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adequately performed at an aggregate level. This paper presents PARKFIT, a novel algorithm for
estimating city parking patterns that is based on a spatially explicit high-resolution view of the
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1. The problem of estimating parking capacity in heterogeneous
city

Parking management is an underdeveloped transportation sub-
ject. Until very recently, most of the car transportation research
investigated trips between the origin and destination and did not
consider parking as a specific component of a trip. Land-use
planners and decision-makers could not avoid dealing with
parking planning, but did that on their own, with limited research
to rely on. As a result, until the mid-1990s, the prevailing view was
that the growing car ownership should be accompanied by a
proportional growth of parking supply (Willson, 2013).

During the last two decades, the situation has been changing.
City authorities finally understood that they cannot continue
expanding their parking facilities, and the paradigm of “maximal
parking supply” that uses limitations to parking to encourage peo-
ple to use public transport has become dominant (Kodransky and
Hermann, 2011). No matter how parking limitations are imposed
- by means of spatial restrictions, or price, the consequences of
these limitations are complex (Shiftan, 2002; Shiftan and Golani,
2005; Vaca and Kuzmyak, 2005; Litman, 2011). Increasing parking
fees over wide areas causes, usually, strong public criticism, while
local changes just encourage drivers to search for parking further
away from the desired destination, thus shifting parking conges-
tion to areas where the parking situation was considered balanced.
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Therefore, assessing the influence of existing or planned con-
straints and regulations on parking availability demands account-
ing for the high-resolution heterogeneity of the urban parking
space. This heterogeneity is often ignored by planners and their
manuals that are still based on aggregate measures of demand
and supply (Willson, 2013).

Both parking demand and supply vary in space and in time and
are defined by the turnover, traffic limitations, drivers’ preferences
and their knowledge about local parking facilities. Understanding
and estimating the intensity and location of gaps between parking
demand and supply are critically important elements in analyzing
parking patterns. A variety of academic research is using models to
investigate the complexity of parking problems and suggests ways
to improve parking dynamics.

The majority of parking models investigate the relation
between parking demand and parking fees. Economic models focus
on the equilibrium state of the parking pattern. Shoup (2005, 2006)
argues that on-street parking is underpriced, and suggests regulat-
ing its availability by varying the fees, with the aim of maintaining
an occupation rate of 87.5% (one parking place of eight is free).
According to Shoup’s model, this will provide a search time of close
to zero. Calthrop and Proost (2006) suggest eliminating the
competition between on- and off-street parking market by raising
on-street parking fees to match off-street fees. Arnott and Inci
(2006) incorporate in their model the congestion caused by park-
ing search and demonstrate how this congestion can be eliminated
by increasing parking prices. Anderson and de Palma (2004)
suggest making the price of on-street parking dependent on the
local demand, and suggest a model for defining parking fees for a
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specific location. They investigate how fees should vary in space to
regulate the spatial distribution of demand. D’Acierno et al. (2006)
propose a less traditional view - drivers arriving from areas
characterized by low public transportation accessibly would pay
less than drivers arriving from areas of high public transportation
accessibility. This pricing scheme, according to D’Acierno et al.
(2006), will result in a decrease in travel time and improve
accessibility. Arnott and Inci (2006) relate between parking prices
and road congestion, and propose regulating the price of on-street
parking based on the value of the road space that is used for
parking.

Spatially explicit simulation models aim at understanding the
dynamics of parking patterns. Thompson and Richardson (1998)
simulate a driver’s choice between on- and off-street parking
within a neighborhood of two-way streets, and demonstrate that
the driver’s decisions while searching for parking, result in
non-optimal search behavior. Gallo et al. (2011) explicitly
represent road network and parking facilities to study the effects
of drivers’ parking preferences and cruising on the traffic in the
area. Their model estimates the correlation between the increase
in the parking occupation rate and the level of road congestion.
However, Li et al. (2007) present a conceptually similar model that
includes public transport in addition to private cars, demonstrating
that the relation between parking supply and the level of road con-
gestion is more complex and in some cases the increase in parking
supply can induce increased congestion. Recently, we proposed
tackling the problem of predicting parking dynamics in a city with
PARKAGENT, a spatially explicit, high-resolution simulation model
of parking search (Benenson et al., 2008; Martens et al, 2010; Levy
et al., 2013; Levy et al., 2015). The urban space is presented in
PARKAGENT at a resolution of parking places, and every autono-
mous agent behaves as a driver that searches for parking in the
vicinity of its destination, taking into account its knowledge of
the area, time budget, and willingness to pay. The driver agent
reacts to the traffic conditions within the search area, the parking
situation, and the behavior of other drivers. PARKAGENT provides
fundamental dependencies of the parking search time and distance
between the parking place and destination on the occupation rate
and turnover. We will exploit these dependencies obtained in
PARKAGENT when analyzing the results of this paper.

