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Highlights Abstract

The aim of the article is to develop a model for assessing the safety of children’s travel.
Safety is the most important indicator describing the mobility system of children, even more
important than the costs of operating it. Due to the dynamic development of intelligent
solutions, it is possible to undertake additional activities supporting the improvement of
children’s safety when traveling to and from school. However, their implementation requires
* An original model for the assessment of the chil- an adequate assessment of a children’s mobility system. Currently, there are no solutions

dren's mobility system was developed that could comprehensively support the decision-making process in this sphere. The article
presents the issues of children’s mobility, a literature review in this area, mathematical mod-
el for assessing school bus travel, and a computational example. The presented approach is
an original solution allowing for evaluation of the existing systems and their development
scenarios. In addition, it enables the comparison of children mobility systems of different
complexity and scale.

* An analysis of the literature in the area of children
travel to/from school was made

* The research procedure for children's travel with
the use of [oT was developed

* The developed model was verified on the real ex-
ample of a children's travel system
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1. Introduction

Children’s mobility is a complex issue and is widely discussed in
the literature due to travel safety [23] and children’s health [4]. The
problem is significant since the number of trips of one child on the
route home-school or school-home is approximately 380 times a year,
and can contribute to a high traffic volume resulting from the large
number of children traveling [24]. Hence, even small changes in the
mobility of children can have a significant impact on traffic volumes,
air pollution around schools [3] spatial planning [22], environmental
impact [41], social conditions [21], economic issues [5], travel plan-
ning [16], and children’s behaviour in traffic [38] etc.

The decision made by parents on means of transport (e.g. taking
a child to and from school in a passenger car) can be impacted by
insufficient level of road safety or limited availability of other forms
of transport. However, it influences the increase in car traffic, which
results in lowering this safety [33]. Therefore, an important issue is to
control and reduce the risk in individual areas. This can be achieved
by developing models that minimize the likelihood of an accident

(*) Corresponding author.

(e.g. [10]), but also by ensuring the roadworthiness of vehicles from a
systemic perspective [12].

These issues indicate the need to develop a comprehensive, inte-
grated children mobility management support system that will ensure
the safety of children from the moment they leave home until they re-
turn from school [15]. Such a system should ensure the use of school
buses and take into account the needs of all stakeholders and users
of school transport, i.e. parents (guardians), school representatives,
transport providers, municipal authorities and other entities, such as
the police or road managers. This means that in order to ensure the
proper implementation of school transport and to increase the safety
of children traveling to and from school, it is essential to integrate the
activities of all the above-mentioned stakeholders and to appropri-
ately define the scope of their duties and tasks.

As shown by statistical data, the interest in the safety of children
brings the desired results. Fig. 1 shows the number of road accidents
involving pedestrians under the age of 14 in Poland in 2010-2019.
As it can be seen, the number of accidents involving children is con-
stantly decreasing, and the level of safety of vulnerable road users is
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increasing. A similar trend is visible in other European Union coun-
tries. However, this does not change the fact that the number of ac-
cidents involving children pedestrians is significant. For example, in
Poland in 2019 there were 723 accidents involving young pedestrians
under the age of 14, in which 15 children were killed, 220 were seri-
ously and 504 slightly injured [42]. It is significant that according to
the World Health Organization, road transport accidents are the most
common cause of death among children over 5 years old [43].

Number of road accidents involving children in Poland (2010-2019)
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Fig. 1. Number of road accidents with children pedestrians in Poland in
2010-2019
Source: own study based on Polish Road Safety Observatory data

[42]

Taking all of the above into account, according to authors of the
article, the improvement of school travel safety is a particularly im-
portant issue and requires proper adaptation of the infrastructure and
equipping the transport system with appropriate intelligent tools for
monitoring children’s travel to and from school.

The authors of the article presented a developed proprietary model
for assessing school travel safety, considering the equipment with
10T tools. The research covers trips by organized school transport in
non-urban areas, however it is possible to adapt the model to chil-
dren travels made by public transport, as well as by other means of
transport or on foot. The presented research is based on the effects
of the Safeway2School project [44]. Extending the research would
require mapping additional means of transport, taking into account
their characteristics, as well as the assessment of integrated transfer
nodes presented, for example, in the work of Jacyna et al. [11]. These
considerations will be the subject of further studies.

The article is mapped out as follows. Section 2 presents the cur-
rent state of knowledge broken down by areas related to the research
topic. Section 3 presents the concept of the proposed method for using
intelligent solutions in children’s travel to school. Chapter 4 contains
a decision-making model which studies the indicators of bus travel
safety, based on the developed concept. The use of the developed con-
cept of the proprietary safety model was verified on the real data of
the selected part of the road network, as presented in section 5. The
article ends with a summary containing the conclusions of the consid-
erations and indicates recommendations for the stakeholders of the
entire process of organizing children’s travel to and from school.

2. The state of knowledge in the field of safe travel of
children to and from school

2.1. The choice of transport means for children school travel

The decision on how to arrive to school reflects the highest possible
level of safety of a child. This thesis is confirmed by research [39],
which shows that for parents who bring their children to school by
car, the decisive factors for such a choice were: ensuring the highest
possible level of safety and the comfort of travel. Indeed, taking a

child to school by car, thanks to the presence of a parent, provides
the child with a high level of safety, but on the other hand, this mode
of transport has many disadvantages. First of all, the use of a passen-
ger car results in the reduction of physical activity for children, and
thus may have an impact on weight gain [27] and lowering the health
of children (e.g. increasing the risk of cardiovascular diseases) [4].
Apart from that, the use of a passenger car has a negative impact on
the natural environment, is inconsistent with the idea of sustainable
development [24] and ineffective from an economic point of view. In
the literature, there are also studies indicating that car use has negative
social effects, because children spend less time with their peers [21].

