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Abstract: This study analyzes the temporally resolved location and trip data of shared e-scooters
over nine months in Berlin from one of Europe’s most widespread operators. We apply time, distance,
and energy consumption filters on approximately 1.25 million trips for outlier detection and trip
categorization. Using temporally and spatially resolved trip pattern analyses, we investigate how the
built environment and land use affect e-scooter trips. Further, we apply a density-based clustering
algorithm to examine point of interest-specific patterns in trip generation. Our results suggest that
e-scooter usage has point of interest related characteristics. Temporal peaks in e-scooter usage differ
by point of interest category and indicate work-related trips at public transport stations. We prove
these characteristic patterns with the statistical metric of cosine similarity. Considering average
cluster velocities, we observe limited time-saving potential of e-scooter trips in congested areas near
the city center.

Keywords: e-scooter; micro-mobility; shared-mobility; land use analysis; spatiotemporal analysis;
spatial allocation; HDBSCAN; big data

1. Introduction

The National Association of City Transportation Officials recorded 96 million dockless
micro-mobility related trips in the United States (US) in 2019. Almost 90% of these trips
were made with shared electric scooters (e-scooters) in 109 US cities. The concept of shared
micro-mobility refers to shared-use fleets of fully or partially human-powered, low-speed
vehicles such as bikes and scooters [1,2]. In the fall of 2017, shared e-scooters represented a
new mode of micro-mobility that emerged on the streets of multiple US cities. Since then,
the number of micro-mobility users has multiplied in the American market. Beyond that,
e-scooters are now also widely spread in European cities. These developments are reflected
in Schellong et al. [3]’s predictions which assume rapid growth to as much as $50 billion in
global market volume in 2025.

This publicly available, on-demand, and easy-to-use concept combined with electronic
payment is the foundation for the rapidly increasing dissemination of e-scooters. As Bai
and Jiao [4] outlined, short distance trips cannot be covered due to an insufficient number
of short-distance travel alternatives. Besides bike-sharing and electric motorbike services,
shared e-scooters present a promising solution to address the first- and last-mile problem.
These services can contribute to improved mobility, reduction of congestion and fuel use,
and reduced emissions [1].

Regarding the European market, Madrid, Paris, and Berlin are the top three cities,
considering fleet size and usage frequency. Tier Mobility is the overall leading provider in
Europe in terms of regional coverage, with e-scooters in 54 cities [5]. Because of intoxicated
drivers, vandalism, and badly parked e-scooters (e.g., [6]) in large cities, the influx of e-
scooters polarizes the opinions of residents, users, planners, and other groups involved [7].
Despite these negative aspects, the rapid growth of e-scooter providers cannot be ignored.
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Due to the recent history of e-scooters and their rapid dissemination, few detailed
research studies on usage behavior have been conducted so far. Especially from the perspec-
tive of urban research, the emergence of a transport technology raises numerous questions
and creates effects and problems that challenge our cities. Established researchers in this
field call for more in-depth analytical and comprehensive studies to underpin the current
micro-mobility research body and substantially evaluate the temporal and spatial effects
of shared e-scooters on urban transportation [4,8]. Through granular spatial clustering of
the e-scooter trips, dense traffic and thus accident-prone routes can be identified (e.g., [9]).
Besides, the purposes of these trips can be deduced from the traveled land use types.
In combination with temporal trip patterns, location-specific conclusions that consider
the built environment can be derived. In particular, urban and infrastructure planning
requires reliable information about the temporal and spatial use of e-scooters to regulate
and optimize inner-city traffic and redesign the infrastructure. We transfer these focal
points into our research questions and define Berlin, Germany, as our study location to
shed light on one of the most relevant e-scooter cities in Europe:

RQ1: How are shared e-scooters used in space and time in Berlin?

RQ2: How can cluster and land use type analyses contribute to an improved under-
standing of shared e-scooter usage?

The primary objectives are aggregating and characterizing the temporal and spatial
trip distribution from a large data set using transparently presented filters. From this,
temporal travel patterns and fleet usage rates are generated and discussed. Based on a
cluster analysis, we identify spatially resolved hotspots and establish relationships be-
tween e-scooter usage and land use types. In addition to the spatiotemporal analyses, we
investigate the average velocities in the clusters to gain insights of how local conditions
affect them. Thereby, we aim to improve the understanding of city planners, policymak-
ers, and transport and infrastructure managers about e-scooter use in space and time,
so they can incorporate it into their decisions. Addressing our objectives, we make the
following contributions. Beyond multiple spatiotemporal studies from US cities, our work
provides a comprehensive analysis of one Europrean metropolis. This creates room for
cross-cultural and geographic comparisons. We systematically refine filters from related
literature and first enable round trip detection by using energy consumption filter. Apply-
ing density-based clustering with noise, our study reveals point-of-interest (POI) specific
and characteristic usage patterns that enable policymakers to deploy site-specific policies
and regulations for e-scooter usage. Current literature focuses on the use of e-scooters on a
city scale and lacks site-specific patterns. Findings from our study allow for POI-specific
measures to reflect the temporal and spatial e-scooter usage at different POIs. In contrast
to clustering e-scooter trips with static geometric spaces such as hexagons or quadrants,
we use HDBSCAN as an effective method to better account for the built environment
and noise.

First, we conduct a literature search and elaborate on findings from related spatiotem-
poral studies in Section 2. Subsequently, we provide a concise description of the performed
data acquisition and data processing in Section 3. In Section 4, we carry out spatiotemporal
analyses of e-scooter usage in Berlin. Thereby, we discuss the results of the analyses, ad-
dress the posed research questions, and mention the limitations of our research in Section 5.
Finally, conclusions are presented in Section 6.

2. Literature Review

We conducted a comprehensive literature search in the meta-databases Scopus, Sci-
enceDirect, Web of Science, and Google Scholar. To find related spatiotemporal studies, we
determined “e-scooter”, “shared”, “dockless”, “spatial analysis”, and “temporal analysis”
to be the underlying keywords. To narrow the search space, we used the mentioned key-
words with the term “e-scooter” as an exact phrase, resulting in very different numbers of
hits in the databases. From this, we evaluated the research similarity of the initial results
based on title and abstract analysis, and whether an article has been peer-reviewed. This
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preliminary filter significantly reduced the original number of articles found and led to the
following article selection. In Web of Science, we only found one related article. Considering
Scopus, we chose 8 relevant ones from 10 articles, and from ScienceDirect, we drew 10 related
articles from 23. We also extracted 37 of 184 initial articles from Google Scholar. As the
hits of included databases overlap, we collected 40 distinctive articles overall. To enable
an overview of the preliminary filtered literature, we have clustered these articles in the
subject areas, as presented in Table 1. Due to interdisciplinary approaches and different
granularity levels, articles can be assigned to multiple subject areas and focal points. Some
review articles (e.g., [10,11]) touch on and discuss many focal topics but at a different level
of detail.

