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1. Introduction

It is imperative to not allow the challenge of parking inhibit the growth of public trans-
portation. Recognizing the crucial role transit plays in the current economy and envi-
ronment, automated parking facilities are great alternatives to traditional parking. His-
torically, automated parking systems have been very common and successful in Europe
and Asia, particularly in highly populated areas. However, the USA has not been as
enthusiastic about deploying this more sophisticated, but affordable solution.

Due to the large financial, environmental, and social advantages of robotic parking sys-
tems, one can expect that a robust and scalable design may be all that is needed to make
this concept advantageous to a large number of cities and organizations in the U.S. The
scarcity of available land in congested urban areas, coupled with the ever increasing real
estate property values in congested areas, create a significant obstacle to addressing the
substantial need for parking spaces close to Park & Ride zones, thus making many of
the potential development projects not feasible financially. As the cost of gasoline con-
tinues to climb, utilizing public transit systems becomes a much more attractive method
of transportation for citizens. The availability of parking, specifically in congested areas,
is a crucial step toward realizing the increased interest in transit ridership. A study con-
ducted in San Francisco Bay Area concluded that, in addition to the regular users of
transit system, there is a potential for increase of new riders, specifically those with
relatively high incomes, high automobile availability, and variable work locations and
schedules. [Rodier, 2010] Several other studies have confirmed the significant correla-
tion that exists between transit use and the availability of parking at transit stations.
See, for example, [Merriman, 1998, Ferguson, 2000] and another recent study by Inrix
reporting that a typical Los Angeles driver spends an average of 85 hours looking for
parking each year. [Inrix 2020]

With all the reasons noted above, developing an automated robust parking system, ca-

pable of transporting a vehicle from a designated spot to an available parking space, will
overcome many of the persistent problems associated with parking in congested areas.
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2. A Timely Alternative

Recent technological advances suggest the possibility of a better parking experience, with-
out the current aggravation and with the convenience of valet like service. Robotic parking
systems can offer these and much more. Some of the major advantages of automated park-
ing systems over traditional parking alternatives are:

e More efficient land use leading to an increased availability of parking spaces: In
areas with current or high potential for transit ridership, increased availability of
parking will attract more riders to take transit. Numerous field studies have indi-
cated a significant increase in transit use when deploying a system that ensures
availability of parking at destination facilities. [Rowe 2011]

e Return or increase in revenue to transit system: As increased parking is made avail-
able, transit systems are able to attract and serve larger numbers of riders. Because
the space necessary for automated parking systems is smaller, valuable land is made
available for potential development ventures, thus stimulating economic growth.

e Substantial reduction in operational costs to facility: Personnel required to maintain
automated parking facilities are reduced significantly in the areas of security, day-
to-day maintenance, and operations. Additional reductions are also achieved on
long range costs such as the upkeep of lighting, concrete, and safety features. These
are significant costs within the traditional parking garage and can be minimized or
eliminated completely.

e Significant reduction in fuel consumption, carbon and nitrogen dioxide emissions:
As the ignition is turned off at the point of entry to an automated parking facility,
tuel consumption is eliminated since the vehicle is parked via automation. Obvi-
ously, it is not necessary to drive throughout the facility seeking a vacant parking
space. Hence, the reduction in toxic gas emissions is achieved in the same fashion.

e Attractive economic potential for developers: Developers integrating automated
parking into their plans may see a financial benefit through the attainment of
LEED credits. (LEED - Leadership in Energy and Environmental Design - pro-
vides a framework for healthy, highly efficient, and cost-effective green buildings.)
As stated before, high-tech solutions in the form of automated parking structures
are the most efficient way to reduce the amount of physical space required for struc-
tured parking.

e 100% reduction in physical crime/assaults, car theft and damage to vehicles while
parked: Statistics drawn from the Bureau of Justice report indicate that nearly 40%
of theft attempts of either persons or automobiles resulting in personal injury oc-
curred within parking facilities. Similarly, those statistics also report that around a
quarter of successful automobile thefts occur within a parking facility. Access to
automobiles by prospective vandals or car thieves is eliminated by the physical lay-
out of an automated parking facility. The same principle applies to accidental minor
incidents caused by other automobiles or pedestrians, thus leading to a reduction of
auto insurance claims.

