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Abstract
In light of a growing population and increased urbanization, car parking is critical
for cities to manage. As a result, the prediction of parking occupancy has received
attention in recent years. In spite of the fact that many external data sources have
been considered in the prediction models, the underlying geographic context has
mostly been ignored. To analyse the contribution of spatial information to parking
occupancy prediction models, centrality, land use and Point Of Interest (POI) data
were incorporated in Random Forest (RF) and Artificial Neural Network (ANN)
prediction models in this thesis. Model performances were compared to a baseline,
only including historical and temporal data input. Moreover, the influence of the
amount of training data, the prediction horizon and the spatial variation of the pre-
diction were explored. The inclusion of spatial information could be attributed to a
performance improvement of up to 25% compared to the baseline. Moreover, as the
prediction horizon expanded and predictions became less reliable, the relevance of
spatial input increased. In general, land use and POI data proved to be more ben-
eficial than centrality. Among all geographic features, the amount of office space in
the vicinity of the respective parking segments had most predictive relevance. The
amount of training data input did not have a significant influence on the perfor-
mance of the RF model and should be subject to further research. The ANN model,
conversely, achieved optimal result on a training input of 5 days. Likely attributed to
varying occupancy patterns, prediction performance disparities could be identified
for different parking districts and segments. Generally, the RF model outperformed
the ANN model on all predictions. A possible explanation is its robustness to over-
fitting and its simplicity compared to the ANN.

Key words: Parking occupancy, prediction, geography, spatial information, machine
learning
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Chapter 1

Introduction

A growing population and increased urbanization are challenges our world is facing
over the course of this century. It is predicted that approximately 70% of the world’s
population will be living in urban areas by the year 2050 (Bellissent, 2010). Efficiently
managing the infrastructure and services is hence an increasingly important issue.
Car parking facilities and traffic are among the most critical services cities need to
manage.

Finding a free parking space in urban areas can be a very challenging task, espe-
cially for drivers who are unfamiliar with the area. Traffic congestion, coupled with
scarcity of parking locations as well as changing parking rules and restrictions can
make parking frustrating and stressful (Rajabioun and Ioannou, 2015). Worse yet,
vehicles roaming around looking for free parking spaces, so-called parking search
traffic, has far-reaching socio-economic consequences. A significant amount of fuel
is wasted, intensifying environmental problems. Moreover, car drivers usually go at
lower speeds when looking for an on-street spot which can lead to further conges-
tion (Hampshire et al., 2016). Additionally, an increased number of traffic accidents
is linked to the search for parking (Bush and Chavis, 2017).

Shoup (2006) examined the problem of parking search traffic in certain study ar-
eas of several US cities. He found that, on average, it amounts to as much as 30%
of total traffic whereas average search time is more than 8 minutes. These findings,
however, are difficult to generalize, as the experiments were conducted in problem-
atic areas where long cruising times are expected. In a small business district in Los
Angeles with 470 parking spaces, it has been estimated that parking search traffic
accounts for 950,000 additional miles driven in a year. This adds up to an emission
of approximately 730 tons of CO2 (Shoup, 2007). Another study assessed random
car-trips in the Netherlands and concluded that 30% of all trips ended in parking
search cruising (van Ommeren et al., 2012). Average cruising time, however, was
only 36 seconds, making up a few percent of total travel time. Moreover, they found
that parking search traffic was more prevalent in large cities.

A potential solution to help mitigate parking search is the provision of parking-
related data. If drivers are notified about the parking availability situation at their
intended destination, the traffic congestion can be controlled and potentially miti-
gated. For off-street parking, signposts have signalled parking locations and a count
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of vacant parking spaces for many years already (Axhausen et al., 1994). Generally,
these systems are referred to as parking guidance and information systems. Incom-
ing and departing vehicles are monitored at the barriers and the number of empty
spaces is derived. For on-street parking, however, the acquisition of parking avail-
ability is more complex. The deployment of intelligent sensors in parking lots has
proved to be a practical method for monitoring parking occupancy as well as getting
an insight from the vast amounts of data collected (Zheng et al., 2015). Ideally, this
information can be transmitted to drivers’ navigation systems in search of a parking
space in the form of dynamic parking maps. As these systems are associated with
high installation and maintenance costs (Xu et al., 2013), only a few cities have de-
ployed them. Wireless in-ground parking sensors, for instance, have been installed
in select street blocks of the central business district of Melbourne, Australia (Intelli-
gent Sensors, Sensor Networks and Information Processing, 2015) and in the ’smart’
city of Santander, Spain (SmartSantander, 2015). The city of San Francisco has made
real-time parking availability data open to the public, encouraging people to make
their own decisions regarding parking (Zheng et al., 2015).

In an ultimate attempt to develop more adaptive traffic management and trav-
eller information systems, the prediction of parking occupancy has received signifi-
cant attention in recent years. As an integral part of a comprehensive parking guid-
ance and information system, it is of interest to traffic engineers, given the growing
need for the development of more adaptive traffic management and traveller in-
formation systems (Ermagun and Levinson, 2018). In order to make use of real-time
parking related data, parking occupancy prediction is particularly useful for drivers.
The predictive element is essential, as it provides occupancy information for the near
future. For instance, drivers are notified whether there are any free parking spaces
at their planned destination and time of arrival. In such a way, people can plan their
trips ahead of time, allowing them to customize the destination, departure time and
even mode of transportation. Once close to the destination, drivers are guided di-
rectly to a vacant parking space. In the last decade or so, numerous automated
parking prediction mechanisms have been discussed in the literature, making use of
information and communications technology and machine learning (ML) (see Chap-
ter 2). It has the potential to greatly reduce uncertainty, since at the time of decision
making, parking spots cannot be guaranteed to be free (Rajabioun et al., 2013).

In the expectation to make predictions more reliable, various external sources
of information have been incorporated in parking occupancy prediction models.
The underlying geographic context of the study area, however, has not been consid-
ered. Although recent literature suggests that spatial information may be relevant
for parking prediction problems (Rajabioun and Ioannou, 2015; Bock, 2018; Richter
et al., 2014), the incorporation of geography in prediction models has not received
due attention. Particularly, the inclusion of spatial information such as land use,
POIs and the spatial configuration of the street network poses promising potential
to be integrated. Within this framework, the main objective of this thesis is to assess
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the contribution of spatial information to parking occupancy prediction. Specifically,
the following four research questions will be addressed:

1. To what extent does spatial information help improve the performance of on-
street parking occupancy prediction models?

2. How do results change under varying amounts of training data and temporal
prediction horizons?

3. How do predictions vary spatially?

4. How does the predictive performance of two popular ML algorithms (RF and
ANN) compare?

The remainder of this thesis is structured as follows: Chapter 2 presents the state of
the art with regard to parking occupancy prediction and points out research gaps.
The study area and data are described in chapter 3, followed by an illustration of the
methodology in chapter 4. Subsequently, the main findings are presented in chapter
5 and discussed in chapter 6. At last, chapter 7 draws a conclusion and provides an
outlook to future work.
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Chapter 2

Related research

The following chapter provides an outline of the literature with regard to parking
occupancy prediction. Firstly, there will be a broad overview of the existing litera-
ture, defining parking occupancy and the context in which it is applied. Secondly,
the three main prediction approaches in the literature, namely stochastic, statistical
and ML, are discussed along with their underlying models. Then, the input data
is examined, with a focus on geographically related features. Finally, a brief sum-
mary of the chapter is provided and research gaps are identified. A comprehensive
overview of relevant literature is shown in table 2.1 at the end of the chapter.

2.1 Parking occupancy prediction problem

In the literature, parking occupancy prediction has been defined as the estimation
of occupancy for a specific parking facility at a given time in the future based on
parking-related information (e.g. Zheng et al., 2015; Li et al., 2018; Bock, 2018). Initial
studies focused mainly on the occupancy prediction of off-street parking facilities,
such as garages and parking lots. This is due to the fact that they are ubiquitous
in many cities, the problem is simpler and the data are more accessible (Monteiro
and Ioannou, 2018). In recent years, however, focus has increasingly shifted to on-
street parking prediction. It is more challenging, due to the absence of lot entrances
and significant changes of the occupancy rate of a parking street segment following
every parking/leaving event (Bock, 2018). The literature distinguishes between the
derivation of occupancy rates for regression problems and occupancy classes for
classification problems. The majority of literature considered the former, whereas it
is pointed out that the latter are usually easier to interpret for users (Richter et al.,
2014).

Most of the studies focused on short-term (less than 1 hour) and medium-term
(less than 12 hours) prediction (e.g. Ji et al., 2015; Klappenecker et al., 2014; Li et al.,
2018). For short-term predictions, the use of real-time data in combination with his-
torical data has been proven to be efficient, not only to keep precision and integrity
of the predicted data (Sun et al., 2018) but also to capture unusual deviations of park-
ing demand (Hössinger et al., 2014). As the number of steps and overall length of
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the prediction time-span increases, the prediction error increases exponentially, los-
ing the forecasting meaning altogether (Fang et al., 2018; Sun et al., 2018). Hence,
a large number of papers rely on real-time parking information, while considering
past occupancy data (e.g. Liu et al., 2018; Li et al., 2018; Rajabioun and Ioannou,
2015). When exploiting average daily trends for long-term predictions, the sole use
of historical occupancy data can suffice to point out generalized trends over time
(Peng and Li, 2016; Richter et al., 2014).

2.2 Prediction algorithms

With regard to parking occupancy prediction algorithms, three approaches can be
identified in the literature (Xiao et al., 2018; Mei et al., 2019). Firstly, model-based ap-
proaches have been developed to estimate occupancy by considering the stochastic
arrival and departure of a parking site. A parking lot model is established through
queue theory and Markov chain. Secondly, parametric statistics-based approaches
are implemented using mathematical methods such as exponential smoothing, avail-
ability mean and Autoregressive Integrated Moving Average (ARIMA). Thirdly, non-
parametric ML approaches, including Artificial Neural Networks (ANNs) and re-
gression, are developed using artificial intelligence methodologies. In the following
sections, the above mentioned approaches and their implementations in the litera-
ture are presented.

2.2.1 Model-based

A widely-used prediction approach involves the establishment of an underlying
model for the parking process, where model parameters are estimated to make park-
ing occupancy predictions. Stochastic arrival and departure processes are usually
explicitly employed for this approach. It is mostly applied to off-street parking facil-
ities and is based on the presumption that vehicles arrive to parking spaces follow-
ing a Poisson distribution. It is usually employed to describe counts of events that
are assumed to occur randomly in time (Gart, 1975). A number of studies (Caliskan
et al., 2007; Klappenecker et al., 2014; Peng and Li, 2016; Wu et al., 2014) made park-
ing occupancy predictions using a continuous-time Markov Chain. It considers the
fact that vehicles can park or leave the facility at any time. The arrival rate of ve-
hicles at a parking facility can be modelled with a maximum likelihood approach,
derived from occupancy data while the departure rate is given with an autoregres-
sive Gaussian process. Mostly, relatively short prediction horizons are considered
ranging from less than an hour to a few hours. Besides the model parameters, the
current time is used as the main predictor. Caliskan et al. (2007) based their parking
availability model on vehicular ad hoc networks, which are used to exchange infor-
mation among vehicles. Similarly, Lu et al. (2009) relied on advanced technologies
for the provision of arrival and departure rates directly. Caicedo et al. (2012) sug-
gested to make parking availability predictions based on requests allocations. Xiao
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et al. (2018) proposed a prediction framework based on parameter estimation meth-
ods and a predictive framework that benefits from time-dependent analytical prop-
erties. To take into account real-world conditions, they proposed to handle inter-
and intra-day variations of arrival and departure patterns, as well as special events.

