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Preface

Urban traffic is a major challenge to the traffic simulation community and traffic
engineering in general. The heterogeneity of traffic modes is still increasing with
electric bikes and multiple sharing modes calling for new models and increased
complexity for existing simulators. On the other hand, traffic engineers are sup-
ported by readily available tools, such as the open-source package Simulation of
Urban Mobility (SUMO), which can build a working prototype of a multimodal
simulation scenario in virtually no time based on open data services like
OpenStreetMap. Furthermore demand data, either stemming from public transport
data or from the evaluation of people’s day plans, can now be collected with the
support of a networked and networking population which enables the detailed
estimation of the effects of engineering measurements as well as emerging new
technologies through the means of individual (microscopic) traffic simulation. This
simulation of every single actor allows the integration of behavioral data which can
interface with the existing models to gather new insights into the social dynamics of
traffic as well.

This volume contains extended versions of papers presented at the third SUMO
User Conference (SUMO2015), which was held during May 7–8, 2015, in
Berlin-Adlershof, Germany. SUMO is a well-established microscopic traffic sim-
ulation suite which has been available since 2001 and provides a wide range of
traffic planning and simulation tools. The conference proceedings give a good
overview of the applicability and usefulness of simulation tools like SUMO ranging
from the in-house logistics applications and traffic signals to the impact of floods on
the traffic of complete cities. Another aspect of the tool suite, its universal exten-
sibility due to the availability of the source code, is reflected in contributions
covering network modification tools and workflow improvements to develop
microscopic traffic simulation scenarios.

Several articles give outlines of detailed aspects of public transport modeling and
inner city vehicle networks when setting up a simulation with SUMO as well as an
overview about the application of the tool in large-scale scenarios or for traffic light
evaluation. The conference series’s aim is bringing together the large international
user community and exchanging experience in using SUMO, while presenting
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results or solutions obtained using the software. This collection should inspire you
to try your next project with the SUMO suite as well or to find new applications in
your existing environment.

Berlin, Germany Michael Behrisch
December 2015 Melanie Weber
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Part I
Tools and Models



Application of the SCRUM Software
Methodology for Extending Simulation
of Urban MObility (SUMO) Tools

Andrés F. Acosta, Jorge E. Espinosa and Jairo Espinosa

Abstract This chapter explains the implementation of software tools for setting
up multimodal simulation scenarios in the Simulation of Urban MObility (SUMO).
This implementation has been supported by the SCRUM methodology, which is
a methodology suitable for incremental software development. Implementation of
these tools starts from the re-engineering of open-source tools in previous develop-
ments. Furthermore, the new components are described and tested in a simulation
scenario in the city of Medellín.

1 Introduction

Road traffic simulations greatly support the decision-making processes regarding
improvements in mobility for a city. Many advancements have been made in the last
three decades regarding road traffic models and both commercial and open-source
tools that simplify the simulation of realistic scenarios. In the open-source side,
Simulation of UrbanMObility (SUMO) is one of the most well-known and accepted,
because it has a mature development process from 2002. Moreover, SUMO’s vehicle
model has been validated and it is widely accepted. SUMO also offers the possibility
to import traffic networks from several sources, includingOpen StreetMaps (OSMs).

However, one disadvantage of SUMO is that the preparation of simulation scenar-
ios depends on the knowledge of some programming skills, which could be improved
if supported by proper software tools. However, developing those tools from scratch
could lead to a great effort, compared to the case of reusing available open-source
packages.
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4 A. F Acosta et al.

This chapter describes the use of several open-source tools, representing a con-
tinuation of the work made in [1, 2], in a re-engineering framework. The results
of this work could integrate MATLAB® with SUMO through the TraCI4MATLAB
package. Here, some improvements made to TraCI4MATLAB in the last year are
mentioned. On the other hand, some extensions made to the open-source initiative
Network Editor for SUMO (NES) [3] (an open-source SUMONetwork Editor devel-
oped inQt [4]) are explained, including aModel–View–Controller (MVC) [5] formu-
lation that is being implemented to date. Improvements toNES include a roadnetwork
import wizard and a traffic lights’ editor. Last but not least, a re-implementation of the
SUMOLib library for MATLAB® is described. This component allows the creation
of traffic demand and network parsing for those users familiar to this programming
language.

These tools can benefit the rapid creation of simulation scenarios in SUMO.
Furthermore, they are tested in a simulation scenario in the city of Medellín, as a first
step to achieve a larger scenario in the MOYCOT project [6].

Finally, these developments are carried out using the SCRUM agile software
methodology, which resulted to be very adequate to the case of the re-engineering
of open-source software because of the small developer team size, the closeness of
developers and researchers (the customers), and the need to follow an incremen-
tal approach. It has been found that the SCRUM methodology can favor efficiency
by focusing on functional software increments [7]. Although some disadvantages
of agile methodologies have been mentioned in the literature, including a reduced
attention to software engineering phases previous to implementation and the impor-
tance of taking into account the role of the customer [8], it has been found that this
methodology can be easily combined with other software engineering principles and
practices. In the case of the MOYCOT project, it was easy to incorporate some “best
practices” related to the object-oriented re-engineering patterns [9, 10], as explained
in [1, p. 4].

This chapter is organized, as follows: Sect. 2 explains the main characteris-
tics of the SCRUM methodology and its incorporation in the MOYCOT project.
Section 3 describes the new features implemented for TraCI4MATLAB and intro-
duces SUMOLib4MATLAB and two improvements to NES for network importing
and traffic lights’ editing. Section 4 tests the aforementioned tools in a simulation
scenario in Medellín. Finally, Sect. 5 presents conclusions.

2 Scrum

SCRUM is a methodology for agile software development able to deal with complex
software projects delivering functional products in small iterations, called incre-
ments or Sprints, in the SCRUM jargon. SCRUM is highly adaptable and involves
customers in regular meetings (SCRUM meetings) making it suitable to work when
the requirements are unclear. Requirements are organized and prioritized in a list
known as the Product Backlog, facilitating the focus on the most relevant functional-
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ity. Additionally, SCRUM defines some roles performed by the developer team and
the customers, described as follows:

• The SCRUMMaster. The person exerting this role is in charge of coordinating the
interaction among the developer team and the customers, in the SCRUMMeetings

• TheDeveloper Team. Their responsibility consists on implementing and delivering
the software increments. This role acts by self-organizing the team oriented to the
achievement of requirements, as explained in [11].

• The Product Owner. They represent the stakeholders that can provide feedback
in the SCRUM Meetings, while in the stage of requirements specification are
implemented.

As explained before, the responsibility of people involved in these roles includes
the building of the Product Backlog, tracking the correct completion of the desired
functionalities. Also, they must plan the Sprints and the requirement to be fulfilled.
It is important to note that a more detailed monitoring of the time required for each
requirement is made through the Burning Charts which is a representation of the
remaining tasks necessary to fulfill a requirement against the time spent on them.
Finally, SCRUM defines the Daily SCRUMS, which are meetings with an average
duration of 30 min, where each developer can inform the team about the completion
of his/her responsibilities and the problems found.

3 Application of the SCRUM Methodology
in the MOYCOT Project

Modeling and Control of Urban Traffic in the city of Medellín (MOYCOT) is a
research project whose main goals are to characterize multimodal traffic such as
vehicles, pedestrians, bicycles, and BRT in the city of Medellín (Latin America), in
order to propose optimal traffic light control strategies, thus reducing traffic conges-
tion as much as possible. The SUMO simulator was selected after a literature and
benchmark review because of its ability to be extended to incorporate traffic models
and control. The MOYCOT project organized an international seminar [12], where
stakeholders from the government and academics expressed their interest on having
software tools for rapid setting up of road traffic simulation scenarios in the city. This
seminar yielded some desired functionalities of a software package, including inter-
active graphical editing of road networks and traffic demand definition from sources
such as O/D matrices. Also, the interaction in real time with external applications
was formulated. For these reasons, later, it was concluded that SUMO was the right
tool to use and extend, due, among others, to its great popularity and support. A short
study in the MOYCOT project concluded that it was more appropriate to extend the
existing software than developing a new simulator. In this regard, the concept of soft-
ware re-engineering brings the best practices to follow in order to extend unknown
software packages. This represented a considerable gain in effort.

The MOYCOT project identified three important needs:
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• A flexible and expandable graphical editor. It is important to clarify that SUMO
already has a graphical network editing tool, namely NETEDIT but unfortunately,
to date, it is not open. Moreover, it allows to interact with external applications
through the TraCI API [13].

• Means to connect with MATLAB®, since the research team involved in the MOY-
COT project is experienced on the MATLAB® language, especially in the area of
traffic control. Thus, it was concluded that the team could take advantage of that
experience. Therefore, the first item in the product backlog was defined to be an
implementation of the TraCI API for MATLAB®, called TraCI4MATLAB. After
that, by identifying the Python library SUMOLib, which is part of the SUMO
tools, the team planned to implement this component in MATLAB® and extend it
to support the graphical editing functionalities, thus corresponding to the second
item in the product backlog.

The development of this backlog evolved as requirements was completed, as
described below.

3.1 Sprint No. 1: TraCI4MATLAB

As described previously, the first requirement in the product backlog was to develop
TraCI4MATLAB, which was associated with this Sprint of the software project.
TraCI4MATLAB was completed within this Sprint, with duration of approximately
two months thanks to the best practices adopted from software re-engineering and
related patterns. TraCI4MATLAB is described in detail in [1, p. 4]. After its introduc-
tion, TraCI4MATLABhas been improved in performance, and now features the latest
SUMO commands, such as those related to pedestrian simulation. The successful
implementation of TraCI4MATLAB is demonstrated in Sect. 4, where a pedestrian
simulation is performed.

3.2 Sprint No. 2: Building the SUMOlib4MATLAB Library

SUMOlib tool is a SUMO library package wrote in Python that permits to understand
SUMO networks; therefore, it was required to implement it in the SUMO andMAT-
LAB integration process. The second Sprint focused in a re-engineering strategy to
build SUMOlib forMATLAB, implementing a Graphic User Interface (GUI) for edit-
ing purposes. The re-engineering process found that SUMOlib is constructed using
a SAX parser, which is not implemented inMATLAB up to now, then the conclusion
was to build the component in Java and include it to the Java path in MATLAB.
For generate traffic demands, based on object-oriented programming a component
was coded to wrap the SUMO DUAROUTER application taking into account the
use of turning probabilities. The developed component for demands uses as input a
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MATLAB vector of vehicles demands and assigns it along an interval defined by the
user, therefore permitting to define adjustable demands. Consequently, forMATLAB
experimented researchers, the tool brings themechanisms that simplify the definition
of multimodal traffic demand for SUMO by using SUMOlib4MATLAB. The result-
ing main components can be obtained: the net component that is used to identify and
extract the edges of interest in the SUMO network and the demand component that
can be used to define different vehicle types and the corresponding traffic demand.

As in TraCI4MATLAB developed process, SUMOlib4MATLAB was developed
by implementing a re-engineering process on SUMOlib. The SUMOlib4MATLAB
design is illustrated in Fig. 1. Figure 1a shows the UML diagram describing how
SUMOlib4MATLAB package depends on the implementation of Java SAX. Figure 1b,
c illustrates the class diagrams (drawn inUML language) describing the net and sub-
packages of demands, correspondingly. The figure only shows the most important
attributes; nevertheless, SUMOlib4MATLAB supports all the attributes allowed by
SUMO. The described flow class was conceived to support demand generation based
in turning ratios at junctions via JTRROUTER, or defining origin and destination
edges using DUAROUTER. More in detail, for demand based in turning ratios, it
is required to create the turning probabilities using the TurnProbability class.
In the same way, stops for public transport can be specified and multimodal traffic
demand can be created bymeans of Stop and VehicleType classes, respectively.

3.3 Sprint No 3: The Extension of the SUMO Network Editor

One of the main objectives of MOYCOT project is to develop an interactive tool
that allows editing and manipulating the different components of a traffic simula-
tor in a friendly way. This implies the construction of a Graphic User Interface for
SUMOlib4MATLAB that permits to view SUMO networks and modify objects inter-
actively, showing drag-and-drop options and dialog boxes functionality. In order to
build this solution, it is important to use the software pattern: Model–View–Con-
troller (MVC) [5]. This technique splits the model of the data (Model) from the
presentation (View) and provides an interface between the user (Controller) and the
other two components.

TheMVC pattern is broadly used and implemented in most of the current scalable
Web and desktop applications. Numerous software libraries intended for the devel-
opment of Graphic User Interface (i.e., GUI toolkits) embraced the MVC pattern
using also enriched classes that significantly streamline the development process.
Nevertheless, during the design and development process, we identify thatMATLAB
do not use a rootedMVC implementation and alsowas found that the implementation
of enriched graphs that use drag-and-drop options is a complex task. Consequently, it
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Fig. 1 Components of the SUMOlib4MATLAB: a The packages, b class diagram of net module,
c class diagram of demand module

was required to explore alternative strategies to complete the requirements of Sprint
No. 3. The NES—Network Editor for SUMO [3]—was identified as an option, being
an open-source graphical Network Editor coded in Qt/C++, that was released in
2014.

The code development process in Qt has many advantages, even more in the GUI
development, containing pre-defined models and views, and also a comprehensive
event system constructed on “signals” and “slots.”

The main features identified through a test process on NES and considered useful
for this project are:
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Fig. 2 Model–view–controller implementation of Network Editor for SUMO

• SUMO networks visualization. Figure 5b shows that NES displays the princi-
pal SUMO elements: edges, lanes, connections, and junctions in a unite graph
view, preserving their geometry. Each element can be chosen so their options are
displayed in “Properties View.”

• Editing options. Graphical editing options include the alteration of junction, lane
shapes, and edges. It is also possible to modify the element’s options using the
“Edit View.”

Once more, the re-engineering strategy was implemented on NES looking for
identify its design and to develop the new functionalities adequately. Particularly, it
was found that NES uses the SUMO network file as a source, which is obtained by
means of NETCONVERT , and produces a Document Object Model (DOM) instance
corresponding to the model in the MVC pattern (Fig. 2). Furthermore, NES imple-
ments different views, including a main graph view, a standard Qt tree view that
displays the objects hierarchy in the SUMO network and a couple of views that
makes possible to visualize and edit a single SUMO object properties, specifically
the “properties” view and the “edit” view, respectively. It is worth to clarify that
someMVC implementations, like Qt, provide the view and controller functionalities
in a single view class. Explaining why in Fig. 2 the “edit” view is in the controller’s
place.

The interpretation of the whole SUMO object structure is not an easy task espe-
cially when the SUMO network file is used as the model for implementing modules
to fully create and edit SUMO objects. Moreover, NETCONVERT uses a heuristics
set to be able to build geometries, connections, and right of way, to mention but a
few, that would have to be taken into account. Moreover, the SUMO documentation
advices the users to not edit the SUMO network file by hand, unless there is a deep
understanding of its structure. This situation demanded more time that the originally
assigned to the Sprint. Therefore, a direct way to accomplish the requirements of this



10 A. F Acosta et al.

Sprint entails modifying the NES’ model to include XML definitions [14] in place
of the SUMO network file and to use NETCONVERT in the background to generate
the final file.

The solution described is currently being implemented inMOYCOTproject. Until
now, two modules have been developed:

• Network importing wizard: This module is based in the importing capabilities of
NETCONVERT . It provides awizard that guides the user through the input, output,
and processing option pages. The wizard is particularly useful when importing
Open Street Maps (OSM). Figure 4 shows the network importing wizard.

• Traffic lights’ editor: This module allows creating and editing traffic lights’ pro-
gram definitions, using a simple dialog box. In Fig. 6, the module is presented.

4 Results

The software tools described in the previous section were evaluated in the scenario
described in Fig. 3a, showing the kilometer one—Via las Palmas: a main road in
Medellín, connecting the city with its main airport: José María Córdova. In this road
section, two traffic lights were installed during last year making possible the pedes-
trians crossing. Therefore, this scenario involves three transportation modes: pub-
lic transport (buses and taxis), passenger vehicles, and pedestrians. The simulation
involves recreating the pedestrian tutorial of SUMO [15], using TraCI4MATLAB. In
this scenario, pedestrians can request to cross the street using a push button placed
on the traffic lights.

Fig. 3 First kilometer of Vía Las Palmas: a Open Street Maps’ view, b JOSM editor view
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Fig. 4 Network Editor for SUMO (NES)—the importing wizard

For this scenario, using the Open Street Maps Web site, the area of interest was
selected; then, we contrast to Google Street View in order to verify the numbers of
lanes [16] using the JOSM editor, and this is described in Fig. 3b. Moreover, the
traffic lights were detached in JOSM to test the traffic lights’ editor.

It follows the use of the ImportingWizard of NES detailed in Sect. 3.3, to translate
the OSM format to SUMO specification (.net.xml), as is showed in Fig. 4. The
produced SUMO network is appreciated in Fig. 5. Figure 6 shows the creation of
traffic lights of interest through the editor for traffic lights. The implemented traffic
lights’ functionality was then verified using SUMO GUI , as is displayed in Fig. 7.

The last step, the generation of traffic demand, for pedestrians, busses, and pas-
senger vehicles was created for Las Palmas example, by means of the package for
demands of SUMOlib4MATLAB. Afterwards, we proceeded to configure the sim-
ulation to evaluate TraCI4MATLAB. Figure 8 exhibits a screenshot of Las Palmas
multimodal scenario. Mainly, the number of pedestrians on the walking areas beside
Las Palmas and the green signal for vehicles in Vía Las Palmas westbound was
obtained and plotted, as showed in Fig. 9, where the green signal takes a value of 1
whenever the traffic lights’ phase representing the green signal for vehicles is active,
and a value of 0 means that the traffic lights’ state corresponds to any other phase.
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Fig. 5 SUMO network in Network Editor for SUMO (NES) obtained through the importing wizard

5 Conclusions

This chapter described the process to develop a set of tools that simplifies the con-
struction of multimodal scenarios in SUMO. The software development process is
implemented using the agile methodology SCRUM, and re-engineering available
open-source packages. Following themethodology, thework required to complete the
requirements defined byMOYCOTprojectwas defined in threemainSprints, produc-
ing three fully functional software products: TraCI4MATLAB,SUMOlib4MATLAB,
and apair of components for the extensionofNetworkEditor forSUMO (NES).These
components make possible to import maps from the standard OSM and also editing
programs of traffic lights. Besides the tools, this chapter provides a methodology to
configure simulation scenarios for SUMO including the developed tools, and open
solutions such as the JOSM editor and Open Street Maps, working in a complemen-
tary way. Finally, the full functionality of this solution was implemented in a reduced
scenario in Medellín city.

The NES editor (Network Editor for SUMO) will be further developed to create
and edit any SUMO object. Moreover, the demand generator graphical option will be
developed in NES and extended to include the strategies used for demand generation
in SUMO such as Traffic Assignment Zones (TAZ) and O/D matrices.
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Fig. 6 Traffic lights’ editor embedded on NES: implementing a traffic light program

Fig. 7 Traffic lights’ program obtained from the traffic lights’ editor. (Now implemented for NES)
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Fig. 8 Screenshot of Las Palmas multimodal scenario

Fig. 9 Green signal and pedestrian accumulation on walking areas in Vía Las Palmas westbound

It is also planning to implement the software in a parallel architecture. The strategy
is to deploy chained simulations with multiple instances. This will allow working in
high concurrency and complex scenarios involving intricate traffic congestions that
frequently affect cities with high density of vehicles.
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Multi-resolution Traffic Simulation
for Large-Scale High-Fidelity Evaluation
of VANET Applications

Manuel Schiller, Marius Dupius, Daniel Krajzewicz, Andreas Kern
and Alois Knoll

Abstract This paper presents an approach for coupling traffic simulators of different
resolutions in order to conduct virtual evaluations of advanced driver assistance
systems based on vehicular ad hoc networks that are both large scale and a high
fidelity. The emphasis is put on the need for such an attempt to satisfy the constraint
of performing simulations in real time. Both the methods to accomplish this as well
as the resulting performance are described.

Keywords V2V communication · ADAS · Multi-resolution simulation

1 Introduction

Vehicular ad hoc networks (VANETs) have attracted a lot of research attention over
the last years due to having the potential for improving traffic safety, efficiency, and
driver comfort. A high variety of applications, commonly referred to as advanced
driver assistance systems (ADAS), such as cooperative driving and subsequently
automated driving, can only be enabled through wireless communication between
the vehicles on the road.

Before deployment of such systems, which often exhibit safety-critical features,
in series production on a large scale, a lot of effort has to be put into testing and
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validation. Although real test drives using physical test beds of prototype vehicles
offer the highest degree of realism, the large amount of financial, material, and
human resources needed to perform large-scale and extensive testing of vehicular
networks renders their use rather impossible. Due to this, simulations are employed
for obtaining a view of the performance of such solutions in large-scale virtual
environments. As well, simulation-based evaluation techniques particularly allow
testing those complex systems in a wide variety of dangerous and critical scenarios
without putting humans and material at risk and at low costs.

In the automotive industry, the use of simulation is well established in the devel-
opment process of traditional driver assistance and active safety systems. However,
the current emphasis is primarily on the simulation of individual vehicles at a very
high level of detail [1]. When investigating and evaluating the performance of ADAS
based on vehicular communication, this isolated view of a single vehicle alone or
a small number of vehicles in the simulation is not sufficient anymore. Potentially,
every vehicle equipped with wireless communication technology is coupled in a
feedback loop with the other road users participating in the vehicular network, and
therefore, the number of influencers that need to be taken into account is drastically
increased.

These considerations lead to a trade-off between the accuracy in terms of the
simulated level of detail of each vehicle and the scalability in terms of the number of
vehicles that can be simulated with the available computing resources. In this paper,
we present an approach to solve this trade-off by coupling multiple resolutions of
traffic simulations to get highly accurate simulation results where it is necessary
and simultaneously achieving an efficient simulation of large-scale scenarios. Such
combinations pose several technical problems which were already reported in the
literature; see [2] or [3]; e.g., mostly, they are due to difference in how vehicles
are represented or allocated in the involved simulators. Some solutions to similar
technical issues could be developed and will be discussed in the following.

The rest of this paper is organized as follows. The testing and evaluation of real-
world implementations of ADAS impose a certain set of additional requirements,
which are discussed in Sect. 2 before giving an overviewof the relatedwork. Section 3
describes the concept of our multi-resolution traffic simulation approach. Some spe-
cific issues found during the implementation are discussed in Sect. 4, including their
solutions. In Sect. 5, we evaluate the performance by means of an exemplary sce-
nario. In Sect. 6, we discuss the limitations of the approach and conclude the paper
in Sect. 7.

2 Background and Related Work

Before we proceed to the discussion of related work, it is essential to illustrate our
scope and area of application. In order to evaluate and validate real implementations
of ADAS in a simulated, virtual environment, both state and behavior of the vehicles
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must be modeled and simulated in high fidelity. We define the term high fidelity as a
three-dimensional problem.

To substitute the real vehicle by its simulated counterpart, the virtual vehicle must
provide its state variables in a sufficient range, in a sufficient precision, and in a suf-
ficient temporal resolution. The concrete manifestations of these three requirements
depend on the respective use case. For example, a cooperative adaptive cruise con-
trol (CACC) system will need, among others, the dynamic state of the vehicle (e.g.,
speed, acceleration, position), power train state, RADAR sensor values as well as
the input from the wireless communication channel at different sampling rates [4]. If
any of these requirements are not met, e.g., a necessary state variable is not covered
by the simulation model, simulative testing cannot be performed.

Since the range of wireless communication technology is higher than what can
be achieved through conventional sensors, even vehicles which are farther away can
act as relevant information sinks and sources and therefore influence the driving
assistance system as well as the road traffic system as a whole. In order to capture
these effects in the simulation, a naive approach would be to simply scale existing,
high-detailed simulations by increasing the amount of vehicles in the simulated area.
However, these high-detailed simulations are extremely computationally intensive
and hence are not suitable to perform evaluations of large-scale scenarios in a reason-
able amount of time. This also prohibits their use in hardware-in-the-loop simulations
where a real-time constraint must be fulfilled [1].

This additional timing requirement conflictswith the aforementioned three dimen-
sions of simulative high fidelity. There are numerous references that deal with similar
issues in the fields of traffic simulation,VANETsimulation, andmulti-resolution sim-
ulation. In the following, we give a brief overview of those research areas in order
to state the fundamentals of this investigation.

2.1 Traffic Simulation

Road traffic simulations can generally be subdivided into the following four cate-
gories according to the level of detail [5, 6]: macroscopic, mesoscopic, microscopic,
and nanoscopic.While macroscopic flowmodels describe traffic at a high level as the
aggregate traffic flow, microscopic simulations model the behavior and interactions
of each simulated entity individually with specific state variables such as position,
speed, and acceleration.Mesoscopicmodels aremedium-detailedmodels where traf-
fic is usually represented by queues of vehicles. In nanoscopic models, which are
also referred to as submicroscopic models, an even higher level of detail is achieved
through the subdivision of each vehicle in multiple subunits. This allows to model,
for example the vehicle dynamics, complex decision processes of the driver or the
interaction with the vehicle surroundings more accurately. The necessary amount
of computation time for the traffic simulation rises considerably with the increasing
degree of detail.
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2.2 VANET Simulation

VANET Simulation: The usual strategy to simulate VANETs found in the literature
is to bidirectionally couple a network simulator and a microscopic traffic simulation.
Following this approach, the interactions between road traffic and network protocols
are represented and themutual impact can be explored [7, 8]. Themajority of research
publications focuses on the investigation of low-level networking subjects such as
medium access [9] or rather high-level concepts of applications such as reducing
CO2 emissions [10]. For this kind of studies, it is sufficient to apply realistic mobility
patterns originating from the microscopic traffic simulation. In this bird’s eye view
of the overall system, it is not necessary to model individual cars in the high level of
detailmentioned above because the evaluated systems change each vehicle’s behavior
at a timescale of seconds to hours. This is but replicated by microscopic simulations
at a sufficient quality level. Therefore, the three requirements of high fidelity in
terms of modeling and simulation of individual vehicles need not be considered
when simulating VANETs on such an abstract level.

2.3 Multi-resolution Simulation

Multi-resolution modeling (MRM) is defined as the combination of different models
of the same phenomenon at different levels of resolution which are then executed
together [11]. This methodology allows to find a good balance between simulation
accuracy and computing resources. High-resolution models, which provide accurate
simulation results at the cost of high computational efforts, are only applied in limited
areas of interest whereas the major part of the simulation is handled by less accu-
rate but also less resource consuming low-resolution models. However, not only the
difference in execution speed can be exploited but also the fact that low-resolution
models tend to give a better overall understanding of the system under examination
because of their rather abstract view of the big picture.

MRM has been successfully applied in road traffic simulation. In [12], a com-
bination of a microscopic simulation modeling, the inter-vehicle interactions, and
a computationally less expensive macroscopic simulation applied to freeways is
described. This allows a scalable, yet accurate investigation of traffic flow in large-
scale networks. This approach is not applicable for VANET simulations since due
to the flow-based simulation in macroscopic models accurate vehicle positions are
missing which is crucial when simulating vehicular networks. In [13], a coupling of
two different microscopic traffic simulators of different accuracy is implemented for
VANET simulation to exploit the difference in execution speed. In [13] and in [14],
the areas of interest are fixed throughout the simulation; for example, road intersec-
tions are simulated at a higher level of detail than freeways. In contrast to that, the
areas of interest are not statically fixed in [15] but rather depending on the simulation
context.
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2.4 Combining Traffic and Driving Simulation

A rather recent research direction is the combined simulation of both traffic and
human-in-the-loop driving simulation. A co-simulation of a microscopic traffic sim-
ulation and a driving simulator [16] respectively a robotics simulator [17] has been
investigated. In these approaches, the behavior of a fixed subset of all vehicles is
remote controlled through an external simulator, which allows to have a predefined
number of detailedly simulated vehicles to be surrounded by a large number of
microscopically simulated vehicles.

3 Developed Multi-resolution Traffic Simulation

In the following, the realized system is presented. The involved simulations are
presented, first. Then, the technical realization of a co-joint traffic scenario execution
is given.

3.1 Utilized Simulators

In the following, we describe the concrete manifestations of the simulators which
we combine using the above-described concept to achieve a multi-resolution traffic
simulation.

3.1.1 Microscopic Traffic Simulator—SUMO

We chose to use Simulation of Urban MObility (SUMO) [18] as the traffic simu-
lator responsible for the simulation of the LRA. SUMO is a microscopic, space-
continuous, and time-discrete simulator. While it is employed in a wide range of
research domains, its most notable use is shown in a high number of research papers
regarding VANET simulations [19]. SUMO is well known for its high execution
speed as well as for its extensibility. Due to its efficiency, which is partly achieved
through its simplified driver model [20], SUMO is ideally suited to simulate a high
number of vehicles residing in the LRA.

3.1.2 Nanoscopic Traffic and Vehicle Simulator—VIRES Virtual Test
Drive

Weemploy the nanoscopic traffic and vehicle simulatorVTD for the simulation of the
high-resolution vehicles. VIRESVirtual TestDrive (VTD) has been developed for the
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Fig. 1 3D visualization of a
simulated RADAR sensor in
VTD

automotive industry as a virtual test environment used for the development of ADAS
[21]. Its focus lies on interactive high-realism simulation of driver behavior, vehicle
dynamics, and sensors. VTD is highly modular, so any standard component may be
exchanged by a custom and potentially more detailed implementation. Its standard
driver model is based on the intelligent driver model [22]; however, an external
driver model may be applied if necessary. The same concept applies to the vehicle
dynamics simulation, where the standard single-track model can be substituted by
an arbitrarily complex vehicle dynamics model adapted for specific vehicles. Each
simulated vehicle can be equipped with arbitrary simulated sensors, for example a
RADAR sensor, which is shown in Fig. 1 .

While VTD is designed for online operation, it is, however, not suited to simulate
a large number (i.e., thousands) of vehicles with respect to real time due to the details
and complexity of the simulation. Therefore, only the EGO car as well as the vehicles
residing in the HRA are simulated by VTD.

3.2 Coupling Concept

3.2.1 Offline Preprocessing

Both simulators rely ondifferent data formats representing themodeled roadnetwork.
In order to be able to run a co-simulation of both simulators, the underlying data basis
has to match. VTD uses the OpenDRIVE format to specify the road network. This
specificationmodels the road geometry as realistically as possible by using analytical
definitions. SUMO on the other hand approximates the road network geometry by
line segments. There are additional differences in the modeling of intersections and
lane geometries. To achieve a matching database, we convert the road network in an
offline preprocessing step from OpenDRIVE to the file format SUMO supports.
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Fig. 2 Synchronization

Fig. 3 Dynamic partitioning
of simulated area

3.2.2 Online Coupling and Synchronization

The coupling of the simulators at simulation runtime is based on the master–slave
principle. Figure 5 shows this sequence of operations during a single simulation step,
in which VTD and SUMO can operate with different temporal resolutions. sV T D is
the length of a timestep for the HRA, whereas sSUMO is the length of a timestep for
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Fig. 4 Hysteresis control of the simulation resolution

Fig. 5 Comparison of simulation resolution switching

the LRA. Typically, the nanoscopic simulation is run at a higher frequency than the
microscopic one. tV T D respectively tSUMO denote the local simulation time in each
simulator. At the beginning of each simulation step, a new timestep is simulated in
VTD. If the next timestep has been reached for SUMO and therefore the condition
tV T D ≥ tSUMO + sSUMO is fulfilled, the state of the high-resolution vehicles is sent to
SUMO through a gateway. It then triggers the simulation of the next timestep in the
low-resolution model, and as a result, the positions of the low-resolution vehicles are
passed back. These vehicles are now classified according to Sect. 4.1, and, if applica-
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Fig. 6 Traffic flow
consistency issue at the
border of HRA

ble, the change of resolution is performed for individual vehicles. When an exchange
of a vehicle between the simulators happens, the previously mentioned inherent dif-
ference in the underlying road network may cause problems if a vehicle cannot be
mapped based on its position on a specific lane due to difference in accuracy. This
is especially true for complex intersections which are modeled quite differently.

After all resolution changes have successfully been completed, the simulation is
unblocked again and the next timestep can be simulated. This synchronization is very
important to ensure reproducible simulation results across multiple simulation runs.

