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Two-wheeled personal mobility vehicles (PMVs), such as Segway, are gaining popularity in recent years
as an eco-friendly transport mode in urban environments. Japan and other Asian countries currently have
some legal restrictions for riding Segway on shared walkways or bicycle lanes mainly because of safety
issues. Nevertheless, discussions and proposals are underway in recent years to allow PMVs on shared
spaces in Asian cities where pedestrian and cyclist demand is relatively high. Before authorizing PMVs on
shared spaces in such cities safety of other road uses, mainly pedestrians and cyclists, should be appropri-
ately evaluated. Surrogate safety measures may provide a flexible and convenient approach to assess safety
on shared spaces. In this study, time-to-collision (TTC), Potential Index for Collision with Urgent Decel-
eration (PICUD) and maximum decelerations on Segway-bicycle and Segway-pedestrian shared spaces are
analyzed with the data collected through controlled experiments conducted under various following situa-
tions. Results indicate that the collision risk on PMV and bicycle shared spaces could be significantly higher
compared to PMV and pedestrian shared spaces. Further, as the collision risk is critical during sudden
breaking situations, safety of shared spaces users may largely depend on the deceleration capabilities of
PMVs.
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1. INTRODUCTION

Personal mobility wvehicles (PMVs), such as
Segway, are emerging as an eco-friendly alternative
transport mode for short distance trips both in indoor
and outdoor settingsY. These vehicles use electrical
energy stored in rechargeable batteries and have
been used in eco-tours in many cities around the
world®. Other than environmental benefits, PMVs
provide numerous other benefits to the society and
users?,

PMVs are allowed on shared sidewalks in many
cities in Europe and the United States. Meanwhile,
Japan and other Asian countries currently have some
legal restrictions for riding PMVs on shared walk-
ways or bicycle lanes mainly due to safety concerns.
Nevertheless, discussions and proposals are under-
way to amend policies to allow PMVs on sidewalks
in Asian cities as a versatile and eco-friendly alter-
native transport mode®*. It can be identified that
pedestrian and cyclist demand is relatively high on

sidewalks in Asian urban environments. Further,
space is limited in urban environments in Asian cities
to provide separate infrastructure for PMVs. Thus,
the feasibility of allowing PMVs on existing infra-
structure for pedestrians or bicycles should be ex-
amined. Before allowing PMVs on such shared en-
vironments, impacts of PMVs on other shared space
users, i.e., pedestrians and cyclists, should be
properly understood particularly in safety point of
view.

Several studies can be found in the literature
which investigated the safety aspects of PMVs. An
early study by Goodridge® examined the stopping
sight distance (SSD) of Segway by utilizing data
collected through field experiments. This study
showed that the SSD of a Segway, operated by a
college-age rider, can vary approximately from 7.6 m
to 12.5 m when approaching at approximate speed of
20 km/h. That study further reported that the average
reaction time for a Segway rider can vary between
0.6 s and 0.7 s. Further, the author has discussed