2.2.2 Parametric statistical

A second approach applies statistical methods to derive future availability from ob-
served data directly. A model based on the naïve assumption that the occupancy rate
stays at a constant average level was developed by Hössinger et al. (2014), applied on
parking availability data in Vienna, Austria. Due to the strongly recurrent pattern
of parking availability, they additionally developed a slightly more sophisticated
model, the average day curve model. It is based on the assumption that occupancy
follows an average daily curve. They found that real-time data, however, are in-
dispensable to predict unusual deviations. Such deviations can occur due to events
or exceptional circumstances. Similarly, Monteiro and Ioannou (2018) implemented
parking occupancy prediction using availability mean and variation and normally
distributed availability methods. Furthermore, with the addition of real-time data,
they modelled the availability variation as a normal random variable. Only using
historical parking occupancy data, Richter et al. (2014) focused on a prediction ap-
proach exploiting general recurring daily patterns by averaging all values within a
timeslot of the day. To refine the model, the distinction between weekday and week-
end, as well as each day of the week (DOW) was made, significantly improving the
prediction performance.

Statistical time series methods, in contrast to naïve statistical aggregate functions,
tend to be more powerful and have been a popular approach for making predictions
in transportation problems (Karlaftis and Vlahogianni, 2011). In doing so, the evo-
lution of a system is considered, with historical observations indexed by time. This
approach is especially useful when little knowledge is available on the data or when
the prediction variable cannot be related to explanatory variables (Zhang, 2003). Ex-
amples of methods include autoregression, moving average, or the combination re-
alized as ARIMA. Rajabioun and Ioannou (2015) implemented a multivariate autore-
gression model that can predict parking availability for both on-street and off-street
parking. Liu et al. (2018) similarly proposed an autoregression model with real-time
sensing data, motivated by the fact that there is a linear association between lagged
observations and current observations.

Implementations using ARIMA for parking occupancy prediction have been abun-
dant in the literature. In time series analysis and forecasting, ARIMA is a well-
known and widely used model, not least because of its statistical properties and its
flexibility of representing different types of time series. Moreover, it is relatively
easy to produce and straightforward (Vlahogianni et al., 2016). Dias et al. (2015)
suggested an ARIMA prediction approach for occupancy status of public bicycle
stations in Barcelona, Spain. Status are classified into 5 classes from full to empty.
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In similar fashion, Badii et al. (2018) found that an ARIMA approach can make sat-
isfactory predictions, under the condition that the training was recomputed every
hour. This, however, is a considerable cost, especially if there is a large number of
car park facilities. Yu et al. (2015) established an ARIMA model to forecast the re-
maining spaces of a central mall parking lot in real-time by constantly updating the
data. Time series analysis, model parameter estimation and model adaptive testing
was carried out to establish the model. Chen (2014) investigated the relationship be-
tween prediction error and aggregation level. Taking into account the geo-location,
the aggregation smoothed the pattern, making it more predictable. Among others,
he implemented an ARIMA model, demonstrating that the prediction error is nega-
tively correlated with increased aggregation.

2.2.3 Non-parametric machine learning

Several ML algorithms such as ANNs, RF, Support Vector Regression (SVR) and
K-means have been implemented to predict parking occupancy. In the following
section, the application of each technique in the literature is reviewed.

Amongst various ML techniques, particularly ANNs have been implemented in
a large number of scientific papers as a means to establish parking occupancy predic-
tion models. Not only have they proven to deliver satisfactory prediction results for
the most part, but also can they be considered state of the art nowadays (Xiao et al.,
2018). While being computationally more expensive than statistical models, ANNs
have been shown to relax constraints such as stationarity and linearity. Moreover
they seem to be more adaptable to sudden shifts in the data in short-term forecast-
ing models (Vlahogianni et al., 2016).

Feedforward Neural Networks (FFNNs), the simplest type of ANN models, have
been advocated to make parking availability predictions. Yu et al. (2015) and Pengzi
et al. (2017) used this type of model to make short-term predictions with time and
recent parking occupancy observations for parking occupancy in Nanjing, China
and Xi’an, China, respectively. In a similar manner, Zheng et al. (2015) and Chen
(2014) made parking occupany predictions in San Francisco, with longer prediction
horizons. Badii et al. (2018) made use of a FFNN to predict the occupancy rate for
parking spaces in Florence, Italy. In doing so, they implemented external factors
such as weather and traffic as data input. A wavelet neural network, a combination
of wavelet transform and ANN, has been proposed by Ji et al. (2015) and Fang et al.
(2018) as an alternative to a conventional ANN.

Recurrent Neural Networks (RNNs), more complex ANNs with loops, have been
proposed in parking occupancy prediction schemes due to their strength in solving
problems that are sequential and time-varying (Qolomany et al., 2017). Camero et al.
(2019) implemented a short-term RNN for the occupancy prediction of several car
parks in Birmingham, UK. Similarly, Vlahogianni et al. (2016) suggested a real-time
time series occupancy scheme based on RNNs in Santander, Spain. Further, the
usage of a long short term memory network, an extension of a traditional RNN, was



2.3. Input data 9

proposed in the literature. Li et al. (2018), Shao et al. (2019) and Sun et al. (2018)
argued that it is especially suitable for the problem of parking occupancy prediction
due to the fact that it is able to overcome the problem of long-term dependencies.

Another ML technique that has been implemented for parking occupancy predic-
tion is RF, an ensemble learning method consisting of a multitude of decision trees.
Emphasising their robustness and competitiveness, Bock (2018) an RF model to pre-
dict occupancy status of parking segments from crowdsensed data in San Francisco,
USA. Dias et al. (2015), conversely, used an RF model to make long-term occupancy
predictions for a public bicycle sharing programme in Barcelona, Spain.

In addition, regression models have been deployed in the literature. Both a lin-
ear regression and an SVR model were implemented by Leu and Zhu (2015) to pre-
dict the number of available parking spaces for bicycle stations in Taipei, Taiwan.
Additionally, they considered weather information and occupancy status of nearby
stations. An SVR approach was also carried out by Zheng et al. (2015), using various
combinations of feature inputs. Similarly, Badii et al. (2018) and Chen (2014) used
SVR models for their prediction schemes on parking garages in the area of Florence,
Italy and on-street parking facilities in San Francisco, USA, respectively.

A prediction strategy based on K-means clustering was implemented by Stolfi
et al. (2017, 2019). It created groups of car parks and weekdays in different clusters.
Ideally, sets of car parks that behave similarly can be described.

2.3 Input data

2.3.1 Temporal information

Due to the fact that the parking utilization rate follows recurrent within-day and
day-to-day patterns (Chen, 2014; Xiao et al., 2018), temporal information such as the
time of the day (TOD), the DOW and holidays have been implemented in many
models to predict parking occupancy. The TOD is a very relevant factor to consider
(e.g. Dias et al., 2015; Zheng et al., 2015; Richter et al., 2014). Either it is implemented
in a time series (e.g. Vlahogianni et al., 2016; Liu et al., 2018) or as a feature in ML
methods (e.g. Pflügler et al., 2016; Zheng et al., 2015; Badii et al., 2018). Further-
more, especially long-term predictions benefit from the distinction between DOWs
(e.g. Richter et al., 2014; Vlahogianni et al., 2016; Rajabioun and Ioannou, 2015). The
driver’s parking behaviour also tends to be different on holidays. Li et al. (2018)
incorporated the contrast between holidays and regular days as a feature in their
model. Similarly, Wang et al. (2007) pointed out that days such as Labour Day, na-
tional day and Spring Festival influence parking demand.

2.3.2 Recent observations of parking occupancy

Recent parking occupancy information may be the most significant data input for
future parking occupancy prediction. This stems from the fact that there is a strong
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temporal correlation for parking utilization (Rajabioun and Ioannou, 2015; Liu et al.,
2018). While statistical time-series methods such as ARIMA explicitly rely on the
parking occupancy status of previous time steps, the previous observations have
been implemented as features in ML models in the literature. Bock (2018) found that
the consideration of 5 previous observations is optimal for his model while others
examined and implemented the observation information for 1 previous time step
(Badii et al., 2018; Liu et al., 2018). Zheng et al. (2015) also experimented with the
number of preceding time steps to include in the model.

2.3.3 Location

To a certain degree, spatial information has been taken into account for parking
availability prediction models. Occupancy observations in adjacent roads were con-
sidered by Bock (2018). They were determined by predefined radii in beeline dis-
tance ranging from 100 to 800 metres and time intervals ranging from 0 to 60 min-
utes before the time at which occupancy was to be predicted. For the combination of
these parameters, he computed the number and rate of empty parking spaces. Giuf-
frè et al. (2012) pointed out that the chance of finding a vacant parking spot generally
varies depending on the location. Leu and Zhu (2015), on the other hand, used re-
gional data (i.e. the occupancy status of the target station’s neighbouring stations) as
an important feature for their public bicycle occupancy prediction model. Similarly,
Rajabioun and Ioannou (2015) pointed out that there is a correlation of parking usage
between car parks that are at different distances from each other. As a result of the
spatial correlation, they took into account the parking situation in neighbouring ar-
eas and incorporated the dependencies in their model. In contrast, spatial clustering
was implemented by Richter et al. (2014). They examined the accuracy of predict-
ing the parking occupancy within spatial regions and hypothesised that this should
highlight spatial influences on the parking behaviour. The San Francisco on-street
parking data was split into regions with three types of characteristics; commercial,
touristic and residential. Implicitly, land use (more specifically functional zoning)
was used as a predictor. Likewise, Chen (2014) aggregated parking spots based on
their location, under the assumption that short walking distances are affordable for
drivers. Different shape patterns were identified for the regions of the city, possibly
representing different groups of travellers with distinct travel patterns.

2.3.4 Weather

Weather conditions (e.g. temperature, rainfall, humidity) are thought to influence
the parking availability situation. Yang et al. (2003) and Greengard (2015) argued
that weather information is of central importance, affecting the traffic behaviour and
traffic flow intensity. Badii et al. (2018) showed that weather conditions 1 hour be-
fore the parking time have a significant impact on the parking behaviour. Similarly,
Dias et al. (2015) found that the relative humidity plays an important role in making
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occupancy predictions for a public bicycle sharing system in Barcelona, Spain. Leu
and Zhu (2015) also found that extreme weather conditions such as intense heat, rain
and strong winds have an effect on bicycle rentals.

2.3.5 Events

Another factor that may influence parking availability are events like concerts or
sport matches (Chen, 2014; Yang et al., 2003; Kimms et al., 2012). They can tem-
porarily cause major increases in the volume of traffic, dramatically affecting the
availability of parking spaces.

2.3.6 Traffic

Since traffic and parking are closely connected, it has been argued that the inclusion
of traffic information is advantageous to predict parking occupancy. Especially traf-
fic volume is an important factor, as high traffic volume makes it more difficult to
find a vacant parking space (Shin and Jun, 2014; Yang et al., 2003; Hössinger et al.,
2014). Moreover, Badii et al. (2018) suggested that apart from traffic volume, vehicle
flow, concentration and average speed have high predictive relevancies.