3.3 Implementation

The gateway depicted in Fig. 2 is implemented as a dynamic plug-in for VTDwritten
in C++. It uses the TraCI network interface [23] provided by SUMO to control the
vehicles of the microscopic simulation.

4 Realized Solutions

4.1 Dynamic Spatial Partitioning of the Simulated Area

Our approach aims to couple traffic simulation models of different resolutions at
dynamic regions of interest. Contrary to conventional traffic simulation, we are not
interested in investigating a large number of vehicles from a bird’s perspective, but
the focus is rather on a single vehicle or a limited number of vehicles which are used
to conduct a test drive in a virtual environment. In the following, we will refer to this
kind of vehicle as the EGO car. The ADAS under investigation is imagined to be on
board of such an EGO car. The simulated measurements and sensor values are fed
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into the ADAS. Depending on its type and its use case, the respective ADAS directly
or indirectly influences the vehicle’s state and behavior.

As stated before, all surrounding vehicles both near and far away from the EGO
car need to be taken into consideration because of the wide range of transmission on
the wireless communication channel. However, we can distinguish between highly
relevant and less relevant vehicles. This distinction is based on the criterion of the
respective distance between the vehicles to the EGO car. Nearby vehicles are inher-
ently of more relevance because they pose a higher danger in terms of possible
collisions and because their messages transmitted on the vehicular network are of
higher importance due to the vicinity of their origin.

Based on this distance criterion, an area of interest is defined which is centered
around the EGO car and in which the defined simulative high-fidelity requirements
must be fulfilled. Since the EGO car is driving continuously through the virtual envi-
ronment, this area of interest is being moved along likewise. We therefore partition
the global area of the simulation dynamically into a high-resolution area (HRA) and
a low-resolution area (LRA). Figure 3 shows a schematic view of the dynamic spa-
tial partitioning. There the HRA is defined as the area of a circle which is centered
around the EGO vehicle. Red vehicles are within that circle and are therefore sim-
ulated in high resolution by the involved nanoscopic simulator, whereas the green
vehicles are outside of the circle and are consequently simulated in low resolution
by a microscopic simulation. All vehicles exist in the microscopic simulation, but in
the nanoscopic simulation only the high-resolution vehicles are contained and their
movements are applied to their proxy counterparts in the microscopic simulator.

Due to the dynamic nature of road traffic, theEGOcar, the high-resolution vehicles
as well as the low-resolution vehicles are permitted tomove continuously. The classi-
fication of the assigned resolution mode is therefore performed after each timestep of
the simulation. Vehicles for which the classification has led to a change in resolution
are transferred to the appropriate simulator. This change of resolution is possible in
both directions at every timestep. However, since the HRA is defined to be centered
around the EGO car, it is always simulated in high resolution.

In order to prevent vehicles which are close to the boundary between HRA and
LRA from oscillating very frequently between the two resolution areas, a hysteresis
controller as depicted in Fig. 4 is applied in the classification process. As shown in
Fig. 3, the two thresholds Rin and Rout are defined. A vehicle is transferred into the
high-resolution simulation only if its distance to the EGO car falls below the value
of Rin . The exchange back to the low-resolution simulation is carried not out until
the threshold Rout is exceeded.

The difference is shown in Fig. 5 by an exemplary trajectory. Without the hys-
teresis, the change in resolution is performed multiple times, whereas when applying
the hysteresis controller the vehicle stays in the high-resolution model while being
close to the boundary.

The extent of Rin defines the circumcircle in which vehicles are simulated by
the nanoscopic simulator. This value needs to be determined separately for each
application scenario; for example, in an urban scenario due to the expected low
traffic speed, a lower value can be used than what is suitable for a freeway scenario.
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As an alternative to the definition of a fixed size, the value of Rin can be determined
dynamically at simulation runtime, for example, based on traffic speed, volume of
traffic, or even depending on the currently available computing capacities.

The gap Rout − Rin defines the size of the hysteresis window for the dynamic
change between the two simulators. Rout can be selected in both absolute and relative
terms in relation to Rin and exhibits a lower dependence with regard to specific
scenarios and traffic speeds.

Our approach of dynamic spatial partitioning of the simulated area enables us to
allocate the processing resources between the simulators. As the focus is only on
a relatively small region of the simulated area, we achieve both a simulative high
fidelity in this region of interest and the simulation of large-scale scenarios.

4.2 Generalization of the Approach

While the description in Sect. 4.1 focuses on the simulation of a single EGO car,
the concept can be generalized as follows. Generally speaking, multiple EGO cars
can be simulated analogously and can exist either in separate or in joined areas of
high resolution. The dynamic spatial partitioning concept is not necessarily limited
to having only two different simulators forming the multi-resolution simulation, but
even more simulators could be added to the synchronization scheme in Fig. 4.

The definition of the area of interest is also not limited to a circle. The circle
was chosen due to its simple definition and fast distance calculations in the classifi-
cation process, but the HRA could be represented by arbitrary complex shapes. As
another generalization, the classification process does not need to be based on pure
geometrical calculations only but could also be enriched with logical conditions. For
example, on a freeway vehicle driving on oncoming lanes could be excluded due to
their limited relevance to the EGO car.

4.3 Exchange of Vehicle Positions and States

One of the most problematic subtasks in achieving the coupling was the correct
allocation of vehicles within the SUMO road network, given the information avail-
able in VTD. Within SUMO, every vehicle is assigned to a specific lane and has a
certain position along it. Within VTD, vehicles can move “freely”: Overtake on the
opposite lane, leave a lane when turning, etc. Thereby, a direct exchange of position
information is not possible:

• VTD determines the lane and sends it to SUMO: Because vehicles are not
assigned to lanes within VTD, VTD can only determine the lane below the vehicle.
In case of overtaking at the opposite lane or within intersections where paths
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crossing the intersection (modeled as “internal” lanes in bothmodels)may overlap,
this information is counterproductive.

• SUMO maps vehicles based on positions sent by VTD: It is assumed that the
differences in processing road networks (see above) yield an incorrect mapping.
Mapping the position on the opposite lane is likely to happen too often. As well,
the ambiguity of intersection-internal lanes remains.

As a consequence, different heuristics to determine the correct lane the vehicle shall
be located at in SUMOwere implemented and tested. At first, additional information
tried to be generated by building a mapping from OpenDRIVE lane IDs to the
according ones used in SUMO. This has been implemented within the network
importing tool. Though, this neither reduces the ambiguity at intersections nor is it
intuitive enough for users—the mapping was often not found in customer networks,
probably because it has to be enabled using an additional option.

Another approach tried to find the position following the fixed route information
given in SUMO. For dealing with vehicles that are controlled by a human being and
leave their route, a threshold was used. When the given VTD position differs from
the SUMO position found along the route by more than this threshold, a rerouting is
assumed. However, employing this method resulted in halting vehicles which were
waiting for the threshold to be reached for being moved at their current edge that is
not a part of their route.

For this reason, the currently implemented method treats the given information as
hints. Besides the position and heading angle sent by VTD, the conformity with the
route and continuation of the used edge are taken into regard. All this information is
individually weighted for obtaining a conformity measure for each edge geometry
part that is within the investigated area around the sent VTD position. The best
matching lane position is eventually chosen. This approach is the most robust one
that was investigated so far.

Within SUMO, vehicles controlled by VTD are marked as such. They are ignored
within the simulation loop, first, and their positions are updated using the submitted
ones at the end of a simulation step.

It was assumed at the beginning of the project that a correct mapping of positions
is crucial and the position difference should therefore be kept as small as possible. But
tests have shown that a too big detail grade highly reduces the simulation speed. An
online execution of both simulators could not be guaranteed. The reason is the need to
find the according position along the lane.As stated, this can only be accomplished by
computing the minimal geometrical distance to all lines of a SUMO lane’s geometry.
Therefore, an option for defining the accuracy of the road network was added to the
network importer, which handles the conversion from the OpenDRIVE format to the
SUMO network format.
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Similar issues had to be tangled on the VTD side. The OpenDRIVE format allows
to define lanes of a variable width—e.g., growing along their length at on-ramps.
SUMO does not support variable lane widths. It may thereby happen that a vehicle
is placed at a lane position that is too narrow. Of course, this may happen due to
the geometrical differences as well. Such off-road cases are caught and handled by
VTD.

4.4 Maintaining Traffic Flow Consistency

As previously stated, the dynamic spatial partitioning is motivated by performance
improvements through the reduction of highly detailed vehicles which are located
in proximity to the EGO car. This results in only a limited subset of the overall
simulated vehicles to be represented by the high-detailed models. Since only this
subset exists within VTD at a given time, the surrounding traffic flow simulated by
the low-resolution model is not known to the vehicles inside the HRA. This missing
information can result in consistency issues which are described using the exemplary
scenario depicted in Fig. 6.

The scenario consists of three vehicles: The EGO car, a high-resolution vehicle as
well as a low-resolution vehicle are driving along a straight road. The high-resolution
vehicle which is located near the boundary of the HRA does not have a preceding
vehicle. The underlying driver model therefore assumes a free road ahead as the
low-resolution vehicle is not visible to it. This results in a higher driving speed as if
the vehicle in front was known to the driver model. There are two possible outcomes
that depend on the particular relative positioning of the three vehicles:

• The high-resolution vehicle “flees” out of the HRA and is then transferred to the
low-resolution simulator, and the preceding vehicle becomes abruptly visible to
it.

• Since the EGO car follows the high-resolution vehicle at a high speed, the HRA
which is centered around the EGOcarmoves along and captures the low-resolution
car which is then transferred to the high-resolution simulator. This also results in
an abrupt change in visibility to the high-resolution car.

These sudden changes in visibility cause the driver model to decelerate sharply and
cause artificial shock waves which are only caused by the missing information of
the surrounding traffic flow. Figure 7 shows the trajectories of the three cars for the
second case where the slower low-resolution car is caught up and is transferred to
the high-resolution model at around t � 47 s. The acceleration of the high-resolution
car shows a sharp discontinuity to accommodate the fact that the preceding vehicle
suddenly materializes.

An efficient solution to this problem takes advantage of the fact that car-following
models are typically governed by collision-free motion of the vehicles. This absence
of collisions is guaranteed by bounding the velocity of each vehicle by a safe velocity
[25]. For all high-resolution vehicles which do not have another preceding vehicle
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Fig. 7 Change of simulation resolution of the low-resolution model causes abrupt deceleration of
the HR car

inside the HRA in front of them, the next vehicle outside of the HRA is searched. If
one is found, the safe velocity can be calculated based on the distance and the current
velocity. This calculation can happen either within SUMO or within VTD. As the
time step for SUMO is chosen to be rather coarse, the upper bound values would
have to be interpolated. Since the underlying formula can be efficiently implemented
and evaluated within VTD, this solution is preferred. Figure 8 shows the trajectories
for the same scenario with the velocity bound applied. The high-resolution vehicle
now starts decelerating before the low-resolution vehicle is within the HRA, which
results in smooth speed and acceleration profiles without producing artificial shock
waves.
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Fig. 8 Applying the upper bound velocity for the HR car resolves the consistency problem

5 Evaluation

5.1 Scenario and Simulation Setup

A synthetic scenario was created for testing the coupling concept and evaluating its
performance. It consists of a single straight road running west to east with a length
of 50 km and two lanes, one for each direction. Each lane is configured to have
a constant inlet of 1000 vehicles per hour heading either east or west. The EGO
car is located near the start of the road. It drives from west to east and is followed
by a traffic flow and heading to the oncoming traffic flow. This artificial road was
first modeled in the OpenDRIVE format and was then converted to the SUMO road
network format.

We performed two series of experiments. In the first series, the nanoscopic traffic
simulator VTD was applied to the whole simulated area. In the second series, we



32 M. Schiller et al.

used the described multi-resolution concept to partition the simulation area between
VTD and SUMO. We chose a timestep of sV T D � 20ms for the high-resolution
area in VTD and a timestep of sSUMO � 1 s for the low-resolution area in SUMO.
The hysteresis thresholds which define the dynamic area of interest were set to
Rin � 500m and Rout � 550m.

Both simulators are executed on the same computer which is equipped with an
Intel Xeon CPU E5-1620 at 3.60 GHz and 16 GB of RAM. The operating system is
Ubuntu Linux 14.04 with a 3.13 64-bit kernel. We used VTD version 1.4.1 with 3D
rendering disabled and a custom branch of SUMOv0.21 that incorporated an in-work
version of the methods needed to exchange vehicles between VTD and SUMO.

5.2 Performance Evaluation

Wemeasured the duration it takes to perform each simulation step over the simulation
period of the 1800 s, while the number of vehicles is constantly being increased.
Each series consists of five separate simulation runs to account for fluctuations in the
measured execution times. To illustrate the trends of the measurements more clearly,
the moving average is also displayed in the following figures.

Figure 9 shows the performance development of the nanoscopic simulation while
increasing the simulated vehicle count over the simulation period. The duration of
each simulation step is almost constant up to a count of 70 vehicles. Until then,
the duration is around 12 ms, which is less than the timestep length of 20 ms and
therefore yet fulfills the real-time constraint. At around 150 vehicles, the duration is
beyond these 20ms and real-time simulation is not possible anymore.With increasing
vehicle count, the duration for each timestep also considerably increases and reaches
180 ms at the end of the simulation period. This results in an increase of factor 15
compared to the amount of computation time at the beginning of the simulation. The
overall simulation took over 120 min to complete, which is four times more than the
simulated time.

Figure 10 shows the performance development of the multi-resolution simulation
in the same simulation scenario over the same simulation period. While the total
vehicle count is increased the same way as in the pure nanoscopic simulation, the
separately plotted nanoscopic vehicle count illustrates the amount of cars which
are within the high-resolution area. It shows that reducing the nanoscopic model’s
area of interest fulfills the aim of reducing the overall simulation time. After a local
maximum of 11 nanoscopic cars is reached, this count decreases slowly since slower
vehicles are left behind the faster moving EGO car. At around simulation time 1350 s,
the two traffic flows from each end of the road meet in the middle of the road, which
then increases the nanoscopic vehicle count. However, due to the limited extent of
the HRA the nanoscopic vehicle count does not exceed a certain limit, which for
the given configuration is at around 27 vehicles. The duration for the timesteps stays
on average constant around 12 ms, so it can be seen that the overhead resulting
from the coupling of the two simulators is negligible as is the execution time of the
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Fig. 9 Simulation performance—nanoscopic simulation only

Fig. 10 Simulation performance—multi-resolution simulation

microscopic simulator due to its less detailed yet much more efficient simulation
model. The overall simulation took less than 18 min to complete, so the simulation
is faster than real time by factor 1.66. The real-time constraint is fulfilled throughout
the whole simulation period.
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6 Discussion

The above-shown performance evaluations state that the multi-resolution approach
leads to the desired goal of a highly detailed simulation in the region of interest while
maintaining a high overall performance. However, there are additional concerns,
which we cover in the following.

When switching between resolutions and simulators, maintaining simulation con-
sistency is of utmost importance [24]. The change of resolution from high to low can
generally be handled rather simply by losing information through a transformation
function. The opposite direction though is problematic. The presented approach will
face a consistency problem when using vehicle dynamics models with a higher level
of detail. When switching from low to high resolution, only a minimal subset of the
state variables (position and speed) is available. The remaining state variables (pitch
and roll angle of the car body, engine torque, current gear, etc.) must be somehow
interpolated to reach a valid state in the simulation model.

Additionally, simulating using the nanoscopic traffic simulator naturally requires
a high-resolution representation of the simulated area, especially the road network,
but furthermore a 3D model of the environment if this is necessary for the employed
sensor models. Microscopic simulation usually works with rather coarse road net-
works, which are available publicly from sources like OpenStreetMap. Nanoscopic
simulation, however, has additional requirements, e.g., the continuity between road
segments due to the vehicle dynamic simulation, which need to be satisfied. Obtain-
ing the data basis in the necessary detail is not always directly possible and can cost
an additional amount of time and money.

7 Conclusion

In this paper, we proposed a concept for coupling traffic simulators of different sim-
ulation resolutions to achieve a multi-resolution traffic simulation which focuses on
a dynamically determined area of interest. The presented methodology partitions the
simulation area into a variable, highly detailed region of interest represented by a
nanoscopic model and the surrounding area simulated at low resolution by a micro-
scopic model. The evaluation shows a dramatic reduction of computation time in
comparison with a pure nanoscopic simulation of the same simulation dimensions,
which even makes real-time simulation possible. This divide-and-conquer strategy
enables accurate, realistic, and large-scale testing and validation of real implementa-
tions of driver assistance systems based on vehicular networks in a virtual environ-
ment. As the next steps, we are investigating the application of the multi-resolution
simulation methodology for the other domains relevant for the simulation of vehic-
ular networks, namely network simulation and application emulation, to model the
whole system across all domains efficiently at high fidelity.
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How Does the Traffic Behavior Change
by Using In-Vehicle Signage for Speed
Limits in Urban Areas?

Laura Bieker

Abstract Speeding is a major risk factor for accidents. Reminding the driver of the
current speed limit might improve traffic safety. The impact of In-Vehicle Signage
(IVS) for speed limits via Car2Infrastructure communication was investigated in a
test field in Tampere (Finland). The test field results show that IVS has a positive
influence on the speed of the drivers of the equipped vehicle. Different scenarios for
the estimated penetration rates of equipped vehicles were set up to see the overall
effects on the traffic efficiency by IVS. The effects on the traffic efficiency were
simulated in SUMO. The simulation results show that no benefit in traffic efficiency
for all traffic participants could be reached by IVS.

Keywords C2X · In-vehicle signage · Traffic efficiency

1 Introduction

Speeding of vehicle drivers is a common problem in traffic safety. Studies indicated
that speeding is one of the most contributing factors to car accidents. Speeding was
the main reason for an accident in 30% of all accidents in the USA in 2012 [1].
The percentage of speeding-related incidents is rising. There are different reasons
why drivers are violating speed limits. Many of speeding accidents have recorded
the misuse of alcohol (according to [1] 42%). But speed limits can also be easily
overlooked especially from younger drivers who have not much driving experience.
Therefore, an application called In-Vehicle Signage was developed to remind the
driver of the current speed limit. The main idea was that many drivers would reduce
their speeds if they would be more aware of the current speed limit. An implication
of the reduced speed could be an effect on traffic safety and/or traffic efficiency.

Other studies indicate that speed control algorithm can also have an influence in
traffic efficiency. In [2], it is described how jamwaves can be reduced by a cooperative
system for variable speed limits. The described algorithm uses floating car data
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and video-based monitoring to detect jams and resolve the jams via variable speed
signs. The study in [3] presents an approach to optimize the vehicular traffic flow
on highways. The traffic flow could be improved in this approach by presenting
an individual speed limit for each traffic participant. The studies show that driver
depended speed recommendation can have an influence on traffic flow and jams on
highways. Furthermore, this paper investigates whether speed recommendation can
also have an influence on traffic efficiency in urban areas.

First, this paper gives an overview of the evaluated application called In-Vehicle
Signage for speed limits. Next, the test field and the measured data are described.
Afterward, the used simulation scenario and results are presented. Finally, concluding
remarks and an outlook is given.

2 In-Vehicle Signage for Speed Limits

The purpose of the In-Vehicle Signage (IVS) function is to display the traffic signs
on an onboard unit inside the vehicle to improve the driver’s perception of the sign.

The IVS function is implemented via Car2Infrastructure communication (C2I).
This means that the car is sending and receiving messages from/to a roadside unit
(RSU) along the road. In this study, the IVS for speed limits in urban areas was
investigated. The onboard unit reminds the driver of speed limits and warns if he/she
is violating it. The visual warning is given at the location of the traffic sign and was
visible for 100–200 m (depending on the relevance and physical environment).

IVS informs the driver under the following circumstances:when driving just under
(90–100%), just above (100–110%) or significantly above (over 110%) the speed
limit. Here, the purpose of this system is to make the driver aware of how he/she is
driving with respect to the speed limit. The purpose of the IVS is to encourage the
driver to slow down when exceeding the speed limit. The IVS application was tested
in a real-world test field within the DRIVE C2X project.

3 Test Field in Tampere (Finland)

For this study, the test field data from the DRIVE C2X project was used. In the EU
project DRIVE C2X, seven test sides have been built up [4]. The aim of the project
was to build a foundation for cooperative vehicle system in Europe. A basic set for
C2X services has been tested at these locations; see Fig. 1. The set of applications
includes:

• Traffic Jam Ahead Warning
• Green Light Optimal Speed Advisory
• In-Vehicle Signage
• Weather Warning
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Fig. 1 Test sides of DRIVE C2X [4]

• Road Works’ Warning

For this study, the data from the test field in Tampere (Finland) was used; see
Fig. 2. The test field has roads with different speed limits. VTT was operating the
test field and was supported by the city of Tampere. The test field includes 8 km of
urban roads and with a traffic demand of normally 1000–2500 vehicles per hour.

4 Results of the Test Field

The test drives inTamperewere performed fromApril 24 toMay08, 2013. The cars of
the test drivers were equipped with Car2Infrastracture communication (C2I). Along
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Fig. 2 Finnish test field

the streets, four RSUs were installed to collect the data of the equipped vehicles and
send information about the traffic signs. Two test drive scenarios exist:

• Baseline scenario: The vehicle is driving like a normal vehicle without IVS. Only
the vehicle data is collected via C2I.

• Treatment scenario: The vehicle is driving with IVS.

The dataset includes 544 events, with equally 277 for baseline and treatment
events. The speed data of the test field was analyzed for the different speed segments
within the test field. Figure 3 shows the average speeds for the whole test drive, the
roads with a speed limit of 30 km/h and of 40 km/h. In addition, the speed data was
used to analyze whether the test field drivers regard the speed limits. The result was
that 26.8% of the drivers drive faster than the speed limits if they drive without the
IVS application but only 17.8% of the driver with the IVS application.

The analyzed data shows that the speed limit warnings have a small positive
effect on the driving behavior in terms of reduction of speed (of 4% at 30 km/h
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Fig. 3 Average speed of the
different speed segments
within the test field

speed limit and of 1% at 40 km/h speed limit). A reduced speed also implies often
reduced fuel consumption and produced emissions. These positive results are only
for the equipped vehicles, but it would be interesting to see how these results could
influence the traffic behavior overall.

5 Simulation

The test field data indicates the impact of the IVS application for a single vehicle.
To scale up the results of the equipped vehicles on a level of a whole vehicle popu-
lation (including equipped and non-equipped vehicles), a simulation in SUMO was
performed [5].

5.1 Simulation Scenario

An urban road of 1 km length was used as simulation scenario; see Fig. 4. The same
scenario is simulated with a speed limit of 30 km/h and 40 km/h to analyze the
difference on traffic efficiency in both cases. A road with two lanes was chosen so
that all vehicles are driving in the same direction. The opposing traffic is assumed to
have no effects on the driving behavior. Simulation runs with only one lane showed
that the vehicles have to adapt their speed to the leading vehicle with the lowest speed
because no overtaking is possible.

IVS is not expected to have an effect on route choice. Hence, it is sufficient to
analyze corridor networks without route alternatives. In SUMO, every driver has an
own speed which is randomly computed for every street and the corresponding speed
limit. For every vehicle type, a speed factor and a standard deviation can be given. The
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Fig. 4 Urban scenario with speed limits 30 and 40 km/h, two lanes in the same direction

desired speed of each vehicle is randomly given according to a lognormal distribution
with the average speed and the standard deviation from the field test. Additionally,
the standard deviation is also given for the field test data. Given these figures, a
lognormal distribution can be calculated and the desired speed of the vehicles is set
according to the speed distribution 100 m in front of the speed limit, so the vehicle
has time to adapt its speed.

5.2 Penetration Rate

For the simulation, different scenarios of penetration rates of the vehicle within the
simulation were investigated within the DRIVE C2X project [6]:

• a main estimate,
• a pessimistic estimate, and
• an optimistic estimate.

Figure 5 shows graphs of these estimates over time. The estimation of penetration
rate used different factors for the automobile market including, e.g., number of new
cars every year and percentage of vehicles which will probably have implement new
technologies and applications (Fig. 5).

It was not feasible to use all penetration rates for the simulation. Hence, four cases
were chosen to be used for the DRIVE C2X project. The four cases can be seen in
Table 1. Itwas needed to have one “baseline” scenario to compare the other simulation
results with, so the year 2010 without equipped vehicles was chosen. Additionally,
it should be investigated whether low penetration rates have a significant impact on
the traffic; therefore, a “low” scenario was chosen.
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Fig. 5 Fleet penetration rate estimates for all DRIVE C2X systems [6]

Table 1 Fleet penetration
rate

Scenario Car penetration rate (%)

Baseline (2010) 0.00

Low (2020, Main) 10.39

Medium (2030, Pessimistic) 26.29

High (2030, Main) 90.84%

Every simulation scenario was run 40 times with a high traffic demand (peak) and
low traffic demand (off-peak). The results of the simulation runs can be found in the
next section.

6 Results

The travel time and the delay time were calculated for the whole trip of each vehicle
within the simulation. The results for the average travel time of the vehicles can be
seen in Fig. 6. For each scenario, the average travel time is around 94 s, and there
are no significant differences. Likewise, the average delay is around 17 s and is only
slightly changing for different equipment rates (Fig. 7).

For analyzing the results of the simulation, three induction loops were included
within the scenario to measure the local mean speed. The first speed detector was
200 m before the speed limit sign, one was directly at the location of the speed limit
sign and one was 200 m after the speed limit sign. The result can be seen in Fig. 8.
At the first induction loop, the average speed is around 50 km/h and vehicles are all
adapting their speed to the current speed limit at the second and third induction loop.
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Fig. 6 Average travel time
of the vehicles within the
different simulation
scenarios

Fig. 7 Average delay of the
vehicles in the simulation
scenarios

7 Discussion

It was expected that the travel time and the delay would increase with higher equip-
ment rates and the average speed at the induction loops will decrease. But the dif-
ferences in travel time, delay, and speed are in almost all scenarios very small and
not significant compared to the baseline scenario. An explanation could be that the
measured speed differences in the test fields are too small to see the difference in a
stochastic simulation. Namely, the changes are 1.507 km/h for speed limit 30 km/h
and 0.449 km/h for speed limit 40 km/h. These small changes seem to be neglected
in the simulation with many traffic participants.

One way would be to check whether significant results could be produced if the
speed difference for equipped and non-equipped vehicles would be larger. Therefore,
the same simulation scenariowas set upwith artificial values for the speed adaptation.



How Does the Traffic Behavior Change … 45

Fig. 8 Average speeds with
a low traffic demand at the
location of the induction
loops (200 m before the
speed limit, at the location of
the speed limit and 200 m
after the speed limit)

Fig. 9 Travel time result for
an artificial example

The same values for the average speed of the non-equipped vehicles (34 km/h at a
30 km/h speed limit and 39 km/h for the 40 km/h speed limit) were used while for
the equipped vehicles the average speed adopted to 30 km/h at a 30 km/h speed limit
and 35 km/h at a 40 km/h speed limit. These values are not realistic and should not
be used in other studies; they are only used to validate the algorithm.

The simulation for this artificial simulation scenario can be seen in Figs. 9 and
10. The average travel time is increasing with higher penetration rates of equipped
vehicles as it was expected. Also, the average speeds are decreasing for simulation
scenarios with higher equipment rates of the IVS application, like it was expected.
The simulation results show that the algorithm is working like it was expected but
the measured speed changes in the test field are too small to have an impact for the
whole traffic.
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Fig. 10 Average speeds for
an artificial simulation

8 Conclusion

The results of the test field indicate that IVS has positive effects on the speed of
equipped vehicles. IVS can influence traffic efficiency by displaying speed sign
information in car and thereby adapting the drivers’ desired speed. The effects found
in the field trial were used to model the change in desired speed in the traffic simu-
lations: For urban roads, the desired speeds were lowered by 1–4%. The results are
not significant. It could be presumed that the influence of IVS in urban areas is too
small to see benefits in traffic efficiency of the whole traffic.
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Connecting Macroscopic and
Microscopic Traffic Assignment

Michael Behrisch

Abstract There are several methods of traffic assignment related to static assign-
ment of link costs and a dynamic assignment based on microscopic traffic simulation
which are implemented in SUMO. This paper compares the different approaches and
implementations and shows how to combine them to derive a good starting solution
for the more precise microscopic approach from the coarse macroscopic solution.
In addition, a new tool from the SUMO suite and some first results of applying the
schema to the city of Berlin are presented.

Keywords SUMO · Macroscopic assignment · Dynamic user assignment
Microscopic traffic simulation

1 Introduction

In the context of the VEU project, a coupling between an agent-based traffic demand
model (TAPAS [1]) and a microscopic traffic simulation (SUMO [2]) is being devel-
oped. The objective of this connection is to give realistic feedback about the expected
travel times to the agents of demand model. This allows for an iterative refinement
of the planned activities as well as the expected mobility costs in terms of time but
also emission. Since both models are based on the simulation of individual agents,
which is a potentially time-consuming task, and they should be applied to scenarios
of larger cities like Berlin (3.5 million inhabitants), improving run-time performance
is almost as important an issue as the quality of the solution. This paper will focus
on improvements over the classical DUA approach to traffic assignment which were
implemented in SUMOrecently. This coversmacroscopic assignment tools aswell as
combined approaches which should reduce run-time while retaining or even improv-
ing the quality of the user assignment.

The next section describes the current state of dynamic user assignment in SUMO
together with some drawbacks and limitations, especially concerning large scenarios.
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Section 3 gives some details on fast alternative microscopic route finding approaches
using only a single simulation run. Section 4 describes the new MARouter tool
recently introduced into the SUMO suite and how it can be applied to solve some of
the limitations of the pure microscopic approach. Sections 5 and 6 describe the test
scenarios and give some first results of the approach.

2 Microscopic Traffic Assignment with SUMO

The current microsimulation approach in SUMO involves the repeated execution of
a routing step and a detailed microsimulation on the resulting routes leading to a
new traffic situation. This traffic situation is measured edgeways mostly based on the
single measurement of travel time but sometimes also on other measurements such
as fuel consumption [3]. The resulting edge costs are fed back into a router which
calculates new route costs and probabilities (based on a model by Gawron [4]) trying
to achieve a user equilibrium state, where no user can reduce its individual route cost
by changing to a different route. As the description already indicates this process
involves a large number of microscopic traffic simulations which in itself is already
a time-consuming task (simulating a city like Berlin for a whole day can easily take
up to several hours). Usually, there are constraints applied to limit the number of
iterations either to a fixed amount or to some limit in the variation of the travel times
among the available routes for each car.

Still, there are major complications in using this approach because it tends to
give unstable results for large scenarios where after a relative period of stability later
iterations show very different travel times (deviating in both directions). Further-
more, it tends to recover only very slowly from iterations in which the network was
completely jammed. For our scenario, we took the most basic approach, evaluating
an assignment as being successful, when the number of cars being locked (a car is
considered locked when it does not move for more than five minutes) is below 5%
of the total number of cars. In the conventional microscopic approach, we failed
to fulfil this criterion using the Berlin scenario described below, so we needed to
plug in another method leading to two different strategies, one being the MARouter
approach described in Sect. 4. The other strategy is based on direct routing in the
simulation and will be described in the next section.

The traffic assignment process itself is still subject to a number of improvements
since it can, for instance, easily get confused if there are a lot of routes between an
origin and a destination travelling the same jammed edge, because it stores by default
only travel times for (a limited number of) whole routes and not for single edges.
It is also expected that a macroscopic preprocessing can help in avoiding an early
breakdown of the iterative assignment process due to such events.
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3 One-Shot Routing

SUMO allows for different ways to run a simulation without complete a priori
route information. The easiest way is to give the inputs which can be given to the
DUARouter tool directly to the simulation in the form of trips or flows which only
define a source and a destination edge. The simulation will then find a fastest route
based on the current state of the traffic network; that is, it will determine the current
travel times on all edges and find a minimum cost path using the same algorithm
(usually Dijkstra or A* which can be selected by the user) as the DUARouter. It
can also be configured whether routing should happen only on the departure of the
vehicle or on a fixed interval during the run-time of the vehicle as well.