potential accident types of PMVs using bicycle ac-
cident statistics. Through data collected from a field
experiment, Landis et al.® showed that the average
reaction time and deceleration rate for mixed-aged
operators is 1.1 s (+ 0.6 SD) and 3.1 m/s? respec-
tively. Findings of these two studies®® are consid-
erably different as the experiment conditions were
different. That is, the experiment by Goodridge®
reflected sudden stopping conditions whereas ex-
periment by Landis et al.® reflected general stopping
conditions. Further, it can be noted that both these
studied have not been conducted under mixed traffic
conditions. Thus, may not be applicable in mixed
traffic related practices. Dias et al.” analyzed per-
ception-reaction times of Segway riders under dif-
ferent mixed traffic situations from the data collected
through a controlled experiment. They considered
pedestrian-Segway and bicycle-Segway traffic mixes
under general continuous following situations as
well as sudden breaking situations. As they reported,
for both traffic mixes, reaction times of Segway
riders were significantly smaller during sudden
breaking situations compared to continuous follow-
ing situations. Further, they described that Segway
riders are more careful (i.e., smaller reaction times)
when they follow cyclists than pedestrians.
Nishiuchi et al.® conducted an experiment to inves-
tigate pedestrians’ safe avoidance distance when
confronting a Segway approaching at different
speeds ranging approximately from 5 km/h to 20
km/h. They found that the safe avoidance distance of
a standing pedestrian is increasing (approximately
from 2.2 m to 5.5 m) with increasing approaching
speed of the Segway. Dias et al.? utilized social force
based microscopic simulation model, which was
modified and calibrated for Segway and pedestrian
mixed traffic’?, to evaluate safe avoidance of pe-
destrians when confronting an approaching PMV.
Findings of these two studies®? were consistent. Ito
et al. V) proposed a risk evaluation index using dis-
tance-based potential fields as an alternative colli-
sion risk index for pedestrian and PMV mixed traf-
fic. Pham et al.*? adopted the idea of personal space
to simulate interactions between PMVs and pedes-
trians on shared spaces. They introduced invasion
ration and crossing time of personal spaces of PMVs
and pedestrians as indexes to describe the level of
discomfort. All these experiment-based or simula-
tion-based studies provide a general overview of the
safety aspects of PMV maneuvers either under solo
riding situations or when interacting with other road
users. However, utilizing such approaches to assess
safety of shared space users in terms of collision or
accident risk may be difficult particularly in critical
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situations. Further, dynamically changing charac-
teristics (due to evasive actions of the PMV rider) of
collision risk may not be captured in such ap-
proaches. Existing safety indicators (e.g., time to
collision (TTC)®, Potential Index for Collision with
Urgent Deceleration (PICUD)™), which have widely
been utilized in safety analyses in vehicular traffic,
may provide a promising approach to evaluate safety
on PMV involved shared spaces as well. Further,
evaluating such safety indices could be useful in
additional applications such as developing collision
avoidance systems and optimizing safety features of
PMVs. Considering such possibilities, this study
aims at exploring TTC, PICUD and decelerations in
different Segway related mixed traffic conditions
(i.e., Segway-pedestrian and Segway-bicycle). Data
collected through controlled experiments for dif-
ferent following situations (i.e., continuous follow-
ing and sudden breaking) were considered in this
study. Details of these experiment design and con-
sidered scenarios are briefly discussed in the next
section.

2. EXPERIMENTS

A series of controlled experiment was conducted
at Chiba Experiment Station of the University of
Tokyo during 4 days in November and December
2015. During each day, 6 people (i.e., 4 people for
riding a Segway and 2 people for walking or cycling)
took part in these experiments. Participants’ age
ranged approximately from 20 to 30 years. As par-
ticipants were beginners for riding Segway a basic
training was provided by trained Segway instructors
until they were adequately familiarized to ride a
Segway. Various scenarios related to avoiding,
overtaking and following, which are possible inter-
action types in mixed traffic situations, were con-
sidered as follows:

A. Avoiding

A-1. A Segway rider is avoiding a confronting
pedestrian

A-2. A Segway rider is avoiding a standing pe-
destrian
B. Overtaking

B-1. A Segway rider is overtaking a walking pe-
destrian
C. Following

C-1. A Segway rider is continuously following a
walking pedestrian or cyclist

C-2. A Segway rider is continuously following a
walking pedestrian or moving cyclist until the pe-
destrian or cyclist suddenly stops



Out of these experiments, “following” experiment
scenarios, of which the current study is based on,
were conducted on wide corridor of 2.5 m wide (see
Figure 1 and 2) to replicate a Segway rider following
a cyclist and a pedestrian. In PMVs following cyclist
scenarios, the movement of Segway and the cyclist
were started at the same time. Cyclists were in-
structed to maintain a constant speed (approximately
10 km/hr). In PMVs following pedestrian experi-
ments, the pedestrian was instructed to walk at
normal speed. Estimated average walking speed for
pedestrians in these experiments was approximately
varied from 1.3 m/s to 1.5 m/s. The PMV rider was
signaled to start after the pedestrian has moved 10-12
m forward. In sudden stopping scenarios, the pedes-
trian or the cyclists were instructed to stop at a pre-
determined location whereas the PMV rider was
instructed to follow and not to overtake the pedes-
trian or the cyclist. A detailed description regarding
experiment design and procedures, considered ex-
periment scenarios and data extraction methods can
be found in Iryo et al.®. Figure 1 shows a schematic
diagram of the experiment set-up. Figure 2 shows
snapshots taken during “following” experiments.
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Fig.1 Schematic diagram of the experiment course with dimen-
sions.

The position and time of each PMV, cyclist and
pedestrian were extracted using a video im-
age-processing system, called the TrafficAnalyzer®.
In this study, only the data collected for following
scenarios were used. The time resolution of the ex-
tracted trajectory data was 0.1 s. How these trajec-
tory data were used to estimate TTC is discussed in
the following section.

