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Silesian University of Technology, 8 Krasińskiego Street, 40-019 Katowice, Poland; andrzej.kubik@polsl.pl
* Correspondence: katarzyna.turon@polsl.pl

Received: 24 June 2020; Accepted: 10 August 2020; Published: 12 August 2020
����������
�������

Abstract: Nowadays, the concept of new mobility solutions like shared mobility systems is becoming
more and more popular in current transport systems. The next technological step will be the idea
of replacing traditional vehicles with autonomous ones. Because autonomous vehicles are a new
concept in the automotive market, we dedicated this article to the idea of using autonomous vehicles
as a part of car-sharing systems in intelligent, urban transport systems. The research herein is focused
on the economic aspects of using autonomous vehicles in comparison to the classic car fleet available
in car-sharing systems and to vehicles that belong to individual owners. We present our method for
appropriate fleet selection based on the Delphi method and the calculations made through a scientific
experiment performed based on Hartley’s plan. The results indicate the relation of travel parameters
(including vehicle type) to the total cost of travel in urban transport systems. We also present the main
terms related to autonomous vehicles. This article provides support for people who want to deepen
knowledge about autonomous vehicles and new mobility solutions used in urban transport systems.

Keywords: car-sharing; autonomous vehicles; autonomous car-sharing; self-drive car-sharing;
intelligent transport systems; transportation engineering; shared mobility; new mobility; multicriteria
data analysis; urban transport systems

1. Introduction

Currently, urban transport systems are using more and more intelligent solutions based on the
use of a smartphone to provide access to the service. This kind of trend refers to the idea of Mobility as
a Service, called MaaS. MaaS describes a shift away from personally owned modes of transportation
and towards mobility provided as a service. One of the solutions more and more commonly chosen by
individual users is car-sharing systems.

The car-sharing system is a model complementing the public transport service. It is based on the
short-term rental of cars offered by operators in selected areas—mostly in cities. Its concept is similar
to that of typical car rentals, with the difference being that cars can be rented for less than an hour [1–3].
According to that principle, car-sharing is regarded as an alternative to having one’s own vehicle with
secured availability and maintenance [4,5].

There are three main types of car-sharing systems: round-trip car-sharing systems, one-way
car-sharing systems, and free-floating [6–10]. The main difference between the types of systems is in
the vehicle location and vehicle return policy. The diversity of car-sharing systems is presented in
Figure 1.
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Since May 2019, car-sharing services have been offered in 3128 cities, in 59 countries, which
represents 30% of the entire world [11]. There are currently 236 operators in the world [11]. The most
popular service model is the one-way car-sharing currently operating in 51 countries [11]. Free-floating
car-sharing system, in turn, operates in 36 countries around the world [11].

Currently, the fleet of vehicles available in car-sharing systems mainly comprises conventional
cars. However, hybrid and electric vehicles are gradually being implemented. It would seem that
according to the assumptions of car-sharing as providing rental vehicles in cities, it should be based on
small city cars that can be easily parked in a small parking space [9,12]. However, scientific studies
conducted on a fleet of 187 vehicles from 40 car-sharing systems operating in 25 European countries
showed that mainly C-class vehicles predominate [13]. That class is a lower, medium type of passenger
car, called compact cars, with a compact design ensuring relative driving comfort for four adults and
moderately large luggage space [13].

Because the current trend is the use of increasingly technologically advanced vehicles that will be
able to adapt to intelligent transport systems, and furthermore, due to the fact of growing interest in
replacing traditional vehicles with autonomous ones, we decided to question the possibility of using
autonomous vehicles in intelligent systems. In this article, we present our method of appropriate fleet
selection based on the Delphi method and calculations made through a scientific experiment performed
based on Hartley’s plan. The results indicate the relation of travel parameters (including vehicle
type) to the total cost of travel in urban transport systems. We also present the main terms related to
autonomous vehicles. This article provides support for people who want to deepen knowledge about
autonomous vehicles and new mobility solutions used in urban transport systems.