The whole process is not only possible for vehicles which have a defined start and
end edge but also for trips defined between districts and traffic assignment zones.
Since here the departure edge may change, it is possible to define another interval
for periodic rechecking whether a new departure (and possibly arrival) edge should
be chosen

There are several possibilities to tweak this process in terms of quality, sensitiv-
ity and run-time performance. The most obvious parameter is the frequency of the
rerouting which can be increased to have less routing overhead but also less sensi-
tivity to upcoming traffic jams. On the other hand, choosing small values can lead to
oscillation, especially when the scenario contains traffic lights and the vehicles try
to avoid every red traffic light. A good intermediate value we experienced is 300 s.

The second set of parameters affects the determination of the edge weights. It is
possible to define the interval with which they are updated (default one second, we
used 10) as well as smoothingmethod and parameter. Per default, the simulation uses
an exponential smoothing method where the new weight for an edge is calculated
by multiplying the old value with a parameter b and the new value with (1-b) and
adding the result. In our runs, we used the default value of 0.5. SUMO can also use
a moving window averaging here. Last but not least, the values for the edges can be
loaded froma pre-calculated tablewith edgeweights. This speeds up the initialization
phasewhere the net slowly fills up and not all edges already have realistic travel times.
This method can be used to couple the MARouter results described below with the
one-shot routing.

If the simulating computer canmake use of several processor cores, it is possible to
speed up the routing process of large scenarios by using multiple threads (we used 16
in our case, leading to a fourfold speedup of the routing). It has to be noted, however,
that the speedup is only visible in scenarios where enough routing queries happen
at the same time so either many vehicles departure are in the network or rerouting
happens very often. Without parallelization, the routing can easily consume more
than 90% of the simulation time and it is therefore always advisable to speed it up
as much as possible.



50 M. Behrisch

4 The Macroscopic Assignment Tool (MARouter)

The MARouter (short for macroscopic assignment router) is a tool which was intro-
duced into the SUMO suite starting with the release of version 0.22.0. It implements
standard algorithms for macroscopic traffic assignment such as the iterative assign-
ment algorithm and the stochastic user assignment based on Lohse.

The input for a macroscopic assignment run is either an origin–destination matrix
(OD matrix) containing aggregated information about trip counts between traffic
zones or a list of trips which is then aggregated internally but disaggregated before
output. The routing is currently available for individual cars only so there is no public
transport involved.

The MARouter is (for large scenarios) much faster than the iterative microscopic
assignment since it replaces the microscopic simulation step by a simple calculation
of expected travel times based on the measured demand. This allows for a fast iter-
ation but loses all the benefits of microscopic simulation such as detailed junction
modelling and interaction of traffic flows. In order to keep the microscopic advan-
tages in the result, we coupled the approaches to start with a macroscopic assignment
and then feed the results into the microscopic loop mentioned above.

4.1 Macroscopic Traffic Assignment

The MARouter implements a traditional static approach to traffic assignment. The
input consists of an input area (a SUMO network) subdivided into so-called traffic
analysis zones (TAZs) and an origin–destination matrix (OD matrix) which is given
for a fixed time interval (usually a day) and a mode of transport (e.g. passenger cars).
This matrix has one entry for each pair of origin A and destination B defining the
amount of vehicles which move (or rather start moving) from A to B. A second input
into themodel is a set of capacity restraint (CR) functionswhichmodel how the travel
time on an edge increases with the volume of traffic on that edge. The MARouter
currently uses functions of the following form:

t(x) � t0 ∗
(
1 + c ∗ x

l

)

where t0 is the travel time in the empty network, l is the number of lanes, and c is
a constant depending on features like the road class (highway or urban road) and
the maximum allowed speed. At the moment, those functions are hard coded into
the SUMO codebase and cannot be altered by the user (except by modifying the
source code). They can be found in the file src/marouter/ROMAAssignments.cpp.
The MARouter calculates from those OD matrices and functions an assignment
which is a set of routes for each OD pair together with a number of vehicles driving
this route. In order to do so, several basic algorithms can be employed which calcu-
late those mappings iteratively. The most basic approach called iterative assignment
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assigns a fixed percentage of the demand to the net, recalculates the expected travel
times given the CR functions above and assigns the next part.

The second implemented approach is the stochastic user equilibrium (SUE). This
is muchmore similar to the microscopic approach in that it calculates multiple routes
for every driver where it can choose from.

For further algorithms, we refer to the excellent descriptions in [5].

4.2 Input Formats

SUMOaccepts ODmatrices in different formats which originate either fromVISUM
or from the AMITRAN project [6]. An OD matrix in the standard VISUM format
looks like the following:

$V
* From-Time  To-Time
0.00 24.00
* Factor
1.00
* 
* some
* additional
* comments
* District number
2 
* names:

1          2
* 
* District 1 Sum = 100

0          100
* District 2 Sum = 0

0          0

All lines starting with asterisks are comments so the important information is the
time span in the beginning, the number and names of the TAZ (districts) and then
the real demand given matrix line by line. In the given example, 100 vehicles drive
from “1” to “2” during a whole day. In the AMITRAN format, the same input looks
like this:

<?xml version="1.0" encoding="UTF-8"?>
<demand xsi:noNamespaceSchemaLocation="http://sumo.dlr.de/xsd/amitran/od.xsd">
<actorConfig id="0">
<timeSlice duration="86400000" startTime="0">
<odPair amount="100" destination="2" origin="1"/>

</timeSlice>
</actorConfig>

</demand>

In addition to the VISUM format, the AMITRAN format contains information
about the mode (or rather the vehicle class) it describes as well. This is encoded in
the actorConfig which refers to an existing vehicle type for SUMO. Since the format
only allows for numeric ids, the mapping from the actorConfig to the vehicle type is
done in a separate input file.
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4.3 Output Format

The MARouter creates SUMO route files in the standard SUMO format describing
the routes and the percentages of usage between the different OD relations. For the
example given above, the output would look like this:

<?xml version="1.0" encoding="UTF-8"?>
<routes xsi:noNamespaceSchemaLocation="http://sumo.dlr.de/xsd/routes_file.xsd">

<routeDistribution id=”0”> 
<route cost="90.24" probability="100.00000000" edges="middle end"/>

</routeDistribution>
</routes>

MARouter can also directly output flows which can be fed into the simulation or
the DUARouter/duaIterate.py procedure:

<?xml version="1.0" encoding="UTF-8"?>
<routes xsi:noNamespaceSchemaLocation="http://sumo.dlr.de/xsd/routes_file.xsd">

<flow id="0" begin="0.00" end="86400.00" number="100" fromTaz="1" toTaz="2">
<routeDistribution>

<route cost="90.24" probability="100.00000000" edges="middle end"/>
</routeDistribution>

</flow>
</routes>

In this example, MARouter determined only a single route between the source
and the destination. The probability in the described output is not normed to 1 in
order to allow for easy recalculation of the number of vehicles travelling each of the
routes.

5 The Berlin Scenario

The test scenario is the individual traffic demand (only passenger cars, no public
transport and no delivery/goods traffic) for the city of Berlin consisting of approx-
imately three million trips a day between 1100 traffic zones. The TAPAS model
sets up a virtual population for the city of Berlin and determines its transportation
demands for an average weekday. Each person has an assigned activity plan repre-
senting destinations like work and school places and the time they spent there. The
input data is based on various sources mainly statistical data from the Berlin Micro-
census and the “Mobilität in Deutschland” study. For a detailed description, see [1].
The model generates trips for all available modes of transportation, but in the current
implementation only the individual traffic is used for the later microsimulation. The
input from the TAPAS simulation consisting of individual trips was aggregated on
the traffic zone level for running theMARouter. The resulting edge loads are fed into
the microscopic dynamic user assignment procedure as described in Sect. 2 (Fig. 1).
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Fig. 1 Districts of the city of Berlin together with the surroundings (courtesy Google Earth). Each
of the depicted districts corresponds to roughly 20 traffic analysis zones

Afterwards, a comparison between the raw microscopic process and the process
with macroscopic preprocessing could be performed. Unfortunately, the whole pro-
cess still takes in the order of a day to complete so that there are only preliminary
results available yet.

6 Conclusion and Discussion

The first results show a speedup of the user assignment runs. To reach a comparable
result, the run-time decreases in a range of 15–20%. From the small sample set, it
is hard, however, to judge the final results, especially concerning the quality of the
solution. More detailed results are expected in further research and will be presented
at the conference.
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While the speedups are currently not as high as expected, theMARouter tool itself
seems to be of high value because now for the first time we can directly compare
macroscopic and microscopic assignment strategies on the same data set. Further
results also on abstract networkswill be presented in an extendedversion of this paper.
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A SUMO Extension for Norm-Based
Traffic Control Systems

Jetze Baumfalk, Mehdi Dastani, Barend Poot and Bas Testerink

Abstract Autonomous vehicles will most likely participate in traffic in the near
future. The advent of autonomous vehicles allows us to explore innovative ideas
for traffic control such as norm-based traffic control. A norm is a violable rule that
describes correct behavior. Norm-based traffic controllers monitor traffic and effec-
tuate sanctions in case vehicles violate norms. In this paper, we present an extension
of SUMO that enables the user to apply norm-based traffic controllers to traffic sim-
ulations. In our extension, named TrafficMAS, vehicles are capable of making an
autonomous decision on whether to comply with norms. We provide a description
of the extension, a summary on its implementation and demonstrative experiments.

1 Introduction

Recent developments in the automotive industry steer toward a future where
autonomous vehicles are part of everyday traffic (cf. [1, 2, 15]). Vehicles will no
longer have a human driver, but will drive themselves and communicate with smart
road infrastructures and other vehicles. Clearly, human drivers are different from
software programs that operate vehicles. For instance, the response of human drivers
to receiving events is considerably slower and less accurate in comparison with a
computer program. These differences pose new challenges and opportunities [8]. For
example, delegating cruise control to the vehicles’ board computers allows vehicles
to coordinate and form platoons, which improves the traffic flow [12].
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In this paper, we are particularly interested in future challenges and opportunities
for traffic control. Traffic controllers can exert some level of influence on vehicles in
order to improve traffic flow and safety. Currently, traffic is controlled by means of
traffic laws and signs which require the education of general traffic regulations and
the interpretation of signs. The government as a regulator creates incentive to follow
the regulations by imposing sanctions on anybody who is caught violating them.
This control mechanism is tailored for humans, as they are currently the road’s only
occupants. For example, speed limits are given in easy round numbers, as we expect
humans to only approximate their limits within an error margin. An autonomously
controlled vehicle has a more precise control over its velocity and hence its error
margins are different. This allows us to give an autonomous vehicle more precise
directives. We shall address the question of howwe can design, analyze, and test new
traffic controllers where (a portion of) the vehicle is driven by autonomous software
systems.

We envision a future where the traffic infrastructure consists of smart roads,
enriched with software systems that control traffic. We will call such a software sys-
tem a traffic controller. The function of a traffic controller is to observe and evaluate
traffic, and communicate personalized directive to vehicles. Such a traffic controller is
required to respect the autonomy of the vehicles as autonomous vehicles are assumed
to be self-interested with possibly personal incentives to violate traffic regulations
[5]. Traffic controllers will be allowed to impose sanctions on autonomous vehicles
as a way to promote desired behavior. Thus, in our vision autonomous vehicles,
which are aware of traffic regulations and their corresponding sanctions, may still
violate traffic regulations and accept the imposed sanctions whenever their personal
objectives are worth the incurred sanctions. Traffic controllers should also be easily
maintainable in terms of the traffic regulations. In our approach, we focus on drivers,
the state of traffic, the regulations, and the traffic controllers. We shall argue that a
suitable paradigm for these kinds of control systems is that of norm-based control
for multi-agent systems. Norms are violable regulations, whose violations result in
the imposition of sanctions, much like current traffic regulations.

Aside from design, we also want to see what the effect is of a new traffic
control system. As real-world experiments are an expensive affair, a traffic con-
trol research project starts often with traffic simulations. We choose SUMO [13]
as a simulation platform because it is open-source, has a track record of research
behind it, and performs well. We did observe, however, that SUMO does not pro-
vide a straightforward platform to implement concepts from the paradigm of norm-
based control for multi-agent systems. In this paper, we present an extension to
SUMO, named TrafficMAS, that allows the user to specify and execute norm-
based traffic controllers for traffic. This software is open-source and can be found at
https://github.com/baumfalk/TrafficMAS. A small user guide on the extension can
be found in Appendix 2, and more information is available on the Github page.

The running example in this paper is a ramp-merging scenario, where two traffic
streams have to merge together. For a schematic overview, see Fig. 1. There is one
main input stream and one ramp input stream, resulting into a single output stream.
The goal is to make optimal use of the output capacity of the network while not

https://github.com/baumfalk/TrafficMAS
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Fig. 1 Example scenario
where two traffic streams
must merge

causing unnecessary traffic jams for the ramp input stream or compromising safety.
A solid analysis of this scenario can be found in [8]. Our approach is to use a traffic
controller that assigns individual directives to vehicles. In particular, vehicles are
obligated to move or stay on a lane and/or adopt a certain target speed until they are
released of this directive.

Our paper is structured as follows. We first give a brief introduction in the field of
norm-based control systems. We will then show how the norm-based control system
for SUMO is designed and discuss its application in our example scenario. Following
that, we describe how vehicles can reason about the norms that are directed to them
by the traffic controller. We then explain our implementation approach. In the next
section, we evaluate our extension through a series of experiments that highlight
different aspects of our contribution. Finally, we look at related work and compare
them with our approach.

2 Norm-Based Control Systems

Norm-based control systems are a popular technology for coordination in the multi-
agent systems [10] community. A multi-agent system consists of a set of agents that
interact within a shared environment. The agents may communicate with each other
or perform actions in their shared environment. In addition to reactively responding to
environmental changes, autonomous agents are assumed to have their own objectives
(goals) for which they proactively initiate actions in order to achieve them. Aside
from its objectives, the knowledge/belief of an agent may determine the actions
it decides to perform. A simple model of an agent’s internal process is the sense–
reason–act cycle. In this cycle, the agent first senses what the state of the environment
is; then reasons about its goals, preferences, etc., to determine what action it wants to
perform; and then executes the action. Although the agents’ behavior is not always
predictable or controllable, multi-agent systems are often required to satisfy some
global properties. For our purposes, we consider smart roads as a multi-agent system
where the state of traffic as well as the infrastructure is seen as the environment, and
the drivers of vehicles, whether human or not, are seen as the agents in a trafficMAS.
The throughput and safety of smart roads are considered as the global properties that
are required to be satisfied.
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2.1 Background on Norm-Based Control Systems

The behavior of individual agents needs to be controlled and coordinated in order to
ensure the desirable properties at the system level [10]. A possible approach would
be to design and implement hard constraints at both individual agent and multi-
agent system levels. However, this approach may not always be desirable or feasible
since limiting the autonomy of individual agents can be costly or even impossible.
For instance, in our smart roads scenario it is undesirable, if not impossible, to fully
control and determine the behavior of all individual autonomous cars as these vehicles
are assumed and designed to be able to make their own decisions.

Norm-based control systems are widely proposed as an effective mechanism to
control and coordinate the behavior of individual agents [9]. In norm-based control
systems, norms are considered as specifying the standards of behavior that can be
used to govern the interaction between autonomous agents (cf. [4, 11, 19]). Across
various theories and frameworks, there is no general consensus on what a norm is.
In this paper, we use the term norm as a reference to both norm schemes and norm
instances. With the concept norm scheme, we refer to the specification of the cir-
cumstances after which a specific agent is obliged to achieve a system state, and
the sanction that will be imposed should this obligation not be met before a certain
deadline (cf. [19]). With the concept norm instance, we refer to a specific directive
and sanction that is in effect for a specific agent. In general, norms can take the
form of an obligation, prohibition, or permission, but the scope of this paper con-
cerns only obligation norms. The application of norms in multi-agent systems, called
norm-based multi-agent systems, requires continuous monitoring of the behavior of
individual agents, evaluation of their behavior with respect to the specified norms,
and assurance that norm-violating agents are sanctioned. This approach maintains
the agents’ autonomy and can still promote desirable behavior. We observe that traf-
fic regulations can be formulated following the normative approach. For instance,
one can straightforwardly formulate a speed limit measure in terms of a condition
(entering the road), obligation (maintaining maximum velocity), deadline (passing
a camera), and sanction (a fine).

Some applications are inherently distributed and require distributed control sys-
tems. There are various benefits for distributed control such as increased robustness,
parallel processing of data, less communication of data, and modular maintenance
[18]. We believe this is also strongly the case for future traffic in smart roads where
sensors and traffic controllers are geographically distributed, different sections of
road networks are governedbydifferent sets of norms and regulations, and the amount
of data generated and processed is big. Therefore, we aim at decentralized traffic
control consisting of decentralized monitoring of sensor data as well as distributed
enforcement of norms. Our extension allows for a straightforward implementation
of individual traffic controllers and their communication. Although a decentralized
traffic control mechanism is more robust in the sense that it avoids the problem of
single point of failure, it also introduces new issues. In decentralized monitoring, one



A SUMO Extension for Norm-Based Traffic Control Systems 59

has to make sure that the sensors are cooperating correctly to detect norm violations
in a timely fashion [17].

2.2 Norm-Based Traffic Controllers for Traffic

A norm-based traffic controller monitors vehicle behavior and reacts to it. The mon-
itoring functionality of traffic controller serves two purposes. The first purpose is to
detect violations of norms, such as speeding, tailgating, or driving on a priority lane
without a permit. If such a violation is detected, then a sanction coupled with this vio-
lation will be issued toward the violating vehicle. The second purpose of monitoring
is to issue new norms. If the traffic controller continues to observe situations where
either the throughput or safety of vehicles declines, then a norm might be issued to
improve the situation. This norm might be global, or tailored to a specific vehicle.
This allows the traffic controller to be very adaptive to traffic dynamics. Furthermore,
the severity of a sanction might be increased if the coupled violation either occurs
an excessive amount of times or seems to be the cause of problematic situations. In
our framework for norm-based traffic controller, both autonomous vehicles and the
traffic controller show adaptive behavior toward the ever-changing traffic flow and
enable the system to cope with difficult and dynamic traffic situations.

A norm-based traffic controller on smart roads has a collection of sensors with
which it can sense the state of the environment, in this case, the state of traffic and the
infrastructure. Examples of these sensors are inductive-loop detectors or cameras that
can perform image processing aside from speed measurements. Traffic regulations
are formulated as norms. A traffic controller has a set of norm schemes that given
sensor data can make norm instances. The norm instances are maintained by the
traffic controller for as long as they are applicable. Finally, a traffic controller may
have subscribers and subscriptions. In a decentralized setting, traffic controllers can
subscribe to each other in order to receive sensor data which they cannot obtain
locally. Hence, we obtain a form of decentralized norm-based traffic control.

The norm-based traffic controllers in our extension aremodeled as a cyclic process
that continuously senses its environment (sense phase), evaluates the norms (reason
phase), and imposes sanctions when norms are violated (act phase). In the sense
phase, traffic controllers have twoways of observing the environment: (i) Obtain data
from the sensors that are placed in the environment, and (ii) obtain data from other
traffic controllers (by means of communication) to which the norm-based controller
is subscribed. In case of the SUMO simulations, this happens every tick. Immediately
after the data is received from the sensors, information is communicated between the
traffic controllers. In the reason phase, the traffic controllers apply their information
to their norm schemes in order to instantiate norm, if possible at all. Finally, the
traffic controllers act on these new norm instances by communicating the directives
to the vehicles in order for drivers to adapt their behavior. Furthermore, the traffic
controllers act by imposing sanctions on the drivers when they fail to comply to
existing obligations when a deadline has been reached.
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In our smart road application, norm instances are announced by the norm-based
traffic controller to autonomous vehicles, just like drivers are assumed to be aware
of traffic regulations. Norm awareness allows an autonomous vehicle to reason and
decides whether or not to comply with the norms (cf. [3, 16]). Norm awareness is
crucial for future traffic on smart roads as autonomous vehicles need to know the
consequences of norm violations before deciding whether or not to comply with the
norms.

3 Application of Norm-Based Traffic Control in SUMO

In our use-case scenario, we illustrate a fairly simple norm-based traffic controller.
The traffic controller first calculates when individual vehicles would arrive on the
merge point of the traffic streams. The algorithm used is described in [21] and returns
an ordering of vehicles. Next, the target velocity is calculated for each individual
vehicle that ensures that it a) crosses the merge point at least two seconds after the
vehicle that will cross the point before it, and b) the maximum safe velocity is still
maintained. In case the mainstream road has two lanes, a vehicle can be obliged to
move to the left lane too. This happens when target velocity of a vehicle on the main
road is below a predefined threshold. The sanctions of violating norms are captured
by a low or high fine.

In Fig. 2, a schematic representation of the aforementioned ramp-merging sce-
nario is given. Triangles are vehicles that travel in the direction toward they point.
White vehicles are the ones that have not yet received their directive from the traffic
controller, while the black vehicles have passed a sensor and have thus received a
personalized norm instance. The vehicles without a norm instance in Fig. 2 are vehi-
cles A, B,C , and D. Lane sensors (s1 to s5) are placed on the roads. These sensors
can detect the status of vehicles that are driving over them. For the scenario to work
correctly, it is necessary that either the sensors are sufficiently long or the vehicles
are sufficiently slow, so that no vehicle can pass the sensors undetected. The sensors
should also be placed at a distance far enough from the merge point m such that
vehicles have enough time to comply with the directive before the deadline. There
are two important points on the road: point m where the two roads merge, and point
e where the vehicles exit the scenario. Distances dA and dC are agents A and C’s
distances tom, dexit is the distance from the m to e, and dsa f e is the distance between
vehicles that are deemed safe (i.e., the minimal gap between cars). Ideally, A and C
traverse dA and dC such that they arrive atm with a distance dsa f e and can accelerate
to their maximum speed within the distance dexit .

Monitoring happens through interpreting the observations of sensors. In the case
of SUMO,we use lane detectors that can sense the vehicles that driving along the area
they cover. Specifically, each sensor can detect the identity, velocity, and position of
each vehicle on the sensor’s area. Further parameters such as the maximum velocity,
acceleration, and deceleration capacities can be assumed within reasonable margins.
If the traffic controller instantiates a norm, then the subjected vehicle is notified of
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Fig. 2 Scenario with two lanes

the directive that it has to fulfill and the associated sanction that will be imposed if
the directive is not followed.

The standard traffic rule in the ramp-merging scenario is that the stream that
originates on the main road has priority over the ramp road’s stream. However, if
the main road is busy, this may lead to large traffic jams on the secondary road.
Therefore, the traffic controller uses the traffic data from sensors 1–3 and calculates
the optimal velocities of the vehicles in such a way that the traffic streams merge
smoothly together at the merge point. More specifically, the traffic controller notifies
vehicles passing sensor 1 to stay on the left lane. Sensors 2 and 3 are used by the
traffic controller to coordinate the scheduling of vehicles on the merge point. If a
vehicle passing sensor 2 has to slow down too much, i.e., to a velocity less than a
given threshold, then it receives the directive to move to the left lane.

In order to not overcomplicate the scenario, we decided to simplify some aspects
of the traffic controller. The sanction that a vehicle can receive for violating a norm
is modeled by either a low or a high fine. A directive that a vehicle can receive
is an obligation to be on the left or right lane of the main road at a certain target
velocity. For instance, (right, 10) is read as the obligation to be on the right lane
at 10m/s. Given that autonomous vehicles are accurate, we take real numbers for
the specification of target velocity rather than multiples of 10km/h as is common
in current traffic controllers. A norm instance consists of a directive that is paired
with a sanction. The sets of possible sanctions, directives, and norm instances for
this scenario are global throughout the paper and given by:

• S = {low, high} are the possible sanctions.
• O = {le f t, right} × R are the possible directives.
• N = O × S are the possible norm instances.

For each simulation step, the new norm instances are created. Recall that norm
instances are created based on norm schemes.
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3.1 Norm Scheme: Example

For our scenario, the traffic controller instantiates a norm scheme into a vehicle-
specific norm in such a way that vehicles cannot arrive on the merge point at the
same time if they comply with their norms. This will cause vehicles to slow down
considerably on the main road. If they have to slow down too much, then they will
be obliged to move to the left lane which is assumed to be more free-flowing. The
exact explanation of this norm is provided in Appendix 1.

We also have another norm scheme that obliges vehicles that enter on the left
lane of the main road to stay on their lane at a preset maximum velocity vMAX . We
shall illustrate the different aspects of a norm scheme according to this scheme’s
pseudocode that is given in Algorithm1. We assume that there exists a current set of
norm instances N, a function sanction that given a vehicle and fine issues the fine for
that vehicle, and a function read that returns the vehicles on a sensor’s area that has
not been seen before by that sensor. Though not a forced pattern, we do encourage
future users of our extension to use the same code structure as in Algorithm1. Every
norm scheme has a specification of when norm instances are created, when they are
retracted, and when a sanction should be issued.

Algorithm 1 Pseudocode for the stay-on-lane norm scheme
1: L ← read(s1)
2: for all agent ∈ L do
3: N ← N ∪ {(agent, ((le f t, vMAX ), low))}
4: L ← read(s4)
5: for all agent ∈ L do
6: if (agent, ((le f t, vMAX ), low)) ∈ N&agent.v < vMAX then
7: sanction(agent, low)

8: N ← N\{(agent, ((le f t, vMAX ), low))}
9: L ← read(s5)
10: for all agent ∈ L do
11: if (agent, ((le f t, vMAX ), low)) ∈ N then
12: sanction(agent, low)

13: N ← N\{(agent, ((le f t, vMAX ), low))}

The code of Algorithm1 is executed after every simulation tick. We begin with
creating new norm instances (lines 1–3). In this case, sensor 1 is read. In Fig. 2, it
can be seen that this sensor detects all vehicles that enter the scenario on the left
lane of the road. Hence, we give each vehicle on the left lane the directive to stay
on the left lane and also obtain a preset maximum velocity to ensure that the flow
stays high (line 3). We then continue by checking sensor 4 (lines 4–8). Vehicles with
instances of this norm that pass sensor 4 fulfilled their directive to stay on the left
lane. However, if their velocity is not the obliged velocity, they receive a low fine
(lines 6–7). After passing this sensor, the vehicles are relieved of their directives (line
8). The same holds for sensor 5 (line 9). However, if a vehicle passes sensor 5 then
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it means that it switched to the right lane. Hence, each vehicle that has received a
directive to stay left but passes sensor 5 is fined (line 12).

4 Norm-Aware Vehicles

Our goal is to build autonomous norm-aware vehicles that operate on smart roads
where vehicles’ behaviors are automatically monitored, evaluated with respect to
traffic norms, and possibly sanctioned. As mentioned before, we assume that indi-
vidual vehicles have their own objectives (e.g., destination, arrival time, travel cost)
and are able to deliberate and decide on actions that achieve their objectives. This
implies that a vehicle can choose to obey/violate a norm, when this contributes to the
achievement of its objectives. In this section, we will discuss norm awareness and
how we adopted it in our own driver models.

4.1 Background on Norm Awareness

We have explained norm-based controllers in a multi-agent system as being external
entities to the agents,whichmay oblige/forbid certain behavior and impose sanctions.
This abstraction comes from the human way of organizing. It is beneficial to make
agents in a multi-agent system norm-aware, especially in simulations where we want
the agents to change their behavior due to the norms as humans do. Norm awareness
falls under the umbrella of organizational awareness [20]. Organizational awareness
is about allowing agents to reason about their role within an organization. However,
for traffic simulation purposes, all agents have the same role (i.e., being a driver),
hence we will focus on norm awareness only.

Being norm-awaremeans that an agent can reason about the norms that it receives.
The directives that an agent receives are unlikely to match its goals and desires. Oth-
erwise, there would be no need for sanctions. Reasoning about norms hence entails
weighing for a course of actions the benefits (reaching goals, fulfilling desires, etc.)
and the penalties (expected sanctions from the norm-based controller). In general,
the more complex the planning mechanism of the agent is, the harder it is to incorpo-
rate reasoning about norms. For an example language for programming norm-aware
agents that can deliberate about norms w.r.t. their own goals and plans, we refer the
reader to N-2APL [3].

4.2 A Norm-Aware Driver Model

In order tomodel normawareness,wedeviate from the standardSUMOdrivermodels
[14]. There are several reasons for this. First, vehicles in SUMO are goal-directed
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only in a limited way. For example, the goal of SUMO drivers is to follow a certain
route, as opposed to the goal of having a specific location as the destination. Second,
SUMO agents are preprogrammed to follow a specific route. They only respond
reactively to their environment, instead of deliberating on what action would best
suit them. Third, vehicles in SUMO are inherently incapable of deciding to break
the rules. For example, they always stop for a red light and they obey to the right of
way. This is because of vehicles in SUMOmove according to specific car-following
and lane-changing rules. The car-following model is not created with norm-aware
vehicles in mind. The most commonly used car-following model made by Stefan
Krauss is designed purely to create realistic traffic flows in general since in most
traffic simulations individual movement on the microscopic level is not interesting
[14]. In contrast, we aim at designing futuristic autonomous cars with a more fine-
grained sense of control and, most importantly, the ability to violate norms. In our
work, we model drivers with different possible actions, a belief state, and personal
preferences. The available actions of a vehicle depend on the scenario. The belief
state of a vehicle consists of:

• A description of its runtime variables which contain its velocity, position (given
by a lane and distance from that lane’s start), and current norm instances.

• An expected arrival time (at the goal location) function that reflects, for instance,
the GPS planning tools that vehicles have available. This function is equal for
all vehicles, but can be parameterized in the future in order to make more opti-
mistic/pessimistic drivers.

• A local effect function that returns the next expected runtime variable configura-
tion, given the runtime variables of a vehicle and an action. For instance, if the
current velocity is 20m/s and a vehicle accelerates by 5 as an action, then it expects
for the next simulation tick to be at 25m/s if this is possible within its acceleration
capabilities. This function is also equal for all vehicles.

• Adirective distance function that returns a positive expectancy ofwhether the vehi-
cle can fulfill the directive in time before it is sanctioned, given runtime variables
and a directive. The precise definition of this function depends on the possible
directives and driver specifics in an application. However, a high distance should
mean that it is likely that the sanction will be incurred in the future, whereas a
distance of zero should indicate that the current state fulfills the directive. This
function is also equal for all vehicles.

The personal preferences of a vehicle are given by its personal profile. This profile
consists of:

• A maximum desirable velocity of the vehicle.
• A sanction grading function that returns how bad a sanction is to the vehicle. The
higher the number, the worse the sanction. This can be used to model how affluent
or greedy a vehicle is.

• A arrival time grading function that returns how good or bad an arrival time is. This
encodes the desired arrival time of the vehicle. Anything before the desired time
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Fig. 3 Sense–reason–act
cycle of an agent

should be evaluated to zero or less, and everything after it should monotonically
increase in their evaluation.

Our vehicles are assumed to use a sense–reason–act cycle. In our extension, this
cycle is performed at each simulation tick of SUMO (Fig. 3). In practice, it is not
required that the vehicles run synchronously with the traffic controllers and/or other
vehicles. In practice, a vehicle perceives its road environment by its onboard sensors.
In our extension, this information is obtained from SUMO, which gives a vehicle its
local information. A vehicle also receives newly instantiated or retracted directives
that apply to itself. This information updates the vehicle’s belief state (its runtime
variables). Using its knowledge of the road network, the vehicle estimates the utility
of each of its actions by balancing between the value of achieving its objectives
and possible sanctions that will occur if it performs the action. The arrival time and
expected sanctions are used to calculate the utility for each action.

The action with the highest utility is chosen by the agent’s action selection func-
tion, using a priority-based tie-break mechanism for ties. The tie-break mechanism
is used when two or more actions have the highest utility. If such a situation occurs,
then the action with the highest priority is chosen. In our implementation, the less an
action changes the agent state, the higher its priority is. For example, in a tie-break
situation, doing nothing is preferred to increasing velocity to a small amount, which
in turn is preferred to increasing velocity to a larger amount, which in turn is pre-
ferred to changing lane. We chose for this ‘least impactful action’ tie-break ordering
since we believe this to be in line with human behavior. However, we stress that this
ordering is not essential to our framework and can be replaced by arbitrary tie-break
orderings. Finally, the simulator executes this action.
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Recall that S is the set of possible sanctions, O the set of possible directives, and N
the set of possible norm instances. The relevant components of an agent are modeled
as follows:

• A is the set of actions to choose from.
• 〈v, l, d, n〉 is a specification of the runtime variables of a vehicle, where v is the
current velocity, l is the current lane, d is the distance from the starting point of
that lane, and n ⊆ N are norm instances.

