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Abstract: Parking plays a vital role in shaping land use and transport. Despite occupying significant
portions of urban space, detailed data on parking locations and capacities are often unavailable.
Recognizing the critical significance of such data for comprehensive transportation modeling and
sustainable urban planning, this study presents two statistical models designed to predict the available
on-street parking length in urban traffic analysis zones. The first model uses OpenStreetMap (OSM)
data as its primary input, while the second is based on official parking inventory data from the city of
Berlin. Both models are built using multiple linear regression, with land use and built environment
characteristics as independent variables. The models are evaluated by applying them to the city of
Munich. This research provides new insights into the spatial distribution of urban on-street parking
and offers a practical approach for estimating parking supply to support sustainable urban
development strategies.

Keywords: Parking inventory, Urban transportation, Land use, OpenStreetMap, Integration of land use
and transport

1 Introduction

Studies have shown that an oversupply of inexpensive parking can contribute to
economic, environmental, and social challenges (Shoup, 2011). However, despite parking
infrastructure covering large portions of urban space, there is a notable lack of
comprehensive, publicly available data on its extent, distribution, and usage.

Parking inventory modeling is of great importance, as the availability and accessibility
of parking significantly influence travel behavior, mode choice, and urban land use (Weis
et al., 2011). Moreover, the information derived from parking inventories plays a crucial
role in shaping policy decisions, including pricing strategies, zoning regulations, and
demand management approaches. Spatially resolved estimates of parking infrastructure
can support research and policy initiatives aimed at reducing car dependency and
promoting more sustainable urban systems (Davis et al., 2010).

Recent efforts to model or estimate parking supply have employed a range of data
sources, including surveys, field records, remote sensing, and land-use data (Akbari et al.,
2003; Davis et al., 2010; Hellekes et al., 2023; Li et al., 2022; Llorca et al., 2022).
However, many of these methods are limited in spatial scale, cost-intensive, or not
generalizable across different cities. Open data, particularly OpenStreetMap (OSM),
could be a promising solution for improving the availability and granularity of parking-
related information. OSM provides openly accessible spatial data that can support the
identification and estimation of parking infrastructure across regions. This data source is
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increasingly used in transport research to model urban environments, but it also poses
challenges (Briem et al., 2019). One challenge lies in the non-standardized recording of
parking lot details in many regions within OSM. As the completeness of the OSM data
set varies regionally, applying analyses to different locations requires prior data analysis
and pre-processing.

To date, few studies have systematically assessed the feasibility and accuracy of using
OSM data to model on-street parking infrastructure at scale. This study addresses this gap
using two data sources. First, a model was estimated based solely on OSM data from 14
German cities. Second, official parking inventory data from the city of Berlin were used
as blueprint for modeling parking availability in other German cities. The models are then
applied to the city of Munich to evaluate their predictive performance and
generalizability. By comparing open data-based and official data-based approaches, this
study contributes to the growing body of work on large-scale urban data modeling,
evaluating their reliability and applicability in cities lacking detailed parking data. This
provides insight into the potential of open data for scalable and transferable parking
inventory estimation. The findings can inform urban planners, policymakers, and
researchers interested in advancing sustainable mobility and land-use planning strategies,
particularly as many cities increasingly seek cost-effective, scalable solutions for
understanding and managing their parking supply.

This paper builds on previous approaches to estimate parking data within an urban
area using open-source data, thereby contributing to parking inventory modeling. These
models are helpful in cases where municipalities lack a complete overview of detailed
parking data or do not publish it.

2 Literature review

Parking policies significantly shape individual travel behavior, influencing mode
choices, trip destinations, and travel times and durations, with parking availability and
cost being the main driving factors (Guo, 2013; Weinberger, 2012; Weis et al., 2011;
Willson & Shoup, 1990). When parking supply exceeds demand and is affordable,
individuals are more likely to rely on personal vehicles. Conversely, limited availability
or higher parking fees can lead to shifts in mode choice, such as increased use of public
transport, walking, biking, or ridesharing, but also to broader changes in travel behavior
(Christiansen et al., 2017). These include reduced trip generation, altered destination
choices, changes in time-of-day travel, and even long-term effects on car ownership or
household relocation.

Previous studies underscore the importance of considering residential parking
infrastructure, revealing that households without off-street parking tend to reduce car
usage (Guo, 2013), while guaranteed home parking increases automobile usage
(Weinberger, 2012). Employer-paid parking also impacts travel choices (Willson &
Shoup, 1990). Further, parking characteristics, such as cost, availability, and
convenience, have been shown to influence mode and location choices, as demonstrated
by Weis et al. (2011) through a stated preference survey.

