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Abstract: Trams are a meaningful means of public transport in urban traffic. However, trams have
some well-known disadvantages. These include, for example, possibly long distances to the stop,
long waiting times, and lack of privacy, among others. The innovative mobility concept “FLAIT-
Train” offers solutions to the problems mentioned. The FLAIT-train operates on ordinary roads
and is intended to offer DOOR-2-DOOR transport. In the first application phase, the FLAIT-train
runs on exclusive lanes but in the future can mix with other traffic. They are designed as vehicles
with 2 seats and 1 m width. The vehicle technology of FLAIT-trains is similar/identical to battery-
electric autonomous vehicles. This paper uses traffic simulations to investigate whether FLAIT trains
are a suitable alternative to conventional trams, taking simulated/theoretical transport capacities
in passenger-kilometers per day into account. Using the software SUMO (“Simulation of Urban
Mobility”), a realistic traffic scenario is generated. In this scenario, the operation of the FLAIT-Trains
and the trams are simulated under the same conditions and based on statistical data. Based on the
simulation results, the performances of the FLAIT-Trains and the trams are compared.
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1. Introduction

The rail-bound metro and tram offer many economic and ecological advantages
as meaningful means of public transport. In particular, they contribute to improving
sustainability and quality of life in urban areas [1].

However, these rail-based modes of transport have some well-known problems that
strongly affect their acceptance. For one, poor accessibility to fixed stops prevents better
attractiveness of trams [2]. Passengers must often walk long distances and sometimes even
cross several streets to reach a stop.

Another optimization potential of rail-based modes of transport is the total travel
time. The total travel time includes the walking time to the boarding stop and from the
alighting stop to the destination, the waiting time at the stop, and the effective travel time.
For rail-bound trams, the average waiting time is approximately equal to half the tram
cycle time, according to [3]. The in-vehicle time of trams can also be optimized by reducing
the intermediate stops, including boarding and alighting times.

Furthermore, the privacy of every passenger in a tram cannot be ensured, e.g., when
talking to fellow passengers or talking on the phone. Studies like the one by [4] show that
the comfort of tram travel is often not perceived as satisfactory due to the limited number
of seats and the bad air during rush hours.

The classic metro and tram also have numerous operational and economic problems.
According to [5], the investment costs for infrastructure amounted to 12 M€/km in 2008.
Furthermore, the high inspection costs and the large surface area occupied by the separate
rail areas also count as operational problems for urban rail vehicles.
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2. Related Work

The on-demand transport systems have been studied together with the dial-a-ride
problem (abbreviation: DARP). The DARP represents passenger transportation between
paired pickup (origin) and delivery points (destination) and has been researched for over
five decades [6,7]. According to [8], Dial-a-ride services may be provided in a static or
a dynamic mode. In a static mode, all transportation requests are known in advance.
In contrast to the static mode, requests are revealed, and vehicle routes are adjusted in
real-time [8,9] in a dynamic mode.

Furthermore, the cases of DARP can be divided into single-vehicle and multi-vehicle
DARP [8]. The first case describes the simple cases of the DARP, where all passengers are
transported by a single vehicle. The single-vehicle DARP can also be denoted as SDARP [6].

Besides DARP, another alternative on-demand transport system, Personal Transit
System (abbreviation: PRT), has also been researched [10,11]. The PRT is an automated
transit system and driverless. The PRT is a fixed network, including dedicated off-line stops.
Because of the smaller vehicle size (2 to 4-person vehicles) and its on-demand technology,
the PRT system can provide passengers with faster travel time by saving intermediate
stops [10]. According to [11], the major differences between PRT and other transport
systems include, e.g.,

• the PRT traffic does not interfere with other traffic participants, because the PRT
track is elevated to a higher level or hidden underground; because of the separation
of the track from pedestrian traffic, the PRT system provides a high-level of safety.
However, the investment costs for the infrastructure of PRT systems amounted to
30–100 M$/Mile, according to [10], because of the exclusivity and technical complexity
of PRT tracks.

2.1. Scientific Research of DARP

Since the first DARP service in 1970, numerous research regarding models and algo-
rithms of the DARP has been published. The publications and developments up to 2007
have been summarized and described in [12]. The more recent research until 2018 has been
introduced in [7]. The publications until 2021 have been summarized by [13].

