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ABSTRACT

This paper describes the architecture and design of ParkNet,
a mobile sensor network consisting of vehicles, which collets
and disseminates real-time information about the availabi |-
ity of parking spaces in urban areas. We outline the broad
challenges in real-time data collection and consumption by
a mobile sensor network, as well as the design issues specic
to ParkNet. Sensor nodes in ParkNet are a combination
of privately owned and city owned vehicles and employ low
cost ultrasonic sensors to detect the presence of vacant pak-
ing spots as they drive by. We present early results on the
performance of our sensor platform.

Categories and Subject Descriptors

C.2.1 [Computer Communication Networks
networks, Wireless communication

]: Distributed

General Terms
Design, Algorithms, Experimentation, Measurement

1. INTRODUCTION

The importance of better roadways and parking systems
in urban areas has recently been recognized as one of the
most important avenues for betterment of urban infrastruc-
ture. In a study released in 2007, [1] it was estimated that
congested roads in the U.S. cost $78 billion annually in the
form of 4.2 billion lost hours and 2.9 hillion gallons of wast ed
gas. A recent study [2] indicated that up to 45% of trac
on some streets in New York City is generated by automo-
biles circling the block. In [3], researchers found that over
the course of a year in just one small business district of
Los Angeles, vehicles looking for parking created the equiv
alent of 38 trips around the world, burning 47,000 gallons of
gasoline and producing 730 tons of carbon dioxide.

The e cient use of parking resources in urban areas re-
quires that real-time information about the availability o f
parking spaces be made available to automobiles on the
street that are looking for parking. This in turn requires
that parking spaces be monitored and users have a way of
accessing this data while on the road.

Prior work that attempts to address the problem of park-
ing in urban areas can be broadly classied into two cat-
egories. The rst body of work aims to reduce the total
amount of tra ¢ on the streets in urban areas using mecha-
nisms ranging from dynamic pricing of parking spaces [4] to
ne grained congestion control via pricing [5]. The second
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Figure 1: Ultrasonic sensor tted on the side of a
car detects parked cars and vacant spots.

body of work aims to monitor parking spaces by detecting
the presence of parked vehicles over parking spots using sen
sors [6{8]. However, to the best of our knowledge, all e orts
in this category rely on xed sensors installed by municipal -
ities in the ground or in parking meters. This necessitates
a large xed cost of installation and operation in order to
cover parking spaces at a city-wide level. For e.g., the SF-
park project [8] aims to cover only 25% of the street parking
spots in San Francisco at a cost of several millions in fund-
ing. Further, this approach is limited by the fact that an end
user must posses a device capable of connecting to the inter-
net to access parking information. However, projects such
as [8] highlight the magnitiude of the problem in large citie s
and the governerment's dedication to long term investments
in a smart parking infrastructure.

The ParkNet project aims to disseminate information about
parking space availability in a real-time manner by employ-
ing on-road vehicles to detect vacant parking spots as they
drive by (Figure 1). In order to sense vacant spots, vehicles
utilize an ultrasonic sensor mounted on the vehicle's side
and a GPS receiver that notes the corresponding location.
Ultrasonic sensors are widely used in robotics and industrial
applications as 'range nders' or 'position estimators'. T heir
widespread use has meant that even high-performance sen-
sors have a very low cost compared to RADAR or LIDAR
sensors. In fact a number of new automobiles are already
tted with one or more ultrasonic sensors for automated par-
allel parking or various distance warning applications [9, 10]
and increasing numbers of new vehicles are expected to be
equipped them. The aim of ParkNet is to exploit the pres-
ence of on-board sensors to provide information about avail-
able parking spots to vehicles looking for parking, in a man-
ner that is as real-time and as reliable as possible.