The search for on-street parking, commonly referred to as "cruising for parking," can
be a time-consuming and sometimes frustrating experience that may contribute to traffic
congestion and emissions (Shoup, 2011). While some motorists undertake the search for
a free parking spot, others opt to minimize their travel and access time by paying
additional fees (Ben Hassine et al., 2022; Chaniotakis & Pel, 2015). However, Arnott and
Rowse (2009) found that cheaper on-street options are often preferred to off-street
options, contributing to additional congestion.

Parking policies are essential in shaping land-use patterns and destination choices, as
widely documented in urban planning and transportation research. Numerous studies
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have shown that parking supply influences development density, land valuation, and
business location decisions (Manville & Shoup, 2005; Merten & Kuhnimhof, 2023;
Parmar et al., 2020).

Although many research findings indicate that parking space plays an important role
in sustainable urban development, the planning process for this topic has been
surprisingly little researched. Shoup (2011) even speaks of “pseudoscience” when
referring to isolated planning processes for parking space.

2.1  Estimating parking data

Parking inventory modeling refers to the process of analyzing and estimating the
supply and spatial distribution of parking space within a defined area. This often involves
integrating various data sources and employing estimation techniques to create a
comprehensive picture of parking infrastructure. While using direct measurement of
parking inventories through OSM or LiDAR may seem more straightforward, these
sources often lack completeness or standardization.

Although OSM provides the possibility to map on-street parking, its completeness and
standardization remain inconsistent across cities. Within the “OpenStreetMap
Verkehrswende” project (Seidel, 2023), several cities were analyzed for on-street parking
completeness in OSM. While in some cities, such as Berlin, plenty of information on
parking can be found, other cities only have these information available in parts of some
districts or not at all (Seidel, 2023). This inconsistency is partly due to the complexity of
the OSM tagging system. Parking may be mapped either as an attribute of a street
segment using parking:side=* or as a separate geometry via amenity=parking, with
additional optional tags describing physical characteristics, vehicle orientation, fees, time
limits, and access restrictions (Openstreetmap, 2025). This flexibility results in
inconsistent and often incomplete practices, making their comparison difficult. The
“OpenStreetMap Verkehrswende” project explicitly accounted for these variations and
controlled for data completeness within each city (Seidel, 2023). It is important to
highlight that, in contrast, many other built-environment features, such as road networks,
points of interest, or land-use information, are mapped more consistently across cities
(Briem et al., 2019).

In contrast to relying solely on OSM-based parking inventories, modeling parking
capacity enables more scalable and uniform estimation, particularly in areas where
detailed or reliable inventory data are lacking. Yet, the domain remains relatively
unexplored. Previous studies, such as Akbari et al. (2003) and Davis et al. (2010), relied
predominantly on methods involving labor-intensive steps, such as visual identification
or manual surveys, to assess parking.

Moving away from conventional methods, more recent studies have used innovative
techniques that take advantage of technological advances. Hellekes et al. (2023)
demonstrated the effectiveness of combining remote sensing data with statistical methods
and presented a novel approach to parking lot estimation in Braunschweig, Germany.
This integration of photogrammetry and statistical analysis accelerates the assessment
process and increases the reliability of parking inventory estimations.

Especially in transportation research, considerable effort is invested in land-use data.
In an evaluation of the impact of autonomous vehicles on land use, Llorca et al. (2022)
contributed by calculating on-street parking based on the length of street links and sub-
sample observations for Munich. This approach complements the evolving landscape of
automated methods and provides a nuanced understanding of the on-street parking
scenario in specific urban environments. Further, Li et al. (2022) followed a bottom-up
approach, merging different data sets that include street networks and land-use types.
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This comprehensive methodology offers a detailed perspective on the spatial distribution
of parking infrastructure, providing researchers and policymakers with nuanced insights
into parking allocation in the San Francisco Bay Area.

2.2 Parking space as a political issue and lever

Over the past decades, various policies have been implemented to manage parking
effectively, each impacting travel behavior and urban dynamics differently. One of the
most common, yet criticized, policies is the requirement for minimum parking spaces in
new residential or commercial developments. As highlighted by Shoup (2011) and
Weinberger (2012), minimum parking requirements can lead to over-parking and
increased car usage. As a result, excessive urban space is used for parking, and the
overall efficiency of land use is affected. Occasionally, parking spaces are being
repurposed for bike lanes, green areas, or commercial uses. However, established patterns
of car use among residents may present challenges to implementing such changes
(Schreibmiiller et al., 2025).

