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Over the last century, cities have developed as a function of increased usage of automobiles as the standard transport mode.
The number of cars increased along with the population as highways and parking spots became essential in city planning. Now,
there is more focus on how the existing infrastructure could be used as efficiently as possible rather than increasing capacity by
merely building new roads. An important part of traffic planning is a sustainable transport system, which thereby reduces
congestion and emissions by using the available capacity in a more efficient way.

Traffic simulation models are tools for assessing new mobility solutions and analysing changes in the infrastructure, such as
rearranging intersections and building new roads. Transportation is undergoing a profound and significant transformation as it
seeks to fulfil the promise of connected mobility for people and goods while limiting its carbon footprint. Physical changes to the
road network mean large investments that must be comprehensively considered before acting. Modelling different scenarios of
infrastructural changes allows making forecasts without any physical changes. Autonomous vehicles are potentially changing the
economics of ownership as well as the use of the transportation networks, which will likely accelerate trends towards greater use
of app-based ride hailing and/or sharing by private transportation network companies. American and European cities are seeing a
rise in several potential business models with varying degrees of ride sharing and public vs. private involvement in delivering
mobility services (MaaS). Implications for transit agencies and mobility service providers must be evaluated, and this can be done
by traffic simulation models that provide a model-based framework for evaluating the mobility impact of new services.

Today, data is generated on a very large scale by a wide range of sources such as sensors, embedded devices, social media, and
audio/video. Advances in storage technologies and their continuously falling prices allow collecting and storing huge amounts of
data for long periods of time, creating entirely new markets for evaluating this data. Recent studies compare the value of data to
modern business as equivalent to the value of oil, even going so far as to refer to data as “the new oil”*. However, as is the case for
crude oil, data in its raw form is not very useful. To transform crude oil into value, a long evaluation chain composed of
heterogeneous transformation steps needs to be applied before oil is converted into the essential energy source we all so heavily
rely on. The process of turning raw data into valuable insights is referred to as data analytics. Big data have been a significant new
resource in many fields over the last decade, and most current analytic techniques process the data through a pipeline: they first
extract the data to be analysed from different sources, e.g., databases, social media, or stream emitters; they copy them into some
form of usually immutable data structures; a stepwise process is applied; and then output files are produced or social media is
minded for trends (even in near real-time). While this is very suitable for tasks like sorting vast amounts of data, huge logs analytics
is less suitable for domains such as urban transportation with its complicated relationships between different agents characterizing
urban mobility. Simulation model-driven approaches are powerful because they rely on a profound understanding of the systems
and processes, thus providing benefits from scientifically established relationships.

According to reputed studies [1], Berlin and London have similarly shifted away from traditional patterns of urban mobility.
They are dynamic cities undergoing extensive socio-economic pressures with high levels of national and international immigration
and related processes of inner-city gentrification. Both cities have forward-thinking city governments that have implemented
progressive land-use and transport planning policies through investing heavily in public transport, walking, cycling and the public
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realm. Furthermore, both cities have thriving tech industries and are using this economic specialization to foster innovation in
electric vehicles, car sharing schemes, smart cards and mobile travel apps. The combination of these shared factors means London
and Berlin can be considered “ahead of the curve” in terms of changing travel patterns. The pace of digitalisation in transport,
especially in cities, has accelerated in recent years as many new technologies have been introduced and citizens have adopted new
behaviours. Both within and outside the transport sector, technology has become conflated with evolving societal trends and new
relationships centred around the production and consumption of services, which has occurred more quickly than many authorities
anticipated, thus outpacing the speed of regulatory adjustments. These are real challenges for public authorities, and it is likely that
the present disruptions foreshadow even greater ones in the future.

Metropolitan travellers usually have a variety of transport modes to move from their origin to their destinations. When deciding
which transport modes to use, they consider a number of criteria such as: cost; travel time; flexibility to changes in trip planning;
and convenience (distances from origins to the starting point of the journey or from the end of the journey to the destination);
among others. The shared journey (ridesharing, trip sharing) modality refers to a mode of transport in which single travellers share
a vehicle and the associated costs for making a journey. From a conceptual point of view, it is a system that can combine the
flexibility and speed of private vehicles with the low cost of the fixed public transport system while also favouring convenience.
Many of the existing services have emerged in an informal and spontaneous way, more as a result of ingenious private initiative
than as a consequence of conducting a study and developing a subsequently appropriate design. As a result, the coordination of
vehicle sharing services is a casual and disorganized activity that works best when used as a regular transport alternative. The
greatest challenge still lies in coordinating and timing itineraries in a systematic way that explicitly takes into account user
requirements and interests [2]. A practical example of rethinking public transport via the concept of transport on demand [3] is
given by the KUTSUPLUS project in Helsinki.

