in Section VI-D.
Parameter Exploration: In this study, we aim at better

understanding the performance of the planning & control
algorithms in the following conditions:

• different parking technologies, i.e. comparing the high-
density parking concept with the functioning of conven-
tional parking lots. For fairness reasons, we consider the
optimal operation of the conventional parking lot, where
vehicles park at the closest available parking spot and
leave the garage through the closest exit.
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TABLE 3. Conventional parking lot.

TABLE 4. Performing Arts Garage (PAG) with 297 spaces [config. 1 ] (11 × 27 shape).

• different vehicle starting positions, i.e. we consider two
different settings: Bottom setting where vehicles initially
park on the row closest to the buffer area B1 and a Top
setting where vehicles initially park on the furthest row
from the buffer area.

• distinct layouts, i.e. how the parking layout (shape)
affects the system performance. For instance, we will
compare the performance of a deep layout (e.g. PAG
shape 27 × 11) with a stretched layout (PAG shape
11× 27) with the same capacity;

• distinct parking capacities, i.e. how the system perfor-
mance varies for increasing parking sizes with the same
aspect ratio (i.e. ratio between the max(columns, rows)
to min(columns, rows)).

C. RESULTS (STATIC PARAMETERS)
Herein, we compare the space efficiency of the high-density
parking system against a conventional parking lot. For
instance, the Performing Arts Garage (PAG) occupies a total
area of 3240 m2 considering that the buffer B1 has an area
of 270m2. Note that the size of the buffer area is proportional
to the parking lot width. On the other hand, the considered
conventional parking lot (CPL) with a similar capacity has an
area of approximately 5950 m2. Then, the area occupied per
vehicle is then 10.9m2 and 20.8m2 for the PAG and the CPL,
respectively. Other high-density parking lots present similar
area/car values [range: 10.5-10.9 m2] as shown in Table 2.
The implementation of the high-density parking lot allows

decreasing by approximately 50% the requirements for park-
ing space, i.e., in the same parking area it is possible to park
twice as many vehicles. The space optimization is mainly due
to the compact structure of the automated parking lot and the
absence of circulation lanes. Depending on the conventional
parking lot layout, the benefits of high-density parking lots
could even be considerably higher as 22 m2 per parking
space is considered good static efficiency of a car park with
100 parking spaces at 90◦ [36]. Note also that adding a second
buffer area would still allow to hold almost twice the number

of vehicles in a given parking area but would improve the
flexibility of the system operation and decrease the number
of conflicting trajectories in the buffer area.

D. RESULTS (DYNAMIC PARAMETERS)
1) COMPARING DIFFERENT PARKING TECHNOLOGIES
First, we compare the performance of a conventional parking
lot (Table 3) against a high-density parking system (Table 4)
with similar capacity. For space constraints, herein, we solely
focus the analysis on the PAG parking lot but the drawn
conclusions hold also for the larger parking lots (GGG and
SSG). The results show that a properly designed high-density
parking system (i.e. making use of a suitable planning &
control strategy, layout and starting position as evaluated
later on) can reduce considerably the metrics travel distance
and removal time. The compact structure of the high-density
parking (e.g. with nearly half the parking area) allows reduc-
ing the: 1) travel distance/time (by 2 to 3 times for the
CoA/Bottom strategy,3 which is specially evident for 50%
and 85% percentiles) despite the in-park mobility to allow
the entry/exit of vehicles and 2) removal time as vehicles are
parked closer to the exits, which improves the quality of the
service provided to the end customer.

The reduced travel distance can have important implica-
tions in terms of energy consumption (e.g. electricity or fuel)
and pollutant emissions for vehicles equipped with com-
bustion engines. In our high-density parking lots, the travel
distance is not the only parameter that has to be accounted
for in terms of energy consumption, since the number of
start/stop events of each vehicle also has implications in terms
of energy conversion. However, note that - in a paradigm
of electric propulsion - the conversion of travel distance to
energy consumption is much more linear than with combus-
tion engines.

3Even the worst performing algorithm,OoA/Top, gives substantially better
results in terms of distance compared to the conventional parking lot (-30%).

VOLUME 8, 2020 43951



J. Azevedo et al.: High-Density Parking for Automated Vehicles: Complete Evaluation of Coordination Mechanisms

TABLE 5. Performing Arts Garage (PAG) with 297 spaces [config. 2 ] (27 × 11 shape).

TABLE 6. Golden Gate Garage (GGG) with 640 spaces (16 × 40 shape).

TABLE 7. Sutter Stockton Garage (SSG) with 1000 spaces (20 × 50 shape).