Therefore, it is extremely important to develop and implement so-
lutions that improve the safety of children in transport. Thanks to that,
it is possible to reduce selected risks associated with other forms of
transport than using a passenger car to get to school, and thus the use
of other types of transport that can not only ensure the safety of chil-
dren, but also can have a positive impact on children’s health, and not
be harmful to the environment [2].

It is worth noting, however, that it is not possible to determine the
best means of transport in advance, as this issue should be considered
individually in each case. The choice of a given means of transport
on a given route is associated with certain risks, which may depend,
among others, on the length of the route from home to school, avail-
able road infrastructure (e.g. sidewalks and bicycle paths), accessi-
ble pedestrian crossings, traffic volume on streets around the school,
speed of vehicles around the school, availability of school transport,
location of bus stops, spatial development in the school surroundings
and many other factors [37]. Moreover, as indicated by the authors
[32], an undoubtedly important aspect in the choice of means of trans-
port is the assessment of the accessibility of public transport.

2.2. Activities increasing children school travel safety

The organizational and technological solutions can be distinguished
among the activities increasing the safety of children in transport,.
The most popular forms of ensuring safety for children traveling to
school are traffic calming zones on the streets around educational
units, which can be classified as organizational solutions. In these
zones, various measures are applied to ensure safety of all road users.
Different tools are used for this purpose, with reduction of the speed
limit being the most common one. The conducted research shows that
noticeable effects in terms of increased safety are achieved by limit-
ing the speed to at least 30 km/h [34]. Other solutions used in traffic
calming zones around schools include additional horizontal and verti-
cal signage, pedestrian refuge, narrowed lanes, restriction of entry for
selected types of vehicles, or additional lightning. Zones of this type
may be introduced during the morning and afternoon rush hours, or
they may be valid throughout the whole day [2, 18].

An example of a more restrictive measure to ensure the safety of
children in road traffic is project “Schulstrale” implemented in Vi-
enna, which closes streets in the immediate vicinity of schools to car
traffic for half an hour during the peak morning traffic. The aim of
the project is to contribute to the improvement of road safety and to
be an incentive to change the means of transport to a more environ-
mentally friendly one, e.g. a bicycle or a scooter. The first effects of
the described project are extremely positive, and its implementation
is planned by other cities as well (e.g. Wroctaw). The “Schulstrafie”
project is one of several activities implemented in Vienna, which are
in line with the idea of Smart City. They can include, among others
promoting pedestrian traffic, using facilities for electric vehicles or
restricted parking zones [26].

Solutions aiming to improve road safety have been also introduced
in Sweden, where in 1997 the parliament adopted the long-term strat-
egy “Vision Zero”. It assumes the development and shaping of the
transport system in such a way that in the future no one is killed or
seriously injured as a result of a road accident. Therefore, all transport
solutions are designed in such a way as to ensure maximum safety
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for all road users. As a result, the number of road accident victims
is decreasing annually, and the country’s road transport system is
considered as one of the safest in the world (9 people under the age
of 17 died as a result of road accidents in Sweden in 2019). Despite
this, further innovations aimed at achieving the goal specified in the
strategy are being implemented. Apart from Sweden, strategies based
on “Vision Zero” have also been adopted by among others Denmark,
Norway and the USA [1].

The subject of systemic guaranteeing the safety of children on the
way to school was the subject of, inter alia, Safeway2School project,
funded by the European Commission under the 7th Framework Pro-
gram. As part of the project, innovative solutions in the field of school
travel planning, warning systems for school bus drivers were devel-
oped, as well as the formulation of educational programs dedicated to
all stakeholders of the school transport system. The developed solu-
tions were tested in pilot locations in Sweden, Austria, Poland and
Italy, which made it possible to evaluate their usefulness and effec-
tiveness [44].

The implementation of experimental concepts in operating trans-
port systems is difficult to apply due to the scale and their sensitivity.
All modifications and improvements entail high costs and therefore
must be preceded by detailed studies on the developed analytical or
simulation models. The authors of the work [14] indicate such regu-
larity by presenting the issues of the development of transport systems
and decision-making problems related to the issues of the impact of
transport on the environment. Impact and evaluation models for trans-
port solutions need to be developed. Swiderski et al. [35] presented a
transport service evaluation model based on artificial neural networks,
while Rudyk et al. [28] proposed an analytical model for assessing
vehicle fleet management in terms of safety, which was used to feed
the rationality of the simulation model. In case of school transport
travels, there is a noticeable lack of a tool allowing for its assessment
in terms of safety and a comprehensive approach to children’s mobil-
ity problem.

2.3. Using loT solutions for monitoring children travels to
and from schools

Solutions based on the Internet of Things technology take an impor-
tant place in the literature on road safety. In trying to define IoT, it
can be said that it is a set of physical (real) objects, connected in such
a way that they can communicate with each other (send and receive
data) without human interference [36]. IoT has a huge potential to
be used in many areas of life, including road traffic. As indicated in
[6], IoT provides communication vehicle-to-vehicle (V2V) as well
as vehicle-to-infrastructure (V2I). Thus, it is possible to ensure com-
munication between cars, which can help avoid collisions [8]. The
communication channels provided by the use of IoT technology are
presented in Fig. 2. The authors of the work [20] emphasize the great
importance of IoT in the development of logistics systems, includ-
ing external transport, and the potential it has in terms of supervi-
sion over the correct implementation of processes and improvement
of systems.