This has become a "hot trending topic", not only because it represents a potentially very efficient way of restructuring mobility
services, but because from the perspective of sustainable urban mobility it can represent a very efficient way to reduce the number
of private vehicles on a road network. The reason for this is that shared vehicle services can reduce the use of private vehicles and
thus reduce congestion, environmental impacts and energy consumption while increasing service efficiency. The International
Transport Forum (ITF) of the OECD [4]-[6] has declared this to be one of the key issues in future mobility. The papers by Ma et al.
[7] and Boesch et al. [8] illustrate these research efforts.

A glimpse at the potential of new mobility services has been provided by transportation data analytics based on ICT technologies
as well as by reports from Lisbon, Helsinki and Auckland [4]-[6]. These relied on the simulation of working day scenarios, including
the current modes and the different adoption rates of the new shared services, all of which were examined to assess how the
optimized use of new shared modes can change the future of metropolitan mobility. Traffic simulation provides a detailed array of
indicators that allow measuring impacts on the city and on the transportation system, such as: decreases in CO2 emissions; required
parking spaces; car use; congestion; changes to accessibility; the extent of the modal shift; and the performance of new shared
services, both from a user perspective (travel times, waiting times, access times, number of transfers) and on the
operator/production side (number of vehicles, occupancy, depot location and sizes, costs). The indicators produced for different
scenarios increase our understanding of the policy implications emerging from these new services. The ultimate goal of those
documents is to provide local authorities and other public officials with meaningful advice for the challenges and opportunities
brought by these new services.

Why CitScale?

Simulation is a technique [9] in which a sampling experiment is performed on a dynamic real system formally represented on a
computer model. Simulation assumes that the model evolves over time in a proper imitation of the modelled system’s evolution.
Thus, samples of the observational variables of interest are collected, which are used then to draw conclusions on the system
behaviour by means of statistical analysis techniques. From a methodological point of view, it is necessary to analyse several
replications of each scenario, with the set of scenarios being defined through an experimental design that considers different
policies and management of Maas services.

A huge amount of data is involved in analysing the traffic simulation results delivered by microscopic traffic simulation models.
Traffic simulation platforms are currently based on shallow graphical outputs for analysing their results; however, they are limited
in terms of customization for comparing and jointly describing the basic Key Performance Indicators (KPI) for a set of replications
in an experimental design.



CitScale: a visualization tool based on traffic simulation

The CitScale tool is a simulation-based platform developed in inLab FIB at Universitat Politeécnica de Catalunya (UPC) [10] for
visualizing, analysing and comparing experimental designs that simulate urban scenarios of new mobility concepts and new
automotive vehicles. This platform provides a graphical interface to compare and display traffic simulation results.

CitScale [11] is interactive and performs analytics on traffic simulation results after completing the executions. In addition, it
can be accessed from any browser without any need of a traffic simulator on the user side. It allows simultaneous access to the
data results from different experiments and simulation models. The system assists analysts in evaluating and comparing potential
scenarios that apply new mobility vehicle/concepts and policies. CitScale is based mainly on the development of geo-located map
visualizations in order to be able to improve the interpretation of simulation results, which helps the analysts who work daily on
these types of projects; but it also supports demonstrations for clients and visitors. A prototype service for calculating static and
time-dependent shortest paths has also been developed and integrated.

CitScale: A Simulation Testbed

Figure 1 shows the proposed simulation testbed, which is composed of an Executions Controller, a Traffic Simulation module, a
Result Processing module and a Visual Analytics module. The visualization and analysis tool has been implemented using Shiny [12],
a web application framework for R that simplifies the development of simulation results analysis into interactive web applications.
The shiny web application is agnostic to the traffic simulation platform. In order to emulate new vehicles and concepts, several
components in the traffic simulation model must be developed using API extensions. The simulation results analysis is performed
by two fundamental and independent components: a Result Processing module and a Visual Analytics module. Both are essential
for properly automated functioning: one handles the automated preparation of data and the other the data visualization. In
addition, the Result Processing module in Figure 1 covers the entire pre-processing of data automatically. In this way, the Visual
Analytics module can use the results of the traffic simulation environment directly without need for a manual update.
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Fig. 1. Simulation Testbed Architecture.