• B is the set of all possible runtime variables configurations.
• f : B �→ N is the expected arrival time function.
• e : B × A �→ B is the local action effect function.
• δ : B × O �→ R is the directive distance function.
• 〈vmax , gs, gt 〉 is a specification of a vehicle’s personal profile, where vmax is the
maximum velocity, gs : S �→ R is the sanction grading function, and gt : N �→ R

is the arrival time grading function.
• P is the set of all possible personal profiles.
• u : B × P × A �→ R is the utility function, given by:

u(b, p, a) = gt( f (b
′)) +

∑

(o,s)∈n
(δ(b′, o) · gs(s)),

where b = 〈v, l, d, n〉, p = 〈vmax , gs, gt 〉, and b′ = e(b, a).
• α : B × P → A is the action selection function given by:

α(b, p) = max
a∈A

u(b, p, a)

5 Application of Norm-Aware Driver Models

In this section, we shall go into detail how the norm-aware drivermodels are specified
for our scenario. We give a specification of the scenario’s specific components and
discuss utility calculations.

5.1 Vehicle Driver Specification

A vehicle reasons about all its actions when it deliberates for a next action. Among
all actions in our scenario are de-/accelerating action. We have simplified this by
discretizing the possible de-/acceleration values. The other possible actions available
to a vehicle are switching a lane to the left or right.More specifically, the set of actions
A that a vehicle can decide to perform are:
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A = {ax | x ∈ {0, 0.1, −0.1, 1, −1, 5, −5, 10, −10, 20, −20, 50, −50}} ∪ {lle f t , lright },

where ax is read as adding x to the current velocity (i.e., de-/accelerating) and
lle f t/ lright is read as moving a lane to the left or to the right.

We also specify how the directive distancemeasure is calculated given the possible
directives in our scenario. In our scenario, the factors that a vehicle considers are the
time it takes to fulfill the directive, the current time, and the expected time that the
sanction will be issued if the directive is not followed.We have implemented vehicles
in such a way that they expect that the traffic controller check whether a directive is
followed somewhere between the current time t and the current expected exit time
texi t for the vehicle. The minimal amount of time needed to adhere to the norm is
denoted δt . For instance, if a vehicle at time step t is being instructed to drive 25m/s
and can accelerate to this speed in minimally three time units, then δt = 3. If we
need zero steps to adhere to the norm, the distance is zero. Otherwise, the distance
proportionally moves to 1 given the current time. If the traffic controller will check
directive fulfillment before the driver can achieve compliance (i.e., texi t − t < δt ),
then δ should be 1. Hence, the directive distance measure is given by:

δ(b, (lo, vo)) = min(δt , texi t − t)

(texi t − t)
,

where t is the current time, texi t is the expected exit time, and δt is theminimal number
of steps needed for compliance of (lo, vo) given the current runtime variables b.

Note that this means that the drivers expect the traffic controller to issue a sanction
if a directive is not followed between now and texi t − t time units later. This distance
measure can be modified easily in our framework.

5.2 Utility Calculations: Example

To illustrate this notion, suppose we have two drivers, a poor one and an affluent one
in an identical situation. They currently drive 20m/s, their maximum speed is 30m/s,
they can accelerate or decelerate with 10m/s and their travel distance is 1080m. Both
are in a hurry, so their gt is defined as gt(time) = bestT ime

time .
Here, bestT ime is defined by the minimal travel time, i.e., the time it would take

the drivers to travel the distance if they could go their maximum speed all the time.
In this case, bestT ime = 1080/30 = 36. However, the road the drivers travel on has
a speed norm, with the maximum speed being 10m/s. Not complying with this norm
gives a high fine. The poor agent cannot afford this fine, so it has gs(high) = −20.
The affluent driver can easily afford this fine, so it has gs(high) = −0.2. Suppose
for this example that drivers can only take the actions a0, a10 and a−10.

In Table1, we see the utilities for each of these actions for both drivers. Here, we
see that the highest rewarded action for the poor driver is the one that obeys the norm
since it cannot afford the fine, while the affluent driver is in a position to violate the
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Table 1 Example of the deliberation of a poor and affluent agent

a0 a10 a−10

Speed after action 20m/s 30m/s 10m/s

Norm speed 10m/s 10m/s 10m/s

Travel time remaining 54s 36s 108s

gt 0.67 1.00 0.33

Steps needed to oblige
the norm

1 2 0

δ 0.02 0.06 0.00

Utility poor agent 0.30 −0.11 0.33

Utility rich agent 0.66 0.99 0.33

Fig. 4 Overview of the presented extension

speed norm since it can afford the fine. In fact, the affluent driver will increase its
speed since it then maximizes its time grade and thereby its utility.

6 Implementation Approach

The structure of the presented norm-based traffic controller for SUMO is depicted
in Fig. 4. As stated before, we use the native SUMO application as the environment.
However, we do not use SUMO’s driver models. Instead, we communicate com-
mands from our own agent model to the vehicles. We have also implemented our
own sensor business logic. These sensors are connected to lane area detectors as
implemented in SUMO. The communication between the extension software and
SUMO is provided by the TraaS library. We use and provide a new version of TraaS.
In addition to improved performances, the new version has some extra functionalities
that are needed for our extension.

The software in our extension is composed mainly of the agent models and the
traffic controller. The software executes in lockstepwith SUMO; i.e., each simulation
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Fig. 5 Model-View-
Controller
structure

tick in SUMO is also a tick in the extension. We chose to provide our work as an
extension to SUMO, rather than modifying the source code of SUMO directly.

There are various pragmatic reasons to propose a SUMO extension rather than
altering its code. For example, we can now support multiple versions of SUMO,
starting from SUMO 0.20 and upwards. This also makes our extension more acces-
sible to users, since it eliminates the need for users to recompile SUMO before they
can use the framework. The framework is developed in Java since most norm-based
autonomous agent frameworks are written in Java and Java programs are easy to use
on a variety of platforms. We have designed the framework using the Model-View-
Controller pattern, as can be seen in Fig. 5. A multi-agent system can be specified
in XML and is converted to a MAS model. We furthermore use TraaS to retrieve
the simulation state of SUMO. These models can be manipulated by the controller
software (note that the controller is a control component in the software engineering
sense; it is not the same as the conceptual traffic controller). The agent framework
simulates our driver models. The view of the system allows the user to see the state
of the MAS side of the simulation. This decomposition allows other researchers to
easily create their own front-end by changing the view implementation. It is also
possible to create a new data format for scenarios by changing the data model imple-
mentation, or to change the simulation package by providing a different simulation
model implementation. Each part can be changed without the need to change other
parts of the framework.

In Fig. 6 an UML overview of the traffic controller structure is shown. As men-
tioned previously, traffic controllers observe by using sensors. These sensors are an
extension of a physical object, occupying space within the environment on a certain
road, lane, and distance and have a certain length. The traffic controller consists of
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Fig. 6 UML overview of
traffic controllers

five attributes. First, NormSchemes, which is a set of traffic regulations to be effectu-
ated by the traffic control system. Second, NormInstances, a set containing all norms
instantiated by the controller. In effect, this means a specific regulation is sent to a
vehicle. Third is the set Sensors, which is a set of sensors at its disposal to sense the
vehicles driving in the environment. Fourth, a traffic controller is subscribed to a set
of other traffic control systems denoted by the set SubscribedControllers. Finally,
KnowledgeBase is a set containing data about the vehicles in the simulation.

At regular intervals, vehicle data is collected fromboth the sensors and other traffic
controllers and is used to update the traffic controller’s knowledge base. It uses its
knowledge base in three ways. The first usage is to decide if the traffic regulation
should be applied and instantiates a specific regulation for a vehicle. Secondly, a
traffic controller employs its knowledge base to determine if the regulation is violated
in order to impose sanctions. Finally, the knowledgebase is used to determinewhether
the deadline of an instantiated regulation is met. If so, the regulation is retracted and
the relevant vehicle is notified.

The communication of the regulations to vehicles as well as the communication
of sensor readings between traffic controllers is assumed to be done wireless. The
actual communication protocol is unspecified.

An UML overview of the agent structure is shown in Fig. 7. Agents are an exten-
sion of physical objects since they occupy a certain space and have a certain position
in the world. ABasic Agent is a prototype AgentProfile. The agent profile is specified
by the SanctionGrade and ArrivalTimeGrade functions which are the sanction and
arrival time appraisal functions discussed in Sect. 4.2. In the doAction function, the
directive distance measure is used to calculate the utility for each individual action.
In this manner, the agent profile of the agent together with the current state decides
what action the agent will choose toward achieving its goal. These design choices
were made to model the agents in such a way that new agent profiles can easily be
created to model norm-aware human or driverless autonomous vehicles, while still
keeping the agents as simple as possible. With each deliberation cycle, agents can
pick the action most suited to their goals and the current state, one of the actions
listed by the AgentAction enumeration in Fig. 7.
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Fig. 7 UML overview of the agent structure

7 Experimental Evaluation

We tested the performance of our normative agent-based traffic approach using
four experiments. In these experiments, variations of the ramp-merging scenario,
as explained in Sect. 3, are used. The first experiment considers a ramp-merging sce-
nario where the main road consists of a single lane, while on the second, third, and
fourth experiment, the main road has two lanes. In the second experiment, the second
lane is accessible for all drivers, but in the third experiment the second lane is marked
as an emergency-only lane. Finally, in the fourth experiment, the ramp-merging sce-
nario is used twice in succession in order to demonstrate the use of communication
and coordination between decentralized traffic controllers.

The experiments were set up as follows. Each experiment is run for a length of
one hour (3600 ticks). The spawn rate shown in the tables of the experiments is
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defined as the chance of a vehicle spawning every tick. If there is not enough room
to spawn a vehicle at a certain time, then SUMO puts the vehicle on hold and spawns
it at the earliest possible time when space is available. The maximum speed at the
merge point, vmax , was set to 80km/h. Furthermore, the four experiments consist
of comparing two scenarios, both ran for one hundred times. The values displayed
in the tables are the averages over hundred runs. The throughput is defined as the
number of vehicles leaving the simulation every tick. Average speed is the average
speed over all runs in m/s, and finally the average gap is the average distance between
two cars in meters. Also, we define for each experiment the maximum (expected)
throughput. This is the expected throughput if each vehicle could keep driving its
maximum speed throughout the scenario and can be calculated by the following
formula: throughputmax = 60p, where p is the probability of a car entering the
simulation on that tick.

7.1 Experiment 1: SUMO and TrafficMAS

The first experiment illustrates the behavior difference between the default SUMO
vehicles and the norm-aware driver models implemented in the TrafficMAS exten-
sion. A single traffic controller observes the vehicles in the simulation and commu-
nicates tailored norm instances to each vehicle. In this experiment, a norm instance
is simplified to just a target velocity since there is no choice of lanes on the main
road. The expected result is that norms result in a higher average velocity and a better
throughput of vehicles since traffic jams will be prevented. In this scenario, a classic
ramp-merging situation is implemented, where both the main road and ramp consist
of a single lane. The spawn rate of the vehicle input stream will be slightly higher
on the main road to resemble a realistic traffic situation. In the TrafficMAS sce-
nario, three sensors are placed on the road: one on the main road, one on the ramp,
and a control sensor on the output road. The traffic controller instantiates norms,
removes norms, or applies sanctions when the vehicles are detected by the sensors.
In the SUMO scenario, the main road has priority over the ramp road, comparable
to real-life merging situations.

As is clear from the results in Table2, there is an increase in both throughput,
average speed, and the average amount of space between the vehicles. This is the
case since in the SUMO scenario a traffic jam instantly forms on the ramp, because
of the relatively high density of cars on the main road (Fig. 8). These results confirm
our expectation of coordination by a norm-based traffic controller improving on
classic ramp-merging scenarios. Note that the throughput % value exceeds a hundred
percent, this is possible because the spawn rate is probability based and thus can
exceed the maximum expected throughput.
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Table 2 Results for the first scenario

SUMO agents Norm-aware agents

Main road spawn rate 20% 20%

Ramp spawn rate 15% 15%

Throughput 16.16 21.01

Max throughput 21 21

Throughput % 76.95% 100.05%

Average speed 3 20.97

Average gap 13.81 101.82

Fig. 8 Screenshot depicting the difference in performance in experiment 1. The top scenario uses
our framework and merge norm. The bottom scenario uses the default SUMO driver models

7.2 Experiment 2: Simple Norms and Advanced Norms

The goal of the second experiment is to compare traffic controllers using simple
and advanced norms. The traffic controller in the SingleNorm scenario observes and
controls the same norm as in experiment 1. In theAdvancedNorm scenario, the traffic
controller can also issue directives for the vehicles to change lanes in order to relieve
the rightmost lane traffic and prevent congestion. The lane change directive will be
given to a vehicle when its calculated velocity on the merge point is below a certain
threshold. For this experiment, the threshold was set to 1/2vmax . Our expectation
is that in this multi-lane scenario, the traffic controller with the advanced norm can
successfully cope with a higher input stream of vehicles.

The setup for the SingleNorm scenario is a copy of the TrafficMAS scenario
in experiment 1, except that in this case the main road has two lanes instead of
one, and moreover, the input stream of vehicles of both roads are increased. The
AdvancedNorm scenario implements extra sensors on the second lane, but is exactly
the same in every other aspect.
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Table 3 The results for the second scenario

SimpleNorm AdvancedNorm

Main road spawn rate 30% 30%

Ramp spawn rate 20% 20%

Throughput 20.38 29.91

Max throughput 30 30

Max throughput % 67.93% 99.70%

Average speed 3.31 14.91

Average gap 14.2 61.49

As can be observed from the results in Table3, the simple norm cannot cope
properly with the increased spawn rate of vehicles in this scenario. The average speed
has diminished severely, as well as the average gap between vehicles. This means
congestion is abundant in the SimpleNorm scenario. However, the AdvancedNorm
seems to cope very well with the increased input stream of vehicles. In this scenario,
the throughput approximates the maximum expected throughput by a factor 0.3%,
which indicates that the vehicles move throughout the simulation without much
congestion.

7.3 Experiment 3: Sanction Severity

The third experiment illustrates that drivers are able to reason about norms. Exper-
iment 1 has shown that drivers are norm-aware. However, TrafficMAS agents also
have the capabilities to violate norm if these violations do not have significant impact
on them. In this experiment, the leftmost lane is an emergency lane, reserved for cer-
tain traffic in order to help with accidents and other emergencies. Therefore regular
drivers will get sanctioned if caught driving on this lane. Since this lane remains
mostly empty, this is a viable option for drivers who greatly value a faster arrival
time and are in a financial position which makes them willing to accept a fine. We
expect that the more affluent drivers will choose to accept sanctions in order to
improve their arrival time, resulting in distinct behavior between the two groups of
drivers.

This experiment is set up in the sameway as experiment 2, except that the leftmost
lane is reserved for emergencies and the spawn rates are lowered. In the Poor Drivers
scenario, the input stream consists of drivers who are impatient, but in a substandard
financial position. The Affluent Drivers scenario spawns drivers who care about
sanctions, but are willing to accept fines if by doing so they can arrive earlier to their
destinations.

The results of this experiment are listed in Table4. With this experiment, the
differences in throughput, average speed, and average gap are much smaller, and
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Table 4 The results for the third scenario

Poor drivers Affluent drivers

Main road spawn rate 20% 20%

Ramp spawn rate 15% 15%

Throughput 20.48 20.88

Average speed 12.95 14.42

Average gap 48.37 69.29

Sanctions 0 133.12

s5

s3

s2

s1 s4

s8

s10s7

s6 s9

Fig. 9 Distributed traffic control setting. Rounded boxes indicate local traffic controllers. The left
controller is connected to sensors 1–5 and the right controller to sensors 6–10

not significant enough to lead to any conclusions about improvement. However,
a significant distinction in the number of sanctions can be seen. This indicates a
difference in behavior between the groups of drivers. On average about 133 affluent
drivers decide to drive on the emergency lane in an hour of simulation. This shows a
clear difference in behavior from the poor drivers, who never decide to change lanes.

7.4 Experiment 4: Communication in Distributed Traffic
Control Systems

The final variation of the merging scenario that we consider demonstrates the decen-
tralized version of our framework. Specifically we demonstrate the ability of one
traffic controller to share data about traffic with another traffic controller so that the
receiver can adjust its norms. In this variation there are two merge points in sequence
(Fig. 9). Each of the merge points is controlled by a local traffic controller as in the
previous scenarios. For this, they have their own local sensors.

When running this scenariowithout communicating traffic controllers,weobserved
that the traffic streams tend to flow like the top situation in Fig. 10. Traffic that arrives
on the left lane of the main road keeps that lane, as it is faster than switching to the
right lane. The ramp traffic streams merge in on the right lane of the main road.
After the merge scenario, the vehicles can freely move from left to right and back.
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Fig. 10 Top: Traffic streams
(arrows) without
coordination. Bottom: traffic
streams with coordination

However, if the stream of vehicles in the second ramp is too dense, then congestion
occurs at the second merge point. The problem is that the second merge point has to
process too many vehicles.

A solution might be to redirect all traffic observed by the left traffic controller to
the left lane of the main road when high-density streams are observed at the ramp
road of the right traffic controller (the second ramp road). This way all traffic on the
second ramp road can continue through on the right lane of the main road without
being obstructed by oncoming traffic. However, the left traffic controller can only
sense the traffic situation using its local sensors. Therefore the right traffic controller
needs to inform the left traffic controller about the traffic density on the second
ramp.

This coordination is realized as follows. The left traffic controller subscribes
to traffic density observed by sensor s8 of the right traffic controller. If the left
traffic controller detects a high traffic density on the second ramp, it will issue new
norm instances that obliges vehicles to move to the left lane. As a result the input
traffic streams of the right traffic controller should be easily manageable as the
vehicles on the main road are obliged to stay left such that the vehicles on the
second ramp roads can move on the right lane of the main road. The resulting traffic
streams should resemble the streams in the bottom depiction of Fig. 10. We expect
that the coordinating traffic controller performs better in terms of throughput, average
speed, and average gap, since less congestion should occur at the second merge
point.

The results of experiment four are listed inTable5.A small increase in the through-
put and a larger increase the average speed and gap in the coordinated traffic con-
trollers scenario compared with uncoordinated traffic controllers scenario can be
observed. Thus, giving vehicles on the main road the obligation to change to the left
lane quickly after the first merging point appears to prevent the delays as observed
in the original scenario. These preliminary results support our hypothesis that obser-
vation sharing and communication between traffic control systems can be effective
for traffic regulation.
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Table 5 The results for experiment four

No coordination Coordination

Main road spawn rate 25% 25%

Ramp #1 spawn rate 15% 15%

Ramp #2 spawn rate 35% 35%

Throughput 43.81 44.74

Max throughput 45 45

Max throughput % 97.36% 99.36%

Average speed 11.32 14.60

Average gap 62.47 66.03

8 Contributions and Comparison to Other Work

The results of our reported experiments were positive in the sense that the advanced
version of our framework performed better than the SUMObaseline/simpler versions
of our framework.However, as noted previously, some scenarioswere not completely
realistic. The merge scenario did not have an acceleration lane aligned with the main
road. Moreover, in the final experiment, the traffic density of the second merge lane
was higher than onewould expect in the real life.However, the aimof our experiments
was not to show simulate calibrated realistic scenarios. Our goal was rather to show
that our extension is an enabling technology for the specification and testing of norm-
based traffic control, which can be extended into a more complex and feature-rich
framework.

The contributions of our work are as follows. First of all, we have created a
lightweight framework for autonomous norm-aware vehicles and norm-based traffic
controller on top of SUMO. This framework is easy to extend with different types
of driver profiles. It also allows for the easy usage of a different simulation package.
Secondly, we have created the possibility to conduct traffic experiments and mea-
suring the impact of a norm-based traffic controller. Finally, we have improved the
TraaS performance, yielding a performance increase of up to four times over the
original TraaS library in certain scenarios.

Our approach has some similarity with Baines et al. [6] since they employ
autonomous agents and use governing institutions to influence agents to have desir-
able behavior. However, Baines et al. concentrate on agents’ internal architecture,
situational awareness, and the communication between agents. The project is set
up with realistic maps imported from the Open Street Map foundation and used
real-world data from a highway in the UK, the M25.

While our framework is related to the work done by Baines et al., the aim of our
research is different. Our driver model is deliberately kept simple in order to focus on
the interaction between traffic controllers on the one hand, and between agents and
traffic controller on the other hand. Furthermore, our framework is not developed in
order to simulate the existing real-world scenario. Finally, our framework supports
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decentralized traffic controllers while Baines et al. focus on a single, all-knowing,
institution.

Another comparable line of research has been done by Balke et al. [7]. In this
extended abstract, Balke et al. discuss the difference between off-line and on-line
reasoning of institutions (similar to norm-based traffic controllers) governing open
multi-agent systems. They state that most research up to that point had been focused
on the off-line reasoning of institutions, which can be used to research the static
properties of institutions. The on-line reasoning of institutions concerns the monitor-
ing and controlling of agents, observing if norms are being violated and informing
agents if this is the case. In this implementation, there is a single institution with the
title “The Governor” with which agents can communicate and receive information
regarding possible consequences of their actions.

Our approach is most related to the on-line reasoning as described by Balke et al.
However, communication between the agents and the institution is handled in a
different way. With our framework, the information provided by agents to the traffic
controller is acquired via sensors. This is a more realistic representation of traffic
situations, since it is often beneficial for the agent to not disclose any information
about itself. Furthermore, in TrafficMAS, multiple traffic controllers are present,
creating a more robust and better-controlled system through communication and
coordination between these institutions.

9 Future Work

Our framework could be extended in a number of ways. One can add support for
contrary to duty norms. Contrary to duty norms consist of a hierarchy of norms. An
agent should comply with all hierarchies, but if it does not comply with the first norm
level (and thus incurring a sanction), it should at least comply to the second norm
level, or get an even higher sanction. An example is the norm “You shouldn’t break
the speed limit, but if you do, you should drive on the leftmost lane.”

Secondly, we want to implement a full-fledged decentralized norm-based traffic
controller. Currently TrafficMAS supports only decentralization of monitoring in the
sense that sensor data can be shared. However, we want to also steer toward a system
where norm instances, meta-analyses of sensor data, and sanction commands can be
sent between traffic controllers.

Finally, a graphical user interface (GUI) could be added to (i) allow for easy
creation of scenarios and (ii) allow for on the fly monitoring and editing of norms.
For example, with a GUI one could investigate how the vehicle behavior changes
when one changes the sanction severity of a norm. Because of our Model-View-
Controller structure of the framework, this can be implemented by only altering the
View part of our extension.
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10 Conclusion

Our goalwas to create a traffic simulationMulti-Agent Systemwhere vehicles should
generally follow traffic regulations, yet are able to ignore these regulations in certain
circumstances without implementing hard constraints on the agents themselves. We
used norm-based traffic controllers since they can properly deal with these kinds of
situations.

Our work is an extension to SUMO. It features a norm-based traffic controller
which monitors and possibly sanctions the vehicles. We assume deliberative pro-
active drivers that make autonomous decisions according to their goal and received
sanctions. The extension features (i) driver profiles which model different types of
behavior, (ii) traffic controllers and norms to control vehicles, and (iii) an easy way to
add new driver profiles, traffic controllers and norms. This plug and play extension
to SUMO can serve as a testing suite for all experiments concerning norm-based
traffic control.

We showed in our experiments that the performance of normative systems is better
than the default behavior in a ramp-merge scenario. Furthermore, we presented that
complex norms allow for finer grained steering of behavior in complicated scenarios.
Moreover, we illustrated the autonomy of drivers, by demonstrating a difference in
behavior between poor and affluent drivers. Finally, we demonstrated the ability
of traffic controllers to coordinate their activities, yielding better results in certain
scenarios.

Appendix 1: Merge Norm Scheme

For the merge norm scheme, we use the same pseudocode structure (Algorithm2)
as for the stay-on-lane norm scheme. As with the other norm scheme we begin with
the instance of the norm (lines 0–8).7 Initially we read sensors 1 and 3 and merge
the readings using the algorithm of Wang et al. [21] (line 1). The result is an ordered
list of agents, which, if they continue as they are, will arrive at the merge point in
the same order. We maintain a global variable t f ree that indicates the next moment
in time that the merge point is free. With optimalV eloci ty we calculate the optimal
speed for an agent s.t. it will arrive at t f ree on the merge point plus some safe margin,
or later if the agent cannot make it in time physically (line 3). If the agent is at the
right lane of the main road and the optimal velocity is below a predefined threshold,
then it is obliged to move to the left lane (line 5), otherwise it is obliged to adapt its
velocity to the optimal velocity and pass the merge point on the right lane (line 7).
An agent is sanctioned if it is not passing the merge point on the correct lane (lines
11–12, and 15–16). Otherwise, an agent can also be sanctioned if it did not achieve
its predetermined velocity (lines 19–20).



80 J. Baumfalk et al.

Algorithm 2 Pseudocode for the merge norm scheme
1: L ← merge(read(s1), read(s3))
2: for all agent ∈ L do
3: s ← optimalV eloci ty(agent, t f ree)
4: if agent.lane = right&s < vthreshold then
5: N ← N ∪ {(agent, ((le f t, vMAX ), high))}
6: else
7: N ← N ∪ {(agent, ((right, s), high))}
8: L ← read(s4)
9: for all agent ∈ L do
10: N ← N\{(agent, ((le f t, vMAX ), high))}
11: if (agent, (right, s), low)) ∈ N then
12: sanction(agent, high)

13: L ← read(s5)
14: for all agent ∈ L do
15: if (agent, (le f t, vMAX , high)) ∈ N then
16: sanction(agent, high)

17: N ← N\{(agent, ((le f t, vMAX ), high))}
18: else if (agent, (right, s), high)) ∈ N then
19: if s �= agent.v then
20: sanction(agent, high)

21: N ← N\{(agent, ((right, s), high))}

Appendix 2: Using Our Code

Our framework is open-source and available on-line on Github at https://github.com/
baumfalk/TrafficMAS. It can be compiled from source, or it can be downloaded as
a binary version.

How to Run It

Our framework can be run as follows. Assuming you use the binary JAR file, a
scenario can be run with the following command:

java -jar TrafficMAS.jar ./scen/ scenario.mas.xml
path/to/sumo scenario.sumocfg [seed].

In this command scen is the directory the scenario is located in, scenario.
mas.xml is the main configuration file for the scenario and path/to/sumo
denotes the SUMO executable to use. The SUMO-GUI program can also be used.
The parameter scenario.sumocfg denotes the SUMO configuration file used
by the scenario. Finally, the parameter seed is used to prepare the random number
generator, which is used to spawn vehicles in a probabilistic fashion. If no seed is
provided, a random one is generated by the system.

https://github.com/baumfalk/TrafficMAS
https://github.com/baumfalk/TrafficMAS
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How to Create Your Own Scenario

Our framework also allows for the creation of your own scenarios. A TrafficMAS
scenario consists of several XML files:

• a global configuration file, containing the paths to the other XML files, as well as
the simulation duration.

• a configuration file specifying which norms are used. In this file, the norms are
also parameterized with scenario-specific information, such as road names.

• a configuration file which describes the norm-based traffic controllers. The file is
used to define which controllers there are, which sensors they have access to and
to which other controllers they are subscribed.

• a configuration file containing the vehicle profile distributions. This file contains
the distributions of the various driver profiles and the traffic density of the different
roads.

• various SUMO XML files: the XML file containing the nodes, the edges, the
sensors and the routes.
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Public Transport, Logistics and Rail
Traffic Extensions in SUMO

Andreas Kendziorra and Melanie Weber

Abstract Disasters and major events affect the efficiency of passenger and freight
transportation. The project VABENE++ considers the question what happens when
the transport network is disturbed due such an event. Within this project, the Ger-
man Aerospace Centre developed a decision support tool that provides consolidated
information and operation recommendations regarding individual motor car traffic
based on traffic simulation performed by SUMO. Recently, it was aimed to realise
simulation scenarios in which incidents impairing the transport network occur, and
that focus on multimodal transportation systems. To enable this, the implementa-
tion of public transport in SUMO was extended and a new logistic concept was
implemented. Furthermore, rail signals were implemented to enable more realistic
rail-bound traffic, as this mode of transport is very significant for both public trans-
port and logistics. The present paper presents these extensions in detail and outlines
its usefulness in examples.

Keywords SUMO · Logistic · Transport · Public transport · Railway

1 Introduction

Transport and traffic is one of the identified critical infrastructures in Germany [1]. A
disturbance of the traffic network canhave serious influences onpassenger transporta-
tion, freight transportation and the supply of necessary goods and services. These
disturbances can be manifold. They may be plannable, like major events, or unpre-
dictable, like accidents, natural disasters (e.g. floods, earthquakes) or from human
malevolence, such as acts of sabotage, terrorism or war. To support decision makers,
like authorities and emergency forces, in such critical situation, the decision support
system EmerT (Emergency mobility of rescue forces and regular Traffic) was devel-
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oped within the project VABENE [2]. Until recently, this system considered only
motorised individual traffic. Due to the fact that not only this means of transport is
affected by an extraordinary occurrence, the EmerT system was expanded by more
means of transport to allow multimodal considerations. As SUMO [3] is one part of
this system, it clearly had to be extended aswell. Public transport (bus, tram and train)
and pedestrians were already a part of SUMO prior to the expansion, however in a
basic fashion. Therefore, the implementation was enhanced to achieve more realis-
tic simulations. Furthermore, new functionalities enabling the simulation of logistic
transport in SUMO were implemented. Moreover, since rail traffic is an essential
mode of transport for public transport and logistics, rail signals were implemented
to make rail-bound traffic more realistic.

The implemented extensions will be presented in this paper in the following
order. In Sect. 2, the extensions regarding public transport will be presented. The
implementation of the logistic concept will be explained in Sect. 3, and the one of
rail signals in Sect. 4. In Sect. 5, some examples using the presented extensions will
be shown. Finally, the conclusions and an outlook will be given in Sect. 6.

2 Public Transport

2.1 Existing Concept

So far, simulating public transport within SUMOwas possible, however, with limited
capability (see [4, 5]). The most necessary concepts already implemented for this
kind of simulations were persons, vehicles and stops.

Persons are objects that can walk, use a vehicle (ride) and stop. Each person must
have a plan which is a sequence of these stages. For walking, a person is following
a given sequence of edges. Thereby, the walking behaviour depends on the chosen
pedestrian model. The most advanced pedestrian model implemented in SUMO so
far is the model “striping”, which is a 2D model that enables walking side by side on
sidewalks and includes a collision avoidance algorithm for persons that walk towards
each other [6]. For a ride, a person has a list of lines (vehicles can be assigned to
lines which can be used particularly for buses, trams and trains) and ids of vehicles to
use. At the beginning of a riding stage, a person is positioned at an edge. Whenever
a vehicle that corresponds to a line or an id of the given list stops at this edge, the
person will board the vehicle. When the transporting vehicle stops at the destination
edge of the ride, the person will leave the vehicle and will proceed with the next step
of its plan. Stopping can be used to simulate activities such as working, shopping or
doing sports. For that, a duration or a fixed end time, as well as a lane, have to be
defined. For example,
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<routes>

<person id� ”1” depart=”0”>
<walk from=”edge1” to=”edge2” departPos=”10.0”
arrivalPos=”20.0”/>
<ride from=”edge2” to=”edge3” lines=”a”/>
<walk from=”edge3” to=”edge4” arrivalPos=”30”/>
<stop lane=”edge4_0” duration=”20”
startPos=”40”/>
<ride from=”edge4” to=”edge5” lines=”b”/>

</person>

</routes>

Vehicles have the capability to transport persons. For that, there existed no restric-
tions on how many persons a vehicle can transport. Moreover, there was no duration
for a person to board a vehicle and any number of persons can board a vehicle in
one time step. Also, there were no requirements regarding the distance between the
vehicle and the boarding person. The only requirement was that both have to be
positioned at the same edge.

There exists a very particular procedure of departure for vehicles, called depart
triggered. A depart triggered vehicle has no depart time but will depart when a person
boards the vehicle. This can be used to simulate parking vehicles.