As mentioned, the applications of [oT technology in road transport
are widely described in the literature. IoT technology can also ensure
communication between the vehicle and traffic lights. In [19], a solu-
tion is described which, thanks to the use of data from motor vehicles
and information on pedestrian traffic, allows functional optimization
of road lights. Another possible application of IoT technology is to
provide vehicle-to-pedestrian (V2P) communication. For example,
[9] describes a technology that allows a vehicle to be warned about
an approaching pedestrian and pedestrian (using a dedicated mobile
application) about a risk from an oncoming vehicle. Taking into ac-
count the above considerations, it can be said that the IoT technology
in the future will make it possible to limit or even exclude the role
of humans in driving a car, which can contribute to a significant im-
provement in road safety [40].

V2P T P2
‘“Vzv , P2V x
. 12v

Fig. 2. Communication channels provided by IoT technology
Source: own study

In the context of the described subject, it is worth emphasizing that
the IoT technology is also applicable in terms of improving the safety
of children traveling to schools. Among the technological solutions
that improve safety of children, there are various types of applications
that enable tracking of school buses. As a rule, their operation is based
on the data collection concerning, inter alia, school bus location. The
data collected on the server is made available to selected stakehold-
ers, e.g. parents, school representatives or transport organizers. In the
past, solutions of this type were most often based on GPS technology
(as described in [7, 29]) and, slightly less frequently, on passive RFID
technology [30]. Commercial applications of this type include Track-
SchoolBus app. It should be emphasized that the functioning of the
mobility management support system must be based on a properly de-
veloped architecture, equipped with devices for collecting and trans-
mitting information, but also on data warehouses allowing for data
collection and analysis, as well as transferring information among
transport process stakeholders. Such solutions are implemented, for
example, in cargo transport, an example of which can be the EPLOS
[13] system and its architecture. Similar solutions can successfully
operate on a micro scale basis in terms of children mobility manage-
ment. However, currently the literature lacks examples of a systemic
approach covering such a large range of stakeholders who should be
involved in the process of children’s travel to school.

The use of [oT technology in the field of monitoring school buses
opens new possibilities. For example, [25] presents a system that al-
lows the student’s absence monitoring, unscheduled stops, deviation
from the route or exceeding the speed limit. On the other hand, the
solution described in [31] allows for the identification of fuel leakage
or control of the temperature inside the bus. Another idea for using
10T technology is for an intelligent bus stop, which was described in
[17]. In this case, the bus stop is a closed, air-conditioned unit (stops
of this type can be found, among others, in the Persian Gulf coun-
tries). Thanks to the use of IoT technology, it allows, among others
optimal management of electricity by predicting the occupancy level
at the stop, remote control of air conditioning and lighting, and meas-
uring the level of air pollution around the stop. However, there are
no solutions that are considered in this article concerning additional
control, e.g. lighting of a stop and emitting warning signals for other
road users.

Based on the analysis of current knowledge and literature review,
it should be stated that it is necessary to conduct research aimed at
developing a concept for the development of transport systems with
regard to safety issues. In this article, the concept of Intelligent Bus
Stops described in [17] was extended and it was planned to integrate
IoT technology in the supervision of children’s travel to school. More-
over, a proposal was made of an analytical model, based on the exist-
ing evaluation models, dedicated to the assessment of the safety of
children’s travel to school. This model has the potential to be used
in simulation models. Considering the dynamic development of IoT
technology, it can be expected in the near future that further transport
solutions based on this technology will become available, which can
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bring many benefits to society, also in the context of improv-
ing the safety of children on the way to school. Hence, a dedi-
cated model, which is highly flexible and can be expanded with
additional elements, will be an important tool in assessing the
impact of implementing various concepts and solutions in the
field of safety.

3. Procedure of the study method in the field of
supporting children’s travel to and from school
with the use of IoT tools

Figure 3 shows a scheme of a mobility system using intelligent
solutions (IoT). The basic element of such a system is an intel-
ligent bus stop. It can be equipped with many different elements
that improve the safety of passengers, including getting on and
off the bus. Such a bus stop can be equipped with additional
lighting activated on the basis of reading sensors and beacons or NFC
transmitters when a child arrives there (and is equipped with a smart-
phone application or an additional transmitter). Also, while getting on
and off the bus, additional lighting may be activated in the bus stop
area, informing other road users about the necessity to become more
alert. Allocating unique numbers to transmitters can be used for moni-
toring the journey of many road users, as well as for collection of data
allowing for further improvements in the children’s mobility system.
Additional equipment may include cameras or photocells.

Bicycle On foot (or Passenger car
. sgooter) o
Mobile phones or
other transmitters m
ALY

(e.g. smartwatches)

A ... School

L1
|cms

Journey on foot
or scooter

O .4

Parent/Guardian
Smartphone/
computer app

Bicycle journey Car or TAXI journey

-
""" *'Children

- transmitters

- smartphones

When on foot or on bike:
- reflective elements/vests
- additional lightning

Fig. 4. Process of school journey by bicycle/scooter/on foot/in car (without public trans-
port)

Source: own study

lowest, is a journey made by a passenger car. A child under the care
of a parent/guardian does not need to be equipped with any additional
systems. Assuming that the child is brought to school and taken home
by the parent/guardian, it remains under the supervision of the par-
ent all the time, thus the level of safety (from the parent’s point of
view) is quite high. Transmitters (with GPS tracking function) can
assist in supervising the child’s safety when traveling to school by
taxi. Another, uncomplicated process, but with a lower level of safety,
is commuting to school by bike or on foot (including a scooter). The
child’s safety depends to a large extent on the existing infrastruc-

ture (e.g. sidewalks, bicycle paths), but also on child’s education

and awareness levels or additional equipment (e.g. lighting, re-

flective materials). In this case, equipping the child with a trans-

mitter and automatic notifications sent to school and guardians
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Mobility app t
Beacon and GPS @
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-
.
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is desirable.

