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Abstract: Negative impacts of motor vehicle traffic in cities are still increasing despite the objectives
that sustainable mobility paradigm put forward almost three decades ago. Measures to reduce them
still primarily focus on traffic safety improvements through vehicle speeds and flows reduction
(traffic calming). Comprehensive traffic calming, a measure of sustainable urban mobility planning,
targets the issue more comprehensively by also addressing changes in travel behaviour and quality
of life. Literature covering the effects of measures addressing all listed aspects is scarce. In this
paper, we present results of a longitudinal study of a comprehensive traffic calming redesign of a
residential neighbourhood in Ljutomer in Slovenia. The following set of indicators was monitored:
travel habits of neighbourhood residents, quality of living environment, acceptability of redesign,
vehicle flows, speeds and classes, and traffic accidents. Motorized traffic counts, pilot interviews,
postal and in-person surveys and public databases on traffic accidents were used to gather data before
and after the redesign. All monitored indicators showed positive results. Around a third of residents
claim to walk, cycle and socialize more than before the redesign while around two thirds state that
the quality of life in the neighbourhood has improved. Vehicle speeds, flows and peak hour flows
have notably decreased, and road safety has improved. The results show that the comprehensive
traffic calming approach has a broad range of positive effects and contributes to achieving sustainable
mobility. Its potential for a wider use in sustainable urban mobility planning practice is substantial.

Keywords: comprehensive traffic calming; active mobility; travel behaviour; quality of life; traffic
safety; sustainable urban mobility planning; sustainable urban mobility plan; SUMP

1. Introduction

In recent years, sustainable urban mobility planning (SUM planning) has become increasingly
established as a new approach for transport planning and mobility management in urban areas in a
sustainable and comprehensive way. It follows the principles of the overarching sustainable mobility
paradigm whose purpose is “to design cities of such quality and at a suitable scale that people would
not need to have a car” [1] (p. 74). The paradigm also promotes the new transport hierarchy [1,2] from
which the SUM planning takes its objectives of improving accessibility, quality of life and traffic safety,
and increasing the use of sustainable travel modes. The latter are also objectives for urban mobility at the
European level [3,4]. SUM planning approach is used for the preparation of Sustainable Urban Mobility
Plans (SUMP), a strategic document that builds on existing planning practices while also considering
integration, participation and evaluation principles [5]. The preparation and implementation of SUMPs
is becoming a common practice in Europe and Slovenia in the last decade [5,6].
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The development of a new paradigm of sustainable mobility is about thirty years old [7].
Its development has been stimulated by the constant increase in the volume of motorized traffic and,
consequently, by its increasingly pronounced negative effects. While mobility has brought about
positive economic and social effects, such as wealth, international collaboration, and exchange [8], there
are also negative aspects including high proportion of urban land used by transport, urban sprawl,
congestion, traffic noise, energy use and social and environmental problems [2,7-10]. Furthermore,
major negative effects are mainly related to the private car [10]. Its intensive use has been proven to
reduce the amount of physical activity, increase the possibility of trafficaccidents, have a negative impact
on health and the living environment and reduce the possibilities for social interaction [3,4,11-18].

Sustainable urban mobility planning addresses these challenges. Its main goal is to reduce the use
of powered private vehicles. It focuses on sustainable travel modes, especially active mobility (walking
and cycling), which is characterized by being the healthiest, least environmentally controversial,
economically most rational and most socially equitable form of mobility [2,19-23]. These advantages
make active mobility “the most favourable mode in terms of sustainability” [2] (p. 137) while it is
also supported by other modern paradigms for creating green, healthy cities that are pleasant to live
in [24,25].

Achieving a notable increase in active mobility for daily trips requires a significant improvement
of the conditions for walking and cycling by establishing a system of safe, comfortable, direct and
attractive infrastructure [23,26] and exclusive routes for pedestrians and cyclists [1]. Comprehensive
traffic calming, a measure of SUM planning, is increasingly recognized as one of the more effective
approaches. Its basic elements are larger set areas, most often in residential neighbourhoods, around
schools and in city centres, where pedestrians and cyclists have priority. In addition to arrangements to
reduce the speed and volume of motorized traffic aiming at improving traffic safety, the interventions
also include the redesign of the public open space with the aim of improving the quality of living
environment and changing travel habits into more sustainable ones. Several authors discuss the
characteristics of this type of planning approach [9,18,27-33], and various older [34] and recent [35-40]
examples of good practices from Northern and Western Europe are described. However, there is a lack
of studies in the literature on the comprehensive quantified effects of (comprehensive) traffic calming
on changing travel habits, traffic safety and quality of life [41-44].

The article presents the results of the comprehensive multi-year monitoring and evaluation of a
pilot redesign of a residential neighbourhood in Ljutomer in Slovenia into an area with comprehensively
calmed traffic. In 2014, 2017 and 2018 (before and after the redesign), the study systematically collected
qualitative and quantitative data for the following indicators: travel habits of neighbourhood residents,
quality of living environment, acceptability of redesign, vehicle flows, speeds and classes, and traffic
accidents. The redesign of the neighbourhood was one of the measures of the first municipal SUMP [45],
and the neighbourhood was in part also chosen because the municipality had already planned the
renovation of underground municipal infrastructure and thus used the planned construction works for
innovative improvement of traffic regulation. The redesign was carried out in line with the principles of
SUM planning and followed the key steps for the preparation of the SUMP [5,46]. It is the first example
of such a redesign and monitoring of effects in the country and the wider region. The importance
of the study is even greater, as such a wide range of indicators is rarely measured for an individual
measure [42].

1.1. Intensive Car Use and Health Issues

As pointed out above, intensive use of private car has been proven to reduce the amount of
physical activity and has led to an increasingly sedentary life even when people essentially move
around [47]. Consequently, this adds substantially to the general lack of physical activity, which
has become one of the leading causes of death worldwide in recent years. As a key risk factor for
non-communicable diseases, lack of physical activity claims more than a million premature deaths a
year in Europe [17]. Comparatively, traffic accidents have a lower tax, but the numbers are still high.
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In Europe, more than 25,000 people die on the roads every year, and around 200,000 suffer serious
injuries [13]. The data show that conventional approaches to traffic calming in urban areas, which focus
mainly on reducing driving speeds and improving traffic safety, are not effective enough. In Europe,
almost 8000 pedestrians and cyclists still die in traffic accidents each year, and more than 60,000 are
seriously injured. Nearly two thirds of accidents involving pedestrians and cyclists occur on roads
within urban areas [13]. Thus, with their high population densities and high share of short-distance
trips, the cities have the greatest potential to move towards sustainable travel modes [3] and to achieve
the European Union’s ambitious goals of increasing the share of active mobility on daily routes,
reducing the number of traffic accidents, and improving the quality of life [11].

1.2. Pilot Neighbourhood Characteristics

The JurSovka residential neighbourhood is part of Ljutomer (3400 inhabitants) in Slovenia (Figure 1).
It comprises four streets with one transit central axis and three access streets. The streets are connected
by several segregated footpaths. The longest route is less than a kilometre and a half from one end of
the neighbourhood to the other. The area lies on hilly terrain facing south. The neighbourhood consists
of single-family houses with 119 households and 352 inhabitants. The majority of the population is
aged between 18 and 65 (66.8%), 17.9% are under 18 and 15.3% are over 65 [48]. Prior to the redesign,
the traffic regime restricted traffic with classic restrictions for settlements (permitted speeds of up to
50 km/h). Due to the small amount of traffic, no pavement was built in the neighbourhood, which
bothered the residents, as individual drivers exceeded the speed limit and thus endangered pedestrians
and cyclists. The area started experiencing parking on the road, which did not obstruct traffic, but was
disruptive. Pedestrian connections were not maintained or lit.

Figure 1. The settlement of Ljutomer with the marked residential neighbourhood of Jursovka (Source
of background picture: www.geoprostor.net).
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With the comprehensive traffic calming, the neighbourhood was redesigned in terms of traffic
arrangements and public open space. A different traffic regime was introduced, and new, quality public
spaces were set up (Figure 2). The redesign was based on twelve typical elements: 30 km/h speed
limit on the main (transit) street and 10 km/h on the side (access) streets; cycling without designated
bicycle lanes due to low speeds; pavement on one side along the main street; renovation and lighting
of the segregated footpaths; parking allowed only in marked places; setting up areas for socialising
with benches and other urban equipment and playground equipment; plantings with trees, shrubs
and perennials; traffic calming by converting intersections into mini roundabouts; traffic calming by a
speed hump at the point of contact of the footpath with the road; traffic calming by narrowing the
carriageway with combinations of plantings, planters, benches, playground equipment and parking
spaces; traffic calming by narrowing entry points to the neighbourhood.

Figure 2. Three examples of the redesign elements showing the same locations before and after the
redesign: (a) traffic calming by narrowing the carriageway with benches, playground equipment and
plantings; (b) traffic calming by narrowing the carriageway with parking spaces and plantings and
(c) traffic calming by converting intersections into mini roundabouts.

2. Materials and Methods

The effects of comprehensive traffic calming in the JurSovka neighbourhood in Ljutomer were
analysed using empirical research, namely through surveys, pilot interviews, time series analysis
and analysis of data in public databases. Data were collected before and after the redesign of the
neighbourhood, which took place in 2016 and was completed in July 2016.

The survey and pilot interviews were used to identify changes in the travel habits of neighbourhood
residents. The survey was also used to determine the acceptability of the redesign of the neighbourhood
into an area of comprehensively calmed traffic and changes in the perceived quality of the living
environment. We conducted surveys and interviews in 2014 and 2017. The pilot interviews were
conducted on 22 May 2014 as part of the preparation of a conceptual project neighbourhood redesign [48].
We interviewed 10 households (8%), which were selected on the basis of demographic and spatial
analysis. The selection ensured an even representation of age groups (0-18, 18-65 and over 65 years
of age) and the distribution of interviewees throughout the neighbourhood. The first survey was
conducted in June 2014, following a workshop on the conceptual design of the neighbourhood redesign
and as part of the preparation of a conceptual project for neighbourhood redesign [48]. It was sent to
all households and was completed by 30 households (25%). The survey was simple and short, its key
part was a questionnaire about the support of the proposed typical redesign elements. Respondents
rated individual elements using a three-point scale. The second survey was conducted in June and
July 2017 as part of the activities of the European project Civitas Prosperity [49]. The survey was
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delivered in person to all 119 households in the neighbourhood and was completed by 85 households
(71%). The survey was longer and more complex; we collected data on changes in travel habits and the
quality of the living environment, as well as responses to typical redesign elements and the redesigned
neighbourhood as a whole. Respondents rated the answers using a five-point scale. We used time series
analysis to determine changes in vehicle flows, speeds and classes in three-time sections. The situation
before the redesign was recorded on 17 June 2014 [50], and the situation one and two years after the
redesign was recorded on 6 July 2017 [51] and 26 September 2018 [52]. Data from public databases
were used to determine the number and consequences of traffic accidents in the neighbourhood and in
the settlement of Ljutomer. We obtained them from the statistical files of the National Police containing
data on all traffic accidents in Slovenia for the period 2000-2019 [53].

2.1. Travel Habits of Neighbourhood Residents

Data on the travel habits of neighbourhood residents were collected through pilot interviews
(2014) and a household survey (2017). We were mainly interested in the use of active mobility (walking
and cycling) on daily routes. The interviewees specified for the whole household the use of travel
modes for different daily routes (to work, running errands, to school and to/for recreation) and the
reasons for not using walking and cycling on daily routes. Respondents to the survey specified for three
age groups within an individual household (0-18, 18-65 and over 65 years of age), using a five-point
response scale, the more frequent use of walking and cycling on daily routes after the redesign and the
contribution of individual elements of the redesign to the facilitation of walking and cycling.

2.2. Quality of Living Environment

Data on the quality of the living environment in the neighbourhood after the redesign were
collected through a household survey (2017). Using a five-point response scale, respondents rated
the improvement of the overall quality of life in the neighbourhood, the frequency of staying outside
and socialising with neighbours after the redesign and the contribution of each redesign element to
improving the quality of living environment.

2.3. Acceptability of the Redesign

Data on the acceptability of the redesign of the neighbourhood into an area of comprehensively
calmed traffic were collected through household surveys (2014 and 2017). In the first survey, respondents
rated nine proposed typical redesign elements using a three-point response scale. The part of the
second survey relating to the acceptability of the redesign encompassed twelve redesign elements that
were actually used, including all elements from the first survey. Respondents rated their support for
each typical redesign element using a five-point response scale and, according to the characteristics of
each element, an appropriate set of the following categories: understandability, compliance with the
regime, use, impact on traffic calming. They could also list the parts of the redesign they liked most
and least.

2.4. Vehicle Flows and Speeds

All three-time sections of motorized traffic measurements are data obtained at the same four
locations within the neighbourhood. Three measuring locations were on the main (transit) street
through the neighbourhood, one of which was at the entrance point to the neighbourhood, and one
measuring location was on a side (access) street. Data were collected for the needs of the research
work of the group for sustainable mobility from the Urban Planning Institute of the Republic of
Slovenia, Ljubljana, Slovenia. The measurements were carried out by the Centre for Mobility Research
from the Faculty of Civil Engineering, Transportation Engineering and Architecture of the University of
Maribor, Maribor, Slovenia. Measurements were performed on a working day with automatic pneumatic
traffic counters. Daily (24 h) two-way vehicle flows, speeds and classes were measured at all four
measuring locations.
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2.5. Traffic Safety

We were interested in traffic accidents in the area of the JurSovka neighbourhood and comparatively
in the entire settlement of Ljutomer. For Ljutomer, we obtained data on the number of accidents, number
of participants and serious consequences (severe injury or death, type of participant). We obtained
some more detailed data for the neighbourhood (all types of consequences, including material damage
and minor injury, cause and type of accident, type of participant, location of the accident (street)).

3. Results
3.1. Travel Habits of Neighbourhood Residents

3.1.1. Travel Habits of Neighbourhood Residents Before Redesign

Most residents use a car for daily trips to work and school and for running errands (80%); walking
and cycling are rarely chosen (15% and 4%, respectively) and are used most often for running errands
(23% on foot, 6% by bicycle). For most people, walking and cycling are a form of afternoon recreation
(56% of them walk and 32% cycle recreationally or to get to recreation).

The most cited reasons for the infrequent use of walking and cycling for daily trips were lack
of time (e.g., they run errands by car so they have more time for afternoon recreation in nature),
the dangerous route through the settlement, especially for children (no pavement, excessive speeds,
dangerous intersections, obstructed views of the road), long distances, sloped terrain and the fact that
it is not common to take daily trips on foot or by bicycle.

3.1.2. Travel Habits of Neighbourhood Residents after Redesign

The use of walking and cycling for daily routes was significantly higher one year after the redesign
of the neighbourhood (Table 1). 37% of the population walk more often (18% a lot and 19% a little
more often), 27% cycle more often (15% a lot and 12% a little more often). After the redesign, 2%
walk less often and 11% cycle less often, while 61% walk and cycle the same as before the redesign.
The frequency of walking and cycling increased the most among children and youth (0-18 years); 40%
walk more often (10% a lot and 30% a little more often), 36% cycle more often (18% a lot and 18% a
little more often). They are followed by adults (18-65 years); 39% walk more often (21% a lot and 18%
a little more often), and 31% cycle more often (16% a lot and 15% a little more often). The smallest
increase in the use of walking and cycling was reported by the elderly (over 65 years); 30% of them
walk more often (15% a lot and 15% a little more often), and only 8% cycle more often (8% a lot and 0%
a little more often).

Table 1. Frequency of walking and cycling after redesign of the neighbourhood by individual age groups.

Travel Age Gr YES, Very YES, Quite YES, a Little Same as NO, Less
Mode g€ Lroup Often Often More Often Before Often

All 13% 4% 19% 61% 2%
Walking Children and youth (up to age 18) 10% 0% 30% 60% 0%
Adults (ages 18-65) 15% 6% 18% 59% 3%
Elderly (over 65) 12% 4% 15% 69% 0%
All 11% 4% 12% 61% 11%
Cycling Children and youth (up to age 18) 14% 5% 18% 55% 9%
Adults (ages 18-65) 12% 4% 15% 60% 9%
Elderly (over 65) 4% 4% 0% 72% 20%

The majority of the population (58%) believe that the redesign of the neighbourhood into an area of
comprehensively calmed traffic encourages more frequent use of walking and/or cycling (25% disagree,
18% are undecided). According to residents, the following elements have the most positive impact:
pavement along the main street through the neighbourhood (79%); renovation of segregated footpaths
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(77%); 30 km/h speed limit on the main street (62%); cycling without designated bicycle lanes due to
low car speeds (62%) and plantings with trees, shrubs and perennials (58%).

3.2. Quality of Living Environment

The majority of the population (63%) believe that the overall quality of life in the neighbourhood
has significantly improved after the redesign, 19% believe that it has not improved, and 19% are
undecided (Table 2). Elements of redesign that, according to residents, contributed the most to
improving the overall quality of life in the neighbourhood are the pavement along the main street
through the neighbourhood (87%); renovation of footpaths (84%); plantings with trees, shrubs and
perennials (69%); traffic calming by speed humps (68%) and the 30 km/h speed limit on the main street
(66%). Even for most of the remaining elements of the redesign, more than half of the population was
of the opinion that they had contributed to improving the overall quality of life in the neighbourhood.
The worst rated elements were the conversion of intersections into mini roundabouts (36% in favour
and 39% against) and traffic calming by narrowing the carriageway on both entry points to the
neighbourhood (49% in favour and 28% against).

Table 2. Change in overall quality of life after neighbourhood redesign.

I Strongly Neither Agree . Strongly
Agree Agree nor Disagree Disagree Disagree
The redesign has improved the overall 25% 38% 19% 10% 9%

quality of life in the neighbourhood

The frequency of staying outside and socialising with neighbours was substantially higher one
year after the redesign of the neighbourhood (Table 3). Of the population, 28% spend more time
outside and socialise with neighbours (14% much and 14% a little more often), 3% less often, and the
majority (69%) the same as before the redesign. Adults (18-65 years) changed their habits the most.
After redesign, just under a third (32%) of them spend more time outside and socialise with neighbours.
The share of the elderly (over 65 years) is 26%, and among children and youth (0-18 years), it is 19%.
The majority maintained their habits (64% of adults, 74% of the elderly and 81% of children and
youth), and only 4% of adults reported less frequent stays outside and socialising with neighbours
after the redesign.

Table 3. Changes in the frequency of staying outside and socialising with neighbours after neighbourhood
redesign by individual age groups.

YES, Very YES, Quite YES, Somewhat Same as NO, Less

Often Often More Often Before Often
All 8% 7% 14% 69% 3%
Staying 'ou'ts'ide Children and youth 59 50 10% 81% 0%
and socialising (up to age 18)
with neighbours ™4 4,1t (ages 18-65) 9% 6% 17% 64% 4%
Elderly (over 65) 7% 11% 7% 74% 0%

3.3. Acceptability of the Redesign

3.3.1. Acceptability of the Redesign, before Redesign

On average, almost four fifths of the population (78%) expressed support for the proposed typical
redesign elements, 8% of the population expressed partial support and 14% opposed the changes.
Four of the nine redesign elements received very high levels of support with negligible opposition,
while the other half received the support of more than half of the population, but also opposition from
at least a fifth.
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A very high level of support was given to the pavement along the main street through the
neighbourhood (100% in favour), traffic calming at 30 km/h on the main street (90% in favour and
0% against), cycling without designated bicycle lanes due to low car speeds (90% in favour and 7%
against) and side streets without raised pavements (83% in favour and 7% against). The least support
was given to traffic calming by narrowing of the carriageway with plantings, benches, playground
equipment or parking spaces (57% in favour and 32% against) and traffic calming at 10 km/h on side
streets (65% in favour and 28% against); these were followed by parking only in marked places in the
neighbourhood (63% in favour and 20% against) and converting intersections into mini roundabouts
(72% in favour and 21% against).

3.3.2. Acceptability of the Redesign, after Redesign

Support for the typical redesign elements remained high. On average, three quarters of the
population (75%) agree with the new neighbourhood layout, 15% oppose it, and 10% are undecided.
Of the twelve typical redesign elements used, five received very high levels of support with little
opposition, six received support from more than half of the population but in some cases received
increased opposition, and one element was rated very negatively (Figure 3).

60%

50%
40%
30%
20%
10%
- - - N | [ N

Renovation of Pavement along the 30 km/h speed limit  Plantings in the Parking limited Slowing
segregated footpaths. main (transit) street. on the main (transit) ~ streets including to designated vehicular traffic
street. trees, shrubs and parking spaces.  using speed humps.
flowers.
M Strongly agree. M Agree. M Neither agree nor disagree. Disagree. Strongly disagree.
@
60%
50%
40%
30%
20%
- I I I I I I
0% I
Cycling on the street 10 km/h speed limit Community areas Slowing Slowing Mini roundabouts at
(without markings) on side (access) with benches and vehicular traffic vehicular traffic by crossroads.
beacuse of low streets. playground using plantings, narrowing the
vehicle speeds. equipment. benches, playground carriageway on both
equipment or entry points.
parking spaces to
narrow the
carriageway.
W Strongly agree. M Agree. M Neither agree nor disagree. Disagree. Strongly disagree.
()

Figure 3. Rating of acceptability among the population for all twelve typical elements of redesign from
the element with the most support to the one with the least support; (a) elements with more support
and (b) elements with less support.
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Very high levels of support were given to the building of the pavement along the main street
through the neighbourhood (93% in favour and 1% against), the renovation of the footpaths in the
neighbourhood (93% in favour and 1% against), traffic calming at 30 km/h on the main street (83% in
favour and 12% against), plantings with trees, shrubs and perennials (83% in favour and 8% against)
and parking only in marked places in the neighbourhood (82% in favour and 11% against). The least
support was given to the conversion of intersections into mini roundabouts (42% in favour and 46%
against). The remaining elements of the redesign were supported by 59% to 75% of the population,
while 13% to 28% of the population opposed them. From more to less acceptable are traffic calming by
speed humps (75% in favour and 20% against), cycling without designated bicycle lanes due to low car
speeds (74% in favour and 13% against), traffic calming at 10 km/h on side streets (74% in favour and
18% against), community areas with benches and arrangements for playing (72% in favour and 10%
against), traffic calming with plantings, benches, playground equipment or parking spaces used to
narrow the carriageway (66% in favour and 16% against) and traffic calming with narrowing at both
entry points to the neighbourhood (59% in favour and 28% against).

Understandability was rated for limiting driving speed and mini roundabouts. Mini roundabouts
proved to be problematic, with 43% of the population saying they were incomprehensible
(comprehensible for 41%, 16% undecided). They were also by far the most frequently mentioned
among the least likeable parts of the redesign. The speed limit is understandable to most residents
(79% for 30 km/h and 70% for 10 km/h).

Adherence to the regime was rated for speed limit and parking. Residents claim that 96% adhere
to the 30 km/h limit (1% does not, 3% are undecided) and 72% adhere to the 10 km/h limit (15% do not,
13% are undecided). According to the residents, 57% of the population adhere to the parking regime
by only parking in marked places in the neighbourhood (30% do not, 13% are undecided). As the least
likeable parts of the redesign, the residents have repeatedly stated that excessive speeds and illegal
parking are still a problem and that it is necessary to introduce consistent speed control and more
frequent traffic warden control.

The use was rated for parking spaces (residents and visitors), socializing and play areas (adults and
children), pavement along the main street and segregated footpaths. Residents mostly use footpaths
(96%) and the pavement (95%). Socializing and play areas are used by 70% of children and 50% of
adults. Parking spaces are used by more than half of the population (54%) and their visitors (55%).

The impact of typical redesign elements on traffic calming was the category that received the
lowest values. On average, only a little more than half of the population believes that redesigns
have had an impact on traffic calming (59%), 26% do not, and 15% are undecided. According to the
residents, the most effective element were speed humps (68% in favour and 22% against). This is
followed by narrowing at the entry points to the neighbourhood (64% in favour and 27% against);
narrowing of the carriageway with plantings, benches, playground equipment or parking spaces
(62% in favour and 25% against) and the 30 km/h speed limit on the main street (59% in favour and
27% against). In the context of the impact on traffic calming, the pavement along the main street
(53% in favour and 17% against) and building mini roundabouts (48% in favour and 36% against) were
rated the lowest. The problematic nature of the latter was already detected in terms of acceptability
and understandability.

The acceptability of the redesign of the neighbourhood into an area of comprehensively calmed
traffic was also measured with questions about its most and least likeable part. Just under a quarter
of the population likes the redesign in its entirety (24%), while the other most frequently mentioned
likeable elements are areas for socialising and playing (14%), pavement for its safety (12%), segregated
footpaths (10%) and side streets due to both calmed traffic and areas for socialising and playing (10%).
On the other hand, almost a third of the population likes mini roundabouts the least (29%), followed
by the narrowing of the carriageway (8%), paving stones on the carriageway (5%) and speed humps
(5%). These elements disturb the residents mainly because they hinder smooth driving. Among the
criticisms were also the following more general comments: poor quality of construction works, poor
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maintenance of plantings and other arrangements, the need for consistent speed control to prevent
speeding and for more frequent traffic warden control to prevent illegal parking.

3.4. Vehicle Flows and Speeds

Measurements of motorized traffic were carried out at four measuring locations in JurSovka
residential neighbourhood in Ljutomer in Slovenia (Figure 4). Three measuring locations were on the
main (transit) street through the neighbourhood: at 22 Kidri¢eva Street (location 1; micro-location after
redesign: longer straight section, near the narrowing of the carriageway with parking spaces, an area
with benches and a speed hump), 17 Jur¢i¢eva Street (location 2; micro-location after redesign: longer
straight section, between a speed hump and a narrowing of the carriageway with a parking space)
and 1 Asker¢eva Street (location 3; entry point to the neighbourhood, micro-location after redesign:
short straight section between two mini roundabouts). One measuring location was on a side (access)
street at 11 Askerceva Street (location 4; micro-location after redesign: longer straight section near the
narrowing of the carriageway with a parking space).

Figure 4. JurSovka residential neighbourhood in Ljutomer in Slovenia with marked measuring locations.
Location 1: 22 Kidri¢eva Street, location 2: 17 Jur¢i¢eva Street, location 3: 1 Askerceva Street and
location 4: 11 Askerceva Street (source of background picture: www.geoprostor.net).