Traffic Simulation Environment

The Traffic Simulation Environment of the framework (Figure 2) is composed of a traffic simulation tool and a set of auxiliary
modules and functions that customize the traffic model. This serves to extend the standard functionalities of the simulation tool,
which allows working with the specific requirements of the different analysed case studies.
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Fig. 1. Traffic Simulation Environment.

Traffic and transportation modelling applies the same steps as any generic methodology for model building [13]. Mobility must
be understood as a social and economic phenomenon, a consequence of human activities distributed across space and time. These
activities generate the need to move people and freight between various points, which in turn generate the trips to accomplish
them. The demand is the first main component in any transportation system model, and it can be considered in various ways.
CitScale supports an aggregated representation of the demand, based on origin-destination matrices between transportation
analysis zones for a time period and user class. User class can refer generically to either a purpose, to a vehicle type, or to a
combination of both.

Another main component of transportation models is the supply network and its conditions of use, specifically in terms of traffic
management and control policies. The network is modelled in a way that depends on the objectives of the transportation system
analysis. CitScale supports either microsimulation network models (very detailed representation), or mesoscopic network models
consisting of:

e Different degrees of detail in the network geometry, ranging from a simple graph representation to a very detailed
representation of the geometry, depending on the modelling approach and the model’s purposes.

e An explicit description of the traffic control settings.
e Possibly other objects (detectors, variable message panels, etc.), depending on the model’s objectives.
The pervasive penetration of new vehicles and concepts must be evaluated by traffic models capable of emulating:

e Replacement of fossil fuel propelled vehicles with vehicles that have more efficient engines propelled by alternative or green
energy sources.

e Similar scenarios that have been drawn up for connected vehicles when the main goal is to replace old vehicles with new
ones. The main challenge in these cases is estimating the impacts when a combination of conventional, connected and/or
autonomous vehicles coexists.

e Urban policies that promote citizens riding bicycles and making the city safer for them as an important component of
sustainability action plans. In order to shift from private cars to shared bicycle systems and lightweight three-wheeled
electric scooters, among others, it is generally necessary to establish a segregated bicycle network throughout the city.



e New mobility concepts such as those under the Mobility-as-a-Service (Maa$S) paradigm, car-sharing and multiple passenger
trip-sharing. These indicate a shift away from personally owned modes of transportation and towards mobility solutions
that are consumed as a service. Transport information together with telecommunications infrastructures allows developing
real-time systems that convert mobility into a service.

In addition, to fulfilling the purpose of this framework, the embedded simulation tool must have certain capabilities, namely
that it must be able to:

e Represent the road network geometry in detail.

e Realistically emulate the time evolution of traffic flows on the road network. Vehicles in the simulation model travel from
origins to destinations along the corresponding paths while taking into account the time.

e Deal with multiple vehicle classes with differentiated behaviours in order to account for the specific characteristic of the
vehicles in the fleets being studied.

e Provide a real-time interface access during the simulation. These libraries should offer information relative to the vehicles,
nodes and arcs in the graph that represent the network topology, traffic lights, computed paths, etc. This would allow
implementing the aforementioned functions and modules when addressing different case studies. Furthermore, it is also
interesting that the simulator can interact with external applications, by using either these very same interfaces or any other
method.

Different network representations and simulation approaches have been used: mesoscopic and microscopic. One of the two
will be selected according to the specific necessities and expectations of the project. Macroscopic models could also be incorporated
into the platform.

The current implementation of this framework includes Aimsun [14] as a traffic simulation tool, although this selection could
easily be changed. The exchange of information between the external application and the simulator is made at every simulation
step, which is the time interval at which the estate of the simulation model is updated. The programming languages in which Aimsun
provides its APl are C++ and Python. While Python is used to easily collect some of the data, C++ is needed for the emulation of the
different applications due to performance reasons.

Execution Controller

An experimental simulation consists of a certain predefined number of replication executions. These replicas are launched from
a controller, and a pre-process sets each of them up. At the end of a simulation, a post-process is run in order to collect the data
generated from it.

e Controller: responsible for launching the simulator. In addition, it manages the directory tree where the execution results
are stored along with a history of all the executed simulations.

e Pre-run process: computes the previous calculations of items, such as demand matrices, vehicle type configuration and
others that depend on the experiment’s specific requirements.

e Post-run process: during this process, the selected KPIs are extracted from the output databases generated by the simulator.
Additionally, other data required for the visual analytics features is also collected (section and turning information, etc.).