As stated above, vehicles can be assigned to lines. This is in particular useful for
buses, trams and trains. For example, buses that have the same route can be assigned
to one line. Therefore, one can tell a person to use a bus of a certain line without
choosing a particular bus. Moreover, it is possible to define flows of vehicles. That
means, vehicles that have the same attributes, except their id and their depart time,
are inserted periodically with a fixed frequency into the simulation. In particular, bus
and tram lines can be defined via flows.

As already mentioned, persons can have stops as stages of their plan. However,
stops can be used for vehicles and routes in general as well. In these cases, one can
define further attributes. Amongst others, the start and end positions at the lane can
be defined. That means, a vehicle will stop within this interval. A more advanced
concept of stops is a bus stop. The difference is a more elaborated approaching
behaviour of the vehicles (mostly buses) towards the bus stop.

2.2 Person Capacity and Person Number Extension

To resolve the unrealistic fact that a vehicle could transport an unlimited num-
ber of persons, the parameters, person capacity and person number, have been
introduced. Person capacity is a vehicle-type parameter that specifies how many
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persons (excluding an autonomous driver) a vehicle can transport. For every
vehicle class, there exists a default value for the person capacity (see [7] for a
list of the default values), but it can also be set in the definition of a vehicle type
(e.g.<typevClass=”passenger”id=”pkw1”personCapacity=4”/>).
The person number states how many persons (excluding an autonomous driver) a
vehicle is actually transporting. If the person number of a vehicle is equal to its
person capacity, no further person can board this vehicle.

2.3 Boarding Behaviour Extension

Somemodifications regarding the boarding behaviour of persons were implemented.
As already mentioned, a person can board a vehicle only if the person number of
the vehicle is smaller than its person capacity. Moreover, some restrictions about
the distance of the vehicle and the boarding person were incorporated. If a vehicle is
stopping at a stop and a personwants to board the vehicle, the person’s position has to
lie within the stop. That means, the person’s position on the lane has to be larger than
the start position and smaller than the end position of the stop. For depart triggered
vehicles, a person positioned outside of the stop of the vehicle can still board the
vehicle if the person’s position has a distance of at most 10 m to the vehicle.

Another enhancement is the implementation of the vehicle-type parameter board-
ing duration. This parameter states how long it takes one person to board the vehicle.
Only one person can board the vehicle at a time. Therefore, if n persons want to
board one vehicle for an n ∈ N, and t ∈ R is the boarding duration of the vehicle,
the time required to let all persons board the vehicle equals n · t . For example, if 12
persons waiting at a bus stop want to board a bus whose boarding duration equals
0.5 s, it takes 6 s until the last person boarded the vehicle. If the duration of the
boarding of all persons exceeds the stop duration of the vehicle, the stop duration
will be extended by the necessary amount of time.

Due to the changes regarding the boarding behaviour and the implementation of
the parameters, person capacity and person number, scenarios using public transport
can be simulated more realistically. For example, bottlenecks due to low capacities
of vehicles (e.g. buses and trams) or extended travel times due to long boarding
durations can be considered or may be identified in simulations.

3 Logistic

A concept for freight and goods was implemented to enable the simulation of goods
traffic. This concept consists basically of the new objects called containers which
can be used to represent goods of all kinds. For example, one can represent an ISO
container, a tank container, an arbitrary amount of bulk material, an arbitrary amount
of animals, etc., as a container.
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Fig. 1 A container gets transhipped from container stop C1 to container stop C2; thereby, the
container moves straight from its depart position on C1 to its arrival position on C2

The concept of containers is very similar to the one of persons. Containers are
objects that can be transported by a vehicle (transport), stop and that can be tran-
shipped between twoplaces (tranship), e.g. to simulate the transhipping of a container
from a rail station to an adjacent harbour (which can be represented as a stop at a
waterway). The mode transport is equivalent to the mode ride for persons, and stop
is equivalent to stop for persons. Tranship defines a direct transhipping of containers
between two points. Thereby, containers do not move along edges. They move in
a straight line with constant velocity, no matter if the line is crossing buildings or
anything else (see Fig. 1). Therefore, the time required for a tranship stage depends
on the Euclidean distance between the two points and the chosen velocity (default
velocity is 5 km/h).

As with the concept of persons, containers must have a plan which is a sequence
of these stages. For example,

<routes>

<vType id=”DEFAULT_VEHTYPE” sigma=”0”
containerCapacity=”1”/>
<container id=”container0” depart=”0”>
<tranship from=”edge1” to=”edge2” departPos=”80”
arrivalPos=”55”/>
<transport from=”edge2” to=”edge3”
lines=”train0”/>
<tranship from=”edge3” to=”edge4”
arrivalPos=”30”/>
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<stop lane=”edge4_0” duration=”20”
startPos=”40”/>
<transport from=”edge4” to=”edge5”
lines=”truck0”/>

</container>

</routes>

Acomplete description of all available parameters of the three stages of containers
can be found at [8].

Similarly to the concept of bus stops, container stops were introduced at which
containers can be loaded onto or unloaded from a vehicle. Vehicles use the same
advanced approaching behaviour at container stops as at bus stops. They can be used
to simulate transhipment stations, harbours and other places for transhipping and
storing containers/goods.

To enable a realistic loading behaviour, analogously to the newboarding behaviour
of persons, the parameters, container capacity, container number and loading dura-
tion, which correspond to the parameters person capacity, person number and board-
ing duration for persons, were introduced.

4 Rail Signals

As rail-bound traffic is an essential part of public transport and logistics, it was
intended to make this kind of traffic more realistic by implementing rail signals. Rail
signals are node types for controlling rail traffic. Essentially, they are traffic lights,
however their state does depend only on the occupation of certain sets of edges,
so-called blocks, instead of a traffic light programme.

More precisely, if N and M are nodes with rail signals and L � (l1, . . . , ln) is
a connected path from N to M, where l1, . . . , ln are lanes, and there are no further
nodes with a rail signal on this path, then L is called a block. The logic of the rail
signals shall guarantee the following points:

• Each block of a rail network is occupied by at most one train.
• If several trains approach the same junction/railroad switch from different lanes
and want to enter the same lane, at most one of these trains gets a green signal
even before one of these trains has entered the targeted lane (see Fig. 2).

Due to the latter requirement, it will be avoided that trains approach a rail signal
with high velocity and receive suddenly a red signal without having enough space to
stop before the rail signal.

We will first explain the usage of rail signals in Sect. 4.1 before we describe their
logic in detail in Sect. 4.2.
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Fig. 2 Three trains approach the same railroad switch; only one has a green signal and the other
ones will stop before the signal

4.1 Usage

As stated above, rail signals are node types. Therefore, if one wants to use rail signals
in a simulation, one simply has to define the corresponding nodes to have the type
“rail_signal”, as in the following example:

<nodes>

<node id=”1” x=”-500.0” y=”0.0” type=”rail_signal”/>
<node id=”2” x=”+500.0” y=”0.0” type=”rail_signal”/>

</nodes>

It is worth mentioning that the usage of rail signals is not required when having
rail networks, i.e. networks of edges that allow only trains, in SUMO. However, the
usage of other node types, e.g. “priority”, “traffic_light” or “unregulated”, will result
in unrealistic behaviour, which gives rise to the use of rail signals.

If one uses nodes of the type “rail_signal”, some rules have to be followed. More
precisely, if a node N of a rail network has a rail signal, it is required that every node
that has a least three lanes (incoming or outgoing) and for which there exists a path
from N has to have a rail signal as well. Otherwise, a warning will be issued and
accidents and other unexpected and undesired behaviour may occur (see Fig. 3).

Rail sections without railroad switches (i.e. nodes with at least three lanes) in
between can be split into several blocks by defining nodes in between to have rail
signals. In reality, block lengths depend on several factors, amongst others, the line
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Fig. 3 A rail network containing nodes with rail signals and a node with three lanes without a rail
signal; using this network in SUMOwould issue a warning and could result in undesired behaviour

speed and the braking distance of the trains. Large block lengths can result in long
waiting times for trains waiting to enter a block. Too short block lengths can result
in trains following each other very closely. Distances of a few hundred metres can
be reasonable.

4.2 Behaviour

A rail signal of a node N indicates green or red for each connection of the node
individually. A connection c consists of one incoming lane ic and one outgoing lane
oc. The signal for a connection c depends on the occupation of the following blocks:

• The outgoing block, which is the block leading from N over oc to the next node
with a rail signal. Note that, due to the requirements stated in Sect. 4.1, this block
is well defined and unique.

• All blocks leading to oc. A block leading to oc is a block that is leading to N and
whose last lane is connected to oc (i.e. there exists a connection d at the node N ,
such that id is the last lane of the block and od � oc). Clearly, the block to which
ic belongs to is one of the blocks leading to oc. We denote the set of the blocks
leading to oc by Oc.
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If there is only one block leading to oc, namely the one ic belongs to, the signal
of c is green if and only if the outgoing block of c, namely the one oc belongs to, is
not occupied by a train.

If there is more than one block leading to oc, i.e. |Oc| > 1, we consider all
connections to the lane oc. These connections correspond exactly to the blocks in
Oc, and we denote the set of these connections by C. Moreover, we denote the set
of connections in C whose corresponding afferent blocks are occupied by a train by
D. We consider the following distinction of cases:

• If the outgoing block of c is occupied by a train, then the signals for all connections
in C are red.

• If the outgoing block of c is not occupied by a train and all blocks leading to oc
are not occupied, i.e. |D| � 0, then the signals for all connections in C are green.

• If the outgoing block of c is not occupied by a train, and at least one block leading
to oc is occupied by a train, i.e. |D| > 0, then exactly one connection in D has a
green signal and all other connections in C have a red signal.

5 Examples

5.1 Public Transport

A scenario involving persons and public transport was used to test the enhancements
regarding public transport. More precisely, it was examined if unfavourable relations
between the amount of people using public transport and the capacity of the public
transport system affect the state of the traffic. As expected, one could find situations
in which bus stops get crowded due to low frequencies of bus lines such that the
buses cannot transport the amount of people intending to ride a bus of this line (see
Fig. 4). This results clearly in longer travel times for persons.

Other expected consequences are congestions due to blocking buses at bus sta-
tions. This occurs when many people board a bus such that the bus blocks the corre-
sponding lane for a long time. In Fig. 5, a situation can be seen at which 80 people
board a bus with a boarding duration of 0.5 s. Consequently, the bus blocks the right
lane for 40 s, which results in congestion on the right lane, as all cars intending to
turn right are blocked.
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Fig. 4 A fully occupied bus leaving people behind at a bus station due to a too low capacity of the
bus line with respect to the amount of people; travel time of people left behind extends accordingly

Fig. 5 Eighty people boarding a bus cause the bus to block all right turning vehicles for 40 s,
resulting in a congestion on the right lane

5.2 Logistics

A scenario was developed to test and demonstrate the functionalities of the logistics
extensions. The scenario considers the goods traffic around the harbour ofBrunswick,
Germany. Goods are transhipped, stored and transported by trains, ships and trucks
within the scenario. An overview of the harbour area of the scenario can be seen in
Fig. 6.

The harbour consists of seven landing stages, and for each landing stage there
exists a corresponding goods station for trains, as well as a container stop for trucks
next to the road. In this scenario, almost all the goods are transported by a vehicle
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Fig. 6 Harbour of Brunswick in the SUMO simulation; containers are displayed in red, vehicles
in yellow and container stops in blue

Fig. 7 Stored containers at a landing stage (container stop) of the harbour

(truck, ship or train) to the harbour area, where the container gets transhipped to
another container stop, gets stored for a while and finally transported by another
vehicle (see Figs. 7 and 8).
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Fig. 8 Containers get loaded/unloaded onto/from ships, trains and trucks

6 Conclusion and Discussion

It was aimed to expand the existing public transport concept and to implement a
first version of a logistic transport concept in SUMO to create the possibility to set
up simulation scenarios with a multimodal transportation system. Furthermore, it
was intended to implement rail signals for making rail traffic—an essential mode for
public transport and logistics—more realistic. The enhancements allow simulations
of public transport with a realistic boarding behaviour. Buses block the traffic when
many people board them, and travel times of persons extend if the capacity of the
public transport system is too low. In addition, major events and disaster involv-
ing persons can be better simulated. For example, in the case of a major accident,
replacement buses are often inserted.With the help of the simulation, one can identify
bottlenecks due to a too low number of replacement buses. The implementation of
public transport reached a quite elaborated state, and only less essential extensions are
thinkable. For example, an intermodal router for passengers could be implemented.

The implemented concept for freight and goods enables the simulation of goods
traffic. The concept is very similar to the extended public transport concept. Due to
the implementation, intermodal logistic chains can be realised now. For the future,
several extensions are possible. These include a goods router or the enhancement of
the goods concept, such that not only containers but also pallets or individual items
can be transported. One could also enable that certain goods, such as food, bulk or
liquids/gases, can be transported only by special vehicles. Furthermore, one could
enable restrictions for the route of vehicles transporting hazardous material or heavy
load.

The rail traffic was made more realistic due to the implementation of rail signals.
A rail network can now be partitioned into blocks, whereby the blocks are separated
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by the rail signals. Then, a block will be occupied by at most one train, which is one
of the main principles of rail traffic.

It can be summarised that the extended SUMO is able to simulate logistic and
public transport which was proven in example scenarios. Further expansions are
possible, however, mostly with respect to logistic as the implemented concept for
public transport is quite advanced.
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Accurate Vehicle Simulation in Logistic
and Manufacturing Planning

Stefan Roth, Franz-Joseph König, Christian Dirschl and Marek Heinrich

Abstract This paper outlines the need of accurate vehicle and traffic simulation in
the field of logistic and manufacturing planning. Requirements, existing solutions,
and their enhancementswill be described, and their abilitieswill be discussed. Finally,
the results of bringing together the planning software suite MALAGA with SUMO,
in order to provide a logistic planning suite enabled with accurate vehicle movement,
will be described.

Keywords MALAGA · SUMO · Digital manufacturing · Logistic planning
In-house logistic · Congestion

1 Introduction to Simulation in Logistic Planning

Planning of production systems and their logistic supply systems originates as one of
the traditional disciplines and strongholds in the automotive industry. Developments
in the past have led to the inevitable capabilities of digital manufacturing. Digital
manufacturing focuses on merging available information from the description of
manufacturing processes and factory layout information. Yet being widely accepted
in the field of production planning, methodologies of digital manufacturing also
emerge into material flow and logistic planning.
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Continuous effort in developing standardized, high-performing, and user-friendly
software for layout-based logistic and material flow planning has been carried out
though the last ten years, leading to remarkable results. For instance from the coop-
eration between BMW, Daimler, VW and ZIP Industrieplanung has emerged the
standard planning suite MALAGA, which dedicatedly incorporates the needs of the
automotive industry and provides versatile bidirectional interfaces, e.g., between the
CAD System Microstation and the Simulation tool kit Plant Simulation. Layout-
based logistic and material flow planning utilizes technologies such as CAD and
simulation; advanced visualization capabilities of the engaged software is a key fac-
tor, flanking and driving the planning process.

Simulation studies have emerged as an indispensable investigation method in the
field of industrial planning and layout development. Simulation studies in manufac-
turing planning vary over a broad range in their detail granularity.

Logistic layout planning in the automotive industry provides concepts and solu-
tions for the organization of material transportation within manufacturing sites, e.g.,
planning how many vehicles are needed to reliably supply an assembly station in
time with the needed manufacturing components.

As logistic planning evolves early in the process of projecting new facilities, when
only few reliable data is available, ‘static’ design models are frequently used for
evaluating the required transportation capacity and effort. Nevertheless, simulation
studies are used, typically in the later phases of planning for testing and evaluating
the developed layout.

Ongoing developments urge to bring the simulation into the planning process,
becoming a constant tool in the workflow of a modern industrial planer. Enrich-
ing the static approach by ad hoc simulation studies, running in the background,
validating dynamically the logistic model unveils planning discrepancies betimes.
System-inherent effects such as traffic densities, congestions, and their recovering
must be part of such a system.

When simulating the logistical network of a manufacturing site, often simplified
models for vehiclemovements are applied, due to the highmodeling and computation
effort and even more due to the lack of available and suitable vehicle and network
modules in the leading industrial simulator software. These simplifications usually
do not sufficiently consider the dynamic interactions between vehicles and with their
environment.

When substituting the shortfall of embedded vehicle modules in industrial soft-
ware, the desired module should provide a set network elements such as multi-lane
road segments, controlled and uncontrolled intersection elements in arbitrary shapes,
and with complex turning relations. The behavior of the vehicle types must be real-
istic/natural and be compliant with standard traffic rules. Further, it has to accurately
resemble vehicle movements and driving maneuvers in pure car following or over-
taking modes even when overtaking encounters intersections.
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Schematic Work Flow in MALAGA 

With the simulation of traffic dynamics, logistic planning gains the opportunity
to identify and investigate (potentially) congested traffic and blockades due to an
overload or partly a blockade in the transportation network.

Investigations on accurate vehicle movement in logistic simulations carried out
by ZIP, VW, and DLR have fostered over the last three years to the development of
an experimental software solution which leading to a deployable prototype in 2014.

2 Simulation Tools and Software Landscape

This paper is based on the developments that have been undertaken in a consortium
of industrial partners and a research organization using the logistic planning and
evaluation software suite MALAGA.

MALAGA is a planning tool kit suite assisting the logistic planner to design the
in-house logistic system and material supply of a manufacturing site. MALAGA has
continuously been developed since 1990. MALAGA is a distributed software suite,
enabling planners to cooperatively develop their projects. MALAGA’s core software
components are backboned by an object database (Oracle) server operating both in
online or in mobile mode.

The user interface is integrated into aCADsoftware for layout design.MALAGA’s
strength is to visualize thematerial flowof a production system, its interdependencies,
and planning-related analyses directly in the CAD layout.
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Relations of Material Flow

Type-specific Segment Occupation

When setting up an in-house logistic system with MALAGA, the required data
must be imported first. Since MALAGA is integrated into a CAD software, existing
facility layout documents and floor plans can be easily be utilized.

The layouts shall be augmented with path elements and floor space information,
e.g., about warehouses and productions facilities. The corresponding elements are
placed directly into the CAD layout.

To assess the material flow relations, information about the quantitative structures
can be imported from a broad range of supported BoM management system. Addi-
tionally, MALAGA needs process information, which can be either automatically
imported or manually amended.
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Information types used by MALAGA

Planning Workflow in MALAGA  

Together with the layout information and the quantity structure, the material flow
relations can be assessed and are displayed in the layout by arrows of different
strength indicating the relation’s volume.

Importing floor layouts or BoM into MALAGA is a rather automatic process,
whereas defining processes, especially logistical processes, is the design task of the
planner shaping and analyzing the new in-house logistic system.
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Converting a facility layout into a simulation model 

For logistic supply planning,MALAGA breaks the variety of processes down into
two main classes, indicating whether the process belongs to manufacturing entity
(rectangular icon), or whether the process belongs to the logistic system (circular
icon), e.g., certain parts need to be transported to the next machining center.

As it is inevitable important for logistic planning to know where parts are needed
spatially, every manufacturing process is linked to a corresponding element (area) in
the CAD layout to define its geographic position.

Yet the transport processesmust be assigned. Information sets about transportation
processes consist of the transport action type, transport vehicle type, its route, part
handling properties, and others.

MALAGAassigns shortest paths betweenmanufacturing stations andwarehouses
when routing vehicles, respecting restrictions such as transport type restriction, one-
way limitations, or geometric properties of the path.

Process Chart in MALAGA 

Based on the available data, MALAGA computes automatically the material flow
and its characteristics. The results such as the visualization of the material flow,
resource utilization and occupation rates for rolling stock and for the stores, and area
consumption can easily be displayed within the layout in a 3D fashion.

When calculating the material flow, MALAGA performs both a static estimation
of the material flow, based on statistical analyzes and heuristics and a set dynamic
simulation studies, coping with the dynamic nature of logistic and manufacturing
processes.

Therefore, since the early days, MALAGA is co-powered by a simulation engine,
Plant Simulation, formerly known as Simple++by AESOP. The simulation frame-
work of the MALAGA Planning Suite is customized to run on the same data.
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MALAGA automatically builds up the simulation model from the available data
and performs the simulation runs autonomously in the background. Relevant events
and data generated during the simulation are tracked and stored for post-processing.
Generally, MALAGA’s simulation module is used in a computational manner and no
interactive user input or specific simulation knowledge required. After terminating
the simulations, the results are evaluated by MALAGA and information, e.g., on the
stock inventory fluctuation and order management can be visualized.

3D visualization of a Warehouse’s occupation 

The outcome of the planning step, the intermediate layout of the material flow
system is directly visualized in the CAD layout, showing the transport network’s
load, the material flow volume, and the impact of measurement onto the logistic
grid, highlighting stress zones and bottleneck areas for improvement in the next
planning iteration.

3 Challenges in Embedding Aspects of a Road Traffic
Simulation

Investigations such as [1] and their use cases show that there has always been a
drive of integrating ‘real-world traffic’ in material flow simulation models. Often
Plant Simulations’ internal interpreter language is usedwhen developing an in-model
traffic simulation.

Yet no commonly used, widely spread, rich functionally equipped and even more,
fast performing in-model solution could be found. Performance issueswhile handling
intersection states and overtaking processes may have reduce the (re-)usability of the
concepts in large-scale simulation studies.

When enhancing MALAGA with accurate vehicle movement, we have preferred
the traffic simulation suite SUMO over the option of developing a single use or
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constrained intra-model traffic simulation module, for its rich abilities in simulating
accurate vehicle movements, its mature and well-tested development state, and its
large user community, to be coupled to the planning tool’s simulation core.

SUMO has been developed as scientific tool to simulate vehicles movements
in a road network. SUMO provides fast and realistic road vehicle behavior. SUMO
further provides all elements and traffic participants/user types of a real road network
in accordance to most central European traffic rules.

SUMO is a testified simulation environment for simulating and analyzing traffic
scenarios and traffic management interventions.

SUMO has been used in countless projects for the purpose in investigating mobil-
ity and transportation, as well as for researching traffic flow and traffic management
concepts. SUMO’s stronghold is the proper representation of vehicles, their interac-
tions with other vehicles and the ‘world’ in a coherent simulation suite. Nevertheless,
for various purposes, it is flanked with numerous tools providing solutions in traffic
planning-related tasks.

Due to its flexibility and its rich interfaces, SUMO has been linked to other
simulation software and science application, e.g., tapas, ns3, vtd, various driving
simulators and, others. Still so far SUMO has not been used in a manufacturing
context and no attempt ever, to our knowledge, has been undertaken to connect
SUMO to one of the leading tools in industrial planning.

Nevertheless, it is well known that linking two simulators can lead to performance
drawbacks.

4 Separation of Logical Responsibilities Between
the Simulators

In the existing Logistic Planning Software Suite MALAGA, Plant Simulation is
used as a plug-in to provide event-driven simulation studies. Any simulation logic
concerning the manufacturing processes, such as the dependencies among parts,
process order, resource occupation, and other, are handled within Plant Simulation.
Plant Simulation also keeps the sovereignty over the transport control logic. The
transport control logic determines which parts need transportation at which time
with constrains to the current state of the manufacturing system. It reserves vehi-
cles, assigning transportation requests to transportation capacities, directs milk run
organized vehicles, and finally sends transportation units into their route or to their
parking position.
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A Plant Simulation Model generated by MALAGA

WhenMALAGAsets up the simulationmodel, it also provides layout information,
the configuration of the transport network and production resources, process data,
and the production plan. The simulation network contains the transportation grid
and the production stations, each maintaining its own registries on assembly orders,
parts, and the local storage.

The simulation is performed accordingly to the production plan, parts consump-
tion is tracked at the production stations, and once a critical amount of parts with-
drawal has been reached, new part orders are released, leading to transportation
requests. Transportation requests are handled by the Transport Control Module, pro-
viding and directing the vehicles in the simulation. If a transportation request had
been scheduled, it must be assigned to a free transportation vehicle, fulfilling the
transportation request restrictions.

MALAGA provides different, usually coexisting, transportation strategies, such
as exclusive and direct fork lifter supply, transporting homogenous parts, ‘milk run’
supply vehicles operating on a fixed schedule, which might be carrying containers
with mixed or homogenous parts, and finally taxi service vehicles, carrying order-
specific containers on a predefined relation.

Depending on the transportation strategy, the transport control module gathers
and merges transport requests and finally assigns new transport orders to the vehicles
accordingly to the current available transportation capacities.

In unison with Plant Simulation, SUMO keeps out of any production logic, but
takes over the control of any vehicle in route. SUMO simulates the vehicles’ move-
ment through network and all their interactions. For instance, SUMO receives from
Plant Simulation information that a certain vehicle shouldmove from its current posi-
tion to the next manufacturing position. While moving the vehicle there, respecting
traffic rules and other vehicles SUMO frequently resubmits the vehicle’s motion
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state and its position. Traffic jams, local congestions, or speed drops related to the
occupation of traffic network are handled within SUMO—natively. The effects are
reported either back to transportation control, which means to Plant Simulation, or
directly to the evaluation components of the planning suite.

5 Realization of the Integration of SUMO into MALAGA

The task of integrating an accurate vehicle behavior into a highly specialized, mature,
and battle tested, industrial planning software suite, such as MALAGA, which is
already in use at many customer sites, leaves no space for major changes in the prin-
ciple software appearance, its interfaces, or its fundamental functionality. Moreover,
the changes have to happen ‘behind the scenes.’

The development plan for the integration of SUMO into MALAGA encountered
a two-step process: from an experimental prototype up to an industry compliant
MALAGA Module. The MALAGA Module, which is to be integrated into the
MALAGA Planning Suite, must finally provide high reliability and performance
based on mature and testified industrial technology.

The intention of the prototype phase had been to testify the technical feasibil-
ity of linking both simulators, MALAGA’s Plant Simulation Module and SUMO.
Within the prototype project, various technologies have been explored and method-
ical approaches testified in order to find the most suitable component alignment for
an industry-scale integration of SUMO into the MALAGA Planning Suite.

Any crucial functionality or component of the fully featured, industry ready
MALAGA Module has been evaluated in the prototype phase and software first.

The scope of this paper is to share experience made with SUMO during the exper-
imental phase. The detail of the industry module will be presented to the community
in future publications.

In order to explain howwemade the common simulation of a production scenario
in both Plant Simulation and SUMO possible, we would like to briefly outline the
smallest version of the big picture of an integration of both simulators:

Crucial Functionality and Information Flow Capabilities:

• preparing and providing static data, which are needed in both worlds in simulator-
specific formats

• initializing each simulator, with the simulation scenarios loaded
• synchronously run the simulation in both simulators
• exchange runtime-depended information between SUMO and Plant Simulation
• track, evaluate, and aggregate simulation generated information for post-analyses
• play back the relevant information to MALAGA, to be stored and visualized to
the user.
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Static Data—Preparing Data for Each Simulator and the Buildup of Simulation
Models
Static data which has to be available in both simulators:

• Simulation settings and configuration data
• Vehicle information
• Network data and topology.

Both simulators need a scenario base for their simulation. These scenarios are
specific to each simulator, following simulator-specific formats and data interpreta-
tion. Hence, it is the first indispensable premise to make the relevant data available
to each simulator. Since MALAGA integrates, manages, and visualizes any data rel-
evant for the planning of logistic processes, it is also the responsibility of MALAGA
to provide the data consistently to the simulators.

Some data could be directly be diverted from MALAGA, but most data had a
different meaning in each simulator and needed to be interpreted or enriched with
further information.

When building common simulation scenarios, both worlds need obviously to
share configuration information, just to name a few: common start time, length of
SUMO’s simulation steps and minimum synchronization interval or output handling
directives. Truly implementing this data exchange has been uncomplicated.

Defining vehicles for both Plant Simulation and SUMO needed some enhance-
ments of the existing data sets. Yet many vehicle information relevant for logistic
planning, where available in MALAGA, such as the loading length, numbers of
trailers, the maximal capacity and speed modes. Nevertheless, diver model-specific
information, such as min-gap, driver’s sigma a.s.o., had to be added in MALAGAS
data model.

The topology of the network first appeared to be very similar, but then turned out
to become amajor undertaking in aligning the simulators, since the same information
is interpreted differently, leading to data inconsistencies.

Both the Plant Simulation Module and SUMO are building the road network
form a tree of edges and nodes, where the nodes represent the intersections between
road segments. Every node is described with its coordinates and the incoming and
outgoing edges.

In Plant Simulation, the road junctions are directly represented by nodes. The
nodes themselves are point of intersections of edges. Especially they occupy no space
because they have no physical extension. In Plant Simulation, the nodes represent
the road junctions directly and the junctions remain points, more precisely they are
point of intersections of edges. Especially they occupy no space since their area is
zero.

For the early testing phases of the prototype, it was sufficient to replicate the Plant
Simulation style road network in SUMO.

SUMO on its side applies the information about nodes and edges during the
netbuilding process only. The tool netconvert out of the SUMO-Suite generates a
SUMO-compliant network file, from node and edges information. Hereby SUMO
estimates the shape of the road junction, taking the width of incoming and outgoing
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edges into account. Certainly SUMO junctions do have a physical extension which
would be located on the original edge. As a result, the edge would be chopped
respectively.

Even further the road network derived from MALAGA data contains many auto-
matically generated access points for production cells, which are interpreted by net-
convert as junctions. Since these nodes might be very close together, the resulting
junction shapes would overlap and actually netconvert moves the edge’s start and
end points to build a SUMO-compliant network.

As this problem is also typical for other roaddata sources, netconvert has the ability
to aggregate nodes to clusters. As most of the geometry of a MALAGA based road
network is rather simple, the results of junction aggregation must be comprehensible
to the user.

The results we found with netconvert’s aggregation mechanism are outstanding
for urban street topologies, but they create plenty of unjustified artifacts in a rather
synthetic grid, dominated by rectangular angles, such as within industrial production
sites. In the end of the netconvert process, we found a SUMO-compliant network,
with edges which might be displaced unexpectedly compared to their original loca-
tion known from MALAGA. Since information about vehicles and their position on
an edge are essential for MALAGA’s post-processing, the approach of aggregating
junctions with netconvert was rejected.

The final option was to provide proper information about the junction directly
to netconvert by precomputing node shapes. The downturn with this solution is
that netconvert is incapable to compute junction internal relations, so again this
information must also be provided to netconvert.

The last aspect in network building was to simulate multi-story factory sites,
which MALAGA supports natively. Easily overlooked and typically underestimated
SUMO brings by default sufficient capabilities to simulate vehicles movement in
three spacial dimensions, probably as this might be of importance for motorway
ramps and bridges in road networks.

Initialization of Simulators and Synchronous Simulation
Once the simulation scenarios have been set up for each simulator, they have to be pre-
pared to run in parallel. For this, the middleware of both simulators must be launched
by MALAGA. Since both simulators run in parallel but generally independently, the
most central task of the development was to synchronize of both simulators. Syn-
chronization is realized in the simulators middleware and partly in the simulators
themselves. Themiddleware also establishes the communication channels and finally
triggers both simulators to start and run the scenarios. The synchronization has been
kept separately form any communication tasks.

Communication Between the Simulators
Since both simulators do depend on each other’s simulation state and intermediate
results, information must be submitted between the simulators. As the simulators are
of very different nature, theymust rely on rather generic exchangemechanisms.Com-
munication between the simulators may slow down dramatically the performance.
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The prototype has unveiled various communication technologies, which are used
separately, depending on the information’s reach and volume.
Big effort on boosting the simulators communication, especially on Plant Simulation
side, is put on investigations in how to replace the vendor’s socket interface.

Aggregate Simulation Generated Information and Their Visualization
in MALAGA
Both simulators, Plant Simulation and SUMO, are designed to collect and evaluate
data during the simulation run. Most of the data will be aggregated either already in
the simulation or outside the simulation—some data will be processed only after the
termination of the simulation run.

With SUMO, MALAGA is now capable to properly co-simulate vehicle move-
ments adequately, and hence, traffic-related data is derived from the simulation. This
information, in particular concerning the vehicles motion state and the dynamics in
the road network, could not have been gained from a pure Plant Simulation model.