2. Autonomous Vehicles

Autonomous vehicles, also called self-driving vehicles or driverless vehicles, are appropriate
means of transport that are capable of sensing their environment and navigating without human
input [14]. Autonomous cars use tools such as a Global Positioning System (GPS), odometry, radar,
laser lights, and computer vision for independent movement [15,16]. The use of these types of
technology allows vehicles to identify the route, obstacles, and barriers occurring on the road, and to
read the content of signs [14–16].

Autonomous vehicles have nomenclature specific to this group. This begins with the definition
of the group of autonomous vehicles themselves: automatic or automated. However, it is worth
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explaining the detailed differences between specific terms. The main difference between the terms is
related to the degree of involvement of human support in the functioning of the car [17]. A vehicle
referred to as “automatic” or “automated” is an automatic machine that does not have intelligent
systems [17]. Another case is an autonomous vehicle. That kind of car, unlike an automatic vehicle,
is equipped with intelligent systems based on which it will be able to make decisions about the route,
appropriate traffic behaviour, and others [17]. An automatic car will only carry out commands [17].

Another issue related to autonomous vehicles is related to the terms “self-driving” and “driverless”.
Self-driving is considered to describe all vehicles that are not as technologically advanced as the
driverless type [17].

These concepts differ in the level of technology. The most popular classification of autonomous
vehicles was presented by the National Highway Traffic Safety Administration (NHTSA) [18].
That classification is called an American point of view [18]. The classification includes a 5-point scale.
It includes level 0 as well as four further levels of vehicle autonomy. The details of the classification are
presented in Figure 2.
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In the case of the European Union, two main definitions have been established for autonomous
and automatic vehicles [19]. An automatic vehicle is considered to be a car equipped with technology
that enables the driver to transfer some of their driving responsibilities to on-board systems [20].
In turn, an autonomous vehicle is defined as being a fully automated car equipped with technologies
enabling the system to perform all functions related to driving without human intervention [20].

A separate classification can be made according to the International Society of Automotive
Engineers (ISAE) from 2014 [21]. This division covers five levels of autonomous driving. The division
also takes into account a zero level. The details of the classification are shown in Figure 3.
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3. Autonomous Vehicles and Intelligent Transport Systems in Global Research

The growing market interest around autonomous cars that will be able to increase road safety and
contribute to better organisation of urban transport systems is evident in international scientific research.

For example, a previous study [22] dealt with the subject of combining analytics and simulation
methods to assess the impact of shared, autonomous electric vehicles on sustainable urban mobility.
This study’s authors emphasise that there is a need to implement transport policies that will contain
regulations for autonomous vehicles. They also indicate the real advantages of using this type of vehicle
in car-sharing systems, for example, reducing the number of necessary fleets, which is associated with
a reduction in costs for the operator.

In another work [23], the authors focused on the aspects related to assessing the impacts of shared
autonomous vehicles on congestion and curb use. That research aimed to provide insights into the
congestion effects of autonomous vehicles on urban traffic, focusing on the differences in behaviour
from conventional cars, and to investigate which easy-to-implement solutions a municipality could
apply to facilitate the new mix of traffic. The obtained results showed that autonomous cars could
contribute to reducing congestion in cities, but this can happen in the case of vehicles available in
organised networks. The authors emphasise that individual autonomous vehicles can contribute to
increasing the phenomenon of congestion. Therefore, they suggest researching the use of autonomous
vehicles in organised services, for example, in car-sharing systems.

What is more, other works [24,25] focused on topics related to a survey on driverless vehicles:
from their diffusion to security features and the development of autonomous driving vehicles in
tomorrow’s smart city mobility. That research focused on autonomous driving vehicles, with particular
attention to the standard equipment currently in use and future improvements [24]. The articles
also showed that the development of these vehicles will allow us to achieve better safety standards,
less environmental pollution, and more significant social equity [25]. The obtained results allowed the
authors to identify the main characteristics that tomorrow’s smart cities must hold to accommodate
the new technologies introduced by autonomous vehicles [24].