Following our research questions, we extract the most important findings of related lit-
erature. Recent spatiotemporal studies were predominantly published on US cities. Austin
(Texas) (e.g., [4,6,12-14]) and Washington D.C. (e.g., [8,9,15,16]), Louisville (e.g., [17]), Min-
neapolis (Minnesota) (e.g., [4]), and Indianapolis (e.g., [18,19]) were the reference cities for
many spatiotemporal studies. Apart from US cities, Zhu et al. [20] conducted a study on
two city districts in Singapore. The mentioned studies encompass findings on temporal
and spatial ridership patterns, trip distances, and the weather’s impact on trip volume.

Regarding temporal usage patterns in Austin, ridership peaks on Saturdays through-
out the afternoon. Weekdays are characterized by a slight morning peak at 9 a.m. Af-
terwards, high usage rates occur at 12 p.m. and between 5 p.m. and 6 p.m. Between
midnight and 6 a.m., Bai and Jiao [4] observed the lowest ridership. Considering week-
days, passengers rode e-scooters for significantly longer distances and durations than on
weekends. Considering temporal ridership patterns in Washington D.C., Younes et al. [16]
outline a global peak of e-scooter use on Saturdays at 12 p.m. compared to all other days.
On weekdays, a slight commuting peak around 8 a.m. and peak plateau between 3 p.m.
and 6 p.m. can be observed [9,15,16]. Noland [17] analyzed a data set of 79,532 trips and
determined that e-scooter rides peak on Saturdays in Louisville, Kentucky. In general,
daily usage has a high plateau between 12 p.m. and 3 p.m., suggesting that e-scooters may
be used recreationally or for short inner-city trips. The results of an ordinary least square
regression underpin this suggestion.

According to results of Bai and Jiao [4], trips between 6 p.m. and midnight amount
for the largest share in Minneapolis. In contrast to many cities, the lowest ridership oc-
curs from 6 a.m. to 12 p.m. Regarding temporal ridership patterns, Mathew et al. [18]
identified weekday peak hours between 4 p.m. and 9 p.m. Furthermore, their results
show a slight peak at 9 a.m. Because of this marginal morning peak, Mathew et al. [18]
conclude that there are no commuter trips. Underpinning the temporal findings of previous
studies, Mathew et al. [18] determined more e-scooter activity at weekends than weekdays.
On weekends, the peak hours shift to between 2 p.m. and 7 p.m. in Indianapolis. More-
over, Zhu et al. [20] present temporal patterns of South West and Marina Bay in Singapore.
Based on e-scooter travel data collected over one month, South West’s and Marina Bay’s
weekly temporal ridership patterns display a low homogeneity. The number of rides peaks
on Saturday evening in Marina Bay. In contrast to that, ridership reaches a maximum
on Friday afternoon in South West, which is predominantly a university campus. It is
remarkable that besides Tuesday, also the weekend shows the lowest trip occurrence in
South West. Regardless of the day of the week and city district, it is evident that longer
trips were made in the afternoon and evening.

Spatially, all Austin-specific studies identified downtown and the University of Texas
campus as hotspots. Thereby, a higher population, more males, and more higher education
residents were positively correlated with e-scooter usage. Moreover, a high land use diver-
sity (number of land use types per hexagon) is positively correlated to high ridership [4].
They conclude that an increased number of land use types within an area leads to more
possible points of interest (POlIs) for riders. While many studies suggest that most trips
are recreational (e.g., [4,15,19]), Caspi et al. [13] found that it is more likely that e-scooter
rides start and end in residential, commercial, and industrial land use types in Austin.
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Moreover, Caspi et al. [13] highlight that trip origins and destinations are linked to bus stop
locations. Regarding spatial patterns, McKenzie [15] found that 40.6% of total trips started
in public and recreational land use types, leading to the conclusion that e-scooters are
mainly used for recreational purposes in Washington D.C. This hypothesis is underpinned
by the fact that ridership peaks on Saturdays. Trips originated in commercial areas account
for 36.3% and in residential areas for 23.1%. Geographically, Minneapolis indicates hotspots
in the downtown area while cold spots are located around it. Bai and Jiao [4] suggest that
e-scooters are deployed close to the city center, which makes trips outside of it less likely.
Based on the results of the negative binomial model of Bai and Jiao [4], they found that
proximity to the city center and transit accessibility are both positively associated with
higher ridership. Comparing Austin and Minneapolis, office and institutional land use
areas were significantly positively correlated to higher ridership, while all other variables
were city-specific.

Besides temporal and spatial findings, Younes et al. [16] investigated the impact of
weather on e-scooter use based on negative binomial regression models. They determined
that warmer temperatures and better visibility are associated with higher instances of trips
per hour. In contrast, humidity, wind speed, and precipitation have negative impacts on trip
frequency. In line with the results of Younes et al. [16], Noland [17] measured that rain and
snowfall reduce the hourly number of trips significantly. Moreover, he determined that the
use of e-scooters is less sensitive to temperature than shared bikes. Similar to Noland [17]
and Younes et al. [16], analyses of Mathew et al. [19] indicate that rainfall, snowfall, wind
speed, and low mean temperature had a significant negative impact on hourly trips in
Indianapolis. According to their results, the utilization rate dropped between 30% to 80%
during winter months.

The review of still-emerging spatiotemporal studies reveals commonalities across
cities in the temporal and spatial use of e-scooters. The majority of the studies measure
an increased trip activity on the weekend from midday to afternoon. Proximity to the city
center is a significant variable that positively influences e-scooter use. Precipitation, cold
temperatures, and poor visibility reduce the number of e-scooter trips in any city. Despite
some similarities, the heterogeneity of the results is also visible. City-specific hotspots like
universities or city malls, and connection points to public transport, attract e-scooter riders.

The diversity of the studies’ data sets weakens the comparability of results. The pa-
rameters time horizon, number of recorded trips, fleet size, and number of city inhabitants
show considerable differences among the studies. Data cleaning processes are explained at
different levels of detail. Our study presents the data pipeline transparently and relates the
applied filters to the published spatiotemporal studies.

Previous spatial analyses are primarily based on polygon approaches that divide the
city area into a grid of polygons of equal or different sizes (e.g., [4,6,8,13,15]). This method
bears the disadvantage that polygons do not represent the real built environment. High-
traffic clusters can be sliced through the polygon boundaries so that the cluster’s density is
distributed across multiple polygons. This leads to an average density value being spread
over a larger area, neglecting the built environment and the real cluster shape, which could
create a misleading representation of the density. Also, hotspots in a polygon are merged
with areas that have low traffic volume (noise). In the context of the modifiable area unit
problem, the mentioned bias caused by a different division of the same area is pointed out
by Wong [21]. We address these shortcomings from previous spatial analyses and apply a
machine learning-based clustering algorithm that forms spatially sharper clusters while
considering the built environment. This cluster algorithm detects noise and can therefore
distinguish it from hotspots. Thereby, spatially granular clusters ensure a more precise
assignment to land use types. Previous studies have aggregated temporal patterns over
the time horizon of the data set. All of these distinguish between weekdays and weekends.
This distinction increases the city-specific understanding of temporal-resolved e-scooter
demand, but it cannot be used to draw conclusions about individual locations in the city.
For city planners to decide on appropriate infrastructure enhancements, knowledge of
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location-specific temporal patterns is required. Therefore, we present both aggregated and

location-specific temporal patterns.