The effort of integrating SUMO into MALAGA has been undertaken, to evaluate
the dynamic traffic impact onto an intra-logistic system. Hence, it is coherent to
integrate the traffic-related results into MALAGA’s visualization capabilities. The
co-alignment of Plant Simulation and SUMO provides information about dynamic
aspects of the vehicle flow within a production site, leading to congestions and in
the worst case to disruptions or delays in the part supply of the in-house logistic
system. It also provides information about the occupation of the network, its most
stressed segments, and critical intersections tending to be congested. Loss time can
be computed individually or globally for the entire network.

The evaluation emphasis focuses on vehicles and parts, providing capabilities to
analyze delay times of single vehicles and parts, the total delay of orders, individually
or grouped, allowing to analyze the trade-off between fleet size and utilization versus
delay of part orders. This information is displayed in MALAGA so that the results
can be analyzed by the user.

6 Expected Vehicle Behavior and Network Effects

The integration of SUMO into MALAGA targets at unveiling hidden capacities
reductions of the transportation network due to dynamic traffic effects, based on
accurate vehicle movement and interaction simulation. Certain traffic situations as
they arise froma constrained networkwere replicated inMALAGAusing the existing
prototype.

The most fundamental constrain was to assure that vehicles should never run
through each other while they are on the same track or lane. This must always be
the case, regardless of the vehicles speed, the traffic density, the network topology.
This can only be assured when vehicles know about each other, behave strategically
and cooperatively, and even do plan their behavior into the future, considering the
movement of other vehicle, even if they are on different segments.
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Vehicles must properly respect traffic rules, and vehicles should never violate
the right of way at intersections when other vehicles are approaching intersection,
regardless weather the intersection is unregulated, controlled, or prioritized. The
complexity of the intersections shape must not have any impact on the reliability and
the compliance of the vehicles.

Intersections do reduce the free flow of a road network. With SUMO, this is
respected in MALAGA, and we therefore find now vehicles jamming up at over-
crowded intersections. On the other hand, congested intersection should never be
completely blocked or dead locked by vehicles, leading to a collapse of the entire
traffic system.

Because of the integration of SUMO, vehicles do now block other vehicles, if the
road segment is not sufficiently broad for other vehicles to pass, e.g., when a unit is
unloading in front of a manufacturing station, occupying parts of the road network.
This might eventually even lead to vehicles unintendedly blocking the access to other
production capacities.

Whereas SUMO changes a lot about the results that can be achieved with
MALAGA, by simulating vehicles movements more detailed, the existing trans-
port control module in Plant Simulation has undergone only minor changes. Thus,
the control over the entire transport system remains the domain of Plant Simulation.
The transport control directs SUMO’s vehicles between manufacturing stations and
warehouses, accordingly to the transportation requests. The transport control also
remains the instance of controlling and managing disturbed or unoccupied vehicles.

7 Outlook and Discussion

With the development of the prototype for the integration of SUMO into MALAGA,
ZIP, VW, and DLR have proven on a technical level that both simulators may sym-
biotically be coupled. Yet not all obstacles have been removed, especially further
investigation is needed in the field of handing unutilized vehicles and on manufac-
turing specific artifacts in the network and its elements.

With the help of the prototype, many open development points, both in SUMO
and in MALAGA, were elaborated, which must be addressed in future releases of
the software.

Core enhancements will also affect netconvert and SUMO’s core, especially when
considering overtaking using the opposite lane.

The integration of the two simulators has yet proven its usefulness already in
real-life consultant projects flanking the existing evaluations of milk run systems,
leading to a reduction in the estimated vehicles fleet and containers.

The development of the industry focused, fully featured MALAGA Module has
been started.

New features and capabilities are added successively. A release available to part-
ners and associated institutionwill be available in late 2015,whereas the development
will not stop and be continued in 2016.
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Flood Impacts on Road Transportation
Using Microscopic Traffic Modelling
Techniques

Katya Pyatkova, Albert S. Chen, Slobodan Djordjević, David Butler,
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Abstract This paper proposes a novel methodology for modelling the impacts of
floods on traffic. Often, flooding is a complex combination of various causes (coastal,
fluvial and pluvial). Further, transportation systems are very sensitive to external
disturbances. The interactions between these two complex and dynamic systems
have not been studied in detail so far. To address this issue, this paper proposes a
methodology for a dynamic integration of a flood model (MIKE FLOOD) and a
microscopic traffic simulation model (SUMO). The flood modelling results indicate
which roads are inundated for a period of time. The traffic on these linkswill be halted
or delayed according to the flood characteristics—extent, propagation and depth. As
a consequence, some of the trips need to be cancelled; some need to be rerouted to
unfavourable routes; and some are indirectly affected. A comparison between the
baseline and a flood scenario yields the impacts of that flood on traffic, estimated
in terms of lost business hours, additional fuel consumption and additional CO2

emissions. The proposed methodology will be further developed as a workable tool
to evaluate the flooding impact on transportation network at city scale automatically.
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1 Introduction

Floods can impact human activities in many ways, and this is why it is common
to categorize these impacts. The flood consequences can be grouped as direct or
indirect, tangible or intangible or combinations of both [21]. Direct damages occur
if the asset of interest is physically exposed to flood waters (i.e., buildings, people
or environment). Indirect damages are usually outside the flooded area and usually
become apparent after a longer time [17]. A classic example of indirect losses is
the interruption of production in a firm that might occur due to a supplier affected
by flooding. Traffic disruption due to floods is another indirect flood impact, the
importance of which has not been studied in detail. The main reasons are as follows:
(1) the complexity of integrating two highly dynamic and uncertain systems; (2) the
need to assess flood impacts inmonetary terms (for the purposes of cost-benefit ratio).
Flood impacts on traffic are often intangible: loss of time, frustration, environmental
degradation due to additional CO2 emissions. However, they can also have monetary
dimensions: additional operating costs and fuel consumption havemarket prices, and
loss of time could be monetized as well. Approaches to monetize the intangibles and
the emerging importance of multi-criteria analysis for hazard impact assessments
create the necessary conditions for the proper evaluation of flood impacts on traffic.

To date traffic disruption due to flooding has received little attention. Compre-
hensive flood impact guidelines recommend carrying out traffic disruption studies
only if the expected traffic losses are significant, because otherwise the cost of traffic
disruption is negligible compared to direct or indirect tangible costs [20]. However,
the importance of impacts on traffic (relative to other flood impacts) varies—in some
cities (e.g. Beijing), flooding has exaggerated the problems in their congested trans-
portation network; but in other cities, it is not so significant. So far, the flood impacts
on traffic have been approached using simple mathematical models [20] or macro-
scopic traffic models [3, 24]. None of these methods considers the dynamics of the
transportation system, rerouting whilst a street is closed, or the dynamics of the
flooding event. These methods represent a static system, which uses homogeneous
aggregated traffic flows. The reliability of such models is not high, especially when
it comes to simulating decisions in complex urban traffic networks. Microsimula-
tion represents traffic congestion situations and bottlenecksmore realistically,mainly
through its algorithms incorporating drivers’ responses and intermodal transportation
[11, 14].

Hithertomicrosimulation has not been used for computing flood impacts on traffic
congestion, and this is one of the main goals of this research. From the modelling
part, an evident gap in the current research is the fact that traffic models are not based
on the duration and propagation of the flood. The methods introduced in this paper
will address this dynamic behaviour of the system, through timely changes of the
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status of the links (open, closed or with a certain speed limit in accordance to the
changes in flood depth).

Further improvement in the hydraulic component of the methodology is also
desired. The hydraulic models used by Suarez et al. [24] and Chang et al. [3] do
not simulate surface flooding, caused by insufficient drainage capacity. Hydraulic
modelling is a key element in urban flood management [4, 8], especially when a
realistic representation of flooding on the streets is necessary.

As extreme events are the main cause of flooding, this research is also interested
in the impacts of adverse weather conditions on transportation systems. There is
no indication that effects of bad weather have been included earlier to model flood
impacts on traffic. Heavy rainfall events lead to a reduction in speed and capacity
of the network [6, 9, 12, 15, 16, 18]. Keay and Simmonds [12] found that traffic
delays increase with the intensity of precipitation. Smith et al. [23] estimated that
during rainfall events average speed reductions are approximately 5–6.5%. Nokkala
et al. [19] used another approach to estimate travel delays due to bad weather. Speed
reductions of 20, 30 and 40% were assigned to trips with different average speed,
assuming that shorter trips will have lower average speed than longer trips. This
assumption is valid for mathematical models, but it disregards the different road
capacities on the network. For the purposes of the methodology in this paper, the
speed reduction will be applied as a proportion of maximum speed limit per link in
the road network. This will allow vehicles to have varying speed according to their
routes.

The connection between rainfall, reduced visibility, increase in reaction time and
speed reduction is apparent fromdrivers’ safety viewpoint.On the other hand, adverse
weather impacts on traffic demand are more complex, because it might lead to the
cancellation of trips or changes in travel modes [1, 5, 16]. The feedback to traffic
demand will be assessed in the current research by cancelling trips that have origins
or destinations in the flooded area.

This paper focuses only on the methodology for integrating flood and road trans-
portation models, and results discussion is going to be subject to future work.

2 Methodology

The proposed conceptual framework for incorporating flooding conditions into a
microscopic traffic model is outlined in Fig. 1. As discussed earlier, the impact
of extreme hydro-meteorological events on transportation is twofold—coming from
rainfall events and flooding of the road network. First, the extremeweather conditions
lead to reduced maximum speed limits [12]. As different streets in the network have
different speed limits, the atmospheric conditions will define a proportionate speed
reduction in each link. The decrease of speed limit will be driven by the intensity and
the duration of the rainfall event, and it will reduce road capacity before the flood has
even occurred. Thus, the flood impacts will start evolving in a transportation system,
which already has reduced capacity due to heavy rainfall intensities.
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Fig. 1 Flow chart of the proposed methodology
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Different combinations of intensities of rainfall and storm surges are simulated
to produce the time-varying flood characteristics. The consequent flood intensities
in terms of flood extent, depth and propagation determine whether a street in the
road network is going to be closed for traffic. This closure will affect the overall
road capacities, the trip definition and the route assignment components of the flood
model. Trips having an origin or destination in the flooded area will be cancelled, and
the routes that pass through a flooded area will be rerouted to unfavourable routes.

The rerouting process assumes that drivers have no initial information that a part
of their route has been flooded. Their route diversion is done when they approach the
link closed for traffic, and then, a new route is assigned based on the shortest path to
their destination.

Amicrosimulation technique facilitates a better and amore detailed representation
of the traffic processes, compared to macrosimulation. There are several reasons to
adopt a microsimulation technique for the assessment of flood impacts:

• When a street is closed due to flooding, each vehicle will be rerouted individually,
according to its destination. Hence, the rerouting algorithm ensures a detailed rep-
resentation of the traffic condition during flooded conditions. This is particularly
important if there are numerous flooded streets throughout the whole network;

• Themicrosimulation technique is more reliable for estimating losses, related to the
trips that are cancelled due to flooding because it contains a detailed description
of each trip and its purpose;

• The intermodal representation of different vehicle types is important for the overall
consumption of fuel and greenhouse gas emissions. Different modes of transporta-
tion also indicate different cost of travel delays and will result in a more realistic
representation of the flood impacts.

• Microscopic traffic models can simulate the dynamics of the flood propagation
both in spatially and temporally. For instance, depending on the flood severity, it
can allow closure of only one lane, whilst keeping the traffic active in other lanes;

The results of the traffic simulations will be compared for scenarios with and
without flooding. The whole procedure will be performed for different flooding
scenarios, different times of the day (peak and off-peak times). As stated before, the
results will be presented in absolute measures of lost business hours, additional fuel
consumption and additional CO2 emissions. The travel delays and the additional
fuel consumption will be also represented in monetary terms so that they can be
easily compared to the other type of flood losses and damages in the studied area.
Ultimately, such an approach will allow the effects of both flood risk management
measures and of traffic improvement systems to be tested.

The model will be applied to a case study on a Caribbean island—St Maarten.
This case study is considered appropriate for the research for two reasons: first, it
has been a frequent victim of tropical storms and hurricanes; second, the closed road
network system of an island makes it easier to assess indirect impacts.

The following sections elaborate the hydraulicmodel used to simulate the flooding
conditions, and the translation of flooding results into SUMO environment and the
SUMO modelling set-up.
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2.1 Hydraulic Model

The case study area of St Maarten is prone to tropical storms and hurricanes. Even
small-scale floods in the past posed a serious threat to traffic [27]. The insufficient
drainage capacity or the lack of drainage structures results in considerable flood
depth on the streets during severe storm events [27]. The hydraulic modelling has
been carried out on a catchment level for the most hazardous catchments in the
island of St Maarten. The flood hazard characteristics (depth and velocity) were
computed usingDHI softwareMIKEFLOOD[7]. This software ensures full dynamic
couplingbetweenMIKE11 (1D rivermodel) andMIKE21 (2Dmodel, computing the
floodplain and the coastal flooding). The results from the coastal floodingmodelwere
used as boundary conditions in the MIKE FLOOD simulation. Thus, surface runoff
and coastal conditionswere integrated at each time step. Theflooding conditionswere
simulated for different return periods of storm events, assuming independence of the
rainfall and storm surge occurrence. The results of the hydraulic model provided
maps for relevant flood depth over time, depending on the flood propagation at a
particular site.

2.2 Translation of Flood Model Results into SUMO Model
Input

The time-varying flood maps identify the streets that will be closed and the duration
of the closure. This extraction was performed in a GIS environment by overlaying
the flood map with a road network (Fig. 2). The road map is a modified version
of Open Street Map (OSM), which ensures all street types and their corresponding
speed limits are correct. In OSM format each street is defined by its ID, and this is
not suitable for the purposes of a precise identification of flood locations. The desired
level of precision requires each edge of the network to have a unique ID, which can be
identified by the traffic model. In order to avoid conversion discrepancies, a reliable
translation of the link indices was required. This was performed first by segregating
major streets into edges in a GIS environment and by giving unique indices of the
individual edges. The resultant shapefile was saved as an OSM and then translated
to a network file, readable by SUMO. That way, no data will be lost in conversion,
i.e. space varying speed limits, or the number of lanes per street. By ensuring same
edge IDs, a linkage between the ArcGIS and SUMO environments was established.
Thus, a list of flooded streets was identified by their IDs in GIS environment and was
readily available for rerouting in SUMO. To provide consistency, the newly created
roadmap was used for simulating traffic for the baseline scenario and for the various
flooding scenarios.

The criterion for a street closure was based on flood characteristics—extent, prop-
agation, depth and velocity. Guidelines for a street closure can be found in studies
related to car stability in flood water. Stationary vehicle stability in flood waters has
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Fig. 2 Flood map with 100 years return period of a rainfall event (left), and a road map overlaid
with a flood map with flood depth above 0.3 m (right), showing in red the roads closed to traffic
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Fig. 3 Flow chart of the
implemented traffic model

been an object of experimental [25] and analytical studies [13]. Shand et al. [22]
carried out a literature review for the purpose of establishing guidelines for vehicle
safety on the road. They found a considerable agreement among the literature about
the floating limits of different types of vehicles—small passenger (0.3 m), large
passenger (0.4 m) and 4DW (0.5 m). These guidelines were adopted in the current
research as a rule for a road closure: streets with more than 0.3 m flood depth were
closed for traffic.

2.3 SUMO Parameters Setting and Traffic Volume Estimation

The SUMO software [2] has been used to create a basic model, so that the proposed
methodology can be tested (Fig. 3). The traffic model was limited by the reduced
availability of transportation measurement data, but it is believed there are sufficient
data to further test the methodology. Currently, the model uses the traffic network of
thewhole islandofStMaarten,which is rather large for conventionalmicrosimulation
network (total area 87 km2 and nearly 80 000 inhabitants).

This network has been extracted from OSM and later on modified for the applica-
tions in SUMO, with special attention given to the different types of roads and their
maximum speed limits. The traffic demand was established on a quasi-random route
generation (ActivityGen), based on statistics about settlements, population and the
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locations of big employers and schools. Different parameter combinations were used
to run the model and obtain statistics for each scenario.

The route assignment of the current model employs shortest path algorithm to
establish a route between the origin and the destination of each trip. For a better
representation of route choices, an algorithm representing shortest travel time is
required.

Sensitivity analysis of different scenario results can help improve the understand-
ing of how the system functions. This strategy for computing traffic demand was
hoped to help overcome the lack of data for calibration. A large number of quasi-
randomly generated data approaches the traffic demand distribution from a proba-
bilistic standpoint.

Another objective of the research is to investigate what the environmental impact
of traffic congestionduringfloods canbe.To achieve this, theSUMOmodel employed
a simplified HBEFA classification of vehicles and their relevant CO2 emission levels
for different engines. This model also provides a description of fuel consumption for
individual trips in the simulation and thus can help monetize the impacts of floods
on traffic congestion.

2.4 Monetization of Traffic Delays

Previous studies in thefield offlood impacts on traffic congestion [3, 24] indicated that
wasted time will be the most significant impact. This imposes the need to monetize
business hours lost in traffic, so that they can be compared to other tangible flood
impacts such as damage to built-environment or business interruption. Value of time
per individual person (driver or passenger) is defined by the purpose of the trip, mode
of transportation and the type of vehicle [28]. Monetizing of travel time has been
approached using wage data to assign monetary values per hour for different trip
purposes—business, commute or leisure [26]. The cost of the additional travel time
can also depend on the duration of the delay. Interviews showed delays longer than
30 min have higher relative costs than shorter delays [10]. This research will employ
a monetizing method which will consider a UK methodology [28] to estimate costs
of travel times based on assumptions on average income.

3 Modelling Challenges and Future Improvements

We have created a preliminary model to test the proposed methodology. The trial has
shown several challenges to be solved. Trivial setbacks like data conversion issues are
typical when integrating models with very different inputs and outputs. The rerout-
ing mechanisms, employed to represent street closure, are originally established to
simulate traffic incidents on the road. They require an individual set-up, which is not
trivial, when a large number of streets have to be closed due to the flooded conditions.
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For example, when 30 cm of flood depth was used as a criterion for street closure,
268 streets in the whole network were identified to be closed and the traffic through
them should be rerouted. From a traffic modelling point of view, the road network
was going to suffer from 268 accidents, whose temporal characteristics depended
on the propagation of the flood. In SUMO terms, each of these accidents had to be
represented independently and this posed a problem when multiple scenarios were
going to be modelled and discussed. As mentioned previously, the main objective of
the current research is the development of a tool for the integration of flood and traffic
models. Such a tool will eliminate drawbacks like the file conversion or multiple file
creation for different purposes of the modelling process.

Due to the lack of traffic data, modelling different vehicle classes and purposes
of trips are reliant purely on assumptions. However, different vehicle classes can
give valuable input, when traffic delays or cancellation of trips is monetized. This is
currently represented by the activity-based traffic demand model, which generates
trips according to synthetic data about population and locations of big employers,
schools and shops. Similarly, modelling emergency vehicles such as ambulances or
fire brigade vehicles is very important in times of disaster management. For example,
the hospital in Philipsburg in St. Maarten can be reached only by one road which is
prone to flooding. Evaluation of flood impacts like these is a great challenge because
losses are intangible and are no longer related to the particularities of the traffic
conditions.

4 Concluding Remarks

This paper presents a novel methodology for assessing flood impacts on traffic.
Microsimulation traffic models have not been used yet to approach that problem,
even though only a microsimulation model can capture the dynamics of both the
natural and social-technological sphere. The impacts of adverse weather conditions
on traffic have been studied in detail, but have never been previously incorporated
with flood events. This methodology combines the joint impacts of both adverse
weather conditions and accumulated floods to road transportation.

Themethodology presented in this paper will be implemented in real-world appli-
cations. The actual traffic measurements will be applied to calibrate the parameters
used in the SUMO to ensure the modelling results can represent the traffic conditions
properly. Cost assessment model of travel delays also needs to be adjusted to regional
specifications of salaries in Saint Martin.

This interdisciplinary approach relates to offline analysis of combined flood and
traffic modelling. The methodology lends itself nicely for real-time modelling and
decision-making for coupled flood and traffic management systems.
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Improving Traffic Lights System
Management by Translating Decisions
of Traffic Officer

François Vaudrin and Laurence Capus

Abstract Coordination of traffic signal timing systems has significant impacts on
traffic congestion, waiting time, risks of accidents, and unnecessary fuel consump-
tion. Actually, systems of traffic light’s programming involve complex calculations
especially to tackle problematic situations in real time. Another way of doing is to
manage traffic flow by traffic officers. Despite the limitation of short-term retention
of human brain to few elements, human being can make decisions in case of system
malfunction or during special events. The human strategy as that of the traffic offi-
cers is simple and is based on common sense. This paper explains how to implement
this strategy and gives some results obtained. The simulation is performed with the
open-source traffic simulation software, simulation of urban mobility (SUMO). The
preliminary simulation results are promising for the continuation of this research. The
observation of patterns could bring to propose an intelligent system more efficient
that reuses similar cases to save time.

Keywords Microscopic traffic simulation · Open source · SUMO · Traffic lights
Traffic management · Traffic research · Artificial intelligence

1 Introduction

The process of programming static traffic light’s signals is complex and even more
in real time. The greatest part of existing systems is electromechanical systems with
clocks. The systems are programmed for fixed periods (rush hour in the morning, in
the afternoon, weekend, etc.) and are not changed for several years thereafter. But
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even during these periods, there are fluctuations in traffic flow and it is important
that the system is adapted to these variations.

The Institute of Transportation Engineers [2] (ITE1) recommends taking an aver-
age traffic volume during a given period and using these data to develop various pro-
gramming plans with a simulation software until a satisfactory solution is obtained.
The simulations are typically made by using commercial simulation software. There-
after, it is implemented on site and revalidated by a traffic expert who makes the final
adjustments required (fine-tuning). Besides that, a study conducted in more than 100
states, cities or agencies on behalf of the ITE showed that more than half of traffic
systems in the USA were badly synchronized or poorly maintained [8]. If it is hard
to properly maintain static systems, it is even more difficult to program real-time
systems. The proposed solutions are often costly and time-consuming to implement,
so little used.

The amount of parameters to be considered and the uncertainty caused by human
behavior and the environment leads us to choose a workable and useful solution.
Our goal is to manage traffic light’s system at the right time and without complex
calculation. For that, we considered the traffic officers’ decisions as starting point.
These decisions are made according to the common sense without a great training.
Although these decisions are simple to identify, their implementation and validation
require an important preliminary work. We need to simulate a network that reflects
as closely as possible the reality and compare the performance of both the systems
(static and dynamic). To make the simulation, we use open-source software SUMO,2

developed by the Institute of Transport of the German Aerospace Center DLR.3 The
purpose of this paper is to explain the translation of traffic officers’ decision-making
and show its simulation on SUMO.

Section 2 describes the problem analysis that was conducted to our research
objective. Section 3 explains the algorithm that enables the translation of traffic
officers’ decisions. Section 4 presents a first simulation and the results obtained.
Section 5 concludes on the things that we have learned so far and gives some future
works.

1Founded in 1930, ITE is a community of transportation professionals including, but not limited to
transportation engineers, transportation planners, consultants, educators, and a network of nearly
17,000 members, working in more than 90 countries, http://www.ite.org/aboutite/, accessed March
25, 2015.
2SUMO is a free and open traffic simulation suite which is available since 2001. SUMO allows
modeling of intermodal traffic systems including road vehicles, public transport, and pedestrians.
http://www.dlr.de/ts/en/desktopdefault.aspx/tabid-9883/16931_read-41000/, accessed March 25,
2015
3DLR is the national aeronautics and space research center of the Federal Republic of Ger-
many. Its extensive research and development work in aeronautics, space, energy, transport,
and security is integrated into national and international cooperative ventures. DLR has approx-
imately 8000 employees. http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10002/#/DLR/Start/
About, accessed March 25, 2015

http://www.ite.org/aboutite/
http://www.dlr.de/ts/en/desktopdefault.aspx/tabid-9883/16931_read-41000/
http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10002/#/DLR/Start/About
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2 Problem Analysis

Almost all of the existing systems are static and are programmed accordingly to time
of the day (e.g., peak-hour morning or afternoon). But even during these periods,
there are fluctuations in traffic flow and it is important that the system is adapted to
these variations.

Miller [5] has shown that short-term retention of human brain is 7±2 items.
Despite these limitations, human being can manage traffic in case of system mal-
function (or during special events). Our research aims to change traffic light’s pro-
gramming without complex calculations and at the right time (in real time). We do
not try to find optimal solution every moment but to improve the situation the best
as we can. Our assumption is that the summation of small improvements will have
a significant effect over a reasonable period of time (few hours).

To get there, we will guide us on the work of traffic officers (Fig. 1). The human
decision is simple and is based on common sense. Traffic officers try to redirect
traffic to free places and to be fair with road users. We aim to use a similar strategy
to develop an intelligent system that would be able to propose solutions like a traffic
officer.

To our knowledge, no other research uses the concept of human traffic officers
to develop an intelligent traffic management system. Sadek et al. [7] developed a
knowledge-based system for identifying incidents on a highway and divert traf-
fic accordingly. Krajzewiez et al. [4] proposed an algorithm based on jam lengths.
Wannige et al. [9] developed an adaptive neuro-fuzzy traffic signal control for multi-

Fig. 1 Traffic officer
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Fig. 2 Volume versus
density (Reproduced from
Pignataro—[6])

ple junctions.Hossain et al. [1] proposed a case-based systemwith libraries to identify
recurring congestion situation on an artery with four intersections. Yang et al. [10]
introduced a two-stage optimal combination fuzzy controller for traffic signals at iso-
lated urban intersection. Kofod-Petersen et al. [3] proposed a case-based reasoning
system using historical vehicle counts. Zubillaga et al. [11] proposed an approach
based on entropy and complexity. These works are valuable and proposed interesting
solutions but not to implement decisions done by traffic officers. Our approach is
based on common sense, and we wish eventually to apply it on a complex network.

The challenge is to translate this common sense behavior in a system.We propose
to use the density–volume curve (Fig. 2) and speed–volume curve (Fig. 3). These
two figures show that trafficmust not exceed a critical threshold because the situation
will deteriorate rapidly. If we look at Fig. 2, we see that when the volume reaches
the maximum critical point, the density is too high for the capacity of the road. And
when it exceeds this point, the volume (or traffic flow) gradually decreases to the
point of ultimate congestion (jam). This point is located at the right of the curve. This
phenomenon is presented in Fig. 3 by comparing the volume of flow and speed.When
traffic is paralyzed (speed = 0), we have reached the point of extreme congestion.
This point is located at the origin in Fig. 3 and corresponds to the level of service E.
The level of service is a standard of vehicle density of a road. The level of service
A is a low vehicle density, while E is the ultimate density (the road is like a parking
lot, and the traffic is jam). There are five levels of service in Fig. 3 (A–E), and our
approach is to avoid levels of service D and E.

The aim is to calculate the density of each section (edge) and infer the level of
service at every moment in each section of the network. Knowing the level of service
of each section, the system will have to decide what is the best decision in this
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Fig. 3 Speed versus volume (Reproduced from Pignataro—[6])

Fig. 4 Levels of service and edges

situation, as would do a traffic officer. This may result in an increase or a decrease
in the duration of some traffic lights.

Let us see an example. Suppose a set of sections (edges) and a set of service
levels. For each edge, the system measures the level of service. By putting these
service levels one after the other, one gets a quick picture of the situation on the
network. It is from this information that the decision to change the duration of traffic
lights is taken.

Edges � {E1,E2,E3 . . . ,En}
Level of services � {A,B,C,D,E}

Figure 4 shows a main road with different levels of service. In this situation, the
obvious decision would be to reduce the arrival of vehicles to the edges that have
already been reached the level of service D or E (the last ones). A solution could
be to reduce the duration of green lights for the previous edges. It will probably not
solve congestion problem but avoid extending the level of congestion in previous
edges, and it can reduce average waiting time for the secondary roads.



132 F. Vaudrin and L. Capus

3 Translating Decision of Traffic Officer

The basic idea is to find a balance in the network as a traffic officer would do. Given
the cognitive limitations of the human being, her/his decisions must be based on
common sense and experience. For example, if a section has too high occupancy rate,
it is possible to modify the duration of the green light or to change the programming
cycle. For each problematic situation, the goal is to seek which decision will reduce
the inconvenience and unnecessary waiting time. If the occupancy of a section (edge)
is higher than a threshold, the system will modify accordingly the programming of
the traffic light’s system. Another objective is to avoid unnecessary waiting time for
vehicles, like when the light is red and there are no vehicle on the cross road. This
occurs in less busy times, and it is frustrating for the users.

At each intersection, there are output’s edges, and the idea is to check the level of
service of these edges. If the level of service of a given edge is too high, the system
has to decide which decision it has to take. This decision could be to increase or to
decrease the duration of the green or of the red light. It could also be to change the
traffic light’s system for a limited time. But before changing the duration of fires,
it has also to check if the way is clear on the other edges by measuring the level of
service of these edges. This is after analyzing this information that the system will
decide which decision is the best, as would do a traffic officer.

The basic ingredient of the algorithm that we propose is based on the occupancy
rate of section roads. If a secondary section has a low occupancy rate (e.g., 10% or
minus—level A), we consider that the situation is under control and it is not necessary
to modify the programming of traffic lights. If it is at D level, it means that there is a
problematic situation under development and it is preferable to intervene in changing
the traffic light’s programming.

We use SUMO libraries and the function getLastStepOccupancy(edgeID), to
develop this algorithm. This function transfers the occupancy rate to percentage
at the last step on the given edge. SUMO also allows to increase the duration of
traffic lights or to change phases with setPhaseDuration(tlsID, phaseDuration) or
setProgram(tlsID, programID). The other element to consider is the ability to absorb
traffic. So, before changing the duration of a traffic light system, the algorithm has
also to check if the destination road sections are clear.

Finally, we have to decide the number of levels of service needed. Although there
are five levels of service in Figs. 2 and 3 (A to E), we believe that it is possible to
reduce them to meet the needs. However, the number of levels of service could be
adjusted depending on the results. So, we decided to start with only three level of
service and to use these rates:

If 10% or less of occupancy rate→A
Between 10 and 40% occupancy rate→C
More than 40% of occupancy rate→D
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Fig. 5 Traffic officer algorithm

Figure 5 shows the main steps of the algorithm.
The traffic officer algorithm may also be summarized in this way:

1. Determine minimum service levels and thresholds that should not be exceeded.
2. Determine critical sections and sequences to be considered (e.g., the outlet section

of an intersection and the next section to go).
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3. Calculate the occupancy rate of each section with getLastStepOccu-
pancy(edgeID) function.

4. Compare with thresholds to be respected.
5. Decide whether it is better to increase the duration of the green light or red light,

or to change the phase of one or more traffic lights. To do so, use the setPhase-
Duration(tlsID, phaseDuration) or setPhase(tlsID, index) or setProgram(tlsID,
programID) of SUMO libraries.

6. Make appropriate changes and repeat the cycle.

In the next section, we present howwe use SUMO to simulate a particular context
in order to apply the traffic officer algorithm on this context. We also show some
results obtained for this first simulation.

4 Simulation and Results

In SUMO, a street network consists of nodes (junctions) and edges (streets connecting
the junctions). Thus, if one wants to create a network with two streets, subsequent to
each other, he needs three nodes and two edges.4 Moreover, SUMO allows changing
signal programming plan during the simulation with TraCI module that is part of the
system. Also, it is possible to make a set of traffic light’s program with it and to use
them at the right time accordingly to the algorithm.

The network is located in Québec City in Canada along the Sainte-Foy road
(Fig. 6). This is a busy area with significant congestion problems. The studied net-
work stretches over a distance of about 4 km. This network is made using free
software, OpenStreetMap (OSM5) and the Java application JOSM.6 The vehicle’s
paths infer from the data collected in the field. Data were measured with the short-
count method. The short-count method evaluates the number of vehicles that pass
each intersection for 15 min and then extrapolates the results for one hour. Each
intersection was observed during the peak period of the afternoon between 16:00
and 18:30. In addition, the signaling systems in place were measured (duration of
each cycle to each intersection). Geometric data were collected from the OSM map
and validated in the field. By cons, in a first step, we decided to limit ourselves to a
small portion of the network. We found that the task would be too complex and that
it was preferable to be limited to few intersections.