Basically, agent-based models are able to incorporate heteroge-
neous demand and supply on the one hand and drivers’ parking
search behavior, including reaction to prices during parking search,
on the other. However, the availability of data on these two major
components is different. Spatially explicit estimates of the parking
demand and supply patterns are adequately represented by stan-
dard layers of the municipality GIS. Estimates of parking demand
can be obtained from the buildings layer, where buildings are
characterized by the number of floors and their use. The layer of
street segments, characterized by road type, parking permissions,
parking zone, and the layer of off-street parking lots provides infor-
mation on parking supply and, often, parking fees. If the data on
demand and supply is insufficient, it can be completed and verified
based on aerial photos and one-time field surveys. Data on drivers’
arrivals, departures, and on drivers’ parking search behavior in par-
ticular, demand essential investment in field surveys and
interviews and in some cases will simply not be available. This
paper focuses on the problems that can be satisfactory investigated
despite the lack of behavioral data. We aim at “fast and frugal”
estimates of the goodness of fit between the projected parking
demand and supply and develop for this purpose a simple software
tool — PARKFIT that accounts for the spatial heterogeneity of the
parking situation without necessitating investment in field
surveys.

This paper aims at presenting and investigating PARKFIT, a
method and software application. Our approach exploits standard

GIS datasets that are widely available in the majority of Western
municipalities, as is the case in our example application in the city
of Bat Yam. The Bat Yam area is ca. 8.0 km?, and its population of
about 130,000 resides in 3300 buildings with a total of 51,000
apartments. The city has a common boundary with Tel Aviv and
is located to the south to it. Part of the boundary area (close to
the sea) is not populated, while the rest of the boundary is a high-
way that is inconvenient for crossing. At the east, the city is
bounded by the wide highway. That is, for the analysis of parking
processes, Bat Yam can be considered as an isolated area. In
Section 2, based on Bat Yam’s municipal GIS, we make the step
from aggregate to high-resolution data on parking demand and
supply. Section 3 introduces the PARKFIT method. Section 4 is
devoted to the validation of PARKFIT and estimating its basic
parameters that we consider common for similar cities. In
Section 5 we apply PARKFIT for estimating Bat Yam’s parking
capacity nowadays and in the future, as a part of the Bat Yam
2030 transportation plan. Finally, we discuss the proposed method
and results in Section 6.

2. High resolution GIS as a source of data on parking demand
and supply

At the most aggregate level, the parking pattern in a specific
area is defined by the ratio R of the demand D, expressed by the
overall number of cars that are willing to park there, and the park-
ing supply S, expressed by the overall number of existing parking
places in the area: R=D/S.

If demand and supply are distributed in space uniformly, then
for R> 1, the value of (R — 1) %S is the number of parking places
that the area lacks in order to accommodate all drivers wanting
to park there, while for R< 1, (1 — R) xS is the number of vacant
parking places in the area.

To provide a spatial framework for this aggregate view, let us
consider overnight parking in a city where each building b
accommodates D, car owners and parking is possible on
street only. Let us associate each parking place to its closest
building, and denote the number of parking places associated
with building b, as S,. Let the highest value of the
demand-to-supply ratio R, = Dp/S;, that is observed for all build-
ings in the city be observed for the building by and equal to
Rpo = Dpo/Spo. While Rpg remains below 1, the drivers in the area
will easily find an overnight parking place in the vicinity of their
destinations, and the overnight parking pattern will consist of
non-overlapping clusters of cars around destinations of their
drivers.

Starting from Ry > 1, parking places that are associated with the
buildings adjacent to bg will be used by drivers aiming at by. Those
arriving late will find S, parking places occupied, and so they will
park at a place associated with one of the adjacent buildings. The bg
residents will thus cause a chain reaction (Levy et al., 2013) - some
of the drivers arriving late to the destinations adjacent to bg will
also have to park beyond the vicinity of these buildings. The phe-
nomenon will become stronger with the increase in the number
of buildings b for which R, > 1, and accelerate the growths of the
average parking distance to the destination (Levy et al., 2013).

We can thus conclude that in reality, where demand and
supply vary over urban space and in time, the aggregate
demand-to-supply ratio R is evidently insufficient. One can con-
sider a parking supply in the city as sufficient based on a mislead-
ing aggregate value of R < 1 calculated over the entire city, whereas
in reality the majority of the demand can be concentrated in the
city center, while the majority of supply is scattered on
the outskirts. Parking lots on the one hand, and office buildings
that attract numerous visitors on the other, further increase the
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heterogeneity of the parking demand and supply patterns, and the
potential lack of fit between them.

The obvious first step toward accounting for spatial heterogene-
ity of parking demand and supply is to partition the city space into
smaller parts, such as census areas, traffic analysis zones, or city
blocks, and estimating the demand-to-supply ratio R for each unit
of this partition. Fig. 1 presents the estimates of parking demand,
supply, and demand-to-supply ratio for the city of Bat Yam, by
its 219 city blocks.