Table 1. Classification of related literature in subject areas differentiated by their specific focus.

Subject Area Focus References
Temporal and/or spatial [4,6,8,9,12-20,22-27]
Urban built environments [4,6,13,23,25]
Spatiotemporal studies Intermodal [8,15,16,20,27,28]
Weather impact [16-18,20]
Trip trajectories [9]
Impact on other transport modes  [29,30]
. Intention to adopt [31,32]
ziiih;l(f)clsgt};l sj:ptlon Benefits and barriers [32,33]
p Demographics of riders [23,24,34-38]
Urban transport Policies and regulations [3,38-43]
integration Transportation equity [35,44,45]
. Public health [46-48]
}IJHS;;E; hs:;fc?erii Pedestrian interaction [37,47-51]
Violations [49-53]
Sustainability and environment [54,55]
Mobility as a service [56]
Geofences of providers [40]
Distribution prediction [43,57,58]
Others Market growth estimation [3]
Customer segments [59]
User experience survey [60]
Street space allocation [37]
Micro-mobility reviews [10,11]

3. Data Set and Data Cleaning

In this section, all required steps related to data acquisition and processing are ex-
plained in detail to provide a transparent foundation for the spatiotemporal analyses. Our
data pipeline in Figure 1 represents the concatenation of these steps towards the analy-
ses. For the acquisition of our raw data set, the locations of the operator’s e-scooters are
requested via an application programming interface (API) connection. It represents all
available e-scooters at the time of the API query within a given zone. In our study, Berlin
is the zone that is defined in the query by entering the respective zone ID. The returned
data is structured as follows: each response contains information about the location of the
e-scooters in world geodetic system (WGS84) coordinate latitude and longitude, with units
in degrees expressed as decimal numbers and a 12-digit geohash format. Additionally,
each e-scooter has a unique ID, the name of the operating zone, the e-scooter manufacturer,
maximum velocity, battery state of charge (SOC) in percent, and the license plate number.
These data are enriched by a timestamp with each query.

When an e-scooter is in use, it is not available in the record at that time. The last known
location is linked to the location when the e-scooter reappears in the data set to create trip
data. This origin and destination pair creates a trip, regardless of the trip duration (A;).
The trip duration is derived from the last timestamp before and the first timestamp after a
trip. The raw trip data is extended by the great-circle distance (dp), the network distance
(dn), a detour factor (DF), the change in battery SOC (Agoc), and the energy consumption
rate (E). We calculated dp using the haversine distance equation following Sinnott [61]
implemented with the Python package haversine. We chose haversine estimation because of
the more realistic assumption of a sphere, versus the assumption of a flat surface in the case
of euclidean estimation. The resulting distance is given in meters. To determine dy, we
used a local implementation of the Open Source Routing Machine (OSRM) [62]. The OSRM
generates the trip distance for each trip based on the shortest bicycle route between origin
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and destination (see Figure 1). The underlying network is OpenStreetMap data. The OSRM
routing is based on a further developed variant of Dijkstra’s shortest path first algorithm,
using contraction hierarchies ([63,64]). From haversine and network distance, we derive

DF = ZZ - 100 [65]. The e-scooters’ energy consumption rate E is the ratio of the change in

SOC and the network distance, resulting in E = A;%.

Data acquisition

Data processing Data analysis

Elastic stack

database

REST API Elasticsearch

OpenStreetMap
Overpass API

Kibana interface

Plots and statistics

routing machine

reAEést /_L\ Python Framework
9 < Y
) Spatial >
i Raw location data * Aggregation 71 analysis
A Yy F
Compute e~ _H€ — + Cleaning Spatio- PY I
trip data :@ o temporal > |o [ ) ‘)t
Trip data * Visualization analysis .
‘ -~ * Export 5| Temporal eV
7| analysis > I II

Figure 1. Overview of data acquisition, data processing, and data analysis as a data pipeline.

We queried the operator’s API from May 2019 to January 2020 and chose a temporal
resolution of five minutes. The resolution is sufficient for our spatiotemporal analyses but
not for precise trip velocity calculation. To enrich our data set with accurate velocities,
we queried the API with a one-minute frequency over a four-week period and use this in
our analysis to determine users’ trip velocities. Therefore, we merged the trips from the
five-minute data set with the corresponding trips from the one-minute data set using the
trip ID and enriched them with the velocities of the respective trips. However, due to the
high data volume, the one-minute queries were not conducted over the entire period.

The data processing is embedded in an Elastic Stack architecture consisting of an
Elasticsearch database, Logstash data processing and a Kibana web interface, which enables
database queries. This framework has been used in previous research on big data pro-
cessing (e.g., [66]). It provides multifaceted functionalities for data aggregation, cleaning,
visualization, and export [67]. The processed data forms the basis for advanced investiga-
tions and can be extended by additional inputs like GIS-data for spatial analyses.

To present our filtering transparent and comprehensible, we first summarized the
data cleaning parameters used in related spatiotemporal studies in Table 2. The temporal
resolution of raw data in these related studies differs between 0.5 min and 30 min; the most
extended acquisition period amounts to 11 months [6]. Overall, traveled distance, duration,
and average speed filters are the most common parameters for identifying user trips and
separating them from outliers, reallocating, and charging trips. Nevertheless, there is no
consistent pattern through the broad filters” parameter range. In several studies, the filters’
parameterization is justified with reallocation or charging without explicitly labeling and
clearly distinguishing them from outliers. Solely McKenzie [8,15] identifies charging and
reallocation trips by average speed and trip duration and includes them in the analysis,
but without differentiating between these two.

Based on the aggregated overview in Table 2, we verified our filter with a more
comprehensive set of parameters (e.g., E, Asoc, dn, dy). None of the presented studies
uses the SOC change and the resulting energy consumption E per trip for classification.
However, this approach offers advantages by enabling a more precise distinction between
charging, reallocation, and round trips. Furthermore, it allows for identifying round
trips using each trip’s energy consumption and comparing it with the average energy
consumption of the one-way user trips. By filtering trips solely by distance, corresponding
round trips could be excluded.
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Table 2. Data cleaning and classification for different trip categories.