Results Processing module

The Results Processing module [15] covers the automatic collection and pre-processing of the data before its visualization. This
module is composed of an Extract-Transform-Load process (ETL Process), which is responsible for finding new execution results
from recently performed simulations and processing them for the Visual Analytics module.

These results are stored on a server and are obtained from two types of files:
e SQlite databases, which are standard outputs from the Aimsun simulator.

e (CSVfiles, which are generated by specifically developed APIs during the executions of the replications. These depend on the
application that is being emulated.



Specifically, the ETL Process refers to extracting, transforming and loading the results of the traffic simulation executions. In
particular, it performs the following actions:

e Load new simulation replication results.
e  Store replication KPIs that the simulator provides by default and which are needed for analysing the results.
e  C(Calculate and store replication KPIs that the simulator does not provide by default. (For instance, flow by lane).

e Calculate and store global KPIs for each simulated scenario.

The output of the ETL Process is a set of RDS files (internal single object files) in an R [16] data frame-like format, which allows
enhancing the subsequent access speed. This improvement is possible because the Visual Analytics module does not need to
directly access and process the data from SQLite or the CSV files each time they are generated by the simulation executions. In fact,
this pre-process reduces the time by 99.5% in comparison with direct access [15].

Visualization and analytics

The Visual Analytics module in Figure 3 is based on Lorente [17] and covers the display of the simulation results from any
previously defined replication execution. In addition, it allows for the visualization of input data and other simulation model details.
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Fig. 3. Overview of CitScale’s Visualization possibilities.

The development of this module includes two different components:

e The visualization application that is implemented with R in the framework of Shiny [18], which allows for development
without directly using web code languages.

It is important to note here that, for performance reasons, the C++ development language is also used in some of the
application computations. Furthermore, for greater efficiency in some cases, certain processes are implemented directly
with HTML, CSS and JS.

e Direct user access to the server hosting the application. The Shiny server’s functionalities facilitate this process.

The Visual Analytics module provides different kinds of analysis for evaluating traffic simulation results, depending on the case
study.

First, the case study must be selected using the CitScale platform, as shown in Figure 4.
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Fig. 4 Case Study Selection on the CitScale Platform.

Traffic simulation results depend on the simulation study, because these results depend on the traffic assignment tool that was
selected in the experimental design for the study’s simulation engine. Whether they are graphic or numeric, KPI Analytics are
available for all case study scenarios. For comparison, a base scenario and an alternative scenario must be selected. In the lower
part, different drop-down menus are available for changing the base/comparison scenario configurations. These drop-down menus
allow choosing from among all possible configurations for the experimental design. The KPIs are obtained by combining the results
from all replications of each configuration. The following provides an outline of the analytical capabilities based on the case studies
analysed through the CitScale platform. Four simulation projects have been incorporated into the CitScale platform as case studies:
Eixample, Metropolitan, CoCar and Connected Car. The Eixample, CoCar and Connected Car cases rely on Aimsun microscopic
simulation modelling for Barcelona city’s Central Business District (CBD), which is called the Eixample; while the Metropolitan case
study relies on a mesoscopic simulation model for the Inner Ring Road area of Barcelona’s Metropolitan Area, which includes the
city of Barcelona and parts of the metropolitan municipalities L'Hospitalet, Esplugues, Cornella, Sant Adria and Santa Coloma.

The Key Performance Indicators that can be analysed on a time-dependent basis are:
e Total Travelled Distance (km).
e Total Travelled Time (h).
*  Fuel - Total litres of fuel consumed.
. CO2 (kg).
*  NOx (kg).
e Average Travel Time (sec/km).
e Mean Delay time (sec/km).
e Density (veh/km).
*  Average speed (km/h).
*  Average Flow (veh/h).

e Throughput rate (%) completed trips divided into total number of trips for 1h.