In turn, another scientific work was dedicated to the issues of new urban planning challenges under
emerging autonomous mobility, evaluating backcasting scenarios and policies [26]. The work showed
that autonomous vehicles have the potential to transform urban systems. The authors emphasise,
however, that their surveys showed that respondents were sceptical about the positive impacts of
autonomous cars. This is due to their failure to see specific factors that would lead them to use this type
of vehicle. Therefore, the authors suggest conducting research indicating the real factors associated
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with the use of autonomous vehicles in relation to classic vehicles. Such research will be able to support
transport policies for the use of autonomous vehicles.

4. Methods

Economic aspects play a very important role in the case of shared mobility services. This role
is all the greater when it comes to replacing classic vehicles with autonomous vehicles; however,
in order to know exactly how the economy influences car-sharing, based on our own research,
a survey was conducted to identify the economic aspects of car-sharing and autonomous car-sharing
systems. We constructed a questionnaire in which the public could express their opinion on the costs
of car-sharing and the costs of autonomous vehicles. The respondents’ task was to determine the
most critical factors affecting the economic aspects of travel via various types of vehicles, including
autonomous vehicles in urban transport systems. The study was addressed to people using car-sharing
services and was made available via the Internet by various groups of people associated with car-sharing
users. The survey was conducted among German users in January 2020. The survey received 208
responses. The research sample was representative. The population contains 82 million people, and a
fraction size of 0.5 resulted in a maximum error of 7%. The confidence level was α = 0.95. The
respondents’ responses were analysed and classified into the 16 main most recurring factors. The list
of factors is presented in Table 1.

Table 1. List of the most recurring critical factors affecting the economic aspects of travel via various
types of vehicles, including autonomous vehicles in urban transport systems—study results.

No. Factor

1 Vehicle type
2 Vehicle maintenance cost
3 Travel distance
4 Travel time
5 Cost of non-public car parks
6 Cost of public parking
7 Cost of the car-sharing service package
8 Cost for keeping the vehicle for yourself for a specified time
9 Costs of violations of the car-sharingperator regulations

10 Vehicle purchase cost
11 Vehicle rental cost
12 Cost of violations (e.g., improper use, parking)—fines
13 Vehicle class
14 Financial bonuses for using car-sharing (e.g., 5 min for free )
15 The amount of additional fees (e.g., departure outside the zone)
16 The existing car-sharing system in the city

The most important factors from the point of view of the respondents are presented in Figure 4.
In order to analyse the selection of the right vehicle type for journeys in urban, intelligent transport

systems due to economic factors, we proposed a research experiment. In the first step, we conducted
heuristic research (Delphi method). The Delphi method is a structured communication technique or
method, originally developed as a systematic, interactive forecasting method, which relies on a panel
of experts [27–30]. Scientists around the world widely use the Delphi method because of its many
strengths. The most important advantages of the method are the following [31,32]:

• Independence of expert opinions;
• The anonymity of spoken courts;
• Multistage proceedings;
• Finding agreement and summing up the opinions of competent persons;
• No dominants imposing their opinions on other people in the group;
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• No reluctance to express one’s opinion;
• Results obtained based on the opinions of specialists.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 18 
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Figure 4. List and weights of the most recurring critical factors affecting the economic aspects of travel
via various types of vehicles, including autonomous vehicles in urban transport systems—study results.

In turn, the most frequently mentioned weaknesses include the following [31,32]:
The need to involve a large number of people;

• A time-consuming process;
• No direct exchange of views between experts;
• Difficulties in choosing the right people;
• Little involvement of experts if they are not familiar with the problem.