As can be seen in Fig. 1, the view of parking demand and supply
at a resolution of city blocks provides essentially discontinuous
maps and provides an initial view of parking demand/supply
heterogeneity. However, blocks’ boundaries are, evidently, not
respected by the drivers when they search for parking and park.
The use of aggregate data is even more problematic when analyz-
ing the effects of local changes in parking demand or supply. An
adequate view of parking search and parking patterns should
reflect the drivers’ continuous view of space. This, in turn, demands
high-resolution information on demand and supply.

A driver’s decision on where to park is based on the location of
the destination and the availability and location of nearby parking
options. Thus, the necessary resolution for proper analysis is that of
a single destination and a specific parking place. Drivers’ destina-
tions are represented by buildings - residential, office, or commer-
cial; and open areas - parks and gardens. The parking supply
consists of private and public parking lots, on-street parking places,
and dedicated parking related to dwellings and offices. Nowadays,
this information is easily available - a typical municipal GIS
contains sufficient information for estimating parking demand
and supply via the data stored by the GIS layer of buildings charac-
terized by use, floor area, and number of floors; layer of parking
lots characterized by capacity; and layer of street segments charac-
terized by on-street parking regulations. In Fig. 2 we present the
information on parking demand and supply for the city of Bat
Yam at a resolution of buildings and street segments, based on
the available layers of the Bat Yam municipal GIS.

The layer of buildings and buildings’ attributes (Fig. 2a) allows
us to estimate the number of drivers who aim to park near
each building. These estimates are based on the number of

apartments/families per residential building, the number of jobs
per office building, and the number of customers per shopping
mall. Based on the layers of streets and parking lots (Fig. 2b) we
are able to estimate the parking capacity of each road segment.
Fig. 2c and d presents the distributions of these characteristics.
The view of the parking demand becomes more precise when
information on registered addresses of car owners is available,
while information regarding on-street parking regulations and fees
may improve the view of the parking supply.

This high-resolution view of drivers’ destinations and parking
options opens new perspectives for estimating the balance
between parking demand and supply. In what follows, we present
a new method for combining high-resolution GIS data on parking
demand and supply into spatially explicit estimates of an area’s
parking capacity. The method can be applied to various parking sit-
uations in any spatial surroundings, while in this paper we present
its basic version that focuses on the residential overnight parking.
In case of overnight parking, destinations are associated with
residential buildings, and parking regulations for residents define
the attractiveness and availability of the different parking options.
The necessary data regarding on-street parking regulations and the
capacity of parking lots are available for the cities of Tel Aviv and
Bat Yam, where we conduct experimental work employing our
methodology.

3. The method for estimating parking capacity pattern

The proposed method for estimating a city’s parking capacity
mimics the outcome of the parking search by distributing the
demand of every destination among the available parking facilities
around that destination accounting for the drivers’ competition.
We call this method PARKFIT. PARKFIT employs a Monte Carlo
approach to estimate the average distance between the cars aiming
for a specific destination and the destination, and the fraction of
cars that fail to find a parking place. PARKFIT is implemented as
an ArcGIS 10.2 Python application, and is freely available for down-
load at (Levy and Benenson, 2015).

Let us denote parking places as p;, i=1, 2, ..., I, destinations as
dy, and the destinations’ demand for parking as Dy, k=1, 2, ..., K.

Parking Demand per ha, Parking Supply per ha,
by city blocks by city blocks
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Fig. 1. Characteristics of overnight parking for the city of Bat Yam partitioned into 219 city blocks: (a) parking demand per ha, (b) parking supply per ha, and (c) demand-to-

supply ratio.
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Fig. 2. (a) Parking demand per building, (b) number of parking places per 1

Let rmax be maximal distance acceptable to drivers between the
parking place and the destination. This distance is estimated in
field studies (Section 4 below).

Stage 1: Establishing parking demand, parking supply and
randomizing arrivals.

00 m of curb, and (c) non-spatial distributions of these parameters.

- K lists Oy, of parking places occupied by the drivers who aimed
at d, and succeeded to park closer than ry,, from d, and the
calculated distances between these parking places and d.

- Kvalues of F, - number of drivers who aimed at d, but failed to
park at a distance below r,.x from dy.

1. Based on demand Dy, at every destination dy, construct the list of Note that
demand, DEMANDLIST, in which each destination d, is repeated
Dy, times. Let Diora1 = 2Dy, be the total demand. 1. In case of R < 1, PARKFIT pattern represents clusters of D, park-

2. For each destination d

ing places that are closest to destinations dj.

a. Construct list Py of parking places in the area at a distance 2. Randomization of destinations in the DEMANDLIST (step 3 of

less than ry.x from d,. Order this list by the distance
between the parking place and d.

b. Set empty list of parking places O, to store information
about parking places occupied by drivers whose destina-
tion is d; and the distances between these parking places
and dy.

c. Set variable F, =0 to store the number of drivers who aim
at di, but failed to park at a distance less than r,,x from it.