The most extensive process and at the same time the one in
= which an extensive system based on the Internet of Things can
be used is the child’s trip to school by a school bus. Due to long
distances to schools, poorly developed infrastructure for pedes-
trians and cyclists, as well as the route to school leading through

device
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56 suport Local authority managing
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transmitter
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and supervising children
mobility
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dangerous streets and complicated intersections, journeys by
this means of transport are often organized by municipalities
in the form of organized school transport. Also, parents often
choose this mode of transport for their children, which makes

device
= it much easier for them to organize their daily activities without
-—

Parent/Guardian ;
"' Smartphone/ E - =

computer app

Fig. 3. Information/data flow in children's mobility management system with the use of

loT
Source: own study based on [20]

The travel process to and from school is similar for each
mode of transport. This similarity is mainly expressed in the
stages of the journey; however it is superficial. In reality, each
way of getting to school or returning home has different char-
acteristics due to elements such as time, comfort, safety and ad-
ditional travel support equipment. Currently, in most cases this
process is not supported by smart solutions. In case of children
and adolescents, smartphones play a main role as they allow
for communication with the guardians. There are no systemic
solutions that integrate communication among children, school,
children mobility management office and guardians. With the
use of intelligent infrastructure provided by the Internet of
Things, it is possible to implement solutions that increase the
travel safety and, at the same time, the flow of information, and
allow for an increase in the share of independent journeys made
by children. Figures 4 and 5 show the different processes of
children’s travels to school.

As it should be noted, the simplest process and, at the same
time, the one in which the share of additional equipment is the

Ammm

=E E% Home

L. bus stop

having to drive and pick up children from school, and thus the
congestion around schools and on access roads remains lower.
Therefore, school buses are a good choice for traveling to and
from school. In case of this solution, it is possible to use many
additional elements, e.g. infrastructural ones, including Intelli-
gent Bus Stops, which can significantly increase the safety of
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Fig. 5. Process of school journey by school bus including the characteristics of addi-

tional equipment of individual elements of the system

Source: own study
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children traveling to and from school. Additionally, parents/guardians
and the school representatives can be kept informed of the child’s
travel status. The use of beacon transmitters enables Bluetooth com-
munication and confirmation of the location of the child, especially
in case of weak or no GPS signal, as well as in the absence of a GPS
receiver. An alternative to beacon transmitters can be NFC communi-
cation, but it is less popular than Bluetooth.

Nowadays, the safety of children traveling to school is one of the
most important topics for students, parents, schools, and transport
system managers. Due to the increase in the popularity of advanced
electronic devices, various transmitters or smartphones, the imple-
mentation of solutions improving safety of children is possible with
relatively low financial outlays. However, it is necessary to assess the
impact of individual elements and its activities on the safety of the
children. Therefore, the article proposes a formalized method of as-
sessing children’s travel to school by bus as a function of safety.

The study procedure in the field of supporting children’s travel to
and from school with the use of IoT tools is presented in Figure 6.
Within this procedure, 7 stages were distinguished, which constitute
a comprehensive approach to the implementation of improvements
in the area of children’s mobility. This method is universal, and it is
possible to implement it in different means of transport, as well as in
different areas.

Identification and
characteristics

Children’s mobility system: Collecting information regarding
demand for transport, bus stops, road infrastructure, fleet,
system organization

of the system

Construction and setting
of parameters of the
evaluation model

Selection of elements to be evaluated, definitione of decision-
makers' needs, including weights for individual characteristics
of the system elements

p.

Evaluation of the existing
system

Determining the value of partial criteria of the assessment, as
well as the safety level of children’s mobility system

-

Identification of system
weaknesses

Identifying system elements that need to be improved to
increase children safety

-

Selection of solutions affecting safety level, including

Development of system o . . :
. . . intelligent IoT solutions and mapping them in the assessment
modification scenarios model

@«

Assessment of the developed scenarios based on a
P ized model and verification of the effectiveness of
the introduced improvements

Simulation and evaluation|
of the developed scenarios

Implementation of the

selected measures and
monitoring of safety level

Fig. 6. Stages and phases of school travel in childrens mobility sys-
tem

STAGE 1 (to school)

accessibility of public transport is limited and the process of reaching
the school is complicated.

3. The formalization of the mobility assessment
model in the safety function

3.1. Model assumptions and system features

The assessment model for decision support of child mobility man-
agement will be presented in a systemic perspective, i.e., monitoring
children’s travel to school in a door-to-door perspective. The model
includes an installation of the Smart Bus Stops on the route of school
buses and equipping children with special transmitters (or telephones
with a dedicated application).

A children’s mobility system meets the demand for transporting
primary school children from their place of residence to schools. The
diagram of such a system, taking into account all stages of the journey,
broken down into the phase to and from school, has been presented in
Figure 7. Each phase may consist of different stages.

The phase in individual stages can be carried out by various trans-
port means, while phases 2 and 3 are carried out only by the school
bus. Phases 1 and 4 are carried out on foot, and phases 1.2 and 3.4
can be carried out by a passenger car (with a parent/guardian or taxi),
bike, scooter or on foot. Due to the assumptions mentioned above, the
authors considered phases related to bus travel, i.e. 1 and 2 as well as
3 and 4.

Phases 1 and 2 as well as 3 and 4 (the bus journey) are complex
and have to include both used infrastructure and assistive devices. In
addition, the length of a journey or the number of bus stops will also
affect the assessment of a children’s mobility system. There may be
many travel routes to school in a system.