3. ESTIMATION OF SAFETY INDICES

In this study, time-to-collision (TTC) and potential
index for collision with urgent deceleration (PICUD)
for different following situations were explored.
TTC is a time-based surrogate safety measure and
can be considered as one of the most widely used
safety indicators to measure the crash risk. PICUD is
a distance-based surrogate safety measure and as the
name implies it is used to evaluate mainly the
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rear-end collision risk under sudden deceleration
situations.

Fig.2 Snapshots during Segway following a pedestrian (up) and
Segway following a cyclist (down) experiments.

TTC is defined as the time required for two vehi-
cles to come into a collision if they continue at their
present speed and on the same path®. According to
the TTC concept, TTC is estimated for each time
step (i.e., as a time series) along a particular road
section. A threshold TTC value is also defined to
indicate the boundary between safe and unsafe traffic
operations.

For rear-end collisions (Figure 3), which are
common in following situations, TTC is calculated
as follows:

TTC(f) = 282 @k oy (1) = ¥, (8) (1)

Fe(e) =R )



where, ¥ denotes the position, ¥ denotes the speed

and ] is the length of vehicle. The subscripts “L” and
“F” indicate the leading vehicle and the following
vehicle respectively. Note that the numerator of this
equation represents the following gap or spacing
between consecutive vehicles.

i [
Xp(t) X, (t)

Fig.3 Calculation of TTC for following vehicles.

For rear-end collisions PICUD is calculated as
follows:

Ve

2agp

z
PICUD(t) = ‘”*T; - (Efmﬂn.t+ )+ So )

where, Vi is the speed of leading vehicle at time t,
a, is the deceleration rate of leading vehicle, Ve is
the speed of the following vehicle at time t, a . is the
deceleration of following vehicle, At is the reaction

time of following vehicle and s, is the distance
between leading and following vehicles.

The data used in this study consist of three types of
agents, i.e., Segway, bicycles and pedestrians. Tra-
jectory data extracted for Segway riders, cyclists and
pedestrians were based on the wheel contact point
with the road, front wheel contact point with the
road, midpoint of the foot contact points of the road
respectively. Thus, the numerator of Equation 1 and

S, in Equation 2 were modified accordingly to rep-
resent the spacing between agents in following situ-
ation (Segway and bicycle or Segway and pedestri-
an) utilizing other information, such as length of the
bicycle used in this experiment (approximately 1.7
m), footprint of the Segway model PT i2 used in this
experiment (W 63 cm x L 48 cm)? and stride length
of an average Japanese pedestrian (approximately 70
cm)!”. Based on such modifications and utilizing
instantaneous speed and maximum deceleration in-
formation, TTC and PICUD time series were ob-
tained for all following experiments (Scenario C-1
and C-2). Results obtained through analyzing those
TTC and PICUD time series for different following
situations are discussed in the next section.
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4. RESULTS AND DISCUSSION

(1) TTC

Examples of TTC time series for a Segway fol-
lowing a pedestrian case and a Segway following a
cyclist case are shown in Figure 4 and Figure 5 re-
spectively along with speed profiles of Segway, bi-
cycle and pedestrian.
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Fig.4 Time series of time-to-collision (TTC) and speed profiles
for a Segway following a pedestrian case in Scenario C-2.
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Fig.5 Time series of time-to-collision (TTC) and speed profiles
for a Segway following a cyclist case in Scenario C-2.

Figures 4 and 5 describe that TTC is continuously
changing with time as relative speeds and distances
are changing. Local minimum points of the TTC time
series, which are indicated with numbers, represent
the most critical situations. Closely observing Fig-
ures 4 and 5, it can be understood that the most
critical (or the most unsafe) instant, indicated by the
minimum TTC, occurs during the sudden break event
by the pedestrian or cyclist followed by the Segway
rider. As the follower (i.e., Segway rider in these
cases) takes evasive actions (i.e., generally, breaking



in following situations) potential collisions can be
avoided.

The relationship between relative speed and
spacing for the Segway following a pedestrian case
and Segway following a cyclist case (discussed in
Figure 4 and 5) are shown in Figure 6 and Figure 7
respectively. Observing the marked minimum points
on Figures 6 and 7 of the TTC time series, it can be
noted that the minimum TTC occurs when Segway
rider decelerates after the sudden break even by the
leading pedestrian or cyclist.
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Fig.6 Relative speed and spacing relationship during a Segway
following pedestrian case.
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Fig.7 Relative speed and spacing relationship during a Segway
following cyclist case.