3. Randomly reorder DEMANDLIST. Let d1), d2), - . ., dq), ... be the

stage 1) entails different results in every repetition of the
PARKFIT algorithm. These random effects are important when
the demand-to-supply ratio is approaching 1 and drivers arriv-
ing first have an obvious advantage over drivers arriving later.
To estimate the effects of random drivers’ arrival, the PARKFIT
simulation should be repeated many times. The results of this
paper are based on 1000 repetitions.

In what follows, we focus on two parameters that define dri-

resulting order of destinations. vers’ satisfaction:

Stage 2: Simulation of parking occupation.

4. Consider the next destination d(;y from the DEMANDLIST:
a. Set dg as the destination of driver A arriving to the area
b. If Py is not empty, then
- Choose the first parking place p from the Py list (it is
closest to d(;)) and allocate it to A

(1) Parking distance - The distance between the parking place
and the destination.

(2) Probability of parking failure - probability of failing to
park within an acceptable walking distance from the
destination.

We estimate the PARKFIT parameters, and calibrate and vali-

- Add to O, pair (p, dist(p, dgy)), where dist(p, d)) is the date the algorithm based on the Bat Yam and Tel Aviv data. Both

distance between p and d, cities are separated from the other cities of the Tel Aviv metropoli-

- Delete p from all lists Py, k=1, 2, ..., K tan by highways and Bat Yam is adjacent to and south of Tel Aviv.
Else The demand-to-supply ratio in Bat Yam center is close to 100%
- Set Fyy=Fp+ 1. while in Tel-Aviv this ratio, for some neighborhoods, is even above

100%. PARKFIT is further employed in Bat Yam for assessing the
The outcome of the PARKFIT algorithm consists of: parking development plan of the city transportation plan for 2030.
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4. Field estimates of the maximal parking distance

In regard to residential overnight parking, we attempted to esti-
mate the maximal parking distance in two field surveys, one in Bat
Yam and one in Tel Aviv. Both surveys were performed between
24:00 and 05:00 during the working days of the week. During
the surveys, cars’ exact location and license plate number were
recorded and submitted to the Israeli Central Bureau of Statistics
(ICBS). ICBS personnel retrieved the registered address of each
car owner according to the plate number and calculated the aerial
distance between the location of each parked car and its owner’s
address. For the reasons of personal privacy, the ICBS supplied
the list of aerial distances between the parking location and
owner’s address disconnected from the list of plate numbers.

In the Tel Aviv night survey, the location of ca. 4000 cars parked
overnight were recorded within the Basel residential area
(~2 x 2 km) during 10 workday nights of two consecutive weeks.
The demand-to-supply ratio for this area is very high, about
R=1.15 (Benenson et al., 2008) that is, all physically feasible and
free of charge parking places are occupied there at night and the
surplus of residents have to pay for parking in municipal or private
parking lots nearby. In ~10% of cases, information on registered
address was not useful because the cars were owned by commer-
cial or rental companies.

The Bat Yam survey was less extensive - locations of 350 cars
were recorded over an area where the average demand-to-supply
ratio is about R =0.76. Addresses were successfully identified by
the ICBS for 220 car owners, the rest of the cars were registered
to commercial companies or leased.

All cars in both surveys had local parking permits that are pro-
vided to city residents only, permitting free on-street parking.
Nonetheless, as shown in Fig. 3, a fraction of cars in both surveys
parked far away from the registered address of the owner. In Tel
Aviv 1300 cars (35%) parked at a distance of 3 km or further from
the owner’s address (Fig. 3a). In Bat Yam, this phenomenon is
weaker, but yet 15% of cars were parked at a distance further than
600 m from the owner’s address.

A distance of several kilometers between a car parked in the
Basel area and the registered address of its owner may suggest that
the owner’s address, as recorded by the Israel Ministry of
Transport, and driver’s destination during the period of the survey
are different. The survey conducted in the Basel area makes it pos-
sible to verify this phenomenon: If during the period of the survey

60
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the overnight destination of a driver is different from the address
of the car owner, then this car should repeatedly be found parked
far away from the registered address during the survey nights.

This was indeed the case. Of the 4000 cars recorded in the Basel
area during 10 survey nights, 3000 were recorded more than once,
and, as can be seen in Fig. 4, the registered address of the owner of
many of these 3000 cars is steadily far away from their overnight
parking places in the Basel area.

As can be seen in Fig. 44, if a car parked at a distance of 400 m or
higher from the owner’s address one night, then the same
relatively far distance remains true for all nights. This is not so
for distances below 400 m (Fig. 4b and c). Splitting the distances
by bins of 100 m clearly demonstrates that once this distance
exceeds 400 m, the driver does not park any closer to the owner’s
registered address; in other words, the driver’s destination during
the survey period is evidently different from the address registered
at the ICBS. We thus conclude that despite an extremely high
demand-to-supply ratio, residents of the Basel neighborhood are
not parking at aerial distances of more than 400 m (~10 min walk)
from their destination. Based on this result, we apply rmax =400 m
in PARKFIT applications further in this paper.