3.4.1. Vehicle Flows and Classes before and after Redesign

Data on the number of vehicles travelling towards the centre and away from the centre, for both
directions together and on the peak hour flows for all four measuring locations and all three-time
sections are shown in Table 4. The amount of traffic decreased throughout the neighbourhood after the
redesign. The lowest number of vehicles was recorded in 2017, which may also be due to seasonal
changes (measurements were carried out in July, when people already begin taking their leaves for
summer holidays), but the quantities in 2018, when measurements were carried out in September,
are only slightly higher than in 2017 and significantly lower than in 2014. As expected, the entry
point to the neighbourhood is the busiest, and the access street is the least crowded. Vehicle flows
proportionally decreased the most at the entry point and the least on the access street, which is not
surprising since the latter is a characteristic route destination.
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Table 4. Vehicle flows and peak hour flows during measurements before (2014) and after (2017 and
2018) redesign showing the change for the period 2014-2018 for all four measuring locations.

Number of Vehicles in 24 h

Measuring
Location 17 June 2014 06 July 2017 26 September2018 Change 2014-2018
Location 1; Direction toward centre 163 110 118 —45 (-28%)
Kidri¢eva Street Direction away from centre 165 100 129 =36 (—22%)
(main street, Both directions 328 210 247 —81 (—25%)
transit) Peak hour flow 39 19 28 —11 (-11%)
Location 2; Direction toward centre 287 115 148 —139 (—48%)
Jurciceva Street Direction away from centre 277 124 169 —108 (-39%)
(main street, Both directions 564 239 317 —247 (—44%)
transit) Peak hour flow 55 23 32 —23 (=23%)
Location 3; Direction toward centre 444 282 291 —153 (—34%)
Askerc¢eva Street Direction away from centre 431 325 307 —124 (-29%)
(main street, transit, Both directions 875 607 598 —277 (=32%)
entry point) Peak hour flow 95 65 67 —28 (-29%)
Location 4: Dire;tion toward centre 78 77 73 =5 (—=6%)
Atkerdeva Str’ee ¢ Direction away fr_om centre 75 65 77 2 (+3%)
(side street, access) Both directions 153 142 150 -3 (-2%)
! Peak hour flow 18 14 17 -1 (=6%)

From 2014 to 2018, the number of vehicles per working day on transit streets decreased by an
average of 33%. In 2018, there were 277 fewer vehicles recorded at the entry point to the neighbourhood
(—32% compared to 2014); on the two transit streets, there were 247 and 81 fewer vehicles (—44% and
—25%, respectively, compared to 2014), and on the access street, there were 3 fewer vehicles (-2%
compared to 2014). The average peak hour flow in the neighbourhood also decreased by just under a
third (—30%) from an average of 52 vehicles per hour in 2014 to an average of 36 in 2018. On transit
streets, the average peak hour flow was reduced from 63 vehicles per hour in 2014 to 42 in 2018 (-33%);
the peak is between 15:00 and 16:00. On the access street, the peak hour flow remained practically the
same (18 in 2014 and 17 in 2018) (—6%), with the peak between 14:00 and 15:00.

The traffic counters used classify vehicles into 12 classes. At the time of the measurements, three
different vehicle classes were recorded in the neighbourhood. The shares of each class are given below
for the average of all measuring locations for each year of measurements. The majority of vehicles in
the neighbourhood are passenger cars (vehicle class 2), namely, 99% in 2014 and 2017 and 98% in 2018.
The remaining 1% and 2%, respectively, are passenger cars with trailers and two-axle lorries or buses
(vehicle classes 3 and 4); most of these vehicles were recorded on transit streets.

3.4.2. Vehicle Speeds before and after Redesign

Data on the proportions of passenger cars (vehicle class 2) according to the measured driving
speed for all four measuring locations and all three-time sections are shown in Table 5. In general,
the speed of passenger cars has significantly decreased throughout the neighbourhood after the
redesign, although they have not yet reached the permitted speed limits, especially not on side streets
with a speed limit of 10 km/h. The smallest changes in vehicle speeds were recorded at the entry point
to the neighbourhood, where in all time sections most vehicles drove at speeds up to 30 km/h, probably
due to the micro-location between two intersections or mini roundabouts (depending on the situation
before and after redesign).

Only a small number of passenger cars drive less than 10 km/h in the neighbourhood (2% in 2014
and 1% in 2018), but the share of vehicles driving slower than 30 km/h has increased on average by
20% (from 38% in 2014 to 58% in 2018), and the share of those who drive faster (30-50 km/h) decreased
proportionally (from 59% in 2014 to 42% in 2018). Speeds above 50 km/h are practically non-existent
(8% in 2014 and 0.2% in 2018). The median speed on transit streets decreased on average by 6.0 km/h
and on the access street by 2.8 km/h.
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Table 5. Driving speeds of passenger cars during measurements before (2014) and after (2017 and 2018)
redesign showing the change for the period 2014-2018 for all four measuring locations.

Share of Passenger Cars in Relation to Measured Driving Speed

Measuring
Location Upto10km/h  Up to 30 km/h 30-50 km/h Over 50 km/h
Location 1; 17 June 2014 0% 16% 74% 10%
Kidri¢eva 06 July 2017 1% 41% 55% 3%
Street (main 26 September 2018 0% 36% 62% 1%
street, transit) Change 2014-2018 0% +20% -11% -9%
Location 2; 17 June 2014 0% 17% 79% 4%
Jurti¢eva Street 06 July 2017 0% 70% 29% 0%
(main street, 26 September 2018 1% 59% 41% 0%
transit) Change 2014-2018 1% +42% -39% —4%
Location 3; 17 June 2014 1% 98% 2% 0%
Agkerceva 06 July 2017 1% 85% 11% 4%
Street (main 26 September 2018 1% 100% 0% 0%
street, transit, Change 2014-2018 0% +2% —2% 0%
Tocaton 4? 17 June 2014 2% 32% 67% 1%
Askerceva 06 July 2017 6% 61% 38% 1%
Street (side 26 September 2018 1% 50% 50% 0%
street, access) Change 2014-2018 1% +18% —17% 1%

To show the change in passenger cars’ speed through the neighbourhood, the most representative
measuring location is 22 Kidri¢eva Street (Figure 5), which is located on a long straight section without
major intersections and after redesign is close to two typical elements (narrowing of the carriageway
by parking spaces and bench areas along the carriageway and a speed hump). Prior to the redesign,
most passenger cars drove through the neighbourhood at speeds between 30 and 50 km/h (Vgs in 2014
was 48.25 km/h), and after the redesign, most drove at speeds between 20 and 40 km/h (Vg5 in 2018 was
41.28 km/h). A comparison of the cumulative shares of passenger cars for individual driving speeds for
the period before (2014) and after (2017 and 2018) redesign for all four measuring locations is shown
in Figure 6.

= o o o o
(¥} U = i o

Share of passenger cars

=
=

0-10km/h 10-20km/h  20-30km'h  30-40km/h  40-50km/h  50-60kmyh  60-70km/h

Driving speeds
--@-- 2014 —e— 2017 ——a—2018

Figure 5. Driving speeds of passenger cars at the 22 Kidri¢eva Street measuring location during the
measurements before (2014) and after (2017 and 2018) redesign.
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Figure 6. Comparison of cumulative shares of passenger cars for individual driving speeds for the
period before (2014) and after (2017 and 2018) redesign for all four measuring locations; (a) location 1:
22 Kidri¢eva Street, (b) location 2: 17 Juréiceva Street, (c) location 3: 1 Askerceva Street and (d) location 4:

11 Askerceva Street.

There are few larger vehicles of vehicle classes 3 and 4 in the neighbourhood (1.1% (23) in 2014,
0.8% (9) in 2017 and 1.5% (20) in 2018). A comparison of 2014 and 2018, with practically the same
number of larger vehicles, showed a reduction in driving speed in the neighbourhood. In 2018, 75% of
larger vehicles drove slower than 30 km/h (52% in 2014). No larger vehicle drove faster than 50 km/h
either before or after the redesign.

3.5. Traffic Safety

In the period 2000-2019, there were 802 traffic accidents with 1310 participants in the settlement of
Ljutomer, 17 participants had serious injuries (including one pedestrian and four cyclists); there were
no fatalities. Regarding traffic accidents, the JurSovka neighbourhood is not a problematic area. In the
same period, there were only 12 traffic accidents (1.5% of the settlement total) with 21 participants
(1.6% of the settlement total), all of which were without serious injuries or death, and only one
participant had minor injuries. A comparison of data for the settlement of Ljutomer and the JurSovka
neighbourhood before and after the redesign is given in Table 6 below.

No pedestrians or cyclists were involved in the accidents in the neighbourhood. The most common
causes were unadjusted speed (25%) and incorrect side or direction of travel (25%), which in most cases
resulted in a collision into an object (45%) or a collision of vehicles (27%). The majority of accidents
(11, or 92%) occurred on transit streets (6 on Kidri¢eva Street, 4 on Mestni breg next to the entry
point to the neighbourhood at Askerceva street, and one on Jur¢i¢eva Street). One accident occurred
on the access street (Askerceva Street). Most accidents in the neighbourhood occurred before the
redevelopment (11, or 92%, between 2000 and 2010), and after the redevelopment only one (in 2018 on
Kidriceva Street, a vehicle collided with a building due to the wrong side or direction of travel).

13
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Table 6. Traffic accidents in the settlement of Ljutomer and the JurSovka neighbourhood in the period
before (2000-2016) and after (2016-2019) redesign.

Traffic Accidents—Locations, Number and Shares of

. . . Monitored Categories
Period and Monitored Categories

Ljutomer Jursovka Share in Relation to the
Settlement Neighbourhood Whole Settlement
Number of accidents 684 11 1.6%
Number of participants 1158 20 1.7%
Death 0 0 -
Serious injury 16 0 -
Before redesign  Seriously injured participants
(2000-2016) - Pedestrian 1 0 -
- Bicyclist 4 0 -
- Motorcyclist 2 0 -
- Driver of a passenger car 9 0 -
- Driver of a freight vehicle 1 0 -
Number of accidents 118 1 0.8%
Number of participants 152 1 0.7%
After redesign Death 0 0 -
(2016-2019) Serious injury 1 0 -
Seriously injured participants
- Motorcyclist 1 0 -

4. Discussion

Almost thirty years after the concept of sustainable mobility appeared on the international agenda,
we are still far away from achieving a sustainable mobility system [7], and predominantly dependent
on private car for mobility [10,54]. To avert this trend, we must focus on people and plan for them [1,55].
Several authors agree that neighbourhoods are among the most important places to do that [1,23,56].
The redesign of the JurSovka neighbourhood in Ljutomer is a step in this direction.

Comprehensive traffic calming measures were used for the neighbourhood redesign, following the
principles of sustainable mobility paradigm [1] and SUM planning. The results of monitoring and rating
by the residents show positive effects towards achieving the key objectives, namely, improving accessibility,
quality of life and traffic safety, and increasing the use of sustainable travel modes [1-4]. Positive effects
for a similar broader set of indicators are also reported in a study from the United Kingdom [57],
which monitored and evaluated nine pilot areas for the conversion of residential neighbourhoods
into calm residential zones (so-called Home zones), and in a report from Vitoria-Gasteiz in Spain [58],
which examined the setup of a pilot traffic-friendly area (so-called Superblock). These two documents
are a rare example of monitoring and evaluating a wider range of comprehensive traffic calming
effects as opposed to a large number of studies focusing on traffic safety and vehicle flows and speeds
reduction [23,59-65].

All three studies report an increase in the use of active mobility and an improvement of the quality
of living environment. In Ljutomer, after the redesign, a little over a third of the population (37%) walk
more often, and just under a third (27%) cycle more often. Youth under the age of 18 have changed
their habits the most, followed by adults and the elderly. Just under two thirds of the population (63%)
believe that the quality of living in the neighbourhood has improved significantly. Most of them show
strong support for the redesign elements (75%), and just under a quarter like the redesign in its entirety
(24%). The higher quality of the living environment is also confirmed by the fact that after the redesign
28% of the population spends more time outside and socialising with neighbours, and that 70% of
children and 50% of adults use community and play areas. According to residents, the key elements of
the redesign that contributed most to the above effects are the pavement along the main street through
the neighbourhood; renovation of segregated footpaths; plantings with trees, shrubs and perennials
and the 30 km/h speed limit on the main street. Residents agree the least with the mini roundabouts
and traffic calming by narrowing at both entry points to the neighbourhood.
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The study from United Kingdom [57] states that 10% of the population reported more frequent
cycling, 44% thought that walking after the redesign was more pleasant while 12% spent more time
outside. Of the population, 64% supported the redesign, 73% of them thought that their living
environment was now more attractive. By far the most desirable element proved to be plantings with
trees, shrubs and perennials. The pilot redesign in Vitoria-Gasteiz [58] received a score of 7.4 on a
ten-point scale of acceptance among the population, and the redesign greatly affected the change in
travel habits. The elimination of transit traffic from the area helped to reduce motorized traffic to less
than 20%, while the number of pedestrians increased by 57% and the number of cyclists by 9%.

Residents rated highly the elements of the redevelopment, such as trees, exclusive routes for
walking and cycling, quality public spaces, urban equipment, and public green spaces. These elements
are an important added value that comprehensive traffic calming adds to the more technical elements
of traffic calming. The results support paradigms of creating streets as spaces for people and not
for cars [1,31,55,66], and the same elements are recognized in the literature as important factors in
providing a supportive environment for the more frequent use of active mobility and increasing health
benefits [20]. Synergies with other modern paradigms of establishing green, healthy cities that are
pleasant to live in [24,25] also show the potential of linking sustainable urban mobility planning with
the planning of public green spaces.

Redesigns of the studied areas also had a positive effect on reducing vehicle flows and speeds.
In Ljutomer, the number of vehicles per working day decreased on transit streets on average by 33%
and on the access street by 2%. The average peak hour flow decreased by almost a third (=30%) as well.
Driving speeds have also decreased, although the target speeds of 30 km/h on transit and 10 km/h on
access streets have not (yet) been reached. The Vgs at the representative measuring location decreased
by 6.97 km/h to 41.3 km/h. The median speed on transit streets decreased on average by 6.0 km/h,
and on the access street by 2.8 km/h. The share of vehicles driving slower than 30 km/h increased
on average by 20% (to 58%), while the share of those driving between 30 and 50 km/h decreased
proportionally (from 59% to 42%). The speed practically does not reach above 50 km/h (0.2%), but
almost no one drives below 10 km/h (1%) either. The residents still perceive speeds as fairly high,
as only a little over a half of them believe that the redesign has had an impact on traffic calming.
Perception may be based on rare speeding vehicles, which residents tend to remember more than the
majority of vehicles driving slowly [57]. On the other hand, the residents are not self-critical enough,
with 96% claiming to comply with the 30 km/h limit and 72% claiming to comply with the 10 km/h limit.

The aforementioned study from the United Kingdom [57] measured a smaller reduction in the
volume of traffic on transit streets (by 25%), while traffic calming was more effective. The Vg5 decreased
on average by 9.7 km/h to less than 30 km/h, and the median speed decreased on average by 8.0 km/h,
but the starting speeds were lower (58% of vehicles drove slower than 30 km/h before the redesign and
88% after). Interestingly, only 20% of the population there reported driving slower after the redesign.
The average speed of motorized traffic in Vitoria-Gasteiz [58] decreased by 2.2 km/h, but the speeds
there were already lower as well before the redesign (below 30 km/h). Other studies report speed
drops ranging from up to 6 km/h in Denmark [67] to up to 11 km/h in the United States and up to
18 km/h in the United Kingdom [60].

Tt is likely that the reduction of driving speeds in the neighbourhood results from both the
reduction in vehicle flows (i.e., residents driving slower than vehicles in transit) as well as the effect
of redesign elements. Measuring locations were located nearby different redesign elements with
consequently different effects on reducing driving speeds. Location 2 (17 Jur¢i¢eva Street) showed to be
most successful in speed reduction. There, share of vehicles driving slower than 30 km/h increased by
53% in short-term and by 42% in mid-term. This measuring location was directly between two redesign
elements (a speed hump and a narrowing of the carriageway with a parking space). We suppose
this is the reason for more rigorous reduction in driving speeds since other two locations on similar
sections of streets (location 1 at 22 Kidri¢eva Street and location 4 at 11 Askerceva Street) were located
on one side of one or a combination of several redesign elements. There, smaller speed reductions
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were measured (share of vehicles driving slower than 30 km/h increased by 25% and 29% in short-term
and 20% and 18% in mid-term, respectively). While very few vehicles drove faster than 30 km/h before
the redesign at location 3 (1 Askerceva Street), this is the only location where all passenger cars (100%)
drove slower than the target speed of 30 km/h in mid-term (85% in short-term). Its micro-location
after the redesign is between two redesign elements (in this case two mini roundabouts). Interestingly,
the latter present the most negatively accepted and least understood redesign element according to
residents’ responses. Therefore, it is likely that in the short-term some residents were driving directly
over the mini roundabouts and consequently reached a higher speed at the measuring location while in
the mid-term they started to use the mini roundabouts correctly followed by slower driving in-between
them. All locations show trend inversion in speed reduction when comparing short- and mid-term
measurements. It is most likely that this occurred due to residents getting familiar with the redesign
elements. It would be interesting to measure driving speeds and implement a survey on the perception
of the redesign elements to gather information and data on long-term effects of the redesign.

The last indicator is traffic safety. From the point of view of traffic accidents, the JurSovka
neighbourhood in Ljutomer is not a problematic area, but the fact that 92% of accidents occurred
before the redesign still speaks in favour of the redesign. Between 2000 and 2019, there were 12 traffic
accidents in the neighbourhood (1.5% of the settlement total). All were without serious injury or death,
and no pedestrians or cyclists were involved. After the redesign, only one accident occurred (in 2018
on a transit street, a vehicle collided into a building). Traffic accidents were not a problem in the pilot
areas in United Kingdom either (in all areas there were 19 in the five years before and 1 after the
redesign) [57], while in Vitoria-Gasteiz they were not monitored.

Despite the optimistic results from the studied areas, positive traffic calming effects on traffic
safety reported from several other studies [23,60] and the improvement of traffic safety in Europe
and Slovenia in general in recent years, the fact that settlements are still the most dangerous traffic
areas is worrying. In 2017, 63% of all accidents and 35% of all fatal accidents in Slovenia occurred in
settlements [68]. At European Union level, too, almost half of fatal traffic accidents occur in cities [69].
This indicates the need to change the approach to ensuring road safety. In recent years, a new paradigm
has been introduced [18,33]. With it, the focus on motorized traffic, traffic safety and the reduction in
driving speed typical of the classical paradigm has shifted to reducing the number of vehicles. New
research shows that any use of motor vehicle poses a risk and that there are more fatal traffic accidents
in environments with a higher number of kilometres driven [18,33]. Strategies to reduce car use and
promote the use of alternative travel modes, such as sustainable urban mobility planning, thus reduce
the risk of accidents and consequently increase road safety [62,70,71].

The effects of the redesign of the JurSovka neighbourhood in Ljutomer in line with the principles
of comprehensive traffic calming and sustainable mobility paradigm [1] confirm the positive results of
similar previous studies from the United Kingdom (2005) and Spain (2013) as well as from broader
research on positive effects of traffic calming and measures improving conditions for sustainable
mobility [1,23,40,56,58,72]. They prove that the effectiveness of such redesigns has not decreased over
time. All the results show more active travel habits, higher quality of living, greater traffic safety, less
motorized traffic and lower driving speeds, so it is unusual that the approach has not yet become a
common design practice [60]. The planning process itself, which was highly transparent and inclusive
and followed the key steps in the preparation of the SUMP, certainly contributed to the success of the
measure [39]. The latter furthermore encouraged the Municipality of Ljutomer to define other areas of
comprehensively calmed traffic in the municipality and to already order the production of detailed
plans for four areas.

The development of a common methodology for monitoring the effects of comprehensive
traffic calming would certainly be a welcome help and encouragement to other local communities,
which would expand the knowledge base in this field by monitoring the effects of similar redesigns.
An important factor for the wider use of comprehensive traffic calming is its placement and promotion
within sustainable urban mobility planning and as a basic planning unit of SUMPs as was already
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promoted by the author and her colleagues from the Urban Planning Institute of the Republic of
Slovenia [46]. Taking into account the already expressed need for coordinated packages of mutually
reinforcing transport and land-use policies [2] and successful examples from Western Europe [56],
it would also be necessary to explore the potential for its placement in traffic and spatial planning
practice in Slovenia and other countries where traditional planning approaches still prevail.

5. Conclusions

Negative impacts of motor vehicle traffic in cities are still increasing despite the objectives that
sustainable mobility paradigm put forward almost three decades ago. Measures to reduce them still
primarily focus on traffic safety improvements through vehicle flows and speeds reduction (traffic
calming). Comprehensive traffic calming targets the issue more comprehensively by also addressing
changes in travel behaviour and quality of life and thus pursues objectives of sustainable mobility
paradigm. Literature covering the effects of measures addressing all listed aspects is scarce.

Results of a longitudinal study presented in this paper show how the comprehensive traffic
calming redesign of a residential neighbourhood impacts walking and cycling habits, quality of life,
motorized traffic and road safety in a positive way. The studied redesign took place in 2016 while ex
ante data gathering took place in 2014 and ex post data gathering took place in 2017 and 2018. Surveys
and pilot interviews were used to consult residents; automatic pneumatic traffic counters were used to
collect data on motorized traffic, and public databases were used to gather data on traffic accidents.

Around a third of residents claim to walk (37%), cycle (27%) and socialize (28%) more than before
while around two thirds (63%) state that the quality of life in the neighbourhood has improved, and 75%
strongly support the redesign elements. Moreover, vehicle speeds and flows and peak-hour flows
have notably decreased throughout the neighbourhood. On average, the share of vehicles driving
at less than 30 km/h increased by 20% (from 38% to 58%), mostly due to a reduction in the number
driving between 30 and 50 km/h (59% before, 42% after). The share of vehicles exceeding 50 km/h has
dropped to almost zero (3% before, 0.2% after). The 85th percentile speeds at a representative location
were reduced by 6.97 km/h to 41.3 km/h. The average traffic flows on transit streets have decreased by
33% and on the access street by 2%. The average maximum peak hour flows have decreased by 30%
(from 52 to 36 vehicles in the peak hour). Compared to the whole settlement of Ljutomer, very few
traffic accidents occurred in the neighbourhood and only one after the redesign. All accidents were
without casualties or serious injuries, and no pedestrians or cyclists were involved.

The results show a broad range of positive impacts of the comprehensive traffic calming approach
and are confirmed by similar studies from the United Kingdom, Spain and elsewhere. Its potential for
wider use in planning practice is substantial and should be promoted within the context of sustainable
urban mobility planning and as a basic planning unit in SUMPs as is already the case in Slovenia.
Furthermore, the development of a uniform approach to monitoring the effects of comprehensive
traffic calming measures could also help to support and encourage other local authorities to monitor
similar measures.
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Abstract: An increasing number of recent discussions have focused on the need for designing
transport systems in consonance with the importance of the environment, thus promoting investment
in the growth of non-motorized transport infrastructure. Under such conditions, the demand
for implementing the most effective infrastructure measures has a profoundly positive impact,
and requires the least possible financial and human resources. The development of the concept of
sustainable mobility puts emphasis on the integrated planning of transport systems, and pays major
attention to the expansion of non-motorized and public transport, and different sharing systems,
as well as to effective traffic management involving intelligent transport systems. The development
of transport infrastructure requires massive investment, and hence the proper use of mobility
measures is one of the most important objectives for the rational planning of sustainable transport
systems. To achieve this established goal, this article examines a compiled set of mobility measures
and identifies the significance of the preferred tools, which involve sustainable mobility experts.
The paper also applies multicriteria decision making methods in assessing urban transport systems
and their potential in terms of sustainable mobility. Multicriteria decision making methods have been
successfully used for assessing the effectiveness of sustainable transport systems, and for comparing
them between cities. The proposed universal evaluation model is applied to similar types of cities.
The article explores the adaptability of the model by assessing big Lithuanian cities.

Keywords: sustainable urban mobility; SUMP; mobility measures; multicriteria decision making
methods; MCDM

1. Introduction

The adverse effect of transport on the environment is currently being addressed through the
development of transport infrastructure in cities that have not preserved comprehensive traditions in
sustainable mobility planning, thus further encouraging the use of private cars, increasing congestion
on roads and causing plenty of negative consequences like loss of time, transport pollution and traffic
accidents. The outlined situation has arisen mainly due to urban sprawl, because transport systems
are not adapted to the needs of all age, social and interest groups, and no alternatives to travelling by
car have been proposed.

In recent years, under the guidance of the White Paper ‘Roadmap to a Single European Transport
Area—Towards a competitive and resource efficient transport system’ (White Paper on Transport) [1]
and the Communication from the Commission to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the Regions “Together Towards Competitive
and Resource-Efficient Urban Mobility’ (Communication) [2], a solid theoretical basis for preparing
sustainable urban mobility plans (SUMP) has emerged in Europe. Long-term integrated thinking in
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planning Sustainable Urban Mobility (SUM) systems is one of the most important tasks that must
occur in the daily activities of all stakeholders.

The key principles for successful SUM cover the involvement of the public and stakeholders
in planning and implementation processes, promoting institutional cooperation on transport links
in order to deal with the issues of the other aspects of urban life, identifying the most effective
urban infrastructure and sustainable mobility measures (hereinafter referred to as mobility measures),
and monitoring and assessing mobility measures and the implementation process.

A huge number of EU-funded projects and programs have provided valuable knowledge that has
helped cities to take a new approach to urban planning and transport infrastructure. Modern SUM
planning is increasingly evaluated as a necessity for European cities looking towards a common future.

SUM planning is a strategic and integrated method for effectively dealing with the issues of urban
transportation. The main goal of the method is to improve accessibility and life quality by switching
to alternative transport. This technique is based on decision-making in the long run, which requires
a thorough assessment of the current situation and future trends, a mutually acceptable vision and
strategic goals, as well as a set of integrated measures (regulatory, promotional, financial, technical and
infrastructural) for achieving the established goals. The imposed measures should be regularly
monitored and assessed [3].