2.4 Summary and research gaps

In the research literature, mainly three approaches have been implemented for park-
ing occupancy prediction. These include model-based, parametric statistical and
non-parametric ML. Predominantly for off-street parking facilities, the usage of mo-
del-based approaches has been popular. By doing so, stochastic arrival and depar-
ture processes are employed. Statistical methods, conversely, are based on aggregate
functions and statistical time-series methods. They mainly take advantage of intra-
and inter-daily parking occupancy patterns. Lastly, ML models have been found
to be suitable to make parking occupancy predictions. Popular algorithms include
ANN, RF, SVR and K-means.

A significant amount of the studies considered time and occupancy status of
recent observations as their main data input in their model. Moreover, holidays,
weather, traffic and events are additionally incorporated in an attempt to improve
the model performance. Finally, a spatial component is included in some of the
studies.

Given the large amount of research literature on parking availability prediction,
however, the underlying spatial context of the study area has received little atten-
tion. The few studies that considered a spatial component in their prediction model
only focused on occupancy status of adjacent roads, based on the assumption that
there is a spatial correlation. The vast majority of the existing work, conversely,
incorporated a data-driven approach. Implicitly, these models may assume that a



12 Chapter 2. Related research

relatively large amount of occupancy data takes into account spatio-temporal re-
lationships between parking occupancy and the spatial environment. The explicit
inclusion of information such as land use, POIs and the spatial configuration of the
street network has, to the best of my knowledge, not been realized. Hence, its imple-
mentation in parking occupancy prediction models poses a great potential that has
not yet been addressed.

TABLE 2.1: Summary of literature.

Method

Study Location MB ST ML Data input Prediction horizon Step (min)

Camero et al. (2019) Birmingham, UK 3 T,D,R medium 30

Mei et al. (2019) Hangzhou, China 3 T,D,R long 5,15,30

Shao et al. (2019) Melbourne, Australia 3 T,R short 1

Stolfi et al. (2019) UK 3 3 T,D,R medium 15-30

Badii et al. (2018) Florence, Italy 3 3 T,D,R,TR,W long 15

Bock (2018) San Francisco, USA 3 T,D,R,L short 5

Fan et al. (2018) China 3 T,D,R medium 10

Fang et al. (2018) China 3 3 T,R long 15

Li et al. (2018) Beijing, China 3 T,D,H,R,E,W medium 3

Liu et al. (2018) Melbourne, Australia 3 T,D,R medium 5

Monteiro and Ioannou (2018) Los Angeles, USA 3 3 T,D,TR medium 5

Sun et al. (2018) Shenzhen, China 3 T,R short 2

Xiao et al. (2018) San Francisco, USA 3 T,D,E short 2

Pengzi et al. (2017) Xi’an, China 3 T,R short 1

Stolfi et al. (2017) Birmingham, UK 3 3 T,D,R medium 30

Peng and Li (2016) Shenzhen, China 3 T,D medium 20

Pflügler et al. (2016) Munich, Germany 3 T,D,H,E,TR,W short

Vlahogianni et al. (2016) Santander, Spain 3 T,D,R short 1

Dias et al. (2015) Barcelona, Spain 3 3 T,D,H,W long 15

Ji et al. (2015) Newcastle, UK 3 T,D,R short 5

Leu and Zhu (2015) Taipei, Taiwan 3 T,L,W short 1

Rajabioun and Ioannou (2015) San Francisco, USA 3 T,D,R,L,TR short 1

Tiedemann et al. (2015) Berlin, Germany 3 T,D,H,R medium 15

Yu et al. (2015) Nanjing, China 3 3 T,R short 15

Zheng et al. (2015) San Francisco, USA 3 T,D,R medium 15

Chen (2014) San Francisco, USA 3 3 T,D,R,E medium 60

Hössinger et al. (2014) Vienna, Austria 3 T,D,H,L medium 30

Klappenecker et al. (2014) 3 T short 1

Richter et al. (2014) San Francisco, USA 3 T,D,L long 5

Wu et al. (2014) Taiwan 3 T,D,R medium 5

Rajabioun et al. (2013) San Francisco, USA 3 T,R medium 5

Caliskan et al. (2007) Brunswick, Germany 3 T medium 1

Wang et al. (2007) Beijing, China 3 T,D,H long

Note: MB: Model-based; ST: Statistical; ML: Machine Learning; T: TOD; D: DOW; H: Holidays; R: Recent occupancy observations; L: Location; E: Events;

TR: Traffic; W: Weather; short: < 1h; 1h  medium  12h; long: >12h.
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Chapter 3

Study area and data

3.1 Study area

The overall study area for this work is the city of San Francisco. It is located on the
west coast of the USA at approximately 37°47’N, 122°25’W and encompasses an area
of some 120 km2. The parking segments of interest are arranged in 9 clusters, mainly
in the north-eastern part of the city.

3.2 Data

3.2.1 Parking occupancy data

The historical parking occupancy data is provided by the San Francisco Munici-
pal Transportation Agency as part of SFpark, a large-scale smart parking project.
The overall goal was to increase parking efficiency and drivers’ experience as well
as to evaluate demand-responsive pricing (San Francisco Municipal Transportation
Agency, 2014). In order to monitor parking occupancy, on-street parking spaces
were equipped with sensors and recorded occupancy continuously from April 2011
to July 2013. In total, more than 8000 spaces were selected and sensors were installed
in three phases starting from the formal launch in 2011. Sensors were distributed
across 10 parking management districts in the city and cover more than 400 street
segments in business districts, residential districts and a touristic area. Earlier than
expected, some sensor batteries started to fail in 2012, rendering the data record in-
complete for some of the locations.

Each parking space exhibits at least 1 sensor, an in-ground and self-powered
wireless device that detects the presence of a vehicle primarily with a magnetometer.
The signals are then transmitted via pole-mounted repeaters and gateways to the
data warehouse. Occupancy status are derived from parking events, sent by the
sensors. Namely, they register the start and the end of a parking session (i.e. when
a vehicle arrives in or departs from the parking space) and the operational status
(i.e. whether the sensor is functional). Once a new event is received, the status
of the space changes. Occupancy rates, thereafter, are calculated on the basis of
occupancy status durations and aggregated to whole hour increments. Each data
record contains a timestamp, ID and name of the parking segment, the number of
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occupied parking spaces and the current parking capacity. An exemplary occupancy
time series over three days is displayed in figure 3.2.

For this thesis, data from the initial phase of the project from April 2011 to June
2011 were considered. Totally, this data covers hourly occupancy status from 312
on-street parking segments distributed across 9 parking districts. A map of the dis-
tribution of the parking districts and their corresponding parking segments is shown
in figure 3.1.

FIGURE 3.1: Parking district locations in San Francisco.
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FIGURE 3.2: Example for the occupancy time series of a parking seg-
ment over three days.

3.2.2 Spatial data

Primarily OpenStreetMap (OSM) data from early 2019 (OpenStreetMap, 2019a) was
utilized to map the street network in this thesis. It consists of a very detailed street
and pedestrian network. Road class keys as shown in table 3.1 were considered.

TABLE 3.1: OpenStreetMap road class keys, in descending order.

Value Comment Type

Motorway Restricted access major divided highway Roads
Trunk Most important roads that are not motorways
Primary Main roads in cities
Secondary Medium-large roads in cities
Tertiary Small roads in cities
Unclassified Least important through roads
Residential Serve as an access to housing
Service Access roads to or within private area

Footway Footpaths for pedestrians Paths
Steps For flights of steps (stairs) on footways

Additionally, street segment data was used, provided by the City and County of
San Francisco (City and County of San Francisco, 2014b). It includes information
on the street centreline for each street segment (i.e. the street section between two
intersections) including street name, address numbers and coordinates.
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The land use data is a mixture of the San Francisco Assessor’s table and a commer-
cial business dataset and is freely available, provided by the City and County of
San Francisco (City and County of San Francisco, 2016). The data includes land use
categories for every parcel. For this thesis, 3 categories were considered: Industrial
(production, distribution and repair), office (management, information, professional
services) and residential. Additionally, information regarding the number of resi-
dential units and the square footage of each parcel is available. Land use categories
are assigned if the square footage of any non-residential use is 80% or more of its
total uses, otherwise it becomes mixed.

POIs were selected and three categories were defined. Business comprises the
locations of all registered businesses which are provided by the City and County of
San Francisco (City and County of San Francisco, 2014a). Public transport includes
the locations of all train stations and stops within the city, derived from early 2019
OSM data (OpenStreetMap, 2019b). Touristic comprises the 20 most popular tourist
attractions, according to Tripadvisor (as of 01/07/2019) (TripAdvisor, 2019). A de-
scription of each POI class is shown in table 3.2. Figure 3.3 visualizes the locations
public transport and touristic POIs.

TABLE 3.2: Overview of POI classes.

Class Description Number of points

Business Registered businesses 60216
Public transport Railway stations and stops 71
Touristic Top 20 tourist destinations 20
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FIGURE 3.3: Public transport and touristic POI locations in San Francisco.
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Chapter 4

Methodology

4.1 Overview

An overview of the workflow is shown in figure 4.1. In a first step, the street data
and the parking occupancy data had to be preprocessed. The spatial data was then
quantified according to the methods specified in section 4.4, based on which the
geographic features were derived. Moreover temporal and historical occupancy fea-
tures were defined. Given the input data, the prediction models were trained and
validated which finally resulted in the occupancy prediction.

FIGURE 4.1: Overview of workflow.

4.2 Tools

All methods in this thesis were implemented in the software environment R 3.6.1
(R Core Team, 2019) and the spatial information system ArcGIS 10.6.1 (Esri, 2019).
ArcGIS was used for spatial analysis, whereas R was used for data-preprocessing,
spatial analysis, prediction model implementation and data visualization. The most
relevant R packages for this thesis are listed in table 4.1.



20 Chapter 4. Methodology

TABLE 4.1: Most relevant R packages.

Package Author(s) Application

caret Kuhn et al. (2019) RF model tuning
dplyr Wickham et al. (2019) Data pre-precessing
ggmap Kahle et al. (2019) Spatial data visualization
ggplot2 Wickham et al. (2019) Data visualization
igraph Csardi (2019) Centrality calculation
keras Falbel et al. (2019) ANN model implementation
randomForest Liaw et al. (2018) RF model implementation
raster Hijmans et al. (2019) Spatial data analysis
tensorflow Falbel et al. (2019) ANN model implementation

4.3 Data preprocessing

In a first step, the parking occupancy data had to be prepared. A total of 11 weeks
of data records was selected, from 11.04.2011 - 26.06.2011, starting just after the
launch of the SFpark project. In that initial phase, sensors of all parking segments
were fully functional with the exception of the parking district West Portal. Conse-
quently, records from that district were excluded. In a next step, occupancy rates of
all records was derived as follows:

Occupancy rate =
Total occupied seconds

Total vacant seconds + Total occupied seconds
(4.1)

Further, all parking segment locations had to be georeferenced, from the street block
numbers provided in the data. By doing so, coordinates from the street segment
dataset were joined with the parking segment locations. Additionally, some missing
parking segment coordinates were manually added.

Moreover, OSM street data had to be converted into network datasets. Two types
of networks were considered: A road network including all roads, as well as a pedes-
trian network including all paths and roads with the exception of Motorway and
Trunk (see section 3.2.2). Impedence was defined as the distance in metres. Whereas
the road network has restrictions regarding turns and driving directions, no restric-
tions were defined for the pedestrian network.