Addressing the challenge of circling for parking in congested urban areas, real-time
information-based technology could be used to implement dynamic pricing and optimize
space utilization. Feeney (1989) first observed that the effectiveness of such pricing
strategies can vary by location, primarily due to differences in parking price elasticities.
More recently, Mackowski et al. (2015) developed a dynamic model to set real-time
parking prices that optimize access and space utilization. Using numerical simulations,
they demonstrated that their pricing framework has the potential to virtually eliminate
vehicles circling for parking. This would lead to a substantial reduction in negative
externalities such as traffic congestion and emissions.

Targeting on-street parking specifically for residents, residential parking permits aim
to allocate space for residents and reduce the number of visitors by car. However, it can
unintentionally foster car usage among the residents themselves (Taylor, 2021).

Originating in the late 1980s, Transit-Oriented Development (TOD) policies
encourage the development of dense, mixed-use areas near public transportation. Ibracva
et al. (2020) emphasize that TOD has the potential to significantly reshape parking
dynamics by deliberately reducing parking supply in transit-rich areas. This approach not
only discourages car ownership but also aligns urban design with broader environmental
and mobility goals.

Parking policies should be tailored to specific target groups, aiming to reduce parking
space in favor of sustainable transport, while safeguarding access for car-dependent
populations and locations. Factors such as location, quantity, associated construction
costs, and design considerations contribute to creating a comprehensive and sustainable
urban environment.

When examining parking management policies, the effects of these measures often
remain uncertain. To address this gap, there is a critical need for methods that first
comprehensively map the existing parking landscape. Accurate representation of current
parking availability is a prerequisite for studying the potential consequences of
alternative parking policies. The following sections outline the formulation and validation
of a methodology to quantify parking supply, thereby enhancing our understanding of the
complex relationship between parking management, urban dynamics, and travel behavior.

3 Methodology

Drawing from prior research on parking, an approach is introduced to calculate and
assess two distinct parking inventory models. The attempt involves two main phases:
first, the computation of the parking inventory for each designated zone, estimating two
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different models, and second, comparing both models. The evaluation framework
assesses model accuracy and applicability across varied urban contexts.

3.1 Studyarea and data sources

This paper explores an attempt to estimate on-street parking inventories in an urban
study area. Specifically, the dependent variable is the available parking length by zone.
Data should be publicly available to make the attempt reproducible.

The first data source is the data from the German project “OpenStreetMap
Verkehrswende” (Seidel, 2023). As a successor of a local, voluntary mapping initiative,
this project aimed to deliver precise information on public parking based on OSM data.
Within the project, participants focused on deriving detailed information about on-street
parking, excluding areas where parking is prohibited or information is not yet mapped.
Data are accessible through the project website for parts of the German cities Berlin,
Bremen, Dortmund, Hannover, Hamburg, Kiel, Bonn, Bietgheim-Bissingen,
Braunschweig, Oldenburg, Wiesbaden, Metzingen, Freiburg im Breisgau, and
Magdeburg (see Figure 1). The data set is considered particularly useful in this research,
as it controls for variance and incompleteness of the on-street parking tagging practice in
OSM (Seidel, 2023). Using the data set requires downloading and aggregating
information at the grid cell level, as well as limiting the study area to zones where
parking information was available.

The second source of data on on-street parking was an official public data set on the
number and area of spaces provided by the City of Berlin (Berlin Open Data, 2022). It
offers detailed geospatial information on parking stock within selected areas of the
Charlottenburg-Wilmersdorf district. The data are provided at the individual parking
location level and includes attributes such as spatial geometry, parking type, and the
number of available spaces. These data are used as a blueprint for other German cities,
where the official data may not be available at this scale.
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Figure 1. Locations of the model input and the study area for the evaluation

The data sets of the two models are expected to show significant differences. While
the OSM data set accumulates voluntarily mapped parking space information from 14
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different small, medium-sized, and large cities, the smaller Berlin data set is based on
detailed counting by the city administration.