The described model provides a system assessment for Phase 1 -

travel to school. The safety assessment criterion ( F 4 ) was chosen
for the mobility assessment. The total assessment of a safety level
with the use of the bus will be expressed as follows:

FB_A:FTﬂJrFT;p+E+FBY+FBe (1)

It was assumed that a safety assessment will be the sum of 5 com-
ponents, which mathematical notation is presented in section 4.2. The
first three components are directly related to the implementation of
stage 1, i.e. Fp; concerns the assessment of reaching the bus stop,
Fp,, concerns the waiting time at the bus stop, Fp, concerns the bus
journey assessment. The two additional components Fp, and Fpq
are determined by the decision-maker and can be added to the overall
security level. The element Fpy, has an interpretation of the index
correcting a level of safety due to knowledge gained by the students
during the training and lessons related to road safety. Moreover, the
element Fp, adjusts a level of safety with additional children’s
equipment, such as reflective vests, telematics devices or personal

Bus stop

Source: own study

The article examines one of the four main means of children
transport to reach school, i.e. traveling by organized school bus,
due to the high popularity of this mode and also the greatest
impact of intelligent systems on this journey’s safety. Access to
school in the community is considered and it has been assumed
there is no other method of traveling to school by any other
form of public transport. Travel by public transport is possible
in other locations where this kind of transport is organized, i.e.
larger towns. The authors focused mainly on the areas where

PHASE 2
PHASE 1
HOME SCHOOL

A

O
|-ms

PHASE 1.2

PHASE 3.4

Bus stop

STAGE 2 (to home)

Fig. 7. Stages and phases of travels to and from school in a children’s mobility system

Source: own study
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lighting. They mainly affect children travelling by the school bus, but
can also be used to travel to school by other means.

The safety assessment requires including many system features. To
determine its level, a set O containing the weights of individual char-
acteristics was defined. It was written as:

q; (1)5 q; (2 1)5 q1 (22): q1 (23): q1 (3)9 q1 (4)
0=14,0.0,2).4,3.9,(41,0,42,0,(43,} @
qp (1)7 qp (2)’ qp (3)= qp (4)7 qst (l)s st (2)’ 9st (3)

The individual elements of the above-described set were divided
into:
— determining the influence of the characteristics of a connection

(g0,

— determining the influence of the characteristics of a bus stop
(gp)s

— determining the influence of journey and transport mean (g,
and q,,).

Weights can be modified and changed depending on the needs and
preferences of the model user. After calibration through appropriate
adjustment of the weights, they should not be changed when differ-
ent scenarios or systems are compared and assessed. Weights can be

interpreted in various ways, depending on the needs of a model user.
The paper assumes that weights will be treated as points allocated
depending on the respective system characteristics. These points will
be assigned from a set of integers. They can have positive or negative
values.

The weights used to assess children’s travel to the bus stop are pre-
sented in Table 1. They can also be used to build a more complex mod-
el that includes the assessment of journey to school by scooter, foot or
bicycle. In the case of including in a model the journeys by a passenger
vehicle, it would be necessary to introduce weights referring to, for
example, the road category or the safety of the connection.

Another group of points allocated to a system relates to bus stops. It
is essential due to the significance of the stage of waiting for the bus to
arrive and getting children on and off the bus and the impact of these
stages on the overall safety of children travelling to school. The group
of weights related to these factors is defined in Table 2.

Another group of weights used for an assessment is the one related
to the bus journey to school. This is the phase of the journey in which
the infrastructure also plays an important role, however, equipping
the vehicle with additional security systems can significantly increase
the level of safety of children as passengers. The defined weights are
presented in Table 3.

The system’s safety assessment function consists of many elements
related to all phases of the journey to school. Since stage 2 (returning

Table 1. The group of weights related to the assessment of connections between nodes

Weight Description
q,(1) points (a weight) allocated for the presence of a sidewalk at a given connection
q/(2.1) points allocated for the wide shoulder, it was assumed that there is no sidewalk in this case
q/(2.2) points allocated for the narrow shoulder
0(2.3) points allocated for the other solutions or lack od additional improvements
I .
a(3) points allocated for the lighting of a given connection
1
a(4) points allocated for the speed of vehicles on given connection, according to a principle the higher speed, the lower
I
safety

Table 2. The group of weights related to the assessment of bus stops

Weight Description
q,(1) points (a weight) allocated for the presence of the bus stop turnout
q,(2) points allocated for the presence of the bus stop shelter
q,(3) points allocated for the presence of the bus stop lighting
qp(4.1) points allocated for the presence of the intelligent lighting activated by the child’s transmitter
qp(42) points allocated for the presence of the road signs and the light signals, vertical and horizontal on the road
qp(4:3) points allocated for the presence of other solutions improving safety

Table 3. The group of weights related to the assessment of school buses and bus routes

score

Weight Description
Points allocated for bus route
(1) points (a weight) allocated for the number of stops on the bus stops during given route, the fewer stops, the higher the
b

q,(2) points allocated for the length of the bus route, the shorter route, the higher score

q,(3) points allocated for the speed on given route

qp(4) points allocated for the road lighting

Points allocated for bus equipment

qs(1) points (a weight) allocated for the equipping of the bus with the seat belts for passengers

qs(2) points allocated for the additional lighting for the bus, which is activated at the bus stop

q4(3) points allocated for the additional telematics equipment of the bus integrated with the system
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home) is analogous and the only difference is the waiting at the bus
stop, its evaluation wasn’t described. The road to school is critical in
this case. The components of the safety evaluation function are the as-
sessment of reaching the bus stop, the assessment of the bus stop and
the assessment of the bus route weighted with the share of serv-
iced notifications (the number of children getting on the bus).
The considerations do not include access to the school from the
bus stop, as it is assumed that it is a safe section (usually, the bus
stop is at the school or the school area).