4.4 Quantification of spatial information

In order to include spatial information as data input of the prediction models, it
needed to be quantified in a meaningful way. By doing so, geographic predictors
were created by assigning the values to each of the parking segment’s location. In
the following, the 3 main concepts for the derivation of the geographic features in
this thesis are described.
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4.4.1 Centrality

Centrality is a fundamental concept in network analysis and has been used in vari-
ous fields to investigate territorial relationships (Wilson, 2000). Especially in urban
areas, centrality has been studied by transforming the street network into a relational
graph, representing urban street patterns as spatial networks. By doing so, streets
are mapped onto graph nodes and intersections onto the edges between the nodes
(Crucitti et al., 2006). In order to quantify the positional importance of an edge or a
node, several centrality indices have been introduced. High centrality scores indi-
cate a node’s high importance within the network.

There is a multitude of centrality indices, some of which are conceptually similar.
For this work, 3 indices with a low degree of similarity and correlation of values were
computed for the entire street network of San Francisco. Those include betweenness,
closeness and alpha centrality (see figure 4.2). For each edge representing a street
segment, the mean values of the confining vertices were calculated. Betweenness
centrality measures the number of times a node lies on the shortest path between
two other nodes. It was first introduced by Freeman (1977) in the context of human
communication in social networks. Closeness centrality (Bavelas, 1950) quantifies
the mean length of shortest paths between a node and all other nodes in a network.
The higher the score of a node, the closer it is to all other nodes. Accordingly, a
high score indicates that a node is connected to other nodes exhibiting high scores.
Finally, alpha centrality (Bonacich and Lloyd, 2001) is a variation of eigenvector cen-
trality which is based on the concept that a node within a network is more important
if it is linked to adjacent important nodes. Below are mathematical expressions for
betweenness, closeness and alpha centrality in that order:

B(v) = Â
s 6=v 6=t

sst(v)
sst

C(v) =
1

Âw d(w, v)
x = (I � aA)�1e (4.2)

Where:
sst: Number of shortest paths from node s to node t

sst(v): Number of shortest paths from node s to node t that pass
through v

d(w, v): Distance between vertices v and w
a: relative importance of endogenous versus exogenous factors in

the determination of centrality
A: Adjacency matrix
e: effects of external status characteristics
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FIGURE 4.2: Street centrality San Francisco. Indicated as (a) Alpha,
(b) Betweenness and (c) Closeness centrality.

4.4.2 Service area

Service areas are used to evaluate the accessibility of a facility, i.e. the service that
is supplied along a traffic network (Talen and Anselin, 1998). In the context of this
thesis, the associated buffering radius is drawn along the pedestrian network. The
resulting service area is assumed to represent an area that covers a short walking
distance from the parking space. This is based on the presumption that the driver
does not necessarily find a parking space immediately at his end destination and is
therefore prepared to walk for a short distance. Van der Waerden et al. (2015) found
that the maximum distance drivers are willing to walk to their destination is mainly
dependent on the trip purpose and the trip-related characteristics visit duration and
frequency of use. It ranges from less than 50 metres to more than 500 metres. To
cover the entirety of trip purposes in this work, the service area radius was set to
500 metres. Specifically, for each parking segment, a service area was created within
which the respective land use category was quantified.

The land use features office, residential and industrial as well as business loca-
tions were quantified within the service areas of the parking segments. The first
land use feature was measured according to the number of residential units whereas
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the second and third feature were assessed by the sum of their square footage. In
doing so, land use parcels were considered that lie partially or completely within
the service area. Similarly, the number of businesses within the service area was
counted. Figure 4.3 below illustrates a street segment with its service area contain-
ing the parcels and their respective land use.

FIGURE 4.3: Exemplary parking segment and land use parcels within its service area of 500
metres. Service area boundaries are signified in dark grey.

4.4.3 Shortest path

As for the quantification of the touristic and public transport POIs in relation to
the parking segments, shortest paths were computed. First introduced by Dijkstra
(1959), the shortest path problem describes the problem of finding a path between
two vertices in a network in such a way that the sum of the weights (or distance)
of its intermediate edges is minimized. In the context of this thesis, single-source
shortest paths were computed from the centre points of each parking segment to
all POIs along the pedestrian network. As a result the mean distance (i.e. the av-
erage distance of all shortest paths from each parking segment to all points) was
computed.
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4.5 Geographic feature selection

Making use of the methods described above, nine geographic features were selected
in total. Three features were allocated to each of the categories centrality, POI and
land use. Table 4.2 shows all geographic features and their derivation.

TABLE 4.2: Overview of geographic features with their derivation.

Category Feature Description Derivation

Centrality Alpha Parking segment alpha centrality Centrality calculation
Betweenness Parking segment betweenness centrality Centrality calculation
Closeness Parking segment closeness centrality Centrality calculation

POI Business Businesses count Service area
Public transport Mean distance to railway stations Shortest paths
Touristic Mean distance to tourist attractions Shortest paths

Land use Industrial Industrial floor area Service area
Office Office floor area Service area
Residential Number of residential units Service area

4.6 Prediction approach

The aim of the prediction framework is to forecast the occupancy rate [0-1] of the
parking segments for a specific time in the future. A prediction horizon ranging
from 1 step to 10 steps is considered. One time step corresponds to 1 hour. Hence,
occupancy values from 1 hour to 10 hours ahead were predicted. This was realized
by using historical occupancy rates as data input. Accordingly, to make a 1 step
ahead prediction, the occupancy rate 1 hour prior to the time at which occupancy is
to be predicted was considered. Moreover, geographic features and the time were
considered in the data input. X is defined as the data input or a feature vector and
y corresponds to the prediction output. Generally, the prediction problem can there-
fore be described as follows:

X = {t, O(t � k), GF1, · · · , GFi}, y = O(t) (4.3)

Where:
t: time

O(t): Occupancy at time t
k: Number of steps ahead to be predicted

GFi: Geographic feature i

In order to assess the effect of different predictors on the prediction models, 8 fea-
ture sets were defined, differing by their spatial information input. Feature set 1
solely includes temporal and historical occupancy information. It can be considered
a benchmark, serving as a standard against which performances are compared. Fea-
ture sets 2 – 4 additionally include spatial information from the categories centrality,
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POI and land use, respectively. Feature sets 5 – 7 incorporate the unique combina-
tions of the three categories, whereas feature set 8 combines all geographic features.
Table 4.3 illustrates each feature set with their respective input categories.

TABLE 4.3: Overview of feature sets.

Input categories

Feature set Historical occupancy Time Centrality POI Land use

1 (baseline) 3 3
2 3 3 3
3 3 3 3
4 3 3 3
5 3 3 3 3
6 3 3 3 3
7 3 3 3 3
8 3 3 3 3 3

4.7 Prediction models and parametrization

The prediction models were implemented with ML tools. A subset of artificial intel-
ligence, they provide computer systems the ability to perform tasks without being
explicitly programmed. Instead, a mathematical model is built based on sample
data, so-called training data, to make predictions or decisions. Thereby, the primary
goal is to allow the computer to learn automatically without human intervention
(Bishop, 2006). In the case of supervised ML, the algorithm can use labelled exam-
ples to predict future events by applying what has been learned in the past to new
data. Specifically, it learns a function that assigns an input object to an output value
based on input-output pairs. In this thesis, two popular supervised ML algorithms
were implemented to make parking occupancy predictions, namely RF and ANN.
In the following, each algorithm is described.

4.7.1 Random forest

RF (Breiman, 2001) is an ensemble learning method that uses a collection of deci-
sion trees for regression and classification tasks. Explicitly, a randomly selected sub-
set of predictors from the training data is used to build the trees. The algorithm
subsequently outputs the mean prediction of the individual trees. RFs manage to
correct the decision trees’ tendency to overfit to their training set (Hastie et al.,
2009) and have been used in real-world applications in various fields (Oshiro and
Perez, 2012). Among supervised learning algorithms, RFs have provided compet-
itive and robust results (Caruana and Niculescu-Mizil, 2006). Furthermore, com-
pared to other popular algorithms, parameter tuning requires relatively low effort
in order to achieve solid results (Hastie et al., 2009). Literature suggests that a higher



26 Chapter 4. Methodology

number of trees is associated with an improvement in performance. Nevertheless,
there is a threshold beyond which there is no significant gain in performance. Hence,
the number of trees should be set in accordance with the computational environ-
ment (Oshiro and Perez, 2012). As a trade-off between required processing power
and model performance, the number of trees was set to 200 for this thesis. Addi-
tionally, for each feature and training data set, two hyperparameters were tuned:
the number of variables randomly selected at each split and the maximum num-
ber of terminal nodes each tree can have. Depending on the data input combina-
tion, the former was set to 2-5 whereas the latter was set to 100-1000. To deter-
mine optimal values, a grid search with cross validation was implemented. Other
hyperparameters were set to their default values as stated in R’s library random-
Forest (see https://www.rdocumentation.org/packages/randomForest/versions/
4.6-14/topics/randomForest).

4.7.2 Artificial neural network

ANNs are connectionist systems, inspired by neural networks in the human brain.
They have been implemented in various fields, for instance for engineering and tech-
nical problems. ANNs consist of neuron-like processing nodes, organized in layers.
There are three types of layers, namely input, hidden and output. Every node is con-
nected to all nodes in the previous layer. Notably, the number of nodes in the input
layer corresponds to the number of input features, whereas the output layer consists
of merely one node (for regression problems). In case of a FFNN, the information
moves in one direction only, from the input layer through the hidden layers and
finally to the output layer. ANNs with two or more hidden layers are commonly
referred to as deep neural networks and are categorized as deep learning (Lecun
et al., 2015). The data points, or inputs, are fed into the neurons in the input layer.
Multiplying the input number with the neuron’s weight results in the output of the
neuron which is then transferred to the next layer. The conversion of the input signal
of a node to an output signal is realized by the so-called activation function. Com-
monly, ANNs are trained with a backpropagation algorithm. It aims to minimize the
error by altering the weights. This is effected by backpropagating information about
the error in reverse through the network (Werbos, 1990). For this work, a FFNN with
two hidden layers was built. Each of the hidden layers consists of 128 nodes which
are activated by rectified linear unit activation function. A mini-batch gradient de-
scent approach was implemented by setting the batch size to 32. The number of
epochs was set to 100. The batch size defines the number of samples that are passed
through the network before weights are updated whereas the number of epochs sig-
nifies the number of times the algorithm works through the entire training dataset.
The architecture of the network is illustrated in figure 4.4.

https://www.rdocumentation.org/packages/randomForest/versions/4.6-14/topics/randomForest
https://www.rdocumentation.org/packages/randomForest/versions/4.6-14/topics/randomForest


4.8. Performance assessment 27

FIGURE 4.4: Artificial neural network architecture.

4.8 Performance assessment

To evaluate the performance of the prediction models in this thesis, 3 commonly
used metrics were deployed. The Mean Absolute Error (MAE) measures the mean
absolute differences between predicted and observed values. By contrast, the Mean
Squared Error (MSE) indicates the standard deviation of the differences between pre-
dicted and observed values. Whereas the MAE gives equal weight to all errors, the
MSE penalizes variance, weighing error with larger absolute values more than er-
rors with smaller absolute values (Chai and Draxler, 2014). Finally, the coefficient of
determination (R2) indicates the level of explained variability in the dataset. Below,
the mathematical expressions for the three metrics are given.