The first models regarding the planning and scheduling of DARP have been presented
in [14]. Since then, the research for different cases has been studied continuously. As noted
in [12], two possible problems have been considered in the publications: (1) minimize costs
subject to full demand satisfaction and side constraints; (2) maximize satisfied demand
subject to vehicle availability and side constraints. E.g., the fleet size, operation costs, and
driver’s wages belong to the common costs and side constraints. The common demand
satisfaction relates to the customer waiting time, in-vehicle time, or route duration.

In [15], the single-vehicle case in static mode was analyzed and solved as a dynamic
program in 1980 to minimize a combined objective function of the route duration, the
total waiting time, and the in-vehicle time of all passengers. In parallel, research on the
same problem has also been conducted using Benders’ decomposition procedure [16,17].
Further research solved the single-vehicle DARPs using different approaches. The DARP
has been handled as a k-forest problem to optimize the total routing distance [18]. In [19],
the cost-effectiveness of a single-vehicle DARP and the total travel distance have been
optimized using some metaheuristic techniques, such as Simulated Annealing, Generic
Algorithms, Particle Swarm Optimization, and Artificial Immune System.

Since the research in [20], most publications have focused on developing the multiple-
vehicle DARPs. They were distinguished majorly by different constraints and objective
functions. While some of them minimize the travel costs, including, e.g., total ride distance
and duration, with the assumption of an efficient number of available vehicles [21–24], some
researchers maximized the service quality measures using a limited number of available
vehicles [25–27]. Furthermore, some publications took vehicle emissions into account [28].
The passenger occupancy rate [29], service provider’s operational costs and profit [30–32],
workforce planning as well as staff workload [33], and system reliability [34] were also
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among the objective functions considered. The detailed introduction and classification of
different models and algorithms are referred to in [7,12,13].

2.2. Application Projects of DARP in Germany

In North and South America and Asia, ride-hailing services are the most popular
on-demand mobility services, dominated by Transportation Network Companies like Uber,
Lyft, or DiDi. As introduced in [35], ride-hailing services are not common in Germany
due to strict regulations. Instead, some on-demand mobility services in the form of ride-
pooling have been provided. Some of them have been provided by private enterprises
(Start-ups) like MOIA in Hamburg and Hannover since 2019 and 2017, respectively [35],
CleverShuttle in Munich, Leipzig, Hamburg, and Berlin [36], Allygator Shuttle in Berlin,
ioki in Frankfurt [37]. There are also some services which have emerged through the
cooperation of municipal transportation companies and start-ups. Examples are the LüMo
in Lübeck, myBus in Duisburg, SSB in Stuttgart, and Berlkönig in Berlin [37]. In addition, a
service called “Bedarfsbus Schorndorf” has been provided by a research project [38].

3. FLAIT-Trains

The innovative concept “Fast Lane AI Transportation Trains (FLAIT-Trains)” [39]
offers a solution to the problems mentioned above. The FLAIT-Trains consist of individual
FLAIT vehicles. The final target of this concept is to provide the DOOR-2-DOOR service
using fully autonomous FLAIT vehicles. The FLAIT-Trains drive mixed with other traffic
participants, e.g., personal cars, bicycles, etc. Because of the limited available technologies,
the final target will be achieved step by step. An intermediate solution of FLAIT-Train will
be introduced and studied in this paper.

In this step, the focus of the FLAIT-Train research is the analysis of the replacement
possibility of the conventional trams. One constraint of this intermediate solution is that
the FLAIT-Trains will use the same track area as the trams (same space requirement). As
the second constraint, the routes of the FLAIT-Trains are predetermined. The considered
FLAIT is designed as a highly autonomous battery-electronic vehicle. Due to this design,
a FLAIT runs without local CO2 emissions and thus retains the exhaust gas advantage
of the tram. Because this design enables the vehicle to be controlled without a driver or
driver-relevant components, the compact external dimensions and lower weight of the
FLAIT are feasible.

Similar to a PRT vehicle, a standard FLAIT vehicle is designed for a passenger capacity
of two people. On the one hand, this number fits the average passenger car occupancy rate
of 1.5 [40]. On the other hand, seating comfort and privacy are ensured for all occupants.
Due to the small passenger capacity, the number of stops to the destination is also reduced.
Thus, passengers save travel time with the help of FLAITs. Another advantage of the
limited number of passengers is the possible narrow FLAIT vehicle width of one meter.
This narrow body allows two FLAITs to travel side by side on the roadway with a width of
the classic tram track. Figure 1 shows the vehicle dimensions of a FLAIT.
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To realize highly automated driving, FLAITs are equipped with appropriate sensor
technology (see Figure 2). For example, via detection by camera or sensors of fixed known
and measured “landmarks” (e.g., lantern, bus stop shelter, traffic light, etc.), the FLAITs can
be guided along a predefined route. In addition, a camera or a similar sensor can also be
installed in the upper area of the FLAIT. This allows a FLAIT to detect preceding FLAITs
within the sensor’s range. Based on this sensor technology, the FLAITs can form flexible
platoons, thus saving occupied spaces, especially during rush hours.
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Figure 2. Sensors of a FLAIT.

