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ABSTRACT Geographic Automata Syst€[i8], and represents urban réalby

We piesent PARKAGENT, an agebtised, spatially explicit, means of interacting inanimate objects, representing urban
model for parking in the city. PARKAGENT is based on the infrastructure elements, and animated objects, representing
geosimulation approach, combining reairld GIS database with  drivers The model si mul aatallstagdsroftiiee r 6 s
a mult-agent system. The model simulates the behavior of eachparking process and includes description of driving towards the
driver in a spatiayl explicit environment and is able to capture the destination, searching for parking, and exiting the parking place
complex sekorganizing dynamics of a large collective of parking after a variable period of tim@raditional approaches to studying

agents within a nohomogeneous (road) space. The model is par ki ng in the <city aggregate i
developed as an ARCGIS application and can work with aoned, who, i n t ur anyvironmerdegt6s8.t o an
practically unlimited numér of drivers. Standard model outputs However, averages are inherently conservative and are relatively
include distributions of search time, walking distance, and parking insensitive to policy interventions. The disaggregate view of
costs, each of which can be generated per driver groups, per areparking makes it possible to capture the diversity in terms of

and per time interval. driver behavior, urban structure, and transport sicas well as

the dynamic interplay between them. For example, a disaggregate
and parameters of driversd be V'ewvrri]..ake? I poasga!e 10 detqrmlne H]iﬁaﬁ“/g q':t[,\ll atls'ff'ecg}lr
investigating several parking scenarios in an <®aurated Ia” ke_r5| ?hos’?q who E'thear %£I tod mhucr(lj OV.SGQ:Q‘ oolj]fong for
situation in Tel Aviv. The model shows that, while a limited P2rking, or who park too far from the destinatidy using a

o - ; geosimulation approach, PARKAGENT makes it possible to
amount .Of addmon_al pa_lrklng hﬁs hardly any impact on average investigatespatial and temporal distributionsf payments, search
search the or walking distance, it strongly affects the occurrence .. : - S ; L

time, distance to destination, etc., which is crucial within the
of extreme values. We also compare the effectsaafhcentrated modern city with its highlv heterogeneous parking fees
versus a spatially distributed addition of new parking facilities in a e city ngnly 9 P 9 '
. ) . . traffic situation and parking demand.
Tel Aviv neighborhood, where demand for parking essentially

Based on field estimations of supply of and demand for pagrki

exceeds supply. We are aware obnly two modes of similar kind[11; 12]. These
modek, however, focused on simulating the behavior within a
Categories and Subject Descriptors constant spatial settindhey neither account fothe continuous

changein on-street and ofbtreetparking capacity as a result of
cars entering and exiting parking facilitiesor for drivers'
immediate adaptation to the changing parking situation when

H.1.0 Information systems, Models and principles, General

General Terms driving toward destination
Algorithms, Measurement, Economics, Experimentation, Human . . .
Factors Our model, in contrast, is able to analyttee instantaneously

varying parking situation created by the drivers themsehés.
employ it to study residential parking in the evening hours, which

Keywords has received relatively only limited attention in the literature. In
parking, GIS, agervased modeling, spatialgxplicit modeling, contrast to commuters, who can resgoin various ways to
on-street parking changes in parking policies, eawning residents have little
choice when retumning home with their cars at the end of the day.
1. INTRODUCTION In center of most cities in the industrialized world, the majority of
In this paper we present a gsimulation model of parking in the them will ha_ve to find an ostreetparking_place, pr_eferably close
city, termed PARKAGENT. The model is developed as a to the location of residence, for overnight parking. We use the

model to analyze how these residpatkers respond to different
parking situations and policies at the hoeeral of the trip. The
case material is taken frometltity center of Tel Aviv.

2. GEOSIMULATION AS AUTOMATA -
BASED MODELING

Most generally, geosimulation models deal with interacting
discrete objects and their behavid®. The methodology of
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geosimulation makes use of autombtsed techniques, n o't iseed each wheathereadvancement anec 0 g n
particularly cellular automata for immobile and medigent street segment is possible, cahas to retrieve its locatiofg,, (s,
systems for mobile objects. The relationships between the object9,)), and then retrieve the locatids, py) next to(sy, py). If the

are interpreted according to the logic of the errithationship result of this transaction NULL , thenc; can advance t(s;, p.);
model, which considers relationships separately from the objectsotherwise the stet segment is jammed and the car can not
that are redted[2]. advance in the current tirstep (model iteration).