MINETA TRANSPORTATION INSTITUTE 2



It is not difficult to see that the potential gains of automated parking facilities are signifi-
cant and multidimensional. Notably, robotic parking systems are more economical, safer,
greener, and more secure than other methods of parking. The reference section addresses
a large number of additional relevant studies that confirm this finding.
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3. Robotic Parking Structures

The overall design process incorporates three complementary perspectives including the
structural and architectural requirements which must meet safety and earthquake stand-
ards, the mechanical design and operation of vehicle transfer, and intelligent control and
automation which encompasses the overall operation and system engineering issues.

The structural design of the robotic parking garages can be divided into two broad catego-
ries of circular and square shaped designs:

Square-shaped structures: The robotic vehicle transfer system is different in square struc-
tures. The main components are one or more mechanical arms (akin to computerized lifts),
pallets, and a shuttle system. The control system integrates the operations of the lifts, and
the pallets and shuttle for placing and retrieving vehicles from parking bins in a multi-level
garage. Once the vehicle is driven onto the pallet at the entrance, the lift moves the pallet
with its cargo to the floor where an empty bin is available. The bin (i.e., a vacant parking
spot) is chosen by the control system. Once on a pre-assigned floor, the pallet and the car
are transported on the floor tracks by the shuttle to the designated bin. Once on the des-
ignated floor, the pallet and the car leave the lift and start moving, which are connected to

every parking spot.

Square and Circular Shaped Parking Structures. Source: www.e-globalparking.com

Figure 1. The Two Main Variations of Structural Designs

Round structures: Making the best use of limited space, a cylindrical parking facility can
achieve optimized use of space and a high degree of safety. One of the biggest advantages
of a circular shaped design, specifically when built underground, is earthquake resiliency by
virtue of a shock-absorbing structure that restrains tremors, regardless of the direction of
the seismic wave. Compared to traditional multi-story garages of the same size, the amount
of land space needed for a circular structure with the same number of floors is estimated to
be about one third. The mechanical system for placement and retrieval of cars is simpler
since the lift operates along the main shaft in the middle of the structure and the transfer
into the bin does not require a separate shuttle.
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Regardless of the shape of the garage structure, the intelligent control system works the
same. Once the vehicle is loaded onto the pallet at the entrance and all passengers have left
the immediate area, the mechanical system lifts the vehicle and carries it to the parking
space that is assigned by the control system. Considering the significant difference in size
and weight of different cars (for example, a compact mini vs. a large Sports Utility Vehicle),
a more sophisticated and more intelligent system can measure the dimensions of cars and
weight of each car upon entry and assign the smallest available parking space to the vehicle.

It should be noted that many of the existing parking structures may be suited for retrofitting
purposes, often referred to as Brownfield applications. A project is considered to be green-
field when it lacks constraints imposed by prior work on the site. Typically, such a project
is deployed on a completely vacant site. By contrast, a brownfield project generally encoun-
ters constraints that are related to the current state of the site. Brown applications, which
entail redeveloping a site, not only contribute to the economy by creating jobs and stimu-
lating property values, but they improve the environmental conditions through improving
health and safety factors. Generally redevelopment projects can be cheaper because of the
availability of certain vital infrastructure, such as drainage, electricity and roads.

Whether repurposed or built anew, all safety and earthquake standards are applicable. For-
tunately, in the case of robotic parking facilities, disaster situations are less likely to result
in loss of life since there is no human traffic inside the automated parking garage.

While an end-to-end solution involves intricate details on architectural, structural, envi-
ronmental, control and overall system design, the focus of this article is on the design of a
mechanical system—called the rover—that can locate and transport a vehicle to a gantry
and place it in a designated spot. Our design for this rover is unique in that it is a low
cost/low maintenance machine which retains the efficiency and simplicity of other auto-
mated parking systems.
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4. A New Design for Lift and Transfer

The aim of this study is to develop a new robotic vehicle transfer system for square-shaped
parking structures. Our team embarked on a multidisciplinary approach toward designing
a more efficient, but affordable, robotic parking facility and fabricating a small scale proto-

type.