5. Using PARKFIT for estimating Bat Yam parking capacity in
2030

The data from the Bat Yam high-resolution municipality GIS
and the results of the field surveys are sufficient for applying
PARKEFIT to estimate the current Bat Yam parking capacity and to
predict the parking pattern in 2030 (as part of the 2030
transport development plan for the city). Based on these data,
high-resolution GIS maps of parking demand and supply have been
constructed.

5.1. Mapping current parking demand and supply in Bat Yam

5.1.1. Parking supply

We performed an extensive overnight and daily field survey of
the parking supply in Bat Yam in June 2010. Surveyors collected
data on the parking regulations, on-street parking places and on
the capacity of the off-street parking lots. Parking occupancy was
registered at different times of the day. The number of dedicated
parking places, available to residents of the building was also
surveyed. It is important to note that all parking lots in Bat Yam
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Fig. 3. The distribution of aerial distance between the overnight parking place and the car owner’s address in (a) Tel Aviv and (b) Bat Yam.
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Fig. 4. The distance between the car owner’s address and parking place on two consecutive nights for (a) all cars, (b) cars parked at distances less than 600 m, (c) less than
200 m, and (d) dependence of the r? for the parking place - the distance by 100 m intervals.

are free for overnight parking of Bat Yam residents. Illegal parking
was rarely observed in the night surveys and we ignore it.

Initially, the number of on-street parking places per each street
segment was estimated based on the municipal GIS layer of streets
(see Fig. 2b above), assuming that parking is prohibited by law
within 3 m of an intersection. Note that the average length of a
car in Israel is 4.5 m and the average interval between two parallel
parked cars is 5.0 m. The average interval between two perpendic-
ular parked cars is half, 2.5 m, similar to the standards of the Israel
Ministry of Transport (2005).

The map of parking facilities was improved and verified, based
on high-resolution aerial photos in which the color of the road curb
that designates permitted/prohibited on-street parking is easily
recognized. According to the aerial photos, about 30% of the curb
is permitted for 90° or diagonal parking, while the rest is for paral-
lel parking. The overall number of on-street parking places in Bat
Yam is ca 27,000. Total number of off-street parking places in
parking lots and in the parking spots that are dedicated to residen-
tial buildings is close to 19,000 which results, on average, in
19,000 pp/3300 bldg ~ 5.8 pp/bldg. Together with parking lots

and dedicated parking places, the total number of parking places
in the city is close to 46,000.

5.1.2. Parking demand in Bat Yam

According to the Bat Yam municipality GIS, the number of
buildings in the city is 3300, and the number of residents’ cars in
the city in 2010 was ca. 35,000. That is, the average car ownership
C in the city is about 35,000/51,000~ 0.69 car/apt or
35,000/3300 ~ 10.6 car/bldg, and the average demand-to-supply
ratio R is equal to 35,000 car/46,000 parking place ~0.76 car/pp.

5.2. Using Bat Yam field data for validation of PARKFIT

We apply PARKFIT to generate the distribution of the distances
between the overnight parking place and destination in Bat Yam.
Based on Bat Yam'’s car ownership rate of C=0.69, we estimated
the number of cars in each building as the nearest integer to the
number of apartments multiplied by 0.69, and compare the
PARKFIT results with the field survey results described above. As
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Fig. 5. The distance between overnight parking place and destination for cars
parked less than 400 m from their destination, comparison of PARKFIT and Bat Yam
2010 field survey results.

can be seen in Fig. 5, the distributions from PARKFIT and the field
survey are very similar (y?=2.78, df=7, p>0.9).

5.3. Predicting Bat Yam parking capacity in 2030

As a part of the Bat Yam city master plan of transport develop-
ment, Bat Yam’s parking capacity estimates for 2030 are based on
ICBS projections of the Bat Yam population and car ownership at a
resolution of the city’s 39 statistical zones.

According to the ICSB, an additional 19,000 apartments are
planned for construction in Bat Yam by 2030, and the population
will increase by 50,000. Car ownership rate C in Bat Yam will
increase from 0.69 car/apt in 2010 to 0.93 car/apt in 2030. The
majority of new construction projects will include dedicated park-
ing facilities and the total number of parking places in the city will
increase from 45,000 to 67,000. That is, planned development will
cause an increase in the global demand-to-supply ratio from

R=0.76 in 2010 to R=0.97 in 2030. In what follows, we assume
that parking regulations in the city will not be changed, and parking
lots will remain free for the residents’ overnight parking. According
to Fig. 6 there is a very different demand-to-supply ratio for many
adjoining statistical areas, which necessitates a high-resolution
analysis. Below, we present PARKFIT’s high-resolution analysis of
Bat Yam'’s parking situation today and in 2030.