Independent variables include population density, transport, and built environment
data. Population data were retrieved from the 2011 German census (Statistisches
Bundesamt, 2011), as this was the most recent data available for a considerable period of
time. As this data source is already quite old, the data were expanded using local
population numbers from 2022. Built environment data were retrieved from OSM only.
The data were downloaded using the Overpass API (Overpass, 2023) and the Geofabrik
OSM data extracts (Geofabrik, 2024). The built environment data included information
on traffic lights, building locations, bus stops, tram stops, street crossings, streetlights,
intersections, land use, road types and lengths, pedestrian zones, off-street parking
facilities, as well as combined counts for points of interest (POI). For the POI variable,
different OSM classifications were grouped into eight groups according to an approach
by Abouelela et al. (2024). The groups are described in Table 1.

Table 1. POI classification

Group OSM classification
Education kindergarten, library, school, university
Food bakery, bar, beverages, cafe, fast food, food court, greengrocer, pub, restaurant,
supermarket
Health clinic, dentist, doctors, hospital, optician, pharmacy, veterinary
Leisure arts centre, cinema, community centre, nightclub, park, picnic site, playground, sports

centre, stadium, swimming pool, theatre, zoo, artwork, attraction, guest house, hotel,
memorial, monument, museum
Service atm, bank, beauty, fire station, hairdresser, laundry, police, post office

Shopping bicycle shop, bookshop, clothes, computer shop, convenience, department store, DI'Y
shop, furniture shop, gift shop, jeweller, mall, market place, mobile phone shop, shoe
shop, sports shop, stationery, toy shop

Both estimated models were applied in Munich, and their parking quantity predictions
were validated against detailed, location-specific parking data provided by the Munich
city administration. The Munich data set covers a large city center area extending over 14
out of 25 municipal districts. It includes the geometry of on-street parking spaces at
individual parking locations and attributes such as parking type (Landeshaupstadt
Miinchen, 2022). The study area is diverse, with a large pedestrian zone in the center,
several urban green spaces, scattered commercial zones, and many residential areas. The
models can, therefore, be tested for various aspects.

The models were trained on data from multiple German cities, with Munich excluded
from training as it was not included in the chosen OSM dataset. Munich was then chosen
for validation because, to the authors’ knowledge, it is the only city in Germany besides
Berlin for which independently verified, high-quality parking data are available. The
local distribution of parking space in Munich is shown on the map on the left in Figure 4.
The spatial distribution of the cities included in the model estimation, as well as the study
area used for evaluation in Munich, is illustrated in Figure 1.

3.2 Model estimation and evaluation

In both models, the dependent variable, parking availability, was measured
consistently as the total length of available on-street parking within 100-meter grid cells.
The geometries of these grid cells were derived from the census data set used in the
models. Independent variables were also collected at the grid cell level. For the OSM-
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based model, data were available for over 22,000 grid cells across 14 cities. In contrast,
the Berlin data set (BER) comprised approximately 1,000 grid cells.

After a preliminary examination of the data, grid cells that were not entirely covered
by the parking data sets were excluded. Additionally, extreme deviations in the
independent variables, which can be caused by inconsistencies in the OSM data set, such
as buildings that were tagged multiple times, were identified. To obtain a more robust
model, Z-scores were calculated, which makes it possible to convert various relevant
criteria into a single score that can then be used to classify and select data sets (Priebe et
al., 2008). Z-scores measure how many standard deviations a data point deviates from the
mean of a distribution. For this parking space model attempt, data records with a Z-score
of more than three in one of the variables were deleted to remove extreme outliers that
could disproportionately influence the model.

To determine a linear relationship between the available parking space and the local
environments, multiple linear regressions (MLR) were estimated. MLR is often used in
transportation to investigate spatial relationships. For example, Duran-Rodas et al. (2020)
used MLR to analyze the spatial characteristics of bike-sharing infrastructures. In this
research, MLR were estimated and evaluated in the R statistical software using the “stats
(Bolar, 2019) and the “MASS” (Ripley, 2024) packages. Coefficient of determination,
Akaike Information Criteria (AIC), logarithmic likelihood, multicollinearity tests, and p-
values of the variables were then used to identify the best model fit. Associations
between independent variables and parking length were considered statistically
significant, given a p-value below 0.05 (Berkson, 1942), a coefficient of determination
higher than 0.3, correlations between predictors below 0.7, a high log-likelihood, and the
lowest AIC possible.

After model estimations, goodness-of-fit measures were compared. The final models
were then applied to the study area in Munich to evaluate the estimated parking models.
Due to the nature of the linear model, some predicted values were negative; these were
automatically set to zero.