Eixample Case Study



A microscopic simulation [19] approach was chosen for evaluating the selected scenarios in the case study’s experimental
design. This allows us to quantify the impact of vehicle concepts such as electric bikes (E-Bikes), Last Mile Surfer (LMS) and electric
vehicle (E-Vehicle) penetrations [20]. A brief description of the visualization possibilities can be found in the following:

e Global KPI analysis: This component shows different summary tables for all the simulation scenario results from each
particular experimental design (Figure 5). The first table displays the global values for each defined KPI and scenario,
and the two additional tables display relative and absolute differences between each of the base scenario
configurations.
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Fig. 5 Example of Global KPI Table Visualization.

e City network impact: This analysis allows visualizing the KPI results of a simulation replica by superimposing it over the
current network model. It shows the selected KPI values at the link level for each simulation interval (3 min) and the
overall simulation horizon (1h). In Figure 6, a fuel consumption KPI plot for a 1 h time horizon is indicated by a particular
colour, depending on the platform-defined scale. On the left hand side, filters and KPI selector are available. A visual
comparison of scenarios is shown in Figure 7. Relative/absolute comparison functions can be selected via drop-down
menus. Specifically, this allows us to visualize the fuel consumption KPI comparison for each simulation interval or,
alternatively, an animation allows us to evaluate the temporal evolution of the KPIs for any given scenario comparison.
Also, the histogram on the top right side gives an idea of how the KPI comparison behaves over time.
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Fig. 7 Barcelona’s CBD Scenarios for comparison of KPl Network Impact Visualization.

e Analysis of routes used: This analysis allows visualizing all the paths used in a simulation replica on a time-
dependent basis. Selecting the specific vehicle class (regular car, e-vehicle, e-bike, LMS) is allowed in the dropdown
menu. Either Auto or Bike network can be selected. A line-path visualization renders all the streets included in the
origin-destination paths for each vehicle class (Figure 8). This particular analysis can be performed on Barcelona’s CBD
case study because a microscopic simulation approach allows for individual vehicle tracking and obtaining vehicle class
origin-destination path statistics. The road segments used on paths from origin to destination centroids (OD paths)
and all vehicle classes are shown in the Fig. 8 visualization. Specifically, this visualization shows OD paths using an
opacity scale according to the OD path flows (i.e., the more opaque it is, the greater the flow of vehicles along the



road segments on the OD path). In addition, the right side provides some information on all road segments and their
statistics, as well as the legend and individual information on each section.

City Effecis

: -3
InLab*ris

Filters

Origin-Destination Pairs (0D Pairs)
Origin Destination

14306 - 14665 -

Paths Computing
(@) simulated by Aimsun

() Wew Shortest Path

Vehicle Class

Al -

Path colars

@® By Num Venicles

Q eyTrip

Diffarent paths to show
12345678911 1213
14 16 16 17 18 19 20 21 22 238
24 25 26 27 28 29 30 31 32 38
34 35 36 37 38 39 40 4] 42 43
44 45 46 47 48 40 50 51 52 53
54 55 56 57 58 59 60 61 62

Different
Mean tra: @ 20.53 min
Mean distance 5.98 km

Section Info
Hover over a section ling

Centroids
@ origin
(®) costination

Num vehicles
g - 1.00
-32.20
- 68340
ad 80

Fig 8. Example of Trips Visualization.

Mobility patterns: This feature shows a visualization and analysis of the overall horizon mobility patterns (origins and
destinations of the trips). The trips among origin-destination pairs are displayed, as well as the demand generation
and attraction of each centroid. This display is shown at the vehicle class level and for the whole metropolitan area.
Remarkable desire lines (OD relations with remarkable number of trips) are clearly highlighted (Figure 9). Filtering OD
pairs according to the number of trips or OD trip length (Euclidean distance between centroids) are also allowed. A
histogram of the active number of OD trips is displayed in the upper right visualization.
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Metropolitan Case Study

A mesoscopic simulation approach was selected for the metropolitan [11] scenario because the dimensions involved in
executing microscopic simulation replicas would make the computational burden. The inner ring part of the Barcelona metropolitan
area was considered in the traffic model for this project and subsequent visual analytics. It comprises 102 km? and more than
1,700,000 inhabitants. The model of the inner rings area consists of 16,000 links, 8,000 nodes and a horizon study of 4h, accounting
for a total number of 350,000 vehicle trips. This case study addresses:

e Vehicle concepts related to electric vehicle penetration (10%-25%-35%-30% levels)
and mobility concepts such as:

e The impact of 2 new hubs defined across the area (issues regarding trip distribution changes were defined for the origin-
destination demand matrices that are the input to the mesoscopic simulation engine). The aim of Microcities is to reduce
the number of trips that arrive at their final destination by car, leading to fewer emissions and less congestion. The total
trip attraction in target areas is proportionally increased by the additional parking capacity (either 1,500 trips—5,000 lots,
or 3,000 trips when 10,000 lots per parking are considered). Thus, former destinations are reduced in affected zones for
trips that consider parking at new hubs. Microcities Mesoscopic modelization is affected by 2 parameters:

0 Microcity location. Gran Via 2 and the Glories shopping areas.
0 Microcity capacity (number of parking lots). We consider a large number of either 5,000 or 10,000 lots.

e Tripsharing penetration scenarios. The aim of trip sharing is to reduce the number of cars in the network; thus, fewer
emissions and less congestion must be observed. Trip sharing Mesoscopic modelization is affected by 3 parameters:

O Percentage of the total number of trips suitable for TripSharing (tested levels 0%, 15% and 30%).
0 Maximum number of passengers for shared vehicles (selected max 4 pax/car).

0 Interval length T for grouping common trips (a 15-min window is selected): only trips with the same origin and
destination and starting time are considered for trip-sharing purposes.

e  Starting trip time share for OD trips over hours involved in the time-horizon (4h): 10%, 25%, 35% and 30% hourly distribution
was set as the reference level (current situation in the study area); while 3 alternative levels were also addressed, one of
them being the full-balance situation 25%-25%-25%-25%.

Fig. 10 on the left shows the status of each selected road segment with respect to the selected KPI. The comparison function of
the KPI between the two scenarios is shown in the right-hand graph. This last visualization allows evaluating which of the two
scenarios gives better results. This analysis can be seen from two points of view:

e By comparing a new scenario with the base scenario (which represents the current situation, in general), it is possible to
evaluate whether the new situation improves the state of the road network. Specifically, the selected KPI is contrasted with
the base scenario.

e By comparing two new scenarios based on different concepts, one can evaluate which of the two is better.

In addition, an animation can be displayed to illustrate either: the evolution of the selected KPI over each time interval (15 min)
in the defined time horizon (4h for this case study); or the aggregated results for the overall time horizon (4h).

The drop-down menu on the left banner allows us to select the vehicle class (either regular car or e-vehicle in the current study)
and auto network (car lanes option). These are the only possibilities, as bikes cannot be modelled by mesoscopic simulation.
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Fig 10. Metropolitan Case Study: KPI Visualization. Left: basic scenario. Right:Comparison of 2 scenarios.

An ad-hoc visualization for CO2 emissions KPIs was included, as shown in Figure 11.
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Fig 11. Metropolitan Case Study: CO2 Visualization.

The conclusions drawn from the KPI analysis through CitScale are:
e Astrip sharing penetration increases, average travel time for cars is slightly reduced and delay times are strongly reduced.
e Astrip sharing penetration increases, average speed slightly increases by between 2% to 3.5%.

e Astrip sharing penetration increases, fuel consumption and emissions KPIs are strongly reduced at the same rate, plus an
extra rate.

e Ase-Vehicle penetration increases, traffic KPIs for cars become stable.
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As e-Vehicle penetration increases, fuel consumption and emissions KPIs reduce at the same rate (fuel), plus an extra rate
(CO2 and NOx).

As Balanced Mobility changes, the demand becomes more homogeneous and the effect seems to be a slight improvement
in almost all the KPls.

The demand pattern is modified with Microcities and no significant differences are found in the global KPIs. Differences
can be found as local effects in the map representation.

CoCar Case Study: Multiple Passenger Ride Sharing

The objective of this case study based on simulation is to evaluate a new mobility concept under the Maa$ paradigm: multiple
passenger trip-sharing [21], [22]. This describes a shift from personally owned modes and towards mobility solutions as a service.
Transport information, together with telecommunications infrastructures, allows for the development of real-time systems for
converting mobility into a service.

In order to extend the standard functionalities of the selected simulation tool so that it can deal with the specific requirements
of this case study, innovative mobility concepts were incorporated into the Custom Module (Figure 2). The aim of trip sharing is to
reduce the number of cars in the network, thus producing fewer emissions and less congestion.

CoCar Vehicle characteristics were assumed to be: a length of 5.0 m and width of 2.10 m, both fixed.
Car-following and lane-changing driving behaviour parameters
0 Desired speed fixed at 50 km/h
0 Full speed acceptance at segments, no variability considered
O Reaction time between 0.8 sec and 1.2 sec at stops.
Inter-vehicular distance: 1m, no variability considered
Route Choice selection: Vehicle Routing algorithms specifically for serving trip requests
No Origin-Destination data for fleet units
Network use: regular and bus reserved lanes
Stops: At bus stops and specific locations at chamfered intersections (known locally as chafldns)

Demand penetration scenarios of 5%, 10% and 15% of total autos during the morning period.

The system was designed to be flexible in order to host a wide range of service possibilities by setting the values of parameters
determining the behaviour of the system, such as:

¢ Fleet size, vehicle capacity, and the market quota for the new mode as a percentage of total passenger car demand
for the study period

e Fully flexible routes, fixed routes or mixed routing

¢ Boarding/Alighting either everywhere in the network, at pre-defined stops, regular bus stops, or any chamfered
intersection in the Eixample geometry

¢ Depot existence: number and location
*  Pre-booked demand service available or not
¢ Combined service for passenger and freight distribution

e Use of reserved bus lanes

The factors considered in the experimental design are:

e Capacity of vehicles operating in the new model: 6, 8 or 10 passengers

¢  Fleet dimension: 250,500, 750 or 1000 vehicles.
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¢ Time windows in which the demand requests must be served (pick-up and delivery): 10, 15 or 30 min, or without
constraint.

*  The percentage of total demand for the study period that is not pre-booked in advance: 0%, 20%, 50%, 80% and 100%.
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Fig 12. City networks impacts (density) and car-sharing patterns.

Figure 12 shows the city network impacts of the CoCar system and the proposed demand generation patterns. The key
conclusions drawn from the results after executing the microsimulation CoCar case study in CitScale tool are:

¢ Fleet size has an important effect on the percentage of served demand requests. With a total demand request of 10% of
the private vehicle demand (approx. 3.300), with 500 vehicles in the fleet, the CoCar system can serve approximately 78%
of the requests. With 750 vehicles, the percentage increases to 90%. With 1000 vehicles, the percentage is practically the
same.

*  The median occupancy is 2.14 pax/vehicle.
e The average service time decreases when the percentage of dynamism in the demand request decreases.

¢ The time window factor has a significant effect on the average service time. It explains nearly 80% of the total variability
in service time.

Connected Car Case Study

This case study shows how the traffic data on Connected Car penetration [19], [20], [23] could improve existent navigation
strategies for guided vehicles and lend support in reducing city-wide network congestion effects. Drivers were divided into Guided
and Non-Guided for each of the three vehicle classes, defined according to driving behaviour: tourist (low network and congestion
knowledge); regular drivers (knowledge of congestion for daily-used routes); and Expert drivers (level of congestion known for
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routes). Comparative analysis of navigation strategies (lane-based vs. link-based) was also addressed. The design of experiments
for microsimulation modelling was composed of seven factors, each defined by 2 to 5 levels:

Factor A — Type of drivers, i.e. Expert, Regular and Tourist (triplets E-R-T). This affects car—following, lane changing and
gap acceptance model parameters. Route choice behaviour is also type dependent. Considered Levels: 40-50-10 (ref), 0—
90-10 and 20-70-10.

Factor B — Navigation Penetration: Percentage of the total vehicles following Route Guidance Mobility Service.
Considered levels: 5%, 10% and 20% (ref). A 100% Guidance Acceptance was also considered.

Factor C — Demand Pattern, Historically Based Increments: Increments in the historical patterns of the long trip segment.
Considered Levels: 0%, 20% (ref).

Factor D — Connected Car Penetration (CCP): Penetration rate of the total number of probe cars (equipped with GPS
tracking). Considered Levels: 0%, 10%, 20%, 30%, 100% and Perfect Info (ref). Traffic variables derived from equipped cars
depend on estimators: speed, density, flow, speed in motion, queue length, percentage of stop time, etc.

Factor E — Time-window: length of time necessary for using Connected Car data to estimate traffic variables. Considered
Levels: 3 min (ref) and 6 min.

Factor F — Navigation Strategy: Considered levels: (1) Link level Navigation, (2) Lane level Navigation.