Outlier Detection Charging and Reallocation
Ainin dinax At Aty (4 d v Ay
[m] [km] [min] [h] [km/h] [km] [km/h] [min]
[12] <161 >805 - >24 - - - -
[52] - >32.2 <1 - - - - -
[13] - >80 - >12 >49.9 - - -
[14] <100 >50 <1 >24 >80.5 - - -
[18] - - - >2 >40.2 - - -
[15] <80 - - - - - >24.1 >120
[8] <100 - - - - - >24.1 >120
[17] <0 >40 <0 >8 >48.3 - - -
[16] <320 >16 <2 >1.5 >24.1 - - -
[9] <32 >16 <2 >1.5 >32.2 - - -
[23] - - <1 >2 <0 - - -
[24] <0 - <1 >2 <0 - - -

Subsequently, we elaborate on the selected parameters for data cleaning to present
our data processing transparently. First, we filter outliers, e.g., false starts, traveled dis-
tance and trip duration anomalies, unauthorized location adjustment, and GPS tracking
errors. Second, we label one-way trips, charging trips, reallocation trips, and round trips.
Following Figure 2, we filtered out all trips with a network distance greater than 25 km and
a detour factor outside the common range between 100 and 300 as outliers. By labeling our
trips, we distinguish between operator and user trips. A user trip is defined by an average
velocity of v < 20km/h and a total trip duration of A; < 180 min. We chose the velocity
threshold of 20km/h assured by law for e-scooters in Germany. For the identification
of one-way trips, we also excluded trips with a haversine distance below 100 m and an
atypically high energy consumption rate of E > —0.01 %/m. A haversine distance filter
accounts for GPS errors and inaccuracies as the network distance is insufficient for filtering
these. Obtained short distances in the haversine distance can result in significantly higher
network distances, which could be missed by the defined threshold. We use the energy
consumption rate threshold to distinguish one-way trips from round trips. In general, we
assume that effects on the energy consumption rate roughly balance out on average for all
trips. Possible factors that could affect the rate include topographic effects such as an uphill
or downhill trip, increasing or decreasing the rate accordingly. It is also likely that the
rate depends on the load of the e-scooter and thus the weight of the rider(s). In addition,
increased energy consumption can be caused by uncommon detours between the start and
endpoints. The resulting average of the energy consumption rate is Eayg = —0.004 %/m,
or a relative range of 250 m/ %, respectively. This is the mean of the stated ranges in the
operator’s app (20km) and the one stated for end-user sales of the e-scooters (30 km).
Therefore, we use Eavg as a reference. In our case, a significant above-average energy con-
sumption rate means that it is unlikely to be caused by one of the factors above. Since we
could not find a reference value in the literature, we apply a factor of 2.5 times the average
energy consumption E to identify round trips. Therefore, round trips are characterized
by an average energy consumption rate of E < —0.01%/m. Due to spatial proximity
between origin and destination, the round trips” average distance is short. However, in
reality, longer distances (derived from Agoc and E,yg) were covered on these trips than the
observed network distance suggests. Unlike one-way trips, we did not apply a minimum
distance filter to round trips because the energy consumption rate precludes distances
being caused by a GPS error. Rather, the energy consumption rate guarantees that the
e-scooter covered a distance. We decided to consider the round trips as a phenomenon of
user behavior and separate them from the one-way trips, since they distort the network
distances of the trips, and thus the speeds and energy consumption rates.

Since both one-way trips and round trips are conducted by users, we summarize them
as user trips. Of all trips recorded, user trips account for a share of 85%, while charging and
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reallocation trips account for the remaining 15%. Of all user trips, round trips account for
6.24%. According to our data analysis, the average Agoc is about —7% for one-way user
trips and —12% for round trips. The average trip duration matches these SOC changes.
The duration of one-way trips is on average 7 min and 17 min for round trips. The average
trip distance of one-way trips is about 1800 m. In contrast, round trips have an average
network distance of only 500 m. Lastly, we obtain an average detour factor for user trips of
132. The authors Cubukcu and Taha [65] determined a slightly higher mean detour factor
of 143 for Berlin. This deviation can be explained by the considered distances in their study,
which are significantly longer and therefore cause a higher average detour factor for Berlin.

Raw trip data

4,201,915

Y 100 < DF < 300
YV dy < 25km

VY v <20km/h

YV A <180 min Raw trips
1,250,975
User trips Operator trips

Yy >100m 1 1 Y dy > 500m :
| VE>-oot%/m Y ES00U%/m 1 V Asoc > 0% Y Asoc > 0% :
. | One-way trips Round trips : | Charging Reallocation | |
| 577,812 76,054 ! | 85,916 69,032 1

Figure 2. Trip filtering and categorization.

We separate charging and reallocation trips from user trips. These trips are performed
by the operator and distort the analysis of user trips in terms of trip number, distance,
change in SOC, and speed. If the SOC has increased during the trip, we label these as
charging trips. A time limit for identifying charging trips is unsuitable because the operator
can replace the discharged battery on the spot. Since e-scooters, based on our data, have an
average relative range of 250 m/ %, all trips with a trip distance dy of more than 500 m but
without a decrease in the SOC are labeled as reallocation trips. For some reallocations, a
charging process is performed at the same time.

4. Spatiotemporal E-Scooter Usage Patterns in Berlin

The recurring collection of e-scooter data by our system architecture gives an area-
wide picture of trips in the considered business area of Berlin. On this basis, we conduct
spatiotemporal analyses to provide a more detailed understanding of users” mobility
behavior. Figure 3 presents the spatial density of e-scooter trip destinations in Berlin over
the nine-month observation period.

Besides e-scooter trip destinations, the operator’s business area boundaries (red line)
and the operator’s warehouse locations (black triangles) are highlighted. It shows widely
distributed trip destinations throughout the city with multiple hotspots indicating highly
frequented locations. Sample hotspots are around Berlin Mitte, Tiergarten, Prenzlauer Berg,
Friedrichshain, Kreuzberg and Moabit. Comparing the distribution of hotspots in Berlin to
Austin or Minneapolis (e.g., [4,13]), Berlin shows a poly-centric pattern rather than a mono-
centric one. This is consistent with previous studies that attribute Berlin’s poly-centric
character to the diversity of land uses in urban neighborhoods and to the number of major
transportation hubs with multi-modal services (e.g., [68,69]). Despite prohibited zones,
the map indicates a significant proportion of rides that end in these areas. The density of
ended e-scooter trips in the observation period is 1354 trips per km? within the prohibited
areas. In the permitted business area, the density is 4648 trips per km?. The volume of trips
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ending within the prohibited zones is only about 30% of the volume of trips that end inside
of the remaining permitted business area. Therefore, it can be assumed that geofences have
a significant impact on the trips at these areas.

E-scooter trip destination
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Figure 3. Heatmap of e-scooter trip destinations with the business area (red line), respective geofences of prohibited areas
(orange), and providers” warehouses (black markers) in Berlin.

4.1. Temporal Analyses

The next step of our analyses encompasses the investigation of temporal usage pat-
terns. Applying our criteria from Section 3, we labeled non-user trips as charging and
reallocation by the operator. User trips were assigned to either one-way or round trips.
Figure 4a—d summarizes the temporal patterns of one-way, round, charging, and reallo-
cation trips divided into weekdays and weekends. In addition to the network distance,
we have plotted a distance derived from Agoc and Eayg (cf. Section 3). While our network
distance for one-way trips in Figure 4a is strongly related to the calculated distance, it
shows significant disproportion for the round trips in Figure 4b. In general, the four trip
types show different daily characteristics depending on weekdays and weekends in terms
of the average number of trips and distance. Most of the one-way and round trips occur
on weekend afternoons, and at about 6 p.m. on weekdays. During the weekend peak,
the trips with the longest average distance of about 2000 m were completed. Apart from
this, the average distance of one-way trips remains at a relatively constant level of about
1800 m. The most significant deviation occurs on weekends between 6 a.m. and 8 am.,
with average distances around 1200 m. In contrast, the distances at this time on weekdays
have a local maximum, with average distances of about 1700 m. It is noteworthy that the
round trips, apart from overall significantly higher distances derived from Agoc and Eayg,
also have a considerably larger peak-to-peak amplitude in the course of the distances of
about 800 m to 4000 m.