Hence, with reference to the detailed analysis of practical research and methods applied in other
countries, this study aims to reasonably classify mobility measures and assess their significance in
line with the size and characteristics of the city. Also, multicriteria decision making methods (MCDM)
assist in assessing the transport systems of the biggest Lithuanian cities in terms of sustainable mobility.

Section 2 presents the study process, Section 3 describes the methodology for setting up the
package of mobility measures, Section 4 identifies the significance of mobility measures, Section 5
presents the results of MCDM evaluation and Section 6 sets out conclusions and insights.

2. The Research Process

Pursuant to the White Paper on Transport and Communication, in 2015, national guidelines for
developing Sustainable Urban Mobility Plans were approved in Lithuania [4]. The guidelines covered
nine thematic areas that were recommended for further development. The included promotion of
public transport (T1), non-motor vehicle integration (T2), traffic safety and transport security (T3),
improvement to traffic organization and mobility management (T4), city logistics (T5), integration
of people with special needs (T6), promotion of alternative fuels and clean vehicles (T7), assessment
of demand for intelligent transport systems (T8) and modal shift (T9). The mobility measures
further described in the article are also classified, conforming to the above-introduced thematic areas,
but excluding the modal shift, which is more frequently expressed to estimate the impact or result
achieved than to describe a set of the specified mobility measures.

The application of MCDM runs into problems because each method gives different meanings in
the context of the same criteria. Thus, we usually see to the integrated application of MCDM methods,
whereby the results of different MCDM methods are analyzed employing such techniques as the
Weighted average, Borda or Copeland, which summarize the findings.

The article is aimed at assessing the largest cities of Lithuania in terms of sustainable mobility.
To achieve this objective, the following tasks have been set:

e compiling the commonly used sets of mobility measures considering thematic areas;

e compiling expertise to determine the relevance of mobility measures;

e applying MCDM methods in the assessment of cities;

e analyzing findings using the Weighted average (WAM), Borda and Copeland methods.

The research process is provided in Figure 1.
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Figure 1. City assessment applying MCDM methods.
3. Designing a System of Mobility Measures

Mobility measures cover a wide range of instruments for achieving the objectives of sustainable
development inside the transport sector, and tools for solving the identified transport problems [5].
The identification of efficient mobility measures is the basis of planning SUM.

Until now, the scientific literature has not provided extensive research on SUM development and
its impact on urban population, which has been a consequence of the transport infrastructure being
designed for the ease of use of road vehicles for a long time. Thus, only street network densification,
street widening and traffic throughput were considered [3]. However, in line with the White Paper
on Transport, the approach to planning transport systems has changed, and is now more focused on
the mobility of people and the effective operation of the infrastructure and transport services that
they require.

To solve this issue, researchers, transport experts, the representatives of local authorities and
various research agencies have started designing several systems for assessing SUM efficiency and
cost-effectiveness, in order to identify the mobility measures that have the greatest positive impact and
their economic benefits. The use of sustainable mobility measures takes many forms, some of which
see the country-specific manifestation of the mobility measures having the greatest impact [6-18],
while others develop a mobility index based on mobility measures [19-26], or assess sustainable
mobility through the environmental, economic and social prism [14,20,27-29].

The process of selecting mobility measures is clearly described in the Guidelines for Developing
and Implementing a Sustainable Urban Mobility Plan (Second Edition) (Figure 2) [3].

The development of transport infrastructure and the implementation of mobility measures
requires a large budget, which often becomes a serious problem for urban governance and, as a result,
the development process becomes very slow. The effective and rational selection of mobility measures
is a prerequisite for adhering to the principles of economy and acceptability. The assessment and
selection of mobility measures needs to identify the most appropriate and cost-effective tools for the
chosen development scenario. In order to assess all available options, a comprehensive long list of
mobility measures should first be established, which should be based on individual and local expertise,
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stakeholder and societal ideas, the experience of professionals from other cities and the databases of
mobility measures.
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Figure 2. The process of selecting mobility measures [3].

Implementing mobility measures in isolation will not achieve the set goals and objectives,
and therefore classifying measures and forming their packages is required [3,12,30]. In designing SUM
development plans, it is necessary to consider how different mobility measures interact with each
other to create a better result than those implemented individually. The creation of such sets is often
referred to as an integrated approach, or the integrated implementation of mobility measures. In the
development of sets of mobility measures, we often find that relevant identified mobility measures
working together have greater impacts (synergy of mobility measures), or they may be designed to
enhance the effectiveness of other measures (complementary).

A set of mobility measures is a combination of complementary mobility measures that are often
attributed to different categories, and are well-coordinated so as to address specific challenges and
overcome barriers to their implementation more effectively than individual mobility measures [5].
In order to create the most useful sets of mobility measures, different ways of grouping should be
explored and tested.

T. Litman reviewed and researched many different systems of sustainable transport indicators [31]
(revised 54 transport sustainability assessment systems applied in 22 countries), and arrived at the
very interesting and useful conclusion that sustainable mobility indicators could not always properly
assess urban SUM. For example, if the application area of an indicator is very narrow, it does not reflect
the true value with regard to SUM (if only the development of vehicles using an ecological fuel is
assessed, refusing the assessment of traffic congestion and road accidents, the assessment indicator
does not reflect the real situation). The same is true if intermediate targets, rather than the final
result, are considered (the length of cycling routes is an intermediate result, which may not necessarily
correspond with the final result, which is a larger number of users). The same principle should apply
to the selection and planning of mobility measures: the overall SUM effect requires an integrated
approach, rather than the implementation of individual mobility measures.

The search for effective mobility measures and their sets is an increasingly important topic among
spatial planning, mobility and transport experts. Therefore, in recent years, many international projects
aimed at listing effective mobility measures in relation to certain development criteria or directions
have been implemented. Much attention has been paid to developing sets of mobility measures
through the CH4LLENGE project [32], which assessed and presented 64 different types of mobility
measures. Each of them can be implemented in different ways, subject to the local needs, and thus
many possible combinations of the mobility measures present in the sets are available. The mobility
measures proposed by the project were integrated into the KonSULT interactive database [11], aimed at
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helping policy makers, practitioners, experts and other stakeholders to understand urban mobility
issues, and identify relevant mobility measures and packages. With reference to the results and
recommendations of the CH4LLENGE project, the SUMPs-Up project [6-8] provides a long list of
mobility measures (more than 100) that fall into 25 categories, related to three types of cities with
different levels of SUM development: beginners, advanced and developed. Within the scope of the
project, SUM development recommendations for these types of cities were issued. As for other projects,
for example EVIDENCE [9], the mobility measures that would have the greatest economic impact were
examined. As a result, a list of 22 most cost-effective mobility measures was drawn up, and a detailed
description was prepared for each mobility measure, thus indicating the application, implementation
and expected cost-effectiveness of the mobility measure.

Experts from the international management consulting company Arthur D Little, and the
International Association of Public Transport (UITP), devised an assessment system for urban transport
services, composed of 19 key mobility measures each rated with a certain score [15]. A similar
assessment was devised by Costa [25], who created the Sustainable Urban Mobility Index (SUMI)—a
tool for assessing SUM based on the multicriteria approach. The SUMI was made of 87 indicators
proposed by [33]. The indicators were carefully selected to reflect a diverse impact and the outlooks of
SUM.J. Limaetal. [21] used both the SUMI and the SUM development method proposed by Mancini [23],
who analyzed mobility measures under three categories: cost, time required for implementation,
and political risk in the implementation process.

Reisi et al. [20] explored a large quantity of scientific literature, examining the development of
SUM-creating systems for indicators and mobility measures. The scientists created an individual
SUM assessment index that consisted of nine mobility measures, divided in line with the principles
of sustainable development, including environmental, social and economic aspects. To compile the
index, mobility measures were assigned assessment indicators for their implementation. The indicators
were attributed via their determined significance. In agreement with the principles of sustainable
development, mobility measures were also assessed by T. Shiau et al. [16], who used the Rough sets
theory [34] and identified the 26 mobility measures that have the greatest impact on SUM. T. Shiau and
J. Liu [28] grouped the system of mobility measures conforming to economic, environmental, social and
energy aspects, and determined the significance of the mobility measures using the analytical hierarchy
process (AHP). Burinskiené et al. [27] assessed a list of 38 mobility measures pursuant to the principles
of sustainable development, thus assigning a higher or lower significance to the impacts of each of
the measures.

Following a revision of the research literature (the assessment of the prepared international
projects containing the sets of the compiled mobility measures and the process of selecting mobility
measures), presented in Figure 2, the authors selected 38 mobility measures and divided them into
eight thematic areas.

For the further analysis of mobility measures, expertise is used, which allows us to summarize the
opinions of the expert group so as to devise a possible solution to the problem.

4. Determining the Significance of Mobility Measures

The Guidelines for Developing and Implementing a Sustainable Urban Mobility Plan (Second
Edition) [3] place more emphasis on planning norms, and make recommendations for highlighting
city size and its characteristics, specificity, planning differences, urban management, and different
integration practices of transport modes and travel habits. This is also important for determining
the relevance of mobility measures, because different types of cities have different needs as regards
mobility measures. In order to properly establish the significance of mobility measures, the authors
divided Lithuanian cities with SUMPs according to population and functional purpose (Figure 3).
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Figure 3. The categories of cities according to population and functional purpose.

Big cities (more than 100 thousand inhabitants) are the Lithuanian cities that are most characterized
by a growing economy and a large supply of jobs and services. These cities are strong regional centers,
daily attracting a large workforce. The population remains stable, or is slightly increasing. Heavy vehicle
traffic predominates in these areas, congestion is frequent during rush hour, and many trips, a wide
range of transport options, and a high need for infrastructure development and renovation or repair
are observed. These cities are more likely to apply solutions produced by intelligent transport systems,
and generate high economic demands.

Middle-sized cities (from 25 thousand to 100 thousand inhabitants) are frequently referred to
as metropolitan satellite towns (residential areas). They are often the centers of smaller regions or
industrial cities that provide jobs for the local people. The populations remain stable or decline slightly,
due to constant migration to nearby cities. These areas are predominated by moderate traffic, infrequent
congestion during rush hour, and well-developed infrastructure, which requires less investment in
development but more in renovation or repair. A strong focus is placed on the development and
maintenance of public spaces. Low supply and demand for transport innovation is observed.

Resorts (up to 25 thousand inhabitants) are strongly characterized by seasonality, when both
vehicle flow and the number of city newcomers increase. These towns are characterized by recreational
and entertainment services. Visitors prefer these places because of their natural diversity and the
quality of the services provided. The local population is not very large, ranging from 3 to 25 thousand.
Transport is well developed, with a primary focus on non-motorized transport infrastructure. There is
a large supply of transport sharing and rental.

The article discusses and assesses the significance of mobility measures in Lithuania’s biggest
cities using MCDM methods. The same evaluation process was carried out for middle-sized cities and
resorts, but due to the large volume of data, the article provides only the results from the evaluation of
the biggest cities in Lithuania.

The relevance of mobility measures was assessed by interviewing sustainable mobility and
transport experts, academicians, advisors, and the representatives of municipal administrations,
stakeholder institutions and Non-governmental organizations that have experience in dealing with
sustainable mobility and urban planning, and implementing infrastructure measures. The expert
survey was based on the separate evaluation of thematic areas, and on the case-by-case assessment of
mobility measures for each thematic area, in relation to the different types of cities.

For determining the significance of the impact of mobility measures in big cities, 19 experts were
surveyed. Of those experts, 63% were involved in the development of sustainable mobility plans,
47% of the respondents implemented sustainable mobility plans, 32% of the experts participated in
sustainable mobility education and policy-making, and 16% of the respondents took part in academic
activities. The survey showed that the selected respondents were most frequently involved in more
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than one area of sustainable mobility, i.e., an expert was engaged in the development of sustainable
mobility plans and educational activities, and therefore their interest and experience could be expected
to provide high-quality and representative assessment.

The surveyed experts were asked to assess thematic areas and mobility measures imposed in
line with the presented thematic areas (hereinafter—assessment indicators), and answer the following
questions:

e What thematic areas are the most important for developing SUM?
e What mobility measures have the largest impact on SUM development?

Assessment indicators were ranked pursuant to importance. The indicator with the highest value
was assessed as having the biggest possible score, and the indicator with the lowest value was given the
lowest score. The peer review showed expert preference for thematic areas and the mobility measures
of individual thematic areas. With reference to the ranks given, the weights of the mobility measures
were determined. The expert survey assessed the consistency of expert opinions [35-39].

First, the sum of ranks for each assessment indicator is determined:

.
pi=Y " P (1)

where ij is the expert rank k for assessment indicator j, and r is the number of experts.
The subjective weight of the index is equal to:

j
=TT 2)
i P j

a)]-:

where m is the number of assessment indicators.
The rating of the index enables us to verify the agreement among expert opinions. Kendall’s
coefficient of concordance, W, determines the agreement level, calculated via the following formula [35]:
12-S
W=—5———+ 3
r2m-(m2 - 1) ®)
The sum of squared deviations, S, of ranking sums’ P; deviations from the total mean P is calculated
via the following formula:
m -2
S= Z/,:l(Pj -P) (4)
The level of expert agreement is determined by the related value of 2, rather than by the coefficient
of concordance W, and is calculated as reported in formula [35]:

125

X2=Wr(m-1) = rm-(m+ 1)

®)

The statistical hypothesis concerning the expert agreement on ranks has been proven [35] to be
acceptable for making calculations as presented in the last formula, where the value of xris higher
than the critical value of x%, taken from the x? distribution table, with the freedom degree equal to
v = m — 1 and the selected significance level a close to zero.

The calculated significances of the mobility measures indicate the instances where the selected
assessment indicator is more important than the other assessment indicator. Thus, the following
selections of assessment indicators involve only the indicators with the highest values in each of the
intended groups.

The parameters and determined significance from the expert survey of the assessment indicators
are provided in Table 1.
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The established significance values of the assessment indicators are further used for the multicriteria
assessment of thematic areas using MCDMs.

5. The Results of Applying Multicriteria Decision Making Methods

Many MCDMs can be applied in analyzing the implementation of urban mobility measures in
cities. Parezanovic et al. [40] used the COPRAS method for assessing mobility measures in line with
the selected assessment criteria. Hickman et al. [41] applied multicriteria assessment in exploring
the possibilities of developing transport infrastructure in keeping with different scenarios. Podvezko
V. and Sivilevi¢ius H. [42] employed the AHP method and examined transport systems through the
prism of traffic safety. Other researchers applied MCDM methods in specifying locations to implement
mobility measures [43].

MCDM are aimed at creating cumulative indicators for each selected thematic area. The indicator
reflects the attractiveness of the area in quantitative measures, expressed in the unit value [39,44,45],
which means that the calculated value defines the attractiveness of the thematic area for urban development.

The past conducted research has applied the COPRAS (Complex Proportional Assessment) method
in combining the values of all the mobility measures into a single qualitative assessment—the value of
the indicator of the method [46]. The TOPSIS (Technique for Order Preference by Similarity to an Ideal
Solution) method has been used for determining the distance to the ideal point, whereby the selected
best alternative has the smallest distance to the best decision, and the largest distance to the worst
decision [47]. The ARAS (Additive Ratio Assessment) method has indicated the best alternative that is
closest to the optimal solution [48]. The EDAS (Evaluation Based on Distance from Average Solution)
method has determined the best alternative as related to the distance from the average decision [49].

Applying various MCDM methods in solving the same problem frequently shows different
assessment results. The Borda [50,51] and Copeland [52,53] methods can be used to identify the most
significant alternatives computed by employing MCDM techniques.

Results of assessing the biggest Lithuanian cities in accordance with thematic areas have been
obtained using MCDM methods, and are presented in Table 2. In line with different MCDM methods,
priority lines differ slightly, and therefore the use of the Weighted average, Borda and Copeland
methods assists in calculating the summarized priority lines.

Assessment of the results using the Weighted average, Borda and Copeland methods demonstrates
that Vilnius and PanevéZys have collected the same number of ranks in the thematic area T4,
and therefore take the first and second place in order of priority. To solve the above-introduced
situation, the location of the priority line has been specified by averaging city significance in line with
the findings obtained by performing MCDM assessment. Thus, Vilnius is ranked first (0.4636) and
Paneveézys is ranked second (0.4325).

Analysis of the assessment results shows that the dominant city differs in each thematic area,
and there is not a single city that has the highest ranks in all thematic areas; for example, the rank of
Panevézys in thematic area T3—Traffic safety and transport security is the highest, whereas their rank
in thematic area T7—Promotion of alternative fuels and clean vehicles is the lowest.

To identify the city that has the highest rank pursuant to the established ranks of individual
thematic areas, the ranks of the thematic areas of each city are summed. The city having the lowest
calculated sum of ranks is given the highest rank and, in accordance with the same principle, the city
with the highest calculated sum of ranks is given the lowest assessment rank. The obtained results are
provided in Table 3.

The overall assessment of SUM disclosed that Vilnius city had the highest rank (sum of ranks was
18), and Siauliai city had the lowest rank (sum of ranks was 30). Analysis of the sums of the ranks of
the Kaunas and Klaipéda cities shows that the SUM of these cities were very similar, and therefore
the mobility measures implemented in future are likely to change the situation in the general order
of priorities.
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Table 2. Assessment results applying MCDM methods.

MCDM Methods . . . .
Significance Location Location Location as Location as
City COPRAS TOPSIS ARAS EDAS ~ Considering Considering  Stated in Stated in
Average (W) gio e A Copeland
Weight Rank Weight Rank Weight Rank Weight Rank ignificance verage BORDA opelan:
T1—Promotion of public transport
Vilnius 02188 2 0.6242 2 0.1588 2 0.7655 2 0.4418 2 2 2 2
Kaunas 01716 3 04723 3 01280 3 05233 3 0.3238 3 3 3 3
Klaipeda 02565 1 07322 1 0.1857 1 09654 1 0.5350 1 1 1 1
Siauliai 00772 5 0.0806 5 0.0601 5 0.0016 5 0.0549 5 5 5 5
Panevezys  0.0931 4 01403 4 0.0717 4 0.0905 4 0.0989 4 4 4 4
T2—Non-motor vehicle integration
Vilnius 02873 1 05239 1 01885 1 07767 1 0.4441 1 1 1 1
Kaunas 01547 3 02997 3 01028 4 02694 3 0.2067 3 3 3 3
Klaipeda 01517 4 02841 4 01034 3 02269 4 0.1915 4 4 4 4
Siauliai 01256 5 02612 5 0.0884 5 01148 5 0.1475 5 5 5 5
Paneveézys 02808 2 05210 2 0.1841 2 07285 2 0.4286 2 2 2 2
T3—Traffic safety and transport security
Vilnius 01593 3 01876 3 01262 3 01789 3 0.1630 3 3 3 3
Kaunas 02030 2 03560 2 0.1540 2 03307 2 0.2609 2 2 2 2
Klaipeda 01317 5 0.1463 4 0.1064 5 0.0198 5 0.1011 5 5 5 5
Siauliai 01363 4 01445 5 0.1066 4 0.0790 4 0.1166 4 4 4 4
Panevézys 03697 1 06634 1 02289 1 0.8566 1 0.5297 1 1 1 1
T4—Improvement to traffic organization and mobility management

Vilnius 02875 1 05653 2 01780 2 08236 1 0.4636 1 12 12 12
Kaunas 01226 5 01670 5 0.0669 5 0.0269 3 0.0959 5 5 5 5
Klaipeda 01629 4 03388 4 0.1204 4 02502 4 0.2181 4 4 4 4
Siauliai 01706 3 04363 3 0.1477 3 02369 5 0.2479 3 3 3 3

Panevézys 02563 2 05973 1 01988 1 0.6774 2 0.4325 2 12 12 12

T5—City logistics
Vilnius 04474 5 01257 5 0.0354 5 0.000 5 0.0521 5 5 5 5
Kaunas 02226 2 05538 2 01421 2 04874 2 0.3515 2 2 2 2
Klaipeda 01092 3 02797 3 0.0775 3 02356 3 0.1755 3 3 3 3
Siauliai 0.0507 4 0.1403 4 0.0379 4 0.0143 4 0.0608 4 4 4 4
Panevezys 03807 1 06597 1 02279 1 1.0000 1 0.5671 1 1 1 1
Té6—Integration of people with special needs
Vilnius 01519 4 04559 4 01209 4 02666 4 0.2488 4 4 4 4
Kaunas 01425 5 02787 5 01144 5 0.0665 5 0.1505 5 5 5 5
Klaipeda 01550 3 04671 3 01236 3 0319 3 0.2663 3 3 3 3
Siauliai 01675 2 05283 2 01337 2 05258 2 0.3388 2 2 2 2
Panevezys 02094 1 09859 1 0.1665 1 1.0000 1 0.5905 1 1 1 1
T7—Promotion of alternative fuels and clean vehicles
Vilnius 02107 1 06324 1 01502 1 09195 1 0.4782 1 1 1 1
Kaunas 0.1566 2 05218 2 01141 2 05226 2 0.3288 2 2 2 2
Klaipeda 01043 4 02700 5 0.0754 4 01518 4 0.1504 4 4 4 4
Siauliai 01141 3 03654 3 0.0830 3 02037 3 0.1916 3 3 3 3
Paneveézys  0.0985 5 02746 4 00721 5 00722 5 0.1294 5 5 5 5
T8—Assessment of demand for intelligent transport systems

Vilnius 02462 1 0.7837 1 01649 1 1.0000 1 0.5487 1 1 1 1
Kaunas 00914 3 03465 3 0.0617 3 03193 3 0.2047 3 3 3 3
Klaipeda 01774 2 04877 2 01192 2 0.6590 2 0.3608 2 2 2 2
Siauliai 00414 4 02150 4 0.0277 4 0.0673 4 0.0879 4 4 4 4
Panevézys  0.029 5 0.1469 5 0.0198 5 0.0000 5 0.0491 5 5 5 5

Table 3. The overall assessment of SUM pursuant to the ranks of all thematic areas.

City TiRank T2Rank T3Rank T4Rank T5Rank  T6 Rank T7 Rank T8 Rank  Rank Sum  Final Rank

Vilnius 2 1 3 1 5 4 1 1 18 1
Kaunas 3 3 2 5 2 5 2 3 25 3
Klaipeda 1 4 5 4 3 3 4 2 26 4
Siauliai 5 5 4 3 4 2 3 4 30 5
Panevezys 4 2 1 2 1 1 5 5 21 2

The impact of each thematic area on the overall assessment result is different, and thus using the
significance of the thematic areas identified by experts helps with combining the individual MCDM
methods so as to assess the overall development levels of SUM. In this case, the elements of the
decision matrices are the values of the assessed thematic areas derived by applying individual MCDM
methods. The maximum values obtained using the MCDM methods are the best results, and therefore
all indicators of the thematic areas are maximized during the assessment process. Subsequently,
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the assessment of thematic areas using individual MCDM methods, and the overall assessment,
are performed (see Table 4).

Table 4. The overall assessment of SUM pursuant to the weights of all thematic areas.

cit COPRAS TOPSIS ARAS EDAS Significance Location Location as Location as Stated
Y Weight Rank Weight Rank Weight Rank Weight Rank Average (w) Considering Average  Stated in Borda in Copeland
Vilnius 0.2456 1 0.5297 2 0.1836 1 0.7333 2 0.4231 2 2 2

0.1389 0.3298

4 0.2676
0.1523 3 0.3683

5

2

0.2956
0.1139
0.4383

Kaunas  0.1857
Klaipeda ~ 0.1968

Siauliai  0.1295
Paneveézys  0.2425

0.4159
0.4651
0.2043
0.5609

0.1074 0.0145
0.1786 0.7713

[SRCRENS
— W
—- W e
—_u W
-
- W

The analysis of the produced results disclosed that Vilnius and Panevézys collected the same
number of ranks, and shared the first and second places in order of priority. To solve the situation,
the location of the priority line was specified according to the averages of the values obtained via MCDM
assessment. Hence, PanevéZzys was ranked first (0.4383), and Vilnius took the second position (0.4231).

The summary of the obtained findings demonstrates that equal overall results were calculated
by all three of the Weighted average, Borda and Copeland methods. MCDM assessment showed
the highest levels of SUM development in PanevéZys and Vilnius, rather than in other large cities.
The values obtained in Vilnius and PanevéZzys have been found to vary from those identified in
Klaipéda city, which occupied the next place in terms of priority by more than 40%. This shows a gap
in the implementation of the sustainable urban mobility measures between the cities.

6. Discussion and Conclusions

A comparison of two types of assessment has shown varying results in term of priority.
Differences in the findings demonstrate that ranking significance does not consider the actual level of
implementation of the urban mobility measure within the MCDM assessment process. Ranking only
states the fact that the appropriate significance of a thematic area of a certain city is the highest
compared to other cities, but does not point out the significance of that thematic area in the general
transport system. The results of both types of assessment lead to the conclusion that, for overall ranking
by aggregating the individual ranks of thematic areas, a city that enacts more mobility measures
compared to other cities can be identified. Further, the determination of the significance of the thematic
areas established by the experts, and the combination of thematic area values determined via MCDM
methods, both assist in distinguishing the cities that are implementing more higher-quality (more
significant) mobility measures.

The results of the undertaken assessment show that it is appropriate to use the ranking method
in determining the cities occupying the leading positions with regard to individual thematic areas.
However, the numerical significance of thematic areas needs to be considered when assessing the
overall level of SUM development.

Table 4 shows that the acquired average significance of the cities can be used as an index for
SUM development, showing the relative progress of a city in implementing sustainable mobility
measures compared to other cities of the same type. For comparing these indexes with each other,
the possibility of determining the differences in the relative effectiveness of the SUM development
levels in individual cities is suggested. For instance, comparing PanevéZys city (0.4383) with Siauliai
city (0.1139) demonstrates that the effectiveness of the SUM development level in Panevézys is 3.85-fold
higher than that in Siauliai. Such a comparison is used in practice when planning the development
of the common transport system, providing measures to be implemented and calculating clear and
comparable indexes for the decisions taken.

The findings do not assume that the development of SUM should mainly focus only on the most
significant mobility measure or thematic area, because successful SUM planning is determined by
the integrated implementation of mobility measures. However, it should be noted that the smooth
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implementation of both low and greater mobility measures will result in a higher overall level of
developing SUM, and better conditions for the society.