This method was used to obtain information from experts in the field of intelligent transport systems.
The number of specialists who took part in the study was determined based on Equation (1) [33]:

Smin = 0.5 ∗
( 3
α
+ 5

)
= 32.5 ∼ 33 (1)

where:
Smin—minimum number of experts;
α—statistical significance, α = 5%.
To obtain representativeness in the research sample, 33 experts in the field of urban transport

systems were invited to the study. The group of experts consisted of scientists, local government
officials involved in transport planning, and car-sharing system providers. The study was conducted
in Germany in February 2020 during a meeting on the future of car-sharing services. The specialists’
task was to determine the most critical factors affecting the economic aspects of travel via various
types of vehicles, including autonomous vehicles in urban transport systems. We provided the experts
with the list of factors indicated by users of car-sharing systems in the questionnaire survey (Figure 4).
The experts’ task was to indicate which of the factors selected in the survey would have the greatest
impact on car-sharing services, including autonomous vehicles. In the first stage of the analysis, from
the 16 factors previously mentioned by the respondents, the experts indicated 7. The results of the
expert study are presented in Table 2.
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Table 2. Importance of the factors affecting the economic aspects of travel via various types of
vehicles—study results.

No. Factor Value Standard Deviation

1 travel distance 18% 0.7%
2 travel time 12% 1.2%
3 vehicle purchase cost 8% 1.1%
4 vehicle maintenance cost 22% 1.5%
5 vehicle rental cost 7% 1.0%
6 vehicle type 27% 0.6%
7 vehicle class 6% 0.8%

In the next stage, the experts were asked to choose the three most important aspects out of the
seven previously indicated. From among the factors, the experts identified three main aspects that
should be considered in further analysis. Based on the results obtained, these three main aspects were
taken into account in the analysis. Selecting three factors was necessary to perform the experiment
presented later in this work. These factors were vehicle type, vehicle maintenance cost, and travel
distance. For the purposes of this study, these factors were defined as follows:

• Vehicle type—the type of vehicle that can be used to make the journey in the urban transport
system. Three types of vehicles were included: individual vehicle, car-sharing vehicle, and autonomous
vehicle. The measure of fuel consumption determines the vehicle type, indicated as USD/km.

• Vehicle maintenance cost—the cost of maintaining a vehicle, which includes insurance, servicing,
tire replacement, credit/leasing fees, and others, expressed in USD/km.

• Travel distance—takes into account the distance travelled by the vehicle in a given year. It is
indicated as km/year.

The values of the three indicated factors were selected based on literature analysis [34–38].
The next step in the analysis was to plan a research experiment based on a polyselective

experiment plan. This kind of preliminary plan is one of the solutions used in experimental simulations
in exact sciences. The plan is called Hartley’s method (Hartley’s plan). Hartley’s plan, among other
experimental plans, is the most convenient and useful for implementing experiments in technological
fields. In practice, plans with the number of input factors xn where n < 3 are commonly used; in turn,
plans with n > 3 are not very effective [39,40].

The basic principle of creating polyselective plans is the deliberate selection of combinations of
input values (in the previously assumed range) in such a way that it is possible to obtain the required
scientific information with a limited workload, i.e., a relatively small number of measurements [39,40].

The development of a specific experimental plan consists of determining the dependence of input
values and their location relative to the central point (base point–zero point). There are two types
of Hartley polyselective plans [39]. They are based on the dependence of the plan on its geometric
structure: based on a hypercell or hypercube. In turn, preliminary plans developed for three input
factors are based on a hypercube for which the coefficient is equal to 1 [40]. The ratio for the hypercula
is 1.732 [39].

The experiment plan for the three input factors is presented in Table 3 [34].
In Table 3, the values 0, 1, and α specify the maximum variability of a given factor. In the created

plan of the experiment, the mathematical model is represented by a second-degree polynomial with
Equation (2):

F(xn, xm) = k0 +
∑

kn(xn) +
∑

knn(xn)
2 +

∑
knm(xn)(xm) (2)

where:
F(xn, xm)—result factor;
xn, xm—input factor;
k0, kn, knm—regression coefficients.
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Table 3. The experiment plan for three input factors.

Sample No.
Input Factors on the Standard Scale

x1 x2 x3

1 −1 −1 1
2 1 −1 −1
3 −1 1 −1
4 1 1 1
5 −1 0 0
6 1 0 0
7 0 −1 0
8 0 1 0
9 0 0 1

10 0 0 −1
11 0 0 0

According to the theoretical part, the Hartley’s plan was created for three input variables. Based on
the results presented in the Table 1, the input factor plan we used is presented in Table 4.