Navigation |Demand Connected Time Navigation Density [Mean Flow WLEL s Mean |Total Travelled Fuel
Drivers NGNS - Car Window Strategy (veh/km)| (veh/h) Travel Time [Delay Time [ Speed Distantance |Conumption | CO2 (kg) [ NOx (kg)
Penetration (sec/km) | (sec/km) | (km/h) (km) (L)
40-50-10 20 20 0 3 Link Navigation| 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00% 0,00%
40-50-10 20 20 10 3 Link Navigation | -4,53% 1,67% -5,48% -7,89% 1,17% 3,14% 1,47% 0,41% 0,11%
40-50-10 20 20 20 3 Link Navigation [N 3,07% -6,33% -9,12% 1,42% 4,75% 2,51% 0,44% 0,17%
40-50-10 20 20 30 3 Link Navigation [EsREEZ) 1,94% -7,28% -10,47% 2,53% 3,63% 0,80% -0,26% -0,43%
40-50-10 20 20 100 3 Link Navigation [EECKEY 3,30% -9,12% -13,17% 3,32% 4,96% 1,08% -0,95% -1,45%
40-50-10 20 20 Perfect Info 3 Link Navigation JEERIE7) 2,86% -7,87% -11,38% 2,96% 4,33% 0,61% -1,29% -1,65%
40-50-10 20 20 0 3 Lane Navigation| =057 0,96% -5,80% 1,74% 1,23% -0,98% -1,70% -1,86%
40-50-10 20 20 10 3 Lane Navigation| /28 3,30% -8,34% -12,07% 2,75% 5,69% 2,22% 0,10% -0,12%
40-50-10 20 20 20 3 Lane Navigation [RSulofekl7) 3,76% -9,67% -13,97% 3,70% 6,04% 1,61% -0,89% -1,31%
40-50-10 20 20 30 3 Lane Navigation| =)0/ 2,48% -11,17% -16,13% 4,63% 4,43% -0,87% -2,04% -2,23%
40-50-10 20 20 100 3 Lane Navigation [RSbR:E773 4,63% -11,61% -16,79% 4,90% 6,77% 1,25% -1,90% -2,45%
40-50-10 20 20 Perfect Info 3 Lane Navigation [ISsEFE:Y) 3,75% -10,80% -15,60% 4,54% 5,70% 0,31% -2,02% -2,47%

Fig. 13 Comparative Global CitScale KPIs — Connected Car Case Study

Figure 13 shows a table of comparative Global CitScale KPIs per experimental unit (5 replicas) with respect to the basic scenario

(the one with reference levels, as described in the previous list). CitScale allows us to visualize the routes used by each vehicle class,
in this case defined by 6 categories — which were obtained by crosschecking Guided/Non-Guided attributes with Driver Behaviour
(Tourist, Regular and Expert). Figure 14 shows the OD pair (drop-down menu selection) routes used by the Tourist—-Non-Guided
vehicle class. It also indicates the number of different OD paths, mean OD travel time, distance for the selected vehicle class, and a

comparison with all driver statistics.
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Fig. 14 Vehicle Class Route Analysis: CitScale — Connected Car Case Study

Conclusions drawn after loading the microsimulation execution results into CitScale are:

The trip analysis shows that there are more trips at low speeds in Non-Guided and Link Navigation strategies.

From a city perspective: density, mean travel time, mean delay time and mean speed are better with higher levels of
Connected Car penetration. Lane Navigation values are slightly better than Link Navigation values. The reduction in CO2
and NOx follows the same pattern but at lower values. Travelled distance is greater with more CCP, and slightly greater
with Lane Navigation rather than with Link Navigation.

Mean travel time is lower with higher levels of CCP, and better with Lane Navigation than with Link Navigation.
Mean travel distance and mean speed are greater with higher levels of CCP, and Lane Navigation obtains better results.

In comparing the types of drivers (Tourist, Regular and Expert), Link and Lane navigation provides better reduction in travel
time for Tourists and less reduction for Experts. The reduction in travel time is slightly better with Lane Navigation.

The CitScale visualization and analytics platform has proven to be very practical in supporting the results analyses for different
experimental designs. The designs applied here incorporated different traffic simulation models for various purposes. A project for
Probe Vehicle Data assessment has been incorporated into CitScale, as well as another project that focuses roughly on analysing
the impact of emissions in the Eixample on KPIs, specifically when the city shifts to more green modes such as bicycles or electric
vehicles. A further development for improving demand modelling in CitScale will provide representations of activity-based demand.
This flexible tool will save a lot of time for traffic analysts and future transportation projects at the UPC.
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