The significance levels of the thematic areas and mobility measures identified during expert
consultation can constitute a good guide in assessing the mobility measures selected for implementation.
In order to achieve maximum results with the least time and money, it is recommended to implement
the mobility measures which, firstly, are appropriate for the local context, and secondly, have a greater
relevance to and impact on the mobility of the society. MCDM assessment assists in estimating the
effect that mobility measures will have on the transport system, comparing between similar types
of cities.

A combination of different MCDM methods and a summary of the obtained results both
allow for more accurate results in assessing the current/planned effectiveness of transport systems.
This instrument is particularly useful for ‘beginner” cities, which are starting to step up their
implementation of sustainable mobility measures and are looking for practical examples in similar
cities. The suggested model demonstrates the effectiveness of the transport system, considering
the aspect of consumer satisfaction rather than cost-effectiveness (e.g., using cost-benefit analysis),
i.e., the choice and implementation of mobility measures is assessed through the need and impact of
infrastructure and services.

The proposed model is not applied to all European cities (e.g., metropolitan areas), and therefore
leaves room for further work and research on the list of mobility measures, and the identification of
their relevance, for example, to metropolitan areas.
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Abstract: The objective of the paper is to explore whether particular problematisations of cars and car
use lead to sets of solutions that may not deal with all problems associated with car use, and whether
this leads to any internal conflicts within the chosen policies. The paper is based on a review of local
transport policy documents from 13 cities in four countries using the lens of policy problematisation
as an analytical framework. Some critiques of policy problematisation are discussed in the paper
but it is nonetheless shown to be helpful for this analysis. The paper finds that the problems most
typically highlighted in the strategies reviewed are poor accessibility (as a “bad” in itself, but also
because it is seen to compromise economic growth); the negative impacts of traffic on liveability of
the central part of the city and therefore its ability to attract inhabitants, especially those needed to
support a knowledge economy; local air and noise pollution; and road safety. The resulting visions
are for urban areas less dominated by private cars, with more green and public space, in order to
maximise accessibility and liveability to attract economic development; and most cities also seek to
reduce car travel as a proportion of trips. However, in many cities this vision covers mainly the central
city, with car use set to remain dominant in outer cities and for regional trips. In almost all cities,
only one measure, parking management, is proposed as a means of cutting car use. The differing
sets of measures envisaged for outer areas of cities threatens to undermine those envisaged for more
central cities.

Keywords: policy; problematisation; local transport; mobility plan; Sweden; Great Britain;
Netherlands; Germany

1. Introduction

Urban transport, since World War Two if not before [1-5], has been planned with a focus on the
private car, and in most cities and countries this focus is still the norm in planning practices. On the
other hand, there is an increasing policy imperative to make cities and urban regions more sustainable
in transport terms, with less motor vehicle use—for example, the EU’s policy goal to make urban
transport fossil fuel free by 2030. This can often lead to conflicts between automobility (a car-based
norm) and sustainability goals in urban transport policy.

This conflict arises from the problems caused by automobility and sustainability goals, including,
among other things, high capacity road systems that induce traffic, or traffic congestion, periods of high
particulate levels, reduced physical activity, poor road safety, carbon dioxide emissions, high noise
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levels along major roads and so on. However, it is not obvious which of these problems is the most
important to solve, nor how to solve them.
This begs the following questions, which are the basis of this paper:

e  How are the problems caused by cars framed by politicians and planners when developing their
plans for a more sustainable transport system in their cities?
e Does this have an influence on the policies and interventions included in those plans?

The analytical assumption is that the way cars are intentionally framed as a problem in the
transport policy-making process will have a significant influence on the choice of objectives as well as
measures selected to achieve those objectives; and if problems are deliberately or accidentally left out
of this problematisation process, this may (a) lead to conflicts within the resulting policy, and (b) lead
to path-dependencies in planning that continue to favour car-based mobility futures. In this paper we
apply, following Bacchi [6,7], the lens of policy problematisation to local transport policy making in
urban municipalities in four European countries, through a review of their transport policy documents.
This theoretical approach draws attention to how policy is created in discourse. Theoretically, it is
assumed that the framing of policy problems is a necessary part of the policy-making process. It also
assumes, as indicated above, that a specific problematisation tends to lead to certain consequences
resulting from how the “problem” is constructed and demarcated. For example, if excessive car traffic
leading to congestion in city centres is defined as a problem resulting from a lack of public transport as
a suitable alternative to private cars, then the most likely policy response will be to try to improve
the quality of public transport, instead of (for example) implementing car restrictive measures on car
traffic. The review of the transport policy documents is informed by this theoretical approach and,
in line of it, identifies the dominant representations of problems, the assumptions on which these
descriptions of dominant problems are based and the measures that are presented as appropriate to
implement to solve the problem in question.

The objective of the paper is to explore whether particular problematisations of cars and car use
lead to particular sets of solutions that may not deal with all the associated problems, and whether this
leads to any internal conflicts within the chosen policies, and/or “silences” regarding problems that
are known, but not acknowledged in the policies. The analysis focuses particularly on the role of the
private car in cities” mobility futures and the measures selected to realise these futures; this focus is
because the private car remains the most significant source of CO, emissions and cause of congestion
in urban surface transport.

We further hypothesise that:

1. Thereis a particular definition of the desired mobility future in cities” transport policy documents.

2. This leads to a particular choice of measures dealing with car use in these cities.

3. This generates some possible conflicts between the measures selected (or not selected) and the
mobility futures imagined.

4. The policy problematisations observed in the documents result in silences of importance for the
transition towards sustainable transport systems—in terms of CO2 emissions and overall km
travelled—that partly explain how path dependencies reported in previous research (e.g., [8,9])
are produced.

The rest of the paper is structured as follows. The literature review covers, from a scientific
perspective, the key transport problems that cities and urban regions face today. It then summarises
literature on policy problematisation, which provides the basis for the analytical framework used
in the paper. It also caveats the analytical framework, in particular discussing alternative views of
policy problematisation. It further covers relevant literature on path dependence in planning and the
relevance of this to our study. The paper then explains the methodology used and the cities selected
for the study (as well as the (deliberate) limitations of this selection), before presenting the empirical
findings of the document review and relating these to the analytical framework. Finally, the paper
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draws a number of conclusions related to our initial objectives and hypotheses, and these are then
used to provide some policy recommendations on how to plan for decreased car use.

2. Literature Review Including Analytical Framework

There are many potential measures to be used [10] when creating more sustainable road transport
systems and when reducing urban car travel (see [11] for an overview). Measures may either be [12]
intended to “pull” passengers to other modes of transport (by making walking, biking and public
transport an attractive alternative), or to “push” passengers to other modes of transport (by making
the car a less attractive option). Measures such as restricting speeds, reducing road capacity and the
management of parking spaces fall into this latter category. Research has also shown which measures
that have typically been implemented by those few cities have reduced car use as a proportion of trips
(see for example [13-15] for European examples). There is also knowledge of some of the factors that
make it possible to implement such measures, such as reorganisation of local administrations [16],
the important role of green policy entrepreneurs in local authorities, and research giving concrete
policy recommendations for implementing sustainable transport goals, for example about [13] how
controversial policies should be implemented in stages. Thus, there are several studies that provide
concrete advice on what could be done and how to create change in what has traditionally been a
very car-centric planning praxis. At the same time, there is a great deal of research that shows how
difficult it is to reduce car use in urban areas. The sustainable transformation of cities” transport
systems is often constrained by barriers such as rebound effects, conflicting visions at different levels,
lack of consensus among stakeholders, public objections and path dependencies [17,18]. The key issue
arising from this short review is how to accelerate the transition towards sustainable transport. This in
turn presupposes knowledge of why car-centric planning is produced and reproduced by discourses,
established practices, routines and methods applied in planning.

At the same time, researchers have argued that the orientation of transport research means that it
rarely asks important questions about how to how to accelerate the transition towards sustainable
transport. Marsden and Reardon identify some important gaps in the transportation policy literature
that are the consequence of what they call a dominant “techno-rational” approach to studying
transportation policy [19]. This dominant approach focuses, according to Marsden and Reardon, on the
means and tools of policy making, and little attention is generally paid to the goals and settings of
policy making: [19] (p. 245) “The “policy’ literature is therefore currently drawn to answering questions
relating to what is, and making that work more effectively, than on critiquing the assumptions of the
current status quo, and arguing for what ought to be, or what could be.” Their analysis shows that there
is a need for a more reflective discussion on how policy is shaped in order to better understand the
opportunities for change, a question that, in this paper, relates to ways to reduce motor vehicle traffic.

To meet this research need, we have adopted a theoretical approach to policy that is inspired by
research in a critical policy studies tradition that understands policy [20] (p. 1) “in terms of the interests,
values and normative assumptions ... that shape and inform [policy] processes”. In analysing how car
travel might be reduced in urban transport planning, we are analytically interested in discussing which
values are prioritised and how values influence which policy instruments that are seen as appropriate
in the local contexts studied.

There are, following [21], three interrelated factors that may produce path dependencies in
transport policy and planning: institutional factors, relating to practices, routines and methods applied
by key organisations; technical factors, relating to the momentum resulting from fixed infrastructure
serving societal functions; and discursive factors, relating to assumptions, justifications or beliefs,
that apply within an organisation and shape its practices. Analytically, this paper discusses how policy
is created in discourse, allowing a focus on the practices by which conceptions of knowledge and
meaning are produced and reproduced in policy practices, with the consequent production of [22]
dominant modes of thought and behaviours. There are several theoretical approaches that share this
interest, for example Rein and Schon’s research into frame-critical policy analysis in which frames are
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defined as [23] (p. 89) “generic narratives ... that tell, within a given issue terrain, what needs fixing
and how it might be fixed”. Transport research building on Rein and Schon, for example [6] Richardson,
Isaksson and Gullberg, illustrates how car-based automobility frames survive and continue to support
car-based mobility futures even when seemingly radical policies are implemented (exemplified by
these authors by the case of congestion charges in the Swedish capital of Stockholm).

Another theoretical approach is offered by [6,7] Bacchi and is used in this paper. Our theoretical
starting point, following Bacchi, is that policies shape “problems”, and that local politicians and
transport planners are active in creating policy problems rather than reacting to problems “out there” in
society. Such policy problematisations involve a “diagnostic” aspect that prescribes solutions to socially
constructed problems. As such, a policy represents a particular way of understanding how, in this
case, car use as a particular policy issue is created and used to mobilise decisions and implementation.
However, problematisations define not just a problem, but also what is not a problem. Alternative
problem formulations are eliminated by demarcation and ignored. In summary, the issue of car
travel reduction is understood as parts of “problem representations” that create particular ways of
understanding car traffic as a policy problem, which in turn influence the measures seen as appropriate
or inappropriate in the local contexts studied here.

This theoretical approach has recently been applied to transport policy, also in a Swedish context
by [24] Hrelja and [25] Rhenlund. The results from this research indicate that policy changes that
may result in car travel reduction are indeed underway in many Swedish cities. At the heart of these
changes are narratives about city development in which cities understand the “attractive city” as one
where cars are defined as a problem to be addressed. However, the dominant policy problematisation
also produce several “blind spots” of importance for the development of car use, which are discussed
later in this paper.

The strength of Bacchi’s approach is that it both provides a theoretical framework that can be
used to analyse the “interests and normative assumptions that shape and policy processes”, and that
it provides an accompanying methodology. Bacchi suggests studying policy by posing a number of
analytically motivated questions to interrogate the empirical material. Inspired by [6,7] Bacchi, in this
study, the case cities” transport policy documents were analysed based on the following questions:

e  What are the problems that are highlighted? Which problems are most frequently highlighted?
Which figure, but are less important? Are there any cities or countries that have particularly
unique problems identified? Are there problems that are ignored by the majority of or all cities?
Do all cities actually engage in problematisation in these documents?

e  Mobility futures imagined—commonalities and differences? What are the mobility futures
imagined and how does car use fit into these? Of those cities that imagine a mobility future with
an explicit recognition of less car use, do they have anything in common?

e Does the dominant policy problematisation produce any silences, conflicts or ambiguities?

e  What measures are seen as appropriate or inappropriate? Are there any major differences in
measures proposed linked to differences in policy problematisation?

e What consequences (for mobility, the city or its people and the environment) are produced by the
chosen representation of the problem?

The theoretical approach adopted thus implies a specific relationship between policy
problematisations and measures, in that the former is supposed to result in measures being understood
as appropriate or inappropriate for dealing with the problem of car use. However, the relationship
between problem and solutions is in reality often more complicated than this. Other research
(often based on [26] Kingdon’s Multiple Streams Approach (MSA)) recognises the importance of
problematisation but also suggests that other factors influence how policies and related measures
are developed. For example, it points out how measures as solutions may exist independently and
before problems have been defined, and that there are solutions “floating” and waiting for a problem,
which implies that available or measures may influence how policy problems (and related solutions)
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are constructed—yet not all solutions will ultimately be implemented, due to factors such as their
relationship to existing values, and their technical and financial feasibility. The MSA also brings in
concepts such as [27] the political context, the policy entrepreneur, and the window of policy timing.

Another potential problem of the theoretical approach based on Bacchi is the difficulty of linking
discursive meaning to effects, that is, actual decisions about implementation of measures in practice.
We have only examined which measures appear appropriate or inappropriate within the policy
problematisations we identify and based only on a document analysis. This means that the results can
only indicate potential effects of dominating policy problematisations and with this form of research we
cannot find out whether and why the measures set out in the policy documents reviewed are actually
implemented. It is clear from authors such as [28] that public attitudes play a key role in shaping the
content of Sustainable Urban Mobility Plans (SUMPs), and the use of public participation activities to
shape the documents that we have reviewed is referred to in all of them, but the nature and effects of
these activities are not something that we examine directly in this paper, since it is a document analysis.

Whilst we recognise the value of the MSA approach, in this paper our focus is on an international
comparison of what cities say that they will do, and why, in their written transport policy. For this,
Bacchi’s framework is more suitable and we draw some useful conclusions based on this approach.
However, further, more in-depth research in a subset of our cities could usefully deploy the MSA to
understand why the policies identified were chosen, and why some are implemented and others not.

3. Methodology

As highlighted earlier, the empirical work is based on a document analysis, a recognised qualitative
technique [29-31]. Due to the limitations of the project resources, three cities were selected from each
of England, Netherlands and Germany, and four from Sweden, making 13 in total whose transport
strategy documents were analysed. Each city was in effect a case study but the data from each case
study were limited to the document(s) analysed.

In a seminal piece of work on case study selection, Flyvberg [32] identified several strategies for
case study selection, as follows:

A. Random selection, to avoid systematic biases in the sample.

B. Information oriented selection, to maximise the utility of information from small samples and
single cases.

C.  Extreme/deviant cases, to obtain information on unusual cases, which can be especially problematic
or especially good.

D. Maximum variation cases, to obtain information about the significance of various circumstances
for case process and outcome (cases that are very different on one dimension: size, form of
organisation).

E.  Critical cases, to achieve information that permits logical deductions of the type, “If this is (not)
valid for this case, then it applies to all (no) cases”.

For this study, we used strategy B, since there was necessarily a relatively small sample size.
The sampling was based on pre-selected criteria, listed below. Without reading all the transport
strategies of all similar cities in all four countries it is not possible to be certain that our chosen
strategies are entirely representative of the “average” transport strategy in the country. However,
beyond the criteria below, nothing indicated to us that our selected strategies were atypical of those in
the respective country. The selection of case cities was based on the ambition to choose:

e Both those where trends in travel patterns have become more sustainable and those that have
followed the national pattern.

e  Both "leading cities”, in the sense of being seen in by peers in their country as leading within the
field of sustainable transport (Nottingham, Groningen, Lund and Lindau), and more average cities.

e Atleast one from each country with a specific objective in its strategy to reduce car traffic.
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e Only smaller cities of between 40,000 and 300,000 people without (significant) light rail or
tram networks, as the comparison of smaller with larger and especially capital cities with highly
developed public transport networks would not be valid (other authors such as [33] have compared
transport strategies from capital cities, although using a different methodology).

Further discussion of our city sample is provided in Section 4, below.

The selection strategy was thus one of choosing cities that are different on dimensions such as size
and ambitions to obtain information about the significance of policy problematisations for the choice
of measures that deal with the problems associated with car use.

In each city, the urban transport plan or equivalent was reviewed, along with the strategy/policy
section of the land use plan, and other documents such as parking strategies if these were available
(see Table 1 for full details of the documents analysed for each city).

Table 1. Cities and plans analysed.

City Transport Plan or Strategy Spatial Plan
Mobility Vision 2050 (2014) [34]. . . . N
Aachen DE Mobility Strategy 2030 (Verkehrsentwicklungsplan gglaf?; (Slan policy section (Flachennutzplan),
(VEP)), 2015 [35]. o
Getting Around Bath—a Transport Strategy for Bath,
Bath UK (2014) [37]. Core Strategy of the Local Plan (2014) [39].
Draft joint, regional, Local Transport Plan (LTP) The Placemaking Strategy (2017) [40].
number 4 (2019) [38].
Darlington UK Third Local Transport Plan, (2011) [41]. Core Strategy of the Local Plan—(2018) [42].
The Land Use Strategy for housing (Beleidsnota
Findhoven NL Mobility Vision 2040, (Eindhoven op Weg) (2013) [43].  Prioriteiten bouwlocaties), (2015)-it was not possible to
New parking norms (Nota Parkeernormen) (2016) [44].  find a policy section for the city’s land use plan as a
whole [45].
. Transport Strategy . S .
Eskilstuna SE (Strategidel) 2012 [46]. Comprehensive Plan (Oversiktsplan), 2013 [47].
Mobility Strategy (Nota Mobiliteit) 2007-2010
(2007) [48].
Groningen NL Multi-year Programme for Transport and Traffic Spatial Planning Strategy (Nota Grondbeleid)
& 2018-2021 (Meerjarenprogramma Verkeer 2018-2021) (2017) [51].
(2017) [49].
Parking Strategy (Ruimte voor de Straat) (2018) [50].
Various land use projects found on the city’s website,
Herrenberg DE Integrated Mobility Development Plan (2019) [52]. accessed 23 October 2019
https://www.herrenberg.de/BayWa.
S Transport Strategy (Kommunikationsstrategi Atgiirder . “ .
Jonkoping SE For Ett Hallbart Trafiksystem) 2012 [53] Comprehensive Plan (Oversiktsplan), 2015 [54].
Local land use zoning plan and supporting
Climate Friendly Mobility Concept for Lindau documents (Flichennutzplan), (2011, modified
Lindau DE (Klimafreundliches Lindauer Mobilitiitskonzept) 2013) [56].
(2017) [55]. Integrated City Development Concept (ICDC),
(Integriertes Stadtentwicklungskonzept) (2015) [57]
Lund SE Transport Strategy (Trafikstrategi) 2014 [58]. Comprehensive Plan (Oversiktsplan), 2017 [59].
Malmo SE Transport Strategy (Trafikstrategi) 2016 [60]. Comprehensive Plan (Oversiktsplan), 2018 [61]
Nottingham UK Local Transport Plan 2016 [62]. Local Plan 2017 [63].
Mobility Strategy Tilburg, Together Towards Smart
Sustainable Mobility in 2040 (Mobiliteitsaanpak Tilburg
Tilburg NL Samen op tweg naar 2040-Tilburg slim en dutirzaan: op Land Use Vision (Omgevingsvisie Tilburg), 2015 [66]

weg) (2017) [64].
Further development of the above (Uitwerking
Mobiliteitsaanpak Tilburg) (2017) [65].

The plans were read in their original language. The analysis of the plans was performed stepwise
including superficial examination of all plans, thorough examination, and interpretation — a qualitative
research method [30,67,68]. All plans were first skimmed through and passages of text about transport,
and especially about car traffic, was identified. Then a more thorough examination and re-reading
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of the plans was done. This step meant that the plans were read several times and key phrases were
marked. English language summaries for each city were then produced relating the content of the
policy documents to the analytical questions introduced earlier (Section 2). Recurrent regularities in the
empirical material or themes and hierarchies of themes were also outlined in this way [67]. In order to
reduce cognitive bias, the summaries were then reviewed by both research team members before being
finalised [68]. This investigator or analyst triangulation provided an important check on interpretive
bias in a situation where two researchers analysed the plans.

Any silences, conflicts or ambiguities produced by the dominating policy problematisation are
judgements on our part as to what is actually a problem but is not seen as a problem in the plans.
Silences were identified by reading the plans and by identifying text parts not associated with a theme
or a policy problematisation.

In addition, the numbers of cities whose documents featured, for example, an explicit policy
problematisation; or an explicit recognition that car use must be reduced; or clearly defined, specified
and costed measures to achieve strategy objectives, were also identified.

The documents reviewed are of course produced within different national legal and institutional
contexts. In order to maximise their comparability, as far as possible, strategic transport policy
documents were reviewed containing a vision for future mobility, often a problem analysis, a set
of objectives, often a set of targets (for example for mode share or improved road safety) and a set
of measures to be implemented to achieve the objectives—although the level of detail to which the
measures were specified varied quite widely across the documents reviewed, and time horizons varied
from 10 to 30 years. The documents and their statutory basis are below (see also Table 1):

e England—Local Transport Plans, which were formerly statutory but are now optional,
based around core objectives and measures to achieve these.

e  Germany—Traffic Development Plan (Verkehrsentwicklungsplan), statutory but with focus on public
transport or non-statutory climate change funded mobility strategies.

e Netherlands—the former system of advisory municipal traffic and transport plans (GVVP) is now
obsolete, so instead non-statutory mobility vision documents were used.

e Sweden—non-statutory Local Transport Strategies (Trafikstrategier) were reviewed, and the
transport policy sections of comprehensive land use plans (Oversiktsplaner).

Some additional data about the transport and demographic characteristics of the cities are shown
in Table 2. They are remarkably similar, the main differences being the much higher car use in British
and two Swedish cities, higher car ownership in the smaller and particularly German cities, higher
levels of cycling (replacing walking) in the Dutch cities and the higher rates of unemployment in
the Swedish cities. (Note that mode share is for trips to work in British cities, but for all trips in
others) These similarities increase the validity of the analysis, since they imply that actual problems
are similar, so it is the way these same problems are viewed that instead influences the transport
policies developed.
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4. Limitations

The approach chosen, based on documents only, limits the analysis to the field of policy content.
Whilst policy documents will at times provide some details of the public consultation processes used
to build their legitimacy, the full process of how the policy was produced is almost never described.
This focus on content is a potential shortcoming of our work, but nonetheless we argue that a document
analysis, particularly one theoretically anchored and comparing documents across countries, yields
important results, the “why” of which could then be explored in further research.

Another potential shortcoming of our work it that the results are not statistically generalisable to
a larger population of cities. As with the issue about the full process of how the policy was produced,
we argue that it is the theoretically anchored arguments we make that will enable other researchers
and practitioners to deduce whether or not the findings are analytically generalisable to other cities
and countries. That our results are valid and relevant for other cities is shown by how [24,25] previous
studies, which have used the same theoretical framework in analyses of a larger population of cities in
one and the same country, have reached similar conclusions as we have done in this article.

Tt is a further limitation of this paper that these are all rather small cities in similar countries
in northwest Europe. It could be argued that more meaningful results could be obtained from a
comparison of very different cities, for example, from selecting cities in northern and southern Europe,
or Europe and Asia. However, this limitation was a deliberate choice that the authors argue to be
analytically important. The four countries from which cities were chosen have a lengthy history of
structured transport planning in relation to objectives (see for example [69] for a review) that contrasts
with a traffic engineering focused approach in most of the rest of the world. In addition, the similarity
of their transport planning cultures means that the relatively subtle differences in problematisation that
this paper seeks to analyse can be unpicked, whereas if cities with very different transport planning
cultures were selected, a comparison would be much less valuable. Finally, these cities all produce
some form of transport strategy document, which is not the case in many cities in the world. There is
an extensive literature on spatial (if not transport) planning cultures (see for example [70]) and the four
countries, and particularly Germany, Netherlands and Sweden, are identified within this literature as
having similar planning cultures. Other researchers reviewing transport strategy documents have also
limited their sample—in the case of [33], for example, to English language documents in EU capital
cities. For all these reasons, the authors argue that it is wholly justified to deliberately limit the scope
of this paper in this way.

Finally, whilst the documents reviewed are broadly similar in their purpose and the broad
topics that they cover, they are absolutely not identical in structure nor in level of detail. Therefore,
a wholly systematic analysis of identically structured documents that would be possible if, for example,
reviewing the Local Transport Plans that were produced in England in the early 2000s according
to quite rigid central government guidelines, was simply not possible in the case of the documents
reviewed across cities and countries for this paper.

5. Cross-Case Comparison and Discussion

5.1. What Are the Problems that Are Highlighted?

The problems most typically highlighted in the strategies reviewed are poor accessibility (as a “bad”
in itself, but also because it is seen to compromise economic growth); the negative impacts of traffic
on liveability of the central part of the cities and therefore its ability to attract inhabitants, especially
those needed to support a knowledge economy; local air and noise pollution; and road safety. This is
exemplified by the way in which Swedish cities of Lund and Malmo describe how excesses in car use
and space allotted to cars have produced unattractive city centres and unsustainable transport systems.
This, they argue, has led to a lack of “urban cohesion”—a functionally mixed city that is an aesthetically
attractive place to live, visit and shop—which, they argue, risks leading to lower economic growth and
fewer jobs. In these two Swedish cities, the desire is to change conventional planning’s focus on the car

43



Sustainability 2020, 12, 8170

by no longer planning for (car) mobility but instead planning for accessibility. Similar ideas are found
in Eindhoven, which seeks to create:

An attractive living environment: the centre, residential and leisure areas are free of excessive
traffic and there is high quality green and public space. It is pleasant to live, work and spend
time ... [whilst] ... multimodal accessibility of the prime economic locations contribute to
an excellent business climate. [42] (p. 7)

Bath is another city that can be used to illustrate the most common problematisation found in our
sample cities:

Bath will enhance its unique status by adopting measures that promote sustainable transport
and reduce the intrusion of vehicles, particularly in the historic core. This will enable more
economic activity and growth, while enhancing its special character and environment and
improving the quality of life for local people. [36] (p. 5)

This concept of (poor) “accessibility” is one that is mentioned in most of the documents reviewed,
but is not well-defined—in a sense, this is a shortcoming of the problematisations in many of the
cities” transport strategies. In the scientific literature [71] (p. 1), it is defined as “the potential for
reaching spatially distributed opportunities (for employment, recreation, social interaction, etc.)”.
However, the same authors acknowledge that whilst the general concept is widely used, there has
been a historic disconnect in translating the scientific concept of accessibility into practice. It is not,
therefore, surprising that in the documents reviewed, accessibility is at the same time both very
important and poorly defined. As [72] (p. 236) point out in their study of how accessibility is treated in
32 metropolitan transport plans from North America, Europe, Australia and Asia, “there is a trend
toward a greater integration of accessibility objectives in transport plans [but] ... plans need to have
clearly defined accessibility goals” [emphasis added]. There is a further assumption in the documents
reviewed, made without reference to scientific evidence, that if “accessibility” is threatened, this will
have negative economic impacts. Furthermore, many but not all of the case study cities see congestion
from cars as a threat to accessibility in certain parts of their geographical area, but mobility by car as a
core element of guaranteeing accessibility in other parts. Overall, then, accessibility is a priority for
cities but its causes and effects are poorly defined and sometimes appear to be in conflict.