Figure 3 shows a FLAIT train system based on the above vehicle design. In each
direction of travel, the width of the classic tram track is divided into two lanes: the driving,
and the parking lane. On the parking lane, a FLAIT can stop at any point without blocking
the traffic of the FLAITs behind it. Due to the fully autonomous control, the FLAIT journeys
no longer depend on the drivers’ working hours. A passenger can reserve a FLAIT anytime
via smartphone or other mobile devices. The passenger waits for the FLAIT directly at the
parking lane and does not need to walk to the fixed stop. This reduces the waiting time
and the walking distance to the stop. The FLAIT system’s advantages are summarized
and illustrated in Figure 4. Based on the comparison table in [7], the characteristics of
FLAIT-Trains have been complemented in Table 1.
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Table 1. A Comparison between Four Public Transportation Services based on [7].

Tram Known On-Demand Transit Taxi FLAIT-Train PRT

Route fixed flexible flexible fixed fixed
Stop fixed w/o w/o w/o fixed

Schedule fixed by request by request by request by request
Ticket Cost low medium high low low

Mode shared shared non-shared shared 1 shared 1

Seating Capacity >100 <50 <7 2 2–4
Autonomous Level no no no automated fully

Track Usage exclusive mixed mixed exclusive exclusive
Reservation not needed often needed not needed not needed 2 not needed

Avg. Speed [kph] 33.5 3 23 4 23 4 32 60 5

1 Non-shared mode is provided with a surcharge. 2 In principle same as taxi. 3 Average speed of trams in Duisburg
according [41]. 4 Average urban speed of automobile traffic in Düsseldorf according to [42]. 5 Planned average
speed according to [43].
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4. Methodology
4.1. Aim and Key Figures

Due to the limited passenger seating capacity of each FLAIT, it is necessary to check
whether a reasonable number of FLAITs can cover the system performance of the classic
metros and trams. According to [44], transit system performance is defined as the composite
measure of transit system operating characteristics, primarily quantitative, such as service
frequency, speed, reliability, safety, capacity, and productivity. Especially during rush hour,
there is a maximum value of the passenger volume. FLAITs must ensure that all passengers
are transported to their destination with comparable or less waiting times. In addition, the
required number of FLAITs must be determined by simulation. Based on this result, it is
analyzed whether the resulting number of FLAITs can be considered for operational and
economic reasons. In the real FLAIT-Train system, the passengers can board and alight at
every point of the FLAIT tracks without fixed stops. However, this paper aims to check
whether the FLAIT-Trains can carry all passengers transported by trams in the available
statistical data.

For this reason, the passenger in the simulation with FLAIT-Trains will still be picked
up from the tram stops. Therefore, this paper does not consider the influence of the flexible
stop of FLAIT. The methodology is described graphically in Figure 4.

The evaluation of the system performance is based on the following five key perfor-
mance indicators:

• average waiting time per passenger,
• maximum waiting time for a single passenger,
• average in-vehicle time per passenger,
• daily transportation productivity, and
• total annual service provider’s costs.

4.1.1. Average Waiting Time per Passenger

Because the average waiting time per passenger is a critical metric representing public
transport service reliability [3], this metric is an important evaluation criterion in this paper.
The average waiting time per passenger tW,mean results from the mean value of the waiting
times of all passengers:

tW,mean =
∑

np
i=1 tW,i

np
. (1)

The parameter tW,i stands for the waiting time of the i-th passenger and np for the
total number of passengers transported.

4.1.2. Maximum Waiting Time of a Single Passenger

For on-demand public transport, the maximum waiting time of a single passenger is
also an important indicator of service quality, in addition to the average waiting time [45,46].
For this reason, this paper also considers this indicator. The maximum waiting time of a
passenger tW,max represents the longest time a passenger has to wait at a stop. This key
figure is determined by

tW,max = max
(
tW,1, tW,2, · · · , tW,np

)
. (2)

4.1.3. Average In-Vehicle Time per Passenger

The average in-vehicle time per passenger tJ,mean represents the pure journey time
by tram or FLAIT and was considered in [3] as an essential assessment factor of public
transport service reliability. In this paper, this metric is derived from the formula

tJ,mean =
∑

np
i=1 tJ,i

np
. (3)



Future Transp. 2023, 3 44

Here tJ,i stands for the in-vehicle time of the i-th passenger with the corresponding vehicle.