Contemporary GIS provides much support for the development of

geosimulation models. Each GIS layer can be used to define a3.3 The GIS Database

class of objects and supply the initial location, form and The main components of the model GIS database aneréHiy
characteristics of the immobile and mobile objects. GIS can be-  street segments (line layer) characterized by driving and
further employed for storing ob jparkinggefmissippaodpricasphlrisegmeatniudn permigsions b u t

properties as they change in time. Noapable tables are used for (nonrmapable table of relationships) and junctions (point
storing and managing relationships of any defge layer);

- buildings (polygon layer), characterized by type of use and
3. THE PARKAGENT MODEL capacity; house entrances (point layer) employed as

destination points; and
- off-street parking lots (polygon layer), characterized by
capacity and price.
The model tools enable the construction two additional layers.
The layer ofLanesis constructed in order to discretely represent

The PARKAGENT model has been developed accordinthéo
geosimulation principles. It isgpatially-explicit modelthat is, its
dataset contains higlesolution urban GIS, with the layers
representingevery inanimate entity of traffic infrastructure
important for investigating the parking processtreetsegments, .
on-street parking places, edtreet parking places, and buildings ©ON€ and twoway streets. Depending on whether coetwo-way

(as destinations). Animate objedtsdriversi behave ie. they traffic is permitted along a street segment, one or two series of

drive to the destination, search for a parking place, park, and leave?Cints are constructed, with the points located at a distandd of
the parking place when their activity hasled. from each other. The series of points is either located on a

segment centerline (in case of a am@y street) or on two separate
The model is developed as an ArcGIS application, and, despite thdines at both sides of a street centerline (in case of anayo
very high spatial and temporal resolution, can work with a street). Each series of points is thus used for repregedhtiving
practically unlimited number of drivers whose destination can be in one direction only (Figre 1). The two lines of a twavay street
located anywhere in the citfhe model interface containssat of segment touch each other at junctions. The traffic direction along
tools for preparing the model database on the base of GIS layersne or two constructed lines is derived from the traffic permission
of the city under study, for establishing model scenarios, and forof the segment.
storing the simulation results. The results of the runs can thus be
analyzed further. '
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3.1 The Discrete Representatia of Driving
and Parking

The focus on the parking process determines the spatial resolutio
of the model, which, in turn, entails the temporal resolution. The| ., &
spatial resolution of the model is defined by the typical distance| "=
between parking ca®d. The temporal resolution of the mod¢|
is determined by the time it takes a car to @dsat the typical
maximal speed s Of a car during parking search. The values of ;
Dd andvma in case of TeAviv, as estimated in the field surveys, | :&wsmme
are:Dd & , vdaax 18 km/h = 5 m/secConsequently, we use
Dt = Dd/vinax@ 1 astemporal resolution of the model for Tel
Aviv case.By using this resolution, we are able to adequately
capture the parking search process of drivers and their continuous
decisions tgark or to continue searching for a parking space. -
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. . . Figure 1. The basic and derived layers of the
3.2 The Location of the Animate Objects PARKAGENT model in the ArcGIS model window.

Inherent to geosimulation, animate objects doeated by

relationship That is, the location of a driving car is given by The second additional layer consists of-stmeetparking places
means of linear referencing, while thedtion of a parked car is  These are represented by a layer of points always constructed at
given by reference to a parking place. Both driving along a streetboth sides of the segment centerline. Each parking place is located
and occupying and vacating a parking place is represented byat a distance dbd from the next parking place (Figuig. In Tel
means of standard database operations. That is, the advance of Aiv this distanceDd is about 4 meters and this value is employed

carc from locationp; on segmens; to locationp, on segmens,, in the current version of the model.
is represented by deleting the rog, (s, py) from the ) . . o
relationship table and inserting the rqe; (s, p)). It is worth The layer of parking places contains all physically existing places

noting that according to the geosimulation paradigm, the cars dofor parking, including places whe parking is not allowed yet



feasible. The actual legal right to park for vehicles of a specific dest i nation from all #Anexto junc
type, for specific time intervals, as well as the price for each groupjunction on the street segments the driver can choose from for

of drivers (including zero price) are either transferred from the advancement (Fige 2). To avoid looping we assume that the

road network line feares or updated after the layer is driver does not choose any of two last visited junctions.

constructed. For instance, in case parking is only allowed on one Lﬁfj \:JJ 9
side of a street segment, the parking spots on one side of the @ U U U o @
center |line receive the attribu i AT