While the threat to accessibility and therefore economic growth is the problem most typically
highlighted in cities” strategies, there are small and economically very successful cities, such as
Herrenberg and Lindau in Germany, that place less emphasis on transport contributing to economic
growth than do the other 11 cities reviewed. Smaller cities also place more emphasis on the severance
effect of major roads than do the larger cities—slightly paradoxically perhaps, but indicative of how
major roads can be very significant in scale in terms of their contribution to the transport system of
small towns.

In the “second rank” of problems in terms of how often they are mentioned come greenhouse
gas emissions, public health and the occupation of public space by cars. These are mentioned by
most cities but do not receive the same level of attention as the problems in the “first rank”. In only
a minority of cities is car use in itself seen as a problem; it is rather the consequences of “excessive”
or “unnecessary” car use that are viewed as problematic. Table 3 summarises the main problems
identified in the cities reviewed.
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Differences and Cities Lacking Explicit Policy Problematisations

Despite the similarities, there are differences between cities and their particular focus. For example,
Groningen is quite unique in identifying parking on street as a problem of privatisation of public space,
although many cities see the use of street space for parking as an opportunity cost. All the British
cities and the Swedish city Malmo stress social exclusion as a transport-related problem; in other
cities and countries, there is much less focus on this issue, although several others do mention their
ageing populations and the need to ensure that the transport system caters to the needs of older people.
This can be explained by how economic downturn and population decline in the British cities and
in Malmo the last decades have led to a focus on social exclusion as a problem and on an improved
transport system as a remedy.

Four cities (Eindhoven, Eskilstuna, Herrenberg and Tilburg) do not, at least in the plans we
have examined, provide explicit problematisations; rather, the transport-related problems they suffer
are only implied via the choice of objectives in the strategies (all strategies include a statement of
objectives). There appears to be no link between not identifying problems explicitly and failing to
have reduction in car use as an objective in Tilburg and Herrenberg. Tilburg is a city where there is no
problematisation and there is also no objective to reduce car use; in contrast, Herrenberg’s strategy,
in spite of having no problematisation, nonetheless is very explicit that car use should be reduced.

To conclude, differences between cities clearly exist, and they seem partly to be related to city
differences in terms of economic development. Nevertheless, there are significant similarities between
cities regardless of country and similar policy problematisations. Importantly, policy problematisations
often have a geographical delimitation, with a focus on cars in inner city and city centres as a problem
that compromises the “accessibility” of these areas. We describe this in detail in the next section when
linking policy problematisations to mobility futures imagined. There is less of an explicit process of
policy problematisation regarding outer city and regional transport. It must be assumed that this is a
result of how the problem of cars is defined, i.e., that the major problem of cars arises in inner city and
city centres.

5.2. Mobility Futures Imagined—Key Elements, Commonalities and Differences

The cities that explicitly state that, in their respective future mobility systems, car use will be
lower than it is today are Lindau, Lund, Aachen, Bath, Nottingham, Herrenberg and Eindhoven—so
the majority of the 13 studied. Lindau, Lund, Bath and Herrenberg fall into the category of “smaller
historic city”, but on the other hand, the three other cities are mixed industrial/university cities and all
amongst the largest cities studied for this research.

Other than this, there are considerable commonalities in the mobility futures imagined, particularly
with respect to the central city, where, in general in pursuit of greater “liveability” cities, imagine streets
where more space is given to sustainable modes of transport and used as public space, and where car
use, even if not reduced, is directed to locations such as underground car parks where its immediate
impacts are lessened compared to the current situation, as shown in Table 4. All cities imagine futures
where at least in central areas more of the available on-street parking is reduced and, even if there is no
explicit recognition of a need to reduce car use, nonetheless the implication is that, in these areas, travel
by car will become relatively less important as inner-city populations grow. Even though the extension
of car traffic in the cities are often explicitly seen as a problem in the strategies, and constructed as a
condition that needs to be changed by means of interventions in future planning, it is not necessarily
a completely different transport future that is imagined, below exemplified by Jonkoping (SE) and
Groningen (NL):
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The majority of all trips made in the municipality are made by car, both now and in the
future. ... Roughly 20% of all car trips could be replaced with other options. ... Such a
change in travel mileage would entail that those car trips that cannot be replaced with other,
more sustainable options could also continue to offer free flowing travel conditions. [53]

(p.52)

In all future scenarios the car remains as a dominant mode and a solid basic vehicle
infrastructure is therefore necessary. [48] (p. 32)

Most cities thus believe that the car will continue to play an important role in the transport system.
In other words, a change including radical reductions in car use is often not imagined. Instead,
as populations grow and pressure on transport systems increases, there is a desire to make it possible
for those who wish to drive their cars to the central parts of cities with ease to continue to do so
in the future. The ambition is more about making the transport system more efficient by cutting
the space allotted to cars within it, rather than radically reducing car use. Access by car is to be
restricted in only three or four cities, including Eindhoven, Aachen and (in the shape of demand
management) Nottingham.

5.3. What Measures Are Typical and Less Typical in These Mobility Futures?

The Dutch cities, in particular, are very enthusiastic about the use of big data, self-driving vehicles,
new forms of mobility (such as car sharing [73]) and electric mobility, although it is not always clear
how big data and self-driving vehicles will be used as measures to further the objectives of the strategies.
The majority of strategies reviewed include measures such as charging points and some electrification
of public transport and municipal vehicle fleets in order to help meet pollution reduction objectives,
but these are not a major feature of the majority of the strategies reviewed. The Dutch municipalities
are all proponents of inter-city cycle superhighways, something not mentioned in strategies from other
countries. The importance of park and ride diminishes with city size, in general. However, other than
these points, there is great commonality between all cities in the nature of the measures they propose:
management of on-street parking, some conversion of street space to public space, improved conditions
for walking, improved public transport and much improved cycle networks and cycle parking (see
Table 3).

These measures that apply mainly to other modes of transport could have a direct impact on
car traffic, for example, if walking, cycling and public transport are made more attractive relative to
car use, by redistributing street space in favour of pedestrians, bicyclists and public transport [15].
However, this reallocation of space is discussed explicitly in only a minority of cities. While certain
cities, such as Tilburg, Groningen, Lindau, Herrenberg, Darlington and Eskilstuna, are explicit about
road improvements that will take place during the lifetime of their strategy on the local and/or national
road network in their areas, only a few cities, such as Eindhoven and Aachen, rule out new roads,
or additional road capacity, completely. Eindhoven, Aachen, Nottingham and Bath are more explicit
about managing demand through reallocating road space (and through the use of the workplace
parking levy in the case of Nottingham) than are any of the other cities examined. For example,
Eindhoven'’s strategy talks positively about making certain key arterials one-way streets in order to
free up space for other uses; Bath’s strategy strongly supports further pedestrianisation in the city.
These points are summarised in Table 3, which shows that the key similarities and differences between
the mobility futures imagined are:

e Almost all cities plan to reallocate road space away from cars in their central areas and to manage
on-street parking.

e At the same time, most want to maintain car access to these areas (meaning that car access will
not be restricted but parking will be more expensive and/or off-street).

e  All cities plan to improve conditions for cyclists and most conditions for public transport.
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e A small number of cities plan to reallocate road space away from cars outside their central areas.
e The majority of cities plan or support road capacity increases within their areas.

Finally, the majority of land use plans examined are also supportive of transport policy goals,
and vice versa—an integration that [2,74] previous research has shown to be of strategic importance
when decreasing the need to travel by car and make it rational to choose public transport, walking or
cycling. For example, a reduction of car travel in Lund [58] (p. 13), [59] (p. 37) is planned to result
from the integration of land use and transport planning (described as urban planning) that results in
densification and a mix of functions in locations with good conditions for public transport. Similarly,
Aachen’s land use plan is clear about the need to increase densities and to locate new residential and
commercial developments along corridors and at nodes with good public transport service, rather than
on promoting low-density, car-based development. It also envisages some controls on out-of-town
shopping in order to maintain and strengthen the role of the city centre as a retail destination [35,36].

Due to the timeframe of the documents reviewed, the most recent being from 2017, the issue of
COVID-19 and its implications for mobility futures was not considered in any of the policy documents
reviewed. If repeated five years hence, our review might find policy documents that pay more attention
to providing space for social distancing, to increased reliance on personal micromobility instead of
public transport, to increased use of virtual mobility and to greater uncertainty in planning inputs and
outcomes. However, this is obviously highly speculative at this point in time.

5.4. What Ambiguities/Conflicts/Silences Are There in the Imagined Mobility Futures?

The most significant ambiguity in the majority of the cases studied is whether or not the scale of
the measures proposed, particularly the demand management and road space reallocation measures,
is sufficient to meet the level of change in travel behaviour to which most cities aspire. In addition,
where cities support the addition of new road capacity on their own roads or on those of national
authorities, then there is some ambiguity in that this new capacity may induce more car travel that will
then undermine the achievement of other objectives in the strategies.

A related point is the view that most strategies take on regional, national and international travel,
for which in the majority of plans there is no desire, either explicit or implicit, to reduce car use; it is
seen as a necessity, yet the ease with which this could undermine the achievement of sustainable
mobility objectives at the local level is not acknowledged. The principal conflict is between a more
car-based mobility future in suburbs and regions around cities, and restraint of car use for a higher
quality of life in central cities, with no recognition that the former could well undermine the latter.
Regional car use is often not seen by cities as a “problem” to be solved, and some, such as Groningen,
even explicitly recognise the need to maintain and even increase car use in these areas. However,
there are exceptions, such as Aachen, which envisages a mobility future where, in their entire area,
sustainable modes of transport become the most important modes.

The unproblematised role of regional car use in transport policy can be understood in the light
of the assumption some cities make about how economic development depends on a high degree
of intraregional mobility among the cities in their region. An underlying assumption appears to be
that spatially integrated cities, through increased regional accessibility (the potential to reach jobs and
services regionally) will lead to opportunities for both employers and employees to choose labour
and work. The mobility future imagined on a regional scale is thus a future with “high mobility-high
accessibility”. For example, the Mobility Vision of the Dutch city of Tilburg aspires to improvements in
all modes of transport at the regional scale, whilst the City of Groningen states that [51] (p. 22) “further
intensification of land uses in the A7 motorway corridor is only possible if the traffic infrastructure
around it grows at the same time”. Whilst the historic city of Bath rules out new road building within
the city, there are many proposals for new road as well as public transport capacity increases at the
level of the region within which Bath sits, again evidence of a high mobility-high accessibility strategy
in this English case.
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Finally, there are major silences related to freight transport and deliveries; few strategies (only
from Aachen, Lund, Malmé and Tilburg) explicitly mentioned this issue.

The cities reviewed for this paper that have a reputation for being more “ambitious” in their
transport policies are Lund, Malmo, Nottingham, Groningen and possibly Lindau. From the documents
reviewed, it is not possible to say that these cities are all “stronger” in terms of either their mobility
futures imagined or the measures that they propose to bring about these futures, than other cities that
feature as cases in this study; there is no consistent pattern. So, for example, Nottingham is the only
city that employs a measure other than parking management and road space reallocation to restrain
car traffic, but at the same time it proposes a major road infrastructure scheme. Aachen in Germany,
although not a city with a reputation for radical transport policies, nonetheless describes a radical
mobility future and measures to achieve it.

From our problematisation-based analysis, it is 10t possible to conclude that those cities with the
greatest ambiguities and silences in their policy packages (for example, Tilburg, Groningen, Lindau
or Darlington) are those that also have significantly different problematisations from those such as
Aachen or Eindhoven that have few ambiguities and silences. The conception of problems is similar,
but differences arise at the level of responses to those problems; however, a document analysis does
not reveal the reasons for those differences.

To conclude, the key factor excluded in the most mobility futures is how mobility is to be provided
for in the more suburban areas of the cities studied. Similar silences exist for inter-regional trips.
There are also differences regarding the degree to which any demand management measure other than
parking management (such as road space reallocation, or some form of pricing) is included in the
measures in the strategy. Statements about encouraging sustainable modes of transport are common in
the mobility futures, but it is only in a minority that there is an acceptance of reducing road capacity
for private vehicles. By far the most common demand management tool included in the strategies
reviewed is management of on-street parking, but many cities at the same time make no commitment
to reduce off-street parking. Some mobility futures imagine unfettered car access even to central cities,
for those car users willing to pay higher rates for parking.

Table 5, below, summarises the findings of Section 5.4.
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6. Conclusions

An analytical framework based on [6,7] Bacchi’s work on policy problematisation was used for this
work. Some of the limitations of the framework were discussed earlier in this paper—principally that
that the focus on problems as the foundation of policy-making ignores the possibility that solutions and
measures are already selected and thus the definition of the problem is used as a post-hoc justification
of the already-chosen measures. However, since this paper is based on a document analysis, it
would be difficult to identify a post-hoc justification of the measures selected by cities, and therefore
a problematisation-based analytical framework lends itself better to such an analysis. In addition,
we present below a number of important conclusions regarding the documents that we have analysed
and, as these stem from our analytical framework, that demonstrates its usefulness.

There is of course other research that has analysed the urban mobility strategies of cities (see for
example [74-78]). However, only one of these papers undertakes an international comparison of more
than four strategies, and all are focused on the quantitative indicators used in the plans to measure
their success. None analyses the problem statements in the plans in depth as this paper has done, and
none identifies the conflicts within the mobility futures imagined. Therefore, our paper complements
this earlier work, but clearly also adds to it.

It is clear from our analysis that the majority of the cities reviewed have similar conceptions of
the problems caused by or are related to car use. The relative importance of these problems varies
somewhat according to the social and economic context of the city, but in general the key problems are
poor accessibility as a threat to economic growth, followed by local then global environmental impacts
and road safety problems. The majority of the cities also state that they seek to reduce car use as
a proportion of trips, with a minority of these setting a quantitative target for this. More broadly,
the desired mobility future seen in most cities is one where the use and dominance of the private
car are reduced, leading to improved public space and liveability, particularly in the central part of
cities. The mobility future in all cities envisages a broader range of mobility options compared to the
situation today.

The key differences between cities lie in the degree to which the measures that will restrain and
reduce private car use are emphasised. Some cities are more ready to use such measures than others,
and some make it clear in addition that car use will remain the dominant mode of transport in their
mobility system. Furthermore, there are differences in the degree to which car restraint measures are
planned to be used in the outer city and regionally, as compared to the central city. Whilst there are
exceptions, the general pattern is that restraint measures are mostly envisaged for the central city, whilst it is
planned that the outer city and region will benefit from increased mobility by all modes.

This clearly leads to a number of “silences” and ambiguities between the policy problematisation
and the measures proposed. Principally, these include the lack of clarity as to whether car-restraint
measures will be sufficient to actually reduce car use, and the conflict between measures proposed for
the central city and those proposed for areas further out from the central city. These silences are of great
importance for the transition towards sustainable transport systems in terms of CO, emissions and
overall km travelled.

The paper did not set out to explain why the patterns identified are as they are. However, the issue
of path dependence referred to in the introduction is clearly relevant (e.g., [1,8,9,21] regarding path
dependence in transport planning). There is a continuum of cities here in the 13 considered. Some
remain in an “old” traffic engineering-based paradigm, with only a few cursory “nods” towards
sustainable transport in their policies. The majority have moved some way towards a more thoroughly
sustainable transport paradigm, where cars are not part of their vision for the central city. A very small
number are rejecting the car as a basis for future mobility for the whole city. This is a path-dependent
transition, as cities in the first stage are unlikely to jump straight to the last, without going through the
intervening stage).

In addition, our work highlights at least two important potential consequences for urban transport
policy in general:
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e  Firstly, the policies that we have reviewed suggest that if they are implemented as planned,
suburbs may in fact become more car-dominated. The resulting increase in vehicle kilometres
due to regional car trips is likely to increase local and global air pollution until a high proportion
of the fleet is electrified. This is a silence that could have major consequences for the energy
efficiency of the transport system since these trips account for a large part of total personal
transportation mileage.

e  Secondly, car mobility is rarely put at stake in the design of policy interventions. Few measures
that directly aim to restrict car use are presented. Possible measures that will drastically reduce
car use, such as car-free urban areas, are ruled out.

For planners working in cities, the analysis in this paper is an important call for them to recognise
the silences in their own policy documents, and for them to think more critically about how to manage
suburban and regional car use. For researchers, our work should encourage a more critical view to be
taken of the discourses in urban mobility strategies, particularly with respect to how conflicts in the
problematisations in those strategies are dealt with.

In summary, it is true that the cities analysed in this paper have taken some potentially important
steps towards sustainable transport planning (principally in the planning of central parts of the cities,
that is). However, the dominant policy problematisation, with its geographical delimitation focusing
on cars in city centres, produces silences that risk segmenting car-based mobility futures in suburbs
and at the regional level. In order to at all be able to handle these car journeys, cities need explicit
policy problematisations for car journeys in suburbs and at the regional level. If not, these car journeys
will not be dealt with as they are discursive blind spot.
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review, first analysis of Swedish plans. T.R. and R.H.: discussions and conclusions. All authors have read and
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Appendix A Sources of Data, Table 2

City populations: city authority websites, latest available year

Mode share for Dutch and Swedish cities: latest available year from http://www.epomm.eu/tems/
cities.phtml

Mode share for German cities: from transport strategies reviewed, for 2018 (2017 Aachen).

Mode share for British cities: 2011 National Census travel to work data.

Education levels, car ownership and unemployment rates:

Britain: 2011 census (education and car ownership); city websites (unemployment).

Germany: car ownership from transport strategies reviewed. Education and unemployment from
Employment Ministry data of respective German Federal State

Netherlands: Central Bureau for Statistics (CBS) (Dutch Government)

Sweden: CBS (Sweden) for unemployment and education; Lansstyrelsen for car ownership.
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Abstract: Autonomous car travel planning is increasingly gaining attention from scientists and
professionals, who are addressing the integration of autonomous cars into the general urban
transportation system. Autonomous car travel planning depends on the transport system
infrastructure, the dynamic data, and their quality. The efficient development of travel depends on
the development level of the Intelligent Transport Systems (ITS) and the Cooperative Intelligent
Transport Systems (C-ITS). Today, most cities around the world are competing with each other to
become the smartest cities possible, using and integrating the most advanced ITS and C-ITS that
are available. It is clear that ITS and C-ITS are occupying an increasing share of urban transport
infrastructure, so the complex challenges of ITS and C-ITS development will inevitably need to be
addressed, in the near future, by integrating them into the overall urban transport system. With this in
mind, the authors proposed three autonomous car travel development concepts that should become
a conceptual tool in the development of ITS and C-ITS.

Keywords: development; autonomous cars; ITS and C-ITS; public infrastructure; Kendall method

1. Introduction

Every day, efforts are made to improve our environment and make it synonymous with a
comfortable life; new products and technologies are being developed that are rapidly changing people’s
environments and movement habits. Famous car companies are competing with each other in an effort
to bring widespread autonomous cars to the market by 2025. Publicly available information is not very
detailed, despite many autonomous car surveys being already underway, but they usually cover one
specific area only.

Car security systems have evolved very rapidly over the past few decades. All new engineering
solutions have been developed to help the driver. These technologies help to prevent or reduce
the consequences of accidents, but they do not guarantee complete safety. However, according to
the United States Department of Transportation, 94 + 2.2% of accidents are due to human error [1].
Researchers Bertoncello and Wee claim that autonomous car technology, used en masse, can reduce
the number of accidents by as much as 90% [2], also supported by researchers in other countries that
completed various studies, examining the key parameters that affect autonomous car safety: human-car
interaction, cyber security, testing, societal adaptation, and others [3,4].

Autonomous cars entering the market will further increase the production volume of car
manufacturers, which will be challenged by total person kilometers traveled by car, because people of
all cultures and social groups will no longer have the obstacle of having to manually drive. Children,
people with disabilities, and the elderly will have much easier access to transport, without having to
drive. Replacing 50% of all vehicles in traffic with autonomous ones could save 9600 lives, reduce
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accidents by nearly 2 million, save 160 billion USD, reduce traffic congestion by 35 percent, and save
about 1700 travel hours [5,6].

A Global Positioning System (GPS) or inertial measurement units (IMU) system can determine
the exact position of a car, not only when it has a continuous flow of data, but also when the data are
received with certain errors. Therefore, most experts or transport engineers and scientists working
in the area of autonomous vehicles propose to connect both these systems so that there would be a
possibility to precisely determine the positioning of the car in real time [7-9].

It is not just the connection between the car systems themselves that is important (V2V—Vehicle
to Vehicle), but also the communication between car and road infrastructure (V2I—Vehicle to
Infrastructure). This increases the responsibility of the infrastructure for the overall coordination of
traffic flow and provides easier spatial orientation of the car with faster decision-making. This would
have a major impact on road conductivity, car emissions, and time costs [10,11].

It is clear that the use of ITS in the city will be effective only if a unified system linking vehicles,
multimodal transport infrastructure, and traffic management is developed. Data and information
should be transferred from one vehicle to another (V2V), between vehicles and infrastructure (V2I),
and vice versa, and from one piece of infrastructure to another (I2I). Cooperative Intelligent Transport
Systems (C—ITS) enables real-time communication between vehicles, road infrastructure, and road
users. The vehicles and road elements operating in the system have Intelligent Transport Systems
(ITS) stations with a standardized structure, consisting of communication and hardware. Continuous
wireless communication between all three groups ensures traffic safety, traffic management, efficiency,
and generates a net positive impact on the environment. The main difference between C-ITS and ITS is
that there is a connection between infrastructure and personal devices (V2P), and a connection between
personal means and vehicles (P2V). Taking into account the available data, intelligent transport systems
have been installed and developed, as well as the adaption of autonomous cars at the appropriate level
in the common transport system.

Researchers in France and the United States point out, in an article published in 2016 [12],
that the emergence of autonomous cars on city streets will pose enormous challenges. They agree that
autonomous vehicles should reduce accidents, but will sometimes have to choose between two evils,
such as driving through pedestrians or sacrificing oneself and/or one’s passenger to save pedestrians.

Australian scientists proposed that shared autonomous vehicles (SAVs) could provide inexpensive
mobility and on-demand services [13]. In addition, the autonomous vehicle technology could facilitate
the implementation of dynamic ride-sharing (DRS). For this purpose, a stated choice survey was
conducted and analyzed using a mixed logit model. The results show that service attributes, including
travel cost, travel time, and waiting time, may be critical determinants of the use of SAVs and the
acceptance of DRS. Also, the results imply that the adoption of SAVs may differ across cohorts, whereby
young individuals and individuals with multimodal travel patterns may be more likely to adopt
SAVs [13].

Ratner points out that cities and states must shape tax policy to directly confront the range of
impacts autonomous vehicles will have over the next several decades. Autonomous vehicles are
expected to decrease emissions overall and strengthen productivity [14].

Talebpour and Mahmassani focused on one of the most hazardous traffic situations: the possible
collision between a pedestrian and a turning vehicle at signalized intersections. They presented a
probabilistic model of pedestrian behavior to signalized crosswalks. In order to model the behavior of
pedestrians, they took not only pedestrian physical states but also contextual information into account.
They proposed a model based on the Dynamic Bayesian Network which integrated relationships
among the intersection context information and the pedestrian behavior in the same way as a human.
The particle filter was used to estimate the pedestrian states, including position, crossing decision,
and motion type. Experimental evaluation using real traffic data showed that this model is able to
recognize the pedestrian crossing decision in a few seconds from the traffic signal and pedestrian

62



Sustainability 2020, 12, 8841

position information. This information was assumed to be obtained with the development of Connected
Vehicle [15].

Millard-Ball performed an analysis without considering strategic interactions with other road
users. He used game theory to analyze the interaction between pedestrians and autonomous vehicles,
focusing on driving at a crossing. He found that the strategic shortcomings of the autonomous vehicle
in cities would slow down all traffic [16].

Chinese and Pakistani researchers proposed a new cellular automata model to address this issue,
where different autonomous and manual vehicles and manual are compared in terms of fundamental
traffic parameters. Their model results suggest that autonomous vehicles can raise the flow rate of any
network considerably, despite the running heterogeneous traffic flow [17].

Medina-Tapia and Robusté created a model for a circular city based on continuous approximations,
considering demand surfaces over the city. Numerical results from our model predict direct and
indirect effects of connected and autonomous vehicles. Direct effects will be positive for our cities:
less street supply is needed to accommodate the traffic, congestion levels decrease: travel costs may
decrease by 30%. Some indirect effects will counterbalance these positive effects: a decrease of 20% in
the value of travel time can reduce the total cost by a third; induced demand could be as high as 50%,
bringing equivalent total costs in the future scenario; the vehicle-kilometers traveled could also affect
the future scenario; and increases in city size and urban sprawl [18].

A paper from Hungarian researchers proposed a tunable intersection control algorithm for
autonomous vehicles, with the aim to minimize both traveling time and energy consumption while
guaranteeing collision-free passage of the vehicles. For this purpose, a Model Predictive Control has
been designed with tunable performances. The proposed algorithm was validated in the CarSim
environment by comparing its solution with a simulation-based optimization. Also, a complex example
was tested with a newly entering vehicle joining the optimization process. The results demonstrated
the effectiveness of the proposed centralized controller [19].