4.1.4. Daily Transportation Productivity

In order to compare two transit systems, tram and FLAIT-Train, a performance mea-
sure from [44] is applied in this paper: daily transportation productivity P. This indicator
is derived from transportation work w. According to [44], transportation work is defined
as the quantity of the performed movement and computed as the number of transported
objects multiplied by the distance over which they are carried. The transportation work
performed per unit of time represents transportation productivity. In this paper, the daily
transportation in the unit: Persons·Kilometre

Day is determined using the formula

P = ∑np
i=1 Pi. (4)

The individual transport performance of each passenger Pi results from the formula
P = M·L

t [47], where M stands for the traffic volume, L for the length of the transport route,
and t for the transport time or journey time. For each passenger, the traffic volume is equal
to 1 person. For this reason, the total traffic line P was determined using the formula

P = ∑np
i=1

Li
tJ,i

. (5)

4.1.5. Total Annual Service Provider’s Costs

To determine the suitable number of the FLAITs, the total annual costs of the service
provider have been applied as a key performance indicator from an economic point of view.
As introduced in [48], following three service provider’s cost types have been taken in this
paper into account:

• infrastructure costs (Cin),
• vehicle costs (Cveh), and
• operating costs (Cop).

The annual infrastructure costs have been calculated as the annual depreciation
amount value using the formula

Cin =
Cin, tot

dl,in
, (6)

where Cin,tot stands for the total infrastructure investment and dl for the lifetime.
The annual vehicle costs have been determined according to the formula

Cveh =
cveh, tot

dl,veh
·nveh, (7)

where cveh,tot denotes the costs per vehicle, dl,veh for the lifetime of the vehicles and nveh for
the size of the vehicle fleet.

The annual operating costs have been calculated assuming a linear dependency of the
size of the vehicle fleet and according to the formula

Cop = cop,i·nveh, (8)

where cop,i denotes the annual operating costs per vehicle.
The total annual service provider’s costs equal the sum of annual infrastructure,

vehicle and operating costs and have been calculated by

Ctot =
Cin, tot

dl,in
+

cveh, tot

dl,veh
·nveh + cop,i·nveh. (9)
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4.2. Simulation Scenario
4.2.1. Tram Route between Duisburg Central Station and Mülheim Central Station

In the context of this paper, the tram route of line 901 between Duisburg central station
and Mülheim central station is considered. This line is one of the most important tram
routes in both cities. Duisburg and Mülheim/Ruhr each have 501,591 (as of 30.06.2020) [49]
and 172,717 (as of 31.12.2021) [50] inhabitants, making them the fifth and eighteenth most
populous cities in the federal state of North Rhine-Westphalia. This route connects the main
stations of both cities and landmarks, such as the University of Duisburg-Essen, Duisburg
Zoo, Broich Castle, and the Ruhr West University of Applied Sciences. For these reasons, it
is one of the busiest public transport routes in Duisburg and Mülheim/Ruhr.

The tram route under consideration has a total of 16 stops, as shown in Figure 5. The
outward journey from Duisburg Central Station to Mülheim Central Station takes 21 min
per the timetable [51], while the return journey takes 22 min.
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Figure 5. Tram Route of Line 901 between Duisburg Central Station and Mülheim Central Station.

Simulations with different numbers of FLAITs were carried out to show the influence
of the number of FLAIT vehicles on transport performance.

In parallel, a reference simulation in the same scenario with trams was also carried
out. In this reference simulation, the actual timetables have been used.

4.2.2. Relevant Vehicles

For the simulations, trams and FLAITs were modeled. The tram “DVG GT-10 NC-DU”
(Figure 6) was considered in the context of this contribution, which is currently used for
line 901 in Duisburg. Thanks to the support of the DVG (Duisburg Transport Company),
the parameters of this tram were made available. The important parameters of the vehicles
are listed in Table 2. For the FLAITs, in addition to the parameters in Chapter 2 and Table 2,
the demand-driven reservations and the flexible platooning must be modelled as vehicle
characteristics of the FLAITs and represented during the simulation.
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Table 2. Vehicle Parameters.