The numbers of one-way trips on weekends from midnight to 5 a.m. are significantly
higher than during that time on weekdays. These trips might be related to the city’s
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nightlife and indicate an entertainment purpose. There is also a local peak in the average
trip distances between 1 a.m. and 3 a.m. on weekdays. The reduced public transport
operation in Berlin from Monday to Friday between 1 a.m. and 4 a.m. might explain this
course. Additionally, Figure 4a shows a significant increase in one-way trips on weekdays
at commuting times from 7 a.m. to 9 a.m. and 5 p.m. to 7 p.m. These local peaks might
indicate proportionate commuting traffic. In addition, one-way trips on weekends do not
show the typical pattern of two local peaks at commuting times.
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Figure 4. Trip numbers and distances of (a) one-way trips, (b) round trips, (c) charging, and (d) reallocation.

While presented divergence of one-way and round trips in Figure 4a,b points to the
problem of recording round trips together with one-way trips, the plot thus also confirms
the rationality of labeling these. Due to the mentioned aspects in Section 3, the observed
round trips” average network distance is short. According to the trips’ energy consumption,
significantly longer distances were covered on these trips than on one-way trips. Examples
of round trip intentions can be pick-up trips, sightseeing, or testing the new mobility
concept, whereas commuting is not reasonable for round trips. Further, the peaks at
commuting times for one-way trips do not occur for round trips, which supports our
assumption that the peaks in Figure 4a are due to commuting, since the remaining pattern
is similar to one-way trips.

Compared to other studies, the temporal pattern of daily e-scooter trips in Indianapolis
by Mathew et al. [18] shows a similar course as Figure 4a. Temporal patterns for all days
of the week by McKenzie [15] also display a similar trend, but the demand peaks are
closer to midday. The global peak of e-scooter rides in Washington D.C occurs in the early
afternoon on the weekend. This result is in line with our analysis for Berlin. Noland [17]
measured the most trips on weekends for Louisville. However, no differentiation was
made between weekdays and weekends, which reduces the comparability. The temporal
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patterns of Younes et al. [16] and Zou et al. [9] are consistent with data analyses of the
previous studies.

Figure 4c,d visualize the characteristics of charging and reallocation trips by the e-
scooter operator. Due to high e-scooter utilization during the day, charging trips peak at
10 p.m. This trend occurs on both weekdays and weekends. The reallocation trips also
peak in the early morning from 7 a.m. to 9 a.m. The e-scooters’ range (roughly 25 km) with
average trip distances of about 1800 m allows for numerous trips before the e-scooters need
to be recharged. This daily recharging routine is carried out mainly in bundles of e-scooters
in the late evening combined with their reallocation. E-scooter traffic leaves high demand
locations underrepresented after the morning and afternoon peak hours, requiring two time
slots per day to reallocate scooters. The magnitude of average charging and reallocation
trip distances is volatile as the users’ behavior and e-scooter drop-off locations are difficult
for the operator to predict. Within the study of Agora Verkehrswende [70] which was
conducted in cooperation with the German association of cities and the German association
of towns and municipalities, the authors call on operators to shift to emission-free electric
vehicles for the maintenance and redistribution of e-scooters in the future. To reduce the
need for e-scooter redistribution, an alternative solution might be dynamic pricing models.
These create monetary incentives for riders to take scooters in areas of lower demand and
thereby enable a more efficient response to trip demand and a higher fleet utilization rate.

To further examine the fleet utilization of the e-scooter operator, we illustrate temporal
hotspots of the fleet usage in Figure 5. However, the temporal course follows a similar
pattern to the user trips in Figure 4. During weekdays, there are fewer night-time trips
and two local peaks throughout the day. From 6 a.m. to 9 a.m., there is a local peak from
Monday to Friday. The second peak occurs between 4 p.m. and 7 p.m. On weekends,
especially on Friday evenings and Saturdays with an upcoming free day (most businesses
are closed on Saturday and Sunday in Germany; most retail stores are also closed on Sunday
in Germany), the number of trips slightly increases throughout the day until around 3 p.m.
It then slightly decreases hourly until 2 a.m., to a minimum of about 1%. Remarkably, the
maximum share of e-scooter fleet utilization per hour accounts only for 10%.
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Figure 5. Heatmap of e-scooter fleet utilization rate in Berlin.

A maximum fleet usage rate of 10% by Berlin’s largest provider means that approx-
imately 300 e-scooters are on the road at peak times. The daily average of e-scooter
trips is approximately 2300 for the respective operator. Even if the daily trips of all five
Berlin providers are aggregated at the same usage rate, the generated trip volume is small
compared to pedestrian, bicycle, and car traffic in Berlin. A representative survey about
residents” mobility behavior shows that a Berlin resident takes an average of 3.5 trips
per day. With a population of about 3.6 million, this corresponds to a daily average of
about 12.6 million trips in total excluding tourists [71]. In 2017, 30% of trips in Berlin
were made on foot, 27% by public transport, 25% by motorized private transport, and 18%
by bicycle [72].
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4.2. Spatiotemporal Analyses

To conduct spatiotemporal analyses, we split the trip data based on land use of
origin and destination. Thereby, we can spatially aggregate information about possible
activities and users’ trip intentions. First, we gathered available OpenStreetMap (OSM)
land use data of five different area types using OSM Overpass API: Residential, Commercial,
Recreation, Public, and Public transport. More specifically, we query the OSM database
for data tagged with the attributes landuse = {residential, commercial, recreation}, and
public transport = platform. All remaining areas were considered as public areas. Typical
building types, spaces, the corresponding areas’ spatial sizes, and trip shares are listed in
Table 3. Then, we checked the trips’ origins and destinations for intersections with the
defined area types. Trips starting or ending in mixed area types have been omitted from
the analysis, as they account for only about 2% of all trip data. We subdivided the trip
distribution by land use into an aggregated hourly bar plot for weekdays and weekends
regarding origin and destination on the left in Figure 6. In our land use analysis, shared
e-scooter trip origins and destinations can be assigned to areas that are dominated by a
certain usage. Departures or arrivals in these areas are not necessarily associated with this
use. Nevertheless, causality can be assumed due to the large data point number in our
analysis (e.g., [8,13,15,18]).

Table 3. Land use statistics and e-scooter trip share for Berlin.

Area Size Trip Share [%] Typical Spaces and Building Types
[km?] [%] Orig. Dest.