During simulation, there is a continual back and forth between the screen and the
XML files and it is better to easily find the information. So, to facilitate identification
of nodes and edges, a Python program was carried out and IDs have been changed.

4Tutorials/Hello Sumo, Hello Sumo—Introduction, http://sumo.dlr.de/wiki/Tutorials/Hello_Sumo,
accessed March 25, 2015.
5OpenStreetMap (OSM) is a collaborative project to create a free editable map of the world,
https://en.wikipedia.org/wiki/OpenStreetMap, accessed March 25, 2015.
6JOSM is an extensible editor for OpenStreetMap written in Java 7, https://josm.openstreetmap.
de/, accessed March 25, 2015.

http://sumo.dlr.de/wiki/Tutorials/Hello_Sumo
https://en.wikipedia.org/wiki/OpenStreetMap
https://josm.openstreetmap.de/
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Fig. 6 OSM and SUMO

Fig. 7 Network to study

We think it is important because it would speed up the analysis. This approach also
reduces the risk of errors. The nodes on the main road are now classified from West
to East or left to right (100, 200, 300, 400, 500,…. 2600), and those on the secondary
roads are incremented by 1000 according to the x-coordinate of each terminal node
(5000, 6000, 7000,… 44000). A similar approach was used for the edges.

It seems important, before testing a new system, that the system we intend to
improve is consistent at first. To test the algorithm, we started with the three junctions
shown in Fig. 7. We must also consider that the two first junctions should operate in
tandem because the vehicles could be trapped after exiting the intersection. There is
also a bottleneck on the main road.

After a series of tests with SUMO, we found that the best sequence was the
one below. Note that the first phases relate to secondary roads to facilitate system
synchronization. The minimum value of the sum of waiting times of vehicles during
a simulation of 2 000 s was around 80 000 s. Therefore, we target to improve this
score with the traffic officer algorithm.
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We have conducted a series of tests to validate the algorithm. By changing certain
phases depending on the occupation rate of main sections, we managed to achieve an
overall improvement, but the waiting time of some intersections is still unacceptable.
We also expect to find trends by successive approximations that could help to identify
solutions.

Moreover, our first observation is that the congestion on the main road occurs
mainly on the first two sections. This problem is due to the bottleneck. We also
discovered that when the queue gets too long, it takes much more time to clear the
way because of the wave effect. It is therefore necessary to find the right sequence
for the traffic lights. All these tests will fuel our decision tree and could highlight
repetitive situations to help to validate the approach. When acceptable solutions will
be found, we plan to store, reuse, and improve them.

5 Conclusion and Future Work

We want to demonstrate that it is possible to develop an intelligent traffic light man-
agement system based on common sense. The traffic officer algorithm described in
this paper is inspired by the work of traffic officer when he/shemakes a decision. This
research aims to change traffic light’s programming without complex calculations.

We have made tests with SUMO and the module TraCI to change the traffic light’s
phase dynamically during the simulation. The preliminary results are promising but
not conclusive so far. The problem is that the performance of certain parts of the
network is not acceptable. The waiting times are too long, and we must do additional
tests. Nevertheless, we are confident that it will be possible to enhance the efficiency
of the system.

However, this study shows that it is necessary to consider the context and the
environment and that each case is unique. It also confirms us that it is almost impos-
sible to apply universal solutions. Finally, in traffic management quality of solution
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relies heavily on the experience of the expert. So one has to be careful and even if
a solution seems attractive, field validation is essential. When the approach will be
demonstrated, the future work would be to build a more efficient system capable of
retaining and reusing solutions quickly and to control a more complex network.
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eNetEditor: A Platform-Independent
Tool for Rapid Creation of Urban Traffic
Scenarios and for the Optimization of
Their Energy Supply Infrastructure

Tamás Kurczveil and Pablo Álvarez López

Abstract The increasing mobility and transport demand and the sinking global sup-
ply of fossil energy carriers will eventually cause a growing trend toward alternative
drive concepts and the development of corresponding energy supply infrastructures.
These emerging solutions and their interaction with the prevailing traffic will need to
be evaluated for their optimal integration. SUMO is a preferred tool when it comes to
evaluating measures in urban traffic behavior. When using SUMO, however, the cre-
ation of corresponding scenarios is accompanied by challenges in network creation
and corrections, traffic demand generation and calibration. This paper presents the
newly developed tool eNetEditor, which allows users the rapid prototyping of custom
and calibrated traffic scenarios and their evaluation in regard to energy consumption.

Keywords Network generation · Traffic assignment and calibration · Energy
consumption

1 Introduction

Current traffic ismostly driven by fossil fuels. In 2014, the number of newly registered
vehicles in Germany was 3.048.507 [1]. A total of 8522 of these vehicles (0.28%)
were electric vehicles [2]. The same statistic indicates that the number of electric
vehicles is expected to rise in the coming years. An exponential extrapolation of these
numbers yields the range of approximately 14283–27041 newly registered electric
vehicles for the year 2015.
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One of the current challenges for the customers of electric vehicles is the
multiplicity of charging systems and interfaces. Whereas 14622 gas stations in
Germany supply conventional traffic with the adequate amount of fossil fuel [3],
only 5050 publicly available electric charging points have been installed for elec-
tric vehicles in Germany until June 2014 [4]. Many manufacturers offer propri-
etary solutions, tying customers to a limited amount of available charging stations,
such as Tesla. In other cases, countries or regions have agreed on and effected
the installation of a more consistent charging infrastructure, such as CHAdeMO
in Japan and France or CCS in Germany. This heterogeneous situation has resulted
in charging station infrastructures of several different manufacturers and providers
with varying and largely incompatible standards. In addition to this heterogeneous
situation with the charging infrastructure, new developments indicate that battery-
driven electric vehicles might not remain the only alternative solution for the coming
years: Most of the leading automobile manufacturers have invested many efforts
into the development of hydrogen fuel-cell vehicles over the past years. Toyota has
introduced one of the first of these vehicles to be sold commercially starting in
2015. This further results in a comparably increasing diversity regarding drivetrain
concepts.

However, even with these trends, the development of new compatible charging
infrastructures is still at its beginning. This situation is a chance for the introduction
of more homogeneity in the charging infrastructure and, as opposed to the loca-
tion of current gas stations, its optimal operational integration into prevailing traffic
situations. For this unification of the energy supply infrastructure, traffic planners
will need tools in the future that take into account the energy consumption of ve-
hicles along their routes allowing the optimal positioning of components for the
corresponding energy supply infrastructure. These results can further be used for
infrastructure operators to determine the amount of energy that electric vehicles are
expected to gain at specific locations within the road network and how much power
will be required for their sufficient supply.

This paper introduces eNetEditor: a tool with a graphical user interface for traffic
planners that allows the rapid prototyping of arbitrary road traffic networks and, as
opposed to most existing tools that merely focus in network editing, the creation of
calibrated scenarios based on flow measurements and the evaluation of the corre-
sponding energy consumption.

2 Concept

For the simulation of vehicles within the road network and their interaction with in-
frastructure objects and other vehicles, themicroscopic traffic simulation tool SUMO
(Simulation of Urban Mobility) is used [5]. SUMO is described by its authors as ‘an
open source, highly portable, microscopic and continuous road traffic simulation
package designed to handle large road networks’ [5]. The development of SUMO
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was initiated by the Institute of Transportation Systems of the German Aerospace
Center (DLR), in 2001. It has evolved into a traffic simulation tool, high in features,
functionality and interfaces. Even though instantiated vehicles follow a simplified
behavior, traffic simulation tools like SUMO allow the realistic replication of pre-
vailing traffic in arbitrary road networks.

Implementations were presented in [6] that newly introduced a simplified energy
consumptionmodel for vehicle objects and a corresponding declared charging station
class as integral parts into SUMO. These implementations build the functional basis
for the evaluation of the energy consumptions in traffic scenarios.

The application of these implementations subsequently requires a traffic scenario
consisting of a road network and traffic demand. In order to instantiate calibrated
traffic in arbitrary road networks, eNetEditor (initially, a MATLAB-based tool) has
been developed with a graphical user interface that allows the rapid and efficient
generation of road networks. Network object data was structured such that they
contain the properties required by SUMO’s network generator netconvert.exe (i.e.,
edges, lanes, nodes, connections), by SUMO itself (e.g., vehicle types, bus stops),
and arbitrary custom parameters and their values (e.g., traffic counts or other traffic
demand data) for user-defined functions. The data structure for the network creation
is outlined in Sect. 3.1. After the definition of vehicles, traffic can be instantiated
and calibrated from within this tool as described later in Sects. 3.2 and 3.3, respec-
tively. Section 3.4 gives an overview on the structure of eNetEditor’s modules, while
Sect. 3.5 introduces the user interface.

Using traffic data and measurements from different sources, such as flows from
induction loops, eNetEditor allows the generation of traffic demand. The goal is a
simulation output in form of a structure that can be used to represent energy con-
sumption of individual vehicles over time and vehicle position or along individual
lanes of a road network over time. An example urban traffic scenario will be shown
in chapter “Connecting Macroscopic and Microscopic Traffic Assignment” that was
generated by eNetEditor, accompanied by evaluations in regard to its constituents’
energy consumptions. Chapter “A SUMO Extension for Norm-Based Traffic Con-
trol Systems” subsequently presents optimization algorithms that allow to process
the resulting output of arbitrary traffic simulation scenarios.

3 Implementation

This chapter explains the structure of eNetEditor’s implementations. The modules
are split into three parts:

1. network definition and generation,
2. vehicle definitions and generation, and
3. traffic demand generation and calibration.
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Fig. 1 Constituents of a traffic scenario’s network represented in form of a UML class diagram

The following sections give an overview on the implementation of each of the
modules and the used data structures that broadly represent SUMO’s object struc-
tures.

3.1 Network Definition and Generation

A SUMO network consists of edges, nodes, lanes, vehicle class restrictions on spec-
ified lanes, lane connections (and prohibitions), bus stops, and light signal systems.
As a new infrastructure element, charging stations have been introduced. Figure 1
shows the structure of these constituents as definable in eNetEditor, axiomatizing
the terms in form of a class diagram as introduced in [7, 8]. The following sections
will describe the data structure for each network constituent that can be represented
in eNetEditor, the interface for their generation, and exemplified output data. Newly
introduced classes and attributes are shown in green.

3.1.1 Nodes and Edges

Nodes and edges constitute the essential components of a network’s graph. These
can be created directly in the GUI with a mouse click or by connecting two nodes
with a click-and-drag. To allow efficient analyses and operations with the resulting
multi-edged directed graph and its adjacency matrix, edges and their properties are
stored in the three-dimensional array E of the following structure
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Fig. 2 Data structure of edge (left) and node (right) description arrays E and O

En×n×(2m+1) = (
ei, j,k

)
, with . . . (3.1)

origin node index i = 1 . . . n,

destination node index j = 1 . . . n,

property index k = 1 . . . 2m + 1,

number of nodes n and

number of edge properties m.

The entries
(
ei, j,k=1

)
represent the network graph’s adjacency matrix, where each

element ei, j,k=1 equals the number of lanes from node i to node j . Edge property and
corresponding value pairs are stored in successive entries of Ei, j,k=2,4,6,... (property
name) and Ei, j,k=3,5,7,... (property value) in form of strings. Whereas SUMO and
its netconvert application will only process the values of specified property tags,
eNetEditor allows the declaration of arbitrary properties and property values that
can be used for eNetEditor-/MATLAB-based pre-/post-processing.

Nodes and their properties are stored in the two-dimensional array O with the
following structure

On×18 = (
oi,k

)
, with . . . (3.2)

node index i = 1 . . . n,

property index k = 1 . . . 18 and

number of nodes n.

Next to mandatory property values in oi=1...n, j=1...6, the remaining entries in O(
oi=1...n, j=7:18

)
can be used for the declaration of arbitrary node properties and their

corresponding values. The structure of the edge and node variables E and O is
depicted in Fig. 2.
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Fig. 3 eNetEditor’s user interface for the creation of arbitrary road networks (c) OpenStreetMap
contributors

Figure 3 shows eNetEditor’s user interface for the creation of nodes and edges
with arbitrary property keys and property values. The output in the specified xml
format, as required by SUMO’s netconvert.exe, is exemplified in Listings 3.2 and
3.1. The corresponding node and edge xml files are created by parsing the described
data structures and can be initiated by a keyboard entry of the buttons o and e
respectively.

Listing3.1:Example edgedefinitionfile in theSUMOspecifiedxml-format (typically
.edg.xml)
<?xml version="1.0" encoding="utf-8"?>
<edges>

<edge from="1" id="1to5" intensityProfile="TGw3West" numLanes="1" numVeh="
1050" priority="4" speed="8.333" to="5"/>

<edge from="1" id="1to11" intensityProfile="TGw3West" numLanes="1" numVeh="
1050" priority="4" speed="8.333" to="11"/>

<edge from="1" id="1to13" intensityProfile="TGw1West" numLanes="2" numVeh="
14900" priority="9" speed="13.889" to="13"/>

<edge from="1" id="1to17" intensityProfile="TGw1West" numLanes="2" numVeh="
15050" priority="9" speed="13.889" to="17"/>

<edge from="2" id="2to3" intensityProfile="TGw2West" numLanes="2" numVeh="
4950" priority="7" speed="13.889" to="3"/>

...
</edges>

Listing 3.2: Example node definition file in the SUMO specified xml-format (typi-
cally .nod.xml)
<?xml version="1.0" encoding="utf-8"?>
<nodes>

<node id="1" type="priority" x="1106.1567" y="339.0299" z="0"/>
<node id="2" type="traffic_light" x="1074.5522" y="419.4776" z="0"/>
<node id="3" type="priority" x="1221.0821" y="485.5597" z="0"/>
<node id="4" type="priority" x="1313.4383" y="527.0634" z="0"/>
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Fig. 4 A complex junction structure in SUMO with irregular connections

<node id="5" type="right_before_left" x="1258.4328" y="405.1119" z="0"/>
<node id="6" type="right_before_left" x="1347.5" y="443.8993" z="0"/>
...

</nodes>

3.1.2 Connections

Every edge in SUMO represents a road, on which vehicles can travel into one di-
rection. A bidirectional street in SUMO would therefore be modeled by two edges.
Each edge further consists of one or more lanes. Most nodes in a network have at
least one incoming and one outgoing lane. When generating a network, netconvert
will make assumptions about these connections. However, many complex junctions’
structure will deviate from the assumptions made by netconvert’s generalized heuris-
tics. Figure 4 shows such an irregular junction with many specific lane-to-lane (red)
connections. To allow these kinds of junction definitions and for their correct repre-
sentation and functionality, connections between nodes’ (junctions’) incoming and
outgoing lanes often need to be specified explicitly.

These connections can be specified in SUMO by explicitly declaring them in a
separate connectionfile in xml format, typically .con.xml. Since connections are lane-
specific definitions, each connection possesses six degrees of freedom: the incoming
lane’s parameters, specified by (1) its origin and (2) destination nodes and (3) its
lane index and the outgoing lane’s parameters, specified by (4) its origin and (5)
destination nodes, and (6) its lane index. The incoming edge’s destination and the
outgoing edge’s origin node, parameters (2) and (4), will most likely be identical.
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The chosen data format for the connection specification is a three-dimensional
array C , where each element ci, j,k represents an incoming lane and contains a list of
connections to outgoing lanes. The connection variableC has the following structure

Cn×n×l = (
ci, j,k

)
, with . . . (3.3)

incoming lane’s origin node index i = 1 . . . n,

incoming lane’s destination node index j = 1 . . . n,

incoming lane’s index k = 1 . . . l,

number of nodes n and

lane number of the edge with the most lanes l.

Whereas the indices i , j , and k of each element in
(
ci, j,k

)
represent an origin lane,

each element ci, j,k itself is a list of connecting destination lanes:

ci, j,k =

⎡

⎢⎢⎢
⎣

r1 s1 t1
r2 s2 t2
...

...
...

rx sx tx

⎤

⎥⎥⎥
⎦
, with . . . (3.4)

outgoing lane’s origin node index r = 1 . . . n,

outgoing lane’s destination node index s = 1 . . . n,

outgoing lane’s index t = 1 . . . l,

number of nodes n,

lane number of the edge with the most lanes l and

number of incoming lane’s connections x .

Connections will be guessed by netconvert if incoming and outgoing edges exist
and no lane connections are specified for a node. Connections can be specified in
eNetEditor using the dialog box shown in Fig. 5, which can be called by the keyboard
entry of the button c. The resulting xml file (typically .con.xml) is automatically
generated after closing the dialog window. The example of a resulting xml is shown
in Listing 3.3.

3.1.3 Lanes

Next to connections, lanes can be attributed with further specifications that serve two
purposes: visualization and lane-based restrictions. eNetEditor allows the specifica-
tions of these introduced parameters by calling the dialog window (shown in Fig. 6)
with the keyboard entry of button r. The corresponding variable R consists of a list
implemented as a two-dimensional array R = (ri ) with…
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Fig. 5 Connection input dialog

Listing 3.3: Example connection definition file in the SUMO specified xml-format
(typically .con.xml)
<?xml version="1.0" encoding="utf-8"?>
<connections>

<connection from="110to105" fromLane="0" to="105to66" toLane="0"/>
<connection from="110to105" fromLane="1" to="105to66" toLane="1"/>
<connection from="110to105" fromLane="2" to="105to124" toLane="0"/>
<connection from="110to105" fromLane="3" to="105to124" toLane="1"/>
<connection from="110to105" fromLane="4" to="105to107" toLane="0"/>
<connection from="110to105" fromLane="4" to="105to107" toLane="1"/>
...

</connections>

lane specification i ri , (3.5)

lane specification index i = 1 . . . rln and

total number of lane specifications rln.

Each element ri contains all lane-based parameters for the corresponding lane:

bi = [
Ldi ai di si wi

]
, with . . . (3.6)

identifier of lane li
Ldi ,

allowed vehicles classes on lane li ai ,

disallowed vehicles classes on lane li di ,

speed limit on lane li si
(
in

m

s

)
and

width of lane li wi (in m).
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Fig. 6 Lane-based specifications’ input dialog

The parameters allow and disallow refer to the abstract vehicle parameter vehicle
class. For the intended functionality, vehicles need to be assigned the corresponding
vehicles class parameter, as outlined later in Sect. 3.2.

If specified, lane-based specifications require a subsequent generation of the edge
descriptions. Further notes regarding the order of generating individual network
component definitions canbe found later inSect. 3.1.7.Anexample output is shown in
Listing 3.4 that contains lane-based specifications in the edge definition file (typically
.edg.xml).

Listing 3.4: Example edge definition with lane-specific parameters in the SUMO
specified xml-format (typically .edg.xml)
<?xml version="1.0" encoding="utf-8"?>
<edges>

<edge from="2" id="2to17" numLanes="2" numVeh="17050" priority="9" speed="
13.889" to="17"/>

<edge from="2" id="2to18" numLanes="2" numVeh="5400" priority="7" speed="
13.889" to="18"/>

<edge from="2" id="2to19" numLanes="2" numVeh="18600" priority="9" speed="
13.889" to="19">

<lane allow="bus, taxi" index="0" width="4"/>
</edge>
<edge from="3" id="3to2" numLanes="2" numVeh="4950" priority="7" speed="

13.889" to="2"/>
<edge from="3" id="3to4" numLanes="2" numVeh="4400" priority="7" speed="

13.889" to="4"/>
<edge from="3" id="3to5" numLanes="1" numVeh="975" priority="4" speed="8.333

" to="5"/>
...

</edges>
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3.1.4 Bus Stops

In order to model public transport behavior, recurring vehicle halts can be specified
in SUMO using busStop objects. eNetEditor allows the definition of bus stops using
an input dialog that can be called by the keyboard entry b and is shown in Fig. 7. The
corresponding variable B consists of a list B = (bi ) with…

specification of bus stop i bi , (3.7)

bus stop index i = 1 . . . bst and

total number of specified bus stops bst .

Each element bi contains all parameters for the corresponding bus stop:

Listing 3.5: Example bus stop definition file in the SUMO specified xml-format
<?xml version="1.0" encoding="utf-8"?>
<additional>

<busStop id="bS_2to19_0a" lane="2to19_0" startPos="10" endPos="25"/>
<busStop id="bS_54to72_0a" lane="54to72_0" startPos="10" endPos="25"/>
<busStop id="bS_111to113_0a" lane="111to113_0" startPos="10" endPos="25"/>
<busStop id="bS_132to135_0a" lane="132to135_0" startPos="10" endPos="25"/>
...

</additional>

bi = [
Bdi li B j Bxs,i B xe,i

]
, with . . . (3.8)

Fig. 7 Bus stop input dialog
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identifier of bus stop i Bdi ,

lane on which bus stop i is located li ,

index of bus stop i on lane li
B j = 1 . . . 26,

start position of bus stop i on lane li
B xs,i (in m) and

end position of bus stop i on lane li
B xe,i (in m).

The output is a SUMO-compatible xml file, which is exemplified in Listing 3.5.

3.1.5 Charging Stations

Charging stations constitute the infrastructural complement to the energy consump-
tion of vehicles. In analogy to bus stops, eNetEditor also allows the definition
of charging stations, where compatible vehicles can be supplied with a specified
power, if operational conditions allow. The placement and definition of bus stops in
the network are similar to those of bus stops. The dialog for the definition of charg-
ing stations can be called in eNetEditor by the keyboard entry t. eNetEditor’s dialog
window is shown in Fig. 8. Variable T contains all of the network’s charging station
information in form of a list T = (ti ) with…

specification of charging station i ti , (3.9)

charging station index i = 1 . . . tcs, and

total number of specified charging stations tcs .

Fig. 8 Charging station input dialog
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Each element ti contains all parameters for the corresponding charging station:

Listing 3.6: Example bus stop definition file in the SUMO specified xml-format
<?xml version="1.0" encoding="utf-8"?> <additional>

<chargingStation id="cS_2to19_0a" lane="2to19_0" startPos="10" endPos="25"
chrgpower="200000" efficiency="0.95" chargeDelay="2" chargeInTransit="0"
eType="a"/>

<chargingStation id="cS_17to2_0a" lane="17to2_0" startPos="0" endPos="62"
chrgpower="220000" efficiency="0.9" chargeDelay="5" chargeInTransit="1"
eType="b"/>

<chargingStation id="cS_17to2_1a" lane="17to2_1" startPos="0" endPos="62"
chrgpower="250000" efficiency="0.9" chargeDelay="5" chargeInTransit="1"
eType="a"/>

...
</additional>

ti = [
T di li T j T xs,i T xe,i T Pi T ηi Ti di ci

]
, with . . . (3.10)

identifier of charging station i T di ,

lane on which charging station i is located li ,

index of charging station i on lane li
T j = 1 . . . 26,

start position of charging station i on lane li
T xs,i (in m),

end position of charging station i on lane li
T xe,i (in m),

charging power of charging station i T Pi (in W),

charging efficiency of charging station i T ηi ,

delay between arrival and charging at charging station i Ti (in s)

(dynamic) charging of moving vehicles above charging station i di and

compatible vehicle eType(s) that can be charged by ti ci .

The output is an xml file that is compatible with SUMO and the implementations
are described in [6] formodeling the energy consumption of vehicles and their energy
supply with the specified infrastructure elements. An output is exemplified in Listing
3.6.

3.1.6 Light Signal Systems

The definition of traffic light signal system plans for nodes of type traffic_light takes
place during the network creation by netconvert. In most cases, the automatically
generated programs/plans of a junction’s light signal system will often deviate from
its real behavior. SUMO allows multiple ways to interact with light signal systems,
both during simulation definition and during runtime. Whereas traffic light signal
systems can be declared as actuated for vehicle flow-based triggering or their program
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switched during simulation runtime usingWAUT [9] or TraCI [10], it is also possible
to declare static programs with phases of constant duration. Junction’s programs can
often be sufficiently approximated by a static program, if the period under observation
is characterized by similar traffic intensities.

Each phase of a traffic light signal system in SUMO consists of a duration and a
state, where the state is an aggregation of all connection/link states. While the index-
ing of links is (currently) carried out in clockwise order, one difficulty of defining
programs beforehand is that link indices are defined by netconvert and are known
only after the net file has been created. Therefore, the chosen solution for eNetEditor
is to automatically create a net using netconvert and to parse for the lane connection
order at the regarded junctions. Afterward, eNetEditor allows the definition and pa-
rameterization of light signal phases at the parsed junctions. Figure 9 exemplifies a
traffic light signal-controlled junction (‘40’) in SUMO along with eNetEditor’s input
dialog and the generated text output.

3.1.7 Network Creation

After all constituents of the simulation’s road network have been specified in eNetE-
ditor’s graphical user interface and user dialogs, the network can be created with the
specified parameters using the sequence chart shown in Fig. 10. It is a multistage
creation process that ultimately results in a call to netconvert, passing it all required
files, to generate the net file (.net.xml). Bus stop and charging station definitions are
created separately (in .add.bStop.xml and .add.chrg.xml, respectively) as additional
files under the xml tag < additional >. The generated call to netconvert has the
required syntax:

netconvert.exe -n genNets\ringSect3.nod.xml -e genNets\
ringSect3.edg.xml

-o genNets\ringSect3.net.xml -x genNets\ringSect3.
con.xml

3.2 Vehicle Definition and Generation

The creation of a scenario by filling a defined network with life, i.e., vehicle objects
with routes, initially requires defined vehicle types. SUMO allows the definition of
various vehicle types along with their parameters that vehicle objects have access
to. Most of these parameters are used by implemented vehicle models and include
physical constraints and descriptions of the vehicle itself (e.g., maximum speed,
vehicle length, color), driver-specific parameters (e.g., minimum gap between vehi-
cles, impatience, deviation from speed limit) or model specifications (e.g., the car-
following behavior, lane-change model, and other user-defined devices). Based on
previous implementations described in [6], an energy device has been implemented
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node link_index link_from link_to
’40’ [ 1] ’42to40_0’ ’40to55_0’
’40’ [ 2] ’42to40_1’ ’40to55_1’
’40’ [ 3] ’42to40_2’ ’40to39_0’
’40’ [ 4] ’39to40_0’ ’40to42_0’
’40’ [ 5] ’39to40_1’ ’40to42_1’
’40’ [ 6] ’39to40_1’ ’40to55_0’
’40’ [ 7] ’39to40_2’ ’40to55_1’
’40’ [ 8] ’55to40_0’ ’40to39_0’
’40’ [ 9] ’55to40_1’ ’40to42_0’
’40’ [10] ’55to40_2’ ’40to42_1’

Fig. 9 Layout of traffic light signal-controlled junction ‘40’ in SUMO (top left), output of its link
indices for its programdefinitions (top right), and input dialog for definition of traffic light-controlled
junctions in eNetEditor (bottom)

Fig. 10 Sequence chart of the network creation process
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in SUMO that allows the realistic recreation of the energy variation of vehicles’
energy content during simulation runtime, based on newly introduced and defined
vehicle parameters, such as vehicle mass, maximum battery capacity (i.e., energy
content), drivetrain efficiencies, or various drag coefficients. To attract a wide user
base, the goal of these implementations was simplicity by introducing basic physical
and comprehensible vehicle parameters.

After defining vehicle types, vehicle objects can be instantiated with vehicle at-
tributes (initial values) for different model variables. These parameters are only
contained within the vehicle objects themselves and are not part of the vehicle-type
definition and therefore need to be set separately, e.g., manually or by a router de-
scribed in Sect. 3.3. The most known of these parameters are vehicles’ initial speed,
their desired lane to depart from (enter the simulation), departure (simulation entry)
time, or route. Figure 12 shows the structure of these vehicle attributes as definable
in eNetEditor in form of a class diagram. The newly introduced energy device and its
attributes are shown in green as well as the initial value of a vehicle object’s energy
content.

The configuration of vehicle attributes can be performed manually. However, in
large simulation scenarios this task is carried out by the different routers during traffic
demandgeneration and calibration thatwill be described in Sect. 3.3. In the following,
an overview will be given on the data structure and user interface in eNetEditor for
the definition and generation of vehicle types.

Vehicle types can be specified with all relevant parameters in eNetEditor using
the user interface shown in Fig. 11. Vehicle-type properties are stored in the two-
dimensional array V nv×27 = (vi ), with

Listing 3.7: Example vehicle type definition file in the SUMO specified xml-format
with additional parameters used by SUMO’s newly implemented energy device
<?xml version="1.0" encoding="utf-8"?>
<vType id="car" accel="2" decel="5" maxSpeed="42" length="4.5" minGap="2.5"

sigma="0.5" speedDev="0.05" speedFactor="1.1" tau="1" impatience="0.1">
<param key="MaxBatKap" value="20000"/>
<param key="PowerMax" value="80000"/>
<param key="Mass" value="2000"/>
<param key="InternalMomentOfInertia" value="50"/>
<param key="FrontSurfaceArea" value="2.0"/>
<param key="AirDragCoefficient" value="0.4"/>
<param key="RadialDragCoefficient" value="0"/>
<param key="RollDragCoefficient" value="0.15"/>
<param key="ConstantPowerIntake" value="40"/>
<param key="PropulsionEfficiency" value="0.8"/>
<param key="RecuperationEfficiency" value="0.5"/>
<param key="EnType" value="a"/>

</vType>

vehicle type index i = 1 . . . nv, (3.11)

number of vehicle type definitions nv.
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Fig. 11 Input dialog for the definition of vehicle types
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Fig. 12 Structure of vehicle and vehicle-type attributes as implemented in eNetEditor represented
in form of a UML class diagram

In the same list-type format, as introduced in Sect. 3.1 for lanes, bus stops, and
charging stations, each element vi contains 28 vehicle-type parameters that are
exemplified in Listing 3.7. It also shows the required syntax for SUMO along with
the implemented energy device (Fig. 12).
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3.3 Traffic Demand Generation and Calibration

After the definition of the network and declaration of vehicle types, the target traffic
scenario can be finalized by a subsequent traffic demand generation and, if desired,
its calibration. Initial andmost important part of vehicle instantiation is the definition
of vehicle routes. For this purpose, SUMO comes with a variety of routers. Secondly,
initial parameters of the routed vehicle objects need to be set. SUMO’smostly applied
routers for the creation of traffic demand are

MAROUTER: Macroscopic data from origin/destination matrices and traffic as-
signment zones or districts is used to assign routes to vehicles within a given
network.

DFROUTER: Detected vehicle flow data is used to calculate the flow proportion
at junctions to build vehicle routes [11].

JTRROUTER: Definitions of traffic flows on edges and turn ratios at junctions
are used to compute vehicle routes within a given network.

In order to utilizeMAROUTER, SUMOTrafficModeler has been developed [12],
which is a very functional third-party tool that supports the generation traffic demand
within an existing network. It aims at supplementing a network with demographic
data to create time-varying origin/destination data, which can be used by SUMO’s
MAROUTER for the generation of vehicle routes. Therefore, eNetEditor focuses on
utilizing SUMO’s JTRROUTER and (more importantly) DFROUTER for the rapid
generation of traffic demand, which is described in more detail in Sect. 3.3.1.

After an initial set of desired routes (edge-by-edge declarations) or trips (orig-
in/destination declarations) has been generated by a router that most often does not
take into account the resulting interaction between vehicles, the route choices for
individual vehicles need to be calibrated to create realistic traffic scenarios by dis-
tributing vehicles iteratively among alternative routes within the network. Two of the
most widely utilized applications for traffic calibration are

DUAROUTER: Based on [13], this user assignment algorithm aims at finding one
dynamic user equilibrium for given vehicle trips by assigning routes iteratively
until no vehicle can reduce its travel time by an alternative route choice.

cadyts: Based on [14], this method further takes into account a supply model of
the network to iteratively find a stationary condition, which is consistent with
existing traffic counts.

Figure 13 shows the implemented data structure for generating and calibrating
traffic demand that the following sections will give more details on. The necessary
steps in eNetEditor will further be outlined to build calibrated traffic scenarios. The
components shown in red are not implemented in eNetEditor; for creating routes
based on origin/destination matrices with MAROUTER, SUMO Traffic Modeler
(also referred to as SUMO Traffic Generator) [12] should be used instead.
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Fig. 13 Class diagram of traffic demand generation and calibration structure in SUMO and eNetE-
ditor

3.3.1 Traffic Demand Generation

For the generation of vehicle instances and routes, eNetEditor offers two possibilities.