Fig. 7 presents maps showing the distances between overnight
parking place and destination for 2010 and 2030. On average, the
distance to destination almost doubles by 2030, from 47 m to
83 m. For some areas, this distance increases to 150 m, while in
other areas the increase is close to zero.

The estimate of the number of cars that fail to find parking at a
distance of 400 m from the destination in 2010 is very low, com-
prising about 2% of all parked cars only (Fig. 8). In 2030, this frac-
tion increases to about 7%.

5.4. Transforming parking places into public transportation

Located at the periphery of the Tel Aviv metropolitan area, Bat
Yam citizens do not yet experience significant parking problems.
However, this will not last for long. Looking forward, the Bat
Yam Municipality is considering alternative ways of developing
traffic infrastructure in the city, taking into account the trade-off
between parking availability and the use of the public transport.
One of the suggestions of the Bat Yam transport development plan
is to designate the city’s main roads for public transport only. This
change will result in the immediate canceling of ca. 2000 on-street
parking places. To assess the consequences of this reduction, we
applied PARKFIT to assess the distribution of distances between
overnight parking place and destination in 2010, after the immedi-
ate implementation of this plan (Fig. 9).

As can be seen in Fig. 9, about 40% of destinations will be
affected, but the increase in the distance between parking place
and destination is minor, 9 m on average, with less than 3% of des-
tinations (100 buildings) for which the distance increases more

'

Demand to supply ratio 2010
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Fig. 6. Demand-to-supply ratio at a resolution of Bat Yam’s 39 statistical zones in 2010 (a), and in 2030 (b).



227

N. Levy, 1. Benenson/Journal of Transport Geography 46 (2015) 220-231

(i o [
&
g, T [ —
e $ E @ S
o ’[Fns lof % o~ g3 S
....d\...\-. ~r..ll. ~n 2 N
00 Sy el 2 2 9 _ 8
=1 = wa, I~ Y ~§l\ N 5 o | -~ S a.% o
nlm es 'L By At AmI™ L1 ' N | @ f
o . »
=3 AL SR L M S ® o ? -
smae sane, ®. gt g¥ oMt my 3 [ n ] S8
4 5 % Mg 3 L RLTE Fay] P
[ N A IR o ] P ey [T ) £
.__mm N @ sy o oo -
mn—u (=3 m m w S 3
~ T o
¢ £ 8 E|E 2% _ER
2« >ls -
€ c Q S & g
: 5 2|8 3 _B
3 8 | P =
c® 3 2
= £
N A
-
S 3 . — -
o £
c ©® o o :
S o o b S
» © o v« N w °
— h o v ' ' ~
T Q@a® o0
o ‘o8 b + ' '
pgo v+« g 8 ¢ 8 = =8 ° g 8 s 8 = g o°
w. m E suopeunisap jo ageyuadriad suopeunsap 4o a8ejuadiad
< a [
aeans LR o m . %
Wi lras B iSp e ey T ety &
e T yonn ey ) et 352 Tat] 2 Spop e 583 Tatf =
R PR A W — o A e 28 e | Tof e b o8
Il Tk i ALY P ¥4 N o &2 B oy e ! [ 5 o~ 23
M e T 2 . et Y AL A 2
e e siidhe e, anfaw 2 @E;.Lu.ns...\nl a8
. 4 \3//.\ ~..l ~Jl§l. 1 AII wl NEA ~l( o~
.f 1= P U B Wl e Bl
rf—m | | ) ® s
DRV T = 2ol LTI @ e M. Aot 8 SRTa T L
B T PRt T ey W Mt gy S Gr LRI, Snn s,V A gy L
...w.”#u\N i _Hmu.m S 3] Sagl AN o R A 1 R :
£ it aes 19 L] dijess ALY uw €8 span; 3 (=4
$ B0 = as i) 53 ERSe o, /4
AR H e 2 Mot L 68 SERSS S, O . ]
LY = o AP i it L 2558000 f o Q9
A& o < SN ores Diupm Y3 \\ 9 N
= N Yo o ames S ieEEe o, 20y, M ) 4
£ e Emg s Sy s =)
5 £ o BR2) 7o8 o an WVl gt 8 2
3 > < A SES YIRS 808 o T 2 5
2 3 6 © e SFlinfigs P &ned i o N
5 £ g Seha 474 7 08 110 25
Sl g = PAsacy-T ] e A RS 8 <
.7.5.% 2% B 2 b e nﬁuﬂ.%%uu 25
& = mE T =
Sl g3 I TN O o 8
AT g HEEZ g g
A T = e s .-un..—gﬁ 0"0\. QS £ %
LI T3] Ha Gy fop Q [=3
Y2 i o g 7 s 9 3 8 ey s m%%eio 23 o v
ey = n 8 < & SRvell i c B o2 T
= T a S o HP DA T . v oo
$2. 588 oo R A 23,088
g £ i 3.0 T R §5S 22 =
5= s e x 1
5]
> & ! s *
< o S ol

Fig. 7. PARKFIT estimation of average distance between overnight parking place and destination for (a) 2010 and (b) 2030, (c) the increase in average distance between 2010

and 2030, and (d) the distribution and averages of the distance between parking place and destination and increase in this distance between 2010 and 2030.