Distributions for minimum TTC for a Segway
following a pedestrian and a Segway following a
cyclist cases (for experiments in Scenario C-2) are
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compared in Figure 8. Sample sizes for these cases
were 21 and 28 respectively. Average (+ standard
deviation) of minimum TTC for a Segway following
a pedestrian case and a Segway following a cyclist
case were estimated as 2.82 (x1.04) s and 2.08
(+1.06) s respectively. Statistical tests confirmed that
the difference of these mean TTC values are statis-
tically significant at the 5 % level (Mann-Whitney U
test z-score = 2.31, p = 0.02). This finding demon-
strates that collision risk on Segway and bicycle
shared spaces could be larger compared to Segway
and pedestrian shared spaces.
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Fig.8 Comparison of minimum TTC distributions for Segway
following bicycle and Segway following pedestrian cases during
sudden breaking situations (Scenario C-2).

Figure 8 further describes that minimum TTC is
less than 1.5 s for approximately 15% and 30% of
cases of Segway following a pedestrian and Segway
following a cyclist cases respectively. This TTC
value (1.5 s) have previously been used as a thresh-
old value in conflict analysis tools for vehicular
traffic, for example, surrogate safety assessment
model (SSAM)*® and bicycle-car mixed traffic situ-
ations'®. Based on such information, it can be ex-
plained that conflicts are more frequent on Segway
and bicycle shared spaces compared to Segway and
pedestrian shared spaces.

Figure 8 represents the most critical situations in
considered following scenarios in these experiments
(i.e., Scenario C-2 or following with a sudden break).
Minimum TTC values for all cases combined (i.e.,
Scenario C-1 and C-2) were obtained from respective
TTC time series for each case. For such general sit-
uations, average (z standard deviation) of minimum
TTC for a Segway following a pedestrian case and a
Segway following a cyclist case were estimated as
4.13 (£1.54) s and 5.29 (£3.30) s respectively (sam-
ple sizes were 53 and 74 respectively). The differ-



ence in mean TTC values was not statistically sig-
nificant as confirmed with the Mann-Whitney U test
(Z-Score = 1.45, p = 0.15).

(2) Acceleration and deceleration behavior

Acceleration profiles of Segway riders in different
following situations were also analyzed. Figures 9
and 10 depict acceleration profiles and TTC for two
experiment cases (same cases shown in Figure 4 and
5) of scenario C-2.
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Fig.9 Time series of time-to-collision (TTC) and acceleration
profiles for a Segway following a pedestrian case in Scenario
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Fig.10 Time series of time-to-collision (TTC) and acceleration
profiles for a Segway following a cyclist case in Scenario C-2.

As can be understood from Figures 9 and 10, de-
celeration of Segway is maximum in the vicinity of
the minimum point of the TTC time series. That is,
the collision risk on shared spaces might largely be
determined by the deceleration capabilities of PMVs
in addition to the perception reaction time of the
Segway rider. Relationships between maximum de-
celeration and minimum TTC for a Segway follow-
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ing a pedestrian and a Segway following a cyclist
were also compared with best fit curves as shown in
Figure 11. For both following situations, the down-
ward trend, i.e., decrease in minimum TTC with
increasing maximum deceleration, can be described
from this figure. However, no strong correlation was
found between maximum deceleration and minimum
TTC for both cases.
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Fig.11 Relationship between maximum deceleration and mini-
mum TTC for Segway following bicycle and Segway following
pedestrian cases during sudden breaking situations (Scenario
C-2).

Distributions for maximum deceleration values for
a Segway following a pedestrian and a Segway fol-
lowing a cyclist cases in Scenario C-2, which is the
most critical scenario with a deceleration with a
sudden break, are compared as shown in Figure 12.
Sample sizes for these cases were 21 and 28 respec-
tively.
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Average (+ standard deviation) of maximum de-
celeration values for a Segway following a pedes-
trian case and a Segway following a cyclist case were
estimated as 0.56 (+ 0.12) m/s?and 0.75 (+ 0.20) m/s?
respectively. Statistical tests confirmed that the dif-
ference of the means of minimum deceleration val-
ues are statistically significant at the 5 % level
(Mann-Whitney U test z-score = 3.64, p = 0.0003).