Other researchers proposed a multilevel cloud system for autonomous vehicles which was built
over the Tactile Internet. In addition, base stations at the edge of the radio-access network (RAN) with
different technologies of antennas are used in our system. Finally, simulation results show that the
proposed system with multilevel clouding can significantly reduce the round-trip latency and the
network congestion. In addition, our system can be adapted in the mobility scenario [20].

An analysis of the scientific literature led to the conclusion that the breakthrough in the development
of autonomous cars will only intensify in the near future. This breakthrough is likely to be further
exacerbated by the European Union’s green course, which is Europe’s new growth strategy. Its goal is
to become the world’s first climate-neutral continent by 2050. All industrial value chains will play a
key role in this process, as all investment will focus on increasing the economy’s resilience to climate
change. In order to contribute to the set goals, we, set the following tasks:

1.  Identify groups of key criteria that will pose the greatest challenges for the development of
autonomous cars in the city;

2. Carry out a survey of experts from both Lithuania and other countries (Sweden, Italy, Estonia,
Latvia, Poland, and Croatia) and use the Kendall method to calculate the weights of the main
groups of criteria;

3. Offer at least three autonomous car travel development concepts, which should become a
conceptual tool for the ongoing development of ITS and C-ITS;

4. Present the conclusions of the scientific discussion at the end of the article.

2. Compilation and Evaluation of the List of Main Groups of Criteria

The list of the main groups of criteria was compiled by means of an expert analysis of various
articles, published by researchers from other countries. After the authors agreed on the final list of
criteria, it was submitted to the experts for evaluation. The experts were selected on the basis of
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work experience and possession of a scientific degree in the field of examination. The expert group
consisted of 13 experts working in Lithuania (innovation, ITS, electronic communications, autonomous
car legislation, and policy-making areas) and 8 experts from other countries (Sweden, Italy, Estonia,
Latvia, Poland, and Croatia). Twenty-two experts questionnaires were sent for peer review, indicating
the criteria of the main groups selected by the authors. The Kendall method was chosen for the
evaluation, the essence of which is to evaluate the criteria on a scale of one to eight and to rank them
from the highest to the lowest value of the criterion. Also, each expert was given the opportunity
to comment and make suggestions on the selected criteria. Following the evaluation of the expert
surveys, no comments or suggestions were received on the proposed criteria. After evaluating the
questionnaires completed by twenty-two experts, twenty-one expert questionnaires were selected for
further evaluation, but one questionnaire was incorrectly completed, and thus was rejected.

Itis important to mention that the aim of our research was to identify the groups of key criteria that
will pose the greatest challenges for the future development of autonomous cars in the city. Once the
groups of key criteria have been identified, future scientific articles will examine the quantitative and
qualitative criteria for each group separately. The following are selected key groups of criteria and
their brief descriptions (Figure 1).

FACTORS INFLUENCING THE DEVELOPMENT OF AUTONOMOUS VEHICLE

INFRASTRUCTURE IN URBAN AND RESORTS

v

¥

¥

L 4

AL 3G technology ‘

Bl Levell

A - Electronic B - Level of C - Level of
communications autonomous development of D - Cybersecurity
technology vehicle the urban
transport system

A2. Smart antennas ‘

B2. Level I |

A3 Radio
commuthication

B3. Level IIT

C1. Business as
usual

C2. Development

D1. Wifi security
D2. Database
security

F1. Speed

EL Trafic lights

E2. Road signs

E3. Other vehicles

F2 Route
redirection

and streets

G1. Security
assurance

G2. Civil insurance |

network stations Bd Level IV of Green Transport
An. . | B5. Level V | C3 Local travels |
Ci. ... |
_ ¥ v L ] - L 4
E-CITS i G- Alegal H - Establishment
interaction with f i‘:‘];lce framework for the of an autonomous
urban exinhiy operation of vehicles traffic
infrastructure autonomous control center
elements vehicles on roads

H2. Qualified
spedalists

H3. Monitoring
system

Figure 1. Criteria weights for the main groups of criteria.

Group A. Electronic communications technology. Recently, especially in countries in the European
Union, public reactions and spreading misinformation on the topic of 5G communication have
been observed. This group was selected by our co-authors because autonomous car manufacturers
emphasize that 5G communication technologies, due to their features and essential operating principles,
must emerge in cities to ensure the uninterrupted movement of autonomous cars. Also, we see a
high risk of public concern about the dissemination of misinformation about the effects of 5G on the
environment, human health, and even the links with COVID-19. However, the European Commission
notes that the European Union has the highest standards of consumer protection in the world,
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the protection of public health and the security of citizens is a priority, and that the same highest
standards of security apply to the new e-communication technology generation.

Group B. Level of car autonomy. Currently, most experts agree that the level of autonomy of
the car is at technological level 3. According to the SAE International Technical Standard [21], a fully
autonomous car is currently what is being pursued, with development moving in a consistent direction
to reach such a goal. In addition, there are a variety of automated control options that are already
available on the market that can automate part of the driving process. SAE International Technical
Standard [21] provides a taxonomy for motor vehicle automation ranging in level from no automation
to full automation (Table 1). However, it provides detailed definitions only for the highest three levels
of automation provided in the taxonomy (namely, conditional, high, and full automation) in the context
of motor vehicles (hereafter also referred to as “vehicle” or “vehicles”) and their operation on public
roadways. These latter levels of advanced automation refer to cases in which the dynamic driving task
is performed entirely by an automated driving system during a given driving mode or trip. Popular
media and legislative references to “autonomous” or “self-driving” vehicles encompass some or all of
these levels of automation. These definitions can be used to describe the automation of (1) on-road
vehicles, (2) particular systems within those vehicles, and (3) the operation of those vehicles. “On-road”
refers to public roadways that collectively serve users of vehicles of all classes and automation levels
(including no automation), as well as motorcyclists, pedal cyclists, and pedestrians.

Table 1. SAE International Technical Standard provides Terminology for Motor Vehicle Automated
Driving Systems [21].

SAE Level Descriptive Name Functional Description

0 Without autonomy Only the driver controls all car systems

Very little help for the driver. For example: maintaining speed
1 Driver’s assistance and distance according to the car in front and the surrounding
environment; automatic light switching.

Assistance to the driver when the system can maintain speed,
2 Partial autonomy safety distance, and proper driving trajectory, taking into
account the surrounding environment.

Takeover of driving, provided that the driver assumes control at
3 Conditional autonomy any time at the request of the system. The driver must always
remain alert and monitor the situation.

Safe takeover of driving control, provided that even if there is a
4 High autonomy need to transfer control to the driver, the car itself will continue
to move safely.

Safe and complete takeover of driving control, in all conditions
5 Full Autonomation the autonomous system safely copes with the route of a journey
set by the human.

The main higher goals of automatic steering are the following [22]:

e  Safety: reduce accidents caused by human error;

e  Efficiency and environmental objectives: increase the efficiency of the transport system and reduce
congestion through new urban mobility solutions. It will also facilitate smoother urban traffic and
reduce vehicle energy consumption and emissions;

e  Convenience: enable user freedom for other activities when automated systems are activated;

e  Social inclusion: ensure all user groups can utilize the transport, including the elderly and
the disabled;

e Accessibility: facilitate access to the city center.

Group C. Level of development of the urban transport system. Each city’s transport system and
its development level are different and often depend on the historically formed network of streets and
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the location of buildings with various intended purposes. This set of criteria is very much needed
for autonomous cars, which are assessed from levels 1-3 [21]. As a practical example, in 2017, for the
first time in Lithuania, an autonomous vehicle was tested on the streets of Vilnius Old Town. During
testing, the vehicle faced challenges with the level of infrastructure development of the existing urban
transport system. The autonomous car was not able to recognize the stationary “green arrow sign”
on the traffic lights, the intensive movement of pedestrians and cyclists in the narrow streets of the
old town hindered the smooth movement of the autonomous vehicle, and it was unable to recognize
temporary road signs, and so on.

Group D. Cyber security. It is obvious that the technologies of the future will radically change
our lives—autonomous smart devices (pumps, lawn mowers, etc.), autonomous cars, virtual reality,
and so on. Some experts estimate that there are currently about 200 billion devices connected to the
Internet that are programmable and automated, and such changes are drastically changing our lifestyle
habits. However, there is a huge problem—most technologies can be hacked or disabled. Every year,
thousands of security vulnerabilities are discovered in the equipment of well-known manufacturers.
A few of them are some of the strongest in cyber security, but still face a myriad of security challenges
every year.

Group E. Interoperability of C-ITS with urban infrastructure elements. This set of criteria is one
of the most important for the interaction of autonomous vehicles with the ecosystem of infrastructure
elements. In order for autonomous vehicles to move freely on city streets, safe and developed
infrastructure must be in place, and to achieve this, communication between vehicles and infrastructure
must be also be present. The importance of this set of criteria can be justified by a South Korean
research project that, in 2017, installed a 320,000 m? city-wide area (K-City) for autonomous cars that is
being tested under real conditions.

Group F. Service flexibility. It is likely that autonomous cars will appear in every city in the near
future, although in the beginning, they may be used mainly in public transport, designed to carry a
larger number of passengers. However, for them to appear on urban streets, a competitive range of
services must be offered to compete with what traditional public transport has to offer. For example,
autonomous cars must be fast, safe, comfortable, have the ability to re-route in the event of a change in
weather conditions or accidents, and overall offer a more effective service.

Group D. A legal framework has been created that does not hinder the operation of autonomous
vehicles on roads and streets. Most countries in the world are already working intensively on
the legal framework for autonomous vehicles. The aim is to allow manufacturers not only to test
autonomous vehicles as soon as possible, but also to allow consumers to use them safely in public
traffic. For example, in 2011, the U.S. state of Nevada was the first to legalize autonomous car testing on
public roads and Japan launched the first autonomous car tests on public roads in 2013. EU countries
are also working hard on changes to the legislation, but there is a greater focus on autonomous car
testing. The reason for this is that it is not yet entirely clear who takes responsibility for accidents in
public traffic; when the accident occurred through the fault of the autonomous vehicle, the conditions
of compulsory civil insurance, etc., have not been resolved and discussed.

Group H. Establishment of an autonomous traffic management center. As the number of
autonomous cars will only increase in the future and they will be moving without drivers, there will be
a need to set up autonomous traffic control centers. Universities will have to develop study programs
that will train suitably qualified IT specialists, autonomous vehicle operators, autonomous transport
engineers, and so on. These professionals will need to be able to remotely implement coordination
processes related to the autonomous vehicle infrastructure ecosystem. The main function of this
center would be to provide autonomous vehicle management services, autonomous vehicle ecosystem
monitoring, and other functions.

Following an expert survey, the consistency of expert opinions needs to be assessed.
When calculating the correlation coefficient, it is possible to determine whether the opinions of
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two experts are agreed, but if the number of experts is higher, the concordance coefficient W is
calculated according to the concordance coefficient W [23-27].
First, the sum of the rank of each evaluation indicator is determined according to Equation (1):

Pi= ) iiPi M

where Pj—k-th expert evaluation for the j-th assessment indicator, k—the experts authority coefficient.
The following is the average value of the evaluation indicator according to Equation (2):

— X Pg
p = LR
p

@

14

where "1 is the number of experts.
The sum of the squares of the deviations of the evaluation results for each evaluation indicator
according to Equation (3):
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where “m” is the number of evaluation indicators.
The average sum of the ranks of all evaluation indicators is calculated according to Equation (4):
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The concordance coefficient W is calculated according to Equation (5):
125
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If the x? calculated using Equation (5) is greater than the lont according to the table, obtained
from the table expression x? table with a certain degree of freedom v = m — 1, and assuming a
significance level of a = 0.05 (the usual value of a used in practice), the expert opinions are considered
to be consistent.

When calculating the significance of evaluation indicators, the best value is the largest numerical
expression [28-30]. The significance of the evaluation indicators is calculated according to Equation (6):

9= - ©)
! iz1Pj

The sum of the significance indicators of the calculated assessment indicators is equal to 1.
Significance indicates how many times one assessment indicator is more important than another
assessment indicator. Taking advantage of this, it is possible to carry out a further selection of
assessment indicators and select only those assessment indicators that have the highest value in each
intended group [31-34].

Calculations using the Kendall method show that the group B criterion, “level of car autonomy”
(0.163), will have the greatest weight for the development of alternative car trips with autonomous cars.
The second most important was elected by the experts to be the Group G criterion “legal framework
created that does not hinder the operation of autonomous vehicles on roads and streets” (0.152).
The experts chose third place to be Group A criterion “electronic communications technology” (0.148).
More detailed criteria weights for the main groups of criteria are shown in Figure 1.
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3. Autonomous Car Travel Development Concepts

Taking into account the available data, intelligent transport systems have been installed and
developed, as well as the adaption of autonomous cars at the appropriate level in the common transport
system, the authors have offered three autonomous car trip development concepts.

The first concept involves autonomous smart travel planning from the point of choice to the final
point (Figure 2). Travel planning is performed using only developed intelligent transport systems
and the start and end points are determined using GPS coordinates. According to the obtained GPS
movement, vehicles, and services are selected for possible use (private car, public transport (buses,
trolleybuses, metro, tram, etc.)), as well as transport sharing services (cars, bicycles, scooters, etc.),
and transportation services (on-demand transport) or a combination thereof, and the trip route is
planned and finalized. The travel plan also includes different types of movement (by foot, while
driving or waiting), as well as providing vehicle (mode of transportation) change points (stops, stations,
Park and Ride sites, etc.).

) Qrigin Ti Transport (private, PT, car/bike/ride-sharing, efc.)
D Destination . Intersections (stops, stations, P+R, efc.)
—— Drive -—=- Walk

Figure 2. The first concept.

Prerequisites for ITS to operate throughout the whole territory, i.e., in the suburbs, the midtown
area, and the city center, and the location of public transport stops, transfer and traffic sharing service
sites must be close to the start and end points.

This concept could include level 0-1 autonomous vehicles, where the driver must monitor traffic
conditions and control the vehicle during the journey. In essence, this concept does not replace the
existing transport system, it facilitates only the planning and re-planning of the travel route in the
current time, depending on the traffic situation and the circumstances prevailing throughout the
transport system. Thanks to convenient travel planning and a large choice of vehicles, this concept
allows you to partially give up your own car, requires no greater need for parking spaces in the city,
and reduces vehicle traffic in the central area of the city.

The second concept involves self-intelligent travel planning from the point of choice to the
end point, involving autonomous vehicles operating in the transport system (Figure 3). Travel
planning is carried out using both developed intelligent transport systems and adapting the capabilities
of cooperative intelligent transport systems. The start and end points are determined using GPS
coordinates. According to the obtained trajectory, possible vehicles and services are selected (analogous
to the first concept) or a combination thereof, and autonomous vehicles or their systems (public
transport, transport sharing services) are included and the trip is planned. The travel plan also includes
different types of movement (by foot, while driving or waiting), as well as providing vehicle (mode of
transportation) change points (stops, stations, Park and Ride sites, etc.).
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| s |
@ Qrigin Ti Transport (private, PT, car/bike/ride-sharing, efc.)

|
D | Destination ‘ AV | Autonomous vehicle (PT, car/bike-sharing)
J
Drive € Infersections (stops, stations, P+R, etc.)
—-—== Walk — - — Special infrastructure for AV driving

Figure 3. The second concept.

According to this concept, ITS should operate throughout the territory, i.e., in the suburbs,
the midtown area, and the city center, and the operation of C-ITS should be ensured in the central
part of the city, and as far as possible into the midtown area. Such a communication system could be
operated by level 2-3 autonomous vehicles, where the AV accelerates, brakes, and drives itself, but the
driver must be ready to drive the car in case of changes in traffic conditions and take control of the
vehicle at any time. In areas with an uninterrupted traffic regime (often in the midtown part of the city),
the driving environment is monitored by the autonomous car system, in areas with heavy traffic with
different transport modes (often in the city center, where it is difficult to predict obstacles—pedestrians,
cyclists, goods delivery transport, etc.—the driving environment must be monitored by the driver and,
if necessary, the driver should take control of the autonomous car).

The operation of this concept requires the development of additional infrastructure to ensure
a smooth real-time connection between vehicles, road infrastructure, and road users. The safe and
secure operation of the system requires a communication signal that is reliable, free, and has a low
latency. The main means used to support such a communication signal are Dedicated Short Range
Communications (DSRC). This connection uses 5.9 GHz radio waves. It is very important that C-ITS
can interact not only with the 5.9 GHz signal, but also with other rapidly evolving signals, such as 2G,
3G, 4G, WiMax, and so on. Also, due to the different operating principles of AV and conventional cars,
they need to provide a separate traffic infrastructure or redevelop the existing, separate lanes only
for AV.

Thanks to convenient travel planning and a large selection of vehicles, this concept allows you
to partially give up your own car. The operation of AV in the central part of the city would reduce
investments in transport infrastructure (parking lots, new street connections) by reducing the number
of vehicles, reducing traffic congestion, increasing the attractiveness of autonomous public transport
or transport sharing services.

The third concept is described as including intelligent smart travel planning from the point of
choice to the final point, using only autonomous vehicles (Figure 4). Travel planning is carried out using
both developed intelligent transport systems and adapting the capabilities of cooperative intelligent
transport systems. The start and end points are determined using GPS coordinates. Based on the
obtained trajectory, the AV itself selects the optimal route and plans the trip. In this concept, AV can be
used as any mode of transport (private transport, public transport, transport sharing services, freight
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transport, shuttle/taxi services, etc.). The travel plan also includes different types of movement (by foot,
while driving or waiting), as well as providing vehicle (mode of transportation) change points (stops,
stations etc.).

| Qrigin

| Destination . Intersections (stops, stations)

—— Drive - === Walk
Figure 4. The third concept.

According to this concept, ITS, and as far as possible C-ITS, must operate throughout the territory,
i.e., in the suburbs, the midtown area, and the city center. Such a communication system could operate
level 4-5 autonomous vehicles, where AV automatic control can fully control the vehicle, maintain
vehicle control, even when the driver does not intervene in the event of changed driving conditions
(for example, in an emergency).

The existing communication infrastructure can be adapted to the operation of this concept; it is
necessary only to ensure the communication signals for the operation of the system, which would be
reliable, free of charge, and with a short time delay.

This concept allows you to give up your own car, but there is a certain need to have your
own AV. In any case, heavy AV traffic would be more efficient than any road transport system in
operation to date. The integration of AV into the transport system would reduce investments in
transport infrastructure (parking lots, new street connections, etc.), significantly reduce air pollution,
the subsequent use of resulting free areas for green spaces, investment projects, and reduce traffic
congestion and the number of accidents.

The proposed concepts for the development of autonomous cars infrastructure are principled,
which should be used as a core for the development of further details of the systems. It is very
important to understand that each city’s transport system is distinctive and has some unique features,
while cities themselves and their urban development can also influence the application of the proposed
concepts. Therefore, the concepts proposed by the authors should be seen as an axis for infrastructure
development, while the specific elements, the combination of interoperability between the systems,
etc., should be analysed in the context of a particular city.

4. Conclusions

Calculations using the Kendall method show that the criteria of the “car automation level”
group (0.163), “created legal basis that does not interfere with the operation of autonomous vehicles on
roads and streets” group (0.152), and “electronic communications technology” group criteria (0.148)
will have the greatest weight for the development of alternative autonomous trips.

Taking into account the available data, intelligent transport systems have been installed and
developed, as well as the adaptation of autonomous cars at the appropriate level in the common
transport system, the best three autonomous car trip development concepts are as follows:
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e The first development option includes autonomous smart travel planning from the point of choice
to the final point (travel planning is performed using only developed intelligent transport systems
and possible vehicles and services or a combination thereof are selected according to the obtained
trajectory, after which the trip is planned);

e  The second development option is where autonomous intelligent travel planning from the point
of choice to the final point, and includes autonomous vehicles operating in the transport system
(travel planning is carried out using both developed intelligent transport systems and adapting the
capabilities of cooperative intelligent transport systems possibilities, as well as possible vehicles
and services, which are selected and the trip is planned according to the obtained trajectory);

e The third development option is where independent intelligent travel planning from the point
of choice to the final point is performed by using only autonomous vehicles (travel planning is
performed using both developed intelligent transport systems and the capabilities of cooperative
intelligent transport systems, as well as the AV, which itself chooses the optimal route and plans
a trip).

Of all the possible development options, the first would have the least impact on the existing
urban transport system, while the most realistic development option would be the second, where travel
planning involves both autonomous and other vehicles. The second development option could be a step
towards the achievement of third, where all travel planning is done using only autonomous vehicles.
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Abstract: Bus transportation networks are characteristically different from other mass transportation
systems such as airline or subway networks, and thus the usual approach may not work properly.
In this paper, to analyze the bus transportation network, we employ the Gini coefficient,
which measures the disparity of weights of bus stops. Applied to the Seoul bus system specifically,
the Gini coefficient allows us to classify nodes in the bus network into two distinct types: hub and
peripheral nodes. We elucidate the structural properties of the two types in the years 2011 and 2013,
and probe the evolution of each type over the two years. It is revealed that the hub type evolves
according to the controlled growth process while the peripheral one, displaying a number of new
constructions as well as sudden closings of bus stops, is not described by growth dynamics. The Gini
coefficient thus provides a key mathematical criterion of decomposing the transportation network
into a growing one and the other. It would also help policymakers to deal with the complexity of
urban mobility and make more sustainable city planning.

Keywords: bus transportation system; urban infrastructure; network growth; Gini coefficient;
complex systems

1. Introduction

Complex networks have attracted much attention in various research areas. Since the seminal
works on small-world networks [1] and scale-free networks [2], interest in spatial networks has grown
significantly including various fields of application [3,4]. Until recent years, there has been much
effort to assess the sustainability of transportation networks [5-11]. In view of sustainability, a better
understanding of the network structure is required for improving those analyses [12-15]. Specifically,
there have appeared studies of mass transportation networks: For instance, the network structure and
passenger flows of the Seoul subway system were analyzed [16,17]. Further, the growth process of
the Seoul subway network was described by a master equation for a Yule-type model [18], and the
passenger flow on the network was described by a gravity model modified by a Hill function [19].
Another study includes the clique growth model, in which the growth of the network is governed
by attaching new cliques to the system [20]. In the case of the bus transportation network (BTN),
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scaling and renormalization ideas manifested the emergence of criticality in the passenger flow [21]
while accessibility measurement was also successfully performed [22].

Among those spatial transportation networks explored, the BTN plays a substantial role in short-
to mid-distance trips of passengers in a city. Therefore, changes in the BTN are rather important to
network users (passengers) and network designers (policymakers). The BTN possesses some unique
characteristics, different from those of other transportation systems [7,9,11,15,23]. Most of all, it serves
periphery of a city with convenient and tangible transportation means to and from less noticed places
in which other mass transportation systems such as the subway do not provide stops or stations [15].
Especially, in Seoul, while subway transportation has a major share for downtown areas including
central business districts, residents in the suburbs take bus transportation for commuting. Part of the
reason is that there are many mountainous and hilly areas in Seoul, which hinders the construction of
subway stations at low cost [13]. In particular, the BTN changes, namely, vary in nodes (stops) and
links (routes), usually much faster than others [24]. Furthermore, while a subway network has no
noticeable hubs, the BTN has hubs and peripheral nodes that are distinct strikingly from each other.

Such characteristics make it rather inappropriate to apply existing models to the BTN [19-22].
To circumvent this difficulty, we in this paper propose a classification scheme to filter peripheral
nodes out of the network with the aid of the disparity concept. The connectivity of each node,
which is reflected in the weight, is compared; this manifests the duplex nature of the BTN and allows
one to divide the nodes into two types, hubs and peripheries. We then probe the evolution of the
two types from the viewpoint of the Yule process, which describes the well-known growth of an
object growing proportionally to its current size. The Yule-type controlled growth process, extended
and described generally by a master equation [25-27], was applied successfully to various growing
complex systems [28,29]. It turns out that the growth process does not give a proper explanation for
the evolution of the peripheral network displaying too many changes such as frequent constructions
and closings of stops. Accordingly, it is indeed desirable to separate peripheral nodes from hubs,
where the Gini coefficient [30,31] plays a key role. The Gini coefficient has long and widely been used
in various fields [32,33]. There have been various interesting attempts to utilize it for separating data
sets [34-36], recently including machine learning techniques [37,38].

The paper is organized as follows: Section 2 presents the Seoul bus transportation network,
and we describe how one utilizes the Gini coefficient to assess the BTN. Each node in the BTN
is categorized as a hub or a peripheral one, according to the Gini coefficient. The set of hub nodes
composes the hub network, and in the same manner, the peripheral network is built of peripheral nodes.
In Section 3, we probe how the hub network and the peripheral network changed over the two years,
2011 and 2013, and elucidate the evolution of the hub by means of the controlled growth mechanism.
Section 4 summarizes our work and discusses implications for policymakers to overcome the
vulnerability of the BTN as well as to improve it consistently.

2. Materials and Methods

As an exemplary BTN, we consider the Seoul bus system, which is a well-developed,
large-scale BTN. We analyze the smart card (called T-nmoney card) data, which are collected by the Seoul
metropolitan government and not open to the public. The information contains the departure/arrival
bus stops and times of each trip. Obtaining permission from the government, we have access to the
dataset with the personal identification removed. Analyzing the passenger flow data for the years
2011 and 2013, we observe that the data as a whole resist explanation in terms of the controlled
growth mechanism. We thus examine the hierarchical structure in the Seoul bus system by the help of
the Gini coefficient, in advance of considering evolution as a controlled growth process.

2.1. Seoul Bus System

In the years 2011 and 2013, there were Ns = 15,515 and 15,702 bus stops, respectively, in the
Seoul bus system, the spatial distributions of which are shown in Figure 1. Among those, 8408 stops
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turn out to be common in both years, as recognized by their identifications (IDs). On April 11th
in the year 2011, 5,668,431 people in total rode on buses and only N, = 12,908 stops out of the total
have non-zero values of the strength. Here the strength s of a stop stands for the total number
of passengers departing/arriving that stop, i.e., getting on/off buses at the stop, while the weight
wjj (= wj;) between two stops i and j refers to the total number of passengers making trips between
the two stops, i.e., getting on buses at stop i and off at stop j or vice versa. Accordingly, the weight w;;
and the strength s; of stop 7 are related via: s; = Zj wjj.
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Figure 1. Locations of bus stops in the Metropolitan Seoul bus system: Blue dots represent bus stops
persisting between the two years 2011 and 2013. Bus stops present only in 2011 and in 2013 are
represented by red and green dots, respectively. Numbers in parentheses refer to the number of
corresponding stops.