N. Levy, I. Benenson/Journal of Transport Geography 46 (2015) 220-231

228

g
—=:_:: MR
r L 5 .
A R TTT g .
2 X ®
N e x .
Y] 2 .
& & i 5
g _ . g g
M m g8 m 7 g 3
e =
88 ° o
S 1S o a &
m m o & & 2
3 "= B 8 %
z 0 3 g
8 ] g
o @ e
2 EX . s &
H o
] g 2
= 8 4 <
5]
S o a 2
* & =} [ ]
(4] c = L
® c
q = £
(ST °
“w c N
o o o .
Q = N 2 o
o @ i
S EXRSA
5 2 St $ 2 8 8 8 8 8 g ° $ 2 8 8 ¢ 8 8 8 °
m -W- - - - suoieunsap jo WMMa:UuLNE mco_amc_amwvaNWNar_Uu._ﬂm
= [+ )
ne LR L m ek
INUHERE NF... ?3...”..- ==._:J. -
YL S I sl \ g A
W Es I e T e
ezt [ .
X
& © e
o " aQ L
w1 R vhnnviouooo.om- o “ ©
o (200ng,,. o&f.oo oo & > 3
LR R T 00000»000000%000 R e Gnlv S
BRI 2 e o 2
(A = - =]
' T o &e
7] T N
Lo
© = QO =
-2 2 s8
55 S g< 3
o
&% & cf T8
g ExRRA 2 o X XA
cC m © O A O & O O A
Q o o =
5% P o
o -
) s
a2 P 123
; . -~ )

Fig. 8. PARKFIT estimation of the percentage of cars that failed to park within 400 m from their destination for (a) 2010 and (b) 2030, (c) the increase in the percentage of

failures between 2010 and 2030, and (d) the distribution and averages of all three characteristics.



229

:::T::y_._:._ Nq....s....s......ﬁnuan g

el Ihpa, s

N. Levy, 1. Benenson/Journal of Transport Geography 46 (2015) 220-231

gy -
v RO e 8 T
: SIS [ - _
an o] &
ﬂ wel® ~ ~) I m m
e k)
=5
ao
- 8 g
© £ o
P o
=z o 2
X © 2 n % e
S - a [ 2
P £ Q0 5
o o < © w £
28 g o 8 %
-] S o 0 > )
£ % = 8 £ © ©
= E £ - [_ ¢
wv - o
go () o s g g | s g
] Q <t = 3 s g I
= 3 n o 2 S 3 &
[ o b= ) ]
o ® e I € 5 e —5 2
2 a = o .8 @ R £
T - <) ° ® 2 9
v 2 . 2 E£¢£ w 8 -8
:f : s 2k [y
b4 9 o o a 2 e
. 7] a — = < © =
o 1 @ © !
i a o o
You .mm.nmdp.g mm—-cml noiss £ nnv o o & S NS S ES
PTE A =2l - owo 8 - = 4
ey VL s S e o - a
o N U 8 0o~ , , 3B
Siie 2 /70 Q = 0 c
- (Y (=N =]
- . ® 0 ' oo wWnw s ] o
sl w .cw O WOV v~ v~
: - 3 ' ! } { | } } ! !
51 [ | 1 R BT
N = J suopeupsap jo adejuadsad suoljeulsap o adejuadsad
o
Wt TR Tl eeenas 2 ST Py =
ol X Py g F Yondl) =
1% sorineenie=E| {1 01 Wi | | Ay s s ity T P st li0y mvﬂ\ af
by e 13 hect gumen Somiemre’ - Saney ) \L-JJ.!.I... 5 2 = d L
~n.~ L m.m - ] s
wayt fa z 3312 W
Ylae 2t o
o e ~}-§l. '.S..
= 8, Lo Faf ks
AN, Wl .
. = . a...ﬂ...“:-n.. lp..m.s
1 hIES - "Gy
LFRT I - :
al | o
el °
mmww ¥ ) -y
FLT b 5 k
wmeni s 2« -
o £ = © s £
W € o % -
o9 s 48 3 41
£ 3 & i i uW ARSNGB 3
brd n =
20 2 & S
§ 8 A TG g
Q & o = b=
o T , el £ © =4
o £ Jol e, g v @
M © oy m o m
[] o o (=]
% ° v o 2 5 o:0 T
2 - e 2 o~ g
T 5 Co ] « o, o, 2
o s °
O o o v @ 3 ' o 8
o = - - # Toodq LI
g o &
O i 5
> © o m
< a L€ S )

Fig. 9. Average parking distance (a) before the removal of on-street parking on main roads, and (b) after, (c) the resulting increase in distance between overnight parking
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than 50 m. The fraction of cars that fail to park within 400 m of the
destination does not change, and 95% of the destinations for which
the distance increases by 50 m or more are located adjacent
(<100 m) to the main roads designated for public transport only.
The limited impact of this plan on the availability of parking and
the lack of parking demand spillover can therefore be a key factor
in favor of the city authorities accepting this alternative — the
inconvenience of a longer walk for residents from the parking place
to the destination will be balanced by the proximity to fast and
efficient public transport.