DVG GT-10 NC-DU FLAIT

Passenger Capacity 176 2
Maximum Speed 70 kph 80 kph

Normal Acceleration 1.3 m/s2 2.5 m/s2

Normal Deceleration −1.1 m/s2 −2.5 m/s2

4.3. Modelling and Simulation

To simulate the above scenario with the classic trams and FLAIT trains, the open-
source microscopic traffic simulation software SUMO (Simulation of Urban MObility) was
used. According to the requirements for the simulations and the conducted analyses of
different simulation software [53,54], SUMO was chosen as the simulation software for the
use cases of this contribution.

4.3.1. Vehicle Models
Tram

In SUMO, the existing vehicle class “Tram” was used to model and simulate trams.
The parameters from Table 1 replace the default parameters in source code. Because an
urban scenario was considered, the driving speed of the tram model was limited to 50 kph,
as it is the maximum speed allowed in German cities.

FLAIT

The FLAIT vehicles were modeled as a new vehicle class, “Flait” in SUMO. The
modeling combined the existing models of trams and taxis in SUMO. As a replacement
for trams, the FLAITs are only allowed to drive on the tram tracks (SUMO road type
“railway.tram”). The FLAITs stop at the last exit point of the passenger and only start again
when the next passenger reservation arrives. As with the tram modeling, the travel speed
of the FLAITs was limited to 50 kph within the scope of this contribution.

4.3.2. Passengers

In the simulations, different passenger groups were modeled using the SUMO function
“personFlow” [55]. For each group, are given as parameters. Because transport performance
is the focus of this paper, passenger walking distance and time were not considered as
criteria. For this reason, passengers were assumed to send out the FLAIT reservations at
the tram stops.

• the time to the second when the first passenger of this group departs;
• the to-the-second times until when the last passenger of that group departs;
• the number of group members;
• the street ID where the group departs;
• the stop where the group waits for tram or FLAIT train;
• the destination street ID where the group alights

To make more realistic comparisons, some passenger statistical data have been pro-
vided by the DVG (Duisburger Verkehrsgesellschaft AG). According to these statistical
data, the detailed passenger numbers of tram line 901 on a typical working day in 2018 are
available. The statistics have not been affected by the COVID-19 pandemic and represent
the typical traffic load of tram line 901. In Figure 7, the statistics from DVG are analyzed
and illustrated partially in comparison with available data in some literature.
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Figure 7. Distribution of Counted Boarding Passengers: (a) According to the Tram Stops; (b) Accord-
ing to the Hours.

Figure 7a shows the distribution of the counted boarding passengers at each tram stop
in the driving direction from Mülheim/Ruhr to Duisburg. According to the statistics, the
most passengers have been boarded at the tram stops “Mülheim main station” and “Luther
square”, in each case 31.56% and 24.81% of all boarding passengers in the morning (from
3 a.m. to 12 a.m.) as well as 24.37% and 21.86% in the afternoon (from 1 p.m. to midnight)
correspondingly.

Necessary data for the traffic capacity analysis of public transportation are the hourly
passenger distribution because the number of boarding passengers during rush hours is
the decisive factor for the necessary vehicle numbers and their required cycle time. In the
literature, no directly applicable distribution data was available, which have been derived
from the statistics. In [56], an hourly distribution of the complete passenger vehicles’ traffic
of a typical workday (Tuesday–Thursday) in the west German urban area is available,
as shown in Table 2 and Figure 7b in cyan in comparison with the statistics from DVG.
Because the publication focused on passenger car traffic distribution, the cyan line shows a
different behavior than the other lines derived from the public transport statistics.

In Figure 7b, the blue and red lines illustrate the timelines of the two driving directions
(from Duisburg main station to Mülheim main station and vice versa) based on the DVG
data. By calculating the mean values of these two lines, the second row in Table 3 was
generated and illustrated in Figure 7b in black.

Table 3. Hourly Passenger Distribution derived according to [56] and according to Statistics.

Name
Hourly Percentage Passenger Distribution [%]

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

TGw2_PKW [57] 0.3 0.4 1.2 4.6 7.5 6.7 5.3 5.1 5.1 5.3 5.4 5.7 6.8 8.5 8.7 7.5 5.1 4.0 3.1 2.1 1.6

DU-MUE 0.0 0.7 1.5 3.0 11.1 7.4 5.6 4.9 5.0 6.0 8.4 7.7 8.2 9.6 7.5 5.4 3.6 2.1 1.0 0.9 0.4

The demands for mobility generally seem to have remained similar in terms of quality
over the years, with at most slight differences in the characteristics of the transportation
means, which in the case of public transport in the evening and at night could also have
something to do with availability. The peaks in the morning and at midday for public
transport are probably due to schoolchildren, who do not have access to passenger vehicles,
which is why the curve of TGw2_PKW is flatter there.
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After the comparison, the timelines based on the statistics from DVG are better suitable
to represent the realistic German urban scenario. For this reason, they are used in the
simulations of this contribution.