2

4 Results

4.1 Descriptive analysis

After pre-processing, the final OSM data set consists of 10,983 grid cells within the
14 cities of the OSM parking project. Most records are from the cities of Berlin (n =
8,090), Hannover (n = 721), and Hamburg (n = 697). The final BER data set consists of
948 records within the Charlottenburg-Wilmersdorf district. The data capture the entire
on-street parking infrastructure within every grid cell.

The preliminary analysis in Table 2 shows basic statistics for all transportation and
built environment variables recorded in the study areas and provides an overview of the
urban parameters. In the OSM case, parking lengths range from 0.00 to 412.4 meters per
grid cell, with an average of 117.3 meters and a standard deviation of 98.4 meters,
indicating considerable variability. Population density spans from 0.00 to 460.0 residents,
with a mean of 88.5 and a standard deviation of 111.4. The BER study area, on average,
featured slightly longer parking lengths with a lower standard deviation. The population
density was also higher on average, almost twice as high, but with greater variation.

In both cases investigated, the POI categories Education, Food, Health, Leisure,
Service, and Shopping had between none and 29 occurrences per grid cell. The
descriptive statistics for street features, including the number of streetlights, traffic lights,
crosswalks, intersections, buildings, and bus stops, provide a differentiated understanding
of the urban infrastructure. In the BER case, the lower average building density is
noticeable, which may be due to the residential structure of the district studied.
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The diversity of the study area is also reflected in the road and land-use
characteristics. Regarding the lengths of cycle paths and footpaths, as well as road types,
it is noticeable that there are grid cells with minimal transport infrastructure and others
with highly developed transport networks. The BER study area had more extended
transport networks on average. While some grid cells were entirely occupied by one of
the four selected land-use types, others had mixed land uses. The main differences
between OSM and BER are the negligible proportion of industrial land in Berlin and the
significantly lower proportion of commercial land in the OSM case.

4.2 Model estimation

After several runs of model estimation, best fits were chosen based on the coefficient
of determination, p-values, multicollinearity diagnostics, log-likelihood, and AIC.
Subsequently, subjective judgment was applied to assess model interpretability, the
relevance of included variables, and the overall robustness of the results. This combined
approach ensured that the final model selection balanced statistical performance with
domain-specific insights. A summary of the linear regression models is presented in
Table 3.

The MLR results show significant correlations between various urban characteristics
and parking length. While the OSM model included 18 independent variables, the BER
model contains only 13. Nevertheless, both models' coefficients of determination (R?) are
similar, explaining approximately 50 to 60 percent of the variation in parking length.
Furthermore, both F-statistics are highly significant, confirming the statistical validity of
the model and its ability to explain a substantial part of the variance in parking length.

Most of the independent variables of the BER model are also included in the OSM
model, showing similar trends. Notably, higher population density, the number of
educational POIs, and greater lengths of sidewalks and street networks positively
contribute to extended parking spaces. On the contrary, the existence of bus stops and
traffic signals leads to shorter parking lengths. While the general length of the road
network showed positive effects, this effect is reduced when road types are distinguished.
In the OSM model, the parking availability in grid cells with high shares of tertiary roads
is higher than in grid cells with secondary roads. Primary and tertiary roads were not
included in the BER study area, but for the OSM model, this facility type had a negative
impact on parking availability. As residential areas correlated strongly with parking space
in the BER case, they were not considered due to redundancies with population density.

The OSM model included further variables that were not part of the BER model. In
addition, buildings, tram stops, pedestrian streets, and shares of industrial and pedestrian
zones contributed to parking availability. On the other hand, more intersections and
extended bicycle networks were found in areas with less parking.
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Table 2. Descriptive statistics of parking and spatial data (nosm = 10,983 | nger = 948)