This junction is closest to the
destination

4. DRI VER®6S PARKI NG BEHA\[DI
The model works in a discrete time and space; at eachstiape
(iteration)Dt every norparking vehicle can make a move, the size
of which is determined by th
above, the model 6s t eDp-dmselh r e
case Dd and Dt are changed, all model calculations are
automatically adjusted to the new values.

ioned

Distance between the
junction and the
destination

4.1 Representation of Car Advance
Formally, the single car street speed/gfce;) km/h is recalculated —Two-Way

into speedvmedey Measured irDd lengths units prDt. The value '2“9'35@;
. - One-YVa
of v, is then represented as oy - .

— i — 1

Vi = Vmint + Vi dec @ Figure 2. Schematic presentation of the route choice

. . ) ) componentofdriv er 6s behavi or al
wherevp, i is an integer part of, andvp gec IS a decimal part.

To illustrate, letd s s p e e d [Ddl e 4nmlabdDtk=rh Sebs. In We assume that the model driver possesses some knowledge of
this case/, = 1.04Dd/Dt, thus resulting itV int = 1,V dec = 0.04. the city street network and thus selects the segment which next
junction is clogst to the destination. The model thus follows the
approach of4], who view route choice as the result cfemjuence

of decisiond one at each intersection encountered.

To simulate dmitweigry,)adthegeriEmte n
uniformly distributed on (0, 1) a random numbreand assume
that in case there are no cars in front of Gat advances fod,
units ofDd, where A driver enters the system at a distandgyareness from her
destination, where therdi v e r becomes fHawareo

de = Vmint +1 if Vi dec> searching for parking. She begins searching for an actual parking
de = Vmjint otherwise 2) place at a distancBpaing. IN the current version of the model

. these distances are set at 300 and 150 meters, respectively,
For eXample, for a car that drives at 15 krW/rhint =1 ande’deC fo”owing field obsevations.
= 0.04 and it advances o = 4m unit deterministically and
then one more unit with a probability of 0.04. 43 Representation of Dri v
During parking search, car ity is low. As recorded during test B€haviour
trips with drivers, a driver tends to decrease her velocity 8520 The rules of agentds behavior in
km/h when starting to estimate the state of parking in an area. Thehe parking process. Generally, approachinghgyenessdistance
speed is further decreased to-1km/h (Vimjn: = 0 and Vi, gec ~ the driver follows a sequence of decisions that can be ded@athe

0.69- 0.83 Dd/Dt) when a driver actually starts searching for place follows: (1) Decrease velocity, continue driving and estimate
to park[5] . In the search phase, we thus ignore the possibility of Parking supplyA (2) Decrease velocity to be able to park and try
acceleration as employed in e.g. car following modg&k to park for free as close as possible to the destin#io(8) If
However, as mentioned above, to account for interaction betweenParking search lasts too long, search for a free platieiufrom
parking cars, the model drivers adjust their movements with the destination or park at an affordable prige (4) If failed,
respect to the car in front ahem. Before advancing ead search until _flndlng any parklng_place, ignoring price or dlst_ance.
distanced,, the driver checks whether the position in front of her NOte that this sequence of decisions holds for Tel Aviv residents
is free or not. If occupied, all further advancements during the féturning home, as they can park for freestreet in their own
givenDt is cancelled. nelghb_o_rhood._ Wher_\ drivers have to pay for _parklng, the sequence

of decisions will obviously be more complex in nature and depend
The order of the cars for advancing is established randomly, anewon parameters like willingnegs-pay for parking and valuef-
ateveryDt. time of each individual driver.

. To formalize this view we introduce the following behavioral
4.2 Route Choice components:

A driver located on a street segment advances according to the o o . ) .

formulae (1)i (2), accounting for the cars in front of her. When 1. Driving towards destination, estimating parking supply,

passing a junction, the driver has to decide which direction to takep  Searching for parking and parking before reaching the

in order to approach towardthe destination. In the model, destination,

driverds decision is based on the comparison of the distance



3. Searching for parking and parking after passing the Each driver parks for the time interval that is attributed
destination, exogenously to the driver. After this given parking duration, she
drives towards one of the exit points of the system, which is an
attribute of the driver as well, following the algorithm {1)2).
5. Leaving the parking place and driving out of the system. Data on parking duration are derived from field surveys and
depend on the type of driver.