We first probe the growth of the Seoul BTN with the aid of the Yule-type growth model,
which was successfully applied to the Seoul subway network to reveal the emergence of log-normal,
Weibull, and power-law distributions [18]. In sharp contrast, neither strength distributions nor weight
distributions of the Seoul BTN appear consistent with the Yule-type growth model.

For instance, Figure 2 presents distributions of the strength data on 11 April 2011 and on 4 March
2013, together with the corresponding log-normal distributions predicted by the Yule-type growth
model. As shown, the strength distributions exhibit conspicuous deviations, for small strengths (s < 100),
from the log-normal and Weibull distributions as well as the power-law distribution. Assuming that
such disagreement results from the hierarchy among the stops, we attempt to overcome this issue
by decomposing the bus stops into the two categories, hubs and peripheries, and considering the
two separately. Namely, we presume that hubs and peripheries play different roles in the BIN. It is then
plausible that the growth mechanism for these two types of nodes should be different from each other.
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Figure 2. Distribution f of strengths s in the Seoul BTN, plotted on the semilogarithmic scale.
Red squares and green circles are data points for the years 2011 and 2013, respectively. Solid and
dotted lines plot the log-normal and the Weibull distributions, respectively, obtained via the maximum
likelihood estimation from the data for s > 25. The location and the scale parameters of the log-normal
distributions are given by (y,0) = (5.91,1.27) for 2011 and (5.92, 1.26) for 2013. The shape and the scale
parameters of the Weibull distributions are estimated as (vy, 7) = (0.78,700) for 2011 and (0.79, 706)
for 2013.

2.2. Gini Coefficients as a Classification Criterion

The strength simply quantifies the overall amount of passenger flows of a bus stop, and there is
no a priori reason to prefer a criterion for categorization from a strength profile, for example, by setting
an ad-hoc threshold value. Moreover, the location-based approach does not seem to be proper for the
bus network, because peripheral nodes can also be located not only at the end of a route but also in
the center of the city. Here we thus proceed one step further to characterize the flow distribution of
each bus stop connected to other stops in the network. Specifically, we propose the Gini coefficient,
which measures how evenly the passenger flows are distributed from one stop to others, to provide
a sensible criterion serving the above purpose. The coefficient has been widely used to quantify
inequality of a given system in view of distributions [30,31]. Suppose that in a society consisting of
N (>> 1) people, the jth person possesses wealth x;. The Gini coefficient for the society is then defined
to be

S T g —

G=
2sz;] X

¢)

which ranges from zero (completely equal) to unity (completely unequal): 0 < G < 1. It focuses on the
average absolute difference between all pairs in the society.

We now consider, in place of xj, the weight wjj between given stop i and other stops j in the system.
In principle, to reflect the connectivity structure of the BTN with meaningless pairs discarded, one needs
to take into account bus routes serving the bus stop i. However, since buses always operate in one
direction at each bus stop and bus routes may have complicated topology in general [22], this turns
out to be a demanding task. Therefore, in this study, we simply adopt the weight as an index assessing
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the connectivity between bus stops. This leads to the generalized Gini coefficient G;, defined for every
stop i in the BTN:

N

Gi = - ’ (2)
ZN,' 2]1\]:’1 wi]-

where N; denotes the number of bus stops with non-zero passenger flows to and from the ith bus stop,
i.e., bus stops j (# i) with w;; # 0. The Gini coefficients computed for all bus stops in the Seoul
BTN lead to the spatial distribution in Figure 3, where the Gini coefficient levels are color-coded.
Overall, the spatial distributions in the years 2011 and 2013 turn out to be qualitatively the same,
confirming that the Seoul BTN remained stable between these two years.

0.8

0.4

0.0

Figure 3. Heat map of Seoul depicting the spatial distribution of the Gini coefficient levels, specified
by color, of all bus stops in the years (a) 2011 and (b) 2013. (For the color code, see the vertical bar on
the right.) Accordingly, intense red regions correspond to those housing hub stops while the black line
corresponds to the municipal boundary of Seoul.

Then the Gini coefficient G; of each stop (i = 0,1,---,N) is sorted in the decreasing order.
In plotting data, we consider the Gini coefficient G at the increment of 0.01. Namely, we divide the
G-axis into intervals of length 0.01 and take the average in each interval. The resulting distribution of
the Gini coefficients for all stops is shown in Figure 4, where each data point represents the average
over stops in each interval (of length 0.01) of the Gini coefficient.
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G
Figure 4. Distributions of Gini coefficients in 2011 (red) and 2013 (green). Lines are merely guides to

the eye.
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3. Results

3.1. Hub and Peripheral Nodes

We make use of the Gini coefficient to decompose the BTN into two groups of nodes: hubs
and peripheries. Usually, peripheral nodes are connected to only a few (two in the majority of
the case) nodes, since many of such peripheral stops are served by single routes. In consequence,
the weight w;; from a peripheral stop i may not vary much with j except those linked directly via
the route serving i. This should result in a relatively small value of the Gini coefficient G;. On the
other hand, hubs, each served by a relatively large number of routes, accommodate many passengers
with the numbers depending on the destination stops. Namely, the weight w;; from a hub stop 7 is
expected to vary significantly with j according to whether stop j is linked directly via routes serving i.
In short, hubs and peripheries are expected to be characterized by relatively large and small values of
the Gini coefficient, respectively, located in the red regions and in the blue to yellow regions in Figure 3.

To confirm this, we compute the mean weight @ of each node. The mean weight @; of stop i
is given by the average of weight w;; over the origin/destination stop j: @; = d;] Z}i’:l wi; = s;/d;
with the degree d; being the number of origin and destination stops to and from stop i, respectively.
The mean weight versus the Gini coefficient is presented in Figure 5. It is observed that the mean weight
tends to increase with the Gini coefficient, which suggests that passengers using a stop tend to increase
more than proportionally with the number of origins/destinations served by the stop. Since hub
stops are in general expected to have larger degrees and weights (i.e., serve more destinations and
passengers) in comparison with peripheral stops, it is sensible that hubs/peripheries have relatively
large/small values of the Gini coefficient.

The remaining task is how to choose the boundary between hubs and peripheries. Here we notice
that Figure 5 exhibits characteristic changes of the behavior at the Gini coefficient G ~ 0.5: Specifically,
the mean weight growth with G changes its slope at G ~ 0.5. For more information, we also consider
the rank distribution of the Gini coefficient and present the result in Figure 6, where each data point
represents the Gini coefficient at each rank. To probe the change in the decreasing behavior of the Gini
coefficient with the rank, we perform the convexity test [39], which reveals that the convexity changes
(from convex to non-convex behavior) around the rank 11,000. It is pleasing that this rank corresponds
to G ~ 0.5 as well. This apparently suggests G ~ 0.5 as the boundary between hubs and peripheries.
As a result, we choose specifically the rank 11,108 as the criterion separating hubs and peripheries
since the bus stop ID on this rank commonly exists in both 2011 and 2013 data sets.
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Figure 5. Mean weight @ versus the Gini coefficient G for each node. The two lines at each year,
least-square fits of the data points below and above G = 0.5, meet at that point.
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Figure 6. Rank distribution of the Gini coefficient. The convexity is shown to change around the
rank 11,000.

3.2. Weight Changes Depending on the Node Type

To probe the time evolution of the Seoul BTN, we first consider the change of the weight between
nodes (stops) of the two types during the two years from 2011 to 2013 and analyze the application of
the Yule-type growth model to the data sets. Specifically, comparison of the data in 2011 (April 11th)
and in 2013 (March 4th) shows increases both in bus stops (from 15,515 to 15,702) and in passengers
(from 5,668,431 to 6,188,333). Comparing bus stop IDs in both years, we identify 8408 stops common
in both years, as presented in Figure 1; these correspond to 64.1% of total stops in 2011 and 63.9% of
those in 2013. In extracting common bus stops, we have considered bus stop IDs and GPS locations,
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and adopted the bus stop ID as the criterion. It turns out that even for the same GPS location, the stop
IDs vary frequently during the two years. Reasons for such variations are not released publicly and
are presumed to be policy and urban planning issues.

We now consider weights between any two among the stops, classified into the three types of pair:
periphery-periphery, hub-periphery, and hub-hub pairs. Then several regression methods, including
the least square regression (LSR), least absolute deviation (LAD) [40], and orthogonal regression
(OR) [41-43], are applied, leading to the correlations of the three types of weight between the two years.
Figure 7 exhibits the obtained weight correlations between the years 2011 and 2013. The slopes of the
correlations obtained via the three regression methods are presented in Table 1.

Table 1. Slopes of the weight changes obtained via regression analyses of the data for the two years,
2011 and 2013.

LSR LAD OR

periphery-periphery 0.93 0.91 0.72
Hub-periphery 0.95 0.97 0.71
Hub-hub 0.94 0.97 0.72

1000 (a)

gOO 1000 1000 2000 1000 2000

w (2011) w (2011) w (2011)
Figure 7. Weight correlations between the years 2011 and 2013. Weights between (a) periphery-periphery
pairs, (b) hub-periphery pairs, and (c) hub-hub pairs. Blue solid lines plot the results of least square
regression (LSR). Note the difference in the scale of the box.

The weight correlations between peripheral nodes show a bit smaller values of the slope (albeit
obscure in OR), compared with the other two cases involving hub nodes. This indicates that, albeit not
very conspicuous, the weights between peripheral nodes have decreased more than those involving
hub nodes. One may argue that such a downward tendency in the weight between peripheral nodes
is not consistent with the growth model, which usually predicts the emergence of power-law or
log-normal type behavior. It is a consequence of the fact that there were far more stops in 2013 than
in 2011, which reflects the construction of new stops. Despite the growth of the total strength (from
5,668,431 to 6,188,333), the average strength (per stop) of the peripheries turns out to have decreased
by 30.2% while that of the hubs increased by 17.4%.

3.3. Evolution of the Seoul Bus Network

The bus stop rank sorted by the Gini coefficient provides a criterion for discriminating
stops in the BTN into two distinct types: hubs and peripheries, which allows us to analyze the
distributions and growth mechanisms for the two separately. Specifically, those bus stops with
ranks above 11,108 are classified as hubs, while lower-ranked bus stops, having ranks below 11,108,
constitute peripheral nodes.

We first examine the weight distribution of each category, which supports the validity of the Gini
coefficient-based categorization. Indeed Figure 8 shows that the weight distributions fit well to either
log-normal or power-law distributions. In each case, the parameters are estimated best via ordinary
least squares (OLS) with the root-mean-square (RMS) deviation. For the log-normal distribution,
they also agree with those via the maximum likelihood estimation (MLE). The distributions of weights
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involving peripheral nodes appear to follow power-law distributions: f(x) ~ x~#, with the exponent
B = 2.17 and 2.23 for the weights between two peripheries and between a hub and a periphery,
respectively, in the year 2013. In 2011, we have = 2.18 for the weights between two peripheries and
2.22 for those between a hub and a periphery. On the other hand, weights between hubs exhibit a
log-normal distribution with the location and the scale parameters (j, o) = (1.74,1.34) for 2011 and
(1.75,1.37) for 2013.

These results indicate that while the BTN is constructed, passengers tend to make trips to or
from newly constructed peripheral stops. The corresponding production of new weights gives rise
to the power-law behavior of the resulting weight distributions, with the exponents § greater than
unity, according to the growth model [19]. In contrast, as to hub stops, the growth of the existing trips
between them is dominant, leading to the log-normal distribution of the hub-hub weights.

Equipped with the finding from the analysis of the weight distributions, we also probe the
growth mechanism for the strength distributions, shown in Figure 9. It is observed that the strength
distributions of the hub category follow log-normal distributions. Notably, the deviations in the small
strength regime in Figure 2 are not present. The strength distributions of peripheral stops also fit
log-normal distributions in the range s 22 100. Table 2 summarizes the distribution parameters for the
two years 2011 and 2013.

Table 2. Location and scale parameters, j and ¢, for the log-normal distribution, with their confidence
intervals (CI) in 2011 and 2013.

Year n CI(p) la CI(0)

2011 595 590~599 151 1.48~1.55
2013 6.34  6.29~6.39 152 1.48~1.55

Perion 2011 586 570~575 146 1.49~1.52
CUPRETY 5013 558  5.82~589 153 1.44~149

Hub
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Figure 8. Distributions of (a) periphery-periphery, (b) hub-periphery, and (c) hub-hub weights. In (a,b),
the red lines represent power-law distributions with exponent § = 2.17 and 2.18, respectively, for
the year 2011; green lines plot power-law distributions for 2013, with exponent 8 = 2.23 and 2.22,
respectively. In (c) the red and green lines depict the log-normal distributions with (y, 0’) = (1.74,1.34)
for 2011 and (1.75,1.37) for 2013, respectively. In all cases, the two lines overlap with each other too
closely to distinguish.
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Figure 9. Strength distributions on the log-log scale. Hub nodes in (a) 2011 and (b) 2013; peripheral
nodes in (c) 2011 and (d) 2013. Solid lines plot the log-normal distributions with parameters given
in Table 2.

In the perspectives of the controlled growth model, the emergence of log-normal distributions
may imply the presence of a certain evolution mechanism such as growth and production in the BTN.
In the case of hub nodes, time evolution is governed by the growth of each node; on the other hand,
production (birth) of new nodes should be taken into account to understand the time evolution of
peripheral nodes.

To probe the time evolution of the Seoul BTN, we consider the bus stops having the same ID
in Figure 1. It is known that the Yule-type growth (possibly with self-size production) results in the
log-normal distribution [26,29]:

1 (Ins — py — po)?
s, t) = exp |— , 3
fls:t) V2moys P { 207 ®)
where the location parameter y and the scale parameter o evolve in time according to
ur = AtIn(1+b)
0y = VAtIn(1 +b) 4)

with the (mean) growth rate A, growth factor b, and initial location .

We now examine the Seoul BTN in view of Equation (3), to check the applicability of the Yule-type
growth model [26]. Analyzing the strength data for the hubs in the two years 2011 and 2013, we find
the growth rate A = 0.496 and growth factor b = 0.129. Since we focus on bus stops common in
both years, it is natural that the growth probability for two years, given by AAt with At = 2 (years),
takes the value close to unity. Plugging these values into Equation (4), we obtain the changes in
the location parameter and the scale parameter during two years: Ay = AAtIn(1 +b) = 0.120 and
Ac? = AAt[In(1 + b)]? = 0.0146. These theoretical results are to be compared with the results from
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the passenger data, Ay = 0.39 and Ac? = 0.0097. Unlike the scale parameter, the location parameter
shows a substantial discrepancy between the theoretical result and passenger data. In consideration
of the limited data with the quite small growth factor, however, the two results, one from theoretical
analysis and the other from passenger data, are presumed reasonably consistent with each other.

On the other hand, the growth of peripheral nodes is not captured properly by the controlled
growth model. In particular, the peripheries display rather shrinking behavior than growth, as the
passenger data have the mean y = 5.58 in 2013, decreased from y = 5.86 in 2011. Such different
behaviors between hubs and peripheries can be attributed to the difference in bus stops of common
IDs over the two years. Among those common stops, hub nodes are fully consistent over the years
2011 and 2013. Accordingly, each hub is subject to growth, albeit without newly-constructed bus stops,
and the set of hubs is described by the controlled growth model, giving rise to the log-normal
distribution. In contrast, only about half of the peripheral nodes persisted and are included in the set
of common stops. To be precise, 48.71% of the peripheries present in 2011 were closed during the two
years from 2011 to 2013 while newly constructed nodes during the two years occupied 48.04% of the
total peripheries in 2013. We also attempt to match those peripheral stops of changed IDs with the
help of their GPS locations, which turns out to give about 50% of stops persistent as well; in the case
of hubs, this percentage of unchanged stops reaches 65% of the total. This analysis manifests that bus
stops having small values of the Gini coefficient change frequently due to the low usage.

This also provides, as a by-product, a good reason to name this set of nodes peripheral,
which are vulnerable to frequent changes at the policy level. Planning policies could include various
government-creating or artificial transitions to remove less-visited stops. As Seoul is a very mature
metropolitan city, its downtown area is already sufficiently saturated [19]. In consequence, closing of
less used stops or construction of new stops is naturally concentrated in peripheral parts of the city.
It should also be noted that the peripheral parts are not necessarily confined within suburban areas;
stops in the area with less-developed transportation are possibly categorized as peripheral nodes.

4. Discussion

The BTN has unique characteristics, which may not be easily captured as in other transportation
systems such as subways or airlines. Serving as a dominant transportation mode for short- to
mid-distance trips, the BTN is important for policymakers to deal with the complexity of urban mobility
and make more sustainable city planning, which should impact on both passengers and policymakers.
To apply sustainability analysis with better accuracy, one needs to understand the BTN concerning not
only distribution but also growth.Unlike other transportation networks, the passenger flow in the BTN
may not be described plausibly by a single distribution, which reflects that there are two distinct types
of bus stops and the trips thus vary according to the type involved.

In this study, we have considered how to characterize the BTN with regard to its evolution
in time; this is expected to provide a fundamental approach to a better understanding of its structure,
which should help sustainability assessment. Possible candidates for characterization include locations
of bus stops, the strength of each stop, weight between a pair of stops, passenger concentration,
and so on. We have here proposed to use the Gini coefficient, which measures disparity among weights
of trips between each pair of nodes. Making use of the Gini coefficient for each bus stop, we have
classified the stops into two distinct types: hub and peripheral nodes. Separating hubs having higher
ranks and peripheries with lower ranks, we have observed log-normal distributions for both sets
of nodes.

Specifically, comparison of the data in the years 2011 and 2013 has shown strengths of the
hubs to grow, which is well explained by the Yule-type growth model. Analyzing the passenger
data in the Seoul BTN, we have obtained parameters for the model. It has thus been concluded
that the controlled growth model well captures the evolution of the set of hub nodes: It provides a
good description, not only qualitatively but also quantitatively, of such features as the log-normal
distribution, evolving through the mean and the deviation in time.
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On the other hand, peripheral nodes are vulnerable to frequent changes due to low usage,
which makes it inappropriate to apply the growth model. In Seoul, where downtown areas are already
substantially saturated, changes in the BTN occur more often in peripheral nodes. To summarize,
we point out that the Gini-based approach captures the key characteristics of the BTN among other
transportation networks. It would be desirable to develop an algorithm to match closed bus stops with
newly-constructed ones. Here, appropriate criteria may include not only the GPS locations of stops
but also some policy-level information. This is left for future study.
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Abstract: Identifying the tourist flow of a destination can promote the development of travel-related
products and effective destination marketing. Nevertheless, tourist inflows and outflows have only
received limited attention from previous studies. Hence, this study visualizes the tourist flow of Tibet
through social network analysis to bridge the aforementioned gap. Findings show that the Lhasa
prefecture is the transportation hub of Tibet. Tourist flow in the eastern part of Tibet is generally
stronger than that in the western part. Moreover, the tourist flow pattern identified mainly includes

“(diverse or balanced) diffusion from the main center”, “clustering to the main center”, and “diffusion
from a clustered circle”.

Keywords: pattern; social network analysis; tourist flow; visualization; Tibet

1. Introduction

Tourist flow refers to the spatial distribution of tourists, reflecting the travel patterns of tourists
in a certain region [1]. Understanding the spatial distribution of tourist flows and the movement
patterns of tourists can provide practical implications to tourism practitioners in terms of resource
allocation, infrastructure construction, and effective tourism planning for a destination [2-5]. Tourist
flow can also assist in the management of tourism’s environmental and cultural impacts [4]. Cox
found three movement patterns of humans; namely, distance-, direction-, and connection-based
movement patterns [6]. The distance-biased movement pattern denotes the distance-related intensity
of movement. The direction-based movement pattern reflects the direct movement of tourists. Last,
the connection-biased movement pattern pays attention to the connection points during movement,
reflecting the important role of connection in determining the characteristics of the movement.
Oppermann revealed that “trip itineraries” can be used to reflect travel patterns and tourist flows.
In addition, Oppermann proposed two categorizations of tourist movements; namely, tourist movement
among different locations and tourists’ stays in different locations [7]. Zhong, Zhang, and Li pointed
out the disadvantages of conventional directional bias, such as the inability to identify the emitted and
the attracted tourist flows, and proposed a new concept of “functional tourism region” [8]. Previous
investigations of tourist flows are mostly based on scale. For example, Liu, Zhang, Zhang, and Chen
categorized 31 provincial destinations in China into national and regional tourist centers and common
and marginal destinations [9]. Jin, Xu, Huang, and Cao investigated tourist flows in different attractions
in Nanjing, the inner city of China [10]. In summary, the identification of movement patterns of tourists
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seems to shift from complex to simple, and the investigation of the scale of the spatial distribution of
tourists ranges from the country to the city level [2,11].

Familiarity with tourist flow can guide tourism practitioners to achieve effective and harmonious
coordination in different areas of a destination and ultimately promote sustainable tourism
development [9]. Tourist flows can also assist tourism practitioners in identifying the potential
of a particular destination and promoting balanced tourism development. With the enhanced
accessibility brought by transportation, tourist travel is no longer restricted to the most commonly
recommended or popular tourist attractions. Tibet, a remote and autonomous region of China, has been
developing rapidly because of enhanced accessibility and China’s national development strategy of
turning the plateau into a tourism destination [12]. Tourist arrivals and tourism revenues in Tibet
have increased by more than 20% since the opening of the Qinghai-Tibet railway in 2006 [13,14].
In addition, the rapid development of the Internet increases Tibet’s opportunities to connect with the
outside world [5]. Hence, Tibet may further develop its tourism industry. As a large destination with
different prefectures, the present study selected Tibet as a case to generate tourist flow patterns from a
regional perspective, together with the detailed tourist flow patterns in each of its prefectures. Hence,
Tibet is selected as a case to help tourism practitioners come up with corresponding strategic plans for
a balanced and sustainable tourism development [12].

Although previous studies examined tourist movement patterns or categorized tourism
destinations from a country or city level [9,10], the implications of the country- or city-level tourist flow
is either very general or specific. The detailed implications of tourist flow to a regional-level perspective
are also limited, to a certain extent. In addition, although previous studies explored tourists’ movement
patterns or itineraries, tourist inflows and outflows received limited attention. Knowledge of tourist
inflows and outflows can greatly assist destinations in balancing regional tourism development and
developing their tourism effectively. Hence, the present study uses the theory of social network
analysis (SNA) to identify the tourist flows in each of Tibet’s prefecture. Specifically, the present study
aims to visualize tourist flow in Tibet and examine the differences among tourist inflows, outflows,
and total tourist flow. Moreover, this study aims to summarize the patterns of tourism flows and
provide practical implications for effective future tourism planning and development.

2. Literature Review

2.1. Tourist Flow or Movement

Investigations on tourist flow have begun since the late 1980s to 1990s, mainly focusing on
economic impacts. For example, Japan received limited tourism inflows despite its massive tourism
outflows. Buckley, Mirza and Witt indicated that further attention should be paid to the structural
adjustment to attract foreign travelers to Japan and balance the payment of deficit items [15]. Kulendran
adopted a cointegration analysis to estimate quarterly tourist flows to Australia from countries such
as the US and Japan, to investigate the economic impacts of tourist flows. Moreover, Kulendran
considered the factors affecting travel, such as income and airfare, and found that the estimated
long-run elasticity of the relative price variable for the UK and Japan is close to unity but is greater
than one for the US and New Zealand [16]. Jansen-Verbeke and Spee examined the interregional and
intraregional tourist flows within Europe and found that competition does not exist among countries
but among regions [11].

Coshall adopted spectral analysis to detect cycles within and between time-series datasets and
found that the leading cycles of dependencies rely on tourist flows and exchange rates [17]. Dimoska
and Petrevska considered the net flows of tourism services by analyzing the balance of payments
in Macedonia and revealed possible ways to increase tourism inflows, such as attracting foreign
tourists [18]. In addition, Patuelli, Mussoni, and Candela used an econometric model and found
that regions with world heritage sites in Italy can enhance tourist inflows, considering all else being
equal [19]. Degen examined nine main stations of the Beijing-Shanghai High-Speed Railway through
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SNA and identified the destination choice of tourists, spatial distribution, and travel time [1]. Then,
Degen compared the time-space distribution of tourist flow and found that tourism origins—Beijing,
Shanghai, and Nanjing—are strengthened as tourism centers, and tourism flow resulted in the
“Matthew effect” [1]. Here, the “Matthew effect” reflects the cumulative advantage of main cities as
tourism centers.

Lew and McKercher [4] identified the factors that could influence the movement patterns
of tourists and found that such patterns are influenced by four types of territorial and three
linear path models. Specifically, the four types of tourist movement behaviors in a destination
” “convenience-based movement,” “concentric exploration,” and “unrestricted
destination wide movement” [4]. They identified three movement pattern variations of tourists; namely,
“point-to-point,” “circular,” and “complex patterns” [4]. Zhong et al. studied the overnight travel
patterns of Chinese tourists and categorized tourists flow into pointing of tourist flow and inertial
state of pointing [8]. Three basic types of pointing were identified, namely, “city,” “seaside,” and
“sun-lust pointing.” Based on the extended contemporary urban transportation model, Zhong et al.
also identified the movement patterns of tourists to examine and enhance the attractiveness of a
destination [5]. Data about tourist movement or flow in a tourist destination are not enough to provide
detailed implications regarding tourism development in a destination. Hence, the flow patterns of
tourists in a certain region must be explored further to provide valuable implications for sustainable
tourism development.

" ou

are “no movement,

2.2. Theory of SNA and Its Extension in Tourism

Diverse analytical methods are used to study tourists’ movement patterns, including co-integration
analysis, spectral analysis, and SNA [1,16,17]. The present study selects SNA because it can evidently
reflect the nodes during the changes or movements of tourists, which provides an overall picture
of the movement or flow patterns rather than the characteristics of individuals only [20]. The SNA
concept appeared before the 1930s, and researchers gradually built the concept of social structure and
recognized its importance as a social “fabric” and “web” [21]. Wasserman and Faust [20] noted that
SNA examines the relationships among people, organizations, or other related information and is
normally reflected as links or nodes to form a network. Otte and Rousseau also confirmed that SNA
can be used to investigate social structures [22].