Variable Min. Mean Max. St. Dev.
OSM BER OSM BER OoSM BER OSM BER
Parking length [m] 0.0 0.2 117.3 193.1 412.4 4529 98.4 91.7
Population 0.0 0.0 88.5 1443 460.0 509.0 1114 124.5
Points of interest
Education POI 0.0 0.0 0.0 0.1 4.0 3.0 0.2 0.4
Food POI 0.0 0.0 0.4 0.8 15.0 9.0 1.2 1.3
Health POI 0.0 0.0 0.1 0.2 14.0 12.0 0.5 0.9
Leisure POI 0.0 0.0 0.2 0.3 29.0 9.0 0.9 0.8
Service POI 0.0 0.0 0.1 0.2 6.0 4.0 0.4 0.6
Shopping POI 0.0 0.0 0.2 0.3 17.0 11.0 0.8 0.7
Street infrastructure
Streetlights 0.0 0.0 1.4 3.0 36.0 19.0 2.6 34
Traffic signals 0.0 0.0 0.2 0.5 12.0 9.0 0.8 1.2
Crosswalks 0.0 0.0 0.7 1.6 18.0 12.0 1.4 2.0
Intersections 0.0 0.0 0.4 0.6 6.0 6.0 0.7 1.0
Buildings 0.0 0.0 7.2 6.1 49.0 20.0 7.5 4.0
Bus stops 0.0 0.0 0.1 0.2 11.0 4.0 0.5 0.5
Tram stops 0.0 - 0.0 - 3.0 - 0.2 -
Off-Street parking 0.0 0.0 0.0 0.0 4.0 3.0 0.2 0.2
Road type lengths
Length of cycleway [m] 0.0 0.0 18.5 26.8 458.3 458.3 50.1 62.5
Length of sidewalk [m] 0.0 0.0 178.1 268.3 666.0 627.5 154.5 127.7
Length of roads [m] 0.0 0.0 102.2 140.8 340.0 414.8 73.5 89.3
Primary roads [m] 0.0 0.0 7.8 5.6 283.7 202.5 33.7 29.7
Secondary roads [m] 0.0 0.0 21.7 43.6 338.6 409.3 52.7 81.2
Tertiary roads [m] 0.0 0.0 13.1 223 315.1 299.5 36.9 477
Residential roads [m] 0.0 0.0 59.6 69.2 255.7 246.9 63.6 63.1
Pedestrian street [m] 0.0 0.0 0.3 0.6 231.9 110.8 6.5 6.5
Land-use type
Residential area [m?] 0.0 0.0 | 49475 5,426.6 | 10,000.0 10,000.0 | 4,140.9 3289.8
Industrial area [m?] 0.0 0.0 457.1 107.7 10,000.0  9,333.1 2,069.9 773.3
Commercial area [m?] 0.0 0.0 648.0 826.5 10,000.0 10,000.0 | 1,999.6 2097.5
Retail area [m?] 0.0 0.0 157.4 114.8 10,000.0  9,588.7 817.7 680.3
Pedestrian area [m?] 0.0 0.0 7.7 0.9 5,588.5 248.4 134.8 13.7
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Table 3. Model fit
OSM Model BER Model
Variable Beta Std. Error  Sign. | Beta Std. Error  Sign.
(Intercept) 1.321 1.517 27.071 6.391 Hok
Population 0.175 0.007 HAK 0.125 0.018 HAK
Education POI 8.956 2416 ok 8.306 5.638
Leisure POI - - -4.352 2.675
Service POI - - -8.189 3.493 *
Streetlights - - 3.325 0.668 HoHk
Traffic signals -12.872 0.944 ok -14.046 2.216 kol
Intersections -11.004 1.137 HoHk -19.272 3.156 HoHk
Buildings 0.412 0.097 woHk - -
Bus stops -11.526 1.358 HxE -16.831 4418 Hrx
Tram Stops -9.486 3.761 * - -
Length of cycleway [m] -0.050 0.013 ok 0.067 0.036 .
Length of sidewalk [m] 0.065 0.004 ok 0.181 0.019 HHE
Length of roads [m] 1.043 0.013 Hkx 0.905 0.042 ol
Primary roads -0.889 0.021 Hk* - -
Secondary roads -0.733 0.015 HAK -0.426 0.037 HAK
Tertiary roads -0.503 0.018 HA* - -
Pedestrian street [m] -0.266 0.091 ok - -
Residential area [m?] 0.002 0.000 Hkx - -
Industrial area share [m?] 0.006 0.000 ok - -
Commercial area share [m?] 0.004 0.000 Hkx 0.004 0.001 Hkx
Pedestrian area [m?] -0.010 0.004 * - -
Residual standard error 61.67 on 10,964 degrees of 62.94 on 934 degrees of freedom
freedom
Multiple R? 0.608 0.535
Adjusted R? 0.607 0.529
F-statistic 944.7 on 18 and 10,964 DF 82.78 on 13 and 934 DF
p-value <2.2e-16 <2.2e-16