Two mechanical engineering senior capstone groups joined forces with the faculty team to
design and fabricate multiple prototypes for the automated parking rover. The first proto-
type was constructed specifically to demonstrate that automated parking facilities do not
necessarily require budgets in orders of millions of dollars. Even when manufactured by
hand, the cost of this design was shown to be a fraction of the cost of the currently operating
auto-parking robotic transports. Consisting of a pallet and shuttle, this method of trans-
porting vehicles was new in the scope of automated parking. The following is an overview.

In this design, vehicles rest on pallets, isolated from the shuttle that transports them. This
makes the design to be functional for virtually any street legal vehicle. The shuttle is de-
signed with respect to the shape of the pallet, and as such no calibration is necessary for
different types of vehicles. These features simplify automated parking such that it would
be practical for general use. The team developed different experimental prototypes for this
design. The fabricated prototype of the final design for the platform is presented in Figure

Figure 2. The First Robotic Platform, to be Used in Conjunction with Pallets

After testing and analyzing the first prototype, a more robust design was developed by the
team. The second design was able to lift an object weighing one half of a large street vehicle.
The underlying idea was for it to work in unison with another platform in order to lift the
entire vehicle. The shuttle positions itself under the vehicle, and two retractable arms swing
out making contact with the tires. The pinch force, applied to the tires, is able to lift the
car off the ground, making it ready for transfer onto the gantry. The motion is produced
through the use of heavy-duty line actuators. Figure 3 presents a side perspective of the

MINETA TRANSPORTATION INSTITUTE 6



rover and its arms. A complete prototype was fabricated at the CSULB College of Engi-

neering laboratories for testing and verification purposes. The prototype is shown in Figure
4.

Figure 3. An Enhanced Design for the Parking Platform —
a Rover and its Mechanical Arms

The prototype was tested on a full-scale car (3,000 Ibs of weight) and was able to lift the
car and move it to in linear and circular motions. For the control of the linear actuators and
rollers, a robust control algorithm was developed using color sensor and distance sensor as
teedback. The system is capable to follow a line but an image processing will be added in
the future to make it fully autonomous. The total cost of the current system is $5,000 which
is very economical to be used for green and brown applications.

Figure 4. Final Fabricated Model for Full-Scale Testing
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5. A Study of Operational Issues

Besides costs and financial imperatives, two key parameters are highly important for the
optimization and intelligent control of robotic parking. They are retrieval time (i.e., the
wait time from when a vehicle is requested) and space utilization. For a comprehensive
analysis, it is necessary to consider the overall shape of the structure, e.g., circular or rec-
tangular, with the possibility of multiple floors and the availability of free pathways. We
can apply queueing theory to estimate the waiting time, specifically for the circular struc-
ture, with the following parameters: average arrival rate, average departure rate, number of
customers and number of robots. These parameters can be easily estimated using standard
statistical techniques. For the rectangular structure, we can apply graph theory, queue the-
ory, and multi-agent systems in order to obtain more specific analyses. The problem is
modeled by a geometric graph, where the edges represent free paths and a set of k identical
mobile robots are deployed on the graph. Two methods are available for simulating the
robotic motion control. The first approach is centralized, where a central computer plans
the routes for each robot, and the second is decentralized, where robots are able to self-
coordinate themselves while working collectively. In both cases, the routes must be con-
flict-free to guarantee the overall safety of the system. The centralized approach has the
advantage of simplifying the design of the path planning algorithms when the number of
robots is small. However, this method is not scalable since the computing complexity in-
creases exponentially with the number of robots. The decentralized approach has the ad-
vantage of being scalable and more resilient. However, designing correct algorithms can be
challenging and requires advanced techniques of distributed computing.
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6. Conclusions

The novel idea of this article is a newly designed, low-cost car lift and transfer platform for
automated parking systems. This design is particularly attractive because it simplifies the
operational aspects of vehicle placement and retrieval. The prototype for this design was
fabricated very economically by a team of faculty and students.

Other relevant work conducted either in preparation or as a consequence of the proposed
lift and transfer platform were: (a) simulated environments showing two different struc-
tures (one circular and one rectangular); modeled to house 300 cars; (b) documentation of
a comprehensive literature study focusing on the overall design, the mechanical compo-
nents, and the operation of automated parking structures; (c) a study of safety procedures
and building requirements for automated parking structures; and (d) the development of a
virtual model of automated parking structures for optimizing the pick-up and drop-oft
time.
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