4. Stayirg at the selected parking place,

Each of these stages is formalized as follows:

Stage 1: Driving towards destination 4.4 Groups of Drivers

In the model, we idtinguish betweerResidents and Visitors,
who currently differ in terms of the required parking fee and the
time they enter and leave the area.

From Dayareness @ driver estimates the available parking supply by
estimating he fractionpynoc:

Punoc= Nunod (Nunoc + Nocd) (3)
whereNq is the number of occupied, abtlno is the number of 4.5 Model Output
unoccupied parking places. Our model records the Ildfpath of every model driver, based on

which a number of aggregateitputs are produced. In this paper
we focus on the following aggregate outputs relevant to residents:
the distributions of parking search time and air distance to
At distanceDyring the model dxier decreases her velocity to 12 destination for the drivers who succeeded to park in the area, the
km/h. At any distancd® < Dpaiing She estimates the expected dynamics of the number dfee parking places, and the overall
number of free parking plac&,,to be found before reaching the ~number of drivers searching for a parking place longer than 10

Stage 2: Searching for parking and parking before reaching the
destination

destination as: minutes. Note, that many other aggregate parameters can be
generated, such as the distribution of paid parking fees. All

Fexp = Punoc-D/Dd (4) aggregate characteristics are comgted for each group of drivers
searching for a parking place inspecificarea during apecific

The driver decides to continue driving with probabilByye,

which depends oRe,,in a piecewisdinear manner: time interval.

The interaction between the basic components of the model could

Paive =0 i Fep< F1 be also analyzed, such as the relationship between the duration of

Parive = (Fexp- F)/(F2 T Fy) ifF, 0 EXEO 2F (5) the parking search and the distance between parking place and
. destination.

Pdrive =1 if F2 < Fexp

In the model applicatios the values d¥; = 1 andF;, = 3 are used. 5. ESTIMATION OF KEY PARAMETERS

To guarantee driverods reacti oh@ oKeYneP &rhdaameleds Si nCfl o h¢ 4R
supply as observed during driving, we assume that each driverParking search, parking and léaving behavior are based on a

instantaneously restimates parking supply on the way to the number of street surveys carried dmitTel Aviv in 200520_06._
destination. The survey results have furthermore been used for establishing the

initial and boundary conditions of the Tel Aviv simulations.
This algoithm results in drivers parking close to the destination in

case of a sufficiently high supply of free-street parking places. ~ TWO main surveys were carried out in the essaly area, the
Basel neighborhood in Tel Aviv, duringvo consecutive weeks.

Stage 3:Searching for parking and parking after passing the we distinguished between visitors and local residents based on the
destination presence of a local tag on a car (which is supplied by the

. . L icipality to local residents only). The total area of the Tel
At this stage, given the fact that-street parkings for free for municipality. S h .
residents, the decision to park follows the commonsensical viewAfVIV cerlwter IS a:b.OUt.ZO Ign Ilt 'T dlvlldedlmto tnlne palrlkmg areas
that Aithe driver simply trie s? {?r(geyfe ug' g __?%e. n ché’egl%e iraé'e?a OB;eéiLIOkpfilrh g
not too far from the destinat ioE)Ee%gnsrﬁ;éwlglr;(rlﬁeljrgasréngeEr i &€ Thep opega mo d
parking in TelAviv aré high and the enforcement is tight; in
practice, virtually every residendf TelAviv has a local tag.
Visitors have to pay parking fees and can parksweet for a
maximum of three hours.

a steady increase @aing distance. Inwhat follows we assume
that Dparing Orows linearly in time at a rate dDyarking, i.€.
Dparking(t) = Dparking * DDparing*t, until reaching the maximal
value of Dpaking, max- We also assume that after passing the
destination and choosing a street segment at a junction, the drivein the daytime, the main results of the surveys are as follows:
always tries to stay within or as close asglole to the area with

Dparking () radius around the destination. - Close to 60% of the estreet parking places were occupied

by owners of docal area tag.

In addition, we assume that the driver whose accumulated search o ) )

time exceedS searchmax jUSt parks at the paid parking lot closest - Half of the remaining 40% of parking places was occupied

to the destination. We follow Tel Aviv reality and assuthat an by visitors, and half remained empty.

off-street paid parking place is always available. I'n what follows we employ 60% a

Stage 4 and 5: Staying at parking place and leaving the system ~ Stréet parking use during daytime.

The main results of the night surveys are disvics:






