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Abstract: We present and validate the image analysis algorithm µ-scope to capture personal mobility
devices’ (PMDs) movement characteristics and extract their movement dynamics even when they
interact with each other and with pedestrians. Experimental data were used for validation of the
proposed algorithm. Data were collected through a large-scale, semicontrolled, real-track experiment
at the University of Patras campus. Participants (N = 112) included pedestrians, cyclists, and e-
scooter drivers. The experiment was video recorded, and µ-scope was used for trajectory extraction.
Some of the participants had installed, beforehand, the Phyphox application in their smartphones.
Phyphox accurately measures x-y-z acceleration rates and was used, in our case, as the baseline
measurement (i.e., “ground truth”). Statistical comparison between Phyphox and camera-based
measurements shows very low difference in most cases. High pedestrian densities were the only case
where relatively high root mean square errors were registered. The proposed algorithm can be thus
considered capable of producing reliable speed and acceleration estimates. Low-quality conventional
smartphone cameras were used in this experiment. As a result, the proposed method can be easily
applied to all urban contexts under normal traffic conditions, but eventually not in the case of special
or emergency events generating very high pedestrian densities.

Keywords: e-scooters; image analysis; µ-scope; Phyphox; experiment; trajectories; detection; camera;
acceleration; trajectories

1. Introduction

Personal mobility devices (PMDs) are an alternative and sustainable urban mobility
mode which enjoy increasing popularity. As the number of PMD users increases, urban
transportation systems become more complex and safety concerns arise [1]. E-scooters are
among the most popular PMDs [2]. The growing popularity of e-scooters has attracted
significant research interest. The focal topics include mode displacement [3,4] and general
mobility patterns [5–7], health and environmental impact [6,8], and safety [9]. The analysis
of spatiotemporal usage data and surveys among users are the main methods used by re-
searchers. The spatiotemporal data are obtained through the integrated Global Positioning
System (GPS) devices which are typically installed on shared e-scooter vehicles [10–21],
geofence [22] or social media posts [23]. Most of these studies, which were mainly con-
ducted in the United States [10–19,23], but also in Europe [20–22], found that e-scooters
are mostly used on the weekends and in afternoons. Surveys have also been frequently
used to identify the users’ attitudes and perceptions. Mobility behavior [24–31], risk-taking
activities while riding [32] and use of infrastructure by riders [33] are topics which were
studied with surveys, revealing that e-scooters are popular among young, male users, who
are more inclined to risk-taking.

Despite the recent research focus on e-scooters, several knowledge gaps remain to be
addressed [34]. In particular, the microscopic traffic characteristics and general PMD move-
ment dynamics are not sufficiently explored. The Social Force Model (SFM) was proposed
to model the dynamic behavior of Segways and their interactions with pedestrians [35].
Valero et al. (2020) also calibrated SFM parameters for the case of e-scooters based on a
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database obtained through image processing [36]. However, the SFM is not scalable to
larger contexts while several typical traffic parameters, such as intervehicular distance,
time gap, time-to-collision etc., remain unknown. Those parameters are yet important
for the integration of e-scooters in traffic models, socioeconomic evaluation of new micro-
mobility infrastructure and risk assessment, among others. Furthermore, e-scooter traffic
is not homogeneous, as PMDs may share road space with cars, motorcycles, bicycles, or
even pedestrians. The analysis of e-scooter interaction with other road users in various
types of infrastructure is of particular importance, as the willingness to use an e-scooter is
found to depend on the type of infrastructure [37]. Infrastructure was found to be a major
deterrent for the use of e-scooters among nonusers [38]. The coexistence of pedestrians and
cyclists in shared spaces has been found to be not harmonious, due to their different traffic
characteristics such as speed and maneuverability [39].

A major barrier to microscopic e-scooter analysis is the absence of relevant data
and tools as car detection devices (cameras, radars, etc.) and data treatment software
tools are not suitable for PMD detection and analysis. As a result, researchers often turn
to experiments and ad hoc measurement devices. For example, virtual reality enabled
pedestrian-e-scooter interaction (face-to-face interaction and overtaking) at different speed
regimes in [40]. The highest speed regime was considered to be the most unsafe by all
participants, regardless of the role which was assigned to them (i.e., pedestrian or e-scooter
rider). Another experiment revealed the sensitivity of the pedestrians to being face-to-face
with a PMD through the conduction of a controlled experiment [41]. The trajectory dataset
allowed the calibration of a social force-based model, which estimates a safety index. With
a field eye tracker experiment in Poland, it was found that e-scooter riders observe the road
ahead more as compared to pedestrians, who, on the other hand, look more frequently at
the sides [42]. Unmanned Aerial Vehicles have also been used to capture the interactions of
pedestrians and PMDs users. The results indicate that the use of nonbicycle PMDs increases
the likelihood for a PMD user to be involved in a near-miss collision [43]. Lidar, Inertial
Measurement Unit and potentiometers have been used in field trials to measure braking
and steering performance indicators [44].

This paper presents and assesses a novel software tool for image analysis, µ-scope, that
only requires regular low-quality camera recordings (e.g., smartphone camera), but is capa-
ble of detecting and analyzing e-scooter movement. The validation of the µ-scope algorithm
is achieved through a real-track, semicontrolled experimental set and comparison of data to
a well-established accelerometer smartphone application, i.e., Phyphox, that is considered
as the ground-truth measurement. The experiment took place in the University of Patras
campus, Greece, and involved over 100 participants acting either as cyclists, pedestrians
or e-scooter riders. The accuracy of the algorithm was challenged at different contexts:
varying traffic densities, infrastructure (cycling paths or lanes, etc.) and user behaviors
(distraction, etc.). Accuracy was measured using the standard deviation of the residuals,
known as Root Mean Squared Error (RMSE). The results are promising and show the field
of relevance of µ-scope and indicate future research directions for further improvement.
The added value of this research is thus twofold. First and foremost, it lays the groundwork
for low-cost and reliable sensing of PMDs in urban contexts empowering public authorities
with important data and paving the way for future microscopic traffic and safety analyses.
Second, trajectory and acceleration data obtained through the experiment allow one to gain
new insights into e-scooter dynamics and interactions with other road users.

The remainder of this paper is organized as follows: Section 2 presents the experimen-
tal set-up, the image analysis algorithm µ-scope, Phyphox application and the validation
methodology. Section 3 presents validation results for various scenarios. Section 4 presents
the discussion and conclusions as well as suggestions for future work.
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2. Materials and Methods
2.1. Experimental Set-Up

The experiment took place in October 2021 at the parking lot of the Department of
Civil Engineering of the University of Patras. It is thus a real-track environment that lasted
approximately 75 min. The area context of the field of the experiment is presented in
Figure 1a. The dimensions of the parking lot are displayed in Figure 1b. This selected area
is a straight road section, suitable for the observation and video recording of interactions
between e-scooters, bicycles and pedestrians. It is also a flat road section, preventing any
effects on the acceleration of the e-scooters from the ground gradient. For the purposes of
the experiment and for the safety of participants, normal car traffic was prohibited during
the experiment. General instructions were given to participants in the beginning of the
experiment, and they were free to move around the track as they wished afterwards. In that
sense, the experiment was semicontrolled, as ‘external’ traffic was controlled while ‘internal’
traffic was not.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 22 
 

The remainder of this paper is organized as follows: Section 2 presents the 
experimental set-up, the image analysis algorithm μ-scope, Phyphox application and the 
validation methodology. Section 3 presents validation results for various scenarios. 
Section 4 presents the discussion and conclusions as well as suggestions for future work. 

2. Materials and Methods 
2.1. Experimental Set-Up 

The experiment took place in October 2021 at the parking lot of the Department of 
Civil Engineering of the University of Patras. It is thus a real-track environment that lasted 
approximately 75 min. The area context of the field of the experiment is presented in 
Figure 1a. The dimensions of the parking lot are displayed in Figure 1b. This selected area 
is a straight road section, suitable for the observation and video recording of interactions 
between e- scooters, bicycles and pedestrians. It is also a flat road section, preventing any 
effects on the acceleration of the e-scooters from the ground gradient. For the purposes of 
the experiment and for the safety of participants, normal car traffic was prohibited during 
the experiment. General instructions were given to participants in the beginning of the 
experiment, and they were free to move around the track as they wished afterwards. In 
that sense, the experiment was semicontrolled, as ‘external’ traffic was controlled while 
‘internal’ traffic was not. 

  

(a) (b) 

Figure 1. (a) Area context of the field of the experiment and (b) top view and dimensions of the field 
of the experiment. 

2.1.1. E-Scooter and Smartphone Characteristics 
Two types of e-scooters were used for the experiment: Fiat 500 and Xiaomi 8ΤΕV 

Micro. In total, six e-scooters were used, while three participants had installed the 
Phyphox application. The Phyphox application uses the sensors of the mobile phone to 
estimate the acceleration rates [45]. It is a robust tool that has been used in previous 
research [46]. Table 1 presents the characteristics of the two e-scooter models. Table 2 
presents the characteristics of the smartphones and accelerometers of equipped riders. 

  

Figure 1. (a) Area context of the field of the experiment and (b) top view and dimensions of the field
of the experiment.

2.1.1. E-Scooter and Smartphone Characteristics

Two types of e-scooters were used for the experiment: Fiat 500 and Xiaomi 8TEV
Micro. In total, six e-scooters were used, while three participants had installed the Phyphox
application. The Phyphox application uses the sensors of the mobile phone to estimate the
acceleration rates [45]. It is a robust tool that has been used in previous research [46]. Table 1
presents the characteristics of the two e-scooter models. Table 2 presents the characteristics
of the smartphones and accelerometers of equipped riders.

Table 1. E-scooter model characteristics.

Model

Characteristic Xiaomi Fiat F500-F85K

Maximum speed (km/h) 18 20
Wheel Diameter 8.5” 8.5”
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Table 1. Cont.

Model

Characteristic Xiaomi Fiat F500-F85K

Weight (kg) 12 14
Engine Power 250 W 350 W

Maximum Range (km) 20 24.9
Maximum user weight (kg) 100 120

Cruise Control Yes Yes

Table 2. Smartphone and accelerometer characteristics.

Vehicle 1st 2nd 3rd

Device model SM-A515F Mi Note 10 Lite Redmi Note 9
Device brand Samsung Xiaomi Redmi
Device board exynos9611 toco joyeuse
Device manufacturer Samsung Xiaomi Xiaomi

Accelerometer range 78.4532 78.45318 78.45318
Accelerometer analysis 0.0023942 0.002392823 0.002392823
Accelerometer MinDelay 2000 2404 2404
Accelerometer MaxDelay 160,000 1,000,000 1,000,000
Accelerometer Power 0.15 0.17 0.15
Accelerometer version 15,932 142,338 140,549

Range of linear acceleration 78.4532 156.98999 156.98999
Linear acceleration Analysis 0.0023942 0.01 0.01
MinDelay linear acceleration 10,000 5000 5000
MaxDelay linear acceleration 0 200,000 200,000
Linear acceleration Power 1.9 0.515 0.515
Linear acceleration Version 1 1 1

2.1.2. Experimental Scenarios

The design of the experimental scenarios is built varying several mobility and infras-
tructure parameters. The considered parameters include road width, e-scooter user being
distracted, e-scooter’s direction of movement, pedestrian’s direction of movement, pedes-
trian crowding and existence of a crossing point for pedestrians. Road width is decided
according to minimum values set by the Greek regulations (ΦEK B 1053-14.04.2016) for
soft mobility infrastructure. It takes up three values (1.5 m for cycle lanes, 2.5 m for cycle
tracks and 3.5 m for pedestrianized roads). Distraction refers to whether e-scooter users
were distracted by listening to music. The direction of movement of e-scooters and bicycles
can be either clockwise (CW) or counter-clockwise (CCW). The crowd of pedestrians is
ranked from very low to very high. The existence of a crossing point for pedestrians is a
Boolean variable indicating the operation of a crosswalk. The experimental scenarios are
summarized in Table 3.

Table 3. Experimental scenarios.

Scenarios

S1 S2 S3 S4 S5 S6 S7 S8 S9

Width (m) 1.5 1.5 1.5 1.5 2.5 2.5 2.5 2.5 3.5
Distraction No Yes No Yes No Yes No Yes No

E-scooter Direction CW CW CCW CCW CW CW CCW CCW CW
Bicycle Direction CCW CCW CW CW CCW CCW CW CW CCW
Pedestrian crowd High High Very high High Average Average Low Very Low

Pedestrian crossing point Yes Yes Yes Yes Yes Yes Yes Yes No
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2.2. Image Analysis Software (µ-Scope)

Gathering data from video sources is important to achieve surrogate safety indicators
for pedestrian movement [47,48]. Eye-tracking experiments have been used to assess
the impact of intersection typology and use of smartphone on pedestrian behavior [49].
Building upon past work [36], we validate the image analysis algorithm µ-scope in different
contexts. The algorithm is capable of automatically obtaining real trajectories of pedestrians,
bicycles, PMDs and vehicles from videos through image processing techniques. In order to
obtain trajectories with µ-scope, preprocessing is required and explained below.

2.2.1. Preprocessing

Step N◦1: Create background from video.
In this step, a random frame is obtained from the video (Figure 2). This frame is used

to determine the points corresponding to a real-world x-y coordinate system.
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Step N◦2: Definition of analysis area.
This step consists of indicating the area from which the trajectories are to be obtained,

i.e., a mask is defined that defines the analysis area (Figure 3).
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Step N◦3: Camera calibration.
The T-Analysis software [50] and, specifically, the T-Calibration module is used to

calibrate the trajectories extracted from video recording. The trajectory calibration method-
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ology [51] requires one to define reference points in the camera view and provide real-world
coordinates (Figure 4).
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2.2.2. Processing: Trajectory Extraction

The automated extraction of trajectories consists of three steps: (1) object detection,
which is represented by a frame border, (2) object tracking and (3) trajectory extraction with
real-world coordinates.

Trajectory extraction in our work is based on YOLO v5 (You Only Look Once) [52]
for object detection and classification. YOLO models are able to detect objects with high
accuracy, can be used in real-time and are based on convolutional neural networks (CNN).
YOLO uses a single neural network to process the whole image. Then, the image is divided
into equal parts and, in each of these parts, an object probability is calculated. Then, a
nonmaximum suppression is performed to ensure that the object detection is not repeated.
In our work, we used the pretrained model YOLOv5m. This model is able to detect and
classify cars, bicycles, pedestrians, buses and trucks; however, it is not able to identify a
bicycle and its rider as a single object nor an e-scooter and its rider as a single object. That
is why additional algorithms were developed to detect the bicycle and its rider as a single
object and similarly for e-scooters. An algorithm based on acceleration classification was
also developed to differentiate a bicycle from an e-scooter.

For the object tracking process, i.e., to associate a bounding box (Figure 5) detected
in one frame of the video with another bounding box in another frame of the video, deep
SORT (Simple Online and Real-time Tracking) [53] was used. Deep SORT is an algorithm
that has shown remarkable results in the Multiple Object Tracking (MOT) problem. The
right part of Figure 5 presents the tracked object and its respective bounding box of a
specific time frame. At each bounding box there is a fixed point whose location is tracked.
The left part of Figure 5 shows a series of the object’s bounding boxes and the respective
red dots, whose consecutive order produces the object’s trajectory. Figure 6 presents the
trajectory of each e-scooter with different color.

Finally, based on the tcal file containing the camera calibration data and the trajectories
of the tracking process, we obtain the trajectories with real-world coordinates and statistics
of velocities and accelerations of each detected object. The speeds and the respective
acceleration rates are calculated through trajectory processing.
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2.3. Phyphox

The Phyphox application [45] is used to estimate the acceleration of moving objects
by utilizing the built-in sensors that each smartphone has. The application was developed
by the Second Institute of Physics of the RWTH Aachen University and is available for
iOS and android smartphones. Phyphox has been used successfully in smartphone-based
experiments [54,55]. So far, Phyphox has been downloaded more than 2 million times. In
this study, we select the “Acceleration with g” option, which is provided by the Phyphox
application. This means that the sensor will report the Earth’s acceleration of 9.81 m/s2

when the phone is idle. Figure 7 presents some of the physical quantities, which the
Phyphox application is capable of measuring.
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Phyphox calculates the acceleration in the three vertical axes separately and then
aggregates those three by producing the vector sum of the acceleration. In Phyphox, the
axes are programmed according to Figure 8. More specifically, the z-axis is perpendicular
to the screen pointing out of it, and the x-axis points to the right when the device is in its
default position. In practical terms, for phones, this means facing right while looking at the
screen in portrait orientation. Finally, the y-axis points up along the long side of the phone.
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2.4. Assessment Methodology

After executing the experimental scenarios, we collected Phyphox files, which include
the acceleration rates at each timestamp for all experimental scenarios. The recorded
acceleration rates cover the approximately 75 min of the experiment’s duration. Depending
on the accelerometer, the time-step of recording ranges from 0.005 to 0.007 s. Therefore, we
collected approximately 600,000 acceleration rate results. The acceleration rates extracted by
the Phyphox software are expressed in the three-dimensional axis, for each axis separately
(x-y-z), with ax being the acceleration rate in the x-axis, ay being the acceleration rate in
the y-axis and az being the acceleration rate in the z-axis. Equation (1) gives the absolute
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acceleration rate from the square root of the sum of the squares of the axes x-y-z. The unit
of the acceleration rate is m/s2.

Phyphox (acceleration) =
√

a2
x + a2

y + a2
z (1)

The data extracted through the image analysis software are expressed in the 2D system,
while Phyphox’s program provides the accelerations in the 3D system. This is the main
obstacle to comparing the acceleration rate produced by the algorithm to the acceleration
rate produced by the Phyphox application. As all the vehicles we consider are e-scooters
with their drivers standing on them, the position of the mobile is perpendicular to the
ground, with the axis perpendicular to the ground being the y-axis, as shown in Figure 8.

Accelerations in the y-axis are significantly smaller than those in the other axes and
are close to zero. This seems reasonable, since the mobile phone remains unmoved in the
y-axis as it does not move from the possession of the driver (a minimal movement can
be detected, but for our experiment it is considered negligible). Therefore, Equation (1)
becomes the vector sum of the other two axes.

Phyphox (acceleration) =
√

a2
x + a2

z (2)

With the use of Equation (2), the acceleration rate, produced by the application, can be
transferred to the two-dimensional system X-Z, which coincides with the two-dimensional
measurement system of the X-Y coordinate system of the camera. Nevertheless, the values
from the above formula only yield a positive sign, while the camera values can give negative
results. For this reason, we converted the above values into an absolute value.

A time adjustment was also found to be necessary for data harmonization. Datasets
extracted by Phyphox and µ-scope are expressed in different time-steps. The measurement
time-step for the image analysis software is 0.08 s, and 0.005 to 0.01 s with Phyphox. To
synchronize the datasets, we select one every sixteen or one every eight accelerations given
by Phyphox (0.08/0.005 = 16 or 0.08/0.01 = 8).

Following the adjustment, we use the Root Mean Square Error (RMSE) to aggregate
the magnitudes of the errors in the prediction of various data points into a single measure.
RMSE is a measure of accuracy to compare prediction errors of different models for a given
dataset but not between different datasets, as it directly depends on the scale. Following the
calculation of the RMSE, an error analysis is performed to assess the accuracy of µ-scope
and to measure the impact of different contexts (road characteristics, rider distraction,
traffic direction) on the accuracy. In essence, we suppose here that Phyphox measurements
represent the ground-truth, and we validate µ-scope against Phyphox.

RMSE always has a non-negative sign. A value equal to 0 is almost never achieved
in practice and indicates a perfect fit to the data. In general, a lower RMSE is better
than a higher one. Equation (3) gives the RMSE formula, with n being the number of
measurements, ŷ being the µ-scope estimations and y being the Phyphox measured values.

RMSE =

√√√√ n

∑
i=1

(ŷi − yi)
2

n
(3)

Figure 9 indicatively presents both acceleration rates for the 1st e-scooter of S1 along
with the speed corresponding to each time point. Similar findings were obtained for all
trajectories. A first encouraging remark is that the acceleration curves have close values
and follow the same tendency. A second remark is that divergence seems not to have any
correlation to speed. As a result, µ-scope can be considered reliable for all velocities in the
range of 0–25 km/h. A third observation is that as the e-scooter approaches the camera
(i.e., higher time values on the right hand side), the divergence decreases. Therefore, we
may reasonably assume that estimation accuracy decreases with distance, with a critical
point being at around 30 m from the camera, as discussed below.
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Given the practical implications of the location of the camera, we thus measured RMSE
as a function of the distance from the camera. To accomplish that, we developed an X-Y
system of coordinates, as illustrated in Figure 10. At the intercept point of the two axes,
the coordinates x and y are equal to zero. It has to be noted that the intercept point is at
the furthest point away from the camera. Therefore, the longer the distance, the closer the
e-scooter is to the camera.

Sustainability 2022, 14, x FOR PEER REVIEW 11 of 22 
 

Given the practical implications of the location of the camera, we thus measured 
RMSE as a function of the distance from the camera. To accomplish that, we developed an 
X-Y system of coordinates, as illustrated in Figure 10. At the intercept point of the two 
axes, the coordinates x and y are equal to zero. It has to be noted that the intercept point 
is at the furthest point away from the camera. Therefore, the longer the distance, the closer 
the e-scooter is to the camera. 

 
Figure 10. Coordinate system. 

In accordance with the coordinate system, we estimate the Euclidean distance for 
each moving e-scooter (Equation (4)). 𝑑 ൌ ඥሺ𝑥ଵ െ 𝑥ଶሻଶ െ ሺ𝑦ଵ െ 𝑦ଶሻଶ (4)

We use the distance 𝑑 to build graphs which display on the vertical axis the error, 
i.e., the difference of the RMSE values calculated with the two different methods and the 
distance on the horizontal axis. Figure 11 presents such graphs for 3 e-scooters. At the 
beginning of each measurement, the error values are high and have a positive sign, which 
means that the camera values result in larger values than those of Phyphox. As the 
measurement progresses, the values decreases and eventually approaches 0. Then, the 
acceleration rates produced by the software converge to those produced by the Phyphox 
application. 

Figure 10. Coordinate system.

In accordance with the coordinate system, we estimate the Euclidean distance for each
moving e-scooter (Equation (4)).

d =

√
(x1 − x2)

2 − (y1 − y2)
2 (4)
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We use the distance d to build graphs which display on the vertical axis the error,
i.e., the difference of the RMSE values calculated with the two different methods and the
distance on the horizontal axis. Figure 11 presents such graphs for 3 e-scooters. At the
beginning of each measurement, the error values are high and have a positive sign, which
means that the camera values result in larger values than those of Phyphox. As the measure-
ment progresses, the values decreases and eventually approaches 0. Then, the acceleration
rates produced by the software converge to those produced by the Phyphox application.
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3. Results
3.1. Error Analysis: Factors Influencing the Accuracy of Measurements

The assessment and validation methodology was then implemented and the RMSE
was calculated for all participants who used an e-scooter and had installed the Phyphox
applications in their smartphones by comparing the acceleration rates produced by the
µ-scope and Phyphox. In this section, we explore the impact of considered factors on the
quality of µ-scope estimations. The factors selected for study are:

• Presence of pedestrians
• Rider being distracted
• Road width
• Direction of PMDs
• Direction of pedestrians

In all following tables, the units of measurement for acceleration rates is m/s2, and for
velocities is m/s. All vehicles presented below are e-scooters.

3.1.1. Presence of Pedestrians across the Study Area

Table 4 presents the RMSE values for all three e-scooters whose users were equipped
with the Phyphox application. Depending on the duration of each scenario, each vehicle
appeared on camera twice or more, as the track was circular. This explains why there are
two RMSE values for the first e-scooter at Scenario S9, while there are four RMSE values for
the same e-scooter at scenarios S1, S2, S3, S5, S6 and S8. The scenarios are ranked based on
the value of the RMSE. The order of the scenarios (S9 to S7, etc.) is an ascending order of
pedestrian presence; S9 for no pedestrian and S4 for important pedestrian crowding. The
color scale indicates the magnitude of RMSE value; dark green is used for lower values,
whereas dark red is used for higher values. The table caption indicates the color used for
each RMSE value range.
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Table 4. Pedestrian presence: RMSE per e-scooter appearance for all scenarios.

RMSE Value
>0.1 >0.2 >0.3 >0.4 >0.5 >0.6 >0.7 >0.8 >0.9

Scenario
E-Scooter S9 S7 S8 S2 S5 S1 S6 S3 S4

1st 0.1038 0.2716 0.2895 0.3577 0.2396 0.4531 0.4761 0.6925 0.6146
0.2920 0.2768 0.3342 0.2724 0.4472 0.6920 0.7229 0.8356 0.7677

0.3466 0.2548 0.3254 0.5859 0.4212 0.6663 0.6803 0.6171
0.3794 0.3628 0.5338 0.3943 0.7216 0.6023 0.6992
0.3702 0.4305 0.4950 0.5413 0.6157 0.7223

2nd 0.1806 0.3924 0.2305 0.3985 0.5129 0.4607 0.6014 0.6765 0.9265
0.1224 0.3373 0.2492 0.3493 0.4126 0.5932 0.5829 0.9102 0.7914

0.3347 0.2887 0.3393 0.4668 0.3912 0.5192 0.7697 0.7070
0.3361 0.4908 0.4803 0.4206 0.5289 0.6451 0.7839
0.2836 0.3060 0.3793 0.3643 0.4998 0.6217

3rd 0.2057 0.3517 0.3553 0.3014 0.4304 0.4482 0.5065 0.6179 0.6497
0.1041 0.2150 0.3045 0.3222 0.3156 0.4656 0.3709 0.9065 0.9823

0.3893 0.2997 0.4492 0.3517 0.3913 0.4671 0.7015 0.6774
0.3332 0.3635 0.4717 0.5563 0.3503 0.7643 0.9098
0.3169 0.3364 0.5533 0.4420 0.4861 0.4221

A straightforward observation is that pedestrian presence significantly increases the
estimation error whose value is not acceptable in the extreme-case scenarios of S3 and S4.
In all other cases, RMSE values rarely exceed 0.5 m/s2, and thus, µ-scope can be considered
as valid in this range of pedestrian densities. The increase in S3 and S4 may be attributed to
sharp braking, to which µ-scope attributes higher values than the application, and primarily
the discontinuity of the vehicle trajectory (either due to loss of tracking by the camera
or due to the presence of a pedestrian, who hides the e-scooter user from the camera).
Conversely, in scenarios with small crowds of pedestrians or only e-scooters and bicycles,
the error remains consistently low, as there is continuous contact of the detector with the
e-scooter, and only slight interruptions occur.

Figure 12 presents an example of the acceleration of an e-scooter and its speed in the
absence of pedestrians (S9). From the beginning of the measurement, the acceleration rates
are similar and constant, a fact that is also verified by the speed line. The measurement
seems to progress smoothly, with no loss of contact with the vehicle.

Figure 13 presents an example of acceleration rates with high pedestrian presence (S4).
In particular, between 1.92 s and 2.24 s, there seems to be loss of contact. After consulting
the video, it was confirmed that there were pedestrians in front of the e-scooter, which
prevented the camera from capturing the e-scooter.

3.1.2. Road Width

As discussed in Section 2.1.2, three different road widths were tested: 1.5 m, 2.5 m
and 3.5 m. Table 3 presents the road width per scenario and Table 5 presents the RMSE
values for each scenario. The scenarios are clustered in Table 5 depending on their road
width. Within each cluster, scenarios are ranked starting from those with the lowest RMSE.
The color scale indicates, again, the magnitude of the RMSE value. Dark green indicates
lower values, whereas dark red indicates higher values. The table caption indicates the
color used for each RMSE value range. The results indicate that wider roads tend to be
associated with higher errors. Further investigation is needed to understand if there is a
causal relationship or if this finding may be attributed to the larger crowds of pedestrians.
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Table 5. Road width: RMSE per e-scooter appearance for all scenarios.

RMSE Value
>0.1 >0.2 >0.3 >0.4 >0.5 >0.6 >0.7 >0.8 >0.9

1.5 m 2.5 m 2.5 m 2.5 m 2.5 m 3.5 m 3.5 m 3.5 m 3.5 m
E-Scooter S9 S5 S6 S7 S8 S1 S2 S3 S4

1st 0.1038 0.2396 0.4761 0.2716 0.2895 0.4531 0.3577 0.6925 0.6146
0.2920 0.4472 0.7229 0.2768 0.3342 0.6920 0.2724 0.8356 0.7677

0.5859 0.6663 0.3466 0.2548 0.4212 0.3254 0.6803 0.6171
0.5338 0.7216 0.3794 0.3943 0.3628 0.6023 0.6992
0.4950 0.6157 0.3702 0.5413 0.4305 0.7223



Sustainability 2022, 14, 11150 15 of 21

Table 5. Cont.

RMSE Value
>0.1 >0.2 >0.3 >0.4 >0.5 >0.6 >0.7 >0.8 >0.9

1.5 m 2.5 m 2.5 m 2.5 m 2.5 m 3.5 m 3.5 m 3.5 m 3.5 m
E-Scooter S9 S5 S6 S7 S8 S1 S2 S3 S4

2nd 0.1806 0.5129 0.6014 0.3924 0.2305 0.4607 0.3985 0.6765 0.9265
0.1224 0.4126 0.5829 0.3373 0.2492 0.5932 0.3493 0.9102 0.7914

0.4668 0.5192 0.3347 0.2887 0.3912 0.3393 0.7697 0.7070
0.4803 0.5289 0.3361 0.4206 0.4908 0.6451 0.7839
0.3793 0.4998 0.2836 0.3643 0.3060 0.6217

3rd 0.2057 0.4304 0.5065 0.3517 0.3553 0.4482 0.3014 0.6179 0.6497
0.1041 0.3156 0.3709 0.2150 0.3045 0.4656 0.3222 0.9065 0.9823

0.3517 0.4671 0.3893 0.2997 0.3913 0.4492 0.7015 0.6774
0.4717 0.3503 0.3332 0.5563 0.3635 0.7643 0.9098
0.5533 0.4861 0.3169 0.4420 0.3364 0.4221

3.1.3. E-Scooter Direction

We focus here on the S2 and S8 scenarios, where we have two-way cycle paths. In
S2, bikes move in the opposite direction of e-scooters and pedestrians. In S8, e-scooters
move in the opposite direction of bikes and pedestrians. Table 6 presents RMSE for the
movement of the e-scooters, the average error, the average acceleration rates as estimated
by µ-scope and Phyphox, as well as the average speed. The changes in the direction of
PMDs do not seem to have any significant impact on the accuracy of the algorithm. As a
result, µ-scope can be used for both one-way and two-way cycle paths.

Table 6. E-scooter direction: RMSE per e-scooter appearance for S2 and S6.

S2 S6

E-Scooter RMSE Average
Error

Aver.
µ-Scope

Accel.
Phyphox Speed E-Scooter RMSE Average

Error
Aver.

µ-Scope
Accel.

Phyphox Speed

1st 0.358 −0.096 0.586 0.682 2.031 1st 0.476 −0.029 1.196 1.225 2.500
0.272 −0.062 0.906 1.447 1.542 0.723 0.016 0.721 0.605 2.134
0.325 −0.058 0.749 1.706 1.726 0.666 −0.179 0.695 0.874 2.532
0.363 −0.061 1.082 1.760 1.834 0.722 −0.142 0.815 0.957 4.109
0.431 −0.064 1.079 1.632 1.855 0.616 −0.030 1.255 1.185 2.011

2nd 0.399 −0.043 0.678 0.846 1.715 2nd 0.601 −0.169 1.131 1.300 0.484
0.349 −0.109 0.965 1.082 3.088 0.583 0.020 1.290 1.269 2.667
0.339 −0.095 1.239 0.977 4.043 0.519 −0.349 2.720 2.069 2.116
0.491 0.133 1.988 1.855 2.147 0.529 0.193 1.340 1.146 3.204

0.500 −0.022 1.706 1.711 0.378
3rd 0.301 −0.121 0.577 0.901 3.204 3rd 0.507 −0.026 0.946 0.972 2.405

0.322 −0.041 1.115 1.156 4.189 0.371 0.092 1.074 1.082 2.708
0.449 −0.174 2.038 1.489 5.199 0.467 −0.403 1.212 1.215 2.287
0.363 −0.083 0.417 0.999 4.979 0.350 −0.123 0.859 0.682 2.747
0.336 −0.068 0.737 0.806 2.165 0.486 −0.006 0.799 0.705 2.419

3.1.4. Pedestrian Direction

The pedestrians participating in the experiment walked parallel and perpendicularly
to the study area in order to reproduce the conditions of a shared urban space (such
as a large square) and a cycle path with pedestrian crossing, respectively. In Table 7,
scenarios S1 and S3 are presented. These two scenarios were carried out on the same road
width, with the same vehicle directions, without driver distraction. In S1, the pedestrians
walked parallel to the study area, while in S3, they walked perpendicularly to the study
area. We notice that the errors are smaller and more stable in S1 compared to those of S3.
In S1, there are much smaller accelerations compared to S3, which is reasonable since in S1,
e-scooter users were riding in parallel with the pedestrians. Therefore, there was interaction
between them along the study area, causing the PMDs to slow down. In contrast, in S3,
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there was e-scooter-pedestrian interaction only in the middle of the road, allowing vehicles
to accelerate as much as possible after moving away from the pedestrian crossing. The
parallel movement of PMDs and pedestrians can be reasonably assumed to interfere less in
image capturing compared to pedestrian traversing the street and occulting PMDs from
the camera’s field of vision. We can therefore conclude that high pedestrian densities are
detrimental only in the case of pedestrian crossings and careful installation away from such
points can assure the accuracy of estimations.

Table 7. Pedestrian direction: RMSE per e-scooter appearance for S1 and S3.

S1 S3

E-Scooter RMSE Av. Er. Accel.
µ-Scope

Accel.
Phyphox Speed E-Scooter RMSE Av. Er. Camera Phyphox Speed

1st 0.4531 −0.1076 0.6661 0.7737 1.0857 1st 0.6925 −0.1156 1.0724 1.1880 3.2952
0.4920 0.6920 2.0281 1.3550 1.5660 0.8356 −0.0566 1.1769 1.2543 2.1451
0.4212 −0.3246 1.4295 1.7541 1.9186 0.6803 −0.1244 0.6624 0.7867 2.6110
0.3943 −0.0785 0.8217 0.9003 1.1819 0.6023 −0.0825 0.8987 0.9812 2.8299
0.5413 −0.0602 0.8956 0.9558 1.6780 0.7223 −0.0415 0.5518 0.5933 4.2778

2nd 0.4607 −0.0228 1.0721 1.0493 0.9119 2nd 0.6765 −0.1223 1.2961 1.4184 3.1886
0.5932 −0.0177 1.5021 1.5459 1.6828 0.9102 −0.1491 1.8534 2.0446 2.1460
0.3912 −0.0112 1.4907 1.5018 2.7937 0.7697 −0.0103 2.3175 2.3277 2.4185
0.4206 −0.1669 0.7439 0.9108 1.1714 0.6451 −0.0712 1.2652 1.3142 3.5030
0.3643 −0.0785 0.6414 0.7249 1.6760 0.6217 −0.0712

3rd 0.4482 −0.0161 0.6984 0.7145 1.4459 3rd 0.6179 −0.1538 0.9878 1.1416 4.5734
0.4656 −0.0197 0.9773 0.9972 1.5293 0.9065 −0.1049 1.4452 1.5102 2.3506
0.3913 −0.2639 0.6883 0.7405 1.5222 0.7015 0.0191 1.1888 1.1697 2.4805
0.5563 −0.0522 0.9463 1.2101 2.2565 0.7643 −0.0591 1.5204 1.5795 2.7048
0.4420 −0.0355 0.7369 0.7993 1.4801 0.4221 −0.1039 0.9385 1.0424 3.9259

3.1.5. Rider Distraction

In three of the scenarios (S4, S7, S8), e-scooter users were slightly distracted by listening
to music using earphones. Table 8 presents a scenario with distracted e-scooter users (S7)
and a similar scenario without distraction (S5) for comparison purposes. In both scenarios,
e-scooters move in the same direction, there is the same number of pedestrians who cross a
certain point of the study area and the width of the road is the same in both cases (2.5 m).
The difference in the number of appearances per e-scooter is explained by the different
duration of the scenarios. The errors of both scenarios are similar with an average of 0.3955.
It becomes clear, however, that there is a big difference in the values of the speeds and,
by extension, also in those of the accelerations. This may be explained by the fact that
distracted e-scooter users compensate the risk by riding at lower speeds to avoid abrupt
interaction with another e-scooter, bike or pedestrian. Tuning to µ-scope, we observe that
distraction has no impact on the estimation errors.

Table 8. Rider distraction: RMSE per e-scooter appearance for S5 and S7.

S5 S7

E-Scooter RMSE Av. Er. Accel.
µ-Scope

Accel.
Phyphox Speed E-Scooter RMSE Av. Er. Accel.

µ-Scope
Accel.

Phyphox Speed

1st 0.2396 0.0452 0.3130 0.2679 4.1537 1st 0.2716 −0.0023 0.7596 0.7619 2.2257
0.4472 −0.4165 0.8171 1.2336 3.2815 0.2768 −0.0333 0.3065 0.3398 0.4194
0.5859 0.1761 0.6627 0.4866 3.4829 0.3466 −0.2373 1.1271 1.6645 2.3519
0.5338 0.0850 1.0541 0.9691 3.5603

2nd 0.5129 −0.0919 1.0341 1.1259 4.0967 2nd 0.3924 −0.0234 0.5151 0.5335 0.5969
0.4126 0.1035 1.0820 0.9785 0.3133 0.3373 0.0906 0.4357 0.3452 0.6318
0.4668 −0.1224 0.6187 1.0352 3.0831 0.3347 0.0910 1.5233 1.9323 4.6892
0.4803 −0.3217 0.4642 0.2881 3.2844
0.3793 −0.4788 0.8556 0.7707 3.3619

3rd 0.4304 −0.0112 0.9894 1.0006 4.1605 3rd 0.3517 −0.0060 0.3502 0.3562 0.5948
0.3156 −0.0352 0.8996 0.9348 4.2043 0.2150 0.0399 1.2158 1.1759 2.8876
0.3517 −0.0310 0.7473 0.7784 4.0477 0.3893 0.0605 0.6672 0.6067 2.5315
0.4717 0.1735 0.6328 0.4593 3.9034
0.5533 0.1846 0.6796 0.4949 3.3578
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3.2. Error Analysis: Impact of Riding Style

Following the exploration of the impact that various factors may have on the perfor-
mance of µ-scope, we explore whether natural heterogeneity in riding styles has an impact
upon errors. The three riders had different riding experience levels and genders, and thus,
presumably different risk-taking behaviors. The results indicate that the quality of the
estimations is independent from the behavior of participating e-scooter riders. However,
their number is small, they have similar age (21–26 years old) and further investigation is
needed to confirm this finding.

RMSE values for the appearances of all e-scooter riders are presented in Table 9. The
color scale is the same as previously. We observe that colors change in a similar way
for all three riders when moving from one scenario to the next, with some exceptions.
Therefore, we looked closer to extreme values observed, for example, under S5 and S6. We
considered that all ‘inconsistencies’ may be well explained by the impact of previously
explored factors and most predominantly by the presence of pedestrians occulting PMDs.
For example, in S3, the second e-scooter has an extreme RMSE value of 0.9102. Camera
recording viewing confirmed that, at this exact point, there was a loss of contact due to
interference of pedestrians.

Table 9. RMSE per scenario and per e-scooter appearance for all e-scooters.

RMSE Value
>0.1 >0.2 >0.3 >0.4 >0.5 >0.6 >0.7 >0.8 >0.9

Scenario
E-Scooter S1 S2 S3 S4 S5 S6 S7 S8 S9

1st 0.4531 0.3577 0.5925 0.6145 0.2396 0.6761 0.2715 0.2895 0.1037
0.4920 0.2723 0.6355 0.7676 0.4471 0.7229 0.2768 0.3341 0.2220
0.4212 0.3253 0.5803 0.6170 0.5858 0.6662 0.3466 0.2547
0.3942 0.3628 0.6023 0.6991 0.5337 0.7215 0.3794
0.5413 0.4305 0.6222 0.4949 0.6157 0.3701

2nd 0.4607 0.3985 0.4065 0.9265 0.5129 0.6014 0.3924 0.2305 0.1806
0.5932 0.3493 0.9102 0.7914 0.4126 0.5829 0.3373 0.2492 0.1224
0.3912 0.3393 0.4697 0.7070 0.4668 0.5192 0.3347 0.2887
0.4206 0.4908 0.4451 0.7839 0.4803 0.5289 0.3361
0.3643 0.3060 0.6217 0.3793 0.4998 0.2836

3rd 0.4482 0.3014 0.4179 0.6497 0.4304 0.5065 0.3517 0.3553 0.2057
0.4656 0.3222 0.9065 0.9823 0.3156 0.3709 0.2150 0.3045 0.1041
0.3913 0.4492 0.6015 0.6774 0.3517 0.4671 0.2093 0.2997
0.5563 0.3635 0.5643 0.9098 0.4717 0.3503 0.3332
0.4420 0.3364 0.4221 0.5533 0.4861 0.3169

Table 10 presents the average error for all e-scooter riders for all scenarios. The values
with positive signs are presented in bold. When the average error is negative, then the
Phyphox application gives higher values than µ-scope. In almost all scenarios, µ-scope
gives lower acceleration values than the application.

Table 10. Average error for all e-scooter riders.

Scenario
E-Scooter S1 S2 S3 S4 S5 S6 S7 S8 S9

1st −0.1076 −0.0958 −0.1156 0.3550 0.0452 −0.0290 −0.0023 −0.0714 −0.0218
0.0673 −0.0622 −0.0566 −0.0339 −0.4165 0.0164 −0.0333 −0.2883 −0.0060
−0.3246 −0.0583 −0.1244 0.2467 0.1761 −0.1786 −0.2373 −0.1010
−0.0785 −0.0605 −0.0825 −0.1943 0.0850 −0.1418 −0.0027
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Table 10. Cont.

Scenario
E-Scooter S1 S2 S3 S4 S5 S6 S7 S8 S9

−0.0602 −0.0643 −0.0415 −0.0305 −0.0875
2nd −0.0228 −0.0433 −0.1223 0.0116 −0.0919 −0.1687 −0.0234 −0.0617 −0.0276

−0.0177 −0.1091 0.4914 0.2475 0.1035 0.0204 −0.0906 −0.1632 −0.0290
−0.0112 −0.0949 −0.0103 0.6073 −0.1224 −0.3493 0.0910 −0.0569
−0.1669 0.1333 −0.0712 −0.4161 −0.3217 0.1932 −0.0391
−0.0785 −0.0712 −0.4788 −0.0217 0.0238

3rd −0.0161 −0.1212 −0.1538 −0.0554 −0.0112 −0.0261 −0.0060 −0.1911 −0.0598
−0.0197 −0.0413 −0.1049 −0.2540 −0.0352 0.0916 −0.0399 −0.1643 −0.0788
−0.2639 −0.1741 0.0191 −0.1156 −0.0310 −0.4031 −0.0605 0.3347
−0.0522 −0.0826 −0.0591 −0.4121 0.1735 −0.1227 −0.2627
−0.0355 −0.0683 −0.1039 0.1846 −0.0063 −0.2615

4. Discussions

The popularity of PMDs raises questions about the safety of their users and the
integration of PMD vehicles in global traffic simulation tools. The reliable sensing and
analysis of the movement of PMDs is essential for stakeholders to make informed, evidence-
based decisions and for researchers to analyze vehicle dynamics and associated risks. This
paper validates the ability of the novel image analysis algorithm µ-scope to estimate the
trajectories of PMDs with acceptable accuracy. Acceleration rates of e-scooters participating
in a closed-track, semicontrolled field experiment were calculated by using µ-scope and
also the Phyphox application as the ground-truth measurement. The acceleration rates
calculated with µ-scope and Phyphox were compared through error analysis and with the
use of RMSE. In addition, µ-scope provided speed measurements under different traffic
and road contexts.

The overall results provide new insight into e-scooter dynamics. In particular, riding
styles do not seem to be heterogeneous, presumably due to the regulatory low speed limit of
25 km/h not allowing for important speed deviation. Similarly to private cars, distraction
seems to lower velocities for risk compensation. Additionally, the presence of pedestrians
seems to lower speeds but increase acceleration and deceleration rates. The specific results
of the error analysis validate the image analysis algorithm and allow for the formulation
of recommendations for camera installation in the purpose of gathering and analyzing
micromobility data. First and foremost, low-resolution cameras are enough for satisfactory
image recognition and analysis. Secondly, µ-scope is reliable in all linear micromobility
road configurations, both one-way and two-way cycle paths. Third, the distance to the
camera increases the estimation error. It is thus recommended to use data within a 30 m
distance from the camera and discard more distant ones. Fourth, camera installation close
to pedestrian crossings must be avoided, as PMDs are occulted and bias is introduced in
the analysis. In such cases, error may be acceptable for low pedestrian volumes but not in
the case of high pedestrian volumes.

This research offers new tools and insight into a novel field but suffers from the
inherent shortcomings of all experiments: results need to be confirmed in the case of other
road configurations, different traffic scenarios and for a greater number of e-scooter riders.
We intend to undertake a second experiment covering these aspects in 2022. In addition,
possible measurement error of the Phyphox application was neglected. Furthermore, in this
first analysis, we exploited only e-scooter trajectories. Bicycle and pedestrian trajectories
are currently being analyzed and will be presented in an upcoming publication. Finally,
interesting future research steps include a thorough analysis of the impact of distraction on
e-scooter riders, the estimation of traffic parameters such as intervehicular distances under
different scenarios and microvehicle travel time prediction using real-time traffic data.
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Future work includes improving the image analysis software to overcome the current
shortcomings. It also includes the utilization of the experimental results to analyze the
movement of e-scooters and their interactions with pedestrians and bicycles.
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