The significance of the coefficients was analysed using Student’s t-test. Coefficients deemed
insignificant were rejected based on a significance level of 0.05.

Table 4. The three-input-factor experiment plan used in the research.

Sample No.

Input Factors on the Standard Scale Input Factors on the Real Scale

x1 x2 x3

x1 Vehicle
Type

[USD/km]

x2 Vehicle
Maintenance

Cost [USD/km]

x3 Travel
Distance

[km]

1 −1 −1 1 0.311 0.062 20,000
2 1 −1 −1 0.249 0.062 10,000
3 −1 1 −1 0.311 0.211 10,000
4 1 1 1 0.249 0.211 20,000
5 −1 0 0 0.311 0.124 15,000
6 1 0 0 0.249 0.124 15,000
7 0 −1 0 0.233 0.062 15,000
8 0 1 0 0.233 0.211 15,000
9 0 0 1 0.233 0.124 20,000

10 0 0 −1 0.233 0.124 10,000
11 0 0 0 0.233 0.124 15,000

5. Results

As a result of the simulation tests, changes in the value of travel costs were determined as a
function of the selected input parameters. The values of travel costs were simulated based on literature
data [34–36].

Table 5 shows the results of the experimental tests we carried out.
Based on the data from Table 5. as well as Equation (3) for the three input factors, we developed

further formulas and charts describing travel costs in the context of the type of vehicle, vehicle
maintenance costs, and travel distance. Equation (3) for the three input factors was defined as

f (x1, x2, x3) = k0 + k1x1 + k2x2 + k3x3 + k11x2
1 + k22x2

2 + k33x2
3 + k12x1x2 + k13x1x3 + k23x2x3 (3)

where:
f (x1, x2, x3)—results factor;
x1, x2, x3—input parameters;
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Detailed definitions of the individual input parameters:

x1 =


−1 f or individual vehicle

0 f or the vehicle f rom car− sharing system
1 f ot the autonomous vehicle

x2 =


1 f or the invividual vehicle maintenance costs

0 f or the car− sharing′s vehicle maintenance cost
1 f or the autonomous vehicle maintenance cost

x3 =


−1 f or 10, 000 km distance
0 f or 15, 000 km distance
1 f or 20, 000 km distance

b0, b1, b2b3, b11, b22, b33, b13, b12, b23—regression coefficients.

Table 5. The results of the conducted experiment.

Sample No.

Input Factors on the Real Scale Results

x1 Vehicle Type
[USD/km]

x2 Vehicle
Maintenance Cost

[USD/km]

x3 Travel Distance
[km] Total Cost [USD]

1 0.311 0.062 20,000 7456.45
2 0.249 0.062 10,000 3106.86
3 0.311 0.211 10,000 5219.52
4 0.249 0.211 20,000 9196.29
5 0.311 0.124 15,000 6524.40
6 0.249 0.124 15,000 5592.34
7 0.233 0.062 15,000 4427.27
8 0.233 0.211 15,000 6664.21
9 0.233 0.124 20,000 7145.77
10 0.233 0.124 10,000 3572.88
11 0.233 0.124 15,000 5359.33

Details of the simulation values for the total travel cost are shown in Figures 5–13. Figures 5–7
show the impact of vehicle maintenance costs (x2) and distance (x3) on the total cost of travel, assuming
a constant value for the vehicle type (x1). It was found that the factors of vehicle maintenance costs
and distance had a linear effect on the total cost of travel in all simulated x1 cases. Variation of the
vehicle type had the most significant impact on the total cost of travel. Autonomous vehicles showed
the most considerable variability (Figure 7).

x1 = −1 ∧ f (x2, x3) = 5361− 2742x2 − 1791x3 (4)

x1 = 0 ∧ f (x2, x3) = 5361 + 1118x2 − 1791x3 (5)

x1 = 1 ∧ f (x2, x3) = 5361 + 4798x2 − 1791x3 (6)