4.3.3. Flexible Platooning

In SUMO, a toolbox, “Simpla” has been developed to simulate flexible vehicle platoon-
ing based on [57]. In the context of this paper, this toolbox was used. The Krauss model [58]
was applied as the car-following model. Because the FLAITs are highly autonomized
vehicles, the model of perfect drivers was used.

5. Results and Analyses

In the scenario presented in Section 4.2, daily transport using different transport means
has been simulated. Apart from the simulation with the classic trams, simulations with
different numbers of FLAITs, from 50 to 800 FLAITs, were carried out. Different delta values
between the considered numbers were chosen for the simulations (from 50 to 200 FLAITs
with a delta value of 10 FLAITs, from 200 to 500 FLAITS with a delta value of 50 FLAITs,
from 500 to 800 FLAITs with a delta value of 100 FLAITs).

Because the passenger distribution, according to the analysis in Section 4.3.2, has some
differences between mornings and afternoons, all simulation results from Figures 8–12 are
analyzed for mornings (trams in green, FLAITs in blue, 3 a.m. to noon), afternoons (trams
in cyan, FLAITs in black, noon to midnight), and the whole day (trams in magenta, FLAITs
in red, 3 a.m. to midnight) separately.

5.1. Average Waiting Time per Passenger

In the reference simulations with the tram, the average waiting time for mornings,
afternoons, and the whole day was determined according to the formula (1) and showed
similar values (respectively, 6.68 min, 6.95 min, and 6.85 min). For FLAIT-Train, the average
waiting time presented the same dependencies on the FLAIT numbers in the mornings,
afternoons, and the whole day, as shown in the logarithm scale in Figure 8. The simulation
results for the whole day are analyzed as an example.

With 50 to 140 FLAITs, the average waiting times (respectively, about 291 min, 241 min,
195 min, 151 min, 107 min, 60 min, 30 min, 17 min, 11 min, and 7 min) were higher than
the values for trams. With 150 to 180 FLAITs, this value was lower than the value from the
reference simulation and decreased from 5.6 min, 4.6 min, 4,2 min, to 3.9 min. With 180 to
800 FLAITs, this value decreased from 3.9 to 3 min and changed significantly slower.

This effect is because, from a certain number of FLAITs, in this simulation from 180,
at least one standing FLAIT is available for a future reservation. However, the further
increasing number of standing FLAITs has no more influence on the average waiting time.

Compared to the trams, passengers can save 30% waiting time on average with
160 FLAITs. From 180 FLAITs, even more than 40% waiting time on average can be saved.
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5.2. Maximum Waiting Time of a Single Passenger

In the reference simulation, the maximum waiting time of a single passenger riding a
tram was determined using the formula (2) and was dependent on the timetable [51], about
18 min in the morning, 30 min in the afternoon, and on the whole day, respectively. Like
the average waiting time, the courses of the maximum waiting time for FLAITs had similar
dependencies on the FLAIT numbers in the three time periods, as shown in logarithm
coordinates in Figure 9. The simulation results for the whole day are explained as an
example in detail.

The values of this key figure from 50 to 160 FLAITs are higher than for the tram and are
about 577 min, 484 min, 402 min, 319 min, 216 min, 134 min, 78 min, 55 min, 50 min, 39 min,
36 min, and 31 min, respectively. With 170 FLAITs and above, the values are lower than
the reference value. With 800 FLAITs, a single FLAIT passenger could have a maximum
waiting time of 16 min, and the relative saving compared to riding a tram is about 49%.

The maximum waiting time of a single passenger depends strongly on the applied
dispatching algorithm. An unsuitable cost function considered in the dispatching algorithm
could cause some single points with large maximum values. This paper used the dispatch-
ing algorithm integrated in SUMO without any optimization. In order to compensate for
such impacts of the dispatching algorithm on the simulation results, the maximum waiting
time of 98% and 95% of passengers were also analyzed, as presented in Figure 10.