Shih investigated the travel routes of drive tourists from 16 destinations in Nantou, Taiwan,
and provided the structural patterns of connected systems by applying SNA to tourism [23]. The findings
show that necessary facilities should be provided to different locations in Nantou, Taiwan [23]. Leung
et al. used SNA to examine 500 online trip diaries and found tourist movement patterns during the
Olympics in Beijing in 2008. The findings revealed that international tourists are mostly interested in
well-known traditional attractions, and their activities are within the central areas of Beijing [24]. Raisi,
Baggio, Barratt-Pugh, and Willson analyzed 1515 tourism websites and visualized the network structure
using SNA. They found that the SNA structure tends not to be hierarchical, and the communities tend
to be formed on the basis of the geographical locations [25]. David-Negre, Hernandez, and Moreno-Gil
examined the spending pattern of tourists through SNA [26]. Jin et al. found and summarized three
movement patterns of tourists; namely, “diffusion from a single center,” “clustering to a single center,”
and “balancing between multiple centers” [10].

The literature has been constantly paying attention to the economic impacts of tourist flow since
the 1990s. Most previous studies only investigated tourist flow at the country level, and detailed
implications to a region or a destination are lacking to a certain extent. If the scale of the destination is
small with few attractions, then movement patterns of tourists/tourist flow can be easily identified.
By contrast, valuable practical implications can be provided for large-scale destinations by identifying
the movement patterns of tourists or tourist flow, which is more difficult in this context than
that of small-scale destination [27]. Although Lew and McKercher comprehensively indicated the
movement patterns of tourists, the current study focused on patterns between the locations of tourists’
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accommodations and attractions [4]. Lew and McKercher listed different types of tourist movements
and pointed out the factors, such as demand and supply and transportation networks [4]. However,
empirical studies lack data on tourist flows, which can help visualize how different regions interact and
compete with one another [19]. The present study visualizes and examines the tourist flow in different
prefectures in Tibet to provide not only an overall trend of tourist flow but also the flow patterns of
tourists in each of the prefectures. The objective is to promote sustainable tourism development and
maximize tourism revenue.

3. Methodology

Most previous studies adopted questionnaire surveys or secondary data to explore tourist flows
or patterns in a destination [19,26]. For instance, Zeng identified the characteristics of tourist flow of
Chinese tourists visiting Japan by retrieving 430 travel itineraries from travel agencies in China and
458 itineraries of independent tourists from their trip diaries [28]. Nevertheless, the aforementioned
traditional data collection methods, such as questionnaire surveys or secondary data, lack efficiency
and completeness. Toha and Ismail discussed the applicability of various tracking technologies, such as
global positioning system or land-based tracking technologies, to track the movement of tourists in
historical cities of Melaka. However, an empirical investigation is still absent [29].

Hence, considering the shortages of traditional data collection, such as questionnaire surveys,
the present study employed the concurrent data collection method through the mobile signal to obtain
rich data to gain comprehensive information of tourist flow. Recently, along with the wide adoption of
smartphones by tourists during travel, large volumes of user-generated data have become available
to generate rich data [5]. The present study tracked the movements of tourists in Tibet by retrieving
data via mobile phone signals of tourists. That is to say, mobile phone signal information from
China Unicom telecommunication service was retrieved. In other words, for tourists who used the
telecommunication service from China Unicom, their movements in Tibet were tracked. Specifically,
once tourists entered Tibet, their mobile phone signals were identified and tracked through their points
of entry. Similarly, once tourists left Tibet, points of exit were recorded. In the meantime, data were
encrypted to protect the privacy of tourists, and the encryption assures that the personal information
of tourists was kept confidential as no party can read or obtain this information. As a result, only their
movements in Tibet were tracked and recorded.

In summary, in October and November 2018, tourist inflows and outflows of different prefectures
(including domestic and international tourists) in Tibet were retrieved. October was selected because
China’s National Day is in this month, which has a long holiday and is the peak season of tourism in
Tibet. On the contrary, compared with October, November is the off-peak season for tourism in Tibet.
Thus, the present study selected the representative data in October and November as an example to
investigate the tourist flow pattern in peak and off-season in Tibet. The tourist flows of six regions
(i.e., from west to east Tibet); namely, Ngari, Nagqu, Xigaze, Lhasa, Shannan, and Nyingchi prefectures,
were retrieved based on the administrative regions in Tibet. Qamdo prefecture is not included because
it received lower tourist flows compared with that in other prefectures of Tibet.

4. Findings and Discussion

Figure 1 depicts the directions of tourist inflows, outflows, and the total tourist flow, including the
intensity of tourist flows, using software UCIENT and NETDRAW. The light blue circles represent
59 districts among six prefectures in Tibet, whereas the three dark blue circles signify tourist inflows,
outflows, and the total tourist flow. The degree of the thickness of the lines represents the intensity
of the tourist flow. The findings show that Lhasa prefecture (i.e., Tibet) is Tibet’s transportation hub.
In addition, Nagqu (i.e., Nagqu) and Xigaze (i.e., Samzhubze) prefectures are considered secondary
transportation hubs. Furthermore, Nyingchi (i.e., Nyngchi) and Ngari (i.e., Gar) prefectures are
supportive transportation hubs.
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Figure 1. Direction and intensity of tourist flow.

Figure 2 further indicates tourist flow patterns and directions in different Tibetan prefectures.
The thickness of the lines represents the amount of tourist flows in different prefectures. The degree of
the thickness of the lines represents the intensity of the tourist flows. Overall, tourist flow patterns
are diversified among different prefectures in Tibet. Specifically, compared with other prefectures,
the Lhasa prefecture received the most tourist flows, followed by Nagqu, Xigaze, Nyingchi, Shannan,
and Ngari prefectures. The following sections will provide detailed information about the number
of tourist inflows or outflows, present the number of total tourist flows in each prefecture in Tibet,
compare the differences of tourist inflows and outflows, and identify the flow patterns of tourists.
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Figure 2. Tourist flows in different prefectures in Tibet. Note: Map of Tibet was retrieved from
http://www.chinatourmap.com/tibet/tibet-political-map.html.
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Table 1 shows the number of tourist inflows and outflows and the total number of tourist flows
in the Ngari prefecture in Tibet. Compared with other prefectures in Tibet, the Ngari prefecture has
relatively fewer tourist flows. The Gar district is a central place that connects the northern and southern
parts. In addition, no significant differences are found among tourist inflows, outflows, and the total
number of tourist flows in the Ngari prefecture in October and November of 2018. Located in the
western part of Tibet, the Ngari prefecture generally receives fewer tourists than its eastern parts.
The tourist flow pattern in the Ngari prefecture is very simple which is indicated by “a three-point
line.” Hence, tourism practitioners should consider the selling point of the Ngari prefecture, market its
attractions, further encourage the exploration of tourists, and increase its tourist flow in different parts
of the Ngari prefecture gradually.

Table 1. Tourist flow in Ngari prefecture.

Ngari Inflows Inflows Outflows Outflows Total Total
(October)  (November)  (October) (November) (October) (November)
Gar 210,981 139,296 539,797 716,301 750,778 855,597
Burang 14,087 5015 112,997 155,945 127,084 160,960
Rutog 1994 2337 66,248 98,390 68,242 100,727
Mean 75,687.08 48,882.70 239,680.79 323,545.34 315,367.87 372,428.04
Pair mean 26,804.38 —83,864.55 -57,060.17
t 1.186 —1.806 -2.389
df 2 7 7
Sig. (2-tailed) 0.357 0.213 0.139

df = Degrees of freedom.

Table 2 lists the number of tourist inflows and outflows and the total number of tourist flows of
the Nagqu prefecture in Tibet. Nagqu generally plays a central role in connecting different parts of
the Nagqu prefecture. Specifically, the Shuanghu district in the western part of the Nagqu prefecture
receives fewer tourist flows than other areas in the Nagqu prefecture. In addition, tourist flows are
concentrated in the central and eastern parts of Nagqu and are scattered in western parts, such as the
Xainze district. Through paired samples t-test, significant differences (p = 0.041) are found between
October 2018 and November 2018 regarding tourist inflows of the Nagqu prefecture. They are
significant at the 95% confidence interval. Specifically, the number of tourist inflows of the Nagqu
prefecture in October 2018 is higher than those in November 2018. This result indicates that, for the
Nagqu prefecture, compared with November, tourists prefer to visit Nagqu in October. In other words,
efforts can be made by the Tibet tourist bureau to attract more tourists to visit Tibet in November by
creating special themes, as an example.

Significant differences are found regarding tourist inflows of the Nagqu prefecture, whereas no
significant difference is found between tourist outflows and the total number of tourist flow. The tourist
flow of the Nagqu prefecture is characterized and reflected by the primary flows around the city center,
along with the secondary flows between the core and the minor nodes (i.e., Nagqu-Amdo-Nyainrong;
Nyainrong-Bagen—-Nagqu). The tourist flow in Nagqu prefecture is generally indicated by the structure
of “diffusion from the main center” and “clustering to the main center.” Patuelli et al. [19] indicated
that an increase in world heritage sites cannot only lead to a 4% increase in tourist inflows but also
helps a certain region gain competitive advantages over other regions or districts. Hence, taking
advantage of the Nagqu center and highlighting the appeal of attractions in nearby districts to extend
the primary flows and increase the secondary flows can be considered. Lew and McKercher suggested
that tourists can venture further as they become familiar with a region, thereby helping a destination
increase secondary flows [4].
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Table 2. Number of tourist flow in Nagqu prefecture.

Nagqu Inflows Inflow Outflows Outflows Total Total
(October) (November) (October) (November) (October) (November)
Nagqu 254,298 76,819 1,417,534 2,539,949 1,671,832 2,616,768
Amdo 115,999 44,039 183,397 357,656 299,396 401,696
Sog 55,206 12,857 156,549 273,331 211,755 286,188
Biru 48,248 13,979 127,454 234,880 175,702 248,859
Bagen 23,458 6036 87,296 151,993 110,755 158,029
Baingoin 10,171 3000 66,831 110,719 77,002 113,719
Nyainrong 12,024 2834 63,565 107,115 75,589 109,949
Nyima 36,396 13,299 22,053 47,607 58,449 60,906
Lhari 6175 2064 37,994 78,866 44,169 80,931
Xainza 7865 2364 23,002 41,691 30,867 44,054
Shuanghu 9812 3784 3609 6462 13,421 10,246
Mean 52,695.65 16,461.32 199,025.90 359,115.41 251,721.54 375,576.74
Pair mean 36,234.326 —-160,089.52 —123,855.192
t 2.345 -1.643 —1.498
df 10 10 10
Sig. (2-tailed) 0.041 0.131 0.165

df = Degrees of freedom.

Table 3 reveals the number of tourist inflows and outflows and the total number of tourist flows
in the Xigaze prefecture. The number of total tourist flow in the Xigaze prefecture indicates that the
Samzhubze district has the highest tourist flow, whereas the Gamba district has the lowest number of
tourist flows. In addition, the Samzhubze district acts as a central place connecting all the other districts
in the Xigaze prefecture. Moreover, the tourist flows in the eastern and western parts are relatively the
same. Through paired sample t-test, significant differences (p = 0.017) are found for tourist outflows
in the Xigaze prefecture between October 2018 and November 2018. They are significant at 95%
confidence. Regarding the total number of tourist flows of the Xigaze prefecture, the finding shows
that the p value is 0.062 and is significant at the 90% confidence interval. Specifically, tourist outflows
and the total number of tourist flows of the Xigaze prefecture in November 2018 is greater than those
in October 2018.

With the Tingri district as a center, tourist flows in the Xigaze prefecture are generally reflected by
the primary flows among core nodes, the tertiary flows between the core and the minor nodes, and the
normal moves among minor nodes. Thus, the Lhaze, Samzhubze, Bainang, and Tingri districts are
the centers in western, central, eastern, and southern Xigaze, respectively. In summary, the tourist
flow in the Xigaze prefecture is indicated by the structures of “balanced diffusion from the main
center or diffusion from multiple centers.” Although Lew and McKercher [4] indicated that certain
tourists prefer time-efficient travel routes, the number of and the attractiveness of the attractions can
effectively encourage tourists to extend their exploration in a certain region to achieve a balanced
tourism development in different parts of the prefecture.

Table 4 indicates tourist inflows and outflows and the total number of tourist flows in the Lhasa
prefecture. The Chengguan district in the Lhasa prefecture can be regarded as a distribution center
for tourists, whereas the Nyemo district receives the least tourists among all areas in the Lhasa
prefecture. Moreover, tourist flows are concentrated in the Chengguan and Doilungdeqen districts
and are scattered in three different directions (i.e., north, west, and eastern parts). Damxung, Quxu,
and Maizhokunggar districts represent the North, West, and East, respectively. A paired sample
t-test shows that significant differences (p = 0.094) exist between October 2018 and November 2018
regarding tourist outflows of the Lhasa prefecture. They are significant at the 90% confidence interval.
Specifically, the number of tourist outflows of the Lhasa prefecture in November 2018 is greater than
that in October 2018.
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Table 3. Tourist flow in Xigaze prefecture.

Xigaze Inflows Inflows Outflows Outflows Total Total
(October) (November) (October) (November) (October) (November)
Samzhubze 1,448,378 820,002 1,041,201 1,587,730 2,489,579 2,407,731
Gyangze 155,394 112,849 390,762 602,498 546,156 715,348
Yadong 90,274 61,572 197,020 380,285 287,294 441,856
Lhaze 86,163 50,927 219,331 293,309 305,494 344,237
Bainang 41,454 30,057 247,135 312,618 288,589 342,675
Ngamring 52,027 27,039 165,047 289,523 217,074 316,562
Sa’gya 75,691 50,271 138,439 179,724 214,130 229,995
Namling 103,507 94,099 65,544 91,882 169,050 185,981
Kangmar 27,369 19,342 75,425 124,151 102,794 143,493
Tingri 102,664 55,219 43,121 67,053 145,785 122,272
Xaitongmoin 56,035 36,641 46,816 75,090 102,850 111,731
Rinbung 31,170 25,562 63,130 81,907 94,300 107,469
Saga 56,758 30,050 31,673 59,683 88,431 89,734
Gyirong 38,491 29,420 20,964 34,365 59,456 63,785
Nyalam 42,411 28,571 15,654 25,658 58,064 54,229
Dinggye 23,477 17,139 10,214 20,771 33,691 37,911
Zhongba 30,667 15,251 9223 21,574 39,890 36,825
Gamba 7819 9044 3646 6077 11,465 15,121
Mean 137,208.12 84,058.64 154,685.84 236,327.68 291,893.96 320,386.33
Pair mean 53,149.473 —81,641.843 —28,492.370
t 1.564 -2.651 -2.002
df 17 17 17
Sig. (2-tailed) 0.136 0.017 0.062
df = Degrees of freedom.
Table 4. Tourist flow in Lhasa prefecture.
Inflows Inflows Outflows Outflows Total Total
Lhasa

(October) (November) (October) (November) (October) (November)

Chengguan 6,597,353 3,557,333 3,557,333 5,466,361 10,154,686 8,743,031
Doilungdegen 2,065,976 1,561,062 1,561,062 2,659,161 3,627,038 4,108,468

Damxung 236,443 373,228 373,228 592,174 609,671 720,842
Quxu 283,617 240,554 240,554 427,819 524,171 686,374
Dagze 294,275 98,970 98,970 189,459 393,245 474,621
Maizhokunggar 219,974 143,443 143,443 264,134 363,417 392,683
Lhunzhub 100,884 102,913 102,913 172,585 203,797 253,700
Nyemo 35,831 67,411 67,411 91,875 103,241 138,681
Mean 1,229,294.12  706,853.72 768,114.12  1,232,946.21  1,997,408.24  1,939,799.92
Pair mean 522,440.408 —464,832.089 57,608.319
t 1.286 -1.935 0.288
df 7 7 7
Sig. (2-tailed) 0.239 0.094 0.782

df = Degrees of freedom.

Significant differences are generally found on the tourist outflows of the Lhasa prefecture,
whereas no significant difference is found on tourist inflows of the Lhasa prefecture and the total
number of tourist flows. In summary, the tourist flow of the Lhasa prefecture is reflected in the
concentrated center with scattering in different directions. In other words, scenic tourist spots
(i.e., Potala Palace and Jokhang Temple) in the city center play dominant roles in influencing the overall
tourist flow. The tourist flow pattern in the Lhasa prefecture is indicated by the structure of “diffusion
from the main center.” The central tourist flow is similar to the findings of Leung et al. [24], that tourist
activities were within the center area of Beijing during the Olympics in Beijing in 2008. However,
the tourist flow pattern in Tibet has further expanded in different directions.
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Table 5 reveals the number of tourist inflows, outflows, and the total number of tourist flows
in the Shannan prefecture. In general, the Nedong district is a central place connecting the western,
southern, and eastern parts of the Nyingchi prefecture. This district also has the most tourist flows,
whereas Comai has the lowest number of tourist flows. Furthermore, Nedong and its nearby districts
receive more tourist flow, whereas the western, eastern, and southern parts receive less tourist flow.
Paired sample t-test shows significant differences (p = 0.020) between tourist outflows and the total
number of tourist flows (p = 0.015) of the Shannan prefecture from October to November 2018. They are
significant at the 95% confidence interval. Specifically, tourist outflows and the total number of tourist
flows in the Shannan prefecture in November 2018 is greater than that in October 2018.

Table 5. Tourist flow in Shannan prefecture.

Shannan Inflows Inflows Outflows Outflows Total Total
(October) (November) (October) (November) (October) (November)
Nedong 587,336 315,646 516,000 866,457 1,103,335 1,182,103
Gonggar 151,083 149,303 360,413 586,290 511,496 735,593
Chanang 54,672 46,220 168,573 220,406 223,245 266,625
Lhunze 39,785 30,461 137,149 194,442 176,933 224,902
Gyaca 58,320 42,163 82,902 150,281 141,222 192,444
Qusum 25,255 15,318 115,866 204,711 141,121 220,029
Nagarze 22,909 20,361 111,297 147,569 134,206 167,930
Sangri 59,675 35,378 45,572 90,763 105,247 126,141
Cona 24,256 15,873 51,268 86,673 75,523 102,545
Qonggyai 14,712 8808 23,970 34,512 38,682 43,321
Lhozhag 17,452 10,457 3781 6193 21,233 16,650
Comai 14,366 12,853 3951 6433 18,317 19,286
Mean 89,151.55 58,570.06 135,061.78 216,227.44 224,213.32 274,797.50
Pair mean 30,581.486 —81,165.667 —50,584.181
t 1.390 -2.716 —2.867
df 11 11 11
Sig. (2-tailed) 0.192 0.020 0.015

df = Degrees of freedom.

In general, significant differences are found between tourist outflows and the total number of
tourist flows. The tourist flow in the Shannan prefecture is generally indicated by the structures of
“clustering from the main center” and “diffusion from a clustered circle.” The identified tourist flow is
considered a relatively balanced tourist flow, reflecting the primary flows between core nodes and the
secondary flows scattered in different directions. Contemporary urban transportation models assume
that the majority of people will take the most efficient route in a tourist destination if possible [4,30].
However, the findings of the present study reflect that a region may achieve such a balanced tourist
flow by considering the convenience of transportation and the attractiveness of the attractions. Thus,
transportation is considered an important factor affecting the spatial distribution of tourist flow [4,31].

Table 6 shows tourist inflows and outflows and the total number of tourist flows in the Nyingchi
prefecture. The Nyingchi district in the Nyingchi prefecture is a central place that connects the areas
in three different directions in the Nyingchi prefecture. The Nyingchi district has the highest tourist
flow, whereas Nangxian has the lowest tourist flow. Furthermore, Nyingchi and its nearby districts
receive more tourist flows than the districts that are remote to the Nyingchi district. In other words,
districts that are far away from the Nyingchi district receive less tourist flows than nearby districts.
The paired sample t-test shows significant differences (p = 0.041) in tourist outflows in the Nyingchi
prefecture between October 2018 and November 2018. They are significant at the 90% confidence
interval. Specifically, tourist outflows of the Nyingchi prefecture in November 2018 were more than
those in October 2018.
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Table 6. Tourist flow in Nyingchi prefecture.

Nvingchi Inflows Inflows Outflows Outflows Total Total
ying (October) (November) (October) (November) (October) (November)
Nyingchi 1,379,217 709,339 768,614 1,243,659 2,147,831 1,952,998
Mainling 295,975 176,234 278,128 442,883 574,103 619,117
Bome 153,235 86,128 169,398 278,394 322,633 364,523
Gongbo’gyamda 171,079 72,965 123,301 220,892 294,380 293,857
Zayu 70,419 38,813 48,876 95,948 119,295 134,761
Nangxian 84,290 43,960 43,405 75,639 127,695 119,598
Mean 359,035.97 187,906.56 238,620.26 392,902.43 597,656.23 580,808.99
Pair mean 171,129.41 —154,282.16 16,847.24
t 1.700 -2.303 0.459
df 5 5 5
Sig. (2-tailed) 0.150 0.070 0.665

df = Degrees of freedom.

Tourist flow is generally concentrated in the Nyingchi district, and the flow is scattered in the
western and eastern parts. Gongbo’gyamda and Nangxian districts represent the western direction,
and the Zayu district indicates the eastern direction. In contrast to other prefectures, tourist flow in
the Nyingchi prefecture is different in attracting more tourist flow in the western part than that in the
eastern part. Similar to the tourist flow pattern identified in the Lhasa prefecture, the tourist flow
pattern in the Nyingchi prefecture is also indicated by the structure of “diffusion from the main center”
but with less tourist flow directions.

In conclusion, from a regional perspective, tourist flow in the western parts is lower than that
in the eastern parts of Tibet. Ma and Wu found that the spatial structure of a destination is not in a
state of equilibrium, and tourists tend to prefer the products in the eastern part of Xi’an, China [3].
The total number of tourist flows in different prefectures in November is generally more than that
in October 2018. Jin et al. [10] stated that the tourist flow pattern is characterized by “diffusion from
a single center,” “clustering to a single center,” and “balancing between multiple centers.” Findings
reveal that the tourist flow patterns of the Nagari, Lhasa, and Nyingchi prefectures mainly belong to
the “(diverse) diffusion from the main center.” The tourist flow pattern in Nagqu prefecture extends
the identified tourist flow pattern by adding “clustering to the main center” to “diffusion from the
main center.” By contrast, Xigaze and Shannan prefectures reflect different tourist flow patterns despite
what is identified by previous studies. The tourist flow pattern of the Xigaze prefecture is indicated
by “a balanced diffusion from the main center or balancing between multiple centers,” and that of the
Shannan prefecture is reflected by “diffusion from a clustered circle.” Furthermore, the tourist flow
patterns in different prefectures in Tibet are characterized by primary, secondary, and tertiary flows [10].

"o

5. Implications and Conclusions

The present study uses the SNA theory to visualize tourist flow and specifically examine tourist
inflows, outflows, and the total number of tourist flow, thereby identifying tourist flow patterns in each
of the different prefectures in Tibet. The findings show that the Lhasa prefecture has the most tourist
flow among other prefectures in Tibet. Specifically, the Lhasa prefecture attracts the largest number of
tourist flow, followed by Nagqu, Xigaze, Nyingchi, Shannan, and Ngari prefectures. Similar to the
concept of distance decay [32,33], the findings of the present study reveal that distance also plays a
vital role in determining the amount of tourist flow in Tibet. The overall structure of the tourist flow
pattern is spreading from the center to outer parts, and the tourist flow in eastern parts is stronger than
that in western parts. Zhong et al. detected regional disparity and found that China’s eastern economic
belt continues to have tourism-related benefits [8]. The present study extends SNA by integrating
tourist flow into the movement patterns of tourists to identify tourist flow pattern. The findings of
the present study not only provide an overall picture of the tourist flow in a certain region (i.e., Tibet)
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but also indicate the detailed tourist flow pattern in each of the prefectures in Tibet. Furthermore,
they contribute to the literature by providing tourist flow pattern from a regional perspective and
extending the identification of the structures of tourist flow pattern identified by previous studies.

The findings of the present study also provide valuable practical implications to tourism
practitioners regarding the infrastructure construction of a certain region. Becken et al. [2] pointed
out that the information about international visitor arrivals to New Zealand can provide sufficient
information at a geographic level for infrastructure-related decision-making. The findings suggest
that the Tibet tourism bureau must consider increasing the tourist flow in the western part to balance
the development between eastern and western parts. The Ngari prefecture has the lowest tourist
flow. Thus, tourist practitioners must come up with corresponding measures, such as infrastructure
construction and transportation consideration, to attract more tourists. Among all different prefectures
in Tibet, the Shannan and Xigaze prefectures reflect a relatively balanced tourist flow that helps promote
healthy and sustainable tourism development. In other words, “balancing between multiple centers”
can be considered to facilitate the balanced tourism and economic development of different areas
in a region.

In conclusion, although previous studies have identified either movement patterns or itineraries
of tourists [4,5], considerations of tourist inflows and outflows are lacking. Hence, the present study
identifies the inflows and outflows of tourists in Tibet based on the SNA to provide implications
to balance its regional economic development and promote its sustainable tourism development.
Tourist flows in different prefectures in Tibet are identified and analyzed by retrieving data generated
by the mobile phone signal of China Unicom. The findings show that the Lhasa prefecture is the
transportation hub of Tibet. Tourist flow in the eastern part is generally stronger than that of the
western part in Tibet. The tourist flow pattern identified for different prefectures in Tibet mainly
includes “(diverse or balanced) diffusion from the main center,” “clustering to the main center,” and
“diffusion from a clustered circle.” In addition, future studies can be extended to other countries and
regions to investigate tourist flow patterns to promote sustainable development by balancing regional
economic development. The present study has three limitations. First, positioning-related errors may
exist through tracking tourist flow by a mobile signal. In addition, the present study only tracked flow
patterns of tourists who used the China Unicom telecommunication service, but those tourists who
used other mobile telecommunication companies were not tracked. Moreover, the present study only
investigated tourist flow patterns in each of the prefectures in Tibet, and tourist flow patterns that
cross different prefectures were not considered. Hence, future research can track the flow patterns of
tourists who use different mobile telecommunication companies and compare the differences in tourist
flow patterns who use different mobile telecommunication companies. Future studies can further
explore the different preferences of tourists from different countries or origins and examine tourist
flow patterns that cross regions to provide accurate implications for tourism practitioners regarding
regional tourism development.
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