(3) PICUD

PICUD values for Scenario C-1 were also esti-
mated as a time series using Equation 2 to evaluate
whether the Segway riders display safe behaviors
during general following (without sudden break)
situations. For these calculations maximum deceler-
ation values for Segway riders when following pe-
destrians and cyclists were extracted from corre-
sponding Scenario C-2 (i.e., 0.56 (+ 0.12) m/s? and
0.75 (£ 0.20) m/s2 respectively as discussed in pre-
vious section and in Figure 12). Estimated maximum
average deceleration values for cyclist and pedes-
trians for sudden deceleration situations (Scenario
C-2) were 0.81 (+ 0.22) m/s? and 0.45 (+ 0.13) m/s?
respectively. Reaction time for Segway riders was
set as 1.1 s based on the findings of previous stud-
ies®? for general following situations. Two examples
for PICUD time series for Segway rider following a
cyclist case are shown in Figure 13. Minimum
PICUD and corresponding minimum TTC for the
same case are also shown on the graph.

Distributions of minimum PICUD values for a
Segway following a pedestrian and a Segway fol-
lowing a cyclist cases were obtained and compared
as depicted in Figure 14. Sample sizes for these cases
were 26 and 28 respectively. Average (x standard
deviation) of minimum PICUD values for a Segway
following a pedestrian case and a Segway following
a cyclist case were estimated as -0.88 (x1.10) m and
-1.17 (£1.61) m respectively. Although the average
PICUD is smaller for PMV following cyclist case,
statistical tests confirmed that the difference of these
mean PICUD values are not statistically significant
at the 5 % level (Mann-Whitney U test z-score =
0.48, p = 0.63). These statistics, based on PICUD,
demonstrate that the Segway rider behavior may not
be safe (as the average PICUD values for both cases
are less than zero) on pedestrian-Segway as well as
bicycle-Segway shared spaces even under general
following situations when they do not expect a
sudden deceleration by the leading pedestrian or
cyclist.

It should be noted that the experience of Segway
riders may have considerable influence on these
results. All participants (Segway riders) of these
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experiments were beginners. As confirmed by
Nishiuchi et al.?” experienced riders can decelerate
smoothly compared to beginners. That means expe-
rienced riders can adjust acceleration and decelera-
tion behaviors in a way that they can avoid any col-
lision caused by sudden break by the leading pedes-
trian or cyclist. Further, Segway riders in this ex-
periment (Scenario C-1) knew that there was no any
sudden breaking situation in these experiment runs
(as there was Scenario C-2 with sudden decelera-
tion). Thus, they have not been prepared for any
sudden deceleration situation under such experiment
conditions and they are more relaxed in Scenario C-1
compared to Scenario C-2.
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Fig.13 Variation of TTC and PICUD time series and their
correlation.

Additionally, Segway riders’ reaction times are
also significantly larger under general following
conditions compared to sudden breaking situations”.
Such findings in previous studies further suggest that
when Segway riders are prepared for any unsafe
situations their reaction times could be lower (i.e.,
more conservative behavior) compared to unpre-
pared situations. Generally, in real world situations,
Segway riders are more prepared and alert to face
any unsafe situations compared to experiment situa-
tions, particularly in situations equivalent to Sce-
nario C-1. Due to such dissimilarities between ex-
periment conditions and equivalent real world situa-
tions, there is a possibility that PICUD estimates in



this study represent underestimated values.
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5. CONCLUSIONS

Although two-wheeled personal mobility vehicles,
such as Segway, have been identified as an
eco-friendly vehicle, these are not currently allowed
on shared spaces in Japan as well as in other Asian
countries mainly due to safety concerns. Existing
risk evaluation indices (e.g., TTC and PICUD) and
deceleration behavior, which have been extensively
used in safety analysis in vehicle traffic, could be
used to evaluate collision risks on Segway related
shared spaces as well. In this study, TTC, PICUD
and maximum decelerations (obtained from data
collected through controlled experiments) were an-
alyzed for different following situations (i.e., a
Segway following a pedestrian and Segway follow-
ing a cyclist under general following and sudden
decelerating situations). As results suggest, collision
risk on Segway and bicycle shared spaces could be
larger compared to Segway and pedestrian shared
spaces particularly in critical situations (e.g., sudden
break and stop by the leading pedestrian or cyclist).
Further, it was clarified that the deceleration capa-
bilities of PMV may have large impacts on safety on
shared spaces.

It should be noted that the experiment participants
were beginners for riding Segway. Experienced rid-
ers could control a PMV better and safer compared to
beginners. Further, in these experiments, only two
shared space users (i.e., a Segway rider and a pe-
destrian or a cyclist) were considered at a time.
Segway riders’ behavior could significantly differ
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when they interact with multiple pedestrians or cy-
clists or both. Additional empirical studied are
needed to confirm such effects.

Comprehensive empirical statistics and findings
of this study may assist authorities for evaluating
shared road designs and implementation policies and
PMV manufacturers to design PMVs with improved
safety features.
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