Residential 3295 369 39 43 Residential buildings

Recreation 136 15.3 4 4 Parks, sport facilities, city forests

Commercial 66.4 7.4 11 12 Retail stores, shopping malls, industrial ar-
eas, offices

Public transport 19.6 2.2 22 20 Central station, tram station, train station,
subway station

Public area 340.3 38.2 24 21 Museums, hospitals, libraries, governmen-

tal offices, educational institutions

It is remarkable that around 8 a.m. on weekdays, there is an increase in destinations
in public transport areas. Simultaneously, the share of residential origins rises slightly. This
relationship could suggest that e-scooters function as part of commuter trips and improve
public transport connectivity. In contrast, public transport origins remain at a constant level
during weekdays and weekends. Furthermore, destinations in residential areas increase
steadily on weekdays starting in the afternoon. This development could result, among
other activities, from the return trips of commuters. In general, destinations in commercial
sites grow during the morning and peak at noon on weekdays. This could indicate for
occasional purchases and work paths made with e-scooters. Regarding destinations in
public areas on weekends, there is a considerable increase during the morning, and this
trend builds to a high plateau during the afternoon. Additionally, the origins in public areas
take a similar pattern to the destinations. According to our spatial categories classification,
recreational areas take up only a small share of all trips on both weekdays and weekends.
Nevertheless, a higher proportion of trips to and from these areas is observed on weekends.

However, the bar plot does not represent the trip number between the considered
land use types. To visualize the relationship between these land use types, we created a
chord diagram, shown on the right side of Figure 6. The arrows represent the trips between
different land use types. The width of the arrows indicates how many trips have occurred.
Each arrow’s color corresponds to the origins’ land use type. The partitioning of the outer
ring represents the number of trips that start and end in the respective area. Compared to
Table 3, the partitions of the outer circle do not correspond to the actual area sizes. With
only a share of 2.2% of total area, the proportion of about 20% of all trips directed to the
public transport network and 22% that start there is relatively large. The largest share of
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trips with 39% starts in residential areas. Also, 43% of the trips end in residential areas,
accounting for the largest share of trip destinations. Despite its largest share in terms of
space (38%), public areas account for only 24% of trip origins and 21% of trip destinations.
Moreover, it is remarkable that the highest difference between incoming and outgoing trips
occurs with 4 % in residential areas.
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Figure 6. Temporal land use distribution of trip origins and destinations (left) and the corresponding connection in a chord

diagram (right).

After using the temporal bar plot and the chord diagram to couple temporal patterns
with spatial trip patterns, we want to extend the spatial analysis to a more granular level.
As mentioned in Section 2, spatially fine-resolved clusters of origin and destination can be
used to identify highly frequented routes between hotspots. It can also facilitate identifying
bottlenecks and underrepresented areas in the public transport network or determine the
need to expand transport routes. Highly frequented clusters can indicate the necessity of
connections to be improved to the public transport network. Furthermore, abnormally low
average speeds between clusters can serve as an indicator of congested traffic routes. It can
also facilitate an understanding of location-specific or POlI-related temporal usage patterns.

As presented in Section 2, a typical procedure for clustering is the segmentation of
a considered area into uniform quadrants. However, this approach neglects the actual
arrangement and density of the objects, and the built environment. Spatially asymmetrical
arrangements in the urban built environment are common in most European cities. Due to
its basic suitability for non-linearly separable clusters, density-based algorithms such as
DBSCAN, or OPTICS are appropriate for these urban contexts and also generally intended
for geodata (e.g., [73,74]). Since we assume an unknown number of origin and destination
clusters and an uncertain degree of distribution of trips due to arbitrary ones, DBSCAN can
be superior to commonly used algorithms, e.g., the K-Means algorithm, for our extended
spatial analysis (e.g., [73,75]). DBSCAN can filter out insignificant noise and thereby
enables focusing on core areas. Moreover, it is not necessary to predefine the cluster
number. However, when using DBSCAN, the optimal combination of minimum points
inside a cluster and maximum distance parameters is not an intuitive task to reach optimal
cluster stability.
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An advanced method to DBSCAN is the utilization of HDBSCAN as a hierarchical
cluster algorithm. It addresses the problem of detecting meaningful clusters in varying
density data [76]. Therefore, a hierarchical cluster algorithm aims to achieve the finest
possible resolution of the clusters without having too many of them break down into smaller
clusters. This difficulty arises locally, especially in very heterogeneous arrangements due to
the built environment and individual user behavior. For example, it is necessary to identify
clusters in wider built environments, as well as in the case of narrow and very dense
arrangements. On the one hand, a large junction can cause high distances between the
e-scooters on the sidewalks, which can nevertheless be assigned to a specific location. On
the other hand, very dense arrangements in more frequented urban areas can occur because
of multiple POlIs. To tackle this, we use HDBSCAN to maximize the overall stability of the
composed clusters by optimizing all possible DBSCAN solutions given a value of minimum
points inside a cluster. This results in hierarchical clustering, instead of a ‘flat’ one as in
the case of DBSCAN. HDBSCAN thereby enables us to identify clusters in different types
of urban structures by individual density levels. Since HDBSCAN optimizes the density
level of the clusters globally to achieve a stable cluster arrangement, only one parameter
is necessary for the cluster analysis. As an input parameter for HDBSCAN, we need to
define a necessary daily average of trips over the observation period to form a cluster. We
defined a threshold of an average of two trips that need to start or end at a location per day
and assume an average below this threshold to be noise. Therefore, the minimum number
of points necessary to form a cluster is 546, which corresponds to our observation period
of 273 days. This means that at least a number of 546 scooter departures, or arrivals (or
2 per day for the 273 day observation period) must be concentrated at a location to form
a cluster. The density within which the 546 e-scooters must be located is optimized by
HDBSCAN [76]. This assumption can be interpreted in such a way that we suppose that on
average one departure, or arrival per day may be coincidental. From an average number of
two arrivals or departures per day, we assume a pattern.

Figure 7 visualizes the computed clusters and surrounding noise (gray dots). The
analysis of 577,812 one-way user trips resulted in 206 trip origin clusters (circles) and
194 trip destination clusters (triangles). Varying colors are used to distinguish the clusters.
46.4% of all trips start within the origin clusters, and the rest are considered as noise.
Regarding destinations, 44.6% of all trips end within a cluster, the rest are classified as
noise. 22.2% of all trips are inter-cluster routes, starting and ending within clusters. Using
HDBSCAN results in a dispersed arrangement of clusters throughout Berlin. Most clusters
are sufficiently granular to assign them directly to a POI as the clusters match the city’s built
environment, and in several cases, take on the asymmetric shape of the corresponding built
environment (see zoomed clusters in Figure 7). Due to the sharing systems’ free-floating
character, many trips start at locations where others previously ended. As a consequence,
departure and arrival clusters largely coincide. Apart from this, origin- or destination-only
clusters also exist. Since the corresponding e-scooter trips are insufficient to disperse these
accumulations, the operator has to reallocate the e-scooters at these locations.

Figure 8 visualizes the average trip speeds per destination cluster. The left side shows
the average trip velocities to the clusters and serves as a legend for the cluster visualization
on the right. 55% of all clusters indicate average trip velocities between 8 and 10 km/h.
About 10% of the clusters have rather low average velocities of 6 to 8km/h, and 35%
have rather high average velocities of 10 to 11.5km/h. Similar to our analysis, the results
of Almannaa et al. [12] indicate average e-scooter trip speeds between 8 to 10 km/h for
two temporal clusters of weekends and weekdays. However, as more location specific
clusters are identified within our spatial analysis, we have found a wider range of average
velocities from 6 to 11.6 km/h. The average trip speed to a cluster can serve as an indicator
for the clusters’ integration to the transport network or how frequented the corresponding
routes to these clusters are.
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Figure 7. Cluster analysis with the HDBSCAN algorithm, separated by origins and destinations.