MAE =
1
n

n

Â
i=1

|yi � ŷi| MSE =
1
n

n

Â
i=1

(yi � ŷi)
2 (4.4)

R2 = 1 � Ân
i=1(yi � ŷi)2

Ân
i=1(yi � ȳi)2 (4.5)

Where:
n: number of data points
yi: observed values
ŷi: predicted values
ȳi: mean values

4.9 Experimental design

In order to address the research questions, experiments were performed on all 8 fea-
ture sets for the RF model and on feature sets 1 – 4 and 8 for the ANN model. To
analyse different input scenarios, different train and test splits were applied. For
each feature set, the amount of of training data was set to range from 1 day up to
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10 days, in 1 day increments. Furthermore, to take into account weekday differ-
ences, the datasets were trained on the same weekdays. For instance, for a training
data input of 3 days, 3 consecutive Mondays were considered. The testing dataset
hereinafter consisted of records on the following Monday. Prediction performances
among different weekdays were finally averaged. For all combinations, a ten-fold
cross validation, a widely used and robust accuracy estimation method (Kohavi,
1995), was applied. Hence, training and validation subsets comprised 90% and 10%
of the total reference data, respectively.

Moreover, for each data input scenario and feature set, different prediction hori-
zons were considered (see section 4.6). Taking into account all feature sets, amounts
of training data input, prediction horizons and both algorithms, a total number of
1300 runs was required, resulting in 1300 prediction outputs. Note that, in order to
examine the influence of the prediction horizon on the performance, average values
of all amounts of training data were considered. All experiments were performed
using both RF and ANN algorithms and results were compared in terms of MAE,
MSE and R2. Moreover, of high interest was the evaluation of the contribution of
the spatial information to the prediction models. This was achieved by comparing
the prediction performance of the baseline (feature set 1) to those of all other feature
sets for each training time period. Similarly, for each prediction horizon, the effect of
the geographic input was examined. Moreover, in order to evaluate the predictive
importance of each feature, the percent increase in MSE (%IncMSE) was derived. It
indicates the increase in error as a consequence of a feature being permuted (values
randomly shuffled). The higher the value, the more important is the feature.

In a last step, the variation of the model’s predictive performance as a function of
space was explored. Notably, model performances were evaluated on a quantitative
and qualitative basis for the parking districts and segments.
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Chapter 5

Results

This chapter presents the experimental results. Addressing the second research
question, sections 5.1 and 5.2 point out the influence of the temporal prediction hori-
zon and the amount of training data on the predictive performance. Section 5.3 ex-
amines the contribution of spatial information on the prediction model, in reference
to the first research question. Finally, section 5.4 examines the spatial variation of
the prediction, pertaining to research question 3. Performance differences of the RF
and ANN model are compared throughout the chapter, covering the fourth research
question.

5.1 Prediction horizon

In this section, the effect of the prediction horizon on the model performance is eval-
uated. Figure 5.1 shows performances as a function of the prediction horizon of 10
steps in terms of MAE for both RF and ANN algorithms. Generally, it is apparent
that an increased prediction horizon had a negative influence on the performance.
This held true for all feature sets and both prediction models. Hence, the further in
the future parking occupancy was predicted, the more error-prone was the result.
One step ahead predictions achieved best results whereas 10 step ahead predictions
performed worst. Notably, there was a steady decrease in performance as a function
of the prediction horizon. For the RF model, a plateau was gradually reached for
feature sets 2 – 8 (i.e. all except the baseline) after about 7 steps. Hence, the per-
formance largely stopped deteriorating past that point. The performance of the pre-
diction model using the baseline input, however, continued to be affected by more
prediction steps. When using the ANN model, performance patterns were similar,
regardless of the feature set that was used.

Evidently, a comparison of the feature set revealed that there was little difference
for short-term predictions (i.e. few steps ahead predictions). For a 1 step ahead
prediction, results were almost identical among feature sets. This applied to both
RF and ANN algorithms. For instance, the mean MAE amounted to 0.071 and 0.068
for the worst and best performing feature set, respectively, for the RF algorithm.
Conversely, for the ANN, MAE values of 0.099 and 0.093 were recorded for the worst
and best performing feature set, respectively. Nevertheless, as the prediction horizon
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increased, differences were more prominent. On the maximum prediction horizon,
the RF model achieved an MAE of 0.165 using feature set 1 whereas the usage of
feature set 8 yielded an MAE of 0.123. By contrast, analogous results achieved by the
ANN model amounted to 0.181 and 0.171. Hence, the difference was substantially
smaller compared to the RF model.

Predictions on feature sets containing spatial information (feature sets 2 – 8) con-
sistently outperformed the baseline (feature set 1) on all prediction steps when the
RF model was considered. The same mostly applied to the ANN model. Table 5.1
provides an overview of model performances for all feature sets in terms of MAE,
MSE and R2. Results of prediction horizons of 1, 5 and 10 steps ahead are listed.

FIGURE 5.1: Performance as a function of the prediction horizon. Comparison between (a)
Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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5.2 Training dataset size

In the following, the influence of the amount of training data on the model perfor-
mance is examined. Training dataset sizes used for this experiment ranged from 1
day to 10 days in 1 day increments. Hence, for each feature set combination and
prediction horizon, 10 values were recorded. Figures 5.2 and 5.3 illustrate the rela-
tionship between training dataset size and prediction performance for a 1 step ahead
prediction and a 5 step ahead prediction, respectively. Figures for all other predic-
tion horizons can be found in appendix A. Performances of feature sets 1 – 4 and 8
are shown.

When considering the RF model, an increased amount of data input was ben-
eficial up to an amount of 5 days, when an optimum was reached. An input of
additional training data (i.e. 6 – 10 days) was therefore not associated with model
improvement. Rather, the model performance tended to deteriorate as more train-
ing data was considered. This applied to all prediction horizons. Moreover, patterns
were very similar regardless of the prediction horizon. Also, performance differ-
ences as a function of the training dataset size were relatively small. For instance,
there was a difference of approximately 0.005 in terms of MAE for feature set 8 when
results of a training set of 5 days and 1 day were compared on a 1 step ahead pre-
diction horizon. On a 5 step ahead prediction this difference amounted to approx-
imately 0.009. It should be noted that the overall pattern was very similar for all
feature sets and that the baseline was outperformed on all amounts of dataset input.
Experiments using feature set 8 achieved best results consistently.

In comparison to the RF model, the impact of the training dataset size differed
for the ANN model in terms of both pattern and magnitude. Although best results
were generally also achieved using a training dataset size of about 5 days, the model
benefited from an increased amount of training data to a much greater extent. This
was especially apparent for shorter prediction horizons. An MAE difference of ap-
proximately 0.05 was recorded comparing feature set 8 on a data input size of 1 day
and 5 days for a 1 step ahead prediction. Beyond an input of 5 days, the benefit be-
came negligible. Similarly, on a 5 step ahead prediction horizon, an MAE difference
of 0.03 was recorded. It is noteworthy that the baseline (feature set 1) was not out-
performed by feature sets 1 – 4 and differences across the different feature sets were
very small. Nonetheless, the usage of feature set 8 generally achieved best results.

Table 5.2 shows RF model performances in terms of MAE, MSE and R2 as a func-
tion of the amount of training data for feature sets 1 and 8. Accordingly, table 5.3
illustrates values for the ANN model. Both show results of a prediction horizon of 5
steps. For results of 1 and 10 step prediction horizons, refer to appendix B.
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FIGURE 5.2: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 1 step ahead

prediction. Note the small scale of the y-axis on the left subplot.

FIGURE 5.3: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 5 step ahead

prediction.
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TABLE 5.2: Random forest performance in terms of Mean Absolute Error (MAE), Mean
Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 5 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.150 0.038 0.493 0.121 0.026 0.652
2 0.145 0.035 0.514 0.115 0.023 0.693
3 0.146 0.036 0.501 0.118 0.025 0.657
4 0.144 0.035 0.511 0.117 0.024 0.633
5 0.140 0.033 0.521 0.112 0.022 0.688
6 0.143 0.034 0.518 0.117 0.023 0.678
7 0.148 0.037 0.524 0.125 0.028 0.650
8 0.149 0.037 0.525 0.122 0.025 0.683
9 0.148 0.036 0.538 0.122 0.025 0.690
10 0.149 0.037 0.523 0.122 0.026 0.679

TABLE 5.3: Artificial neural network performance in terms of Mean Absolute Error (MAE),
Mean Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 5 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.210 0.077 0.321 0.180 0.052 0.326
2 0.166 0.044 0.408 0.161 0.041 0.452
3 0.168 0.045 0.389 0.160 0.043 0.434
4 0.160 0.042 0.414 0.154 0.038 0.475
5 0.160 0.041 0.412 0.149 0.037 0.470
6 0.170 0.045 0.390 0.158 0.040 0.445
7 0.175 0.049 0.373 0.159 0.041 0.478
8 0.166 0.044 0.450 0.160 0.041 0.483
9 0.168 0.045 0.441 0.162 0.042 0.462
10 0.168 0.046 0.419 0.164 0.043 0.470

5.3 Geographic input contribution

5.3.1 Feature importance

In order to evaluate the contribution of individual features on the overall model
performance, feature importances were determined for the RF model. Figure 5.4
gives insight into importances in terms of IncMSE. It should be noted that impor-
tances of all features are average values across all prediction horizons using feature
set 8. Hence, the value of historical occupancy importance represents the mean im-
portance value of all occupancy rates at 1 to 10 steps prior to the prediction target.
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Figure 5.5 illustrates the importances of each individual occupancy rates 1 to 10 steps
prior to the prediction target.

When average values were considered, the TOD exceeded an IncMSE of 0.05
and contributed most to the prediction model, followed by the historical occupancy.
Nevertheless, parking occupancy rates at 1 and 2 steps prior to the prediction target
showed most significance, implemented for 1 and 2 step ahead predictions, respec-
tively. Parking occupancy rates at 3 or more steps prior to the prediction target
gradually decreased in importance. Hence, the longer the prediction horizon, the
less significant was the predictive significance of the historical occupancy input. In
terms of geographic features, office showed the highest predictive importance, ex-
ceeding a value of 0.0125. The feature touristic contributed slightly less, followed
by the feature business. The two most important geographic features contributed
more to the model than historical occupancy rates at 7 or more steps prior to the
prediction target. Furthermore, it is noteworthy that the land use features industrial
and residential contributed significantly less than their counterpart office. Similarly,
POI features business and public transport were less important than touristic. As
an input category, centrality contributed least to the prediction model. Specifically,
closeness was followed by betweenness and alpha centrality, in descending order.

FIGURE 5.4: Random forest feature importances. Feature set 8. Mean values across all pre-
diction horizons.
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FIGURE 5.5: Random forest historical occupancy feature importances. Feature set 8.

5.3.2 Influence on prediction model performance

The following section illustrates the contribution of spatial information by compar-
ing prediction results under usage of the different feature sets. In doing so, feature
sets 2 – 8 were compared to the baseline. Figure 5.6 shows the relative performance
improvement of each feature set compared to the baseline. Prediction horizons of
1, 5 and 10 steps were considered. The left and right subplots show results for the
RF and the ANN model, respectively. The inclusion of spatial information yielded
improvements of prediction results in any case for the RF model. On a 5 step and
10 step ahead prediction, the input of all spatial information (feature set 8) gener-
ated most improvement. On a 1 step ahead prediction, the combination of POI and
land use improved most. Generally, the more data that was included, the better
the model performed. Hence, feature sets 5, 6 and 7 (i.e. combinations of geographic
categories) yielded better results than feature sets 2, 3 and 4. Moreover, the consider-
ation of POI and land use information (feature sets 3, 4) lead to better results than the
consideration of centrality information (feature set 2). Performance improvements
became more significant with longer prediction horizons. On a 1 step ahead pre-
diction, the inclusion of spatial information produced improvements of 3.1 – 4.2%,
whereas on a 5 step ahead prediction and a 10 step ahead prediction these values
amounted to 11.7 – 18.6% and 16.5 – 25.4%, respectively.
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Performance improvements were not as significant for the ANN algorithm. Feature
sets 2, 3 and 4 produced worse results compared to the baseline when occupancy
rates were predicted 1 step ahead. The most significant deterioration was recorded
for feature set 4, performing 6.3% worse in terms of MAE in comparison with base-
line. A 5 step ahead prediction horizon, on the contrary, could be attributed to per-
formance improvements ranging from 2.3 – 6.0% across all feature sets. When a 10
step ahead prediction was considered, performance changes were insignificant for
feature sets 2, 3 and 4. Feature set 8 recorded an improvement of just under 6%.