Obviously, the number of maneuvers is larger for the auto-
mated parking system as vehicles need to move to allow the
entry or exit of other vehicles that might be blocked. How-
ever, we observe that for the majority of the vehicles (85%)
the number of maneuvers is only slightly higher than for
conventional parking lots (e.g. 3 maneuvers for CoA/Bottom
for PAG - config. 1) which demonstrates the feasibility of
the system. The results also show that a small subset of
vehicles (≤ 1%) could have large number of maneuvers
per parking session, which could be mitigated through the
implementation of additional mechanisms to ensure that all
vehicles execute lesser maneuvers (e.g. by penalizing mov-
ing vehicles that already have above average number of
movements).

After demonstrating the advantages of the high-density
parking system, we now present in more detail how different
parameters (i.e. starting position within the stack, layout and
parking capacity) impact on the system performance in terms
of the previously defined metrics. The following analysis will
resort to Tables 4, 5, 6 and 7.

2) COMPARING DIFFERENT VEHICLE STARTING POSITIONS
The selection of the initial row within a stack to park a
given vehicle impacts differently the performance of the
four planning & control strategies. In this study, we solely
focus on two extreme positions (i.e. Bottom or Top) as the
other intermediate starting positions would not provide new
insights as the results could be scaled based on these two core
positions. The following analysis is based on the evaluation
of the results of all automated parking lots, namely for the
PAG, GGG and SSG parking lots.

In general, parking vehicles closer to the buffer area
decreases the travel distance and removal time but,
as expected, increases the number of per-vehicle maneu-
vers as the probability of moving these vehicles due to the
entry or exit of other vehicles increases considerably. This is
specially evident for layouts with low number of stacks with
high capacity (i.e. deep layouts as for example PAG config.
2) where the number of options to park vehicles is smaller
and consequently the probability of assigning vehicles a given
stack is larger. The COA strategy does not follow entirely this
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TABLE 8. Ratio of the GGG/SSG results for a given algorithm, start position, metric and percentile to the corresponding PAG result. This metric allows
better understanding the impact on the system performance of increasing the parking capacity maintaining the same aspect ratio.

pattern of larger travel distances for the Top setup for the two
parking lots with larger capacities (i.e. GGG and SSG). Thus,
the selection of this parameter has an import effect on the
system performance and - in general - it constitutes a trade-
off between total travel distance and per-vehicle maneuvers,
which should be taken carefully taken into consideration in
conjunction with other factors by the car park operator during
the design phase.

3) COMPARING DISTINCT LAYOUTS
We now study the impact of park layout in the performance
of the automated parking system resorting to the PAG dataset.
Specifically, we compare a wide layout, i.e PAG dataset
config. 1 with 11 rows and 27 columns (Table 4) with a
deep layout, i.e. PAG dataset config. 2 with 27 rows and
11 columns (Table 5) for the different planning & control
strategies. Note that the following conclusions could have
been also obtained for the GGG and SSG dataset but are not
presented here for brevity.

Analyzing the results, we can observe that the COA strat-
egy performs best in both parking layouts for achieving
low travel distance, low number of maneuvers and rea-
sonable removal time. Now comparing a given algorithm
in both park layouts we can conclude that deep layouts:
1) impact differently the distinct parking algorithms and start-
ing positions (e.g. as expected, the number of per-vehicle
maneuvers increases considerably more for the Bottom set-
ting for park with lower number of stacks when compar-
ing with the Top setting) and 2) lead to an increase in all
dynamic metrics, namely travel distance, number of maneu-
vers and removal time. This results demonstrate that the
parking layout is another critical parameter for the perfor-
mance of automated parking lots. The results show that
wide layouts should be favored as these allow optimiz-
ing the placement of vehicles within the parking lot as a
wider range of non-conflicting options is available. Cer-
tainly, this consideration has to combined with the needs
of other disciplines (e.g. Architecture) that contribute to
the design, construction or renovation of buildings or other
public spaces. Due to this reason in the following evalua-
tion we solely consider wide layouts for the GGG and SSG
datasets.

4) COMPARING DISTINCT PARKING CAPACITIES
We now assess how the system performance is impaired
by the parking capacity taking the PAG as reference, while
maintaining fixed all other parameters (i.e. Wide layout, and
Top or Bottom starting position):

• PAG: 297 spaces
• GGG: 640 spaces (2.15 times larger than PAG)
• SSG: 1000 spaces (3.37 time larger than PAG)

Note that for fairness reasons all parks have a similar aspect
ratio, i.e. the ratio between the rows and columns in terms
of quantity (or distance). For instance, the PAG config. 1,
GGG and SSG parks have a aspect ratio of 2.45 (1.02), 2.5
(1) and 2.5 (1), respectively. Resorting to the information
provided in Tables 4, 6 and 7, we can conclude that the COA
is the strategy with overall best balanced performance (i.e.
low travel distance and maneuvers with a reasonable removal
time) for all datasets, having excellent results on the Top
position.