In our analysis, velocity deviations cannot be caused by round trips, according to
our definition. Since we included only one-way trips in the cluster analysis, significant
detours are excluded from trip data. However, average trip velocities are calculated
based on the shortest path between trip origin and destination and in reality, drivers do
not necessarily take this optimal route. Drivers might stop temporarily within a trip or
vary from the shortest path, causing our analysis to be biased towards lower average
speeds. Still, the calculated velocities are significantly lower at central highly-frequented
clusters than at clusters off these areas. In central areas of high (pedestrian) traffic, such as
Alexanderplatz, Brandenburg Gate, or Unter den Linden, the calculated average speeds are at
about 6 km/h. Compared to the e-scooters’ potential in clusters with average speeds of
about 11 km/h, the use in congested areas can be questioned. Here, urban planning should
conduct measures to weigh-up benefits of e-scooter usage against its associated problems,
such as parking violations, congested bike lanes, and potential accidents with pedestrians
(e.g., [47,48]). The introduction of geofences for no-parking and low-speed zones is a
short-term way to regulate e-scooter use [40]. Our results show that geofences could
significantly reduce e-scooter usage in these areas. Nevertheless, we see noticeable trip
volume in corresponding prohibited zones (see Figure 3). Lusk et al. [77] and Marqués and
Hernéndez-Herrador [78] show that a segregated bicycle network increases the trip number
and further reduces the number of bicycle-related accidents on these routes. By adapting
these findings to e-scooter usage, separating bicycle and e-scooter network from motorized
traffic could reduce detours, increase average speeds, and mitigate conflict situations with
other traffic participants. Overall, this separation could lead to increased attractiveness and
e-scooter user numbers. The spatial allocation of traffic and parking space is currently being
discussed in the course of emerging micro-mobility concepts. Some studies criticize that
the spatial allocation deviates considerably from the modal split (e.g., [37,70,79]). Although
bicycle trips accounted for 15% of total trips, cyclists were only allocated a 3% share of
traffic space in Berlin in 2014. In contrast, motor vehicles were allocated a share of 39% [80].
Following Gossling [41], Laa and Leth [37], and Nello-Deakin [79], we endorse that urban
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planning should address this disproportion. These authors suggest providing more space
for micro-mobility infrastructure. This should include developing both designated parking
areas and a street network for micro-mobility. In areas of shared use with motorized traffic,
consideration should be given to limiting speed levels towards bicyclists” and e-scooters’
maximum speeds. Our cluster analysis identifies areas with high e-scooter trip frequency
and allowed for differentiation based on temporal patterns and average velocities. It could
guide the implementation of appropriate location-specific measures and can be utilized for
their prioritization.

Cluster

[ e-scooter business area ® Berlin S-Bahn station —— S-Bahn train lines e

Figure 8. Average velocities of destination clusters in Berlin.

Regarding public transport, the algorithm forms clusters at almost all stations of
the Berlin S-Bahn line Ringbahn, a ring-shaped local train line on the city’s outskirts (see
Figure 8). Clusters located at these stations suggest a direct connection between the trips
and the public transport connections, as some stations are isolated from other activities
and areas (e.g., S Jungfernheide, S BeusselstrafSe, S Westhafen, Berlin Siidkreuz). Most clusters
at stations of the Ringbahn have an above-average speed. Additionally, some clusters at
more central transportation nodes have high above-average speeds, such as the north
exit of Berlin Hauptbahnhof with about 11km/h. This observation suggests that these
locations are well-connected to the road and bicycle network or that corresponding routes
have a comparatively low traffic load. Deepening the understanding of clusters and their
characteristics, we depicted several clusters and categorized them based on the type of
nearest POI into sight-, public transport-, and commercial-related clusters. Sights are
popular landmarks and tourist attractions, while public transport nodes are main train
stations and Berlin S5-Bahn stations. Commercial-related places are shopping malls or
shopping miles. Thereby, we can foster our statements about e-scooter usage at these
locations and make reasonable suggestions about users’ travel behavior. We visually
examined the individual cluster categories for similarity in temporal usage patterns in
Figure 9. With this, we found similar temporal patterns within the categories. We depicted
the day’s temporal course of an average weekday, Saturday, and Sunday. In addition to
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three specific examples per category, we have supplemented a cumulative plot that includes
five POIs per category. For this plot, the three shown examples and two additional clusters
from the corresponding category were summarized to smooth out individual outliers and
distinctly highlight each category’s characteristics.
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Figure 9. E-Scooter trips originated and destinated from different POlIs, categorized by (1) public transport, (2) sights, and

(3) commercial areas.

Overall, there are differences in the temporal pattern within the categories depending
on the week’s day. Weekdays show clear peaks of trips that start or end at public transport
stations at typical commuting times. These peaks are not observed on weekends. It further
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supports the hypothesis that e-scooters are used for intermodal commuting trips at these
times. In addition, these peaks are not seen in the Sights and Commercial POI categories.
Further, trip frequency to and from the public transport stations considered is quite evenly
distributed across all days of the week. At sights, trip frequency takes a bell curve on all
days of the week with the maximum during midday. In contrast to an average weekday,
significantly more trips are registered on Saturdays and Sundays. For the commercial areas,
the overall trend is similar to the sights. However, the peak shifts slightly to the afternoon.
Additionally, there is a significant difference on weekends. Due to the usual day of rest on
Sundays in Germany, the frequency of trips is significantly lower than on weekdays and is
exceptionally lower than on Saturdays, when most trips occur.

We performed a cosine similarity analysis for all combinations of our selected clusters
to test our cluster categories’ similarity using a statistical measure that reflects two non-zero
vectors’ similarity. The metric measures the cosine angle of two inner product vectors,
generating a similarity measure for each pair of temporal activity signatures. The resulting
measure yields numerical values between 0 (most dissimilar) and 1 (most similar) for each
of our cluster pairs, given only positive time series values. To create a vector for each
cluster, we concatenated the time series values of origins and destinations for all average
weekday, Saturday, and Sunday (see Figure 9). The cosine similarity values are shown in
Table 4.

Table 4. Cosine similarity analysis of selected POls.

Alexa Centre
Potsdamer Platz
Kurfiirstendamm
Central Station
Ostkreuz
Gesundbrunnen

Checkpoint Charly
Museum Island
Victory Column

0.916 1 0921 0.944
0917 0.921 1 0.947
0.899 0.938 0.944 0.947 1
1 0911 0.966
0.911 1 0.902
0.966 0.902 1

®
©
a1

Central Station
Ostkreuz

Gesundbrunnen

Alexa Centre
Potsdamer Platz
Kurfiirstendamm | 0.900
Checkpoint Charly = 1 0.899 0.937
Museum Island 0.899 1 0.920
Victory Column 0937 0920 1

lower similarity _ 1  higher similarity.