4.2. The assessment function of the bus journey

An assessment of the bus journey safety level requires the cal-
culation of individual components of the function Fp , . Its
first element Fg, can be interpreted as the assessment of all
phases of reaching the bus stop in a system for all bus routes:

Fy= 3 2

deD (w'\w)eLawe¥(d)

fBl (d,W',W)

It is the sum of the assessment of the arrival phases safety level
of the d -th route - f5,(d,w’,w), using the house-bus stop connection
(w’,w) belonging to the set of the connections L. Considerations tak-
ing into account only bus stops which belongs to the set of bus stops
visited during given bus route (). The assessment of reaching a bus
stop is based on the characteristics of a connection between the home
and a bus stop and the number of children using this connection. This
assessment is made on each bus route (d) and at each bus stop (w)
belonging to a set of bus stops visited during a given bus route ¥(d):

VYdeD Yw:weW Aar(w)=2Awe¥(d) Yw':w'eW ar(w)=1

2 Mege, ', w)]+
412 Degps (W w) +

41(2.2)¢pp, (W', w) + [1-cenw' W) ]+

: x,(d, W', w)
fm(d,w,w)=W (231 = s (W', ) = (W', W)
q; (3)Clos(wya W) +
100V W) Vigin
K (4){ 100 100 |
. _ ' I(W',W) - ngr
[(l ap(w ’W))il(w', " J

The r(w) parameter in the above function takes the value 1 when
the node is interpreted as a home, and 2 when the node is interpreted
as a bus stop. This function consists of three main elements (Figure
8 shows a graphic interpretation of the assessment of access to the
bus stop). The first element is the share of the number of children
using a connection to the w-th bus stop (x,(d,w’,w)), in relation to the
overall amount children using this bus stop (x,,(d,w)). The second ele-
ment is a connection assessment, which depends on connection char-
acteristics and the allocated weights of the individual characteristics
2.1)+q(2.2)+q(2.3), q/(3), q(4)). The characteristic of a connection
includes:

- ¢i(wmw’) — the percentage of the pavement in relation to a con-
nection length,

= ¢p(ww’) — the percentage of the wide shoulder in relation to a
connection length,

= ¢pumw’) — the percentage of the narrow shoulder in relation to
a connection length,

- ¢ps(ww’) —the percentage of the illuminated road in relation to
a connection length,

- V,(ww’)—the average speed of a connection, it is assumed that
it cannot be higher than 100 kmph,

— ap(w,w’) — the indicator determining whether the level of safety
is influenced by the length of the foot connection; it takes the

value 1 when the length of the link /(w,w’) is greater than /p,,
for foot journey,

—  V,un — speed of the cars on a connection, which does not affect
safety,

dmm  @WW = fydww) Ammm
-DD[D e - -D =
mHEE x dww X (dw”w) m 5 EE
w, W W”
Hw)=1 Hw)=2 Hw")=1

(W) =3 (dw’ W)+ (dw )

Fig. 8. Graphical interpretation of a safety assessment elements of access to a bus stop

Source: own study

The assessment function of the access to the bus stop is weighted
by the influence of the length of the route, if it is longer than the
assumed /p,, (the limit length of an access to a bus stop for safety
reasons).

The second element of a safety assessment of the journey to school
using the bus is waiting time at a bus stop. As in the case of assess-
ment of access to a bus stop, this function can also be applied to all
bus stops in the system and can be formulated as:

Fgp=2 X fy(dw)

deD we¥(d)

This element depends on the characteristics of a bus stop and the
weights of its individual features. It is weighted by the number of chil-
dren using a given bus stop (x,,(d,w)) to the number of children trans-
ported on the entire bus route x,,(d).. It can be formulated as below

YdeD Yw:weW Aar(w)=2ArweY¥Y(d)

oy (d.w)= gp (@) [ 45 (D (W) + 4, (206 () + 4y () o (W) +
’ Xarr(d) | (4D pn (W) +4,(4.2)¢ 0 (W) + ¢, (4.3)c 53(w)

In the above function, the following parameters characterizing a
bus stop were adopted:

— ¢,:(w) — determining whether there is a bus stop turnout, takes
the value 1 if there is a bus stop turnout or 0 if there is no bus
stop turnout;

— ¢pw(w) — determining whether there is a bus stop shelter (1 —

yes, 0 —no),
— Cpos(W) — determining whether there is a bus stop lighting (1 -
yes, 0 —no),

— (W) — determining whether a bus stop is equipped with ad-
ditional lighting activated by a child’s transmitter and a bus (1
—yes, 0 —no),

— ¢pa(w) — determining whether a bus stop has additional light
and / or sound marking activated by the child’s transmitter (1
—yes, 0 —no),

— ¢p3(w) — determining whether a bus stop has other additional
ICT and IoT devices (1 — yes, 0 —no).

The third element is the trip to school by bus. The safety assess-
ment of this element will be performed for an entire system as a sum
over all routes in system. It is expressed as below:

@= Z Fpy (d)
deD

The assessment of this element take into account getting on and off
a bus and bus journey. The value of this element is weighted by the
number of children traveling on the d -th route (x,,(d)) in realtion to
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all travelers using bus in a system (x,). This function has been writ-
ten as:

Y sza(w) Y IG)
e (d) (i,ied(d)
GO[1-2FD g1 -0y
b Y Y sew| " Y Y G
deDweV¥(d) deD(i,i"ed(d)
@ > Vi)
X, ii" ..
VdeD  Fin(d)=" T )G G ]
as

st (DCyppasy (5) +
+ Z ya(d’s) | st (2)53105(3) +
se$ st (3)C.YIIE] (s)

This function includes elements related to a bus route and the
transport means itself. The bus route assessment includes the
number of stops (w) visited on the d-th bus route; the length of
the d-th bus route consisting of connections /(i,i”) belonging to
the set of connections ®(d) on the d-th bus route, the average
speed on the connection V,(w,w’) and the share of the length of
the illuminated road. On the other hand, the assessment related
to the characteristics of the s-th vehicle (the parameter y,(d,s) -
determines the assignment of the s-th vehicle to the d -th route) -
includes:

~ Cppasy(s) — the presence of seat belts and necessity to fas-
ten seat belts on a bus,

— Cy05(8) — the additional lighting of a bus

— Cyel(s) — the level of integration of a bus with telematics
systems.