Significance codes: “***’ p < 0.001, **'p <0.01, * p <0.05, " p <0.1

4.3 Model evaluation

Using the previously estimated models and OSM data, the availability of parking
lengths was estimated for parts of the city of Munich. The results were then compared
with each other and with aggregated official parking counts. Table 4 presents descriptive
statistics for the observed parking lengths and those predicted by both models in the study
area, along with their deviations. The “difference” rows quantify the percentage deviation
between observed and predicted parking availability across the specified statistical
measures. Figures 2 and 3 show a visual comparison of these values. The scatter plots on
the left contain a trend line and the corresponding confidence intervals. Histograms on
the right summarize the deviations between the actual and modeled values.
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The OSM model, on average, overestimates the observed parking length by just eight
percent. While in grid cells with low parking availability, the length is overestimated, this
negative bias decreases with increasing parking length. The parking space tends to be
underestimated when the availability is more than 250 meters per grid cell. Apart from
the minimum parking availability, differences between observed and predicted values
range between 4 and 22 percent. The deviation distribution in Figure 2 shows a
reasonably normal distribution curve. In most cases, the modeled value deviates slightly
from the observed value. However, extreme overestimates of over 100 percent occur
frequently.

The BER model exhibits the same trend, with overestimated parking spaces for grid
cells with low availability and underestimated values beyond the third quantile of
available parking spaces. Nevertheless, the mean estimate deviates by 20 percent. The
trend toward overestimation is also evident in Figure 3. Overestimates of the available
parking space occur primarily in grid cells with a short available parking length, while
underestimates dominate from a length of around 250 meters. The histogram shows a
high proportion of overestimates exceeding 100 percent. In addition, negative deviations
of around 20 to 40 percent, as well as estimates that hardly deviate from the actual values,
occur most frequently.

Table 4. Descriptive statistics of the model evaluation

Variable Min Q1 Mean Q3 Max. St. Dev.
Munich — Observed 0.1 85.5 157.9 223.2 476.3 90.6
OSM model 0.0 111.3 170.7 227.9 396.0 78.7

Difference -100% +30% +8% +2% -17% -13%
BER model 0.0 142.8 179.8 218.9 372.5 60.1
Difference -100% +67% +14% -2% -22% -34%

Predicted Parking Length [m]

Oevaton

Observed Parking Length [m]
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Figure 2. OSM model: Observed vs. predicted parking length (left) and deviations (right)
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Figure 3. Berlin model: Observed vs. predicted parking length (left) and deviations (right)

While the OSM and BER models show reasonable regression results and similar
trends of overestimating parking spaces in grid cells with low availability and
underestimating values after a certain parking length, the OSM model demonstrates
superior performance. The OSM model, on average, only overestimates observed parking
length by eight percent, compared to the BER model, which deviates by 20 percent on
average. Furthermore, the deviation distribution of the OSM model exhibits a reasonably
normal curve, with most modeled values showing only slight deviations from observed
values. In contrast, the BER model's histogram indicates a much higher proportion of
extreme overestimates.

After comparing the two estimated models, the OSM model was chosen for further
spatial analysis. The spatial distribution of modeled parking length deviations is visually
presented on the right-hand map in Figure 4, allowing for a direct comparison with the
observed parking length displayed on the left side.

Notable clusters of high positive deviations are evident in Munich’s city center, where
parking is often prohibited or restricted, and in the northern part of the study area. Both
areas are characterized by relatively scarce on-street parking space. Conversely, many
locations with little deviation between modeled and observed lengths have high parking
availability, indicating better model performance in areas with abundant available
parking.
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Figure 4. Observed parking length in Munich (left) and modeled length deviation (right)

5 Discussion

Examining two models for parking management, based on OSM and official data by
the Berlin city administration, provides insights into the structure of parking supply in
urban areas. Both models are conceptually sound and are based on the logic that
increasing population density and urban development contribute to an increased supply of
parking spaces. In contrast, the availability of parking spaces is restricted by space-
consuming infrastructure elements such as intersections or bus stops, which compete for
limited urban space. Understanding how these factors interact is crucial for effective
urban planning and parking management strategies as cities evolve and face growing
pressures of urbanization. By acknowledging the interplay between demographic and
urban features, the models describe parking supply patterns influenced by the constraints
of essential urban infrastructure.

The OSM model, incorporating data from 14 German cities of varying sizes and
characteristics, provides a multi-site perspective, capturing a range of parking schemes
and benefiting from a substantial sample size. While acknowledging known challenges
with OSM data quality, the OSM model's approach signifies a comprehensive and
broader understanding of parking dynamics across various urban settings. On the other
hand, the BER model, derived from reliable, official parking counts in a specific district
in Berlin, provides a smaller sample size and a relatively homogeneous parking situation.