All clusters, apart from Checkpoint Charly and Kurfiirstendamm, have the highest cosine
similarity values with clusters of their corresponding category. Thereby, they reach almost
consistently a similarity value above 0.90 within the categories. This result indicates
that the categories can be sufficiently distinguished from each other, with the public
transport category achieving the highest similarity values. However, the cluster Checkpoint
Charly has a slightly higher correspondence with Kurfiirstendamm than with Museum Island,
measured by cosine similarity values. In addition, Kurfiirstendamm has a higher similarity
with the Gesundbrunnen cluster than with the Potsdammer Platz cluster from its assigned
category. The slight deviations from the assigned category may be explained by assigning
our clusters to the nearest POI. Nevertheless, a distinct assignment is not feasible for
all POIs because of mixed-use at specific locations. Besides many retail stores at the
Kurfiirstendamm, it is a place where many people go to their workplaces and use one of
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the subway stations to commute to work. The mixed-use could explain the tendency to
the higher similarity of Kurfiirstendamm to the public transport category. Furthermore,
Checkpoint Charly is located in the middle of a shopping mile, which could explain the high
similarity to Kurfiirstendamm. In summary, cosine similarity analysis could complement
visual classifications to distinguish POIs more precisely.

5. Limitations

Related to biases mentioned by McKenzie [15], our study does not provide informa-
tion about the e-scooter ridership demographics in Berlin. Although Figure 3 indicates
widespread coverage in Berlin, it is challenging to draw clear conclusions about which
strata of the population primarily uses e-scooters. Thus, transport equity questions were
not addressed in this study.

The investigated data set is largely based on a five-minute temporal resolution, which
reveals weaknesses, especially for trips of short distances that have a duration of less than
five minutes. First, the duration of such trips cannot be clearly determined. Second, no
reliable conclusions can be made about the average speed. To mitigate this shortcoming,
we analyzed a one-minute data set over one month for the average velocities (cf. Section 3).

Regarding spatial analysis of land use types, we selected five different land use types
from OSM. In certain areas, these types overlap which results in an assignment of areas
to multiple land uses. As mentioned in Section 4.2, we omitted trips that originated or
arrived in areas of multiple land use types. Although these non-analyzed trips account for
only 2% of all trips, they still represent a limitation of our land use analysis.

Through our investigations, we infer travel intentions from temporal, spatial, and
mixed patterns in mobility data, and while some conclusions may seem intuitive, none
of these should be taken as evident. Further studies are indispensable in examining and
substantiating extensive data analyses with qualitative methods such as user surveys.

Despite the advantages of spatial clustering, some clusters could not be assigned to
a single POL In these cases, the results can be biased by multiple activities, impeding
the identification of distinct patterns, as the activities can not sufficiently be segregated
from each other. A resulting implication for future research to address this issue is to
incorporate the temporal dimension in the process of clustering. This should include a
three-dimensional input for the clustering algorithm with the trips’ start or end times.
For instance, at a large public transport station with shopping facilities, spatiotemporal
clusters could foster the distinction between the shopping and transportation activities of
e-scooter riders.

The results of the HDBSCAN are sensitive to the input parameters for the cluster
formation. We argue that the definition of these parameters is application-specific and
that we selected an appropriate threshold for our investigations. Nevertheless, we cannot
guarantee that it is the most efficient selection. The focus of the clustering was to generate
POl-specific results that required the exclusion of noise. In this way, the proportion of
trips that we could not directly assign to a specific POI is substantial at about 55%. As
these excluded trips also describe the e-scooter user behavior, a prioritization shift in the
clustering in further research might need to be reconsidered.

6. Conclusions

Shared e-scooters have become widespread in US and European cities over the past
three and a half years. E-scooter use has been investigated to date in mostly American
cities based on provider data. In this study, we examined how e-scooters are used in space
and time in Berlin (RQ1) and how cluster and land use type analyses can contribute to an
improved understanding of e-scooter usage (RQ2).

In addition to removing outliers, the applied filters allow precise segregation between
user, reallocation, and charging trips. This enabled a differentiated view of the temporal
trip patterns. We identified round trips by filtering the energy consumption rate and
approximated their distance. The fleet utilization rate is at a maximum of 10% and is
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reached on Saturday afternoons. Our results indicate a wide coverage of the urban area of
Berlin. In contrast to often mono-centric patterns, Berlin shows a poly-centric arrangement.
E-scooters are also parked or activated for a ride in zones restricted by geofences. Still,
considering our data from the largest operator in Berlin, we can highlight the efficacy of
geofences. They reduce the e-scooter parking in prohibited zones by almost 70%.

Using spatiotemporal analysis to address RQ2, we examined the trip numbers between
five different land use types. With this, we identified commuter trips to public transport in
the morning and afternoon on weekdays and increased ridership activity in public areas
on weekends. By applying HDBSCAN, we discovered spatially more fine-resolved clusters
compared to grid-based approaches. Based on 577,812 one-way trips, 206 origin and
194 destination clusters were identified. We analyzed the destination clusters for average
velocities and used them to identify congested clusters and clusters that can be accessed
more quickly. According to our results, average velocities in areas close to the city center
are significantly lower than in the outskirts. We enhanced the analysis by categorizing
specific POIs, highlight the temporal user patterns of public transport, commercial areas,
and sights, and further underpin the derived statements by a cosine similarity analysis to
complement and evaluate our classification. This demonstrates POI-specific e-scooter travel
behavior and allows more specific conclusions about the use intention. These analyses
of shared e-scooters in Berlin offer several indicators to improve the understanding of
spatiotemporal usage. It could guide the implementation of appropriate location-specific
measures and can be utilized for their prioritization. Based on our findings, we recommend
location-specific analysis of usage patterns in practice and research, enabling more effective
design of regulatory measures by authorities, as usage patterns at different POIs differ
significantly. Further, a better understanding of POI-specific usage would allow operators
to adapt fleet management more adequately to the demand. By directly categorizing usage
patterns at specific POIs, operators can reduce the mass of unused e-scooters. A suitable
method for POI assignment can be density-based clustering algorithms with noise. For
filtering or labeling of e-scooter trips, we recommend the use of energy consumption filters
if applicable. This leads to a more precise trip classification and allows the identification of
round trips in the data. To support future research directions, we propose the following
enhancements. Especially evidence from our study on the combined use of e-scooters in
combination with public transport justifies the analysis of incentive effects of e-scooters on
public transport. Research should emphasize the complementary function of e-scooters
and the question of whether commuters are more likely to abstain from using a car as
e-scooters cover the first or last mile in public transport. The observed differences in
calculated average velocities across urban area suggest future research investigating related
infrastructural conditions in the built environment. Thereby, structural dependencies that
cause correlated congestion patterns of e-scooter usage in urban road networks can be
revealed. Our results show a significant effect of geo-fenced restricted zones on e-scooter
usage behavior. In addition, our results suggest a shared use of pedestrian and bicycle paths
with e-scooters. In this context, we concur with the recommendations of some authors
and encourage a reconsideration of traffic space allocation in light of the disproportionate
spatial share relative to the modal split. Regarding the identified temporal patterns of
e-scooter usage for different POI categories, a representative user survey can substantiate
these data-driven inferences. Further, growing availability of data sources like traffic
accident data (e.g., [81]) enables the integration of more extensive indicators to sharpen
practical implications that can enhance safety in urban traffic.
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