Table 8 presents the ratio between the GGG/SSG results for
a given algorithm, start position, metric and percentile to the
corresponding PAG result. The results show that this increase
is different for the i) four planning & control algorithms (e.g.,
the SLS/Bottom strategy suffers the highest overall impact in
both cases), ii) starting positions (the Bottom position having
larger increases in all metrics when comparing with the Top
position due to the more varying and larger demand), iii)
different percentiles (as expected, the larger percentiles are
more affected by the increase in the park size) and iv) different
metrics.

Regarding the different metrics, as expected, all metrics
increase as the parking lots become larger: the travel distance,
maneuvers and removal time increase between [1.1, 2.5]
(average: 1.95), [1.0, 4.7] (average: 2.51) and [1.0, 1.3]
(average: 1.17) times for the GGG dataset, respectively.
On the other hand, the travel distance,maneuvers and removal
time increase between [2.0, 5.8] (average: 3.74), [1.0, 9.8]
(average: 4.53) and [1.1, 1.7] (average: 1.37) times for the
SSG dataset, respectively. We can conclude that the metric:
1) maneuvers increases more quickly for larger parks for all
considered planning & control strategies, 2) travel distance
increases almost linearly with the parking size increase and
3) removal time is less influenced by the increase of the
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parking size (up to 60% and 70% for the GGG and SSG
datasets, respectively) being the values still within acceptable
bounds for the end costumer.

E. DISCUSSION
The present evaluation allows better understanding the per-
formance limits of a low-complexity high-density parking
system that can be implemented with technology available in
today’s vehicles. Furthermore, we have demonstrated that this
new parking paradigm can substantially improve how cars are
parked nowadays, reducing the parking area to nearly half
and decreasing significantly the in-park mobility (in terms of
distance), while still reducing the vehicle removal times. The
increased in-park start & stops and low velocity travel within
the parking area are very compatible with electric propulsion
that is rapidly increasing worldwide.

This study can also support the design of future automated
parking lots. First, the results have shown that COA strategy
presents the best overall performance. Herein, we also identi-
fied the main parameters that impair the system performance
and that exist complex interactions between them and with
the planning & control strategies. For instance, the results
have demonstrated that wide layouts should be favored in
favor of deep layouts for improved performance, and that the
Top position decreases considerably the number of maneu-
vers while having low in-park travel distance in selected
planning strategies. The evaluation has also demonstrated
that the system is scalable. However, to further improve the
performance, buildings could be designed with a number of
smaller interacting parking areas.
The selection of themost appropriate planning strategy and

its configuration will depend also on the car park operator’s
objectives. Furthermore, the design of new high-density park-
ing lots should also consider interaction with other disciplines
(e.g. architecture for the integration of these structures into
buildings) and city planners (e.g. to allocate capacity closer to
the user demand) to further improve the system performance.
Vehicle automation in parking can also lead to decreasing the
cruising for parking phenomena.

VII. CONCLUSION
We presented an exhaustive evaluation of different planning
strategies for automated, high-density parking lots, based on
a novel concept of cooperative parking that leverages the
current low-level driving automation of vehicles and their
electrification in terms of propulsion. The system allows
halving the space requirements for parking vehicles while
simultaneously providing fast access times to vehicles enter-
ing and exiting the parking lot. Through a comprehensive
simulation study, we have shown that the cooperative in-
park mobility in terms of number of maneuvers and travel
distance is low, and that the parking lot layout significantly
affects these two metrics. Our results demonstrate consis-
tency over different patterns of parking lots utilization, from
work-related to event-driven, highlighting the importance of

planning strategies specifically suited for each pattern of
parking sessions in different parking lots.

Clearly, the main result of our novel concept of coopera-
tive and high-density parking, which is implementable with
the current existing technology in modern vehicles, is the
reduction to half of the space necessary to park vehicles. This
reduction and the magnitude of freed space that results from
it, holds a substantial potential to reshape the landscape of our
cities. The controlled environment of such car-only spaces
also configures a much simpler scenario in terms of the legal
barriers that have been presenting challenges for high-level
autonomous driving.

As future work, we intend to work on the accurate predic-
tion of entry and exit times for parking vehicles, as well as
understand and quantify how randomness on these times can
impact the overall system performance. Another research line
we are pursuing is the design of multi-level parking buildings
that are specifically conceived to improve the efficiency of
this concept of cooperative and automated parking, includ-
ing the assessment of novel layout patterns (e.g. concentric
circles, 3D spirals). We also intend to develop an automatic
procedure to design high-density parking facilities based on
the parking operators’ and real-world requirements together
with predicted demand.
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