Both models are evaluated using official parking data from Munich, a city not
included in the model estimation, to assess their performance. This allows comparison to
determine if modeling parking space supply in a large city can rely on distribution
patterns from another large city or if seeking uniformity across various study areas is
more appropriate. The OSM model demonstrates lower average deviations and a reduced
occurrence of exceptionally high deviations.

While better results in the OSM model may be expected due to cross-city training, the
additional insight lies in demonstrating the model’s transferability and generalizability
across urban contexts, supporting its practical application in cities lacking detailed
parking data.
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Modeling parking inventories is particularly relevant for travel demand modeling.
Parking is often considered one of the driving factors in destination and mode choice
(Christiansen et al., 2017; Weis et al., 2011). Yet, most travel demand models ignore
parking due to limited data availability. In an era where parking policies aimed at
reducing car-oriented developments are promoted, proper consideration within
transportation models is desirable. Emerging trends, such as the expansion of electric
vehicle charging infrastructure or autonomous vehicles, highlight the importance of
accurately representing parking in contemporary models.

Because officially recorded, detailed on-street parking data are rarely available, the
use of an inventory model, as presented in this paper, provides a practical way to address
data gaps. When applied within agent-based transport models, inventory models can
further expand the ability to model and assess urban travel behavior. As cities continue to
grow and face urbanization challenges, understanding and modeling parking behavior
becomes indispensable for effective urban planning and the formulation of sustainable
mobility strategies.

6 Conclusions

This study presented a macroscopic open-data approach to model the length of
available urban on-street parking. Two models using OSM and official count data were
estimated, compared, and later evaluated against observed parking availability in Munich,
Germany.

The study acknowledges several limitations that offer opportunities for future research
and model refinement. With parking length chosen as the dependent variable, it is
essential to distinguish between parking length and parking capacity. Future research
should focus on estimating parking capacity, which requires more sophisticated data sets
and a better understanding of spatial and contextual factors, such as the orientation of on-
street parking. While MLR served as the main method, future research should explore
nonlinear models, such as hurdle models (Hellekes et al., 2023) and interactions between
variables to improve both the model performance and its interpretability.

A comparison of the two models showed that both have reasonable coefficients of
determination and significance levels. Both models identified the same factors for
changes in parking space availability, including the length of multimodal networks, the
presence of intersections and bus stops, and population density. Differences could be due
to the varying quality and completeness of the data sets. Possible uncertainties must be
considered, especially when using OSM data.

The high share of large deviations is acknowledged. The presented models result from
multiple iterations aimed at developing a transferable model based on readily available
data. The results in Figure 2 illustrate that the most significant deviations occur in cases
of small observed parking lengths, suggesting that while the model may not perfectly
replicate reality, major patterns are adequately captured. Ultimately, the model's
suitability for specific applications will depend on the judgment of the final user.

Efforts should be made to improve data quality and availability, which depends
mainly on the supporting community in the case of OSM. Additionally, consideration
must be given to the fact that the data used are not raw OSM data but data from the OSM
project by Seidel (2023), which is not regularly updated.

Another limitation of the current methodology concerns the spatial scale of the
analysis. A grid-based approach was chosen here for computational efficiency and
alignment with conventional traffic analysis zones (TAZs) in conventional travel demand
models. The chosen grids were particularly useful as they matched the provided model
data. Further elaborations could focus on different zoning or levels of detail. While this
approach captures broad patterns, it may not fully represent differences between
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individual street links. Future analysis can focus on link-based modeling, potential
computational constraints, and benefits over zone-based models.

Despite these limitations, our approach offers simplicity and flexibility, facilitating
iterative improvements. The model's adaptability enables easy modifications and
adjustments, laying the groundwork for future enhancements.

Moving forward, the research agenda prioritizes several key areas. First, efforts will
focus on model improvement and exploring advanced methodologies. Extending the
study to rural areas will provide valuable insights into the generalizability of our findings.
Spatial analyses of the model results will help to improve the understanding of the
model's performance in different landscapes and highlight areas where further refinement
could be beneficial.

Future iterations can benefit from including complex parking details, such as
residential parking schemes or parking spaces for electric vehicles. Including further
potential parking facilities, such as public or private off-street parking, freight loading
bays, or dedicated parking for people with disabilities, is a desirable extension. This
approach contributes to a more comprehensive understanding of traffic and parking
dynamics, thereby facilitating urban development modeling. Such insights are essential
for designing effective planning strategies and promoting sustainable traffic management.
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