6. Conclusions and discussion

In a homogeneous city, parking demand and supply are
uniformly distributed in space and the parking pattern is defined
by one main parameter - the global demand-to-supply ratio. In
reality, the spatial distributions of the demand and supply are
essentially heterogeneous, and this heterogeneity is critical for
transportation management and planning. Wrong weighting of
local and global factors can lead to unnecessary construction or,
prevent development of needed parking facilities. PARKFIT can be
applied in any city where standard high-resolution infrastructure
GIS is available. PARKFIT provides a bridge between the global
and local situations. Spatially explicit representation of the parking
demand and supply enables recognition of areas of under- and
over-supply, as well as estimating the distance between the park-
ing place and the driver’s destination. PARKFIT provides a unique
hot-and-cold map of the parking patterns and the spillover effects
related to high demand-to-supply areas. The obtained distribution
of the distance to destination provides a reference point for the
parking “level of service”. These capabilities are essential for plan-
ning predictions and are used in the framework of the Bat Yam
transportation plan for 2030.

Based on municipal GIS and on field data we have validated
PARKFIT's estimates, demonstrated the use of PARKFIT for analyz-
ing the current and future state of overnight parking in the city of
Bat Yam and investigated the consequences of future parking reg-
ulation. This includes the average distance between the parking
place and destination and the rate of parking failure in 2010 and
in 2030, according to the projection of Bat Yam’s population
growth provided by the Israeli Central Bureau of Statistics. Lastly,
we analyzed the reducing on-street parking along main roads that
will be converted to transit-only roads. In the latter case, we found
that the existing spatial structure of the Bat Yam streets and park-
ing facilities prevent expansion of the emerging parking spillover
and the reduction in on-street parking will affect only the buildings
that are adjacent to these roads. Evidently, PARKFIT can be applied
for assessing the consequences of restructuring parking facilities
by any other reasons, e.g., for establishing bicycle lanes or pedes-
trian walkways.

PARKFIT has its limitations. First, to apply PARKFIT, one has to
establish the maximal acceptable distance to parking rya.x. The
400-m limit that is employed in this paper is estimated based on
the data collected in Bat Yam and Tel Aviv. Larger ry.x will cause
the spread of the demand farther away from the destinations and
thus decrease the rate of the parking failures and increase average
parking distance. Second, the current version of PARKFIT does not
incorporate important factors of parking pattern dynamics and dri-
vers’ behavior: turnover, tradeoff between the price of parking and
walking distance to destination, and local factors of drivers’ park-
ing choice, as security or road crossing during the walk. All this
makes the current version of PARKFIT fit mostly for analyzing over-
night residential parking. To eliminate these imitations, the next
version of the PARKFIT algorithm will explicitly include turnover
and an interface for establishing a tradeoff between the parking
prices and walking distance to destination. Traveler’s choices

between private cars and public transport remain beyond the
PARKFIT framework.

One of the PARKFIT limitations demands specific note. Namely,
the PARKFIT framework does not include parking search time.
However, a rough estimate of this important parameter can be
obtained based on the universal dependencies of the parking search
time and average distance to destination on the occupation rate, as
presented in our recent paper on the PARKAGENT model (Levy et al.,
2013). Relating between the average distance to destination and
average parking search time obtained for the same occupation rates
(Levy et al., 2013, Figs. 4 and 6), one can deduce that the average
cruising time is close to zero when the average distance between
the parking place and destination is less than 50 m (practically, this
means that a driver parks on the road segment that is adjacent to
his or her destination). For higher distances, the average cruising
time increases linearly with the increase in the parking distance
and reaches 4.5 min when the average distance reaches 200 m.
That is, roughly, once the average distance between parking place
and destination exceeds 50 m, each additional 50 m adds another
1.5 min to the average parking search time.

To conclude, every real-world problem demands a series of
tools that exploit different sources of knowledge about the phe-
nomenon being studied. The parking phenomenon is critically
defined by the heterogeneity of demand and supply on the one
hand, and of human behavior on the other. In these respects, the
PARKFIT approach and software build on the first component -
explicit knowledge of the heterogeneity of the phenomenon’s spa-
tial component. Incorporation of human behavior demands an
agent-based approach that is implemented in the PARKAGENT
model (Benenson et al., 2008; Levy et al., 2013; Levy et al 2015).
Taken together, PARKFIT and PARKAGENT may serve as a starting
point for establishing a set of operational tools for parking manage-
ment and planning.
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