The deviation between the values of absolute maximum in blue, the 98th percentile
of passengers in black, and the 95th percentile of passengers in red was significantly
recognizable already with 120 FLAITs (absolute maximum was about 55 min, maximum of
98% passengers was about 40 min and a maximum of 95% passengers was about 36 min).
With 170 FLAITs, the maximum waiting time of 98% of passengers was about 15 min
and already lower than the corresponding value for trams (about 16 min). With 200 to
800 FLAITs, the key figure decreased with a lower decreasing slope from 12 to 10 min, and
the affected passengers saved from 25% to 38% waiting time compared to trams.
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5.3. Average In-Vehicle Time per Passenger

Because the transport by FLAIT-Trains has no intermediate stops, the trip by FLAITs
takes, on average, less time than the tram trips, regardless of the periods, as shown in
Figure 11. According to Formula (3), the average in-vehicle time per tram passenger was
determined. Depending on the departure and arrival stops, this resulted in about 7.7 min
in the morning, 6.9 min in the afternoon, and 7.2 min for the whole day.

Compared to the reference values of the tram simulations, the trips of 50 to 800 FLAITs
took between 5.1 and 5.2 min in the morning, between 4.6 and 4.8 min in the afternoon,
and between 4.8 and 5 min. By saving the intermediate stops, a passenger saved about 32%
of travel time in the morning, 30% in the afternoon, and 31% on the whole day.
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5.4. Daily Transportation Productivity

According to the timetable [51], the transport duration is 8.4 h in the morning, 12 h
in the afternoon, and 20.4 h for the whole day. Correspondingly, the daily transportation
productivity with trams determined according to Formula (5) is 511,146 persons·km/day
in the morning, 555,478 persons·km/day in the afternoon, and 537,181 persons·km/day on
the whole day.

As presented in Figure 12, the simulation results with FLAITs showed some differ-
ences between the different periods. For this reason, the three time periods are analyzed
separately in detail.

5.4.1. Mornings

Because all the passengers from the departure stops arrived in the morning were
transported to the destination by FLAITs, the total transport performance in dependency of
the number of FLAITs remained almost the same in a range between 724,937 and 741,735
(relative change lower than 2.3%) with 50 to 800 FLAITs. Due to less travel time, the values
of FLAITs are higher than this key figure for trams. Compared to the reference simulation,
the daily transportation productivity of FLAITs increased by more than 41.8%.

5.4.2. Afternoons

With 80 FLAITs and above, FLAIT-trains could show higher daily transportation pro-
ductivity compared to trams (see Figure 12). From 50 to 100 FLAITs, the transportation pro-
ductivity increased sharply and linearly with values from 172,219 to 811,771 persons·km/day.
From 100 FLAITs, this key figure ranged from 788,722 to 811,771 persons·km/day and varied by
less than 3%.

The curve has this behavior because all passengers, who waited at the stops, could
not be transported to the target stop with less than 100 FLAITs until midnight. From
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100 FLAITs, all passengers were transported to the target stops, and the further increasing
number of FLAITs has no more influence on the transport performance.

Compared to the reference simulation, the total traffic line increases by more than 42%
from 100 FLAITs.

5.4.3. Whole Day

As shown in Figure 12, the curve of the daily transportation productivity in depen-
dency on the number of FLAITs presented a similar course to the afternoon one. FLAIT-
trains with more than 70 FLAITs could have higher productivity compared to trams. Like in
the afternoon, the productivity with 50 to 100 FLAITs of the day increased linearly with the
values from 407,267 to 779,530 persons·km/day. From 100 FLAITs, this key figure remained
in a value range between 763,468 and 779,530 persons·km/day. The values varied by less
than 2.1% if the whole day was considered. The normalized transport performance increases
by more than 42% with 100 FLAITs and above compared to this key figure of trams.
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5.5. Total Annual Service Provider’s Costs

Some parameters have been taken from the literature to calculate the total annual costs
of trams. According to [5], the investment costs for infrastructure amounted to 12 M€/km
in 2008. The German inflation rates, published by the federal statistical office Germany
in [58], have been considered to estimate the current costs. Furthermore, the lifetime of the
relevant infrastructure has been taken from the official statement of the German Federal
Ministry of Finance [59]. The vehicle cost of one tram, the operating cost per vehicle·km
and the annual mileage of the tram have been found in [5]. The lifetime of the tram has
been stated in [48]. Using the Formula (9), including the parameters mentioned above, the
annual costs of six trams, and the minimum tram number to cover the timetable of [51],
amount to approximately 9,278 k€.