2. RESEARCH CHALLENGES

The goal of gathering, processing and disseminating sen-
sor data for immediate use is an ambitious one. Apart from
the problem of obtaining reliable sensing data, which carri es
signi cant challenges by itself, the dissemination of this in-
formation in a timely fashion poses a number of interesting



Figure 2: Yellow cars are are equipped with sensors, white
cars are looking for a parking space and red cars are parked
on the roadside. A vacant space may not be a legal parking
spot or may not be large enough for some vehicles. This
gure is best seen in color.

networking and communications challenges. For instance, a
network architecture in which all sensor vehicles send their
measurements to a central server over a cellular data uplink
a ords a cleaner design but involves a cost for data transfer
and requires end-users to posses a cellular data connectioms
well. We discuss the sensing and communications challenges
in detail below.

2.1 Sensing

Reliability of data: In the ideal case, we would like each
vehicle equipped with a sensor to accurately detect the lo-
cation and size of vacant parking spots automatically as it
drives by. However, the problem is complicated by the fact
that sensing parked cars requires that the sensing car be
driving in the right-most lane. Therefore, the sensing mech -
anism requires knowledge about the lane in which the sensor
car is driving at any given time in order to avoid collecting
spurious measurements. More often than not, this infor-
mation is not possible to deduce using commercial GPS re-
ceivers. We propose to employ the use of machine learning
techniques to resolve this hurdle. When multiple vehicles r e-
port measurements on the same street, the reports of some
of the vehicles can be Itered out as coming from the wrong
lanes. In addition, as the system learns the sensing pro le of
parked vehicles, it will get better at distinguishing betwe en
parked vehicles and vehicles passing by in other lanes. As
the status of parking spaces changes with time, the design
of an algorithm for extracting reliable information by ag-
gregating data from multiple sensor vehicles is a non-trivi al
task.

Speed and range constraints: A second problem spe-
ci ¢ to ultrasonic sensing is that the speed of sound limits
the frequency with which a sensor can measure range for a
given xed maximum range. This is because the sensor has
no way of di erentiating between di erent return pulses as
they carry no ID information or encoded sequence number
and so the sensor must wait for the echo pulse to return or
it must timeout before sending a new pulse. Our sensing
platform, for example, provides a maximum range of 6.42 m
and makes measurements only once per 50 ms. At a speed
of 35 mph (typical speed limit on streets with side parking),

a stretch of 4 m accommodates about 5 measurements. Fur-
ther, since the sensing vehicle moves forward by the time
the re ected sound waves return to the sensor, this implies
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a constraint on the vehicular speeds at which reliable sensa
measurements can be made. Otherwise the sensor will miss
the echo. We believe this problem can be alleviated to some
extent by using a sensor with an appropriate beam width.
Since each vehicle knows its own speed and the capabilities
of its sensor, this would allow us to assign a reliability score
to its measurements that we expect will aid in the aggrega-
tion of data from multiple sensors.

Learning true parking spots: Finally, measurements
from an ultrasonic sensor cannot di erentiate between a le-
gal parking spot and an empty space where parking may not
be allowed (say, because of a no-parking sign, a re hydrant
or simply an entrance to a driveway). We aim to address this
problem by having the system adaptively learn the locations
of legal parking spaces with time. This can be based on the
simple observation that spaces that are occupied more often
are more likely to be legal parking spaces.

2.2 Communications

Centralized architecture: We rst consider a baseline

architecture (Figure 3(a)) in which every car is assumed

to possess a cellular data uplink available, as in [11]. As
sensor data is collected, it is immediately uploaded onto a

central server over the Internet. An end user that wishes

to query the system must also have a way of accessing this
server over the internet (say, using a smartphone with a

cellular data plan). Sensor measurements from each sen-
sor vehicle are time-stamped and location-stamped and are
sent to the server where data from various mobile sensors
is continuously aggregated and processed as it arrives. The
database provides an API to applications for accessing data.

For e.g., queries arriving from end-users seeking parking may

be replied to by providing the closest 3 or 4 vacant spots,

each with it reliability score, or parking garages may be sup -

plied with the overall state of availability of street parki ng

so they can adjust their prices dynamically.