JTRROUTER

For demand generation with JTRROUTER, eNetEditor allows the definition of ve-
hicle flows and junction turn ratios.

Flow definitions are stored in the two-dimensional array Fn×8 = (
fi,k

)
, where

flow index i = 1 . . . n, (3.12)

property index k = 1 . . . 8 and

number of flow definitions n.

Each element fi contains all required parameters of a flow definition:

fi = [
Fdi F ts,i F te,i F ei FVi

FTi Fli Fvi
]
, with . . . (3.13)

identifier of flow definition fi
Fdi ,

start time of flow definition fi
F ts,i ,

end time of flow definition fi
F te,i ,

origin edge of flow definition fi
Fei ,

number of vehicles in flow definition fi
FVi ,

vehicle type of flow definition fi
F Ti ,

departure (initial) lane of flow definition fi ’s vehicles
Fli and

departure (initial) speed of flow definition fi ’s vehicles
Fvi .
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The resulting xml output is shown in Listing 3.8.

Listing 3.8: Example vehicle flow definition file in the SUMO specified xml-format
<?xml version="1.0" encoding="utf-8"?>
<flows>

<flow id="86to11flow1" begin="0" end="8640" from="86to11" number="88" type="
car" departLane="random" departSpeed="random"/>

<flow id="87to13flow1" begin="0" end="8640" from="87to13" number="90" type="
car" departLane="random" departSpeed="random"/>

<flow id="88to13flow2" begin="0" end="8640" from="88to13" number="15" type="
bus" departLane="random" departSpeed="random"/>

...
</flows>

The typical use case of JTRROUTER is that incoming flows into a network are
defined at the network boundaries, along with turn ratio definitions at junctions to fill
the network with vehicle interaction. When the vehicle flow input dialog is opened
for the first time, vehicle flows are initialized for all incoming edges into the regarded
network, whose parameters have to be specified. The set of incoming edges EI is
defined by Eq.3.14.

EI := {
ei, j,1

∣∣∀ j ∈ [0, n] : ei, j,1 = 0
}
. (3.14)

In addition to vehicle flows, turning ratios need to be defined at junctions to feed
JTRROUTER with all required information. The concept behind the structure for
the turn ratio definitions at junctions is similar to that of connections described in
Sect. 3.1.2. The main difference between the two declarations is that connections are
lane-based definitions (each connection is described by an incoming and outgoing
lane), where turning ratios are edge based (each turn ratio is described by an in-
coming and outgoing edge). Consequently, the complexity for turn ratio definitions
at junctions is lower than that of connections and can be reduced to three degrees
of freedom: the incoming and outgoing edges, each described by their origin and
destination nodes, where the destination node of the incoming edge is identical to
the origin node of the outgoing edge. Each resulting turn ratio is a sequence of three
nodes, attributed with a probability. The chosen data structure for turn ratio defini-
tions is a three-dimensional matrix implemented as J n×n×n , with

origin node index of incoming edge k = 1 . . . n, (3.15)

destination/origin node index of incoming/outgoing edge l = 1 . . . n,

destination node index of outgoing edge m = 1 . . . n,

number of nodes n and

turn ratio (probability) jk,l,m = 0 . . . 1.
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Even if the size of J grows exponentially with the amount of nodes, the resulting
variable is a sparse matrix, whose required amount of memory can correspondingly
be reduced by explicitly declaring it as such (e.g., in MATLAB with the command
sparse). Since junction turn ratio definitions are treated as probabilities when JTR-
ROUTER creates vehicle routes, the definitions have to meet requirements to be
valid. For the conservation of vehicle flows at junctions, Eq. 3.16 defines that the
turning ratios from an incoming edge (taken from the adjacency matrix E = (e))
must add up to 1. The resulting variable J is automatically checked accordingly for
validity when entering turning ratios. Listing 3.9 exemplifies the xml output for the
definition of junction turn ratios.

Listing 3.9: Example junction turn ratio definition file in the SUMO specified xml-
format
<?xml version="1.0" encoding="utf-8"?>
<turns>

<fromEdge id="23to29">
<toEdge id="29to30" probability="0.2"/>
<toEdge id="29to33" probability="0.3"/>
<toEdge id="29to34" probability="0.5"/>

</fromEdge>
...

</turns>

∑

m

jk,l,m =
{
1 if ek,l,1 �= 0
0 else.

(3.16)

The vehicle flow and junction turn ratio input dialogs are shown in Fig. 14 and
can be called by the keyboard entries of f and c, respectively (due to their similarity,
junction turn ratios can be defined along with connections in the lower half of the
same input window as shown in Fig. 5).

If the vehicle flow and junction turn ratio definitions have been created, the spec-
ified scenario can be built with a keyboard entry j. This (1) calls JTRROUTER with
all required options, which returns vehicle routes that (2) are used to build the result-
ing SUMO configuration (scenario) file shown in Listing 3.10. The following syntax
exemplifies the automated execution of JTRROUTER with all required options:

jtrrouter --random 1 -f scenario.flows.xml -t scenario.
turns.xml

-n scenario.net.xml -o scenario.rou.xml
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Fig. 14 Input dialog for vehicle flow (left) and junction turn ratio (right) definitions

Listing 3.10: Generic SUMO configuration file as built by eNetEditor using vehicle
route definitions in scenario.rou.xml, either created manually or by any of
SUMO’s routers
<configuration>

<input>
<net-file value="scenario.net.xml"/>
<additional-files value="scenario.add.chrg.xml,scenario.add.bStop.xml"/>
<route-files value="scenario.rou.xml"/>

</input>
<output>

<tripinfo-output value="scenario.tripinfo.out.xml"/>
<battery-output value="scenario.battery.out.xml"/>

</output>
</configuration>

DFROUTER

If the regarded road network is equippedwith induction loops or other sensors tomea-
sure vehicle traverses, themeasurement data can be used to build vehicle routes using
DFROUTER, which performs a stochastic route estimation for vehicles. eNetEditor
offers an interface to DFROUTER that will be described in this section.

For the definition of induction loops (detectors), the keyword numVehs has been
reserved as a property name for edges described in Sect. 3.1.1. If vehicle counts
exist for an edge, their values can be assigned to the edge attribute numVehs for
subsequent processing to build a valid call to DFROUTER, including detector and
vehicle count definitions. DFROUTER declares routes for two vehicle types: PKW
and LKW, representing the average passenger and commercial/freight vehicle in the
simulation scenario, respectively. PKW and LKW need to be declared as vehicle
types in eNetEditor before building the scenario using DFROUTER’s routes.
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Listing 3.11: Example induction loop (detector) definition used as an input in the
call to DFROUTER
<?xml version="1.0" encoding="utf-8"?>
<detectors>

<detectorDefinition id="det0_1to5_0" lane="1to5_0" pos="0"/>
<detectorDefinition id="det1_1to11_0" lane="1to11_0" pos="0"/>
<detectorDefinition id="det2_1to13_0" lane="1to13_0" pos="0"/>
<detectorDefinition id="det3_1to13_1" lane="1to13_1" pos="0"/>
<detectorDefinition id="det4_1to17_0" lane="1to17_0" pos="0"/>
...

</detectors>

Listing 3.12: Example of the synthetically generated vehicle flow measurement file
used as an input in the call to DFROUTER

Detector;Time;qPKW;vPKW;qLKW;vLKW
det0_1to5_0;0;4.2989;7;0.22626;5
det0_1to5_0;20;8.334;7;0.43863;5
det0_1to5_0;40;10.5241;7;0.5539;5
det0_1to5_0;60;16.2798;7;0.85683;5
det1_1to11_0;0;4.4204;7;0.23265;5
det1_1to11_0;20;7.1806;7;0.37793;5
det1_1to11_0;40;12.4429;7;0.65489;5
det1_1to11_0;60;16.4115;7;0.86376;5
det2_1to13_0;0;34.4494;7;1.8131;5
det2_1to13_0;20;67.7355;7;3.565;5
det2_1to13_0;40;94.3726;7;4.967;5
det2_1to13_0;60;109.7726;7;5.7775;5
det3_1to13_1;0;31.8458;7;1.6761;5
det3_1to13_1;20;63.9636;7;3.3665;5
det3_1to13_1;40;85.5032;7;4.5002;5
det3_1to13_1;60;125.9959;7;6.6314;5
...

Detector Definitions: Detector definitions are built according to the declaration
of the attribute numVehs on the corresponding edge, as exemplified in Listing
3.11.

Vehicle Counts: Synthetic vehicle counts are generated according to the speci-
fied value of the numVehs attribute. Their time stamps are distributed by default
according to the daily traffic curve TGw2West from [15] (Figs. 2, 3 and 4) or by an
arbitrary user-specifiable distribution function, within a user-specified time period
(e.g., 09:00–12:00) with the user-specified aggregation periods (e.g., 20min). In a
last step, the user defines the distribution of passenger and commercial/freight or,
by default, a constant distribution of 95% passenger and 5% commercial/freight
vehicles is assumed. The generated vehicle flow measurement file is exemplified
in Listing 3.12.
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If all required definitions have beenmade, the generation of a scenariowith vehicle
routes from DFROUTER can be initiated by the keyboard entry d. Much like the
process defined in Sect. 3.3.1 for JTRROUTER, this (1) calls DFROUTER with all
required options. DFROUTER then returns two files: a route file containing a list of
all generated routes and a vehicle instantiation file (with reference to the declared
routes). These files (2) are used to build the resulting SUMO configuration, which is
comparable to Listing 3.10. The following command exemplifies the DFROUTER
execution to build the described routes:

dfrouter --random 1 --net-file scenario.net.xml
–detector-files

scenario.det.xml --measure-files scenario.flowMeas.
xml --routes-

output scenario.rou.xml --emitters-output scenario.
veh.xml --time-

step 1200 --departlane random --departspeed random
–vtype true

Future work on eNetEditor for a more realistic integration and application of
DFROUTER’s functionalities includes user-specifiable lane-based distributions of
vehicles.

The sequence chart for traffic demand generation with JTRROUTER and
DFROUTER is shown in Fig. 15.

3.3.2 Traffic Demand Calibration

The problem of the routers described in Sect. 3.3.1 is that vehicle instances are as-
signed a route under static conditions, e.g., by searching for the shortest path through
the network. Prevailing traffic conditions are not regarded. This task can be com-
pared to that of finding a/the short/est way through a traffic-intense urban area, only
by knowledge about the nodes and edges in its network, in hope that the chosen route
will be the fastest or the one with the least amount of energy required. It is obvi-
ous that prevailing traffic conditions can have a high impact on these optimization
criteria. In real traffic, participants without (sometimes also with) assistance usually
need a few tries, where the iterative variation of departure time and/or route choice
ultimately yields the optimal perceived route for a recurring trip.

A variety of methods exist for traffic simulations that aim to minimize a cost
function to find an optimum route distribution among participants (vehicles) in a
similar manner as described above. In the scope of this work, demand calibration
refers to the adaption of these route assignments. A comparison between different
traffic demand assignment methods can be found in [16]. eNetEditor provides an
interface to two established implementations for SUMO that aim to optimize the
route assignment for vehicle instances: DUAROUTER and cadyts. The basis for both
is a validated set of vehicle trips, each consisting of origin, destination, and departure
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Fig. 15 Sequence chart of the traffic demand creation process using JTRROUTER and/or
DFROUTER

time. These parameters are taken from the route definitions that were stochastically
determined by DFROUTER.

The calibration of traffic demand in eNetEditor is implemented as a two-phase
process:

1. DUAROUTER: Vehicle routes are distributed by creating alternative routes and
evaluating the resulting edge-based weights for specified vehicle trips, until no
vehicle can modify its route choice without increasing its travel cost. One of the
outputs is a vehicle route file for vehicles containing alternative route probabilities
and corresponding travel costs.

2. cadyts: cadyts itself performs no routing. The alternative routes created by
DUAROUTER are evaluated and vehicle route choices adapted, such that the
chosen routes comply with detector measurements passed as an input to cadyts.

If traffic scenarios are to be calibrated with cadyts, a previous calibration with
DUAROUTER is required in eNetEditor.

DUAROUTER

While DUAROUTER itself has been implemented in C++, the iterative process
of finding alternative routes and executing the simulation has been implemented
in form of a Python script, duaIterate.py. eNetEditor automates the creation and
execution of the required command-line argument by the keyboard entry of the
button u, if previous vehicle routes from DFROUTER (3.3.1) are present. These
routes are stripped down to each of their trip definitions using the existing Python
script route2trips.py: the route’s origin edge, destination edge, and departure time.
A trip definition is exemplified in Listing 3.13.
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Listing 3.13: Example trip definition as a result of route definitions fromDFROUTER
used as an input in the call to DUAROUTER
<?xml version="1.0" encoding="utf-8"?>
<trips>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="82to49" id="emitter_det211_82to49_0_0" to="13to16" type="PKW"/>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="83to33" id="emitter_det212_83to33_0_0" to="10to27" type="PKW"/>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="84to23" id="emitter_det213_84to23_0_0" to="13to16" type="PKW"/>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="85to10" id="emitter_det214_85to10_0_0" to="23to28" type="PKW"/>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="85to10" id="emitter_det215_85to10_1_0" to="4to9" type="PKW"/>

<trip depart="0.00" departLane="random" departPos="0" departSpeed="random"
from="86to11" id="emitter_det216_86to11_0_0" to="13to16" type="PKW"/>

...
</trips>

The resulting output in eNetEditor is a command-line argument that executes the
iterative DUAROUTER Python script with the specified options as exemplified in
the following command:

duaIterate.py -n scenario.net.xml -t scenario.trips.xml
-x detailed
-+ "scenario.vtypes.xml,scenario.add.chrg.xml,scenario.

add.bStop.xml"
-l 20

cadyts

If DUAROUTERhas finished execution, a subsequent call to the Python script cadyt-
sIterate.py can be made from eNetEditor by keyboard entry of the button y. cadyts
requires traffic flow measurements in the xml format exemplified in Listing 3.14.
In regard to the contained information, this measurement file is identical to that re-
quired by DFROUTER (with an additional user-specifiable standard deviation for
each measurement), only in a different format. Currently, only one percentage value
will be queried by eNetEditor, which derives the standard deviation as a fixed per-
centage of the corresponding flow for all measurement values. The measurement file
is constructed from the values of the user-specified edge parameter numVehs in the
same manner as described in Sect. 3.3.1 for DUAROUTER.

The resulting output is a command-line argument that executes cadyts with the
specified options to iteratively adapt the route choice of vehicles. The following
exemplifies a command to cadyts:
cadytsIterate.py -b 0 -n scenario.net.xml -d scenario.
calibFlowMeas.xml

-+ "scenario.vtypes.xml,scenario.add.chrg.xml,
scenario.add.bStop.xml"
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Listing 3.14: Example flow measurement definition created for subsequent call to
DUAROUTER
<?xml version="1.0" encoding="utf-8"?>
<measurements>

<onlink start="0" end="1199" link="1to5" value="4.280" stddev="0.428"
type="COUNT_VEH"/>

<onlink start="1200" end="2399" link="1to5" value="8.158" stddev="0.816"
type="COUNT_VEH"/>

<onlink start="2400" end="3599" link="1to5" value="12.036" stddev="1.204"
type="COUNT_VEH"/>

<onlink start="3600" end="4799" link="1to5" value="15.914" stddev="1.592"
type="COUNT_VEH"/>

<onlink start="4800" end="5999" link="1to5" value="19.390" stddev="1.939"
type="COUNT_VEH"/>

<onlink start="0" end="1199" link="1to11" value="4.280" stddev="0.428"
type="COUNT_VEH"/>

<onlink start="1200" end="2399" link="1to11" value="8.158" stddev="0.816"
type="COUNT_VEH"/>

<onlink start="2400" end="3599" link="1to11" value="12.036" stddev="1.204"
type="COUNT_VEH"/>

...
</measurements>

-r scenario.rou.alt.xml -W scenario.flowsEvaluation.
txt -l 20 -a 1200

3.4 Modules and Extensibility

This section shall give an overview on the modular structure of eNetEditor. The
current module implementations allow users to extend eNetEditor’s functionality ar-
bitrarily, by defining and programming custommodules. A C++ template forQt Cre-
ator will be made available for this purpose. Once compiled, the resulting Dynamic
Link Library (DLL) can be placed into eNetEditor’s directory under …\plugins\,
prompting eNetEditor to load it at the program start and dynamically integrating it
into the interface. Modules are divided into four types that will be explained in the
following sections.

3.4.1 Network Modification

The elementary module of eNetEditor contains all required routines that are re-
sponsible for modifying elementary objects of an existent scenario (nodes, edges,
connections, vehicles, etc.). Their implementation allows users to add new arbitrary
parameters and values for any existing object. While eNetEditor’s database is im-
plemented to store all user-specified information, users need to ensure that these
additional parameters get processed, when passed to subsequent tools, such as net-
convert or SUMO itself.
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3.4.2 Including New Objects

The evaluation of simulations often requires new objects (implemented in SUMO or
external tools) to obtain relevant data (e.g., certain vehicle types or new objects with
user-specifiable properties/parameters). Modules are required that allow the repre-
sentation of these new objects in eNetEditor’s and their inclusion into the database.
Modules will be provided with a set of functions to declare and edit new objects
with custom data types and parameters in eNetEditor, comparable to interfaces used
for the declaration of standard objects and their parameters, such as nodes, edges,
or vehicles. These modules are aimed to provide a graphic user interface for and
to work with custom modifications within SUMO. An example would be the intro-
duced energy device in SUMO and an interface for eNetEditor for the input of newly
introduced vehicle parameters.

3.4.3 Data Processing

Generally, obtained simulation data needs to be analyzed subsequently. This task
usually consumes much time, where users apply a variety of different tools for the
implementation of custom parsers and/or visualization routines. It further leaves the
users with the problem of having to deal with large files. Data processing modules
provide a set of functions to obtain and process data contained within xml-formatted
output files. Plotting functions will bemade available using theQCustomPlot library,
with the idea of simplifying this task.

3.4.4 Integration of External Tools

The process of creating a simulation for SUMO consists of network definition and
traffic inclusion. Due to its open-source character and subsequent wide user range,
many external tools have been developed and contributed to SUMO, such as for
vehicle routing and traffic calibration (e.g., DFROUTER, DUAROUTER, cadyts).
An additional type of modules shall be responsible to call or execute external tools
with user-specifiable options. The main advantage is the correct use of these ex-
tensions, which usually come with very little documentation on their correct usage
and are therefore prone to be used incorrectly. Modules have been developed for
creating traffic by generating calls to DFROUTER and JTRROUTER as well as for
calibrating scenarios with DUAROUTER and cadyts.

3.4.5 Database Modification Modules

For the evaluation of certain scenarios, it would be most convenient to provide users
a method of performing automated, script-based modifications to a scenario. An
example would be the analysis of allowing electric vehicles to travel on bus lanes. In
larger networks, performing these changes would take very long and be very prone
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Listing 3.15: Example script that modifies the parameter allow of all bus lanes in a
network

VAR sharedLanes = GET ALL lane WHERE lane.allow == ’bus’
SET sharedLanes.allow TO ’bus, electricVehicle’

to forgetting a bus lane. For this purpose, database modification modules provide a
simple set of commands for users to perform automated changes within a scenario.
The idea is to implement an interpreter and to provide simple commands, similar to
SQL, to interface with the existing database. For the above example, Listing 3.15
exemplifies the script for changing the allow property of all lanes that allow buses
to further allow a new vehicle class.

3.5 User Interaction and Interface

Beyond the described user dialogs, user interaction is implemented using hot keys.
eNetEditor can be executed with the following command-line argument from MAT-
LAB:

netBuild(’quadraticBackgroundImage.png’,widthInMeters,
’projectName’)

The first command argument specifies the filename of a (quadratic) background
image for visualization, representing the network to be examined. The second argu-
ment specifies the width (= height) in meters as an integer of the regarded network
to be modeled. The third argument specifies the project name as a string.

Projects can be saved in the main window at any time with the keyboard entry s.
If an existing project shall be opened, the above command-line argument must be
executed in MATLAB with its project name specified in the third argument. After
all windows have finished loading, previously saved projects can be loaded with the
keyboard entry l. An overview of all hot keys can be found at the bottom of the main
window.

4 Example Scenario and Results

An example scenario was created that represents a section of Braunschweig’s
road traffic. The scenario originates from the project emil (Elektromobilität mittels
induktiver Ladung—electric mobility via inductive charging), which has integrated
an inductive vehicle charging system and a compatible prototype bus fleet intoBraun-
schweig’s traffic and public transport infrastructure. Funded by the German Federal
Ministry for Transport and Digital Infrastructure, goals of project emil include the
analysis of the possible integration of private motor vehicles for the shared usage of
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the installed charging stations and other road infrastructure. With the application of
the implementations presented in [6], various future traffic and scaling (market in-
tegration) scenarios will be simulated with SUMO to analyze and evaluate different
aspects of the energy consumption.

In a first step, trafficmeasurements were taken from the city’s traffic intensity map
[17] and used for calibration as described in Sect. 3.3. In addition, one bus of the local
public transport operator Braunschweiger Verkehrs-GmbHwas equipped with a data
logger, recording the GPS-based position, basic drivetrain, and data relevant for fleet
management over the standardized FleetManagement System Interface [18]. The bus
mainly operated on the designated line to be electrified, but essentially made several
trips on most lines during the measurement period of a year. Relevant operational
parameters have been extracted and will be used to model and parameterize public
transport behavior of the corresponding vehicle instances in SUMO on the one hand
and to validate the resulting traffic scenario on the other.

Figure 16 depicts eNetEditor’s user interface along with the resulting scenario
(left) next to its visualization in SUMO’s graphical user interface. The SUMO cor-
responding configuration file, using the vehicle energy device and charging stations,
after calibration with cadyts is shown in Listing 4.1.

The resulting output file (in this caseiteration_049.battery.out.xml)
can be used by subsequent analyses and optimization algorithms to determine (1)
where in the network energy is consumed and (2) which locations are suitable for
the placement of charging stations to supply vehicles with adequate energy on the
fly, i.e., during their operation. Figure 17 shows first results that aim to supplement
these future analyses.

Whereas the left image shows the cumulated energy that was consumed by all
vehicles in the simulation, the center and right images focus on the energy con-
sumption’s complement: the time, which can be used for transferring energy into
vehicles. If vehicles can be charged while moving at arbitrary speeds (e.g., cate-
nary/trolley systems), any location within the road network can potentially be used
for transferring energy into vehicles. The resulting cumulated time of all vehicles in
the example scenario as a function of vehicle position is shown in the center image
(Tst ≥ 0 s). However, since most charging stations (e.g., gas stations) require vehi-
cles to be standing still for a certain duration, halts can only be used for recharging
if they have a minimum duration. The amount of energy that could potentially be
used for charging reduces. The image to the right shows the cumulated duration of
vehicle halts, of which each exceeded 10 s in the scenario as a function over vehicle
position.

5 Charging Station Optimization

With the goal of optimizing charging station locations to provide amaximum amount
of vehicles with adequate energy for their chosen routes, existing algorithms have
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Fig. 16 eNetEditor’s graphical user interface showing a user-specified background map and the
corresponding network’s digraph (left) and a snapshot of the resulting scenario in SUMO’s graphical
user interface (right) (c) OpenStreetMap contributors

been studied and adapted, which are referred to in the literature as flow capture [19],
discretionary service facility [20], and flow refueling [21] optimization problems.

5.1 Background

The traffic is modeled in [19–21] by using graphs, consisting of edges and nodes,
where intersections are represented by nodes and streets (lanes) by edges. Traffic is
modeled as weights assigned to each edge that stand for the flow of vehicles along
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Listing 4.1: SUMO configuration of a scenario calibrated with cadyts
<?xml version="1.0" encoding="utf-8"?>
<configuration ...>

<input>
<net-file value="ringSect5.net.xml"/>
<route-files value="ringSect5_049.cal.xml"/>
<additional-files value="dua_dump_049.add.xml,ringSect5.DFvtypes.xml,
ringSect5.add.chrg.xml,ringSect5.add.bStop.xml"/>

</input>
<output>

<battery-output value="iteration_049.battery.out.xml"/>
<battery-output.precision value="4"/>
...

</output>
...

</configuration>

the edge over a predefined period of time. The goal of these models is to maximize
the flow that can be captured by the discretionary service facilities that are placed
in the network. These models are suitable for regarding networks, where the stop of
a traffic participant does not jam any followers (e.g., pedestrians on sidewalks) and
where the utilization of a service facility does not take any time or the time spent is
an irrelevant factor (e.g., for radar traps or for commercial placement).

The common property of each facility is that if a vehicle passes one of these,
it is regarded as captured. The purpose of the service facility is fully fulfilled, and
the implemented optimization algorithm will have no interest in that vehicle passing
another facility. This assumption does not hold, if these facilities are interpreted
as charging, gas, or refueling stations for vehicles. Vehicles cannot fully charge by
simply passing a charging station. Instead, they require a minimum amount of time
ts,min for the charge to be initiated and after ts,min the energy charged is proportional
to the remaining time tcharge that the vehicle stays at the service facility, i.e., charging
station. Also, more than one charge may be required by a vehicle along its route.
This dependency needs to be regarded in the further development of these models,
especially in the case of introducing electric vehicles, where the energy transfer rate
(charging power) is only a small fraction of that of gasoline stations.

The models in [19–21] further assume that service facilities that are placed on
a node capture the flows of each of that node’s incoming/outgoing edge; thus, the
search for optimal locations can be reduced to nodes only. This assumption can be
applied, if the regarded network is represented in such a detail, that not only junctions
are modeled as nodes. The provided examples in [19, 21], however, prove otherwise,
as shown in Fig. 18. Road traffic vehicles are obliged inmost countries (by law) not to
stop on junctions, which clearly rules out junctions as suitable locations for charging
stations because vehicles are supposed to just pass through.

The requiredmodification of thesemodels is formulated and explained in Sect. 5.2
for taking into account the energy that can be charged into vehicles located within
the required proximity of a charging station.
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Fig. 18 The regarded test network from [19] is basis for many later studies, such as [21]; nodes
are solely used for modeling junctions

5.2 Formulation of the Adapted Model

A model shall be formulated for which algorithms can be applied to determine
optimal locations for facilities in a network, where positions on edges are regarded
as candidates for the location of facilities (as opposed to nodes). Edges are further
split into equidistant segments k ∈ K that are each regarded as potential candidates
for the placement of a charging station. The purpose of the algorithm is to determine
the segments on which to place facilities to maximize the percentage of vehicles
that are charged with (at least) the amount of energy during their operation which
they consume along their route. A modified model will need to take into account the
amount of time that vehicles are standing in the proximity of charging stations by
evaluating the cumulated energy along their routes/trajectories and balance this value
with the amount of energy that a vehicle consumes along its route. This level of detail
cannot be delivered by simply regarding the cumulated flow over a given duration,
since many operational aspects (i.e., the precise spatial and temporal distribution and
behavior of vehicles) need to be regarded. Next to fully equipping a traffic system and
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all of its participants withmeasurement systems, onlymicroscopic traffic simulations
can deliver a comparably high level of detail.

In analogy to [19–21], the number of charging stations cn to be placed is known.
Traffic on the other hand and its participants (vehicles) v ∈ V are attributed with a
route, which results in a vehicle trajectory, represented as a list of positions Rv over
time, and an amount of energy ev,r that was consumed along that vehicle’s trajectory.
Each vehicle will pass a number of charging stations along their route, where they
will get recharged with the charging power Pchrg (net power after subtracting transfer
losses) if certain operational conditions are met (e.g., stopped for a time t > ts,min

in the required proximity of charging station). ev,k is the amount of energy that was
charged into vehicle v at location k by a charging station.

The objective of an optimization algorithm would be to

maximize Z =
∑

v∈V
yv, (5.1)

i.e., to recharge as many vehicles as possible, subject to

∑

k∈Rv

ev,c ≥ ev,r , (5.2)

i.e., a vehicle v is counted as recharged only if the sum of recharged energy is greater
or equal to the consumed energy along vehicle v’s trajectory Rv , with the installation
of

∑

k∈K
xk = cn (5.3)

charging stations, where

ev,c = Pchrg · tv,c, (5.4)

i.e., the charged energy equals the product of charging power and charging duration,
v is a particular vehicle from
V , the set of all vehicles,
yv is a binary variable, with

yv =
{
1 if ev,c ≥ ev,r

0 otherwise,
k is a potential facility location from
K , the set of all potential facility locations,
xk is a binary variable, with

xk =
{
1 if there is a charging station at location k
0 otherwise,

Rv is the trajectory of vehicle v, represented as a list of vehicle v’s positions over
time,
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Pchrg is the energy transfer rate (charging power) of charging stations,
tv,c is the time a vehicle v gets charged at charging station c along its trajectory Rv ,
c is a particular charging station from
C , the set of all charging stations, and
cn is the number of charging stations to be located.

6 Summary and Outlook

This contribution presented eNetEditor, a newly developed tool that assists users
with the rapid prototyping of traffic scenarios for the microscopic traffic simulation
tool SUMO. Next to declarations for default SUMO functionalities, eNetEditor was
developed to support the definitions of vehicles and traffic demand with the energy
model introduced in [6], while keeping it extensible for the support of arbitrary new
developments performed in SUMO and any of its extensions.

eNetEditor was developed for city and traffic planners to evaluate the applica-
tion of alternative energy supply systems in early idea and concept phases, where
such detailed vehicle operation data is not readily available and only general traffic
measurements exist. It was motivated by the projects emil and InduktivLaden, both
funded by the German Federal Ministry of Transport and Digital Infrastructure. An
inductive charging infrastructure and a compatible fully electric prototype bus fleet
were successfully integrated inBraunschweig’s traffic infrastructure and public trans-
port. With the application of Bombardier’s inductive charging system PRIMOVE,
vehicles can be charged with powers beyond 200kW [22]. A crucial factor for the
reliable operation of vehicles with limited range is the optimized placement of charg-
ing stations. In the project emil, infrastructure placement was optimized on the basis
of measured public transport vehicle trajectories [23] using the FMS interface [18]
and GPS loggers. In project InduktivLaden, optimization algorithms shall be utilized
in microscopic traffic simulations to allow for the optimization for arbitrary and
user-specifiable vehicle and traffic types.

The ultimate goal for the current project InduktivLaden is to adapt the presented
modifications of flow capture optimization algorithms from chapter “A SUMO Ex-
tension for Norm-Based Traffic Control Systems” and to apply them in microscopic
traffic simulations. The optimal charging infrastructure locations and their distribu-
tion shall be determined for a road traffic system to help in initial estimations of
installation costs. While the presented model assumes that the amount of charging
stations to be placed is known, the implementations shall include different variants of
the optimization algorithms that allow users to define the percentage of vehicles to be
adequately recharged along their routes and to optimize the charging infrastructure
locations accordingly. Future work further includes the evaluation of the robustness
of optimal solutions.

While a prototype version of eNetEditor has been implemented in MATLAB,
future work will focus on finishing migration to a platform-independent C++ imple-
mentation in Qt Library by the end of 2015. Additionally, energy-relevant initial-
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ization parameters for vehicle instances will be integrated into routers, along with
the presented evaluation routines for optimal arrangement of energy supply infras-
tructure components for specific fleets and/or overall traffic. Further development
will also include the application of sophisticated energy consumption models for
energy-optimized routing and calibration, e.g., in cadyts or DUAROUTER.

Regarding the validity of the example scenario presented in chapter “Connecting
Macroscopic andMicroscopic Traffic Assignment”, calibrated vehicle routes will be
checked next against the measured public transport vehicle trajectories. Future im-
plementations in eNetEditor itself include the assistance inmodeling public transport
by the creation of recurring vehicle routes and their integration in calibrated scenar-
ios. For a more realistic integration and application of DFROUTER’s and cadyts’
functionalities, user-specifiable daily traffic intensity curves as well as lane-based
measurement variations and distributions between passenger and commercial/freight
vehicles (PKW and LKW) will be implemented. Regarding the application of the
newly developed energy device [6] for SUMO, routers are currently not compatible
with the definition of vehicles’ initial energy content at their departure (in analogy
to departSpeed). It is planned to adapt the routers correspondingly or to implement
a parser of vehicle route declarations to allow for custom initial vehicle energy con-
tent distributions. In the long term, an additional import function for .net.xml files is
planned.
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