5. Verification of the model based on the distribu-
tion of the traffic flow in VISUM

The practical application of the approach to the issues of
managing the mobility of school children presented in the paper
is shown on the example of a real transport system. The PTV
VISUM was used to carry out the analyzes.

Verifying the correctness of the presented child mobility
management system in school-age with the use of the Smart
Bus Stops and radio transmitters has been carried out through a
comparison of the system performance indicators with the cur-
rent system without additional support. Two comparative vari-
ants were used to simulate the effectiveness of the school-age
mobility management system using smart bus stops and radio
transmitters.

In the first variant, both systems are compared, considering the
maximum flow of children traveling to school. A time interval from
7:00 AM. to 8:00 AM has been assumed in the first variant. During
this time, the highest traffic levels within the school area are gener-
ated. The second variant was simulated for the lowest traffic situations
to check how both systems behave in two extreme road situations. In

Table. 4. Distance between home and bus stop

a second variant, the assumed simulation period is from 11:00 AM to
12:00 PM.

Firstly, the transport network of the analyzed research area should
be defined to verify the child mobility management system. The trans-
port network, including point and line elements, is shown in Fig. 9
(point elements represent intersections, while the sections have an
interpretation of connections between individual intersections). The
analyzed area is the municipal community of Radzyn Podlaski, lo-
cated in the Lubelskie Voivodeship in Poland.

The division of the area into traffic areas generating sources of traf-
fic flows between the place of residence of children and the school is
shown in Fig. 10 (region 28 marked red - location of the destination
point — a school).

Fig. 9. Transport network in the analyzed child mobility management system.

Source: own study based on PTV Visum

Fig. 10. Communication areas in the territory of the child mobility management system

Source: own study based on PTV Visum

In order to determine the effectiveness of a child mobility manage-
ment system for public transport (school bus), including Smart Bus
Stops, the parameter of the distance between the starting bus stop and
the child’s place of residence was defined - Table 4. This parameter
determines the total travel time of the child from leaving the home to
arrival at school.

Distance Distance Distance Distance Distance
Area Area Area Area Area
No to bus stop No. to bus stop No to bus stop No. to bus stop No to bus stop
) [km] ) [km] ) [km] ) [km] ) [km]
1 0,25 7 0,22 13 0,14 19 0,42 25 0,24
2 0,3 8 0,12 14 0,16 20 0,14 26 0,11
3 0,12 9 0,23 15 0,12 21 0,35 27 0,23
4 0,23 10 0,34 16 0,11 22 0,24 28 0,14
5 0,24 11 0,23 17 0,34 23 0,14 29 0,12
6 0,3 12 0,12 18 0,34 24 0,33 30 0.14

Source: own study based on PTV Visum
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Fig. 11. Location of Smart Bus Stops in the transport network.
Source: own study based on PTV Visum

Fig. 12. The flow of passengers in the morning hours in the Smart Bus Stops system
Source: own study based on PTV Visum

Verification of a child mobility management system with the
use of Smart Bus Stops and public transport was simulated for
29 intelligent bus stops - Fig. 11.

In order to operate all bus stops, four bus lines have been
designated covering all Smart Bus Stops. The hourly volume of
the passenger flow on individual sections of the line is presented
in Fig. 12.

In the analyzed case study, the community of Radzyn Pod-
laski has 4 school buses and each bus is assigned to one line.
The efficiency indicators in a child mobility management sys-
tem including Smart Bus Stops are presented in Table 5.

In order to operate all bus stops in the morning, three bus
lines covering all Smart Bus Stops have been designated. The
hourly volume of the passenger flow on individual sections of
the line is presented in Fig. 13. The efficiency indicators in a
child mobility management system, including Smart Bus Stops,
are shown in Table 6.

For the presented simulations of bus journeys, a safety as-
sessment was carried out in a child mobility management sup-
port system. The assessment was carried out based on the de-
veloped mathematical model. The following assumptions have
been made:

— only bus trips were considered, taking into account access to
a bus, the modal split with passenger vehicles, pedestrian trips
or bicycles was not taken into account, it will be topic of further
research,

— the influence of speed was omitted due to the equal speed of
50 kmph in each section,

— the assessment related to the bus equipment was omitted be-
cause the same buses were adopted on each line,

Table. 5. The effectiveness indicators of a child mobility management system including Smart Bus Stops for the morning hours

. . Length of Fuel consump- . Total fuel consumption
Line No. Travel time [h] route [lm] tion [1] Total travel time [h] 0]
1 0,21 7 3,01
2 0,15 5 2,15
0,77 9,89
3 0,19 5 2,15
4 0,22 6 2,58

Source: own study based on PTV Visum

Fig. 13. The flow of passengers in the forenoon hours in the Smart Bus Stops system
Source: own study based on PTV Visum

— due to the nature of a transport network, it was assumed that
there are either sidewalks or wide shoulders along with the con-
nections (in the analysis of access to a bus stop).