FIGURE 5.6: Relative performance improvement using feature sets 2 – 8 compared to the
baseline. Comparison of (a) Random Forest (RF) and (b) Artificial Neural Network (ANN)

algorithms.

In similar fashion, figure 5.7 shows the performance improvement as a function of
the prediction horizon. For the RF algorithm, the length of the prediction horizon
was clearly correlated with a model performance improvement when results of fea-
ture sets 2 – 8 were compared to those of the baseline. The longer the prediction
horizon, the more the values of each feature set diverged. Accordingly, on a short-
term prediction horizon, values were very similar at a low level whereas differences
were much higher on the maximum prediction horizon. Most significant improve-
ments were recorded for feature set 8 across all prediction horizons.

Unlike the RF model, performance improvement for the ANN model did not
steadily increase as a function of the prediction horizon. On a 1 and 2 step ahead
prediction, feature sets 2 and 4 recorded prediction results that were worse than the
baseline. Nevertheless, on longer prediction horizons, improvements were achieved.
On average, feature set 8 showed most improvement across all prediction horizons,
ranging from approximately 0 – 7%. Feature sets 2, 3 and 4, on the other hand,
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recorded lower values in the range of -6 – 4%. It should be noted that certain predic-
tion horizons (e.g. 3 and 8) showed more improvement than others. However, no
clear pattern could be recognized.

FIGURE 5.7: Relative performance improvement using feature sets 2 – 8 compared to the
baseline as a function of the prediction horizon. Comparison of (a) Random Forest (RF) and

(b) Artificial Neural Network (ANN) algorithms.

The contribution of spatial information as a function of the amount of training data
input is shown in figures 5.8 and 5.9 for a 1 step and a 5 step ahead prediction,
respectively. Figures for all other prediction horizons can be found in appendix A.

Considering the RF model, rates of improvement varied across the amount of
training data input. Generally, most improvement was achieved for a training dataset
input of 2 days for all feature sets, whereas an input of 7 days yielded least improve-
ment. This applied to all prediction horizons. Overall there is less contribution when
an increased amount of training data was used. Nevertheless, this trend was rela-
tively weak. On a 1 step ahead prediction, 4.0 – 5.8% improvement was recorded
using 2 days as training dataset input. Conversely, a data input of 7 days yielded an
improvement ranging from 2.5 – 3.2%. When 5 step ahead predictions were made, a
data input of 2 days achieved an improvement of 13.3 – 21.1%, whereas an input of
7 days resulted in an improvement of 10.0 – 15.7%. Feature set 8 contributed most,
considering all amounts of training data input.

By contrast, the inclusion of spatial information did not consistently improve the
ANN model when different amounts of training data were considered. Moreover,
it was not evident whether the amount of training data had an influence on the
contribution of spatial information. On a 1 step ahead prediction, training inputs
of 3, 6, 7 and 10 days resulted in worse performances compared to the baseline.
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Contrarily, a prediction horizon of 5 steps entailed improvements for most amounts
of training input. Although no clear pattern was evident, the consideration of feature
set 8 tended to have best results.

FIGURE 5.8: Relative performance improvement (feature sets 2 – 8 compared to the baseline)
as a function of the training dataset size. 1 step ahead prediction. Comparison of (a) Random

Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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FIGURE 5.9: Relative performance improvement (feature sets 2 – 8 compared to the baseline)
as a function of the training dataset size. 5 step ahead prediction. Comparison of (a) Random

Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.

5.4 Spatial variation

The following section focuses on the spatial variation of parking occupancy pre-
diction. Specifically, the prediction model performance is compared and explored
across space. As feature set 8 showed best overall performance across all experi-
ments, performance results using feature set 8 and relative improvements compared
to the baseline were utilized for the analysis in this section. Moreover, the focus lies
on RF, the algorithm realizing superior results.

5.4.1 Quantitative assessment

In a first step, a quantitative assessment was carried out by comparing the prediction
model performance among the parking districts (refer to figure 3.1 for the parking
district’s locations). The performances of each district on a 1 step and a 5 step ahead
prediction are shown in figure 5.10 and 5.11, respectively. The left subplots sig-
nify performances of feature set 1 whereas the right subplots denote performances
of feature set 8. Generally, there were performance disparities among the parking
districts. The district Mission recorded best parking occupancy prediction results
for its parking segments for both feature sets and algorithms. Accordingly, around
50% of segments in this district recorded an MAE lower than 0.05 on a 1 step ahead
prediction using the RF model with feature set 8. In contrast, parking occupancy
rates were most difficult to predict in the districts Civic Center and Downtown. The
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median MAE value in the former is just under 0.075 with above stated prediction
set-up.

The introduction of spatial information (i.e. the usage of feature set 8) improved
median occupancy prediction values for all districts on all prediction horizons for
both RF and ANN algorithms. Moreover, performance differences between the al-
gorithms were constant for each parking district, i.e. the RF model consistently out-
performed the ANN model.

Noticeably, there were outliers that deviated greatly from median values, whereby
most outliers lay in the upper range of the scale. Thus, both prediction algorithms
recorded values exceeding 0.125 on a 1 step ahead prediction for parking segments
in Civic Center, Downtown, Fillmore and Fisherman’s Wharf. On a 5 step prediction
horizon, some values exceeded an MAE of 0.3. Although the prediction models per-
formed better using feature set 8 compared to feature set 1 overall, the inclusion of
spatial information did not generally diminish the presence of outliers. Thus, occu-
pancy rates of certain parking segments remained difficult to predict in spite of the
addition of spatial information. On the contrary, in certain districts, there are parking
segments whose occupancy rates were particularly easy to predict, recording values
well below 0.05 and 0.075 on a 1 step and a 5 step ahead prediction, respectively.

FIGURE 5.10: Performance of parking segments aggregated by parking districts on a 1 step
ahead prediction. Comparison of Random Forest (RF) and Artificial Neural Network (ANN)

using (a) feature set 1 and (b) feature set 8.
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FIGURE 5.11: Performance of parking segments aggregated by parking districts on a 5 step
ahead prediction. Comparison of Random Forest (RF) and Artificial Neural Network (ANN)

using (a) feature set 1 and (b) feature set 8.

Drawing on above-stated findings, relative model improvement for each district was
derived by computing the relative differences in terms of MAE between feature set
8 and the baseline. As shown in figure 5.12, performance changes ranged from -
10 – 30% on a 1 step ahead prediction. Prediction improvements deviated among
the districts. Hence, the inclusion of spatial information did not entail equal im-
provement across space. Noticeably, occupancy rates of the vast majority of parking
segments experienced a performance improvement. Most significant improvements
were recorded in the districts Mission and Inner Richmond on a 1 step ahead predic-
tion and in Mission and Fisherman’s Wharf on a 5 hour ahead prediction. Median
improvements were as high as 5 – 10% and around 25% for the former and the latter,
respectively. Parking segments in Civic Center saw least prediction improvement
with median values of 0% and 10% on a 1 step ahead prediction and a 5 step ahead
prediction, respectively.
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FIGURE 5.12: Relative performance improvement using feature set 8 compared to the base-
line. Comparison of parking segments aggregated by parking districts on 1 step and 5 step

prediction horizons. Random forest algorithm. The dashed line indicates no change.

Further, the distribution of parking segments in terms of performance improvement
was explored, as shown in figure 5.13. When considering a 1 step ahead prediction,
the distribution of performance improvement was relatively narrow. The bulk of
parking segments recorded an improvement between 0 and 10%. Out of more than
300, occupancy rate predictions of 34 street segments saw an improvement of around
3% whereas the mean value of the distribution lay at 4.5%. On the contrary, the shape
of the distribution was considerably wider on a 5 step ahead prediction. The mean
value was approximately 18% improvement, whereas the highest number of street
segments (21) recorded an improvement of around 17%. Although the inclusion
of spatial information had more impact on a longer prediction horizon, there were
more outliers to both sides of the scale.
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FIGURE 5.13: Distribution of parking segments in terms of relative performance improve-
ment using feature set 8 compared to the baseline. Comparison 1 step and a 5 step ahead

prediction horizons. Random forest algorithm. Dashed lines indicate average values.

5.4.2 Qualitative assessment

In the following, a qualitative assessment of the spatial variability is provided. The
parking segments’ occupancy prediction results using feature set 8 are visualized
in figure 5.14, whereas the relative performance improvement of feature set 8 com-
pared to the baseline is shown in figure 5.15. Results on a 1 step ahead prediction
and a 5 step ahead prediction are shown on the left and right subplots, respectively.
As for the performance of feature set 8, spatial patterns were very similar when com-
paring the 2 different prediction horizons. Hence, with a few exceptions, the model
performance varied little on a spatial scale when different prediction horizons are
utilized.

In general, no distinct pattern across space was identifiable. In many cases, park-
ing segments whose occupancy rates were reliably predicted were next to or in the
vicinity of others with relatively poor model performance. Especially in the north-
eastern parking districts of Fisherman’s Wharf and Downtown as well as in the cen-
tral districts of Civic Center and Fillmore, prediction results among parking seg-
ments were fairly heterogeneous. Nevertheless, in the southern parking district of
Mission, parking occupancy was predicted very reliably for all segments.

Similarly, there is no distinct pattern when the relative performance improve-
ment was considered, regardless of the prediction horizon. Nevertheless, some park-
ing segments with already difficult to predict occupancy rates did not benefit from
the inclusion of spatial information, especially in the centrally located Civic Cen-
ter district. Contrariwise, parking segments that achieved good prediction results
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using the baseline experienced further improvement by adding spatial information
(e.g. Mission district).

FIGURE 5.14: Spatial distribution of performance using feature set 8. Random forest algo-
rithm. (a) 1 step ahead prediction and (b) 5 step ahead prediction.

FIGURE 5.15: Spatial distribution of relative performance improvement using feature set 8
compared to the baseline. Random forest algorithm. (a) 1 step ahead prediction and (b) 5

step ahead prediction.

To further investigate the effect of space on parking occupancy prediction, 2 districts
were selected for case studies, namely Civic Center and Fisherman’s Wharf. Close-
ups of each district are visualized in figures 5.16 and 5.17. The performance of fea-
ture set 8 and the relative performance improvement compared to the baseline on a
5 step ahead prediction are shown. Additionally, the locations of the POIs (business,
touristic and public transport) are included. Evidently, there were 2 parking seg-
ments with especially distinct differences in terms of model performance in Civic
Center (see 5.16. 200 Polk Street recorded an MAE of 0.28 whereas 500 Hayes Street
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recorded an MAE of 0.07. Moreover, the inclusion of spatial information improved
the former and the latter by 12.5% and 35.2%, respectively. Other parking segments
in the district recorded performance values of 0.11 – 0.20 and improvements of -14.6
– 22.7%. Furthermore, it is apparent that there are only few businesses in the vicinity
of 200 Polk St, the parking segment that was most difficult to predict. On the con-
trary, a high number of businesses can be found at or near 500 Hayes St and other
parking segments that were relatively easy to predict. Moreover, 2 tourist attractions
and railway stops are located in the vicinity of the parking segments.