Figures 8–10 show the impact of the vehicle type (x1) and distance (x3) on the total cost of travel,
with constant vehicle maintenance costs (x2). It was found that the vehicle type and distance had a
linear effect on the total cost of travel in all simulated x2 cases. It is worth noting that in the case of
x2 = 0, regardless of the type of vehicle, the total cost of travel depends only on the distance travelled.

x2 = −1 ∧ f (x1, x3) = 4243− 3860x1 − 1791x3 (7)

x2 = 0 ∧ f (x1, x3) = 5361− 1791x3 (8)

x2 = 1 ∧ f (x1, x3) = 6479 + 3860x1 − 1791x3 (9)
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Figures 11–13 show the impact of type (x1) and vehicle maintenance cost (x2) on the total cost of
travel, with a constant value of distance covered (x3). It was found that the vehicle type and distance
had a parabolic effect on the total cost of travel in all simulated x3 cases. In the case of a fixed mileage
value (x3), it can be stated that the lowest values of total travel cost are for the cases of autonomous
vehicle and individual vehicle travel costs (x1 = 1 ∧ x2 = −1) and for an individual vehicle together
with the costs of an autonomous vehicle (x1 = −1 ∧ x2 = 1). The lowest variability was shown by
vehicles from a car-sharing system together with maintenance costs of vehicles from a car-sharing
system (x1 = 0 ∧ x2 = 0).

x3 = −1 ∧ f (x1, x2) = 7152 + 1118x1 + 3860x1x2 (10)

x3 = 0 ∧ f (x1, x2) = 5361 + 1118x1 + 3860x1x2 (11)

x3 = 1 ∧ f (x1, x2) = 3570 + 1118x1 + 3860x1x2 (12)Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 18 
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6. Discussion and Conclusions

The simulations and tests carried out in this article indicate the importance of the input factors in
the form of vehicle type, distance, and car maintenance costs (x1, x2, x3) in the final value of the cost
of the journey. The simulations carried out present the existing problem of the use of autonomous
vehicles in urban transport systems. The research conducted based on the experiment plan allowed
us to determine the impact of individual input factors and to determine the trend of changes in the
generated travel cost.

Our research indicates that the greatest profitability and least volatility is currently demonstrated
by vehicles from car-sharing systems. The high cost of maintaining an autonomous vehicle disqualifies
autonomous vehicles from frequent use in urban transport systems. As an indication of urban transport
systems, one may take the situation when the cost of maintaining an autonomous vehicle is at the level
of the cost of maintaining an individual vehicle.

Our analysis indicates that the use of autonomous vehicles in the case of shared mobility systems
would be economically unjustified. However, many operators around the world are testing the
implementation of autonomous vehicles in urban transport systems as a ride-hailing service.

An interesting conclusion resulting from the analysis is that the use of vehicles from car-sharing
systems is more economical than having an individual vehicle, which is in line with current trends
in sustainable urban mobility. However, because the best solution turned out to be a vehicle from a
car-sharing system, a guide for how the creators of autonomous vehicles should proceed is to attempt
to construct vehicles in such a way that they can meet the specific requirements set for cars from
car-sharing systems. Furthermore, autonomous vehicles have appropriate equipment and durability
for use in car-sharing systems with relatively low maintenance costs [41]. Meeting such requirements
would make it possible to use autonomous vehicles in urban transport systems and could realistically
contribute to reducing transport congestion or shortage of parking spaces.

The added value of this article is the results of questionnaire research and the results of expert
research conducted herein. The compilation of factors in the results of this research could be
used by other scientists when carrying out analyses of car-sharing systems, autonomous vehicles,
and private cars.

For a more advanced comparison, other aspects that are related to autonomous vehicles will
be necessary, such as efficiency of electricity consumption or savings on insurance or medical costs
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due to reduced traffic accidents. However, currently, those kinds of data are not available due to the
low percentage of autonomous vehicles in the automotive market. In subsequent works, we plan to
further analyse travel costs, taking into account a more significant number of input factors and detailed
features related to autonomous vehicles [42,43] to simulate the use of autonomous vehicles in more
detail in the conditions of the urban transport system, as soon as more detailed data are available.
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