For the assumptions mentioned above and weights presented
in Table 7, three phases of the journey were assessed. The first
phase is accessing a bus stop, the second phase is waiting at a
bus stop, and the third phase is the bus journey. The results of
an assessment are presented in Table 8. The obtained results are
weighted by the number of students using a bus on their way
to school to get the absolute value of an assessment suitable
for comparing the adopted solutions at different times of the
day. It should be noted that an assessment of the systems is very
similar, which is also the result of the high quality of a transport
network and bus stops. An assessment could give completely
different results in communities or cities with worse road condi-
tions and poorer additional infrastructure.

Table. 6. The effectiveness indicators of a child mobility management system including Smart Bus Stops for the forenoon hours

Line No. Travel time [h] Lengt{l}l{gjf}route Fuelt;:;):?ll;mp- Total travel time [h] Total ﬁtli‘:)l:([)ll]lsump_
5 0,11 4 1,72
6 0,05 3 1,29 0,25 4,3
7 0,09 3 1,29

Source: own study based on PTV Visum
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Table. 7. The effectiveness indicators of a child mobility management support system, including Smart Bus Stops

Weight Description Points
q,(1) points allocated for the presence of a sidewalk at a given connection 5
q,(2.1) points allocated for the wide shoulder, it was assumed that there is no sidewalk in this case 2
q,(3) points allocated for the lighting of a given connection 3
q,(1) points allocated for the presence of the bus stop turnout 5
q,(2) points allocated for the presence of the bus stop shelter 2
q,(3) points allocated for the presence of the bus stop lighting 3
qp(4.1) points allocated for the presence of the intelligent lighting activated by the child’s transmitter 3
points allocated for the presence of the road signs and the light signals, vertical and horizontal on the
qp(4.2) road 2
points allocated for the number of stops on the bus stops during given route, the fewer stops, the
(1) higher the score 4
q,(3) points allocated for the speed on given route 4
q,(4) points allocated for the road lighting 2

Source: own study

Table. 8. The assessment of the safety of a children’s mobility system using Smart Bus Stops for the morning and forenoon hours

General data

In the morning In the forenoon

Demand 385 49

Number of lines 4 3

Line No. 1 2 3 4 5 6 7

Line length [km] 7 5 5 6 4 3 3

Lighting 0,89 0,76 1 0,98 0,89 0,98 0,96

Number of children 107 81 119 78 15 17 17

Number of bus stops 6 4 7 4 4 7 4
Safety assessment

FiBl - access to a bus stop (max. 10) 5,51 5,60

FBp - waiting at the bus stop (max. 15)

8,85* / 12,49** 8,86* / 12,82%*

Journeys of each line

2,06 1,66 2,42 1,65 2,18 2,21 2,61

(from the maximum possible points)

Fg, - summary trip assessment (max. 10) 7,78 6,99
Fp, - summary assessment (max. 45) 22,15*% / 25,78** 21,45* / 25,41**
Percentage share 49%* / 57%** 48%* / 56%**

*without Smart Bus Stops / ** with Smart Bus Stops

Source: own study based on PTV Visum

As the developed example of pilot studies shows, in the assessed
system, greater emphasis should be placed on increasing children’s
safety during access to a bus stop. On the other hand, an assessment
indicated that the system obtained just over 50% of possible points (in
the variant with Smart Bus Stops). However, it should be noted that it
is impossible to get all possible points, and the maximum number of
points represents the ideal situation. The presented research is at the
conceptual level, and due to the costs and time of implementation of
the architecture discussed in the paper, it was necessary to conduct
simulation studies. The second factor forcing the use of simulation
tests at this stage is the difficulty in implementation due to administra-
tive barriers. The preliminary results allow stating that the proposed
considerations are effective and may be the basis for further research,
both in domestic and international conditions. The developed assess-
ment model can support policymakers in managing child mobility.

6. Summary and conclusions

Children’s safety plays a critical role in the area of children’s mobil-
ity, especially from the parent’s perspective. In times of many threats,
not only related to road traffic, but also in criminal related situations
(kidnapping, persecution, etc.), the importance of technology is un-
questionable. However, it should be noted that the use of tracking
technology may also limit the privacy rights and may also be a subject
of cybercrime. The use of any supervision in online technology must
therefore be preceded by detailed research and fully secured against
unauthorized access. This does not however apply to the use of intelli-
gent infrastructure, such as smart bus stops, which communicate with
transmitters or children’s smartphones. It should be clearly stated that
the prevalence of advanced technologies has great potential in terms
of improving the children safety level.

The research presented in the article was aimed at developing
the concept of children mobility management system and providing
a tool for assessing children’s travel to school by school bus. The
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verification presented in the article was to present the correctness and
usefulness of the developed method. Due to the difficulty in obtaining
detailed and reliable data essential to feed the method, it was neces-
sary to carry out calculations for an isolated fragment of children’s
mobility system. An approach to children’s mobility management sys-
tem was presented and the use of the developed mathematical model
applied to children’s travel to school in a selected municipality. The
use of the developed model for the safety assessment allows for the
identification of the existing mobility system, but also for the assess-
ment of other options for its modification and system operation under
various conditions. In addition, the design of the model makes it pos-
sible to compare different systems of various complexity.

Further work in the practical aspect using the presented approach
will require the acquisition of accurate data, collected over a longer
period of time, for various municipalities and schools. This will allow
for a proper assessment of the current state and the possibility of pro-
posing concepts to improve the mobility system and the level of safety
on a larger scale. In the research aspect, further work will consist in
extending the model with additional ways of transporting children to
school, as well as research in urban areas. Moreover, it will be possi-
ble to implement the analytical model in the simulation environment.
This will allow for quick variations of different scenarios to further
develop the mobility system. Such model can be made, for example,
in the Flexsim or Anylogic environment.
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