In the district Fisherman’s Wharf (see figure 5.17, a significant number of park-
ing segments recorded MAE values close to 0.2, whereas a few segments achieved
results lower than 0.1. Similar to Civic Center, the locations of parking segments that
were difficult to predict largely coincide with fewer business locations in the vicin-
ity. Moreover, street segments whose occupancy were difficult to predict showed
relatively weak improvement after the inclusion of spatial information, compared to
street segments whose occupancy was easier to predict.

FIGURE 5.16: Spatial distribution of performance in parking district Civic Center using (a)
feature set 8 and (b) relative performance improvement using feature set 8 compared to the
baseline. Random forest algorithm on a 5 step ahead prediction. POIs are indicated as black
circles (business), red squares (public transport) and red triangles (touristic). Labels show

locations of street segments (1) 500 Hayes St and (2) 200 Polk St.



5.4. Spatial variation 47

FIGURE 5.17: Spatial distribution of performance in parking district Fisherman’s Wharf us-
ing (a) feature set 8 and (b) relative performance improvement using feature set 8 compared
to the baseline. RF algorithm on a 5 step ahead prediction. POIs are indicated as black circles

(business) and red triangles (touristic).

Another possible explanation of their diverging occupancy prediction results, occu-
pancy rates for 500 Hayes St and 200 Polk St over a 2 week period are displayed in
figure 5.18. Evidently, the occupancy rate for 200 Polk St fluctuated heavily, regu-
larly reaching occupancy rates of 0 and 1. 500 Hayes St, on the contrary, recorded
steady rates, mostly restricted between 0.6 and 0.8.
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FIGURE 5.18: Occupancy rates of 500 Hayes St (blue) and 200 Polk St (green) parking seg-
ments over a 2 week period.

5.5 Summary of results

In this section, the above stated results are summarized. The most relevant findings
are as follows:

• Longer prediction horizons entailed less reliable predictions.

• An increased amount of training data did not necessarily improve the predic-
tion model.

• The incorporation of spatial information helped improve prediction models.
Improvements of up to 25% compared to the baseline were achieved on long-
term prediction horizons.

• The inclusion of more spatial information was associated with better model
performance. Land use and POI information were more beneficial than cen-
trality.

• Among the spatial features, office showed most predictive relevance, followed
by touristic and business.

• There were performance disparities among the parking districts. Nevertheless,
no clear spatial pattern was evident.
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• The introduction of spatial information into the model did not entail uniform
improvement across space.

• The ANN model is outperformed by the RF model across all metrics. More-
over, the RF model benefited from spatial information to a much larger extent.
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Chapter 6

Discussion

6.1 Benefits of the inclusion of spatial information

As part of the first research question, the benefit of adding spatial information to the
parking occupancy prediction models was addressed. In order to do so, experiments
were conducted which compared the relative performance improvement of data in-
puts containing spatial information (feature sets 2 – 8) with the baseline. Addition-
ally, the importance of each individual feature was explored for the RF model using
feature set 8. Overall, the RF model performance could be increased by 3.1 – 25.4%
whereas the ANN model recorded performance changes of -6.3 – 7.2%, depending
on the prediction horizon and feature set. Across all prediction horizons, feature set
8 performed best, recording improvements for both algorithms. Hence, in general,
the more spatial information was used as data input, the better it performed. These
findings are insofar relevant, as they point out that the incorporation of the under-
lying geographic context help improve parking occupancy prediction models. They
imply that conventional models only taking into account temporal information can
potentially be improved by incorporating spatial information. Hence, space matters
when parking occupancy is predicted. Moreover, the results are novel, as, to the
best of my knowledge, no study has previously considered the explicit inclusion of
spatial information for parking occupancy prediction problems.

In other fields, however, geography has also been found beneficial as input for
prediction problems. Krause and Zhang (2019) implemented POI/land use data for
their traffic destination prediction model, with improved accuracy compared to the
baseline. Also taking into account land use information, Luo (2010) made traffic de-
mand predictions, potentially improving conventional models. Chan and Cooper
(2019) used centrality information (specifically betweenness centrality) to predict bi-
cycle mode share and flows, achieving comparable results to more complex mod-
els lacking spatial input. Similarly, Sarlas and Axhausen (2016) included network
theory-based variables in their traffic volume prediction scheme, significantly en-
hancing the predictive accuracy.

Generally, the prediction models performed better using feature sets 3 and 4 com-
pared to 2, while the usage of feature sets 6 and 7 entailed better results than the
usage of feature set 5. This pattern was very clear for the RF model while it held
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partially true for the ANN model. Consequently, the spatial category land use was
most valuable to the prediction model, closely followed by POI. Conversely, central-
ity contributed less to the prediction. Moreover, the combined usage of land use and
centrality tended to be more beneficial than the combination of POI and centrality. It
could be argued that the categories land use and POI are conceptually more similar
and therefore had a similar impact on the prediction model. Moreover, the mere lo-
cation of a parking segment with respect to the entire street network did not appear
to play as influential a role as the configuration of space in its vicinity. The poten-
tial of the implementation of land use in a parking occupancy prediction scheme
has been suggested by Richter et al. (2014). They split the sfpark parking segments
into regions with similar land use characteristics (i.e. commercial, residential and
touristic) and showed regional similarities of parking occupancy predictions.

Results of overall contributions of geographic categories agreed with individual
feature importances. Each POI feature contributed more to the model than centrality
features. The land use feature office was considerably more beneficial than industrial
and residential. This could partially be explained by the fact that many parking
districts lack industrial areas. Especially the districts Inner Richmond, Fillmore and
Marina, which are predominantly residential, provided little input to the model. The
land use classes residential and office, on the other hand, are more evenly distributed
with high concentrations in certain areas.

6.2 Training dataset size

The impact of varying amounts of data inputs on the model performance was in-
vestigated as part of the second research question. By doing so, the amount of input
data to train the model was varied from 1 day to 10 days of occupancy data. Overall,
little changes were recorded for the RF model. Although it achieved optimal results
with a 5 day training input for all prediction horizons, an increased amount of input
data past an amount of 5 days was associated with deterioration in model perfor-
mance. The fact that an increased amount of training data did not lead to improved
results is insofar unexpected as a larger amount of input data generally is associated
with increased performance (Figueroa et al., 2012). In the field of parking occupancy
prediction, Bock (2018) also pointed out that his RF model benefited from increased
amounts of training data. Values larger than 20 days, however, only entailed small
improvements. Similarly, Yang et al. (2003) found that smaller errors are associated
with a larger sample size.

As the performance differences were relatively small, it could be argued that they
are statistically insignificant and a small training input (e.g. 1 day) was sufficient for
the model to learn. Since the recorded occupancy data was relatively uniform across
time (i.e. there were no significant deviations), unexpected anomalies in the data
can be excluded as a reason. Hence, further research is needed to investigate the
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influence of the training dataset size in the context of prediction model implemented
with RF.

The ANN model, by contrast, benefited from an increased amount of training
data significantly, especially on short-term predictions. It achieved best results when
5 or more days were considered as training input. After that, the learning curve
likely reached a maximum. These findings are in agreement with Ji et al. (2015), who
found that their model improved when more input data was added. This, however,
was only the case up to a certain point, before the prediction error started to rise
again due to overfitting of the training set. Similarly, Bock (2018) pointed out that
his RF model benefited from increased amounts of training data.

It is noteworthy that changes in the amount of training data generally had little
impact on the contribution of spatial information. Hence, the amount of training
data did not substantially influence the geographic contribution.

6.3 Temporal prediction horizon

Further, the influence of the temporal prediction horizon on the model performance
was examined. Prediction horizons of 1 to 10 steps were considered whereby 1 step
corresponds to 1 hour. Hence, the prediction of occupancy rates of up to 10 hours in
the future was considered. Unsurprisingly, as the prediction horizon increased, the
less reliable prediction results became due to the fact that errors accumulate. This is
in agreement with several studies that compared the length of the prediction horizon
with the model performance Monteiro and Ioannou (2018); Zheng et al. (2015); Liu
et al. (2018); Mei et al. (2019). Monteiro and Ioannou (2018) found that the usage of
real-time data is only beneficial for a prediction horizon of up to 2 hours. After that
point, using average occupancy values from previous days realized equal or better
results. Similarly, Zheng et al. (2015) showed that their models incorporating histor-
ical occupancy data to make predictions for future values were useful for short-term
predictions. After 15 steps (i.e. almost 4 hours), the incorporation of only temporal
data showed similar results.

The fact that the length of the prediction horizon was correlated with the model
performance was also reflected in the feature importances. The further the occu-
pancy rates lay in the past, the less important they were to the model. As a result,
past a certain prediction horizon, the temporal and geographic features were more
important relatively. This is also consistent with the study by Zheng et al. (2015)
who found that the inclusion of previous observations as a feature is very beneficial
for short-term predictions. However, as the prediction horizon increased, other fea-
tures became more relevant. In this thesis, this can be recognized by the fact that
model performances using feature sets 2 – 8 increasingly diverged from the baseline
as a function of the prediction horizon. Hence, spatial information showed more
relevance with longer prediction horizons. Moreover, performances levelled off for
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long term horizons, suggesting that the usage of historical occupancy data is not
beneficial for even longer prediction horizons.

Given the spatial expansion of the study area in this work, short-term predictions
of up to 3 or 4 steps ahead are likely sufficient, as all destinations within the city are
reached within a few hours at most.

6.4 Spatial prediction variation

The spatial variation of the prediction performance was evaluated as part of the third
research question. A quantitative and a qualitative assessment investigated to what
extent space influences parking occupancy prediction. Evidently, there were spa-
tial disparities, manifested by prediction performances that were not uniform across
space. Parking occupancy could be predicted more reliably in certain districts than
others. However, as a whole, no clear pattern was recognizable. The same applied
for the performance improvement after the inclusion of spatial information, i.e. the
extent of improvement is not selective about space. Nevertheless, the model could
be improved for many street segments’ occupancy rates that were reliably predicted.
Conversely, a considerable number of street segments recording unreliable predic-
tions could not benefit to a great degree from the inclusion of spatial information.
Hence, locations that were notoriously difficult to predict remained to be difficult to
predict after the inclusion of spatial information in the model. Moreover, proximity
of parking segments did not automatically suggest similar prediction performance,
as suggested by Rajabioun and Ioannou (2015); Richter et al. (2014); Leu and Zhu
(2015) who took into account parking situations of neighbouring segments, under
the assumption that there is a spatial correlation of parking usage.

This was demonstrated by the parking segments 500 Hayes St and 200 Polk St
(see figure 5.18), generating completely different results, despite their proximity. The
fact that the spatial pattern is not very strong, would suggest that the location of a
parking segment is not the driving factor for the prediction model performance.
Rather, occupancy patterns could dictate the difficulty of prediction. The more the
occupancy rate fluctuates through time, the more difficult its prediction becomes.
This in turn, is likely related to the number of parking spots in a parking segment.
Parking segments with fewer spots are more prone to higher fluctuations.