Distributed architecture: We next consider an architec-
ture aimed at allowing end users without cellular data con-
nections to obtain relevant parking information by process -
ing queries within the local network of vehicles. In this arc hi-



Figure 4. Raw traces for range measurements (in meters)
made in a parking lot with well de ned parking spots, walking
and in a car at speeds of 3, 5 and 20 mph.

tecture (Figure 3(b)), vehicles exchange time- and locatio n-
stamped sensor data and each such vehicle, in addition to
serving as a sensor, also serves as an in-network storage
node. Queries submitted by users are broadcast to other
vehicles in the area, possibly over more than one hop and
replies are sent back to the origin of the query as quickly
as possible. This is a challenging architecture as it requires
communications over an ad-hoc vehicle-to-vehicle network.
However, it is well worth exploring because of two reasons:
(i) The cost of a cellular data connection has still not ap-
proached a level at which all users participating in our sys-
tem can be assumed to have a subscription, and (ii) a con-
certed research e ort is under way to develop vehicle-to-
vehicle communication systems and vehicles are expected
to soon be equipped with the rst generation of such sys-
tems. The marginal cost of deploying a system for exchang-
ing sensor data over such a communication system would
be small and most implementation might infact be possi-
ble in software, thereby avoiding the high xed cost of a
cellular connection. Parking information traveling throu gh
the network has a temporal and spatial relevance. That is,
the signi cance of the data decays in time as well as with
distance from the location at which the measurements were
made. Therefore, we must devise a method that lets each
vehicle decide what data to share with other vehicles - it is
necessary to discard less relevant data in order to make the
system scalable, otherwise the amount of data in the net-
work would grow without bound. However, the manner in
which data must be assigned relevance is not obvious, and
further, the manner in which data with lower levels of rel-
evance should be discarded by vehicular nodes needs to be
careful designed. We refer to this as a 'temporal and spatial
decay lIter' in gure 3(b).

WiFi APs and phones: A further variable in the design
of the communications architecture of ParkNet is the pos-
sibility of opportunistically leveraging the presence of xed
WiFi connections that are commonplace in o ce and resi-

dential areas. There has been a signi cant research e ort
aimed at exploring the use of xed 802.11 for mobile vehic-
ular communications and the protocol optimizations that

this entails (connection setup time etc.) Additionally, ne w
mobile phones are increasingly equipped with a WiFi in-

Figure 5. Raw trace from a drive-by at 25 mph in a resi-
dential area with no well de ned parking spots. All but the
last car on the street are clearly visible in the measurement S.

terface. This introduces the possibility of employing user s'
mobile phones in a peer-to-peer manner to submit queries
and exchange sensor data without always needing dedicated
vehicular radios.

Finally, a parallel goal of ParkNet is to better understand
and address the challenges in the development of vehicular
networks and their integration with heterogeneous wireles s
networks in urban areas, particularly 802.11 wireless LANs
and cellular data networks.

3. SENSING PERFORMANCE - EARLY RE-
SULTS

Our sensor platform consists of a single ultrasonic trans-
ducer [12] that emits pulses of sound waves at a frequency 42
Khz every 50 ms. The sensor provides a single range reading
every cycle, expressed in inches, and is capable of measurm
ranges between 6-255 inches. The sensor provides data in se-
rial format that can be accessed through a serial terminal on
a laptop. Figure 4 shows traces from our sensor correspond-
ing to a row of parked cars in a outdoor parking lot. Figure
5 shows a trace collected in a residential area without clearly
demarcated parking. Our early experimental data indicates
that the placement and beam-width of the sensor are im-
portant parameters and must be properly chosen. Further,
as expected, sensing performance degrades in crowded areas
with speed of the vehicle. Results obtained in open areas
such as parking lots are much cleaner as automobiles are
the only objects present.
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