For the FLAIT-Trains, the investment costs for infrastructure and vehicles are in each
case 1.8 M€/km and 37,500 € per vehicle without consideration of the volume discount.
The annual operating costs amount to approximately 4,630 € per vehicle.

The simulation results of this key figure are shown in Figure 13. Due to the linear
dependence of the vehicle numbers, the annual costs of FLAITs increased linearly with
the increasing number of FLAITs. The annual costs of the service provider amounted to
1,276 k€ for 10 FLAITs, while the costs were 11,775 k€ for 800 FLAITs. From 700 FLAITs,
the service provider must pay more costs (10,375 k€) for FLAITs than trams. In the future,
the number of FLAITs with more costs than trams will not be considered.
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6. Conclusions and Outlook

In this paper, an alternative system to the conventional tramway system has been
simulatively investigated and analyzed. The pros and cons of tram and FLAIT-train are
summarized in Table 4.

Table 4. Pros & Cons of Trams and FLAIT-Trains.

Tram FLAIT-Train

Pros

+ Environment friendliness
+ Cheaper compared to using a private car
+ Possibility to avoid traffic jams
+ High passenger capacity

+ Environment friendliness
+ Cheaper compared to using a private car
+ Good accessibility (without fixed stops)
+ Shorter waiting time
+ Shorter in-vehicle time
+ Independence of the time schedule
+ Better seating comfort and privacy due to low passenger numbers
+ Lower investment and inspection costs

Cons

− Poor accessibility to fixed stops
− Long waiting time
− Long in-vehicle time due to intermediate stops
− Lack of passenger’s privacy and comfort
− High investment costs for infrastructure
− High inspection costs
− Large surface area occupancy

− Large needed number due to low passenger seating capacity
− Large surface area occupancy

Five measures, the average waiting time per passenger, the maximum waiting time
of a single passenger, the average travel time per passenger, the daily transportation
productivity, and the total annual service provider’s costs, were considered in the system
performance evaluation. An urban scenario based on the statistics was generated in the
SUMO simulation environment. In this realistic scenario, it was shown from the simulation
results that the transport capacity of the 30 tram trips according to the timetable in this
scenario was covered by 170 FLAITs with better performances. The transport capacity
comparison between trams and FLAIT trains is shown in Table 5.

In the simulations with FLAITs, the state of charge of the vehicle battery was not
considered. Every FLAIT-train could drive without a battery charging. In future steps,
the battery capacity, energy consumption, and the charging infrastructure (like a charging
station) will be considered as the constraints in the simulations. Using that, the exact
number of FLAIT-trains required in the realistic urban scenario can be determined.
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Table 5. Transport Capacity Comparison between Trams and 170 FLAIT-Train.

Time Period Tram 170 FLAIT-Train

Passenger Capacity per Vehicle - 176 2

Average Waiting Time [min]

Mornings 6.7 4.7

Afternoons 7.0 3.9

Whole Day 6.9 4.2

Maximum Waiting Time [min]

Mornings 18 28.9

Afternoons 30 26.5

Whole Day 30 28.9

Average In-Vehicle Time [min]

Mornings 7.7 5.2

Afternoons 6.9 4.7

Whole Day 7.2 4.9

Daily Transportation Productivity
[Persons·km/day]

Mornings 511,146 724,937

Afternoons 555,478 796,563

Whole Day 537,181 767,002

Total Annual Costs [k€] - 9,278 2,956

Operator’s Annual Operating Costs [€/km] - 66.9 1 39.3
1 Determined according to [5] taking the German inflation rates into account.

Furthermore, the dispatching algorithm integrated into SUMO was used in this paper.
According to the simulation results, only the average waiting time was considered as a
cost function in the dispatching algorithm. There are some optimization potentials in the
dispatching algorithm. If further key figures, like the maximum waiting time of a single
passenger and total transport performance, are considered in the calculation of the cost
function, a better transport capacity of the FLAIT-trains can be achieved.

The Krauss model with the perfect driver model was applied to modeling flexible pla-
tooning. Afterward, further available car-following models, e.g., the model for autonomous
vehicles specified in [60], will be tried in further research.

As an intermediate solution of the FLAIT-Train, some problems of the conventional
trams are still be solved by the considered FLAIT system, e.g., the large space occupancy. It
could be improved in the next step to achieve fully autonomous FLAIT-Trains. Furthermore,
one advantage of the FLAIT, no fixed stops, has not been considered in the simulations of
this paper. It must be considered in future analysis.
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