As seen in figures 5.16 and 5.17, the locations of POIs could also have an influ-
ence on the prediction performance. Evidently, the presence of businesses in the
vicinity of parking segments appears to be associated with an increased prediction
performance. Hence, the locations of businesses could either itself have an influence
on the parking occupancy prediction or be a proxy for constant occupancy patterns.
Touristic and public transport POI were few and far between and no conclusions
could be drawn.
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6.5 Machine learning algorithm comparison

Finally, the last research question aimed to discover performance differences of ML
algorithms that were implemented in this thesis, namely RF and ANN. Most exper-
iments discussed in the previous sections were performed using both algorithms.
Therefore, there is a direct juxtaposition of each algorithm’s performance. The RF’s
performance surpassed that of the ANN in every aspect. Under an optimal data in-
put scenario on a 1 step ahead prediction using feature set 8, the RF model achieved
an MAE of 0.065. By contrast, the ANN produced an MAE 0.082 under the same
conditions. Moreover, the ANN model was much less receptive to the inclusion of
spatial information. Averaged over all training dataset sizes, the inclusion of all spa-
tial information (feature set 8) entailed an improvement of 4.2 - 25.4% compared to
the baseline, whereas the ANN recorded an improvement of 0.1 - 7.2%.

In the literature, there is no consensus as to which algorithm is better suited to
solve the problem of parking occupancy prediction. Both RF and ANN algorithms
have been used to reliably make predictions. Bock (2018) implemented an RF model
using a binary classification approach and reached an accuracy of 84.5% on a short-
term prediction horizon. Similarly, Dias et al. (2015) aimed to predict occupancy sta-
tus of a public bicycle service using 2 occupancy classes and achieved accuracies of
just under 90%. A multitude of scientific literature, on the other hand, implemented
ANNs. Zheng et al. (2015) made 15 minutes ahead predictions with their FFNN and
recorded average MAE values of 0.089. Similarly, MAE values between just over
0.02 and 0.08 were achieved by RNN implementations realized by Vlahogianni et al.
(2016), Shao et al. (2019) and Camero et al. (2019). It should be noted, however, that
performance comparisons must be viewed with caution due to differences in the
study area, input data and model architecture.

In recent years, the usage of ANNs saw a surge in parking occupancy prediction.
Especially if the underlying relationships and features are unknown, ANNs are suit-
able for parking prediction problems (Pflügler et al., 2016). In particular, RNNs cater
to the recurrent nature of parking occupancy time series. Conversely, RFs’ robust-
ness to overfitting has been pointed out as one of its main benefits compared to other
algorithms, including ANNs (Hastie et al., 2009). Additionally, its relative simplicity
and ease of tuning should be emphasised. Unlike the ANN, only few tuning pa-
rameters have to be considered. The fact that the RF model outperformed the ANN
model considerably in this thesis could be explained by its above mentioned bene-
fits. Nevertheless, the fact that no study has compared the prediction performance
of RF and ANN in the realm of parking occupancy prediction directly does not allow
a comparison to the literature. It should be stressed that more research is needed in
terms of the incorporation of ANNs for the prediction of parking occupancy predic-
tion models using spatial information.
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6.6 Limitations of the work

The prediction models and its input data in this thesis exhibit limitations that need
to be pointed out. Firstly, it is likely that the prediction model architecture and
parametrization could be further optimized. Especially in case of the ANN, building
a suitable model is challenging. Secondly, the methods by which the spatial data was
quantified have their limitations. The land use categories that were utilized in this
thesis (industrial, office and residential), were categorized as such if 80% of a par-
cel’s floor area corresponds to said land use category. As a consequence, only parcels
with a predominant industrial, office or residential use were considered for the anal-
ysis. A high number of parcels are classified as mixed, potentially also containing
industrial, office or residential usage were therefore not considered. A potential dis-
tortion of the land use categories or an underestimation of certain categories could
be consequences.
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Chapter 7

Conclusion and future work

This thesis aimed to investigate the contribution of spatial information to the pre-
diction of on-street parking occupancy. In order to do so, RF and ANN prediction
models were implemented and spatial data regarding centrality, land use and POIs
were used as training data input. To assess the contribution, the performance was
compared to a baseline, comprising only historical and temporal training data. The
experiments were conducted in light of the fact that the underlying geographic con-
text has received little attention in parking occupancy prediction models. Moreover,
the explicit inclusion of the spatial configuration of the street network, land use and
POIs represents a novel concept. The key findings were as follows:

1. The inclusion of spatial information lead to a performance improvement of
up to 3% and 25% on a short-term and a long-term prediction horizon, respec-
tively. Hence, the incorporation of space adds value to parking occupancy pre-
diction models. Generally, the consideration of a larger amount of geographic
training features corresponded to increased performance. Consequently, the
inclusion of a combination of centrality, land use and POI data achieved best
prediction results. In particular, land use and POI information were more ben-
eficial than centrality. In terms of features, office exhibited most predictive
relevance, followed by touristic and business.

2. The amount of training data did not significantly impact the RF model’s pre-
diction performance. As occupancy data anomalies could be excluded, the
reason is unknown and has to be investigated in further research. The ANN
model achieved optimal results when 5 days of input data were trained. An
increased amount of training data did not entail further improvement, likely
attributed to the tendency of overfitting.

3. Generally, longer prediction horizons produced less reliable predictions. This
can be explained by the fact that prediction errors accumulate as the prediction
horizon increases. Moreover, as expected, the inclusion of spatial information
showed more relevance on long-term predictions. This is attributed to the fact
that, as historical occupancy becomes less important on longer prediction hori-
zons, other features are relatively more significant.
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4. There were prediction performance disparities across space. Moreover, no
clear spatial pattern could be identified and proximity of parking segments
did not necessarily signify similar prediction results. This could be explained
by the fact that the performance is mainly dependent on occupancy patterns,
which are not necessarily spatially correlated.

5. In terms of model performance, the RF model outperformed the ANN model
in all respects. Moreover, the RF benefited from spatial information to a greater
extent. A possible explanation for RF’s superiority is its robustness to overfit-
ting as well as its relative simplicity compared to the ANN.

In spite of the promising results, there are opportunities to further the research on
parking occupancy prediction incorporating spatial information. Firstly, the consid-
eration of more spatial sources is a potential future research could tap into. Informa-
tion such as population distribution, the public transportation network and a wider
variety of POIs could be taken into account. In addition, more land use categories
and land cover information could prove to be beneficial for future work. Secondly,
research could be extended in terms of prediction algorithms. Especially the usage
of ANNs, considered state of the art in the field of transportation prediction, could
be further exploited by considering different and more complex architectures. The
linking of advanced statistical methods with ML would also be a conceivable option.
Thirdly, alternative ways of parking occupancy data acquisition should be embed-
ded in future parking occupancy prediction schemes. In such a way, the application
of parking occupancy prediction could be extended to other places that currently do
not have the means to monitor and manage parking occupancy. Crowdsensing is a
viable option that could be implemented on large scales, integrating the population.
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Appendix A

Figures

FIGURE A.1: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 2 step ahead

prediction.
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FIGURE A.2: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 3 step ahead

prediction.

FIGURE A.3: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 4 step ahead

prediction.
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FIGURE A.4: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 6 step ahead

prediction.

FIGURE A.5: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 7 step ahead

prediction.
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FIGURE A.6: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 8 step ahead

prediction.

FIGURE A.7: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 9 step ahead

prediction.
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FIGURE A.8: Performance as a function of the training dataset size. Comparison between
(a) Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms. 10 step ahead

prediction.

FIGURE A.9: Relative performance improvement (feature sets 2 – 8 compared to the baseline)
as a function of the training dataset size. 2 step ahead prediction. Comparison of (a) Random

Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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FIGURE A.10: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 3 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.

FIGURE A.11: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 4 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.



Appendix A. Figures 73

FIGURE A.12: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 6 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.

FIGURE A.13: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 7 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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FIGURE A.14: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 8 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.

FIGURE A.15: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 9 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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FIGURE A.16: Relative performance improvement (feature sets 2 – 8 compared to the base-
line) as a function of the training dataset size. 10 step ahead prediction. Comparison of (a)

Random Forest (RF) and (b) Artificial Neural Network (ANN) algorithms.
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Appendix B

Tables

TABLE B.1: Random forest performance in terms of Mean Absolute Error (MAE), Mean
Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 1 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.075 0.012 0.842 0.071 0.010 0.862
2 0.072 0.011 0.852 0.068 0.009 0.872
3 0.071 0.010 0.854 0.068 0.009 0.870
4 0.070 0.010 0.853 0.067 0.009 0.870
5 0.069 0.010 0.857 0.065 0.009 0.875
6 0.069 0.010 0.859 0.066 0.009 0.876
7 0.069 0.010 0.869 0.067 0.009 0.882
8 0.072 0.011 0.861 0.070 0.010 0.876
9 0.072 0.011 0.863 0.070 0.010 0.876
10 0.071 0.011 0.861 0.069 0.010 0.876

TABLE B.2: Artificial neural network performance in terms of Mean Absolute Error (MAE),
Mean Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 1 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.138 0.033 0.700 0.135 0.034 0.578
2 0.109 0.021 0.768 0.096 0.017 0.816
3 0.090 0.015 0.823 0.092 0.015 0.828
4 0.096 0.017 0.810 0.090 0.015 0.823
5 0.083 0.013 0.832 0.082 0.013 0.836
6 0.080 0.012 0.829 0.090 0.015 0.828
7 0.081 0.013 0.847 0.081 0.013 0.854
8 0.089 0.015 0.830 0.086 0.014 0.837
9 0.085 0.014 0.833 0.093 0.016 0.836
10 0.081 0.013 0.841 0.085 0.014 0.844
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TABLE B.3: Random forest performance in terms of Mean Absolute Error (MAE), Mean
Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 10 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.168 0.045 0.395 0.125 0.028 0.628
2 0.163 0.042 0.420 0.117 0.024 0.683
3 0.165 0.044 0.395 0.122 0.027 0.635
4 0.162 0.043 0.403 0.120 0.026 0.648
5 0.158 0.040 0.420 0.116 0.023 0.673
6 0.162 0.042 0.410 0.121 0.025 0.657
7 0.169 0.045 0.411 0.131 0.030 0.621
8 0.167 0.044 0.436 0.127 0.027 0.669
9 0.168 0.044 0.440 0.127 0.027 0.671
10 0.168 0.045 0.425 0.126 0.027 0.662

TABLE B.4: Artificial neural network performance in terms of Mean Absolute Error (MAE),
Mean Squared Error (MSE) and coefficient of determination (R2) as a function of the training

dataset size. Values for feature sets 1 and 8 on a 10 step ahead prediction.

Feature set 1 Feature set 8

Training dataset size (days) MAE MSE R2 MAE MSE R2

1 0.191 0.057 0.288 0.183 0.054 0.307
2 0.183 0.050 0.341 0.177 0.049 0.352
3 0.181 0.051 0.301 0.168 0.045 0.379
4 0.178 0.050 0.310 0.170 0.046 0.385
5 0.172 0.046 0.330 0.160 0.041 0.411
6 0.178 0.049 0.313 0.167 0.044 0.416
7 0.183 0.051 0.343 0.176 0.051 0.370
8 0.177 0.049 0.388 0.172 0.046 0.418
9 0.185 0.052 0.354 0.171 0.046 0.438
10 0.186 0.053 0.324 0.169 0.045 0.421
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Appendix C

Scripts

All R code can be accessed on the GitHub repository under following link: https:
//github.com/michaelbalmer/Master-thesis.

https://github.com/michaelbalmer/Master-thesis
https://github.com/michaelbalmer/Master-thesis
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